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Abstract (130 words) 

Myeloid cells make extensive use of the complement system in the context of 

recruitment, phagocytosis and other effector functions.  There are several types 

of complement receptors on myeloid cells including G-proteins coupled 

receptors for localizing the source of complement activation, and three sets of 

type I transmembrane proteins that link complement to phagocytosis- 

complement receptor 1, a single chain type I membrane protein with tandem 

complement regulatory repeats, complement receptors 3 and 4, which are 

integrin family receptors comprised of heterodimers of type I transmembrane 

subunits, and VSIG4, member of the Ig-superfamily.  This review will focus the 

role of the different classes of complement receptors and how their activities are 

integrated in the setting of immune tolerance and inflammatory responses. 
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Introduction 

 

Complement is a system of blood plasma proteins that play critical roles in host 

defense through attracting leukocytes to sites of inflammation, mediating 

myeloid cells uptake and destruction of microbes, and guiding B and T cell 

activation (1, 2).  Regardless of the activation mechanism, the complement 

cascade converges on generation of 3rd component of complement (C3) 

convertases that cleave C3 to C3a and C3b. C3b consists two subunits containing 

8 macroglobulin-like domains (MG1-8).  The β subunit consists of MG1-MG5 plus 

the N-terminal half of MG6.  The α subunit start with the C-terminal half of MG6, 

a C1r/C1s, Uegf and Bone morphogenetic protein-1 (CUB) domain and a 

Thioester domain (TED) inserted between MG7 and MG8, followed by the 

“anchor” and C345C domain (trapezoid in Figure 1).  

 

Classical antibody mediated, lectin mediated and the alternative thioester 

hydrolysis mediated pathways for complement activation operate through self-

amplifying zymogen cascades focused around proteolytic processing of C3 to 

generate C3 convertases that include C3b.  The activating step is cleavage of C3 

to C3a and C3b.  This results in a large conformational change in the TED domain 

that exposes the thioester bond and this reacts covalently to immune complexes 

and microbial surfaces (3).  The proteases that mediate this cleavage include 

components of C1q in antibody mediated complement activation (classical 

pathway), mannose-binding protein by surfaces such as yeast cell walls (lectin 

pathway) and hydrolysis of the thioster bond in soluble C3 the alternative 

pathway.  C3b then partners with C4b or C5b to form complexes that convert 



 4 

more C3 to C3a and C3b to amplify the response.  The C3 convertases also 

activates C5 to C5a and C5b, with C5b leading to assembly of the pore forming 

membrane attack complex by C6-C9.   The small, soluble C3a and C5a fragments 

are referred to as “anaphylatoxins” and play an important role as 

chemoattractants for myeloid cells.    

 

Host cells express a number of regulatory factors that inhibit the complement 

cascade at different steps, either by blocking formation of the C3 convertases, 

accelerating their inactivation or blocking effector mechanisms such as 

membrane attack complex assembly.  This protects host cells to some extent 

from background complement activation and means that the alternative 

pathway activation can target microbial surfaces lacking these regulatory 

components by a “missing self” process.  Complement deposition mediated by 

the classical pathway can overcome this regulation and damage host cells in the 

context of autoimmunity or excessive immune complex formation.  Some of the 

complement receptors we will discuss also act as regulatory components. 

 

Soluble C3a, C3b clusters, and the covalently attached breakdown products of 

C3b, anchored to microbial surfaces serve as ligands for three groups of type I 

transmembrane complement receptors (2, 4).  Complement receptors 1 and 2 

(CR1 and CR2) are members of the SCR family, complement receptor 3 and 4 

(CR3 and CR4) are members of the integrin family and Complement Receptor 

Immunoglobulin-like  (CRIg), which we will refer to using its gene name as 

Variable-set immunoglobulin-like domain 4 (VSIG4) is a member of the 

immunoglobulin superfamily.  Human CR1 is highly expressed on myeloid cells 
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in additional to erythrocytes, whereas VSIG4 is expressed on selected 

macrophage subpopulations including Kupffer cells in the liver and peritoneal 

macrophages in the mouse and macrophages and mast cells in humans 

(http://www.immgen.org).  Further processing of C3b by Factor I to iC3b 

(attached) and C3f (released) and then two C3d (attached) and C3c (released) 

through a second cleavage.  C3b, iC3b and C3d tend to cluster on microbial 

surfaces due to the focal nature of the amplification process and this clustered 

configuration is optimal for CR3 function (4).   CR3, CR4 and VSIG4 all bind to 

iC3b. C3d is a ligand for CR2 and CR3. Human CR2 is expressed on B cells and 

follicular dendritic cells and interacts with C3d on soluble immune complexes, 

whereas CR3 and CR4 interact with clustered iC3b on opsonized particles in 

different ways (5-7).   CR3 retains binding to C3d, which is essentially the TED 

domain of C3, whereas VSIG4 and CR4 binds to C3c, which is released as a 

soluble fragment when iC3b is cleaved a second time by factor I (8).  Due to the 

low affinity of these interactions its unlikely that soluble C3c will interfere 

significantly with binding to clusters iC3b on surfaces.   

 

While acting as complement receptors in adhesion and phagocytosis, CR1 and 

VSIG4 both have regulatory activity.  CR1 is a co-factor for factor I mediated 

cleavage of C3b to iC3b and VSIG4 blocks the interaction of C3b in the alternative 

pathway C3 convertase with C5 which is necessary for the alternative pathway of 

complement activation to mediate C5a release and formation of membrane 

attach complexes (9).  Thus, VSIG4 is a negative regulator of complement 

activation by the alternative pathway (10).  Interestingly, VSIG4 is also studied as 

a checkpoint regulator for T cell activation through an unknown mechanism, 
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although assumed to be a checkpoint receptor like Programmed death 1 or 

Cytotoxic T lymphocyte Antigen-4 (11). We will discuss this effect of VSIG4 in the 

context of proposed roles for complement proteins in T cell activation.    This 

chapter will attempt to reconcile what we know about the cellular distribution of 

these myeloid cell complement receptors, their biophysical capabilities and data 

on their contributions to immune responses in vivo.  

