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Abstract

While significant advances in radiotherapy have increased its effectiveness in many cancer 

settings, general strategies to widen the therapeutic window between normal tissue toxicity and 

malignant tumor destruction would still offer great value. CD47 blockade has been found to confer 

radioprotection to normal tissues while enhancing tumor radiosensitivity. Here we report that 

CD47 blockade directly enhances tumor immunosurveillance by CD8+ T cells. Combining CD47 

blockade with irradiation did not affect fibrosarcoma growth in T cell-deficient mice, whereas 

adoptive transfer of tumor-specific CD8+ T cells restored combinatorial efficacy. Further, ablation 

of CD8+ T cells abolished radiotherapeutic response in immunocompetent syngeneic hosts. CD47 

blockade in either target cells or effector cells was sufficient to enhance antigen-dependent CD8+ 

CTL-mediated tumor cell killing in vitro. In CD47-deficient syngeneic hosts, engrafted B16 

melanomas were 50% more sensitive to irradiation, establishing that CD47 expression in the 

microenvironment was sufficient to limit tumor radiosensitivity. Mechanistic investigations 

revealed increased tumor infiltration by cytotoxic CD8+ T cells in a CD47-deficient 

microenvironment, with an associated increase in T cell-dependent intratumoral expression of 

granzyme B. Correspondingly, an inverse correlation between CD8+ T cell infiltration and CD47 

expression was observed in human melanomas. Our findings establish that blocking CD47 in the 

context of radiotherapy enhances antitumor immunity by directly stimulating CD8+ cytotoxic T 

cells, with the potential to increase curative responses.

Introduction

CD47 is a widely expressed counter-receptor for the inhibitory phagocyte receptor SIRPα. 

Blocking this interaction enhances macrophage-mediated clearance of tumor cells (1–3). 

Correspondingly, elevated CD47 expression on cancer cells is proposed to suppress anti-

tumor innate immunity (4, 5). However, CD47 also functions as a signaling receptor that 
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determines cell fate through the regulation of several death/survival pathways, mainly 

through its interactions with the matricellular protein thrombospondin-1 (TSP1). Binding of 

the C-terminal signature domain of TSP1 to CD47 causes a profound inhibition of the nitric 

oxide/cGMP signaling in vascular cells and T cells (6–8). In the immune system binding of 

TSP1 to CD47 inhibits T cell activation (9–11), in part by inhibiting the autocrine activating 

function of hydrogen sulfide signaling in T cells (12). TSP1 is the relevant CD47 ligand in T 

cells because these cells do not express detectable levels of SIRPα (13, 14). Signaling 

through CD47 also regulates T cell differentiation and adhesion as well as NK and dendritic 

cell functions that regulate adaptive immunity (15–22). Thus, we propose that treatment of 

tumor-bearing animals with CD47 blocking antibodies, which are known to inhibit both 

SIRPα and TSP1 binding to CD47, could directly modulate adaptive as well as innate anti-

tumor immunity. Indeed, cytotoxic T cells were recently implicated in the anti-tumor effects 

of a CD47-blocking antibody, but this outcome was attributed to an indirect effect of 

inhibiting SIRPα engagement on macrophages (23).

We previously demonstrated that blockade of CD47 enhances the radiation-induced delay in 

tumor growth in two syngeneic mouse models (24). The reduction of tumor burden when 

CD47 blockade was combined with ionizing radiation (IR) was associated with 

radioprotection of the cells in the tumor microenvironment, increased oxygenation of the 

tumor by increasing blood flow, and enhanced migration of cytotoxic lymphocytes. More 

recently we have demonstrated that blocking CD47 signaling provides radioprotection in T 

cells and endothelial cells through an up-regulation of pro-survival autophagy (25). Thus, 

the increased survival of these cells in the irradiated tumor stroma could enhance anti-tumor 

immunity. IR activates the immune system, and its role in the abscopal effect of radiation 

therapy is primarily attributed to activation of T-cell anti-tumor immunity (26–28). These 

results suggested that CD47 expression by stromal cells may play a significant role in 

modulating T cell anti-tumor immunity activated as a consequence of damage to tumor cells 

caused by IR.

To date, the ablation of tumor growth by CD47 blockade has been attributed to restoration 

of macrophage-mediated immune surveillance by reducing the ability of CD47 on tumor 

cells to engage SIRPα on tumor-associated macrophages. In contrast, here we show that the 

reduction in tumor growth by CD47 blockade is dependent on an intact adaptive immune 

system, specifically CD8+ cytotoxic T cells. Moreover, blockade or loss of CD47 signaling 

in effector T cells is sufficient to directly increase CD8+ T cell killing of irradiated cancer 

cells and to reduce tumor burden in vivo.

