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Macrophages are important cells 
in the host resistance to fungal 

infections, and fungal recognition by 
macrophages triggers phagocytosis, 
intracellular killing, induction of inflam-
matory cytokines and chemokines, 
and initiation of the adaptive immune 
response. All of the receptors that medi-
ate binding and engulfment of fungal 
pathogens and the signaling pathways 
triggered by fungal pathogens that regu-
late anti-fungal immunity are not fully 
understood. Using an RNAi screen we 
recently demonstrated that the C. ele-
gans receptors CED-1 and C03F11.3, 
and their mammalian orthologues, the 
scavenger receptors SCARF1 and CD36 
mediate host defense against the fun-
gal pathogen, Cryptococcus neoformans. 
Finally, SCARF1 and CD36 function as 
co-receptors by binding and engulfing 
fungal pathogens to facilitate Toll-like 
receptor 2 signaling. Here we will sum-
marize and expand upon our previous 
findings.

The innate immune response is the body’s 
first line of defense against pathogen inva-
sion and is mediated by both cytokines 
and cellular components. The cellular 
defenses involve circulating monocyte-
derived phagocytic cells, which patrol the 
body at potential portals of pathogen entry.  
A key feature of these innate immune cells 
is the array of germ-line encoded recep-
tors that are present on their surface that 
allow for recognition of a variety of con-
served molecular ligands of both endog-
enous and microbial origin. Recognition 
of microbial pathogens by these pattern 

recognition receptors (PRRs) triggers a 
tailored immune response program, which 
includes pathogen binding and internal-
ization, pathogen killing, and initiation 
of intracellular signaling pathways that 
elicit the expression of inflammatory genes 
essential for host defense.1 In addition, the 
inappropriate activation of these receptors 
by endogenous self ligands can contribute 
to chronic inflammatory syndromes and 
autoimmunity.2-4

Several families of PRRs have been 
described, including the Toll-like recep-
tors (TLRs), C-type-lectins, NOD-like 
receptors (NLRs), and RNA helicases.1,5-7 
Another class of PRRs are the scavenger 
receptor (SRs) family of proteins (Fig. 1).8 
The first description of SRs was in 1979, 
when Brown and Goldstein described a 
receptor on macrophages for endocytosis 
of modified low-density lipoprotein (LDL) 
leading to foam cell formation.9,10 Since 
then the definition of SRs has broaden to: 
SRs function in the uptake and clearance of 
polyanionic ligands of both pathogen and self 
origin. In addition to their involvement 
in lipid metabolism,11 SRs also bind and 
internalize microbial organisms and their 
products including Gram-negative bacte-
ria (lipopolysaccharide), Gram-positive 
bacteria (lipoteichoic acid) and CpG DNA 
(Fig. 1).12-16 However, despite playing such 
a critical role in host defense against a 
variety of pathogens, and being the first 
PRRs to be described, SRs remain poorly 
understood.

While much work has been devoted in 
the past decade to uncovering the role of 
pattern recognition receptors in the innate 
response to bacteria and viruses, our 
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mice.41,42 Moreover, TLR4, TLR6, and 
TLR9 appear to play a relatively minor 
role to fungal infections in vivo. Together, 
these data suggest that all the receptors 
that mediate binding and engulfment of 
fungal pathogens and the signaling path-
ways triggered by fungal pathogens that 
regulate anti-fungal immunity have not 
been fully elucidated.

Pathogenic fungi such as Cryptococcus 
neoformans and Candida albicans are a 
significant cause of morbidity and mor-
tality in immunocompromised individu-
als. Several fungal cell wall proteins are 
recognized by the innate immune sys-
tem in mice and humans; however the 
molecular mechanisms and receptors used 
by immune cells to bind and trigger cell 
activation have not been fully elucidated. 
A direct role for SRs in the recognition of 
fungal pathogens has not been previously 

the fungal cell wall) and to bind several 
fungi.22-28 Other receptors, including the 
macrophage mannose receptor (MMR), 
complement receptor 3, Galectin-3, Mincle 
and DC-SIGN have been shown to bind 
fungal cells or to components of its cap-
sule or cell wall (i.e., β-glucan and man-
nans).29-35 TLRs (TLR2, TLR4, TLR6 
and TLR9) have also been shown to be 
involved in triggering macrophage activa-
tion by Cryptococcus neoformans, Candida 
albicans or fungal-derived molecules.36-38 
While it has become apparent that these 
receptors contribute to the recognition 
of fungal pathogens in vitro, their role in 
host defense to fungal infections in vivo is 
less clear.28,39,40 Of note, mice deficient in 
TLR2 or MyD88, a signaling adaptor used 
by most TLRs and the IL-1R, succumbed 
to intranasal C. neoformans infection at 
an accelerated rate compared to wild-type 

