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ABSTACT 

CD47 IS A NOVEL TARGET FOR CANCER IMMUNOTHERAPY TREATMENT 

Dissertation under the direction of: 

 David R. Soto-Pantoja, Ph.D. 

Associate Professor in the Department of Surgery at Wake Forest School of Medicine  

 

Cancer immunotherapies have revolutionized the treatment of cancer; however, only a 

subset of patient’s respond to these therapeutics. Therefore, predictive biomarkers and 

therapeutic targets are needed to improve patient response. The integral membrane 

protein, CD47, is an intriguing therapeutic target as it alters innate and adaptive antitumor 

immune cell function when interacting with the ligands SIRPα and thrombospondin-1 

(TSP1). To our knowledge, it is unknown how CD47 expression impacts cancer cells and 

the tumor microenvironment. Therefore, to determine if CD47 is a suitable target for 

cancer immunotherapy treatment, I examined the impact of CD47 on cancer cells and 

cytotoxic (CD8+) T cells. CD47 differentially regulated several metabolic pathways in both 

normal and malignant tissue. However, the absence of CD47 in cancer cells altered 

metabolic pathways associated with proliferation, inflammation, immunosuppression and 

metabolism, making cancer cells more susceptible to antitumor immune cell killing. On the 

other hand, the ligation of CD47 on CD8+ T cells by TSP1 impaired activation, 

proliferation, antitumor function and metabolism; however, these functions were restored 

by targeting CD47 to continue cancer cell cytolysis. Due to the inverse effects CD47 has 

on CD8+ T cells and cancer cells, we targeted CD47 in a melanoma and triple-negative 

breast cancer (TNBC) model, which differ in immunogenicity, and observed a decrease in 

tumor burden due to an increase in antitumor CD8+ T cells. In addition, targeting CD47 
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sensitized melanoma and TNBC tumors to immune checkpoint blockade therapy to 

enhance efficacy and further decrease tumor burden. Together, the systemic delivery of 

CD47 targeted therapeutics as a monotherapy or in combination with FDA approved 

immune checkpoint blockades would make cancer cells susceptible to CD8+ T cells 

enhanced cytolytic activity, resulting in decreased tumor burden. In addition, analysis of 

TNBC and melanoma tumors and liquid biopsies revealed that the CD47/TSP1 signaling 

axis could serve a predictive biomarker of immune checkpoint blockade response, 

providing an opportunity to personalize treatment regimens for cancer patients. 

Throughout my dissertation we uncovered that CD47 has the potential to be a predictive 

biomarker of therapeutic response in addition to a therapeutic target for treating cancer. 
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CHAPTER I 

Introduction 
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Carolina, 27101 

 

The unpublished portions of this chapter were written by Elizabeth R. Stirling with editorial 

guidance from Dr. David R. Soto-Pantoja. The published portions were from Stirling, E. 

R. et al. Metabolic Implications of Immune Checkpoint Proteins in Cancer. Cells 11, 179, 

doi.org/10.3390/cells11010179 (2022). Reproduced with permission from Cells.  
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I. Cytotoxic T cells in the tumor microenvironment  

i. Cytotoxic T cell activation, differentiation, and antitumor effector function 

Cytotoxic (CD8+) T cells recognize and develop antitumor effector function against 

cancer cells to reduce the progression and presence of disease. For CD8+ T cells to 

develop their cytolytic capacity, they are primed by antigen-presenting cells (APC). APCs 

consist of innate immune cells like macrophages, natural killer cells, and dendritic cells. 

APCs initially recognize cancer cells as a foreign invader, resulting in phagocytosis 1. 

These phagocytosed cancer cells are then processed and presented as a peptide on their 

major histocompatibility complex (MHC), specifically MHC I for CD8+ T cells 1. Within a 

secondary lymphoid organ, the intracellular adhesion molecular (ICAM) of the APC will 

then bind to the lymphocyte function-associated antigen 1 (LFA-1) of T cells to create cell 

to cell contact 2. Subsequently, the α and β variable regions of T cell receptors are 

activated through peptides presented on the MHC I of the APC 2. The CD8 co-receptor to 

the TCR will assist in stimulating proliferation and differentiation. The co-stimulatory 

molecules, CD28 on T cells and CD80/CD86 on APCs, will interact to promote 

differentiation and survival of CD8+ T cells 2. In addition, co-stimulatory signaling also 

shifts T cell metabolism from oxidative phosphorylation to glycolysis 3. Cytokines like 

interleukin-2 (IL-2) will be secreted to promote CD8+ T cell differentiation and proliferation 

by binding with the CD25 receptor 2. Once CD8+ T cells are activated and proliferated, 

they will travel throughout the body to find and destroy cancer cells through perforin and 

granzyme B secretion. Perforin is a protein that will create pores in the cell membrane of 

the cancer cells 4. These pores allow granzyme B, a serine protease, to enter the cell and 

induce cell death through apoptosis 4. Therefore, CD8+ T cells play a major role in 

antitumor immunity.  
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ii. Cytotoxic T cell activation, metabolism, and antitumor effector function in the 

tumor microenvironment  

Although CD8+ T cells have the potential to induce a robust antitumor immune 

response, the tumor microenvironment suppresses CD8+ T cells. The tumor 

microenvironment can impair CD8+ T cells activation, metabolism, and effector function. 

Decreased antigen presentation and expression of immune checkpoint proteins impairs 

CD8+ T cell activation. CD8+ T cells undergo metabolic reprogramming due to nutrient 

competition with cancer cells 5,6. CD8+ T cell antitumor effector function is impaired by 

chronic TCR stimulation as well as tumor vascularization and oxygenation 7-10. Due to the 

suppression of CD8+ T cells, uncontrolled cancer cell proliferation occurs due to the lack 

of immunosurveillance. 

a. Cytotoxic T cell activation in the tumor microenvironment 

As discussed above, CD8+ T cells are primed and activated through antigen 

presentation by APCs to recognize cancer cells. To escape immunosurveillance, cancer 

cells can reduce the expression of tumor-specific and associated antigens 11. The lack of 

antigens expressed on cancer cells can bypass immunosurveillance as APCs will not 

undergo the antigen presentation process to prime and activate CD8+ T cells.  

A hypoxic tumor microenvironment can have various effects on T cell activation. 

CD8+ T cell activation is decreased within a hypoxic tumor microenvironment due to 

inhibitory effects of hypoxic inducible factor 1-alpha (HIF1α) on T cell receptor activation 

signaling 12. Reactive oxygen species (ROS) are increased within a hypoxic tumor 

microenvironment. Although ROS are involved in T cell activation, sustained exposure can 

impair T cell activation and result in an exhausted phenotype 13,14. Hypoxia within the tumor 

microenvironment also increases immune checkpoint protein expression as HIF’s activate 

hypoxia response elements (HRE) in their promoter region 15. Immune checkpoint protein 
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expression and activation impairs CD8+ T cell activation and subsequently antitumor 

effector function. The proliferation of CD8+ T cells is also hindered in a hypoxic tumor 

microenvironment due to dysfunctional calcium (Ca2+) flux signaling necessary for the 

proliferation and expansion of T cells 16,17. Overall, there are several factors of the tumor 

microenvironment that can impair the activation of CD8+ T cells.  

b. Metabolic reprogramming of cytotoxic T cells in the tumor  

microenvironment 18  

The metabolic state of a T cell is dependent on its respective phenotype and 

function. Naïve T cells undergo oxidative phosphorylation but shift to aerobic glycolysis 

when differentiating into CD8+ T cells 3,19-21. Mitochondria increase in mass and fission 

while cristae formation decreases to maintain the integrity of CD8+ T cells and their 

effector function during glycolysis 5,21. Although aerobic glycolysis is less energy efficient, 

it produces the necessary precursors to support their high rates of proliferation and 

cytokine production 3,19,20. Alternatively, T cells differentiating to a memory phenotype shift 

to fatty acid oxidation with an increased mitochondrial spare respiratory capacity to 

support prolonged energy production 22,23. There is metabolic competition within the tumor 

microenvironment with T cells, specifically CD8+ T, and cancer cells, as they both undergo 

aerobic glycolysis, more commonly known as the Warburg effect, to produce energy 6. 

Due to nutrient competition created by cancer cells, CD8+ T cells cannot consume the 

necessary nutrients to sustain their bioenergetic processes, leading to decreased 

mitochondrial mass, remaining in an inactivated state with an exhausted phenotype and 

no antitumor cytolytic activity 5. Therefore, maintaining the integrity of T cell metabolism, 

specifically in the tumor microenvironment, is essential to their antitumor functionality. 
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c. Antitumor effector function of cytotoxic T cells in the tumor 

microenvironment  

It is evident that the impairment of CD8+ T cell activation and metabolism will 

subsequently impair CD8+ T cell antitumor effector function. However, chronic TCR 

stimulation along with tumor vascularization and oxygenation can also impair CD8+ T cell 

antitumor effector function. The TCR of CD8+ T cells can be overstimulated within the 

tumor microenvironment due to the abundance of antigen presentation. Although antigen 

presentation is essential to CD8+ T cell antitumor function, chronic stimulation can be 

detrimental to CD8+ T cells. Overstimulation of the TCR can exhaust the T cell resulting 

in the differentiation of CD8+ T cell to an exhausted phenotype with little to no antitumor 

function 7.   

 Patients with hypoxic tumors often have low response rates to cancer therapeutics 

and overall survival 24-27. This may be due to the impact hypoxia has on the antitumor 

immune response. Hypoxia is a common characteristic amongst solid tumors due to their 

distorted, leaky and tortuous vasculature 28. This impairs CD8+ T cell extravasation into 

the tumor tissue 8. Therefore, CD8+ T cells are unable to leave the vasculature into the 

tumor tissue to undergo their antitumor functions. Additionally, the effector function of 

CD8+ T cells can be depleted in a hypoxic tumor microenvironment as it decreases IL-2 

and IFNγ cytokine production and suppresses cytotoxic capabilities that decrease tumor 

burden 9,10.  
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II. Immunogenicity of melanoma and triple-negative breast cancer tumors 

i. Overview of melanoma 

Melanoma is a type of skin cancer that develops from melanocytes, the cells that 

make melanin pigment. Melanoma is the sixth most commonly diagnosed cancer amongst 

men and women in the United States 29. As of 2018, there were 83,996 melanoma 

diagnoses and 8,199 deaths in both men and women within the United States 29. It is 

predicted that 99,780 patients will be diagnosed and 7,650 will die of melanoma within the 

United States in 2022 30. Common risk factors for developing melanoma include exposure 

to ultraviolet light, fair skin, light hair, family history, genetic mutations, age, and gender 

31. There are several treatments available for patients with melanoma, depending on the 

stage of their disease. Patients often undergo surgery to remove malignant tissue followed 

by radiation, chemotherapy, and/or immune checkpoint blockade therapy 32.  

ii. Overview of triple-negative breast cancer 

Breast cancer is the most commonly diagnosed cancer with the second highest 

cause of cancer-related death amongst women in the United States 29. As of 2018, 254, 

744 patients were diagnosed with breast cancer, while 42,465 women succumbed to the 

disease in the United States 29. In 2022, it is estimated that 290,560 patients will be 

diagnosed and 43,780 will die from breast cancer within the United States 30. There are 

several molecular subtypes of breast cancer that are classified based on the expression 

of the progesterone receptor (PR), estrogen receptor (ER), and human epidermal growth 

factor receptor 2 (HER2). These molecular subtypes are defined as luminal A, luminal B, 

HER2-enriched, and triple-negative. 

Triple-negative breast cancer (TNBC) accounts for 10-15% of breast cancer 

patients. TNBC usually affects women under the age of 40, African American or Hispanic 
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women, and/or women with a BRAC1 mutation. TNBC is a unique subtype of breast 

cancer as the tumors don’t express the ER, PR, or HER2. Due to the lack of druggable 

receptors and subsequently targeted therapies, TNBC is aggressive and associated with 

poor prognosis. Therefore, the standard treatment regimen for TNBC includes surgery, 

chemotherapy, and radiation. 33  

iii. Melanoma and triple-negative breast cancer tumor immunogenicity   

The ability of a tumor to induce an antitumor immune response is referred to as 

tumor immunogenicity. Therefore, a tumor with increased immunogenicity will likely have 

decreased cancer cell proliferation and subsequently tumor burden due to the robust 

antitumor immune response created. The immunogenicity of tumors varies based on the 

type of cancer. For example, melanoma tumors are known to be more immunogenic than 

TNBC.  

Several factors increase immunogenicity within melanoma tumors, including 

tumor-specific antigen expression and abundance of antitumor immune cells. Melanoma 

tumors have increased tumor-specific antigen expression, also known as neoantigens 34. 

These antigens are expressed on the cancer cell surface, allowing the APC to recognize 

the cancer cell as non-self and induce an antitumor adaptive immune response. Tumor-

specific antigens associated with melanoma include gp100, MART-1, MAGE-3, and NY-

ESO-1 34. Melanoma tumors have an abundance of intratumoral lymphocytes, including 

helper (CD4+) and CD8+ T cells 35. These intratumoral lymphocytes are often associated 

with increased overall survival for melanoma patients 35. However, melanoma tumors can 

escape an antitumor response by mediating the expression of immune checkpoint 

proteins, tumor-associated antigens, and tumor-specific antigens. Melanoma tumors 

express several immune checkpoint proteins on infiltrating immune cells or cancer cells 

32,36-38. This increase in immune checkpoint proteins inhibits T cell activation and their 
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antitumor response. Tumor-associated antigens can also be decreased by melanoma 

cells to escape an antitumor immune response 39. Additionally, tumor-specific antigens 

can overstimulate the TCR, leading to T cell exhaustion where little to no antitumor activity 

will occur 40,41.  

On the other hand, the tumors of TNBC patients have low immunogenicity 

compared to melanoma tumors. However, TNBC has increased immunogenicity 

compared to other subtypes of breast cancer, presenting an opportunity to improve cancer 

immunotherapy treatments for these patients 42. The FDA has approved the use of 

immune checkpoint blockade therapy for TNBC as their tumors express immune 

checkpoint proteins; however, there is a low response rate associated with these therapies 

43,44.  TNBC tumors have increased genetic mutations and chromosomal instability 

compared to other breast cancer subtypes 45-47. These genetic alterations may have 

increased mutations and neoantigens to stimulate an antitumor immune response. There 

is also a correlation between TNBC patients response to conventional chemotherapy 

treatment with increased tumor-infiltrating lymphocytes 48. Although there is a lack of 

cancer immunotherapy treatments available for TNBC patients, there is potential to 

develop effective therapeutics and improve patient survival. 

There are several immunotherapy treatments available for the treatment of 

melanoma; however, there is a low response rate associated with these therapies 36-38. 

Additionally, the TNBC patient response to convention therapies and availability of cancer 

immunotherapy treatments is suboptimal 43. Therefore, further research is needed to 

enhance immunogenicity within tumors to improve patient response to cancer 

immunotherapy treatments.  
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III. Metabolic reprogramming by immune checkpoint protein activation 18 

The standard of care for cancer patients usually involves surgery, chemotherapy, 

and radiation. Although these treatments have been used for decades, severe side effects 

and toxicity are often associated with these therapies 49-51. Furthermore, patients may not 

respond to these harsh treatments leaving their bodies ridden with cancer and succumbing 

to death 49. Therefore, researchers are examining alternative targeted therapies to 

increase survival for cancer patients. 

Immune checkpoint proteins are targets of significant interest for cancer 

therapeutics to enhance T cell antitumor function. Immune checkpoints proteins consist of 

immunosuppressive and stimulatory signals to regulate self-tolerance and support 

immune responses 52. The activation of inhibitory immune checkpoint proteins, such as 

cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4), programmed cell death protein 1 

(PD-1), and programmed death-ligand 1 (PD-L1), impairs the T cell ability to activate, 

recognize and eliminate cancer cells, allowing uncontrolled cancer growth by bypassing 

antitumor immune surveillance. Alternatively, activating stimulatory immune checkpoint 

proteins, like CD28, inducible costimulator (ICOS), glucocorticoid-induced TNFR-related 

protein (GITR), and 41BB, enhance T cell activation and antitumor function. Several 

antagonist therapies for inhibitory immune checkpoint protein have been FDA approved 

for various cancers, while agonist therapies for stimulatory immune checkpoint proteins 

are still under investigation with several therapies in clinical trials. Although these 

therapies are revolutionary for cancer treatment, a subset of patients do not respond. 

Treatment is also frequently complicated by the development of immune-related adverse 

events (irAE). Therefore, further understanding of immune checkpoint proteins and the 

impact of their respective targeted therapies is essential to improve therapeutic response 

and patient survival. 
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This section will focus on metabolic reprogramming associated with immune 

checkpoint protein activation. It is essential to understand the metabolic reprogramming 

of both immune and cancer cells due to inhibitory immune checkpoint protein activation 

as it can be beneficial and/or detrimental to antitumor activity. Furthermore, it can provide 

valuable information for potential biomarkers or targeted metabolic therapies combined 

with immune checkpoint therapies to enhance patient response and survival further. 

i. Metabolic effects of inhibitory immune checkpoint protein activation on immune 

cells 18 

PD-1 (CD279) and CTLA-4 (CD152) are inhibitory checkpoints of T cell responses 

53,54. PD-1 is often known for its interaction and activation with the ligands PD-L1/PD-L2, 

while CTLA-4 interacts with the receptor CD80/CD86 (B7-1/B7-2) 37,54,55. The activation of 

these inhibitory immune checkpoint proteins alters metabolism within T cells, which can 

impact their phenotype and respective function (Figure 1). Interestingly, inhibitory immune 

checkpoint proteins are also expressed and activated on other immune cells, like 

macrophages and dendritic cells, altering their metabolism and functionality (Figure 1A). 

The FDA has developed and approved several therapies to block immune 

checkpoint proteins. Ipilimumab, a monoclonal antibody that targets CTLA-4, was first 

approved by the FDA for the use of metastatic melanoma patients 36. This propelled the 

development and approval of nivolumab and pembrolizumab, monoclonal antibodies that 

target PD-1 37,55. This section of the review will focus on the metabolic reprogramming 

associated with activating inhibitory immune checkpoint proteins on both T cells and other 

immune cells; and how immune checkpoint blockade therapies potentially regulate cell 

bioenergetics to enhance antitumor immune responses. 
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a. Effector T cells 18 

When PD-1 interacts with PD-L1, the immunoreceptor tyrosine-based switch motif 

(ITSM) of PD-1 becomes phosphorylated. Src homology region 2 domain-containing 

phosphatase-2 (SHP2) is recruited to dephosphorylate molecules involved in T cell 

receptor (TCR) activation 56,57. Alternatively, CTLA-4 differentially inhibits T cell activation 

distinct from PD-1 58. CTLA-4 has a higher affinity to CD80/CD86 than CD28, the T cell 

costimulatory receptor, inhibiting TCR signaling 59,60. Once CTLA-4 is bound to 

CD80/CD86, CD28 PI3K/Akt signaling is inhibited (Figure 1C) 61,62. Therefore, both CTLA-

4 and PD-1 activation inhibit T cell activation and impair effector T cells cytotoxicity against 

cancer cells. 

Aside from inhibiting activation, PD-1 ligation can alter metabolism within effector 

T cells. PD-1 ligation on CD4+ T cells inhibits the costimulatory receptor, CD28, from 

phosphorylating and activating PI3K 58. Therefore, the necessary PI3K/Akt/mTOR 

signaling pathway that regulates cellular glycolysis is not activated (Figure 1B) 58. 

Expression of transporters that support the cellular intake of glucose are decreased and 

hexokinase activity; these changes are associated with a shift from glycolysis to fatty acid 

oxidation (Figure 1) 63. Alternatively, CTLA-4 differentially inhibits effector T cell activation 

through a separate pathway than PD-1 58. Activation of CTLA-4 inhibits glycolysis within 

activated CD4+ T cells but does not shift the cells to fatty acid oxidation (Figure 1C) 63. 

Instead, the cells remain in a quiescent state with little to no activity 63. 

In addition to the pathways discussed above, tryptophan metabolism by the 

enzyme indoleamine 2, 3-dioxygenase 1 (IDO1) may be involved in regulating immune 

checkpoint proteins. IDO1 conversion of tryptophan to kynurenine is implicated in 

immunosuppression in the tumor microenvironment and resistance to immune checkpoint 

blockade therapy 64. In tumor-infiltrating T cells, kynurenine binding to the aryl hydrocarbon 



12 
 

receptor (AHR) regulates PD-1 expression by AHR binding to xenobiotic response 

element (XRE) motifs in the promoter region of PD-1 65. On the other hand, CTLA-4 

interaction with CD80/CD86 regulates tryptophan metabolism as a potential mechanism 

for maintaining peripheral tolerance 66. 

Metabolic reprogramming occurring during T cell activation depends on 

interactions between the endoplasmic reticulum (ER) and mitochondria. These 

interactions are structurally and functionally modulated through tethering formed at 

specific subdomains of the ER membrane and mitochondrial-associated membranes 

(MAMs) 67,68. This tethering role of the MAMs regulates glucose sensing, lipid synthesis, 

and rapid release of calcium (Ca2 +) signals. Disruption of this process impairs activation 

leading to functionally anergic T cells, which cannot flux Ca2+ and activate Nuclear Factor 

of Activated T cells (NFAT) 69-71. The T cell inability to flux Ca2 + properly is also associated 

with chronic expression of PD-1 69. 

ER stress is implicated in immune checkpoint therapy insensitivity due to cytotoxic 

T cell dysfunction by several mechanisms, including the recruitment of myeloid 

suppressive cells, transcription of inhibitory receptors, and metabolic exhaustion 70-73. 

These effects are partly mediated by ER stress canonical activation of the unfolded protein 

response (UPR) pathway. In particular, activation of PKR-like endoplasmic reticulum 

kinase (PERK; EIF2AK3) results in an “exhausted-like” T cell phenotype linked to PD-1 

expression in CD8+ T cells 72. Blockade of PERK alone was associated with increased T 

cell oxygen consumption rate; furthermore, in vivo blockade of PERK enhanced the 

antitumor action of anti-PD-1 blockade 72. This suggests a mechanism to overcome 

therapeutic resistance to immune checkpoint blockade by re-invigorating T cell 

bioenergetics. 
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b. Metabolic exhaustion of T cells 18 

Inflammation and chronic antigenic stimulation of T cells from the tumor 

microenvironment can cause T cells to differentiate into an exhausted phenotype with 

altered metabolic activity 7. Exhausted T cells have increased expression of inhibitory 

receptors like PD-1 and CTLA-4 with decreased effector function and cytokine secretion 

7,74-76. The action of PD-1 leads to a decrease in glucose consumption and a decrease in 

the rate of glycolysis in T cells 71. In the absence of glucose, short-chain fatty acids such 

as acetate can serve as carbon sources, and supplementing acetate can restore 

interferon-gamma (IFNγ) release on exhausted T cells, especially from CD8+ T cells with 

high expression of PD-1 77. This suggests an alternate metabolic pathway involved in 

response to immune checkpoint inhibition. 

Additionally, PD-1 activation decreases PPAR-gamma coactivator 1α (PGC1α), a 

transcription factor that controls mitochondria biogenesis 5,71. Therefore, the T cell will 

have diminished mitochondria biogenesis, function, and ability to undergo oxidative 

phosphorylation 71. This overall decrease in bioenergetics by T cells due to PD-1 activation 

results in the differentiation of an exhausted phenotype. However, by targeting PD-1, 

AMP-activated protein kinase (AMPK) and mTOR activate, resulting in amplified 

mitochondrial biogenesis and oxidative phosphorylation due to increased PGC1α 

expression 78. This improvement of bioenergetics restores CD8+ T cell activation and 

proliferation 78. 

Metabolic fitness is tightly linked to T cell exhaustion 71. Terminally exhausted 

tumor-infiltrating lymphocytes are characterized by accumulation of depolarized 

mitochondria due to lack of activation of mitophagy 79. This accumulation of depolarized 

mitochondria seems to be regulated by TCR and PD-1 signaling 79. Consistent with these 

findings, knockout of PD-1 on these cells reduced the population of depolarized 
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mitochondria suggesting that PD-1 signaling regulates mitochondria integrity and cell 

bioenergetics status. In the same study, in vivo administration of nicotinamide riboside 

(NAD) improved anti-PD-1 administration suggesting a mechanism to overcome the 

metabolic insufficiency caused in part by PD-1 signaling.   

c. Memory T cells 18 

The shift to fatty acid oxidation promotes the differentiation of T cells to a memory 

phenotype 22,23. Fatty acid oxidation involves the catabolism of fatty acids to acetyl-CoA, 

which will subsequently enter the citric acid cycle and oxidative phosphorylation to 

produce ATP 80. This type of metabolism supports prolonged survival and rapid expansion 

22,23. When PD-1 is ligated on effector T cells, increased expression of carnitine 

palmitoyltransferase 1A (CPT1A), the rate-limiting enzyme of fatty acid oxidation, and 

adipose triacylglycerol lipase (ATGL), an enzyme involved in lipolysis, occurs (Figure 1B) 

63. This promotes lipolysis as indicated by increased free fatty acid and glycerol release 63. 

Furthermore, ligation of PD-1 results in inhibiting amino-acid transport by inhibiting 

glutamine transporters SNAT1/2 65. This prevents the metabolism of glutamine through 

glutaminolysis which is known to support T cell activation 54,81.  

Additionally, the mitochondrial spare respiratory capacity of these cells is 

increased 63, which was observed in the clinic as tissue-resident memory T cells of gastric 

adenocarcinoma patients undergoing fatty acid oxidation have increased PD-1 expression 

82. CTLA-4 ligation also inhibits glycolysis by inhibiting glucose transporters such as 

GLUT-1 (Figure 1C).  However, CTLA-4 activation does not amplify fatty acid oxidation 

through CPT1A and ATGL like PD-1 activation, causing T cells to remain in an inactive, 

quiescent state 63. 
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Although the longevity of these T cells is enhanced due to increased fatty acid 

oxidation when PD-1 is activated, the amplification of fatty acid oxidation can result in 

increased mitochondrial hydrogen peroxide production and total cellular ROS 83. This 

increase in ROS may lead to a decrease in the expression of anti-apoptotic proteins, 

leading to apoptosis of T cells 83,84. 

ii. Metabolic effects of immune checkpoint protein activation on cancer cells 18  

Cancer cells often overexpress the immune checkpoint protein PD-L1 (CD274). 

PD-L1 is commonly known for its interaction with PD-1, limiting T cell antitumor function 

as discussed above. However, PD-L1 can also alter the metabolism of cancer cells and 

nutrient availability in the tumor microenvironment, impacting T cell antitumor function. 

Atezolizumab, avelumab, and durvalumab are FDA-approved monoclonal antibodies that 

target PD-L1 for various cancers, including melanoma, non-small cell lung cancer, 

urothelial carcinoma, and metastatic triple-negative breast cancer 43,85,86. Additionally, it 

has recently been discovered that cancer cells can also express PD-1, resulting in the 

reprogramming of cancer cell metabolism 87. 

a. Metabolic alterations of cancer cells associated with PD-L1 signaling 18  

Cancer cells undergo aerobic glycolysis as their primary energy source, resulting 

in increased glucose uptake and depletion of glucose from the tumor microenvironment 

88. When PD-L1 was targeted with a monoclonal antibody, a decrease in glycolysis was 

observed in various cancer cells (Figure 2A-B) 89. This is due to the inactivation of the 

PI3K/Akt/mTOR pathway and the translation of glycolytic enzymes that regulate glycolysis 

within these cells 89. The decrease in glycolysis by the cancer cell may result in increased 

availability of glucose in the tumor microenvironment that can be used by T cells to sustain 

their effector phenotype and antitumor function 89. 
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In another set of studies, PD-L1 blockade was associated with lipid peroxidation in 

tumors, increasing ferroptosis 90,91. Ferroptosis is a form of cell death characterized by 

activation of iron-dependent lipid peroxidation 91. The mechanism implicated IFNγ release 

from CD8+ T cells which downregulates SLC3A2 which mediates the exchange of 

extracellular cysteine and intracellular glutamate. In the study, treatment with anti-PD-L1 

limited cancer cell cysteine uptake and glutamate release, subsequently stimulating lipid 

peroxidation and ferroptosis 91. The activation of ferroptosis was linked to enhanced CD8+ 

T cell ant-tumor immunity resulting in better tumor clearance with immune checkpoint 

blockade 91. 

The observed upregulation of PD-L1 under hypoxia can also result in its 

translocation to the nucleus resulting in a switch from apoptosis to pyroptosis in cancer 

cells 92. Pyroptosis is a form of cell death characterized by the gasdermin C (GSDMC) 

mediated cleavage of caspases 92. In hypoxic conditions, p-Stat3 interacts with PD-L1, 

facilitating translocation to the nucleus and subsequently enhancing GSDMC transcription 

92. In macrophages, metabolites of the TCA cycle, such as fumarate, regulate pyroptotic 

cell death. Experiments show that dimethyl fumarate causes the succination of gasdermin 

D 93, preventing its interaction with caspases limiting pyroptotic cell death 93. While it is 

unknown that PD-L1 directly regulates this process, the succination of gasdermin could 

play a potential role in response to anti-PD-L1 therapy. 

Additionally, several immunosuppressive metabolites like lactate, glutamate, S-

methyl-5′-this adenosine (MTA), or glutamine were increased when PD-L1 was targeted 

along with the cytokines Transforming growth factor-β (TGF-β) and Cyclooxygenase-2 

(COX-2) 94. These metabolites have previously been examined to impair immune cell 

antitumor function in the tumor microenvironment 95-98. 
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b. Metabolic alterations by PD-1 on cancer cells 18 

A lesser-known aspect of PD-1 is its expression on cancer cells. In over thirty types 

of cancer, the gene that encodes for PD-1, PDCD1, has been found 87. PD-1 expression 

on these cancer cells may suppress proliferation as a decrease in Akt and ERK1/2 activity 

was observed (Figure 2C) 87. Therefore, when therapies were delivered to target PD-1, 

enhanced cancer cell growth was observed as Akt, and ERK1/2 activity was no longer 

suppressed 87. It is evident from these studies the impact the activation and blockade of 

PD-1 can have on both T cells and cancer cells. 

c. Regulation of PD-L1 expression by metabolic pathways 18 

The protein level expression of PD-L1 in cancer cells seems to be regulated by 

various factors (Figure 3). PD-L1 protein levels (but not mRNA) were downregulated in 

human and mouse cancer cells subjected to glucose starvation which was linked to 

activation of AMPK (Figure 3A) 99. Furthermore, AMPK phosphorylation of PD-L1 results 

in its degradation by autophagy. In the same study, inhibition of glycolysis with 2-DG 

resulted in activating AMPK and downregulation of PD-L1 99. 

In vitro and in vivo studies using renal cancer cell lines have indicated that 

glutamine depletion upregulates PD-L1 protein expression (Figure 3B) 100. This is due to 

the activation of EGFR signaling through the mitogen-activated protein (MAP) kinase 

signaling. Inhibitors of EGFR and proteins of the MAP kinase protein ERK and C-Jun 

downregulated PD-L1 expression suggest that PD-L1 expression is subjected to 

regulation by this pathway 100. Furthermore, it is reported that fatty acid synthase (FASN) 

expression in a leukemia cell line is linked to an increase in PD-L1 expression, suggesting 

an immunosuppressive role of fatty acid synthesis 101. Orlistat treatment, which decreases 
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FASN, decreased PD-L1 expression 101. Thus, suggesting a potential strategy to 

overcome immunosuppression and overcome resistance to immune checkpoint therapies. 