Materials and Methods

Model of T-Cell Adoptive Transfer

Athymic nu/nu mice in a BALB/c background (NCI-Frederick) were injected in the hind 

limbs with 1×106 15-12RM fibrosarcoma cells expressing HIV gp160 (29). Treatment was 

initiated once tumors reached an average 100 mm3 volume. Tumor irradiation was 

accomplished by securing each animal in a Lucite jig fitted with lead shielding that 

protected the body from radiation while allowing exposure of the tumor-bearing leg in a 

single field of uniform size. A Therapax DXT300 X-ray irradiator microprocessor-
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controlled orthovoltage system (Pantak, Inc., East Haven, CT) using 2.0 mm A1 filtration 

(300 KV/10 mA) at a dose rate of 2.53 Gy/min was used as the X-ray source. Irradiated 

tumors received one 10 Gy dose. For the adoptive transfer of RT-1 T cells, we immunized 

RT-1 TCR transgenic mice with a recombinant vaccinia virus expressing gp160, vPE16 (one 

million pfu). More than 8 weeks after the immunization, CD8+ T cells were purified from 

spleens using a CD8 T cell isolation kit from Miltenyi. Cell suspensions were injected 

intravenously, and a group of mice were concurrently treated with saline or 750 µL of 10 µM 

CD47 translation-blocking antisense morpholino (24). Mice were randomized, and some 

groups of animals were locally irradiated with 10 Gy as previously described (24). Tumor 

size was measured every other day for 30 days after treatment or until humane endpoints 

were reached. All experimental procedures were carried out under approved protocols 

following the guidelines of the National Cancer Institute Animal Care and Use Committee.

15-12 RM Syngeneic Fibrosarcoma Model—WT BALB/c mice were injected with 

1×106 15-12RM cells as shown previously (29). Once tumors reached an average of 100 

mm3 a group of mice was treated with saline or CD47 morpholino. Forty eight hours later 

tumors in some groups of mice were locally irradiated at 10 Gy. CD8 depletion was 

performed as shown previously (30). Briefly, mice were treated with 0.2 mg of anti-CD8 

antibody on the same day as morpholino treatment, the day after, and the day of IR 

treatment. Subsequent depletions were done at days 14, 21 and 28. To confirm depletion, 

trunk blood was collected at time of sacrifice (Day 30), and circulating CD8+ cells were 

measured by flow cytometry as shown before (31). Tumor volume was measured every 

other day using calipers.

In vivo B16 melanoma model—C57BL/6 WT or CD47-null mice on the same 

background (Jackson Labs) were injected with B16F10 melanoma cells (ATCC) (1 ×106 

cells) into the hind limb to induce tumor growth. When tumors reached an average of 100 

mm3 a group of WT and CD47-null tumor bearing mice was treated with local irradiation 

(10 Gy). Tumor size was measured every third day using calipers, and wet weight was 

determined at the end of the study. CD8+ T cell depletion studies in B16 melanoma were 

carried out as explained above. The first depletion was performed the day of IR and weekly 

after that. CD8+ depletion was confirmed as stated above.

In vitro cytotoxicity assays—CTLs from mice that express a TCR specific for gp160 

were isolated from P18I10-Dd specific CTL clone, RT-1 (32). P18I10 is a CTL epitope from 

HIV gp160. For the in vitro CTL assay, spleens of naïve RT-1 transgenic mice (33) were 

stimulated with P18I10-pulsed wild-type BALB/c spleen cells for seven to ten days before 

use. CTLs were left untreated or treated with CD47 morpholino. Groups of cells were used 

untreated or exposed to ionizing radiation. The cells were co-cultured with fibrosarcoma 

15-12 RM cells expressing HIV gp160 or the corresponding Neo control transfectant (29), 

and target cell viability was measured using the RTCS-ACEA system or by lactate 

dehydrogenase (LDH) release.

Immunohistochemistry—Tumor tissue sections were paraffin embedded and treated as 

previously reported (25). Sections were stained with antibodies specific for CD8+, granzyme 
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B, and CD47. Anonymized human melanoma patient sections were handled appropriately in 

accordance with institutional review board-approved protocol. Immunoreactivity was 

examined through light microscopy.

Results

Blockade of CD47 enhances radiation growth delay in a model of T-cell adoptive transfer

We previously reported that blockade of CD47 enhances the radiation-induced tumor growth 

delay in a syngeneic model of lung squamous cell carcinoma (24). When this experiment 

was repeated using athymic mice, we observed no additive effect of CD47 blockade on 

growth of irradiated tumors (Supplemental Fig. 1). This indicated that the increase in 

radiation-induced growth delay observed with CD47 blockade depends on T cell mediated 

anti-tumor immunity. To determine the role of CD47 blockade on cytotoxicity of CD8+ T 

cells in vivo, we injected 15-12RM fibrosarcoma cells into the hindlimbs of athymic mice. 

