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a b s t r a c t 

Poor tumor penetration and highly immunosuppressive tumor microenvironment are two major factors 

that limit the therapeutic efficacy for the treatment of pancreatic ductal adenocarcinoma (PDA). In this 

work, a redox-responsive gemcitabine (GEM)-conjugated polymer, PGEM, was employed as a tumor pen- 

etrating nanocarrier to co-load an immunomodulating agent (NLG919, an inhibitor of indoleamine 2,3- 

dioxygenase 1 (IDO1) and a chemotherapeutic drug (paclitaxel (PTX)) for immunochemo combination 

therapy. The NLG919/PTX co-loaded micelles showed very small size of ~15 nm. In vivo tumor imag- 

ing study indicated that PGEM was much more effective than the relatively large-sized POEG-co-PVD 

nanoparticles (~160 nm) in deep tumor penetration and could reach the core of the pancreatic tumor. PTX 

formulated in the PGEM carrier showed improved tumor inhibition effect compared with PGEM alone. 

Incorporation of NLG919 in the formulation led to a more immunoactive tumor microenvironment with 

significantly decreased percentage of Treg cells, and increased percentages of CD4 + IFN γ + T and CD8 + 

IFN γ + T cells. PGEM micelles co-loaded with PTX and NLG919 showed the best anti-tumor activity in 

pancreatic (PANC02) as well as two other tumor models compared to PGEM micelles loaded with PTX 

or NLG919 alone, suggesting that codelivery of NLG919 and PTX via PGEM may represent an effective 

strategy for immunochemotherapy of PDA as well as other types of cancers. 

Statement of Significance 

In order to effectively accumulate and penetrate the PDA that is poorly vascularized and enriched with 

dense fibrotic stroma, the size of nanomedicine has to be well controlled. Here, we reported an im- 

munochemotherapy regimen based on co-delivery of GEM, PTX and IDO1 inhibitor NLG919 through an 

ultra-small sized GEM-based nanocarrier (PGEM). We demonstrated that the PGEM carrier was effective 

in accumulating and penetrating into PDA tumors. Besides, PGEM co-loaded with PTX and NLG9 induced 

an improved anti-tumor immune response and was highly efficacious in inhibiting tumor growth as well 

as in prolonging the survival rate in PANC02 xenograft model. Our work represents a potential strategy 

for enhancing PDA tumor penetration and immunochemotherapy. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

As one of the most difficult-to-treat cancers, pancreatic duc-

al adenocarcinoma (PDA) is projected to become the second

eading cause of cancer-related deaths by 2030 [1] . The standard

hemotherapeutic drug for the first-line treatment of PDA is

emcitabine (GEM), which is a cytidine analogue that inhibits DNA
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Fig. 1. Schematic illustration of multi-functional PGEM NPs for co-delivery and intracellular GSH-responsive release of PTX, GEM and NLG919. PTX shows synergistic tumor 

killing effect with GEM. NLG919 would inhibit IDO1 expression and reactivate the immune system. (The NLG919 was shortened to NLG in the following figures). 
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replication [2] . However, its therapeutic effectiveness is hindered

by its rapid metabolism through cytidine deaminase (CDA) [3] .

Thus, in clinical practice, GEM is often combined with other

therapeutics (such as nab-paclitaxel) to improve the therapeutic

effect. Paclitaxel (PTX), in addition to its direct cytotoxic effect

on tumor cells, reduces CDA expression and increases GEM accu-

mulation in tumors, leading to a synergistic tumor killing effect

with GEM [4 , 5] . In addition, treatment with PTX and/or GEM can

stimulate an antitumor immune response through presentation

of antigens released from dying tumor cells or directly killing

immunosuppressive cells, which also contributes to the overall

antitumor activity [6–8] . 

Despite these advances, the overall success of PDA treatments

remains unsatisfactory, in part due to the persistent highly im-

munosuppressive pancreatic tumor microenvironment (TME),

which assists tumors in evading normal immune surveillance, for

instance through upregulation of immune checkpoint molecules,

cytotoxic T-lymphocyte-associated antigen 4 (CTLA4) and pro-

grammed cell death protein 1 (PD1) [9 , 10] . Indoleamine 2, 3-

dioxygenase (IDO) is another well-characterized immunosuppres-

sive molecule that is overexpressed in pancreatic cancer [11–13] .

High expression of IDO1 is correlated with a worse prognosis in

pancreatic cancer patients [14 , 15] . IDO1 works through the degra-

dation of tryptophan into kynurenine, which is toxic to effector T

cells and induces recruitment of T regulatory cells (Treg), result-

ing in the suppression of anti-tumor immune responses [16 , 17] .

Thus, inhibition of IDO1 combined with standard chemotherapy

(GEM/PTX) is an attractive strategy for the treatment of PDA. 

