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Introduction: The exhaustion and poor homing of activated lymphocytes are critical

obstacles in adoptive cell immunotherapy for solid tumors. In order to effectively deliver

immune cells into tumors, we encapsulated interferon-α2b (IFN-α2b) into macroporous

hydrogels as an enhancement factor and utilized low-dose irradiation (LDI) as a tumoral

attractor of T cells.

Methods: Hydroxypropyl cellulose hydrogels were prepared by irradiation techniques, and

the cross-sectional microstructure was characterized by scanning electron microscopy. The

synergistic antitumor mechanism of combination of IFN-α2b and CIK cells was evaluated by

detecting the expression of activation marker CD69 on CIK cell surface and IFN-γ produc-

tion by CIK cells. The in vivo antitumor activity of IFN-α2b-incorporated hydroxypropyl

cellulose hydrogels combined with CIK and radiation was evaluated in an MKN-45 xeno-

grafted nude mice model.

Results: The bioactivity of IFN-α2b was well maintained in ultraviolet-reactive, rapidly

cross-linkable hydroxypropyl cellulose hydrogels. In vitro studies demonstrated IFN-α2b-

activated T cells, as evidenced by upregulating early activation marker CD69 and secretion

inflammatory cytokine IFN-γ. In vivo real-time image showed our hydrogels kept a higher

amount of drug delivery at the tumor site for a long time compared with free drug injection.

Low-dose irradiation promoted T cell accumulation and infiltration in subcutaneous tumors.

Combination of IFN-α2b-loaded hydrogels (Gel-IFN) with T cells and LDI exhibited higher

efficacy to eradicate human gastric cancer xenograted tumors with less proliferating cells and

more necrotic regions compared with IFN-α2b or T cells alone.

Discussion: HPC hydrogels kept the activity of IFN-α2b and stably release of IFN-α2b to

stimulate T cells for a long time. At the same time, low-dose radiation recruits T cells into

tumors. This innovative integration mode of IFN-α2b-loaded hydrogels and radiotherapy

offers a potent strategy to improve the therapeutic outcome of T cell therapy.

Keywords: gastric cancer, adoptive cell transfer, interferon-α2b, hydrogels, low-dose

irradiation

Introduction
Advanced gastric cancer (GC) is a highly aggressive and life-threatening disease

worldwide.1 Various efforts have been made to improve curative effects, therapeutic

responses are still limited. Immunotherapeutic strategies and clinical trials are

currently under investigation. Recently, immune checkpoint inhibitors against
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programmed cell death protein 1 (PD-1) exhibited an

emerging opportunity and improved the survival time of

GC patients.2 However, only a minority of PD-L1-positive

gastric cancer patients could benefit from PD-1 antibody

during the clinical trial.3 Identification of possible predic-

tive biomarkers and precise selection patients are still

unsolved. Adoptive cellular therapy (ACT), another pas-

sive immunotherapeutic strategy,4 is based on the transfer

of in vitro activated and expanded T cells into a tumor-

bearing host to destruct malignancies. Chimeric antigen

receptor T cells (CAR-T) exhibited impressive efficacy in

hematological malignancies and raised the expectations of

applying them in treating solid tumors.5 The disappointing

results of CAR-T therapy against solid tumors were clo-

sely related to various obstacles,6,7 such as the lack of an

unique tumor-restricted antigen, tumor heterogenicity,

tumor immunosuppressive microenvironment, insufficient

trafficking of CAR-T cells to tumor site. Moreover, CAR-

T cell therapy might induce immune-related toxicity,

namely, cytokine release syndrome and neurotoxicity.8

Cytokine-induced killer (CIK) cells, a heterogeneous

subset of in vitro expanded T effector lymphocytes, pre-

sented major histocompatibility complex-unrestricted

tumor-killing ability.9,10 CIK cell-based clinical studies

demonstrated a great promise in solid tumor treatment.

Autologous transplantation of CIK cells as an adjuvant

therapy increased the disease-free survival (DFS) of

patients with hepatocellular carcinoma after surgical

resection.11 CIK cells were also reported to prolong over-

all survival without serious adverse events for patients

with advanced gastric cancer.12 The noticeable challenge

in the clinical translation of CIK cells was how to effi-

ciently traffic T cells into tumor sites and keep their in-

vivo persistent activity following adoptive transfer.

