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Radiation, a primary mode of cancer therapy, acutely
damages cellular macromolecules and DNA and elicits
stress responses that lead to cell death. The known
cytoprotective activity of nitric oxide (NO) is blocked
by thrombospondin-1, a potent antagonist of NO/
cGMP signaling in ischemic soft tissues, suggesting
that thrombospondin-1 signaling via its receptor
CD47 could correspondingly increase radiosensitiv-
ity. We show here that soft tissues in thrombospondin-
1-null mice are remarkably resistant to radiation injury.
Twelve hours after 25-Gy hindlimb irradiation, throm-
bospondin-1-null mice showed significantly less cell
death in both muscle and bone marrow. Two months
after irradiation, skin and muscle units in null mice
showed minimal histological evidence of radiation
injury and near full retention of mitochondrial
function. Additionally, both tissue perfusion and
acute vascular responses to NO were preserved in
irradiated thrombospondin-1-null hindlimbs. The
role of thrombospondin-1 in radiosensitization is
specific because thrombospondin-2-null mice were
not protected. However, mice lacking CD47 showed
radioresistance similar to thrombospondin-1-null
mice. Both thrombospondin-1- and CD47-depen-
dent radiosensitization is cell autonomous because
vascular cells isolated from the respective null mice
showed dramatically increased survival and im-
proved proliferative capacity after irradiation
in vitro. Therefore, thrombospondin-1/CD47 antag-
onists may have selective radioprotective activity
for normal tissues. (4m J Pathol 2008, 173:1100-1112;
DOI: 10.2353/ajpath.2008.080237)
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Radiation remains a primary mode of cancer therapy,
with one half of newly diagnosed cancer patients receiv-
ing some form of radiation therapy. Free radicals gener-
ated by ionizing radiation acutely damage cellular DNA
and other cellular macromolecules, eliciting stress re-
sponses that ultimately lead to cell death.! Because DNA
damage compromises the ability of cells to undergo mi-
tosis, the tissues most sensitive to effects of radiation are
generally those undergoing rapid proliferation. Several
mechanisms contribute to radiation-induced cell death
including mitotic death, apoptosis, and cell cycle arrest.
The mechanism and extent of cell death depend on cell
type, cell environment, and the radiation dose. Bystander
effects of the direct radiation damage can lead to addi-
tional cell death through either direct cell contact or re-
lease of intracellular mediators.? Ultimately, radiation
damage results in death of both cancer and normal cells.
Therefore, limiting toxicity to adjacent normal tissues re-
stricts the therapeutic dosage of radiation that can be
delivered to a given tumor.

In addition to using three-dimensional conformal radi-
ation therapy to maximize radiation delivery to tumor
versus adjacent healthy tissues,® a second approach to
improve the therapeutic window for radiotherapy involves
use of chemical radiosensitizers or radioprotectants.
General chemical radiosensitizers or pathway-specific
sensitizers such as histone deacetylase inhibitors or in-
hibitors of Ras signaling have been used to increase the
radiosensitivity of tumors.*~© Conversely, amifostine and
nitroxides such as Tempol have demonstrated radiopro-
tective activities for adjacent tissues.*”

Tissues might also produce endogenous radiopro-
tectants in response to radiation injury. Nitric oxide (NO)
is a primary regulator of mammalian physiology. Radia-
tion increases NO production in vascular cells, and NO
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can protect cells and tissues from radiation damage by
stimulating soluble guanylate cyclase production of
cGMP to promote cell survival pathways and by several
cGMP-independent effector pathways.2~'© Consistent
with these studies, pretreatment of mice with exogenous
NO prolongs their survival after a lethal dose of whole
body irradiation."" However, studies using iINOS inducers
and NOS inhibitors indicate that elevated NO production
can also contribute to radiation injury.'? Furthermore, NOS2
gene transfer into tumors increased their radiosensitivity, '
and NOST7-null mice show increased radioresistance in
bone marrow.'* These apparently conflicting observations
could be rationalized if the effects of NO on radiation injury
are biphasic and the radioprotective activity of NO occurs at
low doses, which typically involve cGMP signaling.

We recently reported that the matricellular protein, throm-
bospondin-1 (TSP1) blocks NO-stimulated activation of sol-
uble guanylate cyclase.'®'® and that this process requires
engagement of the cell surface receptor CD47."” Targeting
TSP1 or CD47 enhances ischemic tissue survival and blood
flow.®29 CD47 engagement may also induce apoptosis of
some cell types independent of NO.2"?? These studies
suggested that inhibition of NO signaling by TSP1 might
limit the radioprotective activity of NO. We tested this hy-
pothesis using TSP1- and CD47-null mice and demonstrate
here that the absence of these proteins significantly im-
proves tissue survival of radiation. Furthermore, we demon-
strate that the radiosensitizing activity of TSP1 signaling via
CDA47 is cell autonomous.

