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Abstract

Radiation therapy is widely used with curative or palliative intent in the clinical management of 

multiple cancers. Although mainly aimed at direct tumor cell killing, mounting evidence suggests 

that radiation can alter the tumor to become an immunostimulatory milieu. Data suggest that the 

immunogenic effects of radiation can be exploited to promote synergistic antitumor effects in 

combination with immunotherapeutic agents. Here we review concepts associated with the 

immunogenic consequences of radiation therapy, and highlight how preclinical findings are 

translating into clinical benefit for patients receiving combination regimens of radiation therapy 

and therapeutic cancer vaccines.

Introduction

Radiation therapy (RT), the standard of care for multiple cancers, aims to eliminate 

malignant lesions through direct killing of tumor cells. The success of RT as an anticancer 

treatment modality lies in its ability to cause DNA double-strand breaks in irradiated tumor 

cells, ultimately leading to cell death. However, the presence of systemic disease, 

development of treatment resistance, or the need for sublethal doses of radiation in order to 

reduce toxicity to normal tissue can result in surviving tumor cell populations and 

subsequent disease progression or recurrence.1,2

Tumors are often weakly immunogenic and mount multiple mechanisms to evoke immune 

evasion and/or tolerance.3-5 Although RT was initially thought to be immunosuppressive, 

multiple clinical observations in recent years have indicated that certain cancer patients 
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obtain greater clinical benefit from immunotherapy regimens if they have been previously 

treated with RT.2 These observations are supported by increasing evidence demonstrating 

that, through modulation of the immune system and/or direct effects on malignant cells, RT 

can modulate the tumor to become an immunostimulatory milieu.1,6-8 Upon exposure to RT, 

both dying and surviving tumor cell populations undergo a spectrum of immunogenic 

modifications (Fig. 1). This immunogenic milieu can then be exploited in a combined 

regimen with therapeutic cancer vaccines to promote a more robust immune response 

against the tumor and maximize clinical benefit.

Radiation Triggers Immunogenic Modulation of Tumor Through Multiple 

Mechanisms

Preclinical murine studies have demonstrated that tumor cell death resulting from exposure 

to lethal irradiation elicits significant antitumor immune responses, defined as immunogenic 

cell death (ICD).9 Although cancer patients receiving RT alone mount weak to null 

antitumor immune responses, accumulating evidence indicates that the immunogenic effects 

of RT can be exploited to promote synergistic clinical benefit for patients receiving 

combination regimens with therapeutic cancer vaccines (Fig. 1).1,2,7,10

RT evokes a spectrum of molecular alterations in the biology of surviving tumor cells, 

defined as immunogenic modulation, that render tumor cells more sensitive to attack by 

antigen-specific CD8+ cytotoxic T lymphocytes (CTL). The molecular mechanisms 

associated with immunogenic modulation include (a) changes in tumor cell-surface 

phenotype, (b) modulation of antiapoptotic/survival and/or immune-responsive genes, (c) 

modulation of antigen-processing machinery components, and (d) translocation of 

calreticulin (CRT) to the tumor cell surface (Fig. 1).1,11-14 Recent findings strongly suggest 

that immunogenic modulation, and the resulting heightened sensitivity to CTL lysis 

observed in tumor cells recovering from radiation exposure, stems from a survival response 

to radiation-induced endoplasmic reticulum stress.15 However, as knowledge of the 

immunologic consequences of RT increases, other mechanisms may also be identified.

Tumor cells that survive RT undergo a spectrum of phenotypic changes on the cellular 

surface that render them more recognizable by the immune system, including increased 

expression of death receptors such as Fas/CD95, intercellular adhesion molecule-1 

(ICAM-1/CD54), tumor-associated antigens (TAAs) (i.e., carcinoembryonic antigen [CEA] 

and MUC1), and MHC class I.15-19 Increased expression of effector T-cell costimulatory 

molecules in irradiated human tumor cells, such as OX-40L and 4-1BBL, has also been 

reported.20,21 These costimulatory molecules have been shown to reduce levels of regulatory 

T cells (Tregs), and their altered expression may play an additional role in modulating 

immune suppression.22-24 Production of chemoattractant factors and increased trafficking of 

