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Abstract

Over the past five decades, those interested in markers of radiation effect have focused primarily on
tumor response. More recently, however, the view has broadened to include irradiated normal tissues
—markers that predict unusual risk of side-effects, prognosticate during the prodromal and
therapeutic phases, diagnose a particular toxicity as radiation-related, and, in the case of bioterror,
allow for tissue-specific biodosimetry. Currently, there are few clinically useful radiation-related
biomarkers. Notably, levels of some hormones such as thyroid-stimulating hormone (TSH) have
been used successfully as markers of dysfunction, indicative of the need for replacement therapy,
and for prevention of cancers. The most promising macromolecular markers are cytokines: TGFj,
IL-1, IL-6, and TNFa being lead molecules in this class as both markers and targets for therapy.
Genomics and proteomics are still in nascent stages and are actively being studied and developed.
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1. Introduction: A Brief History of Radiation-related Biomarker Research

An early focus of research into cellular and molecular radiation targets involved examination
of the DNA molecule and radiation-induced, unrepaired single- or double-strand breaks that
express as chromosomal aberrations. Similar examinations of cell integrity following radiation
insult led early investigators to conclude that radiation-induced damage to the cellular
membrane often led to cell death [1,2]. These investigations of the cellular target itself led to
broader questions of signaling and inquiry into the systemic response to radiation injury.
Researchers began to examine the molecular targets of radiation-induced signaling, the
cytokines being recruited to the site of injury, such as TGFp, IL-1, and TNF [3-5]. In 1995,
Rubin and colleagues explored what they termed a radiation-induced “perpetual cascade of
cytokines” [6], a breakthrough notion that cast aside the classical division of radiation-induced
damage into 3 temporal categories (acute, subacute, and late), and which led to a new
understanding of the pathogenesis of radiation injury as a continuum [7].

2. Challenges of Marker Identification

A holy-grail of radiation oncology translational research has been the identification of markers
of both tumor and normal tissue responses [8-11]. Identification of patterns of molecular
expression indicative of human disease is exceedingly important. This is particularly true for
two types of expressed molecules: those that are predictive of future disease and those that
cause disease. The former can be used to identify patients for preventive therapies and the latter
as a target for drug development. Markers can be classified into several categories and are
measured with a variety of techniques. The most useful markers are those that are easily
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collected and immediately available, inexpensive, diagnostic and prognostic, and specific for
a given disease. As an example, a high blood glucose level alone can be diagnostic of diabetes
and prognostic of impending immediate and long-term disease; and determination of the
glucose level is inexpensive and immediately available. While some simple markers are still
waiting to be discovered, most researchers in the field of normal tissue radiation biology expect
that matrixes of molecular markers will likely be needed for both prediction and for identifying
targets for therapy.

A unique marker profile associated with normal tissue damage after irradiation is unlikely to
be found. More likely marker profiles will vary with tissue and time due to the complex nature
and protracted course of radiation toxicity. Briefly, radiation injury is a continuum of biological
processes sometimes simplified by the terms acute and late toxicity, which follow a sequential
process beginning within hours and progressing over weeks, months, and years [6,11,12]. The
earliest events are often followed by a recovery period, which can maintain for years, and
subsequent late injury is often exacerbated by any additional trauma leading to late organ
dysfunction or malignancy. Thus, at any given time, markers might be valuable for predicting
the likelihood of subsequent events in the sequential process, and for identifying prophylactic
therapies that might be utilized to prevent those events. Attempting to identify markers for each
of these types of events and for detecting progression during the latency periods is challenging.
Since there are not yet any fully satisfactory markers, in this chapter we will discuss the
experimentally promising markers that can be measured in easily acquired samples.

Preceding exposure to irradiation, genetic predisposition for decreased DNA repair, diabetes
and other metabolic diseases affecting small vessel health, previous trauma and medical
history, and pre-existing autoimmune or collagen vascular disease predispose to increased
toxicity. During the first few hours after irradiation, cells primed for apoptosis or those that
readily undergo apoptosis are at risk (Figure 1). Here, damage to mucosa and cutaneous tissues
can allow brief organ dysfunction that progresses over time. Over the subsequent weeks,
proliferation of cells required to maintain organ function is altered leading to damage in some
tissues. Healing thereafter may include apparent complete recovery but can result in very late
fibrovascular complications, decreased wound healing after subsequent trauma, or may
predispose to oncogenesis. The process of identifying markers for all these potential toxicities,
many of which are organ specific and vary with time, is a major and complex task.

