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Inhibition of tumor growth and metastasis simultaneously is an important issue for tumor therapy. The
CXCR4/CXCL12 axis plays a crucial role in cancer metastasis, and the blocking of the CXCR4/CXCL12 axis
is an effective way of inhibiting cancer metastasis. Combretastatin A4 nanodrug (CA4-NPs), a neogenesis
blood vascular disrupting agent, can accumulate around blood vessels and disrupt tumor neogenesis of
blood vessels more efficaciously than typical small molecular drug combretastatin A4 phosphate (CA4P).
However, in this work, we find that the CXCR4 expression is significantly enhanced in CA4-NPs-treated
tumor tissues in a metastatic orthotopic 4T1 mammary adenocarcinoma mouse model. Considering that
the overexpression of CXCR4 can promote tumor cell metastasis, a novel cooperative strategy that utilizes
plerixafor (PLF, CXCR4 antagonist) with CA4-NPs for inhibiting tumor growth and metastasis simul-
taneously is developed. The combination of CA4-NPs (60 mg kg‘1 on CA4 basis) + PLF shows remarkably
enhanced antitumor efficacy. The tumor growth inhibition rate of the combination group reaches 91.3%,
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significantly higher than those of non-cooperative groups. In addition, the number of lung metastasis foci
of the combination group is least among all groups. This cooperative strategy provides a useful method
for inhibiting tumor growth and metastasis simultaneously, and gives the evidence to support the clinical

rsc.li/biomaterials-science use of the combination of vascular disruption agents and CXCR4 antagonists.

the blocking of the CXCR4/CXCL12 axis is an effective way of
inhibiting cancer metastasis in tumor therapy.
Vascular disrupting agents (VDAs) can modulate the

1. Introduction

Metastasis is responsible for as much as 90% of cancer-associ-

ated mortality."”* Inhibition of tumor growth and metastasis
simultaneously is an important issue for tumor therapy and has
received increasing attention.’”® The CXCR4/CXCL12 axis plays
an important role in cancer metastasis as previously reported.®
Under normal conditions, the autologous stem-cell transplan-
tation is dependent on the CXCR4/CXCL12 axis. The stem cells
express chemokine receptor CXCR4 which has the ability to
induce directional migration toward a gradient of CXCR4-
specific ligand stromal cell-derived factor-la (CXCL12).'*'*
Malignant breast cancer cells are reported to be able to express
the chemokine receptor CXCR4 and commonly metastasize to
organs that are an abundant source of CXCL12.">"* Therefore,
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tumor microenvironment selectively through eliminating the
immature blood vessels in tumors preferentially.'*°
Combretastatin A4 phosphate (CA4P), as a representative
small-molecular-weight VDA, could elicit extensive tumor
necrosis, leaving normal tissues relatively impregnable.'’°
Recently, a combretastatin A4 nanodrug (CA4-NPs) was devel-
oped which exhibited higher selectivity to blood vessels in
tumors compared to CA4P for strong tumor growth
inhibition.?°>* However, in this study, we found that the treat-
ment with CA4-NPs could induce the overexpression of CXCR4
in tumor tissues in the orthotopic 4T1 mammary adeno-
carcinoma mouse model. This phenomenon reveals that the
blocking of the CXCR4/CXCL12 axis is necessary during CA4-
NPs tumor therapy for inhibiting tumor growth and metastasis
simultaneously.

Therefore, a cooperative strategy utilizing plerixafor (PLF)
with CA4-NPs is developed. Plerixafor (also termed AMD3100),
a CXCR4 antagonist, was approved by the FDA for Multiple
Myeloma and Non-Hodgkin’s Lymphoma in mobilizing hema-
topoietic stem cells for autologous stem-cell transplantation
through subcutaneous injection.”**® Herein, CA4-NPs are used
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Scheme 1 |llustration of cooperative cancer treatment by combining
combretastatin A4 nanodrug with plerixafor. CA4-NPs disrupt tumor
vasculature and induce the overexpression of CXCR4 in the treated
tumors. Blocking of the CXCR4/CXCL12 axis with plerixafor (CXCR4
antagonist) could inhibit tumor cell metastasis to distant organs (such as
lung, etc.) which express a high level of CXCL12.

to disrupt tumor vasculature for strong tumor growth inhi-
bition. However, the overexpression of CXCR4 in CA4-NPs-
treated tumors could promote tumor cell metastasis to distant
organs that express a high level of CXCL12. So, plerixafor is
combined with CA4-NPs in the treatment for blocking the
CXCR4/CXCL12 axis to inhibit tumor cell metastasis
(Scheme 1). In vivo results reveal that this cooperative strategy
can inhibit tumor growth and metastasis simultaneously. This
work provides a useful strategy for inhibiting tumor growth
and metastasis simultaneously and gives the evidence to
support the clinical combination use of vascular disruption
agents and CXCR4 antagonists.

