
Local irradiation of murine melanoma affects the development of
tumour-specific immunity

Introduction

It is widely accepted that even local radiation therapy

alters the balance of circulating immune cells and this is

often ascribed to the depletion of radiosensitive subsets

of cells.1–3 However, recently, attention has been focused

on radiation-induced functional changes in immune cells

and on approaches to use radiation as an immunological

adjuvant to enhance tumour control. Radiation is more

than simply a silent killer of immune cells. It affects var-

ious aspects of the immune system. It induces the

expression of a myriad of cytokines, including tumour

necrosis factor-a (TNF-a), interleukin (IL)-1a, IL-1b, IL-6,

IL-8 and IL-10,4–8 up-regulates the expression of major

histocompatibility complex (MHC) class I9 and the

costimulatory molecules CD8010,11 and CD8612, and

modulates the function of dendritic cells (DCs) to inhibit

endogenous antigen processing while enhancing cross-

presentation.13

Indeed, more recent studies have taken this knowledge

a step further and revealed the value that might accrue

from combining radiation therapy with immunotherapy

in cancer treatment. In experimental models, DC-based

vaccination against tumour-associated antigens appears to

be superior when given with local tumour irradiation.14–17

Boosting tumour immunity with gene therapy approaches

showed a similar benefit from combination with radiation

therapy.18–20 However, whether local radiation therapy

per se promotes or inhibits systemic tumour immunity is

less clear, although understanding this may be critical for

the development of optimal strategies aimed at combining

these two therapies.

In this study, we used a B16 murine melanoma tumour

model to investigate the effect of local irradiation on sys-

temic tumour immunity. B16 tumours express the murine

homologue of the human melanocyte lineage-specific

tumour antigen, MART-1.21 We were therefore able to

use this to monitor tumour-specific immune responses.
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Summary

Radiation therapy affects the immune system. In addition to killing radio-

sensitive immune cells, it can induce functional changes in those cells that

survive. Our recent studies showed that the exposure of dendritic cells

(DCs) to radiation in vitro influences their ability to present tumour anti-

gen in vivo. Here we show that local radiation therapy of B16 melanoma

tumours inhibits the development of systemic immunity to the melanoma

antigen MART-1. This inhibition could not be overcome by intratumoral

injection of DCs expressing human MART-1 after radiation therapy,

suggesting that a form of immune suppression might have developed. On

the other hand, injection of MART-expressing DCs prior to tumour

irradiation was able to prevent inhibition from developing. These results

suggest that local radiation therapy may block the generation of immunity

under some circumstances and that strategies may be required to prevent

this and allow radiation-induced cell death to translate fully into the

development of systemic immunity.
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The weak immune response that is normally generated in

mice bearing B16 tumours was suppressed following local

irradiation and rendered these mice unable to respond to

a subsequent injection of intratumoral MART-1 gene-

modified DCs [adenovirus MART-1 transduced DC

(AdVMART-1/DC)]. This suggests that local radiation

therapy may, on occasion, not only decrease systemic

tumour immunity but also block its generation in

response to immunotherapy. Vaccination prior to tumour

irradiation, however, could prevent radiation-induced

inhibition, indicating that the timing of immunotherapy

with respect to radiation therapy may be critical for a

favourable outcome.

Materials and methods

Mice and cell lines

Six- to 8-week-old C57BL/6 mice were bred and main-

tained in the defined-flora Association for Assessment

and Accreditation of Laboratory Animal Care-accredited

Animal Facility of the Department of Radiation Oncol-

ogy, UCLA. All experimental protocols were approved by

the UCLA Institutional Animal Care and Use Committee,

and the care of animals was carried out according to local

and national guidelines. The C57BL/6 B16 melanoma and

EL4 lymphoma cell lines were obtained from the ATCC

(Manassas, VA) and maintained in Dulbecco’s modified

Eagle’s minimal essential medium (DMEM) (Mediatech,

Herndon, VA) with 10% fetal bovine serum (FBS)

(Sigma, St Louis, MO) and 1% antibiotic-antimycotic

solution (Mediatech). The EL4(MART-1) cell line, an EL4

transfectant carrying the MART-1 cDNA and the neomy-

cin-resistance gene, was generated as described previ-

ously22 and maintained in complete RPMI-1640

(Mediatech) with 0�5 mg/ml of G418. The 293 human

embryonic renal cells (Qbiogene Inc., Carlsbad, CA) were

used for amplification of adenoviral seed stocks.