Hypoxia is a common characteristic amongst solid tumors due to their tortuous 

vasculature and increased oxygen consumption by cancer cells undergoing aerobic 

glycolysis 28. Cancer cells must adapt to the hypoxic tumor microenvironment to sustain 

metabolic processes to support their high proliferation rates and survival by shifting from 

the oxygen-dependent mitochondrial oxidative phosphorylation to glycolysis 102. Previous 

data has shown that patients with hypoxic tumors often have low response rates to 

immune checkpoint blockade therapies and decreased overall survival 24-27. This may be 

due to impaired T cell activation, proliferation, cytokine production, and cytolytic capacity 

from the lack of oxygen 9,10,12,16,17. Therefore, improving oxygenation within tumors may 

enhance immune checkpoint blockade therapy response. Cancer cells also stabilize and 

accumulate hypoxic responsive factors (HIF) within the tumor microenvironment, which 

will bind to hypoxia response elements (HRE) in the promoter region of hypoxia-

responsive genes like PD-L1 (Figure 3B) 15,103. With the upregulation of PD-L1 expression 

on cancer cells, T cell effector function inhibition can occur due to PD-1 interaction 15,104. 

Therefore, hypoxia may be a marker of immune checkpoint blockade response, and the 

oxidative metabolism of tumors impacts the ability of T cells to respond to immune 

checkpoint blockade therapy due to increased PD-L1 expression. 
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IV. Overview of CD47 

Cluster of differentiation 47 (CD47) is a ubiquitously expressed type 1 integral 

membrane protein also known as integrin associated protein (IAP). It was first discovered 

in the 1980s as a tumor antigen in human ovarian cancer 105. Its structure consists of an 

N-terminal extracellular immunoglobulin variable (IgV) domain, a disulfide bond, a five 

membrane-spanning segment, and a C-terminal variably spliced intracellular cytoplasmic 

tail, resulting in molecular weight of 50 kDa (Figure 4) 106-108. The overall structure and 

cytoplasmic tail isoform of CD47 can vary based on the tissue it resides in 109-111.  

The signaling pathways initiated by CD47 are dependent on the ligands it interacts 

with, like signal regulatory protein alpha or gamma (SIRPα or SIRPγ) and 

thrombospondin-1 (TSP1) 112-114. SIRPα and SIRPγ are transmembrane proteins located 

in various cells, while TSP1 is a secreted homotrimeric glycoprotein 112,115,116. These 

ligands specifically interact with the extracellular domain of CD47; however, only one of 

these ligands can interact with the CD47 receptor at a time 112-114,117.   

i. SIRPα interaction with CD47 

SIRPα (CD172a) is a cell surface glycoprotein expressed on several cell types, 

including myeloid cells, macrophages, granulocytes, dendritic cells, and neurons 118-120. 

The structure of SIRPα consists of a two constant Ig linked to an IgV in the extracellular 

region, a transmembrane segment, and an intracellular cytoplasmic tail (Figure 5A) 115,121. 

The intracellular cytoplasmic tail consists of four tyrosine residues resulting in two 

immunoreceptors tyrosine-based inhibitory motif (ITIM) (Figure 5A) 115,121. 

SIRPα on innate immune cells, like macrophages, can bind laterally with CD47 on 

cancer cells, acting as a counterreceptor (Appendix Figure 8). When the IgV domains of 

CD47 and SIRPα interact, ITIM is phosphorylated. ITIM phosphorylation allows the 

recruitment of the Src homology region domain containing phosphates 1 and 2 

(SHP1/SHP2) and subsequently their activation. SHP1/2 dephosphorylate and inactivate 
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the motor protein, myosin IIA, inhibiting macrophages from undergoing the necessary 

structural changes to phagocytose cancer cells. Therefore, antiphagocytic activity arises 

as “don’t eat me” signals, allowing cancer cells to continue to proliferate while bypassing 

antitumor immunosurveillance and killing. 122 

ii. SIRPγ interaction with CD47 

SIRPγ (CD172g) is a transmembrane protein commonly located on T cells 123. 

SIRPγ has a similar structure to SIRPα with two IgG and one IgV extracellular domain and 

a transmembrane segment; however, SIRPγ lacks an intracellular cytoplasmic tail of ITIM 

(Figure 5B) 124,125. Similar to SIRPα, SIRPγ binds laterally to CD47 as a counter-receptor, 

although it has a substantially weaker binding affinity (Figure 5B) 112. Due to the lack of 

the intracellular cytoplasmic tail, the signaling from CD47/SIRPγ interactions are 

unidirectional and only cascade through CD47 112. However, CD47/SIRPγ interactions can 

impact T cell antigen presentation and migration. CD47/SIRPγ interactions can promote 

cell to cell adhesion, enhance antigen presentation between T cells and APCs, and initiate 

signaling for T cell migration during an inflammatory period 123,126.  

iii. Ligation of CD47 by TSP1 

Thrombospondins (TSP) are a family of matricellular glycoproteins with five 

members (TSP1, TSP2, TSP3, TSP4, and TSP5) who have different structures and 

functions 127. TSP1 has the highest binding affinity to CD47 117. It is secreted by an 

assortment of cells, including platelets, endothelial cells, adipocytes, cancer cells, and 

immune cells like monocytes and macrophages 128-130. Its homotrimeric structure consists 

of three disulfide subunits 131-133. The C-terminal binding domain of TSP1 interacts binds 

with the five N-glycosylated sites of the IgV domain of CD47 (Figure 5C) 111. Therefore, 

the binding of TSP1 to CD47 differs from SIRPα and SIRPγ.  During cancer, elevated 

levels of TSP1 in cancer patients is correlated with lower overall survival, according to The 

Cancer Genome Atlas. This may be due to the increased interaction of TSP1 with CD47 
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on T cells, which can cause a variety of signal transduction pathways that affect T cell 

activation, differentiation, and survival.  

a. TSP1 ligation of CD47 effects on T cell activation  

The α and β variable regions of TCR are activated through antigen presentation 

as a peptide on the MHC of APCs 2. This causes the linker of activated T cells (LAT) and 

zeta chain associated protein kinase 70 (ZAP70) signaling molecules to be 

phosphorylated and activated 134. LAT and ZAP70 cause signaling for the transcription of 

T cell activating molecules like interleukin-2 (IL-2), tumor necrosis factor alpha (TNFα), 

cystathionine β synthase (CBS), and cystathionine γ-lyase (CSE). CBS and CSE 

specifically cause hydrogen sulfide (H2S) synthesis 135. Once H2S is produced, structural 

alterations to the T cell lead to an immunological synapse to induce proper activation. 

Previous studies have shown that CD47/TSP1 interaction inhibits T cell activation due to 

inhibitory effects to the H2S and TCR signaling 136,137. When TSP1 is exposed to CD47 on 

a T cell, it reduces T cell activation due to the inhibition of H2S synthesis. CD3+ T cells 

exposed to TSP1 decrease CBS and CSE gene expression and subsequently H2S 

synthesis 137. If the synthesis of H2S is decreased, then ERK will not be phosphorylated 

137. Therefore, T cell activation is reduced, as indicated by a decrease in IL-2 production 

by CD3+ T cells exposed to TSP1 137. This displays how the CD47/TSP1 interaction 

causes decreased T cell activation due to the inhibition of H2S synthesis by decreasing 

the abundance of CBS and CSE.  

TCR-mediated T cell activation was also reduced due to CD47 ligation by TSP1. 

When T cells were exposed to TSP1, several genes, including CD69 and IL-2, were 

downregulated due to inhibition of TCR activation and signaling 136. CD69 is a marker of 

T cell activation, while IL-2 is a cytokine released by antigen-activated T cells. Additionally, 

TSP1 ligation to CD47 on T cells inhibits TCR downstream signaling involving ZAP70 and 
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nuclear factor of activated T cells (NFAT) 136.  Therefore, the ligation of CD47 by TSP1 

inhibits T cell activation through TCR signaling, leaving T cells in an inactive state. 

b. TSP1 ligation of CD47 alters T cell differentiation   

T cells can differentiate into numerous phenotypes with a variety of functions; 

however, CD47 ligation by TSP1 can alter differentiation. When CD47 on human naïve or 

memory CD4+CD25- T cells are ligated by TSP1, they differentiate into T regulatory cells 

(Treg, CD4+, FOXP3+) 138.  Tregs are anergic and suppress the activation and 

proliferation of naive T cells 139. Therefore, this CD47/TSP1 interaction causes increased 

differentiation of immunosuppressive Treg cells, impairing antitumor immunosurveillance 

and killing 138.  

c. TSP1 ligation of CD47 induces T cell death  

The ligation of CD47 on a T cell by TSP1 can induce apoptosis through two 

different pathways involving the Bcl2/adenovirus E1B 19kDa-interacting protein-3 (BNIP3) 

and dynamin-related protein 1 (Drp1). BNIP3 is an apoptotic intracellular transmembrane 

protein and a member of the Bcl-2 family 140. T cells with and without CD47 expression 

were exposed to TSP1 to examine BNIP3 activation. It was determined that T cells with 

CD47 expression would co-precipitate with BNIP3 when exposed to TSP1; however, T 

cells lacking CD47 expression would not co-precipitate 141. Therefore, BNIP3 binds and 

activates CD47 when exposed to TSP1 on T cells. Once BNIP3 is activated, it translocates 

from the cell membrane to the mitochondrial outer membrane 140. When T cells were 

exposed to TSP1, immunofluorescence imaging displayed the migration of BNIP3 from 

CD47 at the cell membrane to the mitochondria outer membrane in CD47 expressing T 

cells; however, BNIP3 did not migrate to the mitochondria in T cells lacking CD47 

expression 141. Once BNIP3 travels to the mitochondrial outer membrane, it permeabilizes 

the membrane to cause substantial damage and induce apoptosis in CD47 expressing T 
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cells 141-143. Therefore, the ligation of CD47 on a T cell by TSP1 induces apoptosis through 

BNIP3 signaling pathway.  

Additionally, Drp1 also induces apoptosis through a mitochondrial pathway similar 

to BNIP3. Drp1 is an intracellular protein located by the cell membrane and is activated 

when CD47 is ligated by TSP1, which is confirmed through elevated Drp1 mRNA 

expression 144. Once activated, Drp1 migrates into the mitochondria with serine proteases. 

Immunoblots and immunofluorescence confirmed the presence of serine proteases in both 

chronic lymphocytic leukemia (CLL) B cells and Jurkat T cells when CD47 was ligated by 

TSP1 144. Additionally, fluorescent microscopy confirmed the migration of Drp1 from the 

cell membrane to the mitochondria after CD47 ligation by TSP1 144,145. Inside the 

mitochondria, Drp1 will inhibit the electron transport chain. By inhibiting the electron 

transport chain, the transmembrane potential of the mitochondria and ATP production will 

decrease while the formation of reactive oxygen species (ROS) will increase. Kinetic 

analysis demonstrated the mitochondrial effect of Drp1 with decreased cell viability, 

decreased ATP levels, and increased ROS when CD47 was ligated by TSP1 144. Drp1 is 

involved in type III programmed cell death, characterized as caspase independent 

alteration of intracellular organelles that enhance death to the cell, similar to necrosis 146. 

Immunoblots and immunofluorescence confirmed the absence of caspases in the 

programmed cell death process 144. Therefore, TSP1 ligation of CD47 on CLL B cell and 

Jurkat T cell induces a type III programmed cell death through the Drp1 pathway.  

iv. Metabolic reprogramming mediated by CD47 

As discussed above, metabolic reprogramming of immune cells, specifically T 

cells, can substantially affect their phenotype and function. CD47 can reprogram cellular 

metabolism due to mitochondrial effects and alterations in glycolysis 147-149. The 

metabolism of T cells with and without CD47 expression was examined within an irradiated 

stress-induced environment. It was determined that T cells lacking CD47 expression had 
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increased glucose uptake, resulting in increased glycolysis 147. Additionally, as observed 

by oxygen consumption, mitochondrial biogenesis and mitochondrial function were also 

increased in T cells lacking CD47 expression 147. This supports data of CD47 ability to 

modulate mitochondrial function as CD47 targeted natural killer cells have increased spare 

respiratory capacity 149.  Overall, CD47 has the ability to modulate the metabolism of T 

cells within an irradiated environment and displays its potential as a therapeutic target to 

enhance T cell bioenergetics.  

Aside from CD47 regulation of metabolism in immune cells, CD47 also plays a role 

in metabolic reprogramming in different tissue types. Bulk RNA sequencing revealed that 

the absence of CD47 regulated several metabolic pathways in adipose tissue, protecting 

rats from age related obesity 150. Additionally, skeletal muscle of cd47 null mice have 

increased mitochondrial biogenesis and density due to enhanced PGC1α activity 148. 

These studies begin to reveal the role of CD47 in regulating bioenergetics in different 

tissue types. However, it is still unknown how CD47 regulates cancer cell metabolism 

within the tumor microenvironment. 

v. The potential for CD47 targeted therapeutics in the clinic  

CD47 is an intriguing therapeutic target to cancer patients in the clinic. CD47 

expression is upregulated in both hematological and solid tumor cancers and is correlated 

with a decrease in patient progression-free and overall survival 151,152. CD47 expression is 

also associated with therapeutic resistance. For example, when TNBC cells are treated 

with chemotherapy, it increases hypoxia-inducible factors (HIF), increasing CD47 

expression 153. Increased CD47 expression allows TNBC cells to escape antitumor 

immune cell killing and continue proliferating without immune cell interference 153. Due to 

CD47 association with therapeutic resistance and patient survival it has the potential to be 
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targeted through two novel therapeutics: antibodies and oligonucleotide antisense 

morpholinos.  

Antibodies that target CD47 block SIRPα interactions. This will inhibit “don’t eat 

me” signals from arising and allow antitumor immunosurveillance to continue. Several 

human antibodies, like B6H12, have been developed and used in several preclinical 

studies. The use of B6H12 antibodies has reduced or eradicated malignant cells in several 

solid tumor and hematological cancer models 151,152,154,155. Due to the success observed in 

these previous studies, a humanized CD47 targeting antibody (Hu5F9-G4) was 

developed. The use of this antibody caused the eradication of acute myeloid leukemia 

cells and increased disease-free survival in preclinical models 156.  Similar results were 

observed in a non-Hodgkin’s lymphoma model when the Hu5F9-G4 antibody was used in 

combination with rituximab 156. Additionally, little to no toxicity is associated with this 

therapeutic in the preclinical studies. Some animals developed anemia post-treatment; 

however, the anemia resolved itself within two weeks 156. Due to the success of these 

preclinical studies, clinical trials to target CD47 began with the Hu5F9-G4 antibody to 

target CD47 in a variety of solid tumor cancers 157.  

Oligonucleotide antisense morpholino’s mechanism of action differs from 

antibodies; instead of binding to the protein of interest like an antibody, morpholinos 

decrease protein expression. Morpholinos are sequenced to bind to the mRNA of the 

protein of interest. Once the morpholino is bound, it inhibits the translation as DNA 

polymerase cannot travel down the mRNA to translate the protein. Morpholinos are 

clinically relevant as the FDA has approved morpholinos for Duchenne muscular 

dystrophy and is used in clinical trials for prostate cancer 158,159. Therefore, the use of 

morpholino to target CD47 inhibits the translation of CD47 to decrease protein expression 

on the cell surface 160-162. By using CD47 morpholino (CD47M), the engagement of CD47 
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from a variety of ligands, including both SIRPα and TSP1, will be inhibited, unlike 

antibodies in clinical trials that are designed to only block CD47/SIRPα interactions 117. 

Several preclinical studies show promising results for using CD47M to decrease 

tumor burden and potentially treat cancer patients. CD47M was first used to examine how 

it would affect tumor burden combined with irradiation. B16 melanoma cells were injected 

into the hind legs of C57BL/6 mice and subjected to CD47M treatment and irradiation 163. 

CD47M treatment in combination with irradiation delayed tumor growth. Similar results 

were observed when this experiment was replicated in a lung squamous cell carcinoma 

model in C3H mice 163. Furthermore, this antitumor response observed from combined 

CD47M and irradiation treatment is due to the infiltration of CD8+ T cells 162. 15-12RM 

fibrosarcoma cells were injected into the hind legs of immunocompetent BALB/c mice 162. 

Once tumors reached 100mm3, mice received CD47M as a monotherapy or in 

combination with irradiation, resulting in decreased tumor burden compared to control 162. 

Immunohistochemistry of tumors exhibited infiltration of CD8+ T cells with increased 

granzyme B secretion 162. This decrease in tumor burden was mediated by infiltrating 

CD8+ T cells as depleting CD8+ T cells from mice abolished the antitumor effects 

observed 162. Therefore, this CD47 targeted therapy enhances the CD8+ T cell antitumor 

response to decrease tumor burden when combined with irradiation treatment. However, 

it is unknown how and why CD47 mediates this increase in CD8+ T cells to decrease 

tumor burden. 
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V. Concluding Remarks  

Cancer immunotherapies, such as immune checkpoint blockade, are currently 

used in the clinic; however, only 10-40% of patients respond to these treatments 38,43. 

Further research is needed to enhance CD8+ T cells antitumor function while sensitizing 

cancer cells within the tumor microenvironment so appropriate therapies can be used in 

combination with immune checkpoint blockades to improve patient response and 

decrease tumor burden.   

CD47 blockade is known to decrease tumor burden, which is mediated by CD8+ 

T cells with enhanced antitumor function. However, it is unknown why the absence of 

CD47 enhances CD8+ T cell antitumor function or what effect it has on cancer cells and 

the tumor microenvironment. Additionally, little is known about the impact of CD47 

blockade and response to immune checkpoint blockade therapy. Therefore, my studies 

investigate (1) if CD47 expression impacts the bioenergetics of normal tissue, (2) if the 

blockade of CD47 alters metabolic pathways of cancer cells and the overall tumor 

microenvironment, (3) if the ligation of CD47 by TSP1 effects CD8+ T cell activation, 

antitumor effector function and energy production and (4) if the CD47/TSP1 signaling axis 

could serve as a marker of immune checkpoint blockade response and how targeting this 

pathway influences response to immune checkpoint blockade therapies. With these 

results, we can determine if CD47 is a potential therapeutic target to treat cancer patients 

and if this targeted immunotherapy sensitizes and improves response to immune 

checkpoint blockades to reduce tumor burden in various cancer patients.   
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VI. Figures 

 

 

 

 

 
 
 
 
 

 

 

 

 

 

 

Figure 1- Immune checkpoint proteins regulate metabolic signaling on T cells. (A) 

Interactions with cancer or antigen-presenting cells can modulate T cell metabolism. (B) 

PD-L1 binding to PD-1, regulates fatty acid oxidation on T cells and limits glutamine 

metabolism by reduction of SNAT1/2. (C) Activation of CTLA-4 inhibits glycolysis within 

activated effector T cells inhibiting PI3K/AKT signaling, reduction of glucose uptake by 

inhibition of GLUT-1. 18 
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Figure 2- Regulation of metabolic signaling of immune checkpoint inhibitors on 

cancer cells. (A) PD-L1 engagement results in activation of glycolysis and activation of 

the PI3K/Akt/mTOR pathway. (B) Antibodies to PD-L1 are known to inhibit its metabolic 

signaling. (C) PD-1 on cancer cells limits Akt and ERK1/2 signaling regulating cancer cell 

proliferation. 18   
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Figure 3- Metabolic signaling and regulation of PD-L1 expression. (A) Glucose (GLU) 

starvation and activation of AMPK results in the degradation of PD-L1 and a decrease in 

its expression. (B) Glutamine (GLN) depletion activates EGFR and MAPK signaling, 

resulting in the upregulation of PD-L1 during hypoxia. 18 
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Figure 4- Structure of CD47. CD47 is an integral membrane protein with an extracellular 

IgV domain, a disulfide bond, a five membrane spanning segment and a variably spliced 

intracellular cytoplasmic tail.   
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Figure 5- CD47 interaction with SIRPα, SIRPγ and TSP1. The transmembrane proteins, 

(A) SIRPα and (B) SIRPγ, interact with the extracellular IgV domain of CD47. (C) CD47’s 

N-glycosylated IgV domain is ligated by the matricellular glycoprotein TSP1.  
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I. Abstract 

The goal of this study was to interrogate biochemical profiles manifested in mouse 

lung tissue originating from wild type (WT) and cd47 null mice with the aim of revealing 

the in vivo role of CD47 in the metabolic response to ionizing radiation, especially changes 

related to the known association of CD47 deficiency with increased tissue viability and 

survival. For this objective, we performed global metabolomic analysis in mouse lung 

tissue collected from (C57Bl/6 background) WT and cd47 null mice with and without 

exposure to 7.6 Gy whole body radiation. Principal component analysis and hierarchical 

clustering revealed a consistent separation between genotypes following radiation 

exposure. Random forest analysis also revealed a unique biochemical signature in WT 

and cd47 null mice following treatment. Our data show that cd47 null irradiated lung tissue 

activates a unique set of metabolic pathways that facilitate the handling of reactive oxygen 

species, lipid metabolism, nucleotide metabolism and nutrient metabolites which may be 

regulated by microbial processing. Given that cd47 has pleiotropic effects on responses 

to ionizing radiation, we not only propose this receptor as a therapeutic target but postulate 

that the biomarkers regulated in this study associated with radioprotection are potential 

mitigators of radiation-associated pathologies, including the onset of pulmonary disease. 
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III. Introduction 

Lack of selective radioprotectants for normal tissue limits the therapeutic doses 

that can be delivered to treat cancers and limits the therapeutic strategies in place to treat 

the onset of Acute Radiation Syndrome due to accidental or intentional exposure to 

ionizing radiation 1,2. Furthermore, pulmonary tissue is exquisitely sensitive to radiation 

damage and is considered treatment-limiting in patients exposed to total-body irradiation 

(TBI) in preparation for hematopoietic stem cell transplantation 3. Because of its sensitivity 

to radiation, lung tissue is vulnerable to early and late effects of radiation that can impact 

quality of life, survival and future risk to pulmonary pathologies 4,5. Thus, finding 

biomarkers and strategies to modulate tissue responses to stress is an important 

therapeutic objective to treat the oxidative and genotoxic stresses caused by exposure to 

ionizing radiation. 

Cluster of differentiation 47 (CD47, encoded by cd47 in mouse) is a signaling 

receptor for thrombospondin-1 (TSP1) and an attractive cancer therapeutic target as 

blocking CD47 signaling protects normal tissue while sensitizing tumors to ionizing 

radiation 6-8. Moreover, CD47 is also a target for a potential defense countermeasure drug 

as decreasing CD47 expression increases survival of mice exposed to lethal doses of 

whole body ionizing radiation 9. CD47 is a widely expressed receptor that controls cell fate 

via two major functions: (1) interaction with signal regulatory protein alpha (SIRPα) on 

phagocytic cells, which results in inhibition of phagocytic activity and (2) binding to TSP1. 

CD47 transduces signals that alter cellular calcium, cyclic nucleotide, integrin, growth 

factor signaling and controls cell viability and resistances to stress 10,11. This latter function 

is fundamental to understanding why targeting CD47 could provide therapeutic benefits to 

treat radiation-induced pathologies. In previous studies we demonstrated that the 

radioprotective effect of CD47 on cells and tissues, including lungs, was mediated through 

the activation of protective autophagy 9,12. Furthermore, in vitro studies with WT and CD47-
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deficient T lymphocyte cell lines demonstrated that the absence of this receptor globally 

impacted metabolic pathways to overcome stress associated with ionizing radiation 

treatment 13. 

In this new report we present a global overview of the in vivo modulation of 

metabolism by the receptor CD47 in response to whole body irradiation at 24 h. This time 

point was selected due to government guidelines suggesting that medical countermeasure 

delivery would be able to be started 24h post-exposure 14. Furthermore, one of the aims 

of radiation biodosimetry efforts is to elucidate early biomarkers to streamline triage of 

victims after a radiation incident 1. The present study was conducted using Liquid 

chromatography/Mass spectrometry (LC-MS) and a Gas chromatography/Mass 

spectrometry (GC-MS) analysis platform with the objective of identifying metabolic 

perturbations in WT and cd47 null lung tissue following exposure to ionizing radiation. The 

use of these platforms allows an in-depth metabolite discovery to understand physiological 

responses to ionizing radiation exposure 1 and allows us to gain a profound understanding 

of the metabolic regulation associated with the radioprotection of cells and soft tissues we 

have previously observed with the blockade or deficiency of the receptor CD47. 

Our data show that cd47 null irradiated lung tissue activates a unique set of 

metabolic pathways that facilitate the handling of reactive oxygen species (ROS), lipid 

metabolism, nucleotide metabolism and nutrient metabolites which may be regulated by 

microbial processing. Given that CD47 has pleiotropic effects on responses to ionizing 

radiation, we not only propose this receptor as a sole target but postulate that the 

biomarkers regulated in this study associated with radioprotection are considered potential 

mitigators of radiation-associated pathologies including the onset of pulmonary disease. 
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IV. Results 

i. Unique Biochemical Signatures in the Absence of CD47 after Ionizing Radiation 

Treatment 

The present study identified over 300 compounds of known identity in lung tissue. 

Following median scaling, imputation of missing values, if any, with the minimum observed 

value for each compound and log transformation median scaled data, analysis of variance 

(ANOVA) contrasts were used to identify biochemicals that differed significantly between 

experimental groups. Principal component analysis revealed a consistent separation 

between WT and cd47 null tissues following irradiation exposure which was supported by 

random forest analysis (Figure 1A, Supplementary Figure 1A). Furthermore, random 

forest analysis also indicated a unique biochemical signature in WT and cd47 null mice 

after treatment with a predictive accuracy of 87% and 100%, respectively (Figure 1B, C). 

Notably, neither principal component nor random forest analysis demonstrated a 

separation between genotypes without treatment (Figure 1A and Supplementary Figure 

1B), suggesting that cd47 primarily regulates a metabolic response to damage after stress 

such as ionizing radiation. 

ii. CD47 Modulates Antioxidant Response after Ionizing Radiation 

One of the most well characterized pathways in studying tissue response to 

ionizing radiation is the glutathione pathway. Reduced glutathione (GSH) is a major 

antioxidant and is associated with protective response to ionizing radiation 15. On the other 

hand, oxidized glutathione (GSSG) is associated with damage and oxidative stress and 

thus found at lower levels in normal conditions. Furthermore, the ratio of these two 

metabolites can serve as a measure of oxidative damage with a ratio favoring GSH 

associated with radioprotection. As expected, our metabolomics data showed that GSH 

was more abundant than GSSG in WT and cd47 null animals with no significant 
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differences between genotypes (Figure 2A, B). However, after radiation there was a 

significant 66% drop in GSH levels in WT animals, and the ratio of GSH to GSSG was 

higher in cd47 null irradiated animals (Figure 1A and Table 1), which is consistent with 

previous literature examining these metabolites during radiation exposure 13. A similar 

trend was also observed in S-methyl glutathione, another derivative of GSH (Figure 2C). 

On the other hand, cd47 null irradiated tissues showed slight elevated levels of GSH when 

compared to WT and cd47 null control animals. The levels of the precursor of glutathione, 

5-oxoproline, remained similar among genotypes regardless of treatment, suggesting that 

this regulation is not due to elevated levels of the precursor metabolite in cd47 null mice 

(Figure 2D). Consistent with our previous data in irradiated CD47-deficient T cells, the 

ratio of GSH to GSSH was higher in irradiated cd47 null tissues when compared to 

irradiated WT lung, confirming an enhanced antioxidant response to oxidative stress that 

occurs acutely in CD47-deficient cells after exposure to ionizing radiation. Another 

pathway implicated in the regulation of oxidative stress after ionizing radiation was the 

metabolism of heme. Heme is a cofactor bound to hemoglobin and can be converted to 

biliverdin by heme oxygenase to biliverdin 16,17. Our data showed that heme is significantly 

elevated in WT mice after radiation; however, no significant differences were observed in 

biliverdin (Supplementary Figure 3A, B). Consistent with other studies, this suggests that 

heme metabolism may be a marker of radiation exposure in lungs 17, but together with the 

data presented above, suggests that CD47 regulates an antioxidant response through the 

regulation of glutathione metabolism. 

iii. CD47 Regulates Lipid Metabolism as a Response to Ionizing Radiation 

We have previously reported that glycolysis and citric acid intermediates 

participate in response to stress in both WT and cd47 null T cells and lung tissue with an 

observed reduction in citrate levels in WT irradiated lungs when compared to cd47 null 13. 
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While other metabolites downstream of citrate in the TCA cycle may be regulated, our 

statistical analysis suggested that metabolic demands after ionizing radiation may be met 

by activation of fatty acid synthesis. Irradiated WT and cd47 null mice exhibited a modest 

decrease in long chain fatty acid metabolites such as palmitoleate and myristoleate, 

reflecting possible changes in lipid synthesis and oxidation (Figure 3A, B). While carnitine 

levels were not different between WT and cd47 null irradiated tissues (Figure 3C), the 

carnitine conjugated lipids palmitoylcarnitine and stearoylcarnitine significantly 

accumulated in irradiated WT lungs, but not in irradiated cd47 null lungs (Figure 3D, E). 

The accumulation of these carnitine conjugated lipids may be indicative of a defect in lipid 

import into the mitochondria for subsequent oxidation. Consistent with this observation 

and previous data from irradiated CD47-deficient T cells (Supplementary Figure 2A), 3-

hydroxybutyrate levels, a metabolite marker of β-oxidation, was reduced in WT but not 

irradiated cd47 null tissues (Figure 3F) 13. This suggests that fatty acid synthesis and 

oxidation remain intact in cd47 null lungs, providing an additional potential energy source 

for tissue repair and survival. 

iv. Differential Regulation of Cell Membrane Phospholipids after Ionizing Radiation 

Another aspect of lipid metabolism regulated in our study was the synthesis of 

membrane phospholipids, which are essential in the maintenance of cellular structure as 

a response to ionizing radiation 18. The synthesis of phospholipids is achieved by the 

catalysis of choline and ethanolamine (known as the Kennedy Pathway or CDP-choline 

pathway) to produce phosphocholine and phosphoethanolamine, respectively, to the 

eventual production of glycerophosphocholine and glycerophosphoethanolamine 19. 

Choline levels were moderately elevated after radiation in both genotypes, while 

downstream metabolite choline phosphate (Phosphocholine) remained equal among 

groups (Figure 4A, B). On the other hand, downstream phospholipid precursor cytidine 
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5′-diphosphocholine was significantly reduced in irradiated tissues when compared to the 

control counterparts (Figure 4C), suggesting that this metabolite may be a marker of 

radiation injury and implying a compensatory mechanism to synthetize membranes after 

insult. This was further confirmed by the increase in glycerol 3-phosphate and 

glycerophosphocholine metabolite levels in both irradiated groups, thus supporting a lipid 

hydrolysis mechanism occurring as a response to radiation in the choline arm of the 

Kennedy pathway (Figure 4D, E). This was further supported as we did not observe 

changes in ethanolamine and phosphoethanolamine among groups with or without 

radiation (Supplementary Figure 3C, D). However, stark differences were observed in 

lysolipids such as 1-steraoryl gycerophosphocholine accumulation in WT irradiated 

tissues when compared to cd47 null irradiated tissues (Figure 4F), thus suggesting that 

irradiated WT cell membranes have elevated turnover due to higher damage when 

compared to cd47 null cells. Aside from changes in phospholipid metabolism, the 

sphingolipid metabolites sphinganine, sphingosine, stearoyl sphingomyelin, and N-

palmitoyl-D-erythro-sphingosine accumulated in irradiated WT lungs (Figure 4G–J). In 

contrast, this trend was not significantly observed in irradiated cd47 null mice and may 

suggest a difference in tissue injury between genotypes as sphingolipids are critical 

regulators of cell growth and survival (Table 2). 

v. Absence of CD47 Preserves Nucleotide Metabolism after Ionizing Radiation 

Nucleotide biosynthesis is essential for mechanisms of DNA repair triggered by 

strand breakage caused by ionizing radiation. As expected, key intermediaries of purine 

metabolism were depleted in both groups after ionizing radiation (Table 3). However, 

some key differences were observed between genotypes. As observed in Figure 5A, 

levels of 5-guanosine monophosphate (GMP) were elevated in cd47 null lungs when 

compared to WT, which may explain the slight elevated levels of this metabolite in cd47 
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null radiated tissue when compared to WT irradiated. However, downstream metabolism 

of GMP by nucleotidases generates guanosine, which was found to be significantly 

increased in the cd47 null irradiated tissues when compared to WT irradiated (Figure 5B). 

