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Abstract

Ischemia-reperfusion (IR) injury is a process defined by the temporary loss of blood flow and 

tissue perfusion followed later by restoration of the same. Brief periods of IR can be tolerated with 

little permanent deficit, but sensitivity varies for different target cells and tissues. IR injuries have 

multiple causes including peripheral vascular disease and surgical interventions that disrupt soft 

tissue and organ perfusion as occurs in general and reconstructive surgery. IR injury is especially 

prominent in organ transplantation where substantial effort has been focused on protecting the 

transplanted organ from the consequences of IR. A number of factors mediate IR injury including 

the production of reactive oxygen species and inflammatory cell infiltration and activation. In the 

kidney, IR injury is a major cause of acute injury and secondary loss of renal function. Transplant-

initiated renal IR is also a stimulus for innate and adaptive immune-mediated transplant 

dysfunction. The cell surface molecule CD47 negatively modulates cell and tissue responses to 

stress through limitation of specific homeostatic pathways and initiation of cell death pathways. 

Herein, a summary of the maladaptive activities of renal CD47 will be considered as well as the 

possible therapeutic benefit of interfering with CD47 to limit renal IR.
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Ischemia reperfusion injury (IRI)

The cessation of blood flow and secondary restoration of flow is the mechanical basis for 

ischemia reperfusion. This process can manifest in a wide range of disease processes and 

medical interventions. Medical diseases and conditions associated with IRI include 

myocardial infarction, stroke, emergent resuscitation from shock and neurologic conditions 

that impede motor function, that latter resulting in pressure wounds. Medical interventions 

associated with IRI include procedures to restore blood flow such a thrombectomy and 
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vascular bypass, elective microsurgical transplantation of tissues for complex wound 

reconstruction, emergent replantation of amputated tissues and acral parts (digits, etc.), 

surgical treatment of compartment syndrome and solid vital organ transplantation. Unique 

pre- and post-natal circumstances contribute to and are associated with pediatric IRI. 

Nonetheless, all IRI situations share common aspects. First, cells are deprived of adequate 

oxygen to as a result of cessation of blood flow. Lack of sufficient oxygen delivery results in 

an inability of cells to maintain sufficient energy sources and oxygen required for efficient 

synthesis of adenosine triphosphate (ATP). Ischemic cells, if possible, will revert to 

anaerobic metabolic pathways to meet energy needs. However, many critical processes are 

dysregulated in such situations including membrane channel function and cytoplasmic 

electrolyte balance, especially calcium (Ca2+) handling. The integrity of cell mitochondria 

cannot be sustained under these conditions for any length and will contribute to cell death. 

Such a sequence of events is common to all cell types in a given tissue including vascular 

cells, bloodborne circulating cells and parenchymal cells, although the degree of sensitivity 

to ischemia and oxygen deprivation varies greatly. For example, neural cells have no ability 

to tolerate even the briefest of ischemic intervals before undergoing cell death. In contrast, 

some cells such as chondrocytes are naturally less sensitive to periods of ischemia. In the 

vasculature the normal function of the endothelial cell lining is degraded by ischemia, and 

the ability to retain fluid within the vascular compartment is compromised. The movement 

of fluid from the vascular to parenchymal space can elevate pressure in the region and 

compress the microvasculature.

The second major event in IR injury occurs when blood flow is restored to the ischemic area. 

While it might be expected that restoration of flow would have beneficial effects, reperfusion 

also triggers several pathways that result in permanent tissue damage, loss of function, and 

necrosis. Reperfusion sets in motion inflammatory pathways that are detrimental to blood 

flow, and cell function and survival. In the vasculature damage to endothelial cells leads to 

activation of cell adhesion receptors that allow platelets and circulating inflammatory cells to 

adhere to the vessel wall, and this in turn stimulates thrombosis and decreases capillary 

blood flow. In some cases, blood flow, while being restored in the macrovasculature, does 

not re-establish in the microcirculation. At the cellular level, reperfusion results in 

production of pathologic levels of superoxide anion (O2-) and other ROS, that deplete the 

vasodilator nitric oxide (NO), adversely modify protein function, and promote 

vasoconstriction. O2- reacts rapidly with NO with a second order rate constant of 6.7 × 109 

M−1/s−1 to yield peroxynitrite (ONOO-) [1], effectively removing NO from the immediate 

environment and thus eliminating the beneficial effects of NO in the vasculature including 

its vasodilation and anti-inflammatory activities. Peroxinitrite, in turn, is rapidly converted to 

the nitrosating species N2O3, which reacts with glutathione and thiols on critical proteins 

and impairs their functions [1]. Altered redox signaling will be seen later to be of 

importance in relation to how CD47 operates to promote renal IRI.

Age-related sensitivity to IRI

Animal studies provide evidence for age-mediated IRI sensitivity. In piglets, organ perfusion 

was assessed in response to hypothermia (ischemic phase) and rewarming (reperfusion 

phase). Among preterm, newborn and 2-week-old piglets cardiac output dropped and 
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remained below baseline after reperfusion. Interestingly, loss of intestinal blood flow in 

newborn and 2-week-old animals also remained below baseline post-reperfusion, suggesting 

resistance to this form of IRI injury in premature but not older animals [2]. Hearts from 

premature guinea pigs produced less O2- post-IRI compared to hearts from 7-week-old 

animals [3]. Similarly, rabbits showed an age-related loss of recuperation post-cardiac IRI 

[4]. In another study, young 4-month-old rats were found to activate a protective gene profile 

post-cardiac IRI, whereas 25-month-old rats were found to upregulate genes associated with 

cell death and hypertrophy following cardiac IRI [5]. One-year-old dogs had attenuation of 

cardiac IRI compared to 10-year-old animals [6]. Young 8–12-week-old mice tolerated 

hepatic IRI better than 12–13-month-old animals with less liver injury and decreased levels 

of the injury markers alanine aminotransferase, heat shock protein 70 [7], and tumor 

necrosis factor-α in the blood [8]. Hind limb IRI in young 6-month-old rats was associated 

with better functional outcomes at 2 weeks post-reperfusion and elevated levels of insulin 

like growth factor-1 (IGF-1) compared to 24–27-month-old rats [9]. Likewise, 3-month-old 

mice showed faster and more complete hind limb ischemia-driven reperfusion compared to 

31-month old animals, although decreased vasculature density (rarefaction) compounded 

interpretation of these findings [10]. Interestingly, ROS species that contribute to IRI-

mediated organ damage are also markers of aging [11].

