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Enzyme-instructed assembly of a cholesterol
conjugate promotes pro-inflammatory
macrophages and induces apoptosis of cancer
cells†
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The combination of immunotherapy and chemotherapy has shown great potential for treating solid

tumors. Although various combination therapy regimens have been demonstrated to be effective, their

implementation in practice always needs separate drugs or modalities, which in turn requires specific and

complicated operation procedures. Here, we describe the use of enzyme-instructed self-assembly (EISA)

of a phosphotyrosine–cholesterol (PTC) conjugate to combine immune microenvironment modulation

and chemotherapy. The enzymatic dephosphorylation of PTC results in the assembly of its derivatives

inside and outside the cells, which leads to repolarization of the macrophage phenotype and direct death

of cancer cells. The generation of reactive oxygen species and actin disturbance induced by the assem-

blies has been verified relative to the macrophage repolarization. We also demonstrate its dual repolariza-

tion and inhibition effects in vivo using an ovarian cancer bearing immunocompetent murine model. The

EISA of cholesterol conjugates is an effective yet simple approach for the combination of tumor micro-

environment immunomodulation and chemotherapy.

Introduction

The treatment of cancer has undergone evolutionary changes
as advances in new technologies are taking place every day and
the understanding of the underlying biological processes is
increasing.1–4 Combination therapy, in particular, the combi-
nation of immunotherapy and chemotherapy, has shown great
potential for treating various cancers with a few clinical trials
underway.5–8 Intensive research on cancer immunotherapy has
provided growing evidence that clinical response to chemo-
therapy can be improved when immune cells are activated or

immune suppression is relieved.9,10 Although a variety of che-
moimmunotherapy regimens have been successful in improv-
ing treatment efficacy, their transformation into practice inevi-
tably needs more than one therapeutic agent or modality,
which in turn requires specific and sophisticated operation
procedures. These limitations thus highlight the need for an
effective yet simple approach toward chemoimmunotherapy
that can be accomplished by using either a single therapeutic
agent or a facile process.11,12

Enzyme-instructed self-assembly (EISA), a ubiquitous
process existing in nature, plays numerous roles and under-
lines the formation of a wide range of biological
complexes.13,14 EISA is a process that starts from the assembly
of small-molecular precursors that undergo enzymatic reac-
tions to initiate the supramolecular self-assembly of their
derivatives in situ either on the surface or inside of cells.15 In
virtue of its ability to interact with proteins, enzymes and
others, EISA is a unique molecular approach to modulate cel-
lular functions and behaviors, exhibiting a wide range of bio-
medical applications in cancer therapy, molecular imaging
and tissue engineering.16–21 In our previous study, phosphory-
lated cholesterol conjugates have been demonstrated to self-
assemble into nanoparticles in situ by enzymatic dephosphory-
lation, which can effectively and selectively inhibit the growth
of many different types of cancer cells,22 as well as minimize

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
d0bm00125b

aDepartment of Obstetrics and Gynecology, Ren Ji Hospital, School of Medicine,

Shanghai Jiao Tong University, Shanghai 200127, China.

E-mail: diwen163@163.com, jyliu@sjtu.edu.cn
bShanghai Key Laboratory of Gynecologic Oncology, Ren Ji Hospital, School of

Medicine, Shanghai Jiao Tong University, Shanghai 200127, China
cDepartment of Chemistry, Brandeis University, Waltham, Massachusetts 02453,

USA. E-mail: bxu@brandeis.edu
dInstitute of Molecular Medicine, Ren Ji Hospital, School of Medicine, Shanghai Jiao

Tong University, Shanghai 200240, China
eState Key Laboratory of Oncogenes and Related Genes, Shanghai Cancer Institute,

Ren Ji Hospital, School of Medicine, Shanghai Jiao Tong University, Shanghai

200127, China

This journal is © The Royal Society of Chemistry 2020 Biomater. Sci., 2020, 8, 2007–2017 | 2007

Pu
bl

is
he

d 
on

 1
2 

Fe
br

ua
ry

 2
02

0.
 D

ow
nl

oa
de

d 
by

 W
es

tla
ke

 U
ni

ve
rs

ity
 o

n 
6/

12
/2

02
5 

7:
47

:1
1 

A
M

. 

