1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Mol Cell Pharmacol. 2013 January 1; 5(1): 27-38.

The Roles of Radiotherapy and Immunotherapy for the
Treatment of Lymphoma

Amy S. Kimball and Tonya J. Webb
Departments of Medicine and Microbiology and Immunology, and Marlene and Stewart
Greenebaum Cancer Center, University of Maryland School of Medicine, Baltimore, Maryland

Abstract

Lymphoma is rising in incidence and there is a continued need for new and novel therapeutic
options. Lymphomas are extremely radiosensitive, but the majority of patients are not candidates
for involved field radiation therapy. An intact immune system has a critical role in suppressing
lymphomagenesis. Here we discuss the contribution of various components of the immune system
in suppressing the development of lymphoma, as elucidated from mouse models. We review the
nature of the immune response to lymphoma in non-immunocompromised patients. Finally, we
discuss the potential role of immunomodulation, in concert with radiation therapy, as a component
of future therapeutic strategies for lymphoma.
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Introduction

The incidence of lymphoma rose in the late twentieth century in the US and other developed
countries (1, 2). While the cause of this is uncertain, studies have suggested that it may be
related to changing patterns of childhood infectious disease. The incidence of Hodgkin
Lymphoma (HL) is higher in those without early exposure to measles, rubella, mumps and
pertussis (3, 4). There is epidemiologic evidence to support the hypothesis that the rise in
non-Hodgkin lymphoma (NHL) is also secondary to decreases in childhood infectious
diseases (5). In this model, early infection activates Type 1 immunity that provides
protection from lymphoma cell proliferation later in life. Type 1 immunity is associated with
tumor rejection and would correlate well with reduced cancer risk, while, Type 2 immunity
supports tumor progression and therefore would be associated with increased cancer risk in
children. Although lymphoma is often curable, it remains the sixth leading cause of US
cancer deaths and improved therapeutic options are needed (6). Here we describe the role of
radiation therapy in lymphoma treatment, and we explore potential means of optimizing
immunomodulatory therapy in combination with radiotherapy in the treatment of lymphoma.

Lymphoma: clinical background

There are 94 lymphoma subtypes defined in the 2008 World Health Organization
classification (7, 8). Broadly, these can be categorized as Hodgkin lymphoma, Aggressive
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B-cell Non Hodgkin lymphoma, Indolent B-cell Non Hodgkin lymphoma, and mature T-cell
and NK-cell neoplasms. Within each category, disease entities have a similar prognosis and
are treated with the same therapy. Increasingly, however, we are appreciating molecular
heterogeneity of tumors within each category and even within each subtype, and learning
that responsiveness of molecular subtypes to different therapies is variable (9). This is a
busy and exciting time in lymphoma research.

The median age at diagnosis of Hodgkin lymphoma (HL) is 30 years old, making curative
and safe treatment a paramount concern. The Reed-Sternberg cell is the pathognomonic
finding, easily identified under the microscope, which allowed the early appreciation of HL
as a distinct pathologic entity (10). It was not until recently that modern tools including laser
microdissection and cDNA expression library sequencing established the identity of the
Reed-Sternberg cell as a B cell (11). Despite a lack of clarity of the cellular origin of HL,
curative treatment has been available since the 1960°s. Current treatment in the United
States usually begins with Adriamycin, Bleomycin, Vinblastine and Dacarbazine (ABVD)
chemotherapy. Some patients also receive radiation therapy. The disease is very sensitive to
radiation, with 20 Gy Involved Field Radiation Therapy (IFRT), in combination with 2
cycles ABVD, affording long—term disease control in early favorable disease (12, 13). This
is a significantly lower dose of radiation than is required to treat nonhematologic neoplasms.
More than 70% of the highest risk advanced stage HL patients are cured with frontline
therapy 14). Nonetheless, late toxicities including secondary malignancies, occurring ten
years and more after treatment as a result of radiation exposure remain a concern. Ongoing
clinical trials aim to further reduce the amount of radiation delivered to young HL patients
(15).

