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Late effects that develop in normal tissues adjacent to the
tumor site in the months to years after radiotherapy can re-
duce the quality of life of cancer survivors. They can be dose-
limiting and debilitating or life-threatening. There is now ev-
idence that some late effects may be preventable or partially
reversible. A workshop, ‘‘Modifying Normal Tissue Damage
Postirradiation’’, was sponsored by the Radiation Research
Program of the National Cancer Institute to identify the cur-
rent status of and research needs and opportunities in this
area. Mechanistic, genetic and physiological studies of the de-
velopment of late effects are needed and will provide a ratio-
nal basis for development of treatments. Interdisciplinary
teams will be needed to carry out this research, including pa-
thologists, physiologists, geneticists, molecular biologists, ex-
perts in functional imaging, wound healing, burn injury, mo-
lecular biology, and medical oncology, in addition to radiation
biologists, physicists and oncologists. The participants empha-
sized the need for developing and choosing appropriate mod-
els, and for radiation dose–response studies to determine
whether interventions remain effective at the radiation doses
used clinically. Both preclinical and clinical studies require
long-term follow-up, and easier-to-use, more objective clinical
scoring systems must be developed and standardized. New de-
velopments in biomedical imaging should provide useful tools
in all these endeavors. The ultimate goals are to improve the
quality of life and efficacy of treatment for cancer patients
treated with radiotherapy. q 2002 by Radiation Research Society

INTRODUCTION

With improvements in health care, including cancer ther-
apy, more elderly cancer patients will be living longer after
their treatments. In addition, there are increasing numbers
of children and young adults benefiting from recent suc-
cesses in treating cancer who have the potential for many
years of life after treatment. The ability to eradicate a tumor
by radiation therapy is limited by the risk of complications
in the normal tissues within the treatment field, particularly
those termed late effects, developing months to years after
treatment. These include fibrosis (which may take several
forms), pain, neurological dysfunctions, edema, stricture
and obstruction, atrophy, ulceration and necrosis, and frac-
tures. The risk of late effects is a function of the treatment
given (radiation dose and schedule, treatment volume, che-
motherapy, surgery), characteristics of the tumor and the
patient, and the type of the normal tissue. Procedures such
as IMRT (intensity-modulated radiation therapy, in which
the radiation field is tailored more closely to the shape of
the tumor, reducing the volume of normal tissue included
in the field) allow escalation of tumor doses, and they will
have an impact on the nature of late effects and their in-
cidence, but will not likely eliminate them. Therefore, there
will be increasing demand for improvements in quality of
life for cancer survivors. What can be done to prevent or
treat late effects while maintaining or improving local tu-
mor control?

The Radiation Research Program of the National Cancer
Institute sponsored a workshop, ‘‘Modifying Normal Tissue
Damage Postirradiation’’, on September 6–8, 2000, to ex-
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TABLE 1
Workshop Participants

Name Affiliation Expertise

William H. McBride, Ph.D., Chairman University of California, Los Angeles Medical
Center

immunity, cytokines, radiobiology

K.Kian Ang, M.D., Ph.D. MD Anderson Cancer Center spinal cord, PAIs, radiation oncology
Mitchell Anscher, M.D. Duke University Medical Center TGFB, radiation oncology
Mary Helen Barcellos-Hoff, Ph.D. Lawrence Berkeley National Laboratory TGFB, extracellular matrix, radiobiology
C. Norman Coleman, M.D. National Cancer Institute radiation oncology, medical oncology, radiation

biology
Kevin Connolly, Ph.D. Human Genome Sciences FGF10, inflammation, GI, arthritis
Dimitry M. Danilenko, D.V.M., Ph.D. Amgen, Inc. FGF7 and other FGFs, integrins
Mark W. Dewhirst, D.V.M., Ph.D. Duke University Medical Center vascular physiology, hypoxia, inflammation,

radiobiology
John J. Feldmeier, D.O. Medical College of Ohio hyperbaric oxygen for late effects, radiation

oncology
Kathleen C. Flanders, Ph.D. National Cancer Institute TGFB
Zvi Fuks, M.D. Memorial Sloan-Kettering Cancer Center FGF2, extracellular matrix, apoptosis, radiation

oncology
Dennis E. Hallahan, M.D. Vanderbilt University TNFB, cytokines, gene therapy, radiation

oncology
Martin Hauer-Jensen, M.D. University of Arkansas for Medical Sciences GI radiobiology, thrombomodulin, TGFB
Richard P. Hill, Ph.D. Ontario Cancer Institute/Princess Margaret

Hospital
tumor and normal tissue radiobiology, physiology

Randy Jirtle, Ph.D. Duke University Medical Center TGFB, genomic imprinting, M6P/IGF2 recep-
tor, radiobiology

Manuela Martins-Green, Ph.D. University of California, Riverside chemokines, angiogenesis., ECM, wound healing
James B. Mitchell, Ph.D. National Cancer Institute cellular radiobiology, SMAD, oxygen
John Moulder, Ph.D. Medical College of Wisconsin ACE inhibitors, kidney, radiobiology
Sarah J. Nelson, Ph.D. University of California, San Francisco MR imaging
Paul G. Okunieff, M.D. University of Rochester tissue oxygenation, hyperbaric oxygen, FGF1,

radiation oncology
William C. Parks, Ph.D. Washington University School of Medicine matrix metalloproteinases, wound healing
Mike E. C. Robbins, Ph.D. Wake Forest School of Medicine kidney, skin, polyunsaturated fatty acids, light
Anita Roberts, Ph.D. National Cancer Institute TGFB, ECM, morphogenesis
Mark Rosenberg, M.D. University of Minnesota nephrology, angiotensin
Philip Rubin, M.D. University of Rochester Medical Center late effects of radiation, radiation oncology
Thomas M. Seed. Ph.D. Armed Forces Radiobiology Research Institute lipoxygenase inhibitors, hematopoiesis
Helen B. Stone, Ph.D. National Cancer Institute radiation biology
Robert M. Strieter, M.D. UCLA School of Medicine pulmonary medicine, chemokines, inflamma-

tion, angiogenesis
Paul Strudler, Ph.D. National Institutes of Health, Center for Scien-

tific Review
radiation, grant review

Howard D. Thames, Ph.D. M. D. Anderson Cancer Center time–dose relationships, volume effects
Elizabeth Travis, Ph.D. M. D. Anderson Cancer Center pulmonary radiobiology and genetics

plore new opportunities and to consider ways to encourage
research on this topic. Participants represented basic sci-
entists and physicians with backgrounds in radiation biol-
ogy and radiation oncology, as well as those with expertise
in imaging, pulmonary medicine, nephrology, wound heal-
ing, cytokines, chemokines, growth factors, angiogenesis,
inflammation, extracellular matrix, and proteases (Table 1).

Acute reactions, such as those in the skin and mucosa,
are primarily the result of death of stem cells and an in-
ability to replenish functional cells that are lost from these
tissues. Late effects occur in slowly proliferating tissues
with long turnover times, where stem cells have been con-
sidered to play a minor role, if any, in replenishment. Fur-
ther, failure of such tissues is thought to occur when func-
tional cells attempt to proliferate to replace cells that are

lost. Since they may still have radiation damage, this can
precipitate their death, and an avalanche effect can occur.
In some situations, early damage obviously has late con-
sequences, for example after denudation of a mucosal sur-
face. The relative lack of repopulation from stem cell pools
of late-responding tissues tends to make radiation reactions
in these tissues more debilitating than those in acutely re-
sponding tissues as well as more chronic, which diminishes
the quality of life for those who are afflicted. The discon-
nect between observed acute and late events is increasingly
being challenged by the discovery of subclinical cellular
responses during the latent period prior to expression of
injury that suggest a continuing, evolving process. It ap-
pears that most late effects are complex and involve mul-
tiple pathogenetic mechanisms (1, 2). The contributions of
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vascular and parenchymal damage in initiating the down-
ward spiral to late complications were recognized and their
relative importance was hotly debated years ago (3–5). Re-
cently, the concept that late effects represent dysregulation
of an integrated wound healing process that involves both
parenchymal and vascular elements has increased in prom-
inence [see recent review in ref. (6)]. There is therefore
potentially much to be learned from comparing and con-
trasting tissue responses after irradiation with those after
other forms of injury, both acute and chronic, such as burn
injury, surgical wound injury, nonhealing cutaneous ulcers,
chemotherapy, and the scarless healing of fetal wounds.
However, the kinetics of healing will be different in radi-
ation injury, and in fact, radiation has been used to inhibit
certain hyperproliferative healing responses, such as to pre-
vent keloid formation and to block neointimal proliferation
leading to restenosis in the treatment of coronary artery
disease. Understanding how radiation works in such situa-
tions may be valuable in developing new strategies for ame-
liorating radiation-induced late complications.

Late effects were once thought to be inevitable and ir-
reversible, but there is now evidence that postirradiation
modification of normal tissue injury is possible. A cell or
tissue is likely to have an altered metabolism and phenotype
after irradiation, as the injury elicits complex responses in
an attempt at healing. The dysregulated physiology leads
to late effects that vary in form and severity with time, dose
and tissue. Taking these variables into account, the relative
contributions of cell depletion, radiation-induced gene ex-
pression, pathology-induced gene expression, and the mi-
croenvironment have yet to be fully evaluated. The patho-
physiological basis for late normal tissue injury is clearly
complex, and discovering the processes involved will re-
quire a multidisciplinary effort by physiologists who un-
derstand the organ systems, molecular biologists to assist
in understanding the molecular interactions involved, and
radiation biologists and radiation oncologists with their per-
spectives on radiation effects and clinical aspects. Long-
term studies of these radiation-induced alterations are need-
ed that consider the totality of the interactions that are in-
volved and how they result in a diverse range of symptoms.

CLINICAL ISSUES: QUANTIFICATION OF NORMAL
TISSUE INJURY

Background

Fundamental to the study of normal tissue response is an
accurate assessment of radiation damage. Philip Rubin de-
scribed the LENT scoring system (Late Effects Normal Tis-
sue), which was developed for quantification of normal tis-
sue injury, particularly the late effects after radiotherapy. A
related scoring system, the Common Toxicity Criteria
(CTC; see the website http://ctep.info.nih.gov/CTC3/de-
fault.htm), was developed by NCI primarily to identify the
acute toxicity of chemotherapeutic agents as a tool for drug

development. The American and European clinical radio-
therapy trials cooperative groups RTOG and EORTC col-
laborated in formulating the criteria for LENT, which pro-
vides a reference system for documenting, quantifying and
reporting late effects of cancer treatment. It can be em-
ployed in longitudinal studies for evaluating new anticancer
therapies, through determination of the therapeutic ratio, as
well as treatments for managing normal tissue damage.
Briefly, LENT involves grading normal tissue responses us-
ing four categories: subjective, objective, management and
analytic (SOMA). For each organ or tissue, and for each
category, functional and structural symptoms, tolerance
doses, and their management are described and assigned
scores according to their severity. Subjective symptoms are
those reported by the patient, such as pain, numbness and
bowel habits. Objective symptoms are those determined by
physical examination, radiological abnormalities, and lab-
oratory tests, and include such things as edema, atrophy,
ulceration, and reduction of respiration volume. Manage-
ment indicates treatment approaches, such as pain medi-
cation, special diets, or surgical interventions. Analytical
criteria include more sophisticated imaging and special lab-
oratory tests. We refer the reader to an entire issue of the
International Journal of Radiation Oncology, Biology, and
Physics devoted to papers on the topic, as well as scoring
tables for 16 major organ sites and 35 subsites (7–30). The
European radiation oncologists simultaneously published a
series of articles on LENT/SOMA in Radiotherapy and On-
cology (31–35).

Opportunities

The LENT/SOMA system should be coordinated with
the CTC scoring system for acute toxicities, to quantify
damage and to provide common guidelines for reporting
normal tissue toxicity. The new system should be adopted
by both the national and international communities, as has
been the case with the TNM system for classifying the ex-
tent of disease in cancer patients. This would facilitate both
research and patient care. A computerized scoring system
should be developed that is easier to use, more concise,
quantitative and objective. The challenge is to make it more
appealing to clinicians. Some of the new developments in
functional, metabolic and molecular imaging may provide
useful tools for assessing normal tissue damage, especially
for detecting cytokines, chemokines and their receptors (see
below). The system also needs to take into account the
quality of a patient’s life and related measures of outcome
after management of the radiation effects, since some late
effects are readily treatable, but those that persist can have
a major impact on a patient’s professional, social and rec-
reational activities for the rest of his or her life.