IFN-α has been approved for the management of sev-

eral neoplastic diseases.13 IFN-α can prolong disease-free

survival and overall survival for stage II & III melanoma

patients.14 Besides direct antitumor activity, IFN-α pleio-

tropic affects immune response by modulating the activa-

tion and proliferation of immunocytes.15 IFN-α also favors

the differentiation of naive CD4+ T cells into Th1-like T

cells and increases IFN-γ production of CD8+ T cells.16

However, systemic administration of IFN-α usually

induces severe events with half of patients who require

drug withdraw or dose reduction. The clinical use of IFN-

α was restricted by short terminal half-life, rapid periph-

eral blood-mediated proteolysis as well as hepatic and

renal clearance.17 Local administration of low-dose IFN-

α showed high antitumor activity through inducing high

affinity between immune effector cells and tumor cells.

However, repeated intratumoral injections might induce

discomfort for patients and increase the frequency of clin-

ical visits.

Local implantation of hydrogels offers an effective

delivery of protein/DNA to the targeted tissues in a safe,

controlled, and patient-friendly manner.18,19 On the other

hand, ionizing radiation not only can induce tissue

damage, inflammation, but also trigger antitumor immune

immunity.20,21 The impacts of radiotherapy on the innate

and adaptive immune system depend on radiation dose,

fraction and combined mode.22,23 Low-dose irradiation

(LDI) caused aberrant vascular normalization and induced

the highest ratio of effector T cells to immunosuppressive

regulatory T cells when combined with adoptive T cell

transfer.24 Our previous study also reported that 2 Gy

LDI enhanced the efficacy of adoptive T lymphocytes

against gastric cancer cells through recruitment cytotoxic

T cells at the tumor sites.25

From the above perspectives, we here described a novel

strategy by utilizing a simple ultraviolet (UV) light-reac-

tive, rapidly cross-linkable and biodegradable hydrogels to

sustain release IFN-α2b (Figure 1). LDI was used to

increase the accumulation of T cells in tumor regions. The

anticancer efficacy of combining IFN-α2b with hydrogels

(Gel-IFN), intraperitoneal administration of T cells, and

LDI was explored on a gastric cancer xenografted mice

model.

Materials and Methods
Cell Lines and Materials
All the experimental methods and the blood collection proce-

dure were carried out in accordance with the guidelines

approved by the Ethics Committee of Nanjing Drum Tower

Hospital. One gastric patient agreed to donate blood samples

and signed a written informed consent form for scientific

research and clinical development of new technologieswithout

prejudice to diagnosis, clinical testing and treatment for him.

We kept our pledge to protect the privacy of patients. The

human gastric cancer cell lineMKN-45 and humanmelanoma

cell lineA375 (Shanghai Institute of Cell Biology, China)were

cultured in RPMI 1640medium, supplemented with 10% fetal

bovine serum, 50 IU/mL penicillin and 50 mg/mL streptomy-

cin sulfate with 5% CO2 at 37°C. Hydroxypropyl cellulose

(HPC, Mn = 100 kDa) was purchased from Alfa Aesar

(Shanghai, China). Human IFN-α2b was supplied by Merck

Liu et al Dovepress

submit your manuscript | www.dovepress.com

DovePress
International Journal of Nanomedicine 2020:153670

http://www.dovepress.com
http://www.dovepress.com


Sharp & Dohme (Germany). 3-[4, 5-Dimethyl-2-thiazolyl]-2,

5-diphenyl-2H-tetrazolium bromide (MTT), N,N-dicyclohex-

ylcardodiimide (DCC), 4-dimethylaminopyrinde (DMAP),

methacrylic anhydride (MA) and 2-hydroxy-1-[4-(2-hydro-

xyethoxy)phenyl]-2-methyl-1-propanone (I2959) were pur-

chased from Shanghai Aladdin (China). Near-infrared-797

(NIR-797) was obtained from Sigma-Aldrich (USA).