Diffuse Large B-cell lymphoma (DLBCL) is the most common of the aggressive NHLS
(16). It occurs at higher rates in immunocompromised or older individuals. Like HL,
DLBCL is treated with curative intent. Standard chemotherapy consists of Rituximab,
cyclophosphamide, adriamycin, vincrisitine and prednisone (R-CHOP). Radiation therapy is
also effective in DLBCL, and involved field radiation is offered to some patients after
chemotherapy (17). Approximately 65% of newly diagnosed advanced stage DLBCL
patients are cured with one course of treatment (18).When involved field radiation therapy is
included in the treatment of DLBCL it is typically given to approximately 35 Gy (17).

Indolent B-cell NHLs are so-named because they are slow growing diseases. The most
common is follicular lymphoma (FL). Indolent lymphoma appears to be particularly
radiosensitive. Radiation therapy to early stage disease is the only known curative regimen
for FL, but less than 25% of newly diagnosed FL patients are early stage (19-21). There is
no known curative therapy for advanced stage indolent lymphomas. Patients are not treated
immediately upon diagnosis unless they require palliation or have a high burden of disease.
Because treatment is not curative, there is no single standard therapy for FL (22). Median
survival is approximately 12 years from diagnosis (23). Most patients are treated several
times, achieving remissions of shorter and shorter duration, before succumbing to the
disease. Very low dose total body irradiation, in total doses of 1 — 4 Gy has palliative utility
(24-26).

T cell lymphomas represent approximately 15% of all NHL (27). Historically T cell
lymphomas have been treated like B cell lymphomas and therefore CHOP chemotherapy is
the accepted frontline treatment. While a majority of patients respond to CHOP remissions
are very short in duration (28). Improving on T-NHL therapy is an important goal in clinical
oncology. The difficulty in meeting this challenge is magnified by the rarity of T-NHL, the
existence of many subtypes of T-NHL that are often hard to diagnose pathologically, and the
dynamic classification of T-NHL that makes it difficult to interpret historical data. T cell
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lymphoma involves extranodal organs more commonly than do B-NHLs, with skin being a
major site of disease for several of the T-NHLs. Cutaneous T-NHL involving only the skin
is treated with skin-directed therapy including UV or electron beam radiation therapy (29).

Radiation therapy in Lymphoma

Radiation therapy has an important role in the treatment of lymphomas. Early in the
twentieth century irradiation was discovered and explored in medical settings. When
directed to lymphoma treatment, tumor regression was seen and thus radiation therapy
became the first effective means of treating lymphoma. By the 1950°s chemotherapy was
introduced and was also found to cause regression of lymphoma. Currently both modalities
are used in lymphoma patient care. Current clinical trial efforts aim to optimize doses of
each, with a goal of maintaining excellent long term disease control while limiting late
toxicities (16, 30).

Lymphocytes respond to y—irradiation during interphase; resting lymphocytes are more
sensitive to y—irradiation than are activated lymphocytes (31).Radiation of lymphocytes
causes an early interphase, premitotic, apoptotic death (32). The response of lymphocytes to
y-irradiation is distinct from the mitotic, senescent, or postmitotic necrosis or apoptosis that
account for radiation toxicity in most non-lymphoid malignancies (33, 34). It is not known
whether lipid peroxidation on the cell membrane, leading to modulation of signal
transduction, or radiation-induced cross-linking of the nuclear DNA, is the initiating event in
activating lymphocyte apoptosis (32). Ultimately, radiation of lymphocytes results in DNA
fragmentation in an apoptotic process that requires RNA and protein synthesis (13).
Lymphocytes are more sensitive to radiation in vivo than in vitro, a phenomenon that may be
mediated by nitric oxide in vivo (35).

