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Abstract 

Tumour microenvironment (TME) contributes significantly towards potentiating the stemness and 
metastasis properties of cancer cells. IL6-Stat3 is one of the important cell signaling pathways in 
mediating the communication between tumour and immune cells. Here, we have systematically 
developed a novel anti-CD44 antibody-mediated liposomal nanoparticle delivery system loaded with 
anti-IL6R antibody, which could specifically target the TME of CD44+ breast cancer cells in different 
mouse models for triple negative and luminal breast cancer. This nanoparticle had an enhanced and 
specific tumour targeting efficacy with dramatic anti-tumour metastasis effects in syngeneic BALB/c mice 
bearing 4T1 cells as was in the syngeneic MMTV-PyMT mice. It inhibited IL6R-Stat3 signaling and 
moderated the TME, characterized by the reduced expression of genes encoding Stat3, Sox2, VEGFA, 
MMP-9 and CD206 in the breast tissues. Furthermore, this nanoparticle reduced the subgroups of 
Sox2+ and CD206+ cells in the lung metastatic foci, demonstrating its inhibitory effect on the lung 
metastatic niche for breast cancer stem cells. Taken together, the CD44 targeted liposomal 
nanoparticles encapsulating anti-IL6R antibody achieved a significant effect to inhibit the metastasis of 
breast cancer in different molecular subtypes of breast cancer mouse models. Our results shed light on 
the application of nanoparticle mediated cancer immune-therapy through targeting TME. 

Key words: liposomal nanoparticles, anti-IL6R antibody, tumour microenvironment, metastasis, metastatic 
niche. 

Introduction 
Breast cancer is among the high-morbidity 

malignant tumours worldwide and is now the second 
leading lethal tumour type for women [1]. Although 
the improvement in early detection and therapeutic 
method may improve the survival times, many breast 
cancer patients still succumb to this disease due to 

tumour metastasis [2].  
Nanoparticles (NPs) have been widely explored 

for the delivery of anticancer drugs to tumour sites [3, 
4]. The central aim of delivery systems is to 
accumulate the loading drugs efficiently at target sites 
in their bioavailable forms [5-7]. Liposomal 
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nanoparticles have been widely investigated because 
of their fine biological properties such as low 
immunogenicity, good biocompatibility, 
biodegradability, and the ability to hold a large 
payload of hydrophilic and hydrophobic agents since 
they possess both hydrophobic membrane and 
aqueous reservoir. Inclusion of the PEGylated lipids 
in liposomes was developed as one of clinically 
suitable liposome formulations since they protected 
liposomes from the destruction by reticulo- 
endothelial system (RES), thus increased the 
circulation time and drug accumulation in tumours, 
resulting in the enhanced antitumour efficacy [8, 9]. 
Once localized in the tumour tissues, the loading drug 
should be released at a proper rate so that it can reach 
the target cells at an effective therapeutic 
concentration. To trigger the release of drug in 
tumour site specifically, a variety of liposomes were 
designed which could response to the changes in pH 
[10, 11], temperature [12], enzymes [13], light [14] and 
magnetic pulses [15]. Among them, pH-responsive 
liposome was most commonly used, regarding that 
there is a tremendous variation for the pH values in 
different tissues and cellular compartments. In 
addition to relying solely on passive targeting, 
nanoparticles were frequently modified with 
targeting ligands for the specific reorganization of 
receptors which is overexpressed or present on 
tumour cells membrane. 

CD44 is a multifunctional and widely distributed 
cell surface glycoprotein. It has been identified as one 
of the most established biomarkers for cancer stem 
cells (CSCs), which show chemo-resistant and highly 
malignant properties in numerous types of tumours, 
including breast, prostate, colon and pancreatic 
cancers etc. [16-18]. For tumour-site-specific delivery 
of anticancer drugs, anti-CD44 monoclonal antibody 
(mAb) can be coupled to the surface of liposomes, 
targeting CD44+ cancer cells [19]. CSCs play important 
roles in initiation and relapse of cancers due to their 
self-renewal and pluripotency properties. They are 
resistant to most of the cytotoxic agents [20]. Thus, 
CSCs were thought to be a vital source for tumour 
recurrence and metastasis. Consequently, with the 
aim of eliminating CSCs, the targeted drug delivery 
strategy is an ideal approach to increase the efficacy of 
anticancer therapy [20]. However, development of 
effective means to deliver the therapeutics to CSCs 
specifically is one of the most formidable challenges.  

Tumour tissues are composed of tumour cells 
and non-tumour cells, which include macrophages, 
endothelial cells, fibroblasts, pericytes, innate and 
adaptive immune cells, mesenchymal cells, etc. [21]. 
The interactions between non-tumour and tumour 
cells thus form tumour microenvironment (TME). 