Preparation of IFN-α2b-Loaded
Hydrogels (Gel-IFN)
The HPC hydrogels were synthesized by an ultraviolet

light-reactive, rapidly cross-linkable method as previously

described.26 Briefly, 0.63 mL MA, 0.4 g DMAP and 0.86 g

DCC were added dropwise in HPC (8.0 g) dissolved in

chloroform (3.0 mL). The final mixtures were obtained by

concentrating and precipitating the solution with diethyl

ether. The polymer was then dissolved in water, filtered,

dialyzed for 72 h and lyophilized. Afterwards, the lyophi-

lizate was dissolved in deionized water at 20% (w/v),

followed by a photoinitiator I2959 at a concentration of

4% (w/w) of the lyophilizate weight. Each well of 96-well

plates was filled with 50 μL of the solution, which was

then cross-linked with UV light (365~400 nm, 125w) at a

distance of approximately 20 cm using an UV cross-linker

(Ausbond, China) for 7 min. Finally, the cross-linked gels

were washed with deionized water, freeze-dried and stored

at room temperature. The resulting hydrogel was a cylind-

rical structure with a diameter of 6.4mm and a height of

1.6mm. The cross-sectional microstructure was character-

ized by scanning electron microscopy (SEM, JSM-

5410LV, JEOL, Japan) and the average pores’ diameters

of HPC hydrogels were calculated. IFN-α2b was diluted

with PBS to obtain different concentrations (2×103, 1×104,

2×104 IU/mL) and added on the surface of the HPC

hydrogels. The hydrogels were then placed at 4°C over-

night to allow the IFN-α2b to sufficiently permeate the gel.

In vitro Release of IFN-α2b from Gel-IFN
To determine the release kinetics of IFN-α2b from HPC

hydrogels, Gel-IFN (IFN-α2b: 3×105 IU/mL) were incu-

bated in sterile PBS at 37°C. PBS release medium were

withdrawn at the appointed time and replaced with the

same amount of fresh phosphate-buffered saline (PBS).

IFN-α2b in the supernatant was detected using a human

IFN-α enzyme-linked immunosorbent assay (ELISA,

Mabtech, Sweden) according to the manufacturer’s proto-

col and stored at −20°C until further analysis.

Isolation and Culture of Primary Human

T Lymphocytes
Peripheral blood mononuclear cells (PBMCs) from donor

gastric cancer patients were isolated by a Ficoll density

gradient centrifugation, and then resuspended in AIM-V

medium containing 10% fetal bovine serum at a concen-

tration of 1.5 × 106 cells/mL. PBMCs were treated with

IFN-γ (1000 IU/mL) and anti-CD3 antibody (50 ng/mL)

for 24 hours. Fresh IL-2 (0. 300U/mL) was added and

replaced every 2 to 3 days. T cells were incubated for

three weeks.

Figure 1 The schematic diagram for the enhanced intratumor delivery of T cells by IFN-α2b-loaded hydrogels and low-dose irradiation (LDI). Tumor tissues of nude mice

were treated with radiotherapy on day1. T cells were injected intraperitoneally on day 2, and hydrogels loaded with IFN-α2b was implanted subcutaneously on day 3.

Abbreviations: IFN, interferon; LDI, low-dose irradiation.
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In vitro Cytotoxicity of IFN-α2b and T

Cells on Gastric Cancer Cells
Human gastric carcinoma MKN-45 cells were seeded in

96-well plates (5000/well) for 24h. Then, cells were trea-

ted with various concentrations of IFN-α2b (1000, 5000,

10,000 IU/mL) and T cells at different Effect:Target (E:T)

ratios of 5:1, 10:1, 20:1 and 40:1 for 12 hours. After

removing the media, the culture plates were rinsed thrice

in the media. The cytotoxic activity was measured by

MTT assay, and the optical density (OD) was read on a

microplate reader at 490 nm wavelength. We calculated

the cell viability according to the following equation:

Cell viability %ð Þ ¼ ODof test group � ODof blank group

ODof control group � ODof blank group
� 100%

The combining of IFN-α2b with T cells on gastric cancer

cells’ inhibition was also assessed as described above.

CD69 and IFN-γ Expressions
After the 5×105 T cells were treated with IFN-α2b (1, 000

IU/mL) or PBS solution for 12 hours, the supernatants

were obtained by centrifuging the T cells for 5 minutes

at 1,000 r/min and used for analysis of IFN-γ expression

by BD™ CBA Human IFN-γ flex set (BD Bioscience).

