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Abstract

Radiation-induced damage of normal tissues restricts the therapeutic doses of ionizing radiation that

can be delivered to tumors and thereby limits the effectiveness of radiotherapy. Thrombospondin-1

signaling through its cell surface receptor CD47 limits recovery from several types of stress, and

mice lacking either gene are profoundly resistant to radiation injury. We describe strategies to protect

normal tissues from radiation damage using CD47 or thrombospondin-1 antibodies, a CD47-binding

peptide, or antisense suppression of CD47. A morpholino oligonucleotide targeting CD47 confers

radioresistance to human endothelial cells in vitro and protects soft tissue, bone marrow, and tumor-

associated leukocytes in irradiated mice. In contrast, CD47 suppression in mice bearing melanoma

or squamous lung tumors prior to irradiation result in 89% and 71% smaller tumors, respectively.

Thus, inhibiting CD47 signaling maintains the viability of normal tissues following irradiation while

increasing the radiosensitivity of tumors.

Introduction

Irradiation is part of the therapeutic plan for over half of all cancer patients (1). The major side

effects associated with this treatment result from radiation-induced damage to normal tissue

(2,3), including acute destruction of rapidly proliferating cells in radiosensitive tissues

(lymphoid organs, bone marrow, intestinal crypts, testes, and ovaries) and long term fibrotic

damage to soft tissues that progressively limit their function. Although the use of precise fields

and accurate dose planning can limit this damage to adjacent tissues, it still occurs in most

patients and ultimately limits the effective radiation dose that can be delivered to a tumor (4–

6).
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Summary

Suppression of CD47 expression protects normal tissue from radiation injury and simultaneously enhances the activity of ionizing

radiation to delay tumor growth.
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Ionizing radiation causes genomic instability, cell death, fibrosis, and tissue necrosis (7). Some

radiation-induced injuries to normal tissue result from direct damage to macromolecules,, but

most damage arises from generation of reactive oxygen and nitrogen species that cause DNA

double-stranded breaks, producing chromosomal rearrangements and resulting in cell cycle

arrest and cell death (8–11).

The important role of free radicals in mediating radiation injury has been exploited to develop

radiosensitizers that increase radical damage and the responses of tumors to ablative

radiotherapy (12). Conversely, efforts to devise therapies that scavenge free radicals to

selectively protect normal tissue from the damaging effects of ionizing radiation have shown

success (13), but their clinical utility is diminished either by drug toxicity or by their protecting

tumors as well as normal tissue from irradiation. For example, the prodrug Amifostine

generates an active free thiol metabolite that scavenges free radicals and is an approved

radioprotectant for radiotherapy of head and neck cancer that reduces mucositis and improves

complete response rates (14). However, the selectivity of Amifostine for normal tissue remains

controversial, and reports of tumor radioprotection along with numerous side effects have

limited its broader clinical use (15,16). A number of additional radioprotection approaches,

such as scavenging free radicals by increasing Mn-superoxide dismutase levels, are currently

in preclinical development (17).

Thrombospondin-1 (TSP1), a glycoprotein produced and secreted by a variety of cell types in

response to growth factors, inflammation, and other forms of injury, can both increase and

decrease endothelial and vascular smooth muscle cell proliferation, motility and adhesion,

while limiting endothelial cell survival (18,19). TSP1, through its necessary receptor CD47,

limits the pro-survival effects of nitric oxide (NO) in vascular cells and tissues (20,21). TSP1

inhibits the canonical NO pathway at multiple levels including its main cellular target soluble

guanylate cyclase and downstream at cGMP-dependent protein kinase (18,20,22). TSP1 and

CD47 null mice and primary cells cultured from these mice show increased physiologic NO

signaling and dramatically increased resistance to tissue death from ischemia and ischemia-

reperfusion injuries (23,24).

Consistent with the known radioprotective activity of NO donors (25,26), the absence of TSP1

or CD47 also confers near complete resistance to high dose radiation injury in primary null

cells and in the whole animal (27). These findings suggested that therapeutically blocking

TSP1-CD47 interactions in wild type animals could confer similar radioprotection of normal

tissue. Here we validate several such approaches to radioprotect human cells in vitro and

examine their radioprotective activities in healthy and tumor-bearing mice.

Results

Radioprotection of human endothelial cells by targeting TSP1 or CD47

The profound radioresistance of primary vascular cells cultured from TSP1 and CD47 null

mice demonstrates that this effect is cell autonomous (27). Thus, we tested primary human

umbilical vein endothelial cells (HUVEC) that express both TSP1 and CD47 to investigate

whether therapeutic targeting of TSP1 or CD47 could confer similar radioprotection. HUVEC

showed dramatically increased radioresistance when treated with antibodies to TSP1 (clone

A6.1) or its receptor CD47 (clone B6H12), both of which block signaling through this receptor

(21,28), and mitochondrial function in the treated cells was preserved at up to 40 Gy (Fig. 1A,

B). A CD47 binding peptide (7N3) that inhibits TSP1 binding to CD47 (29) was less efficacious

(Fig. 1C), but at higher radiation doses it still enhanced cell survival after irradiation relative

to the control peptide 604 (Fig. 1D).
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Although viable, the above data do not show that the treated endothelial cells can proliferate

after irradiation. Therefore, we measured bromodeoxyuridine (BrdU) incorporation into newly

synthesized DNA in HUVEC treated with increasing doses of A6.1, B6H12 antibodies and the

7N3 peptide (Fig. 1E, 1F, 1G, respectively) prior to single dose irradiation at 40 Gy. Irradiation

of untreated HUVEC caused a reduction in BrdU uptake, but treatment with A6.1 and B6H12

dose-dependently increased BrdU incorporation almost to that of the un-irradiated control.