 

G-protein coupled receptor family 

 

C3a and C5a are small, basic 4 helix bundle proteins that bind to synonymous 

GPCR C3aR and C5aR (12).   GPCR are a large family of multi-spanning trans-

membrane receptors with an extracellular N-terminus lacking a signal peptide, 7 

trans-membrane helices, and a C-terminal cytoplasmic domain.  The 

extracellular N-terminus and loops form a ligand binding surface that mediates a 

conformational change in the trans-membrane helices that is directly 

transmitted to the cytoplasmic loops and C-terminus, where hetero-trimeric G-

proteins are docked.  Ligand binding to the GPCR liberates the α subunit of the 

hetero-trimeric G-protein, leaving the active βγ complex, which can activate 

phosphatidylinositol-3 kinase and phospholipase C-βassociated with the 

receptor. C3aR and C5aR are coupled to signal transduction pathways primarily 

through pertussis toxin sensitive Gαi (13).  It has been shown that C5aR also 

activates p38 mitogen activated kinase and this inhibits chemotaxis to 

leukotriene B4 and interleukin-8.  It is thought that this p38 mediated signaling 

prioritizes the microbe targeting C5a gradient over host cell derived attractants 

that provide more general guidance into the tissue (14).    C3aR and C5aR are 
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both highly expressed on basophils and more moderately expressed on mast 

cells and smooth muscle cells.  C3aR is expressed strongly on thioglycolate-

elicited macrophages in mice and at lower levels on dendritic cells and other 

macrophage populations.  C5aR is highly expressed on neutrophils and a wide 

range of tissue macrophages, and more moderately on monocytes. C3aR and 

C5aR are also coupled to contraction in smooth muscle cells through a cascade 

involving release of the nucleotide uracyldiphosphate (UDP), which binds to a 

receptor couple of Gαq, phospholipase C-β and Ca2+ elevation (15). Due to its 

expression pattern in neutrophils and monocytes, C5aR is particularly important 

in recruitment of leukocytes into sites of inflammation.  C3aR and C5aR are 

reported to play a role in T cell activation as will be discussed below (16), but 

microarray and RNA sequencing data in mouse suggests very low expression 

compared to macrophages (C3aR) or macrophages and neutrophils (C5aR).  Both 

C3a and C5a can be further processed by caboxy-peptidases to yield des-arg 

forms with modified biological activity (17).  There is a second C5aR, referred to 

as C5L2 (encoded by gene C5AR2), which is either a decoy receptor that removes 

C5a and may reinforce gradients, or may also directly modulate the activity of 

C5aR by recruiting β−arrestin (18).   In other systems, decoy receptors can be 

involved in setting up gradients (19), but this is not established for C5L2. 

 

Genetic studies demonstrate non-redundant roles of C3aR and C5aR in various 

pathological settings. C3aR has a pronounced role in allergic inflammation in 

mouse models and C3a is particularly abundant in lavage fluid of humans 

exposed to allergens (20).  C5aR has a non-redundant role in protection of the 

host against bacterial pathogens at mucosal surfaces, which goes beyond 
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neutrophil recruitment (21). Either C3aR or C5aR deficiency in mice reduced the 

severity of collagen-induced arthritis in mice, with C5aR appearing to play a 

greater role (22).  Consistent with this, antibody mediated blockade of C5aR 

eliminates mouse collagen induced arthritis and reduces levels of multiple 

cytokines (23).  However, attempts to treat human rheumatoid arthritis with a 

small molecule C5aR antagonist were not successful (24).     

 

Short consensus repeat (SCR) superfamily 

 

Many complement regulatory proteins, scavenger receptors and a family of low-

density lipoprotein like receptors share a repeated domain referred to as a 

short-consensus repeat (SCR).  The SCR domain is ~60 amino acids long and has 

6 β-strands in two β-sheets stabilized by 2 highly conserved disulfide bonds.  

CR1 (CD35) and CR2 (CD21) have extracellular domains that are entirely 

composed of long homologous repeats (LHR) containing 6-7 SCRs that reflect 

functional complement proteins binding units.   The genomic structure of the loci 

encoding CR1 and CR2 are different in primates (including humans) and non-

primates (including mice), making mouse models only partially applicable to the 

human situation (25) (Figure 2).  

 

In mice and other non-primates, CR2 consists of 4 LHR and binds C3d on 

immune complexes. The expression of mouse CR2 protein is largely restricted to 

B cells (26).  In contrast, follicular dendritic cells (FDC), a stromal cell type that 

define the B cell follicle and retains immune complexes on their surface for 

capture by germinal center B cells, express the CR1 protein based on alternative 
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splicing that adds an additional LHR that binds C3b and C4b (26). This N-

terminal LHR is highly related to a distinct and more widely expressed C4b and 

C3b binding protein called Crry (also referred to as CR1-like, or CR1L).   Both the 

N-terminal LHR of mouse CR1 and the single LHR of Crry have co-factor activity 

for Factor I, and thus have an important role in control of C3 convertase activity 

by converting C3b into iC3b and C3d (25), although a number of soluble and 

surface bound complement regulatory factors also inhibit or facilitate 

inactivation of C3 convertases.  Neither mouse CR1 or CR2 are highly expressed 

in myeloid cells.  Crry is expressed on myeloid cells, but at moderate levels and 

has not been clearly associated with effector functions like adhesion or 

phagocytosis. 

 

In humans, a distinct gene encodes the CR1 mRNA and protein with 3-6 C4b 

and/or C3b binding LHRs in different allelic variants- with 4 LHR in the most 

common alleles (27).   Human CR1 is widely expressed, including on myeloid 

cells, erythrocytes and some epithelial cells. For example, on the surface of 

kindey podocytes, CR1 facilitates the conversion of C3b to C3d with a half time of 

about 30 minutes in vitro, potentially contributing to protection of the kidney 

filtration apparatus from immune complex mediated damage along with other 

regulators such as decay accelerating factor (28). Monomeric C3b binds to CR1 

LHRs with a Kd in the 10-6 M range in physiological salt conditions (29).   Caution 

is needed in reading the literature as measurements are often performed with 

oligomeric forms of C3b and/or at low salt where the apparent Kd is in the 10-9 M 

range (29).  Thus, CR1 is a high avidity receptor for polyvalent binding to 
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clustered ligands on immune complexes or surfaces. The low affinity and fast off 

rate is typical of surface receptors that bind multivalent or particulate ligands.  

