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ABSTRACT: Combination therapy that could better balance
immune activation and suppressive signals holds great
potential in cancer immunotherapy. Herein, we serendipitously
found that the pH-responsive nanovesicles (pRNVs) self-
assembled from block copolymer polyethylene glycol-b-
cationic polypeptide can not only serve as a nanocarrier but
also cause immunogenic cell death (ICD) through preapop-
totic exposure of calreticulin. After coencapsulation of a
photosensitizer, 2-(1-hexyloxyethyl)-2-devinyl pyropheophor-
bide-a (HPPH) and an indoleamine 2,3-dioxygenase inhibitor,
indoximod (IND), pRNVs/HPPH/IND at a single low dose elicited significant antitumor efficacy and abscopal effect
following laser irradiation in a B16F10 melanoma tumor model. Treatment efficacy attributes to three key factors: (i)
singlet oxygen generation by HPPH-mediated photodynamic therapy (PDT); (ii) increased dendritic cell (DC)
recruitment and immune response provocation after ICD induced by pRNVs and PDT; and (iii) tumor microenvironment
modulation by IND via enhancing P-S6K phosphorylation for CD8+ T cell development. This study exploited the
nanocarrier to induce ICD for the host’s immunity activation. The “all-in-one” smart nanovesicles allow the design of
multifunctional materials to strengthen cancer immunotherapy efficacy.
KEYWORDS: combination therapy, nanovesicle mediated immunogenic cell death, photodynamic therapy,
tumor microenvironment modulation, melanoma cancer immunotherapy

Cancer immunotherapy has been an area of extensive
research among the various therapeutic approaches as
it can greatly improve clinical outcomes.1−5 Func-

tional T cells (e.g., CD8+ T cells) are the frontline effectors for
inducing tumor cell death. However, their activity is dependent
on a myriad of activating and suppressive signals in the tumor
microenvironment (TME). Nanotechnology can be used to
reliably activate/reinvigorate T cells for combination strategies
during cancer immunotherapy.6−11 Lately, therapeutic ap-
proaches, such as immunogenic cell death (ICD), photo-
dynamic therapy (PDT), and inhibition of indoleamine 2, 3-
dioxygenase (IDO) activity, have attracted extensive attention
in nanotechnology-based cancer immunotherapy.
During the process of ICD, calreticulin (CRT) is trans-

located to the cell membrane to facilitate dendritic cell (DC)
recruitment, recognition, and antigen presentation and

strengthen the host’s immune response.12−14 It was reported
that certain chemotherapeutic agents (e.g., doxorubicin,
oxaliplatin), photodynamic therapy (PDT), photothermal
therapy (PTT), and radiotherapy (RT) can induce
ICD.15−20 For example, He et al. exploited core−shell
nanoparticles to carry oxaliplatin and the photosensitizer
pyropheophorbide for cancer immunotherapy.20 It was
observed that reactive oxygen species (ROS) generated by
PDT could directly kill tumor cells and that ICD mediated by
oxaliplatin and PDT induced CRT exposure and also led to
tumor regression.
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PDT relies on exogenous light to activate photosensitizer
from the ground state to excited state. Energy is transferred to
ambient oxygen to produce singlet oxygen (1O2) or react with
substrates accompanied by free radical and radical ion (e.g.,
OH•, O2

−) formation, which can cause tumor cell necrosis and
apoptosis.21−24 Given its noninvasiveness and high selectivity,
PDT mediated by nanomedicine is an attractive modality for
cancer treatment.25−30 The inflammation response and ICD
induced by PDT from ROS-based damage at the endoplasmic
reticulum (ER) membrane can recruit dendritic cells (DCs) to
tumor tissues and provide additional immune stimuli.14,22

Recently, extensive work has been reported, where PDT was
exploited to enhance cancer immunotherapy.31−35 For

example, Liu et al. reported cytomembrane (derived from
dendritic cells and cancer cells) coated nanophotosensitizer
nanoplatform36 enabled tumor-specific immunotherapy, with
significant abscopal effect, and ICD induced by PDT in the
4T1 breast cancer model.
Immunosuppressive factors present in the TME are

considered one of the major obstacles for cancer immuno-
therapy.37−41 Recently, IDO inhibitors such as IND and NLG-
919 have received extensive attention as immunomodulatory
agents.42−45 The high expression of IDO following interferon γ
(IFN-γ) stimulation leads to L-tryptophan overconsumption
and kynurenine accumulation in the TME. The depletion of
tryptophan can prohibit mTOR pathway interference with P-