View Article Online
View Journal  | View Issue

www.rsc.li/biomaterials-science
http://orcid.org/0000-0002-6044-2033
http://orcid.org/0000-0002-4639-387X
http://crossmark.crossref.org/dialog/?doi=10.1039/d0bm00125b&domain=pdf&date_stamp=2020-03-25
https://doi.org/10.1039/d0bm00125b
https://pubs.rsc.org/en/journals/journal/BM
https://pubs.rsc.org/en/journals/journal/BM?issueid=BM008007


the evolution of acquired drug resistance.23 As a key com-
ponent of lipid rafts, cholesterol and its derivatives have
proven their capability to potentiate the antitumor response of
immune cells, for example, improving the effector function
and enhancing the proliferation of CD8+ T cells by modulating
cholesterol metabolism.24,25 In view of these characteristics,
the EISA of phosphorylated cholesterol conjugates may have
an effect on immune microenvironment modulation in
addition to its direct inhibition of cancer cell proliferation,
and may be an alternative for chemoimmunotherapy.

Tumor-associated macrophages (TAMs), representing the
largest component in the tumor microenvironment, govern
tumor progression by either facilitating tumor growth via indu-
cing angiogenesis, invasion and immunosuppression, or
establishing antitumor immunity by engulfing and killing
cancer cells. These dual roles are ascribed to the phenotypic
polarity of TAMs, which are typically classified as pro-inflam-
matory M1 and immunosuppressive M2 macrophages.26,27

Given their phenotypic and functional plasticity, TAMs have
been recognized as potential regulatory targets for combi-
nation cancer therapy.28–30 Here, we describe the use of EISA
of a phosphotyrosine–cholesterol (PTC) conjugate to combine
immune microenvironment modulation and chemotherapy
(Fig. 1). The enzymatic dephosphorylation of PTC results in
the assembly of its derivative, which simultaneously promotes
pro-inflammatory macrophage polarization and induces direct
death of cancer cells. Upon exposure to PTC, a variety of
M2 macrophages derived from ovarian cancer patients’ ascites,
human monocytes and mice display increased mRNA

expression associated with pro-inflammatory M1-like
responses. The generation of reactive oxygen species (ROS) and
actin disturbance induced by the assemblies is confirmed rela-
tive to the macrophage repolarization. Meanwhile, the EISA of
PTC shows a potent inhibitory effect against both human
SKOV3 and murine ID8 ovarian cancer cells. We also demon-
strate the dual repolarization and inhibition effects in vivo by
showing an increased number of pro-inflammatory
M1 macrophages in tumor tissues and significantly inhibited
tumor growth in an immunocompetent murine model of
ovarian cancer. The EISA of cholesterol conjugates opens a
new window for combination cancer therapy.

Materials and methods
Cell culture and treatment

The human epithelial ovarian cancer cell line SKOV3, human
monocyte cell line THP-1 and mouse macrophage cell line
RAW264.7 were obtained from the Cell Bank of the Chinese
Academy of Sciences (Shanghai, China). The mouse ovarian
cancer cell line ID8 was a kind gift from Dr Katherine F. Roby
(University of Kansas Medical Center, Kansas, USA). SKOV3,
THP-1 and ID8 were cultured in RPMI-1640 medium (Hyclone,
UT, USA), RAW264.7 was cultured in DMEM/F12 medium
(Hyclone, UT, USA), all supplemented with 10% fetal bovine
serum (FBS) (Gibco, CA, USA) and penicillin/streptomycin
(1 : 100, Sigma-Aldrich, MO, USA) in a humid atmosphere incu-
bator with 5% CO2 at 37 °C. To induce differentiation into the

Fig. 1 Enzyme-instructed supramolecular assembly of PTC promotes pro-inflammatory macrophages and induces apoptosis of cancer cells.
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macrophages, THP-1 cells (5 × 105 mL−1) were treated with 100
ng mL−1 phorbol 12-myristate 13-acetate (PMA) (Sigma-
Aldrich) and incubated for 48 h in the complete medium to
generate THP-1 macrophages (M0). To obtain M2-polarized
THP-1 macrophages, M0 were then cultured with 20 ng mL−1

IL-4 and 20 ng mL−1 IL-13 for another 48 h. To obtain M2-
polarized RAW264.7 macrophages, 5 × 105 mL−1 RAW264.7
cells were treated with 20 ng mL−1 IL-4 for 24 h.
M2 macrophages were treated with PTC for 48 h. PTC was syn-
thesized according to the previously reported protocol.22

