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A B S T R A C T   

Triple negative breast cancer (TNBC) with easy metastasis, “cold” tumor immune microenvironment, and lack of 
targeted therapy remains poorly prognosed. Chemo-immunotherapy deemed as a potential treatment for TNBC is 
however confronted by low TNBC selectivity, pronounced systemic toxicity, and limited immunogenic cell death 
(ICD) induction. Here, employing clinically validated ATN peptide as a ligand and reduction-sensitive biode-
gradable micelles as a vehicle we constructed α5β1 integrin-targeted micellar paclitaxel (ATN-MPTX) to elicit 
strong and selective ICD and chemo-immunotherapy of TNBC. ATN-MPTX exhibited evident targetability and 
prominent uptake in α5β1 integrin-positive 4 T1 cells and induced significantly stronger ICD than free PTX and 
non-targeted MPTX. The therapeutic studies in 4 T1 TNBC model demonstrated that ATN-MPTX caused superior 
tumor accumulation and treatment efficacy to all controls. Of note, ATN-MPTX plus nano-STING agonist further 
augmented the immunotherapeutic effects by increasing secretion of proinflammatory cytokines and CD4+ and 
CD8+ T cells in the tumor and spleen while reducing Treg, leading to significantly improved inhibition of 4 T1 
primary tumor and more interestingly mitigated lung metastases. This strong and selective ICD induction of ATN- 
MPTX renders it an interesting tool to enhance chemo-immunotherapy of TNBC.   

1. Introduction 

Triple negative breast cancer (TNBC) is one of the most malignant 
tumors featuring high invasiveness and metastasis, poor prognosis and 
low five-year survival rate [1–3], regardless of the use of radiation or 
chemotherapy [4]. Targeted therapies using antibody-drug conjugates 
(ADCs), PI3K/AKT/mTOR pathway inhibitors and cyclin-dependent 
kinase (CDK) inhibitors open new horizons in TNBC treatment [5]. 
Nevertheless, patient selection remains a considerable challenge in 
clinical practice and there are still no FDA-approved targeted therapies 
for TNBC patients. Immunotherapy, especially immune checkpoint 
blockade (ICB) therapy based on PD-1 and PD-L1 has appeared to be an 
attractive modality to cure cancers or reduce tumor development, 
featuring long term curative effect [6,7]. CTLA-4 antibody [8,9], PD-1 
antibody [10,11] and PD-L1 antibody [12] have been approved for 
treating melanoma, lung cancers, and liver cancers. However, the 
objective response rate (ORR) for TNBC patients is only 12%–19%, due 
to the “cold” TNBC tumors with low immunogenicity and immunosup-
pressive tumor microenvironment (TME) [13]. 

Various strategies have been proposed for reshaping the TME to 

transform “cold” tumors to “hot” tumors for successful immune therapy 
using chemo drugs, targeted molecular drugs, and innate system ago-
nists [14–16]. Chemo-immunotherapy is regarded as a potential treat-
ment for TNBC [17,18]. The combination of chemotherapy which 
induced immunogenic cell death (ICD) with immunostimulatory agents 
has shown a great potential for enhancing T-cell immune responses and 
anti-tumor activity toward breast cancer [19,20]. Moreover, the com-
bination of nab-paclitaxel and PD-L1 antagonist atezolizumab showed 
significantly enhanced anticancer activity over atezolizumab in phase III 
clinical trial in TNBC cancer patients [21]. However, chemo- 
immunotherapy of TNBC is confronted by low TNBC selectivity [22], 
pronounced systemic toxicity, and limited ICD induction. In addition, 
STING agonist, cyclic dinucleotide (CDN), can activate innate immune 
system converting uninflamed "cold" tumors into responsive "hot" can-
cers via STING activation by producing type I IFN [23], attracting and 
stimulating DC maturation and cross-presentation of tumor antigens for 
subsequent T cell priming [24–26]. The anionic CDNs are applied via 
intratumoral (i.t.) injection. CDNs have problems of easy degradation 
and poor uptake by APCs [27,28], and quick diffusion from the injection 
site, leading to low bioavailability [29,30]. 
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Here, we employing ATN peptide as a ligand and reduction-sensitive 
biodegradable micelles as a vehicle constructed α5β1 integrin-targeted 
micellar paclitaxel (ATN-MPTX) to elicit strong and selective ICD and 
chemo-immunotherapy of TNBC (Scheme 1). α5β1 integrin over-
expressing on breast cancer cells and playing important role in tumor 
progression and metastasis [31] is a clinically validated target [32]. Ac- 
PhScNK-NH2 peptide (ATN) with two D-isomers was used in this study 
as it showed enhanced activity over Ac-PHSCN-NH2 (trade name 
ATN161) [33,34]. We further prepared nano-STING agonist using 
chimaeric polymersomes to load CDNs (CPs-CDN). CPs have shown to 
significantly improve the delivery of siRNA and proteins in vivo [35,36]. 
Of note, our results show that ATN-MPTX plus nano-STING agonist 
greatly augments the immunotherapeutic effects leading to significantly 
improved inhibition of 4 T1 primary tumor and mitigated lung 
metastases. 