Peptide 7N3 also enhanced BrdU incorporation in irradiated HUVEC, but less effectively than

the antibodies. Together, these results indicate that blockade of TSP1 or CD47 allows survival

and sustained proliferation of endothelial cells after irradiation.

Previous reports showed that suppression of CD47 expression in cells and tissues is sufficient

to enhance physiologic NO signaling and confer tissue protection to ischemia (30,31).

Similarly, an antisense CD47 morpholino rendered HUVEC resistant to radiation-induced cell

death when compared to untreated, mismatched morpholino, and morpholino delivery vehicle

(Endoporter) controls (Fig. 1H) (P < 0.05). This radioprotective effect is specific to TSP1-

CD47 signaling in that HUVEC treated with an antisense morpholino specific for another TSP1

receptor, CD36, showed a decrease in cellular viability similar to that of untreated cells and

cells treated with the corresponding mismatched control morpholino (Fig 1I).

TSP1/CD47 blockade maintains proliferative capacity in irradiated endothelial cells

Tissue health requires the ability to repair and replace damaged structures through cell

proliferation. Proliferative capacities are typically lost in normal tissues following ionizing

radiation injury. We therefore determined whether therapeutic targeting of TSP1/CD47

preserved the proliferative capabilities of human vascular cells. DNA synthesis following

irradiation in untreated cells progressively decreased over 1 week (Fig. 2A). Pretreatment with

the CD47 morpholino, but not with vehicle or a mismatched control morpholino, maintained

proliferation in cells exposed to radiation over the same time period (Fig. 2A) (P < 0.05).

Enhanced DNA synthesis was also seen under the same conditions with blocking antibodies

against either TSP1 or CD47 (Fig. 2B) (P < 0.05). These results were consistent with our

previous observations that primary murine TSP1 and CD47-null vascular cells maintain their

proliferative capacity even after irradiation at 40 Gy (27).

Increased NO or cGMP is not sufficient for radioprotection

Administration of the slow releasing NO donor diethyltriamine NONOate (DETA/NO) has

been associated with increased survival in irradiated hamster fibroblasts (25) and whole body

irradiation in mice (26). TSP1, via CD47, limits physiologic NO signaling in vascular cells

and tissues of several mammalian species including mice and pigs (20,31,32), suggesting that

the radioprotection obtained by suppressing CD47 expression results from enhanced NO

signaling. However, treatment with DETA/NO (Fig. 3A) or a cell permeable cGMP analog

(Fig. 3B) did not confer a significant survival advantage to irradiated HUVEC. Conversely,

non-selective inhibition of endogenous NO production by NO synthases with L-NAME did

not significantly increase cell death after irradiation (Fig. 3C) and did not prevent treatment

with the CD47 morpholino from enhancing cell survival (Fig. 3C). Therefore, the

radioprotection afforded by TSP1/CD47 targeting occurs in a largely NO-independent manner.

Tissue protection and decreased vasculopathy from radiation injury by antisense CD47

suppression

To test whether interference with TSP1 signaling through CD47 could confer radioprotection

in vivo, we treated the right hindlimb of age and sex matched C57BL/6 wild type mice with a

one-time 750 μl local injection into the muscle and soft tissues of the CD47 antisense

morpholino oligonucleotide (10 μM in PBS), a mismatched control morpholino, or vehicle

(PBS). Forty-eight hours later the animals received 25 Gy irradiation to the treated hindlimb.
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At the end of 8 weeks, significant alopecia, dry and wet desquamation, and tissue ulceration

with fibrous contracture of radiated hindlimbs was noted in mice pre-treated with the control

morpholino or vehicle. In contrast, mice receiving the CD47 targeting morpholino showed less

alopecia, ulceration, and desquamation at the end of 8 weeks (Fig. 4A, B). The hindlimbs of

treated mice also showed less contracture due to fibrosis (P < 0.04) and remained more flexible

and supple (Fig. 4C). The vasculature and in particular vascular endothelial cells are very

sensitive to radiation (33–35). Following injury, vascular networks undergo a progressive

fibrous obliteration, resulting in a loss of perfusion, ischemia, and tissue necrosis. Irradiated

hindlimbs treated with the CD47 suppressing morpholino showed enhanced vascular perfusion

in response to challenge with the fast releasing NO donor diethylamine NONOate (DEA/NO)

assessed by laser Doppler imaging 8 weeks after irradiation (Fig. 4D upper panels, E). In

contrast, vehicle-treated irradiated hindlimbs demonstrated an impaired response to this

vasodilator (Fig. 4D lower panels, E). Therefore, the ability of an irradiated vascular bed to

respond to a physiological vasodilator is preserved by suppression of CD47.

