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Abstract

Scavenger receptors constitute a large family of evolutionally conserved protein molecules that are 

structurally and functionally diverse. Although scavenger receptors were originally identified 

based on their capacity to scavenge modified lipoproteins, these molecules have been shown to 

recognize and bind to a broad spectrum of ligands, including modified and unmodified host-

derived molecules or microbial components. As a major subset of innate pattern recognition 

receptors, scavenger receptors are mainly expressed on myeloid cells and function in a wide range 

of biological processes, such as endocytosis, adhesion, lipid transport, antigen presentation, and 

pathogen clearance. In addition to playing a crucial role in maintenance of host homeostasis, 

scavenger receptors have been implicated in the pathogenesis of a number of diseases, e.g., 

atherosclerosis, neurodegeneration, or metabolic disorders. Emerging evidence has begun to reveal 

these receptor molecules as important regulators of tumor behavior and host immune responses to 

cancer. This review summarizes our current understanding on the newly identified, distinct 

functions of scavenger receptors in cancer biology and immunology. The potential of scavenger 

receptors as diagnostic biomarkers and novel targets for therapeutic interventions to treat 

malignancies is also highlighted.

1. INTRODUCTION

In late 1970s, Michael Brown and Joseph Goldstein initially identified scavenger receptors 

in macrophages and described their activity in the uptake of modified low-density 

lipoprotein (LDL), i.e., acetylated LDL (acLDL) (Goldstein, Ho, Basu, & Brown, 1979). 

Monty Krieger’s group first cloned the scavenger receptors, i.e., prototype class A scavenger 

receptors, in 1990 (Kodama et al., 1990). With additional scavenger receptor family 

members identified, scavenger receptors are currently categorized into 10 classes (A–J) 

based on their sequence similarity or shared structural features. However, there is no or little 
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sequence homology between different classes of scavenger receptors (Krieger, 1997; 

Whelan, Meehan, Golding, McConkey, & Bowdish, 2012). There are currently no known 

mammalian class C scavenger receptors, and the class C scavenger receptors have only been 

described in Drosophila melanogaster (Krieger, 1997). To address the inconsistencies and 

confusion of multiple names of scavenger receptors being used in the literature, a unified 

nomenclature system was recently proposed to describe the different classes of mammalian 

scavenger receptors (Prabhudas et al., 2014). It is now appreciated that these structurally 

heterogeneous scavenger receptors recognize a broad spectrum of ligands, including 

microbial pathogens or pathogen-derived molecular patterns (PAMPs), e.g., 

lipopolysaccharide (LPS) and lipoteichoic acid (LTA), as well as host-derived self-

molecules or damage-associated molecular patterns, e.g., stress/heat shock proteins (HSPs), 

lipoproteins (Canton, Neculai, & Grinstein, 2013; Greaves & Gordon, 2009; Krieger et al., 

1993; Pluddemann, Neyen, & Gordon, 2007). Based on their broad ligand-binding 

specificities during interaction with conserved microbial structures or endogenous self-

molecules, scavenger receptors are considered to be an important subclass of the pattern 

recognition receptors (PRRs) in innate immunity (Gordon, 2002; Krieger, 1997). Scavenger 

receptors were recently defined as “cell surface receptors that typically bind multiple ligands 

and promote the removal of non-self or altered-self targets” (Prabhudas et al., 2014). These 

receptors often function by mechanisms that include adhesion, endocytosis, phagocytosis, 

transport, and signaling that ultimately lead to the elimination of degraded or harmful 

substances (Prabhudas et al., 2014).

Due to their property initially identified in the uptake of modified LDL, e.g., acLDL and 

oxidized LDL (oxLDL), by macrophages, the proatherogenic role of the scavenger receptors 

in atherosclerosis has been studied extensively (Kzhyshkowska, Neyen, & Gordon, 2012). 

However, their precise contribution to this disease remains unclear. Given their ability to 

recognize such a large repertoire of ligands, it is anticipated that scavenger receptors are 

critically involved in the maintenance of host homeostasis as well as in the pathogenesis of 

multiple diseases, e.g., type 2 diabetes mellitus (Kennedy & Kashyap, 2011), Alzheimer’s 

disease (El Khoury et al., 2003; Wilkinson & El Khoury, 2012). The functional versatility of 

scavenger receptors in various diseases were recently discussed in several reviews by us or 

other researchers (Armengol et al., 2013; Canton et al., 2013; Kelley, Ozment, Li, 

Schweitzer, & Williams, 2014; Yu, Zuo, Subjeck, & Wang, 2012). Over the last few years, 

there is emerging evidence indicating that scavenger receptors act as an important regulator 

of tumor progression and host immune response to cancer (Neyen et al., 2013; Wang, 

Facciponte, Chen, Subjeck, & Repasky, 2007; Yi et al., 2011). Certain scavenger receptors 

have been exploited as diagnostic or prognostic markers in cancer of various types. In this 

review, we highlight recent insights into these previously under-appreciated functions of the 

mammalian scavenger receptors in cancer biology and immunology. We will also discuss 

the feasibility of developing scavenger receptor-targeted therapeutic strategies for cancer 

treatment.
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2. SCAVENGER RECEPTORS IN CANCER IMMUNOBIOLOGY

2.1 Class A Scavenger Receptor

2.1.1 Scavenger Receptor Class A—Scavenger receptor class A (SR-A), also called 

SCARA1/SR-A1, macrophage scavenger receptor 1 (MSR1) or CD204, was the first 

scavenger receptor cloned and represents the prototypic member of class A scavenger 

receptors (Kodama et al., 1990). A signature for all the class A scavenger receptors, 

including SR-A, is a distinct collagenous domain (Kodama et al., 1990; Rohrer, Freeman, 

Kodama, Penman, & Krieger, 1990). SR-A is a phagocytic PRR expressed primarily on 

tissue macrophages and dendritic cells (DCs). SR-A recognizes a diverse array of “self” and 

“nonself” ligands, including modified LDLs (acLDL, oxLDL), Gram-positive and Gram-

negative bacteria, molecules of microbial origin or PAMPs (e.g., LPS, double strand RNA, 

unmethylated bacterial CpG DNA), hepatitis C virus, HSPs, proteoglycans, and β-amyloid 

(Pluddemann et al., 2007). The role of SR-A in atherosclerosis has been extensively studied 

because it was the first receptor identified for modified lipoproteins that are pertinent to the 

development of vascular disease (Kzhyshkowska et al., 2012; Suzuki et al., 1997). However, 

controversies still exist with regard to the precise contribution of SR-A to atherosclerosis 

(Kuchibhotla et al., 2008; Moore et al., 2005). SR-A is also involved in the maintenance of 

tissue homeostasis by clearance of modified self-components and apoptotic cells, host 

defense against invading microorganisms, and disease pathogenesis, such as 

neurodegeneration (Canton et al., 2013; El Khoury et al., 1996; Frenkel et al., 2013; Gordon, 

2002; Kelley et al., 2014; Suzuki et al., 1997; Yu et al., 2012). However, accumulating 

evidence is now revealing important roles for SR-A in cancer.

Tumor-associated macrophages (TAMs) are a major stromal component in the tumor 

microenvironment (TME) (Lewis & Pollard, 2006). TAMs not only support survival and 

growth of tumors but also contribute to tumor metastasis, and immune evasion (Guo, 

Buranych, Sarkar, Fisher, & Wang, 2013; Lewis & Pollard, 2006; Qian & Pollard, 2010). 

Highly plastic macrophages mainly originate from circulating monocytes infiltrating 

peripheral tissues and acquire distinct characteristics as a result of environmental cues 

(Murdoch, Muthana, Coffelt, & Lewis, 2008). Macrophages can be generally categorized 

into two populations with distinct functional phenotypes: classically activated or M1 

macrophages with proinflammatory and tumor-suppressive features, alternatively activated 

or M2 macrophages with anti-inflammatory, proangiogenic, immunosuppressive, and tumor-

promoting activities. Macrophage polarization is increasingly recognized as an important 

pathogenic factor in inflammatory and neoplastic diseases (Labonte, Tosello-Trampont, & 

Hahn, 2014; Sica et al., 2008). It has been well documented that TAMs often show an M2-

like phenotype and contribute to cancer cell proliferation, invasion and metastasis, tumor 

angiogenesis, matrix remodeling, and immune suppression (Guo, Buranych, et al., 2013). 

Immunohistochemistry studies in lung cancer (Ohtaki et al., 2010), liver cancer (Yeung et 

al., 2014), T cell leukemia/lymphoma (Saito et al., 2014), esophageal squamous cell 

carcinoma (Shigeoka et al., 2013), and pancreatic cancer (Yoshikawa et al., 2012) 

demonstrate that SR-A expression in tumor tissues is restricted to TAMs and that high level 

of SR-A is associated with a more aggressive cancer phenotype. Furthermore, an increased 

number of SR-A+ TAMs has been shown to correlate with histological grade and poor 
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prognosis in numerous cancers (Hirayama et al., 2012; Hou, Chao, Tung, Wang, & Shan, 

2014; Kawamura, Komohara, Takaishi, Katabuchi, & Takeya, 2009; Kurahara et al., 2011; 

Sugimoto et al., 2014; Yoshikawa et al., 2012).

Although accumulating evidence points to a potential role of SR-A in TAM polarization 

toward an M2-like phenotype, the underlying mechanism remains elusive. Mer tyrosine 

kinase (MerTK), the major apoptotic cell receptor on macrophages, was recently shown to 

have a central role in M2 polarization of macrophages and favor an anti-inflammatory, 

immunosuppressive microenvironment (Graham, DeRyckere, Davies, & Earp, 2014; Zizzo, 

Hilliard, Monestier, & Cohen, 2012). Indeed, SR-A was reported to be required for the 

optimized function of MerTK during engulfment of apoptotic cells and subsequent 

resolution of inflammation (Todt, Hu, & Curtis, 2008). While the detailed interplay between 

SR-A and MerTK in ingesting of apoptotic cells is unclear, it is reasonable to believe that 

abundant apoptotic tumor cells in the TME together with elevated expression of SR-A and 

MerTK are critically involved in the programing of TAMs and immunosuppressive 

mechanisms in the TME.

Elevation of SR-A in TAMs implicates its potential involvement in their functions. 

However, studies of the functional regulation of TAMs by SR-A during tumor growth and 

progression are very limited. SR-A was recently reported to inhibit the production of 

tumoricidal molecules by TAMs, e.g., nitric oxide, interferon (IFN)-β, and IFN-γ, which 

caused outgrowth of EL4 lymphoma (Komohara et al., 2009). SR-A-mediated inhibition of 

IFN-β secretion seems to be consistent with a previous work showing that SR-A suppressed 

the TLR4-mediated interferon regulatory factor (IRF)-3/IFN-β pathway in endoplasmic 

reticulum (ER)-stressed macrophages (Seimon, Obstfeld, Moore, Golenbock, & Tabas, 

2006). Using SR-A-deficient mice, Neyen et al. demonstrated that SR-A on TAMs was 

necessary for invasion and metastasis of ovarian and pancreatic tumors (Neyen et al., 2013). 