2. Experimental 

2.1. Preparation and characterization of MPTX and ATN-MPTX 

PTX-loaded ATN peptide-functionalized micelles (ATN-MPTX) were 
fabricated by adding 100 μL PEG350 solution of ATN-PEG-P(CL-DTC) 
(Mn = 3.4-(1.1–1.1) kg/mol), PEG-P(CL-DTC) (Mn = 2.0-(0.9–1.1) kg/ 
mol) and PTX into PB (900 μL, 10 mM, pH 7.4) at 37 ◦C without stirring. 
Here, ATN-PEG-P(CL-DTC)/PEG-P(CL-DTC) (mol/mol) = 2.5/97.5, 5/ 
95, 7.5/92.5, 10/90, or 20/80, PTX/polymer (w/w) = 1/20, 1/10, 1/5, 
or 1/3, and total polymer concentration = 10–200 mg/mL were inves-
tigated. After 5 min sonication, 10 min stirring (200 rpm), and 5 h 
dialysis against PB, uniform dispersions with PTX drug loading of 4.8 wt 
%-21.3 wt% were obtained. The size, size distribution, zeta potential as 
well as the drug loading content (DLC) and efficiency (DLE) of PTX were 
measured. The DLE of PTX-loaded micelles with different ATN densities 
were > 85% at theoretical loading content of 21.3 wt%. Since PEG350 is 

Scheme 1. The illustration of ATN-MPTX preparation (A) and chemo-immunotherapy of triple-negative breast cancer-bearing mice using α5β1− targeting ATN-MPTX 
and nano-STING agonist CPs-CDN (B). 
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a safe excipient, in the following experiments PEG350 was not removed. 
The empty micelles (Ms) were obtained similarly. Cy5 labeled 5% 

ATN-MPTX was prepared similarly except that ATN-PEG-P(CL-DTC), 
Cy5-PEG-P(CL-DTC) and PEG-P(CL-DTC) at a molar ratio of 5/1/94 
was used. 

The stability of the micelles in PB, PB containing 10 mM DTT, or PB 
containing 10% FBS was evaluated by tracking the changes in size and 
size distribution. Pyrene was used as a probe to study the presence of 
critical micelle concentration (CMC) of Ms, ATN-Ms and non-crosslinked 
micelles (ncMs) based on PEG-PCL (Mn = 2.0-(1.0–1.0) kg/mol). The in 
vitro PTX release from 1 mL ATN-MPTX (50 μg/mL) was studied using 
dialysis method (MWCO 12000 Da) against 25 mL PB (pH 7.4, 10 mM, 
with 0.1% Tween 80) with or without 10 mM DTT. 

2.2. In vitro anti-cancer activity of ATN-MPTX toward 4 T1 cells 

The α5β1 integrin overexpressing 4 T1 cells were used to assess the 
anticancer activity of ATN-MPTX and MPTX, and free PTX was as con-
trol (n = 5). 4 T1 cells (96-well plate, 1.5 × 103 cells/well) were cultured 
with ATN-MPTX (ATN surface densities varying from 2.5%, 5%, 10% to 
20%, and PTX dose varied from 0.002 to 5 μg/mL) for 4 h, and the media 
were replaced by fresh media for further incubation for 44 h. Subse-
quently, 10 μL MTT (5 mg/mL) was added and formazan generated by 
live cells was dissolved in 150 μL DMSO before measuring the absor-
bance (570 nm) using a microplate reader. The cell viability (%) was 
calculated by comparing with PBS treated cells (as 100%). In an inhi-
bition experiment, 4 T1 cells were pretreated with free PhScNK peptides 
(20 fold excess) for 2 h before incubation with 5%ATN-MPTX. The 
cytotoxicity of empty ATN-Ms and Ms (concentration: 0.03 to 1.0 mg/ 
mL) to 4 T1 cells was evaluated after 48 h incubation. 

2.3. The internalization of Cy5 labeled micelles by 4 T1 cells 

In flow cytometric measurements, 4 T1 cells in 6-well plates (3 × 105 

cells/well) were cultured with Cy5/MPTX or Cy5/ATN-MPTX at 37 ◦C 
for 4 h. The cells were digested by 0.25% trypsin and 0.03% EDTA, and 
handled for flow cytometry measurement. For inhibition experiments, 4 
T1 cells were pretreated with free PhScNK peptides (20 fold excess) for 
2 h before incubation with Cy5/ATN-MPTX. 

In confocal laser scanning microscopic (CLSM) studies, 4 T1 cells 
seeded on coverslips in 24-well plates (5 × 104 cells/well) were cultured 
with Cy5/MPTX or Cy5/ATN-MPTX at 37 ◦C for 4 h. The cells on cov-
erslips were washed and fixed with 4% paraformaldehyde solution (15 
min), and the nuclei were stained with DAPI before CLSM observation. 

2.4. In vitro study of immunogenic cell death (ICD) induced by PTX 
micelles in 4 T1 cells 

4 T1 cells were seeded on coverslip in 24-well plate (5 × 104 cells/ 
well) overnight. Free PTX, MPTX and ATN-MPTX (PTX concentration: 5 
μg/mL) were added. After 12 h, the culture media were taken to measure 
the concentration of ATP and HMGB1. The cells on coverslips were fixed 
with 4% paraformaldehyde solution (15 min), and treated with CRT 
antibody (60 min), Alexa Fluor-633 secondary antibody (30 min) and 
DAPI (each step was followed by PBS washing (×3)) before CLSM 
observation. 