Reduced apoptosis in irradiated bone marrow and skeletal muscle through CD47

suppression

Control hindlimbs examined 24 h after irradiation showed the expected apoptosis response

detected by terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining

in bone marrow and skeletal muscle cells (Fig. 5A). In contrast, hindlimbs that received the

CD47 morpholino demonstrated significantly less cell death in the skeletal muscle (36.0 ± 4

vs. 12.0 ± 1.0, n=5 for both groups Fig. 5A, B) (P < 0.0001). Based on examination of H&E

stained sections after 8 weeks (results not shown), the increased survival of treated hindlimb

skeletal muscle was comparable to that obtained in hindlimbs from CD47 null mice (27).

Although bone marrow cells are among the most sensitive to radiation-induced death, reduced

TUNEL staining after 24 h indicated that tissue protection by CD47 morpholino treatment

extends to the bone marrow compartment (48.0 ± 3.7 vs. 25.6 ± 4.4 n=5 for both groups Fig.

5A, C) (P < 0.0001)..

CD47 suppression protects hematopoietic progenitors

To examine whether CD47 suppression preserves the proliferative capacity of bone marrow

hematopoietic progenitor cells, bone marrow cells were harvested immediately after 10 Gy

irradiation from the femurs of untreated mice or mice pretreated for 48 h with CD47 morpholino

The cells were plated in methylcellulose medium containing appropriate growth factors to

assess colony forming units (CFU) for erythroid (CFU-E), burst-forming unit-erythroid (BFU-

E), granulocyte (CFU-G), macrophage (CFU-M), granulocyte/macrophage (CFU-GM), and

granulocyte/erythroid/macrophage/megakaryocyte (CFU-GEMM) progenitors. Cultures

derived from mice treated with CD47 morpholino showed 74 % more total CFU when

compared to cultures of cells derived from mice treated with PBS (Fig. 5D) (191 ± 11 vs.109

± 19, n = 5 for both groups). Thus, blockade of CD47 by morpholino treatment protects bone

marrow progenitor cell clonogenic activity after irradiation, demonstrating the ability of such

irradiated cells to undergo multiple cycles of cell division.

Radiation combined with CD47 suppression increases growth delay in two syngeneic murine

tumor models

A major concern with any radioprotection strategy is that it will likewise enhance radio-

resistance in tumors. Published results for syngeneic tumors implanted in TSP1 null mice

demonstrated no loss in radiosensitivity in these tumors (27), but this does not address whether

suppressing CD47 expression in the tumor would be radioprotective. Therefore, we implanted

syngeneic B16 melanoma tumors into the thighs of C57BL/6 mice, treated them with the CD47

targeting morpholino or vehicle, and followed tumor growth rates after therapeutic irradiation
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(10 Gy). As expected, vehicle control and tumor only groups demonstrated rapid tumor growth,

with animals succumbing within 3–4 weeks. Treatment with the morpholino in the absence of

irradiation only slightly delayed tumor growth. Irradiation alone resulted in the expected

regrowth delay. In contrast, treatment of tumor-bearing limbs with the CD47 morpholino

followed by irradiation dramatically delayed tumor re-growth relative to irradiation alone (Fig.

6A). Concurrent with an enhanced tumor response to radiation, TUNEL staining of muscle

and bone marrow tissues adjacent to the tumor and within the field of radiation showed

radiation-induced cell death, which was markedly decreased in mice treated with the CD47

morpholino (supplemental Fig. 1).

To determine whether this enhanced tumor response to ionizing radiation was unique to B16

melanoma or the C57BL/6 background, we conducted another study in C3H mice implanted

into the hindlimb with a mouse squamous cell carcinoma (SCC VII). The same treatment and

radiation schedules were used, and similar tumor growth delays relative to irradiation alone

were seen in those mice treated with the CD47 morpholino (Fig. 6B).

Patient tumors are frequently not accessible for local injection, so we compared radiation-

induced growth delays in SCC VII tumors treated locally or by intraperitoneal injection of

CD47 morpholino (Fig. 6C). Growth delays were comparable for both treatment routes,

consistent with previous reports of systemic activity of morpholino oligonucleotides (36).

Therefore, local treatment is not required to achieve increased tumor responses to irradiation

by CD47 suppression.

One possible explanation for this unexpected enhancement of tumor regrowth delay is that

CD47 suppression confers increased radiosensitivity to the tumor cells. Analysis of isolated

B16 melanoma cells exposed to irradiation (10 Gy), however, revealed a mild radioprotective

effect for cell viability in vitro after treatment with either peptide 7N3 or CD47 morpholino

when compared to untreated cells (Fig. 6D) (P < 0.05). Therefore, CD47 suppression results

in a mild cell-autonomous increase in radio-resistance of this tumor cell line that cannot explain

the large tumor growth delay seen in vivo.