In contrast to the preceding data, 15–21-day-old infant rabbits experienced greater lung 

injury post-IRI compared to 5–6-month-old adult animals [12], while neonatal rabbit hearts 

showed more post-IRI arrhythmias compared to adult hearts [13], suggesting sensitivity to 

IRI is species-, age- and organ-specific. At the cellular level, increased ROS and cytokine 

production may contribute to age-related IRI susceptibility [14]. Taking these observations 

further, perfusion with neonatal rodent mesenchymal stem cells (MSCs) improved 

myocardial function after ex vivo IRI compared to adult MSCs [15], suggesting stem cell 

reparative capacity under IRI-stress is age biased.

Human data on non-renal IRI in neonates, children and adults are limited. In liver 

transplantation, retrospective analysis of organ performance from young (≤13 years old) 

versus older (≥18 years old) donors revealed comparable levels of post-transplant 

complications [16], suggesting that organs procured from younger donors were able to 

tolerate transplant-related IRI as well as more mature organs. In cardiac surgery-related IRI, 

circulatory bypass is a recognized source of injury to visceral organs. This assumes 

importance in pediatric patients experiencing surgery for congenital heart malformations 

[17]. Neonates appear to be especially sensitive to this form of IRI [18]. Conversely, ‘young’ 

myocardial infarction (MI) patients (<50 years) maintained MI-stress related levels of IGF-1 

to a greater degree than older (>50 years) MI patients [19], suggesting age-related 

differences in the reparative response of the human heart to IRI. In a novel study, young (18–

30 years) and old (60–80 years) human subjects were exposed to three episodes of upper 

extremity IRI as a preconditioning stress. Plasma samples were then harvested and used to 

perfuse isolated rat hearts prior to IRI. Infarct size was reduced in those hearts that were pre-

treated with plasma from young human subjects [20], suggesting that youth-derived 

resistance to IRI is transferrable.
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Renal IRI

Reports from experimental models of renal IRI confirm the clinical experience, namely an 

acute period of ischemia reperfusion followed by the development of long term progressive 

organ damage to more or lesser degrees. In the clinical scenario of organ transplantation, the 

first event is loss of blood flow to the organ as the renal arteries and veins are ligated. This 

interval of warm ischemia is then followed by a period of cold ischemia of varying length 

wherein the organ is perfused with preservation fluid and transported to the recipient.

The renal vasculature

The kidney is one of the most well vascularized organs on the body. It has two separate 

circulatory patterns, one that provides blood to the medulla (some 80% of the total flow) and 

the other that perfuses the renal cortex (about 20% of the total flow) [21]. Under certain 

limited conditions in which renal blood flow decreases, such as changes in blood pressure, 

renal cells can modify their oxygen consumption to limit injury [22]. Loss of adequate renal 

blood flow can be elective, as with renal transplantation, or non-elective, as in hypotension 

of several etiologies. Lack of adequate renal oxygen delivery, a usual result of loss of blood 

flow, can also occur under conditions of severe anemia or hemodilution, as with intravenous 

fluid administration concurrent with loss of red cell mass through bleeding.

Non-transplant induced renal IRI

As previously noted, certain emergent situations can foster renal IRI including hypotension 

and shock. These, in turn, may arise from critical blood loss as in trauma, from 

cardiovascular complications leading to decreased cardiac output, from overwhelming 

infection (septic shock) or in rare instances thrombosis or dissection of the main renal artery. 

Under any of these conditions there may be both normo-thermic or sub-thermic periods of 

decreased blood flow (the latter being often clinically associated with global hypotension) 

followed by periods of restoration of blood flow. The hematologic disorder sickle cell 

disease, while well known to induce vascular occlusion in the lung and bone, has recently be 

found to be associated with infarction of the renal microcirculation and thus IRI [23].

Transplant-induced renal IRI

Ischemia reperfusion related to organ transplant is segregated into three primary phases - 

warm ischemia, cold ischemia and reperfusion. However, it should be noted that these 

delineations overlap. Technical methods to minimize ischemia and lower the metabolic 

activity of the transplant have been somewhat standardized [24], although research continues 

to investigate optimization of transplant protocols. The end results of renal transplantation 

can vary in terms of kidney function. In the most severe of instances the transplant fails to 

re-perfuse (so-called no reflow events) and is rendered non-functional during the transplant 

procedure. This is a rare occurrence in the modern era of renal transplantation. Less 

dramatic outcomes include delay in renal function, acute rejection of the graft and long-term 

graft inflammation, fibrosis and functional decline.
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Pediatric renal IRI

Renal maturation occurs both before and after birth as demonstrated by the finding that in 

newborns and premature infants the renal tubules are not fully developed in comparison with 

tubules in older infants and children. This suggests that age is an important factor in 

susceptibility to renal IRI. At the same time, reparative mechanisms are believed to be more 

prominent in young subjects. Experimental data in animals supports the notion of youth-

based insensitivity to renal IRI. Young 6–7-week-old juvenile rats tolerated unilateral 

nephrectomy and 60 minutes of arterial occlusion to the remaining kidney better that 60–65-

week-old animals [25]. This age-associated sensitivity to renal IRI may be in part secondary 

to a loss of renal reparative capacity. Young rats were found to have greater numbers of 

proliferating tubular epithelial cells following renal IRI compared to old animals [26]. Aged 

27-month-old rats challenged with renal IRI displayed increased rates of tubular cell 

apoptosis concurrent with upregulation of mitochondrial-driven apoptotic genes compared to 

young animals [27]. Not unexpectedly, young 8–10-week-old mice fared better after 

bilateral renal IRI compared to aged 46–49-week-old animals [28]. In contrast, pre-term 

piglets challenged with hemorrhagic hypovolemia displayed decreased renal blood flow 

compared to the heart and brain [29], suggesting that blood flow under these conditions 

excludes the neonatal kidney in favor of other visceral organs. More recent work emphasizes 

the importance of the renal microvasculature in this process and has defined several novel 

molecular pathways that may contribute to pediatric renal IRI [30].

Unlike controlled animal-based research, the causes of renal IRI in the neonatal and 

pediatric population are varied. Lack of clinical correlates in adults also makes assessing the 

role of age in the susceptibility to renal IRI difficult. Sickle cell disease (SCD) is one cause 

of pediatric renal IRI. Oxygen-mediated alterations in the shape of sickle red blood cells 

increases flow resistance in, and thrombosis of, the renal microcirculation with subsequent 

cortical infarction [31]. Mice expressing human sickle hemoglobin were exceedingly 

sensitive to renal IRI compared to controls [32]. SCD patients experience focal ischemia in 

various organs, including the kidney [33], a process that is markedly accentuated during 

vaso-occlusive crisis [34]. Birth-related asphyxia is another source of renal dysfunction and 

renal IRI [35, 36]. Infant low birth weight is associated with vascular dysfunction and renal 

IRI [37]. Also, pediatric renal IRI is a well-recognized complication of cardiac surgery [38, 

39]. Organ transplantation is another source of pediatric renal IRI, with 731 pediatric renal 

transplantations performed in the Unites States in 2016 [40]. Living donor transplantation is 

associated with less organ dysfunction secondary to decreased ischemic intervals and 

appears to outweigh the less favorable factor of advanced donor age [41]. Not unexpectantly, 

organs from older deceased organ donors have increased rates of post-transplant 

complications and graft failure [42].

