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Abstract

The combination of radiation therapy and immunotherapy holds enticing promise as a strategy for
cancer treatment. Preclinical studies have shown that radiation may act synergistically with
immunotherapy to enhance or broaden antitumor immune responses, in part due to radiation-
induced phenotypic alterations of tumor cells that render them more susceptible to immune-
mediated killing. Clinical trials employing the combination of therapeutic vaccines with radiation
have confirmed many of these findings, and clinical endpoint human studies are both ongoing and
planned. This review examines a) the evidence that radiation induces immunologic death, b) the
mechanisms by which radiation therapy can induce or augment antitumor immune responses, and
c) translational studies demonstrating that immunotherapy can be effectively combined with
radiation therapy. Finally, we review recent and current clinical trials combining radiation therapy
with immunotherapy.
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Introduction

Conventional cancer therapies can have numerous toxicities. While they kill cancer cells,
they also destroy normal hematopoietic, endothelial, and stromal cells. Immunotherapy
offers a unique approach in cancer therapeutics because it utilizes the immune system to
specifically identify tumor cells via expression of tumor antigen, and is therefore less toxic.
In spite of this, immunotherapies as single agents, when given in the setting of high tumor
burden, have proved less than satisfactory in providing clinical benefit. This is likely a result
of multiple factors. Prior chemotherapy can compromise the immune system’s ability to
generate a robust immune response. In addition, tumor cells can negatively affect T cells by
rendering them inactive and limiting cell division, cell differentiation, and cytokine
production, leading to T-cell anergy [1]. T-cell function and penetration into the tumor are
further affected by the tumor vasculature and interstitial tumor pressure. Moreover, the
tumor microenvironment can downregulate the expression of major histocompatibility
complex (MHC) class | molecules and tumor-associated antigens (TAAS) and deplete
suppressive cells and immunosuppressive cytokines, thus greatly decreasing T cell-mediated
immune recognition and tumor attack.

"Corresponding author: James L. Gulley, Laboratory of Tumor Immunology and Biology, Center for Cancer Research, National
Cancer Institute, National Institutes of Health, 10 Center Drive, Room 8B09, Bethesda, MD 20892. Phone: (301) 435-2956; Fax:
(301) 480-5094; gulleyj@mail.nih.gov.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ferrara et al.

Page 2

Radiation therapy may be able to overcome avenues of escape from immune recognition.
Local tumor radiation is standard care for many cancers because of its direct cytotoxic
effect. Due to toxicity restraints, some individual tumor cells within a tumor mass may
receive a sublethal dose of radiation. This dose, however, may be capable of inducing
multiple changes within the cell, facilitating recognition of the cell by the immune system
and immune-mediated killing.

Radiation therapy induces immunologic cell death

Radiation treatment that is lethal to tumor cells can modulate the immune system’s ability to
activate effective antigen presentation by inducing recognition and phagocytosis signals for
dendritic cells (DCs) [2]. First, antigens released by dying irradiated tumor cells can be
taken up, processed, and presented by antigen-presenting cells (APCs) in the
microenvironment and draining lymph nodes. Second, dying tumor cells release a specific
“danger” signal that acts upon DCs to stimulate antigen processing and presentationto T
cells [3, 4].

A study by Nesslinger et al. showed that standard cancer treatments can induce antigen-
specific immune responses. They examined serum samples from men with prostate cancer
who had been treated with definitive radiation therapy or surgery. The men who received
brachytherapy or external beam radiation therapy developed immune serological changes
with new antibody responses after treatment, as measured by Western blot analysis (4 of 29
and 5 of 20 respectively), whereas none of those treated with radical prostatectomy (n = 14)
had such responses. Equally important, responses were seen within 4 to 9 months of
treatment and observed across the range of disease groups [5].

