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Abstract Dendritic cells (DCs)-based tumor vaccines have

shown to be the promising methods for inducing thera-

peutic antitumor response. However, DCs alone rarely

carry curative antitumor activity, and the immunosup-

pressive microenvironment may contribute to this defect of

DC vaccinal function. Irradiation in combination with DCs

has been shown to promote immune-mediated tumor

destruction in preclinical studies. However, little is known

about how irradiation alters the tumor microenvironment,

and what host pathways modulate the activity of adminis-

trated DCs. In this study, BALB/c mice and the 4T1 breast

cancer cell line were used in a tumor-bearing model. The

tumor-bearing mice were irradiated locally up to 10 Gy for

3 consecutive days or a single dose of 30 Gy using a

cesium source. Studies of dynamic change of the tumor

microenvironment in irradiated versus untreated tumors

revealed that there was no obvious change on IL-10, IL-6

and TGF-b expression or production, whereas increased

TNF-a level within the first 2 weeks of irradiation. The

increased TNF-a level is exactly right timing window for

DCs injection, corresponding to the significant elevation of

intratumoral CD8? T infiltration and the regression of

tumor size. With attention to scheduling, combination

X-ray with DCs i.t. injection may offer a practical strategy

to improve treatment outcomes.
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Introduction

Radiotherapy is one of the most important methods against

cancer. Accumulating data show that high energy X-ray

radiotherapy involves antitumor immunity. X-ray can

enhance the immunogenicity of tumor cells by releasing

the ‘‘dangerous signals,’’ such as HMGB-1 and hsp70

[1, 2], and by up-regulates the expression of adhesion

molecules, such as VCAM-1 and ICAM-1 [3, 4]. So, it has

become clear that irradiation can already render tumors and

their microenvironment more immunogenic [5]. Further-

more, irradiation can up-regulate cell death receptors in

tumor cells such as Fas/CD95 and MHC-I, which can

trigger tumor cell apoptosis or MHC-1-mediated immunity

[6, 7]. Thus, radiotherapy not only causes the destruction of

signaling molecules, but also plays important role in reg-

ulation of antitumor immunity of our body. However, in a

clinical setting immune responses elicited by radiation

alone result in little protective immunity, as local relapse

occurs often [8, 9]. Lately, increasing evidence demon-

strates that cancer immunotherapy and its synergy with

radiotherapy could have a good prospect [10–12].

DCs-based immunotherapy against tumors has been

studied [13–17]. Intratumorally, injection of DCs alone

induces little curative antitumor effects as the immunosup-

pressive tumor microenvironment compromises DCs func-

tions. The manipulation of the tumor microenvironment is
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necessary to potentiate the effect of DCs immunity [17, 18].

Studies have shown that persistent antitumor memory by

combining radiotherapy and DCs injection could be

obtained [19, 20]. Tumor locally irradiation could enhance

the ability of DCs to capture tumor antigens, migrate to the

draining lymph node and present processed antigens to T

cells [21]. However, little is known about the mechanisms,

by which irradiation alter the tumor microenvironment, and

the host pathways that modulate the activity of adminis-

trated DCs. The activation of T cells by DCs can only be

achieved in the presence of inflammatory or ‘‘dangerous

signals.’’ It has been reported that certain solid tumors could

release proinflammatory cytokines, such as IL-6, IL-17, IL-

1b and TNF-a, when expose to ionizing radiation [22].

Several inflammatory cytokines are considered to be key

factors that lead to tumor recurrence and metastasis in

radiotherapy [23–25], and these cytokines alone or com-

bined with irradiated tumor cells could promote injected

DCs maturation and induce stimuli critical for eliciting

effective antigen presentation [26, 27]. Additionally, these

inflammatory mediators also increase the permeability of

the local vasculature that leads to the recruitment of circu-

lating lymphocytes, including antigen-presenting cells and

effector T cells into surrounding tissues. In this study, we

aimed to investigate the mechanisms of the synergic effect

of irradiation and DCs administration in treatment of

tumors.

Here, we report that irradiation modulates an inflam-

matory microenvironment within tumors and the exactly

right timing window for DCs injection after local

irradiation.

Materials and methods

Mice and tumor cell line

BALB/c and C57BL/6 mice (6–8 week old) were pur-

chased from Animal Center of Hebei Medical University.