Common denominators in renal IRI

Variation in blood flow and metabolic need insure that IRI-related damage is heterogeneous, 

with certain cell types being more or less sensitive to the process. Analysis has found that 

epithelial cells lining the proximal tubules of the kidney, especially those in the S3 tubular 

segment, as well as the ascending loop of Henle, are most sensitive to the oxygen and 

nutrient deprivation incurred through IR. Given the essential role these cells have in solute 
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and fluid management in the kidney, IRI-induced loss of proximal epithelial cells leads to a 

decrease in renal filtration and may lead to acute kidney injury.

Damage to other cells types have also been found in post-IR kidneys. The endothelial cell 

lining of the renal microvasculature is a direct target of IR-related injury [43]. Several pro-

blood flow mechanisms supported by normal endothelial cells are lost in renal IR including 

the production of salutary NO, maintenance of cell-to-cell contacts and vessel barrier 

function, and suppression of cell adhesion molecules. Concurrently, endothelial cell 

production of vasoactive agents that cause vessel constriction such as endothelin-1, 

prostaglandins, and angiotensin and induction of cell surface adhesion receptors such as 

intracellular adhesion molecule-1 and selectins promote vascular dysfunction.

Matricellular proteins

In complex organisms, cells live within a 3-dimensional scaffold of structural proteins 

known as the extracellular matrix. The dynamics of cellular interactions with this matrix are 

fine-tuned by a range of nonstructural molecules that are discharged from cells into the 

extracellular space. Bornstein and colleagues coined the term matricellular proteins to 

describe a group of such proteins that modulate interactions between cells and the 

surrounding extracellular matrix [44]. The defining attributes of matricellular proteins are i) 

limited constitutive expression but induced expression at specific stages of development and 

following injury, ii) interactions with cell surface molecules that alter cell responses, iii) 

binding to the extracellular matrix but not serving as structural proteins in the matrix, and iv) 

modifying the organization or function of the structural extracellular matrix scaffold either 

directly or through effects on cells that make and modify the matrix. With some exceptions, 

studies of mice lacking specific matricellular proteins reveal that they are not generally 

necessary for life. However, subjecting such transgenic mice to injury and stress has 

revealed important functions for matricellular proteins in homeostasis.

Thrombospondin-1 (TSP1)

Currently, at least seven families of proteins are classified as matricellular proteins. The first 

identified and most widely studied family in higher vertebrates is encoded by five 

thrombospondin (THBS) genes. THBS1 encodes the protein thrombospondin-1 (TSP1), 

which is secreted by cells as a glycosylated 480 kDa trimer. Each TSP1 monomer has 

several functional domains, a common feature of the majority of matricellular proteins. The 

ability of each domain to interact with different cell surface receptors, secreted growth 

factors, and extracellular matrix proteins results in diverse, and sometimes opposing, actions. 

Important functions ascribed to TSP1 include effects on inflammation and inflammatory 

cells, modification of platelets and thrombosis, and suppression of tumor angiogenesis. More 

recent work has revealed effects of TSP1 in the realm of vascular-mediated events through 

regulation of endogenous biogases, and in particular NO, H2S, and ROS. These latter 

properties of TSP1 necessarily require the engagement of its widely expressed cell surface 

receptor CD47 (Fig. 1). Engaging CD36, an alternative TSP1 receptor, can also mediate NO 

inhibition, albeit this requires higher concentrations of TSP1 and is only found with co-

expression of CD47 [45]. Interestingly, the evolutionary appearance of CD47 occurred close 
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to the appearance of the vascular-based isoform of nitric oxide synthase that produces low 

levels of NO, namely endothelial nitric oxide synthase (eNOS/NOS3) [46].

The inhibitory actives of TSP1 occur at multiple levels along the canonical NO pathway, 

including at the level of eNOS and NO formation [47], at the level of NO activation of its 

receptor soluble guanylate cyclase (sGC) [48], and at the level of second messenger cyclic 

guanosine monophosphate (cGMP) signaling [49, 50]. Further, this inhibitory activity is 

conserved being found in murine, rat, bovine, porcine and human vascular cell types, and in 

T cells [51] and platelets [49].

Mechanistically, TSP1 exerts its inhibitory activity on canonical NO signaling through more 

than one signal transduction pathway. In endothelial cells, TSP1 can dysregulate calcium 

with adverse effects upon eNOS activation and NO production [47]. A second mechanism of 

inhibition, again at the level of eNOS activation and NO production, occurs via CD47-

mediated limitation of vascular endothelial growth factor receptor activation [52]. In human 

T cells the C-terminal signature domain of TSP1, which interacts with CD47, limits sGC 

activation, by increasing cytoplasmic Ca2+, possibly through protein phosphorylation [51]. 

In vascular cells, TSP1 can also act negatively upon NO signaling through indirect pathways 

via activation of NADPH oxidase and pathologic production of ROS through either CD47 

[53] or signal regulatory protein-alpha (SIRP-α) [54]. These effects appear to be mediated 

directly by TSP1. In human monocytes and murine macrophages TSP1 enhances PMA-

mediated O2- production, likely via a CD47-independent manner since recombinant TSP1-

derived domains of the N- but not the CD47-interacting C-terminus replicated the effects of 

the whole protein [55].