MECHANISMS IN THE DEVELOPMENT OF LATE
EFFECTS: GENETICS OF NORMAL TISSUE TOXICITY
Background

Radiation responses, including late effects, clearly can
have a genetic basis, as described by Elizabeth Travis. For
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example, patients with inherited diseases such as ataxia tel-
angiectasia are unusually radiosensitive, and they develop
normal tissue necrosis at doses of radiation commonly used
for radiotherapy of cancer. Similarly, SCID mice are more
radiosensitive than normal mice. These two examples in-
volve defects in the ability to repair DNA damage.

In addition to these extreme examples, wide variations
in the rate or likelihood of developing pneumonitis and
lung fibrosis after irradiation and bleomycin treatment has
been observed in humans and in animal models that cannot
be accounted for by known risk factors. This suggests a
genetic basis of susceptibility, which is confirmed by stud-
ies in the classic animal model of fibrosis-prone (C57BL/
6J) and fibrosis-resistant (C3Hf/Kam) mice. There are two
loci involved in bleomycin-induced lung fibrosis and three
in radiation-induced lung fibrosis (36, 37). One of these
loci, common to both types of fibrosis, is located within
the region of the major histocompatibility complex, and it
may involve the genes for Tnf or MnSOD. Another, af-
fecting susceptibility to bleomycin only, appears to involve
the gene for bleomycin hydrolase. The others have not been
identified.

Genetic control of radiation response extends beyond the
lung. Irradiation of the colon and anus also elicits different
late responses in the two strains of mice. The incidence of
hyperplasia, metaplasia and neoplasia of the stratified squa-
mous epithelium is greater in C3H mice, but late responses
in the deep glands in irradiated colon and ulceration are
more prevalent in C57BL/6 mice and seem to be associated
with the fibrosis phenotype (38). It is likely that similar
differences in radiosensitivity exist in humans and that they
have a genetic basis.

There is some clinical evidence that certain subgroups of
patients are less able to tolerate irradiation. Co-morbidity
can have an impact on late effects (39). For example, pa-
tients with inflammatory bowel disease tolerate less radia-
tion dose to the intestine (40). Patients with certain collagen
vascular diseases may also be more susceptible to late ef-
fects, but the evidence is not clear (41, 42). The etiology
of these diseases is complex and may include non-genetic
factors as well as single or multiple genes (43–45).

Opportunities

Identifying a genetic basis for the risk of developing late
complications will require more thorough epidemiological
and basic research. This will be a difficult task, because it
is not known how many genes are involved in susceptibility
to late effects. The genes may vary with the nature of the
response, and susceptibility may vary with the combination
of genes present. Furthermore, the interaction between ge-
netic and environmental factors, such as diet, subclinical
infection (especially cytomegalovirus in the lung), or tumor,
may be especially important in the development of late ef-
fects in humans.

Fibrosis associated with other genetic and infectious dis-

eases might provide clues to other candidate genes. Among
the kinds of studies that might be useful in identifying sus-
ceptible individuals are linkage studies to identify poly-
morphisms in such genes as TP53, TNF, fibronectin and
ICAM1. In general, HLA typing for associations with fi-
brosis has yielded conflicting data (46). Mapping of genetic
loci can provide useful information. In addition, gene ar-
rays, differential display, gene trapping, or proteomics with
genetically and phenotypically defined model systems pro-
vide powerful complementary approaches. For groups of
organs with common genetic links for injury, neural net-
work analyses might be useful (47). Once the genes causing
variation in lung fibrosis in mice are identified, it will be
critical to determine their function and their relevance to
normal tissue damage in other organs and in other species,
including humans. This in turn would suggest candidate
target molecules for possible interventions.

PHYSIOLOGY OF TISSUE RESPONSES

Background

Tissue response to radiation is governed by cellular re-
sponses, by tissue-based reactions, and by systemic influ-
ences (48, 49). Discussion of this topic was led by Mark
Dewhirst. Cells in vivo reside in highly organized tissues
and organs that are made up of many different cell types
that interact with one another and with their environment
through exquisitely regulated pathways. The interactions
are regulated by cytokines that act through autocrine, para-
crine and endocrine signals, growth factors, cell adhesion
molecules, and the extracellular matrix. After traumatic in-
jury, in the early inflammatory phase, bleeding releases
platelets, VEGF and TGFB increase, the microvasculature
becomes hyperpermeable, fibrin is formed, and inflamma-
tory and endothelial cells infiltrate. During the proliferative
phase, angiogenesis and fibrinolysis take place. This is fol-
lowed by the phase of tissue remodeling and establishment
of normal vasculature, in which hypoxia and apoptosis are
thought to play a role.

Radiation-induced injury results in the death of cells,
which in turn stimulates hypoxia in the tissue (50). Cells
surrounding the damaged area produce factors that cause
blood vessel leakage and attract and activate leukocytes that
generate an inflammatory response. These leukocytes pro-
duce numerous cytokines and growth factors including
VEGF and TGFB, which in turn stimulate cells to prolif-
erate and to produce extracellular matrix (ECM), contrib-
uting in this manner to the fibrotic lesion.

There has been an increasing interest in the role of hyp-
oxia in tumor progression and response to treatment, but
there have been very few studies on its possible role in the
development of normal tissue damage after irradiation.
Hopewell’s observation of colonies of endothelial cells
blocking small vessels 4.5 months after irradiation with 20
Gy suggests one mechanism that could result in focal hyp-
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oxia in irradiated tissues (51), as could vascular insuffi-
ciency. It has been shown that hypoxia can induce apopto-
sis in normal tissues during the fourth day after surgical
wounding in rats, when tissue remodeling and establish-
ment of normal vasculature are taking place (52). In the
irradiated lungs of rats, hypoxia was found in macrophages
6 weeks after a dose of 28 Gy, before functional or histo-
pathological changes were detectable (53). By 6 months,
hypoxia was more severe in macrophages, was also present
in type II pneumocytes and endothelial cells, and was ac-
companied by severe fibrosis and an increased breathing
rate. The hypoxia was implicated in the development of the
lung injury. Hypoxia has also been found in white matter
in the spinal cord of rats as early as 4 months after a dose
of 16 Gy, increasing in extent and severity with time and
dose (50). In this study, the precipitating factor was thought
to be radiation damage to endothelial cells, with breakdown
of the blood–spinal cord barrier, vasogenic edema, and hyp-
oxia.

Opportunities

Collaboration with individuals who are experts in normal
tissue pathophysiology will be essential for studying this
aspect of radiation-induced injury. They could provide
helpful insights into the response of an organ to various
forms of injury, such as surgical and traumatic wounding,
and allow the characterization of tissue repair processes that
might be aberrantly regulated in irradiated tissue. For ex-
ample, why is traumatic injury self-limiting but radiation
injury is not? What are the molecular differences between
the responses to these two types of injury?

It is important to determine the role of the inflammatory
response to cell death. A factor contributing to the inflam-
matory response may be the propensity of the cells to un-
dergo rapid apoptosis or necrosis. The former does not elic-
it an inflammatory response, whereas the latter does.

The long-standing controversy regarding the relative im-
portance of vascular injury compared to parenchymal in-
jury (3–5) should be re-examined with the tools now avail-
able. Those for assessing tissue oxygen levels or the his-
tological distribution of hypoxia using hypoxia markers
(54, 55) could answer several questions. Does hypoxia al-
ways develop in irradiated normal tissue prior to the de-
velopment of late effects? Does tumor hypoxia before treat-
ment alter the physiology and radiation response of the ad-
jacent normal tissue? Blood flow measurements can also
provide insights into the physiology of the development of
late effects. Hypoxia inhibits cell proliferation and activates
TP53-dependent apoptosis, but it also induces cytokines
and growth factors. The relative strength of these compet-
ing signals for proliferation and cell death at various times
could provide clues to mechanisms in the development of
late effects. Does hypoxia induce an angiogenic response
in irradiated tissue or lead to normal cell apoptosis as it
does after surgical wounds (56)?

PRO-INFLAMMATORY CYTOKINES AND
CHEMOKINES

Background

Cytokines are a class of intercellular signaling molecules,
and include interleukins, colony-stimulating factors, inter-
ferons, chemokines, and peptide growth factors. They are
soluble proteins and glycoproteins. Cytokines regulate cell
proliferation and function, are released by injured tissue,
and work in conjunction with signals from other sources to
integrate programmed responses to injury and other micro-
environmental changes. Through signal transduction, they
direct cells to grow, differentiate or undergo apoptosis. The
primary sources of the various cytokines are epithelial cells,
fibroblasts, macrophages and endothelial cells. The action
of a cytokine is controlled by cell context (the location and
situation in which it is expressed: cell type, differentiation
state, and stress response), receptor expression, host con-
dition (hormonal status, acute reactions, chronic reactions),
and microenvironmental composition (growth factor milieu,
neighboring cells, and ECM).

Robert Strieter’s presentation focused on chemokines.
Chemokines and their receptors are involved in inflamma-
tion, wound healing, angiogenesis, angiostasis, cell recruit-
ment, and metastasis, as well as the development and func-
tion of the lymphoid system. These small cytokines are
released in response to injury and are produced during the
early stages of healing by the cells of the injured tissue.
They attract leukocytes to the site of injury and infection
and activate them, thereby contributing to the inflammatory
phase of healing. Leukocytes, vascular endothelial cells,
smooth muscle cells and fibroblasts all have receptors for
chemokines. There are four classes of chemokines: CXC,
CC, C and CX3C. The CXC class contains two subclasses,
the ELR-CXC cytokines, which are mostly angiogenic, and
the non-ELR-CXC cytokines, which are angiostatic. Fibro-
plasia and deposition of the extracellular matrix depend on
angiogenesis. Strieter postulated that pulmonary fibrosis
may result from an imbalance between angiogenic and an-
giostatic chemokines (57). In the case of idiopathic pul-
monary fibrosis, a chronic and often fatal disorder involv-
ing exaggerated angiogenesis, fibroproliferation, and de-
position of ECM, he and his colleagues found increased
levels of IL8, an ELR-CXC (angiogenic) chemokine,
whereas in bleomycin-induced pulmonary fibrosis they
found decreased levels of IP10, a non-ELR-CXC (angio-
static) chemokine (58). Administration of Ip10 to mice with
bleomycin-induced pulmonary fibrosis reduced the angio-
genesis, deposition of ECM, and fibroplasia (59). Whether
an imbalance of angiogenic and angiostatic chemokines is
involved in radiation-induced pulmonary fibrosis has not
been investigated, but Johnston et al. (60) have shown ex-
pression of mRNA for several chemokines in the fibrotic
phase after lung irradiation in fibrosis-sensitive C57BL/6
mice, but not in fibrosis-resistant C3H mice. In the pneu-
monitic phase, no differences were observed.
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The role of the influx of inflammatory cells in releasing
cytokines that activate resident cells and lead to fibroblast
proliferation and matrix protein synthesis is well estab-
lished in fibrosis (60). However, the cytokine-related events
occurring early after radiation therapy are not well under-
stood, especially with respect to how they might relate to
the development of late damage. In addition to the early
production of pro-inflammatory cytokines, including TNF
and IL1, within the first 24 h after irradiation, subsequent
waves of similar cytokines have been reported weeks and
months later (61–63). TNF production appears to be pro-
tective in the brain, and probably other tissues,2 but is likely
to also cause symptoms of radiation exposure, including
vascular responses. While cell death may contribute to per-
petuating cytokine responses, T-cell depletion helps to pre-
vent radiation-induced pneumonitis in SPF mice, suggest-
ing a possible autoimmune component (64, 65). While in-
flammatory responses may contribute to the pathogenesis
and symptoms of radiation damage, whole-body irradiation,
which reduces inflammatory cell infiltration, impairs heal-
ing of surgical wounds (49, 66), suggesting an essential role
for inflammation in tissue repair. However, pneumonitis
outside of the irradiated field has been described in humans
and is associated with inflammatory infiltrates (67–69).
Also, irradiation can up-regulate CAM expression and in-
crease inflammatory cell trafficking into tissues (70, 71),
and blocking CAMs diminishes radiation-induced pneu-
monitis (70). Anti-CAMs are being developed for the clinic
for blocking fibrosis in the lung. All this evidence suggests
that cellular infiltrates play a role in radiation responses and
are a possible target for intervention.

