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Combining chemotherapy and immunotherapy has been considered as an attractive approach to improve

cancer therapy. Here we prepared folated PVA-based nanogels for the simultaneous delivery of docetaxel

(DTX) and the indoleamine 2,3-dioxygenase 1 (IDO1) inhibitor NLG919 (N9) for enhancing cancer chemo-

immunotherapy. FDA-approved poly(vinyl alcohol) (PVA) with good biocompatibility was modified with

vinyl ether acrylate (VEA) groups for UV-crosslinking and acidic degradation. Carboxyl groups were intro-

duced via modification with succinic anhydride for improved drug loading and folic acid (FA) ligands were

incorporated for tumor targeting. UV-crosslinked folated PVA nanogels were efficiently taken up by tumor

cells followed by endo/lysosomal pH-triggered intracellular drug release, which induced significant cyto-

toxicity towards 4T1 breast cancer cells in vitro. DTX and N9 co-loaded PVA nanogels exhibited a much

higher antitumor efficiency in 4T1 mouse breast cancer models in vivo as compared to the free drug con-

trols. The drug-laden nanogels not only directly killed the tumor cells by DTX, but also induced immuno-

genic cell death (ICD) promoting intratumoral accumulation of cytotoxic T lymphocytes, and further

combining with N9 elevated the intratumoral infiltration of CD8+ T cells and NK cells and inhibited the

infiltration of MDSCs, downregulating IDO1-mediated immunosuppression.

1. Introduction

Cancer chemotherapy, relying on cytostatic and/or cytotoxic
effects, serves as a preferred clinical treatment for various
types of cancers. Unfortunately, cancer treatment solely by
chemotherapy is often insufficient to cure patients and always
induces serious side effects due to nonspecific tumor target-
ing.1 Tumor relapse commonly follows due to low drug pene-
tration and undesirable tumor micro-metastases.2,3 It is
expected that a combination of cancer chemotherapy and
immunotherapy would improve the patients’ outcome, not
only to deplete tumor cells, but also to prevent tumor relapse.4

It is evident that apoptosis and necrosis of tumor cells caused
by chemotherapy are also able to stimulate the host immune
system, in which immunogenic cell death (ICD) and neo-
antigen release from the cell debris contribute to the overall
antitumor effects based on the characteristics of the specific
anticancer immune responses.5–7 The expression of calreticu-
lin (CRT) on the surface of dead tumor cells introduced by ICD
provides a “kill me” signal for antigen presenting cells (APC)
and promotes the intratumoral infiltration of cytotoxic T lym-
phocytes (CTLs).8 However, the activity of chemotherapy-
induced immune responses is restricted by various negative
feedback mechanisms such as immune checkpoints upregu-
lated in the tumor immune environment.9,10

Interferon-γ (IFN-γ) secreted from CTLs up-regulates
various immune checkpoints including indoleamine 2,3-dioxy-
genase 1 (IDO1) in tumors.11 The overexpressed IDO1 within
tumor cells and immune cells in the tumor environment is
considered as an important negative feedback protein involved
in facilitating tumor cell evasion from the immune system and
promoting tumor growth and metastasis.12,13 The depletion of
tryptophan (Trp) catalyzed by IDO1 and accumulation of
kynurenine (Kyn) impair the survival and activity of CD8+ T
cells and suppress the antitumor immunity of CTLs.14–19 The
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IDO1-induced immunosuppressive microenvironment
displays moderate tolerance to apoptotic cells as well as the
activation of regulatory T cells (Tregs).20–23 IDO1 inhibitors
are used to pharmacologically inhibit the activation of
IDO1 and improve the antitumor immunity as well as cancer
chemotherapy.12,13,24 For example, NLG919 (N9) as an impor-
tant IDO1-selective inhibitor with a low half maximal effective
concentration (EC50) value significantly reversed IDO1-
mediated immune suppressive environments in preclinical
models.25 Therefore, strategies that are targeted to IDO1 inhi-
bition combined with chemotherapy represent an attractive
approach to enhance cancer chemo-immunotherapy by
the combination of the ICD effect and antitumor immune
response.

Nanomedicines as emerging platforms for cancer therapy
are explored to improve pharmacological effects at the lesions
by their distinct modalities and inherent physicochemical pro-
perties, while maximally reducing off-target side effects.26 A
promising approach is to design nanomedicines for the combi-
nation of chemotherapy and immune checkpoint inhibitors,
such as IDO-1 inhibitors, for amplifying the cancer therapeutic
benefits.27–29 For example, Chen et al. developed a dual-func-
tional immune-stimulatory micelle system based on a prodrug
conjugate of PEG with N9 for the delivery of paclitaxel (PTX),
by which the immuno-chemotherapy led to significant antitu-
mor activity in both breast cancer and melanoma mouse
models.19 Feng et al. prepared pH and reduction dual-respon-
sive binary cooperative prodrug nanoparticles (BCPNs) con-
structed from a self-assembled reducible N9 homodimer nano-
particle with a tumor acidity and reduction dual responsive
oxaliplatin (OXA) prodrug as a coating for triggering ICD and
eliciting antitumor immunity. Reduction-activated OXA pro-
moted the intratumoral accumulation of CTLs by the ICD
effect, and N9 downregulated IDO-1-mediated immunosup-
pression and suppressed Tregs.25,30,31