CD47 and its interacting partners

CD47, also referred to as integrin associating protein, was initially distinguished by its 

absence in red blood cells from people with Rhesus (Rh) null hemolytic anemia [56] and 

association with the integrin αvβ3 in ovarian carcinoma samples [57]. Presently, CD47 is 

known to be expressed broadly on the cell surface of numerous nontransformed and cancer 

cells and on extracellular vesicles released by these cells. Both complete and cleaved forms 

of the molecule can be found on the cell surface, although the signaling implications of the 

membrane-cytoplasmic only proteolytic fragment of the protein have not been explored. In 
vitro studies of erythropoiesis have looked at age-dependent CD47 protein expression. CD47 

protein was minimally expressed in early stage erythroblasts but over time progressively 

increased with cell maturation [58]. Similarly, postnatally CD47 expression increased over 

time in the hippocampal region of rodent brains and in cultured neurons during cell 

maturation [59]. Besides integrins, CD47 can engage with TSP1 and thrombospondin-2, 

VEGFR-2, SIRP-α and -γ, ubiquilins, heterotrimeric G proteins, and in lateral complexes 

with other membrane proteins [60]. The functional implications of most of these interactions 

have been explored and indicate important roles for CD47 in cell metabolism, self-renewal 

and inflammatory responses, as well as self-recognition through interaction with the counter-

receptor SIRP-α on innate immune cells. In this capacity, inhibitors of the interaction 

between SIRPα and CD47 have entered clinical trials for cancer treatment [61, 62].
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TSP1 in the kidney

Basal TSP1 expression patterns

During murine development days 10 to 13 TSP1 mRNA was demonstrated in primitive 

kidney cells [63]. As in other tissue types, TSP1 expression levels in the adult kidney are 

minimal. In a cohort of 11 individuals, without overt chronic diseases or renal pathology, 

glomerular TSP1 mRNA and protein levels were low [64].

Non-IRI related stress-induced TSP1 expression patterns

Levels of circulating TSP1 can become elevated as a result of platelet activation and in some 

chronic disease states, which could mediate CD47 signaling in renal endothelial cells. In 

addition, several pathologic conditions can induce increased local expression of TSP1 in the 

kidney (Fig. 2). In neonatal kidneys enalapril (an angiotensin-converting enzyme inhibitor) 

induced tubular injury and decreased glomerular growth and this was associated with 

upregulation of TSP1 [65]. Renal biopsies of 19 patients with incipient or established 

diabetic renal disease found increased TSP1 expression mainly in mesangial areas [64]. 

TSP1 is also increased in anti-Thy1.1 induced glomerulonephritis, aminonucleoside 

nephrosis, passive Heymann nephritis, and diabetic nephropathy and in some of these was 

established to correlate with the severity of disease [66, 67]. In mice lacking eNOS, and thus 

having an inherently low vascular NO environment, renal TSP1 levels were elevated 

concurrent with mesangiolysis and nodular lesions [68]. Beyond these few reports, renal 

TSP1 expression patterns have been assessed in chemically-induced Islet β-cell injury rodent 

models, with later time point analysis being the rule. Thus, TSP1 expression is frequently 

elevated in renal disease. But in some instances, its pathogenic activity involves CD47-

independent functions of TSP1 such as activation of latent TGFβ activation [67, 69].

CD47 in the kidney

Basal CD47 expression patterns

Information remains modest in regard to the normal and pathologic roles of CD47 in kidney 

cells or in the kidney. In the normal human kidney glomeruli, epithelial cells and mesangial 

cells express CD47 [70]. Cultured human renal tubular epithelial cells (RTEC) also 

displayed immuno-fluorescent CD47 [71]. Similarly, the human kidney proximal tubular cell 

line (HK-2 cells) express CD47 [72]. In the healthy rat kidney, CD47 was found via 

immunofluorescence and immuno-gold techniques to localize along the plasma membrane 

of mesangial calls, but to not be expressed in podocytes and endothelial cells [73]. In Madin-

Darby canine kidney epithelial cells, CD47 co-localized with E-cadherin at points of cell-

cell adhesion. Over-expression of CD47 in these cells resulted in disruption of cell-cell 

adhesions, increased cell spreading and migration [74]. Clinical data from the kidneys of 

middle-age and older subjects (46–78 years old) demonstrated CD47 immuno-staining in the 

renal tubules, with markedly less expression in the glomeruli. In these same studies, renal 

fibroblasts also expressed CD47 in some, but not, every instance (https://

www.proteinatlas.org/ENSG00000196776-CD47/tissue/kidney). CD47 mRNA expression 

was found in all 32 renal samples studied from individuals over the age range 20–69 years.
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Non-IRI related stress-induced CD47 expression patterns

CD47 levels are modified in the kidney under certain stress-related conditions. Interestingly, 

CD47 expression levels in human mesangial cells was reported to decrease in acute post-

infectious and membrano-proliferative glomerulonephritis, as well as diabetic nephropathy 

[70]. Treatment with hypoxia (30 min, FiO2 1%) followed by 24 hours at room air increased 

TSP1 protein levels in cultured human RTEC, with no change in CD47 protein or TSP1 and 

CD47 mRNA [71]. Treatment of HK-2 cells with LPS increased CD47 protein expression, 

while LPS-mediated polymorphonuclear leukocyte migration across a monolayer of HK-2 

cells was limited by a putative CD47-blocking antibody [72]. CD47 protein was upregulated 

in rat kidneys following intra-peritoneal administration of ferric nitrilotriacetate, while 

CD47 mRNA remained upregulated in tubular epithelial cells one year after treatment [75]. 

Administration of Thy1.1 antibody to rats, initially decreased CD47 expression in 

association with mesangial cell death, but CD47 expression was subsequently found 

increased with cell proliferation and repair to levels above those pre-injury [73]. Glomerular 

epithelial and endothelial cells did not upregulate CD47 in this rodent nephritic model.

SIRP-α in the kidney

Basal SIRP-α expression patterns

Even less is known about the role of SIRP-α in kidney cells and in the whole organ. 

Cultured human RTEC express SIRP-α protein [54]. In rodent kidneys, immunofluorescence 

of tissue sections localized SIRP-α primarily to the glomeruli. Co-localization studies 

further narrowed expression to podocytes while excluding mesangial and endothelial cells 

[73]. Gold immune electron microscopy found enrichment in SIRP-α at podocyte slit 

diaphragms. SIRP-α expression has been reported in kidneys from children (aged 7 and 16 

years). In these instances, immunohistochemical expression was modest in the glomeruli and 

absent in the tubules. However, one individual’s kidneys were found to show robust 

immuno-reactive protein expression in both the tubules and glomeruli (https://

www.proteinatlas.org/ENSG00000198053-SIRPA/tissue/kidney#imid_839000). In adult 

kidneys, SIRP-α expression varied being undetectable in some cases and highly expressed in 

both glomeruli and tubules in others. Such a range in expression might be secondary to 

associated metabolic and renal diseases, although these details were not available. SIRP-α 
mRNA was found in every renal sample obtained from 32 individuals, none below the age of 

20.