Scheme 1. (a) Construction of pH-Responsive Nanovesicles (pRNVs/HPPH/IND) via Co-assembly of HPPH, IND, and pH-
Responsive Polypeptide.a (b) Single Low-Dose i.v. Injection of pRNVs/HPPH/IND To Promote Host Immunity and Induce
Tumor Cell Deathb

aThe polypeptide was synthesized by ring-opening polymerization of alkynyl NCA monomer, followed by postpolymerization modification via
thiol-yne click reaction. b(I) Internalization of pRNVs/HPPH/IND; (II) swelling and endo/lysosomal escape and of nanovesicles; (III)
nanocarrier pRNVs for ICD effect on cancer cell for DC recruitment and recognition; (IV) PDT mediated by HPPH upon laser irradiation,
resulting in both ICD effect and directly tumor cells death for TAAs secretion, DC recruitment, maturation, migration, and CD8+ T cell activation;
(V) TME modulation by released IND via P-S6K1 up-regulation, Treg inhibition, and CD8

+ T cell promotion. ICD: immunogenic cell death; PDT:
photodynamic therapy; TME: tumor microenvironment.
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S6K phosphorylation, induces regulatory T cells (Tregs), and
inhibits CD8+ T cell activation.46−48 IDO has been a popular
target to remold the TME and to reinvigorate CD8+ T
cells.42,43,49−51 For example, Lu et al. prepared a nanocarrier
for the codelivery of oxaliplatin and an IND lipid conjugation
to pancreatic ductal adenocarcinoma.42 IND was able to
reverse immune suppression by interfering with IDO pathway
and enhance ICD and T lymphocytes infiltration in concert
with oxaliplatin.
Herein, we designed a smart nanovesicle self-assembled from

pH-responsive block copolymer polyethylene glycol-b-cationic
polypeptide (PEG-b-cPPT). The nanovesicle not only serves
as a carrier for therapeutic agents but also intrinsically induces
ICD effect to increase immunotherapy efficacy (Scheme 1).
Further study indicated that the nanovesicles induced ICD at
differential levels across several cancer types. The pH-
responsive nanovesicles (pRNVs) were used to encapsulate a
photosensitizer (HPPH) and an IDO inhibitor IND via
hydrophobic interactions. We hypothesized that the dual-
loaded pRNVs (pRNVs/HPPH/IND) would become pos-
itively charged in endosomes due to the protonation of tertiary
amines in the acidic environment, leading to endosomal escape
of pRNV and subsequent release of HPPH and IND in the
cytoplasm. After laser irradiation, singlet oxygen mediated by
photosensitizer HPPH can directly kill cancer cells by PDT.
On the other hand, we anticipated that our smart nanovesicle
platform pRNVs/HPPH/IND would also evoke host im-
munity. The inflammation response mediated by PDT
facilitates DC recruitment to tumor sites. The ICD effect
induced by both PDT and nanocarrier promotes DC

recognition for CRT exposure, followed by DC maturation,
migration and antigen presentation to T cells for immune
system activation. Moreover, the released IND from pRNVs
can restore mTOR pathway with phosphorylation of P-S6K for
TME modulation, which eventually stimulates CD8+ T cells
(Scheme 1). The multifunctional nanovesicle, which serves as a
smart nanocarrier that directly induces ICD effect in
combination with PDT and tumor microenvironment
modulation, provide the huge potential of nanomaterial design
for cancer immunotherapy.

RESULTS AND DISCUSSION
Synthesis of Copolymer, Preparation, and pH

Responsibility of pRNVs. The biocompatible polypeptide-
based block copolymer was synthesized by ring-opening
polymerization of alkynyl N-carboxyanhydride (NCA) fol-
lowed by postpolymerization modification via a thiol−yne
reaction (Scheme 1a).52,53 The 1H NMR spectra revealed that
the NCA-monomer and polypeptide copolymer were success-
fully synthesized (Figures S1−S3). According to Figure S3, the
molecular weights of the two components in the block
copolymer were 5.0 kDa for the hydrophilic PEG and 10.5 kDa
for the relatively hydrophobic PPT. The ratio between
hydrophilic and hydrophobic segments favors the formation
of nanovesicles.54 As shown in Figure 1a, pRNVs self-
assembled into nanovesicles with a hydrodynamic diameter
of 55 nm (Table S1) and TEM revealed a hollow structure
(Figure 1b). Figure S4 demonstrates that pRNVs undergo
swelling and aggregation in acidic aqueous solution, with
diameter sizes increasing from 70 to 50, 1500, and 8000 nm in