Opportunities

There are two broad approaches to determining the role
of specific chemokines and pro-inflammatory cytokines:
depletion by neutralizing antibodies, specific peptides,
drugs and gene knockouts, or repletion by pharmacological
replenishment, transgenic overexpression, or conditional
expression.

The interrelationship of angiogenesis and fibrogenesis is
an understudied area. It is important to determine if che-
mokines are induced directly by radiation and whether
CXC chemokines or other cytokines may be involved in
radiation-induced fibrosis in the lung and other tissues. It
may be possible to look at the profile of chemokines, an-
giogenic factors, etc. of the fibroblasts isolated from the
lesions (72). Do such changes predict early development of
late effects? What is the relationship of these phenotypes
to those changes described by Hajenkos after irradiation
which appear to be driven by TGFB (73)? Do chemokines
affect other growth factor responses? Studies with hyper-

2 J. L. Daigle, C. S. Chiang, J. R. Sun, H. R. Withers and W. H.
McBride, Acute molecular and cellular responses of TNF receptor knock-
out mice to brain irradiation, p. 478. Presented at the American Associ-
ation for Cancer Research Annual Meeting, San Francisco, CA, 2000.

baric oxygen suggest that increased angiogenesis leads to
decreased fibrosis. Is this chemokine-mediated? Again,
mechanistic studies are needed, and then, if those are pos-
itive, various interventions and their timings should be in-
vestigated. CAMs that are up-regulated on endothelial cells
may be a particularly accessible target for intervention that
should be explored further (74).

The temporal relationship of cytokine production after
irradiation to the progression of injury and ongoing cellular
processes in irradiated tissues needs to be determined. What
perpetuates the response—is it cell death, is it the imbal-
ance among cell populations caused by cell death, or is it
self-perpetuating? Is an autoimmune response a part of this,
and can responses to opportunistic pathogens be important?
One approach to evaluating the contribution of immunity
to late effects might be to look for markers of autoimmu-
nity, such as antinuclear antigen, antiphospholipid antibody,
or other serum markers. The MHC locus could provide ge-
netic influences that regulate a number of these events, in-
cluding any immunological response to injury and collagen
modulation. In the lung, is the appearance of symptoms
such as alveolitis and pneumonitis mechanistically linked
to cytokine responses? What is their role in the develop-
ment of fibrosis?

THE ROLES OF TGFB AND THE EXTRACELLULAR
MATRIX

Background

Injured tissue releases numerous growth factors in the
process of healing (75). These orchestrate the responses of
inflammatory infiltrating cells, vascularization and prolif-
eration in response to the injury. Anita Roberts introduced
the TGFB signaling pathway, which is recognized to be
important in tissue maintenance and repair after injury and
in the development of fibrotic lesions, as well as in con-
trolling inflammation and immunity (76). TGFB is pro-
duced by a wide variety of cells, and it acts on a wide
variety of cells. It is involved in the production of extra-
cellular matrix, in particular collagen deposition, and has a
multitude of other functions. Its actions depend on the type
of cell receiving the signal (the cellular context). It plays a
prominent role in wound healing (76). TGFB binds to re-
ceptors in the cell membrane that activate signal transduc-
tion pathways involving messengers called SMADs, which
induce or repress certain targeted genes. Many of these
pathways are involved in embryonic and fetal development
and in wound healing. Through the use of Smad3 knockout
mice, Anita Roberts reported that loss of this signaling in-
termediate resulted in accelerated cutaneous wound healing,
characterized by an increased rate of re-epithelialization
compared with wild-type mice. This was associated with
significantly reduced local infiltration of monocytes (76,
77). Since exogenous TGFB has been associated with in-
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creased wound healing, these findings are somewhat para-
doxical, but similar events occur in fetal wound healing.

Much attention has been focused on the role of TGFB
in radiation fibrosis, not only because its activation is in-
duced by radiation (78, 79) and its elevation accompanies
the development of fibrosis, but also because injection of
TGFB causes local fibrosis and systemic production of con-
stitutively active TGFB causes systemic fibrosis (80, 81).

Other pathways may predominate in the overall response
or contribute to it, depending on the circumstances (radia-
tion dose, time after irradiation, tissue, etc.). For example,
TGFB is a relatively late player in radiation nephropathy
(82, 83). The extent to which TGFB initiates the pathway,
as opposed to acting as terminal effector molecule, has yet
to be determined. However, Anscher and Jirtle have re-
ported that cancer patients with elevated plasma levels of
TGFB prior to radiation therapy are more likely to develop
pneumonitis (84, 85), pointing to the importance of the in-
teraction between systemic effects and local radiation dam-
age. The source of the elevated TGFB levels is frequently
the tumor or the stromal cells that invade it (86). Randy
Jirtle presented interesting data showing a correlation be-
tween M6P/IGF2R mutation, elevated plasma levels of
TGFB, and the development of pneumonitis (87). M6P/
IGF2R is mutated in approximately 50% of both lung (88)
and head and neck tumors (Jamieson et al., submitted for
publication), and it is also frequently mutated in tumors of
the breast, GI tract, and liver (87,89–91). Tumors with a
mutated M6P/IGF2R are likely to be intrinsically more re-
sistant to radiotherapy (Jamieson et al., submitted for pub-
lication). Patients whose cancers have mutated M6P/IGF2R
have an enhanced sensitivity to radiation-induced pneu-
monitis because they have greatly elevated levels of the
fibrogenic factor, TGFB, most likely because this receptor
functions in one of the pathways for activation of TGFB in
vivo.

Mary Helen Barcellos-Hoff discussed the important role
of the tissue microenvironment and the ECM in modulating
the actions of cytokines and in regulating both the cellular
phenotype and tissue function. The composition of the
ECM varies with its location and function, ranging from
the clear gel of the vitreous body of the eye to the dense
structure of bone. It is made up of various glycoproteins,
proteoglycans, complex carbohydrates, and other mole-
cules. While long overlooked and thought to be merely tis-
sue scaffolding, the ECM is now known to play a dynamic
role in tissue function. As a reservoir for storing inactive
cytokines, the ECM permits rapid extracellular signaling
and has a memory function, recording cytokine action, gen-
erating concentration gradients, and stabilizing repair sig-
nals. ECM also mediates the action of cytokines, seques-
tering active forms and modulating signaling. TGFB plays
an important role in determining the composition of ECM,
in particular regulating collagen deposition, a dynamic pro-
cess that changes the nature of the ECM and alters the
collagen subtypes with time. Decorin, a proteoglycan that

plays a role in regulating collagen fiber formation in con-
nective tissue, can inactivate TGFB, while TGFB can in-
duce synthesis of decorin. Its expression is increased in
experimental hydronephrosis. Whether decorin can alter the
development of fibrosis or reverse fibrosis is not known.
Other matrix components can also inhibit TGFB (92). Loss
of hyaluronic acid and E-cadherin can occur after radio-
therapy, and such changes could be important in affecting
cell behavior. Also, alterations in and injury to basement
membrane and the inability to re-epithelialize after irradi-
ation are very important in setting the stage for fibrosis.

Opportunities

A better understanding is needed of the role of growth
factors in the development of radiation fibrosis and of the
molecular mechanisms of their effects. Research to discover
approaches for preventing or treating radiation fibrosis is
also needed. This could be accomplished through basic re-
search on the signaling pathways, identifying specific tar-
gets, followed by development of agents directed at those
targets. The converse approach could also be used, using a
proven agent whose mechanism is unknown to discover the
pathways involved.

There are many questions that can be asked. Is radiation
fibrosis a consequential late radiation injury (i.e., due to an
unhealed acute effect) or a primary effect (93, 94)? It is
still possible that in some circumstances the presence of
TGFB may simply be a marker rather than a cause of the
condition, as may also be true for other cytokines. The tools
of proteomics, the study of levels of specific proteins as a
function of time after a perturbation, will give insights into
these questions when combined with functional manipula-
tion in appropriate models. It is essential to know when a
growth factor, such as HGF, FGF2 (also known as bFGF)
or TGFB, is active, not just that it is present. It is essential
to demonstrate proof of principle in vivo, to distinguish
mere markers from causative factors, and to show that an
intervention aimed at a growth factor actually prevents, de-
lays or reverses the development of late radiation injury.
Which TGFB isoforms are involved? How important are
TGFB activation and the cellular sources for the critical
cellular responses? How does TGFB interact with or affect
responses to chemokines, pro-inflammatory cytokines,
FGF2, FGF7 (also known as KGF), HGF or other cytokines
and growth factors that might be influenced by its inhibi-
tion? What stimulates increases in active TGFB? Does it
occur in waves during the latent period, in response to TNF
and IL1? The interaction of TGFB with matrix components
might be worth exploring in radiation-induced fibrosis.

Oxidative stress and redox-sensitive reactions are impor-
tant in the development of fibrosis in the liver (95). What
roles do these processes play in the development of radia-
tion fibrosis, and in which tissues?

Epidemiological studies are needed to determine the fre-
quency of loss of heterozygosity in the M6P/IGF2R gene
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responsible for TGFB activation, in the general population,
in cancer patients, and in patients who develop late normal
tissue complications after therapy. Such correlative inves-
tigations must be followed by more detailed studies to ver-
ify the relationships and to elucidate the mechanisms and
processes involved. The goal is to learn how late effects
develop, and to identify potential approaches for preventing
or reducing their impact on patients. Possibilities include
finding ways to alter plasma levels of TGFB, or blocking
M6P/IGF2R.

Is fibrosis reversible? Can TGFB or SMAD pathways be
blocked using inhibitors, and if so, must this occur in a
sensitive period after radiotherapy to have an effect, or can
this be performed at any time? Is SMAD3 a potential target,
given that mice null for Smad3 show accelerated healing
of cutaneous wounds and reduced fibrogenesis? The rela-
tionship of proteases to collagen subtypes and to cytokines
during the process of tissue remodeling is not clear. Can
the remodeling process be targeted with chemotherapeutic
agents that interfere with the fibrin cascade? Deposition of
extracellular matrix is a feature of the response to injury
by radiation and other agents as well. This may be a good
area for mixing radiation biology research with other more
‘‘organ-specific’’ research.

The effect of radiation on the structure and function of
the ECM needs to be better defined. Does chronic hypoxia
or irradiation change the redox status of the ECM, and does
this contribute to fibrosis? What roles do the ECM and
integrins play in the development of late effects? Are cy-
tokines such as FGF that bind to heparin and other mate-
rials in the ECM released from the ECM after irradiation?
The contributions to the development of radiation-induced
late effects of FGF2 and other growth factors in the ECM
need to be determined. The mechanism of the rapid loss of
hyaluronic acid and E-cadherin after radiotherapy should
be investigated to determine the importance of degradation
and production in the process, as well as its relevance in
the development of late effects. There are reports of an
increase in hyaluronic acid in the lung after irradiation that
is not predictive of pneumonitis or fibrosis (96). It appears
that ECM remodeling is a dynamic process that is driven
by proteolysis and cytokines. We know very little about the
effects of radiation on this process.

PROTEASES AND TISSUE REMODELING

Background

Tissue remodeling occurs during the process of wound
healing and involves changing the composition of the ex-
tracellular matrix, as mentioned above. In addition to ini-
tiation by cytokines, in particular TNF and IL1, this process
is facilitated by proteases, particularly the class known as
matrix metalloproteinases (matrixins or MMPs), a topic
presented by William Parks. While several members of the
MMP family function in the turnover and degradation of

ECM, these proteinases typically are not found in uninjured
tissue. Rather, they are produced when and where they are
needed: in diseased, injured, and inflamed tissue where re-
modeling is taking place. MMPs require zinc for catalytic
activity, and they are inhibited by tissue inhibitors of me-
talloproteinases (TIMPs), oxidants and a2-macroglobulin.
Since many MMPs are expressed by a variety of cell types
during wound healing, it is difficult to sort out the roles of
individual MMPs in the process. While knockout mice can
provide some insights, some defects are lethal. In other cas-
es, the knockout mice are able to survive unless challenged,
when they display impaired ability to fight infections, im-
paired wound healing, and tumorigenesis. A complicating
factor in cancer is that cancer cells themselves can be re-
leasing proteases or activating those in adjacent normal tis-
sue (97, 98).