NLG919 is a potent and specific IDO1 inhibitor with a low EC 50 

[18] . Due to its poor solubility and distinct physical properties

from other chemotherapeutic agents, it is difficult to co-deliver

NLG919 and other chemotherapeutic agents to tumors. Our group

previously developed a NLG919 prodrug (PEG2K-Fmoc-NLG919) as

a dual-functional carrier to encapsulate PTX for combination treat-

ment of breast cancer [19] . However, the system is only suitable for

codelivery of water-insoluble drugs, and co-delivery of PTX with

water-soluble drug like GEM cannot be achieved. Moreover, PEG2K-

Fmoc-NLG919-micelles have a relatively large hydrodynamic
ize of around 100 nm, which is not suitable for penetrating into

he poorly vascularized and stroma-rich PDA tumors. 

Vessels in tumors are generally leaky compared with normal

essels, which allow particles of 4–200 nm to selectively accumu-

ate in tumors [20–22] . However, the cutoff pore size varies signif-

cantly with the tumor type, and PDA is known to be poorly vas-

ularized with much smaller pore sizes (~50–60 nm) compared to

ther cancer types [23] . In addition, PDA has dense stroma that

urther limits the penetration of large nanoparticles (NPs). As a re-

ult, small particles with size lower than 50 nm are more suitable

or penetrating pancreatic tumors [24] . However, small-sized NPs

ften showed lower drug loading capacity and efficiency compared

o larger NPs [25–28] . It remains a challenge to develop a small-

ized nanocarrier that is capable of deep tumor penetration yet

ighly effective in codelivery of different drugs (such as GEM/PTX

nd NLG919) for PDA immunochemotherapy. 

We recently found that conjugation of GEM to POEG-co-PVD

olymer could significantly reduce the size of resultant polymeric

icelles and improve the drug loading capacity due to the hy-

rogen bonding effect [29] . In this work, we evaluated the effi-

iency of the GEM-based prodrug carrier (PGEM) in co-delivering

DO inhibitor NLG919 and chemotherapeutic drugs PTX/GEM into

ancreatic tumor for immunochemotherapy ( Fig. 1 ). It is hypothe-

ized that due to the ultra-small size effect, the PGEM micelles co-

oaded with PTX and NLG919 would efficiently penetrate into PDA

umor tissues, and high concentration of tumor intracellular GSH

romotes the release of GEM, PTX and NLG919 from PGEM car-

ier. The biodistribution and tumor penetration of NPs were stud-

ed in PANC02 pancreatic tumor model. The antitumor activity of

he combination therapy and the underlying mechanism were also

nvestigated. 

. Materials and methods 

.1. Materials 

POEG-co-PVD and PGEM polymers were synthesized as previ-

usly reported [29] . Paclitaxel was purchased from AK Scientific



J. Sun, Z. Wan and Y. Chen et al. / Acta Biomaterialia 106 (2020) 289–300 291 

I  

w  

(  

C  

f  

S  

B  

b  

A  

 

a  

a  

P

2

 

P  

d  

t  

s  

a  

c

2

 

m  

Z  

1  

(

2

 

a  

P  

3  

t  

a  

H

2

 

p  

c  

l  

d  

H  

5  

t  

u

2

 

c  

t  

f  

i  

a  

r

2

 

t  

s  

o  

w  

v  

4  

p  

a  

w  

i  

E  

a

2

 

2  

o  

t  

P  

A  

fi  

s

2

 

t  

w  

[  

t  

c  

a

 

s  

C  

h  

a  

l  

1  

M  

C  

1  

M  

m  

b  

p  

3  

A  

t  

e

2

 

fl  

r  

f  

w  

o  

f  

i  

b

nc. (CA, U. S. A.). Doxorubicin hydrochloride salt (DOX • HCl)

ere purchased from LC Laboratories (MA, USA). Pacific Blue

PB)-conjugated anti-mouse CD8 antibody (#558106) and PE-

F594-conjugated FoxP3 antibody (#9129564) were purchased

rom BD Company. BV785-conjugated CD4 was purchased from

IRIGEN (#100453). PerCP-conjugated CD45 was purchased from

IOLEGEND (#103130). Penicillin-streptomycin solution and fetal

ovine serum (FBS) were purchased from Invitrogen (NY, U. S. A.).

ll other agents were purchased from Sigma-Aldrich (MO, U. S. A.).

All animal-related experiments were performed in full compli-

nce with institutional guidelines and approved by the Animal Use

nd Care Administrative Advisory Committee at the University of

ittsburgh. 

.2. Preparation and characterization of drug-loaded micelles 

Drug-loaded micelles were prepared by film hydration method.

GEM polymer and drugs (e.g. PTX, curcumin, NLG919, DOX) were

issolved in methylene chloride/methanol at different weight ra-

ios. The organic solvents were removed by nitrogen low and sub-

equent vacuum drying to form a thin film. Then PBS solution was

dded to hydrate the film to yield drug-loaded micelles. Micelles

o-loaded with PTX and NLG919 were prepared in a similar way. 

.3. Formulation characterization 

The average particle size, size distribution and morphology of

icelles were measured by dynamic light scattering (DLS, Malvern

eta Sizer) and transmission electron microscopy (TEM, JEOL JEM-

011). Drug loading capacity (DLC) and drug loading efficiency

DLE) were determined by HPLC (Waters). 