3. Definition of Markers

The term molecular marker is used broadly. It includes metabolites, proteins, RNA, DNA, and
even complicated physiological states. The term is used to describe predictive assays,
diagnostic tests, and targets for therapeutics. The terminology has not been developed to
separate markers that can be used to follow disease progression and response to therapy as
compared with markers that simply identify increased risk of development of disease after
radiation exposure. A language has been coined to distinguish drugs that might be used to
reduce the severity of impending radiation toxicity (protectors), treat subclinical radiation
injury (mitigators), or treat radiation illness (therapeutics) [13]. A parallel language might be
used to define at least these categories of markers for radiation effects on normal tissues (vis.
predictive markers, prognostic markers, diagnostic markers, and dosimetric markers) (Table
1). Genotoxicity markers are a category that cross several of the others. Many genotoxicity
markers are proven biodosimeters, most prominently dicentric chromosome aberrations which
are essentially unique to irradiation. Genotoxicity markers including chromosome aberrations,
micronuclei, and DNA complexes to phosphorylated histone H2AX may also be prognostic
markers of oncogenesis [17-19].
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Biological markers are usually circulating but can be tissue-based. The latter are necessarily
more difficult to measure since they require tissue specimens. Metabolites can be very useful
markers of toxicity, but they are usually only available in the therapeutic mode: they can
however be used to follow the effectiveness of therapy. An example of a diagnostic marker
might include blood urea nitrogen and creatinine levels for radiation-induced renal failure.
Protein markers can be very specific, as is the case with liver enzyme measurements for hepatic
toxicity, and can be elevated in the absence of symptoms and thus can be used to follow the
severity of illness and its rate of improvement (prognostic marker).

Measurement of nucleic acid markers, RNA or DNA, from tissue or in the circulation is usually
performed non-specifically using array technologies [9,20]. The power of these methods to
examine thousands of specific sequences is extraordinary. Finding the true needle(s) in the
haystack of measurements, however, can be very challenging. Array studies are rarely specific
or fully diagnostic. None have been used to follow the severity of illness, in part due to the
expense but mostly because the associations are rarely quantitative. In contrast, identification
of particular gene mutations can be very specific and diagnostic. The prominent example of
this is the ATM gene mutation, homozygosity for which creates severe radiation sensitivity
[21]. Heterozygosity to mutations of ATM leads to intermediate sensitivity in cell culture;
however, it is not a useful clinical marker for prediction of increased radiation sensitivity
[21-23].

4. Metabolic Markers of Normal Tissue Response to Radiation in Select
Organs and Tissues

All tissues are damaged by radiation. Tissues that undergo rapid renewal have earlier side
effects that relate to depopulation. Slowly renewing, or non-proliferating tissues, have side
effects that include inflammatory changes and devascularization. The toxicity process is
sequential and progressive in most tissues, but the pace varies between tissues and differs from
patient to patient. Treatment doses are as much determined by the tolerance of the tissues being
irradiated as they are by the tumor being treated. For many tumors, for example pancreatic
cancer, the tolerance dose dominates and curative doses are unsafe. Some critical organs and
possible markers of toxicity are discussed in the next sections.

4.1.1. Brain—Biomarkers of radiation damage to the brain are not yet available clinically.
The phenomenon of brain damage that progresses during and after a course of radiation has
been extensively studied but remains confusing. There is a prominent fatigue syndrome
associated with brain irradiation that appears to be accompanied by alterations in circulating
levels of FGF2, VEGF, IL-1, and cortisol [24,25]. Animal studies suggest that these cytokines
might be a more long-lived response seen in the circulation to the local production of TNF
[26,27], TNF being a more locally active and short lived cytokine. In receptor knockout mice,
the effect appears in part controlled by the relative expression levels of the two TNF receptors.
The cellular transport of tryptophan and metabolism of serotonin also appear prominent in the
early effects of radiation on the brain. The fatigue generally recovers completely after a month.
During the years following irradiation, however, patients develop progressive dysfunction
including decreased concentration and memory, processes that are attributed to a combination
of progressive microvessel dysfunction, and to killing or premature maturation of brain stem
cells [28,29]. Thus there are some potential markers, but they involve collecting brain
specimens and measuring BrdU labeling or Ki67 stains. The utility of apolipoprotein E
genotype, a marker associated with premature dementia after traumatic brain injury, deserves
study in survivors of cranial irradiation. Other markers of brain trauma that deserve
consideration as a measure for radiation-related brain damage include 14-3-3beta from cerebral
spinal fluid and neuro-specific eolase in the serum [30,31].
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4.1.2. Salivary glands and Pancreas—QOrgans containing digestive enzymes can have
amplified reactions following radiation-induced cell killing. Salivary amylase levels constitute
roughly 60% of total serum amylase levels in the body. Within 12 hours of exposure to just 2
Gy, salivary function decreases by as much as 50% [32]. Maintaining a total dose under
tolerance is crucial to recovery. Pilocarpine stimulation or growth factors to prevent apoptosis
also appears to reduce the severity of dry mouth [33-35]. The reduced salivary function occurs
along with an increase in serum amylase levels [36]. Increases in amylase but not other
digestive enzymes is also seen after irradiation of the pancreas, but radiation does not appear
to cause symptomatic pancreatitis or much acute pancreatic exocrine dysfunction. While serum
amylase increases acutely in the first hours after irradiation, the loss of salivary gland function
over time leads to subsequent low circulating amylase. An association between acute increase
or chronic decrease in circulating amylase and subsequent severity of xerostomia is logical but
has not been established. Interventions for xerostomia include growth factors. Keratinocyte
growth factor (KGF), also known as FGF7, has shown promise for prevention of both radiation-
and chemotherapy-induced xerostomia [35,37,38]. The mechanism is believed to include
inhibition of epithelial apoptosis, and improved proliferation and repair. There are not yet
markers to identify which patients might benefit, however, nor are there markers for assessing
response. Therefore, optimizing drug dose and schedule is not possible and benefits remain
limited. Thus predictive and prognostic markers are needed.