Cancer cells and CSCs educate the surrounding cells 
to form an immune-favourable microenvironment 
through releasing extracellular signals. The 
non-tumour cells in turn promotes the development 
of cancer by boosting the stemness, metastasis and 
chemo-resistant properties of cancer cells [22]. 
Moreover, non-tumour cells and cancer cells secrete a 
variety of chemokines and cytokines to activate and 
mobilize the stromal cells (e.g., macrophages, bone 
marrow progenitor cells) to form pre-metastatic 
niches in the distant organs, such as lungs, etc., to 
promote the survival of metastatic tumour cells [23, 
24]. Thus, targeting the communication between the 
non-tumour cells and cancer cells as well as CSCs in 
TME is a promising strategy in tumour therapy. 
Interleukin-6, an inflammatory cytokine, binds to its 
receptor IL6R-IL6ST (GP130) to activate Janus kinases 
(JAK), which subsequently phosphorylates and 
activates its downstream target- signal transducer and 
activator of transcriptions (STATs), including STAT3, 
to regulate the expression of VEGF and matrix 
metalloproteinases (MMPs, e.g. MMP-2 and MMP-9) 
etc.[25, 26]. This enhances the migration and invasion 
of tumour cells [27]. In addition, IL6-STAT3 signaling 
was reported to maintain the properties of CSCs [28, 
29]. Higher expression levels of IL6 receptor α (IL6Rα) 
and gp130 were detected in CSCs than in non-CSCs, 
and targeting of IL-6 ligand or IL6Rα in glioma stem 
cells significantly reduced the growth and 
sphere-formation capacity [30]. Moreover, IL-6 
promotes the polarization of macrophages from M1 to 
M2 phenotype [31], which plays a vital role in 
promoting the stemness and enhancing the metastasis 
properties of cancer cells in the TME [32, 33]. Based on 
this knowledge, development of a delivery system 
that can specifically target the IL6R-STAT3 signaling 
may effectively block the communication between 
cancer cells and the TME, thus inhibit the 
development of cancer.  

Our previous study demonstrated the 
abundance of tumour associated macrophages 
(TAMs, M2 phenotype) in breast tumour tissues and 
the recruitment effect of CSCs marker protein-Sox2 on 
TAMs [33]. This study aimed to develop CD44 
targeted liposomal nanoparticles for the triggered 
release of their encapsulated contents into the 
extracellular matrix. Here, we developed a novel 
anti-CD44 antibody-mediated liposomal nanoparticle 
loaded with anti-IL6R antibody. This delivery system 
specifically targeted the TME of CD44+ breast cancer 
cells in 4T1 tumour-bearing mice and MMTV-PyMT 
mice, in which CD44 was expressed. We found that 
this nanoparticle blocked the IL6R signaling in cancer 
cells as well as the macrophages, thus suppressed the 
stemness, metastasis and angiogenesis of breast 
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cancer. Furthermore, it modified the lung metastatic 
foci by reducing the amount of M2 macrophages, 
which may lead to the decreased number of 
metastatic Sox2+ cancer cells. Our study provided 
exciting explorations in applying immune- 
interference therapy to breast cancer by using the 
TME targeting nanoparticle.  

Materials and methods 

Cell line and cell culture 
The 4T1 mouse mammary tumour cell line was 

cultured in the RPMI-1640 medium supplemented 
with 10% fetal bovine serum, 100 units/mL penicillin 
and 100 µg/mL streptomycin. The cells were 
incubated at 37 °C in the presence of 5% CO2. 

Preparation of liposomal nanoparticles (NPs) 
The liposomes were composed of 

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine 
(DOPE), cholesterol (Avanti Polar Lipids Inc., 
Alabaster, AL, USA) and 1,2-distearoyl-sn-glycero- 
3-phosphoethanolamine-N-[succinimidyl(polyethyle
ne glycol)-3400] (DSPE–PEG3400–NHS, Nanocs Inc., 
New York, NY, USA). To form the liposomes, a lipid 
mixture composed of DOPC, DOPE and cholesterol 
(1:1:1 molar ratio) was prepared in chloroform and 
added into a glass flask. The chloroform solvent was 
then evaporated at room temperature and a thin lipid 
film formed. To remove residual chloroform from the 
lipid film completely, the flask was dried for 12 hours 
(hs). The dried lipids were rehydrated in phosphate 
buffered saline (PBS, pH 7.4, 10 mM Na2HPO4, 1.76 
mM KH2PO4, 137 mM NaCl, 2.7 mM KCl). The 
suspension was then forced through two 
polycarbonate filters with 100 nm pores using the 
Nuclepore Track-Etch Membrane (Whatman, 
Maidstone, UK). The prepared liposome was then 
stored at 4 °C until use. 

For preparation of per 1 mL of the liposomal 
nanoparticles or CD44 targeted liposomal 
nanoparticles encapsulating anti-IL6R antibody 
(NPs-αIL6R Ab or NPs-αIL6R Ab-CD44), 20 µg of the 
anti-IL6R antibody (Santa Cruz Biotechnology, Dallas, 
Texas, USA) was dissolved in 1 mL of PBS at 4℃ for 5 
min before pipetting it to the flask containing 1 mL of 
lipid films. For fully hydration purpose, the mixture 
was put into the rotary evaporator for 1 h [34]. And 
then, the mixture was extruded 10 times through a 
mini-extruder equipped with 100 nm polycarbonate 
membrane filter to form liposomal NPs of a 
predetermined diameter. After encapsulation, to 
remove the non-encapsulated antibody, the free 
antibody was separated by size exclusion 

chromatography system (GE Healthcare, USA), which 
was equipped with a XK 16/40 column packed with 
Bio-Gel 15M resin (Bio-Rad, Hercules, CA, USA) by 
using PBS (pH 7.4) as the running buffer [34]. The 
CD44 targeted liposomes were prepared through a 
modified post-insertion method (Fig. 1A). Briefly, 
DSPE-PEG3400-NHS was mixed with the monoclonal 
anti-CD44 antibody (BD Bioscience, San Jose. CA) at a 
molar ratio of 10:1 (micelle/antibody). The amine of 
anti-CD44 antibody bound to end-functionalized 
groups of PEG in preformed micelles via ester 
conjugation [35]. And then, CD44-PEG conjugates 
were mixed with liposomes at a 1:100 molar ratio for 
4-8 hs with continuous stirring. 