Quantitative real-time polymerase chain reaction (qRT-PCR)
analysis

The total RNA obtained from the macrophages was extracted
using the Trizol reagent (Invitrogen, CA, USA). The PrimeScript™
RT Reagent Kit (Cat. RR037A) and SYBR Premix Ex Taq™ (Cat.
RR420A) (Takara Bio, DaLian, China) were used to reverse tran-
scribe and perform quantitative PCR of mRNAs according to the
manufacturer’s protocol. The sequences of human IL-10 are as
follows: forward: CACTGCTCTGTTGCCTGGTC, REVERSE:
GAAGCATGTTAGGCAGGTTGC. The sequences of human CD206
are as follows: forward: CCGTATGCCGGTCACTGTTA, reverse:
CAATTCCTCGATGGTGTGGA. The sequences of human TNFα are
as follows: forward: TGGCGTGGAGCTGAGAGATA, reverse:
GGAGGTTGACCTTGGTCTGG. The sequences of human iNOS
are as follows: forward: TCCAGCCGTGCCACCATCC, reverse:
CCACCACTCGCTCCAGGATACC. The sequences of murine IL-10
are as follows: forward: TCCTTACTGCAGGACTTTAAGG, reverse:
TATTCTCACAGGGGAGAAATCG. The sequences of murine CD206
are as follows: forward: CCTATGAAAATTGGGCTTACGG, reverse:
CTGACAAATCCAGTTGTTGAGG. The sequences of murine TNFα
are as follows: forward: ATGTCTCAGCCTCTTCTCATTC, reverse:
GCTTGTCACTCGAATTTTGAGA. The sequences of murine iNOS
are as follows: forward: GTTTACCATGAGGCTGAAATCC, reverse:
CCTCTTGTCTTTGACCCAGTAG. GAPDH was used for data nor-
malization of the mRNA expression. The data were calculated
using the 2−ΔΔCT method.

Enzyme-linked immunosorbent assay (ELISA)

To evaluate the secretion cytokines of both THP-1 derived and
RAW264.7 derived M2 macrophages after PTC treatment, 2 mL
supernatants were collected after PTC treatment for 48 h. IL-10
and TNF-α levels were determined by human or mouse ELISA
kits (R&D, MN, USA) according to the manufacturer’s
instructions.

Isolation of macrophages from ovarian cancer patients’ ascites

Ascites were obtained from six ovarian cancer patients during
their tumor debulking operation at Renji Hospital, School of
Medicine, Shanghai Jiao Tong University. The study was
approved by the Institutional Review Board of Renji Hospital,
School of Medicine, Shanghai Jiao Tong University. Written
informed consent was obtained from the patients. Freshly
obtained ascites were mixed with heparin and then centri-
fuged at 1500 rpm for 10 min at room temperature. The upper
part was removed, and the residue was precipitated and the

precipitate was washed and resuspended with the same
volume of PBS. The mononuclear cells were obtained by Ficoll-
Paque (GE Healthcare Life Sciences) density centrifugation.
The obtained cells were resuspended in RPMI-1640 medium
with 10% FBS and penicillin/streptomycin in a humid atmo-
sphere incubator with 5% CO2 at 37 °C overnight. After the
removal of the supernatant the next day, the cells were treated
with 5 µg mL−1 of PTC and then collected for macrophage
identification following 48 h incubation by flow cytometric
analysis.

Flow cytometric analysis

Macrophages derived from THP-1 monocytes and ovarian
cancer patients’ ascites were collected and incubated with
anti-human CD68-FITC, CD206-PE and CD86-APC (BD
Pharmingen, USA). Both CD68 and CD206 positive cells were
regarded as M2 macrophages, while both CD68 and CD86
positive cells were considered as M1 macrophages.
Macrophages derived from RAW264.7 and cells isolated from
subcutaneous tumors of C57BL/6 were incubated with anti-
mouse PE-F4/80, PE-Cy7-CD86 (BD Pharmingen, USA), and
anti-mouse PerCP/Cy5.5-CD206 (Biolegend, CA, USA). Both F4/
80 and CD206 positive cells were deemed as M2 macrophages,
while both F4/80 and CD86 positive cells were considered as
M1 macrophages. Samples were handled following the manu-
facturer’s instructions and analyzed by flow cytometry
(Beckman FC500 MPL, USA).