In this study, several potential SR-A ligands (e.g., Galectin-1, Fibronectin, Vimentin, and 

Matrilin-2) present in the supernatants of tumor cell-macrophage coculture were identified 

(Neyen et al., 2013). While the effect of SR-A engagement by these putative ligands on 

tumor progression was not examined, these molecules have been implicated in 

mesenchymal–epithelial transition (EMT) and are known to promote tumor cell invasiveness 

(Bacigalupo et al., 2014; Shankar et al., 2010; Thiery, 2002). However, tumor-suppressive 

activities of SR-A were also reported. SR-A can inhibit Lewis lung carcinoma in mice via 

modulating proangiogenic factors, e.g., vascular endothelial growth factor (VEGF) and 

matrix metalloproteinase-9 (MMP9) (Ben et al., 2012). SR-A in leukemia stem cell of 

chronic myeloid leukemia (CML) has been suggested as a tumor suppressor gene. In this 

study, SR-A deletion accelerated CML development and increased the self-renewal and 

differentiation capacity of leukemia stem cells through PI3K-AKT-GSK-3β and β-Catenin 

pathways (Chen et al., 2011). Although the discrepancies on SR-A action in these studies 

have not been addressed, SR-A appears to be of significance in the development of novel 

therapeutic strategies directed to target SR-A+ TAMs for therapeutic benefits.

Single-nucleotide polymorphisms are a type of genetic variation associated with population 

diversity, genome evolution, and disease susceptibility. Epidemiology and pathological 

studies have established an intimate link between chronic inflammation and cancer 
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development (McLean & El-Omar, 2009). The polymorphisms of multiple genes involved in 

regulation of inflammatory response have been associated with higher cancer risk (Caruso et 

al., 2009). Sra gene is located on chromosome 8p22, a genetic region that is associated with 

multiple tumor susceptibility phenotypes (Low et al., 2011). Genetic variations of Sra have 

been associated with the increased susceptibility of prostate cancer (Miller et al., 2003; Xu 

et al., 2002), although the conclusion was queried by other studies (Rennert et al., 2008; 

Seppala et al., 2003; Wang et al., 2003). Several common and rare missense polymorphisms 

variants in the Sra gene were also associated with a high risk of prostate cancer (Xu et al., 

2002). Significant differences in the spectrum of mutations and sequence variants in the Sra 

gene have been found among various racial groups and populations (Hsing et al., 2007; 

Rennert et al., 2008; Sun, Turner, Xu, Gronberg, & Isaacs, 2007). A T+25C polymorphism 

located in the 5′ untranslated region of the Sra gene was recently suggested to increase lung 

cancer risk via down-regulating SR-A expression (Ben et al., 2012). While more work is 

clearly required to validate these findings, it is possible that screening of Sra polymorphisms 

may help identify populations at risk of cancer prior to disease onset.

The identification of SR-A as a negative regulator of antitumor immune response provides 

new insight into the functional diversity of this innate PRR (Wang et al., 2007). This finding 

was derived from our research in understanding the immunogenicity of HSPs or molecular 

chaperones as immunostimulatory adjuvants in cancer vaccination therapy (Murshid, Gong, 

& Calderwood, 2008; Srivastava, 2002; Wang, Facciponte, & Subjeck, 2006; Wang & 

Subjeck, 2013). A primary feature of chaperone molecules in cancer immunotherapy is their 

capacity to deliver polypeptide antigens efficiently to specialized antigen-presenting cells 

(APCs), such as DCs, and introduce these antigenic targets into the major histocompatibility 

complex (MHC) class I pathway for cross-presentation, resulting in priming CD8+ cytotoxic 

T lymphocytes (CTLs). Given the superior antigen cross-presenting capacity of HSPs, there 

has been an intensive search for dedicated receptors or binding structures on APCs that 

specifically recognize HSPs. Surprisingly, SR-A, with a promiscuous binding feature, was 

found to bind a number of HSPs, including Hsp110, Grp94, and Grp170 (Berwin et al., 

2003; Facciponte, Wang, & Subjeck, 2007). Although SR-A clearly participated in binding 

and uptake of these HSPs, the exact contribution of the SR-A to antitumor immunity 

generated by HSP-based vaccines was not addressed.

We first examined the impact of SR-A on vaccination-induced anti-tumor immune response 

using SR-A-deficient mice (Wang et al., 2007). We made a striking observation that, in 

contrast to our initial prediction that SR-A-deficiency should reduce HSP vaccine activity, 

lack of SR-A was found to profoundly enhance a protective antitumor immune response 

upon administration of HSP-based chaperone vaccines (Wang et al., 2007). Additionally, 

SR-A absence restored the immunogenicity of poorly immunogenic murine melanoma and 

lung tumor cells, as indicated by improved antitumor efficacy after immunization with 

irradiated tumor cells as cell-based vaccines. Although an early study reported that SR-A 

knockout animals showed no defect in clearance of apoptotic cells (Komohara et al., 2005; 

Platt, Suzuki, Kodama, & Gordon, 2000), it is evident that immune tolerance to dying tumor 

cells was broken in the absence of SR-A. Our finding indeed was supported by a study from 

the Karlsson group, which suggested that class A scavenger receptors function as regulators 
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of immune tolerance to apoptotic cells (Wermeling et al., 2007). The SR-A absence 

enhanced antitumor immune response was dependent on a CTL response, because depletion 

of CD8+ T cells or phagocytic cells (presumably APCs) abolished the antitumor activity of 

vaccines in SRA−/− mice. Furthermore, we demonstrated that SRA−/− mice similarly 

developed enhanced immune response upon vaccination with Freund’s complete adjuvant or 

LPS, suggesting that SR-A dampens the immunostimulatory activities of adjuvants of both 

mammalian and non-mammalian origins and that in these contexts SR-A represents an 

immune suppressor of antigen/tumor-specific T cell responses (Qian et al., 2011; Wang et 

al., 2007).

Monophosphoryl lipid A (MPL) is a chemically modified low toxic LPS that targets TLR4 

signaling and has been tested in multiple vaccine trials (Baldridge et al., 2004). We showed 

that SR-A attenuated antitumor CTL response elicited by ovalbumin (OVA)-MPL 

immunization (Yi et al., 2009). Furthermore, the lack of SR-A appeared to render DCs more 

responsive to LPS stimulation as indicated by elevation of costimulatory molecules and 

production of proinflammatory factors, e.g., tumor necrosis factor α (TNF-α). SR-A-altered 

immunogenicity of DCs in response to TLR4 activation correlates with a previously 

suggested role of SR-A in limiting DC maturation and activation (Becker, Cotena, Gordon, 

& Platt, 2006). Our subsequent studies revealed that SR-A downregulated the activation 

TLR4-NF-κB signaling pathway in DCs by directly interacting with the TNF receptor-

associated factor 6 (TRAF6), resulting in inhibition of TRAF6 dimerization and 

ubiquitination (Yu et al., 2011). Intriguingly, the attenuation of NF-κB activity by SR-A 

appeared to be independent of its ligand-binding domain, suggesting that the signaling-

regulatory feature of SR-A may be uncoupled from its endocytic functions. These results not 

only elucidate a novel mechanism by which SR-A restricts TLR4 activation and consequent 

inflammatory response but also provide molecular basis of SR-A-mediated suppression of 

functional activation of APCs in TLR4-targeting vaccination-induced CTL response. In 

addition to CD8+ T cells, SR-A can also limit the activation of CD4+ T cells by inhibiting 

the function of DCs treated with anti-CD40 antibodies and IFN-γ (Yi et al., 2012).

In light of the fact that the immunogenicity of dying tumor cells increases in SR-A−/− mice, 

we examined the regulatory effect of SR-A in cross-presentation of cell-associated antigen 

using OVA-expressing RM1 prostate tumor model. While SR-A deficiency does not 

significantly influence the phagocytic ability of DCs, SR-A−/− DCs displayed increased 

capacity in cross-presenting OVA antigen from dying RM1 cells and generated a much more 

potent antigen-specific T cell response compared with wild-type DCs, which resulted in 

improved tumor inhibition in both prophylactic and therapeutic settings (Guo, Yi, Yu, Hu, et 

al., 2012).

The immunosuppressive activity of SR-A in antitumor immunity was also supported by 

independent studies from other groups. Inhibition of SR-A by fucoidan, a sulfated 

polysaccharide from the Fucus species and other brown algae that is capable of blocking 

SR-A function (Tateno, Ogawa, Muramoto, Kamiya, & Saneyoshi, 2002), can enhance the 

cross-presentation of NY-ESO-1, a cancer-testis antigen, leading to an increased CTL 

activation against NY-ESO-1 positive cancers (Hu et al., 2010). Herber et al. demonstrated 

that, in tumor-bearing mice and in cancer patients, SR-A-mediated excessive lipid uptake 
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and accumulation in DCs endowed them with tolerogenic properties, which caused a 

profound defect in DC function and impaired antitumor immunity (Herber et al., 2010). This 

study provides an additional insight into the dysfunctional APCs in tumor-bearing host and a 

new mechanism by which SR-A downregulates the immunogenicity of APCs.

APCs, particularly DCs and macrophages, are sentinels distributed throughout the body. 

These cells play a central role not only in maintaining immune tolerance to self-antigens but 

also direct effective immune responses to eliminate “danger,” such as invading pathogens 

(Banchereau & Steinman, 1998). These findings also raise an intriguing question as to 

whether SR-A may be involved in tumor-induced immune tolerance during tumor growth 

and progression. DCs are known to capture antigen from live tumor cells via a “nibbling” 

process that is dependent on cell–cell contact, and this has been shown to be mediated by 

SR-A (Harshyne, Zimmer, Watkins, & Barratt-Boyes, 2003). SR-A was responsible for the 

acquisition and cross-presentation of tumor antigen gp100 from melanoma cells to T cells; 

however, this study did not address the potential significance of this SR-A activity in vivo. It 

is likely that SR-A-mediated transfer of live cell-associated antigen by DCs may lead to 

immune tolerance under a steady state or immune escape during tumor development. It is 

conceivable that the immunoregulatory effect of SR-A may depend on the context of their 

ligation and other receptors engaged simultaneously, as well as factors released from cells. 

Recently, we showed that SR-A is essential for maintenance of tissue homeostasis in a 

mouse model of immune-mediated liver injury (Zuo et al., 2013). Genetic SR-A ablation 

highly sensitized mice to concanavalin A (Con A)-induced hepatitis. Mechanistic studies 

revealed that SR-A on myeloid cells mobilized in response to tissue injury functions as a 

negative regulator limiting the activation of T cells that produce cytotoxic cytokine IFN-γ. 