Tumour implantation

Tumours were generated in vivo from 5 · 105 B16

tumour cells injected subcutaneously (s.c.) into the right

thigh of mice. When the tumour size reached approxi-

mately 5–6 mm in diameter, tumours were irradiated

with 0 or 10 Gy.

Irradiation

Mice were anaesthetized with an intraperioneal (i.p.) injec-

tion of ketamine/xylazine (80 mg/4 mg/kg of mouse body

weight; pentobarbital) and positioned in a Lucite jig with

lead shielding the body and only the leg bearing the tumour

exposed for radiation treatment in the Gammacell 40 irra-

diator (Cs-137 source; Atomic Energy of Canada Ltd,

Ottawa, Canada) at a dose rate of approximately 67 cGy/

min. Irradiation of cells was performed using the MARK-

1-30 irradiator (Cs-137 source, J.L. Shepherd & Associates,

San Fernando, CA) at a dose rate of 4�5 Gy/min.

Generation of bone marrow-derived DCs

Murine DCs were generated from bone marrow cells as

described previously.13,22 Briefly, bone marrow from

femurs was cultured overnight in RPMI-1640 containing

2% FBS and 1% antibiotics. Non-adherent cells were

resuspended in complete RPMI-1640 supplemented with

2 ng/ml of murine granulocyte–macrophage colony-stim-

ulating factor (GM-CSF) and 10 ng/ml of murine IL-4

(Invitrogen, Carlsbad, CA) at 1–2 · 106 cells/ml. After

3 days of culture with cytokines, 80–90% of the medium

was replaced with fresh medium containing GM-CSF and

IL-4. Loosely adherent cells were harvested and used for

experiments after 8 days in culture.

Adenovirus transduction of DCs

The E1-deleted replication-defective adenoviral vector

containing human MART-1 (AdVMART-1)22 was ampli-

fied in 293 cells and then purified by centrifugation for

2 hr at 125 000 g in a 30–60% sucrose gradient. The virus

titre was determined using the tissue infectious dose 50

(TCID50) method, as described in Quantum (Qbiogene

Inc.). Irradiated (10 Gy) or unirradiated DCs were trans-

duced with AdVMART-1 at a multiplicity of infection

(MOI) of 100, washed and injected (5 · 105 cells) s.c. in

the top of the inner leg of each mouse in a total volume

of 100 ll of phosphate-buffered saline (PBS).13 In some

experiments, mice were re-immunized 10 days after the

first injection. Splenocytes were harvested 7–14 days

after immunization and the enzyme-linked immunospot

(ELISPOT) assay was used to measure MART-specific

responses.

ELISPOT assay

The expression of interferon-c (IFN-c) and IL-4 by indi-

vidual lymphocytes was used to assess MART-1-specific

immune responses in an ELISPOT assay.13 Briefly,

splenocytes were harvested on the indicated day after

immunization, depleted of red blood cells in ammonium

chloride-buffered (ACK) solution [0�83% (w/v) NH4Cl,

0�14% (w/v) KHCO3, 0�002% Na2EDTA, pH 7�3] and

restimulated with heavily irradiated (50 Gy) EL4 or

EL4(MART-1) cells in the presence of 10 U/ml of human

IL-2 at 37� for 48 hr. Restimulated cells were added to

anti-IFN-c or anti-IL-4 antibody-coated MultiScreen-HA

plates (Millipore, Bedford, MA) for a further 24-hr

period. Released cytokines were then detected by adding

biotinylated anti-IFN-c or anti-IL-4 and horseradish
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peroxidase avidin D (1 : 2000 dilution; Vector Laborato-

ries, Burlingame, CA). Red spots were developed by add-

ing 0�4 mg/ml of 3-amino-9-ethyl-carbazole (AEC tablets;

Sigma) in 0�05 M sodium acetate buffer (pH 5�0) and

0�012% hydrogen peroxide (Fisher Scientific, Pittsburgh,

PA). Spots were counted using an ImmunoSpot Image

Analyzer (Cellular Technology Ltd, Cleveland, OH).