Non-IRI related stress-induced SIRP-α expression patterns

Unlike CD47, SIRP-α expression did not increase in rats following induction of nephritis 

with Thy1.1 antibody [73]. Interestingly, the phosphorylated (active) form of SIRP-α was 

expressed in normal podocytes and decreased significantly post-injury. It is speculated that 

post-injury activity between mesangial CD47 and podocyte slit diaphragm SIRP-α 
modulates downstream activity of cytoplasmic SHP-2 (a SIRP-α signal transducer) [73]. In 

contrast, treating human RTEC with exogenous TSP1 increased expression of 

phosphorylated SIRP-α as well as the alternative SIRP-α signal transducer SHP-1 [54], 

whereas a SIRP-α antibody blocked TSP1-mediated increases in phosphorylation of both 

proteins. These findings are relevant given that renal biopsies from patients with nephritis 
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have demonstrated increased glomerular TSP1 expression [76]. The potential role TSP1 

plays in mesangial CD47-podcyte SIRP-α cross-talk remains to be tested.

TSP1, CD47 and SIRP-α in non-renal IRI

Initial evidence that TSP1 might play a role in ischemia reperfusion injury (IRI) came from 

studies in newborn mice exposed to high oxygen concentrations (FiO2 75%) for 5 days post-

birth followed by room air for another 8 days. This protocol has the effect of inducing IRI to 

the retina. Retinal TSP1 mRNA levels were increased peaking by day 15 post-birth [77]. 

Interestingly, in situ hybridization localized TSP1 mRNA to the vasculature, especially those 

retinal vessels suffering the greatest injury. TSP1 protein expression paralleled mRNA 

changes, while in control mice retinal TSP1 was undetectable via immunofluorescence. 

Providing genetic priority to this signal, mice lacking TSP1 were resistant to hyperoxia/

normoxia-induced retinal IRI injury compared to control TSP1 positive mice [78]. Peptides 

derived from the central stalk region of TSP1 inhibited the reactive angiogenesis in the 

newborn mouse model, suggesting involvement of TSP1 effector pathways other than CD47 

[79].

Stroke is a disease process that leads to IRI of the brain. This can be modeled through 

temporary occlusion of one of the primary blood vessels to the brain. In rats subjected to 

temporary middle cerebral artery occlusion followed by 14 days of reperfusion TSP1 

expression was increased in leptomeningeal endothelial cells at 24 hours post-reperfusion 

and in endothelial, glial, neuronal, and macrophage cells at 72 hours post-reperfusion [80]. 

TSP1 was induced in canine and murine hearts after IRI and localized to the extracellular 

matrix, microvascular endothelium, and a subset of mononuclear cells at the infarct border 

zone 5 at 28 days post-reperfusion [81]. Results in mice lacking TSP1 suggested that the 

protein limited extension of the tissue injury in these circumstances, although as cardiac 

hemodynamic function was not determined, the potential clinical impact of these findings 

was not clear. Similarly, elevation of TSP1 mRNA in the infarct border zone was noted in a 

rat heart IRI model [82]. In a murine model of liver IRI, wild type mice (that express TSP1) 

demonstrated significantly more liver damage and inflammation post-reperfusion compared 

to mice lacking TSP1 [83]. In a model of large vessel IRI in pigs (30 minutes of aortic cross-

clamping followed by 5 hours of reperfusion) luminal endothelial cell TSP1 mRNA was 

significantly increased [84]. Interpretation of these data are complicated by the role that 

laminar versus turbulent blood flow can play upon endothelial TSP1 expression [85]. Also, 

if not captured via proximal aortic cross-clamping, segmental vasa vasorum blood flow 

could provide some degree of perfusion to the vessel wall. Further studies in rats found that 

intravenous administration of TSP1 (60 μg/kg body weight) approximately 1 hour prior to 

IRI (20 minutes of femoral artery occlusion followed by 40 minutes of reperfusion) limited 

hind limb reperfusion [53].

To a greater or lesser extent all surgical interventions disrupt tissue perfusion and, depending 

upon the redundancy of tissue collateral blood flow, inflict varying amounts of reperfusion 

injury [86]. Induction of and/or the presence of TSP1 has been reported to be associated 

with decreased soft tissue survival to surgically created soft tissue flaps in mice, and this was 
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correlated with decreased tissue cyclic guanidine monophosphate (cGMP), an essential 

downstream signaling agent of nitric oxide (NO) [87].

TSP1 and CD47 expression often run parallel under conditions of injury, and thus the roles 

of these two proteins in IRI may be closely linked. Some therapeutic strategies may arise 

from this linkage. TSP1 has protective roles in certain situations mediated via non-CD47 

interactions, and targeting CD47 does not interfere with these. Second, TSP1 is present pre-

formed in platelets and provides a continued stimulus of post-injury TSP1-CD47 signaling. 

In rats, treatment with a CD47 blocking antibody, to limit TSP1-CD47 signaling, resulted in 

improved soft tissue survival, elevated tissue cGMP, less tissue lipid peroxidation and 

diminished tissue elastase (a marker of neutrophil activation) after IRI compared to animals 

treated with an IgG control antibody [88]. Taking a different approach, suppressing CD47 

with RNAi attenuated heart IRI injury (30 minutes of occlusion of the left anterior 

descending coronary artery followed by 3 hours of reperfusion) in rats [89]. In a porcine 

model of surgically-induced soft tissue IRI, flaps treated with either a TSP1 blocking 

antibody or a gene silencing CD47 morpholino oligonucleotide displayed enhanced tissue 

survival [90].

Whole organ transplantation unavoidably induces IRI. Here too, a role for TSP1, signaling 

through CD47, has been elucidated. Rats undergoing orthotopic syngeneic cold liver 

transplantation (18 hours at 4° C, with Wisconsin solution flush) were treated with either a 

CD47 blocking antibody to the transplant vasculature only (1 μg/kg liver weight) or the 

same to the transplant plus systemic administration of the CD47 antibody to the recipient. 

Those animals receiving systemic and organ-targeted CD47 antibody therapy showed greater 

survival 48 hours post-transplantation compared to controls [91]. Of note, hepatic TSP1 and 

CD47 protein levels were increased in control organs following transplantation, while organs 

subjected to just cold storage were also found to express more CD47.

The first evidence that CD47 plays a role in IRI arose from studies in mice challenged with 

liver ischemia reperfusion. Age and sex matched C57BL6 and Thbs1- and Cd47-null mice 

were exposed to 45 minutes of occlusion of the portal triad through application of a non-

crushing microvascular clamp [83]. This was then followed by 6 hours of reperfusion. 