This result is analogous to our finding of SR-A in suppressing the effector function of 

tumor-specific T cells in cancer immunotherapy. Together, our studies of SR-A in cancer- 

and immune-mediated tissue injury establish SR-A on myeloid cells, including DCs, as a 

key regulator involved in host immune homeostasis and tumor-induced immune tolerance 

(Fig. 1).

2.1.2 Macrophage Receptor with Collagenous Structure—Macrophage receptor 

with collagenous structure (MARCO also referred to as SR-A6) is considered a dominant 

receptor for unopsonized particles and bacteria in the lung (Elomaa et al., 1995; van der 

Laan et al., 1999), due to its restricted expression in distinct populations of macrophages in 

lung, spleen, and lymph node. Most studies have been centered on the role of MARCO in 

the host defense against respiratory tract infections and pneumoconiosis induced by 

crystalline silica or cigarette smoke (Thakur, Hamilton, & Holian, 2008; Thomsen, 

Nordestgaard, Kobzik, & Dahl, 2013). However, several lines of evidence recently 

implicated MARCO as a regulator of DC function and antitumor immunity. An early study 

reported that MARCO was involved in actin cytoskeleton rearrangements during the 

phenotypic and functional maturation of DCs (Granucci et al., 2003). It was shown that 

MARCO was highly elevated in DCs upon pulsing with mouse tumor lysate (Matsushita, 

Komine, Grolleau-Julius, Pilon-Thomas, & Mule, 2010). Intriguingly, treatment of tumor 

lysate-pulsed DCs with anti-MARCO antibodies promoted these cells to traffic to draining 

lymph nodes and facilitated the induction of tumor-reactive IFN-γ producing T cells for 
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tumor inhibition (Matsushita et al., 2010). Komine et al. recently found that MARCO−/− 

DCs displayed increased motility in response to the chemokine CCL-21 in vivo and migrated 

more efficiently after injection into mice (Komine, Kuhn, Matsushita, Mule, & Pilon-

Thomas, 2013). Immunization with tumor lysate-pulsed DCs derived from MARCO−/− 

mice, compared to WT counterparts, significantly enhanced T cell-mediated antitumor 

immune responses and prolonged the survival of B16 melanoma-bearing mice (Komine et 

al., 2013). These observations are generally in line with our results of SR-A function in DC-

induced antitumor immunity. Since MARCO is also expressed on human monocyte-derived 

DCs (Matsushita et al., 2010), the strategies that target MARCO on these cells may improve 

the therapeutic efficacy DC-based anticancer vaccination.

2.1.3 Scavenger Receptor Class A, Member 3 and Member 5 (SCARA3 and 
SCARA5)—Unlike SR-A and MARCO that are primarily expressed in myeloid cells, two 

other class A scavenger receptor, SCARA3 (also referred to as cellular stress response 1 

[CSR1], SR-A3) and SCARA5 (SR-A5), can be detected in a variety of tissues or cells 

(Whelan et al., 2012). The methylation of the Scara3 gene promoter, and to a lesser extent 

downregulation of SCARA3 protein expression, has been associated with a high rate of 

prostate cancer metastasis. Forced overexpression of SCARA3 in prostate cancer cell lines 

(DU145 and PC3) resulted in inhibition of tumor growth and invasion, suggesting that 

SCARA3 may be a potent tumor suppressor gene in prostate cancer (Yu et al., 2006). 

However, analysis of clinical samples from 351 multiple myeloma (MM) patients showed an 

inverse correlation between the level of Scara3 gene, disease progression and favorable 

clinical outcome (Brown et al., 2013). SCARA3 expression in MM can be upregulated by 

ionizing radiation (IR) or chemotherapeutic drugs, which is believed to protect cells from 

oxidative stress by scavenging IR- or drug-generated reactive oxygen species, and therefore 

contribute to the resistance of MM to cancer therapeutics (Brown et al., 2013). Genomic 

analyses suggested that SCARA3 overexpression in ovarian carcinoma and primary 

peritoneal carcinoma correlates with disease progression and recurrence (Bock, Nymoen, 

Brenne, Kaern, & Davidson, 2012; Han, Tokino, & Nakamura, 1998). While the 

discrepancies on SCARA3 association with cancer progression or therapeutic resistance is 

unclear, future studies should examine the protein levels of SCARA3 in patient samples 

using immunohistochemistry, since the studies involving ovarian cancer or MM only 

analyzed the mRNA levels of SCARA3.

SCARA5 is unable to endocytose-modified LDLs, but it can mediate the scavenging of 

serum ferritin from cell surface or iron delivery (Li et al., 2009). SCARA5 expression was 

frequently downregulated in various cancer cell lines and tumor samples (Yan et al., 2012). 

Promoter hypermethylation and allelic imbalance-induced SCARA5 suppression has been 

detected in patient specimens with hepatocellular carcinoma (HCC) (Huang, Zheng, et al., 

2010). Forced SCARA5 overexpression in HCC cell line can reverse its malignant 

phenotype in vitro and suppress its tumorigenesis and metastasis through the focal adhesion 

kinase (FAK)–Src-p130Cas signaling pathway (Huang, Zheng, et al., 2010). Mechanistic 

studies demonstrated that DNA methyltransferase 1 is responsible for the Scara5 promoter 

silence by physically associating with Snail1, a transcription factor that can directly bind to 

the E-box elements in Scara5 promoter. Snail1-mediated SCARA5 suppression in tumor 
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cells is essential for EMT-induced cell migration, a crucial event in cancer metastasis (Liu et 

al., 2013; Son & Moon, 2010). Yan et al. further demonstrated that systemic delivery of 

SCARA5 by using the Scara5-cationic liposome complex markedly inhibited subcutaneous 

glioma tumors and spontaneous lung tumors in mice (Yan et al., 2012). Upregulation of 

SCARA5 also resulted in the inactivation of signal transducer and activator of transcription 

3 (STAT3), as well as downregulation of STAT3-regulated genes that have been implicated 

in tumor progression and metastasis, including cyclinB1, cyclinD1, AKT, survivin, VEGF-

A, and MMP9 (Yan et al., 2012). These studies provide a rationale for using SCARA5 as a 

therapeutic agent for potential cancer control.

2.2 Class B Scavenger Receptor

2.2.1 Thrombospondin Receptor CD36—CD36 (also referred to as SR-B2), initially 

identified as a receptor for thrombospondin (TSP), is the prototype class B scavenger 

receptor (Asch, Barnwell, Silverstein, & Nachman, 1987). As one of the most widely 

studied scavenger receptors, CD36 plays an important role in the recognition and endocytic 

uptake of oxidized phospholipids, modified LDL, apoptotic cells, or amyloid proteins 

(Stewart et al., 2010), and is involved in the regulation of many aspects of inflammatory 

processes in atherosclerosis and Alzheimer’s disease (Endemann et al., 1993; Philips, Rubin, 

& Perrimon, 2005; Ren, Silverstein, Allen, & Savill, 1995; Sun et al., 2006). Since TSP-1/2, 

the ligands of CD36, are the potent endogenous inhibitors of angiogenesis, the role of CD36 

in controlling tumor neovascularization has been studied (Hale et al., 2012). On endothelial 

cells, the interaction between CD36 and TSP-1/2 initiated sequential intracellular signaling 

cascades involving phosphorylation of nonreceptor tyrosine kinase Fyn, the mitogen-

activated protein kinase (MAPK) p38 and c-Jun N-terminal kinase, which resulted in the 

activation of proapoptotic signals such as caspase 3 cleavage, induction of Fas/Fas ligand 

and TNF-α (Jimenez et al., 2000; Simantov, Febbraio, & Silverstein, 2005; Volpert et al., 

2002). Genetic depletion of Cd36 gene in mice enhanced the growth of syngeneic tumors, 

associated with increased tumoral vascularity (Hale et al., 2012). Given the importance of 

TSP-mediated suppression of tumor angiogenesis, a TSP-2 and IgG-Fc fusion protein (N-

TSP2-Fc) was administrated to mice-bearing human breast tumor xenografts (MDA-

MB-435, MDA-MB-231). N-TSP2-Fc significantly inhibited the growth and metastasis of 

breast tumors in a CD36-dependent manner (Koch et al., 2011).

Low-CD36 expression has been associated with higher metastasis grade or worse prognosis 

in colon cancer, breast cancer, and ovarian cancer (Rachidi, Qin, Sun, Zheng, & Li, 2013; 

Uray, Liang, & Hyder, 2004). It was shown that the highly aggressive breast tumor MDA-

MB-231 expresses much less CD36 than the less aggressive MCF-7 and T47-D cells (Uray 

et al., 2004). This may be explained by the binding capacity of CD36 for collagen in 

extracellular matrix (ECM). Low expression of CD36 may reduce tumor cell adhesion to 

ECM, thus causing increased cell mobility and metastatic potential (Uray et al., 2004). 

Paradoxically, the expression level of CD36 in glioblastoma was found to negatively 

correlate with patient prognosis (Hale et al., 2014). Interestingly, CD36 appeared to be 

enriched on a subset of glioblastoma cancer stem cells (CSCs). CD36 reduction resulted in 

concomitant loss of self-renewal and tumor initiation capacity in these cells (Hale et al., 
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2014), suggesting that the selectively enhanced expression of scavenger receptors, such as 

CD36, may provide survival, and metabolic advantages in CSCs.

CD36 has been called “fatty acid translocase” due to its abundant presence in cell types 

involved in fatty acid metabolism, such as adipocytes, hepatocytes, cardiomyocytes, and 

intestinal enterocytes (Coburn et al., 2000; Drover et al., 2008; Zhou et al., 2008). CD36-

mediated binding and transportation of long-chain fatty acids may facilitate intracellular 

lipid accumulation, a hallmark of aggressive cancer cells (Nieva et al., 2012). Surprisingly, a 

recent study showed that repressed CD36 expression in fibroblast from mammary tissue is 

responsible for pathologic changes in mammary gland hyperplasia and breast cancer, 

including impaired adipocyte differentiation, excessive ECM deposition, and is associated 

with increased risk of aggressive breast cancer in patients (DeFilippis et al., 2012). This 

finding underscores a crucial role of the pro-oncogenic tissue state via repression of CD36 in 

supporting tumorigenesis and suggests that strategies to modulate CD36 may help prevent 

the progression of breast cancer in women who are at high risk. While the mechanism 

underlying tumorigenesis promoted by the repression of CD36 is not completely understood, 

it is clear from steatohepatitis and obesity models that aberrant fatty acid levels can 

upregulate CD36 expression and affect the activity of CD36 in nonadipose cells, e.g., 

cardiomyocytes and vascular smooth muscle cells (Angin et al., 2012; Lau, Chu, & Weiss, 

2004). Further studies are necessary to define whether dysregulated lipid metabolism may 

alter the expression of CD36 and its function during cancer development.