ROS assay

Macrophages were seeded in 6-well plates at a density of 5 ×
105 cells per mL and treated with PTC for 48 h. After removing
the culture media, the cells were rinsed with PBS and then
mixed with 1 mL per dish of the probe solution (10 µmol l−1)
from the ROS Assay Kit (Beyotime, Shanghai, China).
Following 20 min incubation at 37 °C, the cells were washed
with PBS and then separately analyzed using a Nikon eclipse
TE300 microscope (Tokyo, Japan) and a microplate reader
(Thermo Varioskan Flash, USA) and by flow cytometry. The
excitation and emission wavelengths were set at 488 nm and
525 nm, respectively.

Actin staining

Macrophages were seeded in 6-well plates at a density of 5 ×
105 cells per mL, and treated with PTC for 48 h. After removing
the culture media, the cells were gently washed once with PBS
and then fixed with 4% paraformaldehyde. Afterward, 200 µl
of 100 nM rhodamine phalloidin (Cytoskeleton, CO, USA) was
added in the dark and further cultured for 30 min at room
temperature. The cells were rinsed with PBS and stained with
DAPI (Beyotime, Shanghai, China) for 10 min. Images were
obtained using a microscope.

Cell viability assay

To evaluate the cell viability after PTC treatment, we used two
methods: CCK-8 assay and apoptosis experiment. For the
CCK-8 assay, SKOV3, ID-8, THP-1 derived macrophages and
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RAW264.7 derived macrophages were separately seeded in
96-well plates and treated with PTC at concentrations of 0,
0.05, 0.1, 0.5, 1, 5, 10, 50, and 100 µg mL−1 for 48 h. The absor-
bance was determined at the wavelength of 450 nm using a
microplate reader.

Apoptosis assay

The Annexin V-FITC/propidium iodide (PI) apoptosis detection
kit (BD, USA) was used to detect the rate of cell apoptosis.
After exposure to PTC, SKOV3 and ID8 cells were treated
according to the protocol and analyzed by flow cytometry.

In vivo antitumor activity

5-Week-old female C57BL/6 mice were purchased from
Shanghai Jiao Tong University School of Medicine (Shanghai,
China) and maintained under SPF conditions. All the animal
experiments were performed according to the Shanghai
Medical Experimental Animal Care Guidelines. The animal
protocols were approved by the Institutional Animal Care and
Use Committee of Shanghai Jiao Tong University School of
Medicine. ID8 cells (4.5 × 106) were injected subcutaneously at
a volume of 100 µl into the bilateral flank of mice. 28 days
after tumor cell implantation, the mice were divided randomly
into two groups (five animals per group) and intratumorally
injected with PBS or 5 mg kg−1 of PTC every two days. Tumor
tissues were harvested after 6 injections. Tumor growth and
mouse body weights were also observed and recorded during
the injections. A Vernier caliper was used to estimate the
tumor size and the tumor volume was calculated according to
the following equation: V = Dmax × D2

min/2. Dmax and Dmin rep-
resent the maximum and minimum diameters, respectively.

Immunohistochemical (IHC) staining, immunofluorescence
(IF) and hematoxylin and eosin (H&E) staining

C57BL/6 tumor tissues were fixed, embedded in paraffin and
sectioned into 4 μm thick sections. After deparaffinization and
rehydration, the sections were blocked and then incubated
with cleaved caspase-3 (Asp175) (5A1E) rabbit mAb #9664 (Cell
Signaling Technology, USA) for IHC staining, anti-mouse
CD206 and CD86 (Abcam, Cambridge, UK) for IF. Images were
scanned at 40× magnification using a Pannoramic MIDI (3D
HISTECH, Budapest, Hungary). IHC scoring was based on the
intensity and extent of staining and was evaluated according to
the following histological scoring method: 0, negative staining;
1, weak staining; 2, moderate staining; 3, strong staining. The
mean proportion of staining cells per specimen was deter-
mined semi-quantitatively and scored as follows: 0 for staining
<1%, 1 for 1–25%, 2 for 26–50%, 3 for 51–75%, and 4 for >75%
of the examined cells. The histological score (H-score) for each
specimen was computed using the formula: H-score = pro-
portion score × intensity score. Tissues from the heart, liver,
spleen, kidneys and lungs were stained with H&E. Images were
obtained using a microscope.