Interesting, reperfusion liver blood flow, as quantified by real-time laser Doppler, was 

significantly greater in Thbs1- and Cd47-null mice compared to wild type. This was 

associated with lower levels of serum alanine aminotransferase (sALT) and aspartate 

aminotransferase (sAST), decreased hepatic leukocyte infiltration, and less hepatocyte 

apoptosis in null versus wild type mice. In other experiments, wild type mice received either 

a CD47 blocking antibody or an IgG2a control antibody via intraperitoneal injection 90 

minutes prior to ischemia. Animals pre-treated with a CD47 blocking antibody prior to liver 

IR enjoyed increased blood flow post-reperfusion, lower levels of sAST and sALT and less 

leukocyte infiltration compared to mice pre-treated with an IgG2a control antibody. 

Consistent with TSP1 being a stress response protein, hepatic expression of TSP1 was lower 

in livers from mice treated with the CD47 blocking antibody and elevated in livers from 

animals treated with the control antibody.
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Several mechanisms could contribute to these findings. First, TSP1 [48], via interaction with 

CD47 [45] limits the salutary effects of vascular NO (Fig. 1). Loss of vascular-based NO 

signaling negatively impacts IRI injury [92], whereas upregulation of eNOS is associated 

with protection from visceral organ IRI [93]. Alternatively, CD47 impacts central 

hemodynamics [94], and organ perfusion may be enhanced under basal and injury-mediated 

conditions in the absence or attenuation of CD47 signaling. At a minimum, laser Doppler 

data suggest enhanced tissue reperfusion in the absence of CD47 signaling. Other factors 

that impede reperfusion might also be at play in the setting of low or absent CD47 signaling, 

including suppression of inflammation, decreased platelet activation [49], reduced 

endothelium adhesion protein expression and monocyte attachment [95] and less ROS 

production. Also, TSP1 has anti-angiogenic activity suggesting that reperfusion benefits in 

the absence of CD47 in visceral organs could be secondary to a baseline gain in vascularity. 

As of yet, a direct role for SIRP-α in non-renal IRI has not been described. However, SIRP-

α may play an indirect role in this process.

As described above, a number of studies from multiple groups of investigators have found 

enhanced blood flow in mice lacking TSP1 or CD47 immediately following femoral artery 

ligation-induced ischemia or surgically-induced soft-tissue IRI [96], and in rats, less blood 

flow with reperfusion after intravenous TSP1 administration. Taken together, these results 

define a role for TSP1 and CD47 in promoting non-renal IRI. Yet, they also raise interesting 

questions in relation to the current understanding of IRI. If reperfusion is established sooner 

and putatively to a greater extent in the absence or diminution of TSP1-CD47 signaling, one 

could hypothesize that the amount of IRI damage should be greater lacking TSP1 or CD47. 

And yet, this has not been born out in the data. A more precise analysis of the relationship 

between the degree and length of the ischemic interval and the relation this has to the 

initiation and degree of reperfusion may help to clarify this, both generally, and in relation to 

the TSP1-CD47 signaling axis.

TSP1, CD47 and SIRP-α in acute non-IRI renal injury

Acute non-IRI renal injury, and associated renal failure, can arise from several etiologies. 

These can include processes such as system-wide or organ-specific trauma, trauma-related 

and non-traumatic sources of hemodynamic instability, auto-immune conditions such as 

lupus erythematosus and scleroderma, renal toxins and intravenous radio-contrast agents and 

post-kidney urinary obstruction. In situations that lower the systemic blood pressure or that 

negatively impact renal artery or vein blood flow, some degree of IRI is inherent. That TSP1 

is involved in any of these situations has not been systematically assessed. Still, there are 

some data establishing a possible role. In rats administered mercuric chloride (HgCl2, 1 

ml/kg body weight subcutaneously) proximal tubule epithelial cell necrosis was found 

within 5 days and overlapped with a spike in renal cortex TSP1 mRNA levels [97]. Further, 

mice lacking TSP1 were protected from the renal toxic effects, and especially podocyte loss, 

of adriamycin. Wild type mice experienced rapid induction renal TSP1 protein post-injury 

along with podocyte death, elevated serum creatinine and proteinuria [98]. In another study, 

rats underwent ligation of a single ureter and were given a TSP1-blocking peptide daily 

thereafter. Renal injury within the first and second week post-ureteral obstruction was 

significantly less in the peptide-treated cohort and this was associated with amelioration of 
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injury-associated increases in renal TSP1 protein expression [99]. Likewise, in mice subject 

to unilateral ureteral obstruction, treatment with short hairpin RNA vector that targeted 

TSP1 reduced early markers of renal injury [100]. Acute renal injury is known to complicate 

transplantation of other organs, especially the liver. The reasons for this are possibly many 

and an area of ongoing investigation. In a study of renal injury following orthotopic liver 

transplantation, renal TSP1 mRNA was acutely increased and associated with acute tubular 

necrosis [101]. In this study the authors occluded the inferior vena cava for 25 minutes, 

although the location of the point of occlusion in relation to the renal vein was not described. 

Nonetheless, some change in renal blood flow may have occurred, but this was not 

specifically monitored.

In vitro, porcine kidney PK15 cells co-cultured with human inflammatory cells experienced 

increased cell injury when inflammatory cell SIRP-α phosphorylation was increased [102]. 

Antigen presentation provides for immune regulation and a means to respond to the stress 

induced by host-pathogen (host non-host) interactions. A recent study identified a role for 

SIRP-α in monocyte activation in response to foreign protein. Foreign cells carrying a 

polymorphism of SIRP-α induced recipient inflammation [103]. While the results of this 

study did not directly assess renal injury, there are implications for transplant-related 

rejection separate from any effects mediated by IRI.

TSP1, CD47 and SIRP-α in renal IRI

Non-transplant-mediated renal IRI

Non-transplant renal IRI is experimentally induced via temporary occlusion of the renal 

vascular pedicle followed by various intervals of reperfusion. Rat and murine kidneys were 

exposed to 45 and 30 minutes of ischemia respectively and variable periods of reperfusion 

from 3 to 48 hours. Analysis of tissue samples via cDNA microarray found THBS1 to be 

among the most upregulated genes, and TSP1 protein levels were similarly elevated [104]. 