.4. In vitro PTX and NLG919 release 

The release of PTX or NLG919 from PGEM micelles was ex-

mined at 37 °C via a dialysis method. PTX/NLG919 co-loaded

GEM micelles was transferred into a dialysis bag with MWCO of

500 Da, which was then incubated in 50 mL PBS with 0.5% (w/v)

ween 80 under gentle shaking. At specific time intervals, the PTX

nd NLG919 concentrations in the dialysis bag were determined by

PLC. 

.5. Cellular uptake 

Pancreatic carcinoma cells PANC02 were seeded into a 6-well

late with 1 mL of Dulbecco’s Modified Eagle medium (DMEM)

ontaining 10% FBS. After 24 h, free Rhodamine and Rhodamine-

oaded PGEM micelles were added into each well with a rho-

amine concentration of 750 ng/mL. After incubation for 5 h,

oechst 33,258 was added to each well at a final concentration of

 μg/mL, and cell was further incubated at 37 °C for 15 min. Then

he cells were washed with saline for three times before imaging

nder BZ-X710 fluorescence microscope. 

.6. MTT assay 

Two murine pancreatic carcinoma cell lines PANC02 and H7

ells were seeded into a 96-well plate with 100 μL of DMEM con-

aining 10% FBS at a density of 20 0 0 cells/well. After incubation

or 24 h, PTX-, NLG919- or PTX + NLG919-loaded micelles with var-

ous concentrations were added into the wells and incubated for

nother 96 h. The cell viabilities were measured by MTT assay as

eported [30] . 
.7. In vitro IDO inhibition 

An IDO assay was used to evaluate the IDO inhibitory ac-

ivity of drug-loaded micelles [14] . Briefly, PANC02 cells were

eeded in a 96-well plate (5 × 10 3 cells/well). After culturing

vernight, recombinant human IFN- γ was added to each well

ith concentration of 50 ng/mL. Then cells were treated with

arious concentrations of micellar formulations or free NLG919 for

8 h. The supernatant (150 μL) was transferred to a new 96-well

late, followed by the addition of 75 μL of 30% trichloroacetic

cid. After incubation at 50 °C for 30 min, N-formylkynurenine

as hydrolyzed to kynurenine. The supernatants were transferred

nto a new 96-well plate and treated with an equal volume of

hrlich reagent (2% p-dimethylamino-benzaldehyde in glacial

cetic acid, w/v) for 10 min for the colorimetric assay at 490 nm. 

.8. Near infrared fluorescence (NIR) imaging 

To establish a syngeneic PANC02 pancreatic tumor model,

 × 10 5 PANC02 cells were subcutaneously injected into the flank

f C57BL/6 mice. When the tumor volume reached 200 mm 

3 , the

umor bearing mice were intravenously injected with DiR-loaded

OEG-co-PVD and PGEM NPs at a DiR concentration of 0.5 mg/mL.

t indicated time points (6 h, 15 h and 24 h), the mice were sacri-

ced, and the major tissues were excised, and imaged by IVIS 200

ystem. 

.9. In vivo PTX and NLG919 distribution 

For PTX distribution study, the mice were sacrificed at 24 h af-

er administration. The tissues were collected and homogenized

ith 3 parts PBS to 1 part tissue (v/g). An aliquot of 10 μL of

 

13 C 6 ]-paclitaxel (500 ng/mL; 50 ng/mL final concentration) of in-

ernal standard solution was added to a microcentrifuge tube that

ontained tissue homogenate, calibrator or QC. Further sample

nalysis was done as previously published [31] . 

For NLG919 analysis, an aliquot of 10 μL of internal standard

olution (50 ng/mL [D 10 ]-NLG919, Toronto Research Chemicals, ON,

anada) was added to a microcentrifuge tube that contained tissue

omogenate, calibrator or QC. Next, 200 μL of diluent solution (37%

cetonitrile: 63% of 10% trifluoracetic acid in water) was added, fol-

owed by vortexing for 1 min. After centrifugation at 17,200 x g for

0 min, 3 μL of the resulting supernatant was injected into the LC-

S/MS system. The LC system consisted of an Agilent (Palo Alto,

A, USA) 1200 SL autosampler and binary pump, an Agilent SBC-

8 (1.8 μm, 50 × 2.1 mm) column, and a gradient mobile phase.

obile phase solvent A was acetonitrile with 0.1% formic acid, and

obile phase solvent B was water with 0.1% formic acid. The mo-

ile phase composition was 30% solvent A from time 0–1.5 min,

umped at 0.4 mL/min. Solvent A was then increase linearly from

0% to 90% from 1.5 min until 4 min, where it was held till 5 min.

t 5.1 min, solvent A was decreased to 30% and flow was increased

o 0.5 mL/min and these conditions were held until 7 min for re-

quilibration. 