Another clinical study recently demonstrated that radiation increases tumor-specific T-cell
reactivity in patients with both colorectal cancer (CRC) and prostate cancer [6]. Schaue et al.
[6] evaluated the level of CD8+ T cells specific for the TAA survivin, which is
overexpressed in both cancer types. Lymphocytes were collected before, during, and after
radiotherapy. In the CRC group, 9 of 13 patients showed an increase in the percent of
survivin-specific CD8+ T cells, while 7 of 11 prostate cancer patients had an increase in
survivin-specific CD8+ T cells. Biopsy samples from CRC patients whose tumors were
downstaged following radiation expressed more survivin and had more promising increases
in survivin-specific CD8+ T cells than patients whose tumors were not downstaged. Thus,
this study demonstrated that radiation does not induce tolerance to survivin, but rather is
associated with induction or augmentation of TAA immune responses.

Local radiation has also been reported to affect metastatic sites distant from the site of
radiation in a phenomenon called the “abscopal effect” [3]. Among a cohort of 28 patients
with metastatic renal cell carcinoma in which some were treated with stereotactic
radiotherapy, the abscopal effect was seen in 4 patients who displayed regression of
nonradiated lesions [7]. It should be noted that no patient was being treated concomitantly
with systemic therapy.

While the exact mechanism of this phenomenon remains unclear, it is thought to be
immunologically mediated. Taken together, these data provide evidence that cellular and
humoral immune responses can be seen following radiation alone. However, these relatively
low-level immune responses are suboptimal for causing clinically significant antitumor
activity in the majority of cases.
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Radiation therapy induces immunotherapy-potentiating phenotypic

changes

Immune-mediated tumor killing requires functional tumor-specific T cells to travel to the
tumor, recognize the tumor, and kill the tumor. Recognition of tumor by CD8+ cytotoxic T
lymphocytes (CTLs) occurs when the T-cell receptor binds to an MHC molecule with a
tumor-specific peptide in its cleft. Killing is generally done via the Fas pathway or through
the local release of granzymes (Figure 1). Tumor cells often evade the host immune system
because they do not adequately express the MHC molecules necessary for antigen
processing and presentation. MHC class | provides the basis for tumor-antigen recognition
by CTLs. Therefore, upregulation of MHC molecules or TAAs makes it easier for T cells to
recognize tumor. The Fas receptor is a mediator of apoptosis and is involved in CTL killing
[8]. When Fas ligand on CTLs binds to the Fas on tumor cells, it causes trimerization of the
Fas membrane protein, triggering an apoptotic cascade that leads to tumor-cell death. Thus
upregulation of Fas on the tumor facilitates immune-mediated tumor lysis. Additionally,
intercellular adhesion molecules such as ICAM-1 increase immune recognition by providing
signals for T-cell trafficking to the tumor site. Sabzevari et al. also showed /n vitro that
upregulating ICAM-1 on tumor cells resulted in improved ability of antitumor CTLs to lyse
tumor cells [9].

Radiation has the ability to alter nonlethally radiated tumor cells and tissues in a way that
stimulates immune-cell recognition and killing of the tumor and may also facilitate immune-
cell trafficking to the tumor. Indeed, sublethal doses of ionizing radiation have the ability to
alter the phenotype of target tissue by upregulating immune modulators and rendering tumor
cells more susceptible to immune T-cell attack (Table 1). In a study by Garnett et al., 23
human carcinoma cell lines (12 colon, 7 lung, and 4 prostate) were analyzed for their
response to low-dose, nonlytic radiation (either 10 or 20 Gy). It was shown that radiation
changes the expression of Fas (CD95), MHC class I, and other cell surface molecules,
specifically ICAM-1 and TAAs such as carcinoembryonic antigen (CEA) and mucin-1
(MUC-1) [10]. Radiation affected 21 of 23 cell lines by upregulating one or more surface
molecules that facilitate T cell-mediated recognition or killing of tumor. It has also been
shown that radiation can improve T-cell trafficking to tumor by upregulating chemokines
[11].

A study by Reits et al. [12] showed that expression of MHC class | molecules was
upregulated in a radiation dose-dependent manner, and that the intracellular peptide
repertoire increased following radiation. Initially, a pool of intracellular peptides was created
as a result of increased degradation of proteins. Then, activation of the mTOR pathway led
to increased protein translation, subsequent peptide production, and creation of a new
peptide repertoire. The results of this study provide evidence that targeted radiotherapy can
improve the overall efficacy of immunotherapy and augment the immunological response.