Northern hybridization found TSP1 mRNA levels increased at 3 and 12 hours but decreased 

to levels in control sham injured kidneys by 24 and 48 hours. Renal cortical mRNA levels of 

the TSP1 receptor CD36 followed an expression pattern similar to TSP1. Distribution of 

TSP1 in IRI injured kidney tissue sections localized the protein exclusively to damaged 

tubules. Finally, mice lacking TSP1 were resistant to IRI-mediated alterations in renal 

micro-architecture and function compared to controls. The finding of induction of CD36 in 

the setting of renal IRI is relevant for several reasons. First, TSP1 can block some salutatory 

effects via CD36 such as NO signaling [105], although a role for this through CD47-

mediated cross talk is possible [45]. Additionally, glycerol-mediated acute renal injury was 

found to dysregulate cholesterol transporters, of which CD36 is a member [106], while a 

TSP1-based peptide was reported to impede the fatty acid translocase activity of CD36 

[107]. It is unknown under conditions of renal IRI if global absence of CD36 would confer 

protection. But rodent data from soft tissue injury models suggest this would not be the case 

[108, 109]. Thus, it is possible that the non-transplant mediated renal IRI protection enjoyed 

by Thbs1-null mice was mediated through the loss of TSP1-CD47 signaling. While 

speculative, this hypothesis is further supported by data that suggests CD47 is the dominant, 

high affinity receptor for TSP1 [110].
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In another experiment, rats underwent bilateral renal pedicle occlusion and were treated just 

before reperfusion with IL-18BP to block the inflammatory cytokine IL-18. Within a 

window of 6 to 72 hours of reperfusion, renal TSP1 expression was decreased compared to 

controls [111]. IL-18 is known to increase TSP1 mRNA and protein in cultured cells [112], 

indicating some protective effects from treatment with IL-18BP may be through targeting 

TSP1.

Experiments in mutant mice lacking CD47 demonstrated a role for TSP1-CD47 signaling in 

non-transplant-mediated IRI. Cd47-null mice enjoyed complete survival from bilateral renal 

IRI compared to control (Cd47+/+ mice) that all expired by 50 hours post-reperfusion 

concurrent with tubular cell death and cast formation [113]. Mutant mice may compensate 

through changes not simply related to loss of a certain gene. To assess the role of CD47 in 

control mice, animals were pre-treated with a CD47 blocking or IgG control anybody 90 

minutes before non-transplant bilateral renal IRI and tissue injury determined 24 hours after 

reperfusion. Those animals given the CD47 blocking antibody had minimal renal histologic 

changes compared to control antibody-treated mice. Short-term hypoxia and re-oxygenation 

(to mimic organ IRI) upregulated CD47 and TSP1 protein in cultured human RTEC [71]. 

Both TSP1 and CD47 protein and mRNA were increased in the kidneys of control mice 

following 22 minutes of unilateral ischemia and 24 hours of reperfusion compared to sham 

operated mice. Interestingly, in kidney samples from Cd47-null mice renal TSP1 protein was 

minimally induced post-reperfusion, suggesting a link between ligand and receptor 

expression levels. Laser Doppler analysis of kidneys in CD47 expressing and null mice 

confirmed equal degrees of ischemia and comparable reperfusion within 30 minutes. 

However, by 24 post-reperfusion null animals had greater renal blood flow [71]. Unlike 

previously noted findings of increased vascularity in skeletal muscle samples from Thbs1-

null mice, these real-time data speak to equivalent vascularity and blood flow in kidneys 

from TSP1-CD47 replete and deficient mice. Kidneys from post-IRI null mice also had 

marked decreases in inflammatory cell invasion, tubular cell death, inflammatory cytokine 

transcript levels, and markers of redox stress compared to CD47 expressing mice. Of some 

importance, wild type mice transplanted with wild type (Cd47+/+) bone marrow experienced 

more renal damage following renal IRI compared to Cd47-null mice transplanted with 

Cd47+/+ bone marrow. These data provide evidence for a major role for parenchymal, as 

opposed to circulating, TSP1-CD47 signaling in non-transplant renal IRI.

Renal recovery following both transplant and non-transplant-induced renal IRI is limited by 

the rate of tubular epithelial cell self-renewal/proliferation. Interestingly, several key 

transcription factors know to govern cell self-renewal (Oct¾, Sox2, Klf4 and cMyc) have 

been found constitutively upregulated in Cd47-null mice and cells [114]. These advantages 

in self-renewal transcription factor expression were found to extend to kidneys from null 

mice prior to and after non-transplant-induced renal IRI, and this was associated with 

enhanced tubular cell proliferation in vitro as well as in vivo [115]. Conversely, tubular 

epithelial cells from mice and humans were sensitive to TSP1-mediated suppression of self-

renewing transcription factors, while cMyc protein stability was greater in Cd47-null 

epithelial cells. Together, these findings reveal another important mechanism through which 

TSP1-via CD47 acts to promote renal IRI.
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As pointed out, SIRP-α is an important non-TSP1 ligand for CD47. Further, SIRP-α has 

been linked to ROS production [116]. TSP1, via CD47, stimulates pathologic ROS 

production in several cell types and tissues [53, 117], while ROS is crucial to IRI-related 

tissue injury. As all three molecules could co-exist in the tissue microenvironment under 

stress, SIRP-α is probably mediating IRI-related responses. In a murine IRI model, SIRP-α 
and its cytoplasmic effector SHP1 were upregulated in the kidney [54]. In vascular cells, 

exogenous TSP1, via SIRP-α, targeted NADPH oxidase 1 and stimulated increased O2- 

production, although some degree of CD47 signaling may also be acting under these 

conditions. In human RTEC, TSP1, via SIRP-α, also stimulated increased O2- production. 

Finally, administration of a SIRP-α blocking antibody prior to renal IRI mitigated renal 

damage. While preliminary, these data support a role for TSP1-SIRP-α signaling in non-

transplant-mediated renal IRI, separate from the role SIRP-α has in regulating macrophage 

activation and phagocytic activity (Fig. 1). To more fully define this role, it will be important 

to consider the impact of renal IRI on mice lacking SIRP-α and how blocking of TSP1 and 

CD47 under these conditions alters outcomes.

Transplant-mediated renal IRI

In a porcine model designed to mimic the clinical scenario, renal transplants were performed 

with organs harvested from heart-beating and non-beating donors. Renal cortex sampling 

was done at several time points throughout the pre- and post-transplant period including 

following induction of anesthesia, after warm and cold ischemia, after one hour of 

reperfusion and five days after transplant. Cortical TSP1 mRNA levels were found to be 

increased in samples from non-beating donor organs at day 5 only. All other time points 

sampled, and all samples from organs from heart-beating donors, showed no change in 

cortical TSP1 mRNA compared to samples obtained at the time of anesthetic induction 

[118]. While in the present study, renal TSP1 levels did change, these results are interesting 

as they differ from data obtained in other animal models of non-transplant-mediated renal 

IRI were changes in TSP1 were uniformly upregulated. Still, variation could be expected 

given differences in species, model design, etc.

In a related study, again in pigs, the effects on renal function, tubular architecture and tissue 

levels of TSP1 following one week of reperfusion were assessed. Some organs underwent 24 

hours of cold ischemia while others were subjected to 24 hours of cold ischemia and 1 hour 

of warm ischemia prior to transplant. As expected, renal dysfunction was greatest in organs 

exposed to both cold and warm ischemia and TSP1 expression was found to be increased 

concurrent with decreased vascular endothelial growth factor [119].