Figure 1. (a) Hydrodynamic size of pRNVs and NVs measured by DLS. (b) TEM (b1) and cryo-TEM images (b2) of pRNVs. (c) In vitro
HPPH and IND release in PBS buffer (pH 7.4) and HAc/NaAc buffer (pH 5.0) over 24 h (n = 3). Cytotoxicity of free drugs (d) and drug
nanoformulations (e) against B16F10 cells after 48 h incubation (n = 4). Data are represented as the mean ± SD (f) IDO expression and
activation of P-S6K in B16F10 cells after different IND formulation treatment simultaneously with 100 ng/mL IFN-γ stimulation. Control
(ctrl) denotes cells just that were only treated with 100 ng/mL IFN-γ. (+) represents that cells were applied with laser irradiation.
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pH 5.0 after 1, 4, and 12 h incubation. At physiological pH and
weak acidic environment, the size change was smaller
indicating better stability.
In Vitro Drug Release from pRNVs/HPPH/IND,

Cytotoxicity, and IDO Activity Test. As shown in Tables
S2 and S3, pRNVs had high drug loading efficiency for both
HPPH and IND. We proceeded to investigate drug release at
different pH values. It was found that approximately 20% drug
released in 24 h in PBS buffer (pH 7.4, 10 mM, 150 mM
NaCl), while ∼60% drug release was observed in acetate buffer
(pH 5.0, 10 mM,150 mM NaCl) (Figure 1c). We determined
cell viability for B16F10 cells after 48 h treatment with
different formulations by thiazolyl blue tetrazolium bromide
(MTT) assays. With laser irradiation, HPPH formulations
caused severe cytotoxicities both in B16F10 cells (Figure 1d,e)
and 4T1 cells (Figure S8). Notably, HPPH nanoformulations
encapsulating both pRNVs/HPPH and pRNVs/HPPH/IND
elicited greater B16F10 other than 4T1 cell death compared
with free HPPH and HPPH/IND, possibly due to the specific
ICD effect of pRNVs in B16F10 cells exacerbating the toxicity.

Formulations with only IND were found to have very low
potency. Cell viability was less than 40% for empty pRNVs in
B16F10 cells and around 65% in 4T1 cells at the highest
concentration after 48 h incubation, partially due to cationic
charge of the carrier and the ICD effect selectively in B16F10
cells as discussed. Interestingly, pRNVs also have slight
adjuvant function, which can promote DC maturation and
antigen cross-presentation (Figure S5). Figure S6 showed that
more IDO expression was observed with increasing IFN-γ
concentrations in B16F10 cells. At the same IFN-γ
concentration, addition of IND did not affect IDO expression
(Figure 1f and Figure S7). On the other hand, the
phosphorylation of S6K was observed in B16F10 and 4T1
cells only after IND treatment. This observation lends support
that our strategy can potentially be used to reinvigorate CD8+

T cells (Figure 1f and Figures S7 and S8c).
Cellular Internalization and Endo/Lysosomal Escape

of pRNVs/HPPH for B16F10 Cells. Encouraged by the in
vitro cytotoxicity of pRNVs/HPPH/IND, we further inves-
tigated their propensity for internalization and endo/lysosomal

Figure 2. Cellular uptake of different drug formulations in B16F10 cells after 4 h (a) and 24 h (b) incubation measured by flow cytometry.
(c) Cellular uptake of free HPPH, and pRNVs/HPPH after 4 h incubation imaged by confocal laser scanning microscope (CLSM). Cell
nuclei were stained with DAPI (blue). (d) Endo/lysosomal escape of pRNVs/HPPH at 0.5, 1, and 2 h in B16F10 cells. Cell nuclei were
stained with Hoechst (blue); Endosome was stained with Lysotracker Green (green); red fluorescence was from HPPH. (e, f) ROS
generation of B16F10 cells after incubation with different treatment formulations by CLSM imaging and flow cytometry. Cell nuclei were
stained with DAPI (blue); DCFH-DA was used as a fluorescence probe to detect ROS generation. Scale bars: 20 μm. Symbol (−) and (+)
denote without and with laser irradiation at 671 nm (100 mW/cm2, 1 min).
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escape. Comparable red fluorescence (HPPH) intensity was
observed in B16F10 cells for free HPPH and different HPPH
loaded nanoformulations after 4 h treatment (Figure 2a,c and
Figure S9), and fluorescent images revealed internalization of
the constructs (Figure 2c and Figure S10). When the
incubation time was increased to 24 h, intracellular HPPH
fluorescence for B16F10 cells was similar to 4 h treatment for
all groups, suggesting that the uptake and internalization
occurred mainly within the initial 4 h (Figure 2b and Figure
S9). Due to the size differences between NVs and pRNVs, we
then explored the cellular uptake mechanism of the two
nanoparticles. According to Figure S11, cellular internalization
of both NVs and pRNVs is energy dependent and is actively
endocytosed via clathrin- and caveolin-mediated pathways. We
then investigated whether pRNVs could effectively escape from
endosomes using pRNVs/HPPH as an example. According to
Figure 2d and Figure S13, even as early as 0.5 h, pRNVs were
partially uptaken by B16F10 cells. Weak red fluorescence
(HPPH) was observed with limited colocalization with endo/
lysosome. At 1 h, more colocalization (yellow color) appeared,
indicating that pRNVs were trapped in the endo/lysosome
compartment. Finally, pRNVs escaped from endo/lysosomes
with separation and reemergence of the red HPPH and
lysotracker green signals at 2 h, suggesting possible drug

delivery to cytoplasm. As a matter of fact, Cy5-labeled pRNVs
eventually localized in endoplasmic reticulum after fast escape
from endo/lysosome (Figure S12).

