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Abstract Cancer immunotherapy is impaired by the intrinsic and adaptive immune resistance. Herein,

a bispecific prodrug nanoparticle was engineered for circumventing immune evasion of the tumor cells by

targeting multiple immune resistance mechanisms. A disulfide bond-linked bispecific prodrug of

NLG919 and JQ1 (namely NJ) was synthesized and self-assembled into a prodrug nanoparticle, which

was subsequently coated with a photosensitizer-modified and tumor acidity-activatable diblock copol-

ymer PHP for tumor-specific delivery of NJ. Upon tumor accumulation via passive tumor targeting,

the polymeric shell was detached for facilitating intracellular uptake of the bispecific prodrug. NJ was

then activated inside the tumor cells for releasing JQ1 and NLG919 via glutathione-mediated cleavage

of the disulfide bond. JQ1 is a bromodomain-containing protein 4 inhibitor for abolishing interferon

gamma-triggered expression of programmed death ligand 1. In contrast, NLG919 suppresses indolea-

mine-2,3-dioxygenase 1-mediated tryptophan consumption in the tumor microenvironment, which thus

restores robust antitumor immune responses. Photodynamic therapy (PDT) was performed to elicit
1 50802322.

ijun Yu).

s to this work.

se Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical Sciences.

al Association and Institute of Materia Medica, Chinese Academy of Medical Sciences. Production and hosting

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

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:hjyu@simm.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsb.2021.09.021&domain=pdf
https://doi.org/10.1016/j.apsb.2021.09.021
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.elsevier.com/locate/apsb
http://www.sciencedirect.com
https://doi.org/10.1016/j.apsb.2021.09.021
https://doi.org/10.1016/j.apsb.2021.09.021


2696 Jiayi Ye et al.
antitumor immunogenicity by triggering immunogenic cell death of the tumor cells. The combination of

PDT and the bispecific prodrug nanoparticle might represent a novel strategy for blockading multiple im-

mune evasion pathways and improving cancer immunotherapy.

ª 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. 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, in particular immune checkpoint blockade (ICB)
therapy has revolutionized cancer management in clinic. However,
current immunotherapy suffers from the low response rate due to
occurrence of the intrinsic and adaptive immune resistance1,2.
Many types of the solid tumors display intrinsic immune evasion
due to low immunogenicity of the tumor cells and insufficient
intratumoral infiltration of the cytotoxic T lymphocytes (CTLs)
for tumor regression3. On the other hand, the tumor-infiltrating
CTLs can secret proinflammatory cytokine interferon gamma
(IFN-g) for inducing the adaptive immune resistance by activating
a series of immunosuppressive factors. For instance, IFN-g has
been identified to upregulate the indoleamine-2,3-dioxygenase 1
(IDO-1) and programed death ligand 1 (PD-L1) through the janus
kinase/signal transducer and activator of transcriptions (JAK-
STAT) signaling pathway. IDO-1 can metabolize tryptophan (Trp)
into L-kynurenine (Kyn) for activation of the regulatory T lym-
phocytes (Tregs) and depletion of the tumor-infiltrating CTLs4e8.
In contrast, PD-L1 on the surface of the tumor cell membrane can
trigger CTLs exhaustion by ligation of programmed death receptor
1 (PD-1) expressed on the surface of the T cells9,10. On top of that,
the multiplicity of immune resistance mechanisms and the
complexity of cancer-type-dependent immune evasion pathways
severely limit the response rate of monotherapy and usually
develop immune tolerance to monotherapy11,12. Thus, there is a
tremendous need for improving current immunotherapy by tar-
geting the multiple immune evasion pathways.

In past years, the combination of two monoclonal antibodies or
bispecific antibodies (BiAbs) have been extensively exploited in
clinic trails by blocking two immune targets13e15. In particularly,
the BiAbs have displayed effective antitumor performance due to
their advantage for simultaneously blocking two immune tar-
gets16,17. Despite promising, the BiAbs display several drawbacks,
such as on-target but off-tumor effect as the same with monoclonal
antibodies, high development costs, poor tumor penetration abil-
ity, and incompetence of blocking the intracellular targets.
Therefore, a cost-efficient and tumor-specific drug delivery
approach for blocking the intracellular targets and improving
cancer immunotherapy remains to be optimized.

Recent studies including ours have demonstrated promising
potential of the prodrug strategies for co-delivering multiple
immunotherapy18e25. Up to date, large number of disulfide bond-
linked prodrug dimers have been prepared and studied due to the
redox-sensitivity and self-assembly26e28. To simultaneously
address both the innate and adaptive immune resistance in the solid
tumors, we herein engineered a bispecific prodrug nanoparticle
(NP) by self-assembly of a disulfide bond-linked bispecific prodrug
of NLG919 and JQ1, namely NLG919-SS-JQ1 (NJ), which were
subsequently coated with a tumor extracellular acidity (i.e.,
pH < 6.8)-activatable amphiphilic diblock copolymer PHP for
tumor-specific delivery of the bispecific prodrugs. PHP was cova-
lently modified with a photosensitizer pyropheophorbide-a (PPa)
for photodynamic therapy (PDT) of cancer. Upon tumor accumu-
lation through passive tumor targeting, the polymeric shell PHP
could be detached from the prodrug NPs (PHPNJ) for facilitating
intracellular uptake of the bispecific prodrug NJ, which could be
activated inside the tumor cells via glutathione (GSH)-mediated
cleavage of the disulfide bond (Fig. 1A). Under the guidance of PPa-
mediated fluorescence imaging, PDT can be performedwith 671 nm
laser for inducing reactive oxygen species (ROS) generation and
triggering immunogenic cell death (ICD) of the tumor cells, which
promotes dendritic cells (DCs) maturation and elicits antitumor
immunogenicity29. Furthermore, NLG919 can inactivate IDO-1 for
suppressing Trp consumption in the tumor microenvironment
(TME), which restores T-cell immune responses30,31. Meanwhile,
JQ1 can abolish PD-L1 expression on the surface of the tumor cells
by inhibiting bromodomain-containing protein 4 (BRD4)-involved
transcription of the PD-L1 gene32,33 (Fig. 1B).

2. Materials and methods

2.1. Materials

1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDCI), triethylamine (TEA), 4-dimethylaminopyridine (DMAP),
N,N-diisopropylethylamine (DIEA), N,N-dimethylacetamide
(anhydrous, DMAc), dimethyl sulfoxide (anhydrous, DMSO),
N,N-dimethylformamide (anhydrous, DMF), dichloromethane
(anhydrous, DCM), 2,20-azobis (2-methylpropionitrile) were
purchased from J&K Scientific Ltd. (Shanghai, China). Nile
Red (NiR), 1,10-dioctadecyl-3,3,30,30-tetramethylindocarbocya-
nine perchlorate (DiL) and 1,10-dioctadecyl-3,3,30,30-tetramethyl
indotricarbocyanineiodide (DiR) were all obtained from Life
Technologies (Shanghai, China). NLG919 was purchased
from Selleck Chemghai, China). PPa was purchased from
Dibai Chem Tech Co., Ltd. (Shanghai, China). Triphosgene, 4-
cyano-4-(dodecylsulfanylthiocarbonyl) sulfanylpentanoic acid
(CTA) and bis(2-hydroxyethyl) disulfide were purchased from
TCI (Shanghai, China). Enzyme-linked immunosorbent
assay (ELISA) kits were ordered from Neobioscience
Technology Co., Ltd. (Shenzhen, China). Kyn, Trp and 2,7-
dichlorodihydrofluorescein diacetate (DCFH-DA) were ordered
from Meilun Biotechnology Co., Ltd. (Dalian, China). The
macromolecular chain transfer agent mPEG113-CTA and 2-(hex-
amethyleneimino) ethanol methacrylate (HMA) were synthenzied
by following the similar procedure reported previously34,35.