The role of IFRT radiation therapy in lymphoma is controversial. The major US intergroup
clinical trial consortiums differ, with the currently open Cancer and Leukemia Group B
trials for treatment of early stage HL including radiation therapy only for individuals with a
positive interim PET scan after 2 cycles of ABVD (15). Similarly, early stage DLBCL is
often treated with chemotherapy alone, though some advocate for combination
chemotherapy with radiation therapy (36). Low dose total body irradiation, in which patients
are treated with a total of 1.5-4 Gy of y—irradiation, is associated with 50-80% response
rates in FL patients (24, 25), but is not widely used.

Standard radiation treatment delivers a lethal dose of therapy to sites of disease. Lymphoma
is particularly radiosensitive; curative regimens incorporate 20-35 Gy, in contradistinction
to the approximately 65 Gy of radiation required for definitive treatment of squamous cell
and adenocarcinomas. The clinical use of radiation in lymphoma is limited because
approximately 75% of lymphoma patients have widespread disease on diagnosis. For these
patients, definitive treatment doses of radiation are prohibitively toxic. Radiation therapy is
thus underutilized in lymphoma therapy. Radiation therapy is currently offered only to those
with limited involvement on diagnosis, with a site of bulky disease requiring consolidative
radiation after chemotherapy, or for palliation.

Cells of the Immune System

The immune system is classically divided into an early, innate response and an antigen-
specific adaptive response. The innate response is typified by an array of myeloid and
lymphoid cells, namely macrophages, dendritic cells, natural Killer (NK) cells, and NKT
cells that rapidly exert their effector functions through the expression of a limited repertoire
of germ-line encoded receptors. Conversely, the adaptive response is primarily composed of
two types of lymphocytes, B cells and T cells, which clonally express a large repertoire of
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antigenic receptors that are produced by site-specific somatic recombination. During an
immune response, naive B and T lymphocytes encounter antigens in specialized lymphoid
organs and undergo a process of cell division and maturation, including somatic
hypermutation in B-cells, before exerting their effector functions (37).

Tumor Immune Surveillance

The immune system plays a key role in both the elimination of primary tumors and
preventing tumor recurrence. The immune system can identify and eliminate tumor cells on
the basis of their expression of tumor-specific antigens, tumor associated antigens or
molecules induced by cellular stress. This process is referred to as tumor immune
surveillance, whereby the immune system identifies neoplastic or malignant cells and
eliminates them before they can cause harm.

A straight-forward approach to clearly demonstrate the role of the immune system in
controlling tumor development is to remove specific components of the mouse immune
system and examine tumor onset and progression (38). These studies have been conducted
primarily through the use of gene-targeted knockout mice, and have revealed that a number
of immune effector cells and pathways are important for suppression of tumor development.
For example, mice lacking T cell and NK cell cytotoxic effector pathways have been
reported to spontaneously develop tumors (39, 40). Specifically, mice that lack perforin, a
cytotoxic molecule used by cytotoxic cells CD8+ T cells and NK cells develop lymphomas
with age. These spontaneous lymphomas are of B cell origin, develop in older mice (>1 year
of age) and when transplanted into wild type (WT) mice, these tumors are rejected by CD8+
T cells. In mice lacking both perforin and 2-microglobulin (32M), B cell lymphomas occur
earlier and with increased incidence compared with mice lacking only perforin (41). In
addition, B cell lymphomas derived from mice lacking both perforin and $2M are rejected
by either Natural killer (NK) cells or v8 T cells following transplantation to WT mice, rather
than by CD8+ T cells (as in tumors derived from mice lacking only perforin), demonstrating
that cell surface expression of MHC class | molecules by tumor cells can be an important
factor in determining which effector cells mediate immune protective effects. Intriguingly,
mutations in the gene encoding perforin have been identified in a subset of lymphoma
patients (42).