ROS Generation of HPPH Formulations for PDT in
B16F10 Cells. PDT contributes to tumor cell death by
generating singlet oxygen for direct tumoricidal effects and by
inducing ICD with immune response activation. According to
Figure 2e and Figure S14, HPPH formulations generated
reactive oxygen species (ROS) in B16F10 cells after laser
irradiation (671 nm, 100 mW/cm2, 1 min), as represented by
the strong DCF fluorescence signal. Neither the pRNVs nor
IND alone could generate detectable levels of ROS at the same
conditions. Without laser irradiation, weak DCF fluorescence
was detected for HPPH formulations probably because of dark
toxicity (Figure 2e and Figure S14). HPPH-mediated ROS
generation was also confirmed by flow cytometry. According to
Figure 2f and Figure S15, B16F10 cells treated with HPPH
formulations had higher ROS level for strong DCF
fluorescence observed after laser irradiation (671 nm, 100
mW/cm2, 1 min) compared to PBS control

ICD Effect of pRNVs Alone in Different Cells and
Possible Mechanism Investigation. ICD plays a pivotal
role in killing tumor cells and eliciting the host immune
system. In B16F10 cells, we observed CRT expression

Figure 3. (a, b) ICD effect of NVs and pRNVs on B16F10, MC38, and 4T1 cells after 24 and 48 h incubation, respectively. (c) Cellular
uptake of NVs/HPPH and pRNVs/HPPH in B16F10, MC38, and 4T1 cells.
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following treatment with pRNVs alone that increased at longer
incubation time from 1.6- (24 h) to 2.4-fold (48 h), even 15.8-
fold increment for partially treated cells at 48 h (Figure 3a,b
and Figure S16a,b). However, this effect was cell line
dependent, as pRNVs induced minimal (1.5-fold at 48 h) to
no expression of CRT in MC38 cells and 4T1 cells (Figure
3a,b and Figure S16a,b). Nanovesicles (NVs) self-assembled
from nonresponsive block copolymers PEG-b-PPT did not

induce ICD in B16F10, MC38, and 4T1 cells. Even though
cellular uptake of NVs/HPPH was slightly less than pRNVs/
HPPH at 4 h, fluorescence intensity was similar to the latter at
24 h in all three cell lines (Figure 3c and Figure S16c). The
data indicated that B16F10 cells may be more sensitive to the
pH-responsive tertiary amine or thiol ether groups for ICD by
CRT exposure. This is an interesting finding which broadens

Figure 4. ICD effect of drug loaded nanovesicles on B16F10 cells after 24 h incubation by CLSM (a) and flow cytometry (b)
characterization. Cell nuclei were stained with DAPI (blue); CRT was stained with Alexa-488 (green). Scale bar: 40 μm. (c) Apoptosis in
B16F10 cells induced by different formulation via flow cytometry. Symbol (+) denotes laser irradiation at 671 nm (100 mW/cm2, 1 min).
Annex V-FITC staining was used for early apoptosis and propidium iodine staining for late apoptosis.
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the material function as both nanocarrier and therapeutic agent
to directly activate host’s immune response.
We then investigated the possible mechanism for the specific

ICD of pRNVs in B16F10 cells. ICD effect via CRT exposure
can be translocation of CRT from endoplasmic reticulum (ER)
or nuclei to cell membrane.14 We hypothesize that pRNVs can
specifically target ER in B16F10 cells causing CRT exposure.
We also hypothesize that CRT levels are different in different
types of cancer cells. We thus investigated the subcellular
distribution of pRNVs. From Figure S12, Cy5-labeled pRNVs
(Cy5-pRNVs) mainly localized in ER of B16F10 cells after
internalization, with a negligible amount trapped in endo/
lysosome or mitochondria. On the other hand, Cy5-labeled
NVs (Cy5-NVs) distributed in both ER and endo/lysosome.
According to Figure S17a, pRNVs can target to ER in B16F10,
MC38, and 4T1. Results from Figure S17b revealed that CRT
level in B16F10 cells is much higher than that in the other two
cell types. Therefore, B16F10 cells are more sensitive to
pRNVs for ICD effect.