T cells to the tumor have also been reported.25,26 Functionally, RT-induced modulation of 

tumor phenotype has been shown to enhance antitumor T-cell activity in both in 

vitro15,16,21,27,28 in vivo tumor models.29,30 These and other findings have created a 

paradigm shift in recent years. It is now widely accepted that local RT not only damages 

DNA and induces distinct forms of tumor cell death, but also modifies surviving tumor cells' 

phenotype, making them better targets for immune attack.
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It is well established that the most effective cancer immunotherapy strategies generate TAA-

specific CTLs capable of killing tumor cells. Available data support the idea that RT can be 

a powerful adjuvant to active therapeutic cancer vaccines, either independently or as a 

complement to its ability to induce ICD. For example, RT-induced ICD can function as an in 

situ boost to antitumor T cells that persist post-vaccination. In addition, some in vivo models 

indicate that RT may temporarily curb immunosuppressive cell populations, allowing 

vaccine-induced T cells to function more efficiently.31 These observations provide a 

rationale for using RT to modulate tumors and the tumor microenvironment, allowing for 

heightened functionality of TAA-specific, vaccine-induced CTLs.

Numerous preclinical and clinical studies have demonstrated that RT can be successfully 

combined with active immunotherapeutic regimens. The following is a review of current 

evidence of RT's ability to enhance the antitumor efficacy of diverse therapeutic cancer 

vaccine strategies currently under investigation.32

Combination Therapy with Radiation Plus Therapeutic Cancer Vaccines

Dendritic-Cell Vaccines

Preclinical—Preclinical studies have demonstrated enhanced antitumor efficacy in mice 

treated with RT plus dendritic cell (DC)-based vaccines. In a murine model of MCA-102 

fibrosarcoma, intratumoral injection of DCs following 15 Gy of external-beam radiation 

therapy (EBRT) induced tumor-specific CTL activity and efficient antitumor immunity not 

observed with either modality alone.33 Antitumor activity against an established tumor at a 

distant site was also observed in mice receiving the combination therapy, but not with either 

modality alone. In a murine model of CT-26 colon carcinoma expressing prostate-specific 

antigen (PSA), the combination of radiation with interleukin-2/granulocyte-macrophage 

colony-stimulating factor (IL-2/GM-CSF) plus intratumoral injection of DCs resulted in 

significantly reduced tumor burden.34 Tumors were exposed to 8 Gy of EBRT 1 or 2 days 

post-vaccination. Four weeks after combination therapy, mice were refractory to tumor re-

challenge to the contralateral flank, suggesting that RT modulated the tumor milieu, making 

it a more favorable environment for immune attack.

Clinical—Sipuleucel-T (Provenge®; Dendreon) is an autologous DC vaccine for the 

treatment of metastatic castration-resistant prostate cancer. Approval by the U.S. Food and 

Drug Administration (FDA) of sipuleucel-T, the first therapeutic cancer vaccine to be 

approved, has spurred considerable interest in combining therapeutic cancer vaccines with 

standard-of-care therapies, including RT. For instance, a phase I study evaluated the 

combination of RT plus injection of autologous immature DCs in 14 patients with advanced-

stage/metastatic hepatoma.35 Patients received a single fraction of 8 Gy conformal RT 

followed by 2 intratumoral injections, given 3 weeks apart, of autologous immature DCs in 

4 dose cohorts. This combination resulted in tumor-specific immune responses in 7/10 

assessable patients. Two partial responses and 4 minor responses were also reported.

Another recent trial reported results from 40 patients treated with an autologous DC-based 

vaccine in combination with conformal RT.36 Patients had recurrent, metastatic, or locally 

advanced tumors of the head and neck, pancreas, lung, esophagus, or uterus. Matured DCs 
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were pulsed with autologous tumor-cell lysates or tumor-specific peptides. Patients were 

treated with intensity-modulated RT using tomotherapy, stereotactic body RT (SBRT), or 3-

dimensional conformal RT. The total doses were 30 Gy and 60 Gy (at standard 2 Gy/

fraction in 38/40 patients) for patients with and without previous RT treatment, respectively. 