The procedure for preparing the CD44 targeted 
liposomal nanoparticles loaded with doxorubicin 
(Dox, a red-coloured antibiotic, 1mg/1mL lipid) 
(Sigma-Aldrich Corp., St. Louis, MO, USA) or IgG (20 
µg/1mL lipid) (abcam, Cambridge, UK) was similar 
to that for NPs-αIL6R Ab-CD44. 

Characterization of the NPs 
The particle size and polydispersity index of 

liposomes were measured by dynamic light 
scattering, and zeta-potential was determined by 
phase analysis light scattering (Zeta PALS, 
Brookhaven Instruments, Holtsville, NY, USA). The 
solution containing liposomal NPs was dropped onto 
a copper mesh and then negatively stained with 2% 
(weight/volume) uranyl acetate. After 1 h’s drying, 
the morphology of the sample was observed under a 
Philips CM200 transmission electron microscope 
(TEM), which was operated at an acceleration voltage 
of 80 kV. 

Drug loading and encapsulation efficiency for 
NPs and the in vitro drug release 

The amount of free drugs presented in the 
supernatant or dialysis were measured by 
GloMax®-Multi Detection System (Promega). They 
were determined through measuring the absorbance 
at 480 nm using ultraviolet-visible (UV-Vis) 
spectrophotometry (for Dox) and the fluorescence 
intensity value at excitation of 490 nm and emission of 
510-570 nm using fluorescence spectrophotometry 
(for anti-IL6R Ab-PE), then were calculated based on 
their corresponding calibration curves separately.  

Drug loading and encapsulation efficiency 
experiments were performed in triplicate by 
determining the amount of Dox as well as anti-IL6R 
Ab-PE (αIL6R Ab-PE, BD Biosciences, San Jose, CA, 
USA) presented in the supernatants during 
preparation. The mass (M) of the Dox- or anti-IL6R 
Ab-PE loaded nanoparticles was weighed after being 
dried under vacuum overnight at 4 ℃. Drug 
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encapsulation efficiency and loading efficiency were 
then determined by using the following formulas: 
Encapsulation efficiency (%) = M (feeding drug) – M 
(drug in supernatant) / M (feeding drug) × 100%; 
Drug loading efficiency (%) = M (feeding drug) – M 
(drug in supernatant) / M (the weight of 
nanoparticles) × 100% [36]. 

To assess the release behavior of Dox and 
anti-IL6R Ab-PE under different pH conditions, 3 mL 
of Dox or anti-IL6R Ab-PE loaded nanoparticles were 
placed into a dialysis bag, which was placed in a 
reservoir containing 150 mL of PBS (pH = 7.4, 6.5, 5.0, 
respectively), stirred at 100 rpm at 37 ℃. 1-mL 
dialysate was removed from the sample at proper 
intervals, followed by storage at -20 ℃ for the later 
analyses. To keep a constant volume, 1 mL of fresh 
PBS with corresponding pH was added to the 
reservoir at each sampling time [36]. 

Tumour xenograft mouse model and assay of 
the bio-distribution of drug in mice treated 
with CD44 targeted NPs 

All of the in vivo mice experiments were 
approved by the Nankai University Animal Care and 
Use Committee. 6-8 week-old syngeneic BALB/c 
female mice were separated randomly into four 
groups. 5×104 4T1 cells were injected into the fourth 
right mammary fat pad of each mouse. The 
tumour-bearing mice were injected with NPs-Dox (5 
mg/kg body weight (BW) of Dox), NPs-Dox-CD44 (5 
mg/kg BW of Dox), NPs-αIL6R Ab-PE (200 µg / kg 
BW of Ab) or NPs-αIL6R Ab-PE-CD44 (200 µg / kg 
BW of Ab) via tail vein on the 10th day after graft. 
Syngeneic MMTV-PyMT female mice were injected 
with above nanoparticles at same dose via tail vein 
after 4 weeks of tumorigenesis. The mice were 
sacrificed 4 hs (for NPs-Dox and NPs-Dox-CD44 
treatment group) after injection to avoid the toxic 
effect of Dox to the organs [19] and 6 hs for 
NPs-αIL6R Ab-PE and NPs-αIL6R Ab-PE-CD44 
treatment group after injection. Various major tissues 
or organs including the tumour, heart, liver, spleen, 
lung, kidney, brain and intestine were removed for 
the detection of the bio-distribution and concentration 
of Dox or αIL6R Ab-PE in them. Similar volume of 
tissue slice from each corresponding organ was 
dissolved and homogenized in PBS (PH 7.4). To 
determine the concentration of Dox in the tissues, 100 
μL of 1% sodium dodecyl sulfate and 100 μL of 1mM 
H2SO4 were added to 1mL of tissue homogenate. 
Then, Dox was extracted through adding 2 mL of 
isopropyl alcohol/chloroform (1:1, volume ratio) to 
the homogenized samples, followed by vortex and 
three rounds of freeze/thaw cycles. The samples were 
centrifuged at 14,000 g for 15 minutes and the organic 

phase which presented in the lower phase was 
measured. To measure the concentration of αIL6R 
Ab-PE, tissue was homogenized in 500 uL PBS. They 
were measured directly by using GloMax®-Multi 
Detection System (Promega). 