The mice were housed under specific pathogen-free con-

ditions in the central animal facility of Hebei Medical

University. All animal procedures were approved and

performed in accordance with the animal guidelines of the

Animal Care and Use Committee of Hebei Medical

University. 4T1 cell line was purchased from American

Type Culture Collection (Manassas, VA) and maintained

according to the recommendations of the supplier.

Irradiation

4T1 cell line or tumor-bearing mice were irradiated with a

linear accelerator (Elekta Synergy) at dose rate of 2.78 Gy/

min according to the normal source-skin distance (SSD)

method [28].

Generation of bone marrow-derived DCs

and in vitro antigen pulsing

The differentiation of DCs from BABL/c mice bone mar-

row was induced by incubation with IL-4 (10 ng/ml,

peproTech) and GM-CSF (10 ng/ml, peproTech) for

5 days. On day 6, cultured DCs were loaded with X-ray

(30 Gy) irradiated 4T1 tumor cells lysate at the concen-

tration of 50 lg/ml/106 for 18 h. Then DCs were treated

with PBS or LPS (100 ng/ml, E. coli 0127: B8, Sigma-

Aldrich) for another 36 h for maturation.

Tumor challenge and treatment

4T1 cells (1 9 105 in 0.1 ml of serum-free RPMI 1640)

were subcutaneously inoculated into the right flank of

BALB/c mice. Seven days later, the mice were randomly

divided into 6 groups. Untreated group, 10 Gy 9 3 group

(10 Gy X-ray was locally applied on tumor daily for 3

consecutive days), 30 Gy group (single dose of 30 Gy

irradiation on day 7), 10 Gy 9 3 ? DC group (after 48 h

of final irradiation, DCs were injected intratumorally at the

dosage of 1 3 106/mouse/100 ll), 30 Gy ? DC group.

One week later, the mice received another DCs injection.

Tumor size was measured with a caliper, and tumor vol-

ume was calculated using the formula (A 9 B2)/2, where

A is the larger and B the shorter of the two measurements.

Isolation of tumor-infiltrating T lymphocytes

Tumor-infiltrating lymphocytes (TIL) were isolated from

tumor tissues with a method described previously and

modified slightly [29]. Tumors were dissected by removing

surrounding normal tissue, weighted, minced into *1-mm

pieces, digested with an enzymatic solution containing

0.2 mg/ml DNase, 850 U/ml collagenase type II in sup-

plement-free RPMI 1640 at 37 �C for 45 min, then passed

through a 40-lm filter and washed several times. The cells

then were suspended in serum-free RPMI 1640 and were

overlaid with 75–100% Ficoll and centrifuged for 20 min

at 2000g. Leukocytes were collected from the interphase,

washed, counted, and then the CD3? T cells were sorted

with the method of magnetic separation (CD3e MicroBead

Kit, mouse, Miltenyi Biotec.)

Fluorescence-activated cell sorting (FACS) analysis

For surface marker analysis, DCs were incubated with anti-

CD11c-FITC (BD Pharmingen, clone: G235-2356), PE-
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conjugated anti-CD86, ICAM-1 (BD Pharmingen, clone:

R35-95,clone:3E2), and MHC II (eBioscience) and sub-

jected for FACS analysis using a Becton–Dickinson

FACScan (San Jose, CA). For the analysis of IFN-c,
CD127 and CD44 expression in CD8? T, activated Ag-

specific T cells were labeled with anti-IFN-c-FITC (clone

Pharmingen), anti-CD127-FITC and anti-CD44-FITC

(eBioscience), anti-CD8-PE (Pharmingen). For Treg cells

detection, anti-CD4-FITC (Pharmingen) and anti-CD25-PE

(Pharmingen) were used. All the cell labeling methods

were referred to our previous work [29].

Real-time reverse transcription PCR (qRT-PCR)

Total RNA was extracted from aliquots of 106 tumor-infil-

trating leukocytes usingTRIzol (InvitrogenLifeTechnologies,

Carlsbad, CA) according to the manufacturer’s instructions.

