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Abstract Inefficient drug penetration hurdled by the stroma in the tumor tissue leads to a diminished

therapeutic effect for drugs and a reduced infiltration level of immune cells. Herein, we constructed a

PEGylated dendritic epirubicin (Epi) prodrug (Epi-P4D) to regulate the metabolism of cancer-

associated fibroblasts (CAFs), thus enhancing Epi penetration into both multicellular tumor spheroids

(MTSs) and tumor tissues in mouse colon cancer (CT26), mouse breast cancer (4T1) and human breast

cancer (MDA-MB-231) models. Enhanced cytotoxicity against CT26 MTSs and remarkable antitumor

efficacy of Epi-P4D were ascribed to reduced fibronectin, a-SMA, and collagen secretion. Besides, thin-

ning of the tumor tissue stroma and efficient eradication of tumor cells promoted the immunogenic cell

death effect for dendritic cell (DC) maturation and subsequent immune activation, including elevating the
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Immune
microenvironment

reconstitution
CD4þ T cell population, reducing CD4þ and CD8þ T cell hyperactivation and exhaustion, and ampli-

fying the natural killer (NK) cell proportion and effectively activating them. As a result, this dendritic

nanomedicine thinned the stroma of tumor tissues to enhance drug penetration and facilitate immune cell

infiltration for elevated antitumor efficacy.

ª 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Immunotherapy is one of the most promising approaches for the
clinical treatment of cancer1,2, whereas insufficient stimulation of
immunogenic cell death (ICD)3, inadequate infiltration of immune
cells4, and ineffective modulation of the tumor immune micro-
environment5,6 have severely diminished the therapeutic effect of
immunotherapy. Combination of chemotherapy and immuno-
therapy has gained popularity as chemotherapeutic drugs in the
form of nanomedicine can eradicate cancer cells to stimulate
ICD7,8. However, along the delivery path of the nanomedicine to a
tumor site via blood circulation9,10, poor extravasation11 and
ineffective penetration of drugs in the nanomedicine12,13 are two
hindering factors to achieve the expected killing effect of the
nanomedicine. Consequently, unsatisfied ICD is triggered and
weak/no immune response is provoked, leading to the failure of
cancer treatment14.

One of the biological barriers to block the penetration of the
nanomedicine is the stroma of tumor tissues15,16. Cancer-
associated fibroblasts (CAFs), a key producer of the tumor
extracellular matrix (ECM), play a vital role in tumor stroma
deposition17,18. The accumulation of excess ECM leads to a dense
stroma, which significantly impedes the delivery of nanomedicine
to tumor cells and reduces the permeability of chemotherapeutic
drugs19,20. Strategies of depleting CAFs have been explored to
promote drug penetration into tumor tissues21, however, rapid
depletion of CAFs results in profound immunosuppression and
accelerated tumor progression, thus reducing the chemothera-
peutic effect and the survival rate of patients.

Other strategies to enhance drug penetration include size or
morphology transformation of nanomedicine at the tumor site or
surface modification of nanomedicine with cell-penetrating pep-
tides, and these strategies have been reported to promote drug
penetration through the stoma barrier to some extent22,23. Never-
theless, the immunosuppressive tumor microenvironment remains
unchanged for these strategies24. Alteration of the function of CAFs
by reversing CAFs to normal fibroblasts has been demonstrated to
improve the penetration of nanomedicine through the tumor
stroma25,26. Small molecular inhibitors, such as JQ127 and los-
artan28, have been used to reduce ECM deposition, however, the
desired therapeutic effect of these inhibitors is not achieved29. They
have been combined with chemotherapeutic drugs to improve their
therapeutic effect30, while the regulating action from these
chemotherapeutic drugs on the ECM is still mysterious.

Herein, epirubicin (Epi) was employed as a model therapeutic
agent as well as an ICD-inducing agent, and it was conjugated
onto a boronate bond-linked PEGylated dendron via acid-labile
hydrazone bonds. By manipulating the number of PEG mole-
cules on a single dendron molecule, the Epi-PEGylated dendron
prodrug (Epi-PD) with 4 PEG molecules was found to exhibit
a uniform-sized nanostructure with superior aqueous stability.
Enhanced cellular uptake of the prodrug contributed to its pro-
apoptotic and antitumor effect in vitro. The prodrug disturbed
the amino acid metabolism of CAFs, which helped to reduce the
deposition of ECM, ultimately promoting penetration of the pro-
drug in multicellular tumor spheroids (MTSs) and in vivo tumor
tissues. The released therapeutic drug Epi induced potent ICD,
which evoked the activation and infiltration of antitumor immune
cells and reduced hyperactivation and exhaustion of immuno-
suppressive cells, contributing to an excellent antitumor effect of
the prodrug.

2. Materials and methods

2.1. Reagents

H-Lys-OMe$2HCl, Boc-Lys(Boc)-OH, 1-hydroxybenzotriazole
hydrate (HOBT), and carbodiimide hydrochloride (EDC$HCl,
EDCI) were purchased from GL Biochem. Ltd. (Shanghai, China).
Dopamine hydrochloride, N,N0-dicyclohexylcarbodiimide (DCC),
tert-butyl carbazate, N,N-diisopropylethylamine (DIEA), N-
hydroxysuccinimide (NHS), 4-dimethylaminopyridine (DMAP),
succinic anhydride (SA), 4-carboxybenzeneboronic acid pinacol
ester, methoxypolyethylene glycol (mPEG, MW 1000 Da,
mPEG1000), triethylamine (TEA), trifluoroacetic acid (TFA), and
epirubicin hydrochloride (Epi$HCl) were purchased from Aladdin
Reagents Company (Shanghai, China). Dimethylsulfoxide-d6
(DMSO-d6) was obtained from SigmaeAldrich Co. (Steinheim,
Germany). All other solvents were purchased from Tansoole Re-
agent Company (Shanghai, China).

Penicillin, streptomycin, and cell counter kit-8 (CCK-8) were
purchased from MedChemExpress (MCE, USA). Hoechst 33342,
DAPI, Annexin V-FITC/PI apoptosis detection kit, Matrigel ma-
trix (Ceturegel�Matrix High Concentration, Phenol Red-Free,
LDEV-Free), ATP luminescent cell viability assay kit, collagenase
IV, and DNase I were purchased from YEASEN Biotechnology
(Shanghai, China). Lysotracker Deep Red was purchased from
Thermo Fisher Scientific (Invitrogen, USA). Roswell Park Me-
morial Institute (RPMI) 1640 medium, Dulbecco’s modified Ea-
gles medium (DMEM), and fetal bovine serum (FBS) were
purchased from Hyclone (USA). Hyaluronidase, recombinant
mouse GM-CSF, and recombinant mouse IL-4 were obtained from
Absin (Shanghai, China). Anti-mouse calreticulin (CRT), primary
antibody for anti-mouse high mobility group box 1 (HMGB1), and
Cy5-labeled goat anti-rabbit IgG antibody were purchased from
Bioss Biotechnology Co., Ltd., (Beijing, China). Purified rat anti-
mouse CD16/CD32 for mouse Fc blocking, fixable viability stain
700 (FVS700), anti-CD45-FITC, anti-CD3-BV510, anti-CD4-
BB700, anti-CD8-BV650, anti-CD25-PE-Cy7, anti-PD-1-
BV605, and anti-CD69-BV786 antibodies were obtained from
BD Pharmingen (USA). Anti-CD49b-eFluor450 antibody was
obtained from eBioscience (USA). Anti-CD314-APC (NKG2D)
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antibody was purchased from Biolegend (USA). Enzyme-linked
immunosorbent assay (ELISA) kit for granzyme B, perforin,
tumor necrosis factor a (TNF-a), and interferon g (IFN-g) were
obtained from Elabscience (Wuhan, China).