The T cells were harvested and stained with fluorescent-

labeled mouse anti-human antibody CD3-PerCP-Cy5.5

and CD69-PE (BD Bioscience).

In vivo Antitumor Effect of Gel-IFN

Combined with T Cells and LDI
BALB/c nude mice (male, 5–6 weeks) were supplied by the

department of Yangzhou University experimental animals

(Yangzhou, China). All animal experiments were per-

formed in accordance with the guidelines verified and

approved by the Ethics Committee of Drum Tower

Hospital. BALB/c nude mice were inoculated subcuta-

neously with 1×106 MKN-45 cells. When the tumors

reached an average volume of 200 mm3, the mice were

randomized into five groups (5 mice per group) as follows:

(a) Normal saline group. (b) IFN-α2b group. (c) T cells +

LDI group. (d) IFN-α2b + T cells + LDI group. (e) Gel-IFN

+ Tcells + LDI group. Radiation was administered at a dose

of 5 Gy using a 6-MeVelectron beam on day 1 and 5 × 106 T

cells were intraperitoneally transferred in 200 μL saline on

day 2. Gel-IFN or equal amount of IFN-α2b (6 × 105 IU)

were subcutaneously implanted into mice on day 3. The

sites of Gel-IFN implantation and IFN-α2b injection were

located subcutaneously at a 5 mm distance to the tumors.

Tumor volumes were calculated according to the formula:

volumes = 0.5 × length × width2. Tumor volumes were

measured simultaneously every other day. Mice were sacri-

ficed by cervical dislocation on day 13. The tumor inhibi-

tion rate = (1-experimental group volume ∕control group
volume) × 100%. Tumors were collected for tumor weight-

ing and processed routinely into paraffin for hematoxylin

and eosin (H&E) staining.

In vivo Real-Time Imaging
All animal studies were performed in compliance with guide-

lines set by the animal Care Committee at Drum Tower

Hospital, Nanjing, China. When the tumors reached an aver-

age volume of 200 mm3, NIR-797 (1 mg/mL)-loaded HPC

hydrogels or free NIR-797 were subcutaneously admini-

strated into MKN-45 gastric tumor-bearing mice, respec-

tively. The real-time biodistribution of NIR-797 formations

was investigated by the IVIS® Lumina system (Xenogen Co,

Alameda, CA, USA) at selected time points. The fluores-

cence at 745 nm was collected and the exposure time was set

to 2 seconds.

T Cell Infiltration in the Tumors
BALB/c nude mice were inoculated subcutaneously with

1 × 106 MKN-45 cells. When the tumors reached about

200 mm3 in volume, mice received either 5 Gy local tumor

irradiation. After 24 hours, mice were intraperitoneally

injected with 5 × 106 T cells. One day later, tumors were

excised and fixed in 4% formaldehyde, embedded in paraf-

fin wax. Primary antibody rabbit anti-human CD3 antibody

and secondary antibody anti-rabbit HRP conjugate (Abcam,

UK) were used for immunohistochemistry staining.

Statistical Analysis
Data are expressed as mean ± standard deviation.

Differences between the values were assessed using one-

way ANOVA and Student’s t-test, while P<0.05 was con-

sidered statistically significant.

Results
Characterization of HPC Hydrogels
Hydrogel implants, three-dimensional polymeric networks

swollen in water aqueous media or biological/physiological

fluids, have shown certain prolonged tumor drug exposure

and sustained drug release as well as reduced systemic

toxicity.27 Biocompatible and biodegradable hydrogels can
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sustain release inflammatory signals and adjuvants, recruit

dendritic cells and subsequent homing to lymph nodes.28,29

HPC, the most abundant renewable polysaccharide in nat-

ure, has been approved by the Food and Drug

Administration (FDA) as drug delivery substrate.30 In this

study, we prepared HPC hydrogels by an easy irradiation

technique for controlled protein release. The HPC hydro-

gels exhibited a porous structure, consisting of open pore

channels and an interconnected framework (Figure 2A).

Most of these pores had an approximately cylindrical

microstructure with an average pore diameter of ~10 μm,

allowing IFN-α2b to diffuse freely within the gel matrix.