Nanogels constructed with a nano-sized three-dimensional
(3D) network have been considered as promising candidates
for controlled drug delivery, since they present several unique
features such as a high water content, mechanical properties
matched to the natural extracellular matrix (ECM), good bio-
compatibility, and excellent compatibility with different types
of therapeutics including small molecule drugs and bio-macro-
molecules.32 To improve the tumor targeting and controlled
release profiles, bioresponsive nanogels decorated with target-
ing ligands could be rationally designed for enhanced cancer
chemo-immunotherapy.32–35 For example, Song et al. prepared
a biomimetic nanogel based on hydroxypropyl-β-cyclodextrin/
chitosan-based derivatives, shielded with an erythrocyte mem-
brane for combinatorial chemotherapy and immunotherapy,
in which the nanogel was able to deliver the immunotherapeu-
tic agent interleukin-2 via the so-called ‘nanosponge’ pro-
perties, followed by precise pH-controlled intracellular release
of PTX.33 In this work, we designed folated pH-degradable PVA
nanogels for the simultaneous delivery of docetaxel (DTX) and
N9 to enhance cancer chemo-immunotherapy (Scheme 1).
FDA-approved PVA with good biocompatibility and low toxicity

was modified with vinyl ether acrylate (VEA) for UV-cross-
linking, allowing acidic degradation, carboxyl groups via modi-
fication with succinic anhydride for improved drug loading, as
well as folic acid (FA) ligand for tumor targeting. DTX and N9
were efficiently entrapped into the nanogels, and the folated
nanogels significantly accumulated in tumor cells, strictly inhi-
biting premature drug release under physiological conditions.
Dual drug loaded FA-NGs exhibited significant antitumor
activity both in vitro and in vivo assisted by activating the
innate and tumor-specific adaptive immune response through
the promoted infiltration of CD8+ T cells and reduced distri-
bution of immunosuppressive cells.

2. Experimental section
2.1. Materials

Ethylene glycol vinyl ether (98%), acryloyl chloride (98%), tri-
ethylamine (Et3N, 99%), 2-hydroxy-4′-(2-hydroxyethoxy)-2-
methylpropiophenone (I2959, 98%), succinic anhydride (99%),
dicyclohexylcarbodiimide (DCC, 98%), 4-dimethyl-
aminopyridine (DMAP, 97%), folic acid (FA, 97%), docetaxel
(DTX, 99%), NLG919 (N9, 99.7%), and p-toluenesulfonic acid
monohydrate (PTSA, 98%) were purchased from Energy
Chemical Company and used as received. Polyvinyl alcohol
(PVA, 87.0–89.0% hydrolyzed, Mn = 16 000, Acros). Vinyl ether
acrylate (VEA) and VEA–functionalized PVA (PVA–VEA) were
prepared according to the method given in our previous
reports.36 Carboxyl–functionalized PVA–VEA (PVA–VEA–COOH)
was synthesized by adding PVA–VEA and succinic anhydride
(molar of ratio of OH/succinic anhydride: 49/1) into DMSO
and stirring at room temperature overnight using Et3N as a
catalyst. FA–decorated PVA–VEA–COOH (FA–PVA–VEA–COOH)
was prepared by adding PVA–VEA–COOH and FA (molar ratio
of OH/FA: 16/1) into DMSO and stirring at room temperature

Scheme 1 Illustration of folated pH-degradable PVA nanogels (FA–
NGs) for the simultaneous delivery of DTX and IDO1-inhibitor N9 in
enhancing cancer chemo-immunotherapy.
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overnight. The functionality degree of VEA, COOH and FA
groups on PVA was determined as 2.7, 2.1 and 1.6% by 1H
NMR analysis, respectively, which was performed on a Bruker
ACF-300Q spectrometer (USA). For cell culture experiments,
HeLa and 4T1-Luc cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) with high glucose, supplemented
with 10% heat inactivated fetal bovine serum, 2 mM
L-glutamine, nonessential amino acids, and sodium pyruvate
(the medium and supplements are from Life Technologies).
Cells were cultured at 37 °C in a humidified atmosphere with
5% CO2.

2.2. Characterization

The size of the nanogels was determined by dynamic light
scattering (DLS) at 25 °C using an Anton Paar Litesizer 500
equipped with a 658 nm laser. Transmission electron
microscopy (TEM) was performed using a FEI Philips Tecnai
20 under an acceleration voltage of 80 kV. The TEM samples
were prepared by dropping 10 μL of nanogel (1.0 mg mL−1) on
a copper grid followed by lyophilization.

2.3. Nanogel preparation and drug encapsulation

PVA–VEA–COOH or FA–PVA–VEA–COOH was dissolved in water
at a concentration of 1.0 mg mL−1 with I2959 as a photo-
initiator (5 wt% of polymer) at room temperature, and polymer
nano-precursors formed by adjusting the solution pH to 6.5
were exposed to UV (20 mW cm−2) for 10 min under continu-
ous stirring to form nanogels. To prepare N9 and DTX loaded
nanogels, an aqueous polymer solution (1.0 mg mL−1) was
combined with N9 and DTX (50 mg mL−1 separately in
ethanol) as well as I2959 (5 wt% of polymer), followed by UV-
exposure for nanogel crosslinking. The drug feeding ratio was
set at 10 wt% of the polymer, and the free drug was removed
by centrifugation with a molecular weight cut off (MWCO) of
10 000.