2. Experimental
2.1 Materials

Poly(r-glutamic acid)-g-methoxy poly(ethylene glycol), PLG;60-g-
mPEGj5, also termed PLG-g-mPEG, was prepared as described
previously.”® The average number of 1-glutamic acid repeating
units and mPEGs, chains in PLG0-g-mPEGs, equaled 160
and 8.3, respectively. Plerixafor (PLF, Shanghai Send
Pharmaceutical Technology Co., Ltd, China), combretastatin
A4 (CA4, Hangzhou Great Forest Biomedical Ltd, China), 4',6-
diamidino-2-phenylindole dihydrochloride (DAPI, Sigma-
Aldrich, USA) were used as received. N,N-Dimethylformamide
(DMF) was purified by vacuum distillation over calcium
hydride (CaH,). FITC-labeled anti-CXCR4 primary antibody
(551967) was purchased from BD Pharmingen™ (USA). Anti-
CXCR4 primary antibody (14-9991-82) was purchased from
eBioscience (USA) and FITC-labeled anti-rat secondary anti-
body (a0192) was purchased from Beyotime Biotechnology
(China). APC-labeled anti-CD31 primary antibody (17-0311-80)
was purchased from eBioscience (USA). Anti-HIF-1a primary
antibody (NB100-105) was purchased from Novus Biologicals,
Inc. (USA). FITC-labeled anti-mouse secondary antibody
(a0568) was purchased from Beyotime Biotechnology (China).
Anti-mouse p-actin primary antibody (HC201-01) was pur-
chased from TransGen Biotech (Beijin, China). Deionized
water was prepared using a Milli-Q plus system (Millipore Co.,
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Billerica, MA, USA). 1x cell lysis buffer (C500035-0010) was pur-
chased from Sangon Biotech (Shanghai, China). All the other
reagents and solvents were purchased from Sinopharm
Chemical Reagent Co. Ltd (China) and used as received.

2.2 Characterization

"H NMR spectrum was recorded using an AV-300 NMR spectro-
meter (Bruker, Karlsruhe, Germany) in deuterated water (D,0)
with a little NaOD. The diameter of the nanoparticles was
measured by dynamic light scattering (DLS) using a Zetasizer
pro system (Malvern Panalytical Ltd, UK). Gel permeation
chromatography (GPC) was conducted using a Waters GPC
system, containing a Waters Ultrahydrogel Linear column, a
1515 HPLC pump and a 2414 Refractive Index detector. The
mobile phase consisted of phosphate buffer (0.2 M, pH 7.4)
pumped at a flow rate of 1.0 mL min~" and polyethylene glycol
was used as standards. The ultraviolet-visible (UV-vis) absorp-
tion spectrum was recorded using a UV-2401PC spectrophoto-
meter (Shimadzu, Japan). A high-performance liquid chrom-
atography (HPLC) system comprised a reverse-phase C18
column (symmetry, 5 pm, 4.6 mm x 250 mm), a Waters 1525
Binary HPLC pump and a UV-Vis detector to quantify the CA4
content loaded within the nanoparticles. The mobile phase
consisted of acetonitrile and water (at a ratio of 4/1, v/v)
pumped at a flow rate of 1.0 mL min~". The absorption wave-
length of the sample of CA4-NPs was set at 305 nm. A confocal
laser scanning microscope (Zeiss LSM 780, Germany) was used
to detect the expression of CXCR4, CD31 and HIF-1x in tumor
tissues or tumor cells.

2.3 Preparation of CA4-NPs

For the preparation of poly(i-glutamic acid)-graft-methoxy poly
(ethylene glycol)/combretastatin A4 (abbreviated as PLG-g-
mPEG/CA4), CA4 was grafted onto PLG-g-mPEG through the
Yamaguchi reaction, as previously reported.® In brief, PLG-g-
mPEG (2.2 g) was dissolved in 25.0 mL anhydrous DMF. CA4
(0.6 g, 0.5 mmol), 2,4,6-trichlorobenzoyl chloride (0.9 g,
1.0 mmol), DMAP (0.25 g, 0.6 mmol) and triethylamine
(0.37 mg, 1.0 mmol) were dissolved in 10.0 mL anhydrous DMF
and then this DMF solution was added into the above PLG-g-
mPEG solution. The reaction mixture was precipitated into
excess diethyl ether after processing at 60 °C for 5 h. The white
precipitate was dried under vacuum and redissolved in DMF.
After dialyzing against distilled water (MWCO 3500 Da), the
final product (PLG-g-mPEG/CA4) was obtained after lyophiliza-
tion. The PLG-g-mPEG/CA4 could self-assemble to form CA4-
loaded nanoparticles (CA4-NPs). PLG-g-mPEG/CA4 and free CA4
contents were measured using HPLC with a UV-Vis detector.
Drug loading content (DLC%) and drug loading efficiency
(DLE%) were calculated based on the following equations:

CA4 weight

DLC% = —— X 100%
* ™ Total CA4-NPs weight ¢

CA4 weight
DLE% = . —— % 100%.
’ ~ Theoretial CA4 weight ¢

This journal is © The Royal Society of Chemistry 2019
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2.4 Invitro drug release

In vitro drug release was investigated in 0.07 M PBS containing
0.2% (w/v) Tween 80. 3.0 mg CA4-NPs were dissolved in 3.0 mL
release medium and placed into a dialysis bag (MWCO 3500
Da). The dialysis bag was then transferred into 27.0 mL of
release medium and placed into a thermotank which was
gently shaken at 100 rpm at 37 °C. At specified time intervals,
3.0 mL of release solution was collected and replaced with an
equal volume of fresh release medium.

2.5 Cell culture

Mouse triple negative breast carcinoma 4T1 cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM), which con-
tained 10% fetal bovine serum (FBS), 50.0 U mL ™" penicillin
and 50.0 U mL ™" streptomycin. The 4T1 cells were incubated at
37 °C in an atmosphere containing 5% CO,.

2.6 RNA extraction and real time polymerase chain reaction
(PCR)

Relative CXCR4 and HIF-1a mRNA expression were quantified
by real time PCR. The total RNA extraction kit (Tiangen) was
used for extracting total RNA from cells. cDNA was synthesized
using a reverse transcription kit (Tiangen). The gene
expression was quantified using a SYBR green real time PCR
kit (Tiangen). GAPDH was used as an internal reference. The
primers used were listed below:

Mouse CXCR4 (Forward: 5-TCAGTGGCTGACCTCCTCTT-3/,
Reverse: 5'-CTTGGCCTTTGACTGTTGGT-3');

Mouse HIF-1a (Forward: 5-CCTGCACTGAATCAAGAG-
GTTGC-3', Reverse: 5'-CCATCAGAAGGACTTGCTGGCT-3');

Mouse GAPDH (Forward: 5-AGTGGCAAAGTGGAGATT-3,
Reverse: 5-GTGGAGTCATACTGGAACA-3').

2.7 Animals

Female BALB/c mice (6-8 weeks old) were purchased from
Beijing Vital River Laboratory Animal Technology Co., Ltd. All
animal procedures were performed in accordance with the
Guidelines for Care and Use of the Laboratory Animals of Jilin
University and experiments were approved by the Animal
Ethics Committee of Jilin University.

2.8 In vivo antitumor efficacy

4T1 cells (2.0 x 10° in 0.1 mL PBS) were injected in the right
mammary fat pad of each mouse for establishing the orthoto-
pic triple negative breast cancer tumor model. When the
tumor volume reached approximately 150 mm?, mice were ran-
domly divided into 6 groups (n = 6): PBS; PLF (2.5 mg kg™ on
PLF basis), termed PLF; CA4-NPs (30 mg kg ' on CA4 basis),
termed CA4-NPs (30); CA4-NPs (30 mg kg™ on CA4 basis) +
PLF (2.5 mg kg™ on PLF basis), termed CA4-NPs (30) + PLF;
CA4-NPs (60 mg kg™' on CA4 basis), termed CA4-NPs (60);
CA4-NPs (60 mg kg™" on CA4 basis) + PLF (2.5 mg kg™ on PLF
basis), termed CA4-NPs (60) + PLF. The start of treatment was
recorded as day 1. CA4-NPs were injected intravenously via the
tail vein on day 1 and/or 7. PLF was injected everyday intraperi-
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toneally into mice. Tumor volume and body weight were moni-
tored to evaluate the tumor therapy efficacy and systematic
toxicity. The tumor volume (mm?®) was calculated based on the
following equation:

where a and b represent the longest and shortest diameter of
the tumor, respectively. At the end point of the treatment, the
mice were sacrificed. The tumors and major organs, including
heart, liver, spleen, lung and kidney were excised for histo-
pathological analysis.

Tumor inhibition rate was calculated at the end of the treat-
ment using the following equation:

Tumor inhibition rate(%)
= 100 — (experimental tumor volume/control tumor volume)
X 100

The Q value method®” was used to evaluate the synergistic
interaction of the combination group with CA4-NPs and PLF
for tumor therapy. The Q value was calculated using the follow-
ing equation:

EayB)
() T Em) — En) X E@)

=z

where E(a.p), Es) and Eg) represent the tumor inhibition rate
of the combination group of A + B, group A and group B
respectively. Q < 0.85 reveals the antagonism effect of the com-
bination A + B. 0.85 < Q < 1.15 reveals the additive effect of the
combination A + B. 1.15 < Q reveals the synergistic effect of
the combination A + B.