 

Given the differences between mouse and human CR1 genes, it is difficult to 

predict the function of human CR1 based on mouse models and knockout mice.  

Mice deficient in all variants of CR1 and CR2, but expressing Crry, have impaired 

B cells responses, including loss of IgG3 and are more susceptible to 

Pseudomonas mediated pneumonia than wild type mice (30).  Mice lacking only 

CR1 on FDC have milder defects and are not as susceptible to Pseudomonas 

pneumonia as mice lacking both CR1 and CR2 (26). The role of CR1 in myeloid 

cell’s effector functions, such as phagocytosis, can’t be studied in mice although 

mice expressing human CR1 on erythrocytes demonstrate a role in immune 

complex clearance (31).  

 

In vitro studies with human neutrophils and macrophages demonstrate that CR1 

plays a role in phagocytosis (6, 32), in parallel with CR3 (see below).  There is a 

general concept that phagocytosis mediated by CR1 requires activation of the 

myeloid cell either through Fc receptors or other immunoreceptors or through 

prior activation/differentiation of the myeloid cell (33). CR1 is more clustered on 

erythrocytes compared to neutrophils (34).  Erythrocytes shuttle immune 

complexes from the blood to phagocytes in the liver and spleen. The greater 

basal clustering of CR1 on erythrocytes may enable greater binding of soluble 

immune complexes, whereas neutrophils with less basal clustering bound few 

C3b+ immune complexes despite higher CR1 expression.  Activation of 

neutrophils with the chemotactic tri-peptide formyl-methionine-leucin-
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phenylanaline increased CR1 expression, but didn’t increase its clustering. The 

potential importance of clustering in ligand discrimination is consistent with the 

relatively low affinity and transient interaction of monomeric C3b with single 

CR1 LHR.  CR1 has a short cytoplasmic domain that has received surprisingly 

little detailed attention, although studies suggest that CR1 participates in 

phospholipase C activation (6).  The C-terminus of CR1 interacts with the PDZ 

domains of FAP-1 in erythrocytes, which may account for CR1 clustering (35).    

The biophysical implications for the large size of CR1 in the context of immune-

receptor signaling will be discussed further below.   

 

Integrin family complement receptors 

 

Integrins are a large family of hetero-dimeric trans-membrane glycoproteins 

expressed in vertebrates and some invertebrates (36).  They are specialized for 

cell-extracellular matrix and cell-cell adhesion and particularly the integration of 

adhesion with the cytoskeleton, transduction of mechanical signals and 

transmission of force to the cells environment (37).   Ligand binding by integrins 

is unique among complement receptors in being metal ion dependent.   In the 

immune system, physical processes such as leukocyte extravasation, some 

modes of interstitial migration and phagocytosis of particles by myeloid cells are 

dependent upon members of the integrin family.   Sub-families of integrin family 

adhesion molecules are organized around shared subunits with both subunits 

contributing to ligand specificity and specific cytoskeletal interactions that 

define functions.  The subunits are named in the traditional biochemical 

convention with the larger subunit referred to as α and the smaller as β and then 
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subscripts are used to designate the specific gene products that make up the 

receptor (38).  For example, pairing of the αM (gene ITGAM) and β2  (gene ITGB2) 

subunits forms CR3, the major receptor for the iC3b and the further breakdown 

product C3d, whereas pairing of αX (ITGAX) and β2 (ITGB2) subunits forms CR4, 

a receptor with affinity for iC3b, but not C3d.   The key role of integrins in 

myeloid cells function is dramaticaly illustrated by the primary 

immunodeficiency Leukocyte adhesion deficiency type 1 (LAD1), in which four 

leukocytes integrins, including CR3 and CR4, are deficient due to mutation or 

deletion of the shared β2 subunit (39).  These patients suffer recurent bacterial 

infections and die in childhood unless treated by allogeneic bone marrow 

translantation.   The β2 integrins play key roles in the extravasation of blood 

born leukocytes through binding intercellular adhesion molecule-1 and other 

ligands on endothelial cells.  Thus, interpreting the phenotype of LAD1 patients 

required consideration of both the complement type and non-complement 

ligands.  Myeloid cells also express a number of other integrin family members 

that function through interactions with extracellular matrix proteins, cell surface 

adhesion ligands and transforming growth factor-β activation (40), as will be 

discussed below.  

 

Integrin structure 

 

Integrin α subunits are type I trans-membrane proteins with an N-terminal β-

propeller domain, a series of globular domains forming a large, segmented leg 

connected to the single trans-membrane domain and short cytoplasmic domain 

(41).  Some of the α subunits, including CR3 and CR4, have an insertion into the β 
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propeller domain of a 200 amino acid inserted or I domain with a “dinucleotide 

binding fold”- essentially a β-sheet flanked by 7 α-helices (7, 36).  Divalent metal 

ion binding EF hands are present in the β-propeller domain and a single divalent 

metal ion binding metal dependent adhesion site (MIDAS) is present at the apex 

of the I-domain. The typically smaller β subunit has a conserved dinucleotide 

binding fold (I-like) domain inserted into the “hybrid” domain that is connected 

to both the N- and C-terminus of the I-like domain.  Changes in the angle of the 

hybrid domain with respect to the I-like domain shift the C-terminal α−helix of 

the I-like domain and change the conformation of the MIDAS and affinity for 

divalent cation dependent ligand binding (41).  This hybrid domain links to a 

segmented leg domain characterized by an abundance of disulfide bonds, a single 

trans-membrane domain and a short cytoplasmic domain.  When the α and β 

subunits are pairs the α−subunits β-propeller domain and the β-subunit I-like 

domain come together to form a single globular headpiece, from which the 

hybrid domain projects with a variable angle. The segmented leg domains can be 

either extended or bend at an intersegment genu.  When the legs are straight the 

integrin headpiece is projected ~ 20 nm from the cell surface, making it a large 

structure on the cell surface, but when the genu is bent the headpiece is held a 

few nm from the cell surface.  The trans-membrane domains are together in the 

genu bent conformation whereas they are separated in the extended form such 

that cytoplasmic interactions that cause the integrin to extend are thought to 

separate the trans-membrane domains by disrupting weak interactions between 

the trans-membrane domains and the membrane proximal segments of the 

cytoplasmic domains (the “clasp”).  The ligand binding subunit of integrins 

lacking a I domains bind ligands with the RGD core sequence (or similar with a 
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conserved D or E) that are extended from globular protein domains on loops.  