4.1.3. Lung—Pulmonary surfactant is a polar molecule that allows the alveoli of the lung to
re-expand after atelectasis, a process that would otherwise be nearly impossible due to surface
tension. After radiation, surfactant levels in the blood quickly rise as do the levels of surfactant
in the exposed lung tissue [11,39,40]. The mechanism of acute respiratory distress syndrome
that can occur following lung radiation is thought to be a result of impaired metabolism of
surfactant from high density to low density forms [41]. This can lead to failure of the lungs to
expand properly. Gas exchange is not much affected shortly after irradiation, unless there is
associated pneumonitis or atelectasis. At later times, gas exchange is reduced due to pulmonary
fibrovascular changes and inflammation. The latter is usually compensated for by increased
pulmonary rate. Respiratory acidosis or alkalosis, however, isuncommon. Additionally, certain
circulating cytokines including TGFB1, IL-1, and IL-6 are naturally increased in many patients
who go on to develop pulmonary fibrosis [42,43]. The utility of TGFf1 has been the most
extensively studied and is reviewed elsewhere [8,10,44]; a difficulty in use of this marker is
the need to measure it sequentially over long periods of time in order to assess risk. Studies in
which IL-1 and I1L-6 were measured appear more useful in that measurements were applicable
to both prediction and prognosis [42,43]. The latter, however, were not sufficiently quantitative
to allow assessment of the value of an intervention.

4.1.4. Liver—The liver is a hypoxic organ, having a blood supply that is chiefly venous
[45]. The liver's role includes the detoxification of ingested toxins, and thus the low oxygen
environment is likely a safety measure reducing oxidation damage. It is therefore confusing as
to why the liver is among the most intrinsically radiosensitive organs. Massive cell death can
be seen after only 30 Gy when the whole organ is exposed to fractionated treatment. The liver
however has an enormous capacity for regeneration, a process that occurs with partial
hepatectomy or high dose localized liver irradiation. The advent of extracranial radiosurgery
for liver metastases would otherwise not be possible. There are some obvious candidate
markers for examining the damage to the liver and its rate of regeneration. In the former
category are liver enzymes, the most useful of which appears to be alkaline phosphatase.
Bilirubin and other markers of obstruction are usually not involved. Regarding the healing
process, many growth factors are likely involved though none have been proven. These include
epidermal growth factor (EGF) and hepatocyte growth factor (HGF), and the angiogenesis
factor, basic fibroblast growth factor (FGF2). It is worth commenting that liver regeneration
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is not significantly impaired in patients treated concurrently with anti-Her2 antibodies
(trastuzumab).

4.1.5. Gastrointestinal Tract—Irradiation of the gastrointestinal tract causes a series of
biological effects that begin with immediate nausea and vomiting, delayed malnutrition and
diarrhea, and which can progress to late fibrosis and necrosis. The malnutrition-related changes
arise from altered absorption [46] and alterations in bowel matility [47]. Many metabolic
markers of these gastrointestinal syndromes are not specific and can be simulated by controlled
diet in non-irradiated animals [46-48]. Likewise, replacing the diet of irradiated animals with
a low protein or liquid elemental diet repairs some metabolic changes that occur after
irradiation; therefore, metabolic markers specific for radiation exposure remain undetermined.
Thus while radiation-related gastrointestinal dysfunction is a common phenomenon from both
total body and local abdominal irradiation exposure, there may not be specific metabolic
patterns for radiation syndromes.