2.2.2 Scavenger Receptor Class B, Member 1 (SR-BI)—Scavenger Receptor Class 

B, Member 1 SR-BI (also known as SCARB1 or SR-B1) was the first identified receptor for 

high-density lipoprotein (HDL). SR-BI and CD36 share considerable sequence homology 

and mediate the transport of modified LDL, native HDL, and very low-density lipoprotein 

(VLDL). SR-BI is ubiquitously expressed in multiple tissues, but it is more densely 

expressed in organs involved in cholesterol metabolism, e.g., liver, adrenal, and gonad 

(Landschulz, Pathak, Rigotti, Krieger, & Hobbs, 1996; Nakagawa-Toyama et al., 2005). 

HDL is one of the major carriers for cholesterol, which is an important regulator of cancer 

development (Cruz, Mo, McConathy, Sabnis, & Lacko, 2013). Epidemiologic studies 

suggest that low levels of HDL cholesterol and HDL particles are risk markers of cancer 

development and prognosis (Kotani et al., 2013; Vilchez, Martinez-Ruiz, Sancho-Rodriguez, 

Martinez-Hernandez, & Noguera-Velasco, 2014). As the primary receptor responsible for 

the selective internalization of cholesteryl ester from HDL molecules, the role of SR-BI in 

cancer development recently received increasing attention.

Abundant expression of SR-BI, which participates in selective uptake of HDL-cholesteryl 

ester (HDL-CE), has been observed in human choriocarcinoma cells, malignant human 

epithelial cells, prostate cancer cells, breast cancer cells, and hepatoma cells (Graf, Roswell, 

& Smart, 2001; Mooberry, Nair, Paranjape, McConathy, & Lacko, 2010; Wadsack, 

Hirschmugl, et al., 2003; Wadsack, Hrzenjak, et al., 2003). In breast cancer, SR-BI protein 

levels were found to be significantly elevated in malignant tissues compared with 

surrounding histologically disease-free tissues (Cao et al., 2004). Overexpression of SR-BI 

protected breast cancer MCF-7 cells against TNF-α-induced apoptosis, whereas expression 

of the extracellular domain of SR-BI (amino acids 1–464) significantly inhibited the cell 
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proliferation (Cao et al., 2004). This truncated SR-BI retained the HDL uptake capacity, but 

lacked the C-terminal intracellular region that is believed to regulate HDL signaling, 

indicating that SR-BI may be able to define the growth behavior of breast cancer cells in the 

presence of HDL. Another study revealed that SR-BI-mediated AKT signaling was required 

for sustained proliferation, mobility, and invasiveness of breast cancer cells in response to 

stimulation of HDL-CE (Danilo et al., 2013).

Cholesterol is the precursor of bioactive steroid hormones, such as androgen. Prostate cancer 

patients who have received androgen deprivation therapy commonly develop recurrence that 

is more aggressive and castration resistant. SR-BI expression was significantly elevated 

upon progression to castration-resistance in the LNCaP xenograft model, suggesting an 

essential role that SR-BI may play in regulation of cholesterol uptake during prostate cancer 

development and progression (Leon et al., 2010). Recently, small-interfering RNA (siRNA)-

mediated downregulation of SR-BI was reported to effectively inhibit the production of 

prostate-specific antigen, and the viability of prostate cancer cells, implicating a possible 

therapeutic effect of SR-BI in the treatment of the castration-resistant disease (Twiddy, Cox, 

& Wasan, 2012).

2.3 Class D Scavenger Receptor

CD68, also known as macrosialin in mice, is the only known member of the class D 

scavenger receptors. CD68 is a glycosylated type I membrane protein that belongs to the 

lysosome-associated membrane protein family of molecules (Song, Lee, & Schindler, 2011). 

CD68 is predominantly expressed in late endosomes and lysosomes of macrophages, but is 

also found on the surface of DCs and osteoclasts (Jiang et al., 1998; Ramprasad et al., 1995). 

CD68 has been widely used as a pan-macrophage marker (Holness & Simmons, 1993). 

Increased macrophage (CD68+) index is associated with high vascularity and nodal 

metastasis, as well as reduced overall survival in human breast cancer (Leek et al., 1996). In 

a large cohort study involving 1322 patients with breast cancer, higher numbers of CD68+ 

macrophages predicted worse breast cancer-specific survival and a shorter disease-free 

interval (Mahmoud et al., 2012). A multicenter study also suggested that patients with lower 

CD68+ TAMs level showed improved metastasis-free survival (Jezequel et al., 2012), which 

further supports the predictive value of CD68+ TAMs in human breast cancer. Recently, 

multivariate analyses showed that the number of CD68+ cells was also an independent and 

significant factor for poor prognosis in patients with myxoid liposarcoma (Nabeshima et al., 

2015).

Angiogenesis is a critical event in tumor growth and metastasis. The high density of CD68+ 

TAMs is accompanied with high stromal and serum levels of VEGF. There is an association 

between expressions of CD68 and Ras in the angiogenesis of breast cancer (Li et al., 2015). 

Upregulation of VEGF in macrophages by IR is believed to decrease the antitumor efficacy 

of radiotherapy (Meng et al., 2010), suggesting that the CD68+ TAMs may also be an 

indicator for the outcome of cancer treatment, such as radiotherapy. Despite its wide use as a 

predictor for cancer prognosis, the functions of CD68 in TAMs, the major inflammatory 

component of the tumor stroma, are largely unknown.
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2.4 Class E Scavenger Receptor

2.4.1 Lectin-Like Oxidized LDL Receptor 1—Lectin-like oxidized LDL receptor 1 

(LOX-1), also called oxidized low-density lipoprotein receptor 1 (OLR1), is a major class E 

scavenger receptor for oxLDL, advanced glycation end products (AGEs), bacteria, and 

apoptotic cells (Huysamen & Brown, 2009; Oka et al., 1998; Sawamura et al., 1997; 

Shimaoka et al., 2001). LOX-1 is primarily expressed in endothelial cells, cardiomyocytes, 

smooth muscle cells, B cells, macrophages, DCs, and platelets (Delneste et al., 2002; Dunn 

et al., 2008; Huysamen & Brown, 2009; Jeannin et al., 2005; Joo et al., 2014; Nickel et al., 

2009). LOX-1 has been implicated in multiple physiological and pathophysiological 

processes, e.g., lipid metabolism, cholesterol biosynthesis, and atherogenesis (Huysamen & 

Brown, 2009; Mehta et al., 2007). Recent studies identified LOX-1 as a possible link 

between obesity, dyslipidemia, and cancer (Hirsch et al., 2010; Khaidakov et al., 2011). 

Hirsch and colleagues conducted a study to identify the cancer cell-specific transcriptional 

signature by comparing the oncogene Src or telomerase/Ras transformed mammary 

epithelial cells (MCF10A) or primary fibroblasts with their parental nontransformed cells 

(Hirsch et al., 2010). This signature revealed several common genes related to metabolic 

disorders, inflammation and carcinogenesis, indicating the importance of lipid metabolism 

in cellular transformation. Interestingly, upregulation of LOX-1 in the transformed cells was 

shown to contribute to the cellular transformation and maintenance of the transformed state 

by stimulating inflammatory signaling (e.g., IL-6, IL-8, and IL-1β) and hypoxia-regulated 

pathways (VEGF, HIF-1α, carbonic anhydrase 9) in an NF-κB-dependent manner. LOX-1 

knockdown or blockade in transformed cells impaired their anchorage-independent growth, 

cell migration as well as invasion. In addition to supporting tumor growth in mouse 

xenograft models, LOX-1 was shown to be highly expressed in the patient specimens with 

late stage metastatic breast cancer and prostate cancer. These results provide supporting 

evidence that the activation of LOX-1 pathway may be a major event in tumorigenesis.

This hypothesis was tested further by Khaidakov et al. using a LOX-1 deficient mouse 

model (Khaidakov et al., 2011). LOX-1 abrogation resulted in broad suppression of NF-κB-

targeted genes that are related to cell proliferation, migration, apoptosis, angiogenesis, and 

immune defense. Deficiency of LOX-1 also caused profound inhibition of rate-limiting 

enzymes involved in lipogenesis. Overexpression of LOX1 activated an NF-κB-dependent 

anti-apoptosis pathway (BCL2, BCL2A1, and TNFAIP3) as well as lipogenesis in MCF10A 

normal mammary epithelial cells and HCC1143 breast cancer cells, suggesting that LOX-1 

acts as an oncogene promoting tumorigenesis (Khaidakov et al., 2011). Supporting evidence 

also came from a study showing that upregulation of endothelial LOX-1 by TNF-α 

facilitated the adhesion and trans-endothelial migration of MDA-MB-231 breast cancer cells 

(Liang, Zhang, & Fu, 2007).

Several studies have documented the involvement of LOX-1 in host immune responses, 

especially T cell immunity (Delneste et al., 2002; Jeannin et al., 2005; Joo et al., 2014; 

Parlato et al., 2010). LOX-1 on DCs can capture PAMPs and collaborate with TLR2 to 

activate DCs for enhanced cellular responses (Jeannin et al., 2005). In addition, LOX-1 on 

mouse or human DCs functions as a receptor for Hsp60 (Xie et al., 2010) and Hsp70 

(Delneste et al., 2002; Theriault, Adachi, & Calderwood, 2006). LOX-1 was shown to 
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mediate the delivery of Hsp60-fused antigen into the MHC class I presentation pathway (Xie 

et al., 2010). Anti-LOX-1-neutralizing antibodies can inhibit Hsp70 binding to DCs, Hsp70-

induced antigen cross-presentation, as well as subsequent antigen-specific CD8+ T cell 

response for tumor inhibition (Delneste et al., 2002). Furthermore, human monocyte-derived 

DCs capture antigens for cross-presentation via LOX-1 and a LOX-1-dependent pathway is 

essential for IFN-α to render DCs fully competent for cross-priming CD8+ effector T cells 

(Parlato et al., 2010). A recent study highlighted combined expression of LOX-1 on DCs 

and B cells in supporting humoral responses (Joo et al., 2014). While LOX-1 signaling on 

DCs promotes B cell differentiation via the production of the TNF superfamily ligands 

APRIL and BAFF, LOX-1 signaling on B cells upregulates C–C chemokine receptor type 7 

(CCR7), promoting cellular migration toward lymphoid tissues. Together, these findings 

suggest that LOX-1 may be exploited for the rational design of novel cancer vaccines to 

augment both cellular and humoral immunity.