The α subunit I domain is the ligand binding site for integrins with this insertion.   

The conformational change in the headpiece apparently operates like a “bell 

rope” at the C-terminal end of the I domain to alter its conformation and ligand 

binding properties by moving the T-terminal α-helix to control the conformation 

of the ligand binding site.  The MIDAS motifs bind either Mg2+ in CR3 and CR4.  

The divalent cation coordinates with a key acidic residue in the ligand to 

complete the metal coordination.  The affinity for ligand is low when the hybrid 

domain is close to the α-subunit thigh domain (closed = bell rope slack) or high 

affinity when the hybrid domain is pulled away from the thigh domain (open = 

bell rope tight) (42).  Then range of affinities that can be achieved varies with the 

particular integrin ligand pair and functional context.  Cryoelectron microscopy 

of integrins has revealed additional possible structures, one of which appears to 

crouch, rather than genuflect, and may be capable of binding ligand in close 

membrane contacts (43). 

 

The cytoplasmic tails of integrins bind to a number of proteins, but the best 

defined is talin, which has a N-terminal trefoil FERM domain and a long tail that 

may set the optimal spacing for functional integrin clusters (44, 45).  Talin binds 

to a membrane proximal motif in the β2 cytoplasmic domain that is associated 

with integrin extension (44). Talin forms a bridge between the engaged integrin 

and F-actin (46).  It was first described in focal adhesion, but is also prominently 

accumulated with the immunological synapse between T cells and B cells (47).  

Talin is required for CR3 mediated phagocytosis (48).  Application of forces to 

talin through the link between the extracellular matrix and actin-myosin 
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contractile machinery exposes binding sites for vinculin, which translates force 

exerted on talin into a biochemical binding event and signal (49).  The force 

required to induce vinculin binding is 5 pN.  Thus, CR3 and CR4 may impart 

mechanical sensitivity to the phagocytosis process.  Force sensing is also 

important for bacterial adhesion through fimbria protein FimH (50), which 

interacts with the Ig-family ligand CD48 on phagocytes and diverted internalized 

bacteria into non-acidified organelles in which the can survive within the 

phagocyte (51). 

 

Leukocyte Integrins 

 

Integrin subfamilies are defined by three subunits that engage in the most 

functional heterodimers.  These are the αV, β1 and β2.  Members of each of these 

families are expressed on leukocytes, but the β2 subfamily is restricted to 

leukocytes (with the exception of some transformed stromal cells) and is thus 

referred to as the leukocyte integrin subfamily.  We can discuss all three sub-

families in terms of functional relevance to myeloid cells, but the complement 

binding integrins are members of the β2 subfamily as discussed already.    

 

The β2 integrins were first identified by monoclonal antibodies to myeloid 

differentiation antigens and lymphocytes function associated antigens, which 

were selected by on inhibition of CTL mediated killing (38).  Springer was the 

first to note that these distinct heterodimers were related by a shared β subunit 

and subsequently the cloning of the cDNA for the β2 subunit defined the integrin 

family after the β1 (CD29) subunit was cloned by Hynes (52).  There are 4 
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members of the β2 subfamily: αL (lymphocyte function associated antigen-1, 

LFA-1, CD11a/CD18), αM (Mac-1, CR3, CD11b/CD18), αX (p150/95, CR4, 

CD11c/CD18) and αD (CD11d/CD18).  For simplicity we will use LFA-1, CR3, 

CR4 and CD11d to refer to these hetero-dimers as these are the most relevant for 

this discussion around myeloid complement receptors.  There are function-

blocking antibodies to CD18, which will act on all heterodimers and blocking 

antibodies to the α subunits that are specific for individual heterodimers. 

 

The same screens that generated function blocking antibodies to LFA-1 also 

identified another set of heterodimers that identified based on expression on the 

activated lymphocytes, but not on most lymphocytes freshly isolated from blood.  

These antigens were expressed “late” in activation of lymphocytes after the cells 

had undergone clonal expansion and became post-mitotic effects cells and where 

thus called very late activation antigens (VLA) (53).  These turned out to be β1 

integrins and the literature still contains many references to VLA-4 (α4β1), 

which is the target for an important therapeutic antibody used in treatment of 

multiple sclerosis (54). 

 

There are a number of useful antibodies to β2 integrins in addition to the 

function blocking antibodies (55).  For example, KIM127 is an epitope on the β2 

subunit calf domain that only binds to the extended conformation due to 

masking of the epitope in the genuflected conformation (56).   Thus, it can be 

used to study the temperature and activation dependent extension of the β2 

integrins. Monoclonal antibody 24 (MAb 24) binds to the hybrid domain of the 
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β2 subunit (8).   MAb 24 binding stabilizes the high affinity open conformation 

and is also induced by ligand (57).  Thus, it has a net activating effects on 

integrin-mediated adhesion, but the prolongation of the high affinity state may 

impair some functions.   The conformation specific antibodies have been useful 

tools in analyzing the location of different conformations on cells (58).  Caution is 

needed as both KIM127 and MAb24 are synergistic with ligand in stabilizing 

extended or high affinity forms of β2 integrins.  

 

LAD1, which was mentioned earlier, is the result of a variety of mutations in the 

subunit β2 subunit that either eliminate the protein completely or reduce 

expression (59).   The α and β subunits assembly in the endoplasmic reticulum 

and when the β subunit is absent the α subunit is not expressed on the surface. 

The consequence of this deficiency is the inability to recruit myeloid cells into 

sites of inflammation in the gingiva and the skin- resulting in lack of pus 

formation and life threatening bacterial infections.  The condition can be 

effectively treated by bone marrow transplantation and functional defects 

lymphocyte may account for a higher success rate for bone marrow 

transplantation despite the history of the patients with infections (60).  The 

major defect driving this disease appears to be the localization of 

polymorphonuclear leukocytes to some, but not all, inflamed tissues.   