Increased fibrosis, inflammatory response, and macrophage infiltration in tumors where

CD47 is suppressed

Enhancement of anti-tumor immunity is another mechanism by which CD47 suppression could

increase the sensitivity of tumors to radiation in vivo. Tumor cells are often infiltrated with

inflammatory cells such as lymphocytes, neutrophils, macrophages, and mast cells. Depending

on their differentiation state, tumor-infiltrating macrophages can either limit or support tumor

growth (37–39). Killing of tumor cells by M1 differentiated macrophages involves

phagocytosis, which is inhibited when the target cells express CD47 (40,41), suggesting that

suppression of CD47 on either the tumor or infiltrating cells could affect tumor re-growth.

H&E staining of B16 tumors from irradiated hindlimbs treated with the CD47 morpholino

revealed greater fibrosis and necrotic response within the tumor parenchyma after radiation

compared to irradiated tumors without treatment (Fig. 7A). As expected, tumors in irradiated

untreated hindlimbs had increased numbers of inflammatory cells undergoing apoptosis (Fig.

7B center panel, D). In contrast, tumors treated with the CD47 morpholino prior to irradiation

showed radioprotection of inflammatory cells associated with the tumor (59.8 ± 3.8 in the

tumor + radiation group vs. 33.6 ± 5.2 in the tumor + radiation + CD47 morpholino group, n=5

in each group P <0.0001) (Fig. 7B right panel, D). Concurrently, tissue staining for the

macrophage marker CD68 showed increased positive staining in the periphery of those tumors

subjected to CD47 suppression (28.4 ± 4.5 in the tumor + radiation group vs. 60.4 ± 6.2 in the

tumor + radiation + CD47 morpholino group, n=5 in each group P<0.0001) (Fig. 7C, E).

Therefore, the increased regrowth delay in irradiated tumor-bearing limbs treated with the

Maxhimer et al. Page 5

Sci Transl Med. Author manuscript; available in PMC 2010 April 21.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



CD47 morpholino is associated with increased macrophage recruitment and/or survival, which

may result in enhanced innate immune clearance of these irradiated tumors.

Discussion

These results demonstrate that temporary suppression of CD47 expression can protect normal

tissues from damage by ionizing radiation. This protection is observed in the skin, muscle, and

bone marrow of irradiated mouse hindlimbs. Consistent with previous results using TSP1 null

and CD47 null murine vascular cells (27), inhibiting TSP1-CD47 signaling cell-autonomously

protects human endothelial cells from radiation-induced death and preserves their proliferative

capacity. Suppression of CD47 in vivo also preserves the proliferative capacity of

hematopoietic progenitors in bone marrow. In addition to CD47 antisense suppression of CD47

expression, synthetic peptides and antibodies that inhibit TSP1 binding to CD47 (29) induce

radioresistance in vitro. Although suppression of CD47 also confers a modest radioprotection

to B16 melanoma cells in vitro, such radioprotection does not occur for B16 or SCC VII tumors

in vivo. Rather, suppression of CD47 enhances the radiation-induced regrowth delay in two

strains of mice bearing syngeneic melanoma or squamous lung carcinoma tumors, respectively.

These results predict that therapeutic targeting of the TSP1/CD47 interaction would be an

effective means to enhance tumor ablation by radiotherapy, while at the same time decreasing

the harmful effects of radiation treatment on adjacent normal tissues. Our results further

demonstrate that this selective radioprotection can be achieved by systemic delivery of the

CD47 morpholino.

The mechanism for increased tumor radiosensitivity following CD47 suppression is not yet

clear. Suppressing CD47 expression on B16 melanoma cells in vitro does not increase their

intrinsic sensitivity to radiation, so the increased regrowth delay is not tumor cell autonomous.

Previous studies suggest two explanations. One is that CD47 suppression protects tumor

infiltrating leukocytes from killing by irradiation, and these may have enhanced cytotoxic

activities against irradiated tumor cells with decreased CD47 expression (40,42,43). This

hypothesis is supported by our observations that CD47 blockade protects tumor associated

leukocytes against radiation-induced cell death in bone marrow and in irradiated tumors and

by our previous observation that regrowth is also delayed after irradiation for B16 tumors

grown in TSP1 null mice (27). Specifically, the number of tumor-associated macrophages is

increased following CD47 blockade. Recently, ionizing radiation was shown to induce the

secretion by cancer cells of proinflammatory chemotactic factors that recruit anti-tumor

effector T cells and aid in the anti-tumor immune response (44). In addition to killing tumor

cells, local irradiation induces apoptotic cell death of tumor-associated macrophages and T

cells within. Thus, radiation directly ablates the tumor but simultaneously compromises host

anti-tumor immunity (45). If CD47 suppression preferentially protects tumor-associated

macrophages, this could account for our observation of increased tumor associated

macrophages for irradiated tumors pretreated with the CD47 morpholino.