understanding of how the innate immune 
system senses fungal pathogens is less 
clear.17 Macrophage and DC interactions 
with fungal pathogens are an integral part 
of the host’s resistance to fungal infec-
tions. Fungal recognition by macrophages 
triggers phagocytosis, intracellular killing, 
and induction of inflammatory cytokines 
and chemokines, while fungal stimula-
tion of DCs results in DC maturation 
and the initiation of the adaptive immune 
response.18-20 There is also evidence that 
persistent infection is associated with the 
intracellular residence of fungal cells in 
macrophages. Furthermore, infected cir-
culating macrophages can transfer these 
pathogens and cause dissemination of these 
infections hematogenously.21 Recently, 
the C-type lectin-like receptor Dectin-1 
was shown to be a macrophage receptor 
for β-lucans (a carbohydrate found in 

Figure 1. Scavenger Receptor Family and Ligand Specificity. The scavenger receptor family includes six classes A–F: macrophage scavenger receptor 
class A member 1(SR-A1/SCARA1), macrophage receptor with collagenous structure class A member 2 (MARCO/SCARA2), scavenger receptor class 
B, member 3 (CD36/SCARB3), drosophila scavenger receptor class C, type I (dSR-C1), scavenger receptor class D, member 1 (CD68/SCARD1), scav-
enger receptor class E, member 1 (LOX-X/SCARE1), scavenger receptor class F, member 1 (SREC/SCARF1). Scavenger receptors are defined by their 
ability to bind modified (i.e., acetylated or oxidated) forms of endogenous self low density lipoproteins (acLDL or oxLDL). Scavenger receptors also 
bind several pathogenic ligands including Gram-negative Escherichia coli (E. coli), Gram-positive Staphylococcus aureus (S. aureus), CpG-motif containing 
DNA, diacylgylcerides, Cryptococcus neoformans (C. neoformans), Klebsiella pneumoniae outer membrane protein (K. pneumoniae OmpA), and fungal-
derived β-glucans.
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that Tol-1 has a direct role in microbial 
defense. Interestingly, Tol-1 mutant worms 
were not more susceptible to the fungi 
Drechmeria coniospora or Pseudomonas 
aeruginosa, however their susceptibility to 
other fungal pathogens such as C. neofor-
mans or C. albicans remains unknown.45  
It is interesting to speculate that CED-1 
and C03F11.3 may function as co-recep-
tors with Tol-1 to mediate the recognition 
of specific fungal pathogens (Fig. 2). More 
work is needed to determine the recep-
tors and signaling pathways involved in  
C. elegans innate host defense.

SCARF1 and CD36 and their Role 
as TLR Co-Receptors

SCARF1 (scavenger receptor class 
F, member 1), previously known as 
SREC-1 (scavenger receptor expressed by 
endothelial cell-1) since it was originally 
cloned from an endothelial cell cDNA 
library, is an 86 kDa single-pass type 1 

a SCARF1 orthologue, and C03F11.3, 
a CD36 orthologue, were required for 
the innate sensing of C. neoformans. 
Worms deficient in CED-1 or C03F11.3 
succumbed to C. neoformans infection 
at a significantly faster rate than wild-
type worms. In addition, CED-1 and 
C03F11.3 expression was demonstrated to 
be required for fungal-induced expression 
of several antimicrobial peptides, includ-
ing ABF-1 and ABF-2. It is currently not 
known whether CED-1 and C03F11.3 
can signal directly, cooperate with each 
other, or collaborate with other receptors 
to activate signaling pathways innate host 
defense. One Toll orthologue exists in  
C. elegans, Tol-1, which has been shown to 
function as a sensor for pathogen avoid-
ance.45 Recently, Tenor et al. demon-
strated that Tol-1 mutant nematodes are 
more susceptible to Salmonella infection.46 
Moreover, Tol-1 expression is required for 
the induction of the anti-microbial pep-
tide ABF-2. Together, these results suggest 

established, but Rice and colleagues found 
indirect evidence for the involvement of 
scavenger receptors in the innate sensing of 
fungal pathogens. They found that acety-
lated LDL, a common ligand for many 
SRs, inhibits binding of fungal-derived 
β-glucan to monocytes.43 To determine 
whether any members of the SRs family 
were involved in fungal recognition we 
performed an RNAi screen to silence the 
expression of SRs individually in worms 
and murine macrophages.44