Additionally, mice lacking the apoptosis-related protein TNF related apoptosis-inducing
ligand (TRAIL) or expressing a defective mutant form of the death-inducing molecule
FASL are susceptible to spontaneous lymphomas that develop with age (43, 44). These
aging studies have clearly demonstrated a critical role for cytotoxic pathways in
immunoregulation and/or immunosuppression of spontaneous tumor development in mice.
Several cytokine-deficient mice also develop spontaneous malignancies (40, 45, 46). In a
study by Street et al, approximately 50% of IFN-y—deficient C57BL/6 mice developed T cell
lymphomas that were predominantly disseminated lymphomas, although some cases of
thymic lymphoma were also noted (40). Interestingly, the susceptibility of IFN-y—/— mice to
T cell lymphomas is strain dependent. In addition, C57BL/6 mice lacking both IFN-y and
perforin display accelerated B cell lymphoma onset compared with perforin-deficient mice,
which led the authors to conclude that IFN-y has an important role in modifying the
progression to B cell lymphoma in perforin-deficient mice.

Many clinical observations support the concept of tumor immune surveillance in humans

and it has been reviewed extensively (38, 47). According to Finn (47), immunosuppression
to prevent transplant rejection is associated with an increased risk (3- to 100-fold increase)
of developing lymphoma. One study examined 905 recipients of transplanted hearts, lungs,
or both between 1989 and 2004 for the effect that immunosuppression, used for preventing
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graft rejection, had on the incidence of cancer (48). Overall, 102 newly diagnosed cancers
were detected in these patients, 7.1 times as many as in the general population. The
predominant types were leukemias and lymphomas, which is 26.2 times as many as in the
general population. In addition to patients receiving immunosuppressive drugs, tumors also
occur commonly in patients with primary and acquired immunodeficiencies; however, these
are generally thought to have a viral etiology.

An off-target immunologic response to lymphoma can precede the clinical detection of the
lymphoma that drives it. Paraneoplastic phenomena are particularly common in HL patients
but are seen in NHL and in other malignancies (49-52). A variety of paraneoplastic
neurologic syndromes result from cross-reactivity between the antitumor immune response
and neurologic antigens. When a paraneoplastic syndrome occurs, neurologic symptoms
often precede the diagnosis of a previously undetected tumor. Paraneoplastic cerebellar
degeneration (PCD) is a neurologic syndrome that arises in some patients with Hodgkin
disease. These patients typically exhibit high titers of thioredoxin reductase 1-specific
autoantibodies. Both autoantibodies and CD8+ T cells specific for antigens shared by tumors
and Purkinje cells have been detected in the blood of PCD patients. Tumors from patients
with PCD often show prominent infiltration with lymphocytes and plasma cells, which is
indicative of a local immune response at the tumor site. In most cases, PCD is terminal; the
only patients that generally survive this condition are those that achieve complete tumor
remission in response to therapy. These data suggest that the tumor is the probable driver
and the initiator of the immune response that is both self and tumor reactive. Interestingly,
PCD symptoms can precede tumor diagnosis by a number of years, indicating that antitumor
responses might be primed even by undetectable, microscopic tumors early in their
development.

Clinical and epidemiologic studies have suggested a strong association between chronic
infection, inflammation, and the development of lymphoma. For example, infection with
Hepatitis C, Helicobacter pylori, Borrelia burgdorferi or Chlamidophila psittaci is
associated with development of marginal zone lymphoma (53-56). EBV is associated with
Burkitt lymphoma, HL, and some DLBCL (57, 58). In a recent review, Lin and Karin
summarize the role of several cytokines, produced by immune cells in response to
inflammatory triggers, in tumor development and progression (59). The prolonged
production of TNF-a can induce NF-kB—dependent expression of antiapoptotic and
proliferative genes, enhance angiogenesis, and adversely affect immune surveillance by
conferring resistance to TRAIL (60). Cytokines such as IL-6 can exacerbate the effects of
TNF-a and promote cell cycle progression. IL-6 has been implicated in the development of
multiple myeloma (MM) and an elevated risk of Hodgkin lymphoma (61). In MM, IL-6 is
produced by stromal cells in the bone marrow, and its synthesis by these cells can be further
enhanced by their interaction with malignant plasma cells (62). Furthermore, in response to
infection-activated TLR signaling, MM cells also produce IL-6, which promotes their
growth in an autocrine manner (63). Thus, novel IL-6 antagonists are being evaluated for
treatment of MM (64).