The role of TSP1 in human transplant-mediated IRI has not been explored to any substantial 

degree. This is surprising given the number of key redox pathways TSP1 dysregulates [50, 

113]. In renal transplant recipients the presence of organ dysfunction was associated with 

increased urinary TSP1 mRNA [120]. However, information as to the time of urine sampling 

in relation to transplantation for each patient was not provided. Further, urine sampling was 

not repeated in individual patients. Nonetheless, this study raises the interesting idea that 

urinary TSP1 levels may presage renal damage, and thus, have a role as a marker of organ 

injury. TSP1 expression was found increased in biopsy samples from 16 patients with organ 

Isenberg and Roberts Page 15

Pediatr Nephrol. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



nephropathy compared to levels in renal biopsies from 6 non-transplant individuals with 

normal renal function [121]. Together, these data suggest that post-transplant renal graft 

dysfunction is associated with persistent TSP1 expression. These findings however, may not 

reflect acute changes in the context of renal transplantation and indicate an opportunity for 

further study.

CD47 has been interrogated in several models of transplant-mediated renal IRI. In mice, the 

pre-transplant administration of a CD47 blocking antibody (0.8 μg/g body weight anti-

mouse CD47 clone 301 via intraperitoneal injection) mitigated renal injury after syngeneic 

renal transplantation with bilateral nephrectomy compared to vehicle (saline) treated animals 

[115]. This was associated with enhanced renal expression of several self-renewal 

transcription factors and decreased cytokine mRNA levels in CD47 antibody-treated mice. 

Animals given a lower dose of CD47 antibody did not enjoy renal protection following 

transplantation indicating that the antibody effect was dose-dependent.

In a more clinically relevant model, rats underwent bilateral nephrectomy followed by 

syngeneic renal transplant. On harvest, kidneys were flushed with Wisconsin solution 

containing a CD47 blocking (clone OX101) or an IgG control antibody and then stored at 4° 

C for 6 hours prior to transplant [122]. Analysis of renal tissue sections revealed that the 

CD47 blocking antibody bound exclusively to the vascular endothelial compartments of the 

renal tubules and glomeruli. Eighty percent of animals receiving a kidney pre-treated with 

the CD47 antibody survived while all animals receiving a kidney treated with an IgG 

antibody died by the fifth post-transplant day. Renal function of CD47 antibody-treated 

kidneys, while modestly altered at 48 hours post-transplant had returned to normal by the 

seventh day. Laser Doppler analysis of renal blood flow found minimal to no blood flow in a 

number of IgG antibody-treated organs at 24 hours post-transplant. This raises the question 

of possible surgical factors, such as acute thrombosis at the vascular anastomosis, 

intervening adversely in this cohort. In a subsequent study in rats, donor kidneys, either 

syngeneic or allogeneic, were treated with a CD47 blocking antibody (clone OX101) or an 

IgG control antibody flush followed by 1 hour of warm ischemia. Recipients of organs 

flushed with the CD47 antibody did markedly better than animals given control antibody 

perfused transplants [123]. Further, syngeneic organs performed better than autologous. 

Lastly, in a porcine model of organ donation after cardiac death, transplanted kidneys 

flushed with a CD47 blocking antibody fared better than those receiving preservation fluid 

only [123].

Summary and perspectives

Preclinical studies have shown renal cellular and organ expression changes in TSP1, CD47 

and SIRP-α to a range of stresses (Table 1). Further, deletion of Thbs1 and Cd47 or signal 

blockade strategies in wild type animals indicate a role for TSP1-CD47, and TSP1-SIRPα, 

signaling in promoting renal IRI, both non- and transplant-related. While most of these 

reports assessed immediate post-injury time points, there is a body of work that has shown 

TSP1, through its ability to enhance subacute and chronic fibrosis [124, 125] and to modify 

immunity, may play a role in other aspects of renal IRI-initiated organ damage. In this latter 

regard, liver transplant patients were found to have TSP1 in circulating immune complexes 
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specifically in those individuals experiencing acute cellular rejection [126]. Review of 

published data indicates that TSP1 and CD47 function to promote or limit immune 

responses in a context-dependent manner.

The role of CD47 has not been assessed in human renal transplant-mediated IRI, and the 

role of SIRP-α has not been determined in either animal or human transplant-mediated renal 

IRI. Based on existent data, it is reasonable to expect that TSP1-CD47-SIRP-α targeting 

therapies will prove effective at mitigating transplant and non-transplant IRI in multiple 

visceral organs, including the kidney. In vitro animal and human cell studies and numerous 

in vivo studies in rodents and higher mammals support expanded preclinical and clinical 

research in this direction. The potential importance of such investigations is emphasized by 

recent reports of the development of humanized CD47 antibodies [127] and SIRP-α-derived 

molecules [62] for the treatment of cancer.
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Fig. 1. Effects of elevated TSP1 expression induced by ischemia-reperfusion injury on the renal 
vasculature, renal tubules, and phagocytes.
CD47 is a ubiquitously expressed receptor. SIRP-α is highly expressed on phagocytic cells, 

where it serves as an inhibitory receptor to prevent phagocytosis of healthy cells that express 

CD47. SIRP-α is also expressed by endothelial cells and RTEC, where it regulates 

production of ROS by NADPH oxidase. TSP1 binding to CD47 regulates activation of 

macrophages, NO biosynthesis by endothelial cells, relaxation of vascular smooth muscle by 

NO, and ROS production and apoptosis in RTEC.
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Fig. 2. 
Inducers of TSP1 expression in kidney.
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Table 1.

Renal Cell and Organ Stress- and Disease-related TSP1, CD47 and SIRP-α Expression

Stress/Disease Expression (protein, mRNA or immunoreactive)

TSP1 CD47 SIRP-α

Stress:

Hypoxia Increased Increased NK

TSP1 NK NK Increased activity

Enalaparil Increased NK NK

Ferric nitrilotriacetate NK Increased NK

Mercuric chloride Increased NK NK

LPS NK Increased NK

Thy1.1 Ab Increased Increased Decreased activity

Immune-associated Increased in multiple diseases NK NK

Infection NK Decreased NK

Metabolic (Diabetes) Increased Decreased NK

eNOS deletion (low vascular NO) Increased NK NK

Ureteral ligation Increased NK NK

Non-renal transplant-related IRI:

Orthotopic liver transplant Increased NK NK

Increased Increased Increased

Renal vascular occlusion

Transplant-related IRI Increased NK NK

NK – Not Known
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