Materials and Methods

Animals

Wild-type, TSP1-null, and CD47-null mice in C57BL/6
background were housed in a pathogen-free environ-
ment and had ad libitum access to standard rat chow and
water. TSP2-null male mice 12 weeks of age and age-
matched wild-type B6129sf1/J control animals were ob-
tained from The Jackson Laboratory (Bar Harbor, ME).
Care and handling of animals was in compliance with
standards established by the Animal Care and Use Com-
mittee of the National Cancer Institute.

Reagents and Cells

Primary murine vascular endothelial cells were harvested
from wild-type, TSP1-, CD47-, and TSP2-null mice and cul-
tured as previously described in endothelial growth media
(Lonza, Basel, Switzerland)."® Murine B16F10 melanoma
cells were kindly provided by Dr. Lyuba Varticovski (Na-
tional Cancer Institute) and grown in RPMI with 10% fetal
calf serum (Life Technologies, Inc., Grand Island, NY).

Irradiation of Mice

Age- and sex-matched wild-type, TSP1-, CD47-, and
TSP2-null mice underwent local irradiation to the right
hindlimb as previously described.?® Briefly animals
(anesthetized using isofluorine) were placed in custom-
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ized Lucite jigs that allow for immobilization and selective
irradiation of the leg. A single radiation dose of 25 Gy was
delivered by a Therapax DXT300 X-ray irradiator (Pantak,
Inc., East Haven, CT) using 2.0-mm Al filtration (300 kVp)
at a dose rate of 2.53 Gy/minute. Care was taken to avoid
irradiation of other body parts by using lead shields spe-
cifically designed as a part of the jigs. After irradiation,
the animals were placed in cages as indicated above
and observed daily for 8 weeks at which time animals
were euthanized and tissues fixed in formalin 10% for
further analysis. In other experiments, mice receiving
25 Gy to the hindlimb were euthanized 12 hours later
and hindlimbs fixed in 10% formalin. Unstained tissue
sections were prepared on charged slides from paraf-
fin-embedded hindlimbs for in situ analysis of apopto-
sis as described.

Radiation Growth Delay Assay

C57BL/6 wild-type and TSP1-null 12-week-old female
mice were inoculated with syngeneic B16F10 melanoma
cells (2.5 x 10° cells/fanimal) to the right lateral thigh.
When tumor volume reached 200 mm? half of each group
underwent 10 Gy irradiation to the tumor-bearing limb.
Tumor size was measured with calipers bi-weekly by the
same investigator. Tumor volume was calculated by the
formula; volume = W2 X /2, where W = shortest diam-
eter and L = longest diameter. Animals were sacrificed if
tumors exceeded 2 cm?® or at 26 days. Results are from
16 animals, 8 of each strain.

Irradiation of Cells

Primary murine lung-derived endothelial cells were
plated in standard growth medium in 96- or 6-well culture
plates (Nunc, Roskilde, Denmark) and allowed to adhere.
Irradiation was done on an X-Rad 320 (Precision X-Ray,
East Haven, CT) operating at 300 kV/10 mA with a 2-mm
aluminum filter. The dose rate at 50 cm from the X-ray
source was 242 cGy/minute, as determined by multiple
thermoluminescent dosimeter readings.

Skin Reaction

Skin reaction after hindlimb irradiation was quantified
every week after treatment for 8 weeks using a previously
described grading system.?* The grading system con-
sisted of five categories: normal, hair loss, erythema, dry
desquamation, and moist desquamation/ulceration.

Leg Contraction Assay

Measurement of hindlimb extension was performed as pre-
viously described with modification.®® Animals were placed
under light general anesthesia with 1% isoflurane via nose
cone, and the pelvis was immobilized against a post fixed to
the examination table. The treated and untreated limbs
were then placed individually under a defined degree of
tension and the distance of extension measured.
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Blood Oxygen Level-Dependent (BOLD)
Magnetic Resonance Imaging (MRI) Imaging

MRI images were acquired using a 4.7 T scanner (Bruker
Biospin, Billerica, MA) and isoflurane anesthesia. Muscle
tissue scanned was at rest, so alterations in oxygenation
reflected changes in perfusion rather than in oxygen
consumption. MR measurements were started after the
mouse’s body temperature reached 37°C. Before the
experiments, gradient echo-based T, sequence was
used to determine the target slice location. A series of
T,*-weighted gradient echo BOLD image data sets trans-
verse to the midpoint of the femur were repeatedly ac-
quired for 30 minutes to monitor temporal changes in
blood oxygenation and blood flow. Diethylamine-NONO-
ate (DEA/NO, 100 nmol/g body weight) was injected with
saline via the rectal cannula 5.0 minutes after starting the
scan. Imaging parameters used were: TR = 450 ms, Flip
angle = 45, Nex = 1, slice thickness = 2 mm, matrix
size = 64 X 64, total imaging time for the series was 29
minutes.