A second potential mechanism involves the effect of increased tissue oxygenation to sensitize

some tumors to ionizing radiation (46–48). Our data shows that CD47 suppression protects

vascular function after irradiation, so improved blood flow in the morpholino treated tumors

may result in a greater re-growth delay due to increased oxygen-dependent free radical damage

to these tumors (49). At present we have no data to support this as an acute mechanism to

increase regrowth delay, but the laser Doppler data demonstrates that CD47 suppression

preserves vascular responsiveness to NO when assessed 8 weeks after irradiation. Additional

studies are needed to determine whether the same treatment acutely increases tumor perfusion

and oxygenation.
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Radiation therapy commonly results in lymphopenia, low functional activity of natural killer

lymphocytes, decreased monocyte phagocytic activity, and decreased TNF-α production in

cancer patients (50). TSP1 and CD47 are both implicated in phagocytic activity. TSP1 acts as

a bridging molecule between phagocytes and apoptotic target cells (51,52), and CD47

expression on target cells limits their phagocytosis by engaging its counter-receptor SIRPα on

phagocytic cells (53). A recent study of human myeloid leukemias found elevated CD47

expression and demonstrated that this can prevent macrophage-dependent clearance of the

tumor cells in vivo (43). Thus, suppression by the morpholino of CD47 on tumor cells in our

experiments may enhance their phagocytosis by M1-differentiated tumor macrophages, while

suppression of CD47 on tumor infiltrating leukocytes may simultaneously preserve the

viability and function of these cells after irradiation. This hypothesis is consistent with the

reduced apoptosis of tumor infiltrating cells seen after irradiation following CD47 suppression.

This resistance may enable the host innate immune cells in treated mice to better attack

irradiated tumor cells.

Although we have only demonstrated in vivo efficacy of the antisense morpholino, in vitro

studies demonstrate that the TSP1/CD47 pathway can also be targeted using monoclonal

antibodies that bind to either TSP1 or CD47 and by small peptides that inhibit TSP1 binding

to CD47 (29). Like the morpholino, these agents maintain cell viability and proliferative

capacity after irradiation. Thus, these agents or orally available small molecules designed to

inhibit TSP1 binding to CD47 could also be effective radioprotectants in vivo and merit further

development. However, the CD47 morpholino also merits further investigation as a potential

therapeutic based on our evidence that it has systemic activity to improve tumor responses to

irradiation.

TSP1-CD47 antagonists are also known to limit physiologic NO signaling (28). Yet, our control

experiments suggest that, in the case of radiation injury, cell protection from TSP1/CD47

blockade occurs primarily in an NO-independent manner. We do not yet know whether other

known molecular targets of CD47 signaling such as Fas or G proteins are involved (54,55).

The single dose levels of radiation employed on both cultured cells and animal hindlimbs in

this study are approximately 10-fold greater than the typical 1.8-2 Gy daily dose currently

employed for radiotherapy of cancers and are within the 20–80 Gy total doses used for such

treatment (56). Nevertheless, TSP1/CD47 blockade renders isolated cells and composite tissue

nearly immune to radiation induced cell death and tissue necrosis/damage. These findings

indicate that agents targeting TSP1/CD47 may allow for more aggressive application of

radiation in the treatment of cancer and increase the percentage of curative responses.

Materials and Methods

Reagents and cells

HUVEC were cultured in endothelial basal medium supplemented with the manufacturer’s

additives and 2% fetal calf serum (FCS) in 5% CO2 at 37° C (Lonza, Switzerland). The murine

B16F10 melanoma was from Dr. L. Varticovski (NCI). The squamous cell carcinoma cell line

SCC VII was as described (57). Cells were expanded in standard growth medium (RPMI 1640

with 10% FCS; Gibco, Grand Island, NY), screened for rodent viruses, and frozen at uniform

passage for injection in mice. A CD47 targeting morpholino oligonucleotide (5′-
CGTCACAGGCAGGACCCACTGCCCA) and mismatched control morpholino, a CD36

targeting morpholino (5′-ATGGGCTGTGACCGGAACTGTGGGC-3′) and a 4 base

mismatched control, and Endoporter delivery vehicle were purchased from GeneTools

(Philmonth, Oregon). The CD47 targeting morpholino blocks translation of both murine and

human CD47 mRNAs (58). Mouse monoclonal antibodies recognizing human CD47 (B6H12)

and murine or human TSP1 (A6.1) were purchased from Abcam (Cambridge, MA). The TSP1-
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derived CD47 binding peptide FIRVVMYEGKK (7N3) was synthesized by Peptides

International (Louisville, KY). A control peptide FIRGGMYEGKK (604) was synthesized by

the late H. Krutzsch (NCI, NIH) (59). NG-nitro-L-arginine methyl ester (L-NAME) and the

cGMP analog 8-Bromo cGMP were obtained from Sigma (St. Louis, MO). DETA/NO and

DEA/NO were synthesized by Dr. L. Keefer (NCI, Frederick, MD).

Animals

C57BL/6 and C3H mice were housed in a pathogen-free environment and had ad libitum access

to rat chow and water. Care and handling of animals under protocol LP-012 was in compliance

with standards established by the Animal Use and Care Committee of the National Cancer

Institute.