Flow cytometric analysis

Splenocytes were obtained as described in the previous sec-

tion and tumours were harvested and digested in 1 mg/ml

of collagenase D (Roche, Nutley, NJ) and 227 U/ml of

DNase I, type IV (Sigma), at 37� for 1 hr. Cells were stained

with relevant fluorochrome-labelled mouse antibodies

and analyzed using a FACSCalibur flow cytometry system

(Becton Dickson, Mountain View, CA). The following

monoclonal antibodies were used: phycoerythrin (PE)–

anti-CD8a (CALTAG Laboratory/Invitrogen, Carlsbad,

CA), fluorescein isothiocyanate (FITC)–anti-(pan-NK)

cells (CD49b) (eBioscience, San Diego, CA), FITC–anti-

CD4, FITC–anti-I-Ab, FITC–anti-CD11b (Mac-1) and PE–

anti-CD11c (Pharmingen, San Diego, CA). To identify T

regulatory (Treg), cells were stained using the Foxp3

staining buffer set (eBioscience). According to the manu-

facturer’s instructions, cells were first labelled with PE–

Cy5–anti-CD4 and PE–anti-CD25 (Pharmingen), fixed

overnight at 4�, washed twice with permeabilization buf-

fer and then stained with FITC–anti-Foxp3 (eBioscience).

In vivo migration

Bone marrow-derived DCs were treated with 100 ng/ml

of lipopolysaccharide (LPS) (Sigma) in cytokine-contain-

ing medium for 24 hr 1 day before harvest and labelled

with the green fluorescent dye, PKH2 (Sigma), according

to the manufacturer’s protocol. Briefly, DCs were washed

three times with PBS to remove serum, resuspended in

diluent A and 2 · 107 cells were added to 2 ml of PKH2-

staining solution for 5 min at 20�. The reaction was

stopped by adding complete medium containing 10%

serum, followed by extensive washing with PBS. PKH2-

stained DCs were irradiated, and 5 · 105 cells in 20 ll of

PBS were injected s.c. into the left hind footpad of

C57BL/6 mice. Regional lymph nodes (LNs) (popliteal

and inguinal) were removed 48 hr later and single-cell

suspensions with 1 mg/ml of collagenase D (Roche) and

227 U/ml of DNase I (Sigma) in PBS at 37� for 1 hr with

continuous magnetic stirring. Flow cytometry was per-

formed to detect fluorescent cells.

Statistical analysis

All P-values were obtained using the two-tailed Student’s

t-test.

Results

Irradiated DCs are immunosuppressive

Our previous study demonstrated that in vitro irradiation

of DCs could inhibit their ability to process MART-1

antigen through the endogenous pathway.13 In the pres-

ent study we investigated whether DCs irradiated under

the same conditions are immunologically ineffective or

actively switch off immunity to MART-1, inducing a state

of immune suppression. To test this, C57BL/6 mice were

vaccinated with 5 · 105 irradiated (10 Gy) or non-irradi-

ated DCs that had been transduced with AdVMART-1

and were vaccinated again 10 days later with the same

vaccine or with the vaccine (irradiated or non-irradiated)

that they did not receive the first time. One week after

the last immunization, MART-1-specific IFN-c and IL-4

T-cell responses were assessed using ELISPOT assays.

Mice immunized with irradiated DCs alone showed the

lowest numbers of IFN-c- and IL-4-secreting cells. When

irradiated DCs were given before or after non-irradiated

DCs, both IFN-c (Fig. 1a) and IL-4 (Fig. 1b) responses

were suppressed to similar extents, suggesting that irradi-

ated AdVMART-1/DCs are able to switch off MART-1-

specific immunity and that both T helper 1 (Th1) and T

helper 2 (Th2) T-cell subset responses are equally

affected. This also confirms that the loss of DC function

is an active process and is not caused by cell death.