2.2. Cell lines and animals

4T1 murine breast tumor cells and CT26 murine colorectal tumor
cells were both supplied by the cell bank of Chinese Academy of

http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1 Schematic diagram for bispecific prodrug NPs-based combinatory immunotherapy of cancer by simultaneously overcoming multiple

immune resistance mechanisms. (A) Self-assemble and tumor-specific activation of the bispecific prodrug NPs; (B) Proposed mechanisms of the

prodrug NPs-based combinatory immunotherapy by eliciting immunogenicity and overcoming IDO-1/PD-L1-inducible adaptive immune resis-

tance. Prodrug NPs-based PDT can combat the intrinsic immune resistance by initiating ICD of the tumor cells and recruiting the CTLs for tumor

regression. Meanwhile, JQ1 and NLG919 released from the bispecific prodrug can relieve IFN-g-induced adaptive immune resistance by

impeding the transcription of PD-L1 with JQ1, and inhibiting IDO-1 activity with NLG919, respectively.
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Sciences (Shanghai, China). Both types of cells were maintained
in high-glucose Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% (v/v) of fetal bovine serum (FBS) and 1%
penicillin-streptomycin. Both types of cells were incubated at
37 �C under a humidified atmosphere containing 5% of CO2. All
experiments were performed in the logarithmic phase of the cell
growth.

BALB/c mice (female, 18e20 g, 4-week-old) were purchased
from the Shanghai Experimental Animal Center (Shanghai,
China). All animal procedures were conducted under the guide-
lines approved by the Institutional Animal Care and Use Com-
mittee (IACUC) of Shanghai Institute of Material Medica,
Chinese Academy of Sciences (Shanghai, China).
2.3. Synthesis of the prodrug dimers

The heterogeneous dimer of NJ was synthesized by two-step re-
action. First, triphosgene (207.9 mg, 0.7 mmol) in 10.0 mL DCM
solution was added into 10.0 mL DCM solution of DMAP (389.4
mg, 3.2 mmol) and NLG919 (600.0 mg, 2.1 mmol). After 1.5 h of
reaction under ice bath, the DCM solution of bis(2-hydroxyethyl)
disulfide (492.8 mg, 3.2 mmol) was added, and the reaction was
continued for 24 h. Then, the crude product was purified by
silica gel chromatography to obtain NLG919-SS-OH with a yield
of 86.3%. Second, JQ1-COOH (500.0 mg, 1.3 mmol), EDCI
(382.0 mg, 2.0 mmol) and DMAP (244.0 mg, 2.0 mmol) were
dissolved in DCM and reacted for 1.5 h under ice bath. Then, 10.0
mL DCM solution of NLG919-SS-OH (386.0 mg, 1.0 mmol) was
added dropwise, and the reaction was continued for 24 h at room
temperature. The crude product was purified by silica gel chro-
matography to obtain NJ dimer (yield 70.3%). The homogenous
dimers of NLG919 (NLG919-SS-NLG919, DN) and JQ1 (JQ1-
SS-JQ1, DJ) were synthesized by following the same procedure
described above. The chemical structure and molecular weight of
the dimers were examined by 1H-NMR examination and electro-
spray ionization mass spectrometry (ESI-MS), respectively.
2.4. Synthesis of mPEG113-b-P(HMA50-r-HEMA5) diblock
copolymer (PHMA)

To synthesize diblock copolymer PHMA via the reversible
additionefragmentation chain transfer (RAFT) polymerization
method, mPEG113-CTA (200.0 mg, 0.037 mmol), HMA (553.8 mg,
2.60 mmol), HEMA (48.1 mg, 0.37 mmol) and AIBN (0.6 mg,
0.0037mmol)were dissolved in 1.0mLofDMFand the reactionwas
continued at 70 �C for 24 h under argon protection. The raw product
was purified by dialyzing against deionized (DI) water and lyophi-
lized to obtain PHMAdiblock copolymer. The intracellular acid (i.e.,
pH< 6.2)-responsible diblock copolymer of methoxy poly (ethylene
glycol)113-b-poly (2-diisopropylaminoethyl methacrylate)50
(mPEG113-b-PDMA50, PDMA) was then synthesized by following
the same procedure described above.
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2.5. Synthesis of PPa-conjugated mPEG113-b-P(HMA50-r-
HEMA5) diblock copolymer (PHP)

mPEG113-b-P(HMA50-r-HEMA5) (200.0 mg, 0.012 mmol) dis-
solved in 10.0 mL of DMF was added dropwise into 10.0 mL
DMF solution of PPa (76.9 mg, 0.144 mmol), DMAP (35.1 mg,
0.288 mmol), EDCI (56.7 mg, 0.288 mmol), and DIEA (37.2 mg,
0.288 mmol) under ice bath. The reaction was continued for 24 h
at room temperature, and the crude product was purified by dia-
lyzing against DMSO and DI water and lyophilized to obtain the
target product (yield 81.3%).
2.6. Fabrication and characterization of the prodrug NPs

To prepare the self-assembled prodrug NPs, 0.4 mg of NJ, DJ or
DN were dissolved in 20.0 mL of DMSO and added into 1.0 mL of
DI water under consistent stirring. Free dimers and DMSO were
removed by ultracentrifugation (MWCO Z 100 kDa).

To prepare polymer-coated prodrug NPs, 0.1 mg of PHP in
5.0 mL of DMAc was added into the suspension of above-
mentioned prodrug NPs to obtain the polymer-coated prodrug NPs
with a final concentration of 0.5 mg/mL, which were termed as
PHPNJ, PHPDJ or PHPDN NPs respectively, according to the
prodrug dimer used.

To investigate acidity/reduction-triggered dissociation, intra-
cellular uptake and biodistribution of the prodrug NPs, the PHNJ
NPs (coated with PHMA) were loaded with 20% (w/w) of NiR,
DiL or DiR inside the hydrophobic core of the NPs. The resultant
NPs were termed as PHNJ@NiR, PHNJ@DiL or PHNJ@DiR
according to the fluorescence dye used, respectively.
2.7. Molecular docking

Intermolecular interactions of the prodrug dimers and intermo-
lecular docking energy between JQ1 and NLG919 were predicted
by molecular docking using AutoDock Vina 1.1.2 software. The
docking scores were calculated to predict the affinity of self-
dimerization. The final pose of every docking was selected from
the top-scoring conformations.
2.8. The reduction and acidity sensitivity of the prodrug NPs
in vitro

To verify the reduction and acid-sensitivity of the prodrug NPs,
PHNJ NPs were incubated in four sets of buffer solutions (i.e.,
10 mmol/L of GSH at pH 7.4, 10 mmol/L of GSH at pH 6.5, GSH
free at pH 7.4, and GSH free at pH 6.5) for determined time. The
hydrodynamic diameter, polydispersity index (PDI) of size dis-
tribution, zeta-potential, and morphology of NPs were monitored
by dynamic light scattering (DLS) and transmission electron mi-
croscopy (TEM), respectively.