This suggests that the elevated levels of GMP preceding radiation in cd47 null tissues may 

provide an advantage to the synthesis of purines by generating guanosine. In terms of 

pyrimidine metabolism, we observed that most of the metabolites detected remained 

mostly stable even with ionizing radiation (Table 3). Still, significantly elevated levels of 

thymine were observed in cd47 null tissues when compared to WT, and a further elevation 

of thymine was observed in cd47 null tissues after irradiation (Figure 5D). This would 

indicate that thymine may accumulate in cd47 null mice after irradiation. However, there 

were significantly increased levels of thymidine (Figure 5C) in cd47 irradiated mice, which 

is converted to thymine by the action of nucleosidases, suggesting an enhanced pathway 

for nucleoside metabolism in the cd47 null condition. Furthermore, pyrophosphate is 

released when nucleotides are incorporated into DNA, which is linked to radiation-induced 

DNA damage 13. Our studies showed a reduction in this metabolite in WT mice after 

irradiation, whereas there was no significant change in the cd47 null tissues after 

irradiation (Figure 5E). The drop in pyrophosphate levels in WT mice suggests a 

deficiency in the capacity for DNA repair and synthesis after ionizing radiation treatment. 

This together with the aforementioned changes in nucleoside metabolites suggest that 

deficiency of cd47 plays a key role in the regulation of nucleotide metabolism, which would 

allow better recovery of tissue after radiation exposure. 

vi. Differential Regulation of Nutrient Processing after Ionizing Radiation 

Exposure to whole body irradiation causes changes in nutrient absorption and 

metabolism, thus co-factors and vitamins have been studied as potential intervention as 

countermeasure drugs. The heavily studied metabolite alpha-tocopherol (vitamin E) 2 was 
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significantly elevated in WT and cd47 null mice exposed to ionizing radiation when 

compared to their respective controls (Figure 6A). Given the antioxidant properties of this 

metabolite, it is possible that this metabolite is increased after ionizing radiation to mitigate 

damage. Another dietary component that was regulated in our study was erythritol, which 

can occur endogenously or come from food sources 20 (Figure 6B). Our data showed that 

WT irradiated mice had lower levels or this metabolite when compared to control; however, 

levels of erythritol remained stable in the cd47 null mice after radiation, thus suggesting 

differences in nutrient metabolism between genotypes that may participate in responses 

to ionizing radiation. Supporting this observation, metabolites of benzoate metabolism 

were differentially regulated between genotypes after exposure to ionizing radiation. 

Sodium benzoate is a widely used food preservative that is metabolized to hippurate in 

the mitochondrial matrix 21. Consistent with a cd47-dependent depletion of hippurate in 

irradiated T cells (Supplementary Figure 2B), our data showed that this metabolite was 

depleted after exposure to ionizing radiation in WT mice but was preserved in cd47 null 

mice (Figure 6C). Since mitochondrial processing of hippurate can impact ATP and sugar 

metabolism, these results suggest that nutrient handling in the cd47 null mice may 

contribute to the previously observed protection of lung tissue and survival of these mice 

to ionizing radiation. Furthermore, microbial degradation of benzoate can also lead to the 

production of catechol substrates. Our data showed elevated catechol sulfate levels in 

cd47 null mice lungs when compared to WT and remained elevated in cd47 null mice 

when compared to WT irradiated mice (Figure 6D). Consistent differences were found in 

cd47 null T cells exposed to ionizing radiation when compared to WT (Supplementary 

Figure 2C). This not only indicates differential regulation of food metabolites between 

genotypes but also shows differential microbial processing of metabolites as a 

consequence of ionizing radiation. Another aspect that suggests differential microbial 

processing is the observed regulation of xenobiotics. Ergothioneine, a metabolite 



53 
 

produced by Actinomycetales and cyanobacteria, was elevated in cd47 null mice when 

compared to WT before and after ionizing radiation (Figure 6E). Ergothioneine has been 

demonstrated to have antioxidant properties 22, thus suggesting that the elevated 

presence of this metabolite in the cd47 null mice may provide an advantage in the 

protective response to ionizing radiation. Therefore, our data suggest that differential 

metabolism of nutrients either by mitochondrial or microbial processing may play a role in 

the observed radioprotection of cd47 null mice. 

 

V. Discussion 

We had previously examined the contribution of CD47 deficiency to radiation 

resistance between WT and CD47 deficient Jurkat T lymphocytes cell line and observed 

that CD47 deficient cells and lung tissues were protected from increasing doses of ionizing 

radiation by the activation of autophagy 12, Autophagy is a highly evolutionary cellular 

process that is heavily regulated in part by nutrient availability and metabolism 23; thus, we 

performed untargeted metabolomics and discovered the CD47 deficient cells globally 

upregulated anabolic metabolism as a survival response to radiation treatment. We 

observed in these cells profound changes in metabolic pathways controlling oxidative 

stress, DNA repair and energy metabolism 13. The latter was validated in lung tissue 

irradiated at 24 h by examining levels of glucose, glucose-6-phosphate, fructose-6-

phosphate, ribose-5-phosphate, sedoheptulose-7-phosphate, citrate and malate 13. 

Moreover, we have previously demonstrated that CD47 blockade increase survival of mice 

exposed to total body irradiation, supporting our evidence of protection in cells and soft 

tissues 9. Therefore, our aim in this study was to provide a comprehensive global survey 

of metabolites regulated by ionizing radiation in vivo in WT and cd47 null mice, providing 

potential biomarkers of damage by ionizing radiation as well as metabolites associated 
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with radioprotection, both important in the cancer therapy setting as well as in defense 

countermeasures research. 

One of the early effects of ionizing radiation exposure is the accumulation of ROS, 

which mediates tissue damage and can lead to long-term tissue injury. Our study shows 

that reduced glutathione is more abundant in cd47 null tissues and is maintained after 

exposure to ionizing radiation. This is also observed when considering ratios of reduced 

and oxidized glutathione, which remain higher in the cd47 null irradiated mice vs. WT 

irradiated. Glutathione is formed by enzymatic action of glutamate–cysteine ligase, 

causing the addition of cysteine to glutamate to form the precursor γ-l-Glutamyl-l-cysteine 

24. Levels of glutamate and cysteine remained similar among groups (Supplementary 

Figure 3E, F), suggesting that the differences in GSH synthesis are not due to regulation 

of glutamate-cysteine ligase. However, levels of glycine, which is needed by glutathione 

synthetase, were reduced suggesting increased utilization of this metabolite in cd47 null 

mice by upregulation of this enzyme. Furthermore, ligation of CD47 by TSP1 increases 

ischemic injury 25. The TSP1/CD47 signaling axis modulates ROS production by regulating 

calcium-mediated eNOS activation, NO signaling, and NOX activation in several animal 

models 26-28. In human vascular smooth muscle cells, the TSP1/CD47 complex activates 

phospholipase C and protein kinase C to phosphorylate the NOX organizer subunit 

p47phox and increases Nox1-derived O2•− generation in an ischemia-reperfusion model 

of cell injury. In endothelial cells, TSP1/CD47 signaling results superoxide generation 

through NOX-1 and eNOS decoupling, causing impaired vasoconstriction and poor 

recovery from ischemic injury 29. Thus, these pathways may be responsible for lung 

radiation injury and prevented by absence of CD47 by the regulation of glutathione 

metabolism. Moreover, the antioxidant capacity observed in cd47 null mice may also be 

supported by other pathways other than glutathione metabolism. We observed that the 

metabolite ergothioneine was upregulated in cd47 null irradiated mice over WT. 
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Egothioneine is thought to be a naturally occurring amino acid with a 2-mercaptoimidazole 

moiety 22. This metabolite can be consumed from plant and animal sources but is only 

produced by non-yeast fungi, Actinomycetales and cyanobacteria 22. Interestingly, in 

certain bacterial strains ergothioneine biosynthesis follows the condensation of glutamate 

and cysteine to form gamma-glutamate-cysteine, which is similar to glutathione 

biosynthesis 22. This metabolite is thought to be a scavenger of ROS and has 

cytoprotective properties. Thus, the regulation of this metabolite is also consistent with our 

previous observation that blockade or absence of CD47 is protective against death from 

ionizing radiation exposure. This also indicates potential genotype differences in microbial 

processing of metabolites that may confer an advantage to the cd47 null mice. Whether 

absence of cd47 regulates specific microbiota species is not known, future studies should 

consider this aspect in understanding the mechanism of action of CD47. 

We have previously demonstrated that blockade of cd47 preserves mitochondria 

function after exposure of cells to ionizing radiation and preserves TCA intermediates 

associated with cytoprotection 9-13. While the regulation of some of these intermediates 

was consistent in vivo, our random forest analysis indicates a strong regulation of lipid and 

fatty acid metabolism that can serve as potential energy sources to maintain biosynthetic 

pathways after exposure to irradiation. We observed that carnitine conjugated lipids 

accumulated in the WT irradiated tissues, which can suggest a defect in lipid import to the 

mitochondria for β-oxidation. β-oxidation leads to the production of acetyl-CoA that can be 

shuttled to the TCA cycle. Therefore, radiation treatment of WT tissues may inhibit 

carnitine palmitoyltransferase (CPT1) activity and expression required for the transport of 

long chain fatty acids into the mitochondria for oxidation 30. On the other hand, deficiency 

of CD47 stimulated CPT1b in brown adipose tissue resulted in increased lipid utilization 

31. Furthermore, TSP1 can inhibit myristate-stimulated cGMP synthesis by engaging its 

receptor cd47 32. Thus, the regulation of fatty acid synthesis and lipid metabolism may not 
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only be due to inhibition by ionizing radiation but by the stimulation of a CD47 regulated 

pathway. 

The synthesis of phospholipids is essential for the maintenance of cell membrane 

integrity during stress 18. Our data showed that the choline arm of the phospholipid 

synthesis pathway was affected by ionizing radiation when compared to the ethanolamine 

arm of this pathway, as most of the metabolites associated with this arm of phospholipid 

synthesis remained consistent between phenotypes regardless of radiation exposure. The 

drop in cytidine 5′-diphosphocholine and elevated levels of glycerol-3-phosphate in both 

WT and cd47 null mice suggest a compensatory reaction to overcome damage to radiation 

and suggest a possible reliable marker for radiation response. Related to lipid metabolism, 

we observed that sphingolipid metabolites accumulated in irradiated WT lungs whereas 

these remained consistent between cd47 null mice with or without radiation exposure 

when compared to untreated WT mice. The accumulation of ceramides such as N-

palmitoyl-D-erythro-sphingosine is often associated with toxicity 33, and accumulation of 

ceramides can lead to apoptosis 34. Indeed, sphingosine kinase is increased after lung 

irradiation, shifting the ratio of ceramides to sphingosines and leading to alterations in lung 

barrier integrity 34. This shift caused by sphingosine kinase is also reported to cause long-

term complications of radiation-induced lung pathologies such as fibrosis, and thus the 

inhibition of de novo synthesis of sphingolipids has been considered for the treatment of 

radiation lung injury complications such as pneumonitis 35. Since the levels of 

sphingosines remained low in irradiated cd47 null mice compared to irradiated WT, 

sphingosine kinase activity may be lowered by CD47 blockade, and thus future studies 

could be developed to determine if this is a feasible strategy to treat lung pathologies 

associated with radiation exposure. 

An important factor to overcome radiation injury is the ability to maintain intact DNA 

repair pathways. Our data show that cd47 null mice have elevated levels of guanosine 
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and thymidine, which can provide an advantage in repair by activation of nucleotide 

metabolism. While CD47 has not been directly linked to DNA repair pathways, its ligand 

TSP1 is reported to induce γ-H2AX in retinoblastoma 36. Therefore, it is possible that 

upregulation of TSP1 as a consequence of radiation can regulate DNA integrity via cd47. 

Dietary supplementation is of interest for the discovery of defense countermeasure 

drugs to ameliorate the effects of Acute Radiation Syndrome. This is evidenced by several 

studies examining the role of α-tocopherol (Vitamin E) derivatives in preserving the 

survival of animals exposed to ionizing radiation 37. Our metabolomics data showed that 

α-tocopherol was elevated after radiation in both genotypes. Since α-tocopherol 

derivatives are known to be radioprotective 38, we hypothesize that processing of this 

metabolite may occur as a response to overcome the lethal effects of radiation exposure 

in both our animal genotypes. Another pathway regulated by ionizing radiation related to 

food consumption was benzoate metabolism. Benzoate is a common food additive that 

can be conjugated in the mitochondrial matrix with glycine to form hippurate 21. Our data 

showed that hippurate levels dropped significantly as a consequence of radiation but were 

maintained in cd47 null radiated lungs. Similar preservation of hippurate in irradiated 

CD47-deficient T cells indicates that this effect of CD47 on benzoate metabolism is cell 

autonomous 13. Hippurate biosynthesis occurs in the mitochondrial matrix 39, and we know 

that CD47 blockade increases mitochondrial biogenesis 40 and preserves mitochondrial 

function after radiation 13, suggesting a causal link between preservation of mitochondrial 

integrity in the cd47 null condition and the observed elevated hippurate levels. 

Interestingly, benzoate can be degraded by microbial processing to catechol compounds 

41. We found that catechol sulfate increased in cd47 null mice when compared to WT but 

not basally in CD47 deficient T cells 13 (Supplementary Figure S2), suggesting a 

differential processing of benzoate mediated by differences in microbial populations 

between both genotypes. The levels of catechol sulfate were reduced in both groups as a 
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consequence of ionizing radiation but remained higher in the irradiated cd47 null mice. 

Benzoate processing is known to support carbohydrate metabolism 21, so it is possible 

that the differential processing observed can provide an advantage in radioprotection by 

supporting energy metabolism. 

Whole body or thoracic lung radiation exposure can lead to radiation-induced lung 

disease which includes the development of pneumonitis and pulmonary fibrosis 14,42. 

Therefore, accidental or therapeutic radiation exposure has consequences that impact 

quality of life. Moreover, an objective of radiation biodosimetry is to identify initial 

biomarkers that can reveal degrees of exposure to radiation for the successful 

coordination and clinical management of populations affected by an unexpected radiation 

exposure event 1. Focusing on the lung as a sensitive tissue to radiation damage with both 

short-term and long-term consequences, our metabolomics approach identifies key 

metabolic pathways that are affected by radiation in both of our genotypes. Since we have 

observed increased survival in mice exposed to whole body irradiation and preservation 

of lung tissue viability with CD47 blockade, the findings in this study suggest radiation 

resistant cd47 null lung tissue exhibits a unique biochemical signature associated with 

radioprotection that includes the regulation of redox handling, fatty acid synthesis for 

energy production, nucleotide metabolism and differential nutrient processing that may be 

mediated by enzymatic reactions regulated by TSP1/CD47 signaling or differential 

microbial processing. Therefore, targeting CD47 could be considered as a potential 

intervention to limit sequelae due to radiation-lung disease. Also, the markers associated 

with this radioprotection could be considered as potential intervention to mitigate the 

harmful effects of ionizing radiation exposure. 
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VI. Materials and Methods 

i. Mouse Irradiation 

WT and cd47 null mice (25) extensively back-crossed onto a C57Bl/6 background 

were obtained from Jackson Laboratories. All mice were bred in the same vivarium before 

use to ensure consistent housing conditions. Care and handling of animals occurred in an 

AAALAC approved facility in strict accordance with the recommendations in the Guide for 

the Care and Use of Laboratory Animals of the National Institutes of Health under protocol 

LP-012 approved by the Animal Care and Use Committee of the National Cancer Institute. 

Groups of 12-week old sex matched WT and cd47 null mice (7–8 per group) received 7.6 

Gy total body irradiation delivered by a Therapax DXT300 X-ray irradiator (Pantak, Inc., 

East Haven, CT 06512, USA) using 2.0-mm Al filtration (300 kVp) at a dose rate of 2.53 

Gy/min. At 24 h post irradiation, lung tissue was harvested and flash frozen for 

metabolomic analysis 13. 

ii. Metabolite Analysis 

Metabolomic profiling analysis was performed by Metabolon as previously 

described 13. Each sample was accessioned into the Metabolon LIMS system and was 

assigned by the Laboratory Information Management System (LIMS) a unique identifier 

that was associated with the original source identifier only. This identifier was used to track 

all sample handling, tasks and results. The samples (and all derived aliquots) were tracked 

by the LIMS system. All portions of any sample were automatically assigned their own 

unique identifiers by the LIMS when a new task was created; the relationship of these 

samples was also tracked. All samples were maintained at 80oC until processed. Samples 

were prepared using the automated MicroLab STAR® system from Hamilton Company. A 

recovery standard was added prior to the first step in the extraction process for QC 

purposes. Sample preparation was conducted using aqueous methanol extraction 

process to remove the protein fraction while allowing maximum recovery of small 
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molecules. The resulting extract was divided into four fractions: one for analysis by 

UPLC/MS/MS (positive mode), one for UPLC/MS/MS (negative mode), one for GC/MS, 

and one for backup. Samples were placed briefly on a TurboVap® (Zymark, Portland, OR 

97230, USA) to remove the organic solvent. Each sample was then frozen and dried under 

vacuum. Samples were then prepared for the appropriate instrument, either UPLC/MS/MS 

or GC/MS. 

iii. Liquid Chromatography/Mass Spectrometry (LC/MS, LC/MS2) 

The LC/MSportion of the platform was based on aWaters ACQUITY UPLC and a 

Thermo-Finnigan LTQ mass spectrometer, which consisted of an electrospray ionization 

(ESI) source and linear ion-trap (LIT) mass analyzer. The sample extract was split into two 

aliquots, dried, then reconstituted in acidic or basic LC-compatible solvents, each of which 

contained 11 or more injection standards at fixed concentrations. One aliquot was 

analyzed using acidic positive ion optimized conditions and the other using basic negative 

ion optimized conditions in two independent injections using separate dedicated columns. 

Extracts reconstituted in acidic conditions were gradient eluted using water and methanol 

both containing 0.1% formic acid, while the basic extracts, which also used water and 

methanol, contained 6.5 mM ammonium bicarbonate. The MS analysis alternated 

between MS and data-dependent MS2 scans using dynamic exclusion. 

iv. Gas Chromatography/Mass Spectrometry (GC/MS) 

The samples destined for GC/MS analysis were re-dried under vacuum 

desiccation for a minimum of 24 h prior to being derivatized under dried nitrogen using 

bistrimethyl-silyl-triflouroacetamide (BSTFA). The GC column was 5% phenyl and the 

temperature ramp was from 40oC to 300oC in a 16 min period. Samples were analyzed on 

a Thermo-Finnigan Trace DSQ fast-scanning single-quadrupole mass spectrometer using 

electron impact ionization. The instrument was tuned and calibrated for mass resolution 
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and mass accuracy on a daily basis. The information output from the raw data files was 

automatically extracted as discussed below. 

v. Bioinformatics 

The informatics system consisted of four major components, the LIMS, data 

extraction and peak-identification software, data processing tools for QC and compound 

identification, and a collection of information interpretation and visualization tools for use 

by data analysts. The hardware and software foundations for these informatics 

components were the LAN backbone and a database server running Oracle 10.2.0.1 

Enterprise Edition. 

vi. Statistical Calculation 

Two types of statistical analysis were usually performed: (1) significance tests and 

(2) classification analysis. (1) For pair-wise comparisons we typically performed Welch’s 

t-tests and/or Wilcoxon’s rank sum tests. For other statistical designs, we performed 

appropriate ANOVA procedures (e.g., repeated measures ANOVA). (2) For classification 

we mainly use random forest analyses. Random forest analysis gives an estimate of how 

well we can classify individuals in a new data set into each group, in contrast to a t-test, 

which tests whether the unknown means for two populations are different. Random forest 

analysis creates a set of classification trees based on continual sampling of the 

experimental units and compounds. Then, each observation was classified based on the 

majority votes from all the classification trees. Statistical analyses were performed with 

the program “R” http://cran.r-project.org/. 

 

 

http://cran.r-project.org/
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VIII. Figures 

 

Figure 1- WT and cd47 null mice demonstrate different biochemical signatures after 

exposure to ionizing radiation. WT and cd47 null mice were left untreated or were 

exposed to whole body irradiation (7.6 Gy). After 24 h, lungs were harvested and 

processed for metabolomic analysis. (A) Principal component analysis of lung tissues of 

WT and cd47 null mice with or without exposure to whole body irradiation. Random forest 

analysis of (B) WT irradiated or (C) cd47 null lung irradiated tissues. n = 7–8/group. 
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Figure 2- Regulation of glutathione metabolism. (A) Reduced (GSH) and (B) oxidized 

(GSSG) glutathione were measured along with metabolite precursors (C) S-

methylglutathione and (D) 5-oxoproline. Symbols denote outliers. (* p < 0.05, n = 7–8). 
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Figure 3- Regulation of lipid metabolism in lungs as a response to ionizing radiation. 

Lipid metabolites (A) Palmitoleate, (B) Myriostoleate, (C) Carnitine, (D) Palmitocarnitine, 

(E) Stearoylcarninitne and (F) BHBA of lung tissues were measured 24 h after exposure 

to whole body irradiation. Symbols denote outliers. (* p < 0.05, n = 7–8). 
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Figure 4- Regulation of cell membrane lipid metabolites after exposure to ionizing 

radiation. (A) Choline, (B) Choline phosphate, (C) Cytidine 50-disphosphocholine, (D) 

Glycerol 3-phosphate, (E) Glycerophosphorycholine, (F) 1-stearolglycerophosphocoline, 

(G) Sphingannine, (H) Sphingosine, (I) Stearoyl sphiongomyelin and (J) N-palmitoyl-D-

erythrosphingosines were measured in lungs of mice exposed to ionizing radiation. 

Symbols denote outliers. (* p < 0.05, n = 7–8). 
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Figure 5- Regulation of nucleotide metabolism. Purines metabolism metabolites (A) 

Guanosine 50-monophosphate (B) Guanosine and Pyrimidine metabolism metabolites 

(C) Thymidine, (D) Thymine was measured in lungs of mice exposed to IR. (E) 

Pyrophosphate metabolite levels were measured as a surrogate of nucleotide metabolism 

activity. Symbols denote outliers. (* p < 0.05, n = 7–8). 
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Figure 6- Regulation of nutrient and xenobiotic metabolite processing after 

exposure to ionizing radiation. (A) alpha-tocopherol, (B) Erythritol, (C) Hippurate, (D) 

Catechol sulfate and (E) Ergothioneine metabolites were measured in lungs of mice with 

or without whole body irradiation. Symbols denote outliers. (* p < 0.05, n = 7–8). 
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IX. Tables  

 

Table 1- Levels and ratios of reduced and oxidized glutathione. 
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Table 2- Lysolipid metabolites fold change. 
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Table 3- Regulation of nucleotide metabolism intermediates. 
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X. Supplementary Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 1- Random forest analysis of WT and cd47 null mice.   
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Supplementary Figure 2- Metabolites regulated in WT and cd47 deficient T cells 

after ionizing radiation. 
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Supplementary Figure 3- Supporting metabolites of antioxidant and lipid 

metabolism. 
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I. Abstract 

The majority of breast cancers are generally considered immune-deprived tumors. 

This lack of immunogenicity severely hinders effectiveness of current immunotherapy 

approaches limiting therapeutic options to control disease. Therefore, we need new 

biomarkers to determine and enhance immune responses to improve the outcome of 

cancer patients experiencing invasive disease. Our data in matched human patient 

biopsies show that CD47 expression increases from primary to metastatic tumors. 

CD47 is an integral membrane protein that impairs antitumor 

immunosurveillance and influences normal tissue metabolism. However, whether CD47 

plays a role in regulating tumor bioenergetics is unknown. A carcinogen-induced 

mouse mammary carcinogenesis model demonstrates that the absence of CD47 reduces 

tumor burden, which is associated with a distinct metabolic signature compared to WT 

tumors. Depletion of several lipid metabolites was observed in the absence of 

CD47, and metabolic dependency experiments suggest that antisense blockade of CD47 

limits reliance on fatty acid oxidation as a fuel supporting cellular respiration on cancer 

cells. Our global metabolomics analysis also implicated the absence of CD47 

downregulates immunosuppressive metabolites of the tryptophan and prostaglandin 

pathways. Spatial proteomic analysis revealed increased immune infiltrate and substantial 

reduction in immunosuppressive immune checkpoint proteins in the absence of CD47 

with the highest reduction in intratumoral PD-L1 expression. Since anti-PD-L1 therapy is 

used in the current strategy to treat triple-negative breast cancer (TNBC), we targeted 

CD47 in an EMT-6 syngeneic TNBC model. The in vivo knockdown of CD47 sensitized 

tumors to anti-PD-L1 therapy to decrease tumor burden and increase intratumoral 

cytotoxic T cells. Therefore, targeting CD47 may be a suitable immunotherapeutic 

option to limit immunosuppression and enhance the efficacy of immune checkpoint 

blockade. 
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III. Introduction 

Invasive breast cancer is the second leading cause of cancer death among women 

in the United States, with over 200,000 expected cases annually. Disease progression is 

associated with the development of therapeutic resistance, allowing re-growth of the tumor 

and metastatic spread of cancer cells. It is well recognized that metabolism plays a critical 

role in fueling cancer cells energy capacity to proliferate and spread. Aside from 

supporting cell growth, specific metabolites affect immune signaling in the tumor 

microenvironment resulting in immunosuppression and lack of response to current 

immunotherapy approaches. Therefore, strategies that interfere with cancer cell 

metabolite consumption and limit immunosuppression could be attractive to overcome 

breast cancer invasiveness and enhance antitumor immunity. 

CD47 is a ubiquitously expressed type one integral membrane protein that is often 

overexpressed in both hematological and solid tumor cancers, impairing both antitumor 

innate and adaptive immune surveillance 1-3. When CD47 on cancer cells interacts with 

the innate immune cell counterreceptor signal regulatory protein alpha (SIRPα), 

antiphagocytic “don’t eat me” signals arise, allowing cancer cells to bypass 

immunosurveillance 4. Additionally, the ligation of CD47 on a T cell by the matricellular 

glycoprotein thrombospondin-1 (TSP1) can impair T cell activation, differentiation, and 

survival 5-8. Therefore, CD47 plays an essential role in cancer cell survival as its ligation 

can impair both innate and adaptive antitumor immune response and allow the cell to 

evade immune detection.  
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CD47 has become an attractive cancer immunotherapeutic target as its ligation 

and subsequent signaling impairs both innate and adaptive immune cell antitumor 

response. CD47 blockade decreases primary tumor size and metastasis in several pre-

clinical models due to enhanced antitumor immune cell function 9-11. Aside from its role in 

regulating immune cell effector function, CD47 blockade preserves tissue viability during 

irradiation due to the upregulation of several metabolic pathways 12,13. While the evidence 

of CD47 regulation of immune responses and metabolism is strong, very little information 

is known on whether these two aspects are regulated by CD47 in the tumor 

microenvironment.  

This new report examines how the absence of CD47 modulates metabolism and 

inflammatory signaling in the tumor microenvironment, which reduces breast cancer 

invasiveness. The breast tumor and mammary gland tissue from this study underwent 

metabolomic analysis to show that cd47-/- breast tumor tissue differentially regulates 

metabolites associated with proliferation, fatty acid metabolism, inflammation, and 

immunosuppression compared to WT breast tissue. Collectively, changes in these 

pathways illustrate the link between metabolic reprogramming in tumor tissue and how 

CD47 might influence neoplastic transformation. Spatial proteomics in our study showed 

that CD47 expression mediates upregulation of immunosuppressive molecules in the 

tumor microenvironment, with PD-L1 expression being the most elevated. Anti-PD-L1 

therapy is considered part of the therapeutic regimen to treat triple-negative breast cancer 

(TNBC) 14.  Furthermore,  it is reported that women with TNBC are more likely to 

experience a visceral metastasis within five years of diagnosis than those with other types 

of cancer 15. Therefore, we executed a TNBC model to test whether CD47 blockade would 

enhance anti-PD-L1 therapy. Our data shows that tumor ablation is enhanced by targeting 

these two receptors. Therefore, blockade of CD47 decreases intratumoral 
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immunosuppressive molecules and enhances immunogenicity allowing tumors to be 

sensitized to immune checkpoint blockade to reduce TNBC tumor burden. 

 

IV. Methods 

i. Carcinogen-induced triple-negative breast cancer mouse model  

A carcinogen-induced mouse model was performed to determine the impact of 

CD47 receptor expression on tumor burden (Figure 1C). Female WT and cd47-/- 

(B6.129S7-Cd47tm1Fpl/J) C57Bl/6 mice were purchased from Jackson Laboratory (n=14-

15/group). At 6 weeks of age, mice received 15 mg medroxyprogesterone acetate (MPA) 

subcutaneously into the mammary gland to stimulate cell proliferation and make the area 

susceptible to carcinogenesis 16. Through week 7-10, mice received oral gavage 

treatments of 1 mg dimethylbenzathracene (DMBA) suspended in peanut oil once a week 

16. DMBA is a carcinogen that will promote the growth of breast tumors within the MPA-

treated mammary glands. Tumors were palpated and measured twice a week to determine 

tumor area (LW2/2). In contrast, tumor wet weight, incidence, and multiplicity were 

determined 15 weeks post-DMBA treatment (week 25) when the mice were euthanized.  

ii. Metabolomic Profiling Analysis  

Tumors and mammary glands were harvested, flash-frozen, and stored at -80oC 

until processed (n=9/group). Metabolite analysis was then performed by Metabolon as 

previously described 12,13. The Metabolon Laboratory Information Management System 

(LIMS) assigned each sample a unique identifier associated with the original source 

identifier to track sample handling, tasks and results.  

The automated MicroLab STAR® system from Hamilton Company was used to 

prepare samples. Before the extraction, recovery standards were added for QC purposes. 