Once tumors reached an average of 100 mm3, some groups of mice received primed CD8+ T 

cells isolated from spleens of transgenic RT-1 mice that recognize an epitope derived from 

the gp160 expressed on 15-12RM tumors (29). At 48 h after treatment, tumors in some 

groups of mice were exposed to local irradiation. Radiation induced the expected tumor 

growth delay, but blockade of CD47 did not significantly decrease tumor volume when used 

alone and did not increase the delay when used in combination with IR (Fig. 1A). Therefore, 

innate antitumor immunity was not significantly activated by CD47 blockade in the absence 

of T cells in this syngeneic fibrosarcoma model. These data also suggested that T cells are 

required for the ability of CD47 to enhance tumor radiosensitivity in this model. Adoptive 

transfer of tumor-specific CD8+ T cells caused significant reductions in tumor growth when 

compared to saline and radiation alone (Fig. 1A), and blockade of CD47 did not interfere 

with the cytotoxic effect of CD8+ T cells in the absence of IR (Fig. 1A and 1B). On the other 

hand, a profound reduction of tumor growth was observed in mice that were administered 

CD47 morpholino in combination with CD8+ T cell transfer and exposure to IR, when 

compared to a group of mice irradiated in combination with CD8+ T cell transfer (Fig. 1A 

and 1B).

Tumors excised from animals receiving the CD8+ transfer alone showed a 68% reduction in 

tumor weight when compared to saline alone, and this was a greater reduction than from a 

single dose of IR (Fig. 1C). On the other hand, tumors of animals receiving CD47 

morpholino and T cell transfer combined with IR showed a 95% reduction when compared 

to saline and a remarkable reduction in tumor growth when compared to the rest of the 

treatment groups (Fig. 1C and 1D). Moreover, 30% of these mice had no detectable residual 

tumor. CD47 morpholino treatment yielded a better response to IR than those receiving only 

CD8+ cells and IR (tumor volume 320±219 mm3 CD8+IR vs. 124 ±72 mm3 CD47M+IR

+CD8, p = 0.018) and lower tumor wet weight (0.60± 0.34 g CD8+IR vs. 0.15 ± 0.20g 

CD47M+IR+CD8, p=0.03) at the end of the study (Fig. 1 C and D). CD47 knockdown in the 

tumors was confirmed by western blot hybridization (Supplemental Fig. 3A). These 

observations indicate that the enhanced radiation growth delay observed in two syngeneic 

models with blockade of CD47 depends on a competent adaptive immune system and is at 

least in part mediated by a cytotoxic T cell response.

Soto-Pantoja et al. Page 4

Cancer Res. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



The radiation growth delay observed with CD47 treatment is dependent on CD8+ T cells in 
a mouse syngeneic model of fibrosarcoma

To confirm that CD47 blockade can enhance a radiation-induced growth delay in 15-12RM 

fibrosarcoma growth in an immunocompetent syngeneic host, we injected 15-12RM 

fibrosarcoma cells into immune-competent BALB/c mice. Once tumors reached a palpable 

size, we treated groups of animals with saline or 10 µM CD47 morpholino IP. At 48 h after 

treatment when the tumors reached an average of 100 mm3, a subset of mice from each 

treatment group was exposed to local IR at a dose of 10 Gy. Tumors of the saline-injected 

mice continued to grow. In contrast to 15-12RM tumor growth in athymic mice (Fig. 1), we 

observed a significant (p=0.04) reduction in tumor volume in mice that were administered 

CD47 morpholino alone (Fig. 2A). This could be explained by a T cell immune response 

that was directly enhanced by CD47 blockade or by CD47-dependent macrophage priming 

of T-cell immunity as reported by others (23). We observed the expected radiation growth 

delay with local IR, and IR treatment slowed tumor growth more than blockade of CD47 

alone. On the other hand, administration of the CD47 morpholino in combination with IR 

caused a significant reduction in tumor growth when compared to the other treatment 

groups. As shown on Fig. 2B, tumors of mice treated with the combination treatment of IR 

and CD47 morpholino showed a 96% reduction in tumor growth at the end of the study 

when compared to saline alone, 90% when compared to CD47 morpholino alone and 79% 

when compared to IR treatment alone (0.22±0.13 g in the combination treatment vs. 4.5±1.9 

g in saline alone, p = 0.001, vs. 2.1±1.8 g CD47 morpholino alone, p = 0.03). No gross 

pathologies were observed during the study in mice receiving the combination treatment, 

consistent with the previously reported lack of toxicity resulting from systemic CD47 

blockade (24, 34).

The T cell requirement for CD47 blockade to enhance the tumor response to IR could be 

mediated by regulatory or effector T cell functions. To determine if the enhancement by 

CD47 blockade requires a CD8+ effector T cell response, mice were treated with anti-CD8 

the same day as morpholino treatment (day 7), and the day after. To avoid any CD8+ T cell 

responses elicited by radiation treatment, the mice were also treated with anti-CD8 the day 

of radiation treatment and weekly after that until the end of the study. CD8+ T cell depletion 

increased the growth rate of tumors in the initial weeks of the study when compared to the 

concurrent control study (Fig. 2C–E). The effectiveness of 10 Gy IR decreased following 

CD8 depletion (1.4±1.2 vs, 1.2±.9 saline vs. IR in CD8 (−) animals and 1.0±.8 vs. 0.6±0.4 

saline and IR animals in immunocompetent mice). However, CD8+ depletion abolished the 

enhancement from combining ionizing radiation and CD47 blockade (1.2±.9 vs 1.4±1.2 IR 

vs CD47 IR tumor weight in CD8+-depleted animals. Approximately 90% depletion of 

circulating CD8+ T cells was achieved under all treatment conditions as assessed by flow 

cytometry (Fig. 2F).