DC vaccines were administered every other week thereafter, up to 7 times. The 31 patients 

receiving full-dose RT had a response rate of 61%. The 9 patients who had previously 

received RT had a response rate of 55%. Tumor response outside the RT target volume was 

evaluable in 9 patients. Of these, 22% had a partial response, 33% had stable disease, and 

44% had progressive disease according to the response evaluation criteria in solid tumors 

(RECIST). These findings indicate that the combination of DC-based vaccine and RT 

induces evaluable clinical responses.

Several ongoing clinical trials are investigating this combination strategy,37 including a 

phase II study of sipuleucel-T plus EBRT,38 a phase II study of sipuleucel-T plus 

stereotactic ablative body radiation,39 and a pilot study of sipuleucel-T plus high-dose 

single-fraction RT40 in hormone-refractory prostate cancer. A phase II study of EBRT alone 

or in combination with an intratumoral DC vaccine in soft tissue sarcoma is ongoing.41 In 

this 2-arm study, conventionally fractionated RT is followed by autologous DCs 

administered prior to surgical resection. A phase II study in glioblastoma is also underway 

that combines EBRT with surgery and temozolomide with or without DCs pulsed with 

tumor-cell lysates.42

Whole Tumor-Cell Vaccines

Preclinical—In preclinical studies, whole tumor-cell vaccines (WTCVs) such as GVAX, a 

cellular vaccine secreting GM-CSF, have been shown to promote DC maturation and 

enhance TAA presentation and T-cell activation.43,44 Whole-brain RT enhanced the 

effectiveness of immunotherapy with irradiated GL261 cells secreting GM-CSF as a 

WTCV.45 In this model, RT induced β2-microglobulin expression in vivo 48 h after 2 

fractions of 4 Gy, and upregulated MHC class I protein expression in vitro after 4 Gy, 

suggesting that enhanced antigen presentation was a major factor.

Clinical—Current studies are investigating RT's ability to enhance the antitumor efficacy of 

WTCV strategies. A phase I study in patients with resected adenocarcinoma of the 

pancreas46 is comparing GVAX vaccine, fractionated SBRT (6.6 Gy), and FOLFIRINOX 

chemotherapy with and without low-dose cyclophosphamide. SBRT (6.6 Gy) will be 

administered over 5 days starting either 6 to 10 weeks after surgery (arm 1), or 13 to 17 days 

after the first vaccine (arm 2). The inclusion of chemotherapy will make the contribution of 

RT difficult to identify; however, the variant scheduling of RT between study arms may 

highlight key differences.

Viral Vaccines

Preclinical—The biological synergy between viral-based vaccines and RT has been 

thoroughly investigated in preclinical and clinical studies. Using mice transgenic for human 

CEA and a murine carcinoma cell expressing CEA, Chakraborty et al. demonstrated that 

local tumor irradiation in combination with active specific vaccine therapy elicited durable 
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antitumor responses to established tumors.29 The vaccine regimen consisted of a prime with 

vaccinia and boosts with a recombinant avipoxvirus expressing CEA and 3 T-cell 

costimulatory molecules (TRICOM).47 Neither RT (8 Gy) nor vaccine alone inhibited the 

growth of 8-day established tumors. However, the combination of vaccine therapy and local 

RT achieved a significant number of cures. This result was mediated by the engagement of 

the Fas/Fas ligand pathway, as CEA+ tumor cells expressing dominant-negative Fas were 

not susceptible to the combination therapy. Synergy between this vaccination strategy and 

RT was also evident when radiolabeled antibodies were used.48 A single dose of yttrium-90-

labeled anti-CEA monoclonal antibody (mAb) in combination with prime-boost vaccine 

therapy resulted in a statistically significant increase in survival in tumor-bearing mice over 

vaccine or mAb alone. Mice receiving the combination therapy also showed a significant 

increase in the percentage of viable tumor-infiltrating CEA-specific CD8+ T cells compared 

to vaccine alone. In vitro studies indicated that exposing human tumor cells to palliative 

doses of 153Sm-EDTMP (Quadramet®, an FDA-approved radiopharmaceutical targeting 

bone metastasis) could alter the phenotype of tumor cells to render them more susceptible to 