Small molecules bound to protein or trapped in the precipitated protein matrix were 
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dissociated to remove proteins. Proteins were precipitated under the aqueous methanol 

extraction process to recover chemically diverse metabolites. This resulted in extract that 

was divided into five fractions: two for analysis by two separate reverse phase (RP)/UPLC-

MS/MS methods with positive ion mode electrospray ionization (ESI), one for analysis by 

RP/UPLC-MS/MS with negative ion mode ESI, one for analysis by HILIC/UPLC-MS/MS 

with negative ion mode ESI, and one sample was reserved for backup. Organic solvent 

was removed by placing samples on a TurboVap® (Zymark). The sample extracts were 

stored overnight under nitrogen before preparation for analysis.   

iii. Ultrahigh Performance Liquid Chromatography-Tandem Mass Spectroscopy 

(UPLC-MS/MS)  

A Waters ACQUITY UPLC and a Thermo Scientific Q-Exactive mass spectrometer 

interfaced with heated ESI and Orbitrap mass analyzer were used for all methods. Each 

sample extract was dried and reconstituted in solvents compatible with each of the four 

methods. A series of standards at fixed concentrations were used to ensure injection and 

chromatographic consistency for each reconstituted solvents. Two aliquots were analyzed 

using acidic positive ion conditions, with one chromatographically optimized for more 

hydrophilic compounds and the other for hydrophobic conditions. Both aliquots were 

eluted from a C18 column using water and methanol with 0.05% perfluoropentanoic acid 

(PFPA) and 0.1% formic acid (FA) for optimizing hydrophilic compounds and acetonitrile, 

water, 0.05% PFPA and 0.01% FA with operation at an overall higher organic content for 

optimizing hydrophobic compounds. The third aliquot was analyzed using basic negative 

ion optimized conditions using a separate dedicated C18 column that eluted extracts from 

the column using methanol and water with 6.5mM Ammonium Bicarbonate at pH 8. The 

fourth aliquot was analyzed through negative ionization following elution from a HILIC 

column using a gradient consisting of water and acetonitrile with 10mM Ammonium 
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Formate at pH 10.8. Alternation between MS and data-dependent MSn scans using 

dynamic exclusion was performed for MS analysis.   

iv. Bioinformatics  

Data analysts used four informatics systems: LIMS, data extraction, and peak-

identification software, data processing tools for QC and compound identification, and a 

collection of information interpretation and visualization tools. LAN backbone and a 

database server running Oracle 10.2.0.1 Enterprise Edition were used as hardware and 

software foundations for informatics components.  

v. Immunohistochemistry  

Breast tumors from the carcinogen-induced and EMT-6 TNBC models were 

harvested, fixed in 4% paraformaldehyde and embedded in paraffin so 5 μM tumor tissue 

sections could be created with a microtome. The sections were then deparaffinized with 

xylene three times for 5 minutes and rehydrated with 100% ethanol two times for 5 

minutes, 95% ethanol for 3 minutes and 70% ethanol for 3 minutes. Antigen retrieval was 

performed with 1x citrate buffer. We examined cell proliferation in the carcinogen-induced 

TNBC tumors by examining Ki67 expression (Cell Signaling, Cat #12202S), CD47 

expression within a matched human TNBC primary and metastatic tumor tissue array 

(Anti-human CD47 purified (Clone B6H12), eBioscience, Ref #1404782, Lot #4281568) 

and granzyme B within EMT-6 tumors (Thermo Scientific, Product # PA1-37799, Lot # 

PA1813162). According to the manufacturer’s protocol, the sections underwent DAB 

staining (Dako Envision Dual Linked System HRP, Catalog #K4065) and were stained 

with Ki67, CD47, or granzyme b antibody at a 1:100 dilution. All slides were mounted with 

Cytoseal XYL (Thermo Fisher, Ref #8312-4). Additionally, EMT-6 tumor sections were 

stained with anti-mouse CD3 (APC (red), Clone #172A, Catalog #100235), anti-mouse 

CD8 (Alexa Fluor 488 (green), Clone #53-6.7, Catalog #100726) at a 1:100 dilution to 

examine cytotoxic T cells with DAPI (blue) denoting nuclei (Thermo Fisher, Ref # 62248, 
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Lot # VG3036772). Cytotoxic T cells were determined and counted based on co-

localization of CD3+ and CD8+ cells (yellow). All slides were mounted with ProLongTM 

Gold Antifade Mountant (ThermoFisher, Catalog #P36930). The Olympus BX43 

microscope obtained images while PerkinElmer Mantra and inform software were used 

for analysis.  

vi. Bioenergetic Analysis  

We performed a Seahorse Mito Fuel Flex Test to determine the metabolic pathway 

dependency for mitochondrial oxidation of EMT-6 mouse TNBC cells based on CD47 

expression. 5,000 EMT-6 cells were seeded into a Seahorse 96 well plate. After the cells 

adhered for 24 hours at 37oC with 5% CO2, EMT-6 cells were treated with 1.5 μL/mL 

endoporter and 10 μM control (CTRLM) or CD47 morpholino (CD47M). CD47M is an 

oligonucleotide antisense morpholino that will decrease protein expression of CD47 on 

the surface of EMT-6 cells (Supplementary Figure 3I). Cells were incubated for 48 hours 

at 37oC with 5% CO2. To determine which metabolic pathway the cells are dependent on 

for mitochondrial oxidation sequential injections of 2 μM UK5099, 3 μM BPTES, and/or 4 

μM etomoxir occurred. UK5099 obstructs the mitochondrial pyruvate carrier to inhibit 

glucose oxidation. BPTES prevents glutamine oxidation by inhibiting glutaminase from 

converting glutamine to glutamate. Etomoxir inhibits carnitine palmitoyl transferase 1A 

(CPT1A) from transporting long-chain fatty acids into the mitochondria for fatty acid 

oxidation. Data based on mitochondrial oxidation was expressed as oxygen consumption 

rate (OCR). These OCR values were used to determine percent dependency by 

performing the following calculation:  

Fatty Acid Oxidation Dependency (%) = (Baseline OCR- Etomoxir OCR) x100 
(Baseline OCR- UK5099+BPTES OCR) 

 

Glucose Oxidation Dependency (%) = (Baseline OCR- UK5099 OCR) x100 
(Baseline OCR- Etomoxir+ BPTES OCR) 
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Cells were counted using Brightfield microscopy on the BioTek Cytation 1 Cell Imaging 

Multi-Mode Reader so the data could be normalized and analyzed with the Wave software.  

To determine the glycolytic flux of EMT-6 TNBC cells, the Seahorse XF96 analyzer 

was used. 10,000 EMT-6 were seeded into a Seahorse 96 well plate and adhered 

overnight at 37oC with 5% CO2. CD47 was then targeted with 10 μM CD47M and incubated 

for 48 hours at 37oC with 5% CO2 (Supplementary Figure 3I). Glycolytic flux was 

determined by sequential injections of 10 mM glucose, 1 μM oligomycin and 50 mM 2 

Deoxy-D-glucose (2-DG). The measurements from this assay are expressed as 

extracellular acidification rate (ECAR) and analyzed with the Wave software.     

vii. Spatial Proteomic Analysis  

To examine protein expression within carcinogen-induced TNBC tumors, spatial 

proteomic analysis was performed using the NanoString GeoMx® Digital Spatial Profiler 

(DSP). Tumors were harvested, fixed in 4% paraformaldehyde, embedded in paraffin, and 

sectioned into 5 μM tissue sections. Tumor sections were stained with fluorescent 

antibodies for lymphocytes (CD45+, red), T cells (CD3+, yellow), cancer cells (PanCK, 

green), and nuclei (DAPI, blue) (Figure 5E). These antibodies are covalently bound 

photocleavable DNA indexing oligonucleotides. Regions of interest were exposed to UV 

light released oligonucleotides and collected for quantification. Data was normalized 

based on the region of interest.  

viii. Orthotopic triple-negative breast cancer mouse model  

To examine if CD47 targeted therapy sensitizes TNBC tumors to anti-PD-L1 

treatment, an orthotopic TNBC model was performed (Figure 6A). Orthotopic injections 

of 5x105 EMT-6 cells occurred into the right 4/5 mammary fat pad of balb/c mice at 6-8 

weeks of age (Jackson Laboratory). When tumors reached 100 mm3, mice received 

alternating day intraperitoneal treatments of 10 µM CD47M (Gene Tools, Philomath, OR) 

and/or 200 μg anti-PD-L1 therapy (anti-mouse PD-L1 (B7-H1), Bio X Cell, Cat# BE0101, 
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Lot# 720619F1) over 6 days (n=8/group). CD47M treatment will decrease CD47 

expression on the EMT-6 tumors (Supplementary Figure 4D). The exact schedule was 

followed for the controls of 10 µM CTRLM (Gene Tools, Philomath, OR) and/or 200 μg 

IgG (Mouse IgG2b Isotype Control, Bio X Cell, Cat #BE0088, Lot# 64541901) (n=4-

7/group). Tumors were measured every three days with calipers to determine tumor 

volume. Mice were euthanized when tumors reached 1500 mm3 or 21 days when the study 

ended.  

ix. Statistics 

Statistical analysis was performed using significance tests and classification 

analysis. Significance tests include Welch’s two-sample T-test and/or matched paired T-

test for pairwise comparison and one-way, two-way, and/or two-way repeated-measures 

analysis of variance (ANOVA) for other statistical analysis. The tables display statistically 

significant metabolites that are downregulated (p<0.05, green and 0.1>p>0.05, light 

green) and upregulated (p<0.05, red and 0.1>p>0.05, pink). Statistical analysis was 

performed in ArrayStudio, R (http://cran.r-project.org/), JMP, and GraphPad Prism. 

 

V. Results 

i. Lack of CD47 receptor decreases invasive breast cancer tumor burden 

Human TNBC primary and matched metastatic tumors were stained to examine 

CD47 expression (Figure 1A). CD47 was expressed in TNBC tumors with increased 

expression as disease progressed from primary to metastatic tumor, making it an 

intriguing therapeutic target (Figure 1B). CD47 blockades decrease tumor burden in 

various cancer models 9-11. Therefore, we examined how CD47 receptor expression 

impacted tumor burden within a carcinogen-induced TNBC mouse model. Treatments of 

MPA and DMBA primed and promoted the growth of TNBC tumors (Figure 1C). Over the 

http://cran.r-project.org/
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15 weeks post-DMBA treatment, a decrease in tumor incidence was detected in cd47-/- 

mice compared to WT mice (Figure 1D). When all tumors were accounted for, a reduction 

in tumor multiplicity was observed in cd47-/- mice compared to WT mice (Figure 1E). 

While differences in tumor multiplicity and latency until tumor formation existed between 

groups, the morphologic characteristics of the tumors were similar. The tumors were 

complex, with both groups exhibiting benign and malignant histologic features and a wide 

range of patterns. Low-grade lesions were characterized by well-organized glandular 

patterns, and higher-grade tumors were pleomorphic and had less organized glands with 

poorly demarcated edges. Tumor types included alveolar adenoma (Supplementary 

Figure 1A); squamous cell carcinomas with multifocal brightly eosinophilic keratin 

lamination (keratin pearls) (Supplementary Figure 1B); complex carcinoma composed 

of epithelial cells surrounded by streams of spindle cells (Supplementary Figure 1C); 

and solid mammary gland carcinoma composed of solid cords of cells with little to no gland 

formation (Supplementary Figure 1D). Still, the tumors within the cd47-/- mice decreased 

both tumor weight and area compared to WT mice (Figure 1F-G), thus suggesting that 

the absence of CD47 delays tumor formation and reduces tumor burden in the DMBA 

model of mammary carcinogenesis. 

ii. Distinct biochemical signatures of breast tumor and mammary gland tissue are 

dependent on the expression of CD47  

Over 800 compounds were identified within the breast tumor and mammary gland 

tissue from WT and cd47-/- mice. To identify biochemicals that significantly differ between 

tissue types and genotypes, the following was performed: log transformations, imputation 

of missing values, if any, with the minimum observed value for each compound, and 

ANOVA contrasts. A principal component analysis was developed based on the global 

metabolic profiles of the tissue. The principal component analysis displayed separation 

between both tissue types and their respective genotype (Figure 2A). Additionally, 162 
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and 154 metabolites of breast tumors and mammary glands, respectively, were 

significantly different between genotypes (p<0.05, Figure 2B, 2D) with further analysis 

alternatively displaying metabolites achieving statistical significance of p<0.01 (Figure 2F-

G). Of these statistically significant metabolites, unique biochemical signatures were 

observed between WT and cd47-/- breast tumors and mammary glands regarding 7-8 

different metabolic pathways (Figure 2C, 2E).  

iii. CD47 expression regulates metabolite markers of proliferation  

The proliferation of cancer cells within tumors occurs at a higher rate compared to 

normal tissue. Metabolites associated with polyamine metabolism, phospholipid 

synthesis, and membrane phospholipids can indicate how cells proliferate. Polyamines 

are involved in cell proliferation and division, specifically in cancer cells, as negatively 

charged DNA can bind to their polycationic surfaces 17. A significant increase in 

polyamines was present in breast tumors compared to mammary glands in both 

genotypes (Table I). Specifically, polyamines like putrescine and spermidine were 

increased in breast tumors compared to mammary glands in both genotypes (Figure 3A-

B).  

On the other hand, the largest cell membrane component is phospholipids to 

support cell growth and survival 18. Therefore, we examined metabolites associated with 

phospholipid synthesis and membrane phospholipids as an increase in these respective 

metabolites indicates increased cell proliferation. A significant increase in metabolites 

related to phospholipid synthesis occurred in both genotypes of breast tumors compared 

to mammary glands (Table I). Specifically, choline, cytidine-5’-diphosphoethanolamine, 

and cytidine 5’-diphosphocholine were increased in breast tumor tissue compared to 

mammary gland tissue (Figure 3C-E). In breast tumors, a significant increase in 

metabolites associated with membrane phospholipids like phosphatidylcholines, 
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phosphatidylethanolamine, phosphatidylglycerol and phosphatidylinositol were also 

increased over mammary glands in both WT and cd47-/- mice (Table I).  

Although a significant increase in phospholipid synthesis was observed in both WT 

and cd47-/- breast tumors, changes in diacylglycerols were observed between genotypes 

of breast tumors. A significant decrease in diacylglycerols was observed between cd47-/- 

breast tumors compared to WT breast tumors (Figure 3F, Table I). This may indicate 

reduced proliferation in tumors due to the lack of CD47 receptor expression. Therefore, to 

determine how CD47 expression impacts proliferation, we stained breast tumor sections 

for Ki67, a proliferation marker. We observed a significant decrease in Ki67 positive cells 

within cd47-/- breast tumors compared to WT breast tumors (Figure 3G-H). This was 

further validated through a spatial proteomic analysis where cd47-/- breast tumors 

significantly decreased Ki67 protein expression compared to WT breast tumors 

(Supplementary Figure 1E).  

iv. CD47 preferentially downregulates fatty acid metabolism in breast tumors  

The tumor microenvironment can play a role in the metabolic processes occurring 

within cancer cells and normal surrounding tissue. Breast tissue is rich in adipocytes which 

are responsible for storing fat. Therefore, tumors developing within breast tissue have 

increased lipid precursors readily available to undergo fatty acid oxidation and progress 

disease 19,20. We examined metabolites associated with fatty acid oxidation and how CD47 

expression impacts this metabolic process. Several long-chained fatty acids and 

metabolites associated with polyunsaturated fatty acid metabolism were reduced in breast 

tumors compared to mammary glands (Table II). Of note, myristate and palmitoleate, 

which are long-chain fatty acids, and hexadecadienoate and linoleate, metabolites 

associated with polyunsaturated fatty acid metabolism, were decreased in both breast 

tumors compared to mammary glands of both genotypes (Figure 4A-D). However, an 

increase in several carnitine-conjugated fatty acids, like arachidoylcarnitine and 
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myristoylcarnitine, was observed in breast tumors compared to mammary glands (Figure 

4E-F, Table II). These fatty acids are synthesized from excess acetyl-CoA produced by 

mitochondrial β-oxidation 21. While breast tumors exhibited elevated metabolites 

associated with the citric acid cycle compared to mammary glands (Supplementary 

Figure 3A-E), minimal differences were observed between metabolites of the citric acid 

cycle between WT and cd47-/- tissues, suggesting CD47 expression has little effect on 

the citric acid cycle (Supplementary Figure 3 A-E, Supplementary Table I). Thus, 

suggesting that CD47 signaling favors energy production from fatty acid metabolism in the 

breast tumor microenvironment. 

Furthermore, our hierarchical clustering analysis shows a global decrease in fatty 

acid metabolites in cd47-/- breast tumors compared to WT breast tumors (Supplementary 

Figure 2). Additionally, cd47-/- breast tumors were significantly decreased in carnitine 

conjugated fatty acids like arachidoylcarnitine, 3-hydroxy butyryl carnitine, 

behenoylcarnitine, lignoceroylcarnitine, and ximenoylcarnitine compared to WT breast 

tumors (Figure 4E, 4G-J). Ketone body 3-hydroxybutyrate (BHBA) was also observed to 

be decreased in cd47-/- mice compared to WT mice (Figure 4K). A decrease in these 

metabolites suggests a reduction in fatty acid availability and metabolism due to the lack 

of CD47 expression. Cancer cells undergo aerobic glycolysis, more commonly known as 

the Warburg effect, to produce energy, resulting in increased glucose consumption and 

end-products like pyruvate and lactate 22. Glycolysis was activated in breast tumors 

compared to mammary glands in both genotypes since a decrease in glucose and an 

increase in pyruvate and lactate were observed (Supplementary Figures 3G-H, 

Supplementary Table II). Therefore, even though breast tumor growth may follow 

Warburg metabolism, our data shows that absence of CD47 may result in the inhibition of 

pathways that result in the downregulation of fatty acid metabolism. To determine whether 

this may be due to the circumstances of the breast tumor microenvironment or due to an 
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autonomous regulation of fatty acid metabolism by CD47, we performed a Seahorse Mito 

Fuel Flex Test assay to examine metabolic pathway dependency for mitochondrial 

oxidation of EMT-6 cells based on CD47 expression. The dependency on fatty acid 

metabolism is calculated by considering the mitochondrial function measured by OCR in 

the presence or absence of etomoxir (Fatty acid oxidation inhibitor). Targeting CD47 on 

EMT-6 cells decreased the dependency of fatty acid oxidation compared to control EMT-

6 cells, validating the metabolomic analysis (Figure 4L). Also consistent with our 

metabolomics analysis, the absence of CD47 did not regulate a glycolytic pathway in 

tumors (Supplementary Figures 3I-3L). Thus, suggesting that lack of CD47 may directly 

control fatty acid oxidation to reduce tumor burden. 

v. CD47 modulates inflammation within breast tumors  

Eicosanoids are lipid molecules with signaling and pro-inflammatory functions as 

they are bioactive derivatives of omega-6 PUFA arachidonate 23. When dysregulation of 

eicosanoids occurs, as in cancer, they can induce a state of inflammation 24. Our 

metabolomics data shows a significant decrease in eicosanoids including prostaglandin 

F2α and 12-Hydroxyheptadecatrienoic acid (12-HHTre) in cd47-/- tissue compared to WT 

tissue (Figure 5A-B, Table III). This suggests that decreased eicosanoids may decrease 

the inflammatory state within cd47-/- tissue compared to WT tissue.  

The inflammatory state within malignant tissue can also create an environment to 

support tumorigenesis compared to normal tissue 25. Tryptophan metabolites can be a 

reflection of an altered inflammatory state. IDO is activated by pro-inflammatory cytokines 

like interferon-gamma (IFNγ) and tumor necrosis factor-alpha (TNFα) to catalyze the 

conversion of tryptophan to kynurenine 26. A significant increase in tryptophan was 

observed in breast tumors compared to mammary glands in both genotypes (Figure 5C, 

Table III). Additionally, a significant increase in kynurenate, a product of tryptophan 

metabolism, was observed in WT breast tumors compared to mammary glands; however, 
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this metabolite was significantly decreased in cd47-/- breast tumors compared to WT 

breast tumors (Figure 5D, Table III). Reactive oxygen species can promote kynurenate 

production 27. Previous data has shown that cd47-/- lung tissue and T cells have a greater 

capacity to handle radiation-induced oxidative stress 12,13.  Our data support these findings 

as cd47-/- breast tumors have increased oxidized and reduced glutathione (GSSG and 

GSH) compared to WT breast tumors (Supplementary Table III), thus suggesting a 

possible mechanism for stimulation of inflammation in WT tumor tissue.  

Kynurenate acts as a ligand to the aryl hydrocarbon receptor (AhR), mediating 

immunosuppression 28. When kynurenate binds to AhR, it dimerizes with AhR nuclear 

translocator to function as a transcription factor and induce an immunosuppressive 

environment 28. We examined the overall protein expression of several proteins associated 

with immunosuppressive signaling within breast tumor tissue through spatial proteomic 

analysis (Figure 5G). Of the 36 proteins analyzed, 2 were enriched in the cd47-/- breast 

tumors, while 21 were enriched in the WT breast tumors (Figure 5F). We observed a 

significant decrease in AhR receptor expression within cd47-/- breast tumors compared to 

WT breast tumors, suggesting a decreased inflammatory state mediated by CD47 

expression (Figure 5H). Other metabolites like itaconate and BHBA, which support 

inflammation, were also reduced in cd47-/- tissue compared to WT tissue 

(Supplementary Table I and Figure 4K). Therefore, it is evident that CD47 regulates 

inflammation, supporting previous studies where cd47-/- adipose tissue had a reduction 

in inflammation, resulting in a decreased accumulation of pro-inflammatory M2-like 

macrophages (Supplementary Figure 4A-C) 29,30.  

vi. CD47 expression mediates immunosuppression signaling within the breast tumor 

microenvironment 

Since inflammation can impair antitumor immune response, we further examined 

immunosuppressive receptors and cell types within WT and cd47-/- breast tumors through 
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spatial proteomic analysis. An increase in T cell expressing immune checkpoint proteins 

like programmed death protein 1 (PD-1), T cell immunoglobulin and mucin-domain 

containing-3 (TIM-3), V-domain Ig suppressor of T cell activation (VISTA), basic leucine 

zipper transcription factor ATF-like 3 (BatF3) was observed in WT breast tumors 

compared cd47-/- breast tumors (Figure 5I-L). Additionally, PD-L1, an immune checkpoint 

protein located on cancer cells, was increased within WT breast tumors compared to cd47-

/- breast tumors (Figure 5M). Forkhead box protein P3 (FOXP3), a marker for T regulatory 

cells, and CD11b+ and Ly6c+, markers of myeloid-derived suppressing cells, were also 

increased in WT breast tumors compared to cd47-/- breast tumors (Figure 5N-P).  

vii. Targeting CD47 sensitizes TNBC tumors to immune checkpoint blockade therapy  

Immune checkpoint blockade therapies targeting PD-L1 are FDA approved to treat 

metastatic TNBC; however, therapeutic response is limited 14,31. Additionally, as discussed 

earlier, WT breast tumors have elevated expression of immunosuppressive proteins, like 

PD-L1, compared to cd47-/- breast tumors. Therefore, we examined how targeting CD47 

would impact the tumor burden of mice receiving anti-PD-L1 treatment in an EMT-6 mouse 

model (Figure 6A). Results were compared to control as no significant difference occurred 

in tumor volume of IgG and CTRLM treated mice (Supplementary Figure 4E). A 

decrease in tumor volume was observed by targeting CD47 and PD-L1 as monotherapies 

(Figure 6B). When these treatments were received in combination, a further reduction in 

tumor volume was observed compared to anti-PD-L1 treatment and control (Figure 6B). 

This decrease in tumor burden may be mediated by infiltrating CD8+ T cells with enhanced 

antitumor function as using these therapies in combination increased granzyme B 

secreting intratumoral CD8+ T cells compared to monotherapies and control (Figure 6C-

E).  
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VI. Discussion 

CD47 is a cell surface receptor that modulates innate and adaptive immune 

responses in the tumor microenvironment 1. Our data showed that CD47 was expressed 

in primary and matched metastatic tumor tissue, making it a potential therapeutic target 

for advanced breast cancer. However, aside from immune-regulation, CD47 is implicated 

in autonomous cell death and survival pathways 11,32-34. Our group and others have shown 

that blockade of this receptor is protective against stress preserving cell and tissue viability 

through the regulation of metabolism and metabolism-dependent pathways such as 

autophagy 10,12,13. We have previously shown regulation of metabolism due to CD47 

receptor expression in different cell and tissue types exposed to ionizing radiation 12,13. 

These studies have provided insight into radioprotection due to alterations in lung tissue 

and T cell metabolism mediated by CD47 expression.  In a rat model of metabolic 

syndrome, the absence of CD47 was shown to protect mice from age-related obesity and 

glucose intolerance 35. Bulk RNA sequencing suggested the regulation of several 

metabolic pathways in adipose tissue, suggesting a prominent role of CD47 in the 

regulation of bioenergetics 35. Therefore, given the interest in incorporating CD47 targeting 

drugs in clinical oncology, it is critical to understand whether the absence of CD47 in 

cancer cells impacts tumor metabolism and its implications in the tumor microenvironment.   

To determine the effect of CD47 deficiency in tumor metabolism, we subjected 

tumor tissues harvested from the carcinogen-induced model to global metabolomics 

analysis. We also subjected mammary glands to metabolic analysis to tease out metabolic 

changes between normal adjacent tissue to tumor tissue. Robust differences in 

metabolites were apparent between the breast tumors and mammary glands irrespective 

of the genotype. These metabolic distinctions were evident in the principal component 

analysis and consistent with our previous observations that absence of CD47 regulates 

the metabolism of normal tissue under stress 13. Therefore, this is one of the first 
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indications that CD47 regulates tumor metabolism. Thus, we further examined regulated 

metabolites associated with proliferation, metabolism, inflammation, and 

immunosuppression modified by each genotype.  

Uncontrolled and chronic proliferation is a common characteristic of cancer 36. 

Major differences were observed in metabolites associated with proliferation between 

tissues and genotypes. Polyamines provide a binding site for DNA to subsequently 

enhance cell proliferation 17. Within cancer, polyamine metabolism is often dysregulated 

due to the interplay with oncogenes and mutated tumor suppressors 37-39. This results in 

the upregulation of polyamines to enhance cancer cell proliferation to support disease 

progression. We observed that metabolites associated with the metabolism of polyamines 

were increased in breast tumors compared to mammary glands in both genotypes. Within 

polyamine metabolism, putrescine is initially produced by ornithine decarboxylase 40. 

Putrescine is then transformed into other polyamines like spermidine with spermidine 

synthase 41. We observed an increase in both putrescine and spermidine within WT and 

cd47-/- breast tumors compared to mammary glands suggesting a differential regulation 

between tumor and normal adjacent mammary gland.  

Phospholipids also support proliferation as they are the largest component of cell 

membranes. Elevated phospholipid content has been previously observed in breast 

tumors compared to adjacent, non-malignant mammary glands 42. We observed an 

increase in metabolites associated with phospholipid synthesis within breast tumors 

compared to mammary glands. Specifically, metabolites associated with the phospholipid 

components like phosphatidylcholines, phosphatidylethanolamines, phosphatidylglycerol, 

and phosphatidylinositol were increased in breast tumors compared to the mammary 

gland. This data supports previous studies of increased phosphatidylcholines and 

phosphatidylethanolamines in breast tumors 43. It is evident that breast tumors have an 

increased demand to proliferate and expand compared to mammary glands due to the 
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increase in metabolites associated with polyamine metabolism, phospholipid synthesis, 

and membrane phospholipids; however, this is not dependent on CD47 receptor 

expression. Alternatively, a reduction in metabolites related to diacylglycerols was 

observed in cd47-/- breast tumors compared to WT breast tumors. Diacylglycerols act as 

messengers to induce signaling for cell division by activating protein kinase C 44. 

Therefore, a decrease in metabolites associated with diacylglycerols may indicate a 

reduction in cell proliferation with tumors lacking CD47 expression. This was validated due 

to the reduced Ki67, a marker of cell proliferation, expression within cd47-/- breast tumors 

compared to WT breast tumors. Overall, CD47 expression modulates cancer cell 

proliferation and potentially tumor burden in vivo by mediating diacylglycerol metabolites. 

When examining the metabolism of breast tumors, it is essential to consider the 

tumor microenvironment as breast tissue consists of adipocytes and is rich in several 

precursors for fatty acid metabolism. Elevated rates of fatty acid oxidation occurred in 

breast tumors compared to mammary glands due to the reduction of long-chained fatty 

acids and metabolites associated with polyunsaturated fatty acid metabolism. Carnitine-

conjugated fatty acids, synthesized from excess acetyl-CoA produced by mitochondrial β-

oxidation, were also increased in breast tumors compared to mammary glands, supporting 

the increased rate of fatty acid metabolism. Still, most long-chain fatty acid metabolites 

were downregulated in cd47-/- breast tumors compared to WT breast tumors. This is 

consistent with previous reports that reduction of fatty acid oxidation by inhibiting the 

unfolded protein response is associated with reducing CD47 expression and enhanced 

macrophage infiltration 45. Although breast tumors increase fatty acid metabolism 

compared to mammary glands, there was differential regulation between genotypes. cd47-

/- breast tumors significantly decreased BHBA and several carnitine conjugated fatty acids 

compared to WT breast tumors. This indicates that absence of CD47 in breast tumors is 

associated with a decrease in fatty acid availability. This was further validated in EMT-6 
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cells suggesting that blockade of CD47 reduces dependency on fatty acid oxidation 

compared to control cells. 

The absence of CD47 resulted in a reduction of carcinogenesis, which was 

consistent with our previous studies and others examining antibody blockade of CD47 in 

a carcinogen-induced model 46. Because of our previous studies, we believe that the 

regulation of metabolism may occur autonomously in cancer cells; however, metabolites 

can influence inflammation in the tumor microenvironment resulting in the regulation of 

immunosuppression. Metabolites associated with tryptophan metabolism are linked to 

inflammation and immunosuppression in the tumor microenvironment. We observed a 

reduction of kynurenate, converted from tryptophan by the enzyme IDO, within cd47-/- 

breast tumors compared to WT tumors. Increased IDO activity is implicated in 

immunosuppression and resistance to immune checkpoint blockade 47-50. Our spatial 

proteomic analysis showed elevated immunosuppressive signature in WT breast tumors 

compared to cd47-/- breast tumors. We also observed the expression of the AhR receptor 

in WT mice. Since kynurenate binds to AhR, the reduction of both of these proteins 

suggests a potential mechanism for regulating immunosuppression regulated by CD47.  

The most upregulated suppressive protein regulated in WT breast tumors 

compared to cd47-/- breast tumors were PD-L1. Both PD-L1 and CD47 expression have 

been previously implicated in resistance to cancer therapy, primarily due to the regulation 

of these genes by hypoxia 50. To determine if PD-L1 may interfere with the therapeutic 

efficacy of CD47 blockade, we combined these treatments in an orthotopic EMT-6 TNBC 

mouse model. Our data indicated that administering these therapies in combination 

caused a further reduction in tumor burden compared to anti-PD-L1 treatment or CD47 

alone, suggesting a potential mechanism to enhance the efficacy of these drugs.  Using 

these therapies in combination also caused a significant increase in infiltrating CD8+ T 
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cells with improved antitumor function due to increased secretion of granzyme B 

compared to monotherapies and control, supporting previous studies 9. 

The FDA has recently approved immune checkpoint blockade therapy, specifically 

targeting PD-L1, to treat metastatic TNBC. Thus this data demonstrates how CD47 can 

be a potential biomarker and therapeutic target to enhance anti-PD-L1 therapeutic 

response for TNBC due to alterations in intratumoral proliferation, metabolism, 

inflammation, and immunosuppression. Clinical trials targeting CD47 have been 

conducted in patients with hematological and solid tumor cancers like non-Hodgkin’s 

Lymphoma, acute myeloid leukemia, and colon cancer 2,3. Therefore, since these drugs 

are already in clinical studies, it would be feasible to include them in the invasive or 

advanced TNBC clinical space to reduce tumor burden and increase patient survival.  
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VIII. Figures 
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Figure 1- Lack of CD47 receptor decreases tumor burden in a carcinogen-induced 

breast cancer mouse model. (A) Representative images of CD47 expression within 

human TNBC matched primary and metastatic tumors. (B) Both primary and matched 

metastatic tumors express CD47, increasing expression as the disease progressed. 