To investigate acid and reduction-triggered release of JQ1 and
NLG919, the prodrug NPs were incubated with four sets of buffer
solutions as described above and dialyzed against the buffer so-
lution to collect the released monomers. The monomer release rate
was then examined by high-performance liquid chromatography
(HPLC) analysis using xBridge C18 column (5.0 mm,
3 mm � 150 mm) with methanol/water as the elute (v/v Z 9, flow
rate of 0.5 mL/min).
2.9. Cellular uptake and intracellular distribution of the
prodrug NPs in vitro

To investigate the impact of the acid-responsive ability of poly-
mers on the cellular uptake profile of the bispecific prodrug NPs,
4T1 cells were seeded in the 24-well tissue culture plate at a
density of 1.0 � 104 cells/well. Upon 24 h incubation, the cells
were then treated with PHNJ@DiL or NJ@DiL for 1, 2 or 4 h at
an identical DiL concentration of 5.0 mmol/L at pH 6.5 or pH 7.4.
Afterwards, the cells that incubated under unequal conditions for
various times were all stained with 40,6-diamidino-2-phenylindole
(DAPI) for 30 min and examined by confocal laser scanning
microscopy (CLSM) (Leica, Germany) and flow cytometric
measurement (FACS Calibur system, BD Biosciences, Oxford,
UK).

2.10. The cytotoxicity and phototoxicity of the bispecific
prodrug NPs in vitro

The cytotoxicity and phototoxicity of the prodrug NPs were
measured using the CCK-8 assay. For cytotoxicity assay, 4T1 cells
were seeded in the 96-well tissue culture plate at a density of
0.5 � 104 cells/well in 100.0 mL of medium for 12 h. The cells
were incubated with bispecific prodrug NPs at different concen-
trations of NLG919 for 24 h. The cell viability was examined by
CCK-8 assay.

To evaluate the phototoxicity of the NPs, 4T1 cells were
incubated with the prodrug NPs at various PPa concentrations (0,
0.1, 0.2, 0.3 mg/mL) for 12 h and illuminated with a 671 nm laser
(0, 100, 200, 400 mW/cm2) for 2 min. The cells were continually
cultured for 12 h and the cell viability was examined by CCK-8
assay.

2.11. PDT-induced ROS generation with the PHPNJ NPs
in vitro

To monitor PDT-induced intracellular ROS generation in vitro,
4T1 cells were seeded in the 24-well tissue culture plate at a
density of 1.0 � 104 cells/well and incubated overnight. These
cells were then treated with NJ, PHPNJ at pH 7.4, or PHPNJ at
pH 6.5 (at an identical PPa concentration of 0.3 mg/mL). The
cells treated with PHPNJ at pH 7.4, or PHPNJ at pH 6.5 were
pre-stained with DCFH-DA for 30 min and then illuminated with
671 nm laser for 1 min at photodensity of 400 mW/cm2. PDT-
induced ROS generation was then examined by CLSM and
flow cytometric measurement. The cell group incubated with
PHPNJ at pH 7.4 with or without laser irradiation was named as
PHPNJL/pH 7.4 and PHPNJ, respectively. In contrast, the cells
incubated with PHPNJ at pH 6.5 with laser irradiation was
named as PHPNJL/pH 6.5.

2.12. PDT-induced ICD in vitro

PDT-induced ICD effect in vitro was investigated by examining
calreticulin (CRT) expression on the surface of the tumor cells, 4T1
cells were seeded in 24-well tissue culture plate at a density of
5.0 � 104 cells/well. The cells were then treated with different
conditions for 24 h (i.e., PBS,NJ, PHPNJ, PHPNJpH 7.4, PHPNJpH 6.5,
at an identical PPa concentration of 0.3 mg/mL). The cells were
then illuminated with 671 nm laser for 1 min at photodensity of
400mW/cm2 and continually cultured for 4 h. CRTexpression on the
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surface of the tumor cells were then analyzed by flow cytometric and
CLSM measurements, respectively. The cell group incubated with
PHPNJ at pH 7.4 and pH 6.5 with laser irradiation were named as
PHPNJL/pH 7.4 and PHPNJL/pH 6.5, respectively.

2.13. DC maturation in vitro

To stimulate DC maturation by the bispecific prodrug NPs, the
bone marrow-derived monocytes (BMDMs) isolated from 6 to 8
weeks old BALB/c mice were differentiated into CD11cþ bone
marrow-derived dendritic cells (BMDCs) with interleukin-4
(20.0 ng/mL) and mouse recombinant granulocyte-macrophage
colony stimulating factor (20.0 ng/mL). Starting on the fourth
Figure 2 Physicochemical characterization of the bispecific prodrug NP

the NJ, DN, DJ dimers and physical mixture of NLG919 and JQ1; (B) Sche

and (D) surface charge changes of the prodrug NPs as a function of PHP to

and (F) 10 mmol/L GSH solution at pH 6.5 or 7.4; (G, H) The representativ

GSH at pH 6.5 or 7.4 (scale bars Z 500 nm); (I) Schematic diagram of GSH

JQ1 from the NJ dimer; (J) The fluorescence change of NiR-labelled PHNJ

of GSH; (K) NLG919 and (L) JQ1-SH release profiles of PHPNJ NPs.
day of the maturation process, 4T1 cells were seeded in the 24-
well tissue culture plate at a density of 5.0 � 104 cells/well and
were pretreated with five experimental groups (at an identical PPa
concentration of 0.3 mg/mL). The tumor cells were then irradiated
with 671 nm laser (400 mW/cm2) for 1 min and co-cultured with
the pre-mature BMDCs. The frequency of matured BMDCs was
then determined by flow cytometry measurement.

2.14. Western blot assay

To investigate IFN-g-induced acquired immune tolerance and
verify PD-L1 downregulation by the bispecific prodrug NPs,
Western blot (WB) assay was used to examine PD-L1 and IDO-1
s. (A) Docking models, predicted binding affinities and suspensions of

matic diagram for the preparation of the PHPNJ NPs; (C) Particle size,

NJ mass ratio; (E, F) Hydrodynamic size distribution in (E) GSH-free,

e TEM images of the PHPNJ NPs in (G) GSH-free and (H) 10 mmol/L

-triggered reduction of the disulfide bond and release of NLG919 and

@NiR NPs upon 12 h of incubation at pH 7.4 or 6.5 with the addition
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expression in various groups. 4T1 and CT26 cells were seeded in
6-well tissue culture plates at cell density of 1.5 � 105 cells/well
and 3.0 � 105 cells/well, respectively. The cells were then treated
with IFN-g, NLG919, JQ1 or various prodrug NPs (at an identical
JQ1 dose of 500 nmol/L and NLG919 dose of 4.0 mg/mL,
respectively). The cells were then lysed with RIPA lysis buffer
containing 1% protease inhibitor. The target protein expression
was analyzed by WB assay and semi-quantitatively analyzed by
Image J software (NIH, USA).

2.15. Pharmacokinetics profiles of the prodrug NPs in vivo

To investigate the pharmacokinetics of the prodrug NPs, BALB/c
mice were intravenously (i.v.) injected with NJ or PHNJ NPs at an
identical JQ1 dose of 15.0 mg/kg and NLG919 dose of 10.0 mg/kg.
Blood samples were collected at predetermined time points post-
injection (e.g., 5, 20 min, 1, 4, and 12 h) and quickly centrifuged to
get the upper layer of plasma. The serum contents of JQ1 and
NLG919 were then examined by HPLC measurement.