Statistical analyses

All statistical analyses in this study were performed using
Prism 5.0 software (GraphPad, Inc, San Diego, CA, USA). Data
are presented as means ± standard deviation (SD) and ana-
lyzed using Student’s t-test and nonlinear regression analysis.
All experiments for cell cultures were performed independently
at least three times. A p-value of <0.05 was considered statisti-
cally significant.

Results and discussion
EISA of PTC promotes macrophage repolarization in vitro

Given that the EISA of PTC can generate assemblies in situ on
or inside cells,22 we investigated whether the physiology of the
macrophages could be influenced upon exposure to PTC. We
chose human THP-1 monocytes and the murine macrophage
cell line RAW264.7 for in vitro experiments. The suspended
THP-1 monocytes incubated with PMA turned adherent and
showed increased gene expression of the macrophage marker
CD68 (Fig. S1A–C†). To obtain M2 macrophages, the cells were
further treated with IL-4 and IL-13, showing elevated
expression of M2 markers including CD206 and IL-10
(Fig. S1D†). RAW264.7 cells were treated with IL-4 directly for
M2 polarization (Fig. S1E†).31 The polarization of the macro-
phages was determined by measuring the levels of M2-type
mRNA expressions via qRT-PCR. It’s worth noting that very
limited cytotoxicity towards the macrophages was observed
after 48 h exposure to PTC even with the concentration increas-
ing up to 10 µg mL−1 (Fig. S2A and B†). After 48 h exposure to
1 µg mL−1 PTC, M2 macrophages derived from THP-1 signifi-
cantly decreased the mRNA levels of M2-related CD206 and
IL-10 markers, while remarkably upregulating the M1-related
TNF-α and iNOS markers (Fig. 2A). The ELISA of the super-
natant from the treated macrophages further indicates a
decreased production of IL-10 (Fig. 2B, P < 0.05), a typical
M2 marker, as well as an increased secretion of TNF-α which is
a typical M1 marker (Fig. 2C, P < 0.05). Similar results were
obtained after incubating PTC with M2 macrophages derived
from RAW264.7 cells (Fig. 2D–F), suggesting that the EISA of
PTC can re-educate M2 macrophages towards the M1
phenotype.

We further investigated the impact of the EISA on macro-
phage repolarization using ascites macrophages isolated from
ovarian cancer patients. The separated macrophages were
treated with 5 µg mL−1 PTC for 48 h and then collected for
flow cytometry. A group of untreated cells was used as a
control. As shown in Fig. 2G and H, the ascites macrophages
exhibited a lower percentage and a decreased median fluo-
rescence intensity (MFI) of CD206 after 48 h exposure in com-
parison with those of the control (Fig. 2G and H). The MFI of
CD86 was also increased significantly (Fig. 2I and J). The inves-
tigation of these clinical specimens further verifies the ability
of the EISA to repolarize macrophages from the M2 to M1 phe-
notype, in good agreement with the results obtained from the
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Fig. 2 Effects of PTC on TAM repolarization in vitro. (A) Expression of M2-related markers: CD206 and IL-10, and M1-related markers: TNF-α and
iNOS were measured by qRT-PCR in THP-1-derived M2 macrophages with PTC treatment (1 µg mL−1). * P < 0.05. (B, C) ELISA analysis of the
expression of IL-10 (B) and TNF-α (C) in THP-1-derived M2 macrophages with PTC treatment (1 µg mL−1). * P < 0.05, ** P < 0.01. (D) Expressions of
CD206, IL-10, TNF-α and iNOS were measured by qRT-PCR in RAW264.7-derived M2 macrophages with PTC treatment (1 µg mL−1). * P < 0.05,
*** P < 0.005. (E, F) ELISA analysis of the expression of IL-10 (E) and TNF-α (F) in RAW264.7-derived M2 macrophages with PTC treatment
(5 µg mL−1). * P < 0.05. Error bars represent standard deviation (n = 3). Macrophages derived from ovarian cancer patients’ ascites with PTC treat-
ment (5 µg mL−1) were separately stained with CD68-FITC, CD206-PE and CD86-APC for flow cytometric analysis. (G) Representative plots of
CD68+CD206+ staining on ascites macrophage cells. (H) Quantification of the percentage of CD68+CD206+ cells and the MFI of CD206+ cells. * P <
0.05, ** P < 0.01. (I) Representative plots of CD68+CD86+ staining on macrophage cells. (J) Quantification of the percentage of CD68+CD86+ cells
and MFI of CD86+ cells. ** P < 0.01. Error bars represent standard deviation (n = 6).
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macrophages derived from human THP-1 monocytes and
murine RAW264.7 cells.