Primers for CXCL16 (50 CCTTGTCTCTTGCGTTCTTCC 30

forward and 50 TCCAAAGTACCCTGCGGTATC 30 reverse)
and for CXCR6 (50CCCTGTACTTTATGCCTTTG30 for-

ward and50 CTTGGAACTGTCCTCAGAAG30 reverse)were
synthesized by Invitrogen for qRT-PCR analysis. Data were

analyzed using the 2-DDCT method.

Cytokine detection by ELISA

To quantify the levels of IL-6, TGF-b, IL-10 and TNF-a
from tumors, 500-milligram tumors were homogenized

in 0.5 ml PBS containing protease inhibitors (Sigma).

For T cells IFN-c release assay, splenic T cells

(2 9 106) were cultured with DCs pulsed with irradiated

or nonirradiated 4T1 lysates in 24-well culture plates at

various ratios. After 48 h, supernatants were collected

and quantified for IFN-c content. The amount of

cytokines was determined using ELISA kit (BD

Pharmingen, San Diego, CA).

CTL assays

Splenic lymphocytes or tumor-infiltrating lymphocytes

from treated or nontreated tumor-bearing mice were stim-

ulated with irradiated 4T1 lysate (50 lg/ml) and 20 ng/ml

IL-2 for 5 days. The CTL responses of splenic lympho-

cytes were measured using a standard colorimetric assay

(CytoTox 96, Non-Radioactive Cytotoxicity Assay, Pro-

mega, USA), according to the method described previously

[22]. Percentage of lysis was calculated as (experimental

Fig. 1 Irradiation only or combined with DCs significantly slowed

tumor growth in vivo. a Groups of six mice each were implanted 4T1

in the right flank as describe in Materials and Methods, and the tumor

diameters were measured on a regular basis. Mice were then treated

with a dose of 10 Gy for 3 consecutive days on days 7, 8, 9 or a single

dose of 30 Gy on day 9 after tumor implantation. Then tumor lysate-

pulsed DCs intratumorally injected on days 11 and 18. b Statistical

analysis comparing tumor growth on days 10–35 was done using the

ANOVA test (*P\ 0.05). c Statistical analysis comparing tumor-

bearing mice percent survival at 14 weeks after tumor inoculation was

done using the Log-rank (Mantel–Cox) test (**P\ 0.01)
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release - spontaneous release)/(maximum release -

spontaneous release) 9 100.

In vivo neutralization experiments

4T1 tumor-bearing mice were treated with indicated irra-

diation doses (as described in ‘‘Tumor challenge and

treatment’’). Two days after irradiation, animals were

treated with intravenous injection of anti-TNF-a antibody

(20 lg/mouse, 500-P64, peprotech, USA) or PBS and then

intratumoral injection of DCs as mentioned in ‘‘Fluores-

cence-activated cell sorting (FACS) analysis.’’

Statistical analysis

For statistical analysis, we used Student’s t test or X2 test,

and a 95% confidence limit was considered to be signifi-

cant, defined as P\ 0.05. Results are typically presented

as mean ± SD of data from four to five mice.

Results

DCs pulsed by X-ray radiated 4T1 extracts enhance

T cell antigen presentation in vitro

To examine whether irradiation has an effect on tumor cells,

and subsequently stimulate DCs capacity in promoting T

cell antigen presentation, we pulsed wild-type mice bone

marrow DCs with or without irradiated 4T1 breast tumor

cell lysate. The results show that 30 Gy X-ray irradiated 4T1

lysate (50 lg/ml) alone had no detectable effect on day 5

DCs MHC II, CD86 and ICAM-1 expression (data not

shown); however, subsequent LPS matured DCs had

increased IL-12p70 expression (Supplementary Fig. 1). We

also observed an increased secretion of IFN-c from irradi-

ated 4T1-lysate-pulsed DCs and increased allogenic T cell

proliferation compared to that of nonirradiated 4T1 lysate

and PBS-pulsed DCs (Supplementary Fig. 1).