2.16. Biodistribution and tumor penetration of the prodrug NPs
in vivo

To investigate the tissue distribution and tumor penetration pro-
files of the prodrug NPs in vivo, 4T1 breast tumor model was
established by subcutaneously (s.c.) injecting 1.0 � 106 4T1 cells
on the right mammary gland. The 4T1 tumor-bearing BALB/c
mice at tumor volume of 200 mm3 were i.v. injected with
Figure 3 Cellular uptake and tumor penetration properties of the prodrug

and (B) Flow cytometric plots of intracellular uptake of the PHNJ@DiL or N

concentration of 5.0 mmol/L); (C) CLSM examination of tumor penetration

incubation in vitro (scale barZ 50 mm); (D) Quantitative fluorescence inte
PHNJ@DiR or PDNJ@DiR at an identical NLG919 dose of
10.0 mg/kg and JQ1 dose of 15.0 mg/kg, respectively. Near-
infrared fluorescence imaging were then performed in vivo and
ex-vivo at predetermined time points post-injection (e.g., 2, 4, 8,
12, 24 or 48 h) by using an IVIS Imaging System (Spectrum CT,
PerkinElmer, USA).

2.17. Anti-tumor performance of the bispecific prodrug NPs
in vivo

To explore the antitumor activity of the PHPNJ NPs in vivo, the
4T1 murine breast tumor model and CT26 colorectal tumor
model were established by s.c. injecting 4T1 tumor cells on the
right mammary gland and CT26 tumor cells in the right flank of
the BALB/c mice, respectively. The 4T1 and CT26 tumor-
bearing mice were randomly divided into five groups (n Z 5)
when the tumor volume reached w50 mm3. The tumor-bearing
mice were then treated with PBS, PHPNJ, PHPDN, or PHPDJ
at an identical NLG919 dose of 10.0 mg/kg and JQ1 dose of 15.0
mg/kg, respectively. The PHPDN, PHPDJ and PHPNJ groups
were selectively irradiated with 671 nm laser at photodensity of
600 mW/cm2 for 10 min at the time point 12 h post-injection
(termed as PHPDNL, PHPDJL and PHPNJL, respectively). The
final five kinds of treatments (i.e., PBS, PHPNJ, PHPDNL,
PHPDJL and PHPNJL) were repeated for five times at an interval
of three days. The tumor growth curves were monitored and
recorded every other day, and the tumor volume was calculated
by Eq. (1):
NPs in vitro. (A) The representative CLSM images (scale barZ 10 mm),

J@DiLNPs in 4T1 breast tumor cells in vitro (treated at an identical DiL

profile of the prodrug NPs in the 3-D spheroids of 4T1 tumor upon 8 h

nsity profile along the arrow region at depth of 40 mm.
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V Z L � W � W/2 (1)

where L represents the longest dimension, W represents the
shortest dimension.

The mice were pronounced death once the tumor volume
reached 3500 mm3. The tumor and the major organs (i.e., heart,
liver, lung, spleen, and kidneys) were harvested at the end of
antitumor studies and fixed in 4% formalin solution. The tumor
and the major organs were then examined by Hematoxylin-Eosin
(H&E) staining.

2.18. Immune analysis in vivo

To analyze the immune response inducted by the bispecific prodrug
NPs, mice bearing 4T1 tumors of approximately 120 mm3 were
treated with PHPNJ, PHPDN, or PHPDJ at an identical NLG919
dose of 10.0 mg/kg and JQ1 dose of 15.0 mg/kg, respectively. The
tumors in the PHPNJ, PHPDN, and PHPDJ groups were irradiated
with 671 nm laser at 600 mW/cm2 for 10 min at 12 h post-injection.
There were five groups in total, termed as PBS, PHPNJ, PHPDNL,
PHPDJL and PHPNJL, respectively. The treatments were repeated
triplicates at a time interval of three days. All the tumor tissues and
the tumor-draining lymph nodes (LNs) were collected for flow
cytometry and immunohistology examination of the immune cells.
IFN-g secretion in the tumor tissue was examined by ELISA
measurement.
Figure 4 Tumor microenvironment extracellular acidity enhanced tumo

Fluorescence imaging of prodrug NPs PDNJ@DiR or PHNJ@DiR distrib

was i.v. injected at an identical DiR dose of 0.2 mg/kg); (B) Semi-quantitati

fluorescence imagining of nanoparticle distribution in the tumor mass ex-viv

the 4T1 tumor sections ex-vivo at 24 h post-injection, and (E) semi-quant

(scale bar Z 1.0 mm).
2.19. Statistical analysis

Statistical analysis was performed using GraphPad Prism 8.0. All
the data were presented as mean � SD. Unpaired two-tailed t-test
was used to determine the significance of the difference between
two sets of data. The parametric test with Welch’s correction was
used if both populations have unequal SDs. The P values in the
survival curve were obtained by Logrank test. Statistical signifi-
cance was set at *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001.

3. Results and discussion

3.1. Fabrication and characterization of the prodrug NPs

To fabricate the bispecific prodrug NPs, we first synthesized a set
of prodrugs of NLG919 and JQ1 via a disulfide bond spacer (e.g.,
NJ, DN and DJ, Supporting Information Figs. S1‒S3). The
chemical structure and molecular weight of the three prodrug
dimers were validated by 1H-NMR examination and ESI-MS
(Supporting Information Figs. S4‒S9), respectively.

The tumor acidity-ionizable diblock copolymer PHMA was
synthesized via RAFT polymerization procedure as reported
previously34. The composition of the resultant diblock copolymer
was identified as mPEG113-b-P(HMA50-r-HEMA5) by 1H-NMR
r penetration and accumulation of bispecific prodrug NPs in vivo. (A)

ution in 4T1 tumor-bearing mice in vivo (PDNJ@DiR or PHNJ@DiR

ve analysis of fluorescence distribution in the tumor tissue; (C) Ex-vivo

o at 24 h post-injection; (D) CLSM examination of NPs distribution in

itative analysis of fluorescence intensity in the tumor section ex-vivo
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spectra (Supporting Information Figs. S10‒S16). PPa was then
conjugated on the pendant hydroxyl groups of PHMA to obtain
the final copolymer PHP with five PPa molecules on each polymer
chain (Supporting Information Figs. S17 and S18).

To evaluate the self-assemble property of the dimeric prodrugs,
we first calculated the intermolecular docking energy of NJ, DN,
DJ, and the intermolecular docking energy between free JQ1 and
NLG919 (Fig. 2A). All three dimers (NJ, DN and DJ) displayed
much lower docking energy than that of free JQ1 and NLG919,
indicating higher thermal stability of self-assemble dimer NPs
than the randomly mixed JQ1/NLG919. The suspension of the
dimeric NPs kept stable upon 24 h storage, which were all pre-
pared by the two-step dropping method (Fig. 2A and B). In
contrast, the physical mixture of JQ1 þ NLG919 deposited
immediately upon water dilution, verifying good colloidal stabil-
ity of the prodrug NPs due to the disulfide effect36,37.