.10. In vivo tumor penetration 

Both PGEM and POEG-co-PVD carriers were loaded with

uorophore rhodamine and intravenously injected into mice,

espectively. Tumors were excised at 15 h after injection, and

rozen sectioned at 7-μm thickness. The sections were incubated

ith FITC-conjugated mAb specific for blood vessel marker (CD31)

vernight at 4 °C. After washing with Nano water, the section was

urther stained with DAPI to label the cell nucleus for fluorescence

maging. The quantitative rhodamine intensities were calculated

y analyzing three different images using Image J software. 
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Fig. 2. The DLS size distribution (A), TEM images (B) and corresponding size histograms (C) of PTX/NLG919-coloaded PGEM micelles. Cumulative PTX (D) and NLG919 (E) 

release profiles in response to 10 mM GSH. PBS containing 0.5% (w/v) Tween 80 was used as the release medium. Values reported are the means ± SD. 
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2.11. In vivo therapeutic study and quantification of 

tumor-infiltrating lymphocytes in PANC02 model 

PANC02 tumor (50 mm 

3 )-bearing mice were randomly di-

vided into six groups ( n = 5) and were i.v. injected with

PBS, PGEM micelles, PTX/PGEM micelles, NLG919/PGEM micelles,

PTX + NLG919/PGEM micelles, and combination of Taxol, NLG919

and free GEM, respectively. The dosage of GEM, PTX and NLG919

were kept at 20 mg/kg, 10 mg/kg and 20 mg/kg. The injection was

made every five days for a total of 6 times, and the tumor vol-

ume and mice body weights were measured. The tumor volume

(V) were calculated by the formula: V = (length of tumor) × (width

of tumor) 2 /2. At 24 h following the last treatment, the mice were

sacrificed and the serum levels of ALT, AST, creatinine, and BUN

were measured. Meanwhile, tumor tissues and spleen were excised

to acquire single cell suspensions, which were further filtered.

The red blood cells were lysed and then the cells were stained

with various antibodies for flow cytometry analysis with FlowJo

software (Tree Star Inc.) [19] . 

In a separate study, the survival of the PANC02 tumor-bearing

mice ( n = 8) receiving various treatments was examined. The end

point of survival was defined when the mice were deceased or

when the tumor volume reached ~ 20 0 0 mm 

3 . 

2.12. Therapeutic studies in 4T1 and CT26 models 

A syngeneic 4T1 breast cancer model was established by inoc-

ulating 2 × 10 5 4T1 cells into right mammary fat pad of female

BALB/c mice. When the tumor volume reached ~50 mm 

3 , the mice

were treated with various formulations as previously described for
ANC02 model. CT26 colon cancer model was established by sub-

utaneously inoculating 1 × 10 6 CT26 cells into right flank of the

ALB/c-J mice. When the tumor volume reached ~100 mm 

3 , the

ice were i.v. administrated with various formulations. 

.13. Statistical analysis 

Two-tailed Student’s T test or one-way analysis of variance

ANOVA) was used to compare two groups or multiple groups, and

 < 0.05 is considered statistically significant. 

. Results and discussion 

.1. Physicochemical characterization of PGEM micelles co-loaded 

ith PTX and NLG919 

PDA is known to have a highly immunosuppressive TME and

s enriched with dense fibrotic stroma, which not only promotes

he aggressiveness of PDA but also imposes difficulty in drug

elivery. Therefore, there is an urgent need for rational design

f immunochemo combination therapy as well as the develop-

ent of a suitable formulation for selective delivery to tumors

32] . Compared to free drug combinations, engineering both

hemotherapeutic and immunomodulating agents into a single

anocarrier has the advantages of improving the pharmacoki-

etics and biodistribution profiles, decreasing side effects and

llowing the simultaneous delivery of multiple drugs to tumor site

t their optimal dosages [33 , 34] . However, it is still a big challenge

o design a carrier that is sufficiently small for penetrating the
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Table 1 

Characterization of PGEM micelles loaded with various drugs, including PTX, curcumin, NLG919, doxorubicin, and PTX/NLG919. (The NLG919 

was shortened to NLG in the following table and figures). 

Micelles Mass ratio (mg: mg) Size (nm) a PDI b DLC (%) c DLE (%) d 

PGEM – 13.14 0.169 – –

PGEM: PTX 2.5:1 23.07 0.265 24.2 84.6 

PGEM: NLG 2.5:1 18.53 0.305 24.3 85.1 

PGEM: DOX 2.5:1 22.09 0.337 25.1 88.0 

PGEM: Cur 10:1 15.50 0.195 8.7 96.1 

PGEM: PTX: 

NLG 

20:1:2 15.40 0.182 4.0 (PTX) 83.9 (PTX) 

7.9 (NLG) 86.4 (NLG) 

a Measured by Zetasizer Nano ZS. 
b PDI is polydispersity index. 
c DLC is the drug loading capacity. 
d DLE is the drug loading efficiency. 