2.4. pH-Induced degradation of nanogels and in vitro release
of N9

PVA nanogels (1.0 mg mL−1) were separately suspended in
phosphate buffer (PB, pH 7.4) and acetate buffer (pH 5.0),
and the size change of the nanogels under slow shaking at
37 °C was monitored over time by DLS to determine the
nanogel degradation. The in vitro release of N9 from nanogels
was studied using either PB (pH 7.4) or acetate buffer (pH
5.0) at 37 °C. Two aliquots of N9-loaded nanogels (1.0 mg
mL−1) were transferred to a dialysis tube with a MWCO of
12 000–14 000, and placed into 20 mL of appropriate buffers.
At the desired time intervals, 5.0 mL of release medium was
taken out from each group and replenished with an equal
volume of corresponding fresh medium. The release medium
was freeze-dried and the amount of N9 was determined by
HPLC according to a standard curve (Ultramate 3000, Thermo
Fisher, USA) with UV detection at 262 nm using 0.1% H3PO4

in 100% acetonitrile. Release experiments were conducted in
triplicate, and the results are presented as the average ± stan-
dard deviation.

2.5. Intracellular uptake of nanogels

FITC was introduced to nanogels via an ester condensation
reaction between the isothiocyanate groups of FITC and the
hydroxyl groups of F-NGs in DMSO. Free FITC was removed by
centrifugation with a MWCO of 10 000. HeLa cells were seeded
on microscope slides in a 24-well plate (1.0 × 104 cells per well)
using DMEM containing 10% FBS. After 12 h incubation,
50 μL of FITC-labeled nanogel samples (1.0 mg mL−1) were
added into the culture medium. After 4 h incubation, the
culture medium was removed and the cells were washed twice
with phosphate buffered saline (PBS). The cells were then fixed
with 4% paraformaldehyde for 20 min, incubated with DAPI
(Beyotime Biotechnology, China) to stain the cell nucleus at
room temperature for 10 min. Fluorescence images of cells
were obtained with a fluorescence microscope (IX73, Olympus,
Japan) and analyzed by ImageJ software. Flow cytometry ana-
lysis was performed to quantify the cellular uptake of nano-
gels. HeLa cells were cultured in a 24-well plate (1.0 × 105 cells
per well) for 12 h followed by the treatment as mentioned
above. After 4 h incubation, the culture medium was removed,
and the cells were rinsed thrice with PBS and treated with
trypsin. The cell suspensions were washed twice with PBS and
re-suspended in PBS. The quantification of fluorescence was
performed by using a FACSCalibur (BD Accuri C6).

2.6. Western blot analysis

Cells were lysed in a buffer containing 50 mM Tris-HCl (pH
7.4), 150 mM NaCl, 1 mM sodium vanadate, 1% Nonidet P-40,
and protease inhibitors (Selleck, Shanghai, China). The cell
lysates were centrifuged at 10 000g, and the supernatants were
added to the loading buffer and separated by SDS-PAGE. After
being transferred to a polyvinylidene difluoride membrane
(Roche, USA), 1 : 1000 of IDO1 antibody (Cell Signaling
Technology) was used to detect the proteins followed by HRP-
conjugated secondary antibody and the ECL reagent kit treat-
ment (Tanon, China). The images were collected using an
Alpha Innotech Fluor Chem FC2 imaging system (Gel Doc™
EE imager, CA, USA).

2.7. In vitro IDO1 assay

The inhibitory activity of FA–NGs–N9 on IDO1 was evaluated
by an in vitro IDO1 assay.13 Briefly, HeLa cells were cultured in
a 24-well plate at a cell density of 5 × 105 cells per well for 12 h.
After that, recombinant human IFN-γ (Sino biological, Beijing,
China) was added into the culture medium with a final con-
centration of 50 ng mL−1 followed by the addition of various
concentrations of free N9, NGs–N9, and FA–NGs–N9. After
72 h incubation, two aliquots of 200 μL of the supernatants
from each well were transferred to an 1.5 mL EP tube, followed
by the addition of 100 μL of 30% trichloro-acetic acid and incu-
bation for 30 min at 50 °C to hydrolyze N-formylkynurenine to
kynurenine. The supernatants after centrifugation with
10 000g were measured by colorimetric assay and HPLC. For
the colorimetric assay, samples were transferred to a 96-well
plate, mixed with Ehrlich reagent (2% p-dimethylamino-benz-
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aldehyde in glacial acetic acid, w/v), and incubated for 10 min
at room temperature. The results were measured at 490 nm
using a plate reader and calculated according to a standard
calibration curve. For the HPLC assay, the hydrolysis product
of kynurenine was directly analyzed at a wavelength of 355 nm.

2.8. T-cell proliferation evaluation

Splenocyte suspensions were collected from BALB/c mice by
using the lymphocyte separation liquid (TBD science, China),
and the cells were vigorously suspended in erythrocyte lysis
buffer (Beyotime Biotechnology, Nantong, China), and then
incubated for 3 min at room temperature. The cell suspen-
sions were filtered through a fresh cell strainer and then
passed through a nylon wool column and washed with
RPMI1640 media. The T cells were collected by centrifugation
and re-suspended in RPMI1640 media for the following co-
culture experiment. The co-culture of HeLa or 4T1-Luc with T
cells was performed to determine IDO1-mediated T cell pro-
liferation inhibition which can be reversed by IDO1 blockade.
HeLa and 4T1-Luc cells were separately cultured in 24 well
plates for 12 h, and then co-incubated with T cells pre-stained
with 5-(and 6)-carboxyfluorescein diacetate (CFSE,
LOT.4341058, eBioscience, USA). The medium was supplied
with 50 ng mL−1 of IFN-γ, 100 ng mL−1 of anti-CD3
(LOT.4335068, eBioscience, USA) and 10 ng mL−1 of mouse
recombinant IL-2 (LOT.0717108, Pepro Tech, China), followed
by the addition of various concentrations of free N9, NGs–N9
or FA–NGs–N9. T-cell proliferation was measured by using a
FACSCalibur after co-culture for 3 days.