2.2. Preparation of the nanoassembly

The nanoassembly was prepared via an ultrasonic method. Briefly,
1.0 mg of Epi-conjugated PEGylated dendron (Epi-PD) dissolved
in 20 mL of DMSO was dropped into 1 mL of deionized water and
the mixture was subjected to ultrasound treatment for 30 min.

2.3. Epi loading amount

The Epi loading amount in Epi-PD was measured via a UVeVis
spectrometer. Briefly, Epi-PD with 1, 2, and 4 PEG chains in each
dendron molecule were named Epi-P1D, Epi-P2D, and Epi-P4D,
respectively, and they were weighed and dissolved in DMSO.
The amount of Epi in Epi-PD was calculated from the standard
curve by plotting the absorbance at 480 nm vs. the Epi$HCl
concentration in DMSO.

2.4. Size distribution and morphology observation

The size distribution of the nanoassemblies at a concentration of
100 mg/mL was characterized on a Brookhaven BIC multiangle
light scattering instrument at 25 �C. Each measurement was car-
ried out in triplicates.

To observe the morphology of the nanoassembly, a field
emission transmission electron microscope was used. A drop of
the solution of the nanoassembly was spread onto a copper grid
and dried in air at room temperature without phosphotungstic acid
staining before analysis.

2.5. Cell culture

CT26 (murine colon cancer cell line) cells and 4T1 (murine mam-
mary carcinoma cell line) cells were cultured in the RPMI 1640
medium supplemented with 10% FBS and antibiotics (100 U/mL of
penicillin and 100U/mLof streptomycin) in a humidified atmosphere
containing 5% CO2 at 37

�C. MDA-MB-231 (human breast cancer
cell line) cells and NIH/3T3 cells were cultured in the DMEM me-
dium supplemented with 10% FBS and antibiotics (100 U/mL of
penicillin and 100 U/mL of streptomycin).

2.6. Quantification of internalization of Epi-PD

CT26 cells at a logarithmic growth phase were seeded into a 6-well
plate and incubated with Epi-P1D, Epi-P2D, and Epi-P4D (an Epi
concentration of 5 mg/mL) for 3 h. Then the cells were collected and
washed with cold phosphate-buffered saline (PBS) twice. The fluo-
rescence intensity of the cells was monitored by flow cytometry and
the cells without any treatment were used as a control.

2.7. Cellular internalization and intracellular trafficking

CT26 cells were seeded into a 35 mm glass-bottom dish and grew
for 24 h. Epi-P1D, Epi-P2D, and Epi-P4D at an Epi concentration
of 1 mg/mL were diluted with the cell culture medium and incu-
bated with CT26 cells for different durations. The lysosomes and
nuclei were stained with Lysotracker Deep Red and Hoechst
33342. These cells were washed twice with PBS and observed
under a confocal laser scanning microscope (CLSM).

2.8. Penetration into multicellular tumor spheroids

Multicellular tumor spheroids (MTSs) were constructed to mimic
tumor tissue and they were used to assess the penetration capacity
of Epi$HCl or Epi-PD. To construct the 3D MTSs, CT26 or 4T1
cells were seeded into an ultra-low attachment 12-well plate
(2 � 104 cells per well) in 2 mL culture medium for one week to
grow into MTSs with a diameter of 200 mm31,32. The MDA-MB-
231 MTSs were prepared via a hanging drop method33. Briefly,
MDA-MB-231 cell suspensions were diluted in the DMEM me-
dium containing 8% of the Matrigel matrix at a density of
5 � 104 cells per mL. 10 mL of the cell suspensions were dropped
onto the lids of 96-well plates. After 48 h, the formed spheroids
were transferred to an ultra-low attachment 12-well plate and
incubated for another 5 days to obtain MDA-MB-231 MTSs.

To compare the penetration depth of Epi-PD into MTSs, MTSs
were cultured with Epi$HCl, Epi-P1D, Epi-P2D, and Epi-P4D (an
Epi concentration of 10 mg/mL) for 4 h. The spheroids were
collected and washed with PBS twice. After they were resus-
pended in 200 mL of PBS in glass-bottom dishes, the MTSs were
imaged with a CLSM at an interval of 10 mm.

2.9. Cytotoxicity assay

CT26 cells were seeded into a 96-well plate (5 � 103 cells per
well) and the cells were cultured with Epi$HCl, Epi-P1D, Epi-
P2D, and Epi-P4D at various Epi concentrations for 24 h. The
medium was discarded and the cells were gently washed with PBS
twice. The cell viability was quantified with the CCK-8 kit by
reading the absorbance at 450 nm of each well using a microplate
reader. The relative cell viability was calculated as in Eq. (1):

Relative cell viability (%) Z (ODsample � ODbackground)/(ODcontrol �
ODbackground) � 100 (1)
2.10. Cell cycle distribution

CT26 cells were seeded into a 6-well plate and incubated with
Epi$HCl, Epi-P1D, Epi-P2D, and Epi-P4D at an Epi concentration
of 0.3 mg/mL or 1 mg/mL for 24 h. After they were collected and
washed with cold PBS, the cells were fixed with cold 70% ethanol
at 4 �C overnight. Then the cells were washed with cold PBS and
stained with DAPI (2.5 mg/mL) at 37 �C in the dark for 30 min.
These cells were analyzed via a flow cytometer.

2.11. Apoptosis assay

CT26 cells were seeded into a 6-well plate and grew for 24 h. The
cells were cultured with Epi$HCl, Epi-P1D, Epi-P2D, and Epi-
P4D at an Epi concentration of 0.3 mg/mL for 24 h, and stained
with DAPI and Annexin V-FITC according to the manufacturer’s
protocol. These cells were analyzed by a flow cytometer.

2.12. Live/dead cell staining of CT26 cells and CT26 MTSs

CT26 cells and CT26 MTSs were cultured with Epi$HCl, or Epi-
PD at an Epi concentration of 0.3 or 2 mg/mL for 24 h. The cells



Dendritic nanomedicine enhanced cancer chemo-immunotherapy efficacy 3683
and the MTSs were stained with Calcein-AM (2 mmol/L) and PI
(5 mg/mL) at 37 �C in the dark for 15 min. After they were washed
with PBS twice, the obtained cells and MTSs were imaged with a
CLSM.