Fig. 3. In vitro biological activity of various formulations. MTT cytotoxicity assay of various formulations in (A) PANC02 cell line and (B) H7 cell line. Cells were treated with 

different micelles for 96 h. (c) Inhibitory effect of IDO activity. PANC02 cells were treated with IFN- γ together with free NLG919, NLG919/PGEM and PTX + NLG919/PGEM. 

Kynurenine in supernatants was measured 2 d later. All data are reported as means ± SD. 
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oorly vascularized and stroma-rich PDA tumor yet effective in

o-loading and codelivery of the two different therapeutic agents. 

Recently, we developed a GEM-conjugated polymer PGEM, and

iscovered that GEM conjugation to the POEG-co-PVD polymer

ackbone led to a drastic decrease in the size of NPs from 160 nm

o 13 nm. These ultrasmall NPs were highly effective in tu-

or accumulation and penetration in a colon cancer patient de-

ived xenograft (PDX) model [29] . In this work, we evaluated if

he ultra-small PGEM carrier could efficiently co-load and deliver

hemotherapeutic PTX and immunostimulatory agent NLG919 into

DA tumor for effective immunochemotherapy. 

As shown in Table 1 , a wide variety of anti-cancer agents in-

luding PTX, curcumin, NLG919, and doxorubicin could be loaded

nto PGEM carrier to form ultra-small NPs. The sizes range from

4 to 23 nm with a drug loading capacity of 8%–24%. Moreover,

GEM carrier could co-encapsulate PTX and NLG919 to form small

Ps with a particle size of 15.4 nm ( Fig. 2 A). Uniform spherical

Ps were observed for PTX/NLG919 co-loaded micelles by TEM

 Fig. 2 B). The size histograms obtained from TEM images showed

article size distribution from 6 nm to 20 nm ( Fig. 2 C), which

as consistent with DLS result. It has been reported that NPs

ith a diameter range of 4–200 nm have long circulation time

nd can efficiently accumulate in the tumors due to the enhanced

ermeability and retention (EPR) effect. NPs less than 4 nm are

apidly excreted from the kidney, while NPs larger than 200 nm

end to be taken up by the reticuloendothelial system (RES) [35] .

n addition, compared to larger NPs, smaller NPs with a diameter

ess than 30 nm showed more efficient penetration into tumors,

articularly for PDA [24 , 36] . The optimal size of our PTX + NLG919
o-loaded micelles shall contribute significantly to the efficient

umor accumulation and penetration as detailed later. 

The stability of PTX + NLG919/PGEM micelles was evaluated by

easuring the size changes under 1:10 and 1:100 dilutions. As

hown in Supplementary Fig. S1, there was no obvious changes

n the particle sizes under dilution conditions, suggesting good

tability after intravenous injections. 

The PTX and NLG919 release profiles of PTX + NLG919/PGEM mi-

elles were evaluated with a dialysis method. As shown in Fig. 2 D,

axol showed faster release of PTX and almost 75% of PTX was

eleased within 72 h. In comparison, PTX + NLG919/PGEM micelles

howed a more favorable release kinetics of PTX, and only 35% of

TX was slowly released within 72 h. In the presence of 10 mM

SH, PTX release from PTX + NLG919/PGEM micelles was acceler-

ted and 47% of PTX was released at 72 h. Facilitated release was

imilarly observed for NLG919 in response to 10 mM GSH ( Fig. 2 E).

hese results indicated that the highly redox environment in the

umor cells could promote the release of PTX and NLG919 from

he carrier due to the cleavage of disulfide linkage by intracellular

SH [30] . 

.2. Biological activity of PTX and NLG919 formulated in PGEM 

arrier 

PTX and NLG919 were formulated in the PGEM carrier because

TX and GEM have been reported to have synergistic chemother-

py effect, and the IDO inhibitor NLG919 has been reported to in-

ibit tumor growth through reversing tumor immunosuppressive

icroenvironment [4 , 19] . First, we evaluated the cellular uptake
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Fig. 4. Biodistribution of PGEM carrier with POEG-co-PVD carrier as a control. (A) Ex vivo NIR images of major organs and tumors of each mouse treated with DiR-labeled 

POEG-co-PVD (160 nm NPs) and PGEM (15 nm NPs) respectively at 6 h. (B) Quantitative analysis of the ex vivo fluorescence intensities of different organs (mean ± S.E.M., 

n = 3). (C) The accumulation of different formulations at heart with time. (D) The accumulation of different formulations at liver with time. (E) The accumulation of different 

formulations at kidney with time. (F) The accumulation of different formulations at tumor with time. Tissue distribution of PTX (G) and NLG919 (H) in PANC02 tumor-bearing 

mice at 24 h following i.v. injection of PTX + NLG919 co-loaded PGEM micelles. 
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Fig. 5. Tumor penetration study. Co-localization of blood vessel (CD-31, green) and carriers (PGEM and POEG-co-PVD) labeled in red. Scale bar: 50 nm. (For interpretation of 

the references to color in this figure legend, the reader is referred to the web version of this article.) 
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f PGEM carrier with rhodamine as a fluorescence probe (Sup-