Local irradiation suppresses B16 tumour immunity

Radiation-induced inhibition of antigen processing/pre-

sentation by DC may be part of a general mechanism that

prevents the generation of autoimmunity following dam-

age to self-tissue. In a tumour microenvironment, it

seems plausible that locally irradiated DCs could switch

off tumour immunity. To test this, we irradiated (with

10 Gy) 5–6-mm-diameter B16 tumours grown in C57BL/6

mice and assessed MART-1-specific responses in the

spleen 7 days later using an ELISPOT assay. In repeated

experiments, spleens from untreated tumour-bearing mice

showed reproducible, but relatively small, increases in the

number of MART-specific IFN-c-secreting cells, indicating

that the tumour was weakly immunogenic (Fig. 2). Inter-

estingly, mice bearing locally irradiated tumours had

abrogated splenic immune responses, as assessed by IFN-c
expression.

Tumour irradiation differentially affects a
subpopulation of immune cells

Flow cytometry was used to determine if alterations in

immune-cell subsets in the spleen and in the tumour

might account for the decreased response we observed

after local tumour radiation therapy. B16 tumours and
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splenocytes were harvested from tumour-irradiated mice

2 or 4 days after treatment. CD4+, CD8+, CD11b+,

CD49b+, MHC II+ CD11c+ and CD4+ CD25+ Foxp3+

subsets were enumerated (Fig. 3). In the tumour, the

numbers of CD8+ T cells decreased by day 2 after 10 Gy

irradiation and remained low on day 4 in three repeated

experiments (Fig. 3a). The number of MHC II+ CD11c+

cells decreased on day 2 and continued to decrease with

time. The number of CD11b+ cells was not reproducibly

altered. The presence of tumour decreased the number of

splenic CD8+ cells within the lymphocyte gate, and local

tumour irradiation reproducibly decreased the number of

splenic CD8+ cells further at 2 and 4 days (Fig. 3b). There

was, however, a compensatory increase in the number of

‘null’ cells. The nature of these cells is still under investi-

gation, but they were CD11b), CD11c)/MHC class II)

(not shown), in addition to lacking CD4 and CD8.

Non-lymphocyte representation (CD11b+ and MHC

II+ CD11c+) was not affected (data not shown).

CD4+ CD25+ Foxp3+ Treg cell numbers in both tumour

and spleen were generally unaffected by the radiation

treatment. However, with CD8+ and CD4+ effector T-cell

numbers decreasing, the fraction of CD4+ T cells that

were CD4+ CD25+ Foxp3+ Tregs increased dramatically

in both spleen and tumour following radiation (at day 2)

(Fig. 3c).

Combination of radiation treatment and DC
vaccination

In order to test if irradiated DC induced-suppression

could be overcome by combination treatment of radiation

therapy and tumour vaccination, AdVMART-1/DCs

(5 · 105 cells) were injected directly into B16 tumours

and their ability to induce MART-specific responses was

examined. As mentioned before, splenic responses in mice

to growing B16 tumours were weak (Fig. 4) and remained

low, even following intratumoral injection of AdVMART-

1/DC. Subdued splenic T-cell responses to growing B16

tumours were decreased even further by local tumour

irradiation of 10 Gy. Importantly, intratumoral injection

of AdVMART-1/DC, when given 1 day prior to local

tumour radiation therapy, not only rescued the treat-

ment-related immune-suppression, but also generated
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Figure 1. Radiation decreases immunity generated by adenovirus

encoding MART-1 cDNA transduced dendritic cells (AdVMART-1/

DC). C57BL/6 mice were treated with 5 · 105 irradiated (10 Gy) or

non-irradiated AdVMART-1/DC. A second immunization was

performed 10 days later with 5 · 105 irradiated or non-irradiated

AdVMART-1/DC. One week after the last immunization, MART-

1-specific (a) interferon-c (IFN-c) and (b) interleukin-4 (IL-4)