 

A third variant of Leukocyte adhesion deficiency to be described, LAD3, is based 

on the deficiency of the β2 cytoplasmic domain binding protein kindlin3 and 

results in a disease that combines features of LAD1 and platelet function 

deficiency such as Glanzmann thrombasthenia due to the role of kindlin3 in the 
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function of leukocyte and platelet integrins (61). Kindlin3, encoded by gene 

FERMT3, is related to talin, but binds to a distinct motif that is more distal from 

the membrane.  While binding of talin alone is sufficient for integrin extension, 

binding of both talin and kindlin 3 is required to generate the high affinity form 

of leukocyte and platelet integrins.  Kindlin 3, like talin, is also required for 

phagocytosis and signaling mediated by CR3 (62). 

 

The most widely expressed leukocyte integrin is LFA-1.  It is expressed on 

essentially all leukocytes and is important for anchorage of some cells in the 

vasculature, extravasation and cell-cell interactions.    Its ligands are referred to 

as intercellular adhesion molecules (ICAM)- of which there are 5.  The major 

ligands with demonstrated functions are ICAM-1 (CD54), ICAM-2 (CD105) and 

ICAM-3 (CD50).  ICAM-1 is also a ligand for CR3, although LFA-1 and CR3 binding 

to different regions within ICAM-1 (63, 64).   All of the ICAMs are members of the 

immunoglobulin (Ig)-superfamily, which share variable numbers of ~100 amino 

acid βsandwich domains. ICAM-1 and ICAM-2 are highly expressed on vascular 

endothelial cells, whereas ICAM-3 is mostly expressed on leukocytes in human, 

but a similar gene has not been identified in rodents.  ICAM-1 expression is 

regulated by inflammatory cytokines, lymphocytes and by leukocyte activation 

(65).  ICAM-2, in contrast, is constitutively expressed on endothelial cells and 

some leukocytes (66).  LFA-1 is only known to participate in cell-cell adhesion 

through binding to ICAMs.  It is important for efficient entry of lymphocytes into 

sites of inflammation and lymphoid tissues.  LFA-1 is also required for the 

retention of marginal zone B cells in the splenic marginal zone (67).  LFA-1 is 

also a defining component of the immunological synapse formed by T cells with 
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antigen presenting cells (68, 69).  Interestingly, LFA-1 is readily activated for 

binding to ICAM-1 in monocyte and immature dendritic cells, but become 

inactive and refractory to activation in mature dendritic cells (70).  The reason 

for this is not clear, but may prevent DC from forming homotypic aggregates that 

could exclude T cells when ICAM-1 is upregulated during maturation.  The low 

affinity form of LFA-1 binding ICAM-1 with a Kd of ~ 1.5 mM, whereas the 

intermediate and high affinity forms binds with Kds of ~15 µM and~150 nM, 

respectively, an up to 10,000 increase in affinity (42).   The LFA-1-ICAM-1 

interaction is highly dynamic in vivo suggesting that leukocytes likely utilize a 

mixture of intermediate and high affinity conformations with a continuum of 

interactions time frames modulated by force dependent effects.  The structure of 

the LFA-1 I-domain in a complex with the first Ig-like domain of ICAM-1 has been 

solved and shows the coordination of the Mg2+ ion with the E34 residue, which is 

critical for binding (42). 

 

CR3 is expressed on myeloid cells and activated T cells subsets and plays an 

important role in leukocyte interactions with endothelial cells by binding to a 

ICAM-1, although at a distinct site from that bound by LFA-1 (64), and it plays a 

critical role in phagocytosis of particles that are coated with fragments of the 

third component of complement, including iC3b (71, 72).  Recently, the crystal 

structure of the CR3 I-domain bounds to a further breakdown product of iC3b, 

called C3d, has been solved revealing the central interaction of the bound Mg2+ 

with an aspartic acid in C3d (7).  Its also apparent from this structure that CR3 

cannot bind C3b due to a steric conflict with the CUB domain, which is partly 

unfolded in iC3b (7).  In addition to high affinity ligands like ICAM-1 and 
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iC3b/C3d, CR3 also appears to have a multiple low affinity interactions with 

large recombinant ligands like iC3b and its likely this is based on recognition of 

acidic side chains in denatured/unstructured peptides (7, 73).    

 

CR3 deficient macrophages have defects in uptake of Mycobacterium 

tuberculosis and a significant component of this defect is directly attributable to 

complement receptor function (74, 75).  In mouse models of Alzhimer’s disease, 

C1q, C3 and CR3 expressed by microglial cells are required for destruction of 

synapses early in the disease process (76).  This was a particularly interesting 

study because unlike others that viewed microglia as reacting to plaques, this 

study suggests a more direct pathogen role.  The role of inflammation and 

complement in neurogeneration is complicated with both protective and 

pathological roles of complement in different models (77).  

 

CR4 is expressed on dendritic cells, tissue macrophages and effector T cells.  High 

expression of CR4 is use as a marker of dendritic cells for isolation and the CR4 

(CD11c) promoter has been used to drive expression of fluorescent proteins (78) 

and the diphtheria toxin receptor for visualization and deletion of dendritic cells, 

respectively (79).  Despite the progress enabled by these tools, there are caveats 

to exclusive use of CR4 as a marker for DC.  Recently, Nussenzweig has generated 

an alterative set of tools based on Zbtb46 as being a cleaner promoter for the 

classical DC lineage, fate mapping or deletion (80).  CR4 has lower affinity for 

iC3b than CR3 and does not interact with C3d, instead binding to the released 

C3c fragment (8).  CR4 also has a functionally relevant interaction with ICAM-1, 

ICAM-2 and VCAM-1 and thus can mediate attachment of cells to inflamed 



 21 

endothelial cells.  As discussed for CR3, CR4 also has the capacity to bind many 

ligands with exposed acidic side chains and it has been proposed that an 

important function of CR4 is to sense the denatured proteins as a danger signal 

associated with tissue injury (73).  The CR4 (CD11c) knockout mouse has a 

phenotype of reduced atherosclerosis and autoimmunity (81, 82).  Interestingly, 

T cells elicited by immunization of CR4 deficient mice with myelin-

oligodendrocyte glycoprotein are not encephalogenic in wild type mice.   Its not 

clear if this phenotype is T cell intrinsic, or if its imparted to the T cells by 

defective antigen presentation or microenvironment related defects in myeloid 

cells.  Effector T cells express significant levels of CR3 and CR4 and complement 

activation, particularly in relation to CD46, has been implicated in T cell 

activation (83-85).  It seems likely that some of these effects are dependent upon 

myeloid cells (16) and it will be an interesting to see how our understanding of T 

cell vs myeloid functions of these receptors. 