Application of NPs in different mouse models. 
The syngeneic mice were randomly separated 

into five groups and injected with PBS, anti-IL6R Ab, 
NPs-IgG-CD44, NPs-αIL6R Ab or NPs-αIL6R 
Ab-CD44 (10 mL/kg BW of PBS, 200 μg /kg BW of Ab 
or IgG) through the tail vein after tumorigenesis. For 
the mice grafted with 4T1, tail vein injections were 
carried out on day 10, 12 and 14 after the graft, 
respectively. For MMTV-PyMT mice, tail vein 
injections were carried out on day 6, 8 and 10 after the 
tumorigenesis, respectively. One sporadic tumour 
from each mouse with similar size to those of other 
mice was monitored. Its volume was measured till 30 
days after tumorigenesis before its amalgamation 
with neighbour spontaneous tumour(s). The tumour 
size was measured by using a calliper, the tumour 
volumes were calculated by using the formula (length 
× width2/2). Lung metastatic foci number was 
determined from all five lobes for each mouse. The 
percentage of lung metastatic foci area for each mouse 
was calculated as the area of metastatic foci versus the 
total area of five lobes in the tissue slices by using the 
Photoshop software (Adobe, San Jose, CA, USA). Each 
mouse was injected with 1mg BrdU intraperitoneally 
24 hs before the sacrifice as described before [37].  

Immunofluorescence staining 
The frozen sections were fixed in cold methanol 

for 15 minutes and then incubated with anti-BrdU, 
anti-Sox2 (abcam, Cambridge, UK), anti-CD44, 
anti-F4/80 (BD Biosciences, San Jose, CA, USA), 
anti-Rab5 or anti-Rab7 (Cell Signaling Technology, 
Danvers, MA, USA) antibody overnight at 4 °C, 
followed by incubation with Alexa Fluor 488 goat 
anti-rat IgG, Alexa Fluor 488 goat anti-rabbit IgG or 
Alexa Fluor 594 goat anti-rat IgG, correspondingly 
(Molecular Probes, Eugene, OR, USA) at room 
temperature for 1 h. They were finally incubated with 
DAPI (4',6-diamidino-2-phenylindole, Sigma-Aldrich, 
St. Louis, MO, USA) for nuclear counterstaining. 
Images were acquired by using a laser scanning 
confocal microscope (Leica, Wetzlar, Germany). The 
red fluorescence of Dox and αIL6R Ab-PE in the 
tumour tissue was also imaged by using the confocal 
microscopy at the excitation and emission 
wavelengths of 488 nm and 594 nm, respectively. 

Immunohistochemistry staining 
Immunohistochemistry staining was performed 
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on the tumour and lung tissues of BALB/c mice as 
well as MMTV-PyMT mice by using antibody against 
Stat3, p-Stat3 (Santa Cruz Biotechnology, Dallas, 
Texas, USA), MMP-9, CD31, Sox2, CD206 (abcam, 
Cambridge, UK), VEGFA (Proteintech, Wuhan, 
China) separately, followed by standard streptavidin– 
biotin method by using the 3,3’-Diaminobenzidine 
(DAB) substrate. The images were recorded by an 
Olympus BX51 Epi-fluorescent microscope (Olympus 
Co. Tokyo, Japan). The H-score for each protein 
incorporates staining intensity (negative, weak, 
moderate and strong were graded as 0, 1, 2, 3 
separately) multiplied by the percentage of cells that 
stained positive based on the images observed under 
a 10× objective. 

Statistical analysis 
Student’s t-test was used to perform the 

statistical analysis. A p-value < 0.05 was considered 
statistically significant. Statistical significance is 
indicated as the following: * indicates p < 0.05; and ** 
indicates p < 0.01. 

Results 

Characterization of CD44 targeted liposomal 
nanoparticles. 

The procedure for the preparation of CD44 
targeted liposomal nanoparticles encapsulating 
anti-IL6R antibody (NPs-αIL6R Ab-CD44) or 
Doxorubicin (NPs-Dox-CD44) was summarized in 
Figure 1A. The schematic diagram showing the 
release of cargo drugs to TME of CD44+ breast cancer 
cells by the CD44 targeted liposomal nanoparticles 
was described in Figure 1B and 1C. In addition, the 
particles were spherical and approximately 100 nm in 
size as revealed by transmission electron microscopy 
(TEM) in Figure 2A. Meanwhile, the dynamic light 
scattering (DLS) measurements showed that the mean 
diameter of NPs was ～100 nm (Figure 2B and Figure 
S1), which were in accordance with the TEM 
observations. Furthermore, the polydispersity index 
(PDI), which reflects the particle size distribution, was 
narrow for each of these eight nanoparticles (Figure 
2C). 