2.9 Immunofluorescence staining assay

The expressions of CXCR4, CD31 and HIF-1a were analyzed by
immunofluorescence staining assay. The tumor tissues were
excised and fixed in 4% buffered paraformaldehyde for 24 h,
then embedded in paraffin and sliced to a thickness of 5.0 pm.
The tumor tissue slides were deparaffinized by xylene,
hydrated through a gradient of alcohol, boiled in 0.01 M
sodium citrate buffer (pH 6.0) for antigen retrieval. After treat-
ing in blocking medium (5% BSA PBS buffer) for 20 min,
the tumor tissue slices were first incubated with a
monoclonal primary antibody (CXCR4, CD31 or HIF-1a), and
incubated with or without a fluorescently labelled secondary
antibody, then imaged by confocal laser scanning microscopy
(CLSM).

2.10 Histopathology imaging

The tumors and the major organs from mice at the end point
treatment were excised, fixed in 4% buffered paraformalde-
hyde, embedded in paraffin, sliced to a thickness of 5.0 pm,
and stained with hematoxylin and eosin (H&E) to evaluate the
histopathological changes using an inverted fluorescent micro-
scope (Nikon TE2000U).
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2.11 Western blotting

Western blot assay*®*° was used to analyze the relative

expression of CXCR4 and HIF-1« of cells or tumor tissues. The
cells were prepared by lysing in 1x cell lysis buffer in the
in vitro studies. The supernatant of cell-lysis buffer was col-
lected after centrifugation at 13 800g for 2 min. Tumor tissues
(~150 mm?®) with different treatments for 48 h were ground in
1x cell lysis buffer at a ratio of 0.1 g tissue per 0.1 mL. The
supernatant of tumor tissue-lysis buffer was collected
after centrifugation at 13 800g for 10 min. The whole-cell lysate
and whole-tumor lysate supernatants were prepared and
quantified with a BCA protein kit (Thermo). After preparations
of protein samples, 10-40 pg of protein of each sample
was loaded on 10% polyacrylamide SDS-PAGE gels and
transferred to PVDF membranes (Millipore). p-Actin was used
as an internal reference. The protein bands were visualized
using an enhanced chemiluminescence western blot detection
system (GE AI600) and quantified with the Image Quant TL
software.

2.12 Statistical analysis

All experiments were performed at least three times and data
expressed as means =+ standard deviation (SD). Statistical
significance was determined using one-way analysis of var-
iance (ANOVA) and Tukey’s test: *p < 0.05 was considered
statistically significant, **p < 0.01 was considered highly sig-
nificant, ***p < 0.001 was considered extremely significant.

3. Results and discussion

3.1 Preparation and characterization of PLG-g-mPEG/CA4

Firstly, PLG-g-mPEG/CA4 was synthesized through the
Yamaguchi reaction as shown in Fig. 1A. The chemical struc-
ture of PLG-g-mPEG/CA4 was confirmed by '"H NMR (Fig. 1B).
The appearance of characteristic peaks at § 6.58 (k + 1 + m),
6.44 (j) and 6.27 (h + i) ppm were attributed to the presence of
CA4 moieties, which indicated that PLG-g-mPEG/CA4 was syn-
thesized successfully. M, and M,,/M,, of PLG-g-mPEG/CA4 were
8.1 x 10* g mol ™" and 1.71, respectively, ascertained by gel per-
meation chromatography. PLG-g-mPEG/CA4 and free CA4 con-
tents were measured using HPLC with a UV-Vis detector. Drug
loading content (DLC%) was 25.6 wt% and free CA4 was
0.01 wt%. PLG-g-mPEG/CA4 formed nanoparticles by self-
assembly in aqueous solution. The diameter of the CA4-NPs
was 91.1 + 0.9 nm determined by DLS (Fig. 1C). The quantity
of CA4 released in pH 7.4, pH 6.8 or pH 5.0 PBS buffer was
quantified by HPLC using a UV-Vis detector, as shown in
Fig. 1D. CA4 release from CA4-NPs was 64.9 + 3.0% at 72 h in
pH 7.4 PBS buffer, greater than in pH 6.8 PBS buffer (34.3 =+
2.7%) and in pH 5.0 PBS buffer (8.5 + 1.9%). The slow CA4
release at lower pH might be attributed to the significantly
increased protonation degree of the carboxyl residues in
mPEG-g-PLG polymer, resulting in a more compact CA4-NPs
core.
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Fig.1 (A) Synthesis of PLG-g-mPEG/CA4. (B) *H NMR spectrum of
PLG-g-mPEG/CA4 in D,0O. (C) Diameter of CA4-NPs determined by
DLS. (D) Release of CA4 from CA4-NPs in PBS buffer at different
pH values (n = 3).