responses were assessed using enzyme-linked immunospot

(ELISPOT) assays. Splenocytes were restimulated for 48 hr with

EL4(MART-1) cells (black bars) or EL4 cells (white bars), or were

not restimulated (control; grey bars). Mice immunized with AdVM-

ART-1/DC that had been irradiated showed a reduced number of

IFN-c- and IL-4-expressing cells compared to those injected with

non-irradiated dendritic cells. Furthermore, irradiated AdVMART-1/

DC, whether given before or after AdVMART-1/DC, decreased their

ability to generate responses. Results are shown as mean ± 1 stan-

dard error of the mean (SEM) of triplicate data of one representative

of three independent experiments [*P < 0�05 compared with the

EL4(MART-1)-restimulated group; **P < 0�0001 as compared with

the AdVMART-1/DC-injected group].
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Figure 2. Radiation suppresses B16 anti-tumour immunity. C57BL/6

mice were implanted with viable B16 cells and irradiated with 0 or

10 Gy when the tumour size reached approximately 5–6 mm in

diameter. One week after the treatment, the number of splenic inter-

feron-c (IFN-c)-producing lymphocytes was detected using enzyme-

linked immunospot (ELISPOT) assays 48 hr after restimulation with

EL4(MART-1) cells (black bars) or EL4 cells (white bars), or without

restimulation (control; grey bars). Three mice were used in each

treatment group. Mice without any treatments served as controls.

The results shown are the mean ± 1 standard error of the mean

(SEM) of triplicate data from one representative of three experiments

(*P < 0�05 compared with the EL4(MART-1)-restimulated group).
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higher T-cell responses than in untreated, tumour-bearing

mice. In contrast, the combination of DC vaccination

1 day after local tumour radiation therapy failed to over-

come immune suppression caused by tumour and/or

radiation therapy alone, and the number of MART-1

responsive lymphocytes in the spleens of these mice was

as low as in the unimmunized mice. This suggests that

tumour irradiation can block the response to vaccination,

whereas prior immunization may allow the immune

system to resist the immunosuppressive effects of local

radiation therapy.

One possible explanation for these findings is that irra-

diation alters the ability of DCs to migrate to the draining

LNs. To address this, DCs were treated with LPS to pro-

mote their migration to LNs,23 labelled with the green

fluorescent dye, PKH2, irradiated or sham-irradiated and

then injected into mouse footpads. Popliteal and inguinal

LNs were harvested 48 hr after injection. Surprisingly,

more 10 Gy-treated DCs migrated to LNs than non-irra-

diated DCs (Fig. 5). This rapid migration of irradiated

DCs might explain why high T-cell responses could be

generated after intratumoral DC injection when tumours

were treated with radiation therapy 1 day later (Fig. 4).

Discussion

In this study, we demonstrated that a non-curative radia-

tion dose of 10 Gy delivered to the tumour site abolished

splenic tumour-specific immune responses, suggesting that

local radiation therapy can suppress systemic immunity.

This is not a universal finding and cannot be true for all
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Figure 3. Flow cytometric analyses of cell populations in B16

tumour-bearing mice. C57BL/6 mice with 5–6-mm-diameter

tumours were irradiated with 0 or 10 Gy. Cells were harvested from

tumour (Fig. 3a) and spleens (Fig. 3b) and, either 2 or 4 days after

the radiation treatment, were stained with antibodies to various

immunecell subset markers and analyzed by flow cytometry. Mice

without tumours are used as a control in Fig. 3b. Data in Fig. 3a,b

represent the subpopulation in total tumour cells and in gated

splenic lymphocytes respectively. Figure 3(c) shows CD4+ CD25+

Foxp3+ T-regulatory cells as a fraction of CD4+ cells in both tumour

lymphocytes and splenic lymphocytes. Results are shown as

mean ± 1 standard error of the mean (SEM) of three to five experi-

ments. (*P < 0�05 as compared with the 0 Gy group in Fig. 3a,c and

with the control group in Fig. 3b).
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Figure 4. Intratumoral injection of adenovirus encoding MART-1