Laser Doppler Analysis

Hindlimb flow was measured using laser Doppler imag-
ing (MoorLD1-2X; Moor Instruments, Devon, UK). Briefly,
animals were placed in a supine position on a heating
pad, and anesthesia was provided by 1% inhalation
isoflurane in a 50:50 mixture of oxygen to room air. Core
temperature was monitored by rectal probe and was
further controlled with a heat lamp. The hair of the ventral
surface of the anterior abdominal wall or respective hind-
limb was clipped and depiliated with Nair, Church and
Dwight Co, Princeton, NJ, and a region of interest
marked. After equilibration to the experimental set-up
baseline hindlimb blood flow was measured. The follow-
ing instrument settings were used: override distance 21
cm; scan time 4 milliseconds/pixel. Results are ex-
pressed as the change percent control from baseline of
the region of interest.

Mitochondrial DNA Analysis

Primer sequences were derived using FastPCR (http://
www.primerdigital.com/index.php?page = 35, last ac-
cessed June 12, 2007) and were chosen to amplify
~100-bp regions of unique genomic and mitochondrial
genes using quantitative polymerase chain reaction
(PCR). DNA was quantified by measuring fluorescent
intensity using Tag polymerase amplification in a SYBR
green reaction mixture (Thermo Fisher Scientific,
Waltham, MA) with an MJ Research Opticon | instru-
ment (Bio-Rad, Hercules, CA). Data were processed
using the Opticon | software supplied with the instru-
ment. Melting curve analysis was performed for each
sample to ensure a single product was produced in
each reaction. The cycling parameters consisted of an
initial denaturation at 95°C for 15 minutes, followed by
40 cycles of denaturation at 94°C and annealing at
60°C for 20 seconds each with extension for 30 seconds

at 72°C, ending with a final extension at 72°C for 10
minutes. Melting temperatures were determined in 0.2°C
steps from 60 to 95°C with a dwell time of 8 seconds.
Gene copy number was assessed using twofold dilutions
of genomic DNA samples from mouse muscle tissue
samples. Samples were normalized using PKD7 as an
internal control standard. The gene identification numbers are
listed followed by the coordinates of the first gene primer.
PKD1 polycystin 1 NT_039649.6(nuclear), 0917160 5’-AC-
CGACTCAACCAGGCCACAG-3', 5-GGAGGTCCATTGT-
GCCCATGG-3'; GTF2IRD1 general transcription factor,
NT_039314 (nuclear), 4559250 5'-AGGGACCGCCTCCA-
CAAGCTG-3', 5'-TCTCCGTGCAGGAACTGGCTG-3'; Os-
teocalcin NM_001032298.2 (nuclear), 255 5’-ACCCTGCTT-
GTGACG-3', 5'-GCTTTAGGGCAGCACAGGTCC-3'; NADH6
NC_005089.1 (mitochondrial), 13587 5-CCGCAAACAAA-
GATCACCCAG-3’,  5-GTTGGAGTTATGTTGGAAGGAG-
G-3'; and 765 rRNA NC_005089.1 (mitochondrial) 1432,
5'-GCTTGGTGATAGCTGGTTACC-3', 5-TCCGTTCCAGAA
GAGCTGTCC-3'.

Cell Survival Assay

Wild-type, TSP-1-null, and CD47-null or TSP2-null and
wild-type B6129sf1/J lung-derived endothelial cells were
resuspended in Endothelial growth medium and seeded
into 96-well plates (Nunc) at a density of 5 X 10° cells/
200 pl per well and incubated for 24 hours at 37°C. Cells
were then exposed to a single dose of gamma radiation
(0, 10, 20, 30, and 40 Gray) and allowed to incubate
another 72 hours at 37°C. Cell viability was determined
with the CellTiter 96 Aqueous One Solution cell prolif-
eration assay (Promega, Madison, WI) as per the man-
ufacturer’s instructions and absorbance at 490 nm de-
termined using an MR580 Microelisa AutoReader
(Dynatech, Alexandria, VA).

Cell Proliferation Assay

Proliferation was assessed by quantifying incorporation
of bromodeoxyuridine (BrdU) into newly synthesized
DNA using a BrdU cell proliferation assay (Calbiochem,
La Jolla, CA). Primary murine wild-type, TSP1-, TSP2-,
and CD47-null lung endothelial cells were seeded into 96
well plates at 5 X 10* cells/well density. After 24 hours of
incubation at 37°C treatment groups were irradiated at 40
Gy. Control and irradiated plates were assayed for BrdU
uptake throughout 24 hours starting at 48 to 168 hours
after radiation. The assay was performed according to
the manufacturer’s protocol, and the plates were read at
420 nm.

Mitochondrial Viability Assay

Mitochondrial viability of hindlimb muscle biopsies was
assessed by the reduction of a tetrazolium salt to water-
insoluble formazan through mitochondrial oxidation as
described.' Results were expressed as absorbance
normalized to dry tissue weight.