ICD Effect of pRNVs/HPPH/IND Mediated Both by
pRNVs and PDT in B16F10 Cells. We then investigated the
ICD effect of pRNVs/HPPH/IND in B16F10 cells mediated
by both pRNVs and PDT via CLSM and flow cytometry. As
shown in Figure 4a, significant green Alexa-488 CRT
fluorescence was observed for CRT exposure in B16F10 cells
after different HPPH formulations treatment with laser
irradiation. pRNVs alone and pRNVs/IND also induced ICD
as Alexa-488 CRT was observed. IND alone did not elicit any
ICD effect on B16F10 cells. According to Figure S18 without
laser irradiation, HPPH formulations also displayed weak ICD
effect as demonstrated by the green fluorescence observed,
which is once again attributed to dark toxicity. Flow cytometry
results in Figure 4b also confirmed the similar phenomena that
HPPH formulation with laser irradiation and pRNVs alone
could induce ICD based on the intensity shift in the
fluorescence spectra.

Cell Apoptosis Investigation. To better understand the
relationship between cell death and PDT/ICD, we assessed

Figure 5. (a1, a2) Pharmacokinetics of HPPH and IND formulations in C57BL/6 mice at different time points. (b) NIR fluorescence imaging
of HPPH and pRNVs/HPPH after i.v. injection in MC38-tumor bearing C57BL/6 mice. (c1, c2) IND and HPPH biodistribution at 8 h after
intravenous injection in B16F10-tumor bearing C57BL/6 mice. (d) Blood IL-6 and TNF-α levels in B16F10 tumor-bearing C57BL/6 mice
after each drug formulation treatment. Mice with HPPH formulation injection received laser irradiation at 671 nm (200 mW/cm2, 10 min).
Data are represented as the mean ± SD (n = 3/group).
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cell apoptosis after treatment. According to Figure 4c, pRNVs
induced preapoptosis with little apoptosis (13.2%) observed in
B16F10 cells, which probably caused ICD by preapoptotic
exposure of CRT. IND scarcely caused cell death (11.6%).
With laser irradiation, free HPPH (39.4%) and HPPH/IND
(36.4%) caused early apoptosis. Both early apoptosis and late

apoptosis were observed in B16F10 cells treated by pRNVs/
HPPH (20.6%, 33.6%) and pRNVs/HPPH/IND (10.1%,
45.6%) after laser treatment (671 nm, 100 mW/cm2, 1 min).
The addition of IND caused the B16F10 cells to undergo more
late stage apoptosis for pRNVs/HPPH/IND (45.6%)
compared to pRNVs/HPPH (33.6%).

Figure 6. Antitumor efficacy of pRNVs, IND, pRNVs/IND, pRNVs/HPPH, and pRNVs/HPPH/IND on C57BL/6 mice bearing B16F10
tumor for primary (a) and distant tumors (b) within 17 d post-tumor inoculation (n = 5). (c, d) Primary and distant tumors weight after
treatment by different formulations at 17 d. (Statistical analysis: one-way ANOVA with Tukey’s multiple comparisons. *p < 0.05, **p <
0.01). (e) Hematoxylin and eosin (H & E) staining for primary and distant tumor section. (f) CD8+ T cells distribution in primary and
distant tumor tissues for mice treated by pRNVs/HPPH/IND (+) by CLSM characterization. PBS group acted as a control. White arrows
showed the location of CD8+ T cells. (g) CD8+ and CD4+ T cell infiltration and (h) ratio of CD8+ and CD4+ T cells in both primary and
distant tumors for mice after different formulation treatment. Symbol (+) means pRNVs/HPPH and pRNVs/HPPH/IND treated mice
acquired laser irradiation (671 nm, 200 mW/cm2, 10 min) after 24 h injection. Scale bar 40 μm. Data are presented as the mean ± SD.
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Pharmacokinetic Profile, NIR Fluorescence Imaging,
Drug Biodistribution, and Cytokine Secretion Inves-
tigation. Prolonged blood circulation is important for EPR
effect and tumor accumulation of drug nanoformulations.
According to Figure 5a1,a2, both HPPH (t1/2α, pNRV/HPPH
(3.02 h), pNRV/HPPH/IND (2.52 h)) and IND (t1/2α,
pNRV/IND (2.67 h), pNRV/HPPH/IND (3.12 h)) nano-
formulations displayed much longer retention in the blood
over free HPPH (t1/2α, HPPH (0.23 h) and IND (0.19 h).
Then we studied whether the nanosystem could have good
tumor accumulation by using the MC38 tumor model and
pNRV/HPPH nanoformula as an example. As shown in Figure
5b, pNRV/HPPH revealed apparent tumor accumulation at 8
h post injection and even higher fluorescence intensity at 24 h.
As to free drug treated mice, little to no tumor accumulation
was observed. The ex vivo results also confirmed the
observation. From drug biodistribution results in Figure 5c,
nanoformulas treated mice also indicated higher tumor uptake
than free drugs. Both the weak adjuvant function of pRNVs
and released danger signals from ICD/PDT could promote
DC maturation and pro-inflammation secretion. Then we
tested the IL-6 and TNF-α levels in blood for mice treated
with different formulas. As shown in Figure 5d, cytokine (e.g.,
IL-6, TNF-α) concentrations were the highest for mice that
underwent pNRV/HPPH/IND treatment with laser irradi-
ation at 24 and 48 h post injection.
Significant in Vivo Antitumor Efficacy and Abscopal