lementary Fig. S2). Compared with free rhodamine, PGEM carrier

howed similar cellular uptake at 5 h after treatment. The cytotox-

city of PGEM micelles loaded with PTX, NLG919 or PTX + NLG919

as evaluated in PANC02 cells ( Fig. 3 A) and H7 cells ( Fig. 3 B),

espectively. In PANC02 cells, compared to PGEM, PTX/PGEM and

LG919/PGEM showed better cytotoxicity. Co-loading of PTX and

LG919 into PGEM further improved the cytotoxicity with a lower

C50 of 14.69 ng/mL (Table S1) although the magnitude of dif-

erence was relatively small. In H7 cells, NLG919-loaded micelles

howed similar cytotoxicity as compared to PGEM carrier, and both

f them exhibited similar IC50 (Table S1). PTX-loaded micelles and

TX/NLG919 co-loaded micelles showed improvement in cytotoxi-

ity with lower IC50 compared to PGEM and NLG919-loaded mi-

elles, suggesting that incorporation of immunomodulatory agent

LG919 didn’t change the cell killing effect of PGEM in H7 cells,

hile incorporation of chemotherapeutic PTX in the formulation

nhanced the cell killing effect. The relatively limited synergy be-

ween PGEM and PTX is likely due to the incomplete release of

EM in the cultured cells during the short period of time. 

The IDO inhibitory activity of the formulations NLG919/PGEM

nd PTX + NLG919/PGEM was investigated in PANC02 cells by

etecting the decreased levels of kynurenine (Kyn) through a

olorimetric assay [19] . Fig. 3 C shows the Kyn inhibition rates in

ANC02 cells after the treatment with free NLG919, NLG919/PGEM

nd PTX + NLG919/PGEM at various NLG919 concentrations. They

ll inhibited the IDO activity in an NLG919 concentration depen-

ent manner. NLG919/PGEM and PTX + NLG919/PGEM formulations

howed similar levels of IDO inhibition compared to free NLG919.

his result suggested that NLG919 formulated in the PGEM car-

ier well maintained its biological effect in inhibiting the IDO

ctivity, and co-delivery of PTX with NLG919 didn’t affect the IDO

nhibitory effect of NLG919. 

.3. Biodistribution and tumor penetration 

In vivo biodistribution of PGEM carrier was evaluated in

ANC02 tumor model by near-infrared fluorescent optical imaging

sing IVIS system with the larger-sized POEG-co-PVD carrier

ithout GEM motifs (~160 nm) as a control. The mice were i.v.

dministered with DiR/PGEM and DiR/POEG-co-PVD, respectively.

ajor organs including the heart, liver, spleen, kidney and tumor

ere excised at 6, 15 and 24 h for ex vivo imaging. At 6 h post

njection ( Fig. 4 A), very weak fluorescence signals were observed

n these organs except kidney after treatment with free DiR. DiR-

oaded POEG-co-PVD micelles group showed strong fluorescence

ntensities in all of the tested organs, while DiR-loaded PGEM

icelles only showed strong fluorescence intensities in the spleen
nd tumor. Fig. 4 B showed quantitative analysis of fluorescence

ntensities in different tissues. DiR-loaded PGEM micelles showed

igher accumulation in the tumor tissue than in the other organs.

imilar results were obtained at 15 h (Supplementary Fig. S3) and

4 h (Supplementary Fig. S4) post injection, respectively. Fig. 4 C–F

howed the accumulation of various formulations in different

rgans at various time points. For both DiR/POEG-co-PVD- and

iR/PGEM-treated groups, fluorescence intensities decreased in 

eart and kidney, and increased in the tumors over time. Com-

ared to free DiR, both micelles showed higher accumulation in

he tumors, suggesting the advantages of micellar formulation in

mproving tumor uptake due to the EPR effect. Although PGEM

icelles didn’t show significant enhancement in tumor uptake

ompared to POEG-co-PVD micelles, it did show lower uptake

y heart and kidney at all time points (6, 15 and 24 h). In ad-

ition, significant less accumulation in liver was found for PGEM

icelles at early time point (6 h) compared to POEG-co-PVD

icelles. 

The tissue distribution of PTX and NLG919 formulated in PGEM

Ps was evaluated in PANC02 tumor-bearing mice to confirm that

GEM was similarly effective in targeted delivery of therapeutic

gents to tumors as it did with fluorescence probes. Much more

TX was found in tumors compared to those accumulated in a

umber of normal organs examined including heart, liver, spleen,

ung and kidney ( Fig. 4 G). More NLG919 was delivered into tumor,

iver and lung compared to other organs ( Fig. 4 H). These data sug-

ested that PGEM carrier could efficiently co-deliver both PTX and

LG919 into tumors, indicating the advantage of the small sized

GEM in the tumor accumulation. The less tumor targeting effi-

iency of NLG919 compared to PTX might be due to the faster

elease of NLG919 from the PGEM NPs ( Fig. 2 E). However, a fast

egradation of NLG919 in tumor tissues can’t be ruled out, which

arrants more studies in the future. 