2.13. Induction of ICD

The exposure of CRT, release of HMGB1, and secretion of ATP in
CT26 cells were studied in vitro. CT26 cells were treated with
Epi$HCl, Epi-P1D, Epi-P2D, or Epi-P4D at an equivalent Epi
concentration of 1.5 mg/mL to assess the surface CRT exposure
and HMGB1 release. Briefly, CT26 cells were seeded into 35 mm
glass-bottom dishes and grew for 24 h. Epi$HCl, Epi-P1D, Epi-
P2D, or Epi-P4D were added and incubated for another 24 h.
For CRT detection, the treated CT26 cells were washed with cold
PBS twice and fixed with 4% paraformaldehyde for 10 min. After
blocking with 5% bovine serum albumin (BSA) in PBS for
30 min, the cells were incubated with a CRT primary antibody
overnight at 4 �C. These cells were washed with cold PBS 3 times,
and then incubated with a Cy5-labelled secondary antibody for
45 min and washed 3 times with PBS. After staining with DAPI,
the cells were imaged with a CLSM. For HMGB1 detection, the
fixed cells were permeated with 0.1% Triton X-100 for 10 min and
underwent the same procedure as CRT staining. To detect ATP
release, both ATP in the supernatant of the treated cells and within
the treated cells were measured following the manufacturer’s
protocol.

2.14. In vitro DC maturation and cytokine secretion

Bone marrow-derived dendritic cells (BMDCs) were used to
confirm the stimulation of DC maturation in vitro by Epi-PD.
BMDCs were isolated from a 4-week-old male BALB/c
mouse34. Briefly, the femur and tibiae were removed and the
surrounding muscles were detached. The bone marrow was
flushed out with cold PBS and filtrated through a 70 mm nylon cell
strainer to remove debris. The red blood cells were lysed with a
red blood cell lysis buffer. The obtained cells were resuspended
into the RPMI 1640 medium containing GM-CSF (20 ng/mL) and
IL-4 (10 ng/mL) and cultured in a 37 �C incubator with 5% CO2.
On Day 3, an equal volume of the culture medium with GM-CSF
(20 ng/mL) and IL-4 (10 ng/mL) was added gently into the cells.
One half of the spent medium was removed and the same volume
of fresh medium was replenished gently on Day 6. The cells were
harvested on Day 8 and incubated with the supernatant of the
CT26 cells cultured with Epi$HCl or Epi-PD for 24 h. The
BMDCs were stained with FVS700, anti-CD11c, anti-MHC II,
anti-CD80, and anti-CD86 antibodies and analyzed with a flow
cytometer. The cytokines secreted by BMDCs within the super-
natant were collected and detected with ELISA kits following the
manufacturer’s instructions.

2.15. Tumor models

All animal experiments were carried out in accordance with the
guidelines of the animal ethics committee of Sichuan University
(2018154A). Male BALB/c mice of 6-week-old were subcutane-
ously inoculated on the right flank with 5 � 105 CT26 cells
resuspended in 50 mL of PBS. Female BALB/c mice and female
BALB/c nude mice of 6-week-old were subcutaneously inoculated
on the right flank with 5 � 105 4T1 cells in 50 mL of PBS or
8 � 106 MDA-MB-231 cells resuspended in 100 mL of PBS,
respectively. When the tumor grew to 100 mm3, the mice were
ready for ex vivo fluorescent imaging and tumor therapy. When the
tumor length reached 1.5 cm or the body weight loss was more
than 20%, the mouse was considered dead.

2.16. Ex vivo fluorescence imaging

To map the biodistribution of Epi-P1D, Epi-P2D, and Epi-P4D in
the mice, the tumor-bearing mice were intravenously injected
with Epi$HCl, Epi-P1D, Epi-P2D, or Epi-P4D at an Epi dose of
8 mg/kg. At a predetermined time point, the mice were sacrificed
and the major organs and tumor tissues were harvested for ex vivo
imaging with 480 nm excitation and 600 nm emission. The tumor
tissues were also harvested for frozen sectioning and stained with
DAPI and anti-CD31 antibody to detect the distribution of Epi via
CLSM.

2.17. Antitumor therapy

The antitumor effect of Epi-PD was assessed on the CT26 tumor-
bearing BALB/c mice. When the tumor volume reached 100 mm3,
the mice were randomly divided into 5 groups (n Z 5) and
intravenously administrated with saline, Epi$HCl, Epi-P1D, Epi-
P2D, or Epi-P4D every three days 4 times at an Epi dosage of
5 mg/kg. The tumor volume and the mice body weight were
recorded for 21 days every three days. The tumor volume was
calculated from Eq. (2):

V Z (Length � Width2)/2 (2)

The tumors were harvested and weighed at the end of the
treatment.

2.18. Histological analysis

The major organs and tumors were harvested for hematoxylin-
eosin staining (H&E), CD31, ki67, fibronectin, a-SMA, masson
for collagen, and terminal-deoxynucleotidyl transferase-mediated
dUTP-biotin nick end labeling (TUNEL) staining following the
manufacturer’s protocols.

2.19. In vivo assessment of tumor-infiltrating immune cells

When the tumor volume of the CT26 tumor-bearing mice reached
100 mm3, the mice were randomly divided into 5 groups (n Z 3)
and they were intravenously administrated with saline, Epi$HCl,
Epi-P1D, Epi-P2D or Epi-P4D every three days 4 times (an Epi
dosage of 5 mg/kg). On Day 2 after the last treatment, the tumor
tissue in each treatment group was separated, cut into pieces,
and digested with hyaluronidase (1 mg/mL), collagenase IV
(1 mg/mL), and DNase I (10 mg/mL) at 37 �C for 30 min. After
the tissue was ground and filtrated through a 70 mm nylon cell
strainer, a single cell suspension of the tumor tissue was obtained.
After they were stained with FVS 700, blocked the Fc receptor,
and stained with antibodies, the stained cells were collected for
flow cytometry analysis.

2.20. Statistical analysis

All data were presented as mean � SD (n � 3). Statistical analysis
was performed with a one-way analysis of variance (ANOVA).
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Statistical significance was defined as ns, not significant,
*P < 0.05, **P < 0.01, and ***P < 0.001.

3. Results and discussion

A dual-functionalized dendron was decorated with the hydrazine
hydrate for conjugating epirubicin hydrochloride (Epi$HCl) via a
pH-sensitive hydrazone linker and phenylboronic acid (PBA) for
conjugating polyethylene glycol (PEG) to obtain an Epi-
conjugated PEG-decorated dendron (Epi-PD) (Supporting
Information Figs. S1eS5). The PEGylated dendrons with
different generations were used as the polymeric backbone. Three
Epi-PDs with 1, 2, and 4 PEG chains in each dendron molecule
were prepared, and they were named Epi-P1D, Epi-P2D, and Epi-
P4D, respectively. The intermediate products were characterized
with 1H NMR and 13C NMR (Supporting Information Figs. S6‒
S11). As illustrated in 1H NMR spectra of Epi-PD (Supporting
Information Fig. S12), the prodrug displayed a characteristic
peak for aromatic protons in Epi at around 7.7 ppm and a char-
acteristic peak of protons in PEG at around 3.5 ppm. The Epi load
content was calculated to be 27.61%, 17.48%, and 6.29% for Epi-
P1D, Epi-P2D, and Epi-P4D, respectively, from a standard curve
via a UVeVis spectrometer (Supporting Information Fig. S13 and
Table S1).

