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Radiotherapy: killing with complement
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Radiation therapy has been used for more than 100 years
to treat human disease with some of the first applications to
cancers in the 1890s. Radiotherapy delivers ionizing radiation
to target tissues leading to fragmentation and ionization
of biomolecules, water, oxygen and other chemicals that
generate reactive oxygen species (ROS). Direct and indirect
ROS-mediated damage to DNA, membranes, proteins and
other cellular components lead to cell death. Cancer tissues
are more sensitive to this damage. The exact mechanism and
mode of cell death, and the basis for selective cancer toxicity
are still areas of active investigation.

Besides radiation therapy, cancer is also treated with
immunotherapy, relying on provocation of the adaptive
immune system to attack cancer cells. In immunotherapy,
both the cellular and humoral adaptive immune response
can target and eliminate abnormal cells based on antigenic
differences between tumor and host. Immunotherapy
activates natural killer cells or cytotoxic T cells that
are specific for the tumor and attack the cancer. Taking
advantage of the humoral immune response, multiple
antibody treatments are available that bind to cancer
antigens and activate complement-mediated cytotoxicity
via the classical pathway to kill the tumor cell. This is one
aspect of tumor immunity where the complement system is
thought to be essential. The antibody defines the aberrant
cell and the complement system lyses the tumor cell via the
membrane attack complex, C5b-9. In the recent report by
Surace et al. (1) a novel interaction between radiotherapy
and complement is described with a different sequence
of events: Radiation results in necrotic tumor cells and
initiation of transient complement activation in the local
tumor environment to generate anaphylatoxins, C3a and
C5a, which then stimulate adaptive immunity to contribute
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to tumor cell killing. Surace et 4/. define C3a and C5a as
complement components that are critical for recruitment
of the cellular immune response and tumor cell killing
following radiotherapy.

To further appreciate this finding, let’s step back and
think about the complement system in general. Now this
system is often viewed in medical training in the same vein
as the coagulation cascade: a series of numbers and letters
to memorize. However, bear in mind that this is an ancient
evolutionarily conserved defense system present in horseshoe
crabs and sea sponges, so it has proved its worth. In the
human, deficiencies in complement system components
increase the likelihood of immune complex disease and
serious bacterial infections. However, if complement
activation is excessive or normal control mechanisms are
overwhelmed, complement-mediated pathology may occur.
Autoimmune diseases are a prime example of antigen-
antibody-mediated complement activation leading to
pathology, i.e., glomerulonephritis, lupus, etc.

Some major principles of complement system should
be mentioned: (I) the system is always operating at a
slow steady state level of activation that can be pushed
into amplification with a wide variety of stimuli; (II) the
pathways produce many different biologically active
products even if the pathway does not continue to lysis of
the bacteria or tumor cell; (III) the system is intended to
act locally and systemic activation indicates escape from
local control. As seen in Figure 1, the complement system
can be activated via 3 major pathways: the classical, the
mannose binding lectin, and the alternative pathway. Each
of these pathways converges on a central event—cleavage
of circulating C3 into C3b and C3a. While C3a is released,
C3b covalently binds to macromolecules or cells or is
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Figure 1 Radiation-induced complement activation initiates adaptive
immune response and tumor cell death. The study of Surace et a/. (1)
demonstrates that radiotherapy induces cell necrosis, increases
local production of C3 within the tumor and a transient local
increase in complement activation with C3a and C5a generation.
Increased complement activation results in C3 deposition on tumor
cells. C3a and/or C5a are critically important for stimulation of
dendritic cell maturation and interferon production by cytotoxic
CD8" T cells leading to a beneficial clinical response and tumor cell
killing. Orange symbols represent activation of the innate immune
response while green symbols represent activation of the adaptive
immune response. Solid arrows represent data within the Surace
et al. manuscript, while dashed arrows represent implied actions

consistent with literature and existing data.

degraded into cleavage products such as iC3b, C3c and
C3d. Bound C3b (termed C3 deposition), but not the C3
degradation products, participate in cleavage of C5. Both
C3b and degradation products may amplify the humoral
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immune response or opsonize altered cells for phagocytosis.
C3b contributes to formation of a molecular complex that
then cleaves the C5 molecule resulting in generation of
C5a and C5b. C3a and C5a are termed anaphylatoxins
and are approximately 9,000 kD fluid phase molecules that
interact with seven transmembrane G protein coupled
receptors: C3aR, C5alR (CD88) and C5a2R (2). C5b
with complement components C6-9 forms a membrane
attack complex creating a pore in the membrane, lysing
the target cell when insufficient complement regulatory
proteins are present. The inciting stimuli that initiates
complement activation following radiotherapy is unclear
from the study of Surace er /. (1), though they have
provided some evidence that necrotic cells are involved or
associated with the complement activation. What is clear
is that the fluid phase activation products C3a and C5a are
critically important for the radiotherapy effect in the mouse
model. Radiotherapy induces local transient activation of
complement, at least through C3 and C5. The generation
of C3a and/or C5a and their receptor interactions are
critically important for the maturation and activation of the
adaptive immune response for a positive therapeutic effect
of radiation therapy.