Tissue Apoptosis

The ApopTag in situ detection kit (Chemicon, Millipore,
MA) was used following the manufacturer’s recommen-
dations. In brief, sections undergo deparaffinization, re-
hydration, and washing, followed by treatment with 20
pg/ml of proteinase K for 15 minutes at room temperature
and repeat washing. Endogenous peroxidase activity
was quenched with 3% H.,0, in phosphate-buffered sa-
line (PBS) for 5 minutes. The 3’-hydroxy DNA strand
breaks were enzymatically labeled with digoxygenin nu-
cleotide via TdT and incubated for 1 hour at 37°C, and
the reaction terminated with a stop buffer. Sections were
then incubated with anti-digoxygenin peroxidase for 30
minutes at room temperature, washed, stained with 3-3'-
diaminobenzidine substrate, counterstained with methyl
green and mounted. Positive and negative control slides
provided with the kit are used in each assay to ensure
consistency.

Histology

Tissue units were excised, fixed in 10% buffered formal-
dehyde, paraffin-embedded, and sectioned at a thick-
ness of 5 um. Sections were then stained with hematoxylin
and eosin (H&E). Review of each slide was performed by an
independent pathologist blinded to the origin of each tissue
slide.

Immunohistochemistry

Paraffin-embedded hindlimbs were sectioned at a thick-
ness of 5 um and applied to charged glass slides and
processed for immunohistology. Tissue sections were
deparaffinized with xylene and rehydrated in alcohol.
Slides were then heat-inactivated in 10 mmol/L sodium
citrate (pH 6.0) in a microwave for 5 minutes. Cooled
slides were rinsed with PBS and then incubated with 3%
H,O, for 30 minutes at room temperature. Sections were
then blocked with 5% normal goat serum in PBS for 30
minutes at room temperature followed by a 12-hour incu-
bation in a humidified chamber at 37°C with a monoclonal
CD31 antibody (clone JC70A; DakoCytomation, Glostrup,
Denmark) at a 1:40 dilution. Slides were washed and then
incubated with secondary antibody, washed, and incu-
bated in prediluted streptavidin-horseradish peroxidase
conjugate (BD PharMingen, Franklin Lakes, NJ). Color was
developed by a diaminobenzidine substrate kit (BD
PharMingen).

Statistics

All experiments were replicated at least three times.
Results are presented as the mean = SD with analysis
of significance done by the Student’s t-test or one-way
analysis of variance with Tukey post hoc test where
indicated using Origin software (version 7; OriginLabs
Corp., Northhampton, MA), with significance taken at P
values <0.05.
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Results

TSP1- and CD47-Null Mice Show Tissue
Preservation after Radiation Injury

Previous studies identified a role for TSP1 in inducing
developmental hair loss during the catagen phase.?® Ex-
tending this observation to radiation alopecia, we ob-
served less hair loss 8 weeks after treatment on the
irradiated hindlimbs of TSP1-null mice compared to age-
and sex-matched wild-type mice (Figure 1A). An even
more dramatic preservation of hair viability was observed
for the hindlimbs of irradiated CD47-null mice. Moreover,
irradiated skin on the treated null mice showed minimal to
no skin ulceration or wet desquamation (Figure 1A).
When scored using the grading system of Flanders and
colleagues,?>2* wild-type animals demonstrated both
accelerated skin changes and more substantial final
changes in skin phenotype compared to null animals
(Figure 1B). Histologically, hair follicles and skin architec-
ture were better preserved 8 weeks after irradiation in
TSP1-nulls and essentially normal in the CD47-null ani-
mals (Figure 1C).

Remarkably, tissue preservation in the irradiated null
mice also extended to the underlying skeletal muscle.
H&E-stained sections of irradiated wild-type muscle
showed significant loss of muscle fibers and nuclei, but
these were primarily intact in irradiated tissue sections
from TSP1- and CD47-null animals (Figure 1C). Mitochon-
drial viability in irradiated muscle tissue was assessed by
tetrazolium salt reduction (Figure 1D). In contrast to the
expected loss of mitochondrial viability in irradiated wild-
type muscle, mitochondrial viability assessed 8 weeks
after irradiation was significantly greater in muscle biop-
sies from irradiated hindlimbs in both TSP1- and CD47-
null mice, with no significant difference between the irra-
diated and control limbs in these mice (Figure 1D).

This preservation of mitochondrial function in the TSP1-
null mice occurred despite the expected substantial loss
in copy number for two mitochondrial genes (NADH6 and
165 mtRNA) compared to that for two nuclear genes in
the irradiated tissue as expected because of the rela-
tively inefficient DNA repair processes in mitochondria.®
Selective loss of the mitochondrial genes was similar in
the TSP1-nulls (Figure 1E), indicating that TSP1 has no
effect on the level of immediate DNA damage caused by
radiation or on the subsequent level of mitochondrial
DNA repair.