 
 

 
Figure 1. Schematic diagram of the liposomal nanoparticles. A. Diagrammatic sketch to show the preparation of NPs-Dox-CD44 and NPs-αIL6R Ab-CD44. 
Schematic diagram of CD44-targeted liposomes loaded with Dox (B) or anti-IL6R antibody (C) presented in the TME. The skeleton was a phospholipid bilayer with 
Dox or anti-IL6R antibody being encapsulated. 
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Drug encapsulation efficiency, loading 
efficiency and release in vitro 

The quality of the liposomal nanoparticles as a 
drug carrier was evaluated by the encapsulation 
efficiency of Dox and anti-IL6R Ab-PE as well as their 
loading efficiency. The encapsulation efficiencies of 
NPs-Dox, NPs-Dox-CD44, NPs-αIL6R Ab-PE and 
NPs-αIL6R Ab-PE-CD44 were 85.81 ± 0.4799%, 85.47 ± 
0.6729%, 87.01 ± 1.668%, 89.03 ± 1.143%, respectively. 
The drug loading efficiencies of NPs-Dox and 
NPs-Dox-CD44 were 12.27 ± 0.3882%, 12.93 ± 0.6855%, 
respectively (Figure 2D). From these results, we can 
deduce that the liposomal nanoparticles described 
here have high encapsulation efficiency and drug 
loading content. 

The release profiles of Dox and anti-IL6R Ab-PE 
from NPs under different pH conditions were 
measured to evaluate the effects of pH on drug 
unloading. As shown in Figure 2E and 2F, each 
release profile was represented by the percentage of 
released Dox or anti-IL6R Ab-PE as a function of time. 
We found that the amount of Dox and anti-IL6R 
Ab-PE released from the CD44 targeted and 
non-targeted NPs was pH dependent. In neutral 
environment (pH 7.4), only ~33% of Dox and ~39% of 
anti-IL6R Ab-PE were released within 48 hs. By 
contrast, ~77% of Dox and ~68% of anti-IL6R Ab-PE 
were released within 48 hs at pH 6.5 medium for both 
NP systems. As we know that the extracellular 
microenvironments of tumour cells are acidic, the pH 
values of intracellular endosomes and lysosomes are 
even lower. At pH 5.0 condition, ~92% of Dox and 
~88% of anti-IL6R Ab-PE were released from both NP 
systems within 48 hs. The results indicated that the 
release of Dox and anti-IL6R Ab-PE from the 
liposomal nanoparticles speeded up with the decrease 
of pH value. Taken together, the pH-sensitive 
nanoparticle delivery system may potentially 
facilitate active drug accumulation in tumour tissues 
and improve specific drug delivery as well as reduce 
the toxicity to normal tissues. 

Enriched bio-distribution of CD44 targeted 
liposomes in tumour tissues of triple negative 
and luminal breast cancer mouse models in 
vivo 

The distribution and accumulation of 
administered drugs in main organs and tumours 
could directly affect their therapeutic efficiency and 
lead to side effects. To test the efficacy of CD44 
targeted liposomes in vivo, we administered CD44 
targeted nanoparticles encapsulating anti-IL6R Ab-PE 
or Dox via the tail vein into mice bearing 4T1 breast 
tumour, which are triple negative and possess 

mesenchymal and high metastatic properties[38, 39], 
non-targeted nanoparticles encapsulating anti-IL6R 
Ab-PE or Dox were administered as the control. The 
bio-distribution of anti-IL6R Ab-PE or Dox in each 
tissue was observed by confocal microscopy and was 
quantified by spectrophotometric measurements. As a 
result, when compared with the control, CD44 
targeted NPs treatment group had more than 6-fold 
accumulation of anti-IL6R Ab-PE (Figure 3A and 3B) 
and more than 4-fold accumulation of Dox in 4T1 
tumour xenografts (Figure S2A and S2B), but the 
accumulation of anti-IL6R Ab-PE in the non-targeting 
organs such as heart, liver, spleen, lung, kidney and 
intestine reduced (Figure 3A and 3B). Similarly, the 
accumulation of Dox in the liver, spleen, kidney and 
intestine decreased (Figure S2A and S2B). 

The nanoparticles were also applied to 
MMTV-PyMT mice, which were reported to develop 
spontaneous and multi-focal cancers of the mammary 
glands with short latency at 100% incident rate and 
develop metastatic disease at > 85 % incident rate [40]. 
They showed similar gene-expression profiles to 
human luminal breast cancer [41], thus represented a 
model of luminal breast cancer with a high metastatic 
potential.  

We found that anti-IL6R Ab-PE had 11-fold 
greater accumulation in tumours compared to the 
control in MMTV-PyMT mice and the accumulation 
reduced in the non-targeted organs such as liver, 
spleen, lung, kidney and intestine (Figure 3E and 3F). 
Similarly, enrichment of Dox in tumour tissues and 
lower accumulation in the main organs (heart, liver, 
spleen, kidney and intestine) were also observed in 
MMTV-PyMT mice treated with NPs-Dox-CD44 
when compared with the NPs-Dox treatment control 
(Figure S2E and S2F). Immunofluorescent staining 
results showed that besides some accumulations in 
the cell, anti-IL6R Ab-PE and Dox were mainly 
released into the extracellular matrix of CD44+ tumour 
cells (Figure 3C and 3G, Figure S2C and S2G) and 
might also interact with surrounding macrophages 
(F4/80+) in the TME (Figure 3D and 3H, Figure S2D 
and S2H). In addition, tumour cells co-expressing 
CD44 and Sox2, which were the CSCs markers, were 
found in tumour tissues (Figure S3A).  

These results demonstrated that our liposomal 
nanoparticles could deliver the cargo to cancer cells, 
as well as CSCs and macrophages in TME. 
Furthermore, they were more efficient in delivering 
drugs to solid tumours than the non-targeted 
liposome. At the same time, the drug concentrations 
in non-targeted organs and tissues were reduced, 
indicating that the systemic side effects of this 
nanoparticle were minimized. 