The amphiphilic structure of Epi-PD endowed them with a
self-assembly property. To examine the self-assembly process of
Epi-PD, dissipative particle dynamics (DPD) simulation was
employed. The chemical structures and molecular models of Epi-
P1D, Epi-P2D, and Epi-P4D were shown in Fig. 1A, and dynamic
formation of the nanoassembly in water was illustrated in Fig. 1B
and Supporting Information Figs. S14 and S15. Epi-P1D, Epi-
P2D, and Epi-P4D underwent a similar assembly procedure. The
formation of small fragmentary aggregates was initially driven by
hydrophobic interaction, and these small aggregates gradually
grew into large irregular ones. Stable nanoparticles with a rela-
tively regular nanostructure were finally obtained. Different ratios
of the hydrophilic PEG moiety to the hydrophobic Epi moiety in
Epi-PD resulted in different sizes of the final stable nanostructure.

The morphology of Epi-PD was observed under transmission
electron microscopy (TEM). In agreement with the simulation
results, Epi-P4D self-assembled into a more uniform spherical
nanostructure with a smaller size compared to Epi-P1D and Epi-
P2D (Fig. 1C). The size distribution of Epi-PD in water was
analyzed via dynamic light scattering (DLS). The self-assembled
Epi-PD nanoassembly had a similar negative zeta potential of
about �13 to �20 mV (Supporting Information Table S2). Epi-
P1D displayed an irregular nanostructure with a hydrodynamic
diameter of 200.0 � 12.3 nm, Epi-P2D exhibited a relatively large
hydrodynamic diameter of 224.9 � 7.5 nm with a rough surface,
while Epi-P4D presented a uniform spherical nanostructure with
the smallest hydrodynamic diameter of 150.0 � 1.9 nm (Fig. 1D).
After Epi-PD was dissolved in H2O, Epi fluorescence signal could
be detected, but the fluorescent intensity decreased significantly
compared with Epi$HCl. The reduction in the fluorescence in-
tensity was in the order of Epi-P2D, Epi-P1D, and Epi-P4D
(Fig. 1E), indicating that hydrophobic interaction was the
driving force for the self-assembly process to yield Epi-PD
nanoparticles. Besides, the stability of Epi-PD in water was
investigated by measuring the size and polydispersity index (PDI)
variations. Both Epi-P1D and Epi-P2D exhibited significant size
variations and the maximum size reached about 600 nm and the
maximum PDI variation was 0.7 (Fig. 1F and Supporting
Information Fig. S16). On the contrary, Epi-P4D maintained a
size variation of less than 10 nm for up to 42 weeks (Fig. 1F and
Supporting Information Fig. S17), indicating its superior aqueous
stability. Such colloid stability of Epi-P4D would help prolonging
its blood circulation time after intravenous injection35.

Epi was conjugated onto the functionalized dendron with
different PEG chains via a pH-responsive hydrazone bond and the
in vitro Epi release behavior from Epi-P1D, Epi-P2D, and Epi-
P4D was investigated in PBS of pH 7.4, 6.5, and 5.0. The
release of Epi from Epi-P1D, Epi-P2D, and Epi-P4D shared a
similar release profile. Under a normal physiological environment
(pH 7.4) and a tumor tissue-mimicking microenvironment (pH
6.5)36, no more than 10% and 25% Epi was released from Epi-
P1D, Epi-P2D, and Epi-P4D within 72 h, respectively. However,
at an acidic condition (pH 5.0) within tumor cells, the accumu-
lative release of Epi from Epi-P1D and Epi-P2D exceeded 70%
within 24 h, while Epi-P4D displayed a much faster Epi release
rate with more than 80% drug released (Fig. 1GeI). These results
manifested the successful construction of Epi-conjugated dendritic
nanomedicines with pH-responsive Epi release behavior.

To examine the effect of the nanostructure of the Epi-PD
nanoassembly on its cellular uptake and intracellular distribution,
CT26 cells from a mice colorectal cancer cell line were used as a
model for Epi-PD nanoassemblies. Epi-P4D was demonstrated to
have the highest internalization level by CT26 cells, evidenced
with a much stronger mean fluorescence intensity (MFI) compared
with that of Epi-P1D and Epi-P2D (Fig. 2A and B). CLSM was
used to observe the intracellular distribution of Epi-PD. Epi-P1D
displayed moderate cellular internalization and its red fluores-
cence was overlapped with green fluorescence from lysosomes
within 6 h. Epi-P2D was trapped in lysosomes within 3 h and it
slowly escaped from lysosomes after 6 h incubation. In compar-
ison, Epi-P4D showed the brightest fluorescence signal, and its red
fluorescence overlapped with the green fluorescence of lysosomes
within 1 h and it escaped from lysosomes within 6 h (Fig. 2C).
The acidic condition within lysosomes would help to disrupt the
hydrazone bond within Epi-PD for disassembly of the nano-
structure and release Epi to kill cancer cells.

Variations in the size and morphology of Epi-PD might affect
its penetration into tumor tissues and its therapeutic effect. CT26
MTSs with a diameter of about 200 mm were established to mimic
in vivo tumor tissues. After incubation with Epi$HCl or Epi-PD at
an Epi concentration of 10 mg/mL for 4 h, red fluorescence signal
within CT26 MTSs was scanned at an interval of 10 mm from top
to bottom via CLSM. CT26 MTSs after treatment with Epi$HCl
displayed a dim fluorescence signal at a depth of 60 mm and a
barely detectable fluorescence signal at a depth of 90 mm, indi-
cating poor penetration of Epi$HCl. In contrast, CT26 MTSs
treated with Epi-P4D exhibited the strongest fluorescence signal at
a depth of 60 mm and the fluorescence signal was distinctly
detectable at a depth of 60 mm or 90 mm (Fig. 3A), demonstrating
the strongest penetration ability of Epi-P4D.