Opportunities

While the role of proteases in wound healing is well
established, the patterns of MMP and TIMP expression
over time have not been correlated with cytokine expres-
sion or with the nature and extent of ECM deposition after
irradiation. The possibility that the balance between MMPs
and TIMPs is abnormal in irradiated tissues needs to be
investigated. There is a large body of research in wound
healing and tissue fibrosis that invites comparison to and
contrast with the development and healing of radiation in-
jury. The type of delayed and progressive injury that char-
acterizes late radiation injuries is similar to that caused by
progressive insults in other chronic diseases (e.g. diabetic
nephropathy). Are differences in protease expression in the
coagulation cascade responsible for the disconnect between
alveolitis and fibrosis in the irradiated lung? This question
is raised because the phenotype of alveolitis is different
from that of fibrosis and they seem to appear independently.
Responses are often tissue- or organ-specific, although the
factors that determine such specificity are largely unknown.
The importance of MMPs in processing various substrates
in radiation-induced super- and dysregulated repair of tissue
damage requires further investigation. What activates MMP
activity? How are these processes associated with radiation-
induced fibrosis? Are tissue proteases involved in angio-
genesis? Do MMPs released by irradiated tumor and nor-
mal tissue cells contribute to the pathogenesis of late ra-
diation injury?

Some serine and cysteine proteases are also involved in
remodeling of the ECM (99). What is their role in the pro-
cesses leading to radiation fibrosis?

The role of TIMPs in the development of late effects has
not been studied extensively. The possibility that protease
inhibitors might be used prophylactically or therapeutically
should be explored. A number of new protease inhibitors
have been developed in recent years. To investigate their
usefulness, well-characterized model systems are needed
that integrate MMP and TIMP expression with molecular,
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cellular, and tissue-related events. How does this relate to
TGFB activation? What is the ‘‘fingerprint’’ of protease ac-
tivity in irradiated tissues? Are proteases tissue-specific?

MODIFYING LATE DAMAGE

Introduction

The second half of the workshop was devoted to assess-
ment of the state of the field with respect to modification
of late effects using agents that are in clinical trials or have
potential for early introduction into the clinic. In determin-
ing which approach will be best for clinical application,
research can start with empirical observations, but these
should be followed up by mechanistic studies, so we will
better understand how the approaches and agents work and
how best to use them. Conversely, mechanistic studies must
progress to ideas of how to use the knowledge for the ben-
efit of patients and must lead to better treatments. It is not
enough to observe the rise and fall of gene products after
irradiation, without determining whether they are affecting
the outcome, or whether they are relevant to scheduling of
treatments for late effects. Further study of specific block-
ers/reversal agents is an important area for research in this
field. Blockers used to study other types of physiological
responses may hold promise, but it is important to deter-
mine whether they simply delay the response, as may be
the case with corticosteroids (100), prevent its progression,
or reverse it.

CYTOKINES AND GROWTH FACTORS AS
THERAPEUTIC AGENTS

Background

Dimitry Danilenko described how, in radiation-induced
epithelial injury, a number of growth factors and cytokines
are up-regulated. During the acute phase, a pro-inflamma-
tory response predominates. IL1 and TNF are up-regulated
and IL8 is recruited. This is followed by a subacute phase,
where repair predominates and EGF (epidermal growth fac-
tor), TGFA and the TGFBs are up-regulated, and FGF7 and
FGF10 (KGF2) drive epithelial proliferation and migration.
Finally, during the chronic phase, fibrosis develops. The
TGFBs and PDGF are up-regulated, and contribute to the
repair and regeneration of the ECM, while VEGF, PDGF,
FGF1 (aFGF) and FGF2 drive angiogenesis and the for-
mation of granulation tissue. Potential strategies for ame-
liorating this injury can be grouped similarly: prevent or
decrease damage by damping the acute phase [anti-IL1/
IL1A, anti-TNF antibodies, soluble TNF receptors or IL11],
using cytoprotective agents that function by enhancing cell
survival when given before irradiation (FGF7, IL11) or en-
hancing repair and regeneration (EGF, TGFA, FGF7,
FGF10, PDGF, etc.). Many growth factors and cytokines
are known that provide protection from chemotherapy or
radiation in tissues whose epithelial surfaces are damaged

by radiation, including IL1, IL11, IL15, EGF, FGF1, FGF2,
TGFBs, FGF7 and FGF10.

Much of the research on the use of growth factors for
treating radiation injury has centered around hematopoietic
growth factors such as G-CSF (Neupogent), GM-CSF
(Leukinet), erythropoietin (Epogent), and IL11 (Neume-
gat) that may be given before or after irradiation to accel-
erate proliferation of hematopoietic cells to hasten recov-
ery. In epithelial tissues, FGF7, which is a specific growth
factor for epithelial cells, has similar potential. FGF7 me-
diates proliferation, differentiation and homeostasis in a
wide variety of epithelial cells, including hepatocytes and
gastrointestinal epithelial cells, type II pneumocytes, tran-
sitional uroepithelial cells, and keratinocytes in all stratified
squamous epithelia. It is markedly up-regulated after epi-
thelial injury, such as in epidermal wounds and inflamma-
tory bowel disease. It was originally isolated from human
embryonic lung fibroblasts and was observed to stimulate
proliferation of keratinocytes. It is expressed by mesenchy-
mal cells and by activated T cells in skin and intestine. It
binds specifically to the FGF7 receptor KGFR (now known
as FGFR2), which is found in epithelial cells. In vivo FGF7
induces many epithelial protective mechanisms, including
increasing epithelial thickness, up-regulating expression of
antioxidant enzymes in skin, oral cavity and intestine, and
inducing goblet cell hyperplasia and increased mucin pro-
duction in the small intestine and colon.

In preclinical models of oral and lower GI tract muco-
sitis, pulmonary injury and fibrosis, hemorrhagic cystitis,
and alopecia, FGF7 has been shown to prevent injury from
drugs or radiation when given before or after treatment
(101–104). Recombinant human FGF7 is currently in clin-
ical trials to determine whether it can reduce the incidence,
severity and duration of oral mucositis when administered
to cancer patients receiving chemotherapy and radiation
therapy. Phase 2 studies in colorectal cancer patients and
patients with hematological malignancies have been com-
pleted. Phase 2 studies in head and neck cancer patients
and phase 3 studies in patients with hematological malig-
nancies are ongoing.

Opportunities

Fluctuations in levels of cytokines and growth factors
after radiation treatment may predict late effects and may
serve as potential points for interventions. Identifying the
critical factors could provide useful tools for selecting pa-
tients for treatments to prevent late damage or to reduce its
severity. Cytokines also could serve as targets for interven-
tions, provided it was known how early cytokine responses
modified downstream late effects. Currently, there is little
evidence that decreasing cytokines within the first few
weeks after treatment prevents late complications. A good
example is steroid treatment, which delays both molecular
and symptomatic responses (105). COX2 inhibitors are cur-
rently being investigated as potential modifiers of inflam-
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matory cytokine and prostanoid production (106). These
may prove more effective than steroids, but it is possible
that inhibiting inflammation will prove deleterious to the
wound healing process under certain circumstances and that
more subtle means of intervention will be needed.

FGF7 clearly has potential for modifying epithelial cell
responses to radiation, but more information is needed as
to what late effects can be modified by this agent and what
is the best schedule and timing of administration. Further
knowledge is also required about the possible effects of
FGF7 on tumor cell proliferation. Growth factors related to
the FGF family that target endothelial and mesenchymal
tissue have been identified. These are currently under de-
velopment as potential therapeutic agents (107). The utility
of such agents, used singly or in combination, for managing
normal tissue injury that follows radiotherapy and/or che-
motherapy is yet to be determined. Bioengineered chimeric
growth factors have provided a significant paradigm shift
in treatment strategies for radiation or chemotherapeutic in-
juries in hematopoietic tissues (108, 109). Similar chimeric
growth factors or families of growth factors will undoubt-
edly be developed for the non-hematopoietic tissues as
well.

Sometimes, leads have come from unexpected places.
For example, leptin is a hormone produced by adipocytes
and is involved in regulation of body weight. It has angio-
genic properties and is mitogenic in keratinocytes. Animals
lacking the receptor for leptin are obese and have delayed
wound healing. Both receptor-deficient and normal mice
showed improved and accelerated wound healing with
treatment with leptin (110, 111). Do leptins inhibit or wors-
en radiation fibrosis? If so, through what mechanisms?

BLOCKING THE RENIN-ANGIOTENSIN SYSTEM

Background

The renin-angiotensin system involves a two-step cleav-
age of angiotensinogen by the acid proteinase renin, which
produces the inactive form angiotensin I (AI). Angiotensin-
converting enzyme (ACE) then converts AI to the active
form AII, which is a powerful vasoactive peptide that con-
tributes to the pathogenesis of progressive renal disease. An-
giotensin II is involved in the development of late-onset
renal failure in patients who have received whole-body ir-
radiation (with doses as low as 10–12 Gy) prior to bone
marrow transplantation (112, 113). An alternative ACE-in-
dependent pathway exists in humans in which AI is con-
verted to AII by chymase. Recently, it has been demonstrat-
ed that vascular remodeling and endothelial dysfunction of
small and large vessels may be normalized by treatment with
some antihypertensive agents such as ACE inhibitors, AII
receptor antagonists, and long-acting calcium channel block-
ers (114, 115). The renin-angiotensin system is also found
in the lung, skin, kidney and heart. John Moulder reviewed
this topic at the workshop. The two approaches studied most

have been the use of ACE inhibitors such as enalapril and
captopril, which may be acting through multiple mecha-
nisms, and blockers of the AII receptor, of which there are
several [see review in ref. (116)]. These agents have been
shown to be effective in the treatment of radiation injury in
lung and kidney. They also reduced the incidence of dermal
necrosis in rats after radiation treatment. AII receptor block-
ers were more effective than ACE inhibitors for the preven-
tion of nephropathy induced by radiation and for the pre-
vention of pneumonitis induced by chemo-radiotherapy
(116, 117). AII blockers were equivalent to ACE inhibitors
for treatment of radiation-induced nephropathy (118). An ad-
vantage of AII inhibitors was that they could be stopped after
3 to 6 months without precipitating injury (119). Infusion of
excess AII, however, increases injury (120). While the renin-
angiotensin system is important in the development of car-
diac failure and fibrosis after myocardial infarction, captopril
failed to prevent functional cardiac damage after a single
radiation dose of 20 Gy (121). This suggests that different
mechanisms may be involved in the development of radia-
tion damage in different tissues and organs, and at different
doses.

Opportunities

Mechanistic studies are needed, particularly in relation
to the timing and duration of treatments and their tissue-
specific effectiveness. It is not yet clear which of the mul-
tiple mechanisms of action of captopril are responsible for
reducing late radiation damage in lung and kidney, why it
must be given for a long time, possibly for the duration of
life, or in what tissues this approach might be effective.
Such studies could lead to development of better ACE in-
hibitors or AII receptor antagonists.

The molecular targets that are involved and the best ap-
proach to blocking radiation effects have yet to be estab-
lished. Moulder’s studies have clearly shown the impor-
tance of AII in radiation nephropathy, since blocking the
function of AII with ACE inhibitors or AII receptor antag-
onists reduces the severity or prevents the development of
renal injury. While activation of the renin-angiotensin sys-
tem causes hypertension, and severe hypertension is a
prominent feature of radiation nephropathy, this does not
explain the efficacy of AII blockers and ACE inhibitors
against radiation pneumonitis (117). Is the beneficial action
of inhibiting AII observed only in those organ systems that
express a renin-angiotensin system? Because of the alter-
nate pathway mentioned above, ACE inhibitors alone
would not effectively block AII, which could explain why
captopril was ineffective in the heart. AII receptor antago-
nists would be expected to be effective, however, and stud-
ies should be expanded to include such agents.

What are the mechanisms of action of ACE inhibitors
and AII blockers in these tissues in relation to radiation
injury? There is no evidence that the renin-angiotensin sys-
tem is activated during the interval after irradiation when
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these agents are effective. AII blockers eliminate the radi-
ation-induced increase in TGFB (83, 122). How does the
renin-angiotensin system interact with the TGFB pathway
and other pathways, such as collagen metabolism, tissue
remodeling, and the stress pathways? The inhibition of cel-
lular proliferation by AII blockers could be preventing mi-
tosis-linked cell death.