4.2. Types of markers available in accessible specimens

Accessibility of sequential specimens is a high priority for marker studies. The mechanism of
the interaction between the marker and a biological process is important if the marker is to be
used rationally. Optimally, a marker can be easily followed before therapy and then during
therapy to evaluate progression of toxicity or adequacy of preventive measures and therapy.
Markers come in several classes in addition to the obvious macro-molecular protein, DNA and
RNA markers. Importantly, some of the most easily measured markers and simplest markers
are already in routine use. The next sections will discuss some important classes of markers
and how they are being used clinically and experimentally.

4.2.1. Electrolytes and Cell Metabolic Products—Radiation, whether localized or
systemic, can have a number of immediate and delayed physiological effects. Polydipsia due
to altered plasma volume occurs in many animal species. It can occur within a few hours of
exposure and maintain for a few days [49,50]. It is rarely clinically evident and most patients
correct the effect (asymptomatically) by oral fluid and electrolyte replacement. An electrolyte
imbalance in animal models is a marker for diuresis. It begins within a few hours and continues
for a few days after exposure. Depletions of calcium, phosphate, and sodium have been reported
[51]. In animals, the diuresis can be prevented by hypophysectomy and adrenalectomy,
implicating a corticoid hormonal basis [52]. The diuresis phase is followed by decreased
appetite and this is associated with changes in electrolytes and blood glucose, and decreased
protein absorption. Urine volume decreases and urine concentration increases. None of these
changes, however, are specific.

The bowel also impacts the fluid and electrolyte balance [53,54]. The small bowel mucosa is
composed of the villous and crypt. The former is highly differentiated tissue that is naturally
sloughed and replaced approximately weekly in humans. Its function is mostly absorptive of
fluid and electrolytes. The crypts are less differentiated and in contrast are more secretory.
After irradiation there is proliferation and regeneration that favors the crypt cells and thus a
secretory diarrhea. Villous cells slough even more rapidly than normal. The electrolyte
imbalance due to gastrointestinal dysfunction likely reaches a maximum at 3 to 5 days and
recovers a few days later. As with the renal effects, none of these changes are specific for
radiation and can be corrected by appropriate modification of diet.

Some tissue degradation products can be measured in the urine and plasma shortly after
irradiation. These include polyamines, small cationic compounds derived from L-ornithine and
L-arginie. Polyamines are increased in tissues undergoing proliferation and differentiation and
are sometimes increased in cancers. Examples of these include putrescine, spermidine, and

Cancer Metastasis Rev. Author manuscript; available in PMC 2010 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Okunieff et al.

Page 6

spermine. Interestingly, tissue levels of these compounds can decrease within hours after
irradiation in the spleen and bowel, while increasing in the blood. Late injury from localized
irradiation can result in high levels of these metabolites [55]. The association with these
circulating tissue breakdown products with specific toxicity experienced by patients
undergoing abdominal or head and neck radiation is unknown.

It is obvious that radiation dose is the most powerful predictor of radiation toxicity. The search
for radiation-specific electrolyte or metabolic markers that vary with dose is an active area of
biodosimetry research. Unfortunately most of this research is aimed at victims of total body
radiation exposure and not local organ toxicity in the cancer patient. All the electrolyte markers
from the blood or urine are non-specific for radiation, have non-monotonic responses to
radiation, circadian and other temporal effects, or large inter-individual variations; thus none
are satisfactory biodosimeters even for total body exposure. Similarly, use of the available
markers as a measure of specific organ toxicity during or after a course of therapeutic radiation
does not yet add to the management or diagnosis of radiation-related injury. Unfortunately,
none of these metabolic markers are yet useful for prediction of impending radiation-related
organ injury.

4.2.2. Hormones and prostaglandins—Hormone and prostaglandin levels are altered in
the tissue and circulation by local and large field irradiation. As with cytokines, these molecules
are known to affect the proliferation, repair, healing, and inflammation of tissues. These
molecules could be more than just prognostic, since therapeutic interventions aimed at
normalizing these factors have beneficial effects in animals. Cox-2 inhibitors, which affect
prostaglandin synthesis, in particular show great promise [56,57]. Hormone replacement
therapy is offered for some very specific conditions such as hypothyroid in patients with
elevated TSH after thyroid irradiation, as a mechanism for reducing the overstimulation of the
thyroid and thus subsequent thyroid cancer [58]. It has also been shown that bone remodeling
and the health of cartilage is affected by a combination of cytokines and parathyroid hormone.
Hormones like cytokines are powerful mitogenic and differentiating agents for a number of
stem and progenitor cells. Despite the promise of hormone and Cox-2 inhibition therapies as
a prevention for radiation-related toxicity, lack of markers limits their use. In the case of
hormone aberrations after pituitary, thyroid, or gonadal irradiation, many circulating markers
have been identified [59]. Appropriate prostaglandin balance is unknown, which limits the use
of Cox-2 inhibitors. More markers related to both hormone and prostaglandin balance are
needed since therapy with these agents would be very simple.