Fig. 2 TNF-a and TGF-b level within the tumor mass 2 and 11 days

after irradiation. 4T1 tumor-bearing mice subjected to treatment with

irradiation of a dose of 10 Gy for 3 consecutive days on days 7, 8, 9 or

a single dose of 30 Gy on day 9 after tumor implantation. Control

groups of mice received no treatment. After 2, 11 and 21 days of

irradiation, tumor tissues were harvested and weighted. Then the

tumors were prepared homogenate to analyze TGF-b (a) and TNF-a
(b) production with ELISA. Data are reported as the average relative

expression or concentration of cytokine (pg) per gram tumor tissue

±SE of triplicate samples. *P\ 0.05, **P\ 0.01 versus untreated

group

Fig. 3 Inhibition of TNF-a abolished the depressed tumor growth

caused by irradiation combined with DCs injection. The antitumor

effect was relieved by treatment with a-TNF-a neutralizing antibody

(a). TNF-a neutralizing antibody inoculation decreased TNF-a level

of tumors (b). Data are reported as the average relative expression or

concentration of cytokine (pg) per gram tumor tissue ±SE of

triplicate samples. **P\ 0.01 versus untreated group
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Local irradiation improves intratumorally DC

vaccination therapy for tumor in vivo

Since the DCs pulsed by X-ray irradiated 4T1 extract

showed an enhanced immunity in vitro, we next aimed to

examine whether tumor irradiation therapy improve DC

vaccination in vivo. Mice were subcutaneously inocu-

lated 1 9 105 4T1 tumor cells; seven days later (the size

of tumor was about 210 mm3), the tumors were X-ray

irradiated and followed by DC vaccination intratu-

morally at day 2 or day 9. Figure 1a outlines the treat-

ment schema, and Fig. 1b shows the tumor growth curve.

The results show that all untreated and DCs only treated

mice died at week 7; however, 20–40% of mice treated

with X-ray irradiation followed by DC vaccination sur-

vived beyond 15 weeks with tumors size less than

300 mm3 (Fig. 1c).

Irradiation-induced tumor cell TNF-a is essential

to the antitumor immunity of DCs

Next, we examined the cytokines expression in tumors. In

consistent with the in vitro observation, X-ray irradiation

had little effect on the expression of IL-10, IL-6 in tumors

(data not shown). However, TNF-a level in irradiated

tumors markedly increased and TGF-b markedly decreased

from day 2 to day 11 post irradiation, thereafter the TNF-a
or TGF-b level was back to the control level at day 21

(Fig. 2). To verify the crucial role of TNF-a in the irradi-

ation-mediated DC antitumor immunity, we injected anti-

TNF-a through tail vein prior to intratumorally injected

DCs. The ELISA showed TNF-a level in the irradiated

tumor beds was decreased following anti-TNF-a neutral-

ization antibody injection (Fig. 3a). Figure 3b shows that

administration of anti-TNF-a abolished the antitumor

Fig. 4 Long-lasting and systemic immunity was occurred when mice

treated with irradiation combined with i.t. DCs injection. a–d To

assay the efficacy of radiation therapy and DC vaccine combinatorial

therapy, a a lethal dose 5 9 105 4T1 cells was inoculated (subcu-

taneously) into naive mice or mice cured by combinatorial therapy

10 weeks after initial tumor inoculation on the opposite flank. Mice

were monitored weekly for the appearance of tumors. All naive

tumor-bearing mice died between weeks 3 and 4. b Bulk splenocytes

were prepared 3 weeks after the rechallenge experiment described in

(a) and restimulated in vitro with 4T1 lysate. Subsequently, spleno-

cytes (effector) were incubated for 4 h with the 4T1 tumor cells at

indicated effector: target ratios, and cytotoxic T lymphocyte (CTL)

activity was determined by a standard colorimetric assay. As negative

control, splenocytes from naive mice were assayed for CTL activity

against the 4T1 tumor cells. Data are representative of two

independent experiments (three per group). c The splenic cells from

rechallenge mice for 3 weeks were stimulated with 4T1 lysate for

18 h; then interferon (IFN)-c-producing, CD127 and CD44-express-

ing CD8? T cells were detected. One representative experiment of

three independent experiments is shown. d Statistical analysis

comparing IFN-c production or CD127 and CD44 expression on

CD8? T cell at 3 weeks after tumor inoculation was done using the

ANOVA test, (*P\ 0.05, **P\ 0.01; three per group). Each bar

represents the mean standard deviation of tumor samples from three

independent experiments
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immunity of DCs. Our results showed that the increased

TNF-a at the first 2 weeks after radiation is important for

DCs playing an effective antitumor immunity.