Immune responses to lymphoma

B cells and T lymphocytes, namely CD4+ T helper cells and CD8+ cytotoxic T cells, are
able to recognize with extreme specificity the subtle differences that occur in normal cells
upon infection or transformation (65). According to studies in mice, both the adaptive and
innate compartments of the immune system function in the cancer immune-surveillance
network. Established tumors have circumvented either one or both arms of immunity.
Several ‘tumor immune-escape’ mechanisms have been unveiled that have an inhibitory
effect either directly or indirectly on the effector cells of the immune system. Restoring the
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function of the effector cells, thus allowing the immune system to eliminate the tumor target
cells, is one of the major goals of immunotherapy (66). Most tumor antigens that are targets
for the immune system are defined as tumor-associated antigens (TAA). These protein
antigens are derived from differential expression of normal coding sequences by neoplastic
cells as compared to normal cells. TAA are present in different amounts, location, or cellular
context which can lead to preferential recognition of the tumor by the immune system. There
are few tumor-specific antigens (TSA). TSAs can arise from point mutations or other
genetic alterations specific to a given tumor or group of tumors, such as fusion proteins
generated by translocations, or from alterations in posttranslational modification. TSA can
be derived from oncogenic viruses associated with some types of cancer, such as Epstein-
Barr virus—derived antigens in lymphomas.

Tumors can induce the differentiation of circulating myeloid cells into suppressor cells,
collectively referred to as myeloid derived suppressor cells (MDSCs), which impact on
immune surveillance mechanisms (67, 68). MDSCs are a complex mix of CD11b+ and
Gr-1+ mononuclear cells that mediate the suppression of T cells (69). It appears that MDSCs
initially require activation by T cells, subsequently they inhibit CD4+ and CD8+ T cells in
an MHC-independent manner (70). MDSCs express the inducible forms of nitric oxide
synthase (NOS) 2 and arginase (ARG1), enzymes involved in the metabolism of arginine.
Recently, Bronte’s group showed that both NOS2 and ARG are expressed by MDSCs in an
IL-13-and IFN-y—dependent manner and function synergistically to induce T cell
dysfunction (70). MDSCs can also induce the development of regulatory T cells (Tregs)
(7).

CDA4+Tregs are characterized by their expression of CD25 (the a chain of the IL-2 receptor),
cytotoxic T lymphocyte—associated antigen 4 (CTLA4), glucocorticoid-induced TNF
receptor—related protein (GITR), and the transcription factor forkhead box P3 (FOXP3) (72).
Tregs are generated both in the thymus and the periphery (73-76). They exert their
suppressive activity on multiple immune cells, such as T cells, NK cells, NKT cells, and B
cells, through both contact-dependent and contact-independent mechanisms. In the majority
of cancer a high number of Tregs in the tumor is associated with a poor clinical outcome
(77-79), although the opposite observation has been made in hematologic malignancies (80,
81). Some B cell lymphomas recruit functional Tregs into the tumor through CC chemokine
ligand 22 (CCL22) produced by the tumor cells (82), as has also been shown in ovarian
carcinoma (77). The neoplastic B cells of FL induce FOXP3 expression in CD4+ T cells in
the tumor microenvironment (83). In FL, tumor infiltration by Tregs expressing FOXP3 may
be associated with improved overall survival, opposite to what is seen in other cancers (80,
84), though these observations were made on patients who were treated with various
regimens, and there has been some discrepancy in findings between groups. The histologic
distribution of FOXP3 cells in the FL biopsy tissue was shown by Farhina et al to be critical
in predicting outcomes (85). In this study, all patients were treated with the same multiagent
chemotherapy, allowing outcome comparisons on the basis of histology. Here, outcomes
were not correlated with numbers of CD4, CD25 and FOXP3 Tregs in the neoplastic lymph
nodes. Progression free survival and rate of transformation was, however, related to the
distribution of the Tregs within the lymph node: when Tregs were diffusely distributed
patients had a longer survival than when Tregs were arranged in a follicular pattern (85).