Macrophage repolarization is associated with ROS production
and actin disturbance

In consideration of the critical roles of ROS for the activation
and functions of M1 macrophages,32 we then measured the
levels of ROS in the macrophages after exposure to PTC.
Immunofluorescence, flow cytometry and absorbance values
were used to study the ROS production. According to the
results of immunofluorescence (Fig. 3A and E),
M2 macrophages derived from both THP-1 and RAW264.7
exhibited significantly increased intensity of red fluorescence
after 48 h exposure to 5 µg mL−1 PTC. Flow cytometric analysis
further showed the higher percentage and fluorescence inten-
sity, indicating the elevated level of ROS generation in these
macrophages that were treated with PTC (Fig. 3B, C and F, G).

As expected, the absorbance values (Fig. 3D and H) were also
higher than those of the control group.

As part of the cytoskeleton, actin filaments play essential
roles in various cellular processes, such as cell motility,
growth, and division. For macrophages, it has been identified
that their polarization is dramatically associated with the
changes in the cell morphology.33,34 As reported,
M2 macrophages exhibit an elongated shape compared with
M1 cells, which is manipulated by actin and can promote the
expression of M2 phenotypic markers.34 To examine whether
the effect of the EISA on the macrophage repolarization is
associated with the rearrangement of the actin filaments, phal-
loidin was used to investigate the changes in the actin fila-
ments by immunofluorescence. With the incubation of PTC,
the actin filaments of macrophages derived from both THP-1
and RAW264.7 mainly exhibited short and ill-defined actin fila-
ments, suggesting that the assemblies interact with actin and
disrupt the dynamics of actin, as indicated by the red fluo-

Fig. 3 ROS production of macrophages treated with PTC. (A, E) Fluorescence images showed the generation of ROS as measured using the
Reactive Oxygen Species Assay Kit in THP-1-derived (A) and RAW264.7-derived (E) M2 macrophages treated with PTC (5 µg mL−1). Magnification:
200×. (B, F) Flow cytometry showed the levels of ROS in THP-1-derived (B) and RAW264.7-derived (F) M2 macrophages treated with PTC (5 µg
mL−1). (C, G) Quantification of the percentage and MFI of positive cells in THP-1-derived (C) and RAW264.7-derived (G) M2 macrophages. (D, H)
Absorbance values showed the levels of ROS at 488 mm in THP-1-derived (D) and RAW264.7-derived (H) M2 macrophages treated with PTC (5 µg
mL−1). * P < 0.05, ** P < 0.01, *** P < 0.005. Error bars represent standard deviation (n = 3).
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rescence shown in Fig. 4A and D. Unlike the control cells
without pretreatment, the morphology of the macrophages
treated with PTC varied significantly (Fig. 4B and E). The
elongation of the macrophages, which is defined as the length
of the longest axis divided by the length of the short axis
across the cell nucleus, decreased by 50% after treatment
(Fig. 4C and F). Collectively, the EISA of PTC could result in an
elevated level of ROS and alteration of actin filaments in the
macrophages, which in turn resulted in the repolarization
from the M2 to M1 phenotype.

Dual repolarization and inhibition effects of the EISA of PTC

Having confirmed the repolarization of the macrophages, we
then turned our attention to determine the direct inhibitory
effect of the EISA against cancer cells. As a leading cause of
death among patients diagnosed with gynecological malignan-
cies worldwide, ovarian cancer has received increasing atten-

tion.35 The inhibition potency of PTC against human SKOV3
and murine ID8 ovarian cancer cells was tested by using a cell
counting kit-8 (CCK-8) assay. As shown in Fig. 5A and B, the
half maximal inhibitory concentrations (IC50) of PTC against
SKOV3 and ID8 cells after 48 h incubation were calculated to
be 5.48 ± 0.082 and 2.15 ± 0.075 µg mL−1, respectively. Flow
cytometric analysis showed that the apoptosis rate of the
treated cells increased remarkably compared to the control
(Fig. S3A–D†), which further demonstrates that the exposure to
PTC could effectively inhibit the growth of ovarian cancer cells.