3.2 CA4-NPs induce CXCR4 overexpression in tumor tissues

Then, the CXCR4 expression induced by CA4-NPs treatment
was investigated in the orthotopic 4T1 mammary carcinoma
mouse model. CA4-NPs treatment increased the expression of
CXCR4 remarkably in tumor tissues as analyzed by immuno-
fluorescence staining assay. A significant increase in CXCR4
expression was observed in the CA4-NPs group compared with
the PBS group. At 24 h or 48 h post-injection, the fluorescence
intensity of CXCR4 in the CA4-NPs (60) group was higher than
that in the CA4-NPs (30) group, and the fluorescence intensity
of CXCR4 in the CA4-NPs (30) group was higher than that in
the PBS group. These results showed that the CXCR4
expression in tumor tissues was dependent on CA4-NPs doses.
The fluorescence intensities of CXCR4 in CA4-NPs (30) and
CA4-NPs (60) groups at 48 h were higher than those at 24 h,
indicating that the CXCR4 expression in tumor tissues was
time-dependent (Fig. 2A and B). The relative protein
expression of CXCR4 in the CA4-NPs (30) group was 1.5-fold
(p < 0.05) of that in the PBS group and the expression of
CXCR4 in the CA4-NPs (60) group was 2.8-fold (p < 0.01) of
that in the PBS group after 48 h post treatment analyzed by
western blotting (Fig. 3). All these results gave the evidence
that the expression of CXCR4 was increased in tumor tissues
after CA4-NPs treatment.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Immunofluorescence staining for CXCR4 of tumor tissues. (A)
The tumor tissues (~150 mm?®) were analyzed after 24 h post treatment.
(B) The tumor tissues (~150 mm®) were analyzed after 48 h post treat-
ment. CA4-NPs (30) represented that the dose of CA4-NPs was 30 mg
kg~ on CA4 basis, and CA4-NPs (60) represented that the dose of CA4-
NPs was 60 mg kg™t on the CA4 basis. Scale bar represents 50 um.

3.3 Hypoxia induced by CA4-NPs

Next, we analyzed the factors in inducing the CXCR4 over-
expression in tumor tissues after CA4-NPs treatment.
Considering that CA4-NPs treatment could induce a severe
hypoxic microenvironment in solid tumors®® and the
expression of CXCR4 in tumor tissues could be regulated by
hypoxia,®>*?' the overexpression of CXCR4 in tumor tissues
might be regulated by hypoxia induced by CA4-NPs treatment.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (A) The expression of CXCR4 in tumor tissues was measured by
western blotting. (B) The quantification analysis of the expression of
CXCR4 in tumor tissues measured by western blotting (n = 3). The
tumor tissues (~150 mm?®) were analyzed 48 h post treatment. CA4-NPs
(30) represented that the dose of CA4-NPs was 30 mg kg~* on the CA4
basis, and CA4-NPs (60) represented that the dose of CA4-NPs was
60 mg kg™ on the CA4 basis. In (B), the CXCR4 level in the tumor
tissues of the PBS group represents the reference value. Data represent
means + SD, statistical analysis by one-way analysis of variance (ANOVA)
and Tukey's test: *p < 0.05; **p < 0.01; and ***p < 0.001.

DAPI CD31 Merged

CA4-NPs (30) PBS

CA4-NPs (60)

Fig. 4 Immunofluorescence staining for CD31 of tumor tissues 48 h
post treatment. CA4-NPs (30) represented that the dose of CA4-NPs
was 30 mg kg™* on the CA4 basis, and CA4-NPs (60) represented that
the dose of CA4-NPs was 60 mg kg~* on the CA4 basis. Scale bar rep-
resents 50 pm.

So, we first investigated the vascular state after 48 h post-injec-
tion of CA4-NPs. The immunofluorescence staining of CD31
indicated that the vascular density in the CA4-NPs (60) group
was lower than that in the CA4-NPs (30) group, and the vascu-
lar density in the CA4-NPs (30) group was lower than that in
the PBS group (Fig. 4). These results showed that CA4-NPs per-
formed strong dose-dependent vascular disruption in tumor

Biomater. Sci,, 2019, 7, 5283-5291 | 5287


https://doi.org/10.1039/c9bm01418g

Published on 27 September 2019. Downloaded by Library of Chinese Academy of Sciences on 3/5/2020 5:21:40 AM.