2.9. Cell viability test

Cell viability and half maximal inhibitory concentration (IC50)
values mediated by the drug-loaded nanogels were measured
by the MTT assay. 4T1-Luc cells were seeded on a 96-well plate
at a density of 5 × 103 cells per well and incubated with 5%
CO2 at 37 °C. After 12 h, the cells were treated with different
concentrations of free N9, free DTX, NGs–D–N9, or FA–NGs–D–
N9 and incubated for 24 h. After that, 10 µL of MTT (5.0 mg
mL−1, Sigma Aldrich, St Louis, USA) was added to each well
and the cells were incubated for another 4 h. The medium was
replaced by 100 μL of DMSO to dissolve the resulting purple
crystals. The absorbance was measured at 570 nm in a micro-
plate reader (Molecular Devices, silicon vallery, CA, USA) and
the data were used to extrapolate IC50 values. To further inves-
tigate the effect of FA-decoration on the cytotoxicity of the
drug loaded nanogels, the cells were pre-treated with 10 µL of
free folic acid (10 mg mL−1) for 4 h, and then the medium was
replaced by fresh medium containing free DTX, NGs–D–N9, or
FA-NGs–D–N9 and incubated for 24 h. After that, the cell treat-
ment procedure was carried out as mentioned above to test the
cytotoxicity. The experiments were conducted in triplicate, and
the results are presented as the average ± standard deviation.

2.10. In vivo imaging of FA–NGs

In vivo bio-distribution of FA–NGs is demonstrated using 4T1-
Luc cells bearing BALB/c mice obtained from the Model

Animal Research Centre of Nanjing University (Nanjing,
China). All animal experiments were carried out in compliance
with the Animal Management Rules (Ministry of Health,
People’s Republic of China) and the guidance for Care and
Use of Laboratory Animals (China Pharmaceutical University).
In order to monitor the in vivo fluorescence imaging of
nanogel samples, DiR was loaded into NGs or FA–NGs with a
final DiR concentration of 20 µg mL−1. The 4T1-Luc murine
breast cancer xenograft model was established by sub-
cutaneous inoculation of 4T1-Luc tumor cells (2 × 105 cells per
mouse) into female BALB/c mice. After 15 d, the tumor size
approximately reached 150–200 mm3, and the tumor-bearing
mice were randomly grouped and injected with 200 µL of DiR-
loaded NGs or FA–NGs via the tail vein. At predetermined time
points (2, 4, 8, and 24 h) post i.v. injection, the mice were
anesthetized with isoflurane and then the fluorescence images
were acquired. The main organs were also dissociated after
euthanasia for ex vivo fluorescence imaging. The fluorescence
images were scanned using a near-infrared fluorescence
imaging system (IVIS® Lumina™, USA) at an excitation of
747 nm and emission of 774 nm, and the images were
acquired and analyzed using Lumia II software.

2.11. In vivo antitumor efficacy of FA–NGs–D–N9

The in vivo antitumor activity of drug-loaded nanogels was
examined using a 4T1-Luc murine breast cancer xenograft
mouse model. Treatment started after 1 week when tumors
reached a size of 30–50 mm3, and this day was designated as
day 0. The mice were weighed and randomly divided into six
groups (n = 6): PBS, FA–NGs, free DTX, free N9, combination of
DTX and N9, and FA–NGs–D–N9. The formulations at a dosage
of 10 mg of DTX and 21 mg of N9 equiv. kg−1 were i.v. injected
via the tail vein. The tumor size was measured using a Vernier
caliper every 3 d and the tumor volume was calculated accord-
ing to the formula V = 0.5 × L × W2, wherein L and W were the
tumor dimensions at the longest and widest, respectively. The
relative tumor volume was calculated as V/V0 (V0 is the tumor
volume at day 0). The relative body weight of the mice was nor-
malized to their initial weight (w/w0, w0 is the body weight at
day 0). At the end of the experiments, the bioluminescence
intensity of the tumor-bearing mice was imaged by using an
IVIS device after the injection of D-luciferin potassium salt.
Subsequently, all the mice were euthanatized, and the tumor
tissues were imaged by photography, analyzed by flow cytome-
try, hematoxylin–eosin (HE) staining and immunohistochemis-
try (IHC). The normal tissues of excised heart, liver, spleen,
lung and kidney were fixed with 4% paraformaldehyde solu-
tion and embedded in paraffin. The sliced organ tissues (thick-
ness: 4 mm) on the glass slides were stained by HE and
observed with a digital microscope (ECLIPSE Ci-L, Nikon,
JAPAN).