Before examining the in vivo tumor tissue penetration of Epi-
PD, the pharmacokinetics of Epi$HCl or Epi-PD were studied.
The blood concentration of Epi$HCl decreased rapidly within 3 h
after intravenous administration and its half-life time was about
1.11 h. Formulation of Epi in Epi-P1D, Epi-P2D, and Epi-P4D
significantly prolonged the half-life time of Epi, which was
3.55-, 4.76-, and 6.05- fold of that of Epi$HCl, respectively
(Fig. 3B and Supporting Information Table S3). A CT26 tumor
model was established for the evaluation of tumor penetration of
Epi-PD. After a single intravenous administration of Epi$HCl or



Figure 1 Chemical structures and characterizations of Epi-PD. (A) Molecular structures and Coarse-Grained models of Epi-P1D, Epi-P2D, and

Epi-P4D. (B) The self-assembly processes of nanomedicine formation from Epi-P1D, Epi-P2D, and Epi-P4D. (C) Transmission electron mi-

croscopy (TEM) images and (D) hydrodynamic size distributions of Epi-P1D, Epi-P2D, and Epi-P4D. (E) Fluorescence emission spectra of

Epi$HCl, Epi-P1D, Epi-P2D, and Epi-P4D in H2O at an equivalent Epi concentration excited at 480 nm. (F) Size variations of Epi-P1D, Epi-P2D,

and Epi-P4D in H2O for up to 42 weeks (data are mean � SD, n Z 3). In vitro Epi release profiles from (G) Epi-P1D, (H) Epi-P2D, and (I) Epi-

P4D in phosphate-buffered saline (PBS, pH 7.4, 6.5, and 5.0) within 72 h (data are mean � SD, n Z 3).
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Figure 2 Internalization and intracellular distribution of Epi-PD. (A) The internalization efficiency and (B) the mean fluorescence intensity

(MFI) of Epi-PD via flow cytometry (data are mean � SD, n Z 3). **P < 0.01, and ***P < 0.001 compared with the CT26 cells incubated with

Epi-P4D. (C) Intracellular distribution of Epi-PD in CT26 cells. Nuclei and lysosome were stained with Hoechst 33342 (blue) and lysotracker

(green), and Epi was shown in red.
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Epi-PD intravenously, major organs and the tumor tissue were
harvested for ex vivo imaging at a predetermined time point.
Epi$HCl was rapidly eliminated and no accumulation of Epi$HCl
was observed at the tumor site, on the contrary, Epi-PD exhibited
distinct tumor accumulation. Among Epi-PD, Epi-P4D displayed
the highest level of enrichment with the brightest fluorescence
signal at the tumor tissue at 48 h (Fig. 3C and Supporting
Information Fig. S18). After 48 h administration, the tumor tis-
sues were sliced into frozen sections and blood vessels were
stained to map in vivo drug distribution. The fluorescence signal
was barely observed in the groups administrated with saline or
Epi$HCl. In contrast, homogeneous red fluorescence signal
extravasation from the blood vessels was detected after Epi-P4D
administration, demonstrating it could be highly enriched in the
tumor tissue, which could be credited to efficient extravasation
from the blood vessel and deep drug penetration through the tumor
tissue (Fig. 3D).

In addition, 4T1 murine mammary carcinoma cells and MDA-
MB-231 human breast cancer cells were also applied to verify the
penetration capacity of Epi-PD. 4T1 MTSs were incubated with
Epi$HCl or Epi-PD for 4 h. The strongest fluorescence signal was
seen within the MTSs treated with Epi-P4D, while dim
fluorescence signal was confined only to the peripheral of the
MTSs treated with Epi$HCl at a depth of 70 mm (Supporting
Information Fig. S19). The ex vivo distribution of Epi-PD within
the 4T1 tumor-bearing mice at 24 and 48 h after intravenous in-
jection was also analyzed. The strongest fluorescence signal was
found in the tumor tissue treated with Epi-P4D both at 24 and 48 h
post-injection compared with other groups (Supporting
Information Figs. S20 and S21) although there was no signifi-
cant difference in the fluorescence intensity in the tumor tissue
after treatment with Epi$HCl, Epi-P1D, and Epi-P2D. Interest-
ingly, the ex vivo distribution pattern of Epi$HCl and Epi-PD in
major organs including the heart, liver, spleen, lung, and kidney
were quite similar. Fluorescence images of the cryosections of the
tumor tissue revealed the greatest enrichment of Epi at the tumor
section after treatment with Epi-P4D at 24 or 48 h post-injection
compared with other groups (Supporting Information Fig. S22).
Similar results were observed with MTSs and tumor tissues from
the MDA-MB-231 cell line (Supporting Information Fig. S23‒
S25). These results manifested that Epi-P4D could efficiently
accumulate in the tumor tissue and deeply penetrate into MTSs
from a variety of tumor cell spheroids or solid tumor tissues in
tumor-bearing mice models.



Figure 3 In vitro and in vivo penetration of Epi-PD. (A) CLSM images of CT26 multicellular tumor spheroids (MTSs) at different depths after

incubation with Epi$HCl or Epi-PD (left) at an Epi concentration of 10 mg/mL for 4 h. Reconstructed 3D view of the fluorescence signal intensity

(middle) and the fluorescence signal intensity along the white arrow at a depth of 60 mm (right). (B) Temporal changes in the Epi concentration in

the blood of Epi$HCl, Epi-P1D, Epi-P2D, or Epi-P4D at an Epi dose of 5 mg/kg after a single intravenous administration (Data are mean � SD,

n Z 4). (C) Ex vivo fluorescence images of major organs and tumor tissues after intravenous injection of Epi$HCl or Epi-PD (an Epi dose of

8 mg/kg) into the CT26 tumor-bearing mice at predetermined time points. (D) CLSM images of cryosections of CT26 tumors at 48 h post-

injection. The blood vessels were stained with CD31 (green) and the nuclei were stained with DAPI (blue). The Epi signal was red.
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To probe the mechanism underlying enhanced penetration of
Epi-PD, we hypothesized that the cell matrix may become less
dense after Epi-PD treatment. In the tumor microenvironment
(TME), CAFs act as a key contributor to build a physical barrier
for impeding the penetration of nanomedicine to protect tumor
cells37,38. The CAFs could also impact tumor cell growth through
their metabolite exchange with tumor cells39. In addition, CAFs
may suppress the function of immune cells by hydrolyzing
essential amino acids40 and promoting the expression of pro-
grammed cell death protein (PD-1) on immune cells41 to sustain
an immunosuppressive microenvironment. Thus, targeted metab-
olomic analysis was performed to investigate the effect of Epi-
P4D treatment on the CAF metabolism at a cellular metabolic
level. CAFs are programmed from NIH/3T3 cells in the TME42.
Compared with NIH/3T3 cells, the majority of amino acids were
downregulated, while glutamine, alanine, proline, and creatine
were upregulated in the CAFs (Supporting Information Fig. S26‒
S28), demonstrating a significant change in amino acid metabolic
pathways after fibroblasts were activated in the TME. The cyto-
toxicity of Epi-P4D on CAFs was analyzed, and Epi-P4D at an
Epi concentration of 0.3 mg/mL barely inhibited CAF growth, and
this concentration was chosen for the following experiments
(Supporting Information Fig. S29). After treating CAFs with Epi-
P4D at an Epi concentration of 0.3 mg/mL for 24 h, the amino acid
metabolism was severely disturbed compared with CAFs without
any treatment. The majority of amino acids were downregulated
(Fig. 4AeC). Among these down-regulated amino acids, the
concentrations of proline, alanine, and creatine were reduced to a
similar level of that in the NIH/3T3 cells (Fig. 4CeF), suggesting
that CAFs in the TME may be reprogrammed back to NIH/3T3
cells after Epi-P4D treatment and their contribution to the ECM
could be significantly diminished. It was noted that the energy
metabolism of CAFs was not impacted after Epi-P4D treatment
(Fig. 4G).