Irradiation of mice

Age and sex matched wild type mice underwent local irradiation to the right hindlimb as

described (27). Forty-eight hours prior to irradiation, animals received the CD47 morpholino,

a control morpholino (both at 10 μM in 750 μl PBS via intramuscular injection), vehicle, or

no treatment to the hindlimb. Under 1% isoflurane inhalation anesthesia, the animals were

placed in customized Lucite jigs that allow for immobilization and selective irradiation of the

right hindlimb. 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/min. Care was taken to avoid irradiation of other body parts by using lead shields

specifically designed as a part of the jigs. After irradiation, the animals were placed in cages

as indicated above and observed weekly. Skin reaction after hindlimb irradiation was quantified

every week after treatment for 8 weeks using a previously described grading system (60).

Briefly, the tissue necrosis grading system consists of 5 categories: normal, hair loss, erythema,

dry desquamation, and moist desquamation/ulceration. Leg contraction was assessed as

described (27).

In other experiments, mice were injected in the right hindlimb with either 1×106 B16F10

melanoma cells (C57BL/6 mice) or 1.5×105 SCC VII cells (C3H mice), and tumors were

allowed to grow for 1 week. After tumor incorporation, the hindlimbs were treated by local

subcutaneous/intramuscular injection with either the CD47 morpholino (10 μM in sterile PBS)

or an equal volume of PBS or by intraperitonal injection of the CD47 morpholino. Forty-eight

hours later, all mice were subjected to right hindlimb irradiation (10 Gy). The mice were

observed and tumor size determined two to three times a week by the same individual until

lesion size necessitated animal euthanasia.

Irradiation of cells

HUVEC and B16 mouse melanoma cells were plated in standard growth medium in 96- or 6-

well culture plates (Nunc) and allowed to adhere. Irradiation was done on a Precision X-Ray

X-Rad 320 (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.

Cell Viability Assay

HUVEC were plated at a density of 5000 cells/well in 96 well plates (Nunc) and treated 24

hours later with the indicated doses of an anti-human CD47 antibody (B6H12), a TSP1 antibody

(A6.1), the CD47-binding peptide 7N3, or control peptide 604. One hour later the cells were

exposed to a single dose of gamma radiation (0, 10, 20, 30, and 40 Gy) and allowed to incubate

another 72 hours at 37°C. Experiments with B16 melanoma cells were done in a similar manner

treating either 1 hour prior to a single dose of radiation (10 Gy) with peptide 7N3 or 48 hours
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prior with CD47 morpholino. Cell viability was determined by [3-(4,5-dimethylthiazol-2-

yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) reduction using

the CellTiter 96 Aqueous One Solution cell proliferation assay (Promega, Madison, WI) as per

the manufacturer’s instructions, and absorbance at 490 nm was determined with a plate reader

(Dynatech, Alexandria, VA). The same assay was performed on HUVEC treated with either

the CD47 or CD36 morpholino, but 48 h were allowed to pass prior to radiation (0 or 40 Gy)

to allow for suppression of the target proteins. Similarly, control experiments were performed

using the nitric oxide synthase inhibitor L-NAME, a membrane permeable cGMP analog, 8-

Bromo cGMP, or the NO donor DETA/NO.

Cellular Proliferation Assay

Proliferation was assessed by quantifying incorporation of bromodeoxyuridine (BrdU) into

newly synthesized DNA with a BrdU cell proliferation assay (Calbiochem, La Jolla, CA)

performed as described (27).

Tissue Apoptosis

The ApopTag in situ detection kit (Chemicon, Millipore, MA) was used following the

manufacturer’s recommendations and performed as described (27). In brief, animals were

sacrificed 24 h post irradiation (25 Gy) and hindlimbs embedded in paraffin blocks (American

HistoLabs, Gaithersburg, MD). In other experiments, animals were injected with 1×106 B16

melanoma cells and treated with either CD47 morpholino or sterile PBS as above. Mice were

sacrificed 24 h after irradiation (10 Gy), and hindlimbs were embedded in paraffin blocks.

Tissue sections incorporating the entire hindlimb were examined for apoptosis employing 3′-
hydroxy DNA strand breaks enzymatically labeled with digoxygenin nucleotide via TdT.

Positive and negative control slides provided with the kit were used in each assay to ensure

consistency.

Hematopoietic progenitor colony-forming assay

C57BL/6 mice, 8–10 weeks old were exposed to 10 Gy of irradiation to the hindlimb as

described above. Mice were injected IP with equal volumes of PBS or 10 μM CD47 morpholino

in 750 μl of PBS 48 h prior to irradiation. Immediately after irradiation, the mice were

euthanized by cervical dislocation, and femurs were extracted from the irradiated hindlimbs

under aseptic conditions. The femoral bone was cut at both joint ends, and a single cell

suspension of bone marrow cells from each individual mouse was obtained by flushing the

femoral cavity with 5 mL of cold RPMI containing 2% fetal calf serum using a 22-gauge needle.