Paper
A B ,
DAPI HIF-1a Merged B-actin - -
HIF-1a
& B
g8
@ e
o 32
¥ v
3&
4 *
S c
5.
3 23 25x
g g
2 5
3 s ? 13x
o
N a4
L
=

CA4-NPs (60)

I S
g &
2] 2]
Q

$ 2
< <
(&) ()

Fig. 5 (A) Immunofluorescence staining for HIF-1a of tumor tissues
48 h post treatment. (B) The relative expression of HIF-1la in tumor
tissues measured by western blotting. (C) The quantification analysis of
the expression of HIF-1a in tumor tissues measured by western blotting
(n = 3). CA4-NPs (30) represented that the dose of CA4-NPs was 30 mg
kg~ on the CA4 basis, and CA4-NPs (60) represented that the dose of
CA4-NPs was 60 mg kg™ on the CA4 basis. Scale bar represents
200 pm. Data represent means + SD, statistical analysis by one-way ana-
lysis of variance (ANOVA) and Tukey's test: *p < 0.05; **p < 0.01; and
***p < 0.001.

tissues. Then, we compared the level of HIF-1a in 4T1 tumor
tissues under different treatments. CA4-NPs treatment
increased the expression of HIF-1a in tumor tissues signifi-
cantly (Fig. 5A). The level of HIF-1« in the CA4-NPs (30) group
was 1.3-fold (p < 0.05) of that in the PBS group, and the level
of HIF-1a in the CA4-NPs (60) group was 2.5-fold (p < 0.05) of
that in the PBS group after 48 h intravenous injection (Fig. 5B
and C) as analyzed by western blotting.

These results revealed that CA4-NPs treatment could block
the vessel, induce severe hypoxic conditions and high
expression of HIF-1a in tumor tissues.

3.4 Hypoxia induces HIF-1a increase in 4T1 cells

To ascertain the influence of hypoxic conditions on the
expression of HIF-1a in 4T1 cells, we further compared the
expression of HIF-1a in 4T1 tumor cells cultured under nor-
moxic (20% oxygen) or simulate hypoxic (1% oxygen) con-
ditions. After culturing at different oxygen conditions for 48 h,
the relative protein expression of HIF-1a in the hypoxic (1%
oxygen) group was 1.8-fold (p < 0.01) of that in the normoxic
(20% oxygen) group (Fig. 6A and B) measured by western blot
analysis. The relative HIF-1a« mRNA expression in the hypoxic
group was 3.4-fold (p < 0.001) of that in the normoxic (20%
oxygen) group (Fig. 6C). The results indicated that hypoxic con-
ditions could induce the expression of HIF-1x increase in 4T1
cells.

3.5 Hypoxia induces CXCR4 overexpression in 4T1 cells

To further verify that whether the hypoxic condition could
induce the expression of CXCR4 increase in 4T1 tumor cells.
The 4T1 cells were cultured under normoxic (20% oxygen) and
simulated hypoxic (1% oxygen) conditions for 48 h. The rela-
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Fig. 6 (A) The relative expression of HIF-1u in 4T1 cells measured by
western blotting. (B) The quantification analysis of the expression of
HIF-1a in 4T1 cells measured by western blotting (n = 3). (C) The relative
expression of HIF-1a mRNA in 4T1 cells measured by RT-PCR. The 4T1
cells were analyzed after culturing under normoxic (20% oxygen) and
simulated hypoxic (1% oxygen) conditions for 48 h. Data represent
means + SD, statistical analysis by one-way analysis of variance (ANOVA)
and Tukey's test: *p < 0.05; **p < 0.01; and ***p < 0.001.

tive protein expression of CXCR4 in the hypoxic group was 1.6-
fold (p < 0.05) of that in the normoxic (20% oxygen) group
(Fig. 7A and B) measured by western blot analysis. The relative
CXCR4 mRNA expression in the hypoxic group was 3.5-fold
(p < 0.001) of that in the normoxic (20% oxygen) group
(Fig. 7C). The relative expression of CXCR4 in 4T1 cells was
also analyzed by immunofluorescence staining (Fig. 8). The
fluorescence intensity of CXCR4 in the hypoxic group was
higher than that in the normoxic group. All these results indi-
cated that the hypoxic condition could increase the expression
of CXCR4.

3.6 Combining PLF with CA4-NPs for tumor growth inhibition

Because of the overexpression of CXCR4 in tumor tissues
induced by hypoxic microenvironment after CA4-NPs treat-
ment, the metastasis of tumor cells would occur. To address
this serious problem, we combined CXCR4 antagonist, plerixa-
for, with CA4-NPs for tumor growth and metastasis inhibition
simultaneously. An orthotopic 4T1 mammary adenocarcinoma
mouse model was established on female BALB/c mice as
described above.