 



 Theranostics 2017, Vol. 7, Issue 3 
 

 
http://www.thno.org 

781 

 
Figure 2. Characterization of CD44 targeted liposomal nanoparticles. A. The TEM image of NPs-Dox. The diameter was approximately 100 nm and the sizes of the 
nanoparticles were uniform. B. Representative DLS measurement for size distribution of NPs-Dox. C. The characterizations of the eight nanoparticles. Data were 
presented as the mean ± standard error of the mean (SEM, n = 3). D. The encapsulation efficiency, drug loading efficiency or quantity of Dox and anti-IL6R 
Ab-PE in the liposomal nanoparticles. Data were presented as the mean ± standard deviation (SD, n = 4). In vitro release profiles of Dox (E) and anti-IL6R Ab-PE 
(αIL6R Ab-PE, F) from nanoparticles under different pH values at 37℃. Data were presented as the mean + SD, n = 4. 
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Figure 3. Increased targeting efficiency of CD44 targeted liposomal nanoparticles in breast tumour tissues. A. Confocal images of anti-IL6R Ab-PE in various tissues 
of BALB/c mice bearing 4T1 xenografts that were treated with NPs-αIL6R Ab-PE or NPs-αIL6R Ab-PE-CD44 for 6 hs. B. The relative fold changes for the 
concentration of αIL6R Ab-PE in various tissues of BALB/c mice treated with NPs-αIL6R Ab-PE-CD44 when compared with the NPs-αIL6R Ab-PE treatment control. 
Data were presented as the mean + SD, n = 6 mice. Representative images showing the distribution of CD44 and anti-IL6R Ab-PE (C), F4/80 and anti-IL6R Ab-PE (D) 
in tumour xenografts of BALB/c mice. E. Confocal images of anti-IL6R Ab-PE in various tissues of MMTV-PyMT mice. F. The relative fold changes for the 
concentration of anti-IL6R Ab-PE in various tissues of MMTV-PyMT mice treated with NPs-αIL6R Ab-PE-CD44 when compared with the NPs-αIL6R Ab-PE treatment 
control. Data were presented as the mean + SD, n = 6 mice. The representative images showing the distribution of CD44 and anti-IL6R Ab-PE (G), F4/80 and 
anti-IL6R Ab-PE (H) in breast tumours of MMTV-PyMT mice. 
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Inhibited tumour growth after NPs-αIL6R 
Ab-CD44 treatment in luminal breast cancer 
mouse model 

To evaluate the therapeutic efficacy of 
nanoparticles with anti-IL6R antibody in vivo, PBS, 
anti-IL6R Ab, NPs-IgG-CD44, NPs-αIL6R Ab and 
NPs-αIL6R Ab-CD44 were injected via tail veins into 
4T1 tumour-bearing mice (Figure 4A) and 
MMTV-PyMT mice (Figure 4H) after tumorigenesis. 
The treatment was conducted every two days for a 
total of 3 times. The tumour volumes were monitored 
at fixed time intervals. As shown in Figure 4B and 4I, 
although the tumour volume steadily increased in the 
five groups, tumour growth was slightly reduced in 
BALB/c mice and significantly retarded in 
MMTV-PyMT mice injected with NPs-αIL6R 
Ab-CD44 when compared with the PBS, anti-IL6R Ab, 
NPs-IgG-CD44 treatment controls. Significantly 
reduced immunofluorescence staining of BrdU 
positive cells was observed in both mouse models 
treated with NPs-αIL6R Ab-CD44 (Figure 4C and 4D, 
Figure 4J and 4K) at the time of sacrifice. These 
findings supported the concept that delivery of 
anti-IL6R antibody to the TME suppressed tumour 
growth in vivo.  

Compromised lung metastasis of breast 
cancer after NPs-αIL6R Ab-CD44 treatment in 
vivo 

To further detect the inhibitory effect of these 
nanoparticles on tumour metastasis in vivo, lung 
tissues were stained with haematoxylin and eosin 
(HE) for the identification of metastatic foci (Figure 4E 
and 4L). Significantly reduced lung metastatic foci 
number (Figure 4F and 4M) and foci area (Figure 4G 
and 4N) were found in both mouse models treated 
with NPs-αIL6R Ab-CD44. This indicated that 
delivery of anti-IL6R antibody to the TME of CD44+ 
breast tumour cells could effectively suppress tumour 
metastasis. The NPs-αIL6R Ab-CD44 possibly 
performed their effects through multiple sites. It 
might inhibit the IL6R-Stat3 signaling pathway in 
tumour cells and simultaneously impede the 
phenotype transition of macrophage from M1 to M2. 

Suppressed production of VEGFA, MMP-9 and 
reduced M2 macrophages after NPs-αIL6R 
Ab-CD44 treatment in vivo 