2.5. In vitro BMDC activation/maturation and BMDM polarization 

Primary immune cells BMDCs (1 × 106 cells/well) were cultured in a 
6-well plate, and free PTX, MPTX and ATN-MPTX (PTX concentration: 5 
μg/mL) were added and incubated for 24 h. The culture media were 
centrifuged and the cytokine (IFN-β, IL-6 and TNF-a) concentrations in 
the supernatant were measured using ELISA kits (Invitrogen). The cells 
were harvested and treated with fluorescence labeled antibodies FITC- 
CD11c, APC-CD80 and PE-CD86 (Biolegend) at 4 ◦C for 20 min 

followed by PBS washing. The cells were then handled for flow cytom-
etry measurements taking 10,000 cells for analysis. The effect of PTX 
micelles on BMDC proliferation was studied by incubating BMDC (1.5 ×
104 cells/well, 96-well) with free PTX, MPTX and ATN-MPTX (0.002–20 
μg/mL) for 48 h followed by CCK-8 assays. 

BMDM (1 × 106 cells/well) were cultured in a 24-well plate for 24 h. 
Free PTX, MPTX and ATN-MPTX (PTX: 5 μg/mL) were incubated for 24 
h. IL-4 (40 ng/mL) and LPS (100 ng/mL) added to stimulate BMDM into 
M2 subtype macrophages (M2M) and M1 subtype macrophages (M1M) 
were used as controls. After centrifuge, the culture media were collected 
for cytokine (IL-6 and TNF-a) measurements using ELISA kits (Invi-
trogen). The cells were harvested and treated with fluorescence labeled 
antibodies FITC-CD11b, Alexa Fluor 647-CD206 and PE-F4/80 (Bio-
legend) at 4 ◦C for 20 min followed by PBS washing. The cells were then 
handled for flow cytometry measurements taking 10,000 cells for 
analysis. 

2.6. Preparation of CPs-CDN and BMDC activation 

CDNs encapsulated polymersomes (CPs-CDN) were obtained by 
adding a PEG-P(TMC-DTC)-Sp solution in DMF (10 mg/mL) into HEPES 
(5 mM, pH 6.8) containing CDNs under mild stirring. After 20 min the 
polymersomes were purified by dialysis (MWCO 3500 Da) in PB for 12 h, 
yielding self-crosslinked polymersomes. DLC and DLE of CDNs were 
calculated based on a standard curve by measuring the absorbance at 
260 nm using NanoDrop 2000 using oligo DNA mode. The methods on 
the study of BMDC activation with free CDN, CPs-CDN and the combo 
group of CPs-CDN and ATN-MPTX were the same as above. 

2.7. In vivo pharmacokinetics, imaging and biodistribution studies 

All animal procedures were handled under protocols approved by 
Soochow University Laboratory Animal Center and the Animal Care and 
Use Committee of Soochow University. 

Female Balb/c mice were intravenously (i.v.) injected with 200 μL 
ATN-MPTX, MPTX or free PTX at 7.5 mg PTX/kg (n = 3). At the pre-
determined time points, ca. 70 μL blood was taken from the retro-orbital 
sinus, and 20 μL plasma was collected and immediately incubated with 
600 μL DMF (containing 20 mM DTT) at 37 ◦C overnight to extract PTX. 
After vertexing and centrifugation, PTX concentrations were measured 
using HPLC based on a calibration curve obtained from PTX solutions of 
known concentrations treated as the blood samples. PTX concentration 
was plotted versus time, and the elimination half-life (t1/2β) and area 
under the curve (AUC) were analyzed by fitting the experimental data 
using Excel and Origin8 exponential decay 2 model. 

The 4 T1 TNBC mouse model was obtained by subcutaneously 
inoculated 50 μL 3 × 105 4 T1-luc cells (30% Matrigel) on the right flank 
of female Balb/c mice (n = 3). At tumor volume of 200–250 mm3, 200 μL 
Cy5-labeled MPTX or ATN-MPTX (7.5 mg PTX/kg, 0.4 μg Cy5/animal) 
was i.v. administered. At predetermined time, the mice were anes-
thetized and scanned using a near-infrared fluorescence imaging system 
(IVIS, Lumina II). 

For biodistribution study, 4 T1-luc tumor bearing mice (n = 3) were i. 
v. injected with 200 μL Cy5-labeled MPTX or ATN-MPTX (7.5 mg PTX/ 
kg, 0.4 μg Cy5/animal). At 4 h post injection, the mice were euthanized, 
and main organs and tumors were excised for imaging. To extract PTX, 
main organs and tumors were treated with 500 μL 1% Triton-100× and 
homogenized in DMF (containing 20 mM DTT, 1 mL). After centrifu-
gation, PTX concentrations were measured by HPLC based on a cali-
bration curve obtained from PTX solutions of known concentrations. 

2.8. In vivo antitumor efficacy in 4 T1 TNBC model 

4 T1-luc tumor bearing mice (tumor volume: 50–100 mm3) were 
randomly grouped (n = 10) and the day was denoted as day 0. On day 0, 
2, 4 and 6, the mice were administered via tail veins with PBS, free PTX, 

X. Qiu et al.                                                                                                                                                                                                                                      



Journal of Controlled Release 341 (2022) 498–510

501

MPTX, ATN-MPTX, free CDN, CPs-CDN, and the combo group of ATN- 
MPTX + CPs-CDN at 7.5 mg PTX/kg (i.v.) and 1 mg CDN/kg (i.t.). For 
the combo group, ATN-MPTX was injected 8 h before CPs-CDN. The 
body weight was measured every two days, and relative to their initial 
values on day 0. The tumor size was measured every two days, and 
tumor volume was calculated (V = a × b2/2, wherein a and b are the 
length and width of tumors, respectively). The survival rates of the mice 
were monitored (n = 7). 