When the tumor volume reached about 150 mm?, the mice
were randomly divided into 6 groups: PBS; PLF (2.5 mg kg™*
on PLF basis), termed PLF; CA4-NPs (30 mg kg™' on CA4
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Fig. 7 (A) The relative expression of CXCR4 in 4T1 cells measured by
western blotting. (B) The quantification analysis of the expression of
CXCR4 in tumor cells measured by western blotting (n = 3). (C) The
expression of CXCR4 mRNA in 4T1 cells measured by RT-PCR (n = 3).
The 4T1 cells were analyzed after culturing under normoxic (20%
oxygen) and simulated hypoxic (1% oxygen) conditions for 48 h. Data
represent means + SD, statistical analysis by one-way analysis of var-

iance (ANOVA) and Tukey's test: *p < 0.05; **p < 0.01; and ***p < 0.001.
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Fig. 8 Immunofluorescence staining for CXCR4 of 4T1 cells. The 4T1
cells were analyzed after culturing under normoxic (20% oxygen) and
simulated hypoxic (1% oxygen) conditions for 48 h. Scale bar represents
50 pm.

basis), termed CA4-NPs (30); CA4-NPs (30 mg kg™' on CA4
basis) + PLF (2.5 mg kg~' on PLF basis), termed CA4-NPs (30)
+ PLF; CA4-NPs (60 mg kg~' on CA4 basis), termed CA4-NPs
(60); CA4-NPs (60 mg kg™ " on CA4 basis) + PLF (2.5 mg kg™ on
PLF basis), termed CA4-NPs (60) + PLF. The treatment regimen
showed that CA4-NPs (30) were injected at day 1 and day 7 via
intravenous injection (i.v.), CA4-NPs (60) were injected at day 1
via intravenous injection (i.v.) and PLF was injected everyday
via intraperitoneal injection (i.p.) (Fig. 9A). Tumor volume
change and body weight variation of the mice were observed
for 13 days. Monotherapies with either PLF or CA4-NPs (30)

A B
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Fig. 9 (A) Treatment scheme of orthotopic 4T1 tumors with CA4-NPs
and PLF (n = 6 mice per group). (B) Change in tumor volume during
treatment. Dose of PLF was 2.5 mg kg%, dose of CA4 was 30 mg kg™t or
60 mg kg~ Data represent means + SD, statistical analysis by one-way
analysis of variance (ANOVA) and Tukey's test: *p < 0.05; **p < 0.01; and
***p < 0.001. (C) Tumor inhibition rate in the orthotopic 4T1 tumor
model. (D) Change in body weight in the 4T1 tumor model.
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demonstrated a mild effect of tumor growth inhibition. The
mean tumor volumes were 716 + 244 mm® and 1025 +
437 mm?®, while tumor inhibition rates were 38.4% and 11.8%
for the PLF and CA4-NPs (30) monotherapy groups, respect-
ively. The mean tumor volume was 570 + 130 mm?, and the
tumor inhibition rate was 51.0% for the CA4-NPs (30) + PLF
group. The CA4-NPs (30) + PLF group demonstrated a higher
tumor growth inhibition effect compared to the monotherapy
CA4-NPs (30) group and PLF group. The CA4-NPs (60) group
showed a mean tumor volume of 377 + 153 mm?® and a tumor
inhibition rate of 67.6%, respectively. This revealed that
increasing the dose of CA4-NPs would inhibit tumor growth
effectively. The combination therapy with CA4-NPs (60) and
PLF inhibited tumor growth more significantly compared to
that with the CA4-NPs (60) monotherapy group. The mean
tumor size of the CA4-NPs (60) + PLF group was 101 + 49 mm®
at the end point and the tumor inhibition rate was 91.3%, a
1.4-fold compared to that of the CA4-NPs (60) group
(Fig. 9B and C). The Q value was 2.00, which was higher than
1.15, indicating a synergistic effect of the combination
CA4-NPs (60) with PLF for antitumor efficacy. The body weight
was monitored for the assessment of systemic toxicity in
the treated mice (Fig. 9D). There was no body weight loss sig-
nificantly in the PLF group compared with the PBS group.
Body weight decreased in the CA4-NPs (60) group during the
early time points (~11%) and recovered after 7 days gradually.
In the CA4-NPs (60) + PLF group, body weight decreased
(~11%) and gradually recovered after 13 days. These results
revealed that the combination treatment with CA4-NPs (60) +
PLF exhibited significantly enhanced antitumor efficacy and
minimal systemic toxicity when compared with monotherapy
controls.