Blockade of CD47 enhances recruitment of CD8+ cytotoxic T cells in the syngeneic model 
and T cell transfer mouse models of fibrosarcoma

We stained tumor sections of mice bearing fibrosarcoma tumors with an antibody specific 

for CD8+ T cells (Fig. 3). As expected sections of tumors grown in athymic mice showed 

minimal CD8 immunoreactivity (Fig. 3A top panels). On the other hand we observed similar 
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densities of CD8+ T cells in all groups that received adoptive transfer (Fig. 3A bottom 

panels and 3C),. CD8+ T cell transfer alone caused a 9-fold increase in CD8+ density in 

tumors, whereas addition of CD47 morpholino caused and over 8-fold increase over saline 

alone. Transfer of CD8+ in combination with IR and CD47 knockdown caused an over 8-

fold increase in CD8+ density when compared to saline alone. We performed the same 

staining in fibrosarcoma tumors grown in immunocompetent mice and observed a 

significant 59% (p=0.02) increase in CD8+ density in tumors of mice that were treated with 

IR and CD47 morpholino when compared to saline and mice receiving IR alone (P=0.006, 

Fig. 3B and 3D).

CD47 blockade enhances antigen-dependent T cell killing of irradiated 15-12 RM 
fibrosarcoma cells

To determine whether CD47 blockade can enhance T cell-mediated anti-tumor immunity in 

the absence of macrophages, we performed dynamic monitoring of CD8+ T cell-mediated 

tumor cell cytolysis. CTLs from RT-1 TCR transgenic mice recognizing a gp160 peptide 

were isolated and incubated with 15-12RM fibrosarcoma cells in the RT-CES system, which 

measures killing of adherent target tumor cells by a decrease in surface impedance, and is 

presented as a normalized cell index. Cell index is derived from the measured electrical 

impedance and is a quantitative measure of the number of viable adherent target cells in 

each well. Therefore, a decreased cell index indicates loss of viable target tumor cells. This 

is an established quantitative real-time method for assessing antigen-dependent CTL activity 

(35–37) Cells were plated at a 1:5 T/E ratio, which yielded optimal cytotoxic activity 

(supplemental Fig. 2A). As observed in Fig. 4A, 15-12RM fibrosarcoma cells continued to 

grow over time at a similar rate as the antigen-independent Neo control cell line. Treatment 

of these two cell lines with IR attenuated growth of the target cells, but the cells maintained 

stable growth over time. Blockade of CD47 on fibrosarcoma cells did not affect proliferation 

of this cell line (Fig. 4A, supplemental Fig. 2B), however incubation of CTLs with 

15-12RM fibrosarcoma cells caused an antigen-dependent reduction in target cell viability, 

indicating specific tumoricidal activity of T cells against the 15-12RM fibrosarcoma cells. 

Blockade of CD47 in the fibrosarcoma cells caused a steady enhancement in T-cell mediated 

cytotoxicity when compared to untreated CTL incubated with fibrosarcoma cells. 

Combination with radiation and CD47 blockade caused a 5-fold increase in cell death over 

untreated 15-12RM fibrosarcoma cells and 3-fold increase in cell death when compared to 

CTLs from irradiated and untreated pairs at 24 h. Blocking CD47 in the fibrosarcoma cells 

and irradiating the cells caused 1.5-fold increase in tumoricidal activity, showing further 

enhancement of cancer cell killing when combining CD47 blockade and irradiation.

We measured LDH release to confirm that isolated CTLs demonstrated tumoricidal activity 

against the fibrosarcoma cells. Blockade of CD47 alone increased LDH release over 

untreated effector plus target co-cultures, and this effect was further enhanced with IR (Fig 

4B). Administration of a control mismatched morpholino (MM) did not affect cytolysis (Fig. 

4B). In both assays we did not observe increased killing with CD47 blockade when Neo 

cells lacking gp160 expression were used as the target, indicating that the enhanced T cell-

mediated killing upon blocking CD47 is antigen-dependent.
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In similar experiments we tested whether blocking CD47 in the effector T-cells would 

enhance the tumoricidal activity of CD8+ T cells by measuring LDH release. Isolated CTLs 

were treated with 10 µM CD47 morpholino for 48 h and then were co-cultured with 

untreated 15-12RM cells (Fig. 4C). Blocking CD47 in the CTL with morpholino caused a 

significant increase in tumoricidal activity at 24 h of T cells over untreated CTL (Fig. 4C, p 

= 0.0007). CD47 knockdown on the CD8+ T cells was confirmed by western blot 

hybridization (Supplemental Fig. 3B). Blocking CD47 in the target cells as well as in both 

effector and target enhanced cytotoxic killing as well over untreated effector plus target cells 

(p=0.046, p=0074 respectively). Consistent with our previous report of radioprotection in 

Jurkat T cells (25), blocking CD47 in CD8+ T cells caused radioprotection of these cells 

(Supplemental Fig. 2C). These results demonstrate that blockade of CD47 directly increases 

the viability and tumoricidal activity of effector CD8+ cytotoxic T cells.