Strontium-89 and samarium-153 (1°3Sm) are FDA-approved bone-seeking radionuclides
frequently used as palliative treatment of pain caused by metastatic lesions to bone. This
form of radiotherapy has also been shown to cause phenotypic modulation of tumor cells
[13]. In a recently reported study, 10 human tumor-cell lines representing tumors that
metastasize to bone (4 prostate, 2 breast, and 4 lung) were exposed to clinically equivalent
palliative doses of 153Sm-EDTMP for 4 days. Expression of several cell surface molecules
and TAAs was examined by flow cytometry and PCR. Of the 10 cell lines, 100%
upregulated Fas, 90% upregulated CEA, 60% upregulated MUC-1, 50% upregulated MHC
class I, and 40% upregulated ICAM-1. These results show that exposure to 153Sm-EDTMP
induces phenotypic changes in tumor cells, rendering them more susceptible to T-cell
immune-mediated killing [13].
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The studies described above demonstrate radiation’s ability to upregulate MHC molecules,
TAAs, adhesion molecules, and Fas expression on tumor cells, which can make the immune
system more proficient at recognizing and destroying cancer cells. These findings have led
to /n vivo studies combining vaccine and radiation.

In vivo studies of vaccine plus radiation

In vivo preclinical studies have shown that the antitumor effects of the combination of
external beam radiation and vaccine are greater than those of single-agent therapies.
Chakraborty et al. studied CEA transgenic mice and a murine carcinoma cell line transfected
with CEA. Mice were given a vaccine expressing CEA and a TRlad of COstimulatory
Molecules (B7-1, ICAM-1, and LFA-3; TRICOM) along with low-dose radiation (8 Gy).
Mice receiving the combination treatment had a 50% reduction in tumor mass and massive
infiltration of T cells, while vaccine or radiation given as a single modality was ineffective
[14]. The regimen used in this study upregulated Fas on tumor cells, leading to improved
vaccine-mediated killing of tumor. Additionally, Chakraborty et al. demonstrated a
subsequent broadening of the immune response, referred to as antigen cascade, whereby
mice cured of tumors developed CD4+ and CD8+ T-cell responses not only to CEA, but
also to p53 and gp70, antigens that are also overexpressed by tumor cells. Interestingly, the
vaccine did not contain p53 or gp70, and the immune response to gp70 was greater than the
response to CEA peptide, indicating that antigen cascade serves as a critical step in the
immune response.

Chakraborty et al. also examined the effect of a radiolabeled monoclonal antibody (mAb) on
tumor-cell phenotype [15]. CEA transgenic mice were injected with MC38-CEA+ tumor
cells, then treated with an anti-CEA mADb labeled with yttrium-90, either alone or in
combination with the above-described CEA/TRICOM vaccine. In mice that received no
treatment, tumors grew progressively (average tumor volume on day 28 was 3311 mm3).
Moreover, 100% of the animals died by day 30. In mice treated with vaccine alone, the
vaccination regimen did not significantly inhibit tumor growth. Radiolabeled mAb given as
a monotherapy significantly inhibited tumor growth compared to no treatment. However,
treating tumors with a combination of vaccine and radiolabeled mAb resulted in a marked
decrease in tumor growth rate and tumor volume. Moreover, mice treated with the
combination therapy not only showed delayed tumor progression, but 20% experienced a
resolution of tumor mass by endogenous host response and remained tumor-free for the
duration of the experiment (77 days). In mice transplanted with MC38-CEA+ tumor cells
that were defective in Fas signaling, treatment with vaccine and radiolabeled mADb failed to
mediate tumor regression, defining the crucial role of the Fas signaling pathway in the
murine model. As reported in other studies [14, 16], T-cell responses were detected not only
to the CEA encoded in the vaccine vector, but also to other tumor antigens, including p53
and gp70. These and other peripheral tumor antigens can enter the MHC class | pathway via
antigen presentation and cross priming to affect CD8+ T cells [17]. This study also showed
that there was no increase in apoptosis of antigen-specific tumor-infiltrating lymphocytes in
mice treated with vaccine and radiolabeled mAb compared with vaccine alone. This study is
consistent with another study which showed that memory T cells are more resistant to
radiation than naive T cells [18].