T cell-mediated killing.27 In a murine model of colon carcinoma (MC38), RT plus a vaccine 

consisting of recombinant vaccinia/fowlpox-CEA/TRICOM induced a significant influx of 

CTLs into the tumor milieu and a subsequent slowing of tumor growth.49 Combination 

therapy also mediated the regression of CEA− metastases at nonirradiated sites by promoting 

antigen cascade.49 This abscopal effect has also been observed in mice given a single dose 

of yttrium-90-labeled anti-CEA mAb with vaccine.48 Antigen cascade as a result of EBRT, 

brachytherapy, or yttrium-90-labeled mAb induced T lymphocytes specific for antigens not 

encoded by the poxviral vaccine, but that are expressed in MC38 tumors.48,49 Thus, it seems 

likely that diverse radiation protocols, including EBRT, radiolabeled antibodies, and 

radiopharmaceutical agents, may enhance the efficacy of this vaccine platform.

Clinical—The preclinical findings outlined above are being translated into clinical 

evaluation of RT combined with poxviral-based therapeutic vaccines. In a phase I study, 

patients with localized prostate cancer who were treated with EBRT and a poxviral-based 

vaccine had a significant increase in PSA-specific T-cell responses compared to patients 

receiving EBRT alone.50 Patients were given a priming vaccination of an admixture of 

recombinant vaccinia (rV)-PSA/rV-B7.1, followed by 7 monthly boosts with recombinant 

fowlpox (rF)-PSA. All vaccines were given on day 2 of each 28-day cycle, with GM-CSF 

given s.c. at the vaccination site on days 1 to 4. IL-2 was given s.c. in the abdomen on days 

8 to 12. Standard EBRT (≥ 70 Gy, with 1.8 to 2.0 Gy per fraction) was given between the 

fourth and sixth vaccinations. Twenty-eight patients completed the therapy. Thirteen of the 

17 who received EBRT plus vaccine had a ≥ 3-fold increase in PSA-specific T cells, a result 

not observed in the 11 patients treated with RT alone.51 A follow-up report on 26 patients 

treated with EBRT plus vaccine revealed that the combination did not appear to induce 

significant differences in PSA control compared to standard treatment.52 There was also 

limited evidence of long-term immune response following vaccine therapy. In all, of 12 

patients evaluated for PSA-specific immune responses, one demonstrated a response 66 

months post-enrollment.

Garnett-Benson et al. Page 5

Semin Radiat Oncol. Author manuscript; available in PMC 2016 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



It is important to note that these early clinical studies used RT in combination with poxviral 

vaccines that contained a single costimulatory molecule. Subsequent preclinical studies 

demonstrated that a triad of costimulatory molecules (TRICOM) more effectively generated 

antitumor immune responses.1,10,53 A pilot study evaluated the tolerability of rV/F-CEA/

TRICOM vaccine in combination with RT in 12 patients with advanced gastrointestinal 

malignancies metastatic to the liver.54 Patients received rVCEA/TRICOM on day 1, 

followed by biweekly boosts with rF-CEA/TRICOM and split-course radiation (total 32 Gy) 

starting on day 21. All vaccines were given with rF-GM-CSF. No grade ≥ 3 toxicities were 

observed, and 2 patients had stable disease for 5 months, showing that RT plus TRICOM 

vaccine was safe even in heavily pretreated patients with high tumor burden (median time 

since last chemotherapy: 2 months). Patients with locally recurrent or progressive prostate 

cancer were also treated with PSA-TRICOM after definitive RT.55 Examination of patient 

biopsies demonstrated an increase in T cells infiltrating the tumor microenvironment post-

treatment. Furthermore, the majority of patients had improved serum PSA kinetics.