Figure 2B shows the accumulative diffusion profiles of

IFN-α2b through the HPC hydrogels. Approximately 50%

of the encapsulated IFN-α2b was released within the first 5

hours. The burst pattern might originate from IFN-α2b

abrupt release of the exposed drug on the surface of the

hydrogels. Subsequently, IFN-α2b release from the hydro-

gels continued at a much slower release rate for a long

period through diffusion mechanism from the porous net-

work. We found that 80.91 ± 3.75% of IFN-α2b were

released from HPC hydrogels in the first 24 hours. Ninety

percent protein could be released from HPC hydrogels by

diffusion mechanism within 120 hours without full degra-

dation of hydrogels.

Effects of IFN-α2b on the Activity T Cells
We then evaluated the cytotoxicity of IFN-α2b and differ-

ent E:T ratios of T cells on gastric cancer cells. It was

found that 89.23±3.4% cancer cells were still alive when

treated with IFN-α2b at a final concentration of 10,000 IU/

mL, indicating slight antitumor activity of IFN-α2b

(Figure 3A). On the other hand, T cells exerted their

cytotoxicity against gastric cancer cells in a typically E:T

ratio-dependent manner (Figure 3B). When the ratios of E:

T were 0:1, 5:1,10:1 and 20:1, the cytotoxicity of T cells

against MKN-45 cell line was 100.00 ± 9.00%,90.87 ±

4.00%,85.87 ± 9.00% and 76.27 ± 10.00%, respectively.

The 20:1 E:t ratio was used in the following cytotoxicity

experiments. Results showed that IFN-α2b + T cells and

Gel-IFN + T cells significantly induced an increase of

MKN-45 cell line suppression by 66.66 ± 4.08% and

69.00 ± 4.41% versus T cells alone, respectively (P<0.01,

Figure 3C). In addition, blank hydrogels did not suppress

proliferation of tumor cells, indicating the hydrogels itself

was non-toxic to cells. For Gel-IFN, a high activity of

IFN-a2b was maintained.

To better understand the synergistic antitumor mechan-

ism of IFN-a2b and T cells, we examined the expression of

activation marker CD69 on T cell surface and IFN-γ level

secretion by T cells. After treated with IFN-α2b, the per-

centages of CD3+CD69+ T cells increased as compared to

the control (44.6% VS 34.4%, Figure 4A), indicating IFN-

α induced active T lymphocytes. IFN-γ was originally

called immune cells-activating factor and played an impor-

tant role in regulating antitumor immunity. We measured

IFN-γ levels at 12 hours and found that IFN-α2b signifi-

cantly enhanced the expression of T cells treated, com-

pared with T cells alone without adding IFN-α2b (P<0.05)

(Figure 4B).

Figure 2 Characterization of HPC hydrogels. (A) The cross-sectional SEM micrographs of the hydrogels. (B) Cumulative release of IFN-α2b from the hydrogels over a

period of 120 hours in vitro.

Abbreviations: HPC, hydroxypropyl cellulose; SEM, scanning electron microscope; IFN, interferon.
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In vivo Real-Time Imaging
The drug-incorporated hydrogels can continuously release

payloads on tumors and other tumor-draining sites to keep

high local drug concentration. Previous studies have docu-

mented that the IFN-α-incorporated polymer could deliver

agents to the tumor microenvironment and improved the

antitumor effect against liver cancer.31 During our study, in

vivo real-time biodistribution of drug in HPC hydrogels was

examined through a non-invasive near-infrared fluorescence

imaging by encapsulating a near-infrared fluorescent dye

NIR-797 in the hydrogels. After Gel-dye or free NIR-dye

was subcutaneously injected, mice were scanned at 1h, 3h,

24h, 48h, 72h and 120h to obtain the NIR fluorescence

signals and observe the in vivo distribution of different dye

formations. There was a similar fluorescence intensity in the

Gel-dye group and free NIR group during the first one hour

after administration (Figure 5A). As time went on, the

fluorescence intensity gradually decreased. The signals

from free dye weaken more rapidly than Gel-dye formation.

Few fluorescence signals from free NIR-797 could be

detectable in the mice treated with free NIR-797 post 48 h

injection. The fluorescence signals of tumor regions treated

by the Gel group were always stronger than the signals of

the free dye group during the whole 120 hours, suggesting

that hydrogels preferred to concentrate and retain payloads

in the tumor regions.