Treatment with irradiation followed DCs injection

induces sustained and systemic immunity in mice

To investigate whether the mice treated with X-ray radia-

tion followed DCs administration establish a systemic

antitumor immunity, we rechallenged the mice with no or

small measureable tumors at week 10 by a second injection

of 1 9 105 4T1 tumor cells to the left flank 2 cm away from

the original tumors. We observed *60% of rechallenged

mice were resistant to tumor cell rechallenge and survived

for 10 weeks, whereas all-control mice with single inocu-

lated of tumor cells appeared recurrence after one week of

tumor inoculation and all died of tumors within 6 weeks

(Fig. 4a). Splenocytes from these survived mice showed a

higher cytolysis activity to target tumor cells (Fig. 4b). In

addition, the CD8? T cells from rechallenged mice showed

a higher level of CD127 and IFN-c expression compared to

that CD8? T cells from naive mice (Fig. 4c, d).

Together, these results indicate that a persistent, sys-

temic antitumor immunity that was established in mice

cured by therapy combining intratumoral DC vaccine

injection and X-irradiation.

Irradiation followed by DC vaccination promotes

the effector T cells accumulation, increases the ratio

of CD81 T/Treg and tumor-specific CTL activity

within tumors

Next, we were interested in whether the induced sustained

systemic antitumor immunity affects the trafficking of

effector T cells into solid tumors. We performed real-time

PCR to observe a dynamic mRNA expression of CXCL16 (a

chemokine released by tumor cells or stromal cells and could

recruit CD8? T cell) and CXCR6, the ligand for CXCL16, in

tumor-derived lymphocytes. At the first 11 days after irradi-

ation, CXCL16 or CXCR6 mRNAs expression was higher to

a various extent than that of control, whereas no substantial

differences were observed on the expression of CXCL16 and

CXCR6 at day 21 after irradiation or following TNF-a neu-

tralization at day 11 after irradiation (Fig. 5). These results

indicate that there is an optimal time window of inducing

proinflammatory microenvironment after irradiation that is

favorable for the infiltration and the antitumor capacity of

tumor-specific cytotoxic T cells.

Further, we analyzed the tumor-infiltrated cell types by

FACS and observed a dramatic increase of CD8? T but not

Treg lymphocytes after irradiation regardless of DCs

administration (Fig. 6a–d). The ratio of CD8/Treg was

significantly increased after combination treatment of

Fig. 5 Tumor irradiation

increases CXCL16 and CXCR6

mRNAs expression. Irradiation

changed the expression of

CXCL16 in tumors or CXCR6

in immune infiltrates of tumors.

Mice were inoculated s.c. in

right flank with 4T1 tumor cells

on day 0. Tumors were locally

irradiated on days 7 to 9 at the

dose of 10 Gy or at a single

dose of 30 Gy, respectively.

TNF-a neutralizing antibody

was injected via tail vein 2 days

later. Tumors were harvested

and weighed on days 4, 11 and

21 after final irradiation. Data

are reported as the relative

expression ±SE of four mice

per group. This experiment was

repeated two times with similar

results (*P\ 0.05, **P\ 0.01)
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irradiation and DCs injection (P\ 0.01, Fig. 6e). Tumor-

infiltrating cytotoxic T cells showed a higher cytolysis on

4T1 tumor cells as well as irradiated 4T1 (Fig. 6f).

Taken together, our results indicate that combination of irra-

diationandDCs treatmentenhances the infiltrationandactivation

of tumor-specific CD8? T cells and facilitates tumor regression.

Discussion

DC-based tumor vaccines have shown to be one of the

promising methods for inducing therapeutic antitumor

response. However, DCs alone rarely cause curative

antitumor effects, and this has been attributed to various

factors including the existence of an immunosuppressive

microenvironment within solid tumors. Current studies

suggest that a variety of soluble factors and cell types in the

tumor microenvironment not only influences endogenous

DCs infiltrating the tumors, but also moderates the dialogue

between DCs and naive T cells [30]. Therefore, exploration

of novel strategies aiming to reverse the derepressed

microenvironment and subsequently to enhance the

potency of DC-based vaccine is pertinent.

It has been reported that irradiated tumor cells are good

source of antigens for DC uptake and presentation [31].