 

The integrin CD11d is the least studied of the β2 integrins and has no known 

complement-receptor function.  It is highly expressed in red pulp macrophages and 

some γδ T cell subsets.   It has also been shown that T cell responses to 

superantigens are reduced in the absence of CD11d (86), similar to results with 

CR3, although expression of CD11d in T cell seems more restricted than either 

CR3 or CR4.  Antibodies to CD11d have shown promise in enhancing recover of 

spinal cord and cerebral cortex following traumatic injury (87). 

 

Myeloid cells express a number of other integrin including receptors for 

fibronectin (α5β1), vitronectin (αvβ3), laminin (α6β1) and collagen (α1 and 
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α2β1).  Myeloid cells generally lack expression of the VCAM-1 receptor (α4β1), 

which renders them more dependent upon β2 integrins for extravasation at sites 

of inflammation.   The E-cadherin binding integrin αEβ7 is a marker for a subset 

of intestinal lamina propria DC that play important roles in homeostasis with gut 

microbes (88).  Dendritic cells also utilize the integrin αVβ8 for activation of 

transforming growth factor-β, which is critical for maintaining regulatory T cells 

(40).  Surprisingly, DC lacking all of the major integrins including αV, β1 and β3 

were able to migrate from the skin to the lymph node and localize in the T cell 

zones (89).  This finding resonates with earlier studies suggesting that amoeboid 

location can operate by mechanical coupling between cell shape and confining 

features of the 3D matrix and cellular environment with very low or no adhesion 

(90).  

 

Immunoglobulin superfamily complement receptors 

Most of the complement regulatory proteins are in the SCR structural family, 

except VSIG4 (also called CRIg) that competes for binding to C3b with C5 that 

connects the alternative C3 convertase to terminal complement components.  

VSIG4 is part of a subfamily of the Ig-superfamily with 2 Ig-like domains and a 

short cytoplasmic domain (10).  It is expressed on Kupffer cells and peritoneal 

macrophages.   It is critical for the ability of Kupffer cells to clear iC3b opsonized 

bacteria from the blood and thus contributes to control infection (9, 91).  VSIG4 

also appears to direct phagocytosed cargo to autophagic compartments that also 

improve control of intracellular bacteria (92).  VSIG4 suppresses complement-

mediated injury in arthritis models when administered as an Ig-fusion proteins 
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(93).  Recently, VSIG4 has been shown to have direct pattern recognition 

function in clearance of gram+ bacteria from the blood (94). 

  

Integrative functions 

 

Myeloid cells move from the bone marrow to tissue sites via the blood and need 

to cross endothelial barriers to gain access to tissues.  Complement proteins, 

particularly the anaphylatoxins play an important role, but punctuate processes 

that depend upon non-complement adhesion and guidance systems.  At sites of 

inflammation the endothelium becomes modified to increase adhesiveness in a 

process that can be acute or chronic.  There are three key steps that are 

classically served by three distinct molecular families.  Initial adhesion mediated 

by selectins, rapid activation mediated by chemokine receptors and firm 

adhesion and motility mediated by integrins (95, 96).   

 

The rolling adhesion is mediated by the brief and low valance interaction of 

selectins to specific glycans that are present in high abundance.  The selectins are 

single chain type I transmembrane glycoproteins that have N-terminal lectin 

domains.  CD62L is critical for leukocyte rolling in secondary lymphoid tissues 

where is binds sialyl Lewis X based carbohydrate moieties carried on multiple 

core proteins of the high endothelial cells.  Note that the second described form 

of Leukocyte adhesion deficiency, LAD2, is based on deficiency in the ability to 

add fucose sugar chains that are required to make selectin ligands (97).  

Inflammed endothelial cells rapidly upregulate CD62P on their surface in 

response to inflammation due to stored CD62P in Weibel-Palade bodies in the 
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endothelial cells.  CD62P bind sialyl lewis-X determinants in the context of the 

core protein PSGL1, which is also sulfated on tyrosines to form the optimal 

ligand.  In some contexts PSGL1 can be expressed without the appropriate 

carbohydrate modifications, in which case it does not serve as a functional ligand 

for CD62P.  CD62E is upregulated on endothelial cells by inflammation over a 

period of hours to further increase adhesion of leukocyte bearing sialyl lewis-X 

glycans (98).  

 

Once the leukocyte is in transient contact with the endothelial wall an activating 

signal is needed to induce firm, integrin mediated adhesion or else the leukocyte 

will detach and resume flowing with the blood until it reaches another capillary 

bed.  The activating signal is generally provided by a “chemoattractant” that is 

acting in an acute activation mode.  Chemokines can be presented by the 

endothelial cells because they bind to heparan sulfate proteoglycans, but can also 

be provided by other types of ligands of pertussis toxin sensitive G protein 

coupled receptors with the requirement that activation is rapid (99).  Non-

chemokine attractants that can induce arrest of rolling leukocytes includes 

platelet activating factor and C5a (100). 

 

Chemokine receptor signals rapidly activate integrins such as LFA-1 and CR3 and 

induce spreading of the leukocyte on the endothelial surface.  Leukocytes then 

extravasate using either junctional or transcellular routes (101).  The junctional 

route requires disengaging or rearranging multiple junctional adhesion 

mechanisms of the endothelial cells and can be achieved without or with 

significant vascular leakage depending upon other signals (102).  An alternative 
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mode of interaction between leukocytes and endothelial cells is intravascular 

scanning, which was first observed in the liver for natural killer T cells (103), but 

has now been described more widely for the CX3CR1+ subpopulation of 

monocytes (104).  It is assumed that this is a form of surveillance of the 

endothelium and endothelial wall as it is also observed in arterioles and large 

arteries in which the endothelium is not accessible from the tissue. 