To independently confirm that CD47 directly regulates CTL-mediated tumor cell killing, we 

tested the well-characterized murine CD47-blocking antibody clone 301 (Fig. 4D). 

Treatment with the CD47 antibody increased T cell mediated cytotoxicity when incubated 

with effector and target cells. This further indicates that CD47 signaling in the T cells plays 

a major role in regulating target tumor cell killing.

CD47 in the tumor microenvironment regulates anti-tumor T-cell responses

Several studies have shown that reducing CD47 expression in tumor cells results in 

enhanced innate immunosurveillance (38, 39). However, the preceding results indicate that 

the role of selective CD47 blockade in the tumor microenvironment must also be 

considered. We examined tumor sections of human melanoma patients to correlate 

expression of CD47 and CD8+ cells. (Fig. 5A and 5B) Our data demonstrated a significant 

inverse correlation between CD47 expression and infiltration of CD8+ T cells (p=0.021). 

This suggests that expression of CD47 by tumor cells or in the tumor microenvironment can 

limit the infiltration of cytotoxic T cells into human tumors.

To specifically examine the role of CD47 in the tumor microenvironment we injected B16 

melanoma cells into syngeneic WT or CD47-null C57BL/6 mice and followed tumor 

growth. As shown in Fig. 5C, tumors grew at similar rates in WT and CD47-null 

microenvironments, with no significant differences in tumor volume. Treatment of tumor-

bearing WT mice with IR caused the expected radiation growth delay. However, treatment 

of tumor-bearing CD47-null mice with IR caused a significant further reduction in 

melanoma tumor growth compared to irradiated WT throughout the study, with 73% smaller 

tumor volume at day 21 (1830±410 WT+IR vs. 500±100 CD47−/−+IR, p<0.02). At the end 

of the study we also observed a 45% reduction in tumor wet weight in irradiated tumors 

grown in a CD47-null microenvironment versus irradiated alone (Fig. 5D). To determine if 

T cell-mediated antitumor immunity played a role in this effect we assessed CD8+ T cell 

infiltration by immunohistochemistry. Sections of irradiated melanoma tumors grown in a 

CD47-null microenvironment exhibited a significant 60% increase in CD8+ T cell 

infiltration compared to tumor sections of saline and irradiated tumors grown in WT mice 

(Fig. 5E). In a similar set of experiments WT and CD47-null mice bearing B16F10 

melanoma tumors were depleted of CD8+ T cells by weekly treatment with anti-CD8 and 
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where indicated treated with IR (Supplemental Fig. 4A and B). CD8 depletion was 

confirmed at the time of sacrifice (Supplemental Fig. 4C). CD8 depletion did not affect the 

growth of melanoma tumors in a WT or CD47-null microenvironment. However depletion 

of CD8+ cells attenuated the effect of ionizing radiation when compared to 

immunocompetent animals (Supplemental Fig. 4A and B). The enhanced IR-induced tumor 

growth delay observed in a CD47-null microenvironment was also attenuated when 

compared to the enhancement observed in immunocompetent mice (compare Fig. 5C).

Tumor CD47 expression regulates granzyme B and Foxp3 expression

Since we observed similar T cell numbers in our fibrosarcoma model but enhanced T cell-

mediated killing associated with CD47 blockade, we proposed that CD47 signaling limits 

functional CTL activation. As observed in Fig. 6A irradiated 15-12RM tumors grown in 

nu/nu BALB/c mice and treated with CD47 morpholino and receiving T cell adoptive 

transfer showed a 10-fold increase in granzyme B mRNA expression over untreated mice 

(WT). CD8+ T cell transfer or IR treatment alone did not increase granzyme B mRNA 

expression. Combining CD8+ T cell transfer or treatment with CD47 morpholino showed 

elevated levels of granzyme B over WT but did not achieve significance. Moreover, we 

observed a 20-fold increase in granzyme B gene expression in tumors of mice developed in 

Balb/c immunocompetent mice that were treated with CD47 morpholino and irradiation 

(Fig. 6B). We also observed a similar fold increase in granzyme B mRNA expression in B16 

melanoma tumors developed in a CD47-null microenvironment that were irradiated when 

compared to untreated B16 tumors (Fig. 6C). To determine if the increased granzyme B 

expression simply reflects CD8+ T cell infiltration we determined CD8α mRNA expression 

in tumors and calculated the ratio of granzyme B to CD8α expression (supplemental Fig. 5). 

The ratio was highest with combined IR and CD47 morpholino or in a CD47 null 

microenvironment, indicating that CD47 blockade increased expression. Therefore, 

combining CD47 blockade and IR treatment of 15 RM fibrosarcoma tumors and B16 

melanoma tumors has similar effects to increase granzyme B expression independent of 

increased CD8+ T cell infiltration.