Importantly, the role of complement activation in
inducing tumor specific immunity following radiotherapy is
not limited to a single type of cancer. The study examined
mouse models of melanoma and colon cancer as well as
human skin cancer and found a transient, but clearly effective,
C3a- and C5a-dependent stimulation of cellular infiltration
in each. The role of C3a and C5a was evaluated using
mice deficient in the specific receptors, C3aR and C5alR
(CD88) as well as blockade using antibody or small molecule
antagonists of the G-protein coupled receptors. Importantly,
dexamethasone treatment down-regulated the anaphylatoxin
receptors and radiotherapy efficacy, suggesting a need to
consider the potential loss of treatment efficacy when using
dexamethasone to reduce radiation toxicity.

The location and distribution of activated C3 may also
be important. Surace shows accumulation of C3 along
blood vessels following 20 Gy. Vascular injury, and damage
to endothelial cells in particular, has been implicated as
especially important in the effects of high dose irradiation
such as used by Surace (3,4). Irradiated endothelial cells
increase acid sphingomyelinase activity generating ceramide
that is critical to endothelial cell injury and subsequent anti-
tumor activity of high dose irradiation. Ceramide transport
proteins have been implicated in complement activation (5).
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Together, these observations may describe a pathway of
endothelial cell injury, ceramide activation and complement
targeting leading to vascular injury, shutting down nutrient
supplies to cancer and ultimately tumor cell death.

The traditional immune response to tumor cells includes
antigen presenting cell activation of cytotoxic CD8" T cells
to produce y-interferon. Activation of C3 by radiotherapy
up-regulated C3a and C5a receptors on dendritic cells
and maturation of these critical antigen presenting cells,
induced y-interferon production by cytotoxic T cells, and
prevented the regulatory T cell infiltrate. Previous studies
demonstrated that C3 is required for iz virro dendritic cell
maturation and pro-inflammatory y-interferon CD4 and
CDS8 response, as well as in mouse and human graft vs.
host disease (6-8). Importantly, therapeutic blockade of C3
activation with Compstatin inhibits the pro-inflammatory
Th1 response without altering the regulatory T cell
response (9). Additional studies demonstrated that the
absence or down regulation of complement regulatory
protein, Crry, induced interferon production in a mouse
bladder cancer model (10). The study by Surace ez /. (1) did
not examine expression of complement regulatory proteins
on the tumor cells. Future studies will require investigation
of complement regulator expression on the tumor stroma,
immune cells within the tumor and tumor cells themselves.

Direct and indirect cancer cell damage from radiotherapy
can increase tumor immunogenicity. Indeed, cell disruption
and death following radiotherapy have been described
as an /n situ personal vaccination against cancer (11). T
cell stimulation and activation against cancer may lead to
tumor responses outside the irradiated field. Such events,
where one site of metastasis is irradiated and both targeted
and other sites of disease respond, is termed an abscopal
effect (11). Abscopal effects are relatively rare but have
been described, particularly in melanoma. Despite the
ability of radiotherapy to enhance an anti-cancer immune
reaction, systemic anti-cancer immune activity is seen only
rarely. One explanation for the limited immune response
is the difficulty in determining foreign cancer cells as
distinct from self. Immune checkpoint activities dampen
T cell activation when antigens presented to T cells are
weak or potentially self-related. The recent emergence
of immune checkpoint inhibitors may offer exciting
new and effective combinations of immunotherapy and
radiotherapy (12). Treatments to enhance the anticancer
complement response may accentuate T' cell activation.
Removing T cell inhibition with immune checkpoint
inhibitors may provide the necessary combination treatment
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to unleash a truly effective anti-cancer immune response.

All complement components can be produced in the
liver. However, studies have also demonstrated that many
components, and C3 in particular, are produced by immune
cells locally, particularly in ischemic environments (13). The
Surace et /. manuscript demonstrated that not only immune
cells but also tumor cells themselves produce C3. This is
similar to findings described in gastric tumors (14). Initial
investigations into the specific pathway of complement
activation by Surace er 4/. indicated involvement of both the
classical and alternative pathway with no evidence of lectin
pathway activation. The inciting stimuli for complement
activation have yet to be defined, but the data suggest that
necrotic cells may be involved.

Surace et al. employed two different strategies to assess
the critical importance of C3a and C5a in the effectiveness
of radiation therapy. One was the use of mice deficient in
C3aR, C5alR or both. This sound strategy assesses the
importance of the receptor throughout development in
determining if radiation therapy will be effective. The
authors also blocked C5alR with specific antibodies and
C3aR with a small molecule antagonist. These approaches
add important evidence that the lack of C3a and C5a
receptors during development in knockout animals is not
the critical event. However, use of inhibitors is always
limited by the specificity of the treatment. For example, the
C3aR antagonist SB290157 also exhibits agonist activity and
may stimulate C3aR and mobilize neutrophils in intestinal
ischemia reperfusion injury (15,16). Literature reported
doses of SB290157 range from 2-30 mg/kg with minimal
data indicating that these doses are C3aR specific and
lack off target effects. In fact in the rat model of placental
ischemia induced hypertension, 5 mg/kg SB290157
attenuated increased circulating C3a, an unexpected finding
for a simple antagonist (15). Limited solubility of SB290157
in aqueous solutions results in experimental delivery as a
suspension in saline or PBS.