3.7 Combining PLF with CA4-NPs for tumor metastasis
inhibition

To investigate the tumor metastasis inhibition of the coopera-
tive strategy, pulmonary metastatic nodules were observed.
Lungs were injected tracheally with India ink and destained in
Fekete’s solution at the end point of the treatment. The white
pulmonary metastasis foci were photographed (Fig. 10A) and
counted (Fig. 10B). The pulmonary metastatic nodules in the
CA4-NPs (60) + PLF group were barely observable and the lung
size was normal. The pulmonary metastasis foci in the CA4-
NPs (30) group were 3.8-fold (p < 0.001) of that in the CA4-NPs
(30) + PLF group. The pulmonary metastasis foci in the PBS
group were 22.4-fold (p < 0.001) of that in the CA4-NPs (60) +
PLF group. The pulmonary metastasis foci in the PLF group
were 6.43-fold (p < 0.001) of that in the CA4-NPs (60) + PLF
group. The pulmonary metastasis foci in the CA4-NPs (30) +
PLF group were 3.71-fold (p < 0.01) of that in the CA4-NPs (60)
+ PLF group and the pulmonary metastasis foci in the CA4-
NPs (60) group were 2.29-fold (p < 0.05) of that in the CA4-NPs
(60) + PLF group. The H&E staining micrographs showed a
similar metastasis inhibition effect of the combination group
(Fig. 10C). All these results revealed that combining PLF with
CA4-NPs treatment could inhibit metastasis significantly.
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Fig. 10 (A) The lungs of different groups were injected with India ink at
the end point of the treatment. Scale bar represents 4 mm. (B) Number
of lung metastasis foci from different treatment groups (n = 3). Data rep-
resent means + SD, statistical analysis by one-way analysis of variance
(ANOVA) and Tukey's test: *p < 0.05; **p < 0.01; and ***p < 0.001. (C)
H&E staining of lung sections from different treatment groups. Red
arrow represents micrometastasis. The scale bar represents 100 pm.

3.8 Histological analysis

To evaluate the anti-tumor effects and cytotoxicity on normal
organs of the treatment, tumors and normal organs were
excised and stained with hematoxylin and eosin (H&E). As
shown in Fig. 11, a larger proportion of dead cells in tumors
in the CA4-NPs (60) + PLF group was observed compared with
other groups, and the cells were characterized with small, frag-
mented nuclei and hyper-eosinophilic cytoplasm. CA4-NPs
(60) and CA4-NPs (30) + PLF groups showed a similar therapy
effect, but weaker than that of the CA4-NPs (60) + PLF group.
PLF and CA4-NPs (30) groups displayed a similar antitumor
effect, which was weaker than that of the CA4-NPs (30) + PLF
group. These tumor histology results were consistent with that
of the tumor volume change. Furthermore, there were no
unusual pathological abnormalities in normal organs in any

PBS PLF

CA4-NPs (30) CA4-NPs (30) + PLF  CA4-NPs (60) CA4-NPs (60) + PLF

Eo DR

Fig. 11 H&E staining of different tissues after the treatment of 4T1-
bearing mice with different treatments. Scale bar represents 100 um.
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group stained with H&E, such as the heart, kidney, etc. All the
results revealed that CA4-NPs + PLF combination treatment
could strongly increase the antitumor effect without signifi-
cant systematic cytotoxicity on normal organs.

4. Conclusions

In summary, we developed a cooperative strategy through com-
bining CA4-NPs with PLF to improve the tumor growth and
metastasis inhibition effect simultaneously. The use of CA4-
NPs was aimed to selectively disrupt new blood vessels in
tumor tissues for targeting tumor therapy. However, the level
of CXCR4 in tumor tissues was increased after CA4-NPs treat-
ment, which was confirmed by immunofluorescence staining
and western blot analysis. Then, we verified that CA4-NPs-
induced CXCR4-signal-overexpression resulted in a severe
hypoxic tumoral microenvironment induced by CA4-NPs treat-
ment. The combination of CA4-NPs + PLF exhibited a signifi-
cantly improved tumor inhibition rate and decreased tumor
cell metastasis compared with monotherapies. Herein, PLF, as
a CXCR4 antagonist, could disrupt the CXCR4/CXCL12 axis
and inhibit tumor cell metastasis. This work gave evidence for
the concept that the blocking of the CXCR4/CXCL12 axis with
plerixafor during CA4-NPs treatment would serve as a promis-
ing strategy for improving tumor therapy and inhibiting meta-
stasis simultaneously. Considering that all VDA treatment
would cause a severe hypoxic tumoral microenvironment and
then CXCR4 expression increase, the combination therapy
strategy of VDAs + CXCR4 antagonists should have great poten-
tial in inhibiting tumor growth and metastasis simultaneously
in cancer treatment.
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