We further evaluated the dual repolarization and inhibition
effects of PTC by co-incubating ovarian cancer cells with
macrophages in a dual-chamber transwell plate, a simulated
tumor microenvironment. M2 macrophages derived from
either THP-1 or RAW264.7 were cultured on the top layer of the
plate (Fig. 5C). After 48 h exposure to 5 µg mL−1 PTC, SKOV3
cells co-cultured with M2 macrophages derived from THP-1

Fig. 4 Actin disturbance of macrophages treated with PTC. (A, D) Fluorescence images of THP-1-derived (A, magnification: 200×) and RAW264.7-
derived (D, magnification: 400×) M2 macrophages immunostained using phalloidin (red) and DAPI (blue) with PTC treatment (5 µg mL−1). Arrows
highlight the difference after treatment. (B, E) Phase contrast images of THP-1-derived (B, magnification: 200×) and RAW264.7-derived (E, magnifi-
cation: 400×) M2 macrophages with PTC treatment (5 µg mL−1). (C, F) Quantification of the degree of THP-1-derived (C) and RAW264.7-derived (F)
M2 macrophage elongation, which was defined as the length of the longest axis divided by the length of the short axis across the cell nucleus. *** P
< 0.005. Error bars represent standard deviation (n = 3).
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Fig. 5 Dual repolarization and inhibition effect of PTC in vitro. (A, B) Cytotoxicity of PTC treatment in SKOV3 (A) and ID8 (B) cells. (C) The co-culture
system of the ovarian cancer cells and macrophages were established by using a transwell assay, with macrophages in the upper chamber and
cancer cells in the lower chamber. The cells were separated using a 0.4 μm-sized microporous membrane, which allowed for the exchange of mole-
cules, but not cells. (D) SKOV3 cells co-cultured with THP-1-derived M2 macrophages were stained with Annexin V and PI by flow cytometry after
PTC (5 µg mL−1) treatment for 48 h. Annexin V and PI plots show the populations corresponding to early (Annexin V+PI−) and late (Annexin V+PI+)
apoptotic cells. Numbers in gates indicate the percentage of these populations. *** P < 0.005. (E) ID8 cells co-cultured with RAW264.7-derived
M2 macrophages were treated with PTC (2 µg mL−1) for 48 h and collected for the apoptosis assay. * P < 0.05. (F) THP-1-derived M2 macrophages
co-cultured with SKOV3 cells were separately stained with CD68-FITC, CD206-PE and CD86-APC for flow cytometry after PTC treatment (5 µg
mL−1). Representative plots and quantification of both CD68+CD206+ and CD68+CD86+ staining on macrophage cells are shown. * P < 0.05. (G, H)
ELISA analysis of the expression of IL-10 (G) and TNF-α (H) in the media of the SKOV3/THP-1-derived M2 macrophage co-culture system with PTC
treatment. * P < 0.05, ** P < 0.01. (I) RAW264.7-derived M2 macrophages co-cultured with ID8 cells with PTC treatment (2 µg mL−1) were separately
stained with F4/80-PE, CD206-Percp-cy5.5 and CD86-PE-cy7 for flow cytometry. Representative plots and quantification of both F4/80+CD206+