TSP-2 [s Not a Radiosensitizer

In contrast to the TSP1-null mice, TSP2-null mice in a
B6129sf1/J background demonstrated significant hair
loss and skin damage after radiation at the gross tissue
level. Recovery from irradiation did not differ between the
TSP2-null and wild-type mice in the same background
throughout the 8-week period studied (Figure 2A). Mito-
chondrial viability in irradiated muscle tissue was as-
sessed by tetrazolium salt reduction and demonstrated a
comparable decrease in viability between wild-type and
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Figure 1. TSP1 and CD47 limit survival of irradiated soft tissue. A: Age- and sex-matched C57BL/6 wild-type, TSP1-null, and CD47-null mice received 25 Gy of
irradiation to the right hindlimb. B: Tissue changes were assessed every week, and scores are presented for 2 months. Significance was determined using the
independent two-tailed #test. *P < 0.05 versus wild type. C: Representative H&E-stained sections of muscle and skin are shown from irradiated hindlimbs
harvested after 2 months. Original magnifications, X20. D: Mitochondrial viability of hindlimb muscle biopsies was assessed at 2 months after irradiation by the
reduction of a tetrazolium salt to water insoluble formazan through mitochondrial oxidation as described. Significance was determined using the independent
two-tailed ftest. *P < 0.05 versus wild-type nonradiated. Results were expressed as absorbance normalized to dry tissue weight. E: Copy numbers in control and
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Wild type

TSP2-null muscle samples (Figure 2). H&E-stained sec-
tions from irradiated wild-type and TSP2-null hindlimbs
showed comparable levels of muscle fiber and nuclei
loss, and no tendency toward vascular remodeling was
found in TSP2-null irradiated hindlimbs (data not shown).

TSP1- and CD47-Null Mice Demonstrate
Enhanced Leg Extension after Radiation Injury

In addition to demonstrating significant resistance to cu-
taneous injury after radiation, irradiated hindlimbs of
TSP1-and CD47-null animals did not show any atrophy at
8 weeks. Rather, there was a tendency toward hypertro-
phy of the limb soft tissues and vascular elements as
compared to irradiated limbs in wild-type animals and
control nonirradiated limbs (see Supplemental Figure 1 at
http.//ajp.amjpathol.org). TSP2-null hindlimbs did not
show hypertrophy. Limb flexibility, quantified as the max-
imum degree of limb lengthening, was preserved in
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Figure 3. Limb flexibility is preserved in irradiated tissue in the absence of
TSP1. Limb extension in age- and sex-matched C57BL/6 wild-type, TSP1-null,
and CD47-null mice was measured as described 8 weeks after 25 Gy to the
right hindlimb. Significance was determined using the independent two-
sample ttest. *P < 0.05 versus wild type nonradiated.

TSP1 -/-

TSP1- and CD47-null hindlimbs 8 weeks after 25 Gy of
radiation (Figure 3). In contrast, wild-type limbs demon-
strated the expected loss of extension.

TSP1 and CD47 Limit Radiation-Induced
Alterations in Vascular Response

Two months after 25 Gy of irradiation of the right hindlimb,
blood flow responses in both hindlimbs were assessed
using BOLD MRI after challenge with a rapidly releasing
NO donor (1 ul/g animal weight of 100 mmol/L DEA/NO,
Figure 4A). The irradiated hindlimbs in wild-type animals
demonstrated an exaggerated overall increase in blood
flow compared to the untreated hindlimb. In contrast, the
blood flow responses integrated throughout the irradi-
ated and untreated hindlimbs were essentially identical
for the first 15 minutes in TSP1-null animals, demonstrating
protection from the effects of radiation injury on vascular
responsiveness. Multislice multiecho and T2-weighted im-
ages confirmed significant tissue changes and injury in
wild-type irradiated hindlimbs (Figure 4B). These changes
were markedly less in irradiated TSP1-null limbs.

Analysis of areas in the hindlimbs exhibiting positive and
negative BOLD signals further emphasized the preservation
of normal vascular responses in irradiated TSP1-null hind-
limbs (Figure 5). Areas with both positive and negative
BOLD signals in irradiated limbs showed more exagger-
ated responses to NO than corresponding areas in control
limbs of wild-type mice. The corresponding areas in irradi-
ated TSP1-null hindlimbs resembled those of the untreated
limb, confirming the preservation of normal vascular re-
sponsiveness despite radiation injury.