On day 22, three mice from each group were sacrificed, and blood 
was taken for blood biochemistry and blood routine measurements. The 
major organs and tumors were excised for lung metastasis observation 
and histological analysis. The lungs were weighed, and bioluminescence 
imaging was performed to evaluate the lung metastasis of 4 T1-Luc cells. 
Then the organs and tumors were fixed, sliced, and stained with 

hematoxylin and eosin (H&E) for microscopic observation. 

2.9. Assessment of in vivo immune environment of tumors, TDLN and 
spleens 

4 T1-tumor bearing mice (tumor volume: 50–100 mm3) were treated 
with four times injections as section 2.8 (n = 4). At 24 h post last in-
jection (day 7), the mice were euthanized and the tumors and spleens 
were isolated and passed through a 70 mm cell strainer in PBS with 10% 
BSA to prepare single cell suspension. The cells were fixed and then 
labeled with fluorescent marker antibodies for specific cell types at 20 
min incubation and 4 ◦C followed by PBS washing. Typically, FITC- 
CD11c, APC-CD80 and PE-CD86 were for DCs, FITC-CD11b, PE-F4/80- 
PE and Alexa Fluor 647-CD206 were for macrophages, APC-CD3, PE- 

Fig. 1. The physiochemical properties of MPTX and ATN-MPTX. (A) Size distribution determined by DLS (Inset: TEM micrograph of ATN-MPTX. Bar: 50 nm). (B) 
Photos of ATN-MPTX (DLC = 23.1 wt%) and PTX in PB at the same concentration. (C) The in vitro PTX release profiles from ATN-MPTX in the presence or absence of 
10 mM DTT in PB (pH 7.4, 10 mM) at 37 ◦C (n = 3). (D) MTT assays of 4 T1 cells incubated for 4 h with ATN-MPTX at varying ATN molar contents from 0 to 20%, or 
free PTX and for additional 44 h with drug-free media. (E) MTT assays of free PhScNK pre-treated 4 T1 cells following 4 h incubation with ATN-MPTX. 4 T1 cells 
treated with MPTX and ATN-MPTX were used as controls. (F) MTT assays of 4 T1 cells incubated with empty Ms and ATN-Ms for 48 h (n = 5). Flow cytometer (G) and 
CLSM (H) measurements of Cy5-labeled MPTX or ATN-MPTX incubated with 4 T1 cells for 4 h. The cell-associated Cy5 fluorescence was quantified (n = 3). In the 
inhibition experiment, 4 T1 cells were pre-incubated with PhScNK peptide for 2 h prior to addition of ATN-MPTX. For g and h, the concentration of Cy5 was 0.22 μg/ 
mL and PTX was 10 μg/mL. Scale bars: 25 μm. 
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CD4 and FITC-CD8 were for T cells, and FITC-CD3, PE-CD4 and Alexa 
Fluor 647-Foxp3 were for Treg. Minimum 10,000 cells were then 
analyzed for fluorescence using FACS. The blood of mice was collected 
to determine the concentrations of IFN-β and IL-6 using ELISA kits. 

2.10. Statistical analysis 

All data are presented as mean ± standard deviation (SD). Significant 
differences among groups are evaluated by one-way ANOVA with Tukey 
multiple comparison tests, and the survival rate was analyzed by Kaplan- 
Meier technique with a log-rank test for comparison using GraphPad 
Prism (version 8). *p < 0.05 is considered significant difference, **p <
0.01 and ***p < 0.001 are considered highly significant difference. 

3. Results and discussion 

3.1. Preparation of ATN-MPTX 

The combination of chemo- and immuno-therapy emerges as a 
powerful strategy to treat immunosuppressive cancers like TNBC 
[17,18]. The outcomes of chemo-immunotherapy critically depend on 
tumor cell selectivity and immunogenic effects of chemotherapy in vivo. 
To elicit strong and selective ICD and chemo-immunotherapy of TNBC, 
here we employing clinically validated ATN peptide as a ligand and 
reduction-sensitive micelles based on PEG-P(CL-DTC) and ATN-PEG-P 
(CL-DTC) block polymers as a vehicle prepared robust α5β1 integrin- 
targeted reduction-sensitive micellar paclitaxel (ATN-MPTX). The co-
polymers were synthesized (Scheme S1) similar to previous report [37]. 
1H NMR spectra confirmed the controlled compositions and block 
lengths (Mn = 2.0-(0.9–1.1) and 3.4-(1.1–1.1) kg/mol, respectively) for 
both PEG-P(CL-DTC) and ATN-PEG-P(CL-DTC) (Fig. S1). ATN func-
tionality of ATN-PEG-P(CL-DTC) was ca. 81% as revealed by Micro BCA 
assays (Fig. S2). 