Effect of pRNVs/HPPH/IND. To assess the antitumor efficacy
of pRNVs/HPPH/IND, C57BL/6 female mice (6−8 weeks,
18−20 g) were subcutaneously inoculated 5 × 105 B16F10
cells at right flank (primary tumor) and 1 × 105 cells at left side
(distant tumor) per mouse. At 5 d post tumor inoculation
when primary tumor size reached 100 mm3, mice were
randomly divided into six groups (n = 5) and treated by PBS,
pRNVs, IND, pRNVs/IND, pRNVs/HPPH, and pRNVs/
HPPH/IND via intravenous (i.v.) injection (pRNVs: 5 mg/kg,
HPPH: 0.15 mg/kg, IND: 0.5 mg/kg). After 24 h injection,
mice treated with pRNVs/HPPH and pRNVs/HPPH/IND
received laser irradiation (671 nm, 200 mW/cm2, 10 min).
Due to the ICD effect, single pRNVs indicated weak primary

and distant tumor inhibition efficacy from Figure 6a,b. In
combination with IND, pRNVs/IND showed similar primary
antitumor efficacy with pRNVs (Figure 6a,b). However,
pRNVs/IND could better suppress distant tumor growth
than pRNVs alone, possibly because the smaller distant tumor
was more sensitive to tumor microenvironment modulation
than the primary tumor. Moreover, pRNVs/HPPH could
significantly inhibit both primary and distant tumor growth
within 17 d post tumor inoculation (Figure 6a,b). Never-
theless, due to the immunosuppressive factor (e.g., IDO),
more Tregs were present, which in turn weakened CD8+ T cell
activation. Tumors for mice treated with pRNVs/HPPH
displayed distinct rebound from 13 to 17 d after tumor
inoculation for the above reason. In addition, when combined
with low dose IND, pRNVs/HPPH/IND significantly reduced
tumor growth and alleviated immunosuppressive effects by
reinvigorating CD8+ T cells (Figure 6a,b). Meantime, free IND
hardly suppressed tumor growth and was similar to the PBS
group. According to Figure S10, negligible body weight
changes were observed indicating the good biocompatibility
of the nanoplatform. Images demonstrated noticeable tumor
shrinkage for mice after pRNVs/HPPH/IND treatment
(Figure S11), along with having the lowest gross tumor

weights for primary and distant tumor compared with the
other groups (Figure 6c,d). Apparent tumor cells death for
mice treated with pRNVs/HPPH/IND were observed from H
& E staining (Figure 6e). Tumors for mice treated by pRNVs,
pRNVs/IND and pRNVs/HPPH also revealed cell death
(Figure S12). No normal organ damage was observed in the
treated mice, demonstrating good safety profile of the
nanoplatform (Figure S13).

Tumor-Infiltrating Lymphocyte Distribution. We then
investigated whether tumor shrinkage was correlated with
CD8+ T cells infiltration. Due to the ICD effect of pRNVs
alone, pRNVs and pRNVs/IND could also provoke immune
response and facilitate CD8+ T cells permeation (Red
fluorescence) (Figure S14). pRNVs/HPPH with laser
irradiation (671 nm, 200 mW/cm2, 10 min) promoted more
CD8+ T cells (Red fluorescence) distribution in tumor tissues
(Figure S14). With IND addition, pRNVs/HPPH/IND with
laser irradiation (671 nm, 200 mW/cm2, 10 min) significantly
led to higher CD8+ T cells activation (Figure 5f and Figure
S14). According to the flow cytometry results (Figure 6g),
pRNVs/HPPH/IND treatment with laser irradiation (671 nm,
200 mW/cm2, 10 min) caused the most CD8+ T cell
infiltration in both primary and distant tumor tissues compared
with other groups. In addition, pRNVs/HPPH/IND with laser
irradiation also caused higher ratio of CD8+ T cells and CD4+

T cells in tumors compared with just pRNVs/HPPH treatment
indicating that IND addition could reverse tumor micro-
environment and reinvigorate CD8+ T cells.