Another type of myeloid suppressor cell that are recruited to tumors and promote tumor
growth by enhancing inflammation and angiogenesis are the tumor-associated macrophages
(TAMS) (86, 87). The production of I1L-10 by tumor cells and TAMs is thought to promote
the development of Burkitt lymphoma through the production of the TNF family member
BAFF, which promotes B cell and lymphoma survival (88). An elevated amount of IL-10 in
the plasma has been correlated with poor prognosis in diffuse large B cell lymphoma
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patients (89). Notably, B cell tumors were reported to progress much slower in 1L-10
deficient mice (90).In a clinical study, Lenz and colleagues profiled gene expression in
pretreatment biopsy specimens from 181 patients with diffuse large-B-cell lymphoma who
received CHOP and 233 patients who received R-CHOP. The authors found that three gene-
expression signatures--termed “germinal-center B-cell,” “stromal-1,” and “stromal-2"--
predicted survival both in patients who received CHOP and patients who received R-CHOP,
and concluded that survival after treatment of diffuse large-B-cell lymphoma is influenced
by differences in immune cells, fibrosis, and angiogenesis in the tumor microenvironment
(16). Similarly, in a series of diagnostic tissue biopsies from FL patients, one subset of
tumor samples had an expression profile characteristic of T cells while a second group
expressed a macrophage profile (44). FL tumors enriched in macrophages were also
correlated with shorter survival, a finding that has been corroborated by several studies.

The TLRs are a family of specialized immune receptors that induce protective immune
responses when they detect oligodeoxynucleotides containing one or more unmethylated
CpGdinucleotides (CpG ODN) (91, 92). These highly conserved pathogen-expressed
molecules are prevalent in bacterial and viral DNA but not in vertebrate genomes. TLR
agonists are an exciting new class of vaccine adjuvants, with CpG ODN, which targets
TLRY, the furthest along in clinical testing (93). The TLR agonist adjuvant activity is based
on its ability to activate human B cells and plasmacytoid dendritic cells, the two main cell
types that express TLR9 in humans. Relapsed NHL patients treated with the B-class CpG
ODN PF-3512676 (formerly known as CPG 7909 and ODN 2006) led to clinical responses
in 2 of 23 patients, indicating potential efficacy of this route of administration in humans
(94). Monotherapy with the TLR9 agonist CPG 7909 or another B-class CpG ODN, 1018
ISS, activates NK cells and induces a Thl cytokine response in humans with B cell
lymphomas (94, 95). Of 23 NHL patients in the i.v. dose-escalation study of PF-3512676
there were two late clinical responses, which suggests a potential role for this approach as
one component of a combination treatment regimen (94). Although CpG ODN are strong
mitogens for normal B cells, there was no apparent exacerbation of the lymphoma in these
patients, perhaps due to the increased immunogenicity of the tumor cells or the preferential
induction of apoptosis in tumor cells stimulated through TLR9 (93). Twenty-eight patients
with advanced cutaneous T cell lymphoma who had failed an average of six prior therapies
were enrolled in a dose-escalation study of PF-3512676 in which they were treated with
weekly s.c. administration of the agent in sequential cohorts starting at 0.08 mg/kg and
escalating to 0.36 mg/kg. There were three complete and six partial responses and little
toxicity beyond injection site reactions and flu-like symptoms. Responses were observed as
early as two weeks, occurred in all of the dose groups except for the lowest, and persisted
for the duration of the study (96). Collectively, these clinical trials of TLR9 therapy as a
single agent are encouraging for a good safety profile, but the frequency of objective
responses has been relatively low, and the focus of ongoing clinical trials therefore has
shifted to combination therapies in an attempt to increase the clinical effectiveness of
administering TLR9 agonists.