ATN-MPTX formed by adding a solution of PEG-P(CL-DTC), ATN- 
PEG-P(CL-DTC) and PTX mixture in PEG350 [38] into an aqueous so-
lution (PEG350 content ≤10%). As shown in Fig. 1A, ATN-MPTX had a 
small size and narrow distribution. The size of ATN-MPTX increased 
slightly with increasing ATN densities from 2.5 to 20% and with PTX 
contents from 4.8 wt% to 23.1 wt%, but all less than 46 nm (Table 1). 
ATN-MPTX containing 23.1 wt% PTX was transparent (Fig. 1B). The size 
and size distribution of ATN-MPTX remained unchanged for over three 
weeks at room temperature (Fig. S3A). ATN-MPTX was also stable in 
10% FBS in 24 h (Fig. S3C). The high stability of ATN-MPTX is related to 

Table 1 
Characterization of ATN-MPTX and MPTX.  

Entry Formulation DLC (wt%) Size (nm)a PDIa 

1 MPTX 4.8 32.7 ± 3.4 0.16 
2 16.7 35.5 ± 0.7 0.17 
3 23.1 38.1 ± 1.2 0.13 
4 2.5%ATN-MPTX 4.8 31.0 ± 2.1 0.25 
5 5%ATN-MPTX 4.8 35.0 ± 3.2 0.16 
6 16.7 42.5 ± 1.6 0.15 
7 23.1 45.9 ± 2.3 0.16 
8 10%ATN-MPTX 4.8 37.3 ± 3.5 0.15 
9 20%ATN-MPTX 4.8 43.7 ± 2.7 0.16  

a Determined by DLS (25 ◦C). 

Fig. 2. The induction of ICD in 4 T1 cells by MPTX, ATN-MPTX or free PTX at 12 h incubation (n = 3). (A) CLSM of CRT on the cell surface (scale bars: 25 μm) and (B) 
semi-quantitative analysis of the CRT fluorescence intensity per cell. The contents of ATP (C) and HMGB1 (D) in the cell culture media. 
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disulfide-crosslinking of micellar core [39], as confirmed by the lack of 
critical micelle concentration (CMC) (Fig. S3B). In contrast, non- 
crosslinked micelles (ncMs) based on PEG-PCL of similar molecular 
weight revealed a CMC of 15.6 μg/mL. Genexol-PM® based on PEG- 
PDLLA of similar molecular weight [40] showed PTX precipitation in 
2–4 h [41]. Notably, ATN-MPTX while had inhibited PTX release 
(17.0%) under physiological condition released ca. 80% PTX under 10 
mM DTT in 24 h (Fig. 1C). The non-targeted MPTX fabricated from PEG- 
P(CL-DTC) and PTX had nearly identical properties to ATN-MPTX. 

3.2. The antitumor activity of ATN-MPTX in vitro 

TNBC comprising 15% of all breast cancers is highly invasive and 
metastatic with poor prognosis and low five-year survival rate. Using 
murine 4Tl cells with a high expression of α5β1 integrins as a TNBC 
model, we investigated the antitumor activity of ATN-MPTX with 
varying ATN densities from 2.5 mol% to 20 mol%. The results showed 
that all ATN-MPTX and MPTX had higher antitumor activity than free 
PTX, and 5% ATN-MPTX exhibited the best targetability and potency to 
4 T1 cells with a low IC50 of 0.21 μg/mL, over 5 times lower than that for 
free PTX (Fig. 1D). In free ATN pretreated 4 T1 cells, the antitumor 
activity of 5% ATN-MPTX was reduced to the same level as MPTX 

Fig. 3. The activation of BMDCs and BMDMs and the secretion of cytokines after 24 h incubation of ATN-MPTX, MPTX or free PTX (n = 3). (A) Representative flow 
cytometric analysis and the proportion of CD11c+ BMDC. (B) Representative flow cytometric analysis and the proportion of CD80+CD86+ mature BMDC (in the 
CD11c+ gate). (C) The concentrations of TNF-α and IL-6 secreted by BMDCs in the medium. (D) The concentrations of TNF-α and IL-6 secreted by BMDM in the 
culture medium. (E) Representative flow cytometric analysis of M1M regulation (in the CD11b+F4/80+ total macrophage gate), the proportion of M1M (CD11b+F4/ 
80+CD206− ), and the ratio of M2M/M1M. 
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(Fig. 1E). The empty ATN-Ms had no cytotoxicity at all tested concen-
trations ≤1.0 mg/mL (Fig. 1F). 5% ATN-MPTX was selected for further 
studies if not otherwise stated. The flow cytometric analysis and CLSM 
study using Cy5-labeled micelles verified that 4 T1 cells considerably 
more efficiently internalized Cy5/ATN-MPTX than Cy5/MPTX, and the 
uptake was greatly reduced by pretreating the cells with free PhScNK 
(Fig. 1G, H). These results support that ATN-MPTX can target to 4 T1 
TNBC cells via receptor mediated endocytosis. 

3.3. In vitro ICD induction of ATN-MPTX and effects on the immune cells 

PTX is one of the chemo drugs that can induce ICD [42]. ICD involves 
the exposure of proteins like calreticulin (CRT) on the dying tumor cells 
and the release of soluble mediators e.g. high mobility group box 1 
protein (HMGB1) and ATP, serving as “eat me” signal to APCs especially 
dendritic cells (DCs) initiating the presentation of tumor antigens 
[43,44]. To investigate its ICD induction ability, ATN-MPTX was 
cocultured with 4 T1 cells at 5 μg PTX/mL. CLSM images illustrated that 
ATN-MPTX group had the most pronounced CRT expression on tumor 
cells (Fig. 2A,B). The ATP and HMGB1 released in the medium were also 
significantly higher than other groups (Fig. 2C,D). These results confirm 
that ATN-MPTX induces strong ICD of 4 T1 cells. 