We also examined tumor sections for expression of Foxp3, a marker of regulatory T cells 

that can result in an immunosuppressive microenvironment. We did not observe a significant 

regulation of Foxp3 mRNA in our fibrosarcoma model (Fig. 6D–E), but we observed a 70% 

(*p<0.05) reduction of Foxp3 mRNA in B16 tumors grown in a CD47-null 

microenvironment (Fig. 6F). This is consistent with a previous study of CD47-null mice 

(40), and suggests that expression of CD47 in certain tumor microenvironments may alter T-

reg differentiation or infiltration of T-regs and thereby limit adaptive tumor immunity.

CD47 regulates granzyme B expression in isolated CD8+ T cells and in spleen tissue

To determine whether blockade of CD47 caused autonomous up-regulation of granzyme B 

in T cells, we treated isolated CD8+ T cells with 10 µM CD47 morpholino for 48 h. 

Blockade of CD47 increased granzyme B protein expression in lysates from the CD8+ T 

cells used for our cytotoxicity assays (Fig. 7A). A corresponding 3-fold increase in 

granzyme B mRNA expression was observed in extracts from cells treated with the CD47 

morpholino (Fig. 7B). We stained spleen sections from WT and CD47-null mice and 
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observed an increase in granzyme B protein expression in sections of spleen from CD47-null 

mice represented by the strong staining shown in the lower panel of Fig. 7C. This indicates 

that blockade or deficiency of CD47 causes an autonomous up-regulation of granzyme B in 

effector T cells that is consistent with their increased cytotoxic killing of irradiated tumor 

targets and decreased tumor burden when CD47 is blocked.

Discussion

This study provides new evidence that blockade of CD47 directly facilitates the cytolytic 

activity of CTL to improve anti-tumor immunity and further expands our previous studies 

showing that blockade of CD47 potentiates the pro-death effects of ionizing radiation in 

tumors. Blocking CD47 in tumor cells as well as in cytotoxic T cells enhances anti-tumor 

responses of cytotoxic T cells in vitro and in the tumor microenvironment in vivo. Blockade 

of CD47 in tumor cells enhances T cell-mediated fibrosarcoma cell killing. On the other 

hand blocking CD47 in effector cells is also sufficient to cause a significant enhancement of 

T cell-mediated tumor cell cytotoxicity. Suppression of CD47 in effector T cells causes an 

autonomous increase in granzyme B expression that can mediate target tumor cell death. 

Enhanced T cell activation following CD47 blockade is consistent with the well-established 

inhibitory CD47 signaling pathways activated by TSP1 binding to CD47 on T cells (9, 12, 

16, 18, 20, 41).

We previously reported that suppression of CD47 by systemic delivery of a CD47 

morpholino enhances the radiation-induced tumor regrowth delay in two syngeneic tumor 

models (24). We observed increased leukocyte migration into the treated tumors and 

predicted that the radioprotective effects of CD47 blockade preserve anti-tumor immunity, 

which would then target tumor cells expressing radiation-induced damage-associated 

molecular patterns (DAMPs) (27). These DAMPs can stimulate the killing by tumor-

associated macrophages, but performing our squamous cell carcinoma and fibrosarcoma 

models in mice lacking T cell-mediated immunity (42) or in immunocompetent mice 

depleted of CD8+ T cells demonstrated that effector T cells are necessary for blockade of 

CD47 to synergize with IR to inhibit tumor growth. These results also indicate that the 

reported function of CD47 expressed on tumor cells to inhibit killing by tumor-associated 

macrophages does not play a significant role in the enhancement of radiation responses 

following blockade of CD47 in our models. Although blockade of CD47 alone had no effect 

on tumor growth in the 15-12RM model in athymic mice, a profound tumor ablation was 

observed when T cell transfer is combined with IR. Moreover, when the same fibrosarcoma 

tumors were injected into immunocompetent mice we observed a similar additive effect 

between radiation and CD47 blockade to delay tumor growth that was lost following CD8+ 

T cell depletion. Others have reported that tumor responses to ionizing radiation are 

impaired in the absence of T-cell immunity (28). Our results confirm this observation but 

also indicate that expression of CD47 on CTLs and tumor cells limits CTL-mediated anti-

tumor immunity.