2.12. Quantification of tumor-infiltrating lymphocytes

At the end of different treatments of the 4T1-Luc tumor-
bearing BALB/c mice, the eviscerated tumor tissues were cut
into smaller pieces and digested in 1640 medium with 0.5 mg
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mL−1 collagenase type IV for 1 h at 37 °C. The digested tissues
were gently meshed through a 70 µm cell strainer and col-
lected by using the lymphocyte separation liquid. The cell sus-
pensions were stained with various combinations of fluoro-
phore-conjugated antibodies for 30 min at 4 °C. The immune
cells were stained with anti-CD45–Cy5.5 (BioLegend, LOT:
103132, clone: 30-F11), anti-CD8a-PE (eBioscience, LOT:
4335056, clone: 53–6.7), anti-CD49b–PE (Invitrogen, LOT:
1930449, clone: DX5), CD11b–FITC (eBioscience, LOT:
4306305, clone: M1/70) and Ly6G–PE (BD Pharmingen, LOT:
561084, clone: RB6-8C5) antibodies according to the manufac-
ture’s protocols. After washing, the cells were used for flow
cytometry analysis (Beckman, Cytoflex FCM, USA). The data
were processed by FlowJo software.

3. Results and discussion
3.1. Preparation of folated pH-degradable PVA nanogels
(FA–NGs)

VEA-functionalized PVA was prepared via acetalization in anhy-
drous DMSO using a catalytic amount of PTSA according to
our previous report,36 followed by the reaction with succinic
anhydride to introduce carboxyl groups for improved drug
loading, and conjugation with the FA ligand for tumor target-
ing (Fig. S1†). The aqueous FA–PVA–VEA–COOH solution was
firstly adjusted to a pH of 6.5 to form nanoaggregates, followed
by UV-exposure to crosslink VEA units via the double bonds
for nanogel preparation. The acetal linker was used for realiz-
ing acidic pH-induced nanogel dissociation and drug release.
The average size of FA-decorated PVA nanogels (FA–NGs) was
84 nm with a narrow PDI of 0.05 determined by DLS, which
was in line with the TEM observation (Fig. 1A). The crosslinked
nanogels were characterized by FT-IR, where the peak at
1645 cm−1 attributed to the double bond of VEA units dis-
appeared after UV irradiation, demonstrating the successful
UV-crosslinking (Fig. S2A†). Because of the crosslinked struc-
ture, the nanogels displayed swelling behaviour in DMSO
instead of dissolution into a unimolecular structure
(Fig. S2B†). PVA nanogels without FA decoration (NGs) pre-
pared via the same method were used as a control and the size
was about 132 nm (Fig. S3†). The IDO1 inhibitor N9 and the
anticancer drug DTX could be conveniently loaded into FA–
NGs during their formation. The size of the drug loaded FA–
NGs was also measured by DLS. N9-loaded FA–NGs (FA–NGs–
N9) had a size around 83 nm and DTX–loaded FA–NGs (FA–
NGs–D) exhibited a size of 71 nm (Fig. 1B). N9 and DTX co-
loaded FA–NGs had a smaller size of about 65 nm which was
most probably due to the strong hydrophobic interactions
between drugs and nanogels. The loading efficiency (LE) of N9
and DTX into FA–NGs could reach up to 83% and 60%,
respectively, at a theoretical LC of 10 wt%. The LE was still
good when these two drugs were co-loaded into nanogels
(denoted as FA–NGs–D–N9). It is interesting that FA–NGs
showed a higher loading capacity for both N9 and DTX com-
pared with NGs (Table S1†).

To demonstrate the pH-sensitivity of nanogels, FA–NGs
were subjected to different pH conditions and the size was
monitored by DLS over time. FA–NGs at pH 5.0 showed rapid
and dramatic swelling, in which the size increased from 84 nm
to about 586 nm in 3 h, reaching over 1000 nm after 6 h
(Fig. 1C). There were still big nanoparticles after 24 h degra-
dation in pH 5.0, which is mostly attributed to the incomplete
acetal hydrolysis, as well as the strong hydrogen bonding from
the OH groups of PVA, resulting in the large swelling of the
nanogels. It is interesting to note that the size of FA-NGs
remained unchanged after 24 h incubation at pH 7.4. Because
of the fast swelling and dissociation of nanogels due to the
acetal hydrolysis at acidic pH, the in vitro release of N9 from
FA-NGs was also accelerated in acidic pH. As displayed in
Fig. 1D, a minimal amount of N9 (12.6%) was released from
FA–NGs at physiological pH for 12 h, and less than 20% was
detected after 48 h. However, more than 40% of N9 was
released in 12 h at pH 5.0, and the released amount reached
up to 65% in 24 h. Previously, a similar pH-controlled release
behavior of PTX from PVA–VEA nanogels has been measured.33

3.2. Cellular uptake of FA–NGs

To demonstrate that FA–NGs could be more efficiently interna-
lized by cells via FA receptor mediated endocytosis than non-
modified nanogels, the cellular uptake behavior of FITC-
labeled nanogels was investigated by fluorescence microscopy.
FITC–labeled FA–NGs were well distributed in HeLa cells after
only 4 h incubation, while non-modified NGs displayed a sig-
nificantly weaker FITC intensity in the cells than FA–NGs
(Fig. 2A). The cellular uptake of FITC-modified nanogels was

Fig. 1 Characterization of folated pH-degradable PVA nanogels. (A) Size
distribution of FA-NGs determined by DLS (insert: TEM image of FA–
NGs stained with phosphotungstic acid) and (B) size distribution of N9
and DTX loaded FA–NGs, respectively; (C) pH-induced size change of
FA–NGs over time monitored by DLS (insert: TEM image of FA–NGs
after 24 h degradation in pH 5.0) and (D) pH-triggered cumulative N9
release from FA–NGs at 37 °C.
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further quantified by flow cytometry analysis. As expected, the
flow cytometry results showed that HeLa cells following 4 h
treatment with FA–NGs displayed a 3.7-fold higher fluo-
rescence intensity than cells incubated with NGs (Fig. 2B),
indicating an enhanced cellular uptake of the FA ligand modi-
fied NGs.