PTX can also exert effects on various immune cells such as DCs, 
macrophages, T cells and regulatory T cells (Treg), recruiting and pro-
moting the maturation of APCs, activating CD8+ T cells, and enhancing 
CTL activity [45,46]. We investigated the effect of ATN-MPTX on DCs, 
which are the most potent APCs that initiate antitumor T cell responses 
playing a pivotal role in the host's immune system [47]. Both ATN-MPTX 
and MPTX could stimulate the proliferation of bone marrow-derived 
dendritic cells (BMDCs) at 0.002–20 μg/mL (Fig. S4). In comparison, 
free PTX though stimulated BMDC proliferation at concentrations below 
10 μg/mL, became highly toxic at 20 μg/mL. Moreover, ATN-MPTX, 
MPTX, and free PTX treatment could significantly augment the pro-
portions of CD11c+ DCs (Fig. 3A) and mature CD11c+CD86+CD80+ DCs 
(Fig. 3B). Consistently, ATN-MPTX, MPTX, and free PTX induced sig-
nificant secretion of pro-inflammatory cytokines e.g. interlukin-6 (IL-6) 

and tumor necrosis factor-α (TNF-α) by BMDCs (Fig. 3C). 
Tumor associated macrophages (TAMs) are a major part of tumor- 

infiltrating immune cells, and are associated to the growth, angiogen-
esis, and metastasis of many tumors [48]. Next, we assessed the influ-
ence of ATN-MPTX on the immunosuppressive M2 phenotype 
macrophages (M2M) and its polarization into immunostimulatory M1 
phenotype macrophages (M1M), using bone marrow-derived macro-
phages (BMDM) that had been pre-stimulated into M2M by interlukin-4 
(IL-4). LPS is highly potent in transforming M2M into M1M [49] and 
applied as a positive control. The results exhibited that ATN-MPTX, 
similar to LPS, promoted significantly more TNF-α and IL-6 (Fig. 3D) 
than free PTX. The flow cytometric analysis showed that free PTX 
treatment increased CD206− M1M content to 23.9% (19.3% and 14.0% 
for PBS and IL-4 groups, respectively) (Fig. 3E), consistent with early 
report [50]. Remarkably, MPTX and ATN-MPTX significantly reduced 
CD206+ M2M, and increased M1M to 40.7% (*p) and 42.9% (**p), 
respectively. The ratio of M2M/M1M dropped from IL-4 positive control 
(6.87) to MPTX (1.57, **p) and ATN-MPTX (1.41, **p), illustrating the 
great capacity of micellar PTX on reprograming of M2M to M1M, thus 
reshaping the immune environment. 

3.4. In vivo biodistribution and pharmacokinetics of ATN-MPTX in mice 

The targetability of ATN-MPTX in 4 T1 TNBC tumor model mice was 
evaluated by in vivo imaging and biodistribution studies (tumor volume: 
150–200 mm3) at 7.5 mg PTX/kg. The fluorescence images of the mice 
following intravenous (i.v.) injection of Cy5/ATN-MPTX displayed a fast 
buildup of Cy5 fluorescence in the tumors over time reaching the 
plateau at 4 h (Fig. 4A). The semi-quantitative analysis showed clearly 
stronger tumor fluorescence of Cy5/ATN-MPTX group than non- 
targeting Cy5/MPTX control from 0.5 to 24 h (Fig. 4B). The ex vivo 
imaging of organs and tumors isolated at 4 h illustrated a remarkable 
Cy5 fluorescence in the tumor of Cy5/ATN-MPTX-treated mice, which 
was higher than in all major organs (Fig. 4C). In comparison, Cy5/MPTX 
exhibited ca. 2.4-fold lower Cy5 fluorescence in the tumor. Moreover, 
the biodistribution of PTX was quantified using HPLC at 4 h post- 

Fig. 4. Imaging, biodistribution and pharmacokinetics studies (n = 3). (A) In vivo fluorescence imaging of Cy5-labeled MPTX and ATN-MPTX in 4 T1 tumor-bearing 
mice after intravenous administration, and (B) semi-quantitative analysis of tumor region. (C) Ex vivo fluorescence images of main organs and tumors at 4 h post- 
injection. (D) Biodistribution of MPTX, ATN-MPTX and free PTX at 4 h post-injection. (E) Pharmacokinetics of MPTX, ATN-MPTX and free PTX in healthy Balb/c mice 
(7.5 mg PTX/kg). For D and E, PTX was quantified using HPLC. 
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injection. The results demonstrated that ATN-MPTX achieved an accu-
mulation of 6.14% ID/g in tumor, ca. 2.2-fold that of free PTX group 
(***p) and 1.7-fold that of MPTX group (*p, Fig. 4D), verifying that ATN- 
MPTX is able to target 4 T1 tumor in vivo. 

We further investigated the pharmacokinetics of ATN-MPTX in 
healthy mice. Fig. 4E shows that free PTX was quickly eliminated while 
MPTX and ATN-MPTX largely prolonged blood circulation, following a 
two-compartment model with a rapidly declined distribution compart-
ment and a gradual elimination compartment. The elimination half-life 
(t1/2β) of MPTX and ATN-MPTX was 3.85 and 3.93 h, and area under 
curve (AUC) was 127.08 and 168.26 μg•h/mL, respectively. It was re-
ported that Genoxel-PM and Nanoxel-PM had t1/2,β of respective 0.21 
and 2.1 h in mice [51,52]. The long circulation time of ATN-MPTX likely 
results from the disulfide-crosslinking of the micellar core. 