It has been reported that NPs with smaller size showed deeper

enetration in PDA tumor [24] . Thus, the tumor penetration capa-

ility of the smaller PGEM carrier was compared to that of larger

OEG-co-PVD NPs in PANC02 tumor model. Both PGEM and POEG-

o-PVD carriers were labeled with fluorophore rhodamine and

ntravenously injected into mice. Tumor sections were collected at

5 h and co-stained with FITC-conjugated mAb specific for blood

essel marker CD31. As shown in Fig. 5 , the red rhodamine signals

rom POEG-co-PVD carrier were overlapped with green signals,

ndicating the POEG-co-PVD micelles stayed at or near the tumor

lood vessels. For PGEM carrier, most red signals spread from

he blood vessels, suggesting a better penetration capability. Fig.

5 shows the co-localization images of other tumor areas and

uantitative rhodamine fluorescence intensities, further confirming

he better penetration capability of PGEM. 
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Fig. 6. In vivo therapeutic effect and saf ety profiles in PANC02 model. Relative tumor volume changes (A) and survival rate (B) of the mice treated with various formula- 

tions. Serum levels of alanine aminotransferase (ALT, D) and aspartate aminotransferase (AST, E), creatinine (F) and blood urea nitrogen (BUN, G) in mice from control and 

PTX + NLG919/PGEM NPs (at PGEM dosage of 250 mg/kg and 500 mg/kg: the dosage of GEM was 20 mg/kg and 40 mg/kg, respectively)-treated groups. ∗∗p < 0.01. 
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3.4. In vivo therapeutic study in PANC02 model 

To study the combination effect of immunotherapy with

chemotherapy in PDA, an immunocompetent murine model of

pancreatic cancer (PANC02) was used. PANC02 is reported to

be highly resistant to chemotherapeutic drugs and, therefore,
an be used to closely mimic human PDA [37 , 38] . The PANC02

umor-bearing mice were i.v. administered with saline, PGEM

arrier, PTX/PGEM, NLG919/PGEM, PTX + NLG919/PGEM micelles

nd Taxol + GEM + NLG919 combination. As shown in Fig. 6 A, PGEM

arrier itself could inhibit tumor growth, and introduction of PTX

r NLG919 into PGEM carrier further improved the anti-tumor
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Fig. 7. The mechanism study by flow cytometry. Representative flow cytometry gatings of tumor infiltrating immune cells after various treatments, including (A) CD4 + T 

cells and CD8 + T cells, as well as (B) regulatory T (Treg) cells. The percentage of tumor infiltrating (C) CD8 + T cells and (D) CD4 + T cells in the tumor tissues and (E) the 

percentage of Treg cells in the total CD4 + T cells was correspondingly quantified. The results are reported as mean ± S.E.M. ∗p < 0.05 (vs. Control). 
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ctivity. Among all the formulations, PTX + NLG919/PGEM micelles

howed the highest anti-tumor activity ( ∗∗p < 0.01 vs. control,

GEM, PTX/PGEM and Taxol + GEM + NLG919), suggesting incorpora-

ion of both chemotherapeutic PTX and immunomodulatory agent

LG919 into PGEM micelles is the best combination group. No

ignificant changes in body weights were noticed in all treatment

roups ( Fig. 6 B). 
The survival of the mice receiving various treatments was

urther investigated. Compared to control group, mice treated with

TX/PGEM and NLG919/PGEM had an increased survival rate with

 median survival time of 38.5 and 39.5 days, respectively ( Fig. 6 C).

oreover, treatment of PTX + NLG919/PGEM micelles significantly

ncreased survival time (45.5 days) compared to PTX/PGEM,

LG919/PGEM and Taxol + GEM + NLG919 combination. Due to the
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Fig. 8. In vivo therapeutic effect in other tumor models, including 4T1 and CT26 models. (A) Relative tumor volume changes of the 4T1 tumor-bearing mice treated with 

various formulations. (B) 4T1 tumor weights of the mice receiving different treatments. (C) Relative tumor volume changes of the CT26 tumor-bearing mice treated with 

various formulations. (D) The individual CT26 tumor growth after treatment with PTX/PGEM and PTX + NLG919/PGEM. The results are reported as mean ± S.E.M. ∗p < 0.05, 
∗∗p < 0.01 (vs. Control); & p < 0.05 (vs. PGEM). 
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severely ulcerated tumors, we had to sacrifice the mice at 46

days (marked as &) before they reached the maximum allowable

size. These results suggested the therapeutic benefit of combining

immunotherapy with chemotherapy using PTX + NLG919/PGEM

micelles. 

The biochemical parameters including serum levels of alanine

aminotransferase (ALT), aspartate aminotransferase (AST), creati-

nine and blood urea nitrogen (BUN) following the treatment of

PTX + NLG919/PGEM micelles (with PGEM dosage of 250 mg/kg or

500 mg/kg) were evaluated as indicators of hepatic and renal func-

tion. As shown in Fig. 6 D–G, no significant changes were noticed

for any of these parameters, suggesting that our formulations were

well tolerated at the dosages used. 