4.2.3. Thiols and other antioxidants—In-vitro thiol levels produce substantial alterations
in the shape of the radiation survival curve and, since they also inactivate many chemotherapy
drugs, were among the first and most studied natural radiation protectors [60]. Other
antioxidants including vitamins C and E have shown benefits when used as part of therapy for
radiation-related side effects [61,62]. Studies also show that high concentrations of these
vitamins can be protective against whole body irradiation. There has however been very little
study of the role that naturally high or low oxidative states in plasma (or tissues or circulating
cells) might play in the progression of radiation toxicity. Oxidative states can be measured a
number of ways. For example, tests include those that measure reduction capacity, reduction
potential, and reactivity in soluble phase (cytoplasm) or lipid phase (membrane) [63,64].
Cellular compartments that experience high free radical levels, such as the mitochondria, may
be the key subcellular target. Tests for oxidative stress are all readily available, can be
performed on leukocytes or plasma, and deserve further investigation.

4.2.4. Metabolomics—Mass spectroscopy and other modern techniques have made it

possible to analyze thousands of metabolites in blood and urine. These techniques have
revealed the existence of several short-lived and apparently unique metabolites in these fluids
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following irradiation [10]. Some appear to be oxidized lipid product involved in apoptosis
signaling [65]. Several commercial ventures have grown with the premise that fingerprints of
unique metabolites should be useful for following responses of cancer to treatment and of
normal tissue to radiation exposure (e.g., Metabolon, North Carolina, USA; Sionex Corp.,
Massachusettes, USA). The practical value of these metabolites with regard to prevention,
prognosis, or diagnosis remains unclear.

5. Physiological processes

Radiation treatments have multiple physiological effects. In clinical radiation therapy, the
majority of tissue being irradiated (often to much lower dose) is actually non-tumor. Thus the
majority of physiological changes are likely related to this exposure. Radiation causes cell
death through a variety of mechanisms including apoptosis, necrosis, DNA damage, and
reproductive inactivation. Radiation damages some cells without killing them, causing the
stimulation of pathways involved in repopulation, maturation, angiogenesis, and inflammation.
It damages vasculature leading to perfusion dysfunction and hypoxia. The role that cytokines
might play in these physiological processes has been extensively studied in recent years. The
following sections will briefly discuss some physiological markers of great promise.

5.1. Markers of Cell Death (Apoptosis, Necrosis, and Reproductive Inactivation) in Response

to Radiation

Radiation-induced cell killing includes apoptosis, necrosis, and reproductive inactivation.
Fortunately most solid organ tissues are resistant to apoptosis following irradiation. Such cells
alternatively might, sometimes over a long period of time, undergo reproductive death,
necrosis, or delayed apoptosis. These mechanisms of cell death occur at a rate too slow to be
substantially detectable by circulating markers or with a biopsy. Also, unlike apoptosis, there
are very few candidate markers for reproductive or necrotic cell loss. Thus death markers are
not yet useful for predictive, prognostic, or diagnostic purposes and their development for use
in dosimetry will be a challenge as well.

Regarding early side effects of radiation, apoptosis can be extremely important even if its
impact on late toxicity is limited. Apoptosis is important for acute effects because it is a rapid
process that can dramatically reduce cell number. Among the most studied tissues undergoing
brisk apoptosis are the bone marrow progenitor cells, lymphocytes, and endothelial cells. They
undergo apoptosis via both the intrinsic and extrinsic pathways, including p53-dependent and
-independent pathways, and ceramide-dependent and -independent pathways. Apoptosis
signaling can begin with oxidative products and the mitochondrial pathway. In apoptosis prone
cells, the process is brisk, reaching a maximum a few hours after radiation exposure and usually
decreasing to a low level within 24 hours [66-68]. Because the process is short lived and most
of the signaling proteins are intracellular, to date there are few useful apoptosis-related proteins
to consider as molecular markers of radiation effect.