(*p<0.05, n=8/group) (C) Schematic of carcinogen-induced mouse model treatment 

regimen. At week 6 of age, female WT and cd47-/- C57Bl/6 mice were injected 

subcutaneously with MPA into the mammary fat pad. During weeks 7-10, oral gavages of 

DMBA were administered once a week. Mice were euthanized at week 25. cd47-/- mice 

decreased (D) tumor incidence and (E) multiplicity compared to WT mice. Tumors from 

cd47-/- mice decreased (F) tumor weight and (G) tumor area compared to WT mice. 

(*p<0.05, n=14-15/group)  
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Figure 2- CD47 differentially regulates metabolites in breast tumors and mammary 

glands. Different biochemical signatures were observed in tumor and mammary gland 

tissue of WT and cd47-/- mice. (A) Based on its global metabolomic profiles, a principle 

component analysis clustered WT and cd47-/- breast tumor and mammary gland tissue. 

It was determined that (B) 162 breast tumors and (D) 154 mammary gland metabolites 

were significantly different between WT and cd47-/- genotypes (p<0.05). (C, E) A pie 

graph displays the percentage of these statistically significant metabolites based on their 

respective metabolic pathway. Further analysis displays the (F) breast tumor and (G) 

mammary gland metabolites achieving statistical significance of p<0.01. (n=9/group) 
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Figure 3- CD47 expression differentially regulates metabolites associated with cell 

proliferation. Increased metabolites associated with polyamine metabolism, including (A) 

putrescine and (B) spermidine in breast tumors compared to mammary glands. Breast 

tumors have increased metabolites associated with phospholipid metabolism, including 

(C) choline, (D) cytidine-5’-diphosphoethanolamine, and (E) cytidine 5’-diphosphocholine 

compared to mammary glands. cd47-/- breast tumors have decreased (F) diacylglycerol 

compared to WT breast tumors. (*p<0.05, n=9/group) (G-H) Ki67 positive nuclei was 

decreased in cd47-/- breast tumors compared to WT breast tumors (*p<0.05, n=4/group). 
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Figure 4- Fatty acid metabolism is mediated by CD47 expression. There is a 

significant decrease in long-chained fatty acids, specifically (A) myristate and (B) 

palmitoleate, in breast tumors compared to mammary glands. Metabolites associated with 

polyunsaturated fatty acid metabolism like (C) hexadecadienoate and (D) linoleate were 

significantly decreased in breast tumor tissue compared to mammary glands. An increase 

in carnitine-conjugated fatty acids like (E) arachidoylcarnitine and (F) myristoylcarnitine 

was observed in breast tumors compared to mammary glands. Both cd47-/- breast tumors 

and mammary glands had a significant decrease in metabolites associated with fatty acid 

metabolism like (G) 3-hydroxy butyryl carnitine (H) behenoylcarnitine, (I) 

lignoceroylcarnitine and (J) ximenoylcarnitine, and ketone body (K) 3-hydroxybutyrate 

(BHBA). (*p<0.05, n=9/group) (L) CD47 targeted EMT-6 cells have a decrease in fatty 

acid dependency compared to WT EMT-6 cells (*p<0.05, n=3).   
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Figure 5- CD47 mediates intratumoral inflammation. Eicosanoids are decreased in 

cd47-/- tissue compared to WT tissue, specifically (A) prostaglandin F2α and (B) 12-

HHTre. (C) Tryptophan metabolites are increased in tumor tissue compared to the 

mammary gland of both genotypes. (D) Kynurenate is increased in WT breast tumors 

compared to the mammary gland and cd47-/- breast tumors. (*p<0.05, n=9/group) (E) 

Fluorescent antibodies for lymphocytes (CD45+, red), T cells (CD3+, yellow), cancer cells 

(PanCK, green), and nuclei (DAPI, blue) stained the tumor sections to determine regions 

of interest to undergo spatial proteomic analysis. 36 proteins were analyzed through DSP 

where (F-G) 2 proteins were enriched in the cd47-/- breast tumors while 21 were enriched 

in the WT breast tumors. (H) AhR receptor expression is decreased in cd47-/- breast 

tumors compared to WT breast tumors. WT breast tumors have an increase in 

immunosuppressive receptors like (I) PD-1, (J) TIM-3, (K) VISTA, (L) BatF3, and (M) PD-

L1 as well as an increase in (N) FOXP3 (O) CD11b+ and (P) Ly6G/Ly6C+ 

immunosuppressive immune cells compared to cd47-/- breast tumors. (*p<0.05, 

n=4/group) 
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Figure 6-  CD47 blockade sensitizes TNBC tumors to immune checkpoint blockade 

therapy. (A) Schematic of orthotopic TNBC mouse model treatment regimen. At week 6-

8 of age, female balb/c mice were injected orthotopically into the mammary fat pad with 

EMT-6 TNBC cells. Mice received alternating day treatments of CD47M and anti-PD-L1 

over 6 days. Mice were euthanized at day 21 or when tumors reached 1500mm3. (B) 

Targeting CD47 in combination with anti-PD-L1 decreased tumor volume compared to 

monotherapy treatments and controls. (C-D) An increase in intratumoral CD8+ T cells 

(CD3+ (red), CD8+ (green), DAPI (blue)) and (C, E) increased granzyme B release was 

observed in combination-treated breast tumors compared to monotherapy and control. 

(*p<0.05, n=4-8) 
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IX. Tables  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1- Fold changes of metabolites associated with proliferation. 
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Table 2- Fold change between metabolites associated with polyunsaturated fatty 

acid metabolism, long-chain fatty acids, and fatty acid metabolism. 
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Table 3- Fold change of metabolites associated with inflammation.   
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X. Supplementary Figures 

 

Supplementary Figure 1- Hematoxylin and eosin staining of carcinogen-induced breast 

tumors were used to characterize tumors of WT and cd47-/- mice as (A) alveolar 

adenoma, (B) squamous cell carcinoma, (C) complex carcinoma, and (D) solid carcinoma. 

Images were obtained through light microscopy on the Olympus BX43 microscope at 10x 

magnification. Descriptions are based on the mouse mammary pathology consensus 

report 52. (E) Ki67protein expression decreased in cd47-/- breast tumors compared to WT 

breast tumors through spatial proteomic analysis (*p<0.05, 4/group). 
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Supplementary Figure 2- Hierarchical Clustering Analysis comparing metabolites in 

cd47-/- vs. WT mammary gland and breast tumors.  
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Supplementary Figure 3- Breast tumors have an increase in metabolites associated with 

the citric acid cycle like (A) citrate, (B) α-ketoglutarate, (C) succinate, (D) fumarate, and 

(E) malate compared to mammary glands. A decrease in (F) glucose and an increase in 

(G) pyruvate and (H) lactate was observed in breast tumors compared to WT breast 

tumors. (*p<0.05, n=9/group) (I) CD47M decreases CD47 expression on EMT-6 cells. (J) 

Representative glycolytic flux of CD47 targeted EMT-6 cells. (K) No changes in the 

glycolytic rate but (L) an increase in glucose oxidation dependency in CD47 targeted EMT-

6 cells compared to control EMT-6 cells (*p<0.05, n=3). 
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Supplementary Figure 4- (A) Representative immunofluorescence staining to look at 

macrophage polarity within breast tumors. cd47-/- breast tumors have an increase in (B) 

M1 (CD80+ (PE red), CD68+(FITC, green), nuclei (DAPI, blue)) macrophages and 

decrease in (C) M2 (CD206+ (PE red), CD68+(FITC, green), nuclei (DAPI, blue)) 

macrophages compared to WT breast tumors (*p<0.05, n=3-4/group). (D) Decreased 

CD47 expression in EMT-6 tumors treated with CD47M. (E) There was no significant 

difference in the tumor volume of IgG and CTRLM treated mice compared to control (n=4-

7/group). 
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XI. Supplementary Tables  

 

Supplementary Table 1- Fold change of metabolites associated with the citric acid cycle.   
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Supplementary Table 2- Fold change of metabolites associated with glycolysis. 
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Supplementary Table 3- Fold change of metabolites associated with glutathione 

metabolism. 

 

 

 

 

 

 

 

 

 

 

 

 



123 
 

XII. References  

1 Soto-Pantoja, D. R., Kaur, S. & Roberts, D. D. CD47 signaling pathways controlling 
cellular differentiation and responses to stress. Crit Rev Biochem Mol Biol 50, 212-
230, doi:10.3109/10409238.2015.1014024 (2015). 

2 Majeti, R. et al. CD47 is an adverse prognostic factor and therapeutic antibody 
target on human acute myeloid leukemia stem cells. Cell 138, 286-299, 
doi:10.1016/j.cell.2009.05.045 (2009). 

3 Willingham, S. B. et al. The CD47-signal regulatory protein alpha (SIRPa) 
interaction is a therapeutic target for human solid tumors. Proc Natl Acad Sci U S 
A 109, 6662-6667, doi:10.1073/pnas.1121623109 (2012). 

4 Tsai, R. K. & Discher, D. E. Inhibition of "self" engulfment through deactivation of 
myosin-II at the phagocytic synapse between human cells. J Cell Biol 180, 989-
1003, doi:10.1083/jcb.200708043 (2008). 

5 Li, Z., He, L., Wilson, K. & Roberts, D. Thrombospondin-1 inhibits TCR-mediated 
T lymphocyte early activation. J Immunol 166, 2427-2436 (2001). 

6 Miller, T. W., Kaur, S., Ivins-O'Keefe, K. & Roberts, D. D. Thrombospondin-1 is a 
CD47-dependent endogenous inhibitor of hydrogen sulfide signaling in T cell 
activation. Matrix Biol 32, 316-324, doi:10.1016/j.matbio.2013.02.009 (2013). 

7 Grimbert, P. et al. Thrombospondin/CD47 interaction: a pathway to generate 
regulatory T cells from human CD4+ CD25- T cells in response to inflammation. J 
Immunol 177, 3534-3541 (2006). 

8 Lamy, L. et al. CD47 and the 19 kDa interacting protein-3 (BNIP3) in T cell 
apoptosis. J Biol Chem 278, 23915-23921, doi:10.1074/jbc.M301869200 (2003). 

9 Soto-Pantoja, D. R. et al. CD47 in the tumor microenvironment limits cooperation 
between antitumor T-cell immunity and radiotherapy. Cancer Res 74, 6771-6783, 
doi:10.1158/0008-5472.CAN-14-0037-T (2014). 

10 Feliz-Mosquea, Y. R. et al. Combination of anthracyclines and anti-CD47 therapy 
inhibit invasive breast cancer growth while preventing cardiac toxicity by regulation 
of autophagy. Breast Cancer Res Treat 172, 69-82, doi:10.1007/s10549-018-
4884-x (2018). 

11 Maxhimer, J. B. et al. Radioprotection in normal tissue and delayed tumor growth 
by blockade of CD47 signaling. Sci Transl Med 1, 3ra7, 
doi:10.1126/scitranslmed.3000139 (2009). 

12 Miller, T. W. et al. CD47 Receptor Globally Regulates Metabolic Pathways That 
Control Resistance to Ionizing Radiation. J Biol Chem 290, 24858-24874, 
doi:10.1074/jbc.M115.665752 (2015). 

13 Stirling, E. R., Cook, K. L., Roberts, D. D. & Soto-Pantoja, D. R. Metabolomic 
Analysis Reveals Unique Biochemical Signatures Associated with Protection from 
Radiation Induced Lung Injury by Lack of cd47 Receptor Gene Expression. 
Metabolites 9, doi:10.3390/metabo9100218 (2019). 

14 Schmid, P., Chui, S. Y. & Emens, L. A. Atezolizumab and Nab-Paclitaxel in 
Advanced Triple-Negative Breast Cancer. Reply. N Engl J Med 380, 987-988, 
doi:10.1056/NEJMc1900150 (2019). 

15 Dent, R. et al. Pattern of metastatic spread in triple-negative breast cancer. Breast 
Cancer Res Treat 115, 423-428, doi:10.1007/s10549-008-0086-2 (2009). 

16 Yin, Y. et al. Characterization of medroxyprogesterone and DMBA-induced 
multilineage mammary tumors by gene expression profiling. Mol Carcinog 44, 42-
50, doi:10.1002/mc.20119 (2005). 



124 
 

17 Casero, R. A., Jr., Murray Stewart, T. & Pegg, A. E. Polyamine metabolism and 
cancer: treatments, challenges and opportunities. Nat Rev Cancer 18, 681-695, 
doi:10.1038/s41568-018-0050-3 (2018). 

18 Harayama, T. & Riezman, H. Understanding the diversity of membrane lipid 
composition. Nat Rev Mol Cell Biol 19, 281-296, doi:10.1038/nrm.2017.138 
(2018). 

19 Balaban, S. et al. Adipocyte lipolysis links obesity to breast cancer growth: 
adipocyte-derived fatty acids drive breast cancer cell proliferation and migration. 
Cancer Metab 5, 1, doi:10.1186/s40170-016-0163-7 (2017). 

20 Wang, Y. Y. et al. Mammary adipocytes stimulate breast cancer invasion through 
metabolic remodeling of tumor cells. JCI Insight 2, e87489, 
doi:10.1172/jci.insight.87489 (2017). 

21 Bieber, L. L. Carnitine. Annu Rev Biochem 57, 261-283, 
doi:10.1146/annurev.bi.57.070188.001401 (1988). 

22 Warburg, O. On the origin of cancer cells. Science 123, 309-314, 
doi:10.1126/science.123.3191.309 (1956). 

23 Dennis, E. A. & Norris, P. C. Eicosanoid storm in infection and inflammation. Nat 
Rev Immunol 15, 511-523, doi:10.1038/nri3859 (2015). 

24 Ramirez, M. U., Stirling, E. R., Emenaker, N. J., Roberts, D. D. & Soto-Pantoja, D. 
R. Thrombospondin-1 interactions regulate eicosanoid metabolism and signaling 
in cancer-related inflammation. Cancer Metastasis Rev, doi:10.1007/s10555-018-
9737-x (2018). 

25 Coussens, L. M. & Werb, Z. Inflammation and cancer. Nature 420, 860-867, 
doi:10.1038/nature01322 (2002). 

26 Platten, M., Nollen, E. A. A., Rohrig, U. F., Fallarino, F. & Opitz, C. A. Tryptophan 
metabolism as a common therapeutic target in cancer, neurodegeneration and 
beyond. Nat Rev Drug Discov 18, 379-401, doi:10.1038/s41573-019-0016-5 
(2019). 

27 Wirthgen, E., Hoeflich, A., Rebl, A. & Gunther, J. Kynurenic Acid: The Janus-Faced 
Role of an Immunomodulatory Tryptophan Metabolite and Its Link to Pathological 
Conditions. Front Immunol 8, 1957, doi:10.3389/fimmu.2017.01957 (2017). 

28 DiNatale, B. C. et al. Kynurenic acid is a potent endogenous aryl hydrocarbon 
receptor ligand that synergistically induces interleukin-6 in the presence of 
inflammatory signaling. Toxicol Sci 115, 89-97, doi:10.1093/toxsci/kfq024 (2010). 

29 Maimaitiyiming, H., Norman, H., Zhou, Q. & Wang, S. CD47 deficiency protects 
mice from diet-induced obesity and improves whole body glucose tolerance and 
insulin sensitivity. Sci Rep 5, 8846, doi:10.1038/srep08846 (2015). 

30 Li, Y., Tong, X., Rumala, C., Clemons, K. & Wang, S. Thrombospondin1 deficiency 
reduces obesity-associated inflammation and improves insulin sensitivity in a diet-
induced obese mouse model. PLoS One 6, e26656, 
doi:10.1371/journal.pone.0026656 (2011). 

31 Cortes, J. et al. Pembrolizumab plus chemotherapy versus placebo plus 
chemotherapy for previously untreated locally recurrent inoperable or metastatic 
triple-negative breast cancer (KEYNOTE-355): a randomised, placebo-controlled, 
double-blind, phase 3 clinical trial. Lancet 396, 1817-1828, doi:10.1016/S0140-
6736(20)32531-9 (2020). 

32 Soto-Pantoja, D. R., Isenberg, J. S. & Roberts, D. D. Therapeutic Targeting of 
CD47 to Modulate Tissue Responses to Ischemia and Radiation. J Genet Syndr 
Gene Ther 2, doi:10.4172/2157-7412.1000105 (2011). 



125 
 

33 Soto-Pantoja, D. R. et al. CD47 deficiency confers cell and tissue radioprotection 
by activation of autophagy. Autophagy 8, 1628-1642, doi:10.4161/auto.21562 
(2012). 

34 Soto-Pantoja, D. R., Ridnour, L. A., Wink, D. A. & Roberts, D. D. Blockade of CD47 
increases survival of mice exposed to lethal total body irradiation. Sci Rep 3, 1038, 
doi:10.1038/srep01038 (2013). 

35 Li, D., Gwag, T. & Wang, S. Absence of CD47 maintains brown fat thermogenic 
capacity and protects mice from aging-related obesity and metabolic disorder. 
Biochem Biophys Res Commun 575, 14-19, doi:10.1016/j.bbrc.2021.08.062 
(2021). 

36 Hanahan, D. & Weinberg, R. A. Hallmarks of cancer: the next generation. Cell 144, 
doi:10.1016/j.cell.2011.02.013 (2011). 

37 Bello-Fernandez, C., Packham, G. & Cleveland, J. L. The ornithine decarboxylase 
gene is a transcriptional target of c-Myc. Proc Natl Acad Sci U S A 90, 7804-7808, 
doi:10.1073/pnas.90.16.7804 (1993). 

38 Roy, U. K., Rial, N. S., Kachel, K. L. & Gerner, E. W. Activated K-RAS increases 
polyamine uptake in human colon cancer cells through modulation of caveolar 
endocytosis. Mol Carcinog 47, 538-553, doi:10.1002/mc.20414 (2008). 

39 Zabala-Letona, A. et al. mTORC1-dependent AMD1 regulation sustains polyamine 
metabolism in prostate cancer. Nature 547, 109-113, doi:10.1038/nature22964 
(2017). 

40 Pegg, A. E. Regulation of ornithine decarboxylase. J Biol Chem 281, 14529-14532, 
doi:10.1074/jbc.R500031200 (2006). 

41 Ikeguchi, Y., Bewley, M. C. & Pegg, A. E. Aminopropyltransferases: function, 
structure and genetics. J Biochem 139, 1-9, doi:10.1093/jb/mvj019 (2006). 

42 Hietanen, E., Punnonen, K., Punnonen, R. & Auvinen, O. Fatty acid composition 
of phospholipids and neutral lipids and lipid peroxidation in human breast cancer 
and lipoma tissue. Carcinogenesis 7, 1965-1969, doi:10.1093/carcin/7.12.1965 
(1986). 

43 Beckonert, O., Monnerjahn, J., Bonk, U. & Leibfritz, D. Visualizing metabolic 
changes in breast-cancer tissue using 1H-NMR spectroscopy and self-organizing 
maps. NMR Biomed 16, 1-11, doi:10.1002/nbm.797 (2003). 

44 Cheng, M., Bhujwalla, Z. M. & Glunde, K. Targeting Phospholipid Metabolism in 
Cancer. Front Oncol 6, 266, doi:10.3389/fonc.2016.00266 (2016). 

45 Cook, K. L. et al. Endoplasmic Reticulum Stress Protein GRP78 Modulates Lipid 
Metabolism to Control Drug Sensitivity and Antitumor Immunity in Breast Cancer. 
Cancer Res 76, 5657-5670, doi:10.1158/0008-5472.CAN-15-2616 (2016). 

46 Iribarren, K. et al. Anticancer effects of anti-CD47 immunotherapy in vivo. 
Oncoimmunology 8, 1550619, doi:10.1080/2162402X.2018.1550619 (2019). 

47 Munn, D. H. et al. GCN2 kinase in T cells mediates proliferative arrest and anergy 
induction in response to indoleamine 2,3-dioxygenase. Immunity 22, 633-642, 
doi:10.1016/j.immuni.2005.03.013 (2005). 

48 Uyttenhove, C. et al. Evidence for a tumoral immune resistance mechanism based 
on tryptophan degradation by indoleamine 2,3-dioxygenase. Nat Med 9, 1269-
1274, doi:10.1038/nm934 (2003). 

49 Brown, Z. J. et al. Indoleamine 2,3-dioxygenase provides adaptive resistance to 
immune checkpoint inhibitors in hepatocellular carcinoma. Cancer Immunol 
Immunother 67, 1305-1315, doi:10.1007/s00262-018-2190-4 (2018). 

50 Stirling, E. R. et al. Metabolic Implications of Immune Checkpoint Proteins in 
Cancer. Cells 11, 179 (2022). 



126 
 

51 Cardiff, R. D. et al. The mammary pathology of genetically engineered mice: the 
consensus report and recommendations from the Annapolis meeting. Oncogene 
19, 968-988, doi:10.1038/sj.onc.1203277 (2000). 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



127 
 

CHAPTER IV 

Targeting the CD47/Thrombospondin-1 signaling axis regulates immune cell 

bioenergetics in the tumor microenvironment to potentiate antitumor immune 

response 

 

Elizabeth R. Stirling 1,7, Masaki Terabe 8, Adam Wilson 2, Mitra Kooshki 3,7, Liliya M. 

Yamaleyeva 2, Martha A. Alexander-Miller 4,7, Wei Zhang 1,6,7, Lance D. Miller 1,6,7, Pierre 

L. Triozzi 1,3,7, David R. Soto-Pantoja 1,2,5,7 

Departments of 1Cancer Biology, 2Surgery/Hypertension and Vascular Research, 3Internal 

Medicine, 4Microbiology & Immunology, 5Radiation Oncology, 6Center for Cancer 

Genomics and Precision Oncology, 7Wake Forest School of Medicine Comprehensive 

Cancer Center. Winston-Salem, North Carolina 27157 

8National Cancer Institute Neuro-Oncology Branch. Bethesda, Maryland 20892 

 

Running Title- CD47/TSP1 Regulate Bioenergetics and Immune Response 

Keywords- melanoma, adaptive immunity, metabolic networks and pathways, 

immunotherapy 

 

The following manuscript was submitted to and reviewed by the Journal for 

Immunotherapy of Cancer in February 2022 and reflects the efforts of the first author. The 

manuscript is currently under revision and will be resubmitted to the Journal for 

Immunotherapy of Cancer.  



128 
 

I. Abstract 

a. Background: CD47 is an integral membrane protein that alters adaptive 

immunosurveillance when bound to the matricellular glycoprotein 

thrombospondin-1 (TSP1). We examined the impact of CD47/TSP1 signaling 

axis on melanoma patient response to anti-PD-1 therapy due to alterations in 

T cell activation, proliferation, effector function, and bioenergetics. 

b. Methods: A syngeneic B16 mouse melanoma model was performed to 

determine if targeting CD47 as monotherapy or in combination with anti-PD-1 

impacted tumor burden. Cytotoxic (CD8+) T cells from Pmel-1 transgenic mice 

were used for T cell activation, cytotoxic T lymphocyte and cellular bioenergetic 

assays. Single-cell RNA-sequencing, ELISA and flow cytometry was 

performed on peripheral blood mononuclear cells and plasma of melanoma 

patients receiving anti-PD-1 therapy to examine CD47/TSP1 expression.  

c. Results: Human malignant melanoma tissue had increased CD47/TSP1 

expression compared to benign tissue. Due to negative implications 

CD47/TSP1 can have on antitumor immune responses, we targeted CD47 in 

a melanoma mouse model and observed a decrease in tumor burden due to 

increased tumor oxygen saturation and granzyme B secreting CD8+ T cells 

compared to WT tumors. Additionally, Pmel-1 CD8+ T cells exposed to TSP1 

had reduced activation, proliferation and effector function against B16 

melanoma cells. Targeting CD47 prevented TSP1 interaction, allowing CD8+ 

T cells to sustain these functions. TSP1 exposed CD8+ T cells have a 

decreased rate of glycolysis; however, targeting CD47 restored glycolysis 

when CD8+ T cells were exposed to TSP1, suggesting CD47 mediated 

metabolic reprogramming of T cells. Additionally, non-responding patients to 

anti-PD-1 therapy had an increase in T cells expressing CD47 and circulating 
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levels of TSP1 compared to responding patients. Since the CD47/TSP1 

signaling axis negatively impacts CD8+ T cells and non-responding patients to 

anti-PD-1 therapy have increased CD47/TSP1 expression, we targeted CD47 

in combination with anti-PD-1 in a melanoma model. Targeting CD47 in 

combination with anti-PD-1 treatment further decreased tumor burden 

compared to monotherapy and control.   

d. Conclusion: CD47/TSP1 expression could serve as a marker to predict 

patient response to immune checkpoint blockade treatment and targeting this 

pathway may preserve T cell activation, proliferation, effector function, and 

bioenergetics to reduce tumor burden either as a monotherapy or in 

combination with anti-PD-1. 
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II. Key Messages 

i. What is already known on this topic – Clinical success is observed for 

melanoma patients receiving anti-PD-1 therapy; however, only a small subset 

of patients have a durable response to this therapy. Therefore, biomarkers and 

targeted therapies are needed to predict and enhance therapeutic response, 

to improve the survival of patients. CD47, an emerging innate and adaptive 

immune checkpoint, is an intriguing therapeutic target as our data shows its 

novel role in cytotoxic (CD8+) T cell antitumor response when interacting with 

its ligand thrombospondin-1 (TSP1).  

ii. What this study adds – This work shows that CD47 affects adaptive immune 

responses by interaction with its high-affinity ligand thrombospondin-1, thus 

demonstrating effects beyond its anti-phagocytic function when binding SIRPα. 

The blockade of CD47 decreases tumor burden in a preclinical tumor model, 

which is associated with increased tumor oxygenation and CD8+ T cell tumor 

infiltration. CD47 ligation by TSP1 on CD8+ T cells reduces activation, antigen-

mediated cytotoxicity of melanoma cells, and metabolic reprogramming; 

however, these processes are reversed through the blockade of CD47, 

suggesting a receptor-mediated mechanism for the development of therapeutic 

resistance. In a melanoma patient cohort receiving anti-PD-1 therapy, TSP1 

gene and protein expression and CD47 expressing circulating CD8+ T cells 

are increased in non-responding patients compared to responder patients, 

suggesting a potential role of this signaling axis in therapeutic resistance. 

Therefore, we demonstrate that the blockade of CD47 enhanced anti-PD-1 

treatment in a preclinical tumor model, supporting that CD47 blockade may be 

at the center of therapeutic resistance to PD-1. 
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iii. How this study might affect research, practice, or policy – Our studies 

show that CD47 and TSP1 expression in the tumor microenvironment 

correlates with malignancy in melanoma patient biopsies. Furthermore, our 

data show that this signaling axis may be a predictive biomarker for melanoma 

patient response to anti-PD-1 treatment.  Additionally, blockade of CD47 

sensitizes melanoma tumors to anti-PD-1 therapy to further enhance efficacy 

and decrease tumor burden. 
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III. List of abbreviations 

i. CD47- cluster of differentiation 47 

ii. TSP1- thrombospondin-1 

iii. SIRPα- signal regulatory protein alpha  

iv. CD8+ T cell- cytotoxic T cell 

v. PD-1- programmed cell death protein 1  

vi. PBMC- peripheral blood mononuclear cells  

vii. scRNA-seq- single-cell RNA-sequencing  

viii. CD47(-)- CD47 morpholino 

ix. ECAR- extracellular acidification rate  

x. PAI- ultrasound-guided photoacoustic imaging 

xi. sO2- oxygen saturation  

xii. HIF- hypoxia inducible factors 

xiii. HRE- hypoxia response element  
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IV. Background 

Cancer immunotherapies, such as FDA-approved immune checkpoint blockade, 

are currently used in the clinic to enhance anti-cancer immunosurveillance. Although these 

therapies are revolutionary, only 20% of melanoma patients respond to these treatments 

1,2. Therefore, new biomarkers and targeted therapeutics are needed to predict and 

improve patient response to immune checkpoint blockade therapies.  

One reason for this lack of response associated with immune checkpoint blockade 

is the metabolic state of immune cells, specifically T cells, that these therapies are 

targeting 3. The metabolic state of a T cell alters based on its particular phenotype. Naïve 

T cells differentiate to a cytotoxic phenotype by shifting from oxidative phosphorylation to 

aerobic glycolysis 4-7. This metabolic reprogramming allows cytotoxic (CD8+) T cells to 

have increased proliferation, cytokine production, and antitumor function 7. However, 

many tumor microenvironment factors, like hypoxia, leave T cells incapable of performing 

these metabolic processes and obtain an “exhausted-like” phenotype, potentially 

impairing their ability to respond to immune checkpoint blockade treatments 8. Therefore, 

targeted therapies to sustain CD8+ T cell metabolism within the tumor microenvironment 

are needed to improve response to immune checkpoint blockade therapies.   

CD47 is a type I integral membrane protein located in both T cells and cancer cells 

9. Its overexpression on cancer cells allows them to bypass immunosurveillance by 

interacting with the innate immune cell counterreceptor signal regulatory protein alpha 

(SIRPα), producing antiphagocytic “don’t eat me” signals 10. Previous studies have shown 

that the upregulation of CD47 in both hematological and solid tumor cancers is correlated 

with a decrease in patient survival 11,12. CD47 can also be ligated on T cells by the 

matricellular glycoprotein thrombospondin-1 (TSP1) 9,13. This can lead to a cascade of 

signaling events, including the inhibition of T cell activation and differentiation along with 
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inducing cell death 14-17. Therefore, CD47 activation is beneficial for the proliferation and 

survival of cancer cells while detrimental to T cell antitumor function and overall survival.  

To provide insight into potential therapeutics for cancer patients, researchers 

continue to examine the impact CD47 expression has on immune cell antitumor function 

and metabolism. Previous studies have shown in a fibrosarcoma mouse model that 

targeting CD47 as a monotherapy or in combination with irradiation mediates a decrease 

in tumor burden due to an increase of intratumoral antitumor CD8+ T cells 18. However, it 

is still unknown how targeting CD47 enhances CD8+ T cell antitumor effector function. In 

an irradiated stress-induced environment, T cells lacking CD47 expression improved 

glucose uptake and metabolism and enhanced mitochondria function, biogenesis, and 

oxygen consumption 19,20. The alterations in T cell metabolism mediated by CD47 and its 

impact on antitumor function within the tumor microenvironment are unexplored.  

Due to the low response rate associated with immune checkpoint blockade 

therapies for cancer patients, we examined potential biomarkers and therapeutic targets 

to predict and improve patient CD8+ T cell response to immune checkpoint blockade 

therapies. We observed increased expression of CD47 and TSP1 within the tumor 

microenvironment of human melanoma tissue compared to benign tissue. Due to this 

increase in CD47/TSP1 expression within the tumor microenvironment observed, a mouse 

melanoma model was utilized to determine how targeting CD47 impacted tumor burden. 