The formulations of PHP-coated NJ NPs (termed as PHPNJ)
were then optimized by screening the hydrodynamic diameter and
PDI of particle size distribution (Fig. 2C). The PHPNJ NPs pre-
pared at PHP to NJ mass ratio of 0.25:1 showed a hydrodynamic
diameter around 150 nm and the narrowest PDI as determined by
DLS analysis, which was used throughout this study. The resultant
PHPNJ NPs displayed neutral surface charge (w0.6 mV, Fig. 2D),
verifying surface coating of NJ NPs with the polymer shell.
Several other kinds of polymer-coated DN and DJ NPs were also
prepared at the polymer to dimer mass ratio of 0.25:1 (namely
Figure 5 PHPNJ NPs circumvented the intrinsic immune evasion by

amination (scale bar Z 10 mm), and (B) flow cytometric measurement of P

identical PPa concentration of 0.3 mg/mL; (C) CLSM examination o

bar Z 10 mm), and (D) flow cytometry measurement of CRTþ cells by diff

averaged BMDC maturation ratio (gated on CD11cþCD80þCD86þ) stimu

as mean � SD. **P < 0.01; ***P < 0.001; ****P < 0.0001; n.s., not si
PHPDN and PHPDJ) and used as the control NPs (Supporting
Information Table S1).

The self-assembled PHPNJ NPs showed high drug-loading ef-
ficiency (w37.8% (w/w) for JQ1 and w26.7% (w/w) for NLG919,
respectively) for minimizing the use of excipient38. Furthermore,
the polymer-coated PHPNJ NPs exhibited good colloidal stability
upon 10-days storage in FBS solution (10% w/w) (Supporting
Information Fig. S19), which could be attributed to the hydropho-
bic interaction between the PHP shell and the NJ core.

The acid and reduction sensitivity of the PHPNJ NPs were next
examined by TEM and DLS measurements. The PHPNJ NPs were
incubated in PBS solution at pH 6.5 tomimic the extracellular acidity
of the TME. Upon 12 h incubation at pH 6.5, the particle size of the
PHPNJ NPs decreased from 160.2 to 144.5 nm. In contrast, PHPNJ
NPs kept stable at pH 7.4 (Fig. 2E). The decreased particle size in the
acidic buffer solution could be explained by acid-triggered detach-
ment of the PHP shell from the PHPNJ NPs. Of note, the polymer-
coated prodrug NPs swelled dramatically in 10 mmol/L of GSH
solution at pH 7.4 or 6.5 due to GSH-triggered reduction of the NJ
dimer and dissociation of the NJ core (Fig. 2F). TEM examination of
theNPmorphology displayed amorphous aggregates upon acid/GSH
incubation, which further validated GSH-triggered dissociation of
the prodrug NPs (Fig. 2G and H).

GSH-triggered NLG919 and JQ1 release inside the tumor
cells was crucial for inactivating IDO-1 and BRD4 for
combating the adaptive immune resistance of the tumor (Fig.
eliciting immunogenicity of the tumor cells in vitro. (A) CLSM ex-

DT-triggered ROS generation in 4T1 cells post diverse treatments at an

f PDT-induced CRT translocation on surface of 4T1 cells (scale

erent treatments; (E) Representative flow cytometric plots, and (F) the

lated by NPs-treated 4T1 cells in vitro (n Z 3). The data were showed

gnificant.
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2I). To confirm the reduction-triggered drug release from the
prodrug NPs, the polarity-sensitive fluorescence dye NiR was
loaded into PPa-free PHNJ NPs and incubated with different
concentrations of GSH in pH 6.5 and pH 7.4 buffer for 12 h.
Fluorescent imaging showed that the fluorescence of NiR
declined gradually as a function of GSH concentration due to
NiR release from the hydrophobic core into the aqueous solution
(Fig. 2J). The weakest fluorescent signal with 10 mmol/L GSH
also represented that almost NiR dye was sufficiently released
from PHNJ NPs with 10 mmol/L GSH in pH 6.5 or 7.4 buffer.
Under the same GSH concentration, the faster fluorescence
quenching of NiR in pH 6.5 buffer meant faster dissociation of
PHNJ NPs, which benefited from tumor-activatable detachment
of PHMA corona from NJ NPs core (Fig. 2J).

We next investigated the drug release profile of the PHPNJ NPs
by HPLC. As showed in Fig. 2K and L, without the addition of
GSH, NLG919 and JQ1 were marginally released from the PHPNJ
NPs upon 24 h incubation at pH 6.5 or 7.4. In contrast, around half
of NLG919 and JQ1 were released upon 24 h incubation in
10 mmol/L of GSH solution at pH 7.4. Increased drug release was
achieved (i.e., 86.9% of NLG919 and 82.2% of JQ1, respectively)
within 24 h when incubated in 10 mmol/L of GSH solution at pH
6.5 (Fig. 2K, L and Supporting Information Fig. S20). These phe-
nomena suggested the crucial roles of tumor acidity and reduction
microenvironment for activating the prodrug drugs.
Figure 6 PHPNJ NPs circumvented IFN-g-inducible adaptive immune r

the 4T1 cells in vitro, which was abolished by JQ1 and NJ prodrug (the ce

(at an identical JQ1 concentration of 500 nmol/L) for 24 h and continually

analysis of WB assay-determined PD-L1 expression in 4T1 cells by Image

overactivation and NLG919-mediated IDO-1 inactivation in 4T1 cells in vit

expression; (E) Semi-quantitative analysis of WB assay-determined PD-L1

IFN-g-inducible IDO-1 overactivation and NLG919-mediated IDO-1 inac

100 ng/mL and NLG919 concentration of 4.0 mg/mL, respectively); (G) Sc

and IDO-1 upregulation in 4T1 and CT26 cells. The data were showed as

significant.
3.2. Acidity-triggered cellular uptake of the prodrug NPs
in vitro

Given the superior acidity and reduction-sensitivity of the prodrug
NPs, we next investigated their cellular uptake profile in vitro. For
this purpose, DiL-labelled prodrug NPs were prepared by encap-
sulating DiL dye inside the hydrophobic core of the prodrug NPs.
CLSM examination displayed that the prodrug NPs were effi-
ciently internalized with the tumor cells and colocalized with the
lysosome vesicles (Fig. 3A).

Noticeably, in comparison with that of the PHNJ@DiL group
incubated at pH 7.4, flow cytometry examination revealed much
more cellular uptake of the PHNJ@DiL prodrug NPs in the 4T1
cells when incubated at pH 6.5, mimicking the tumor acidic
microenvironment (Fig. 3B). The increased cellular uptake of the
prodrug NPs could be explained by acidity-triggered detachment
of the polymer shell, which has been well identified for restricting
cellular interaction of the NPs39.