We further examined global vascular perfusion in irra-
diated hindlimbs using laser Doppler imaging (see Supple-
mental Figure 2 at http://ajp.amjpathol.org). Two months af-
ter irradiation, perfusion responses were assessed for 45
minutes after administration of DEA/NO (1 ul/g body weight
of a 100 mmol/L stock solution, Figure 6A). Blood flow
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Figure 5. The absence of TSP1 preserves blood oxygenation responses to NO in irradiated hindlimbs. Positive (top) and negative (bottom) BOLD MRI signal
curves are shown after NO treatment for irradiated (open symbols) and normal hindlimbs (filled symbols) in age- and sex-matched wild-type and TSP1-null

8 weeks after 25 Gy to the right hindlimb.

increased modestly in the irradiated limb of wild-type mice,
but significantly greater increases in response to vasoactive
challenge were found in TSP1- and CD47-null mice.
Tissue blood flow is dependent directly on vascular
density, and increased vascularity could afford a pro-
tective advantage after tissue injury. Localized differences
in organ vascularity have been reported between wild-type
and TSP1- or TSP2-null mice. Enhanced dermal vascularity
was noted in TSP1-null pups compared to wild type.2”
However, similar aged pups showed no difference in retinal
vascularity until stressed by hyperoxia-induced ischemia.?®
In dermal wound healing, wild-type and TSP1-null tissue
sections demonstrated comparable vascularity,®® in con-
trast to TSP2-null tissue sections that showed enhanced
vessel density. Furthermore, analysis of several visceral
organs in wild-type and TSP1-null mice failed to demon-

strate significant vascular differences.®® Quantification of
vascular elements in cutaneous units from age- and sex-
matched C57BL/6 wild-type, TSP1- and CD47-null, and
B6129sfJ and TSP2-null mice failed to document any sig-
nificant difference in vessel count (Figure 6B). Similarly,
immunohistochemical analysis of CD31" vessels in paraf-
fin-embedded hindlimb sections demonstrated no signifi-
cant differences between wild-type, TSP1-null, and CD47-
null mice (data not shown).

Irradiated Hindlimbs in Null Mice Experience
Minimal Apoptosis

To assess the effects of TSP1 and CD47 on radiation-
induced apoptosis in vivo, in situ staining of limb sections to
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Figure 6. TSP1 and CD47 modulate irradiated hindlimb responses to vaso-
active challenge. Age- and sex-matched C57BL/6 wild-type, TSP1-null, and
CD47-null mice received 25 Gy irradiation to the right hindlimb. Eight weeks
after irradiation, limb perfusion was assessed by laser Doppler imaging for 45
minutes after NO vasoactive challenge (1 ul/g weight 100 mmol/L DEA/NO
stock via rectal bolus). A: Animals were maintained at a core temperature of
35.5°C and 1.5% isoflurane anesthesia. Significance was determined using the
independent two-tailed #test. *P < 0.05 versus wild type. B: Cutaneous skin
sections 1 X 2 ¢cm in dimension were harvested from age- and sex-matched
mice, stained for H&E, and vessels counted.

detect DNA fragmentation was performed on age- and
sex-matched wild-type and null mice that received 25 Gy to
the hindlimb. Consistent with previous studies®' time
course experiments in wild-type animals demonstrated
maximal tissue staining at 12 hours (data not shown). In
contrast, immunohistology of TSP1- and CD47-null limbs
after radiation demonstrated minimal to no evidence of ap-
optosis either in the skeletal musculature or the bone mar-
row (Figure 7A).

Endogenous TSP1 and CD47 Regulate
Radiation-Induced Death of Vascular Cells

in Vitro

Improved hindlimb survival in TSP1- and CD47-null mice

could result from an intrinsic resistance of cells in the null
tissue to irradiation or from a diminished inflammatory

response in the nulls that permits better repair of the
radiation injury. To differentiate these two hypotheses we
assessed the intrinsic radiation sensitivity of primary vas-
cular cells cultured from each strain. Several studies
have reported that vascular endothelial cells are highly
radiosensitive and so may limit hindlimb survival of irra-
diation.®® Primary endothelial cells from lungs of wild-
type, TSP1-null, and CD47-null mice were irradiated, and
mitochondrial viability was determined by MTT assay 72
hours after injury. Wild-type cells demonstrated radiation
dose-dependent cell death that resembled that of human
cells (Figure 8A and results not shown). In contrast,
doses up to 40 Gy failed to induce significant cell death
in TSP1- and CD47-null cells.

Chronic pulmonary inflammation has been reported in
TSP1-null mice,®° and the resulting inflammatory media-
tors could potentially alter the radiation sensitivity of en-
dothelial cells harvested from this organ. However, the
12-week-old sex-matched mice used in the present study
demonstrated no evidence of lung inflammation in any
strain based on histological analysis of H&E sections
(Figure 7B). Radioprotection in primary cells was specific
for loss of TSP1 in that primary TSP2-null endothelial cells
were not protected after irradiation (Figure 8B).

TSP1 Limits Endothelial Cell Proliferation after
Irradiation

Although the above results show that ablation of TSP1 or
CDA47 permits cell survival after 40 Gy of irradiation, it was
not clear that these cells maintain the ability to proliferate.
To assess this, we examined cellular incorporation of
BrdU into DNA. Consistent with their limited proliferative
capacity in tissue culture, untreated wild-type murine
lung endothelial cells showed diminished BrdU uptake
with time, and 40 Gy of irradiation further diminished their
DNA synthesis. As previously published, TSP1-null cells
have an enhanced proliferative capacity,'® but irradiation
of these cells did not significantly decrease DNA synthesis
throughout the 7-day time period studied (Figure 8C).
Therefore, in addition to promoting survival, the absence of
TSP1 permits continued growth of irradiated vascular cells.