3.3. In vitro IDO1 inhibition by N9–loaded FA–NGs

Inhibition of IDO1 was selected as a means to stimulate the
immune system to recognize and attack tumor cells, because
the degradation of Trp into Kyn catalyzed by IDO1 impairs the
survival and the activity of immune cells.37 It has been
reported that N9 has super targetability towards IDO1 and sig-
nificantly inhibits the oxidation of the essential amino acid
Trp.38,39 The inhibition activity of N9-loaded nanogels in HeLa
cells was determined by the amount of Kyn converted from
Trp. HeLa cells were treated with IFN-γ to induce IDO1
expression (Fig. 3A, upper panel), followed by the treatment
with different N9 formulations, and the amounts of Kyn in
culture medium were determined by HPLC (Fig. S4A†) and col-
orimetric assay (Fig. 3A, lower panel). As shown in Fig. 3B, the
level of Kyn induced by IDO1 decreased in a concentration-
dependent manner to N9 treatment. Due to the FA-mediated
endocytosis, FA–NGs–N9 exhibited the most efficient inhi-
bition of IDO1 activity with an EC50 of 0.29 μM, while the
EC50 of NGs–N9 and free N9 was 2.2 μM and 0.53 μM, respect-
ively. NLG919 is a highly IDO1-selective inhibitor and the
EC50 is determined as 75 nM by the standard enzymatic assay.
However, the efficiency of IDO1 inhibition by NLG919 under
the intracellular conditions is much different from that by the
standard enzymatic assay, in which the inhibitor could poss-
ibly react with many other target proteins, significantly
increasing the EC50 value.40 The resulting Kyn production was
also quantified by HPLC, which was in line with the colori-
metric assay (Fig. S4B†).

T cell proliferation could be inhibited by co-culture with
IDO1-overexpressed tumor cells. Once the IDO1 activity is
blocked in tumor cells, it would be possible to reverse the inhi-

bition of T cells. As shown in Fig. 3C, T cells isolated from
splenocytes in BALB/c mice were co-cultured with IDO1 over-
expressing HeLa cells, which were obtained by stimulation
with IFN-γ, and the proliferation of the T-cells was strongly
inhibited. This inhibition was significantly attenuated when
the co-culture system was treated with free N9 or N9-loaded
nanogels, in which the inhibition efficiency was also depen-
dent on the N9 concentration (Fig. 3C). It was found that FA–
NGs–N9 displayed dramatically higher activity to reverse the
inhibitory effect compared with other groups. We further co-
cultured T cells with mouse breast cancer cell line 4T1-Luc
cells, in which murine IFN-γ was used to induce the over-
expression of IDO1 in 4T1-Luc cells. The result showed that
FA–NGs–N9 also mediated strong IDO1 inhibition, and signifi-
cantly activated T cell proliferation, which was consistent with
previous results (Fig. 3D).

3.4. In vitro cytotoxicity of FA–NGs–D–N9

Since IDO1 pathway inhibition exhibits a promising prospect
on immune checkpoint blockade, chemotherapy combined
with immunotherapy represents an attractive approach for
synergetic cancer therapy. First, the cytotoxicity of blank FA–

Fig. 2 Intracellular uptake of FITC-labeled PVA nanogels in HeLa cells.
(A) Fluorescence images of HeLa cells after 4 h incubation with NGs and
FA–NGs (0.5 mg mL−1). The images show for each panel from left to
right cell nuclei stained by DAPI (blue), FITC-labeled nanogels (green) in
cells, and overlays of two images (scale bar: 50 µm); (B) flow cytometry
profiles of HeLa cells after 4 h incubation with FITC-labeled NGs
and FA–NGs (the cells treated with PBS were used as a blank control,
**p < 0.01).

Fig. 3 (A) Western blot analysis of IDO1 expression in HeLa cells pre-
incubated with IFN-γ for 24 h (upper panel), and the colorimetric assay
of Kyn inhibition after the addition of free N9, FA–NGs–N9 and NGs–N9
(lower panel, free Kyn was used as a positive control (PC)); (B) Kyn inhi-
bition ratio and EC50 values calculated according to the colorimetric
assay (HeLa cells pre-incubated with IFN-γ used as a positive control). (C
and D) T cell proliferation by incubation with HeLa (C) and 4T1-Luc (D)
cells determined by FACS analysis. HeLa cells and 4T1-Luc cells were
separately co-cultured with splenocytes, and then treated with IL-2,
anti-CD3 antibody, anti-CD28 antibody and IFN-γ, followed by the
addition of free N9, FA–NGs–N9 or NGs–N9, and incubation for
another 3 days. The T cells were stained with CFSE (carboxyfluorescein
succinimidyl ester). All results are based on three independent experi-
ments. The data are presented as the average ± standard deviation (n =
3, *p < 0.05, **p < 0.01).
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NGs and NGs was evaluated by MTT assay using 4T1-Luc cells.
We demonstrated that both nanogels were practically nontoxic
(cell viabilities ≥90%) up to a concentration of 1.0 mg mL−1