and F4/80+CD86+ staining on macrophage cells are shown. * P < 0.05, ** P < 0.01. (J, K) ELISA analysis of the expression of IL-10 (J) and TNF-α (K) in
the media of the ID8/RAW264.7-derived M2 co-culture system with PTC treatment. * P < 0.05, ** P < 0.01. Error bars represent standard deviation (n
= 3).
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Fig. 6 Dual repolarization and inhibition effect of PTC in vivo. (A) Mice were randomly divided into two groups (five animals per group) and separ-
ately injected with PBS and PTC every other day. After six injections, the mice were sacrificed and the tumor tissues were harvested. (B) Tumor
volume changes for tumor xenograft mice after intra-tumor injection with PBS or PTC (5 mg kg−1) 6 times in total. * P < 0.05. (C, D) H-score (C) and
representative images (D) of the IHC staining of cleaved caspase-3 in tumor tissues. *** P < 0.005. (E–H) Flow cytometric analysis of the cells separ-
ated from tumor tissues under PTC treatment (5 mg kg−1), labeled with F4/80-PE, CD206-Percp-cy5.5 and CD86-PE-cy7. Representative plots and
quantification of the percentage of F4/80+CD206+ staining and MFI of CD206 are shown in (E) and (F). Representative plots and quantification of
the percentage of F4/80+CD86+ staining and MFI of CD86 are shown in (G) and (H). * P < 0.05. (I, J) Immunofluorescene analysis of CD206 (I) and
CD86 (J) in tumor tissues after PTC treatment (5 mg kg−1). Magnification: 400×. (K, L) Quantification of CD206 (K) and CD86 (L) by immunofluores-
cence staining. Positive cells were averaged from 5 fields of view (FOV) using a fluorescence microscope. ** P < 0.01, *** P < 0.005. (M) Pathological
features of the major organs in mice treated with PBS or PTC (5 mg kg−1). All tissues were stained with hematoxylin and eosin. Magnification: 200×.
(N) Body weight changes for tumor xenograft mice after intra-tumor injection with PBS or PTC (5 mg kg−1) 6 times. Error bars represent standard
deviation (n = 5).
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displayed significantly increased apoptotic rates including
both early and late apoptosis compared with the control group
(Fig. 5D). Meanwhile, THP-1-derived macrophages co-cultured
with SKOV3 cells exhibited a lower percentage of CD68+CD206+

cells and a higher percentage of CD68+CD86+ cells (Fig. 5F) as
well as a decreased production of IL-10 and an increased
secretion of TNF-α (Fig. 5G and H). Similar results were
observed when ID8 cells were co-cultured with M2 macro-
phages derived from RAW264.7 (Fig. 5E and I–K), verifying the
dual repolarization and inhibition effects of PTC.

Finally, we assessed the dual repolarization and inhibition
effects of PTC in vivo using an immunocompetent murine
model of ID8 ovarian cancer. Mice were intratumorally injected
with PTC every other day for total 12 days. A group of mice
injected with PBS was used as a control. Encouragingly, signifi-
cantly suppressed tumor growth was observed after 6 injec-
tions of 5 mg kg−1 of PTC (Fig. 6A and B), accompanied by an
increasing expression of cleaved caspase-3 after treatment
(Fig. 6C and D). Flow cytometric analysis of macrophages iso-
lated from the tumor tissues showed almost 3-times lower
CD206+ cells and 2-fold higher CD86+ cells in comparison with
those of the control (Fig. 6E–H). Immunofluorescene analysis
of the tumor tissues that were sectioned from the treated mice
also showed a decreased percentage of CD206+ cells (Fig. 6I
and K) and an increased number of CD86+ cells (Fig. 6J and L),
as evidenced by the intensity of red fluorescence. These results
suggested the capability of EISA to repolarize macrophages
in vivo. The biocompatibility of the EISA of PTC was also inves-
tigated. We evaluated the in vivo toxicity of PTC against the
major organs in mice by histological analysis. After 6 doses,
the tissues were immediately harvested, fixed with formalin
and further embedded with paraffin. The resultant tissues
were then sectioned and stained with H&E for microscopy
imaging. As shown in Fig. 6M, no significant difference was
observed between the tissues sectioned from mice treated with
PTC and the control from mice injected with PBS (Fig. 6M).
With respect to mouse body weights, no distinct difference
was found between the control group and mice treated with
PTC (Fig. 6N). These data imply the dual repolarization and
inhibition effects of the EISA of PTC with low toxicity in vivo.

Conclusions

In summary, we report the use of EISA, an effective yet simple
strategy, to combine tumor microenvironment immunomodu-
lation and chemotherapy for cancer treatment. The EISA of a
cholesterol based conjugate results in the assembly of its
derivative in the cell milieu, which simultaneously promotes
pro-inflammatory macrophage polarization and induces direct
death of cancer cells. The generation of reactive oxygen species
and actin disturbance induced by the assemblies has been
demonstrated relative to macrophage repolarization. We also
demonstrate the dual repolarization and inhibition effects
in vivo by showing an increased number of pro-inflammatory
M1 macrophages in tumor tissues and significantly inhibited

tumor growth in an immunocompetent murine model of
ovarian cancer. We anticipate that the use of EISA to treat
various tumors by regulating multiple biological targets is a
unique approach for combination cancer therapy.
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