SRs in C. elegans

C. elegans have been previously dem-
onstrated to be an effective model host 
for studying fungal infections in vivo 
and nematodes respond to fungal infec-
tion by inducing the expression of host 
defense genes. The C. elegans genome 
contains seven putative SR orthologues. 
Silencing the expression of these receptors 
using RNAi demonstrated that CED-1, 

Figure 2. The scavenger receptors SCARF1 and CD36 are TLR2 co-receptors. In mammalian macrophages, SCARF1 and CD36 function as TLR2 
co-receptors that promote fungal pathogen signaling. SCARF1 and CD36 direct fungal binding, internalization, and deliver Cryptococcus neoformans to 
TLR2/TLR6 to induce signaling and the production of cytokines. In C. elegans, the CD36 and SCARF1 orthologues C03F11.3 and CED-1, respectively, 
mediate C. neoformans recognition, induction of anti-fungal peptides (ABF-1 and ABF-2), and nematode survival. The C. elegans TLR orthologue Tol-1, is 
required for induction of ABF-2 in response to Salmonella infection, but its role in C. neoformans infection is unknown. More experiments are needed 
to determine whether C03F11.3, CED-1, or one of the other C. elegans SRs cooperate with Tol-1 to mediate recognition of microbial pathogens.
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SRs function as TLR co-receptors and 
may be serve as beneficial targets for thera-
peutic intervention.

Summary

There is a pressing need for the develop-
ment of new anti-fungal drugs to combat 
the increasing number of fungal infections 
and the increase in drug-resistant fungal 
species. Macrophage and DC interactions 
with fungal pathogens are an integral part 
of the host’s resistance to fungal infec-
tions. Identifying all of the receptors and 
signaling pathways involved in regulat-
ing macrophage inflammatory responses 
to fungal pathogens will provide valuable 
insight into their role in fungal patho-
genesis and possibly serve as therapeutic 
targets for novel drug design. Future stud-
ies are needed to characterize the role of 
scavenger receptors in the innate immune 
response to fungal infections.

References
1.	 Areschoug T, Gordon S. Pattern recognition recep-

tors and their role in innate immunity: focus on 
microbial protein ligands. Contrib Microbiol 2008; 
15:45-60.

2.	 Sacre SM, Andreakos E, Kiriakidis S, Amjadi P, 
Lundberg A, Giddins G, et al. The Toll-like receptor 
adaptor proteins MyD88 and Mal/TIRAP contribute 
to the inflammatory and destructive processes in a 
human model of rheumatoid arthritis. Am J Pathol 
2007; 170:518-25.

3.	 Rahman AH, Eisenberg RA. The role of toll-like 
receptors in systemic lupus erythematosus. Springer 
Semin Immunopathol 2006; 28:131-43.

4.	 Laberge MA, Moore KJ, Freeman MW. Atherosclerosis 
and innate immune signaling. Ann Med 2005; 
37:130-40.

5.	 Akira S, Takeda K. Toll-like receptor signalling. Nat 
Rev Immunol 2004; 4:499-511.

6.	 Franchi L, Warner N, Viani K, Nunez G. Function of 
Nod-like receptors in microbial recognition and host 
defense. Immunol Rev 2009; 227:106-28.

7.	 Mathews RJ, Sprakes MB, McDermott MF. NOD-
like receptors and inflammation. Arthritis Res Ther 
2008; 10:228.

8.	 Gough PJ, Gordon S. The role of scavenger receptors 
in the innate immune system. Microbes Infect 2000; 
2:305-11.

9.	 Goldstein JL, Ho YK, Basu SK, Brown MS. Binding 
site on macrophages that mediates uptake and degra-
dation of acetylated low density lipoprotein, produc-
ing massive cholesterol deposition. Proc Natl Acad 
Sci USA 1979; 76:333-7.

10.	 Goldstein JL, Anderson RG, Brown MS. Coated pits, 
coated vesicles and receptor-mediated endocytosis. 
Nature 1979; 279:679-85.

11.	 Hartvigsen K, Chou MY, Hansen LF, Shaw PX, 
Tsimikas S, Binder CJ, Witztum JL. The role of 
innate immunity in atherogenesis. J Lipid Res 2008; 
J Lipid Res 2009; 50:S388-93.