cDNA transduced dendritic cells (AdVMART-1/DCs) before, but not

after, radiation therapy prevents radiation-induced immune suppres-

sion. C57BL/6 mice bearing 5–6-mm-diameter B16 tumours were irra-

diated (0 or 10 Gy) 1 day before or after the intratumoral delivery of

AdVMART-1/DCs (5 · 105). Six groups of mice were used in this

study: (i) without tumours or treatments; (ii) with tumours and no

treatments; (iii) with B16 tumours irradiated with 10 Gy; (iv) with

tumours injected with AdVMART-1/DCs; (v) with tumours and

AdVMART-1/DCs injected 1 day prior to local tumour irradiation

(10 Gy); and (vi) with tumours irradiated (10 Gy) followed 1 day later

by AdVMART-1/DC injection. One week after the first treatment,

interferon-c (IFN-c)-producing lymphocytes were detected using

enzyme-linked immunospot (ELISPOT) assays after 48 hr of restimu-

lation with EL4(MART-1) cells (black bars) or EL4 cells (white bars),

or with no restimulation (control; grey bars). Three mice were used in

each treatment group. The results shown are the mean ± 1 standard

error of the mean (SEM) of triplicate data from one representative

experiment of two carried out (*P < 0�05 as compared with the

EL4(MART-1)-restimulated group).
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tumours. For example, local irradiation of ovalbumin

(OVA) gene-transfected B16 melanoma tumours increased

the numbers of OVA-specific lymphocytes within the

draining LNs and tumours,24 and fractionated local

radiation therapy of mouse prostate cancer TRAMP C1

tumours leads to a marginal increase in immunity.20

Others have reported slightly decreased or unchanged

immune responses after irradiation of C3 or MethA

sarcomas.15 Whether radiation increases or decreases

tumour-specific immune responses may depend upon the

immunogenicity of the tumour or even the immuno-

dominant epitope. Many animal tumour models are

immunogenic and it has been known for decades that

curative radiation therapy given to such tumours will result

in systemic immunity that assists in achieving local and

micrometastatic tumour control. However, this bears little

relevance to the clinical situation because most human

tumours are weakly immunogenic. Our data suggest that

under such circumstances radiation therapy might not

behave as a sufficiently powerful adjuvant to enhance the

generation of biologically relevant levels of anti-tumour

immunity, and may indeed have the opposite effect.

One possible mechanism by which local radiation ther-

apy might suppress systemic immunity is through the

activation of immune-suppressor cell populations. Many

cell populations have been detected following local radia-

tion therapy, including regulatory/suppressor T cells with

CD4+,25,26 CD8+27 and CD4) CD8)28 phenotypes. ‘Null’

or ‘natural’ suppressor lymphocytes,29 as well as suppres-

sive DC subsets,30,31 have been described. In this study,

we also observed a significant increase in the number of

suppressive CD4+ CD25+ Foxp3+ Tregs in spleens and

tumours within the CD4+ pool, although because of an

increase in the number of ‘null’ lymphocytes the overall

percentage of Treg cells in the spleen was unaltered. This

finding is consistent with our experience in colorectal

cancer and prostate cancer patients who had elevated lev-

els of CD4+ CD25+ Foxp3+ Treg cells in their circulation

following radiation therapy.32 The relative radiosensitivity

of different Treg subsets is not known, but it should be

noted that the finding that radiosensitive CD8+ suppres-

sor T cells could be eliminated by whole-body irradiation

of tumour-bearing mice, leading to the rejection of

immunogenic tumours,33 deals with a different subset

than the one studied here.