One marker related to reproductive health of cells has been useful as a biodosimetric marker,
namely chromosomal aberrations. Aberrations are visualized when hematopoietic cells are
cultured and metaphase spreads are examined. Improperly repaired chromosomes following
radiation have altered structure leading to abnormal and missing chromosomes. Chromosomal
aberrations, at present specifically the dicentric assay, remain the gold standard for radiation
biodosimetry [69,70] (Figure 2). New approaches to biodosimetry are in development that also
quantify chromosomal damage and include assays that examine for micronuclei in
hematopoietic cells [71], reticulocytes [72], and cutaneous and pulmonary fibroblasts [73].
Flow cytometric assays are also in development for biodosimetry [71] as are techniques for
measuring DNA repair complexes such as histone H2AX [17-19]. These markers of
biodosimetry are actually measures of genotoxicity. Thus they may also be prognostic markers
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for oncogenic risk in exposed individuals and predictive markers for individuals considering
work that might involve radiation exposure. Other biodosimetric techniques are physical
dosimeters that measure unpaired electrons in crystalline biological materials such as dental
enamel [74] and finger nails.

5.2 Markers of Hypoxia in Response to Radiation

A common pathway of radiation toxicity is microvascular dysfunction. Many genes are
upregulated in response to hypoxia including several angiogenic peptides that are easily
detected in the circulation. High levels of FGF2 have been seen in long-term survivors of
radiation with concurrent fibrovascular complications of radiation [26]. When these subjects
were treated with pentoxifylline to improve microcirculation, most had a reduction of their
circulating FGF2 protein. Other angiogenic proteins are likely expressed and deserve
consideration. The anti-angiogenic effects of radiation on vasculature are likely a combination
of decreased localized stem cells and local changes in the cytokine milieu reducing the
recruitment of new stem cells from the circulation. Some of these factors might also be available
for long-term evaluation as prognostic markers and as targets for therapy.

5.3 Cytokines and inflammatory mediators in Response to Radiation

Cytokines are a class of proteins and glycoproteins involved in intercellular signaling. Most
act through autocrine and paracrine cellular communication but can be found in the circulation.
They include growth factors, angiogenesis and angiostatic proteins, interleukins, adhesion
molecules and chemokines. High, low, or prolonged expression of angiogenic or angiostatic
cytokines have been associated with human diseases that pathologically simulate radiation
toxicity [10,39,40,75]. Chemokines are chemotactic proteins that recruit inflammatory cells to
irradiated tissues and, like interleukins, can activate inflammatory cells. Prolonged or high
expression of these proteins, as with the angiogenic peptides, has been associated with delayed
radiation side effects that emulate autoimmune disease. Growth factors are double-edged
swords that cause the proliferation and maturation of stem and progenitor cells. These typically
reduce the early side effects of radiation but can be a cause of deleterious changes to organ
architecture and premature differentiation of stem cells leading to later organ dysfunction. The
cytokines and their effects are particularly exciting in that they themselves are therapeutic
targets, making cytokine-mediated disease reversible. Thus cytokine levels can serve as
predictive, prognostic, and diagnostic markers for radiation toxicity; they are not, however,
specific for the radiation effect.

The role that cytokines play in radiation toxicity was first discovered and described by Rubin
and colleagues [39]. Shortly thereafter, transforming growth factor 1 (TGFB1) was identified
inthe circulation of breast cancer patients who developed pulmonary and hepatic complications
from chemotherapy for bone marrow transplantation [75]. Subsequently, the impact of
TGFp1 on pulmonary radiation effects has now been studied extensively in humans. The bulk
of current evidence suggests that if TGFp1 is elevated for a long period of time before, during,
or after irradiation, the risk of pulmonary toxicity increases [3,44,75-77]. An example of the
powerful role TGFB1 appears to play in radiation-related fibrosis is shown in Figure 3. More
importantly, however, extensive work on cytokine levels and their relation to radiation
exposure and toxicity has indicated an exquisitely complex picture; cascades of cytokines—
messengers, recruiters, and modifiers—are involved. Chen and colleagues found that subjects
undergoing thoracic radiation who had elevated I1L-1 or IL-6 before or during radiation all
developed some degree of radiation changes (clinical or radiographic). Angiogenic factors have
also been associated with late pulmonary toxicity. For example, we found that FGF2 was
markedly elevated in the circulation of most subjects with severe late radiation fibrovascular
toxicity of the extremities [26].
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There is a “cytokine storm” that occurs shortly after a tissue is irradiated. It can be very
prominent in patients undergoing whole body radiation for bone marrow transplant. This short-
lived, multi-cytokine expression has led some to speculate that the intensity of that expression
might identify at-risk patients for later toxicity. Most investigators, however, judge this storm
to be a general stress response and not a predictive assay. The prediction therefore lies in the
slower progressive cascade of cytokines previously described. It remains unclear whether
measurements of either the storm or the cascade will be specific and sensitive enough to be
useful as biomarkers for anything other than acute biodosimetry.