Clinical trials are needed to determine whether either an
ACE inhibitor such as captopril or an AII blocker such as
losartan can prevent or reduce late complications in lung,
in which injury is prevalent and easily measured, or in kid-
ney. While both agents are approved for clinical use, there
is far more clinical experience with long-term administra-
tion of captopril than with losartan. Studies of captopril in
adult and pediatric BMT patients are ongoing at the Med-
ical College of Wisconsin and are expected to be completed
as early as 2004. End points of that study are renal function
at 6, 12 and 24 months, actuarial incidence of BMT ne-
phropathy, and pulmonary function. If complication rates
can be reduced significantly, as predicted by dose modifi-
cation factors of 1.2 to 1.4, subsequent clinical trials in-
volving radiation dose escalation may be feasible.

HYPERBARIC OXYGEN IN THERAPY OF NON-
HEALING INJURIES

Background

There have been a number of anecdotal preclinical and
clinical reports and small studies indicating that hyperbaric
oxygen, usually in a series of 35 to 45 or more treatments
or ‘‘dives’’ at 2.0 to 2.5 ATA, can aid in healing late ra-
diation injuries. These include radionecrosis of the mandi-
ble (associated with tooth extraction), pelvic bone, larynx,
chest wall, brain, and soft tissues, and radiation cystitis,
proctitis and enteritis [e.g. refs (123–129)]. It has been pos-
tulated that irradiated tissues are hypoxic because of hy-
povascularization and that hyperbaric oxygen increases tis-
sue vascularity (130). The mechanism through which this
might be working has not been elucidated. John Feldmeier
reviewed this topic. The absence of large, controlled clin-
ical trials as well as a lack of experimental evidence defin-
ing the mechanism of action has led to skepticism in the
radiation community regarding the effectiveness of hyper-
baric oxygen. Clinical hyperbaric oxygen facilities are not
available everywhere in the United States, and for some
patients, access to this treatment modality would be prob-
lematic. Furthermore, physicians may be reluctant to rec-
ommend that patients undergo a second series of time-con-
suming treatments. Three animal studies have shown re-
duced radiation damage with hyperbaric oxygen treatments
(131–133). A fourth study showed no benefit from hyper-
baric oxygen treatment in preventing radiation myelopathy
8 weeks after irradiation, a rather early end point (127). A
multicenter international clinical trial is under way for hy-
perbaric oxygen treatment of radionecrosis of soft tissues,

mandible, bladder, rectum, colon, vagina and bladder and
is to be completed by 2005. It is sponsored by the Baro-
medical Research Foundation. The trial is randomized and
double-blinded, with crossover of the two arms of the
study.

Opportunities

Both mechanistic studies, including animal studies, and
systematic controlled clinical trials of hyperbaric oxygen
are needed. In what radiation dose range is hyperbaric ox-
ygen effective, and in which tissues or organs? How many
treatments are needed? What oxygen pressures should be
used? When should treatments be started? Does injury pro-
gress again after treatments are stopped? Answering these
questions would be facilitated by knowing the mechanisms
of action of hyperbaric oxygen. The possibilities are: anti-
inflammatory action, stimulation of angiogenesis (see
above), increasing SOD expression, and changes in signal-
ing mediated by HIF1. Do both hyperbaric oxygen and hyp-
oxia induce HIF1? If hyperbaric oxygen acts through a dif-
ferent mechanism than other treatments for late radiation
damage, then it might be combined with them for added
benefit. Would carbogen or carbogen plus nicotinamide be
more effective than hyperbaric oxygen?

OTHER APPROACHES

Background

A number of other approaches that have been reported
in the literature were mentioned at the workshop. Pentox-
ifylline, alone or in combination with tocopherol, appears
to diminish radiation-induced fibrosis in some models
(134–136) but not others (137, 138). Pentoxifylline is a
methylxanthine derivative that alters tissue blood flow. It
also inhibits production of TNF, but its mechanism of action
in reducing late radiation effects is not known. In a clinical
study, Delanian found that the combination of pentoxifyl-
line and tocopherol, but neither agent alone, dramatically
reversed human chronic radiation-induced fibrosis (136).

Cu/Zn and MnSOD reduced radiation-induced fibrosis in
pigs and in humans (139, 140) and reduced the incidence
of radiation-induced cystitis (141). While these enzymes
eliminate superoxide radicals, their mechanism(s) of action
in these cases is ill-defined. Recent studies indicate that
exposing human fibroblasts obtained from radiation-in-
duced fibrotic skin to liposomal Cu/ZnSOD led to pheno-
typic changes. These included enhanced endogenous
MnSOD protein and activity and a significant reduction in
TIMP and TGFB1 gene expression (142). Although these
findings require confirmation, they suggest that modulating
antioxidant enzymes levels may lead to reversal of a pro-
fibrotic phenotype. However, as a note of caution, hyper-
sensitivity reactions have been associated with the admin-
istration of MnSOD, highlighting the need for a balance
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between pro-oxidants and pro-reductants in cells and tissues
(143, 144).

Stem cell transfer, although well established for correc-
tion of hematopoietic deficiency after whole-body irradia-
tion, is still in its infancy with respect to other tissues. How-
ever, the finding of pluripotent stem cells in various organs
and the increasing ease with which stems cells can be cul-
tured suggest that this will be a fruitful area of future re-
search. Injection of unirradiated fibroblasts has been shown
to strengthen surgical wounds in irradiated skin in rodents
(145, 146). Injection of fibroblasts does not affect healing
to any extent in unirradiated tissue. One potential problem
is that injected cells die rapidly and only a small percentage
are left alive.

Opportunities

The mechanisms of action of SOD, pentoxifylline and
tocopherol in reversing fibrosis need to be discovered so
that these agents can be used most effectively to provide a
rational basis for combining treatment approaches, and to
identify molecular targets for continuing investigation.

Cell transplantation has not been tried in intact irradiated
skin or other tissues, nor has it been studied in detail. Im-
proved methods are needed for introducing stem cells into
tissue. This may still be the most promising approach. A
lot of venture capital is being invested in this approach to
plastic surgery.

FUNCTIONAL IMAGING

Background

Powerful tools for both research and patient diagnosis
that are being developed for diagnostic and functional im-
aging were presented by Sarah Nelson. Traditional ‘‘X
rays’’ provide little definition of soft tissues. CT provides
additional soft tissue definition and adds a third dimension.
MRI and MRS can provide information on tumor volume,
cerebral blood flow, cerebral blood volume, vessel perme-
ability, tissue water diffusion, blood oxygenation, pH and
cellular metabolites. Functional imaging can provide infor-
mation about tissue states, such as fibrosis, about activity
of proteins, such as activation of TGFB, and about specific
cell events, such as inflammation. SPECT and PET can
provide information on glucose metabolism, cell prolifera-
tion, angiogenesis, cerebral blood flow, capillary perme-
ability, hypoxia, drug delivery, and reporter gene expres-
sion. While anatomical imaging continues to be the main-
stay of diagnosis and treatment planning, physiological im-
aging can be used to determine macroscopic blood flow
(angiography, MRI), blood volume or permeability (dy-
namic CT or MRI, PET), and tissue structure (diffusion-
weighted MRI, MT-weighted MRI). Metabolic imaging us-
ing MRS, which may be performed with MRI, measures
cellular metabolites, commonly with 1H, 31P, 19F and 23Na,
whereas SPECT and PET use radiolabeled tracers. These

techniques have been used to study changes in response to
irradiation of the brain [e.g. refs. (147–149)], but they have
been used in few other tissues. Molecular imaging is a rap-
idly evolving field which provides the capability for ob-
serving specific molecular events, such as monitoring drug
delivery and gene expression, using SPECT, PET, optical
imaging, or MRI with contrast agents. Combination whole-
body imaging systems are being built to visualize both
anatomy and function simultaneously, e.g. with CT/SPECT
and CT/PET. Imaging devices are being built specifically
for studying animal models. New contrast agents and im-
aging probes that target specific metabolic pathways are
being developed, as are probes which offer the capability
for imaging reporter gene constructs as markers for delivery
and expression of transgenes.

Opportunities

Most of the focus in imaging research has been on the
tumor, and the primary benefits to normal tissue have oc-
curred through more precise definition of tumor margins
and minimization of the dose delivered to normal tissues.
The new capabilities will further aid in distinguishing tu-
mor recurrence from radiation effects.

These techniques now need to be extended to the study
and quantification of normal tissue toxicity, as mentioned
above. Serial, noninvasive studies are needed for spatial
and temporal mapping of the development of normal tissue
toxicity and its response to treatment. It might become pos-
sible to predict which patients are likely to develop normal
tissue complications, those who might benefit from treat-
ment, or when such treatment should be started and for how
long treatments should be given. Non-invasive imaging
would also be useful for the spatial mapping of the devel-
opment of normal tissue toxicity. Some imaging methods
are available or are being developed for small animals. For
example, there are now methods for imaging protease func-
tion and apoptosis noninvasively and for imaging changes
in endothelial receptor expression and angiogenesis (150,
151). The National Cancer Institute has solicited research
applications in this area. Funding opportunities are pre-
sented in the web page of the Biomedical Imaging Program:
http://cancer.gov/bip/NCI-DIPini.htm. Collaboration be-
tween radiation oncologists, radiation biologists, and ex-
perts in biomedical imaging would aid progress in this field.

MODELS FOR STUDYING LATE EFFECTS

Richard P. Hill discussed the choice of appropriate mod-
els for studying the mechanisms and treatment of late ef-
fects. He pointed out that the choice of the appropriate
model depends on the question being asked. Cultured cells
can be useful models, particularly for examining humoral
influences, but have limitations. They are usually exposed
to nonphysiological concentrations of oxygen, deprived of
paracrine and endocrine signals, in monoculture, and grow-
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ing in a two-dimensional world. They may not be in contact
with their neighbors or with the ECM that would surround
them and control their behavior if they were in a tissue in
vivo. It is difficult to mimic the metabolism and pharma-
cokinetics that govern drug concentrations in the intact or-
ganism. There is a need to develop tissue-based models that
include cytokines, stroma and inflammatory cells. Three-
dimensional culture models involving coculture of the rel-
evant human cells need to be introduced in this field. For
studies of molecular mechanisms, cell lines with the appro-
priate genetic profiles must be used, but even different cell
types from a single individual can have different responses.
For example, lymphocytes are much more radiosensitive
than fibroblasts from the same individual, a reflection of
differing pathways of cell death.

Studies must be extended to in vivo models to verify
whether the findings apply there as well. Considerations for
choosing an in vivo model include similarity to humans
with respect to dose–response range, tissue structure, radi-
ation pathology (mechanism of development of late ef-
fects), patterns of gene expression, and fractionation and
volume effects.

In general, mice are not very good models with which
to study late effects because of species differences in life
span, physiology, biochemistry, radiosensitivity, anatomy
and size, although they have clear advantages in cost and
genetic information, particularly for the ability to obtain
chimeras and transgenics. For example, mice are resistant
to radiation-induced nephropathy, requiring higher doses
than other species (152). Because the wild-type mice are
already so radioresistant to nephropathy, studies involving
increased resistance, by use of either drugs or transgenics,
might be difficult to carry out unless the adjacent tissues
are able to tolerate the increased radiation doses.

Species differences in imprinted genes should also be
considered in the choice of animal models, a topic incor-
porated into the presentation by Randy Jirtle. For example,
the gene M6P/IGF2R is a tumor suppressor gene that is
involved in TGFB activation, and LOH predicts for radia-
tion pneumonitis (see above). In animals below primates,
including rodents, this gene is imprinted, which means that
during gametogenesis, the paternally derived allele is in-
activated by the methylation of CpG sequences (153). The
presence of only one functional allele for this gene in ro-
dents and two in humans suggests that mice would in gen-
eral be more susceptible to cancer induction than humans
and less susceptible to fibrosis formation, as is seen (154).
Other genes involved in normal tissue responses may have
different imprinting patterns that could affect responses dif-
ferently in humans and in rodents. As these studies suggest,
we need to select animal models that share a common ge-
netic profile with human subjects, at least with respect to
the pathway under study.