(Fig. S5A†), and N9–loaded FA–NGs and NGs also showed no
toxicity towards 4T1-Luc cells up to a N9 concentration of 160
ng mL−1 (Fig. S5B†). However, the cell viability of 4T1-Luc cells
treated with nanogels at different concentrations of DTX sig-
nificantly decreased, in which FA–NGs–D–N9 exhibited
efficient cell inhibition with an IC50 value of 45.6 ng mL−1,
that was much lower than that of free DTX or NGs–D–N9
(Fig. 4A). To confirm that the enhanced inhibition effect
towards tumor cells was mediated by the FA targeting ligand,
4T1-Luc cells were pretreated with free FA to block the FA
receptor. As shown in Fig. 4B, the antitumor activity of FA–
NGs–D–N9 obviously decreased by free FA treatment, while no
influence was observed when using NGs–D–N9 or free DTX. It
should be noted that the cytotoxicity of DTX was not enhanced
by the co-delivery of N9 and DTX through FA–NGs as compared
to only DTX–loaded FA–NGs, which implies that possible anti-
tumor effects induced by IDO1 inhibition can be attributed to
an improved immune response in vivo.

3.5. In vivo antitumor activity of DTX and NLG919
loaded NGs

In vivo tumor-targetability was investigated using 4T1-Luc
breast tumor-bearing BALB/c mice, which were i.v. injected
with 1,1′-dioctadecyltetramethyl indotricarbocyanine iodide
(DiR)-loaded nanogels and monitored by using a near-infrared
fluorescence imaging system over time. As shown in Fig. S6,†
DiR–loaded FA–NGs exhibited obvious higher fluorescence in
the tumor tissues than NGs in both in vivo and ex vivo organs.
The therapeutic performance of DTX and N9 co-loaded FA–
NGs was evaluated using the 4T1-Luc mouse breast cancer
model. The mice were treated with free DTX, free N9, free DTX
and N9, and DTX and N9 loaded FA–NGs by i.v. injection
when palpable tumor masses reached a size of 30–50 mm3.
Tumor growth and mouse weight were monitored every three
days for different treatments (Fig. 5A). The results showed that

free DTX, free N9 and a combination of DTX and N9 could sig-
nificantly inhibit the tumor growth but FA–NGs–D–N9 revealed
the most therapeutic efficacy by the comparison of continuous
tumor growth in the treatment groups. The relative tumor
volumes at 15 d were 10.0, 9.9, 7.1, 5.8, 4.8, and 2.6 for mice
treated with PBS, blank FA–NGs, N9, DTX, combination of N9
and DTX, and FA–NGs–D–N9, respectively (Fig. 5B and C).
Mice treated with free DTX or free DTX+ N9 showed obvious
weight loss during the treatment time while FA–NGs loaded
with DTX and N9 caused little change of body weight indicat-
ing that DTX carried by FA–NG carriers had little systemic tox-
icity (Fig. 5D).

Living imaging was performed to detect the luminescence
intensity representing the tumor growth of mice bearing 4T1-
Luc cells at day 15. Treatment with FA–NGs–D–N9 resulted in
significant tumor shrinkage with much weaker luminescence
intensity compared to other groups (Fig. 5E). At the end of the
experiment, all the mice were euthanized to analyze the tumor
with HE staining or immunohistochemistry (IHC), which
revealed that FA–NGs–D–N9 caused more inhibition of tumor
cell proliferation indicated by Ki67 reduction and increased
tumor cell apoptosis as indicated by the cleaved caspase-3
protein elevation compared to other treatments (Fig. 5F). The

Fig. 4 Cytotoxicity of DTX-loaded nanogels using 4T1-Luc cells deter-
mined by MTT assay. (A) Cell viability of 4T1-Luc cells incubated with
nanogel samples at different concentrations of DTX for 24 h; (B) cell via-
bility of 4T1-Luc cells pretreated with free FA (1.0 mg mL−1) for 4 h, fol-
lowed by 24 h incubation with fresh culture medium containing nanogel
samples at a DTX concentration of 90 ng mL−1. All results are based on
three independent experiments. The data are presented as the average ±
standard deviation (n = 3, *p < 0.05, **p < 0.01).

Fig. 5 In vivo antitumor performance in 4T1-Luc tumor-bearing BaLB/
c mice (n = 6) by i.v. injection with different samples. (A) Administration
schedule for in vivo therapy on 4T1-Luc tumor-bearing BaLB/c mice by
i.v. injection with PBS, blank FA-NGs, free DTX, free N9, free DTX & free
N9, and DTX/N9-loaded FA-NGs (DTX: 10 mg kg−1; N9: 21 mg kg−1). The
injections were performed on day 0, 3, 6, 9, and 12. (B) Representative
tumor images from each group after euthanizing the animal on day 15.
(C) Tumor volume changes of mice with different treatments. (D) Body
weight changes of mice in different treatment groups within 15 days. (E)
In vivo imaging was performed on day 15 to monitor tumor growth. (F)
Histological examination including H&E staining images and IHC staining
images of Ki-67 and cleaved caspase-3 of 4T1-Luc tumors from tumor-
bearing BaLB/c mice after 15 days with different treatments. The data
are presented as the average ± standard deviation (n = 6).
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H&E staining also revealed that FA–NGs–D–N9 caused more
necrosis in the tumor tissue but less damage to heart and lung
tissues without inflammatory changes, cell degeneration or
cell death, demonstrating that drug laden FA–NGs were able to
reduce adverse drug effects (Fig. 5F and S7†).