Irradiation-induced tumor cell releasing HMGB1 and

Fig. 6 Characterization of the immune infiltrates within irradiated,

DCs injected or treated with irradiation combined with i.t. DCs

injection versus untreated s.c. 4T1 tumors. Mice were inoculated s.c.

in right flank with 4T1 tumor cells on day 0. Tumor-bearing mice

were treated with local irradiation only, DCs injection only,

irradiation (10 Gy 9 3 or 30 Gy) combined with DCs injection,

respectively. Tumors were harvested and weighed on day 19 after

final irradiation. Then tumors described in ‘‘Materials and methods’’

were mechanically disaggregated to single cell suspensions, stained

for CD4 and CD25 or CD8 and analyzed by flow cytometry (a, c).
The data are presented as number of CD8? T cells 9 106 per gram

tumor for each individual tumor (b). The data are presented as

number of CD4? CD25? T cells 9 105 per gram tumor for each

individual tumor (d). The data are shown as the ratio of CD8? T cells

to CD4? CD25? T cells (e). Data represent cumulative results of two

experiments. Lysis activity of tumor infiltrates against 4T1 or

irradiated 4T1 in vitro. Tumor infiltrates were obtained as described

in ‘‘Materials and methods,’’ then were incubated for 4 h with 4T1

tumor cells or 4T1 irradiated with 30 Gy at effector: target ratio of

100:1. The cytotoxic T lymphocyte (CTL) activity was determined by

a standard colorimetric assay (f). Data are representative of two

independent experiments (three mice per group). The differences of

treated versus PBS are statistically significant (**P\ 0.01;

*P\ 0.05)
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HSP70 that could active DCs by binding TLR4 [32, 33]. In

this report, we demonstrate that X-ray radiated enhances

DC vaccination capacity by activating more naive T cells

both in vitro and in vivo. Consequently, X-ray combined

DCs obviously inhibited the growth of tumors in vivo and

prolonged the survival time of tumor-bearing mice (Fig. 1).

Induction of a proinflammatory microenvironment

within solid tumors has been shown to augment DCs

function by providing maturation stimuli important for

cross-priming rather than cross-tolerance [30]. It had been

demonstrated that combination of irradiation and anti-PD-

L1 antibody therapies achieved effective tumor control by

enhancing CTLs effector functions, which, in turn, nega-

tively regulates the accumulation of MDSCs (myeloid-

derived suppressor cells) through TNF signaling [34]. In

this study, we showed that local irradiation combined with

DCs administration results in a decreased TGF-b and an

increased TNF-a level within the irradiated tumor bed

(Fig. 2, 3a). Reducing the TNF-a level with anti-TNF-a
neutralizing antibody could significantly dull the combined

treatment of advantage (Fig. 3b). In addition, the high

levels of CD127 and IFN-c expression on CD8? T cells

from rechallenged mice showed long-lasting and systemic

immunity in combined treatment mice had established

(Fig. 4). Consequently, our data showed that a high TNF-a
level time window was essential for DCs activity to give

play to antitumor effect.

Recently, Filatenkov et al. demonstrated that CD8? T

cell infusion after irradiation could significantly improve

tumor-bearing mice survival [35, 36]. CXCL16 has been

shown to induce strong chemotaxis of activated CD8 T

cells, which express high levels of CXCR6 [28]. In this

report, we observed that irradiation strikingly up-regu-

lates CXCL16/CXCR6 expression on tumor cells or

tumor-infiltrated leukocytes (Fig. 5). This finding is in

accordance with the recruitment of CD8? T in irradiated

tumor mass (Fig. 6a, b). Bos et al. [37] reported that

transient regulatory T cell ablation could enhance

radiotherapy. The behavior of the Treg cells was dif-

ferent from that of the CD8? T cells during irradiation,

since their number was not substantially decreased by

radiation, suggesting that Treg cells may represent more

radioresistant lymphocytes (Fig. 6c, d). Although irradi-

ation could not decrease the numbers of regulatory T

cell, the inhibitory effect maybe weakened with higher

ratio of CD8? T and Treg, as well as higher CTL lysis

activity against 4T1 or irradiated 4T1in tumor microen-

vironment (Fig. 6e, f).

Together, our findings demonstrate that intratumoral

DCs injection within 2 weeks of irradiation is critical for

fully activating their antitumor effect and implicate a novel

strategy for cancer treatment.
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