CAFs conduct biosynthesis of structural proteins in the ECM
such as collagen and fibronectin, which often contain rich amino
acid residues43. Collagen is composed of GlyeXeY motifs, and X
and Y are usually proline and hydroxyproline44. Ornithine, the
hydrolysate of arginine, is a raw material for the synthesis of
proline with the least energy cost45. Down-regulation of glycine,
proline, hydroxyproline, and ornithine in the CAFs after Epi-P4D
treatment would result in a decrease in the deposition of the ECM,
which could promote the penetration of the nanomedicine
(Fig. 4D and Supporting Information Fig. S30). Alanine, a non-
essential amino acid derived from CAFs, serves as an alternative
carbon source for tumor cells to reduce their reliance on glucose
and serum nutrients46. Deprivation of alanine could lead to the
interruption of this energy source to support the mitochondrial
metabolism in the CAFs (Fig. 4E). In addition, a reduction in
creatine could help impairing the polarization of macrophages to
the M2-like phenotype47, which would relieve an immunosup-
pression microenvironment (Fig. 4F). Thus, the intervention of
CAFs by Epi-P4D could decrease the deposition of structural
proteins for the ECM, reduce the energy supply to cancer cells and
relieve immunosuppression, thus enhancing nanomedicine pene-
tration and promoting its antitumor effect (Fig. 4H).

The in vitro antitumor effect of three Epi-PD compounds was
examined by assessing their cytotoxicity on CT26 cells. Both
Epi$HCl and Epi-PD displayed their cytotoxic effects in a dosage-
dependent manner. Epi$HCl had the smallest IC50 value, while
Epi-P4D exhibited a comparable cytotoxic effect as Epi$HCl
(Fig. 5A). Epi$HCl, an anthracycline, destroys cancer cells by
binding to the DNA in the nucleus and arresting the cell cycle at
the G2/M phase48. In the control group, a large population of
tumor cells stayed at the G0/G1 phase. The fraction of CT26 cells
at the G2/M phase significantly increased from 21% to 43% after
treatment of CT26 cells with Epi-P2D at an Epi concentration of
0.3 mg/mL, while this fraction was elevated to over 60% after Epi-
P1D and Epi-P4D treatment at the same Epi concentration.
Treatment with Epi$HCl at an Epi concentration of 0.3 mg/mL led
to around 76% of CT26 cells at the G2/M phase (Fig. 5B and C).
The proportion of CT26 cells at the G2/M phase was elevated after
treatment with Epi$HCl and three Epi-PD compounds at an Epi
concentration of 1 mg/mL, compared to that treated at an Epi
concentration of 0.3 mg/mL (Supporting Information Fig. S31).

Cell apoptosis was further examined by Annexin V-FITC/
DAPI staining. Epi$HCl treatment led to 13.1 � 0.6% of cells with
late apoptosis and 15.5 � 0.6% with early apoptosis. Compared
with Epi-P1D or Epi-P2D, 10.0 � 1.3% of cells with late
apoptosis and 15.4 � 3.4% with early apoptosis were found after
treatment with Epi-P4D. The difference in the percentage of tumor
cells with late apoptosis after treatment with Epi-P4D compared to
that after treatment with Epi$HCl might be explained by the
gradual release of Epi from Epi-P4D in the tumor cells after its
internalization, but rapid diffusion of Epi$HCl from an extracel-
lular environment into the nuclei, thus, more tumor cells after Epi-
P4D treatment entered early apoptosis but less entered late
apoptosis (Fig. 5D and Supporting Information Fig. S32). To
visualize the antitumor effect on CT26 cells or MTSs, CT26 cells
and MTSs were stained with Calcein-AM for live cells and PI for
dead cells after they were treated with Epi$HCl or Epi-PD for 24 h
at an Epi concentration of 0.3 and 2 mg/mL, respectively. A
distinct red signal, which was generated from dead cells, was
observed in CT26 cells after treatment with Epi-P4D (Supporting
Information Fig. S33). A small fraction of dead cells were
observed in the Epi$HCl-treated MTSs, which might be ascribed
to poor penetration of Epi$HCl. An increase in dead cells was
found in both Epi-P1D and Epi-P2D-treated MTSs owing to an
improvement in their penetration compared to Epi$HCl. More
encouragingly, the highest number of dead cells was observed in
the MTSs treated with Epi-P4D. These dead cells were distributed
from the periphery to the inner core of the MTSs, manifesting
superior penetration and potent therapeutic efficacy of Epi-P4D
(Fig. 5E).

The antitumor drug, Epi, has been reported to induce ICD of
cancer cells by the release of damage-associated molecular patterns
(DAMPs), such as calreticulin (CRT), high mobility group box 1
(HMGB1) and adenosine triphosphate (ATP), to activate the sys-
temic immunity. Dendritic cells (DCs), one of the most common
antigen-presenting cells49, were chosen to assess the potency of Epi-
PD in stimulating immature DCs (imDCs) intomature DCs (mDCs)
(Fig. 6A). Treatment with Epi$HCl or Epi-PD led to evident surface
exposure of CRT (Fig. 6B) and pronounced release of HMGB1 from
the nuclei (Fig. 6C). In addition, a much smaller intracellular ATP
concentration was seen in the cells treated with Epi$HCl and Epi-
P4D compared with that in other groups (Fig. 6D), suggesting
that more intracellular ATP was released into the supernatant. The
greatest level of ATP release was found in the cells treated with Epi-
P4D (Fig. 6E). After successfully inducing ICD of CT26 cells by
Epi-PD, DCs could be stimulated to become mature. The percent-
age of matured BMDCs (CD80þCD86þ cells within CD11cþMHC
IIþ cells) was investigated via flow cytometry. 21.6 � 1.0% of
mDCs were obtained after stimulation by the supernatant of
Epi$HCl-treated CT26 cells, and 18.2� 1.0% by the supernatant of



Figure 4 Disturbance of the CAF metabolism by Epi-P4D. (A) Principal component analysis (PCA) of the amino acid metabolism between the

Epi-P4D-treated CAFs and CAFs without any treatment as a control. (B) Volcano plot and (C) heatmap of differential amino acids in the Epi-P4D

treated CAFs compared to the CAFs without any treatment. Controls 1e5 and Epi-P4Ds 1e5 represent five replicates of the CAFs without any

treatment and the Epi-P4D-treated CAFs, respectively. CAFs were treated with Epi-P4D at an Epi concentration of 0.3 mg/mL for 24 h.