2.4.2 β-Glucan Receptor Dectin-1—β-Glucan, a naturally derived polysaccharide 

present in the cell walls of plants, bacteria, and fungi including mushrooms, has been shown 

to stimulate the function of innate immune cells, e.g., macrophages, DCs, granulocytes, 

natural killer (NK) cells, and augment adaptive immune responses that inhibit tumor growth 

and metastasis (Lee & Kim, 2014; Yoon, Koppula, & Lee, 2013). β-Glucan has been 

approved as an immunoadjuvant therapeutic for cancer treatment in some countries (Ina, 

Kataoka, & Ando, 2013; Wang, Bi, Zou, & Gu, 2012). A recent study has shown that β-

Glucan exerts multiple antitumor effects in a Dectin-1-dependent manner (Aleem, 2013). 

Increased tumor growth and lung metastasis was observed in Dectin-1−/− mice with 

subcutaneous B16 melanomas as compared with WT mice (Chiba et al., 2014).

Dectin-1, a type II transmembrane protein with a C-type lectin-like carbohydrate recognition 

domain, is the major β-Glucan receptor on myeloid DCs, macrophages, monocytes, and B 

cells (Agrawal, Gupta, & Agrawal, 2010). Dectin-1 has been shown to induce NF-κB-

targeted inflammatory cytokines in cooperation with TLR2/TLR6 upon β-Glucan 

stimulation (Moreira et al., 2011; Yadav & Schorey, 2006). Unlike other scavenger 

receptors that lack conserved signaling motif, Dectin-1 in DCs can directly trigger 

production of inflammatory cytokines (TNF-α, IL-6, IL-2, IL-23) through its cytoplasmic 

domain containing an immunoreceptor tyrosine-based activation motif (ITAM), 

phosphorylation of downstream kinase Syk, and adaptor protein caspase recruitment domain 

9 (CARD9), thus inducing the Th17 and Th1 responses (Carter, Thompson, Reid, Wong, & 

Tough, 2006b; LeibundGut-Landmann et al., 2007; Strasser et al., 2012; Taylor et al., 2007). 

In addition to inducing the differentiation of naïve CD4 T cells into Th17 cells, Dectin-1 is 

able to directly trigger the secretion of IL-17 from TCRγδ T cells, which are essential for 

antifungal immunity (Martin, Hirota, Cua, Stockinger, & Veldhoen, 2009).

Dectin-1 engagement can also drive CD8+ T cell responses. Curdlan, a selective β-Glucan 

agonist and a ligand for Dectin-1, is a potent adjuvant to prime the expansion and 

differentiation of CTL precursors in vitro and in vivo (Leibundgut-Landmann, Osorio, 

Brown, & Reis e Sousa, 2008). Antibody-mediated Dectin-1 ligation induces CTL, CD4+ T 

cell, and antibody responses, which protected mice against melanoma challenge 

(Leibundgut-Landmann et al., 2008). A recent study showed that Dectin-1 contributes to NK 
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cell-mediated tumor killing (Chiba et al., 2014). Upon recognition of the N-Glycan 

structures that are highly expressed on tumor cells, Dectin-1-Syk pathway triggers nuclear 

translocation of IRF5 and induction of genes (e.g., Fam26f) that are known to enhance the 

tumoricidal activity of NK cells. Therefore, the ability of Dectin-1 to mobilize both innate 

and adaptive components of the host immune system makes it a promising target for cancer 

immunotherapy.

2.5 Class F Scavenger Receptor

Scavenger receptor expressed by endothelial cells-I (SREC-I), also named scavenger 

receptor class F, member 1 (SCARF1), was identified as an endothelial receptor for 

modified LDL (Adachi, Tsujimoto, Arai, & Inoue, 1997). A recent study showed that 

SREC-I, similar to CED-1, was involved in the clearance of apoptotic cells (Ramirez-Ortiz 

et al., 2013). SREC-I is also expressed in phagocytic cells (e.g., macrophages, DCs) and 

functions to bind immunostimulatory HSPs, including calreticulin (Berwin, Delneste, 

Lovingood, Post, & Pizzo, 2004), Hsp70 (Theriault et al., 2006), Hsp90 (Murshid, Gong, & 

Calderwood, 2010), Hsp110, and Grp170 (Facciponte et al., 2007). The early study showed 

that Hsp70 isolated from tumor-DC fusions (Hsp70.PC-F) were highly immunogenic and 

induced potent antitumor immunity (Enomoto et al., 2006). Although SREC-I is present at 

relatively low levels in murine bone marrow-derived DCs, its expression is elevated upon 

exposure to the Hsp70 vaccine (Gong et al., 2009). This study also demonstrated that SREC-

I together with TLRs is required for T cell responses generated by Hsp70.PC-F vaccine, 

indicating a positive cross-talk between these two sets of PRRs (Gong et al., 2009). Indeed, 

a tightly orchestrated cooperation between signaling and endocytic PRRs involving SREC-I, 

SR-A, and TLR2 during the recognition of the hepatitis C virus by DCs was recently 

reported (Beauvillain et al., 2010).

Molecular studies revealed that SREC-I-mediated internalization of Hsp90–OVA peptide 

complexes through a Cdc42-regulated, dynamin-independent endocytic pathway. These 

Hsp90 complexes were transported from the GPI-anchored protein-enriched early 

endosomal compartment to recycling endosomes. Peptides that did not require additional 

processing were loaded directly onto MHC class I in endosomes, whereas extended peptides 

were targeted for cytosomal processing by aminopeptidases and proteases (Murshid et al., 

2010). The requirement of cytosomal processing pathway for generating antigenic peptide 

epitopes from extended polypeptides carried by HSPs is consistent with our recent study of 

Grp170-enhanced cross-presentation of melanoma antigen gp100 (Wang, Chang, et al., 

2013). We demonstrated that Grp170 efficiently facilitated the gp100 protein access to the 

ER. The interaction of gp100 with molecular components involved in ER-associated protein 

dislocation and/or degradation, strengthened by Grp170-based chaperoning, resulted in 

cytosolic translocation of tumor antigen for ubiquitination and proteasome-dependent 

processing (Wang, Chang, et al., 2013). However, whether SREC-I is involved in 

transporting or directing of internalized Grp170-gp100 complex to the ER, and required for 

resultant activation of tumor antigen-specific CTLs remains to be determined.

Yu et al. Page 14

Adv Cancer Res. Author manuscript; available in PMC 2016 June 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.6 Class G Scavenger Receptor

Scavenger receptor for phosphatidylserine and oxidized lipoprotein (SR-PSOX), the single 

family member of class G scavenger receptor, not only binds phosphatidylserine and 

oxidized lipoprotein but also functions as a chemokine named CXC chemokine ligand 

(CXCL) 16, which can recruit NKT cells, T cells via interacting with the orphan G-protein 

coupled chemokine receptor CXCR6 (Geissmann et al., 2005; Kim et al., 2001; Matloubian, 

David, Engel, Ryan, & Cyster, 2000; Shimaoka et al., 2000). The transmembrane form of 

SR-PSOX/CXCL16 (TM-CXCL16) is mainly expressed on macrophages, DCs, monocytes, 

B cells, liver sinusoidal endothelial cells, and various types of tumor cells, where it acts as 

an adhesion molecule to promote the activation of antigen-specific, primary and secondary T 

cell responses (Heydtmann et al., 2005; Matsumura & Demaria, 2010; Matsumura et al., 

2008). SR-PSOX/CXCL16 was shown to facilitate interaction between DCs and CD8+ T 

cells, and to guide T cell movements in the splenic red pulp (Matloubian et al., 2000). 

Additionally, binding and scavenging of both Gram-negative and Gram-positive bacteria by 

the membrane-anchored form of CXL16 on macrophages or DCs are dependent on its 

chemokine domain, indicating an important role of TM-CXCL16 in the host defense 

involving both innate and adaptive responses (Shimaoka et al., 2003). There also exists a 

soluble form of SR-PSOX/CXCL16 (sCXCL16) with similar chemotactic activity, which is 

generated by constitutive or inducible cleavage through the activation of cell surface 

disintegrin-like metalloproteinases ADAM10 and ADAM17 (Abel et al., 2004; Pupovac, 

Foster, & Sluyter, 2013; Schramme, Abdel-Bakky, Kampfer-Kolb, Pfeilschifter, & Gutwein, 

2008). Shedding of SR-PSOX/CXCL16 from cell surface can be triggered by the treatment 

with TNF-α, IL-1β, IFN-γ, phorbol 12-myristate 13-acetate (PMA), extracellular ATP, or 

radiation (Gutwein et al., 2009; Matsumura & Demaria, 2010; Pupovac et al., 2013).

SR-PSOX/CXCL16 and its binding partner CXCR6, as well as its processing enzyme 

ADAM10 and ADAM17, are overexpressed in many tumor cells, including prostate, breast, 

colorectal, gastric, liver, ovarian, pancreatic, cervical, lung cancer, glial tumors, and Ewing 

sarcoma (Gooden et al., 2014; Hattermann, Held-Feindt, Ludwig, & Mentlein, 2013; Huang, 

Zhang, Cui, Zhao, & Zheng, 2013; Na et al., 2014; Wente et al., 2008). Increasing evidence 

supports the involvement of sCXCL16 in tumor progression, e.g., promoting proliferation, 

migration, and invasiveness of CXCR6+ cancer cells (Lu et al., 2008; Schramme et al., 

2008; Xing et al., 2012). The elevated level of sCXCL16 in serum has been considered an 

independent predictor for poor survival in ovarian cancer patients and those with colorectal 

cancer who have developed the recurrence of liver metastases (Gooden et al., 2014; 

Matsushita et al., 2012). Independent studies also support the association of SR-PSOX/

CXCL16 with poor prognosis in various cancers. Analysis of 354 prostate cancer samples 

revealed that SR-PSOX/CXCL16 expression was significantly increased in patients with 

perineural invasion, lymph node and bone metastasis, large tumor burden, and high 

pathological disease stage (Ha et al., 2011). In 92 patient samples of epithelial ovarian 

cancer, expression of SR-PSOX/CXCL16 and CXCR6 was significantly related to lymph 

node metastasis and reduced median survival (Guo, Cui, Zhang, & Huang, 2011). Studies 

using 461 specimens from 12 different cancers indicated that the elevation of SR-PSOX/

CXCL16 and CXCR6 on both tumor cells and adjacent T cells may facilitate the formation 

of proinflammatory TME via recruiting tumor-infiltrating leukocytes, which enhances tumor 
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cell proliferation and invasiveness (Darash-Yahana et al., 2009). The involvement of 

sCXCL16 in promoting neutrophil infiltration, angiogenesis, and formation of tumor-

promoting inflammatory environment has also been shown in HCC patients (Gao et al., 

2012).