In a study by Sega et al., mice with subcutaneous 300 mm?3 tumors were treated with a
folate-targeted hapten immunotherapy (FTHI) concurrent with interleukin (IL)-2, interferon-
a, and low-dose radiotherapy (3 Gy). An analysis of the tumor microenvironment revealed
that mice treated with the combination therapy had large increases in immune cell
infiltration—specifically CD4+ T cells, CD8+ T cells, and macrophages—compared with
either modality alone. A significant decrease in tumor volume was observed with FTHI,

Curr Opin Mol Ther. Author manuscript; available in PMC 2012 October 17.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ferrara et al.

Page 5

cytokines, and low-dose radiation therapy (P = 0.004 compared to either modality alone)
[19]. Furthermore, the growth rate of nonradiated tumor was significantly less in mice
treated with the combination therapy than in mice treated with radiation alone. Finally,
inhibition of primary tumor growth caused by the combination therapy was significantly
greater than the sum of the 2 individual therapies (FTHI alone or radiation alone), indicating
that the 2 treatment modalities may work synergistically.

Clinical trials

The combination of radiation and vaccine has been explored in several clinical trials (Table
2). One recent study in men with localized prostate cancer used a recombinant cancer
vaccine combined with standard definitive radiation therapy to determine if vaccine could
induce an immune response in the presence of tumor irradiation [20]. The trial was designed
as a randomized phase |1 study, with the primary endpoint of immunologic response and
secondary endpoints of safety and clinical response. Nineteen patients received the
combination of vaccine plus radiation and 11 patients received radiation alone. Patients in
the combination arm received a priming vaccine of recombinant vaccinia (rV) expressing
prostate-specific antigen (rV-PSA) admixed with rV expressing the costimulatory molecule
B7-1. This was followed by monthly boosts with recombinant fowlpox (rF)-PSA. The
vaccines were administered with local granulocyte-macrophage colony-stimulating factor
and low-dose systemic IL-2. Standard external beam radiation was given between the fourth
and sixth vaccinations. The 13 of 17 patients in the combination arm who received the full 8
vaccinations showed a 3-fold increase in circulating PSA-specific T cells. In the radiation-
alone arm, no detectable increases in PSA-specific cells were observed (P < 0.0005). This
study also demonstrated that patients receiving both the vaccine and radiation had evidence
of de novo generation of T cells to prostate-associated antigens not present in the vaccine,
providing further evidence of immune-mediated tumor Killing via antigen cascade.
Immunological responses (including antigen cascade) were seen almost entirely in the
combination treatment arm, indicating that vaccine and radiation together are much more
efficient at generating immunity than radiation alone. Lechleider et al. conducted a follow-
up study using the same vaccine regimen and radiation schedule described above, with a
metronomic dose of 1L-2 (0.6 MIU/M2), and reported similar immune-mediated activity
with less toxicity than the higher dose of IL-2 used previously [21].

Okawa et al. conducted a phase 1l randomized study of LC9018 (a biologic response
modifier prepared from heat-killed Lactobacillus casei Y TTT018) and radiation in patients
with carcinoma of the uterine cervix. Patients were randomized to receive radiation alone or
radiation plus vaccine. The combination therapy demonstrated significant tumor reduction
and histological changes compared with radiation alone at cumulative doses of 15 and 30 Gy
[22]. This study suggests that these treatment modalities, when used together, produce an
enhanced immunotherapeutic response.