Targeting CD47 decreased tumor burden due to increased intratumoral oxygenation and 

granzyme B secreting CD8+ T cells. Additionally, TSP1 decreased CD8+ T cell activation, 

effector function, and glycolytic rate; however, targeting CD47 allowed CD8+ T cells to 

overcome TSP1 ligation and sustain function. We also identified that non-responding 

melanoma patients to programmed cell death protein 1 (PD-1) therapy have increased 

CD47 expressing T cells and circulating levels of TSP1 compared to responding patients, 

signifying potential biomarkers for therapeutic response. Since non-responding patients 



135 
 

to anti-PD-1 therapy have increased CD47 and TSP1 expression and TSP1 ligation of 

CD47 has negative consequences for CD8+ T cells and potentially impacts their response 

to immune checkpoint blockade therapies, we performed a syngeneic melanoma model 

to observe how targeting CD47 in combination with anti-PD-1 therapy would impact tumor 

burden. Using these therapies in combination improved therapeutic response and further 

decreased tumor burden, signifying CD47 as a potential therapeutic target to enhance 

response to immune checkpoint blockade therapies.  

 

V. Methods 

i. Immunohistochemistry 

A human microarray containing primary melanoma tumor tissue (n=62), metastatic 

melanoma tumor tissue (n=22), and benign (n=16) tissue were examined for CD47 and 

TSP1 expression (Biomax, Cat #ME1004H, Derwood, MD). Additionally, B16.F10 (B16) 

mouse melanoma tumors were examined for granzyme B and carbonic anhydrase 

expression. Tumors were harvested, fixed in 4% paraformaldehyde, and embedded in 

paraffin. 5μm tumor tissue sections were created with a microtome. The microarray and 

B16 melanoma tumors underwent DAB staining according to the manufacture protocol 

(Dako Envision Dual Linked System HRP, Catalog #K4065). The microarray was stained 

with anti-human CD47 (eBioscience anti-human CD47, Clone B6H12, Ref #14047982, Lot 

# 4281568) at a 1:100 dilution and anti-human TSP1 (Thrombospondin-1 (A6.1) Santa 

Cruz, sc-59887, Lot # C2514) at 1:250 dilution while the B16 melanoma tumors were 

strained with 1:100 anti-mouse granzyme B (Thermo Scientific, Product # PA1-37799, Lot 

# PA1813162) and 1:150 carbonic anhydrase IX/CA9 antibody (Novus Biologics, Catalog 

# NB100-417, Lot #AJ). All slides were mounted in CytosealTM XYL (Thermo Scientific, 

Ref # 8312-4).  
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B16 melanoma tumors were also examined for CD8+ T cells. Sections were 

deparaffinized with xylene three times for 5 minutes and rehydrated with 100% ethanol 

two times for 5 minutes, 95% ethanol for 3 minutes, and 70% ethanol for 3 minutes. 

Antigen retrieval was performed with 1x citrate buffer. B16 melanoma tumors were stained 

with BioLegend (San Diego, CA) fluorescent antibodies for anti-mouse CD3 (APC (red), 

Clone #172A, Catalog #100235), anti-mouse CD8 (Alexa Fluor 488 (green), Clone #53-

6.7, Catalog #100726)) and DAPI (blue) to denote nuclei (Thermo Scientific Ref # 62248, 

Lot # VG3036772). Cells were counted as CD8+ T cells if CD3 and CD8 antibodies were 

co-localized (yellow). All slides were mounted with ProLongTM Gold Antifade Mountant 

(ThermoFisher, Catalog #P36930).  

The Olympus BX43 microscope obtained images while the PerkinElmer Mantra 

and inform software performed analysis to determine CD47 positive tumor cells and TSP1 

expression on the microarray and intratumoral granzyme B secreting CD8+ T cells and 

carbonic anhydrase expression in the B16 melanoma tumors.  

ii. In vivo mouse B16 melanoma syngeneic tumor models 

Syngenic mouse melanoma models were performed to examine tumor ablation by 

targeting CD47 as a monotherapy or in combination with anti-PD-1 therapy. Subcutaneous 

injections of 5 X 105 mouse B16 melanoma cells occurred into the outer hind limb of 6-8 

week old C57Bl/6 mice (Jackson Laboratory). When tumors reached 100 mm3, treatments 

began for each study. To determine the effect of targeting CD47 on tumor burden, mice 

received three intraperitoneal treatments of 10 µM CD47 antisense morpholino (CD47(-), 

Gene Tools, Philomath, OR) or saline over 21 days (n=5/group) (Fig. 2A). Targeting CD47 

with antisense morpholino decreases its protein expression within B16 melanoma tumors 

(Supplementary Fig. 2). To determine the impact of targeting CD47 in combination with 

anti-PD-1 treatment on tumor burden, mice received alternating day intraperitoneal 
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treatments of 10 µM CD47(-) and/or 200 μg anti-PD-1 (anti-mouse PD-1 (CD279), Bio X 

Cell, Cat #BE00332, Lot#705218N1) over 6 days (n=5/group) (Fig. 5H). Tumor volume 

(LW2/2, where W=shortest diameter of tumor and L= longest diameter of tumor) was 

determined by measuring the tumor with calipers every three days, while wet tumor weight 

was determined at the end of the study. Mice were euthanized at the end of the study or 

when tumors volume reached 1500 mm3. Animal studies were approved by the Wake 

Forest School of Medicine Institutional Animal Care and Use Committee (A16-085).  

iii. 3D assessment of melanoma tumor oxygenation and vascularity  

Tumor oxygenation was determined by ultrasound-guided photoacoustic imaging 

(PAI) with Vevo LAZR instrument (Fujifilm VisualSonics, Toronto, Canada) as previously 

described 21. Mice were anesthetized with 1.5% isoflurane and placed on a heated 

platform for PAI. Heart rate was monitored by the electrodes and kept constant throughout 

the procedure at 350-400 beats per minute in all mice. A depilatory cream removed the 

hair from the imaging area (Nair, Church & Dwight Co., Inc). Three-dimensional (3D) Mode 

was used for imaging allowing recording a PAI signal from the whole tumor using a step 

size of 0.2 mm and a 40-dB gain setting. Imaging protocols were standardized to optimize 

experimental conditions by limiting background noise, standardizing the amplitude of the 

PAI signal, and keeping the imaging depth consistent among all scanned mice. Data 

analysis was performed with the Vevo 2100 LAZR software tools (HemoMeaZure and 

OxyZated) that allow a co-registration of the PAI signal from hemoglobin with an anatomic 

view of the tumor in real-time and enable calculation of mean oxygen saturation (sO2) 

concentration throughout the tissue.  

Tumor vascularity was determined using Power Doppler Mode in conjunction with 

a 3D- Mode using a step size of 0.2 mm and a 37-dB gain setting. Vevo CQ software was 
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used to calculate the percent of tumor vascularity defined as an index of relative vascular 

density within a tumor volume.  

iv. Isolation of primary cytotoxic T cell  

Primary CD8+ T cells were derived from the spleens of three different mice: 

C57Bl/6 wild type (WT), cd47 null (cd47-/-, B6.129S7-Cd47tm1Fpl/J, JAX stock #003173), 

and Pmel-1 transgenic mice (B6.Cg-Thy1a/Cy Tg(TcraTcrb)8Rest/J, JAX stock #005023). 

The CD8+ T cells derived from WT mice express CD47 while cd47-/- CD8+ T cells lack 

CD47 expression due to a heterogeneous mutant allele 22. Pmel-1 transgenic mice have 

CD8+ T cells with a rearranged T cell receptor specific for gp100, a peptide fragment of 

the Pmel-1 antigen expressed on B16 melanoma cells (Supplementary Fig. 1A-B) 23,24. 

To obtain CD8+ T cells, the spleen was harvested and placed into a single-cell suspension 

within HBSS solution containing PBS, 3% FBS, and 10 μM EDTA. Red blood cells were 

lysed with 1x RBC lysis buffer (BioLegend, San Diego, CA, Category # 420301). CD8+ T 

cells were magnetically isolated by the MagniSortTM mouse CD8 T cell Enrichment Kit 

(ThermoFisher, Carlsbad, CA, Catalog #8804-6822) from WT and cd47-/- splenocytes 

according to the manufacturer’s protocol. For Pmel-1 CD8+ T cells, splenocytes were 

expanded in suspension for five days with 30 units of IL-2 (ThermoFisher, Catalog 

#PHC0023) and 1 μM gp100 (AnaSpec, Fremont, CA, Catalog #AS-62589) to promote 

CD8+ T cell differentiation and proliferation (Supplementary Fig. 4) 25,26. Cells were 

maintained in T cell media containing RPMI, 2 mM L-glutamine, 1% 

penicillin/streptomycin, sodium pyruvate, 1% non-essential amino acids, 10 μM HEPES, 

50 μM BME, 10% HyClone FBS at 37oC with 5% CO2.  
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v. T cell activation assay 

Once Pmel-1 CD8+ T cells were isolated, as discussed above, cells were 

centrifuged at 300 g for 5 minutes, and the supernatant was aspirated. Pmel-1 CD8+ T 

cells were stained with 5 μM carboxyfluorescein succinimidyl ester (CFSE, BioLegend, 

San Diego, CA, Catalog #423801) for 20 minutes at room temperature with protection 

from light. This fluorescent dye can trace the division of cells through flow cytometry. 5x 

the volume of T cell media was added to the Pmel-1 CD8+ T cells to quench the CFSE 

stain. Pmel-1 CD8+ T cells were centrifuged at 300 g for 5 minutes. The supernatant was 

aspirated, resuspended in T cell media, and treated with 30 units of IL-2 and 1 μM gp100 

to induce antigen-mediated activation. Pmel-1 CD8+ T cells were treated with 10 μM 

CD47(-), 3 μl/mL endoporter and/or 10 nM TSP1 and proliferated for 72 hours at 37oC with 

5% CO2 with protection from light. After 72 hours, flow cytometry was performed on the 

BD-FACS Calibur Analyzer and analyzed in FCS Express software to examine Pmel-1 

CD8+ T cell proliferation.  

vi. In vitro cytotoxic T lymphocyte assay 

An antigen-mediated cytotoxic T lymphocyte (CTL) assay was performed in the 

ACEA RT-CES system to measure Pmel-1 CD8+ T cell killing of B16 melanoma cells as 

previously described 26. Adherent B16 cells were cultured and maintained with RPMI 

containing 2 mM L-glutamine, 10% FBS, and 1% penicillin/streptomycin at 37oC with 5% 

CO2, while Pmel-1 CD8+ T cells were obtained and cultured as described above. Target 

(T) B16 cells were seeded and grown at 37oC with 5% CO2. Effector (E) Pmel-1 CD8+ T 

cells were activated with 1 μM gp100 and treated with 10 μM CD47(-), 10 μM control 

morpholino (CTRL (-)) and/or 10 nM TSP1. Target cell viability was measured through the 

ACEA RT-CES system and calculated as a normalized cell index and percent of cytolysis. 



140 
 

Results were compared to CTRL (-), which caused no significant differences in Pmel-1 

CD8+ T cell cytolytic activity from control (Supplementary Fig. 5).   

vii. Cell respiratory measurements of cytotoxic T cells  

The Seahorse XF96 analyzer was used to determine the glycolytic flux of T cells 

based on CD47 expression. We examined Jurkat T cells with and without (CD47-) CD47 

expression, WT, cd47-/- primary CD8+ T cells, and Pmel-1 WT and CD47 targeted CD8+ 

T cells. Glycolytic flux of WT and CD47- Jurkat T cells was determined by counting and 

adhering 300,000 cells to the Seahorse plate with polylysine-D and performing sequential 

injections of 10 mM glucose, 1 μM oligomycin, and 50 mM 2 Deoxy-D-glucose (2-DG). As 

described above, WT, cd47-/- and Pmel-1 CD8+ T cells were obtained. Once cells were 

obtained, Seahorse plates were coated in Cell Tak (Corning, Catalog # 354240) and 

seeded with 1,000,000 cells. The glycolytic flux of activated WT and cd47-/- CD8+ T cells 

was determined by sequential injections of 10 mM glucose, Dynabeads® mouse T 

activator CD3/CD28 at a 1:1 cell to Dynabead ratio (ThermoFisher, Catalog #11456D), 1 

μM oligomycin, and 50 mM 2-DG. Pmel-1 CD8+ T cells were pre-treated with 10 CD47(-) 

μM and/or 10 nM TSP1 to undergo a Seahorse Mito Stress test where extracellular 

acidification rate (ECAR) was quantified before inhibitor injections. The measurements 

from these assays are expressed as ECAR, and analysis was performed on the Wave 

software. 

viii. Single-cell RNA-sequencing of human melanoma patient peripheral blood 

mononuclear cells  

Peripheral blood mononuclear cells (PBMC) and plasma were processed from the 

blood of human melanoma patients (Fig. 5A). Patient participation corresponded with 

clinical evaluation and consent under IRB-approved protocol. Blood was obtained and 

placed into an EDTA treated vacutainer tube (BD, Catalog #B2970-48). Blood was 
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processed to obtain plasma and PBMC as previously described 27. PBMC were 

maintained with RPMI containing 2 mM L-glutamine, 10% FBS, and 1% penicillin-

streptomycin at 37oC with 5% CO2.  

Once PBMC were isolated, single-cell RNA-sequencing (scRNA-seq) was 

performed using a 10x genomics system 27. PBMC went through single-cell analysis, and 

results were displayed as clusters based on immune cell population: NK cells (NKG7+, 

CD56+), T lymphocytes (CD3+, CD28+), B cells (CD19+, CD40+), and monocytes 

(CD68+, CD163+) (Supplementary Fig. 7). 

ix. TSP1 ELISA of human melanoma patient plasma 

Plasma was obtained and processed from the blood of melanoma patients pre and 

post anti-PD-1 therapy, as described above. The plasma underwent a human TSP1 

Quantikine ELISA (R&D Systems, Catalog #DTSP10, Minneapolis, MN USA) assay 

according to the manufacture protocol to determine the concentration (ng/mL) of 

circulating TSP1. 

x. Flow cytometry  

To examine different cell populations within human melanoma patient PBMC and 

mouse Pmel-1 splenocytes, cell surface flow cytometry was performed as previously 

described 27. Human melanoma patient PBMC were stained with the following anti-human 

antibodies from BD: Fixable Viability Stain 575V, CD3 APC-R700, CD19 APC-H7, CD47 

APC, and CD8 BUV496. Pmel-1 splenocytes were stained with dilutions of the following 

anti-mouse antibodies from BD: CD19 BV421, Fixable Viability Stain 575V, CD64 BV786, 

CD8a APC-H7, and CD3 BUV496. Flow cytometry was performed on the BD LSRFortessa 

X-20 Analyzer, and analysis was performed on FCS Express software (Supplementary 

Fig. 4 and 8). 
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xi. Statistics  

Differences between groups for T cell activation and CTL assays will be analyzed 

by ANOVA followed by Fisher’s LSD tests. In vivo studies were analyzed using repeated-

measures ANOVA, with a standard deviation. Unpaired T-test was used to analyze 

differences between two groups. Results are represented as the mean + SEM and are 

considered significant if *p<0.05. Statistical analysis was performed on GraphPad Prism. 

 

VI. Results 

i. Elevated CD47 and TSP1 expression within human melanoma tumors.  

CD47 expression on cancer cells and secretion of TSP1 in the tumor 

microenvironment can be detrimental to immune cell antitumor response 10,14-16. 

Therefore, we examined the expression of CD47 and TSP1 within human melanoma 

tumor tissue. We observed an increase in both CD47 and TSP1 within the tumor 

microenvironment of human malignant melanoma tissue compared to normal, benign 

tissue (Fig. 1A-C). Furthermore, both CD47 and TSP1 expression increased within the 

tumor microenvironment as the disease progressed from primary to metastatic tumor (Fig. 

1A, 1D-E).  

ii. Targeting CD47 decreases melanoma tumor burden due to increased 

intratumoral oxygenation and cytotoxic T cells.  

Blockade of CD47 in combination with irradiation reduced tumor burden in a mouse 

15-12RM fibrosarcoma model due to increased tumor-infiltrating CD8+ T cells 18. 

Therefore, we examined if targeting CD47 reduced tumor burden in a syngeneic mouse 

melanoma model (Fig. 2A). C57Bl/6 mice received subcutaneous injections of B16 

melanoma cells into their hind limb. Three intraperitoneal treatments of CD47(-) or saline 



143 
 

occurred over 21 days once tumors reached 100 mm3. Blockade of CD47 resulted in a 

significant reduction of both tumor volume and weight compared to WT tumors (Fig. 2B-

C).  

Hypoxia can have detrimental effects on the activation, proliferation, and antitumor 

function of CD8+ T cells within the tumor microenvironment, inhibiting the cytolysis of 

cancer cells 28-32. PAI imaging was performed to observe if targeting CD47 impacted 

oxygenation within B16 melanoma tumors. CD47 targeted tumors had greater sO2 

compared to WT tumors (Fig. 2D-E). However, Power Doppler and 3D- Mode revealed 

that CD47 targeted tumors had a decrease in percent vascularity compared to WT tumors 

(Fig. 2D, 2F). Therefore, tumor vascularity is not responsible for increasing oxygenation 

within these CD47 targeted tumors. We next observed a marker of hypoxia, carbonic 

anhydrase, whose expression is regulated by hypoxia-inducible factors (HIF). Carbonic 

anhydrase expression was decreased in CD47 targeted tumors compared to WT tumors, 

validating increased tumor oxygenation mediated by CD47 expression (Fig. 2G-H). 

Additionally, tumor sections were stained with antibodies to examine intratumoral CD8+ T 

cells through immunofluorescence. An increase in CD8+ T cells was observed throughout 

CD47 targeted tumors compared to WT tumors (Fig. 2G, 2I). Additionally, the CD8+ T 

cells within the CD47 targeted tumors had increased perforin-1 gene expression and 

granzyme B protein expression compared to WT tumors (Fig. 2G, 2J-K). 

iii. Targeting CD47 enhances cytotoxic T cell activation and proliferation when 

exposed to TSP1.  

Ligation of CD47 through TSP1 impairs T cell activation 14,15,33. However, the use 

of peptide 4N1K derived from the COOH-terminal of TSP1 does not represent the full 

TSP1 structure and is known to have off-target effects not associated with TSP1 34. 

Therefore, we performed our studies using a physiologically relevant, fully structured 
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recombinant TSP1 to examine how CD47 ligation by TSP1 impacts T cell activation and 

proliferation. When Pmel-1 CD8+ T cells were exposed to TSP1, a decrease in activation 

and proliferation occurred (Fig. 3A-B). Pmel-1 CD8+ T cells were then treated with CD47(-

) to decrease CD47 protein expression (Supplementary Fig. 3). Although targeting CD47 

had no significant impact on T cell activation or proliferation, CD47 targeted Pmel-1 CD8+ 

T cells exposed to TSP1 continued to activate and proliferate (Fig. 3A-B). Therefore, 

CD47 targeted Pmel-1 CD8+ T cells could overcome the inhibitory effects of the TSP1 

interaction.  

iv. The antitumor function of TSP1 exposed cytotoxic T cells improved by 

targeting CD47.  

Since CD47 ligation by TSP1 had detrimental effects on T cell activation and 

proliferation, we examined how TSP1 would impact T cell antitumor function. Effector (E) 

Pmel-1 CD8+ T cells were co-cultured with target (T) B16 melanoma cells to examine 

target cell viability through normalized cell index and percent cytolysis quantifications. 

Pmel-1 CD8+ T cells exposed to TSP1 had decreased cytolytic activity against the B16 

cells compared to the control (Fig. 3E-F), allowing B16 melanoma cells to continue to 

grow and increase target cell index (Fig. 3C-D). It should be noted that TSP1 had no 

impact on B16 melanoma cell viability, validating that TSP1 limits CD8+ T cell effector 

function through its interaction with CD47 (Supplementary Fig. 6). Additionally, targeting 

CD47 had no significant impact on Pmel-1 CD8+ T cell antitumor function compared to 

control Pmel-1 CD8+ T cells (Fig. 3C-F). However, CD47 targeted Pmel-1 CD8+ T cells 

exposed to TSP1 prevailed its inhibitory effects and continued cytolytic activity against 

B16 melanoma cells (Fig. 3E-F), causing B16 melanoma cell index to decrease (Fig. 3C-

D).  
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v. CD47 expression regulates glycolysis of cytotoxic T cells exposed to TSP1. 

T cells lacking CD47 expression have enhanced bioenergetics compared to CD47 

expressing T cells under an irradiated stressed-induced environment 19. Therefore, we 

examined how CD47 expression impacted the bioenergetics of T cells, specifically 

glycolysis of CD8+ T cells as activated T cells shift from oxidative phosphorylation to 

glycolysis to obtain a cytotoxic phenotype with antitumor functionalities 4-7. CD47- Jurkat 

T cells had an increase in ECAR compared to WT Jurkat T cells (Fig. 4A). When further 

quantified, CD47- Jurkat T cells had an increase in both the rate and overall glycolysis 

compared to WT Jurkat T cells (Fig. 4B-C). We next examined how CD47 expression 

impacts glycolysis of activating CD8+ T cells. Pre activation, cd47-/- CD8+ T cells had 

increased glycolytic rate compared to WT CD8+ T cells, validating the results above in 

primary CD8+ T cells (Fig. 4D-E). Successively, once the CD8+ T cells were activated, 

the ECAR and glycolytic rate continued to increase in cd47-/- CD8+ T cells compared to 

WT CD8+ T cells (Fig. 4D-E). Lastly, we observed the impact of TSP1 on glycolysis of 

antigen-mediated activation of Pmel-1 CD8+ T cells. Targeting CD47 increased ECAR of 

Pmel-1 CD8+ T cells compared to control Pmel-1 CD8+ T cells (Fig. 4F). Further, Pmel-1 

CD8+ T cells exposed to TSP1 had a decrease in ECAR compared to control Pmel-1 

CD8+ T cells (Fig. 4F). However, glycolysis was restored in CD47 targeted Pmel-1 CD8+ 

T cells exposed to TSP1 as increased ECAR was observed compared to TSP1 treated 

Pmel-1 CD8+ T cells (Fig. 4F). 

vi. Elevated TSP1 and CD47 expression in human melanoma patients receiving 

immune checkpoint blockade therapy. 

Biomarkers are needed to predict patient response to immune checkpoint 

blockade therapies. Therefore, we examined the plasma and PBMC of a cohort of 

melanoma patients receiving anti-PD-1 treatment to determine if TSP1 and CD47 could 
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be potential biomarkers of response. scRNA-seq of PBMC displayed increased gene 

expression of TSP1 located in the circulating monocyte cell population (CD68+, CD163+) 

of both responding and non-responding patients receiving anti-PD-1 therapy (Fig. 5B). 

Although TSP1 gene expression shifted in both patient populations after the first cycle of 

anti-PD-1 therapy, the non-responding patient cohort had a 1.8-fold increase in TSP1 

gene expression compared to a 1.3-fold increase in responders (Fig. 5C). This was further 

validated by examining circulating TSP1 protein levels in the plasma of this patient cohort, 

where non-responding patients had a significant increase in TSP1 protein levels post-

therapy while responding patients did not (Fig. 5D). Next, we examined CD47 expression 

on circulating T cells in this patient cohort. Through flow cytometry analysis, we observed 

that pre and post-anti-PD-1 treatment, non-responding patients had significantly increased 

percentages of CD8+CD47+ compared to responding patients (Fig. 5E-G).  

vii. Targeting CD47 sensitizes melanoma tumors to anti-PD-1 therapy to decrease 

tumor burden.  

We demonstrated that the ligation of CD47 on CD8+ T cells by TSP1 impairs 

activation, proliferation, antitumor function, and bioenergetics. At the same time, non-

responding melanoma patients to anti-PD-1 therapy had increased circulating levels of 

TSP1 and CD47 expressing T cells. Therefore, we wanted to examine the impact of 

targeting CD47 in combination with anti-PD-1 therapy on tumor burden through a 

syngeneic mouse melanoma model (Fig. 5H). B16 melanoma cells were subcutaneously 

injected into the hind limb of C57Bl/6 mice. Once tumors reached 100mm3, alternating 

intraperitoneal injections of CD47(-) and/or anti-PD-1 were administered over 6 days. 

Blockade of CD47 or PD-1 individually resulted in significantly reduced tumor volume 

compared to the control (Fig. 5I-J). However, when these therapies were used in 

combination, a further reduction in tumor volume was observed compared to monotherapy 

and control (Fig. 5I-J). 
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VII. Discussion 

With the lack of response associated with immune checkpoint blockade therapies, 

we examined potential biomarkers and targeted therapies to improve CD8+ T cell function 

and response of melanoma patients receiving anti-PD-1 therapy. We demonstrated that 

human melanoma tissue has an increase in both CD47 and TSP1 within the tumor 

microenvironment, signifying intriguing therapeutic targets. By targeting CD47 in a mouse 

melanoma model, a significant decrease in tumor burden was observed due to an increase 

in intratumoral oxygenation and granzyme B secreting CD8+ T cells. We determined that 

the CD47/TSP1 signaling axis impairs T cell activation, proliferation, antitumor function, 

and bioenergetics. Additionally, we demonstrated that CD47 and TSP1 are potential 

biomarkers of melanoma patient response to anti-PD-1 therapy. Due to these 

observations, we performed a syngeneic mouse melanoma model and determined that 

targeting CD47 sensitizes B16 melanoma tumors to anti-PD-1 therapy, further decreasing 

tumor burden compared to the monotherapy and control. Overall, this study highlights 

potential biomarkers and targeted therapies through the CD47/TSP1 signaling axis to 

predict and improve immune checkpoint blockade response by improving CD8+ T cell 

function within the tumor microenvironment.  

Increased expression of CD47 and/or TSP1 in the tumor microenvironment is 

correlated with a decrease in survival of patients with several types of cancer 11,12,35. 

Additionally, CD47 expressed on cancer cells can interact with its counterreceptor SIRPα 

on innate immune cells resulting in “don’t eat me” signals 10. This allows cancer cells to 

continue proliferating without immune cell interference and allows the disease to progress 

10. Therefore, the increased CD47 expression we observed within the tumor 

microenvironment of melanoma tumors may further disguise cancer cells from immune 

cell recognition and antitumor function but will need to be further investigated. Additionally, 
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the increase in TSP1 expression of melanoma tumors may further impede T cell antitumor 

function within the tumor microenvironment.  

Targeting CD47 has been reported to decrease tumor burden in combination with 

irradiation in a fibrosarcoma mouse model due to increased intratumoral CD8+ T cells with 

enhanced antitumor activity 18. Therefore, we wanted to examine how targeting CD47 

would impact tumor burden in a melanoma model. We choose to target CD47 with 

oligonucleotide antisense morpholino due to its potential to be translated to the clinic as 

morpholinos have been FDA approved for Duchenne muscular dystrophy and used in 

clinical trials for prostate cancer 36,37. Additionally, antibodies targeting CD47 are designed 

to only block the binding and signaling of SIRPα and not TSP1 38. We observed that 

targeting CD47 decreases both tumor volume and weight compared to the WT tumor. 

Next, we determined what was mediating this decrease in tumor burden.  

Cancer patients with hypoxic tumors often have low response rates to therapies 

and decreased overall survival 39,40. Therefore, we wanted to determine the impact of 

targeting CD47 on intratumoral oxygenation. Targeting CD47 increased oxygenation 

within tumors; however, this increase in oxygenation was not dependent on tumor 

vascularity as a decrease in percent vascularity was observed in CD47 targeted tumors 

compared to WT tumors. Therefore, CD47 is mediating oxygenation within the tumor 

through a different mechanism. Hypoxia can regulate CD47 expression as it has a hypoxic 

response element (HRE) in its promoter region 41. Therefore, we hypothesized that CD47 

may be regulating hypoxia through the release of HIF within the tumor microenvironment. 

We examined carbonic anhydrase, whose expression is regulated by HIF and acts as a 

marker of hypoxia, and demonstrated its increase in WT tumors compared to CD47 

targeted tumors 42. Due to this increase in oxygenation within the tumor, we examined 

intratumoral CD8+ T cells and their antitumor function. CD47 targeted tumors had 
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increased intratumoral CD8+ T cells with enhanced antitumor function due to increased 

perforin-1 gene expression and granzyme b release compared to WT tumors. Overall, this 

in vivo data indicates that targeting CD47 increases tumor oxygenation, allowing an 

increase in intratumoral CD8+ T cells with enhanced antitumor function to ultimately 

decrease tumor burden.  

The ligation of CD47 by TSP1 has been reported to impair T cell activation 14,15. 

However, the TSP1 used in previous studies does not represent the physiological relevant 

structure or concentration 35. Additionally, the established Jurkat T cell, which have a 

“helper-like” (CD4+) phenotype, were activated through CD3/CD28 antibodies 14,15. 

Therefore, we performed our studies using a physiologically relevant, fully structured 

recombinant TSP1 and at a concentration relevant to a cancer patient, which would be at 

nanomolar level compared to a healthy picomolar level 43. We also used primary CD8+ T 

cells whose activation was antigen-mediated, recapitulating T cell activation in the body. 

We observed that CD8+ T cells exposed to TSP1 exhibited decreased activation and 

subsequently proliferation. Although CD47 targeted CD8+ T cells had no significant 

changes in activation compared to control, CD47 targeted CD8+ cells exposed to TSP1 

were able to overcome this inhibitory interaction and continue to activate and proliferate. 

Therefore, TSP1 limits primary CD8+ T cell antigen-mediated activation through its 

interaction with CD47.    

The ligation of CD47 by TSP1 can cause the differentiation of T cells to an 

immunosuppressive phenotype or induce cell death, impairing the cells’ ability to have 

antitumor cytolytic capabilities 16,17. To our knowledge, it has not been examined how 

CD47 ligation by TSP1 impacts antitumor function. Therefore, we examined how TSP1 

affects CD8+ T cell antitumor function. We used effector Pmel-1 CD8+ T cells 

differentiated from the splenocytes of Pmel-1 transgenic mice. The T cells from these mice 
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have rearranged T cell receptors that can recognize and target B16 melanoma cells due 

to their Pmel-1 antigen expression 23,24. When CD47 was targeted, there was no significant 

change in Pmel-1 CD8+ T cell cytolysis or target B16 cell index compared to control. 

However, Pmel-1 CD8+ T cells exposed to TSP1 had decreased CD8+ T cell cytolytic 

activity as an increase in target B16 cell index was observed. When we targeted CD47 on 

Pmel-1 CD8+ T cells and exposed these cells to TSP1, we demonstrated that the negative 

implications associated with TSP1 ligation was depleted as cytolytic activity of Pmel-1 

CD8+ T cells increased and target B16 cell index decreased. Therefore, TSP1 impairs 

CD8+ T cell antitumor effector function through its interaction with CD47. 

The nutrient competition within the tumor microenvironment often deteriorates the 

bioenergetics of antitumor CD8+ T cells 44,45. Therefore, targeted therapies are needed to 

sustain the bioenergetics of CD8+ T cells within the tumor microenvironment to continue 

their antitumor functions. The lack of CD47 expression has enhanced the bioenergetics of 

various immune cells. Within an irradiated stress-induced environment, CD47- Jurkat T 

cells have increased bioenergetics compared to WT Jurkat T cells 19. Additionally, the 

bioenergetics of cd47-/- natural killer cells is enhanced compared to WT natural killer cells 

46. However, it is unknown how CD47 expression impacts the bioenergetics of naïve and 

antigen-mediated activation of CD8+ T cells exposed to TSP1 and in the context of cancer. 