A feed-forward signaling loop between tumor cells and mesenchymal stem cells (MSCs), 

which can be triggered by the engagement of CXCL16-CXCR6, was recently proposed 

(Chaturvedi, Gilkes, Takano, & Semenza, 2014; Jung et al., 2013). Tumor cell-produced 

sCXCL16 recruits CXCR6+ MSCs to the tumor site. CXCL12 secreted from these recruited 

MSCs will in turn bind to its receptor CXCR4 on tumor cells, resulting in enhanced cancer 

invasiveness and metastasis (Chaturvedi et al., 2014; Jung et al., 2013). Another study 

showed that activation of CXCL16-CXCR6 axis enhanced prostate cancer progression and 

metastasis, which was associated with the upregulation of proangiogenic factor IL-8 and 

VEGF that depended on the CXCR6/AKT/mTOR signaling pathway (Wang, Lu, Koch, 

Zhang, & Taichman, 2008).

A different finding was made in studies that involved 104 patient samples of renal cell 

carcinoma (RCC) and 58 samples of colorectal carcinoma (CRC) (Gutwein et al., 2009; 

Hojo et al., 2007). In these two studies, TM-CXCL16 correlated inversely with tumor stage 

and a high level of tumoral TM-CXCL16 appeared to be a prognostic marker for long-term 

survival. Immunohistochemistry and flow cytometry analyses showed that SR-PSOX/

CXCL16 was located predominantly in the membrane and cytosol of RCC cell lines 

(Gutwein et al., 2009). In line with these clinical data, overexpression of TM-CXCL16 in 

breast cancer MDA-MB-231 cells suppressed their invasiveness in vitro and tumorigenesis 

in vivo (Fang et al., 2014). IR can upregulate the expression of TM-CXCL16 and promote 

the shedding of sCXCL16, which results in improved therapeutic efficacy by recruiting 

CD8+CXCR6+ effector T cells (Matsumura & Demaria, 2010; Matsumura et al., 2008). 

These results clearly demonstrate the different functions of SR-PSOX/CXCL16 in various 

cancers or therapeutic settings. Understanding the context-dependent activities of SR-PSOX/ 

CXCL16 is essential for developing therapeutics to block cancer progression and invasion.

2.7 Class H Scavenger Receptor

Stabilin-1, also referred to as Fasciclin, epidermal growth factor-like and lamin-type 

epidermal growth factor-like, and link domain-containing scavenger receptor-1 (FEEL-1), or 

common lymphatic endothelial and vascular endothelial receptor-1 (CLEVER-1), and 

stabilin-2/FEEL-2 are the current known class H scavenger receptor members (Adachi & 

Tsujimoto, 2002; Irjala et al., 2003; Politz et al., 2002). Stabilin-1 and stabilin-2, which bind 

several ligands, including oxLDL, acLDL, hyaluronan (HA), heparin, and matricellular 

protein such as secreted protein acidic and rich in cysteine (SPARC), play important roles in 

clearance of these “unwanted” self-substances (Qian et al., 2009; Rost & Sumanas, 2014; 

Workman & Sage, 2011). Stabilin-1 was also reported to bind Hsp70–peptide complexes 

and mediate its internalization (Theriault et al., 2006). However, its role in modulating 

Hsp70 vaccine-induced antitumor immune response is unknown. Stabilin-1 and stabilin-2 

are constitutively present on tissue resident macrophages, lymphatic endothelial cells, and 

sinusoidal endothelial cells in bone marrow and liver (Qian et al., 2009; Shetty et al., 2011). 
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However, their expression changes on vasculature at the sites of chronic inflammation or 

tumor, where they mediate the trafficking of lymphocytes, granulocytes, and monocytes to 

the inflamed tissues (David et al., 2012; Karikoski et al., 2009).

An early study suggested stabilin-1 as a multifunctional scavenger receptor that could link 

endocytic clearance, intracellular sorting, and transcytosis in macrophages (Kzhyshkowska 

& Krusell, 2009). SPARC, a nonstructural glycoprotein crucial for angiogenesis, wound 

healing, and tissue remodeling, plays a significant role in altering cancer cell activity and 

remodeling the TME (Nagaraju, Dontula, El-Rayes, & Lakka, 2014). Given that stabilin-1+ 

macrophages can actively uptake and degrade circulating SPARC, it is conceivable that 

aberrant clearance of SPARC may contribute to tumor progression and metastasis (Nagaraju 

et al., 2014). Indeed, the expression of stabilin-1 in TAMs decreased during the progression 

of glioma and melanoma (David et al., 2012). Stabilin-1 on liver sinusoidal endothelial cells 

was shown to preferentially facilitate the recruitment of CD4+FoxP3+ regulatory T cells 

(Treg) to the liver tissue with HCC, which could disable the immune effector functions and 

facilitate tumor escape (Shetty et al., 2011).

The role of stabilin-1 in tumor growth was further validated using cell-specific stabilin-1 

knockout mice (Karikoski et al., 2014). Elevation of stabilin-1 in tumor vasculature 

enhanced the binding of immunosuppressive leukocytes to the intratumoral blood vessels 

and promoted tumor cell trafficking via the lymphatics. Growth of primary tumors, not of 

metastases, was inhibited in mice that lacked stabilin-1 in macrophages or in vascular 

endothelium. The absence of functional stabilin-1 resulted in diminished tumor infiltration 

by immunosuppressive leukocytes and suppressed tumor progression, suggesting that 

stabilin-1 represents a novel target for overcoming immune evasion and blocking lymphatic 

spread of cancer (Karikoski et al., 2014).

HA, a major component of the ECM, is highly increased in tumor progression, which 

correlates with high tumor grade and poor prognosis (Karbownik & Nowak, 2013). The 

binding of HA to its receptor activates signaling pathways that stimulate cell proliferation, 

invasiveness, multidrug resistance, and EMT in many tumors (Workman & Sage, 2011). 

Antibody blockade or genetic ablation of stabilin-2, which disrupted HA–stabilin-2 

interaction, led to elevated circulating HA levels and prevented tumor metastasis (Sironen et 

al., 2011), suggesting that functional inhibition of stabilin-2 may be a potential approach to 

suppressing tumor progression. In addition, stabilin-2 expression levels have been linked to 

the outcome of cancer patients. Tissue microarray analysis of 296 samples from patients 

with HCC showed that loss of stabilin-2 expression in peritumorous liver tissue correlated 

with increased survival (Geraud et al., 2013). Based on its differential expression in prostate 

cancer patients versus healthy controls, stabilin-2 has been identified as a potential early 

diagnostic biomarker for detecting indolent and advanced prostate cancer (Neuhaus et al., 

2013).

2.8 Class I Scavenger Receptor

CD163 is the prototype class I scavenger receptor for haptoglobin–hemoglobin (Hp–Hb) 

complexes. CD163 is exclusively expressed on monocytes/macrophages or hematopoietic 

malignancies with monocytic/ histiocytic differentiation (Nguyen et al., 2005). CD163 
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expression is tightly regulated by inflammatory responses, where anti-inflammatory signals 

(e.g., IL-10, glucocorticoid) induce CD163 expression, but proinflammatory signals (e.g., 

LPS, TNF-α, IFN-γ) suppress CD163 synthesis (Buechler et al., 2000). Studies of CD163 

regulation in multiple tumor models indicate that the high level of CD163 is a feature of 

macrophages undergoing differentiation toward the “alternatively activated” M2 phenotype 

(Edin et al., 2012; Fujimura, Kambayashi, Furudate, Kakizaki, & Aiba, 2013; Gordon & 

Martinez, 2010; Komohara, Ohnishi, Kuratsu, & Takeya, 2008; Tiainen et al., 2014; van 

Dongen et al., 2010). CD163-involved macrophage polarization may be related to its 

function of scavenging Hp–Hb complexes. Release of Hb into plasma is a phenomenon 

occurred during physiologic or pathologic intravascular hemolysis, e.g., inflammation and 

hemorrhage in the tumor. Free form of Hb in the circulation forms complexes with plasma 

glycoprotein Hp, which results in the high-affinity interaction of CD163 with Hp–Hb 

complexes in a calcium-dependent manner (Madsen et al., 2004). The binding of the 

complexes to CD163+ TAMs stimulates the induction of stress-responsive hemo 

oxygenase-1 (HO-1), a hemedetoxification enzyme that is also involved in macrophage 

polarization toward an M2 phenotype and important for production of anti-inflammatory 

cytokine IL-10 (Naito, Takagi, & Higashimura, 2014; Sierra-Filardi, Vega, Sanchez-Mateos, 

Corbi, & Puig-Kroger, 2010; Weis, Weigert, von Knethen, & Brune, 2009). Thus, the 

CD163–HO-1–IL-10 axis may be an important contributor to the formation of 

immunosuppressive TME.

CD68 and CD163 are often used to identify macrophages in tissue sections (Kong et al., 

2013). Compared to CD68 that is commonly used as a pan-macrophage marker (Holness & 

Simmons, 1993), CD163 is regarded as a specific monocyte/macrophage marker for M2 

macrophages (Ambarus et al., 2012; Lau et al., 2004; Qian & Pollard, 2010). The presence 

of CD163+ macrophages was suggested to have a stronger association with less favorable 

clinicopathological features than CD68+ macrophages (Medrek, Ponten, Jirstrom, & 

Leandersson, 2012). Numerous studies demonstrate that elevated CD163 expression 

correlates with advanced cancer stages, unfavorable prognosis, early distant recurrence, and 

reduced patient survival in various types of cancer, which include melanoma (Jensen et al., 

2009), meningioma (Kanno et al., 2013), breast cancer (Mansfield, Heikkila, von Smitten, 

Vakkila, & Leidenius, 2012; Shabo, Stal, Olsson, Dore, & Svanvik, 2008; Tiainen et al., 

2014), colorectal cancer (Edin et al., 2012; Shabo, Olsson, Elkarim, Sun, & Svanvik, 2014), 

oral squamous cell carcinoma (He, Bao, et al., 2014; Wang et al., 2014), ovarian carcinoma 

(Reinartz et al., 2014), HCC (Kong et al., 2013), angiosarcoma (Fujimura et al., 2013), 

glioma (Komohara et al., 2008), and gastrointestinal stromal tumors (van Dongen et al., 

2010), and hematopoietic malignancies, such as T cell leukemia/lymphoma (Komohara et 

al., 2013), acute myeloid leukemia (Garcia, Gardner, & Reichard, 2008), and classical 

Hodgkin lymphoma (Klein et al., 2014; Koh, Park, Yoon, Suh, & Huh, 2014). A recent 

study showed that relapse of head and neck cancer after chemoradiotherapy also correlated 

with CD163+ macrophages in primary tumor and CD11b+ myeloid cells in recurrences 

(Balermpas et al., 2014).