3.6. In vivo immune performance

It is reported that chemotherapeutic agents such as DOX, OXA
and PTX not only can directly kill tumor cells through indu-
cing cell apoptosis but also may elicit antitumor immunity by
inducing ICD, characterized by the secretion of damage-associ-
ated molecular patterns, which promotes the intratumoral
infiltration of CTLs.41,42 Preclinical and clinical studies
demonstrated that DTX treatment or a combination with anti-
tumor vaccine exhibited a potential benefit in cancer immu-
notherapy, since DTX induced CRT exposure on the cell
surface and initiated the ICD cascade of the tumor cells, result-
ing in increased immunogenicity.43–47 Additionally, developing
advanced nanocarriers that deliver taxane agents is also able
to initiate ICD responses for cancer immunotherapy.48 We per-
formed IHC to detect whether DTX treatment could increase
the expression of CRT on the apoptotic cell surface functioning
as “danger signals” for the immune system for recognition
and processing by antigen-presenting cells. As shown in
Fig. 6A, DTX treatment can significantly induce the expression

of CRT and IFN-γ in tumor tissues which can be enhanced by
IDO1 inhibition. FA–NG-mediated delivery of DTX and N9
showed the strongest expression of CRT and IFN-γ.
Immunohistochemistry images showed that IDO1 blockage
significantly increased the expression of HMGB-1 caused by
DTX in tumor tissues, which paralleled with the increase in
CRT. The mechanism of the enhanced effect for ICD is highly
complicated, and here it might be because that IDO1 inhi-
bition would reprogram the tumor immune microenvironment
and strengthen the immune response to the immunogenicity
of tumor cell death induced by antineoplastics.25,30 The
HMGB-1 levels did not become elevated after treatment with
single N9, PBS or blank FA–NG controls. It should be noted
that FA–NGs–D–N9 treatment induced more abundant
expression of HMGB-1 as compared to the other groups.

To further confirm chemo-immunotherapy mediated by a
combination of DTX and N9 assisted by FA–NGs, the immune
cell population in the tumor tissues was analyzed by flow cyto-
metry to assess the immune response mediated by different
treatment groups for five times. The infiltration of CD8+ T
cells in the tumors was significantly increased in all of the
treatment groups compared with blank nanogels or PBS
groups (Fig. 6B). However, there were significantly more CD8+
T cells in the tumors treated with FA–NGs–D–N9 compared
with a combination of N9 and DTX without nanogels. It is
reported that the depletion of Trp mediated by IDO1 not only
could impair the survival and activity of CD8+ T cells but also
impair NKp46/NKG2D-specific lysis of NK cells via the for-
mation of Kyn.49,50 IDO1 inhibition would also reduce the
number of myeloid-derived suppressor cells (MDSCs) in the
tumors.46,51 Based on this, the population of NK cells in the
tumor tissue was also quantified by FACS. As shown in Fig. 6C,
FA–NGs–D–N9 exhibited the strongest inhibition of IDO1 and
resulted in the elevation of NK cells to infiltrate the tumor
tissue, as compared to other treatment groups. Meanwhile,
FA–NGs–D–N9 treatment also exhibited the strongest inhi-
bition of MDSCs in the tumor tissues (Fig. 6D), which indi-
cated that the IDO1 inhibitor N9 delivered by FA–NGs signifi-
cantly inhibited the immunosuppression in the tumor
microenvironment.

4. Conclusions

We have demonstrated folated pH-degradable PVA nanogels
for the simultaneous intracellular delivery of DTX and the
IDO1-inhibitor N9, mediating enhanced cancer chemo-immu-
notherapy on 4T1 breast cancer by activating the ICD mecha-
nism and reversal of IDO1-related immune-suppressive effects.
These nanogels with a well-defined crosslinked structure
showed excellent colloidal stability for both DTX and N9
loading but rapid degradation and a pH-triggered release
under intracellular acidic conditions. The FA ligand promoted
the cellular uptake of the nanogels and an enhanced tumor
immunogenicity was introduced by the ICD cascade of the
tumor cells caused by DTX. Meanwhile, the IDO1 inhibitor N9

Fig. 6 Immunohistochemistry analysis and flow cytometry of immune
cell subsets from the tumor tissues after different treatments for 15
days. (A) Immunohistochemistry images of the expression of IFN-γ, CRT
and HMGB-1. Flow cytometry analysis of CD45+ cells stained with CD8
antibody (B), CD49b antibody (C) and CD11b and Ly6G antibody (D).
CD45+ cells were lymphocytes isolated from tumor tissues using the
lymphocyte separation liquid and stained with CD45 antibody. The data
are presented as the average ± standard deviation (n = 3, *p < 0.05, **p
< 0.01).
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elevated the intratumoral infiltration of CD8+ T cells and NK
cells, and also hampered the infiltration of MDSCs, reversing
the IDO1-mediated immunosuppressive tumor microenvi-
ronment. We are convinced that our PVA-based degradable
nanogel system provides a promising template with a high
potential for the treatment of different malignant tumors by
combinatorial chemo-immunotherapy.
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