CONCLUSIONS
In summary, we constructed a smart nanovesicle platform
(pRNVs/HPPH/IND) for effective B16F10 cancer immuno-
therapy. pRNVs not only acted as a nanocarrier encapsulating
both HPPH and IND but also had ICD effect especially on
B16F10 cells. The relatively fast internalization and endo/
lysosomal escape of pRNVs/HPPH as well as efficient drug
delivery allowed us to induce severe cytotoxicity due to ROS
generation with laser irradiation and ICD effect. With laser
irradiation, pRNVs/HPPH/IND caused significant cell apop-
tosis (55.7%) in B16F10 cells. Due to the ICD from both
pRNVs and HPPH, PDT mediated by HPPH, and TME
modulation via IND for activation of P-S6K, pRNVs/HPPH/
IND significantly inhibited both primary and distant B16F10
tumors. Notably, there was an increase in CD8+ T cell
infiltration at both tumor sites. The smart nanovesicles
platform highlights the importance of rational design of
nanomaterials to achieve potent cancer immunotherapy.

METHODS
Synthesis of PEG-b-PPT. The PEG-b-PPT was synthesized using

ring-opening polymerization of the alkynyl NCA monomer. Briefly,
mPEG-NH2 (5 kDa, 250 mg, 1 equiv) and alkynyl NCA monomer
(264 mg, 25 equiv) was mixed in 10 mL of anhydrous DMF at room
temperature. The flask was under continuous nitrogen flow to
facilitate polymerization. 1H NMR was used to monitor the
polymerization and more than 99% monomer was consumed in 20
h. The polymer was purified by three times precipitation from DMF
into diethyl ether to afford a pale yellow powder after drying in
vacuum (348 mg, yield: 68%)

Synthesis of PEG-b-cPPT. Cationic polymer PEG-b-cPPT was
obtained by postpolymerization modification of block copolymer
PEG113-b-PPT25 with 2-diethylaminoethanethiol hydrochloride via
thiol−yne click reactions. Briefly, PEG113-b-PPT25 (119 mg, 1 eq),
DMPA (63 mg, 12.5 equiv), and 2-diethylaminoethanethiol hydro-
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chloride (840 mg, 375 equiv) were added into 20 mL of anhydrous
DMF in a 100 mL flask. The reaction mixture was then bubbled with
nitrogen for 10 min and placed under UV light with a wavelength of
365 nm for 2 h. The mixture was transferred into a presoaked dialysis
membrane tubing (MWCO 6−8 kDa), dialyzed against nanopure
water for another 2 days, and lyophilized to obtain the final product
(153 mg, yield: 66%)
Preparation of pH-Responsive Nanovesicles (pRNVs) and

Drug Loading To form pRNVs/HPPH/IND. pRNVs were acquired
via solvent exchange method. In brief, copolymer PEG-b-cPPT
solution in methanol (10 mg/mL, 50 μL) was added dropwise to 950
μL phosphate buffer saline (PBS, 10 mM, pH 7.4, 150 mM NaCl).
The mixture was allowed to stand for 20 min before agitation by
rotation. After volatilization in a drought cupboard and dialysis
(MWCO, 3500) in PBS (10 mM, pH 7.4, 150 mM NaCl) to remove
methanol, the pRNVs were prepared. The size, size distribution, and
zeta potential were measured by DLS. Nanovesicles (NVs) self-
assembled from the other control copolymer (PEG-b-PPT) were
obtained by the similar methods. HPPH and IND loaded pRNVs
(pRNVs/HPPH/IND) were prepared according to listed methods
above. In short, HPPH (5 mg/mL, 1.5 μL) solution in DMSO and
IND (0.1 mg/mL, 0.25 mL) in methanol was mixed with PEG-b-
cPPT copolymer solution (10 mg/mL, 50 μL) in methanol. The
mixtures were slowly added to 950 μL of PBS (10 mM, pH 7.4, 150
mM NaCl) buffer from the bottom. The mixture was allowed to stand
for 20 min before agitation by rotation. After volatilization in drought
cupboard and dialysis in PBS buffer, pRNVs/HPPH/IND was
obtained.
Cytotoxicity of pRNVs/HPPH/IND in B16F10 Cells. The

cytotoxicity of pRNVs/HPPH/IND in B16F10 cells was characterized
by MTT assays. In brief, 5.0 × 103 cells were seeded in 96-well plates
supplemented with Dulbecco’s modified eagle media (DMEM)
containing 10% fetal bovine serum (FBS), 1% penicillin, and
streptomycin (37 °C, 5% CO2). After 24 h, free HPPH, IND,
HPPH/IND, pRNVs, pRNVs/HPPH, pRNVs/IND, and pRNVs/
HPPH/IND were separately added (n = 8). After 24 h incubation, all
of the media were aspirated and replenished with fresh media. Half
cells (n = 4) treated by different formulations got laser irradiation at
671 nm (100 mW/cm2, 1 min). After another 24 h, 10 μL of MTT (5
mg/mL) was added for 4 h incubation, and all of the media and MTT
were aspirated, replaced by 150 μL DMSO. After mixing several
minutes, the absorbance was acquired by a BioTek Synergy H4 hybrid
reader at 570 nm.
IDO Activity Test by Western Blot. IDO activity in B16F10 cells