Absence of Endogenous TSP1 Does Not Limit
Tumor Response to Radiation

Expression of TSP1 by tumor cells is known to limit tumor
angiogenesis and growth®® but not acute blood flow.34
Conversely, host TSP1 expression can limit B16 tumor
growth by inhibiting angiogenesis.®> Because pretreat-
ment with exogenous TSP1 enhanced the response of a
human melanoma xenograft to radiation,*® we examined
whether endogenous host TSP1 could similarly serve as a
radiosensitizer. Syngeneic B16F10 melanoma cells were
implanted into the hindlimbs of age- and sex-matched
wild-type and TSP1-null mice. B16 melanoma cells ex-
press very low levels of TSP1 mRNA, and TSP1 protein
was reported to be below detectable levels.?” When the
tumors obtained a volume of 200 mm?, half of the mice of
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Figure 7. Endogenous TSP1 and CD47 sensitize muscle and bone marrow to radiation-induced apoptosis. A: The presence of apoptosis within mouse hindlimb
tissue was examined by immunohistochemistry using a peroxidase in situ apoptosis detection kit. Nonirradiated control hindlimbs (top) and hindlimbs irradiated
for a total of 25 Gy from the indicated strains were prepared for paraffin-embedded tissue sections 12 hours after radiation and were examined for the presence
of apoptotic nuclei. Apoptosis is inferred by intranuclear staining of muscle and bone marrow cells. Images were acquired using a X20 objective. B: Lungs were
obtained from 12-week-old wild-type, TSP1-null, and CD47-null mice and stained for H&E. Original magnifications, X100.
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Figure 8. TSP1 and CD47 limit vascular cell survival and proliferation after radiation. A: Primary vascular endothelial cells were harvested as previously described
from wild-type, TSP1-null, and CD47-null mice and plated in growth medium on 96-well culture plates (5 X 10° cells/200 pl per well), treated with the indicated
doses of radiation, and cell viability determined by MTT assay at 72 hours. Significance was determined using the independent two-tailed #test. *P < 0.05 versus
wild type. B: Primary vascular endothelial cells were harvested from wild-type and TSP2-null mice and plated in growth medium on 96-well culture plates (5 X
10 cells/200 pl per well), treated with the indicated doses of radiation and cell viability determined by MTT assay after 72 hours of incubation. Primary murine
wild-type and TSP1 vascular endothelial cells were seeded into 96-well plates at 5 X 10* cells/well density. After 24 hours cells were then either irradiated at 40
Gy or left to incubate at 37°C as a control. C: At the indicated time points after irradiation, proliferation was assessed by quantifying incorporation of BrdU into
new synthesized DNA using a BrdU cell proliferation assay (Calbiochem, La Jolla, CA). Results are presented as relative fluorescence units (RFUs), and significance
was determined using the one-way analysis of variance test. *P < 0.05 versus wild type. C57BL/6 wild-type (D) and TSP1-null 12-week-old female mice (E) were
inoculated with B16F10 melanoma cells (2.5 X 10° cells/animal) to the right lateral thigh. On tumors reaching 200 mm?® half of each group underwent 10 Gy of
radiation to the tumor-bearing limb. Tumor size was measured bi-weekly. Animals were sacrificed if tumors exceeded 2 cm?. Results are from 16 animals, 8 of
each strain.

each strain received 10 Gy of irradiation to the tumor-
bearing hindlimb. Tumors in both wild-type and TSP1-null
animals demonstrated a significant growth delay after
radiation (Figure 8, D and E). The delay was somewhat
longer in the null, suggesting that therapies to protect
normal tissue by blocking TSP1/CD47 signaling would
not impair radiotherapy of the tumor.

Discussion

Off target damage to noncancerous tissues and vital
organs remains one of the primary limitations for applying
radiation therapy to treat cancer. One effort to enhance

the therapeutic potential for radiotherapy while minimiz-
ing its complications has centered on developing radio-
protectants. We herein identify TSP1 and CD47 as limit-
ing components of a cell-autonomous signaling pathway
that controls tissue survival after high-dose irradiation.
The therapeutic potentials of this pathway are substantial.
Targeting this pathway may enhance the therapeutic win-
dow for radiotherapy of cancer by radioprotection of
healthy tissue. Agents that block this radiosensitization
pathway could also be valuable to limit the toxic effects of
accidental radiation exposure.