Our study also showed that irradiation of DCs enables

them to block immune responses or to induce immune

suppression or tolerance. Tolerogenic DCs are normally

associated with an immature phenotype and are known

to play an important role in maintaining peripheral toler-

ance.34 As a result of insufficient costimulation, naı̈ve T

cells recognizing ligands on these immature DCs are

deleted.35,36 The concept that this is a two-way interaction

was introduced by Chang et al.,37 who observed that

CD8+ CD28) T cells interfered with CD40–CD40 ligand-

mediated signaling and consequently prevented functional

DC maturation. Another mechanism by which DCs can

induce antigen-specific tolerance is through the capture of

‘self’ antigens from dying cells.38

The mechanisms that confer immunosuppressive ability

on DCs following radiation therapy seem somewhat differ-

ent from the mechanisms described in previous studies. So

far, we have been unable to ascribe the inhibitory effect of

radiation on DC function to a lack of expression of costim-

ulatory molecules, despite the fact that phenotypic changes

are evident after exposure to radiation.13 Indeed, irradia-

tion of DCs enhances their ability to present peptide

antigen pulsed exogenously onto DCs,13 suggesting that

antigen processing, not presentation, is the radiation

target. Bearing in mind that tumour irradiation is likely to

liberate a myriad of peptides ready to be captured by DCs,

our current finding that intratumoral AdVMART1/DC

vaccination was superior when given before radiation

therapy may be yet another reflection of the increased

exogenous peptide processing we observed in vitro follow-

ing radiation.13 The fact that this is abolished when radia-

tion therapy was given before DCs illustrates that there is a

fine balance between immune-stimulatory and immune-

inhibitory mechanisms that are differentially affected by

radiation and time. Interestingly, irradiated DCs seemed to

migrate faster than non-irradiated DCs, indicating another

mechanism by which radiation therapy might affect DC

function. It seems likely that in our study intratumorally

injected DCs, given before radiation therapy, could have

migrated to the lymph node and spleen by the time that

radiation therapy was delivered, a suggestion that is sup-

ported by previous findings.39,40

10 Gy DC 

0 Gy DC 

Control 

0 0·05 0·1 0·2 

Percentage of total cells

0·3 

+LPS 

* 

–LPS 

0·15 0·25 

Figure 5. In vivo migration of irradiated or non-irradiated dendritic

cells (DCs). Lipopolysaccharide (LPS)-treated and untreated DCs

were labeled with the green fluorescent dye, PKH2, irradiated (0 or

10 Gy) and injected subcutaneously (s.c.) into the mouse foodpad.

Mice without DC injection were used as controls. Fluorescent cells

within the lymph node (LN) population were detected by flow

cytometry 48 hr after injection of DC. Three mice were used in each

treatment group. Results shown are the mean ± 1 standard error of

the mean (SEM) of three experiments (*P < 0�05 compared with the

0 Gy DC group).
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Potential radiation effects on the tumour microenviron-

ment are multifaceted, such as up-regulating the expres-

sion of inflammatory mediators [e.g. cyclooxygenase-2

(COX2) and prostaglandin E2 (PGE2)], heat shock pro-

teins, immunomodulatory cytokines, adhesion molecules,

costimulatory molecules, death receptors on tumour cells

(e.g. Fas)41 and MHC class I molecules. Intratumoral DC

administration has been clearly shown to enhance

immune responses in a non-antigen-specific manner in

several mouse models,14–16 and to have a better therapeu-

tic outcome if the tumour was irradiated prior to intratu-

moral DC injection,15,16,40 which are different from the

findings in our antigen-specific model. The outcome

could ultimately depend on properties of the tumour and

the microenvironment.

It is important to note that, in our model, intratu-

moral vaccination with AdVMART-1/DC in vivo, given

even 1 day prior to tumour irradiation, resulted not

only in the resistance to radiation-related immuno-

suppression but was also very effective at counteracting

overall tumour-immune escape. This gives hope that

combining radiation therapy and immunotherapy with

the aim of increasing control of local tumours and dis-

tant micrometastases is feasible and worth pursuing,

even if radiation therapy per se is often immuno-

suppressive. If the combination is to be effective, provi-

sion of more effective ‘danger’ signals than is provided

by radiation therapy alone may be required,42–44 and

the timing of immunization relative to irradiation

might be critical.
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