Given the increased cellular uptake of the prodrug NPs at acidic
condition, we next sought to investigate their tumor penetration
profile using 3-D tumor spheroids in vitro. CLSM examination
showed that the PHNJ@DiLNPs penetrated muchmore deeply into
the tumor spheroids when incubated at pH 6.5 compared to that
examined at pH 7.4, which could be attributed to extracellular
acidity-triggered cleavage of the PHMA shell (Fig. 3C and D).
esistance in vitro. (A) WB assay of IFN-g-elicited PD-L1 expression in

lls were co-incubated with IFN-g (100 ng/mL) and JQ1 or NJ prodrug

treated with JQ1 or NJ NPs for additional 24 h); (B) Semi-quantitative

J software (n Z 3); (C) HPLC examination of IFN-g-inducible IDO-1
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mean � SD. **P < 0.01; ***P < 0.001; ****P < 0.0001; n.s., not



Figure 7 Anti-tumor performance of the bispecific prodrug NPs in 4T1 breast tumor model. (A) Treatment schedule for prodrug NPs-mediated

combinatory immunotherapy at an identical JQ1 dose of 15.0 mg/kg, and NLG919 dose of 10.0 mg/kg; (B) The averaged tumor growth profiles of

4T1-tumor-bearing mice upon various treatments (n Z 5), and (C) the individual tumor growth curves of the 4T1 tumor-bearing mice (the inserts

showed the representative H&E images of the tumor sections, scale bar Z 60 mm); (D) Survival curves of the 4T1 tumor-bearing mice monitored

for 50 days (nZ 5); (E) The representative H&E images of the lung sections (scale barZ 1 mm), and (F) the number of the pulmonary metastasis

nodules examined at the end of the antitumor studies (n Z 5); (G) DC maturation in the tumor-draining LNs following different treatments and

examined 5th day post-injection (n Z 3); (H) Representative flow cytometric plots of the tumor-infiltrating CD8þ and CD4þ T cell population;
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3.3. Biodistribution and tumor penetration of the prodrug NPs
in vivo

To investigate the pharmacokinetic property of the bispecific prodrug
NPs in vivo, the plain NJ NPs and PHMA-coated PHNJ NPs were
both i.v. injected into the BLAB/c mice, and then the blood con-
centration of the NJ dimer was examined by HPLC measurements
(Supporting Information Fig. S21). PHNJ NPs displayed much
higher bioavailability than that of the NJNPs, suggesting that surface
coating of the NJ NPs with PHMA diblock copolymer significantly
elongated the blood circulation of the NJ prodrug.

To further investigate the effect of the tumor acidity-activatable
PHMA shell for tumor-specific delivery and deep tumor penetration
of the NJ prodrug in vivo, we prepared the PDNJ@DiR NPs
composed of intracellular acidity (pH < 6.2)-responsive PDMA
shell as the control40. The 4T1 tumor-bearing BLAB/c mice were
i.v. injected with the PDNJ@DiR or PHNJ@DiR NPs and then
examined using near-infrared fluorescence imaging in vivo at the
pre-determined time points post-injection. Fig. 4A showed that both
PDNJ@DiR and PHNJ@DiR NPs gradually accumulated at the
tumor site via the enhanced permeability and retention (EPR) effect
in a time-dependent manner. Tumor distribution of the prodrug NPs
reached the peak at 24 h post-injection and declined slightly at 48 h
post-injection, due to blood clearance of the DiR dye from the
tumor (Fig. 4B). Noticeably, the PHNJ@DiR group showed 1.8-
fold higher tumoral fluorescence intensity than PDNJ@DiR con-
trol group, suggesting increased tumor accumulation of the
PHNJ@DiR prodrug NPs as validated by fluorescence imaging of
the tumor tissue ex-vivo (Fig. 4C).

To demonstrate the advantage of the PHMA shell for promoting
tumor-specific delivery of the NJ prodrug, the tumor tissues were
frozen sectioned and examined by CLSM measurement. Fig. 4D
displayed that the PDNJ@DiR NPs were dominantly distributed in
the perivascular areas without noticeable diffusion inside the tumor
tissue. In contrast, the PHNJ@DiR NPs showed highly diffused
pattern and brighter fluorescence signal than that of the PDNJ@DiR
NPs group. Semi-quantitative examination of the intratumoral fluo-
rescence intensity further verified increased tumor distribution and
deep tumor penetration of the PHNJ@DiR NPs (Fig. 4E).

In previous studies, we had developed several sets of tumor-acidic
or enzymatic (e.g., matrix metalloproteinases, MMPs)-responsive
nanoparticles for promoting tumor accumulation and retention41.
Given the tumor acidity-responsive property of the PHMA diblock
copolymer, the highly increased tumor distribution and deep pene-
tration profiles of the PHNJ@DiR NPs could thus be explained by
tumor acidity-triggered deshielding of the polymer shell.

3.4. Prodrug NPs circumventing intrinsic immune resistance
in vitro

Given the superior tumor acidity-responsive property of the prodrug
NPs for achieving efficient cellular uptake and tumor-specific
(I) The tumor mass-normalized tumor-infiltrating CD8þ T cells examined a

infiltrating CD8þ T lymphocytes in the 4T1 tumor sections at 5th day post

tumor-infiltrating IFN-gþCD8þ T cells and (L) ELISA examination of in

expression (scale bar Z 50 mm); (N) Semi-quantitative analysis of IDO

antitumor study; (O) Flow cytometric analysis of the tumor-infiltrating Tr

examined at 5th day post treatment (n Z 3); (Q) IHC examination of PD-L

of PD-L1 expression in the 4T1 tumor sections at the end of the antitumor

***P < 0.001; ****P < 0.0001; n.s., not significant.
distribution, we next investigated their potential for eliciting anti-
tumor immunogenicity to overcome the intrinsic immune resistance.
The prodrug NPs displayed negligalbe influence on the cell viability
at a drug concenrtration up to 10 mmol/L (Supporting Information
Fig. S22). Therefore, a prodrug concentration (at an identical JQ1
concentration less than 10 mmol/L) was selected for the subsequent
cell culture studies in vitro. The photoactivity of the PHPNJ NPs was
then evaluated in 4T1 cells in vitro by using DCFH-DA as a fluo-
rescent probe of ROS. CLSM examination showed that upon 671 nm
laser irradiation at 400 mW/cm2, PHPNJL/pH 7.4 and PHPNJL/pH 6.5

group induced significant ROS generation in the 4T1 tumor cells
in vitro (Fig. 5A). Noticeably, intracellular ROS generation increased
further by 1.7-fold higher than that of the PHPNJL/pH 7.4 group when
incubated at acidic pH of 6.5 (Fig. 5B and Supporting Information
Fig. S23A). This phenomenon could be explained by increased
cellular uptake of the PHPNJ NPs at acidic condition (Fig. 3A). The
PHPNJ NPs displayed noticeable photocytotoxicity in 4T1 tumor
cells as a function of PPa-concentration and photodensity due to
PDT-induced ROS generation in the tumor cells in vitro (Supporting
Information Fig. S24).

CRT is a proapoptotic protein located in the endoplasmic re-
ticulum, which translocates to the surface of the cell membrane
when the tumor cells undergoing ICD42. To evaluate PDT-induced
ICD of the tumor cells in vitro, CRT expression on the surface of
the tumor cells was examined by CLSM measurement and flow
cytometric assay, respectively. CLSM examination showed
negligible CRT expression on the surface of the tumor cells of the
NJL and PHPNJ groups (Fig. 5C). In contrast, tumor cells treated
with PHPNJL/pH 7.4 dramatically elicited CRT translocation to
membrane, and the proportion of the CRTþ cells further increased
by 1.5-fold when incubated at pH 6.5 (Fig. 5D and Fig. S23B),
verifying a positive correlation between laser irradiation-induced
ROS generation and ICD effect.

To demonstrate the potential of the prodrug NPs for inducing
antitumor immune response, we next evaluated whether PHPNJ-
mediated ICD could potentiate DC maturation in vitro. Briefly, the
BMDCs were freshly separated from BALB/c mice and incubated
with the pretreated tumor cells for 24 h. Results showed that the
tumor cells pretreated with PHPNJL/pH 7.4 and PHPNJL/pH 6.5

significantly increased the frequency of matured DCs (Fig. 5E). For
instance, theDCmaturation ratio in the PHPNJL/pH 6.5 groupwas 1.5-
fold higher than that of the PHPNJL/pH 7.4 group, due to increased
PDTefficacy and CRTexposure ratio at pH 6.5 (Fig. 5F). These CRT
expression and DC maturation data consistently validated the po-
tential of the prodrug NPs for inducing immune response and thus
circumventing intrinsic immune resistance.