To test the above hypothesis, the primary 
tumour tissues and lung metastatic foci were 

subjected to IHC staining to detect the infiltration of 
TAMs (CD206+) and the expression level changes of 
proteins associated with stemness and metastasis. We 
found that delivery of anti-IL6R antibody to the TME 
decreased the expression of Stat3, p-Stat3, MMP-9, 
VEGFA, CD31, Sox2 and CD206 proteins in tumour 
tissues of 4T1-tumour-bearing mice as well as 
MMTV-PyMT mice (Figure 5A and 5B, Figure 6A and 
6B). These results demonstrated that NPs-αIL6R 
Ab-CD44 suppressed the activation of Stat3 and 
inhibited the expression of its downstream molecules 
including MMP-9 [26] and Sox2 [32]. In addition, it 
restrained angiogenesis, as reflected by the reduced 
expression of VEGFA and the platelet endothelial cell 
adhesion molecule (CD31). Furthermore, blocking of 
IL6R signaling inhibited the phenotype conversion of 
macrophages from M1 to M2, as reflected by the 
reduced CD206+ cells after NPs-αIL6R Ab-CD44 
treatment (Figure 5A and 6A), which formed a 
tumour microenvironment unfavourable for 
metastasis. The inhibited expression of Stat3 in 
tumour tissues upon NPs-αIL6R Ab-CD44 treatment 
may due to several mechanisms. The reduced TAMs 
in TME may be one of the key reasons, since TAMs 
was reported to promote the expression of Stat3 in 
breast cancer cells through EGF-EGFR signaling 
pathway [32].  

Most importantly, IHC staining of lung tissues 
disclosed the reduced percentage of Sox2+ tumour 
cells and CD206+ cells in the metastatic foci (Figure 5C 
and 5D, Figure 6C and 6D), indicating that the 
NPs-αIL6R Ab-CD44 modified the microenvironment 
of both primary tumour tissues and the lung 
metastatic foci to repress the lung metastasis of 
CSCs-like cells in vivo.  

Discussion 
At present, surgery and chemotherapy are the 

primary treatment methods for breast cancer. 
However, the clinical effectiveness of systemic 
therapy is generally compromised by the 
non-specificity to tumours as well as drug-related 
toxicity to non-targeted tissues and organs. 
Furthermore, breast tumour metastasis is among the 
leading causes of cancer death for female patients. 
Therefore, methods for improving the efficacy of 
chemotherapeutic drugs and overcoming tumour 
metastasis could significantly improve the prognosis 
of breast cancer patients. 
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Figure 4. Inhibited tumour metastasis in BALB/c and MMTV-PyMT mice treated with NPs-αIL6R Ab-CD44. A. Schematic diagram of the experimental procedure in 
BALB/c mice. B. Growth curve of the 4T1 xenografts in BALB/c mice treated with NPs-αIL6R Ab-CD44 and the controls. Data were presented as the mean + 
standard error of the mean (SEM, n = 6 mice). C. Immunofluorescent staining of BrdU in 4T1 tumour xenografts of BALB/c mice. D. Statistics of the percentage of 
BrdU positive cells in 4T1 tumour xenografts. Data were presented as the mean + SEM, n = 6 mice. E. Representative HE staining of metastatic foci in the lung tissues 
of the BALB/c mice. Statistical results shown for the number (#) of metastatic foci (F, data were presented as the mean ± SEM, n = 6 mice) and the relative percentage 
of metastatic foci area (G, data were presented as the mean + SEM, n = 6 mice) in the lung of BALB/c mice. H. Schematic diagram of the experimental procedure for 
MMTV-PyMT mice. DOB, Day of Birth. I. Tumour growth curve in the MMTV-PyMT mice treated with NPs-αIL6R Ab-CD44 and the controls, data were presented 
as the mean + SEM, n = 6 mice Statistical analysis was performed to determine the significance of tumour volume on the 30th days after tumorigenesis. J. 
Immunofluorescent staining of BrdU in tumour tissues of MMTV-PyMT mice. K. Statistics of the percentage of BrdU positive cells in tumour tissues of MMTV-PyMT 
mice treated with NPs-αIL6R Ab-CD44 and the controls, data were presented as the mean + SEM, n = 6 mice. L. Representative HE staining of metastatic foci in the 
lung tissues of MMTV-PyMT mice. Statistical results for the number of metastatic foci (M, data were presented as the mean ± SEM, n = 6 mice) and the relative 
percentage of metastatic foci area (N, data were presented as the mean + SEM, n = 6 mice,) in the lung of MMTV-PyMT mice. 
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Figure 5. Inhibited IL6R-Stat3 signaling in tumour xenografts and reduced CSCs-like population in lung metastatic foci of BALB/c mice treated with NPs-αIL6R 
Ab-CD44. A. Immunohistochemistry (IHC) staining of Stat3, p-Stat3, MMP-9, VEGFA, CD31, Sox2 and CD206 in 4T1 tumour xenografts from BALB/c mice, which 
were treated with PBS, anti-IL6R Ab (αIL6R Ab), NPs-IgG-CD44, NPs-αIL6R Ab and NPs-αIL6R Ab-CD44, respectively. B. The statistical results of IHC staining for 
Stat3, p-Stat3, MMP-9, VEGFA, CD31, Sox2 and CD206 of 4T1 tumour xenografts in BALB/c mice. Data were presented as the mean ± SEM, n = 6 mice. C. IHC 
staining of Sox2 and CD206 in the lung metastatic foci. D. Statistical analysis for the percentage of Sox2+ and CD206+ cells in the lung metastatic foci. Data were 
presented as the mean + SEM, n = 6 mice. 
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Figure 6. Inhibited IL6R-Stat3 signaling in primary tumour and reduced CSCs-like population in lung metastatic foci of MMTV-PyMT mice treated with NPs-αIL6R 
Ab-CD44. A. IHC staining of Stat3, p-Stat3, MMP-9, VEGFA, CD31, Sox2 and CD206 in primary tumour tissues of MMTV-PyMT mice, which were treated with PBS, 
αIL6R Ab, NPs-IgG-CD44, NPs-αIL6R Ab and NPs-αIL6R Ab-CD44, respectively. B. The statistical results of IHC staining for Stat3, p-Stat3, MMP-9, VEGFA, CD31, 
Sox2 and CD206 in the primary tumour of MMTV-PyMT mice. Data were presented as the mean ± SEM, n = 6 mice. C. IHC staining of Sox2 and CD206 in the lung 
metastatic foci of MMTV-PyMT mice. D. Statistical analysis for the percentage of Sox2+ and CD206+ cells in the lung metastatic foci. Data were presented as mean 
+ SEM, n = 6 mice. 
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It has been established that various materials can 
be encapsulated in nanoparticles, such as 
hemagglutinin-split influenza virus mucosal vaccine 
encapsulated in chitosan nanoparticles [42], 
recombinant protein of chlamydia trachomatis sealed 
in PLGA (poly D, L-lactic-co-glycolic acid) 
nanoparticles [43], and siRNAs encapsulated in lipid 
nanoparticles [44]. Meanwhile, liposomes can carry 
large molecules with therapeutic potential, for 
example, cDNA, polypeptides as well as small 
molecules and chemotherapy drugs. In this study, we 
developed a liposomal nanoparticle that encapsulated 
anti-IL6R antibody targeting CD44, a transmembrane 
glycoprotein presented in the breast tumours. This 
liposomal nanoparticle specifically targeted the TME 
of CD44+ breast cancer cells, leading to significant 
inhibition of tumour metastasis and slightly delayed 
growth of breast tumours. These results are consistent 
with the numerous reports that IL6R signaling 
contributed significantly to tumour metastasis [45], 
and sporadic studies showed its regulatory effect on 
cell cycle and tumour growth [30, 46]. As continued 
growth of the primary tumour may eventually lead to 
metastatic spread, application of this nanoparticle at 
early tumour stage and combination of this therapy 
with primary tumour surgery may improve the 
survival of tumour-bearing mice.  