 

The behavior of myeloid cells in tissues is characterized by neutrophil swarming 

in acute responses to sterile tissue injury or microbe driven inflammation.  The 

process can be coordinated by cytokines like IL-1 in the case of Staphylococcal 

infection or neutrophil apoptosis with release of leukotriene B4 (105, 106).  

Neutrophil movement can be highly directed, but is not integrin dependent.  The 

convergence of neutrophils in foci above a critical cell number leads to formation 

of integrin dependent cell aggregates.   These aggregates are sufficiently forceful 

to rapidly exclude extracellular matrix fibrils without proteolysis.  In vitro 

studies suggest a hierarchy of signals with endogenous signals taking a back seat 

to microbial signal like guidance to formylated peptides, that provide direct 

targeting to the microbe, but this has not been clearly demonstrated in vivo 

(107).  As complement activation takes places on microbial surfaces, which will 

then be sources of anaphylatoxins C3a and C5a, it has been found that C5a is 

dominant of LTB4 in attracting neutrophils, as mentioned above (14).  In the 

context of bacterial infections that are not cleared by neutrophils, CCR2+ 

monocytes are recruited along with NK cells and eventually effector T cells 

(108).  T cell production of cytokines may either guide a response down 

inappropriate pathway to resolution, but in some situations can lead to 
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inappropriate responses that lead to fatal immunopathology or chronicity (102, 

109).  Intravascular complement activation in LPS primed mice results in fatal 

shock that depends upon the C5aR (110), but its not clear if complement 

deposition on the endothelial cells plays a role in leukocyte interactions, or if 

these interactions are mediated by classical endothelial adhesion molecules like 

ICAM-1, ICAM-2 and VCAM.  

 

Phagocytic synapses 

 

Phagocytosis of foreign bodies and microbes is a critical function of myeloid 

cells.  Foreign objects and microbes are likely to become opsonized with 

complement, natural antibodies and may also have evolutionarily conserved 

patterns that are directly recognized by pattern recognition receptors on the 

myeloid cells.  Activating FcR and pattern recognition receptors like Dectin-1, 

which recognizes mannans found in fungal cell walls, signal through tyrosine 

kinases cascades driven by Src family and Syk family kinases leading to 

activation of phospholipase C-γ (111).  While activating FcR has non-covalently 

associated subunits with immunotyrosine activation motifs (ITAMs) in which a 

pair of precisely spaced tyrosines are phosphorylated by a Src family kinase and 

the recruits a Syk family kinase through its two SH2 domains that in turn targets 

an adapter to allow PLC-γ recruitment.  In the case of Dectin-1, each receptor has 

a single tyrosine motif and dimerization of the receptors by mannans creates a 

functional ITAM.  As such, each receptor has a half or hemi-TAM (112).  This is 

the same mode of signaling utilized by the T cell antigen receptors, for which 

exclusion of large phosphatases CD45 and CD148 is a common feature of the 
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immunological synapse- a specialized junction that facilitates signaling and 

effector functions (113, 114).   Dectin-1 mediated phagocytosis of yeast particles 

has been shown to induce CD45 exclusion as part of the formation of the 

phagocytic cup- suggesting that a phagocytic synapse may use similar topological 

strategies (115).  This is consistent with the relatively small size of Dectin-1 and 

its interaction with a relatively flat surface like a yeast cell wall, or 

experimentally, a latex bead, that together drive CD45 exclusion. 

 

Small receptors like FcR and Dectin-1 generate close contacts that may exclude 

CD45 and allow local propagation of tyrosine kinase cascades, but it has not been 

thought that large receptors like integrins or CR1 would be able to mediate such 

close contacts.  It is not clear if CR3 mediated interactions with iC3b or C3d on 

opsonized particles or in combination with FcR would generate similar 

phagocytic synapses as part of the activation process.  A recent study from 

Grinstein and colleagues suggests that integrins are capable or orchestrating 

CD45 exclusion in an F-actin dependent manner (116).  In this study, a ligand for 

CR3, fibrinogen, was interspersed on a surface with a pattern of IgG to locally 

engage Fc receptors, which provided activating signals.  Rather than simply 

excluding CD45 from small Fc receptor clusters, a CR3 mediated Arp2/3 complex 

dependent mechanism excluded CD45 from large areas that extended 1-2 µm 

from the site of FcR activation (116).  The Fc receptor signaling activates WASP 

that in turn activates the Arp2/3 complex to nucleate branched F-actin networks 

that can generate protrusive forces, apparently capable of CD45 exclusion.  It is 

not clear how the integrins in this setting are linked to the F-actin- but its likely 

that talin and kindling 3 are involved.  It is also of interest to consider if the very 
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large CR1 molecules could similarly become involved in a F-actin dependent 

close contact process (Figure 3).  Each LHR of CR1 could extend 25 nm based on 

the electron microscopy structure of C4 binding protein (117).  Thus, CR1 could 

have a total length approaching 100 nm.  Even if its is assumed that CR1 would 

be hinged and flexible, its would likely generate too large an inter-membrane 

separation when binding to its ligands to exclude CD45 when bound to C3b, 

which is itself a relatively compact globular proteins with the receptor binding 

sites very close to the membrane.  Evaluating the potential of CR1 mediated 

interaction with C3b on a surface to exclude CD45 in support of local tyrosine 

kinase cascades will require direct measurements.  Such experiments could 

provide a complementary data set to the one generated by Grinstein’s group for 

integrins.  If CR1 is capable of generating similar F-actin dependent close 

contacts following triggering by a smaller Fc receptor, then this would place 

additional constraints on models to explain this phenomenon.  Since the function 

of CR1 and CR3 overlap in many contexts in vitro, it seems plausible that CR1 

may in some way access a similar active mechanism for promoting close contacts 

despite its apparently long reach.  The function of this extended CD45 exclusion 

was not entirely clear, but it was proposed that it allows extension of the 

phagocytic cup past sparse sites of opsonisation.  Such a mechanism may also 

allow CR3 and CR4 to mediate phagocytosis of iC3b coated particles without an 

FcR signal. 

 

Complement in T cell activation 

Complement activation has been proposed to play a role in T cell activation.  