5.4 Other protein markers in Response to Radiation

Marchetti and colleagues [78] performed an admirable and exhaustive review of all protein
radiation biomarkers in the literature between 1973 and 2006. The review included studies
using modern mass spectroscopy techniques. The potential of protein markers for clinical
usefulness was ranked on a 9 point scale, with six criteria: the highest scores emphasizing long
lived proteins seen in vivo, studies with better scientific justifications and studies in humans.
Of the 322 proteins in their list, only 29 were documented in vivo in humans. Among their top
ranked proteins were the best studied cytokine families but not necessarily the family stars.
For example, many cytokines in the TGFB1 family were acknowledged, but TGFp1 itself was
poorly ranked. Likewise, the receptors in the TNF family were highly ranked, but the very
short lived and hard to measure TNFa was ranked poorly. IL-1 and IL-6, two of the most
researched interleukins, were outranked by many other inflammatory cytokines. Pulmonary
surfactant did not make the list, and plasma amylase was ranked poorly. In general, proteins
involved in maintenance of a stable redox state and of mitochondrial function were toward the
top of the list, as well as many proteins involved in DNA repair and inflammation. While the
ranking system necessarily has significant bias, it demonstrates the absence of any fully
adequate markers and the difficulty inherent in choosing a set of best protein markers.

6. Gene expression and amplification in Response to Radiation, and the
status of microarray analysis

While mRNA expression profiles for late effects of radiation or other cancer treatments are
still few in number [9,79-81], this area of research is of great interest and is expected to continue
to grow rapidly. Most clinical studies to date feature cultured cells and are thus limited to
lymphocytes and fibroblasts. As an added artifact, the cells are necessarily grown in medium
and thus have a greatly altered environment compared with their native in vivo state. Patients
with purely radiation-related side effects are hard to group, making appropriate comparison
difficult. Thus specimens are necessarily stored, and different categories of side effects are
often mixed. Microdissection of cells within tissues to confirm the type of cells responsible
for the gene expression is also difficult to perform.

Among the studies, Quarmby et al examined 268 transcripts using the Atlas Clontech Array
system [81]. All subjects had breast cancer treated with 40 Gy in 15 fractions. Those who
developed fibrosis (3 subjects) were compared with those without fibrosis (3 subjects). The
cells were cultured fibroblasts from biopsies far from the irradiated field. They found 9
transcripts that were significantly elevated in the 3 fibrosis sensitive patients. These included
MRNA transcripts relevant to TNFa, PDGF, and nerve growth factor. In another study by
Rieger and colleagues using more advanced arrays with far more transcripts, 14 patients with
unusual skin reactions were compared with 43 others with more normal responses [80]. A
variety of advanced statistical techniques were used including analyses that grouped genes with
those that are functionally or structurally related (the GO system). They tested radiation
response using UV light on lymphocytes and ultimately found 24 genes that predicted toxicity
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in 9 of 14 patients; however, the genes represented by their transcripts differed from those
identified by Quarmby and colleagues.

Among normal tissue radiation studies published to date, there are no mRNA arrays from cell
types other than lymphoblastoid cells [82]. Though all studies to date employed lymphoblastoid
cells, the prominent transcripts in each report were different with little overlap. The selected
transcripts rarely represented genes with protein products known to be important in radiation
response, making their results suspect. While this summary is disappointing, the science of
gene arrays is in its nascent phase and more promising studies are expected.

It is too early to determine whether the mRNA array approach to the identification of markers
will bear fruit. There are many issues that need to be studied [83]. The culturing of cells is
likely to introduce artifacts, as is the choice of cells to culture and evaluate. The statistical
analysis of arrays is likewise a difficult task that naturally introduces bias [83]. Ultimately,
some reproducible system that avoids cell culture and examines a panel of cell types will likely
be needed. Lymphocytes might prove a poor substitute for epithelial tissues, hence normal
tissue samples might best be collected at the time of surgery. Gene processing is likely to play
an important role; this includes methylation and change in copy number. The latter
phenomenon also relates very critically to the rarely studied mitochondrial genome, which like
the somatic chromosomes are damaged by radiation but must also reproduce at all phases of
the cell's life cycle. Finally, arrays with a limited number of transcripts with high information
content should be employed to allow emphasis on critical but minimally expressed markers
and conversely prevent false positives from irrelevant but highly expressed markers.