12.	 Jozefowski S, Sulahian TH, Arredouani M, Kobzik 
L. Role of scavenger receptor MARCO in mac-
rophage responses to CpG oligodeoxynucleotides. J 
Leukoc Biol 2006; 80:870-9.

transmembrane protein composed of 830 
amino acids.47,48 The extracellular domain 
is made up of 406 amino acids and con-
tains 5 epidermal growth factor (EGF)-
like cysteine-rich repeats, followed by a 
long C-terminal cytoplasmic tail (391 
amino acids) composed of serine/pro-
line-rich regions. EGF-like domains have 
been shown to mediate homophilic and 
heterophilic protein-protein interactions, 
these domains in SCARF1 have been 
postulated to contribute to oligomeriza-
tion of the protein or serve as the ligand 
binding domain. While SCARF1 was first 
shown to bind acetylated LDL, SCARF1 
is also an endocytic receptor for calreticu-
lin, gp96 and Tamm-Horsfall protein.48-51 
In addition to recognizing these endog-
enous host proteins, SCARF has also been 
shown to bind and internalize Neisseria 
gonorrhoeae bacterium via its interaction 
with gp96.50 Similar to SCARF1, CD36 
is a cell surface receptor with broad ligand 
specificity for endogenous (modified 
LDL, thrombospondin, apoptotic cells)52 
and pathogenic (Plasmodium falciparum, 
mycobacterial lipopepitde, Staphylococcus 
aureus) ligands.15,53

It has recently become appreciated 
that the specificity of TLR signaling is 
regulated, in part, through the association 
of TLRs with cell surface co-receptors. 
These co-receptors likely act to bind, con-
centrate, internalize, and deliver ligands 
to TLRs to initiate cell signaling. Both 
CD36 and SCARF1 have been implicated 
as co-receptors in TLR2 signaling (Fig. 2). 
SCARF1 appears to cooperate with 
TLR2 to trigger macrophages activation 
to outer membrane protein A (OmpA) 
from Klebsiella pneumonia, while CD36 
was demonstrated to cooperate with a het-
erodimer of TLR2 and TLR6, to trigger 
a signaling cascade essential for the host 
response to Staphylococcus aureus and the 
Mycobacterium pneumoniae diacylated 
lipopeptide MALP-2.15,53,54 In addition we 
found that SCARF1 and CD36 cooper-
ate with TLR2, but not TLR4 or TLR9 
to regulate the inflammatory responses to 
fungal pathogens (Fig. 2). We also found 
that SCARF1 and CD36 were required for 
the control of fungal burden and cytokine 
expression in mice after infection with 
C. neoformans.44 While more studies are 
needed the evidence so far indicates that 



www.landesbioscience.com	 Virulence	 41

47.	 Tamura Y, Osuga J, Adachi H, Tozawa R, Takanezawa 
Y, Ohashi K, et al. Scavenger receptor expressed by 
endothelial cells I (SREC-I) mediates the uptake of 
acetylated low density lipoproteins by macrophages 
stimulated with lipopolysaccharide. J Biol Chem 
2004; 279:30938-44.

48.	 Adachi H, Tsujimoto M, Arai H, Inoue K. Expression 
cloning of a novel scavenger receptor from human 
endothelial cells. J Biol Chem 1997; 272:31217-20.

49.	 Pfistershammer K, Klauser C, Leitner J, Stockl J, 
Majdic O, Weichhart T, et al. Identification of the 
scavenger receptors SREC-I, Cla-1 (SR-BI), and 
SR-AI as cellular receptors for Tamm-Horsfall pro-
tein. J Leukoc Biol 2008; 83:131-8.

50.	 Rechner C, Kuhlewein C, Muller A, Schild H, Rudel 
T. Host glycoprotein Gp96 and scavenger receptor 
SREC interact with PorB of disseminating Neisseria 
gonorrhoeae in an epithelial invasion pathway. Cell 
Host Microbe 2007; 2:393-403.

51.	 Berwin B, Delneste Y, Lovingood RV, Post SR, Pizzo 
SV. SREC-I, a type F scavenger receptor, is an endo-
cytic receptor for calreticulin. J Biol Chem 2004; 
279:51250-7.

52.	 Febbraio M, Hajjar DP, Silverstein RL. CD36: a 
class B scavenger receptor involved in angiogenesis, 
atherosclerosis, inflammation and lipid metabolism. 
J Clin Invest 2001; 108:785-91.