Local LDI Induces Infiltrating T Cells into

Tumor Sites Retards Tumor Growth in

vivo
The effectiveness of immunotherapies is mostly based on

facilitating T cell trafficking into solid tumors for a variety

of cancers. Gastric carcinoma MKN-45 bearing mice

received a single dose of 5 Gy radiation, and then 5 ×

Figure 3 (A, B) Cell viability of MKN-45 gastric cancer cells after incubation with different concentrations of IFN-α2b and different E:T ratios of T cells, respectively. (C)

The cytotoxicity of IFN-α2b, T cells, LDI and Gel-IFN + T cells + LDI against MKN-45 gastric cancer cells (*P < 0.05, **P < 0.01).

Abbreviations: IFN, interferon; E:T, Effect:Target; LDI, low-dose irradiation.
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106 T cells were intraperitoneally transferred into mice 24

hours later. As showed in Figure 5B, CD3+ T cells strongly

accumulated to irradiated tumors, but T cells scarcely

immigrated into unirradiated tumors, indicating local LDI

promotes the recruitment of immune cells to established

tumors.

Anticancer Effect in Gastric Cancer

Xenografted Nude Mice
To explore the in vivo antitumor efficacy of different IFN-

α2b formulations and different integrating strategies, the

mice subcutaneously implanted with human gastric cancer

MKN-45 was used as mice model. Mice treated with PBS or

T cells were used as controls. The tumor inhibition rate of

IFN-α2b alone, T cells+ LDI, IFN-α2b + T cells+ LDI and

Gel-IFN + T cells+ LDI groups were 11.7%, 24.7%, 43.4%

and 59.0%, respectively (Figure 6A). The tumor weight

inhibition rates of IFN-α2b alone, T cells + LDI, IFN-α2b

+ T cells + LDI and Gel-IFN + T cells + LDI groups were

4.7%, 15.8%, 33.0% and 48.0%, respectively. IFN-α2b + T

cells + LDI significantly inhibited tumor volume and

reduced tumor weight compared with the control group or

free IFN-α2b group (P<0.01, Figure 6B). More importantly,

Gel-IFN + Tcells + LDI group exhibited a higher antitumor

Figure 4 (A) Flow cytometry detection of CD69+ T cells in PBS and IFN-α2b groups. (B) The IFN-γ expression of T cells when treated with IFN-α2b (1,000 IU/mL) or PBS

solution for 12 h. Data are expressed as mean ± SD through three independent experiments (**P < 0.01).

Abbreviations: IFN, interferon; PBS, phosphate-buffered saline; FSC-A, forward scatter area; SSC-A, side scatter area; CD3, cluster of differentiation.
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effect compared with the T cells + LDI group (P<0.05).

Figure 6C shows the photo of excised tumors from each

treatment group. The tumor volumes of mice treated by Gel-

IFN + T cells + LDI were smallest. T lymphocyte recruit-

ment also depends on functional vasculature improvement.

Abnormal tumor vasculatures could not sustain tumor per-

fusion and adequate blood flow, thus induced hypoxia and

immunosuppression, thus limiting drug and immune cell

access. Preclinical studies demonstrated that the therapeutic

value of vascular normalization in immune checkpoint

therapy.32 Combinations of anti-angiogenesis drugs with

immune checkpoint inhibitors have become an attractive

strategy. LDI was also verified to improve tumor vessel

function and immune rejection. In the following study, we

will explore further mechanisms such as vessel normaliza-

tion and hypoxia profile, which may contribute to the tumor

volume reduction.

To investigate the mechanisms behind the potent antitu-

mor effects, we performed histological changes of tumor

tissues for the mice treated with different groups. Figure 6D

shows the hematoxylin and eosin (H&E) staining of the

excised tumors treated with normal saline, IFN-α2b, LDI +

T cells, LDI + T cells + IFN or LDI + T cells + Gel-IFN after

13rd day post-injection. The numbers of living tumor cells in

LDI + T cells + Gel-IFN-treated group was much lower than

that of other groups. On the contrary, the area of necrotic

region in the tumors from the mice treated with the hydrogel

formulations was large, which was consistent with the tumor

regression results.