In a phase | study, patients with advanced hepatoma were given 8 Gy of radiation, followed
2 days later by an intratumoral injection of autologous immature DCs. Of 10 patients
evaluated for immune response, 6 showed increased natural killer cell activity, 8 had
increases in alpha-fetoprotein (AFP)-specific immune responses by cytokine-release assay,
and 7 showed increased AFP-specific immune responses by ELISPOT. Of 14 patients
enrolled, 4 had minor responses and 2 additional patients had partial responses, including a
patient who had a decrease in AFP from 128 ng/mL to 1.6 ng/mL. These results demonstrate
that the treatment was safe and could induce tumor-specific T-cell immunity [23]. While all
patients in this study had the combination of intratumoral DCs and radiation, recent
preclinical data by the same group have demonstrated that while intratumoral DCs inhibited
tumor growth, the combination of intratumoral DCs plus radiation significantly inhibited
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tumor growth compared with intratumoral DCs without radiation [24]. There was no
decrease in average tumor size with radiation alone, compared with control. Furthermore, in
a rechallenge experiment, only the combination of intratumoral DCs and radiation led to
long-term tumor-free mice compared with radiation alone, indicating induction of a memory
response.

An ongoing trial at the National Cancer Institute is evaluating the combination of
radionuclide and vaccine in patients with castrate-resistant prostate cancer metastatic to
bone. Patients are given 153Sm lexidronam (Quadramet®), a bone-seeking radionuclide,
alone or in combination with vaccine containing PSA plus the 3 costimulatory molecules
B7-1, ICAM-1, and LFA-3 (PSA-TRICOM) [25]. As mentioned earlier, preclinical studies
have demonstrated that the FDA-approved dose of Quadramet® delivers a sufficient amount
of radiation to induce immunomodulating phenotypic changes in tumor cells [13]. This
study is currently enrolling patients.

Conclusions

Radiation from a variety of different sources can not only induce tumor-cell death in a
manner consistent with antitumor immune activation, but can also phenotypically modify
the cells not killed in a way that facilitates both immune recognition and immune-mediated
killing. This ability of radiation to lower the threshold for immune-mediated killing lies at
the heart of the synergy seen with combination therapies in preclinical models. Immune-
mediated killing of tumor cells can lead to an antigen cascade (also known as epitope
spreading) in which the immune system becomes activated to multiple tumor antigens that
may be more relevant and more immunologically potent than those found in the vaccine.
This phenomenon has been identified both in murine models and in clinical trials.

Capitalizing on the immunological effects induced by radiation treatment by adding potent
antitumor vaccines may lead to synergistic approaches to cancer management that offer
feasible, well-tolerated therapeutic options for cancer patients. Randomized clinical endpoint
studies comparing the combination of radiation plus immunotherapy with radiation alone are
ongoing [25] or planned.
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T-cell recognition requires an MHC molecule with a T cell-specific tumor-associated
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antigen (TAA) peptide in its cleft. This triggers immune-mediated killing either through Fas
or the release of granzymes. Radiation-induced upregulation of MHC, TAA, ICAM and Fas
on the tumor cell can facilitate immune-mediated Killing. (Figure courtesy of NIH Medical

Arts.)
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Table 1

Radiation augments immune-mediated killing.

Effects of radiation

T-cell response

* chemokines, adhesion

molecules T Migration

* MHC, peptides/TAAs

T Recognition

* Fas, adhesion molecules 1 Killing
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Clinical trials showing that radiation enhances immune response.

Table 2
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Study

Cancer type

Treatment

Results

Nesslinger [5]

Prostate

Radiation or hormonal

Development of new antibodies.

Schaue [6] Colorectal and prostate | Radiation alone Increase in TAA (survivin)-specific CD8+ cells.
Wersall [7] Renal Radiation alone Evidence of absopal effect; regression of nonradiated
tumor lesions
Gulley [20] Prostate Combination therapy: radiation + Increase in PSA-specific T cells. Evidence of antigen
vaccine cascade (de novo generation of antigens not found in
vaccine).
Okawa [22] Cervical Combination therapy: radiation + Tumor reduction and histological changes.
vaccine
Chi [23] Hepatoma Combination therapy: radiation + Increase in natural killer cell activity. Increase in TAA
vaccine (alpha-fetoprotein)-specific immune response.
Gulley [20] Prostate Combination therapy: radionuclide + Preliminary data: phenotypic changes in tumor cells.

vaccine
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