53.	 Hoebe K, Georgel P, Rutschmann S, Du X, Mudd S, 
Crozat K, et al. CD36 is a sensor of diacylglycerides. 
Nature 2005; 433:523-7.

54.	 Jeannin P, Bottazzi B, Sironi M, Doni A, Rusnati M, 
Presta M, et al. Complexity and complementarity of 
outer membrane protein A recognition by cellular 
and humoral innate immunity receptors. Immunity 
2005; 22:551-60.

40.	 Saijo S, Fujikado N, Furuta T, Chung SH, Kotaki 
H, Seki K, et al. Dectin-1 is required for host defense 
against Pneumocystis carinii but not against Candida 
albicans. Nat Immunol 2007; 8:39-46.

41.	 Yauch LE, Mansour MK, Shoham S, Rottman JB, 
Levitz SM. Involvement of CD14, toll-like receptors 
2 and 4, and MyD88 in the host response to the fun-
gal pathogen Cryptococcus neoformans in vivo. Infect 
Immun 2004; 72:5373-82.

42.	 Bellocchio S, Montagnoli C, Bozza S, Gaziano R, 
Rossi G, Mambula SS, et al. The contribution of the 
Toll-like/IL-1 receptor superfamily to innate and 
adaptive immunity to fungal pathogens in vivo. J 
Immunol 2004; 172:3059-69.

43.	 Rice PJ, Kelley JL, Kogan G, Ensley HE, Kalbfleisch 
JH, Browder IW, Williams DL. Human monocyte 
scavenger receptors are pattern recognition recep-
tors for (1→3)-beta-D-glucans. J Leukoc Biol 2002; 
72:140-6.

44.	 Means TK, Mylonakis E, Tampakakis E, Colvin RA, 
Seung E, Puckett L, et al. Evolutionarily conserved 
recognition and innate immunity to fungal patho-
gens by the scavenger receptors SCARF1 and CD36. 
J Exp Med 2009; 206:637-53.

45.	 Pujol N, Link EM, Liu LX, Kurz CL, Alloing G, Tan 
MW, et al. A reverse genetic analysis of components 
of the Toll signaling pathway in Caenorhabditis 
elegans. Curr Biol 2001; 11:809-21.

46.	 Tenor JL, Aballay A. A conserved Toll-like receptor is 
required for Caenorhabditis elegans innate immunity. 
EMBO Rep 2008; 9:103-9.

32.	 Wells CA, Salvage-Jones JA, Li X, Hitchens K, 
Butcher S, Murray RZ, et al. The macrophage-induc-
ible C-type lectin, mincle, is an essential component 
of the innate immune response to Candida albicans. J 
Immunol 2008; 180:7404-13.

33.	 Jouault T, El Abed-El Behi M, Martinez-Esparza M, 
Breuilh L, Trinel PA, Chamaillard M, et al. Specific 
recognition of Candida albicans by macrophages 
requires galectin-3 to discriminate Saccharomyces 
cerevisiae and needs association with TLR2 for signal-
ing. J Immunol 2006; 177:4679-87.

34.	 Levitz SM, Tabuni A. Binding of Cryptococcus neofor-
mans by human cultured macrophages. Requirements 
for multiple complement receptors and actin. J Clin 
Invest 1991; 87:528-35.

35.	 Dan JM, Kelly RM, Lee CK, Levitz SM. Role of the 
mannose receptor in a murine model of Cryptococcus 
neoformans infection. Infect Immun 2008; 76:2362-
7.

36.	 Cross CE, Bancroft GJ. Ingestion of acapsular 
Cryptococcus neoformans occurs via mannose and 
beta-glucan receptors, resulting in cytokine produc-
tion and increased phagocytosis of the encapsulated 
form. Infect Immun 1995; 63:2604-11.

37.	 Cross CE, Collins HL, Bancroft GJ. CR3-dependent 
phagocytosis by murine macrophages: different 
cytokines regulate ingestion of a defined CR3 ligand 
and complement-opsonized Cryptococcus neoformans. 
Immunology 1997; 91:289-96.

38.	 Netea MG, van de Veerdonk F, Verschueren I, van 
der Meer JW, Kullberg BJ. Role of TLR1 and TLR6 
in the host defense against disseminated candidiasis. 
FEMS Immunol Med Microbiol 2008; 52:118-23.

39.	 Nakamura K, Kinjo T, Saijo S, Miyazato A, Adachi 
Y, Ohno N, et al. Dectin-1 is not required for the 
host defense to Cryptococcus neoformans. Microbiol 
Immunol 2007; 51:1115-9.