C3aR and C5aR mediate one mode of complement dependent activation in T cell 
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priming (16).  Kubes has also reported that CD4 T cells use C5aR to delayed type 

hypersensitivity reactions in vivo (118).  The complement regulatory protein 

CD46 mediates a second mechanism (83, 84, 119).  CD46 is a SCR family member 

with 4 SCR domains, transmembrane domain and a cytoplasmic domain that 

links to polarity proteins (120).  CD46 shares activities with CR1 in that it binds 

C3b and C4b, and protects host cells from complement mediated damage.  Its 

intriguing that VSIG4, which protects the vascular system from alternative 

pathway activation by clearing hydrolyzed C3 from the blood and preventing its 

association with C5 (10), is also a negative regulator of T cell function (11, 92, 

121, 122).  The high expression of VSIG4 in the liver and peritoneal cavity may 

help establish a level of immune privilege in these sites (123), although the role 

of VSIG4 has not been investigated. The receptor for VSIG4 on T cells is not 

known, but its intriguing to consider that VSIG4 mediated inhibition of 

complement activation could be related to its ability to inhibit T cell activation. 

 

Future directions  

 

The SCR superfamily and integrin family receptors play diverse and 

indispensible roles in innate immunity including the regulation of complement 

cascades, leukocyte localization and myeloid cells effector function. The 

relationship between extension and headpiece conformation is still a matter of 

debate and is challenging to address.  While integrins have been studied 

extensively with electron microscopy and modern data processing methods 

(124), most of the electron microscopy studies on complement regulators were 

carried out earlier. Zhu and colleagues have suggested that LFA-1 may underdo 
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extension and genuflection while bound to ligand with high/intermediate affinity 

(125).  This is significant because the genuflected interaction will bring 

membranes closer together and may form a better seal. Can large receptors like 

CR1 participate in such close contact or are their roles more in initial capture of 

particles, which are then “reeled in” by integrins in an F-actin dependent 

manner.   There are also a number of questions about differential regulation of 

integrins on myeloid cells; for example, how on dendritic cells LFA-1 is turned off 

while integrins like αVβ8 remain active in regulation of TGFβ activation.  What 

are the mechanisms for differential regulation of integrins?  Recent studies on 

the regional diversity of macrophages may further add opportunities for tissue 

specific regulation of such processes (126).  
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Table- Complement receptors involved in adhesion, migration and phagocytosis 

Protein Gene(s) Ligand(s) Cells Function 

C3aR C3aR C3a 
MF, DC, hN, 
hMC, hEO Chemotaxis, Activation 

C5aR C5aR C5a MF, MO, N, T Chemotaxis, Activation 

CR1 hCr1/mCr2 C3b, C4b 
N, EO, BASO, 
MF 

IC clearance, C3b/C4b regulation, 
Phagocytosis 

CR2 hCr2/mCr2 C3d B, FDC IC Capture 

CR3 

ITGAM iC3b, C3d, 
ICAM-1, 
Fibrinogen 

MF, N, EO, 
BASO, DC, actT Phagocytosis, Migration ITGB2 

CR4 

ITAGAX iC3b, 
ICAM-1, 
ICAM-2, 
VCAM, 
denatured 
proteins DC, N, MF, actT Phagocytosis, Migration ITGB2 

CRIg/VSIG4 VSIG4 C3b, iC3b 
MF, MC, 
Kupffer 

IC clearance, Phagocytosis, 
Regulation 

Key: B, B cell; Baso, basophil; DC, dendritic cell; EO, eosinophil; FDC, follicular 

dendritic cell; h, human;  IC, immune complex; ICAM, intercellular adhesion 

molecule; m, mouse; MC, mast cell; MF, macrophage; MO, monocyte; N, 

neutrophil; T, T cell; VCAM, vascular cell adhesion molecule. 

 

Figure legend 

Figure 1- Receptors for products of 3rd component of complement (C3) 

expressed on human macrophages.   Human macrophages differentiated from 

CD14+ monocytes with granulocyte-monocyte colony stimulating factor express 

all the major complement receptors including C3aR, C5aR, CR1, CR3 and VSIG4.  

The arrows with the receptor names indicate approximate binding site location 

within schematic of C3 breakdown products that are released in the production 

of C3a, C3b, and its covalently attached products iC3b and C3d.  The upper part 
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of the schematic is the macrophage surface and the lower part is a microbial 

surface bearing the complement components.  LHR = long homologous repeat. 

Figure 2- Schematic of the mouse and human complement receptors gene 

products.  In the mouse, CR1 and CR2 proteins are derived from alternative 

splicing of the Cr2 gene.  Mouse CR1 and CR2 are not present on myeloid cells.  In 

humans, the CR1 and CR2 proteins are products of different genes.  Human CR1 

is expressed on myeloid cells and functions in phagocytosis in additional to 

clearance or immune complexes bearding C3b and/or C4b.  CR1 also acts as a co-

factor for factor I in conversion of C3b to iC3b and, further, to C3d.  Each ball is a 

short consensus repeat (SCR) and each group of 7 repeats referred to as a long 

homologous repeat (LHR). 

Figure 3- Fitting integrins and complement receptors into diffusion barrier 

model for phagocytic synapse- Close contacts are inherent to immunological 

synapses.  Fc receptors and T cell receptors naturally fit into a 15 nm gap that 

generates a diffusion barrier for entry of CD45 and thus tips the local 

kinase/phosphatase balance in favor of the kinases.  Large receptors like CR3 

and CR4 are too large to fit into the < 15 nm space when fully extended.  Active F-

actin mediated processes can work with integrins to expand close contacts in 

phagocytic immune synapses and increase the area from which CD45 is 

excluded.  The relevant integrin conformations that mediate this close contact 

formation are not known, but may include alternative crouching conformations 

recently described by electron microscopy, or tilted extended conformations 

generated by forces tangential to the membrane.  CR1 function overlaps 

extensively with CR3/4 and thus its possible that CR1 can also adopt 

conformations that facilitate close contact in an F-actin dependent manner, 
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despite its apparent large size.  Further study is needed to understand whether 

CR1 also participates in close contact formation and how the CR1’s structure is 

adapted to this task. 

 

 

 