Although the primary endpoint of these initial trials was safety, some data suggested 

enhanced immune activity. Evidence of immune responses to antigens not included in the 

vaccine but present within the tumor tissue (antigen cascade) has been reported. Gulley et al. 

detected immune response to prostate-specific membrane antigen, prostatic acid 

phosphatase, prostate stem cell antigen, and MUC1 following vaccination with a PSA 

poxviral-based vaccine in patients with localized prostate cancer treated with RT.50 This 

result has also been reported in preclinical studies combining a poxviral-based vaccine and 

RT.56 Additionally, induction of antigen cascade was associated with regression of tumors 

not expressing the vaccinating antigen after local irradiation of the antigen-positive tumor.49

These findings have led to promising clinical benefits for patients receiving RT plus 

immunotherapy.1,2,10 In a multicenter phase II study, patients with metastatic castration-

resistant prostate cancer (n = 44) were randomized to receive 153Sm-EDTMP alone or in 

combination with PSA-TRICOM vaccine. Time to progression significantly improved (P = 

0.03) with combination therapy (3.7 months) compared to 153Sm-EDTMP alone (1.7 

months).10

Clinical studies are also underway to evaluate the safety57 and efficacy58 of adenoviral 

vectors containing the herpes simplex thymidine kinase gene in combination with RT for 

diverse cancers.

Peptide/Protein Vaccines

Preclinical—Several studies have investigated RT as an adjuvant to peptide- or protein-

based therapeutic cancer vaccines. A cervical cancer animal model was used to evaluate the 

potential benefits of combining RT with human papillomavirus (HPV) E7 subunit 

vaccines.59 Although the vaccine targets a viral gene responsible for tumorigenesis, the 

therapeutic synergy of the combination was mediated by CD8+ CTLs and was concomitant 

with histological changes, including heavy infiltration of lymphocytes. Phenotypic changes 

in irradiated tumors (i.e., increased MHC class I and Fas) and increased sensitivity to CTL-

mediated killing also appeared to be responsible for therapeutic synergy. Mice with 6- to 8-

mm tumors were cured following RT (28 Gy) to the tumor in combination with E7 subunit 
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vaccine given 3 times at weekly intervals. Moreover, these mice were refractory to tumor 

rechallenge. A recent innovative approach combining RT with Hsp70 peptide complexes 

obtained from radioresistant tumor cells and DC fusions (Hsp70.PC-F) demonstrated that 

specific immunity to radioresistant tumor cells could be induced.60 In these studies, mice 

received 6- and 9-Gy RT to the tumor on days 8 and 10 post-tumor implant, followed by 

Hsp70.PC-F s.c. vaccination on days 12, 19, and 26. Vaccination plus RT inhibited the 

growth of primary tumors as well as the number of tumor cells metastasizing to lung.

Clinical—The combination of peptide vaccine and RT has been evaluated clinically. In 

studies using chemoradiation, investigators have found it difficult to evaluate the direct 

effect of RT on the peptide vaccination strategy.61 An ongoing phase I trial is evaluating the 

toxicity profile of vaccine given concurrently with temozolomide and RT in patients with 

newly diagnosed glioblastoma multiforme.62 A pilot study in patients with low-grade 

gliomas is evaluating the effects of vaccination with HLA-A2-restricted glioma antigen 

peptides in combination with poly-IC.63 Patients are enrolled in 1 of 2 cohorts, based on 

whether they have received RT ≥ 6 months prior to enrollment, and induction of antigen-

specific immune response is compared between cohorts 1 (no RT) and 2 (prior RT).

Nucleic-Acid Vaccines

Preclinical—The combination of low-dose RT and DNA vaccine has been explored 

preclinically using epithelial cells transformed with HPV E6/E7 and activated ras oncogene 

as a cervical cancer model.64 The DNA vaccine consists of CRT linked to the mutated form 

of the HPV-16 E7 antigen. Tumor-bearing mice treated with RT combined with CRT/E7 

DNA vaccine generated significant antitumor responses. The highest frequency of E7-

specific CD8+ T cells was seen in the tumors of treated mice. Therapeutic vaccines were 

given on days 8, 12, and 16, and the effect of administering RT on the day of the first, 

second, or third vaccination was evaluated. RT (16 Gy) given with the second DNA 

vaccination generated the highest frequency of E7-specific CD8+ T cells in the tumors and 

spleen, demonstrating that RT can enhance the effect of therapeutic DNA-based vaccines. 

Furthermore, investigators found that the timing of RT can greatly affect the magnitude of 

antitumor immune responses generated.