Concentrations of (D) proline, (E) alanine, and (F) creatine in the Epi-P4D-treated CAFs compared to CAFs without any treatment (Data are

mean � SD, n Z 5). **P < 0.01, and ***P < 0.001. (G) PCA of the energy metabolism between Epi-P4D-treated CAFs and CAFs without any

treatment. (H) The proposed mechanism of disturbing the amino acid metabolism of CAFs by Epi-P4D for enhancing penetration of the

nanomedicine and boosting its antitumor effect.
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the Epi-P4D-treated cells. The stimulation of imDCs was less
effective by the supernatant of cells treated with Epi-P1D or Epi-
P2D (Fig. 6F and G). In addition, the stimulation of BMDC matu-
ration by Epi-P4D led to significant upregulation of secreted cyto-
kines, including TNF-a and IFN-g (Supporting Information
Fig. S34). These results demonstrated that Epi-P4D could serve as
a powerful ICD-inducing agent to evoke robust systemic immunity
and enhance its antitumor potency.
The antitumor effect of Epi-PD on CT26 MTSs and CT26
tumor-bearing mice was assessed. CT26 MTSs were cultured with
Epi$HCl or Epi-PD with an equivalent Epi dosage 3 times every
other day. As shown in Fig. 7A, CT26 MTSs without any treat-
ment rapidly grew during the 15-day treatment. Treatment with
Epi$HCl, Epi-P1D, or Epi-P2D at 2.5 mg/mL distinctly hindered
the growth of MTSs, and these MTSs appeared to have a very
similar size on Days 1 and 15. Epi-P4D treatment significantly



Figure 5 In vitro antitumor efficacy of Epi-PD against CT26 cells. (A) Cytotoxicity of CT26 cells after incubation with Epi$HCl or Epi-PD for

24 h (Data are mean � SD, n Z 5). (B) Cell cycle distribution and (C) quantification of CT26 cell populations at different cell cycle phases after

incubation with Epi$HCl or Epi-PD (an Epi concentration of 0.3 mg/mL) for 24 h. (D) Apoptosis analysis of CT26 cells via flow cytometry.

(E) Calcein-AM/PI staining of CT26 MTSs after different treatments.

3690 Yunkun Li et al.
inhibited the growth of MTSs with distinct size shrinkage. The
volume of MTSs in the control group had a 4.5-time increase
compared to its initial volume. In contrast, Epi-P4D treatment
resulted in a reduced volume of MTSs, which was 50% of the
initial volume (Fig. 7B). Suppression of tumor growth could also
be observed in the MTSs treated with Epi-P4D after reducing the
Epi concentration down to 1 mg/mL, while slightly growth of
MTSs was observed after Epi$HCl, Epi-P1D, or Epi-P2D treat-
ment at such a low Epi concentration (Supporting Information
Fig. S35). These results were in line with the penetration perfor-
mance of Epi-P4D, suggesting the deepest penetration could be
correlated with the best anti-MTS growth effect.

The in vivo antitumor effect was investigated on the CT26
tumor-bearing mice that received saline, Epi$HCl, Epi-P1D, Epi-
P2D, or Epi-P4D at an intravenous dosage of 5 mg Epi/kg 4 times
every 3 days. Epi-P1D and Epi-P2D slightly curbed tumor growth.
Compared to a tumor volume of 1500 mm3 in the saline-treated
mice, the tumor volume reached about 300 mm3 after treatment
with Epi-P4D. The tumor volume was even smaller than that of
the Epi$HCl-treated mice (Fig. 7C and Supporting Information
Figs. S36 and S37). When the mice were sacrificed on Day 21
after the first treatment, the major organs and tumor tissues were
harvested for pathological and immunohistochemical analysis.
The harvested tumors were weighed and the tumor growth inhi-
bition (TGI) after Epi-P4D treatment was up to 80%, which
was significantly higher than that in other groups (Fig. 7D).
Nevertheless, more than 15% body weight loss occurred after
administration of Epi$HCl that was not regained at the end of
the experiment, manifesting serious side effects of Epi$HCl
(Fig. 7E).



Figure 6 In vitro ICD effect and DC maturation stimulation. (A) Schematic illustration of the ICD effect induced by CT26 cells treated with

different Epi formulations to stimulate mouse bone marrow DC (BMDC) maturation. Representative CLSM images of (B) surface calreticulin

exposure and (C) release of high mobility group box 1 (HMGB1) in CT26 cells after culturing with Epi$HCl or Epi-PD for 24 h. (D) Intracellular

and (E) extracellular adenosine triphosphate (ATP) concentrations in CT26 cells after the same treatment as (B) (Data are mean � SD, n Z 4).

(F) Flow cytometry analysis and (G) statistical data of mature BMDCs (CD80þCD86þ cells in CD11cþMHC IIþ cells) in vitro (Data are

mean � SD, n Z 3). ns, not significant, *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the Epi-P4D-treated group.
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Fibronectin, a-SMA, and collagen have been reported to be the
main components of the stroma in tumor tissues that hinder the
penetration of nanomedicine. The influence of Epi-PD treatment
on the stroma components was assessed. A pronounced reduction
in fibronectin (brown spot), a-SMA (brown spot), and collagen
(blue) was noticed after administration of Epi-PD, and there was
the smallest amount of these proteins after Epi-P4D treatment
(Fig. 7F and Supporting Information Figs. S38 and S39). Addi-
tionally, Epi-P4D treatment led to an increase in abnormal cells, a
remarkable reduction in the levels of proliferation and angiogen-
esis, and an increased level of tumor cell apoptosis (Fig. 7F and
Supporting Information Figs. S40 and S41), indicating a potent
antitumor effect of Epi-P4D. Encouragingly, no noticeable path-
ological changes were found in the heart, liver, spleen, lung, and
kidney after treatment with Epi-PD (Supporting Information
Fig. S42). The expression of the fibronectin, a-SMA, and
collagen in 4T1 tumor tissues was also analyzed. Similarly, an
obvious reduction of structural proteins could be observed after
Epi-P4D treatment (Supporting Information Figs. S43 and S44).

The excellent antitumor effect of Epi-PD might be credited to a
change in the tumor immune microenvironment in the tumor tis-
sue. The population of infiltrated immune cells at the tumor site
was analyzed by flow cytometry and the gating strategies were
shown in Supporting Information Fig. S45. The percentage of the



Figure 7 Shrinkage of MTSs and in vivo antitumor effect. (A) Images of CT26 MTSs on Days 1, 5, 9, 13, and 15 after different treatments at an

Epi concentration of 2.5 mg/mL every other day 3 times. (B) Temporal changes in the volume of MTSs in different groups (Data are mean � SD,

n Z 5). (C) Changes in the individual tumor volume of the mice after intravenous administration of different Epi formulations at an Epi dose of

5 mg/kg every 3 days 4 times. Mice administrated with saline were used as a control. (D) Tumor growth inhibition (TGI) profile of CT26 tumor-

bearing mice (Data are mean � SD, n Z 5). (E) Changes in the body weight of the CT26 tumor-bearing mice during the treatment course (Data

are mean � SD, n Z 5). ns, not significant, *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the Epi-P4D-treated group.