In addition to the direct roles of CD47 in T cell immunity shown here, anti-CD47 antibody-

mediated phagocytosis by macrophages was reported to initiate an anti-tumor T-cell 

response (23). OVA-specific CD8+ T cells harvested from lymph nodes and co-cultured 
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with macrophages treated with a CD47-blocking antibody, B6H12, showed increased 

antigen-dependent proliferation only after CD47-mediated phagocytosis. In vivo, the 

cytotoxic effect of CD8+ cells was also dependent on priming by macrophages. Although 

macrophage antigen presentation can initiate T cell-mediated anti-tumor responses, our 

studies indicate that blocking CD47 on T cells is sufficient to directly activate T cell 

cytotoxicity towards tumors. Our in vitro killing assays clearly demonstrate that CD47 

blockade increases CTL activity independent of macrophage priming since we primed CTLs 

prior to transfer. Moreover, our in vitro data and in vivo B16 melanoma models confirm that 

blocking CD47 on the effector cells or the absence of CD47 in the tumor microenvironment 

is sufficient to enhance anti-tumor T cell immunity. Conversely, elevated CD47 expression 

in human melanoma sections correlated with decreased CD8+ T cell infiltration, suggesting 

immunosuppressive effects of intratumoral CD47 caused by inhibition of effector T cell 

recruitment as well as activation.

Most studies to date concerning the role of CD47 in cancer have focused on the 

immunosuppressive role of CD47 expression by tumor cells and how reducing this 

expression can enhance anti-tumor innate immunity mediated by macrophages or NK cells. 

However, CD47 expression on T cells is well known to regulate their activation and 

functional differentiation in vitro and in vivo (21, 43). Our results show for the first time that 

blocking CD47 in effector cytotoxic T cells can directly enhance their anti-tumor response. 

This is evidenced by reduced tumor burden when B16 melanoma tumors are treated with 

ionizing radiation in a CD47-null host. In this model an increased CD8+ infiltrate was 

observed in the tumors (Fig. 5), and increased gene expression of granzyme B was observed 

in tumors grown in CD47-null hosts. Furthermore, the effect of IR in the 15-12RM CTL 

transfer model was significantly enhanced only when CD8 CTL and CD47 morpholino 

treatments were combined but not by either one alone, which strongly supports this 

conclusion. Conversely, depletion of CD8+ T cells decreased the benefit of CD47 blockade, 

indicating that effector CTL rather than regulatory T cells are the relevant target of the 

CD47 morpholino.

Granzyme B is secreted mainly by cytotoxic T cells and NK cells and can induce apoptosis 

of target cells by activation of caspase or directly by disrupting mitochondrial function (44, 

45). Correspondingly, granzyme B expression in the tumor microenvironment is associated 

with a positive clinical outcome (44). In our three in vivo mouse models, deficiency of CD47 

in combination with IR and functional T cell immunity results in increased granzyme B 

expression in the tumor. Moreover, the T cells that we used for our adoptive transfer model 

expressed increased granzyme B mRNA and protein levels when CD47 expression was 

suppressed using anti-sense morpholinos.

Our previous studies and some others have observed that blocking CD47 alone does not 

result in significant tumor ablation (24), but combining CD47 blockade with radiation or 

specific cytotoxic antibodies enhances the anti-tumor activity (24, 46). On the other hand, 

we observed in our fibrosarcoma model in immunocompetent mice that blockade of CD47 

alone moderately reduced tumor burden. We cannot distinguish whether this is mediated by 

enhanced CTL activity or the enhancement of antitumor innate immunity induced by CD47 

blockade that was observed in several xenograft models in Nod.SCID mice (47, 48). The 
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relative enhancement of macrophage versus CTL killing following CD47 blockade could be 

tumor dependent and may be influenced by the level of CD47 expression on a given tumor. 

However, the importance of T cells in tumor responses to CD47 blockade cannot be studied 

in xenograft models. Additional functions of CD47 in the tumor microenvironment 

involving its interaction with thrombospondin-1 that regulate angiogenesis and tumor blood 

flow may also contribute to an anti-tumor response (49, 50).

In addition to enhancing functional CTL activation, CD47 blockade is expected to increase 

survival of tumor infiltrating lymphocytes due to the general radioprotective activity of 

CD47 depletion in normal cells and soft tissues (25, 34, 50, 51). Radiation elicits an initial 

activation of the immune system that can stimulate an anti-tumor immune response but can 

also stimulate immunosuppressive pathways (52). Thus, blockade with CD47 could sustain 

an anti-tumor response indirectly by inhibiting immunosuppressive signals activated by its 

expression in antigen presenting cells ((53, 54)) and directly by protecting tumor-infiltrating 

CTL from death caused by local irradiation of the tumor.

Systemic blockade of CD47 using antisense morpholinos did not result in any gross 

pathologies in this or previously reported mouse models (24, 34). Morpholinos targeting 

other transcripts have shown safety and efficacy in clinical studies and have shown efficacy 

as anti-cancer strategies (55). Therefore, CD47 antisense morpholinos could be an effective 

clinical adjuvant to improve immunotherapy. These could be employed alone or, preferably, 

combined with cytotoxic therapies such as IR. Importantly, targeting CD47 promotes 

ablation of tumor tissue while sparing normal cells from the off-target effects of IR therapy. 

Therefore, therapeutic CD47 blockade may improve patient quality of life while increasing 

the percentage of complete responses to current anti-cancer therapies.