Unmethylated cytosine-phosphorothioate-guanine (CpG) oligodeoxynucleotide, a ligand of 

toll-like receptor 9, has also been used in combination with RT.65 Mice bearing Lewis lung 

carcinoma cells expressing ovalbumin (OVA) were irradiated twice with 14 Gy at intervals 

of 24 h when tumors became palpable (7 to 8 mm). After the second irradiation, mice 

received CpG + OVA liposome intradermally near the draining lymph node. Tumor growth 

was greatly inhibited, and 60% of mice were cured following treatment with the 

combination. This combination therapy also increased OVA-specific CTLs in tumor-bearing 

mice. While such preclinical studies demonstrate the feasibility of combining nucleic-acid 

vaccines with RT for the treatment of cancer, the research has not been translated into 

clinical studies.
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Additional Vaccine Approaches

Preclinical—Novel immunotherapeutic approaches are also being evaluated in 

combination with RT. Human cancers frequently overexpress a high-affinity cell-surface 

receptor for folic acid. Tumor cells can be made more recognizable by the immune system 

when highly immunogenic haptens are targeted to folate receptor-expressing cell surfaces. 

Folate-targeted hapten immunotherapy (FTHI) eliminates medium-sized tumors in 

antihapten-immunized mice.66 Radiotherapy (3 Gy/dose on days 1, 5, and 12) synergizes 

with FTHI in antihapten-immunized mice, curing animals bearing tumors > 300 mm3. 

Moreover, in animals receiving local RT, nonirradiated distal tumor masses showed 

increased response to hapten immunotherapy, indicating an immune-mediated abscopal 

effect. In contrast, combination FTHI plus paclitaxel chemotherapy had no enhanced 

antitumor efficacy.

Immunotherapy with live, attenuated Listeria monocytogenes-based vaccine is another 

innovative approach being evaluated preclinically in combination with RT.67 The 

combination of RT and a Listeria monocytogenes-based PSA vaccine (ADXS31-142) was 

recently evaluated in a mouse model of prostate cancer. Mice bearing PSA-expressing 

TPSA23 tumors received no treatment, ADXS31-142, RT, control Listeria vector, and the 

combination of ADXS31-142 plus RT. The Listeria-based vaccine was given on days 10, 

17, and 21 post-tumor implant and single-fraction EBRT of 10 Gy was delivered on day 12. 

Combination therapy with RT and vaccine induced significant tumor regression compared to 

either modality alone, resulted in complete regression of tumors in 60% of treated mice, and 

augmented PSA-specific immune responses.

Conclusion

The preclinical studies and early clinical trials described here demonstrate that RT can 

enhance the efficacy of therapeutic cancer vaccines. While these outcomes provide the 

rationale for current clinical trials employing both modalities, further investigation will be 

required to achieve synergy and realize the full potential of the combination. So far, the 

combination of poxviral-based vaccines with RT has been the subject of the most intense 

preclinical and clinical scrutiny.

The molecular-level effects of combining RT with immunotherapy are just beginning to be 

elucidated. Radiation induces a spectrum of immunogenic alterations in tumor biology, 

ranging from immunogenic modulation to immunogenic cell death. These may be harnessed 

to achieve optimal synergy with therapeutic cancer vaccines, mAb, and other 

immunotherapy regimens to maximize clinical benefit, even for patients who have failed RT 

or who have limited treatment options. Further investigation into the molecular mechanisms 

that result in RT's ability to enhance antitumor immune responses will be required to 

capitalize on these biological changes and reduce the morbidity and mortality of cancer. For 

immunogenic modulation by RT to translate into clinical success, the optimal administration 

of RT must be based on defined cellular and molecular changes within irradiated tumors that 

directly enhance therapeutic vaccine approaches. It is our hope that the next phase of 

research will generate data that will drive the clinical implementation of combination 

therapies employing RT plus therapeutic cancer vaccines. Further research may provide 
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relevant information on the dose, delivery, and timing of radiation that will best capitalize 

on the immunomodulatory activities of RT in combination with each of the diverse vaccine 

approaches.
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Figure 1. 
Multiple immunogenic consequences of radiation therapy that can be exploited to promote 

anti-tumor synergy in combination regimens with therapeutic cancer vaccines.
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