We demonstrated that our liposomal 
nanoparticles were more efficient in delivering 
chemicals to solid tumours than the non-targeted 
liposome. At the same time, the chemical 
concentrations in major organs and tissues were low, 
indicating that the systemic side effects of this 
nanoparticle were minimized. The small size (mean 
value, 92-121 nm) and narrow PDI of the 
nanoparticles allowed them to penetrate into the 
interstitium of tumours through leaky vasculature. In 
our study, the basic liposomes were composed of 
DOPC, DOPE, cholesterol and PEG. It was reported 
that the most pH-sensitive lipid in a DOPC-DOPE 
liquid phase is DOPE [47]. Thus, pH-sensitive 
property of NPs-Dox-CD44 or NPs-αIL6R 
Ab-PE-CD44 could trigger the release of their 
encapsulated contents into the extracellular matrix 
based on the difference pH between the tumour 
extracellular environment and normal tissues. In 
addition, removal of 1, 2-dioleoyl-3-trimethy-
lammonium-propane (DOTAP) from our traditional 
nanoparticle preparation procedure may enhance the 
delivery efficacy of anti-IL6R antibody to TME, which 
can target tumour cells as well as the TAMs and thus 
promote the anti-tumour effect of anti-IL6R antibody. 
As can been observed in Figure S4, most of the 
anti-IL6R Ab-PE or Dox did not showed the 
co-localization with Rab5 and Rab7, which are the 

marker proteins for the early and late endosome 
separately, in both tumour models. This phenomenon 
indicated that our nanoparticle system firstly 
delivered the loading drugs to the extracellular matrix 
and reduced the penetration of NPs to cell membrane 
at the early stage of treatment.  

The other important finding from this study was 
disclosure of the fact that NPs-αIL6R Ab-CD44 
suppressed tumour stemness and metastasis in vivo. 
Because Sox2 is the downstream factor of IL6R-Stat3, 
blocking of IL6R caused down-regulation of Sox2 and 
inhibition of its stemness-promotion function. Most 
importantly, we provided the in vivo evidence 
showing that the NPs-αIL6R Ab-CD44 treatment 
impeded the metastasis of breast cancer in both the 
4T1-xenograft mouse model and MMTV-PyMT model 
through down-regulating the production of cytokines 
or enzymes such as VEGFA and MMP-9 as well as 
inhibiting the angiogenesis.  

Finally, we demonstrated that the NPs-αIL6R 
Ab-CD44 specifically modified the immune 
environment in primary tumour by inhibiting the 
infiltration of TAMs to form a tumour 
microenvironment unfavourable for metastasis. It also 
modified the immune environment of lung metastatic 
foci, as reflected by the reduced M2 macrophages, 
which may be one of the key reasons that account for 
the reduced tumour metastatic area and foci number 
as well as the CSCs-like Sox2+ population in the lungs 
metastatic foci.  

In summary, our results indicated that the TME 
targeting nanoparticles loaded with anti-IL6R 
antibody/chemicals could deliver the drugs 
effectively to the TME of CD44+ breast tumours. 
Those nanoparticles inhibited tumour metastasis 
effectively through blocking the IL6R-Stat3 signaling 
in tumour cells. They also impeded the infiltration of 
TAMs both in the 4T1 xenograft, which represented 
the advanced triple negative breast cancer, and 
MMTV-PyMT mice, which showed a similar gene 
expression profile to human luminal breast cancer. 
This novel nanoparticle thus provided a promising 
strategy for the clinical treatment of multiple 
molecular phenotypes of breast cancer by targeting 
the TME. 
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