Discussions
Adoptive cell transfer therapy has been proved as a pro-

mising tool in the scenario of cancer immunotherapeutic

strategies. CIK cells are a subset of ex-vivo expanded

effector T lymphocytes which are endowed with a non-

major histocompatibility complex (MHC) restricted anti-

tumor activity, allowing inhibiting the heterogeneous

tumor cell populations.9,10 However, some major chal-

lenges, such as “on-target/off-tumor” toxicity, cytokine

release syndrome as well as inadequate T cell migration

across the tumor physical and biochemical barriers are

usually the bottleneck associated with adoptive immune

cell therapy in solid tumors.33 Besides, T cells also

undergo apoptosis and exhaustion with no increase in

potential antitumor cells. The low response rate of adop-

tive cell emphasized the need to develop new strategies to

increase its efficacy. It is reported that the combination of

T cells with cytokines or other strategies broad the appli-

cation of T cells immunotherapy in the clinic. Olioso et al

reported the results of their clinical trial about cytokine-

induced killer cells in solid and hematopoietic tumours.34

Two metastatic hepatocellular carcinoma patients reached

complete response when they received CIK cells treatment

and the simultaneous subcutaneous injection of low-dose

IL-2 and IFN-α, respectively.
IFN-α, a cytokine has shown antitumoral activity in mur-

ine tumor models including gastric carcinoma, is sufficient to

induce mature lymphocytes. IFN-α also plays an important

role in mediating the functional changes in lymphocytes.

Figure 5 (A) In vivo real-time imaging of NIR-797-loaded HPC hydrogels (Gel-dye, left mice) or free NIR-797 (right mice) in tumor sites following subcutaneous

administration. Fluorescence of NIR-797 was determined at different time points. (B) Tumor infiltration of T cells following a single local dose of 5 Gy irradiation. The red

arrows indicated the T cells. Scale bar = 50µm.

Abbreviation: HPC, hydroxypropyl cellulose.

Liu et al Dovepress

submit your manuscript | www.dovepress.com

DovePress
International Journal of Nanomedicine 2020:153676

http://www.dovepress.com
http://www.dovepress.com


However, non-selective administration of IFN usually

induced normal organs injury and other undesired adverse

effects. IFN-α2b was also hampered owing to short circula-

tion time and instability under room temperature. Besides,

repeated injection of IFN-α is costly and inconvenient.

Pegylated IFN-α2b was approved by the FDA in 2001 for

its long circulation and decreasing breakdown. But the cost

was high and side effects are clinical obstacles. To address

these limitations, a biocompatible and biodegradable

implanting hydrogel was prepared in this present study to

sustained release and prolong retention of IFN-α2b.

Hydrogels can be delivered in a minimally invasive manner,

provide sustained release of immunomodulators and bypass

the need for genetic modification of transplanted cancer cells.

Among various kinds of hydrogels, photocrosslinked

hydrogels have been developed for drug delivery with

highly tunable biochemical and biophysical properties in

both the spatial and temporal scales.35–37 Hydrogels

based on hydroxypropyl cellulose (HPC) have attracted

intense attention due to several advantages of HPC such

as the commercial derivative of cellulose, the abundant

renewable resource, no cytotoxicity and approval by the

Food and Drug Administration (FDA).30 The photocros-

slinked HPC hydrogels have been developed as a bio-

compatibility substrate for cell sheet engineering.26 In

this study, their role was extended to serve as a vehicle

for drug delivery. HPC hydrogels provided high pore

volume and large surface area for controlled drug

release. IFN-α2b, which was released from HPC hydro-

gels constitutively activated immunocytes. IFN-Gel or

free IFN-α2b induced IFN-γ secretion in the T cells in

vitro, suggesting a response due to stimulating

Figure 6 In vivo antitumor efficacy of Gel-IFN + T cells + LDI on BALB/c nude mice bearing MKN-45 gastric cancer cells. When the tumors reached an average volume of

200 mm3, the mice were randomized into five groups as follows: (1) Control (normal saline), (2) IFN-α2b alone (6 × 105 IU, subcutaneous injection, day 3), (3) LDI (5 Gy, day

1) + T cells (5×106 cells, day 2), (4) LDI + T cells + IFN-α2b, (5) LDI + T cells + Gel-IFN (subcutaneous implantation). (A) Inhibition of MKN-45 xenograft tumor growth by

LDI + T cells + Gel-IFN in comparison with various formulations. (B) The tumor weights on day 13 following different treatments. (C) The tumor photographs of different

groups. (D) H&E staining of tumors after anticancer treatments (magnification: 200×). Data are expressed as mean ± SD (n=5), *P < 0.05 and **P < 0.01 versus control

group, #P < 0.05 and ##P < 0.01 versus free IFN-α2b group, ▪P < 0.05 versus LDI + T cells group. The black arrows indicated the necrosis area. Scale bar = 100µm.