The suspension of bone marrow cells was filtered through a 40 μm nylon mesh cell strainer

(Falcon, Becton Dickson Franklin Lakes, NJ USA) and centrifuged at 400 g for 10 min at 4°

C. Cells were plated in triplicate from each mouse in 35 mm dishes at a density of 2 × 104/ml

mixed with 1 ml of semisolid methylcellulose medium (Methocult M3434 Stem Cell

Technologies, Vancouver, BC, Canada) containing murine recombinant erythropoietin, stem

cell factor, interleukin 6, and interleukin-3 to support the formation of CFU-E, BFU-E, CFU-

G, CFU-M, CFU-GM, and CFU-GEMM. Cultures were grown in a humidified 37°C incubator

with 5% CO2 in air, and colonies of more that 30 cells were counted on day 10.

Laser Doppler Analysis

Hindlimb blood flow was measured with laser Doppler imaging (MoorLD1-2; Moor

Instruments, Devon, UK) as described (24,61). Animals received 25 Gy to right and left

hindlimbs. The right limb also received 500 μl of 10 μM CD47 morpholino in sterile PBS via

intramuscular injection 48 hours prior to radiation. Analysis of hindlimb blood flow to

vasoactive challenge was performed 8 weeks later. Studies were performed under 1.5%

isoflurane inhalation anesthesia and at a core temperature of 36.5° C. The parameters of the
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scan area; 1.6 × 2.5 cm, scan speed; 4 ms per pixel, scan time; 1 minute 54 sec, override distance;

20 cm. After obtaining baseline analysis of limb blood flow, an NO challenge (10 μM DEA/

NO, 100 nmol/g bodyweight) was administered via intra-rectal instillation and flow analysis

repeated. Blood flow was quantified by integrating flux measurements over the area of interest

at each time point and normalized to baseline integrated flux for the same limb in each mouse.

Immunohistochemical Evaluation

Staining for the macrophage marker CD68 was done as previously described (62) utilizing a

rat anti-mouse CD68 antibody (AbD Serotec, Raleigh, NC). H&E staining of tissue hindlimbs

was prepared by American HistoLabs, Gaithersburg, MD.

Statistics

Results are presented as the mean ± SD with significance calculated by the Student’s t test or

ANOVA analysis as appropriate using a standard software package (OriginLab Corporation,

Northampton, MA). Significance was assigned for a P value≤0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Radioprotective activities of TSP1 and CD47 antibodies, a CD47 binding peptide from TSP1,
and CD47 morpholino in human endothelial cells

HUVEC were treated with (A, E) TSP1 or (B, F) CD47 monoclonal antibodies (clone A6.1 or

B6H12, respectively), (C, G) peptide 7N3, or (D) control peptide 604, and received the

indicated doses of radiation 24 h after addition of the antibodies. Cell (mitochondrial) viability

was measured 48 h after irradiation by MTS reduction (A–D), and cell proliferation was

examined by BrdU incorporation into newly synthesized DNA (E–G). (H) Knockdown of

CD47 by pretreatment of HUVEC for 48 h with a specific morpholino complexed with

Endoporter vehicle protected against cell death as assessed by MTS reduction after a radiation

dose of 40 Gy when compared to control groups (non-treated, mismatched morpholino
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complexed with Endoporter, and Endoporter vehicle control) (*P <0.05, #P < 0.01). (I) Cells

treated with a morpholino to suppress the TSP1 receptor CD36 under the same conditions

demonstrated no radioprotection. Experiments were repeated 3 times, and results are presented

as the mean optical density ± SD.
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Fig. 2. Antibodies to TSP1 and CD47 and antisense suppression of CD47 maintain proliferation of
irradiated human endothelial cells

HUVEC were treated with (A) CD47 morpholino or (B) TSP1 or CD47 antibodies and exposed

to 10 Gy irradiation 48 hours later. DNA synthesis was assessed at the indicated times by BrdU

incorporation, and relative fluorescence (RFU) is presented as the mean ± SD (*P < 0.05, #p

<0.01). Experiments were repeated 3 times.
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Fig. 3. The radioprotective effect of CD47 suppression is independent of NO/cGMP signaling

HUVEC were treated with the indicated doses of the slow releasing NO donor DETA/NO (A)

or membrane permeable cGMP analog, 8-Bromo cGMP (B). Cell viability was measured by

MTS reduction 48 hours after 40 Gy irradiation. (C) HUVEC or HUVEC treated with CD47

morpholino were incubated with the indicated concentrations of nitric oxide synthase inhibitor

L-NAME prior to irradiation, and cell viability was measured by MTS reduction.
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Fig. 4. CD47 suppression with an antisense morpholino minimizes tissue and vascular damage from
radiation injury

Age and sex matched C57BL/6 wild type mice underwent a one-time treatment of the right

hindlimb with either a CD47 morpholino oligonucleotide (10 μM in 750 μl PBS) or 750 μl of

PBS only injected into the muscle and soft tissues and received 25 Gy irradiation to the treated

hindlimb 48 hours later. (A) After 8 weeks, a representative image shows signs of fibrotic

contractures only in the untreated irradiated hind limb. (B) Tissue necrosis grading scores for