Combined radiation and immunotherapy in lymphoma — an emerging
therapeutic strategy

Low dose total body irradiation, in which patients are treated with a total of 1.5-4 Gy of y—
irradiation, is associated with 50-80% response rates in FL patients (24, 25). These
responses are attributed in part to the exquisite sensitivity of this lymphoma to radiation, and
perhaps also to activation of a reactive proliferative T cell response. In one series, patients
had peripheral blood drawn before and after low-dose total body irradiation (97). Increases
in the percentage of CD4+ T cells were seen after therapy and were associated with
favorable outcomes. Another study of low dose total body irradiation in FL patients utilized
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core biopsies taken before and 24 hours after treatment with two doses of 2 Gy (98). Three
gene expression profiles were induced by treatment. One represented p53 and its pathway, a
second was a cell cycle signature and a third represented an immune response. One immune
signature was an activated macrophage signal, though no increase in CD68 positive cells in
the biopsies was detected histologically. The authors propose that low dose radiation causes
FL cells to undergo apoptosis, while sparing macrophages, which are then activated by
phosphatidylserine exposure to clear the FL.

Immature dendritic cells (DC) efficiently capture antigens. Following maturation, DC
become potent simulators of T cells. This process is accompanied by cytoskeletal
reorganization, loss of adhesiveness, aquisition of cellular motility, migration to lymphoid
tissues, reduced phagocytic uptake, and enhanced T cell activation potential. Mature DC can
secrete chemokines and cytokines that attract other immune cells and activate resting T
cells.

Preclinical studies of radio/chemotherapy-elicited immunogenic cell death in a variety of
tumor mouse models have shown that the release of danger signals by tumor cells is the
main molecular mechanism initiating DC engulfment of dead cell particles; DC activation
results in the induction of a specific adaptive immune response (Figure 1). When the
normally endoplasmic reticulum-resident chaperone calreticulin is relocated to the plasma
membrane, concomitant with the surface expression of heat shock proteins in dying cells,
these chaperones act as immunogenic signals for DC activation. Thus, T cell-mediated
clearance of irradiated cells is facilitated by therapy that exposes calreticulin on malignant
cell surfaces. y—radiation therapy induces this, leading to T cell-dependent tumor regression
in a colon cancer model (99). Recent studies with lymphoma cell lines and follicular
lymphoma patient samples indicate that y—irradiation also induces calreticulin translocation
to the cell membrane in lymphoid malignancies. Patient follicular lymphoma cells treated ex
vivo with y—irradiation and loaded into dendritic cells were most effective as a cancer
vaccine when high levels of calreticulin and HSP90 were expressed on the surface (100,
101).In addition, when follicular lymphoma cell death is induced by Rituximab, new
lymphoma-specific T cell responses were detected in 80% of treated patients (102), though
these were of unknown therapeutic importance.

Radioimmunoconjugates offer the potential to deliver low dose radiation therapy to sites of
disease not detected on imaging. Two are available, Yttrium-90 labeled
ibritumomabtiuxetan (Zevalin), which has a beta-emitter conjugated to an anti-CD20
antibody, and lodine-131 labeled tositumomab (Bexxar), where an alpha-emitter is
conjugated to an anti-CD20 antibody. Both have activity in FL (103, 104). Here the
radiation is delivered to the sites of disease based upon the distribution of CD20, which is
expressed on most NHL but not on hematologic stem cells, plasma cells, or non-hematologic
cells. The radiation has a short penetration, but the radiation dose is delivered to nearby cells
rather than to the CD20+ cell to which the isotope is bound. While Zevalin and Bexxar are
active agents, neither has found widespread clinical use, in part because Rituximab itself is
quite effective through antibody-dependent cell-mediated cytotoxicity and complement-
mediated cytotoxicity.