We specifically focused on glycolysis as naïve T cells shift from oxidative phosphorylation 

to glycolysis when differentiating into CD8+ T cells 3. We examined how CD47 expression 

impacted glycolysis of an established T cell line and primary CD8+ T cells. CD47- Jurkat 

T cells had an increased glycolytic rate compared to WT Jurkat T cells. This was further 

validated in primary naïve cd47-/- CD8+ T cells with an increased glycolytic rate than WT 

CD8+ T cells. Next, we examined how CD47 expression would impact glycolysis in CD8+ 

T cells undergoing activation. When cd47-/- CD8+ T cells were activated, the rate of 
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glycolysis continued to increase compared to WT CD8+ T cells. The blockade of CD47 

may increase glycolysis by mediating an increase in glucose receptor expression or 

downstream enzymes of the glycolytic pathway; however, this needs to be further 

investigated. In addition to CD47 blockade enhancing CD8+ T cell rate of glycolysis, it also 

allowed CD8+ T cells to sustain energy production when exposed to TSP1. Pmel-1 CD8+ 

T cells exposed to TSP1 had a decrease in ECAR; however, CD47 targeted Pmel-1 CD8+ 

T cells exposed to TSP1 had an increase in ECAR compared to TSP1 exposed Pmel-1 

CD8+ T cells. This demonstrates that targeting CD47 allows CD8+ T cells to sustain 

glycolysis with a competitive, TSP1 concentrated tumor microenvironment to sustain their 

activation, proliferation, and cytolytic activity against cancer cells.  

We have demonstrated that melanoma patients receiving anti-PD-1 therapy have 

different levels of T cells expressing CD47 and circulating levels of TSP1 based on 

response. This may indicate that non-responders with elevated circulating TSP1 and 

CD47 expressing T cells will interact and negatively affect T cell activation, antitumor 

function, and bioenergetics. If T cells are not functioning due to the negative implications 

of CD47 ligation by TSP1, they will not respond to anti-PD-1 therapy and induce an 

effective antitumor immune response. Therefore, the CD47/TSP1 signaling axis could be 

a marker of immune checkpoint blockade response. 

Due to the low response rate associated with immune checkpoint blockades in the 

clinic, targeted therapies combined with immune checkpoint blockades are needed to 

improve patient response and overall survival. Targeting CD47 in combination with 

immune checkpoint blockade treatments has been tested in several preclinical models 

47,48. In a mouse melanoma model, targeting CD47 with antisense morpholino in 

combination with anti-CTLA-4 and irradiation decreased tumor burden and increased 

survival 47. In esophageal squamous cell cancer model, CD47 blockade combined with 
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anti-CTLA-4 and anti-PD-1 reduced tumor burden and increased survival 48. However, 

CD47 blockade in combination with anti-PD-1 was not explored 48. We determined that 

non-responding melanoma patients to anti-PD-1 therapy have a significant increase in T 

cells expressing CD47 pre and post-treatment along with increased circulating levels of 

TSP1 post-treatment. We also demonstrated the negative impact of CD47 ligation by 

TSP1 on T cells on activation, proliferation, bioenergetics, and antitumor function; 

however, targeting CD47 allows T cells to overcome this interaction. Therefore, we wanted 

to examine how targeting CD47 would impact anti-PD-1 therapy response and the impact 

on tumor burden. We observed that targeting CD47 and PD-1 as monotherapy decreased 

tumor burden; however, using these therapies in combination significantly reduced tumor 

burden compared to the monotherapies and control. Therefore, targeting CD47 may allow 

T cells to overcome the negative implications that TSP1 ligation can have on activation, 

energy production, and antitumor function, enabling T cells to be primed to respond 

appropriately to anti-PD-1 therapy decrease tumor burden.  

Overall, this data demonstrates potential biomarkers to predict melanoma patient 

response to anti-PD-1 therapy and the impact of using targeted therapies to improve 

immune checkpoint blockade response. CD47 and TSP1 are intriguing therapeutic targets 

due to their increased expression in human melanoma tissue compared to normal tissue. 

CD47 targeted therapy enhanced the CD8+ T cells glycolytic rate when exposed to TSP1, 

which generally deteriorates in the tumor microenvironment. The improved glycolytic rate 

of CD8+ T cells may improve activation, proliferation, antitumor function, and cytotoxicity 

of cancer cells, leading to the reduction of tumor size observed. Additionally, non-

responders to anti-PD-1 treatment have elevated levels of TSP1 and CD47 expressing T 

cells, potentially impairing CD8+ T cells and their ability to respond to anti-PD-1 therapy. 

Therefore, CD47/TSP1 expression could be used as a biomarker to predict melanoma 
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patients' response to anti-PD-1 treatment. Moreover, CD47 targeted therapy appears to 

sensitize tumors to anti-PD-1 therapy to further reduce melanoma tumor burden. CD47 

targeted therapies can potentially improve the efficacy of immunotherapy treatment, like 

immune checkpoint blockade, to improve overall outcomes for tumor-bearing cancer 

patients. 
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IX. Figures 

 

 



155 
 

Figure 1- Increased CD47 and TSP1 expression within the tumor microenvironment 

of human melanoma tissue.  (A) Representative images of human normal, primary 

melanoma tumor, and metastatic melanoma tumor tissue. (B) CD47 and (C) TSP1 

expression was compared between the normal and malignant tumor microenvironment of 

these tissues. Additionally, (D) CD47 and (E) TSP1 expression was compared in the tumor 

microenvironment as disease progressed from primary to metastatic tumors. Images were 

obtained through light microscopy on the Olympus BX43 microscope and analyzed on the 

PerkinElmer Mantra and inform software. (*p<0.05, n= 96-100) 
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Figure 2- Targeting CD47 decreases melanoma tumor burden in vivo. (A) Schematic 

of the in vivo syngeneic mouse melanoma treatment regime. C57Bl/6 mice were injected 

subcutaneously with B16 melanoma cells into the hind flank. Once tumors reached 100 

mm3, intraperitoneal injections of 10 uM CD47 morpholino (CD47(-)) or saline began once 

a week for 3 weeks. (B) Tumor volume was determined throughout the study (LW2/2). (C) 

Mice were euthanized at the end of the study (day 21) or when tumor volume reached 

1500 mm3 where tumor weight was determined (*p<0.05, n=6-8/group). (D) 

Representative PAI imaging for tumor sO2 along with Power Doppler and 3D-Mode to 

determine tumor vascularity.  (E) Tumor sO2 was quantified with the Vevo 2100 LAZR 

software, while (F) tumor vascularity was quantified with Vevo CQ software of WT and 

CD47 targeted tumors. (*p<0.05, n=4-5/group) (G) Representative immunohistochemistry 

images of tumor sections for (H) carbonic anhydrase, (I) intratumoral cytotoxic (yellow 

cells due to co-localization of CD3+ (red, APC) and CD8+ (green, FITC)) T cells and (J) 

granzyme B (p<0.05, n=4-5/group). Images were obtained at 20x magnification with the 

Olympus BX43 microscope and quantified using the PerkinElmer Mantra and inform 

analysis. (K) Gene expression of perforin-1 was determined through RT-qPCR of tumors 

(*p<0.05, n=4-5/group).  
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Figure 3- CD47 expression regulates cytotoxic T cell activation, proliferation, and 

antitumor function. (A-B) Pmel-1 CD8+ T cells were stained with CFSE stain to 

determine if CD47 expression and TSP1 exposure impacted their activation and 

proliferation through flow cytometry. The BD LSRFortessa X-20 Analyzer was used to 

acquire data, while FCS Express was used for analysis (*p<0.05, n=3). To determine if 

CD47 expression and TSP1 exposure impact CD8+ T cell antitumor function, effector (E) 

Pmel-1 CD8+ T cells were co-cultured with target (T) B16 melanoma cells after stimulation 

with IL-2 and gp100 peptide. Target cell viability was dynamically monitored by surface 

impedance and presented as (C-D) normalized cell index and (E-F) percent of cytolysis at 

18 hours after adding effector Pmel-1 CD8+ T cells (*p<0.05, n=3). 
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Figure 4- CD47 expression regulates cytotoxic T cell bioenergetics. Cell respiratory 

measurements were acquired to determine the impact of CD47 on glycolysis of (A-C) WT 

and CD47- Jurkat T cells, (D-E) naïve and activated WT and cd47-/- CD8+ T cells and (F) 

WT and CD47 targeted Pmel-1 CD8+ T cells exposed to TSP1. (*p<0.05, n=3) 
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Figure 5- Targeting CD47 in combination with anti-PD-1 therapy decreases 

melanoma tumor burden in vivo. (A) Schematic of the melanoma patient cohort therapy 

regimen. (B-C) scRNA-seq was performed through a 10x genomics system on patient 

PBMC pre and post-anti-PD-1 therapy (*p<0.05, n=16 (4/group)). (D) Circulating TSP1 

was determined through ELISA of human patient plasma pre and post-anti-PD-1 therapy 

(*p<0.05, n=11-16/group). (E) Patient PBMC stained with antibodies for human CD3, CD8, 

and CD47 to determine CD47 expression on T cells (F) pre and (G) post-anti-PD-1 therapy 

through flow cytometry. Data were acquired using BD LSRFortessa X-20 Analyzer and 

analyzed using FCS Express gating on CD3+, CD8+ CD47high population (*p<0.05, n= 24). 

(H) Schematic of in vivo syngeneic mouse melanoma combination treatment regimen. 

C57Bl/6 mice were injected subcutaneously with B16 melanoma cells into the outer hind 

limb. Mice received alternating day intraperitoneal treatments of 10 µM CD47(-) and/or 

200 μg anti-PD-1 or their controls over 6 days. Tumors were measured three times a week 

to determine tumor volume (LW2/2) of (I) treatment groups and (J) each individual animal. 

(*p<0.05, n=5/group). 
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X. Supplementary Figures 

 

 

 

 

 

 

Supplementary Figure 1- B16 melanoma cells express the Pmel-1 antigen. B16 cell 

protein expression of the (A) Pmel-1 antigen with the (B) gp100 peptide fragment.  
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Supplementary Figure 2- CD47 antisense morpholino decreases protein expression 

of B16 melanoma tumors. Mice treated with CD47 morpholino (CD47(-)) have decreased 

CD47 protein expression within B16 melanoma tumors.   
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Supplementary Figure 3- CD47 antisense morpholino decreases protein expression 

of Pmel-1 CD8+ T cells. Pmel-1 CD8+ T cells treated with CD47 morpholino (CD47(-)) 

have decreased CD47 protein expression.   
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Supplementary Figure 4- Gating strategy for flow cytometry on Pmel-1 CD8+ T cells. 

To determine the differentiation of Pmel-1 CD8+ T cells, splenocytes were stained and 

gated based on cellular viability, CD3, and CD8 expression. 
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Supplementary Figure 5- Control morpholino doesn’t alter CD8+ T cell effector 

function. Pmel-1 CD8+ T cell cytotoxic capabilities were unchanged when treated with 

CTRL (-) compared to control.  
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Supplementary Figure 6- Thrombospondin-1 doesn’t alter cancer cell proliferation. 

The proliferation of B16 melanoma cells treated with 10 nM TSP1 is unchanged from the 

control.   
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Supplementary Figure 7- scRNA-seq immune cell population clusters. Data derived 

from scRNA-seq using the 10x genomics system was clustered into the following immune 

cell populations: NK cells (NKG7+, CD56+), T lymphocytes (CD3+, CD28+), B cells 

(CD19+, CD40+) and monocytes (CD68+, CD163+).  
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Supplementary Figure 8- Gating strategy for flow cytometry on human melanoma 

patient PBMC. To determine the percent of CD47 expressing T cells, human melanoma 

patient PBMC were stained and gated based on cellular viability, CD3, CD8, and CD47 

expression.  
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I. Abstract 

The design of cancer immunotherapy drugs is essential for the continued 

investigation of novel drug regimens to improve responses and increase the survival of 

cancer patients. Methods to examine the interaction of effector immune cells with target 

cancer cells are limited by labor-intensive labeling that can be examined at specific time 

points. In this report, we examine an antigen-dependent model of effector cytotoxic (CD8+) 

T cell-mediated cytotoxicity of target murine melanoma and triple-negative breast cancer 

(TNBC) cells using a real-time cell impedance assay. The real-time monitoring allows 

measurement of viability and kinetics, allowing for a better understanding of effector/target 

cell interactions to support drug discovery. 
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II. Introduction 

The clinical success of immune checkpoint inhibitors across many cancer types 

has reignited the interest in designing immune-based strategies for cancer treatment. 

Furthermore, while these cancer immunotherapies are promising, many patients fail to 

respond 1. Therefore, it is important to understand the molecular relationship between 

effector immune cells with target cancer cells to design translatable drug regimens to 

improve patient response. While immune checkpoint inhibitors can target proteins in 

distinct cell types, these drugs are primarily designed to halt inhibitory receptors on T cells 

or counter receptors in cancer cells that would result in inhibition of T cell activation 2.  

A variety of techniques exist to examine cytotoxic (CD8+) T cells and their ability 

to kill cancer cells for immunotherapy research. Among these, the chromium 51 (51Cr) 

release assay is considered a mainstay technique to monitor immune cell-mediated killing, 

as well as the use of lactate dehydrogenase (LDH) release as a surrogate for cancer cell 

cytotoxicity mediated by immune cells 3. While these assays may be sensitive, they both 

are considered “endpoint assays” which limit examination of serial killing activity of effector 

cells interacting with tumor cells in vivo 3. A useful technique involves the xCELLigence® 

Real-Time Cell Analysis (RTCA) instrument to acquire real-time measurements of T cell 

mediated killing of cancer cells. Each well of the E-Plate® has gold biosensors that can 

record the growth and viability of adherent target cancer cells, which is reported as the 

cell index 3,4. Effector CD8+ T cells can be co-cultured with target cancer cells into the E-

Plate®. Since effector CD8+ T cells are non-adherent, they do not interfere with the 

biosensors recording of the target cancer cells. Therefore, the cell index recorded by the 

biosensors is solely based on cancer cell viability and growth. If the effector CD8+ T cells 

have the ability to kill target cancer cells, the biosensors will detect and record the changes 

of cancer cell index in real time (Figure 1). Aside from this T cell-mediated killing of cancer 
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cell assay, this instrument and technique have been used for immunotherapy research to 

examine the impact of other immune cells and their destruction of cancer cells 5,6. 

In this protocol, the CD8+ T cells from Pmel-1 transgenic mice (B6.Cg-Thy1a/Cy 

Tg(TcraTcrb)8Rest) were co-cultured with target B16.F10 (B16) murine melanoma cells 

to examine T cell-mediated cytolysis of melanoma cells 7,8. This method has been adapted 

from Ya Z, et al., where Pmel-1 CD8+ T cells were isolated and expanded from the spleen 

of C57Bl/6 Pmel-1 transgenic mice known to recognize gp100, a peptide fragment of the 

Pmel-1 antigen found on B16 cells 7. This method could be modified to other antigen-

specific effector target pairs, such as those based on ovalbumin to support 

immunomodulatory drug discovery.  

In addition, I developed CD8+ T cells that specifically target TNBC cells (Figure 

4). The genome of balb/c mice encode a self-antigen called AH1 9. This antigen has 

extremely low expression on normal tissue; however, tumors of balb/c origin have high 

expression of the AH1 antigen 9. Therefore, CD8+ T cells can be differentiated to target 

this AH1 antigen of TNBC cells of balb/c background like 4T1 TNBC cells. To our 

knowledge there are no models to study CD8+ T cell antigen-mediated cytolysis of TNBC 

cells; however, our model allows us to overcome this limitation.   
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III. Materials 

i. Growing and Maintaining B16.F10 (B16) Murine Melanoma Cells  

a. B16 murine melanoma cells. 

b. Trypsin (0.25%)/ EDTA (0.05%). 

c. 1x PBS. 

d. B16 complete media consisting of RPMI 1640, 2 mM L-glutamine,10% FBS, 

1% penicillin and streptomycin. 

ii. Growing and Maintaining Pmel-1 Cytotoxic (CD8+) T Cells 

a. 6–8 week old C57Bl/6 Pmel-1 transgenic mouse (B6.Cg-Thy1a/Cy 

Tg(TcraTcrb)8Rest/J, JAX stock #005023). 

b. HBSS or 1x PBS, 10 µM EDTA, 3% FBS. 

c. 40 µm cell strainer. 

d. Centrifuge. 

e. 1x red blood cell (RBC) lysis buffer. 

f. T cell media consisting of RPMI 1640, 2 mM L-glutamine, 1% penicillin and 

streptomycin, 1 mM sodium pyruvate, 1% nonessential amino acids, 10 µM 

HEPES, 50 µM BME, and 10% HyClone FBS. 

g. 20–50 units recombinant IL-2. 

h. 1 µM gp100 peptide. 

iii. Growing and Maintaining 4T1 Triple-Negative Breast Cancer Cells 

a. 4T1 TNBC cells. 

b. Follow “Growing and Maintaining B16.F10 (B16) Murine Melanoma Cells” 

steps b-d”.  

iv. Growing and Maintaining AH1 Cytotoxic (CD8+) T Cells 

a. 6–8 week old female balb/c mice. 

b. 4T1 TNBC cells. 
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c. Follow “Growing and Maintaining Pmel-1 Cytotoxic (CD8+) T Cells” steps b-f. 

d. 20 units recombinant IL-2. 

e. 1 µM AH1 soluble peptide (gp70 peptide).  

f. Irradiator.  

v. T Cell-Mediated Killing of Cancer Cells with xCELLigence® Real-Time Cell 

Analysis (RTCA) 

a. xCELLigence® RTCA instrument (Figure 2). 

b. 16-well E-Plate®. 

c. 1 µM gp100 or gp70 peptide. 

d. 20–50 units recombinant IL-2. 
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IV. Method for Growing and Maintaining Pmel-1 CD8+ T cells  

i. Growing and Maintaining B16 Murine Melanoma Cells 

a. Culture and maintain adherent B16 cells with B16 complete media at 37oC with 

5% CO2. 

b. Once cells reach 60–80% confluence, cells are ready to split. 

c. Aspirate media off cells and wash with 1% PBS. 

d. Trypsinize cells with 1 mL trypsin to allow cells to detach from plate. 

e. Resuspend cells in 4 mL B16 media. 

f. Count cells and seed for experiment. 

ii. Growing and Maintaining Pmel-1 CD8+ T Cells 

a. Euthanize 6–8-week-old C57Bl/6 Pmel-1 transgenic mouse. 

b. Harvest the spleen from the mouse and place in 3 mL HBSS on ice (see Note 

1, Figure 1A). 

c. Acquire a single cell suspension by placing spleen through 40 µm cell strainer 

with 7 mL HBSS (Figure 1B). 

d. Centrifuge cells at 1000 RPM (17x g) for 5 min at 4oC and remove supernatant. 

e. Resuspend cells in 5 mL 1x RBC lysis buffer for 5 min on ice. 

f. Place 45 mL of HBSS onto cells to dilute 1x RBC lysis buffer. 

g. Centrifuge cells at 600x g for 5 min at 4oC and remove supernatant. 

h. Resuspend cells in T cell media at 1–2 million cells/mL. 

i. Stimulate cells with 1 µM gp100 peptide and 20–50 units of recombinant IL-2. 

j. Let T cells differentiate and proliferate for 5–7 days at 37oC with 5% CO2 (see 

Note 2, Figure 1C-D). 

iii. T Cell-Mediated Killing of Cancer Cells with xCELLigence® RTCA Instrument 
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a. Seed 10,000 target B16 cells in 200 µL B16 media per E-Plate® well (Figure 

1E). Let cells adhere and incubate 24 h at 37oC with 5% CO2 within 

xCELLigence® RTCA instrument. 

b. Aspirate media off wells and co-culture 50,000 effector Pmel-1 CD8+ T cells in 

200 µL T cell media with B16 cells into respective wells of E-Plate® (see Note 

3, Figure 1E). 

c. Activate CD8+ T cells with 1 µM gp100 peptide and 20–50 units recombinant 

IL-2. 

d. Incubate 24 h at 37oC with 5% CO2 within xCELLigence® RTCA instrument 

(see Note 4). 

iv. Calculating Target Cell Viability 

a. Over 24 h, the xCELLigence® RTCA instrument will record B16 melanoma cell 

impedance measurement that are displayed as the cell index (Figure 1F). 

b. To determine B16 cell viability, normalize the cell index to the time that the 

effector Pmel-1 CD8+ T cells were co-cultured with the target B16 cells. 

c. These data can then be graphed to determine target B16 melanoma cell 

viability over and at 24 h (see Note 5). 

d. From the results displayed in Figure 3, Pmel-1 CD8+ T cells identified and 

killed target B16 cells as a decrease in target cell viability was observed over 

and at 24h compared to the control target B16 cells. 

v. Notes  

1. The lymph nodes can also be harvested to derive and differentiate Pmel-1 

CD8+ T cells. 

2. Literature suggest ~95% of splenic cells of B6.Cg-

Thy1a/CyTg(TcraTcrb)8Rest/J should be tumor-reactive 10, which can be 

verified by flow cytometry. 
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3. The effector to target ratio should be tested depending on culture conditions, 

as a 5:1 ratio was used in Figure 3. 

4. The xCELLigence® RTCA instrument can run assays for greater or less than 

24 h. 

5. Data can also be calculated as percent of cytolysis to determine the percentage 

of target B16 cells killed by Pmel-1 CD8+ T cells with the following equation: 

Percentage of cytolysis (%) = cell index no effector - cell index effector 

cell index no effector x 100 
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V. Method for Growing and Maintaining AH1 CD8+ T cells  

i. Growing and Maintaining 4T1 Triple-Negative Breast Cancer Cells 

a. Follow “Growing and Maintaining B16 Murine Melanoma Cells” steps 

a-f in regards to 4T1 cells.  

ii. Growing and Maintaining AH1 CD8+ T Cells  

a. Inject balb/c mouse orthotopically with 1,000,000 4T1 cells into the 4,5 

mammary fat pad (Figure 4A).  

b. Allow tumors to grow to about 200 mm3, which can take 7-14 days.  

c. Day 0 (Figure 4B-C) 

1. Once tumors reach 200 mm3, follow “Growing and Maintaining 

Pmel-1 CD8+ T Cells” steps a-h.  

2. Stimulate culture with 1 µM gp70 peptide. 

3. Incubate cells at 37oC with 5% CO2. 

d. Day 1 (Figure 4C) 

1. Treat cells with 20 units of recombinant IL-2.  

2. Continue incubating cells 37oC with 5% CO2 to allow 

differentiation of AH1 CD8+ T cells. 

e. Day 4 

1. Remove 500 µl of media from cells. 

2. Replace with 500 µl fresh T cell media that contains 20 units of 

recombinant IL-2. 

3. Incubate cells at 37oC with 5% CO2. 

f. Day 7/Day 0 (Figure 4D-E) 

1. Euthanize non-tumor bearing balb/c mouse.  

2. Follow “Growing and Maintaining Pmel-1 CD8+ T Cells” steps 

b-g. 
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3. Resuspended cells in T cell media to get 8 million cells/mL.  

4. Incubate cells with 1 µM gp70 peptide for 2 h at 37oC with 5% 

CO2, gently vortexing cells every hour.  

5. Irradiate splenocytes at 3000 RAD (30 Gy). 

6. Remove 500 µl of media from cells. 

7. Restimulate culture by adding 500 µl irradiated splenocytes for 

a ratio of 4 million irradiated splenocytes to 1 million AH1 CD8+ 

T cells (see Note 1). 

iii. AH1 CD8+ T Cell-Mediated Killing of Triple-Negative Breast Cancer Cells with 

xCELLigence® RTCA Instrument 

a. Day 29/ Day 1 

1. Seed 10,000 target 4T1 cells in 200 µL 4T1 media per E-Plate® 

well.  

2. Let cells adhere and incubate 24 h at 37oC with 5% CO2 within 

xCELLigence® RTCA instrument. 

3. Prepare AH1 CD8+ T cells according to the Lympholyte- M 

(Cedarlane, Cat # CL5030) manufacture protocol.  

4. Treat isolated AH1 CD8+ T cells with 20 units recombinant IL-

2 for 24 h at 37oC with 5% CO2. 

b. Day 30/ Day 2 

1. Aspirate media off wells and co-culture 50,000, 100,000 or 

150,000 effector AH1 CD8+ T cells in 200 µL T cell media with 

20 units recombinant IL-2 with 4T1 cells into respective wells of 

E-Plate®. 

2. Incubate 48 h at 37oC with 5% CO2 within xCELLigence® RTCA 

instrument. 
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iv. Calculating Target Cell Viability 

a. Follow “Calculating Target Cell Viability” in context of target 4T1 TNBC 

cells and effector AH1 CD8+ T cells.  

v. Notes 

1. Perform at least 3 restimulations to allow proper differentiation 

and expansion of AH1 CD8+ T cells before using cells for 

experimentation.  
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VI. Results 

i. Pmel-1 CD8+ cells induce antigen-mediated cytolysis of melanoma cells.  

Effector Pmel-1 CD8+ T cells co-cultured with target B16 melanoma cells decrease 

target cell viability at 24 h (Figure 3A-B). 

ii. Differentiation of AH1 CD8+ T cells. 

Light microscopy was performed on the BioTek Cytation 1 Cell Imaging Multimode 

Reader to examine differentiated AH1 CD8+ T cells (Figure 5A). Flow cytometry was 

performed to determine differentiated CD8+ T cells with anti-mouse antibodies for CD45, 

CD19, CD3, CD4, CD8 after the AH1 CD8+ T cell culture was restimulated three times. 

Flow cytometry was performed on the Fortessa X-20 and analyzed on FCS Express to 

determine AH1 CD8+ T cells. Through the differentiation process described above, AH1 

CD8+ T cells were produced (Figure 5B).   

iii. AH1 CD8+ T cells release interferon gamma (IFNγ) due to peptide stimulation. 

A mouse IFNγ ELISA (Quantikine® ELISA Mouse IFNγ Immunoassay, Catalog 

#SMIF00) was performed according to the manufacture protocol. Media from the T cell 

culture was collected and quantified before and 24 h after stimulation with gp70 peptide 

to quantify IFNγ. IFNγ is cytokine produced by antigen-activated CD8+ T cells. When 

CD8+ T cells were stimulated with gp70 peptide, IFNγ release increased (Figure 6).  

iv. Triple-negative breast cancer cells express major histocompatibility complex I. 

Flow cytometry was performed to determine if 4T1 and EMT-6 TNBC cells express 

the MHC I complex (anti-mouse H-2Kd (Clone: SF1-1.1) and H-2Dd (Clone: 34-2-12)) that 

the T cell receptor of the AH1 CD8+ T cell will interact with. Both H-2Kd and H-2Dd were 

expressed on both 4T1 and EMT-6 TNBC cells (Figure 7A-B).  
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v. AH1 CD8+ T cells promote cytolysis of triple-negative breast cancer cells. 

After AH1 CD8+ T cell culture was restimulated three times, target 4T1 cells were 

co-cultured with AH1 CD8+ T cells at 3 different dilutions. Although all dilutions 

successfully decrease target cell viability, a 1:10 ratio appears to be the best dilution for 

experimentation (Figure 8A and 8C). To determine antigen specificity of AH1 CD8+ T 

cells, they were co-cultured with B16 melanoma cells from a C57Bl/6 background. AH1 

CD8+ T cells were unable to promote cytolysis of B16 melanoma cells, as an increase in 

target cell viability was observed (Figure 8B-C). 
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VII. Discussion 

To improve cancer immunotherapy treatments and response by patients, 

techniques within the laboratory need to be improved to examine antitumor immune cell 

cytolysis of target cancer cell. Therefore, our lab developed these protocols to improve the 

understanding of antigen-mediated CD8+ T cell cytolysis of cancer cells with the 

xCELLigence® RTCA instrument. 

To study antitumor immune cell cytolysis of cancer cells, assays like 51Cr release 

and LDH assays are available; however, these assays can only be quantified at a 

determined endpoint and cannot recapitulate antitumor immune cell killing over time 3. 

Therefore, we developed a protocol to examine antigen-mediated CD8+ T cell killing of 

cancer cells over time with the xCELLigence® RTCA instrument. Pmel-1 CD8+ T cells 

were differentiated according to Ya, Z., et al, which can recognize the Pmel-1 antigen on 

B16 melanoma cells. Once the Pmel-1 CD8+ T cells were established, they were co-

cultured with B16 melanoma cells. With the use of the xCELLigence® RTCA instrument, 

we examined antigen-mediated CD8+ T cell killing on cancer cells. This assay can be 

altered to study alternative antitumor immune cell killing of cancer cells 5,6.  

Additionally, there are limitations to growing antigen-mediated primary CD8+ T 

cells in culture that target specific cancer types like TNBC. Alternative techniques are 

available to activate CD8+ T cells like CD3/CD28 antibody, to bypass antigen-mediated 

activation; however, this process of CD8+ T cell activation does not recapitulate what 

happens in the body. Therefore, models are needed to recreate antigen-mediated CD8+ 

T cell cytolysis of cancer cells within the body. The spleens of Pmel-1 transgenic mice can 

be used to differentiate CD8+ T cells that can recognize the Pmel-1 antigen on murine 

melanoma cell lines like B16 and Yumm cells 7,11,12. Additionally, these Pmel-1 CD8+ T 

cells are translational to humans as the Pmel-1 antigen is also expressed on human 
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melanoma tumors 13. However, our lab is also interested in investigating CD8+ T cell 

antitumor function in less immunogenic cancers like TNBC. To our knowledge, there are 

no models available to create CD8+ T cells that induce antigen-mediated cytolysis of 

TNBC cells.  

I developed AH1 CD8+ T cells that can recognize the AH1 antigen expressed on 

TNBC cells of balb/c background. Although these cells are created in the context of TNBC, 

they can be used for other cancers derived from balb/c background like CT26 colon cancer 

cells 14. I performed a variety experiments to determine if AH1 CD8+ T cells were 

differentiated with cytolytic activity against TNBC cells. Through light microscopy, flow 

cytometry and IFNγ quantification we determined that the culture contained CD8+ T cells 

that responded to gp70 peptide stimulation due to increased IFNγ release. Additionally, 

these CD8+ T cells were capable of killing 4T1 TNBC as observed through the 

xCELLigence® RTCA Instrument. However, the CD8+ T cells were unable to induce 

cytolysis to B16 melanoma cells as they are from a C57Bl/6 background and do not 

express the AH1 antigen. This confirms the specificity of these CD8+ T cells to the AH1 

antigen. Future studies may involve performing tetramer staining to further confirm AH1 

CD8+ T cells specificity to the AH1 antigen. Overall, AH1 CD8+ T cells were successfully 

differentiated to induce cytolysis to TNBC cells. This models provides an opportunity to 

recapitulate antigen-mediated cytolysis of TNBC cells by CD8+ T cells to improve 

experimentation for immunotherapy research. 
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IX. Figures 

 

 

 

 

 

 

 

 

Figure 1- Experimental design for in vitro cell impedance assay in xCELLigence® 

Real-Time Cell Analysis (RTCA) Instrument. 
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Figure 2- xCELLigence® RTCA instrument (ACEA biosciences/Agilent). 
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Figure 3- (A-B) Pmel-1 CD8+ T cell-mediated cytolysis of B16 murine melanoma 

cells with xCELLigence® RTCA instrument. Pmel-1 CD8+ T cells were co-cultured with 

B16 cells to examine T cell-mediated killing over and at 24 h (*p < 0.05). 
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Figure 4- Experimental design to differentiate AH1 CD8+ T cells.  
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Figure 5- Differentiation of AH1 CD8+ T cells. (A) Light microscopy representative 

images of AH1 CD8+ T cell culture. (B) Flow cytometry gating strategy to confirm 

differentiation of AH1 CD8+ T cells. 
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Figure 6- AH1 CD8+ T cells produce IFNγ when stimulated with gp70 peptide.  
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Figure 7- Triple-negative breast cancer cells express the MHC I complexes. Both 4T1 

and EMT-6 TNBC cells express (A) H-2Kd MHC I and (B) H-2Dd MHC I.  
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Figure 8- AH1 CD8+ T cells T- cell- mediated cytolysis of triple-negative breast 

cancer cells with the xCELLigence® RTCA instrument. (A-C) Different dilutions of AH1 

CD8+ T cells can kill 4T1 TNBC cells (B-C) but not B16 melanoma cells. 
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I. CD47 modulates the metabolism of cancer cells 

CD47 is an intriguing therapeutic target for cancer patients as it has remarkable 

effects on the antitumor immune response 1-8. However, if a patient receives therapy to 

target CD47, it will have systemic effects, thus targeting CD47 on immune and cancer 

cells. Therefore, it is essential to understand the impact of CD47 on cancer cells and the 

tumor microenvironment, which to our knowledge, has not been examined. We 

determined through a carcinogen-induced TNBC model that cd47 null (cd47-/-) C57Bl/6 

mice had a decrease in tumor burden compared to WT mice. This decrease in tumor 

burden was mediated by alterations of pathways associated with proliferation, 

inflammation, immunosuppression, and metabolism.  