3.5. Prodrug NPs overcoming adaptive immune resistance
in vitro

We next investigated whether the prodrug NPs could relieve IFN-
g-inducible adaptive immune resistance by suppressing PD-L1
t 5th day post-injection; (J) Immunofluorescence staining of the tumor-

the final treatments (scale bar Z 50 mm); (K) Tumor mass-normalized

tratumoral IFN-g secretion (n Z 3); (M) IHC examination of IDO-1

-1 expression in the tumor sections of 4T1 tumor at the end of the

egs and (P) the ratio of the tumor-infiltrating CD8þ T cells to Tregs

1 expression (scale bar Z 50 mm), and (R) Semi-quantitative analysis

study. The data were showed as mean � SD. *P < 0.05; **P < 0.01;
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expression with JQ1, and inhibiting IDO-1-mediated Trp meta-
bolism with NLG919, respectively. The 4T1 and CT26 tumor cells
were first treated with IFN-g for 24 h, and then incubated with the
NJ NPs for additional 24 h and examined for PD-L1 expression
and IDO-1 activity by WB and HPLC assay, respectively. WB
assay showed that IFN-g dramatically elicited PD-L1 and IDO-1
expression inside the tumor cells in an IFN-g concentration-
dependent manner (Supporting Information Figs. S25 and S26).
Noticeably, IFN-g-inducible PD-L1 expression was almost
completely abolished by NJ NPs (Fig. 6A and B), verifying that
JQ1 was effectively released from the NJ prodrug via GSH-
mediated cleavage of the disulfide bond in the tumor cells.

IDO-1 is crucial for Trp metabolism into Kyn43, we thus evalu-
ated NJ-mediated IDO-1 inactivation by monitoring the change of
Kyn to Trp ratio in the cell lysates (Fig. 6C and Supporting
Information Fig. S27). In comparison with PBS group, IFN-g
significantly increased theKyn to Trp ratio in the 4T1 tumor cells due
to IFN-g-inducible IDO-1 upregulation (Fig. 6C). The Kyn to Trp
ratio was remarkably reduced by treatment with free NLG919 or NJ
NPs, implying that NJ NPs inhibited the Trp metabolism activity of
IDO-1. Noticeably, NJ NPs much more efficiently inhibited Trp
metabolism into Kyn than free NLG919 (Fig. 6C). Along with NJ-
mediated PD-L1 downregulation and IDO-1 inhibition in 4T1
breast tumor cells, the same phenomenon was observed in CT26
colorectal tumor cells (Fig. 6D‒F). All above PD-L1 expression and
Trp metabolism data validated the advantage of the “two-in-one”
bispecific NJ prodrug for simultaneously targeting two immune
evasion pathways (i.e., PD-L1-induced CTLs exhaustion and IDO-1-
mediated Trp consumption, Fig. 6G).

3.6. Antitumor performance and immune assay of the prodrug
NPs in 4T1 tumor model

Given the satisfying blockade of the intrinsic and adaptive im-
mune resistance pathways by the PHPNJ NPs, we next evaluated
their antitumor performance in a 4T1 tumor-bearing BLAB/c
mouse model in vivo (Fig. 7A). For this purpose, two PHP-coated
prodrug NPs containing homogenous dimers of DN or DJ were
used as the controls, which were named as PHPDN and PHPDJ,
respectively. Fig. 7B and C showed that PHPNJ moderately
inhibited tumor growth with tumor relapsed post treatment. In
contrast, in comparison with the PHPDNL and PHPDJL groups,
the combination of PHPNJ with 671 nm laser-performed PDT
(PHPNJL) much more efficiently inhibited 4T1 tumor growth and
even eradicated the tumor xenografts (Fig. 7B and C), which also
remarkably prolonged the survival of the tumor-bearing mice
(Fig. 7D). To investigate the anti-metastasis profile of the prodrug
NPs, the lungs of the 4T1 tumor-bearing mice were collected for
histopathological H&E staining at the end of the antitumor study.
In consistent with the antitumor performance, PHPNJL displayed
the best anti-metastasis profile and longest survival rate among all
the experimental groups (Fig. 7E and F).

To exploit the mechanism underlying the superior antitumor
performance of the PHPNJ NPs integrating bispecific NJ prodrug,
DC maturation in the tumor-draining LNs and tumor-infiltrating T
lymphocytes were examined at the end of the antitumor study. Upon
671 nm laser irradiation, the PHPDNL, PHPDJL and PHPNJL groups
remarkably elicited DC maturation, verifying that PDT by PHP
efficiently elicited immune response by inducing ICD of the tumor
cells in vivo (Fig. 7G and Supporting Information Fig. S28A).

Flow cytometric measurement further revealed that the
PHPNJL significantly promoted intratumoral infiltration of the T
lymphocytes (CD3þ T cells, Fig. S28B). In particularly, treatment
by PHPNJL remarkably promoted intratumoral infiltration of the
CD8þ T cells compared with the PBS group (Fig. 7H and I),
which was further validated by the immunofluorescence staining
of the CD8þ T cells in the tumor section (Fig. 7J).

Along with the increased tumor infiltrating of the CD8þ T
cells, the percentage of effector T lymphocytes (i.e., IFN-gþCD8þ

T cells) significantly increased in the tumor of the PHPNJL group
(Fig. S28C), which was 58.0-fold higher than that of the PBS
group (Fig. 7K). ELISA analysis further confirmed significant
increase of IFN-g secretion in the tumor tissue of the PHPNJL

group (Fig. 7L). All these data collectively validated the activation
of the protective immune response with PHPNJ-mediated
combinatory therapy.

Immunohistochemical (IHC) assay revealed that combinatory
therapy by i.v. injection of nanoparticles and laser irradiation
noticeably elicited IDO-1 expression in the tumor treated by
PHPDNL, PHPDJL and PHPNJL (Fig. 7M and N), suggesting
photoimmunotherapy induced the occurrence of adaptive immune
resistance. Noticeably, the percentage of Tregs of PHPNJL group
declined dramatically from 59.7% to 14.2% compared with the
PBS group (Fig. 7O). Meanwhile, the CD8þ T cells to Tregs ratio
of PHPNJL group increased to 6.5, which was w23.7-fold higher
than that of the PBS group (Fig. 7P).

IHC analysis further demonstrated that PHPDNL upregulated
PD-L1 expression in the tumor sections (Fig. 7Q), and the PD-L1þ

cells ratio was 2.0-fold higher than that of the PBS group due to
PDT-triggered immune response as well as the lack of JQ1
(Fig. 7R). It was worth to noting that PD-L1þ tumor cells of the
PHPNJL group were 8.0-fold lower than that of PHPDNL group
due to the abolishment of PD-L1 expression by JQ1.