Several studies reported that the tumor cell itself in breast cancer, rectal cancer, bladder 

cancer, and meningioma expresses CD163 and that the CD163 levels are associated with 

metastatic grade, early recurrence, and reduced patient survival (Kanno et al., 2013; 
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Maniecki et al., 2012; Shabo, Olsson, Sun, & Svanvik, 2009; Shabo et al., 2008). It was 

found that IR-induced CD163 expression on tumor cells rendered these cells more resistant 

to radiotherapy (Shabo et al., 2008). Two mechanisms have been proposed to explain how 

tumor cells express macrophage surface markers such as CD163, which include the 

heterotypic cell fusion of cancer cells with TAMs or a generic molecular exchange between 

those cells via exosome-mediated transfer (Shabo & Svanvik, 2011). CD163+ tumor cells 

are also suggested to constitute a subpopulation of cancer cells, which are associated with 

EMT and increased metastatic activity induced by TAMs. Upregulation of granulocyte 

colony-stimulating factor (G-CSF) is believed to be responsible for suppressed apoptosis 

and enhanced proliferation in CD163+ tumor cells (Kanno et al., 2013).

CD163 was recently identified as a receptor for TNF-like weak inducer of apoptosis 

(TWEAK), a member of the TNF superfamily that is involved in proinflammatory 

responses, proangiogenesis, and tissue remodeling (Bover et al., 2007; Michaelson & 

Burkly, 2009; Moreno et al., 2009). In tumor cells, binding of TWEAK to its receptor FGF-

inducible molecule 14 (Fn14) results in stimulation of tumor cell proliferation, migration 

and invasion, as well as NF-κB signaling and gene expression that promotes tumor growth, 

angiogenesis, and immune suppression (Cheng, Whitsett, Tran, & Winkles, 2014; Yin et al., 

2014, 2013). On macrophages, TWEAK selectively binds to the scavenger receptor 

cysteine-rich domain of the CD163. CD163-mediated TWEAK scavenging by macrophages 

contributes to its degradation and sequestration in TME, which may prevent TWEAK from 

exerting its tumor-promoting functions, which suggests a potential antitumor benefit of 

TWEAK–CD163 interaction in macrophages (Bover et al., 2007).

CD163 not only exists as a membrane-bound form, but also is present as a soluble form 

(sCD163) in plasma and other tissue fluids. ADAM17 was shown to cleave CD163 

ectodomain, thereby downregulating the surface expression of CD163 (Etzerodt, Maniecki, 

Moller, Moller, & Moestrup, 2010; Etzerodt et al., 2014). Intriguingly, sCD163 has the 

abilities to inhibit T cell proliferation (Hogger & Sorg, 2001) and to promote recognition 

and phagocytosis of Staphylococcus aureus (Kneidl et al., 2012). Circulating sCD163 level 

has been suggested to be a prognostic biomarker for cancer patients with poor outcome and 

may reflect increased activity of CD163+ TAMs (Andersen, Abildgaard, Maniecki, Moller, 

& Andersen, 2014; Jones et al., 2013; No, Moon, Kim, & Kim, 2013; Sugaya et al., 2012). 

The role of sCD163 in cancer is poorly understood. It is possible that sCD163 may also be 

involved in TAM polarization by competing for binding to Hp–Hb complexes.

2.9 Class J Scavenger Receptor

Receptor for advanced glycation endproducts (RAGE), the only member of the class J SR 

group, also belongs to the immunoglobulin (IgG) superfamily. RAGE has a broad spectrum 

of ligands, including advanced glycation end-products, prototype of high mobility group 

(HMGB) family proteins (e.g., HMGB1, amphoterin), glycosaminoglycan, amyloid A 

peptides, members of the S100/calgranulin protein family, collagen I and IV, β-amyloid, 

integrin Mac-1, and complement C3 (Yamagishi, Matsui, & Fukami, 2015). Among six 

isoforms of RAGE mRNA splicing variants identified so far (Hudson, Carter, et al., 2008), 

only two functionally relevant isoforms have been well studied. These include a full-
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transmembrane form, which can initiate signaling through its intracellular domain, and a 

truncated, endogenous secretory form of RAGE (esRAGE), which can function as a decoy 

receptor (Cheng et al., 2005). The ectodomain of RAGE can be proteolytically cleaved off 

by MMP9 and/or ADAM-10 to generate another soluble form of RAGE (sRAGE) with the 

similar decoy activity (Allmen, Koch, Fritz, & Legler, 2008; Raucci et al., 2008). Reduced 

or silenced esRAGE expression has been found in nonsmall cell lung carcinoma patients 

with significantly lower survival rate (Kobayashi et al., 2007). A meta-analysis of cancer 

patients, including breast, pancreatic, liver, lung, and colorectal cancers, showed that 

sRAGE level was inversely associated with the significant risk of cancer, indicating a 

protective role of circulating sRAGE in the development of cancer (He, Zhang, et al., 2014).

More than 30 gene polymorphisms in RAGE have been identified in multiple cancers, 

including renal caner, oral cancer, breast cancer, colorectal cancer, lung cancer, ovarian 

cancer, pancreatic cancer, nasopharyngeal carcinoma, and gastric cancer (Cheng et al., 2005; 

Chocholaty et al., 2014; Gu et al., 2008; Krechler et al., 2010; Pan et al., 2013; Qian, Sun, 

Zhang, Ke, & Zhu, 2014; Su, Chien, Lin, Chen, & Yang, 2015; Zhang et al., 2013; Zhou, 

Deng, Li, Yin, & Ye, 2014). A comprehensive meta-analysis suggested that the 82G/S 

polymorphism (3374 cancer cases vs. 3757 controls) in the RAGE promoter region is 

associated with a significantly increased risk of cancer, where −374T/A polymorphism 

(2936 cancer cases vs. 3,338 control) is associated with a reduced risk of cancer (Xia et al., 

2015). Therefore, the polymorphisms of RAGE may be used as a potential marker for early 

screening or diagnosis of certain types of cancers.

Co-overexpression of RAGE and its ligands are commonly found in many types of cancer 

and are associated with cancer progression and poor outcome (Moser et al., 2014; 

Yamagishi et al., 2015; Zhao et al., 2014). Accumulating evidence suggests that the 

multiligand-RAGE axis plays crucial roles in tumorigenesis, e.g., enhancing tumor 

angiogenesis and hypoxia resistance, promoting tumor cell proliferation and invasion, 

orchestrating the immunosuppressive TME (Chen et al., 2014; Kang et al., 2014; Nasser et 

al., 2015). An array of signaling pathways have been linked with the tumor-promoting 

activities of RAGE, including the activation of MAPKs, PI3K/Akt, NF-κB, Jak/STAT, Src 

kinase, and Rho GTPases Diaphanous-1 (Dukic-Stefanovic, Gasic-Milenkovic, Deuther-

Conrad, & Munch, 2003; Hofmann et al., 1999; Hudson, Kalea, et al., 2008; Kim et al., 

2008; Palumbo et al., 2009; Reddy et al., 2006; Toure et al., 2008). Both Erk1 and Erk2 

have been identified as direct RAGE-binding partners (Ishihara, Tsutsumi, Kawane, 

Nakajima, & Kasaoka, 2003). HMGB1, S100A4, S100A7-mediated RAGE-Erk1/2 

activation were shown to inhibit tumor cell autophagy and apoptosis, promote tumor cell 

proliferation, increase cell mobility and invasiveness (Dahlmann et al., 2014; Nasser et al., 

2015; Yamagishi et al., 2015; Zhang, Wu, Zhang, Han, & Lin, 2015). HMGB1 interaction 

with RAGE were also reported to provoke the proliferation of lung cancer cells and inhibit 

their apoptosis by regulating Bax and Bcl-2 levels through PI3K/Akt signaling pathway (Xu 

et al., 2014). In oncogene Kras mutation-driven pancreatic cancer, hypoxia induced RAGE 

expression in an NF-κB-dependent but HIF-1α-independent manner. Consequently, 

overexpressed RAGE directly interacted with KRAS, further sustaining KRAS downstream 
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signaling pathways (Raf-Mek-Erk and PI3K-Akt) and driving tumor progression (Kang et 

al., 2014).

In studies that evaluated the functional significance of RAGE in cancer development, it was 

shown that RAGE-deficient mice displayed reduced tumor growth, metastasis, and tumor 

vascularization, as well as decreased infiltration of M2 TAMs and tumor-associated 

inflammation (Medrek et al., 2012). In both mouse glioma and breast cancer models, 

systemic blockade of RAGE by administration of RAGE-neutralizing antibodies or soluble 

RAGE resulted in profound inhibition of tumor growth and metastasis (Chen et al., 2014; 

Nasser et al., 2015). However, an antitumor effect of RAGE was recently reported in 

embryonal rhabdomyosarcoma (ERMS) (Chiappalupi, Riuzzi, Fulle, Donato, & Sorci, 

2014). RAGE is expressed in muscle tissue during embryonic development and can maintain 

myogenesis via a Cdc42-Rac1-MKK6-p38-dependent and myogenin-dependent repression 

of Pax7, a critical transcription factor for self-renewal and biogenesis of muscle satellite 

cells (Riuzzi, Sorci, Sagheddu, & Donato, 2012). Highly expressed Pax7 was found to 

promote the migration and invasiveness of ERMS cells and in turn cause reduction of 

RAGE. Over-expression of RAGE in human ERMS cells can downregulate Pax7 and reduce 

metastasis. Additional studies are needed to define the distinct effects of RAGE on cancers 

of different types, which should be considered during the design of RAGE-targeted 

antitumor therapeutics.

3. SCAVENGER RECEPTORS IN CANCER THERAPY

3.1 Scavenger Receptor-Based Delivery of Antineoplastic Drugs

To date, systemic delivery of anticancer therapeutics to targeted cancer cells and tissues 

remains a major challenge. Barriers to effective targeted drug delivery include systemic 

toxicity or side effects, poor solubility and biostability, and high entrapment and first-pass 

metabolism by the liver. Recently, a variety of biomimetic lipoprotein nanoparticles carrying 

therapeutic agents to target cancer cells that highly express certain scavenger receptors have 

been tested in preclinical applications. HDL consists of apolipoproteins A–I and lipophilic 

components (e.g., cholesteryl ester, cholesterol, and phospholipids). HDL-based 

nanoparticles (8–11 nm in diameter) are ideal drug carriers because their shielded 

hydrophobic core is suitable for accommodating lipophilic drugs. These nanoparticles may 

be selectively targeted to tumor cells based on the expression of their high-affinity receptor 

SR-BI (Ng, Lovell, & Zheng, 2011). HDL particles are completely biodegradable and do not 

trigger any immune response, since all components of HDL are considered self and already 

present in the human body. Due to their small size, these nanoparticles can easily escape the 

removal by the reticuloendothelial system. Importantly, the overexpression of the major 

HDL receptor SR-BI on cancer cells potentiates the binding and uptake of HDL-CE, a 

nutrient for rapid dividing tumor cells (Ng et al., 2011).