Larger animals have some advantages over smaller ani-
mals. For example, the skin and heart in pigs and the brain
in nonhuman primates are similar to those organs in hu-

mans. Larger size allows treatment volumes that are more
relevant to patients and allows the use of techniques such
as lung lavage to look for subclinical toxicity. However, the
cost of larger animals would appear to restrict their use to
proof-of-principle studies. Veterinary radiotherapy might be
used to perform preliminary ‘‘clinical trials’’ of modifiers,
as was done in hyperthermia and intraoperative radiother-
apy research. For these studies, with the consent of their
owners, pet animals bearing spontaneous tumors are en-
tered into research studies, much as are human participants.
After treatment, the owners bring their pets back to the
clinic for regular follow-up visits. This veterinary radio-
therapy model has the advantages of studying animals with
a greater size and longer life span than rodents and of
studying spontaneous tumors. The understanding gained
can be carried forward into clinical trials in patients.

New models are needed for identifying the various stages
leading to fibrosis and other late effects. These should be
designed to answer questions generated by observations
made in humans, not in mice, rats, pigs, etc. This is not to
say that animal models should not be used, but to say that
they should be used to answer questions relevant to the
pathology in humans. For example, if a patient demon-
strates specific molecules that can be recapitulated in an
animal model, then a variety of strategies can be employed
to demonstrate proof of principle.

The tumor itself may play an important role in the re-
sponse of normal tissues to radiation. Tumors invade, dis-
place and destroy tissues as they grow. They also produce
proteases, cytokines and growth factors and elicit the de-
velopment of a vascular supply. Paraneoplastic syndromes
are evidence of abscopal effects of tumors. Tumors contain
varying numbers and types of leukocytes, and they may
contain hypoxic cells, or perhaps create hypoxic regions in
the adjacent normal tissues. Tumors express varying
amounts of extracellular matrix. During and after therapy,
injured and dead tumor and normal cells are undoubtedly
releasing substances that affect the surviving normal cells.
Whether this contributes to healing of normal tissues or to
the development of late effects is not known, and it is im-
perative that comparisons be made between tumor-bearing
and normal animals, and among specific tumor types. Stud-
ies should therefore be carried out in both appropriate tu-
mor-bearing and non-tumor-bearing animals. Any treatment
that decreases the tumor cure rate will not be useful clini-
cally. Even more important, the incidence and growth rate
of metastases outside the radiation field must not be in-
creased. This could be a greater risk, because the goal of
normal tissue treatments is to enhance cell survival and
proliferation and tissue recovery.

Mathematical models will need to be developed as new
principles are discovered. These models can be use to gen-
erate testable hypotheses. Howard Thames presented pre-
liminary data at the meeting that indicated that late effects
in the clinic occur at random with time after treatment,
suggesting that they are precipitated by external forces,
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such as injury or infection, acting on a radiation-damaged
tissue. Further research on such possible interactions is
needed.

GENERAL ISSUES

There is a need to study late tissue responses using clin-
ically relevant radiation doses and treatment schedules: of
the order of 2 Gy per fraction and 30 to 40 fractions, to-
taling 60 to 80 Gy. Large single doses may induce damage
through somewhat different mechanisms than fractionated
treatments, although either of these could be appropriate
for addressing certain questions. With the development of
3D CRT, IMRT, proton therapy, and brachytherapy, treat-
ment fields can be made to conform more snugly to the
shape of the tumor. However, normal tissues will always be
included in the treatment fields, which must be large
enough to accommodate uncertainties in positioning of the
patient, movement of the patient during treatments, and tu-
mor motion as a result of organ motion and breathing, and
to include tumor extensions that are likely to be present but
are not detectable by imaging techniques. The benefits to
normal tissues of using smaller treatment volumes may be
counterbalanced by the increased doses employed. Low-
dose hypersensitivity may contribute to late effects, espe-
cially with IMRT, where larger volumes of normal tissue
will receive low doses because more beam angles are em-
ployed (155). Thus studies must be performed at doses and
volumes of irradiated tissues likely to be used both now
and in the future. New schedules may be needed for ad-
ministering radiotherapy if it becomes possible to amelio-
rate late normal tissue damage. The studies described and
proposed here might explain the mechanism for the relative
sparing of late-responding normal tissues that is achieved
by administering radiotherapy in many small fractions
(156).

Radiation dose–response curves will be needed to indi-
cate the range of radiation doses within which a given treat-
ment for late effects is effective: Prevention or reversal of
late effects may not be possible at higher doses. Dose mod-
ification factors will be necessary for prioritizing the vari-
ous treatment approaches for clinical trials.

Long-term studies need to be performed. Even for stan-
dard cancer treatments, little is known about the develop-
ment of normal tissue complications more than 5 years after
treatment. It is possible that waves of cellular and molecular
responses after irradiation may continue for years, even for
the life of the patient. For studies of interventions in both
animals and patients, is an earlier end point, such as 1 year,
a good predictor of results at 5, 10 or 20 years? Is a 6-
month end point in a mouse equivalent to a 5-year end
point in a human? Progress would be more rapid if shorter-
term end points could be used, but such end points must
be shown to be relevant. Do late effects continue to pro-
gress for the life of the patient, as has been suggested for
breast tissues (157), or do they reach a plateau after a num-

ber of years in some tissues? Does the kinetics vary from
tissue to tissue? Are older patients more susceptible to de-
veloping late effects? Is it necessary to wait until the tumor
has completely disappeared before initiating treatments for
late effects? Does an intervention only delay the progres-
sion of late effects, or does it arrest or reverse them?

Tissue tolerance to re-treatment should be evaluated as a
part of mechanistic studies, since clinicians need to know
the risks in treating recurrent tumors. Is the timing of post-
irradiation intervention critical for obtaining the best re-
sponses? Would a second course of radiotherapy timed in
relation to ‘‘waves’’ of molecular and cellular responses
give a better therapeutic outcome? Will imaging help to
assess such alterations in patients? Are the normal tissue
end points valid in the studies that are used to justify re-
irradiation? Does reirradiation subject the patient to the risk
of different, even later late effects?

How is irradiated tissue perturbed by subsequent injury,
such as surgery or dental extraction? Can anything be done
to prevent or reduce the risk of tissue breakdown in such
cases? Does the susceptibility of irradiated tissue to break-
down after trauma remain constant throughout a patient’s
lifetime? It will be essential to use appropriate control
groups to evaluate properly the potential benefits of the
kind of post-therapy treatment of late effects discussed at
this workshop.

While the focus of this workshop was on the effects of
radiation alone, most patients treated with radiotherapy also
receive surgery and chemotherapy. Little is known about
the long-term effects of chemotherapy alone or in combi-
nation with radiation. The Stanford group, reporting their
experience over 40 years in treating patients with Hodgkin’s
disease, showed an increased relative risk for heart disease
in patients who received mediastinal irradiation in addition
to chemotherapy (158). The risk was lower with improved
techniques that involved less radiation to the heart area
(159). The picture is complicated by the number of che-
motherapeutic agents available, and because two or more
may be used in a given patient. Collaboration with medical
oncologists will be needed for this research.

Carcinogenesis is a late effect of cancer treatment that
was mentioned only briefly at the workshop. If carcinogen-
esis and the other late effects of radiation share common
pathways, then treatments to reduce or prevent fibrosis, etc.
might also reduce the incidence of second cancers. On the
other hand, cell loss and carcinogenesis are generally in-
versely correlated, and treatments that encourage prolifer-
ation in irradiated cells may therefore carry an increased
risk of cancer induction. It will be important to distinguish
between the outcomes and to ensure that treatments do not
increase the incidence of second cancers.

RESOURCES NEEDED

There is a need to support observational research in hu-
mans that is not necessarily hypothesis-driven, but that is
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TABLE 2
Key Recommendations of the Workshop

Long-term support is essential for long-term preclinical and clinical
studies of late radiation effects and their treatment, because late effects
develop months to years after therapy, and may continue to progress
throughout the life of a cancer survivor.

Multidisciplinary teams will be needed to address the complex research
problems in the field of late effects. Radiation biologists, physicists
and oncologists will need the assistance of pathologists, physiologists
and geneticists, as well as experts in such fields as functional imaging,
wound healing, burn injury, molecular biology, and medical oncology.

The LENT/SOMA scoring system is an essential tool for assessing late
effects in patients and for comparing treatments. It must be improved
by replacing subjective scoring systems with objective ones as these
are developed and validated. The system should be computerized and
made easier to use.

Tissue sharing and a repository of irradiated and unirradiated nor-
mal tissues could be useful resources.

Mechanistic studies will identify potential targets for interventions and
will suggest how they might be used most effectively in the clinic.

Dose modification factors for potential treatments for late effects must
be determined from radiation dose-response studies in clinically rele-
vant dose ranges and treatment schedules. This will assist in prioritiz-
ing therapies for clinical trials.

Models for studies of late effects and their mechanisms must be chosen
carefully, and in some cases, new models should be developed.

critical to the definition of the issues in vivo, so that hy-
potheses can be generated that are relevant to human path-
ophysiology. Research in this area would be facilitated by
establishing a repository of irradiated normal tissues, start-
ing with a limited sample, with records on radiation dose
and schedule, tumor type, size and response, time after
treatment, and some measure of tissue response. While
sampling irradiated tissues from patients for research pur-
poses will not be possible, tissues removed as part of treat-
ment for complications could be stored for study. Tissue
sharing is another way to meet these needs. Once the tissue
bank has been established and is of sufficient size, these
tissues would be valuable resources for researchers looking
for genetic or molecular bases for late effects.

Adaptation of current mechanisms or new mechanisms
of funding may be needed to provide long-term support for
all phases of research on late effects: for preliminary data,
for preclinical research, and for clinical research, for which
follow-up periods of 10, 15 or 20 or more years may be
necessary. While grantees must be held accountable for be-
ing productive, the standards that should be applied need
to account for their long-term nature, as in clinical studies,
where a single trial usually covers several years. Investi-
gators might be judged periodically on their progress, i.e.
past accomplishments, and on the ongoing accumulation
and analysis of data. Targeted funding might be a partial
answer.

A special funding mechanism, the P50 grant, supports
Specialized Centers for multidisciplinary research on a spe-

cific disease entity or biomedical problem area, from basic
to clinical research and development. Among the types of
activity supported are protracted patient care. Applications
for these grants must be in response to a Request for Ap-
plications or program Announcement issued by an Institute
or Division within NIH.

It was a feeling of the workshop participants that young
investigators could contribute much to this field but will
need encouragement and support from mentors and insti-
tutional administrators who recognize both the importance
of their research and its long-term nature. The contributions
of young investigators to collaborative projects must be
credited so they can receive promotions. More seasoned
investigators might be able to sustain their careers by hav-
ing other research projects that result in more frequent pub-
lications.

CONCLUSIONS

The key recommendations of the workshop are summa-
rized in Table 2.

Late effects are clinically and biologically important.
They are not necessarily an ‘‘end process’’ but may rep-
resent a ‘‘chronic-active process’’, and therefore may be
partly reversible. Mechanistic studies will require input
from an array of experts within and outside the field of
radiation biology, as indicated by the scope of this work-
shop. Clinical studies that will be needed will require fund-
ing mechanisms that support carefully designed long-term
studies on well-selected patient populations. Modifications
of the current funding mechanisms or special funding
mechanisms may be necessary to obtain high-quality long-
term data. Evaluation of grants and investigators requires
consideration of the long time span for research on late
effects. Despite the complexity of the biological processes
that lead to late effects, the current efforts to prevent or
reverse them are encouraging. There are many opportuni-
ties in this understudied field. The greatest is the opportu-
nity to improve the quality of life of cancer survivors.

GLOSSARY

3D CRT three-dimensional conformal radiotherapy
ACE angiotensin converting enzyme
AI angiotensin I
AII angiotensin II
BMT bone marrow transplantation
CAM cell adhesion molecule
COX2 cyclo-oxygenase 2
CT computerized tomography
Cu/ZnSOD copper/zinc superoxide dismutase
ECM extracellular matrix
FGFs fibroblast growth factors
FGF1 acidic fibroblast growth factor, also known as

aFGF
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FGF2 basic fibroblast growth factor, also known as
bFGF

FGF7 fibroblast growth factor 7, also known as
keratinocyte growth factor (KGF)

HGF hepatocyte growth factor
HIF1 hypoxia-inducible factor 1
HLA human leukocyte antigen
ICAM1 intercellular adhesion molecule 1
IFNG interferon gamma
IMRT intensity-modulated radiotherapy
IP10 interferon gamma-inducible protein 10
LOH level of heterozygosity
MHC major histocompatibility complex
MMPs metalloproteinases, matrixins
MnSOD manganese superoxide dismutase, orgotein
MRS magnetic resonance spectroscopy
MT magnetization transfer
SMAD messenger in TGFB signaling
SPECT single photon emission computed tomography
SPF specific-pathogen-free
TIMPs tissue inhibitors of metalloproteins
TNM T 5 tumor extent, N 5 regional lymph node

involvement, M 5 metastases
VEGF vascular endothelial growth factor
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72. D. Brouty-Boyé, C. Pottin-Clémenceau, C. Doucet, C. Jasmin and B.
Azzarone, Chemokines and CD40 expression in human fibroblasts.
Eur. J. Immunol. 30, 914–919 (2000).