3.7. Prodrug NPs-mediated combinatory immunotherapy in the
CT26 tumor model

To demonstrate the genericity of the prodrug NPs for potentiating
cancer immunotherapy, the antitumor performance of the PHPNJL

group was next evaluated in a mouse model of CT26 colorectal
tumors by following the same procedure applied for the 4T1 tumor
model (Fig. 8A). In consistent with the antitumor performance
demonstrated in 4T1 tumor model, PHPNJL also efficiently sup-
pressed CT26 tumor growth (Fig. 8B and C). The survival curves
correlated well with antitumor performance of PHPDNL and
PHPDJL in CT26 and 4T1 tumor models respectively, suggesting
CT26 tumor was more sensitive to IDO-1-blockade therapy than
4T1 tumor (Figs. 7D and 8D). The PHPNJL group displayed the
smallest tumor size and lowest tumor mass among all the exper-
imental groups when examined at the end of the antitumor study,
verifying satisfying anti-tumor effect of the PHPNJ-mediated
combinatory therapy (Fig. 8E and F).

Flow cytometric assay displayed that the PHPNJL group were
of 5.1-fold higher DC maturation ratio than that of the PBS group
in the tumor-draining LNs (Fig. 8G and Supporting Information
Fig. S29A). PHPNJL significantly recruited the tumor-infiltrating
CD3þ T cells (Fig. S29B), increased the percentage of CD8þ T
cells (CD3þCD8þ) to 58.9% (Fig. 8H), with 5.3-fold higher CD8þ

to CD4þ T cells ratio than that of the PBS group (Fig. 8I).
Furthermore, the PHPNJL group showed 41.4-fold higher tumor
mass-normalized tumor-infiltrating CD8þ T cells than that of PBS
group (Fig. 8J). The increased intratumoral infiltration of the
CD8þ T lymphocytes was further validated by immunofluores-
cence staining assay (Fig. 8K).



Figure 8 The antitumor efficacy and antitumor immunity of the bispecific NPs in CT26 tumor-bearing mice by circumventing the intrinsic and

inducible immune resistance pathways. (A) Schematic illustration of therapeutic schedule; (B) The averaged tumor growth curves, and (C) the

individual tumor growth curves of the CT26 tumor-bearing mice following different treatments (nZ 5, the inserts showed the representative H&E

images of the tumor sections, scale bar Z 60 mm); (D) The survival rate of tumor-bearing mice after treatments (n Z 5); (E) The representative

photograph of the tumor tissues, and (F) the averaged tumor mass examined at the end of the antitumor study (nZ 5); (G) DC maturation induced

by various treatments (n Z 3); (H) Flow cytometry plots of the tumor-infiltrating CD8þ and CD4þ T cells; (I) The ratio of the tumor-infiltrating

CD8þ to CD4þ T cells; (J) The tumor mass-normalized number of the tumor-infiltrating CD8þ T cells examined on the 5th day post-treatment;

(K) The representative immunofluorescence images of the tumor-infiltrating CD8þ T cells (scale bar Z 50 mm); (L) The tumor mass-normalized

number of the IFN-gþCD8þ effector T cells examined on the 5th day post-treatment; (M) Flow cytometry plots of the tumor-infiltrating Tregs

examined on the 5th day post-treatment; (N) IHC examination of PD-L1 expression in the tumor (scale bar Z 50 mm), and (O) PD-L1 positive

rate within tumor mass at the end of the antitumor study. The data were showed as mean � SD. *P < 0.05; **P < 0.01; ***P < 0.001;

****P < 0.0001; n.s., not significant.
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Flow cytometry examination also showed a steep increase of
the tumor-infiltrating IFN-gþCD8þ T cells in the PHPNJL groups
(Fig. S29C). For instance, upon PHPNJL treatment, the percentage
of IFN-gþCD8þ T cells increased up to 37.0%, which was 4.7-
fold higher than that of PBS groups (Fig. S29C). Noticeably,
tumor mass-normalized tumor-infiltrating IFN-gþCD8þ T cells in
PHPDNL group was 2.5-fold higher than that of the PHPDJL

group, indicating the better antitumor efficacy of the PHPDNL

group in CT26 tumor (Fig. 8L).
Of note, treatment by PHPDJL decreased the fraction of the

tumor-infiltrating Tregs (CD3þCD4þFoxp3þ) from 49.8% (PBS
group) to 26.9%. In contrast, PHPDNL and PHPNJL reduced the
frequency of Tregs to 19.3% and 13.6%, respectively (Fig. 8M),
verifying that IDO-1-inhibition contributed more than PD-L1
suppression to downregulating Tregs and relieving the immuno-
suppressive TME. Interestingly, IHC examination showed more
pronounced upregulation of IDO-1 expression in the CT26 tumor
than 4T1 tumor (Supporting Information Fig. S30), suggesting
CT26 tumor might be more susceptible for IFN-g-inducible
IDO-1 expression.

Furthermore, PD-L1 expression in the PHPNJL group was 3.2-
fold lower than that of PHPDNL groups, validating the advantage
of NJ prodrug for targeting both IDO-1 and PD-L1-mediated
immune resistance (Fig. 8N and O). The tumor-bearing mice
displayed negligible body weight changes, and the major organs
showed invisible histopathological damage, implying good
biocompatibility of PHPNJ NPs (Supporting Information Figs.
S31 and S32).

Overall, the immune assay in 4T1 and CT26 tumor models
both validated that the combinatory therapy by PHPNJ and PDT
elicited antitumor immune response by activating the tumor-
infiltrating CTLs, depleting the immunosuppressive Tregs and
downregulated PD-L1 expression in the TME. In comparison with
the conventional nanomedicine reported for cancer immuno-
therapy so far, the bispecific NJ prodrug NPs displayed distinct
advantages. First, the prodrug NPs possessed good colloid stability
and long blood circulation in physiological environment and
subsequent excellent tumor accumulation and penetration
enhanced by the tumor-activatable PHP44. Second, the prodrug
NPs displayed consistent pharmacokinetics and release profile of
two small molecule drugs with different targets to promote syn-
ergistic immune modulation and optimize the therapeutic perfor-
mance of the combinatorial immunotherapy45. Furthermore, the
prodrug NPs were of high drug loading efficacy, minimal
excipient-related immunotoxicity, robust preparation procedure
for scale up and clinical translation. Taken together, the bispecific
prodrug nanoplatform simultaneously enhancing immunogenicity
and blocking multiple immune evasion pathways might represent
a promising strategy to defeat vastly dynamic and complex im-
mune resistance for cancer combinatorial regimens involving
immunotherapy.

4. Conclusions

In summary, we herein reported a bispecific prodrug NP for cir-
cumventing multiple immune evasion pathways and improving
cancer immunotherapy. The “three in one” prodrug NPs composed
of the tumor acidity-activatable diblock copolymer PHP for PDT
of tumor, and the bispecific prodrug NJ of JQ1 and NLG919 for
suppressing IFN-g-inducible immune evasion of the tumor cells.
The prodrug PHPNJ NPs displayed increased cellular uptake at
acidic condition, and tumor-specific distribution and deep
penetration via acid-triggered deshielding of the polymer shell.
The prodrug NPs elicited antitumor immune response via PDT-
induced ICD of the tumor cells, and circumvented adaptive im-
mune resistance by inhibiting IFN-g-inducible expression of PD-
L1 and inactivating IDO-1. Combinatory immunotherapy with the
prodrug NPs and PDT remarkably inhibited tumor growth and
elongated animal survival in both 4T1 breast and CT26 colorectal
tumor models. Immune analysis revealed that the prodrug NPs
elicited robust immune response by recruiting tumor-infiltrating
CTLs and depleting Tregs. This study provided a novel insight
for potentiating cancer immunotherapy by addressing multiple
immune evasion pathways.
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