The expression of CD47 has been shown to regulate several metabolic pathways 

in lung tissue and T cells, providing radioprotection from irradiation exposure 9,10. 

Therefore, we processed the breast tumors and adjacent mammary glands for 

metabolomic analysis to examine how CD47 regulates metabolic pathways within normal 

and malignant tissue. It was no surprise that there was differential regulation of 

metabolites between the mammary gland and breast tumors; however, metabolites were 

also separately clustered based on CD47 expression. This differential clustering of 

metabolites based on CD47 expression was also observed in WT and cd47-/- lung tissue 

exposed to irradiation 10. Therefore, CD47 expression is involved in the regulation of 

several metabolic pathways.  

Increased cancer cell proliferation can result in disease progression, resistance to 

therapeutics, and formation of metastases 11. We determined that CD47 expression 

decreases proliferation within the carcinogen-induced TNBC tumors. We demonstrated 

that metabolites associated with polyamine and phospholipid metabolism, which support 

cellular membrane structures, were increased in breast tumors compared to mammary 
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glands. However, there were no differences in these metabolites based on CD47 

expression, consistent with what was observed between WT and cd47-/- lung tissue 10. 

We also demonstrated that cd47-/- breast tumors had reduced diacylglycerols, 

messengers to signal cell proliferation, compared to WT breast tumors 12. Ki67, a marker 

of proliferation, was reduced within cd47-/- breast tumors compared to WT breast tumors, 

validating that the alterations in diacylglycerols correlated with changes in proliferation due 

to CD47 expression. Interestingly, targeting CD47 on both human and mouse cancer cells 

in vitro does not alter proliferation (Appendix Figure 1A-H). Therefore, alterations in the 

tumor microenvironment due to the blockade of CD47 may mediate the changes in cell 

proliferation observed in vivo.  

The inflammatory state of the tumor microenvironment can support the proliferation 

and survival of cancer cells 13. We determined that CD47 expression altered inflammation 

within TNBC tumors. We demonstrated that cd47-/- breast tumors had a decrease in 

several metabolites associated with inflammation, including eicosanoids, itaconate, and 

BHBA, compared to WT breast tumors. BHBA was differentially regulated within normal 

tissue based on CD47 expression as cd47-/- mammary glands had decreased BHBA 

compared to WT mammary glands, but no changes were observed between WT and 

cd47-/- lung tissue 10. This may be a result of increased inflammation within the mammary 

glands that are primed with MPA and DMBA for tumor formation; however, further 

investigation is needed.   

We also examined metabolites associated with tryptophan metabolism as this 

pathway is activated by pro-inflammatory cytokines. We demonstrated that cd47-/- breast 

tumors had a decrease in kynurenate, the product of tryptophan metabolism, compared 

to WT breast tumors. This suggests that cd47-/- breast tumors have decreased 

inflammation and pro-inflammatory cytokines to metabolize tryptophan. It should also be 
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noted that ROS can promote kynurenate production 14. Previous data has shown that 

cd47-/- lung tissue and T cells have a greater capacity to handle radiation-induced 

oxidative stress 9,10. Our data support these findings as cd47-/- breast tumors have 

increased oxidized and reduced glutathione (GSSG and GSH) compared to WT breast 

tumors. Additionally, CD47 targeted TNBC cells had decreased oxidative stress compared 

to control TNBC cells (Appendix Figure 2). This can suggest that cd47-/- breast tumors 

have reduced oxidative stress or increased response mechanisms to oxidative stress 

compared to WT breast tumors, consistent with what has been previously examined 9,10. 

Aside from kynurenate being the product of tryptophan metabolism, it is also a ligand for 

the AhR receptor 15. Activation of the AhR receptor can promote immunosuppression 

within the tumor microenvironment 15. We demonstrated that cd47-/- breast tumors had a 

decrease in AhR receptor expression compared to WT breast tumors. A decrease in both 

kynurenate and AhR receptor expression would suggest a reduction in 

immunosuppression within cd47-/- breast tumors. This was validated as a reduction in 

immunosuppressive cell types (CD11b+, Ly6c+, FOXP3+) and proteins (PD-1, TIM-3, 

VISTA, BatF3, PD-L1) was observed within cd47-/- breast tumors compared to WT breast 

tumors. Therefore, CD47 expression mediates inflammation and immunosuppression 

within TNBC tumors. 

CD47 is involved in the regulation of several metabolic pathways 2,9,10,16. The 

absence of CD47 in lung tissue and T cells preserves cellular viability after irradiation 

exposure due to alteration in various metabolic pathways 2,9,10. In addition, the blockade 

of CD47 altered metabolic pathways within adipose tissue of rats in a metabolic syndrome 

model, providing protection from age-related obesity 16. I initially hypothesized that CD47 

regulated glycolysis with breast tumors as cancer cells often produce energy through 

aerobic glycolysis (Warburg effect) 17. Anti-PD-L1 therapies have also been shown to 
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decrease glycolysis and glucose consumption by cancer cells as Akt is not 

phosphorylated, resulting in the inhibition of mTOR activation and the translation of 

glycolytic enzymes 18. Preliminary data indicated that targeting CD47 decreased PD-L1 

expression on cancer cells within B16 melanoma and 4T1 TNBC tumors (Appendix 

Figure 3A-D). Therefore, I hypothesized that targeting CD47 on cancer cells would 

decrease PD-L1 expression, resulting in an inhibition of the PI3K/Akt/mTOR pathway and 

glucose metabolism. Through western blot analysis, it was evident that targeting CD47 

regulates PD-L1 expression but does not impact glycolysis through the PI3K/Akt/mTOR 

pathway (Appendix Figure 4).  

Additionally, breast tumors had an increased rate of glycolysis compared to 

mammary glands as the end products of aerobic glycolysis, pyruvate, and lactate, were 

both increased in breast tumors; however, no differences were observed between 

genotypes. In vitro, respiratory analysis revealed that CD47 targeted EMT-6 and 4T1 

TNBC cells varied in glycolytic rate compared to the control (Appendix Figure 5A-D). In 

vivo metabolomic analysis showed no changes in glucose, pyruvate, or lactate between 

WT and cd47-/- breast tumors. Therefore, CD47 expression does not seem to alter 

glucose metabolism within breast tumors.  

Alternatively, our data suggested that CD47 altered pathways associated with fatty 

acid metabolism within breast tumors. The tumor microenvironment for TNBC is rich in 

adipose tissue, making lipids more readily available to be oxidized through fatty acid 

metabolism. I demonstrated a decrease in BHBA and a variety of carnitine conjugated 

fatty acids in cd47-/- breast tumors compared to WT breast tumors, indicating reduced 

fatty acids availability and metabolism. Interestingly, carnitine conjugated fatty acids were 

also decreased in both cd47-/- mammary glands, irradiated lung tissue, and irradiated T 

cells compared to WT 9,10, portraying the impact that CD47 expression has on fatty acid 
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metabolism. Additionally, cell respiratory measurements validated that targeting CD47 on 

EMT-6 TNBC cells decreased their dependency on fatty acid metabolism compared to WT 

EMT-6 TNBC cells. Therefore, CD47 expression mediates fatty acid metabolism within 

breast tumors. Further investigation is needed to determine a molecular pathway 

associated with CD47 and the regulation of fatty acid oxidation within cancer cells. The 

expression of carnitine palmitoyltransferase 1 (CPT1A), a transporter of fatty acids into 

the cell to be oxidized, should be examined and if its expression is modulated by CD47.  

To our knowledge, this analysis is the first to determine the impact of CD47 

expression on TNBC cancer cells and the tumor microenvironment. Although targeting 

CD47 is implicated in survival pathways in normal tissue 3,19-21, it appears to have opposing 

effects in malignant tissue. The absence of CD47 alters various metabolic pathways 

associated with proliferation, inflammation, immunosuppression, and fatty acid 

metabolism, resulting in a reduction in TNBC tumor burden. Therefore, the use of CD47 

targeted therapies in the clinic may have converse effects on cancer cells and antitumor 

immune cells as CD47 targeting therapies sensitize cancer cells and the tumor 

microenvironment to the enhanced antitumor immune cell surveillance and killing, 

resulting in a reduction in tumor burden and increase survival of cancer patients.  

 

II. CD47 expression impairs cytotoxic T cell activation, proliferation, antitumor 

function, and metabolism due to TSP1 ligation 

CD8+ T cells play an imperative role in antitumor immune responses; however, 

several components of the tumor microenvironment can impair CD8+ T cell effector 

function due to alterations in CD8+ T cell activation and metabolism 22,23. Therefore, 

targeted therapies are needed to sustain CD8+ T cells within the tumor microenvironment. 

We examined and continue to demonstrate that CD47 is an intriguing therapeutic target 
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as it expression impairs CD8+ T cell activation, proliferation, antitumor function and 

metabolism due to its ligation by TSP1.  

The initial steps for CD8+ T cell antitumor response involve activating and 

proliferating of CD8+ T cells 24. The ligation of CD47 by TSP1 on a T cell has been shown 

to impair T cell activation 5,6. However, these studies were performed with an irrelevant 

concentration and structure of TSP1 in addition to T cell activation not being antigen-

mediated 25. To overcome these limitations, we examined the impact of CD47/TSP1 

interactions on T cells with a physiologically relevant structure and concertation of TSP1 

observed in a patient with cancer and facilitated CD8+ T cell activation through antigen 

stimulation 25. We reported in our studies that CD8+ T cell activation and proliferation are 

impaired due to CD47 ligation by TSP1. By targeting CD47, CD8+ T cells overcome their 

interaction with TSP1 and continued to activate and proliferate. Therefore, the ligation of 

CD47 by TSP1 impairs the activation and proliferation of CD8+ T cells.  

Due to the negative impact CD47 has on CD8+ T cell activation and proliferation, 

we next examined how the ligation of CD47 by TSP1 impacts CD8+ T cell antitumor 

function. The antitumor function of T cells can be impaired by CD47/TSP1 interactions as 

its ligation can lead to the differentiation of immunosuppressive Treg cells and/or induce 

cell death 7,8. However, the direct impact of CD47 ligation by TSP1 on CD8+ T cell 

antitumor function remains unknown. Therefore, we performed antigen-mediated cytotoxic 

T lymphocyte (CTL) assays in the ACEA RT-CES system that assessed quantitative real-

time effector Pmel-1 CD8+ T cell cytolysis of target melanoma cells through cell 

impedance measurement 26. We reported in our study that CD8+ T cell antitumor function 

is impaired due to CD47 ligation by TSP1. Pmel-1 CD8+ T cells exposed to TSP1 had 

decreased antitumor function to kill B16 melanoma cells. When CD47 was targeted on 

Pmel-1 CD8+ T cells and exposed to TSP1 they continued inducing cytolysis to B16 
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melanoma cells. Therefore, the ligation of CD47 on CD8+ T cells by TSP1 impairs their 

antitumor function against cancer cells.   

The bioenergetics of CD8+ T cells is often impaired within the tumor 

microenvironment due to the competition with cancer cells for nutrients to undergo aerobic 

glycolysis 17,27. CD47 expression has been shown to regulate the energy production of 

immune cells, including T cells and natural killer cells, as the lack of CD47 expression on 

these individual immune cells enhanced their bioenergetics 9,28.  To our knowledge, CD47 

expressions impact on glycolysis of CD8+ T cells has not been explored. We 

demonstrated that targeting CD47 enhances glycolysis in both naïve and activated CD8+ 

T cells. This may be mediated by the increase in GLUT-1 expression observed in CD47 

targeted CD8+ T cells compared to WT CD8+ T cells (Appendix Figure 6). The increase 

in GLUT-1 expression may increase glucose consumption and enhance the glycolysis of 

CD8+ T cells, which has been previously been observed in irradiated Jurkat T cells lacking 

CD47 expression 9. However, further investigated through glucose uptake assays are 

needed. Overall, CD47 expression impairs glycolysis within CD8+ T cells.  

We determined through our studies that CD47 expression impairs CD8+ T cell 

activation, proliferation, antitumor function, and metabolism. Further investigation to 

examine the impact of CD47 expression on CD8+ T cells can improve our understanding 

and potential efficiency of targeting this receptor in the clinic for cancer patients. To 

advance our understanding of the impact of CD47/TSP1 interaction on CD8+ T cell 

activation and proliferation, markers of activation like CD69, CD44, IL-2, IFNγ, NFAT, and 

TNFα can be investigated. We can continue to examine the role of CD47/TSP1 

interactions on CD8+ T cells antitumor function through the quantification of IFNγ, a 

cytokine released by antigen-activated CD8+ T cells through ELISA, and quantification of 

LDH through colorimetric assays to further quantify cytotoxicity of the cancer cells. 
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Additionally, the protocol developed to differentiate AH1 CD8+ T cells can be used to 

examine cell-mediated cytotoxicity of TNBC cells through the ACEA RT-CES system. This 

will provide insight into the impact of CD47/TSP1 interactions on antigen-mediated 

cytolysis of a less immunogenic cancer type. Although aerobic glycolysis is essential for 

CD8+ T cell differentiation and antitumor function, maintaining mitochondrial metabolism 

and function is necessary for metabolic reprogramming to shift to a memory phenotype 29-

31. CD47 has previously been examined to impact memory T cell production as the 

blockade of CD47 inhibits re-challenged tumor growth mediated by memory T cells 32. 

However, the impact of CD47 on memory T cell mitochondrial metabolism has not been 

observed. Our preliminary data indicate that targeting CD47 enhances mitochondria 

function and mitochondrial abundance (Appendix Figure 7A-C). Bioenergetic assays and 

microscopy of mitochondrial abundance and membrane potential can be further 

investigated to determine how CD47 expression impacts the mitochondria of CD8+ and 

memory T cells. These assays described above can additionally provide valuable 

information on how CD47 expression impacts the overall bioenergetics and metabolic 

flexibility of CD8+ T cells within the tumor microenvironment.   

It is evident that CD47 expression impairs the bioenergetics of CD8+ T cells; 

however, the metabolic, molecular signaling mechanism has not been determined. We 

hypothesize that targeting CD47 will increase T cell bioenergetics by inhibiting the BNIP3 

or Drp-1 pathway. As discussed earlier, BNIP3 and Drp-1 are activated through 

CD47/TSP1 interactions and migrate to the mitochondria8,33. BNIP3 induces mitochondrial 

membrane depolarization at the outer mitochondrial membrane while Drp-1 damages the 

electron transport chain, resulting in cell death 8,33. By targeting CD47, we are inhibiting 

the activation of the BNIP3 or Drp-1 pathway to protect the mitochondria from damage to 

sustain the mitochondrial structure, function, and overall metabolic flexibility. To determine 

this mechanism, western blots can be performed. However, limitations may arise as an 
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alarming number of primary T cells are needed to perform these assays. Therefore, an 

established T cell line like Jurkat T cells may be used; however, these T cells are of 

leukemic decent and are a helper phenotype.   

We have demonstrated that the ligation of CD47 by TSP1 impairs CD8+ T cell 

activation, proliferation, antitumor function and metabolism. However, targeting CD47 

permits CD8+ T cells to avoid TSP1 interactions, allowing these functions to persist. We 

also observed that CD47 regulates several metabolites with the tumor microenvironment 

associated with metabolism, inflammation and immunosuppression. If targeting CD47 on 

cancer cells makes the tumor microenvironment more favorable for antitumor immune cell 

function, then CD8+ T cells have the potential to enhance their metabolic activity and T 

cell mediated cytotoxicity of susceptible cancer cells and reduce tumor burden, which we 

will later explore.  

 

III. CD47 and TSP1 are potential biomarkers to predict patient response to immune 

checkpoint blockade therapy  

Biomarkers are currently used in the clinic to screen and detect the presence of 

cancer. For example, blood drawn from male patients can be used to determine the levels 

of prostate-specific antigen (PSA) 34. High levels of PSA can be associated with prostate 

cancer and result in further testing to determine the presence of disease 34. In addition, 

our lab examined the bioenergetics of melanoma patient PBMCs as a predictive biomarker 

of response to anti-PD-1 therapy 35. We determined that responding patient PBMCs to 

anti-PD-1 treatment had an increased glycolytic rate compared to non-responding patients 

through respiratory cell measurement 35. The increase in glycolysis may be mediated by 

the increased gene expression of SLC2A14, which encodes for the glucose transporter 

receptor GLUT-14, in T cells of responders compared to non-responders observed 
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through scRNA-seq 35. We validated the scRNA-seq data through flow cytometry where T 

cells of responding patients had increased GLUT-14 expression compared to non-

responding patients 35. Therefore, the enhanced T cell metabolic fitness of responding 

patients may improve their ability to respond to anti-PD-1 therapy compared to non-

responders. This discovery provides an opportunity to predict melanoma patient response 

to anti-PD-1 treatment by examining the metabolic state of patient PBMCs obtained by 

liquid biopsies. However, there continues to be a gap in the field of biomarkers to predict 

patient response to therapeutics. Predicting therapeutic response through biomarkers can 

result in personalized treatments and improve patient outcomes. 

We reported in our studies that CD47 expression and TSP1 secretion may be 

predictive biomarkers for melanoma patient response to immune checkpoint blockade 

therapy. We analyzed the PBMCs and plasma obtained through liquid biopsies, which are 

less invasive and stressful for the patient compared to procedures to obtain tumor biopsies 

that are commonly performed to examine biomarkers. We demonstrated that non-

responding melanoma patients receiving anti-PD-1 therapy have increased CD47 

expressing T cells and circulating levels of TSP1 in their plasma compared to responding 

patients. This increases the likelihood that TSP1 will ligate CD47 on the T cell and impact 

the T cells ability to appropriately respond to the immune checkpoint blockade treatment. 

Therefore, CD47 expression on T cells and circulating levels of TSP1 within the plasma 

may be used as predictive biomarkers of immune checkpoint blockade response. 

Tumor biopsies can provide invaluable, personalized information about the tumor 

microenvironment. It is evident that CD47/TSP1 interactions impair antitumor adaptive 

immune responses5-8; however, CD47 expression can also impact antitumor innate 

immune responses through its interaction with SIRPα (Appendix Figure 8). As discussed 

earlier, CD47 on a cancer cell interacting with SIRPα on innate immune cells can result in 



212 
 

anti-phagocytic activity and impair antigen cross-presentation to adaptive immune cells 4. 

Therefore, we examined melanoma patients' CD47 and TSP1 expression within tumor 

biopsies. In addition, we examined CD47 expression within matched primary and 

metastatic TNBC tumor biopsies. We demonstrated an increase in both CD47 and TSP1 

expression within tumor tissue compared to normal tissue. Additionally, as disease 

progressed from a primary tumor to a metastatic tumor, both CD47 and TSP1 expression 

also increased. Similar results were observed in the TNBC biopsies where CD47 

expression increased in the metastatic tumor tissue compared to the primary tumor tissue. 

This increase in both CD47 and TSP1 within the tumor microenvironment may impair 

antitumor immune responses and allow disease progression; however, further 

investigation is needed.   

 

IV. Targeting CD47 sensitizes melanoma and triple-negative breast cancer tumors 

to immune checkpoint blockade therapy 

Our studies have observed that targeting CD47 improves CD8+ T cell activation, 

antitumor function, and metabolism while impairing cancer cell proliferation, inflammation, 

immunosuppression, and metabolism. Therefore, we examined the impact of targeting 

CD47 as a monotherapy or combined with immune checkpoint blockade on melanoma 

and TNBC tumor burden.  

Pre-clinical models have demonstrated a decrease in fibrosarcoma tumor burden 

by targeting CD47 with antisense morpholino due to increased intratumoral CD8+ T cells 

1. Consistent with this study, we demonstrated that targeting CD47 decreased both 

melanoma and TNBC tumor burden due to increased intratumoral CD8+ T cells that 

secrete granzyme B. Since hypoxic tumors are correlated with a low response to therapies 
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and CD47 expression is regulated by HIFs, we examined oxygenation within these tumors 

36-38. Previous studies have demonstrated in ischemia reperfusion injury models that 

targeting CD47 protects tissue from being damaged by inadequate oxygenation 39,40. We 

demonstrated that CD47 targeted melanoma tumors increased intratumoral oxygenation 

mediated by HIFs and not vascularity. Therefore, this increase in oxygenation may be 

creating an environment more suitable for intratumoral CD8+ T cells; however, this will 

need to be further investigated. Overall, targeting CD47 with antisense morpholino 

decreases melanoma and TNBC tumor burden due increased CD8+ T cells with enhanced 

antitumor function.  

Various pre-clinical models have examined that targeting CD47 in combination 

with other therapies further decreases tumor burden due to enhance therapeutic efficacy. 

Targeting CD47 decreased melanoma tumor burden in combination with anti-CTLA-4 

therapy and irradiation in addition to esophageal squamous cell tumors in combination 

with anti-CTLA-4 and anti-PD-1 41,42. Due to the low response rate associated with immune 

checkpoint blockade therapies for melanoma and metastatic TNBC, we examined how 

targeting CD47 would impact response and efficacy of these therapies 43-45.  

We demonstrated that non-responding melanoma patients to anti-PD-1 therapy 

had increased CD47 expressing T cells and circulating levels of TSP1 compared to 

responding patients in addition to the CD47/TSP1 signaling axis impairing CD8+ T cell 

activation, proliferation, antitumor function, and metabolism. Therefore, we examined and 

determined that targeting CD47 with antisense morpholino sensitized melanoma tumors 

to anti-PD-1 therapy as a decrease in tumor volume was observed compared to the 

monotherapies and control. Alternatively, we examined if targeting CD47 would sensitize 

TNBC tumors to anti-PD-L1 therapy in an orthotopic TNBC mouse model. We 

demonstrated that targeting CD47 in combination with anti-PD-L1 therapy decreased 
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TNBC tumor volume compared to anti-PD-L1 therapy alone and control. This decrease in 

tumor burden was mediated by CD8+ T cells as an increase in intratumoral granzyme B 

secreting CD8+ T cells within combined-treated TNBC tumors compared to the 

monotherapies and control. Therefore, the less immunogenic TNBC tumors may be 

sensitized to anti-PD-L1 therapy to increase intratumoral CD8+ T cells by targeting CD47 

to decrease tumor burden. We have shown in two different cancer models, one more 

immunogenic than the other, that CD47 targeted therapies can be used in the clinic as a 

monotherapy or in combination with immune checkpoint blockade to decrease tumor 

burden.  

There are clinical trials for antibodies targeting CD47 to inhibit the CD47/SIRPα 

interactions 46. This increases the innate antitumor response, which should subsequently 

enhance an adaptive immune response due to increased antigen cross-presentation. 

However, the efficacy in the clinic has not been as successful as initially anticipated, and 

patients often develop transient anemia. Therefore, alternative therapies may be 

necessary. CD47M has the potential to be used in the clinic as morpholinos are available 

for the treatment of Duchenne muscular dystrophy and are in clinical trial for the treatment 

of prostate cancer 47,48. The antitumor effects observed from CD47M are mediated by 

CD8+ T cells rather than innate immune cells. Additionally, CD47M can inhibit both SIRPα 

and TSP1 interaction, whereas the antibody is created to only target CD47/SIRPα 

interaction. Side effects and toxicities associated with CD47M should be further 

investigated, such as the development of anemia observed in with anti-CD47 treatments.   

Immune-competent tumor organoid platforms have recently been created to 

bypass in vivo murine models 49-51. Our lab developed an immune-competent tumor 

organoid platform to compare if the T cell antitumor function from the in vivo mouse models 

is recapitulated in the tumor organoid model. Tumor organoids were generated with 
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extracellular matrix mimicking hydrogel, EMT-6 tumor cells, and AH1 CD8+ T cells. These 

organoids were then sectioned and stained for immunohistochemistry and 

immunofluorescence to examine CD8+ T cell antitumor function through granzyme B and 

IFNγ expression. Our data determined that CD47 targeted tumor organoids had an 

increase in granzyme B release compared to WT tumor organoids (Appendix Figure 9A-

B). This is consistent with what we observed in the in vivo mouse model discussed above. 

Additionally, we demonstrated that CD47 targeted tumor organoids had an increase in 

IFNγ release compared to the WT tumor organoids (Appendix Figure 9C-D). Overall, this 

data indicates that CD47 targeted organoids have increased CD8+ T cells antitumor 

function due to the increase in granzyme B and IFNγ release, which is similar to what was 

observed in the in vivo murine models. Due to the similarities in T cell function we observed 

in these models, this immune-competent tumor organoid model can be translated for 

clinical use and can be further investigated in the future. For example, patient lymphocytes 

and tumor cells can be derived from the patient and formed into an organoid with ECM 

mimicking hydrogen. Then these organoids can then be treated with a variety of drugs to 

examine the response of the lymphocytes against the cancer cells to determine what is 

the optimal treatment for the patient. This will allow patients to receive more precise 

therapy with an increased likelihood of response to improve overall survival. 

 

V. Concluding Remarks  

My dissertation research aimed to determine the impact of CD47 on cancer cells and 

CD8+ T cells. Throughout my studies, I have determined that: 

(I) CD47 differentially regulates metabolism in normal and malignant tissue, 

making malignant tissue susceptible to antitumor immune cell killing.  
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(II) CD47 impairs cytotoxic T cell activation, proliferation, antitumor function, and 

metabolism due to TSP1 ligation; however, targeting CD47 restores these 

functions to allow cytolysis of cancer cells.    

(III) CD47 antisense morpholino treatment decreases melanoma and TNBC tumor 

burden due to increased intratumoral oxygenation and antitumor CD8+ T cells, 

portraying its potential as a cancer immunotherapy treatment.   

(IV) Targeting CD47 sensitizes melanoma and TNBC tumors to immune checkpoint 

blockade therapy to enhance their efficacy to further decreasing tumor burden, 

revealing its potential to be used in combination with FDA-approved cancer 

immunotherapy treatments.  

(V) CD47/TSP1 signaling axis could serve as a predictive biomarker of immune 

checkpoint blockade response, providing an opportunity to personalize 

treatment regimens for cancer patients.  

Overall, my data demonstrates that systemic delivery of CD47 targeted therapies would 

make cancer cells prone to the improved CD8+ T cell cytolytic activity, resulting in 

decreased tumor burden and improving survival of cancer patients. Therefore, CD47 has 

the potential to be a novel target for cancer immunotherapy treatment within the clinic. 
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Appendix Figure 1- No alterations in proliferation by targeting CD47 on triple 

negative breast cancer cell lines. No changes in proliferation of CD47 targeted (A-B) 

mouse 4T1, (C-D) mouse EMT-6, (E-F) human BT-549 and (G-H) human MDA-MB-231 

TNBC cells compared to control.  
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Appendix Figure 2- Targeting CD47 decreases reactive oxygen species. Targeting 

CD47 with antisense morpholino (CD47M) on 4T1 TNBC cells decreases reactive oxygen 

species (DCFDA) compared to controls. (n=3, p<0.05) 
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Appendix Figure 3- Targeting CD47 decrease PD-L1 expression in B16 melanoma 

and 4T1 triple negative breast cancer tumors. (A-B) Targeting CD47 with antisense 

morpholino (CD47M) on B16 melanoma tumors decreased PD-L1 expression compared 

to wild type (WT) tumors. (C-D) PD-L1 expression decreases when CD47 is targeted on 

4T1 TNBC tumors compared to WT tumors. (n=4-5, *p<0.05) 
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Appendix Figure 4- Targeting CD47 does not alter glycolysis through the 

PI3K/Akt/mTOR pathway. (A) Targeting CD47 with antisense morpholino (CD47M) on 

EMT-6 TNBC cells decreased (B) CD47 and (C) PD-L1 expression compared to control 

(CTLM) EMT-6 TNBC cells. (D) However, targeting CD47 did not alter (E) PI3K, (F) Akt, 

(G) phosphorylated Akt (p-Akt), (H) mTOR and (I) phosphorylated mTOR (p-mTOR) 

expression compared to control (CTLRM) EMT-6 TNBC cells.  
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Appendix Figure 5- Targeting CD47 decreases glycolysis of 4T1 TNBC cells. (A) 

Targeting CD47 with antisense morpholino decreases CD47 expression on murine 4T1 

cells.  (B) Representative glycolytic flux of CD47 targeted 4T1 cells. Decreased (C) 

glycolytic rate and (D) glycolysis in CD47 targeted 4T1 cells compared to control 4T1 cells 

(*p<0.05, n=3). 

 

 

 

 

 

 

 



226 
 

 

 

 

 

 

 

Appendix Figure 6- Targeting CD47 on Pmel-1 CD8+ T cells decreases GLUT-1 

expression compared to control Pmel-1 CD8+ T cells.  
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Appendix Figure 7- Targeting CD47 on T cells enhances mitochondria function. (A) 

Seahorse mitochondrial stress test representative flux of WT and CD47 targeted T cells. 

(B) Targeting CD47 on T cells increases basal respiration compared to WT T cells. (C) 

Targeting CD47 on T cells increases mitochondrial abundance compared to WT T cells 

as observed through electron microscopy. 

 

 

 

 

 

 

 

 

0 40 80 120
0

20

40

60

80

Time (minutes)

O
C

R
 (

p
m

o
l/
m

in
)

WT T cell CD47 (-) T cells

Olygomycin FCCP Rotenone

W T

T  c e l l

C D 4 7  ( - )  

T  c e l l

0

1 0

2 0

3 0

B
a

s
a

l 
R

e
s

p
ir

a
t

io
n

(
p

m
o

l/
m

in
)

*

WT T cell CD47 (-) T cell 

A B 

C 



228 
 

 

Appendix Figure 8- Schematic of CD47/SIRPα interactions between cancer cells and 

innate immune cells.  
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Appendix Figure 9- CD47 targeted EMT-6 organoids have increased CD8+ T cell 

antitumor function compared to WT EMT-6 organoids. WT and CD47 targeted EMT-6 

tumors were developed into immune competent organoids in extracellular matrix 

mimicking hydrogel. The organoids were sectioned and stained for granzyme B (1:100 

anti-mouse granzyme B, Thermo Scientific, Product # PA1-37799, Lot # PA1813162) 

through immunohistochemistry and IFNγ (1:100 Alexa Fluor 700 anti-mouse IFNγ, 

BioLegend Catalog #505824) through immunofluorescence. Images were obtained 

through light and fluorescent microscopy on the Olympus BX43 microscope at a 20x 

magnification Representative images of the WT and CD47 targeted organoids for (A) 

granzyme B and (C) IFNγ. CD47 targeted EMT-6 organoids had an increase in (B) 

granzyme B and (D) IFNγ compared to WT organoids.  
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