3.5. Antitumor efficacy of ATN-MPTX in 4 T1 tumor model 

Given that ATN-MPTX is capable of targeting to tumors, promoting 
DC proliferation and maturation, and transforming M2M to M1M, we 
then explored its antitumor activity in BABL/c mice bearing 4 T1-luc 
subcutaneous tumors via i.v. injection at 7.5 mg PTX/kg (Fig. 5A). The 
results showed that 4 T1 tumors of PBS group grew rapidly and ATN- 
MPTX brought about significantly better tumor suppression than 
MPTX (*p) and free PTX (***p) (Fig. 5B), substantiating the active- 
targeting effect of ATN-MPTX. MPTX might cause better tumor inhibi-
tion at higher doses, but its non-selective toxicity would be also detri-
mental to the immune system. Hence, it's important that chemotherapy 

is selective toward tumor cells and given at a lower dose. ATN-MPTX as 
all controls did not cause body weight loss (Fig. 5C), indicating a low 
systemic toxicity. We further investigated the effect of ATN-MPTX on the 
lung metastasis of 4 T1 tumors, which is a major issue for TNBC treat-
ment [53]. Fig. 5D shows that ATN-MPTX group had much lighter lungs 
than free PTX and PBS groups (**p). The fluorescence imaging of the 
lung disclosed that in contrast to severe tumor metastasis in PBS and free 
PTX groups, minimal tumor metastasis was detected in the ATN-MPTX 
group (Fig. 5E). Notably, MPTX group could also effectively inhibit 
lung metastasis, though to a significantly lesser extent than ATN-MPTX 
(Fig. 5F). These results conclude that ATN-MPTX can target to 4 T1 
tumor leading to better suppression of both primary tumor and lung 
metastasis. 

3.6. Chemo-immunotherapy of 4 T1 tumor by ATN-MPTX and nano- 
STING agonist 

To further boost TNBC therapy, we combined ATN-MPTX with ADU- 
S100, a model cyclic oligonucleotide STING agonist [54], which can 
activate innate immunity via activation of STING pathway by triggering 
a type I interferon driven inflammatory program that stimulates acti-
vation of DCs and cross-presentation of tumor antigens for the priming 
of antitumor T cells [24,26]. To improve its cytoplasmic delivery to bind 
to STING proteins that reside in the APC endoplasmic reticulum, ADU- 
S100 was loaded in chimaeric polymersomes containing spermine as 
inner shell (CPs-CDN) (Fig. 6A). CPs-CDN had a size of 55–57 nm (PDI 
0.12–0.18) and CDN loading efficiency over 80% at theoretical CDN 

Fig. 5. The anticancer therapy of 4 T1 tumor bearing mice by i.v. injection of ATN-MPTX or MPTX (7.5 mg PTX/kg). (A) Experimental schedule. (B) The tumor 
volume (# meant one mouse died; the statistical analysis was performed on tumor volumes of different groups on day 22) and (C) body weight (n = 7). The weight (n 
= 3) (D) and ex vivo bioluminescence imaging and the semi-quantification (n = 3) (E) of cancerous lung on day 22. 
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loading content of 16.7 wt% (Table S1), and showed a good stability. As 
shown in Fig. 6B, CPs-CDN significantly promoted BMDC maturation 
compared to free CDN and ATN-MPTX. The combo group of CPs- 
CDN+ATN-MPTX could escalate the mature BMDC proportion to 90.2%, 
which was significantly higher than both monotherapies. In accordance, 
the combo produced considerably higher amount of IFN-β, TNF-α and IL- 
6 than all other groups (Fig. 6C), indicating enhanced BMDC maturation 
and the antigen presentation ability. In particular, IFN-β is a signature 
cytokine induced in response to STING activation by CDNs [26,55] and 
plays a critical role in tumor-specific T cell priming [56]. Here, IFN-β 
provoked by CDN and CPs-CDN was ca. 40-fold that of ATN-MPTX and 
PBS groups, and IFN-β stimulated by the combo further raised signifi-
cantly (***p, Fig. 6C). 

The combination anti-tumor therapy was performed by i.v. injection 
of ATN-MPTX and 8 h later i.t. injection of CPs-CDN on day 0, 2, 4, and 6 
in 4 T1-luc tumor-bearing mice (Fig. 7A). The results showed that the 
combo therapy with CPs-CDN+ATN-MPTX was significantly more 
effective in inhibiting tumor growth than CPs-CDN and ATN-MPTX 
mono therapies (Fig. 7B). It should further be noted that CPs-CDN was 
better than free CDN, likely due to its improved tumor retention and 
cytoplasmic delivery. All treatments had no negative influence on body 
weights (Fig. 7C). Accordingly, the combo group exhibited significantly 
prolonged median survival time (MST) of 32 d as compared with PBS 
and ATN-MPTX groups (MST: 18 and 24 d, respectively) (Fig. 7D). 
Remarkably, the examination of lungs on day 22 revealed that the 
combo group had significantly lighter lung mass (close to that of healthy 
mice) than ATN-MPTX or CPs-CDN group (*p, Fig. 7E). Interestingly, 
lung fluorescence imaging showed that combo group had scarce 4 T1-luc 

bioluminescence signal (Fig. 7F), pointing to the effective suppression of 
lung metastasis. H&E staining images of the lung illustrated that alve-
olar structure of combo group was complete and the same as that of 
normal mice, in which no tumor cells or inflammatory cells could be 
discerned, in great contrast to other groups (Fig. 7G). It should be noted 
that the chemo-immunotherapeutic efficacy of ATN-MPTX in 4 T1 
tumor might further be improved by optimizing the dosage of CPs-CDN 
or using different immune stimulants. 