was tested by Western blot. We first tested the IDO expression in
B16F10 cells after different IFN-γ stimulation. Briefly, 1.0 × 106 cells
per well were seeded in 6-well plates supplemented with DMEM
media with 10% FBS, 1% penicillin, and streptomycin. After 24 h,
IFN-γ (concentration from low to high: 0, 50, 100, 200 ng/mL) was
added to each well for another 24 h incubation. Then the IDO
expression was tested by Western blot. At first, cells in each well were
lysed with 100 μL of RIPA buffer containing 10% cocktail inhibitor
for 30 min on ice. After centrifugation for 15 min (4 °C, 12000 rpm),
protein in supernatant was isolated. Protein concentration in cells
treated by each sample was quantified by a BCA kit. Equal protein
mass was added to each well in NuPAGE 10% Bis-tris-gel with
running buffer covered for 90 min. After electrophoresis, proteins
were transferred from gel to membrane in transfer buffer for another
80 min. After initial blocking in 3% BSA for 1 h, membrane was
stained by primary antibody (overnight at 4 °C). After three washes
with PBST, the membrane was stained by secondary antibody for 1 h
at rt. After washing three timeswith PBST buffer, chemiluminescent
substrate was added to the membrane, which was exposed in
Amersham Imager 600 to obtain the images.
We then investigated whether IND formulations could inhibit IDO

expression or up-regulation P-S6K1. In brief, 1.0 × 106 cells per well
were seeded in 6-well plates and different IND formulations (IND
concentration: 25 μg/mL) with 100 ng/mL IFN-γ were added to each
well for 24 h culture. After another 24 h incubation, IDO expression
and P-S6K1 were tested by Western blot.

ICD Induced by Nanocarrier pRNVs in Different Cancer
Cells. We detected whether NVs and pRNVs had an ICD effect on
B16F10, MC38, and 4T1 cells via CRT exposure by flow cytometry.
In brief, 5.0 × 105 B16F10, MC38 cells with DMEM media
containing 10% FBS, 1% penicillin, and streptomycin and 4T1 cells
with RPMI-1640 media containing 10% FBS, 1% penicillin, and
streptomycin were separately seeded in 6-well plates. After 24 h, NVs
and pRNVs (n = 2) were added to each well for another 24 h. One
well in each group received laser irradiation at 671 nm (100 mW/cm2,
1 min). After 4 h, cells were digested by trypsin, centrifuged, and
washed by PBS. Then cells were stained with Alexa Flour 647-CRT
for 40 min at rt, washed by PBS (× 3), suspended in 0.5 mL of PBS,
and tested by flow cytometry.

ICD Effect of pRNVs/HPPH/IND on B16F10 Cells. We mainly
tested the CRT exposure of B16F10 cells to determine the ICD effect
after cells treated by different formulations via CLSM. In short, 2.0 ×
104 B16F10 cells were seeded in 8-well plate incubation for 24 h.
Then pRNVs, free HPPH, free IND, free HPPH/IND, pRNVs/
HPPH, pRNVs/IND, and pRNVs/HPPH/IND (n = 2) were added
separately. After 24 h, one well of each group was irradiated with 671
nm (100 mW/cm2, 1 min). After another 4 h incubation, the media
were aspirated and cells were washed by PBS, fixed with Z-fix solution,
stained with Anti Alexa Fluor 488-CRT, covered with mounting
media with DAPI, and sealed with nail polish. The images were
acquired by CLSM.

Cell Apoptosis Induced by pRNVs/HPPH/IND. Cell apoptosis
mediated by pRNVs/HPPH/IND was characterized with an Annex
V/PI kit. In short, 5.0 × 105 B16F10 cells with DMEM media
containing 10% FBS, 1% penicillin, and streptomycin were seeded in
6-well plates. pRNVs, free HPPH, free IND, free HPPH/IND,
pRNVs/HPPH, pRNVs/IND, and pRNVs/HPPH/IND were added
to each well for 24 h. After another 24 h incubation, cells treated by
HPPH formulations received laser irradiation at 671 nm (100 mW/
cm2, 1 min). After another 4 h incubation, cell supernatant was
collected and cells were digested, centrifuged, and washed by PBS.
After that, cells were stained with Annex V/PI according to the
manufacturer’s protocol. Following centrifugation and washing by
PBS, cells were finally suspended in binding buffer and tested by flow
cytometry.
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