(F) Hematoxylin-eosin (H&E) staining and immunohistochemistry images of fibronectin (brown) and a-SMA (brown) in the tumor tissue.
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infiltrated natural killer (NK) T cells (CD45þCD3þCD49þ cells)
was elevated from 4.17 � 1.61% in the saline-injected group to
6.73 � 0.71% in the group after Epi-P4D treatment (Fig. 8A and
B). The populations of NK T cells including activated
(CD69þ)50,51, hyperactivated (CD25þ)52, and exhausted (PD-
1þ)53 were analyzed and no significant difference was detected in
these NK T cell populations before or after treatments (Supporting
Information Figs. S46eS48). The populations of NK cells
(CD45þCD3�CD49bþ cells) in the Epi-PD-treated groups
increased at varying degrees. Compared to 12.43 � 2.20% of NK
cells in the control group, the highest NK cell percentage of
18.20 � 1.91% was achieved in the Epi-P4D-treated group. It was
noted that Epi$HCl treatment led to a decrease in the NK cell
portion down to 8.75 � 2.70% (Fig. 8A and C). The expression of
natural killer group 2 member D (NKG2D) has been demonstrated
to activate NK cell immunity for antitumor activity54. The
percentage of NKG2Dþ NK cells after Epi-P4D treatment reached
up to 48.10 � 1.13%, which was significantly higher than that in
other groups, indicating that about half of the NK cells were in an
activated status (Fig. 8D and E). Exhausted NK (PD-1þ NK) cells
in all treatment groups were at a low level (less than 10%) and no
significant difference was found in the exhausted NK cells in these
treated mice except those treated with Epi-P1D (Supporting
Information Fig. S49).

We further analyzed the populations of cytotoxic T lympho-
cytes (CD8þ T cells) and helper T cells (CD4þ T cells). A
comparable level of the CD8þ T cell portion was observed in the
mice after saline or Epi-PD treatment, while Epi$HCl treatment
led to a decrease in the population of CD8þ T cells (Fig. 8F and
Supporting Information Fig. S50). Activated CD8þCD69þ T cells
at a high portion of about 75% were seen in the groups treated
with saline and Epi$HCl, while 60% in the group after Epi-PD



Figure 8 Modulation of the tumor immune microenvironment. (A) Flow cytometry diagrams and (B) quantitative results of natural killer (NK)

T cells (CD45þCD3þCD49bþ) and (C) NK cells (CD45þCD3�CD49bþ) in the tumors of the CT26 tumor-bearing mice after treatment with

Epi$HCl, Epi-P1D, Epi-P2D, or Epi-P4D (Data are mean � SD, n Z 3). (D) Flow cytometry analysis and (E) statistical results of activated

(NKG2Dþ) NK cells (Data are mean � SD, n Z 3). (F) Flow cytometry analysis of CD4þ T cells (CD45þCD3þCD4þ) and CD8þ T cells

(CD45þCD3þCD8þ) in the tumors after different treatments. (G) Illustration of changes in the populations of immune cells in the tumor after

treatment with Epi-P4D. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the Epi-P4D-treated group.

Dendritic nanomedicine enhanced cancer chemo-immunotherapy efficacy 3693
treatment (Supporting Information Fig. S51). Besides, hyper-
activated CD8þ T cells (CD8þCD25þ T cells) in the saline-treated
group were notably higher than those in other groups (Supporting
Information Fig. S52). Since a high level of PD-1 expression is
positively correlated with a great level of T cell exhaustion, the
PD-1 expression level of CD8þ T cells was assessed. About 88%
of CD8þ T cells were exhausted after treating with saline or
Epi$HCl, on the contrary, a decrease in the population of
CD8þPD-1þ T cells was seen in the mice after treatment with Epi-
PD (Supporting Information Fig. S53).
In addition, a relatively higher proportion of CD4þ T cells, up to
26%, was found in the mice after treatment with Epi-P4D,
compared to that in saline, Epi$HCl and Epi-P1D groups (Fig. 8F
and Supporting Information Fig. S50). The proportion of activated
CD4þ T cells (CD4þCD69þ T cells) in the Epi-P4D-treated group
was remarkably higher than that in the groups treated with Epi-P1D
and Epi-P2D (Supporting Information Fig. S54). Besides, the
populations of hyperactivated CD4þCD25þ T cells and dysregu-
lated CD4þPD-1þ T cells after Epi-P4D treatment were lower than
those in the groups administrated with Epi$HCl or Epi-P1D
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(Supporting Information Figs. S55 and S56). The influence of
different treatments on cytokine secretion was also analyzed. The
levels of granzyme B and perforin in the serum and tumor tissues
were significantly upregulated after Epi-P4D treatment, which
might be attributed to the increased population of NK cells55.
Furthermore, the levels of TNF-a and IFN-g after Epi-P4D treat-
ment were also upregulated significantly compared with the other
four groups (Supporting Information Figs. S57 and S58). The
number of immune cells in the blood, including white blood cells
(WBCs), neutrophils, lymphocytes, and monocytes, were counted
through blood routine analysis. The number of WBCs and neutro-
phils in the blood did not have a significant change before or after
Epi$HCl or Epi-PD treatment, while the number of lymphocytes
decreased after Epi$HCl or Epi-P1D treatment. It was noted that the
number of monocytes after Epi$HCl treatment increased signifi-
cantly compared to that in the Epi-PD-treated groups (Supporting
Information Fig. S59). The decrease in the number of lympho-
cytes and the increase in the number of monocytes after Epi$HCl
treatment compared with Epi-P4D treatment might be attributed to
the side effect of myelosuppressive effect caused by the poor tumor
accumulation of Epi$HCl. These results demonstrated that Epi-P4D
treatment provoked strong immune surveillance to achieve an
enhanced antitumor effect by promoting the population of NK cells
and activating them, reducing hyperactivated CD4þCD25þ/
CD8þCD25þ T cells and dysregulated CD4þPD-1þ/CD8þPD-1þ T
cells (Fig. 8G), and boosting the secretion of cytokines.

4. Conclusions

We constructed an Epi-conjugated PEGylated dendron (Epi-PD)
by manipulating the number of PEG chains in each dendron
molecule. Epi-PD with 4 PEG chains (Epi-P4D) exhibited a
uniform-sized nanostructure, great aqueous stability for up to 42
weeks, and an enhanced level of cellular internalization. Distur-
bance of the amino acid metabolism of CAFs by treatment with
Epi-P4D led to a reduced level of ECM deposition, thus achieving
superior accumulation and remarkable penetration of Epi-P4D in
MTSs and tumor tissues from CT26, 4T1, and MDA-MB-231 cell
lines. As a result, a potent antitumor effect with a tumor growth
inhibition of about 80% was obtained after Epi-P4D treatment,
encouragingly, the systemic toxic effect of Epi was reduced after
the Epi nanomedicine, Epi-P4D, was administrated. Furthermore,
the infiltration of antitumor immune cells, including NK cells, NK
T cells, and CD4þ T cells, was elevated. Among these immune
cells, NK cell activation was boosted, and CD4þ and CD8þ T cell
hyperactivation and exhaustion were mitigated, which enhanced
the antitumor effect of Epi-P4D. Therefore, the dendritic nano-
medicine from a facile fabrication method could enhance drug
penetration, promote immune cell infiltration, and activate the
function of immune cells by disturbing the amino acid metabolism
of CAFs.
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