3.5. The anti-tumor immune response of various formulations 

The populations of infiltrated T cells in the tumors following

various treatments were investigated by flow cytometry ( Figs. 7

and S6). PGEM treatment could increase the relative populations

of CD8 + T cells in the tumors, and decrease the relative pop-

ulations of Treg cells in the total CD4 + T cells. There was no

significant changes in CD8 + T cells and Treg cells after treatment

with PTX/PGEM micelles compared to PGEM treatment, indicating

incorporation of PTX into PGEM carrier didn’t affect the immune

response induced by PGEM, and the improved therapeutic effect of

PTX/PGEM micelles was mainly attributed to the synergistic tumor

killing effect of PTX with GEM [39] . Compared to PGEM carrier,

NLG919/PGEM and PTX + NLG919/PGEM micelles shows better
ffect in stimulating the CD8 + and CD4 + T cell response, as well

s inhibiting the Treg cell response, which generated a more active

umor immune microenvironment. Since incorporation of NLG919

idn’t improve the cytotoxicity of PGEM ( Fig. 3 B), the enhanced

herapeutic effect of NLG919/PGEM with respect to PGEM was

ikely attributed to the enhanced immune system. In addition,

TX + NLG919/PGEM was more effective in boosting anti-tumor

mmune response compared with Taxol + GEM + NLG919 combina-

ion, which might be explained by the more effective delivery of

TX/GEM/NLG919 into the tumors through the ultra-small sized

arrier. 

There are no significant differences in the immune profiles

etween NLG919/PGEM and PTX + NLG919/PGEM. Although in-

orporation of PTX didn’t improve the anti-tumor immunity

f NLG919/PGEM, it did improve the overall antitumor activity

hrough the synergistic tumor killing effect of PTX with GEM.

he fact that PTX + NLG919/PGEM has the highest level of an-

itumor activity suggests the necessity of the combination of

TX-mediated chemotherapy and NLG919-mediated immunother-

py. In fact, a new study of combining indoximod (another IDO

nhibitor) with chemotherapeutics including nab-PTX and GEM

or advanced PDA has moved into phase Ib trial (NCT02077881).

n this work, we have also demonstrated that co-delivery of the

otent IDO1 inhibitor (NLG919) and chemotherapeutics (PTX and

EM) via the tumor permeable nanocarrier is highly efficacious

or the treatment of pancreatic cancer in PANC02 model, which is

ore effective than Taxol + GEM + NLG919 combination. To extend

he application of PTX + NLG919/PGEM regimen, future studies
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ill investigate its therapeutic efficacy in other mouse models

f pancreatic cancer such as a genetically engineered mouse

odel. 

.6. Therapy effect against other tumor models 

The therapeutic effect of PTX + NLG919/PGEM micelles was also

nvestigated in 4T1.2 (breast) and CT26 (colon) tumor models.

GEM carrier alone showed anti-tumor effect in 4T1.2 model

 Fig. 8 A). Incorporation of PTX or NLG919 into PGEM carrier

urther enhanced the anti-tumor effect. Among all the groups, the

reatment with PTX/NLG919-coloaded PGEM micelles led to the

est anti-tumor effect ( Fig. 8 B). Compared to 4T1.2 model, PGEM

arrier alone was more effective in inhibiting the tumor growth

n CT26 model ( Fig. 8 C). In CT26 model, PGEM was much more

ffective than the combination group of Taxol + GEM + NLG919.

ice treated with PTX + NLG919/PGEM showed the lowest tumor

rowth, and the tumor in one mouse had completely regressed at

ay 7 after the first treatment ( Figs. 8 D and S7). Besides, all the

ormulations were safe in these models, and no significant changes

ere observed in the body weights of the treated mice. These

ata suggested that PTX + NLG919/PGEM micelles may find a broad

pplication in treating various types of cancers including PDA. 

. Conclusion 

This work has provided a new immunochemotherapy regimen

or enhanced PDA treatment by incorporation of PTX and NLG919

nto PGEM carrier to synergistically kill tumor cells and reverse

DO-mediated immunosuppression. We demonstrated that PGEM 

arrier could co-load PTX and NLG919 to form micelles with

mall particle size and was effective in delivering both drugs to

he tumor tissues. In vivo studies showed that incorporation of

LG919 into the carrier induced a more immunoactive tumor

icroenvironment with increased CD8 + T cells and decreased Treg

ells, and thereby enhanced the therapeutic effect. Co-delivery of

TX and NLG919 through the nanocarrier further enhanced the

herapeutic effect in PDA tumors by significantly inhibiting the

umor growth and prolonging the survival rate, which was more

ffective than Taxol + GEM + NLG919 combination. In addition to

DA, PTX + NLG919/PGEM micelles were also effective in inhibit-

ng tumor growth in other tumor models, suggesting its wide

pplication. 
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