8 animals were calculated weekly by assessing alopecia, ulceration, and desquamation and are

presented as mean ± SD. (C) Fibrosis was assessed at 8 weeks by measuring hindlimb extension

and is presented as mean ± SD (*P < 0.05). (D) C57BL/6 wild type mice were treated by direct

intra-muscular injection of the right hindlimb with the CD47 morpholino (10 μM in 750 μl

PBS, upper panels) or sterile PBS alone (lower panels) 48 hours prior to 25 Gy irradiation of

both hindlimbs in each mouse. Eight weeks after radiation, right hindlimb blood flow responses

to DEA/NO challenge (100 nmol/gram body weight via rectal instillation) were assessed via

Laser Doppler imaging under 1.5% isoflurane inhalation anesthesia at a core temperature of

36.5° C. Representative images show a greater increase in blood flow after 25 min. in the right

hindlimb of a morpholino treated mouse (arrows in upper panels) compared to the

corresponding limb of a vehicle treated mouse (lower panels). (E) Blood flow velocity

measurements (Flux) at the indicated time points were integrated over the area of the treated
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hindlimbs of 6 mice in each group and normalized as a percent of the integrated baseline flux

in the same limb of each mouse. Results are presented as the mean ± SD.
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Fig. 5. Suppression of CD47 prevents radiation-induced apoptosis in muscle and bone marrow

(A) Un-irradiated control hindlimbs (upper panels) and hindlimbs irradiated at a dose of 25 Gy

(middle and bottom panels) from age and sex matched C57BL/6 wild type mice were prepared

for paraffin-embedded tissue sections 24 h post-radiation and stained for apoptotic nuclei by

the TUNEL method (brown nuclear staining). Mouse hindlimbs injected with the CD47

morpholino (bottom panels) 48 h prior to radiation were also prepared in the same manner 24

h post-radiation. Apoptosis is inferred by intranuclear staining of muscle and bone marrow

cells. Images were acquired using a 20x objective (B) Bone marrow apoptosis was quantified

for 5 mice in each group and is presented as the average number of TUNEL positive cells in

3 tissue sections per animal (*P<0.005). (C) Apoptosis in muscle was quantified for 5 mice in
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each group and is presented as the average number of TUNEL positive cells in 3 tissue sections

per animal (*P<0.001). (D) Assessment of colony forming units of haematopoietic progenitor

cell derived from bone marrow cells of mice treated in the same manner as explained above.

Data represent mean ± SEM of 6 mice per treatment group (*P<0.01).
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Fig. 6. CD47 suppression enhances re-growth delay in irradiated tumors but increases
radioresistance of melanoma cells in vitro.

(A) C57BL/6 mice were injected with 1×106 B16 mouse melanoma cells into their right

hindlimbs. Five days later, the mice were randomized into 4 groups (12 mice in each group)

that received injections of CD47 morpholino (10 μM) in sterile PBS, PBS, or no injection. Two

groups receiving injections were then subjected to radiation (10 Gy) to the affected hindlimb

48 h later. The other two groups served as controls. Tumor volume was measured every 6 days

for 30 days. Results are presented as the mean ± SD of 12 mice in each treatment group and

are representative of 3 independent studies. (B) The same experimental design was used to

assess radiation delay for SCC VII squamous cell lung carcinoma tumors (SCC, 1.5×105 cells).

Results are presented as the mean ± SD of 10 mice (C3H) in each treatment group and are

representative of 3 independent studies. (C) Mice bearing SCC-VII tumors as in (B) were

treated by local intramuscular and subcutaneous (SC) injections of PBS or CD47 morpholino

or by intraperitoneal (IP) injection of CD47 morpholino, irradiated at 10 Gy, and tumor growth

was assessed at the indicated times. (D) B16 melanoma cells plated on 96-well plates in

standard growth medium were treated with peptide 7N3 or CD47 morpholino and received a

radiation dose of 10 Gy. Cell (mitochondrial) viability was measured 48 h after radiation using

the MTS assay (*P <0.05, #P < 0.01).
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Fig. 7. Increased fibrotic response, viable leukocyte infiltrates, and macrophage infiltration in
tumors with suppressed CD47 expression

C57BL/6 mice were injected with 1×106 B16 mouse melanoma cells into their hindlimbs.

Treatment consisted of two groups in which the hindlimbs were treated with either 150 μl of

PBS or 150 μl of CD47 morpholino (10 μM) 48 hours prior to radiation (10 Gy). The control

group consisted of tumor without radiation. 24 h post-radiation the mice were sacrificed, and

paraffin embedded tissue sections of the hindlimbs were prepared for analysis. (A) H&E stained

sections of hindlimbs and tumors. (B) Detection of cells undergoing apoptosis by the TUNEL

method. Apoptotic cells are indicated by brown nuclear staining (arrows). (C)

Immunohistochemical staining for murine macrophage surface marker CD68. Dark brown
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staining within the tumor indicates macrophage infiltration. Images were acquired using either

a 4x or 10x objective. (D) Quantitative analysis of apoptotic tumor-associated cells by TUNEL

staining, n= 5 in each group, *P < 0.0001) (E) Quantitative analysis of tumor-associated

macrophages detected by CD68-immunostaining. (63)
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