Low dose radiation is a component of an emerging immunotherapeutic strategy for
treatment of slow growing lymphomas, based on preclinical mouse studies (96, 105). Here,
radiation to lymphoma is used to create a vaccine, in situ, thus obviating the need for ex vivo
generation of patient-specific vaccine material. Two recently published papers from
Stanford describe a Phase I/11 clinical trial experience in humans. In the first study a TLR9
oligonucleotide agonist was injected into a single disease site in 15 patients with indolent B
cell NHL. Patients then received 4 Gy total of radiotherapy to the injected site, followed by

Mol Cell Pharmacol. Author manuscript; available in PMC 2014 March 17.



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

1duasnuey Joyiny vd-HIN

Kimball and Webb

Page 9

an additional 9 injections of TLR agonist. Abscopal clinical responses (regression of tumors
distant from the treated site) were assessed, with a 27% objective response rate found. The
greatest responses were seen at a median of >24 weeks, consistent with a treatment-
generated immunologic response (105). Re-treatment with TLR9 agonist in a responding
then relapsed patient resulted in a second, rapid, response. While not as efficacious as one
would like, this therapy has an excellent side effect profile and represents an exciting
alternative to current treatment choices including standard radiation or chemotherapy. The
second study used the same approach to treat patients with mycosis fungoides, a T-cell
lymphoma involving the skin (106). Here only one of the first cohort responded and a
booster treatment was added in treatment of subsequent cohorts. While a 38% response rate
was achieved the durations of responses were quite short at a median of 7 weeks. Pre- and
post-treatment blood and tissue samples were analyzed without a humoral antibody to tumor
detected.

Conclusions

It is clear that optimizing an immunologic response to lymphoma could become a valuable
component of care, ideally leading to complete and durable responses. Immunotherapy may
be most easily utilized in the slower growing lymphomas, including follicular B cell and
mycosis fungoides in which human trials of immunotherapy have been reported. Radiation
induces immunogenic changes in lymphoma cells, and contributes a vaccine effect in a few
recent studies, and may remain a critical component of therapeutic approaches in the future.
While the current reasoning for the use of radiation is to induce cytotoxicity directly in
tumor cells, considerable evidence demonstrates that radiation effects extend beyond the
elimination of the radiosensitive fraction of tumor cells. Given the recent advances in our
understanding of mechanisms that regulate the development of effective anti-tumor immune
responses, as well as improved knowledge of the effects of radiation on cells, the potential
for combination radiotherapy and immunotherapy to achieve both local and definitive
systemic lymphoma control is an exciting possibility.
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Figure 1. Schematic of radiation-induced immunogenic cell death in lymphoma cells

In addition to directly killing tumor cells, exposure to radiation can cause tumors cells to
release “eat-me” and danger signals resulting in a type of cell death that induces an immune
response. During the process of immunogenic cell death, the endoplasmic reticulum (ER)
becomes stressed, which leads to the phosphorylation of elF2y. Then calreticulin and
disulphide isomerase ERp57, both of which are usually contained in the lumen of the ER,
translocate to the cell surface, followed by surface expression of heat shock proteins (HSP)
70 and HSP 90. Dying tumor cells also release the nuclear factor high-mobility group box 1
(HMGB1). This results in engulfment of dead cell particles by immature dendritic cells
(DCs) and their subsequent maturation and activation. Activated DCs express toll like
receptors (TLR), upregulate antigen presenting molecules (MHC class | & Il, CD1d), and
express high levels of costimulatory molecules. Expression of these proteins on DCs
promotes the cross-priming of tumor antigens and can lead to the induction of a potent anti-
tumor immune response.
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