Abbreviations: IFN, interferon; T, thymus; RT, radiation; LDI, low-dose irradiation; H&E, hematoxylin–eosin.
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cytokines. In vitro cytotoxicity showed IFN-Gel could

suppress tumor cells Concerning the sustained release of

hydrogel formations, less than 50% IFN release from

hydrogels in 12 hours, the cytotoxicity of Gel-IFN is

higher than free IFN in fact. Macroporous hydrogels

could present payloads in a sustained and localized

manner. In vivo real-time near-infrared imaging demon-

strated that hydrogels, compared with free dyes,

obviously prolonged fluorescence dye retention nearby

the tumor regions (Figure 5A). Concentration and reten-

tion are important for ideal therapeutic efficiency.

Additionally, the treatment with blank hydrogels exerted

no observable toxicity.

An important barrier for adoptive cell transfer is the

poor homing of immunocyte cells to tumors.38 Chan et

al verified that T cells conjugated with bispecific anti-

bodies against CA125 and Her2 showed significantly in

vivo activity against CA125- and Her-2-expressed

tumors.39 Zou et al reported that T cells modified

with folate receptor improved antitumor immunity of

T cells.40 Radiation, an important type of local therapy

in advanced gastric cancer, has been reported to

potentiate the efficacy of immunotherapy. Klug et al

demonstrated LDI promoted normalization of aberrant

vasculature and immune cell infiltration in the tumor

microenvironment.24 According to data from orthotopic

pancreatic tumors, LDI increased the ratio of active

immune cells to immunosuppressive cells through

upgrading CD4+ T cell infiltration and decreasing

Treg cells. They irradiated established tumors with a

single dose of 2Gy, and 1 day later, mice were intra-

venously injected with T cells. As a result, the combi-

nation of LDI and subsequent T cells transfer favored

tumor suppression and prolonged the survival time of

tumor-bearing mice. But, radiotherapy or T cell transfer

alone did not inhibit tumor growth. Our previous study

also showed 2Gy tumor irradiation improved the ther-

apeutic efficacy of adoptive cellular immunotherapy for

gastric tumor-bearing mice.25 Based on the above

experimental results, we firstly administered radiation

for the tumor tissue and then delivered T cells one day

later, with the goal of recruiting T cells to the tumor

tissue. Finally, we gave the IFN-Gel to fully activate T

cells in tumor tissues by using the slow-release prop-

erty of hydrogels. In this present study, LDI also

increased the in vivo recruitment of cytotoxic T lym-

phocytes to tumor tissues. A number of CD3+ T cells

were observed in LDI treated tumors, in contrast to

radiation-free tumors. As a result, IFN-Gel combined

with LDI and T cells showed the strongest antitumor

activity. Extensive tumor suppression by IFN-Gel, LDI

and T cells was further confirmed by histological eva-

luation of tumors at two weeks after treatment, show-

ing that the synergistic effect.

All these efforts promoted the development and evolu-

tion of T cell-based therapy and moved towards our ulti-

mate goal-curing cancer with high safety, high efficacy,

and low cost. Needless to say, this new integrated treat-

ment strategy combing with other therapeutic strategies,

such as immune checkpoint inhibitors, antiangiogenic

therapy and chemotherapy could be considered for

increase therapeutic success.

Conclusions
In summary, our findings verified that IFN-α2b-loaded
hydrogels could sensitize T cells against gastric cancer cells

by increasing the activity and IFN-γ production. HPC hydro-

gels kept the activity of IFN-α2b and stably release of IFN-

α2b to stimulate T cells for a long time. At the same time,

low-dose radiation recruits T cells into tumors. Our study

illustrated a broader applicability based on Tcells, an implan-

table hydrogel and low-dose radiation.We expected this kind

of cancer comprehensive strategy could improve the antic-

ancer effects of T cells on gastric cancer.
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