Although focusing on tumors implanted into mice,
Surace et al. also demonstrates complement activation
in a limited number of human skin tumors. For further
translation to human, both complement and dexamethasone
studies should be expanded to include more relevant
tumor models that include mutations found in human
melanomas, such as the Braf"*" mutation which occurs in
over 50% of human melanomas (17,18). As radiotherapy
today frequently includes multiple doses of radiation, it will
be critical to determine if multiple doses produce similar
results and if radiation dosing in mice translates to dosing
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in humans. Radiotherapy produces inflammation in normal
tissue adjacent to target cancer tissues that may lead to side
effects such as nausea, emesis, brain edema, pneumonitis
and other toxicities. Dexamethasone is frequently used to
address these and other side effects. Based on the findings
of Surace et al., dexamethasone inhibits radiation induced
C3 activation and more importantly allows tumor growth.
These intriguing data suggest the use of dexamethasone to
protect normal tissues from radiotherapy may also protect
tumor tissues. Dexamethasone was recently found to decrease
short-term pain flares after radiotherapy for bone metastases
without decreasing long term (6 weeks) pain control,
suggesting dexamethasone may not uniformly produce tumor
protection (19). Very few studies have addressed the
possibility of cancer protection resulting from dexamethasone
effects on tumor microenvironment, but given the
widespread use of dexamethasone with radiotherapy and the
findings of Surace, a closer examination of tumor protection
with dexamethasone may be worthwhile.

Future studies are needed to understand the specific,
and at times opposing, effects of C3a and C5a as well as the
role of the second C5a receptor, known as C5a2R (C5L2).
The exact role for C5a2R in the overall actions of C5a is
unresolved (2). While Surace et 4l. examined tumor growth
and dendritic cell maturation in mice deficient for either
C3aR or C5alR, the radiotherapy-induced T cell response
and dexamethasone studies were performed in wild-type
and double knock out (C3aR”"C5alR™") mice. Thus, future
studies should examine the role of each specific anaphylatoxin
and the additional receptor, C5a2R. This is particularly
important as C3a and C5a have opposing actions in multiple
diseases including asthma, lupus, and septic shock where C5a
is pro-inflammatory and C3a is anti-inflammatory (20). The
C3a-C5a dichotomy may also be due to possible interactions
of either C5a or C3a with C5a2R. This soluble receptor may
be a decoy receptor that interacts with C5alR to negatively
regulate the response of one or both anaphylatoxins (21-24).
Delineating the important mediators and receptors may
provide a mechanism to explain the excess toxicity in patients
with lupus receiving radiotherapy (25).

Therapeutic intervention in the complement system creates
a challenge because this system plays an essential role in host
defense. The antibody to C5, eculizumab, has successfully
treated paroxysmal nocturnal hemoglobinuria and atypical
hemolytic uremic syndrome. Both of these diseases involve
uncontrolled complement activation due to improperly
functioning endogenous complement regulators. Blocking C5
activation prevents formation of the membrane attack complex
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and complement-mediated cell damage. Eculizumab also
minimizes C5a production presenting a distinct disadvantage
during radiation therapy unless preserving C3a action is
sufficient. Inhibiting C5 activation also increases susceptibility
of individuals to meningococcal infection so that monitoring
and vaccination are essential. The therapeutic ratio in
radiotherapy compares the dose of radiation that kills tumor
cells with the dose that causes complications in normal tissue.
Inhibiting complement activation may be an opportunity
to enhance the therapeutic ratio of radiotherapy. Targeting
complement inhibitors to normal tissues but not adjacent
cancer tissues may contain normal tissue injury and maximize
radiotherapy-induced tumor cell damage. For example, inhaled
inhibitors for patients receiving radiotherapy to the esophagus
or breast may provide lung protection without compromising
target effects.

Traditional approaches to enhance the therapeutic
ratio of radiotherapy include greater precision in delivery
or use of higher doses. Indeed, high precision delivery is
now technically possible for almost all sites using intensity
modulated radiation therapy (IMRT), image guided radiation
therapy (IGRT) and even proton irradiation. Further advances
in precise delivery are limited more by our ability to identify
microscopic tumor cells rather than depositing dose precisely
in tissue. Dose escalation also appears to have limitations as
well. As pointed out by Yamoah ez 4/. (26) recently, several
dose escalation studies have failed to show improved benefit.
Therefore, improving the efficacy of radiotherapy depends
on a more complete understanding of radiation effects on
cancer and normal tissue and exploiting these differences for
therapeutic gain. The insight provided by Surace et /. opens
many new possibilities to selectively augment the action of
radiation against cancer.
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