Radiation-induced tissue damage and vascular dys-
regulation was evident in irradiated wild-type and TSP2-



null hindlimbs but minimal in irradiated TSP1-null and
CD47-null hindlimbs. Enhanced cell survival and prolifer-
ation correlated with tissue preservation at the gross and
microscopic levels in both TSP1- and CD47-null animals,
an advantage also not realized in irradiated TSP2-null
mice. Tissue preservation translated into improved func-
tional status 8 weeks after irradiation. Functional benefits
to the irradiated tissue beds included decreased hair
loss, cutaneous desquamation and ulceration, tissue
contracture, and ischemia. These long-term benefits ap-
pear to result from an acute survival advantage of the null
genotypes because both tissue and bone marrow apo-
ptosis were drastically reduced in the null mice within 1
day after the radiation injury. In the absence of TSP1/
CDA47 signaling, vascular cells cultured from the respec-
tive null mice showed enhanced cell survival and prolif-
erative capacity after radiation injury, demonstrating that
this acute radioprotection of vascular cells is cell-autonomous.

Damage to DNA is an immediate and universal effect
of radiation. As expected, endogenous TSP1 does not pre-
vent this immediate damage as assessed by similar loss of
mitochondrial DNA in wild-type and null irradiated tissue.
DNA damage in turn initiates both cell repair pathways and
cell death via p53-dependent and p53-independent mech-
anisms. Because TSP1 signaling via CD47 is known to
induce caspase-independent type Il cell death in leuko-
cytes,?? the absence of TSP1 or CD47 may prevent radia-
tion-induced cell death through a similar mechanism. This
combined with enhancement of prosurvival NO/cGMP sig-
naling could account for the cell-autonomous radioprotec-
tion of the null vascular cells. The protection from radiation-
induced damage in vivo, however, probably involves
additional functions of TSP1 and CD47. CD47 is required for
leukocyte recruitment,®® and TSP1 is also known to stimu-
late T-cell migration.®® Therefore, TSP1- and CD47-null
mice also might benefit from decreased leukocyte recruit-
ment during the acute response to radiation injury.

Endothelial cells are exquisitely sensitive to radiation-
induced cell death through the induction of several me-
diators of apoptosis.®® Within 24 hours of irradiation,
damaged capillaries demonstrate leukocyte attachment,
endothelial cell swelling, thrombosis with complete loss
of capillary networks, and secondary ischemia. Even ves-
sels that remain patent undergo long-term thickening of
the basement membrane and soft tissue scarring. This
late effect is driven by activation of fibroblasts by radia-
tion through the terminal differentiation of progenitor cells
into postmitotic fibrocytes and elevated production of
collagen by the same.32° These processes depend on
transforming growth factor (TGF)-B, and TSP1 is a medi-
ator of latent TGF-B activation*' and TGF-B-dependent
fibrosis.*? Deletion of Smad3 in mice is protective for
radiation-induced fibrosis by blocking TGF-B signaling.?®
Thus, TSP1-null mice may be partially protected from the
long-term fibrotic response to radiation, but this does not
explain the immediate protection of the TSP1-null, and we
would not expect CD47-null mice to share this TGF-B-
dependent benefit.

Although TSP1- and CD47-null endothelial cells and
mice show a dramatic resistance to radiation, TSP2-null
cells and mice showed no significant protection against
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radiation-induced cell death or tissue damage. This was
surprising because TSP1 and TSP2 share a number of
cellular receptors, and both are potent angiogenesis inhib-
itors. TSP2 was inferred to interact with CD47 based on
conservation of a CD47-binding peptide sequence identi-
fied in TSP1 and a shared immune phenotype of TSP1- and
TSP2-null mice.*>** However, uncertainties concerning
structural basis for TSP1-CD47 interaction raise questions
about whether TSP2 also interacts with this receptor.*® Lack
of radioprotection in the TSP2-null could arise either from
lack of TSP2 binding to CD47 or lack of significant TSP2
expression at an appropriate time after radiation injury.

Deletion of several other genes in transgenic mice has
been associated with increased (Nos7, Smad3, Chk2,
p53) or decreased radioresistance (cKit, p53) of bone
marrow or intestinal crypt cells to whole body irradiation
or to irradiation of cells in vitro.'**®~48 However, less
attention has been given to identifying genes that mod-
ulate the radiosensitivity of skin and other soft tissues that
can be dose-limiting for radiotherapy of tumors and com-
plicate reconstructive surgery after irradiation.

Thbs1 or CD47 deletion dramatically improves hind-
limb resistance to high-dose irradiation and vascular cell
survival of irradiation in vitro. This suggests that strategies
to prevent TSP1/CD47 interaction or to suppress expres-
sion of either protein could enhance the radioresistance
of soft tissues. Our preliminary studies in TSP1-null mice
demonstrate that tumors in these mice retain their sensi-
tivity to radiation. Therefore, TSP1/CD47 antagonists may
have selective radioprotective activity for normal tissues.
However, additional studies are needed to determine
whether therapeutic blockade of TSP1-CD47 in wild-type
mice would influence the sensitivity of tumors to ionizing
radiation under these conditions and to address whether
the beneficial effects of this pathway extend to the late
tissue damage associated with irradiation.
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