Supplementary Material
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Fig. 1. CD47 blockade combined with irradiation increases the efficacy of adoptive T cell 
transfer
Athymic BALB/c nu/nu mice were injected in one hind limb with 15-12 RM fibrosarcoma 

cells expressing HIV gp160. Mice were injected IP with saline or 10 µM CD47 morpholino 

in saline or received these treatments in combination with IR at 10 Gy. (A), Tumor-bearing 

mice received adoptive transfer (I.V.) of RT-1 CD8+ T cells in the presence or absence of 

CD47 morpholino (CD47M) treatment (A and B) or received these treatments in 

combination with IR treatment (A and C) *P<0.05. At the end of the study (day 36) mice 

were sacrificed, and tumor volume (D) and wet weights (E) were measured. N = 6–8, * 
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statistically significant versus vehicle control, P < 0.05, ** statistically significant 

CD47+CD8++IR versus CD8++IR.
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Fig. 2. CD8+ T cells are necessary for blockade of CD47 to enhance radiation growth delay in an 
immunocompetent mouse syngeneic fibrosarcoma model
15-12RM cells were injected in immunocompetent BALB/c mice. Groups of mice were 

treated with saline or 10 µM CD47 morpholino (CD47M), and a subset from each treatment 

was exposed to IR. (A). At the end of the study (day 30) tumors were excised and wet 

weights were measured (B, N=6 *p<0.05). In a different set of experiments mice were 

treated in the same manner in combination with anti-CD8 to deplete CD8+ T cells (C). A 

concurrent control study was carried out (D, N=6). At the end of the study mice were 

sacrificed, and wet weight was measured (E). At the end of the study trunk blood was 
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collected from each animal, and circulating CD8+ T cells were measured by flow cytometry 

to determine the effectiveness of depletion.
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Fig. 3. Blockade of CD47 enhances CD8+ T cell recruitment into irradiated tumors
Sections from fibrosarcoma tumors grown in BALB/c athymic mice (A) or BALB/c 

immunocompetent mice (C) that received the indicated treatments were stained with an 

antibody to CD8+ cells. Sections were photographed under light microscopy (20×) and 

quantified using imageJ software (B and D). N=3,4 (4 sections/animal)*p<0.05 from saline 

#p<0.05 from IR.
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Fig. 4. CD47 blockade enhances antigen-dependent T cell killing of 15-12RM fibrosarcoma when 
combined with irradiation
(A) 15-12RM target cells were seeded into 16-well plates. RT-1-derived effector T cells 

were co-cultured with target cells at a ratio of 1:5, and target cell growth and viability was 

dynamically monitored using the RT-CES system. Target cell viability monitored by surface 

impedance is presented as a normalized cell index (N=3 in triplicate, *p<0.05). Cells were 

plated into 96-well plates and effector and or targets cells were treated with 10 µM CD47 

Morpholino (CD47 M; A, C and D). Mismatched morpholino (MM A and B) or mouse 
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antibody to CD47 clone 301 (D), and LDH release was quantified after 24 h as a measure of 

cell cytotoxicity, N=3 *p<0.05.
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Fig. 5. Lack of CD47 in the tumor microenvironment increases the IR-induced growth delay in a 
syngeneic mouse melanoma model
(A) Thirty-eight paired serial sections from 13 human melanoma tumors were stained with 

antibodies to human CD47 and CD8. Numbers of CD47+ and CD8+ cells were inversely 

correlated (p=0.021 by Pearson correlation). (B) Representative stained tumor sections (20×) 

from melanoma patients with low (upper panels) and high CD47 expression (lower panels). 

(C) B16F10 melanoma cells were injected into WT and CD47−/− mice hind limbs and were 

irradiated at 10 Gy on day 5. Tumor dimensions were measured ever other day using 
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calipers, and tumor volume was calculated as W2 × L/2, where W = shortest diameter and L 

= longest diameter. (D) Tumors were excised, and weights were recorded at the end of the 

study. N=5, *p<0.05. (E) Immunohistochemical analysis to detect CD8+ infiltrating cells 

(Brown stain) in melanoma tumor sections counterstained Hematoxilin, sections were 

visualized under light microscopy (20×) and quantified using ImageJ software N=3 (4 

sections/animal) *p<0.05.

Soto-Pantoja et al. Page 23

Cancer Res. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 6. Deficiency of CD47 increases granzyme B and regulates Foxp3 gene expression in tumors
Expression of granzyme B and Foxp3 was determined by RT-PCR in 15-12RM tumors 

grown in athymic BALB/c mice (A,D), immunocompetent BALB/c mice (B,E), or B16 

melanoma tumors grown in WT or CD47-null C57BL/6 mice (C,F) (*p<0.05.).
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Fig. 7. Deficiency of CD47 increases granzyme B in CD8+ cells and in spleen tissue
Protein expression (A) and mRNA expression (B) was determined by Western Blot 

Hybridization and qRT-PCR respectively in CD8+ T cells used for cytotoxicity assays 

(*p<0.007). Tissue sections of spleens from WT and CD47-null mice bearing B16 

melanoma tumors were stained with an antibody specific to granzyme B arrow denotes 

granular pattern of stain (C).
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