73. L. Hakenjos, M. Bamberg and H. P. Rodemann, TGF-b1-mediated
alterations of rat lung fibroblast differentiation resulting in the radi-
ation-induced fibrotic phenotype. Int. J. Radiat. Biol. 76, 503–509
(2000).

74. D. E. Hallahan and S. Virudachalam, Accumulation of P-selectin in
the lumen of irradiated blood vessels. Radiat. Res. 152, 6–13 (1999).

75. A. J. Singer and R. A. F. Clark, Cutaneous wound healing. N. Engl.
J. Med. 341, 738–746 (1999).

76. G. S. Ashcroft and A. B. Roberts, Loss of Smad3 modulates wound
healing. Cytokine Growth Factor Rev. 11, 125–131 (2000).

77. G. S. Ashcroft, X. Yang, A. B. Glick, M. Weinstein, J. L. Letterio,
D. E. Mizel, M. Anzano, T. Greenwell-Wild, S. M. Wahl and A. B.
Roberts, Mice lacking Smad3 show accelerated wound healing and
an impaired local inflammatory response. Nat. Cell Biol. 1, 260–266
(1999).

78. M. H. Barcellos-Hoff, R. Derynck, M. L. Tsang and J. A. Weather-
bee, Transforming growth factor-beta activation in irradiated murine
mammary gland. J. Clin. Invest. 93, 892–899 (1994).

79. M. H. Barcellos-Hoff, Radiation-induced transforming growth factor
beta and subsequent extracellular matrix reorganization in murine
mammary gland. Cancer Res. 53, 3880–3886 (1993).

80. A. B. Roberts, M. B. Sporn, R. K. Assoian, J. M. Smith, N. S. Roche,
L. M. Wakefield, U. I. Heine, L. A. Liotta, V. Falanga and A. S.
Fauci, Transforming growth factor type beta: Rapid induction of fi-
brosis and angiogenesis in vivo and stimulation of collagen formation
in vitro. Proc. Natl. Acad. Sci. USA 83, 4167–4171 (1986).

81. K. Sellheyer, J. R. Bickenbach, J. A. Rothnagel, D. Bundman, M. A.
Longley, T. Krieg, N. S. Roche, A. B. Roberts and D. R. Roop,
Inhibition of skin development by overexpression of transforming
growth factor beta 1 in the epidermis of transgenic mice. Proc. Natl.
Acad. Sci. USA 90, 5237–5241 (1993).

82. E. P. Cohen, S. A. Bonsib, E. Whitehouse, J. W. Hopewell and M. E.
Robbins, Mediators and mechanisms of radiation nephropathy. Proc.
Soc. Exp. Biol. Med. 223, 218–225 (2000).

83. P. K. Datta, J. E. Moulder, B. L. Fish, E. P. Cohen and E. A. Lianos,
TGF-b1 production in radiation nephropathy: Role of angiotensin II.
Int. J. Radiat. Biol. 75, 473–479 (1999).

84. M. S. Anscher, W. P. Peters, H. Reisenbichler, W. P. Petros and R. L.
Jirtle, Transforming growth factor beta as a predictor of liver and
lung fibrosis after autologous bone marrow transplantation for ad-
vanced breast cancer. N. Engl. J. Med. 328, 1592–1598 (1993).

85. M. S. Anscher, F. M. Kong, L. B. Marks, G. C. Bentel and R. L.
Jirtle, Changes in plasma transforming growth factor beta during ra-
diotherapy and the risk of symptomatic radiation-induced pneumo-
nitis. Int. J. Radiat. Oncol. Biol. Phys. 37, 253–258 (1997).

86. F. M. Kong, M. S. Anscher, T. Murase, B. D. Abbott, J. D. Iglehart
and R. L. Jirtle, Elevated plasma transforming growth factor-beta 1
levels in breast cancer patients decrease after surgical removal of the
tumor. Ann. Surg. 222, 155–162 (1995).

87. F. M. Kong, M. S. Anscher, M. K. Washington, J. K. Killian and

R. L. Jirtle, M6P/IGF2R is mutated in squamous cell carcinoma of
the lung. Oncogene 19, 1572–1578 (2000).

88. F. Kong, R. L. Jirtle, D. H. Huang, R. W. Clough and M. S. Anscher,
Plasma transforming growth factor-b1 level before radiotherapy cor-
relates with long term outcome of patients with lung carcinoma. Can-
cer 86, 1712–1719 (1999).

89. A. T. De Souza, G. R. Hankins, M. K. Washington, T. C. Orton and
R. L. Jirtle, M6P/IGF2R gene is mutated in human hepatocellular
carcinomas with loss of heterozygosity. Nat. Genet. 11, 447–449
(1995).

90. G. R. Hankins, A. T. De Souza, R. C. Bentley, M. R. Patel, J. R.
Marks, J. D. Iglehart and R. L. Jirtle, M6P/IGF2 receptor: A candi-
date breast tumor suppressor gene. Oncogene 12, 2003–2009 (1996).

91. T. Yamada, A. T. De Souza, S. Finkelstein and R. L. Jirtle, Loss of
the gene encoding mannose 6-phosphate/insulin-like growth factor II
receptor is an early event in liver carcinogenesis. Proc. Natl. Acad.
Sci. USA 94, 10351–10355 (1997).

92. C. Soo, F. Y. Hu, X. Zhang, Y. Wang, S. R. Beanes, H. P. Lorenz,
M. H. Hedrick, R. J. Mackool, A. Plaas and K. Ting, Differential
expression of fibromodulin, a transforming growth factor-beta mod-
ulator, in fetal skin development and scarless repair. Am. J. Pathol.
157, 423–433 (2000).

93. D. S. Followill and E. L. Travis, Differential expression of collagen
types I and III in consequential and primary fibrosis in irradiated
mouse colon. Radiat. Res. 144, 318–328 (1995).

94. L. J. Peters, W. A. Brock and E. L. Travis, Radiation biology at
clinically relevant fractions. Important Adv. Oncol. 65–83 (1990).

95. G. Poli, Pathogenesis of liver fibrosis: Role of oxidative stress. Mol.
Aspects Med. 21, 49–98 (2000).

96. D. Rosenbaum, S. Peric, M. Holecek and H. E. Ward, Hyaluronan
in radiation-induced lung disease in the rat. Radiat. Res. 147, 585–
591 (1997).

97. Y. Tokumaru, M. Fujii, Y. Otani, K. Kameyama, Y. Imanishi, N.
Igarashi and J. Kanzaki, Activation of matrix metalloproteinase-2 in
head and neck squamous cell carcinoma: Studies of clinical samples
and in vitro cell lines co-cultured with fibroblasts. Cancer Lett. 150,
15–21 (2000).

98. R. L. O’Grady, L. I. Uppold and R. W. Stephens, Rat mammary
carcinoma cells secrete active collagenase and activate latent enzyme
in the stroma via plasminogen activator. Int. J. Cancer 28, 509–515
(1981).

99. B. Barrick, E. J. Campbell and C. A. Owen, Leukocyte proteinases
in wound healing: Roles in physiologic and pathologic processes.
Wound Repair Regen. 7, 410–422 (1999).

100. N. J. Gross, K. R. Narine and R. Wade, Protective effect of corti-
costeroids on radiation pneumonitis in mice. Radiat. Res. 113, 112–
119 (1988).

101. C. L. Farrell, J. V. Bready, K. L. Rex, J. N. Chen, C. R. DiPalma,
K. L. Whitcomb, S. Yin, D. C. Hill, B. Wiemann and D. L. Lacey,
Keratinocyte growth factor protects mice from chemotherapy and
radiation-induced gastrointestinal injury and mortality. Cancer Res.
58, 933–939 (1998).

102. C. L. Farrell, K. L. Rex, S. A. Kaufman, C. R. Dipalma, J. N. Chen,
S. Scully and D. L. Lacey, Effects of keratinocyte growth factor in
the squamous epithelium of the upper aerodigestive tract of normal
and irradiated mice. Int. J. Radiat. Biol. 75, 609–620 (1999).

103. E. S. Yi, S. T. Williams, H. Lee, D. M. Malicki, E. M. Chin, S.
Yin, J. Tarpley and T. R. Ulich, Keratinocyte growth factor amelio-
rates radiation- and bleomycin-induced lung injury and mortality.
Am. J. Pathol. 149, 1963–1970 (1996).

104. W. B. Khan, C. Shui, S. Ning and S. J. Knox, Enhancement of
murine intestinal stem cell survival after irradiation by keratinocyte
growth factor. Radiat. Res. 148, 248–253 (1997).

105. H. E. Ward, L. Kemsley, L. Davies, M. Holecek and N. Berend,
The effect of steroids on radiation-induced lung-disease in the rat.
Radiat. Res. 136, 22–28 (1993).

106. A. Adawi, Y. Zhang, R. Baggs, P. Rubin, J. Williams, J. Finkelstein
and R. P. Phipps, Blockade of CD40-CD40 ligand interactions pro-



222 MEETING REPORT

tects against radiation-induced pulmonary inflammation and fibro-
sis. Clin. Immunol. Immunopathol. 89, 222–230 (1998).

107. P. Okunieff, M. Mester, J. Wang, T. Maddox, X. Gong, D. Tang, M.
Coffee and I. Ding, In vivo radioprotective effects of angiogenic
growth factors on the small bowel of C3H mice. Radiat. Res. 150,
204–211 (1998).

108. T. J. MacVittie, A. M. Farese, W. G. Smith, C. M. Baum, E. Burton
and J. P. McKearn, Myelopoietin, an engineered chimeric IL-3 and
G-CSF receptor agonist, stimulates multilineage hematopoietic re-
covery in a nonhuman primate model of radiation-induced myelo-
suppression. Blood 95, 837–845 (2000).

109. W. Dempke, A. Von Poblozki, A. Grothey and H. J. Schmoll, Hu-
man hematopoietic growth factors: old lessons and new perspec-
tives. Anticancer Res. 20, 5155–5164 (2000).

110. B. D. Ring, S. Scully, C. R. Davis, M. B. Baker, M. J. Cullen, M. A.
Pelleymounter and D. M. Danilenko, Systemically and topically ad-
ministered leptin both accelerate wound healing in diabetic ob/ob mice.
Endocrinology 141, 446–449 (2000).

111. S. Frank, B. Stallmeyer, H. Kampfer, N. Kolb and J. Pfeilschifter,
Leptin enhances wound re-epithelialization and constitutes a direct
function of leptin in skin repair. J. Clin. Invest. 106, 501–509
(2000).

112. R. Miralbell, S. Bieri, B. Mermillod, C. Helg, G. Sancho, B. Pas-
toors, A. Keller, J. M. Kurtz and B. Chapuis, Renal toxicity after
allogeneic bone marrow transplantation: The combined effects of
total-body irradiation and graft-versus-host disease. J. Clin. Oncol.
14, 579–585 (1996).

113. C. A. Lawton, E. P. Cohen, K. J. Murray, S. W. Derus, J. T. Casper,
W. R. Drobyski, M. M. Horowitz and J. E. Moulder, Long-term
results of selective renal shielding in patients undergoing total body
irradiation in preparation for bone marrow transplantation. Bone
Marrow Transplant. 20, 1069–1074 (1997).

114. B. Neal and S. MacMahon, The World Health Organization–Inter-
national Society of Hypertension Blood Pressure Lowering Treat-
ment Trialists’ Collaboration: Prospective collaborative overviews
of major randomized trials of blood pressure-lowering treatments.
Curr. Hypertens. Rep. 1, 346–356 (1999).