7. Future of research for molecular markers of normal tissue tolerance

We do not yet have adequate markers for the vast majority of clinical needs, and their discovery
remains a very high priority in radiation research. The need for these markers has intensified
due to the growing number of cancer survivors at risk for developing toxicity from radiation,
chemotherapy, surgery, and combinations of all three. Currently the number of cancer-
treatment survivors is numbered at over 10 million in the United States and is growing rapidly.
This number dwarfs the number of new cancers detected each year. The National Cancer
Institute has identified survivorship research as a high priority over the next decade.
Cooperative clinical trial groups are beginning to design studies aimed at determining the best
management of treatment related side effects (rather than just how to manage cancers).
Concurrent with the growing number of cancer-treatment survivors is the real risk for
radiological exposure of otherwise healthy victims in an accident, an act of terror, or war-
related scenarios. Taken together, the need for better markers is growing rapidly and is of high
importance considering the paucity of currently available markers. As the cooperative group
clinical trials grow, and the funding for research in the area increases, progress in identifying
markers for prediction, prognostication, mitigation, and therapy is expected to be rapid in the
next decade.

8. Conclusions

Markers of radiation-related side effects include those that can be used to identify subjects at
risk of greater than normal toxicity, before exposure, in addition to markers useful for diagnosis,
prognosis, biodosimetry, and therapy. The available markers are often organ-specific, and some
are in routine use; however, there are currently very few markers and many organs-at-risk have
no satisfactory markers. The most useful markers are those that are most specific and
quantitatively predictive of side-effect severity. The available markers include metabolites,
physiological markers, and protein products of tissue damage or signaling processes. Among
these markers, cytokines appear to play the role of both causative agent and marker. Thus
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interventions that target cytokines might be effective. Gene expression profiles might
ultimately play a role in better understanding normal tissue tolerances to radiation. More work
on better models of radiation exposure is likely to be needed. The future of research on markers
of radiation tolerance is increasingly important due to the growing number of cancer treatment
survivors. Advances in the field of radiation markers of normal tissue toxicity are expected in
the next decade.
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Figure 1.

Different physiological processes, many of which are not specifically related to the direct
instantaneous damage caused by radiation, progress over time to create normal tissue toxicity.
Markers are needed at all stages of the process including markers for both the direct effects of
the radiation and the indirect and thus potentially reversible radiation effects.
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Figure 2.

Cytogenetic preparation of irradiated lymphocytes (3 Gy) from a female subject. The radiation
produced a dicentric chromosome (#12, grey horizontal arrow) by the translocation of
chromosome #4 onto #12, also forming an acentric fragment (black vertical arrow).
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Figure 3.

TGFB1 is among the most studied circulating biomarkers of radiation fibrosis, and there is a
strong association between circulating levels of this cytokine and fibrosis in irradiated mice
and in human disease. Panels a-d show mice irradiated to the hind limb with 40 Gy at 4 weeks
post-exposure. Note the depilation of the C57BL/6[+/+] and Balb/C mice compared to the
relatively healthy appearance of the C3H/HeN and heterozygous knockout TGFB1[+/-] mice.
The C57BI/6 mouse is known to have a high propensity for radiation fibrosis and the C3H/
HeN a low, while the Balb/C is intermediately fibrosing following irradiation. Heterozygous
knockout TGFB1 mice are phenotypically normal, but have a life-long low level of circulating
TGFB1 and a similarly low level of depilation, muscle wasting, and scarring following
irradiation. The histogram (panel e) indicates the naturally occurring plasma levels of TGFf1
(no radiation given) for these 4 mouse strains as a function of age.
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Table 1

Types of Molecular Markers

Class of Marker

Definition

Example

Predictive

Auvailable before
irradiation that
predicts a
subsequent
increased risk for
organ specific
radiation toxicity.

ATM mutant homozygosity [14], circulating IL-1 and IL-6 may be
in this class for pulmonary toxicity [15]. Chromosomal aberrations
and micronuclei might be in this category for oncogenic risk

Prognostic

Available at any
time after the
exposure that
predicts a
subsequent
increased risk for
a more severe
disease course.

TGFB1 levels may be in this class for pulmonary toxicity [10,16],
FGF2 may also be in this class for fibrovascular complications
[16].

Diagnostic

Auvailable at the
time of symptom
presentation and
which implicate
radiation as the
specific cause.

None.

Dosimetric

Available at some
point after
exposure that can
determine the
dose delivered to
one or more
organs.

Lymphocyte chromosomal aberrations for bone marrow exposure.
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