HDL can capture exogenous and endogenous circulating microRNA (miRNA) and deliver 

them to SR-BI+ target cells to induce differential gene expression (Vickers, Palmisano, 

Shoucri, Shamburek, & Remaley, 2011). Therefore, recombinant HDL has been exploited to 

deliver siRNA that targets key molecules involved in cancer growth and metastasis. RNAi-

HDL nanoparticles that directly deliver siRNA for VEGF or VEGFR2 to SR-BI-
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overexpressed tumor endothelial cells strongly inhibit neovascularization and tumor growth 

in mice established with orthotopic Lewis lung or MCF-7 breast cancer (Ding et al., 2014; 

Tripathy, Vinokour, McMahon, Volpert, & Thaxton, 2014). RNAi-HDL nanoparticle 

targeting signal transducer and activator transcription 3 (STAT3) or FAK resulted in the 

suppression of ovarian and colorectal cancers (Shahzad et al., 2011). Recombinant HDL 

nanoparticles have also been used to deliver chemotherapeutic drugs, e.g., paclitaxel or α-

tocopheryl-succinate, to SR-BI+ cancers (Hrzenjak et al., 2004; Mooberry et al., 2010; Shin 

et al., 2012). It was recently reported that a highly biocompatible HDL-mimicking peptide-

phospholipid scaffold nanocarrier not only can serve as a cargo to deliver therapeutic drugs 

to SR-BI+ nasopharyngeal carcinoma but also can exert direct antitumor efficacy in vivo 

(Zheng et al., 2013).

SR-A has also been suggested as a targeting molecule for nanoparticle-based drug delivery. 

SR-A can efficiently mediate opsonin-independent internalization of dextran-coated 

superparamagnetic iron oxide (SPIO) nanoparticles via its positively charged extracellular 

collagenous domain (Chao et al., 2013, 2012). SPIO-based delivery platform may be used 

for early detection of metastases in cancer patients or used as a carrier to deliver 

chemotherapeutics into tumors (Chiang, Tseng, Liao, & Chen, 2015; Jafari et al., 2015). SR-

A was shown to specifically express on the immunosuppressive vascular leukocytes (VCLs) 

in mouse and human ovarian cancer. Administration of toxin-conjugated anti-SR-A 

antibodies to mice with peritoneal ovarian tumors resulted in selective depletion of these 

SR-A-expressing cell population and effectively reduced tumor burden and ascites 

accumulation (Bak, Walters, Takeya, Conejo-Garcia, & Berwin, 2007).

3.2 Scavenger Receptors and Immune Modulation Therapy

Given the immunosuppressive activity of SR-A in vaccination-generated antitumor 

response, manipulation of SR-A expression or blockade of SR-A function is expected to 

enhance the potency of cancer vaccines. Large stress/HSP, such as Hsp110 and Grp170, 

when complexed with tumor antigen (e.g., Gp100) have demonstrated superior antitumor 

efficacy primarily through enhancing antigen cross-presentation and activation of tumor-

specific CTLs (Wang, Chang, et al., 2013; Wang et al., 2007; Wang & Subjeck, 2013; Wang 

et al., 2010). The promising preclinical results of this recombinant chaperone vaccine (i.e., 

Hsp110-gp100) have led to an ongoing Phase I melanoma clinical trial at Roswell Park 

Cancer Institute. Due to the presence of various HSP-binding receptors on APCs, including 

scavenger receptors, these HSP-based vaccines are believed to selectively target endogenous 

DCs. Hence, downregulation of SR-A in DCs may be used in conjunction with HSP 

vaccines for improved antitumor immunity (Qian et al., 2011). We recently evaluated the 

feasibility of reducing SR-A expression levels to enhance the potency of DC-based vaccine 

in pre-clinical cancer models (Yi et al., 2011; Yu & Wang, 2012). We demonstrated that 

lentivirus-mediated delivery of a short hairpin RNA (shRNA) for SR-A resulted in efficient 

downregulation of SR-A in DCs. SR-A-silenced DCs carrying tumor antigen gp100 were 

much more immunogenic than mock-modified DCs in provoking an antigen-specific CD8+ 

CTL response. Tumor-specific CTLs elicited by SR-A-silenced DC-gp100 vaccine exhibited 

increased effector functions (e.g., cytokine production and tumoricidal activity), which 

markedly inhibited established melanoma and metastases (Yi et al., 2011). In the setting of 
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combined radiotherapy and in situ DC vaccine therapy, we showed that intratumoral 

administration of unmodified DCs failed to synergize with radiotherapy (Guo, Yi, Yu, Zuo, 

et al., 2012). However, administration of SR-A-silenced DCs, when combined with local 

radiotherapy, profoundly suppressed mouse prostate cancers (e.g., RM1 and TRAMP-C2) 

and distant metastases, and prolonged the lifespan of tumor-bearing animals, which 

depended on CD8+ cells and IFN-γ (Guo, Yi, Yu, Zuo, et al., 2012). Therefore, these studies 

provide preclinical evidence supporting the principle of silencing SR-A in DCs as a means 

to break tolerance against tumor-associated antigens.

In addition to the genetic approach for downregulating SR-A expression, small molecule 

inhibitors (SMIs) may also be exploited for potential therapeutic benefits. Sennoside B, a 

small molecule from screening of bio-active SMI libraries, was reported to effectively 

reduce SR-A-mediated antigen transfer and inhibit T cell proliferation in vitro and in vivo 

(Raycroft, Harvey, Bruck, & Mamula, 2012). However, the effect of this compound on 

vaccine-induced antitumor immunity has not been examined. An apolipoprotein A–I 

mimetic peptide, which can compete with a range of SR-A ligands, was shown to block SR-

A-mediated adhesion (Navab, Anantharamaiah, Reddy, Van Lenten, & Fogelman, 2008) and 

inhibit tumor growth and metastasis in mice-bearing ovarian and pancreatic cancers (Neyen 

et al., 2013).

It has been well established that DCs function as the essential link between the innate and 

adaptive arms of the immune system (Todt et al., 2008). Various vaccination and 

immunotherapeutic strategies aim to target DCs because of their pivotal role in adaptive 

immunity (Guo, Manjili, et al., 2013). While our studies provide a rationale for selectively 

blocking immunosuppressive SR-A to improve DC-based cancer vaccines, other scavenger 

receptors on DCs provide an opportunity to target antigens preferentially to DCs for 

processing and presentation. Anti-Dectin-1/2 antibodies conjugated to OVA antigen induced 

significant expansion of T cells in the draining lymph nodes of mice and IFN-γ production 

by T cells (Carter, Thompson, Reid, Wong, & Tough, 2006a, 2006b). In addition, β1,3-d-

glucan conjugated to OVA, which can be rapidly phagocytosed by DCs possibly via 

Dectin-1/2, provoked DC maturation and stimulated >100-fold more efficiently OVA-

specific OT-I and OT-II T cells (Huang, Ostroff, Lee, Specht, & Levitz, 2010), suggesting 

that antigen targeted to Dectin-1/2 on DCs may facilitate efficient antigen capture and 

concurrently induce DC activation. Anti-LOX-1 antibodies have also been successfully to 

target antigens to DCs to induce antigen-specific CTL response (Li et al., 2012) and 

antitumor immunity (Delneste et al., 2002), indicating that scavenger receptor targeting of 

tumor antigens is a promising strategy for cancer immunotherapy.

4. CONCLUDING REMARKS

The large repertoire of ligands recognized by scavenger receptors defines their broad range 

of functions in many physiologic and pathologic conditions, e.g., lipid metabolism, tissue 

homeostasis, inflammation, atherosclerosis, and autoimmune disorders. Recently, these 

innate PRRs are emerging as important regulators of tumorigenesis, cancer invasion, and the 

antitumor immune response (Table 1). However, the extent and the mechanism of their 

involvement in cancer biology and immunology have not yet been fully appreciated because 
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research focused on these scavenger receptors in these areas is in its infancy. The 

overexpression of certain SRs (e.g., SR-A, CD163) on TAMs and their use as cancer 

diagnostic or prognosis markers strongly suggest their potential involvement in the 

functional regulation of TAMs during tumor progression, including tumor cell proliferation 

and mobility, tumor angiogenesis, and immune suppression. However, the molecular 

underpinnings of the distinct actions of specific scavenger receptors in these processes are 

largely unknown. The recent discovery of the immunosuppressive activity of SR-A in 

vaccination-induced T cell activation and antitumor immune response was striking, given its 

established role in DC-mediated capture of immunostimulatory HSPs and associated tumor 

antigens. Our proof-of-principle studies demonstrated the feasibility of SR-A blockade to 

improve the antitumor efficacy of DC vaccines. In contrast, antigen targeting to certain 

scavenger receptors, such as LOX-1, may lead to enhanced T cell response and tumor 

eradication, further stressing the functional versatility and complexity of these scavenger 

receptors. More work is needed to determine the relative contribution of scavenger receptors 

to the functional activation of APCs and resultant anti-tumor immunity. Furthermore, 

additional studies are necessary to elucidate the molecular basis of how the ligand-specific 

interaction and various coreceptors may dictate or influence the outcome of engaging these 

scavenger receptors in homeostatic state and pathological settings. A better understating of 

the immunobiology of scavenger receptors will facilitate the development of rational 

approaches to target functionally distinct receptors for drug delivery, diagnostic imaging, 

antigen capture and processing, and antagonizing immune suppression, which are expected 

to lead to improved outcomes in cancer treatment.
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Figure 1. 
A schematic representation of tumor-promoting functions of scavenger receptor class A 

(SR-A). The increased expression of SR-A may interact with and engage Mer tyrosine 

kinase (MerTK) signaling during interaction with dying tumor cells in the tumor 

microenvironment (TME), which facilitates the polarization of tumor-associated 

macrophages (TAMs) toward an M2-like phenotype. Proangiogenic and immunosuppressive 

activity of TAMs contributes to tumor progression and invasion, metastasis. The SR-A also 

inhibits the antigen-cross-presenting functions and activation of on dendritic cells (DCs) in 

response to vaccines, such as antigen (Ag) carried by heat shock proteins (HSPs) or 

formulated with toll-like receptor (TLR) agonists (e.g., LPS). It is executed by SR-A 

interference of activation of TNF receptor-associated factor 6 (TRAF6) in DCs, which leads 

to downregulation of TLR4-NF-κB signaling and production of immunostimulatory 

cytokines (e.g., TNF-α, IL-12) that are crucial for expansion and tumoricidal activity of 

CD8+ cytotoxic T lymphocytes (CTLs). Additionally, SR-A-mediated excessive lipid 

accumulation can skew DCs differentiation toward a tolerogenic phenotype in the TME, 

which suppresses the functions of effector T cells and promotes cancer escape from the 

immune attack.
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