To elucidate the effect of the combo therapy of ATN-MPTX+CPs- 
CDN on immune environment, we analyzed the immune cells in spleen 
and tumor of the mice at 24 h post last injection. Notably, the combo 
group had significantly more tumoral infiltrating CD8+ T cells and CD4+

T cells than mono therapies (Fig. 8A, B), and drastically reduced regu-
latory T cells (Treg), the main immunosuppressive T cells recruited by 
tumor cells to inactivate CD8+ CTLs (Fig. 8C). Accordingly, the CD8+ T/ 
Treg ratio of combo group was 14 and 3.4-time that of ATN-MPTX and 
CPs-CDN, respectively (Fig. 8D). Besides, the combo therapy also pro-
moted considerably more DC maturation and M1M induction in the 
tumor than ATN-MPTX and CPs-CDN (Fig. S5). Consequently, the IFN-β 
and IL-6 concentrations of the combo group were dramatically raised 
(Fig. 8E). Fig. 8F-G shows that as for the tumor, the combo group also 
significantly increased CD4+ T and CD8+ T cell proportions in the spleen 
compared to ATN-MPTX and CPs-CDN groups, suggesting effective im-
mune regulation of splenic T cells. These results verify the induction of 
effective innate and acquired antitumor immune responses. 

The systemic toxicity to the tumor-bearing mice was then evaluated. 
The blood routine test showed that blood cell parameters of the combo 
group were all comparable to those of healthy mice (Fig. S6A). It is noted 

Fig. 6. (A) Preparation of CPs-CDN. (B) Representative flow cytometric analysis and the proportion of CD80+CD86+ mature BMDC (in the CD11c+ circle gate) 
following different treatments. (C) The concentrations of IFN-β, TNF-α, and IL-6 in the culture medium following different treatments (n = 3). 
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that as compared to PBS group the combo therapy reduced the total 
white blood cells (WBC) ca. 91-fold (**p) and lymphocytes ca. 200-fold. 
Blood biochemical tests showed that the liver and kidney function in-
dexes had no significant difference from healthy mice (Fig. S6B). In 
addition, H&E stained tissue sections of hearts, livers, and kidneys of the 
combo group showed no obvious tissue damage (Fig. S7), while other 
groups showed more or less inflammatory cell infiltrations. These results 
point out that ATN-MPTX, either with or without CPs-CDN, induced no 
hepatotoxicity and nephrotoxicity. Compared to the significantly 
reduced white pulp in the spleen of PBS group, a typical symptom of 4 
T1 tumor in mice [57,58], the combo group had abundant white pulp, 
signifying the prevention of the TNBC progression (Fig. S7). Besides, the 
combo group had the smallest spleen (ca. 0.15 g, close to healthy mice) 
among different groups (Fig. S8). 

4. Conclusion 

We have demonstrated that α5β1 integrin-targeted micellar paclitaxel 

(ATN-MPTX) elicits strong and selective ICD and chemo- 
immunotherapy of TNBC, leading to significantly improved inhibition 
of 4 T1 primary tumor and mitigated lung metastases. ATN-MPTX has 
several interesting features including (i) high PTX loading and small 
size, (ii) high stability and long circulation time, (iii) good selectivity 
and accelerated uptake in α5β1 integrin-positive 4 T1 cells and tumors, 
and (iv) potent ICD induction compared with free PTX. We have also 
demonstrated that nano-STING agonist performs better than the free 
STING agonist and ATN-MPTX in conjunction with nano-STING agonist 
induces strong chemo-immunotherapy for TNBC, giving strong and 
durable tumor-specific immune response, highly subdued tumor growth 
and distant metastasis, significant survival benefit, and minimal toxic 
effects. The combination of ATN-MPTX and nano-STING agonist appears 
as a potential chemo-immunotherapy for TNBC. 
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Fig. 8. Flow cytometric analyses of tumors and spleens of the mice following different treatments (n = 4). (A) Representative flow cytometric analysis and the 
proportion of CD3+CD4+ T cells (in the CD45+ circle gate) in the tumor. (B) Representative flow cytometric analysis and the proportion of CD3+CD8+ T cells (in the 
CD45+ circle gate) in the tumor. The content of Tregs (CD3+CD4+FoxP3+, CD45+ inside the circle gate) in CD4+ T cells (C) and CD8+ T/Tregs ratio of the tumor (D). 
(E) The concentrations of IFN-β and IL-6 in the serum of the mice. (F) Representative flow cytometric analysis and the proportion of CD3+CD4+ T cells (in the CD45+

circle gate) in the spleen. (G) Representative flow cytometric analysis and the proportion of CD3+CD8+ T cells (in the CD45+ circle gate) in the spleen. 
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