115. B. Neal, S. MacMahon and N. Chapman, Effects of ACE inhibitors,
calcium antagonists, and other blood-pressure-lowering drugs: Re-
sults of prospectively designed overviews of randomised trials.
Blood Pressure Lowering Treatment Trialists’ Collaboration. Lancet
356, 1955–1964 (2000).

116. J. E. Moulder, M. E. C. Robbins, E. P. Cohen, J. W. Hopewell and
W. F. Ward, Pharmacologic modification of radiation-induced late
normal tissue injury. In Advances in Radiation Therapy (B. B. Mit-
tal, J. A. Purdy and K. K. Ang, Eds.), pp. 129–151. Kluwer Aca-
demic Publishers, Dordrecht, 1998.

117. A. Molteni, J. E. Moulder, E. F. Cohen, W. F. Ward, B. L. Fish, J. M.
Taylor, L. F. Wolfe, L. Brizio-Molteni and P. Veno, Control of radi-
ation-induced pneumopathy and lung fibrosis by angiotensin-con-
verting enzyme inhibitors and an angiotensin II type 1 receptor block-
er. Int. J. Radiat. Biol. 76, 523–532 (2000).

118. J. E. Moulder, B. L. Fish and E. P. Cohen, Radiation nephropathy
is treatable with an angiotensin converting enzyme inhibitor or an
angiotensin II type-1 (AT1) receptor antagonist. Radiother. Oncol.
46, 307–315 (1998).

119. J. E. Moulder, B. L. Fish and E. P. Cohen, Brief pharmacological
intervention in experimental radiation nephropathy. Radiat. Res.
150, 535–541 (1998).

120. E. P. Cohen, B. L. Fish and J. E. Moulder, Angiotensin II infusion
exacerbates radiation nephropathy. J. Lab. Clin. Med. 134, 283–291
(1999).

121. R. Yarom, I. S. Harper, S. Wynchank, D. van Schalkwyk, J. Mad-
hoo, K. Williams, R. Salie, S. Genade and A. Lochner, Effect of
captopril on changes in rats’ hearts induced by long-term irradiation.
Radiat. Res. 133, 187–197 (1993).

122. G. T. Shin, S. J. Kim, K. A. Ma, H. S. Kim and D. Kim, ACE
inhibitors attenuate expression of renal transforming growth factor-
b1 in humans. Am. J. Kidney Dis. 36, 894–902 (2000).

123. J. A. Williams, Jr., D. Clarke, W. A. Dennis, E. J. Dennis, 3rd and
S. T. Smith, The treatment of pelvic soft tissue radiation necrosis
with hyperbaric oxygen. Am. J. Obstet. Gynecol. 167, 412–415 [dis-
cussion 415–416] (1992).

124. D. C. Warren, P. Feehan, J. B. Slade and P. E. Cianci, Chronic
radiation proctitis treated with hyperbaric oxygen. Undersea Hy-
perb. Med. 24, 181–184 (1997).

125. R. A. Mounsey, D. H. Brown, T. P. O’Dwyer, P. J. Gullane and
G. H. Koch, Role of hyperbaric oxygen therapy in the manage-
ment of mandibular osteoradionecrosis. Laryngoscope 103, 605–
608 (1993).

126. H. C. Lee, C. S. Liu, C. Chiao and S. N. Lin, Hyperbaric oxygen
therapy in hemorrhagic radiation cystitis: A report of 20 cases. Un-
dersea Hyperb. Med. 21, 321–327 (1994).

127. T. J. Poulton and R. L. Witcofski, Hyperbaric oxygen therapy for
radiation myelitis. Undersea Biomed. Res. 12, 453–458 (1985).

128. J. J. Feldmeier, I. Jelen, D. A. Davolt, P. T. Valente, M. L. Meltz
and R. Alecu, Hyperbaric oxygen as a prophylaxis for radiation-
induced delayed enteropathy. Radiother. Oncol. 35, 138–144
(1995).

129. J. J. Feldmeier, D. A. Davolt, W. S. Court, J. M. Onoda and R.
Alecu, Histologic morphometry confirms a prophylactic effect for
hyperbaric oxygen in the prevention of delayed radiation enterop-
athy. Undersea Hyperb. Med. 25, 93–97 (1998).

130. R. E. Marx, W. J. Ehler, P. Tayapongsak and L. W. Pierce, Rela-
tionship of oxygen dose to angiogenesis induction in irradiated tis-
sue. Am. J. Surg. 160, 519–524 (1990).

131. X. Chen, Y. Matsui, K. Ohno and K. Michi, Histomorphometric
evaluation of the effect of hyperbaric oxygen treatment on healing
around hydroxyapatite implants in irradiated rat bone. Int. J. Oral
Maxillofac. Implants 14, 61–68 (1999).

132. A. Schwentker, S. M. Evans, M. Partington, B. L. Johnson, C. J.
Koch and S. R. Thom, A model of wound healing in chronically
radiation-damaged rat skin. Cancer Lett. 128, 71–78 (1998).

133. X. Wang, I. Ding, H. Xie, T. Wu, N. Wersto, K. Huang and P.
Okunieff, Hyperbaric oxygen and basic fibroblast growth factor pro-
mote growth of irradiated bone. Int. J. Radiat. Oncol. Biol. Phys.
40, 189–196 (1998).

134. M. W. Dion, D. H. Hussey, J. F. Doornbos, A. P. Vigliotti, B. C.
Wen and B. Anderson, Preliminary results of a pilot study of pent-
oxifylline in the treatment of late radiation soft tissue necrosis. Int.
J. Radiat. Oncol. Biol. Phys. 19, 401–407 (1990).

135. W. J. Koh, K. J. Stelzer, L. M. Peterson, B. L. Staker, W. F. Ward,
K. J. Russell and T. W. Griffin, Effect of pentoxifylline on radiation-
induced lung and skin toxicity in rats. Int. J. Radiat. Oncol. Biol.
Phys. 31, 71–77 (1995).

136. S. Delanian, S. Balla-Mekias and J. L. Lefaix, Striking regression
of chronic radiotherapy damage in a clinical trial of combined pent-
oxifylline and tocopherol. J. Clin. Oncol. 17, 3283–3290 (1999).

137. S. Tamou and K. R. Trott, Modification of late radiation damage in
the rectum of rats by deproteinized calf blood serum (ActoHorm)
and pentoxifylline (PTX). Strahlenther. Onkol. 170, 415–420
(1994).

138. W. F. Ward, A. Molteni, C. H. Ts’ao, Y. T. Kim and J. M. Hinz,
Radiation pneumotoxicity in rats: Modification by inhibitors of an-
giotensin converting enzyme. Int. J. Radiat. Oncol. Biol. Phys. 22,
623–625 (1992).

139. S. Delanian, F. Baillet, J. Huart, J. L. Lefaix, C. Maulard and M.
Housset, Successful treatment of radiation-induced fibrosis using
liposomal Cu/Zn superoxide dismutase: Clinical trial. Radiother.
Oncol. 32, 12–20 (1994).

140. J. L. Lefaix, S. Delanian, J. J. Leplat, Y. Tricaud, M. Martin, A.
Nimrod, F. Baillet and F. Daburon, Successful treatment of radiation-
induced fibrosis using Cu/Zn-SOD and Mn-SOD: An experimental
study. Int. J. Radiat. Oncol. Biol. Phys. 35, 305–312 (1996).

141. F. Sanchiz, A. Milla, N. Artola, J. C. Julia, L. M. Moya, A. Pedro
and A. Vila, Prevention of radioinduced cystitis by orgotein: A ran-
domized study. Anticancer Res. 16, 2025–2028 (1996).



223MEETING REPORT

142. S. Delanian, M. Martin, A. Bravard, C. Luccioni and J. L. Lefaix,
Cu/Zn superoxide dismutase modulates phenotypic changes in cul-
tured fibroblasts from human skin with chronic radiotherapy dam-
age. Radiother. Oncol. 58, 325–331 (2001).

143. M. Corominas, J. Bas, A. Romeu, A. Valls, E. Massip, L. Gonzalez,
M. Mestre and E. Buendia, Hypersensitivity reaction after orgotein
(superoxide dismutase) administration. Allergol. Immunopathol.
(Madr.) 18, 297–299 (1990).

144. A. Joral, T. Boyano, J. Mira, J. L. Agud and F. Saiz, Systemic
anaphylaxis following parenteral orgotein administration. J. Inves-
tig. Allergol. Clin. Immunol. 3, 103–104 (1993).

145. R. Gorodetsky, W. H. McBride, H. R. Withers and G. G. Miller,
Effect of fibroblast implants on wound healing of irradiated skin:
Assay of wound strength and quantitative immunohistology of col-
lagen. Radiat. Res. 125, 181–186 (1991).

146. P. C. Ferguson, E. L. Boynton, J. S. Wunder, R. P. Hill, B.
O’Sullivan, J. S. Sandhu and R. S. Bell, Intradermal injection of
autologous dermal fibroblasts improves wound healing in irradiated
skin. J. Surg. Res. 85, 331–338 (1999).

147. S. Dadparvar, R. Hussain, S. P. Koffler, M. M. Gillan, E. I. Bartolic
and C. Miyamoto, The role of Tc-99m HMPAO functional brain
imaging in detection of cerebral radionecrosis. Cancer J. 6, 381–
387 (2000).

148. M. Tomoi, M. Maeda, M. Yoshida, H. Yamada, Y. Kawamura, N.
Hayashi, Y. Ishii and T. Kubota, Assessment of radiotherapeutic
effect on brain tumors by dynamic susceptibility contrast MR im-
aging: a preliminary report. Radiat. Med. 17, 195–199 (1999).

149. R. B. Schwartz, B. L. Holman, J. F. Polak, B. M. Garada, M. S.
Schwartz, R. Folkerth, P. A. Carvalho, J. S. Loeffler, D. C. Shrieve
and E. Alexander, 3rd, Dual-isotope single-photon emission com-
puterized tomography scanning in patients with glioblastoma mul-
tiforme: association with patient survival and histopathological

characteristics of tumor after high-dose radiotherapy. J. Neurosurg.
89, 60–68 (1998).

150. R. Weissleder and U. Mahmood, Molecular imaging. Radiology
219, 316–333 (2001).

151. V. Polyakov, V. Sharma, J. L. Dahlheimer, C. M. Pica, G. D. Luker
and D. Piwnica-Worms, Novel Tat-peptide chelates for direct trans-
duction of technetium-99m and rhenium into human cells for im-
aging and radiotherapy. Bioconjug. Chem. 11, 762–771 (2000).

152. M. Sharma, R. Sharma, X. L. Ge, B. L. Fish, E. T. McCarthy, V. J.
Savin, E. P. Cohen and J. E. Moulder, Early detection of radiation-
induced glomerular injury by albumin permeability assay. Radiat.
Res. 155, 474–480 (2001).

153. J. K. Killian, J. C. Byrd, J. V. Jirtle, B. L. Munday, M. K. Stoskopf,
R. G. MacDonald and R. L. Jirtle, M6P/IGF2R imprinting evolution
in mammals. Mol. Cell 5, 707–716 (2000).

154. S. K. Murphy and R. L. Jirtle, Imprinted genes as potential genetic
and epigenetic toxicologic targets. Environ. Health Perspect. 108
(Suppl. 1), 5–11 (2000).

155. M. C. Joiner, B. Marples, P. Lambin, S. C. Short and I. Turesson,
Low-dose hypersensitivity: Current status and possible mechanisms.
Int. J. Radiat. Oncol. Biol. Phys. 49, 379–389 (2001).

156. H. R. Withers, Biologic basis for altered fractionation schemes.
Cancer 55, 2086–2095 (1985).

157. S. Johansson, H. Svensson and J. Denekamp, Timescale of evolu-
tion of late radiation injury after postoperative radiotherapy of
breast cancer patients. Int. J. Radiat. Oncol. Biol. Phys. 48, 745–
750 (2000).

158. S. L. Hancock, M. A. Tucker and R. T. Hoppe, Factors affecting
late mortality from heart disease after treatment of Hodgkin’s dis-
ease. J. Am. Med. Assoc. 270, 1949–1955 (1993).

159. S. S. Donaldson, S. L. Hancock and R. T. Hoppe, Hodgkin’s dis-
ease—finding the balance between cure and late effects. Cancer J.
Sci. Am. 5, 325–333 (1999).


