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Abstract. The biologic activities mediated by the products of complement activation
include cellular, bacterial, and viral lysis, inflammation, phagocytosis, and immunoregula-
tion. These responses are achieved through the interaction of the activated forms of several
of the complement proteins with cell membrane proteins. This report reviews aspects of the
structure, ligand specificity, and function of the various complement receptors with partic-
ular emphasis on those receptors which bind to the activated fragments of C3. In addition,
we briefly summarize the surface proteins on foreign particles that bind C3 and their possible

role in the pathogenesis of these organisms.

Introduction

Complement consists of an interacting
group of approximately 30 proteins that par-
ticipate in host defense by responding to
invading organisms such as bacteria, viruses,
and other foreign particles. Activation of the
complement system generates a number of
fragments which bind to distinct cell surface
receptors on inflammatory cells and other
cells of the immune system. These comple-
ment receptors mediate various biological

responses which generally culminate in in-
flammatory and host defense reactions. In
addition, several of these receptors function
in the regulation of the complement cascade
at the cell surface, thus preventing host cells
from complement attack [for reviews, see
ref. 1-5].

The complement system is divided into
two pathways of activation, designated as
the classical and alternative pathways. Acti-
vation of the system by the classical path-
way, which is primarily dependent on the
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IgM or IgG present in immune complexes,
induces conformational changes in the CI
complex and leads to the activation of Clr
and Cls. Activated Cls then cleaves C4 to
C4a and C4b, and C2 to C2a and C2b. C4b
and C2a combine to form the classical-path-
way C3 convertase (C4b,2a) which, after ac-
tivating C3, vyields the C5 convertase
(C1,4b,2a,3b) [for reviews, see ref. 6 and 7,
this volume]. The alternative pathway [for a
review, see ref. 8, this volume] is evolution-
arily older and, in contrast to the classical
pathway, is antibody-independent [9]. How-
ever, antibody has been shown to enhance
the activation of the alternative pathway
[10].

The alternative pathway is in a low level
of steady-state activation due to the hydroly-
sis of the thiolester group of native C3, thus
forming C3(H,0). Once formed, C3(H,0)
can bind factor B, which is proteolytically
activated by the serine protease factor D,
yielding the C3 convertase (C3b,Bb) and re-
leasing the 33,000-dalton Ba fragment.
C3b,Bb can then cleave native C3 to C3a
and C3b, the latter being deposited cova-
lently on the surface of nearby particles via
the metastable thiolester group of C3b. The
C3b,Bb complex can serve as a C5 conver-
tase (C3b,Bb,3b) when another C3b mole-
cule is covalently bound, the second C3b
binding to C5 and modifying it for cleavage
by Bb. The alternative pathway is under
strict regulatory control by both plasma and
membrane proteins, which inactivate C3b
deposited on autologous cells and amplify
C3b deposition on foreign surfaces. Both
pathways produce a C5 convertase which
cleaves C5 to C5b and C5a, with C5b initiat-
ing the self-assembly of the membrane attack
complex (MAC) [11]. For a more detailed
description of the terminal pathway, see the

reviews by Inoue [12] and Mollnes et al. [13],
this volume.

Two types of fragments are generated
during complement activation that allow
complement to perform its effector func-
tions in response to microbial invasions. The
first type, the diffusible ligands such as the
C3a, C4a, and C5a, migrate within the local
environment and mediate inflammatory re-
sponses by binding to their specific recep-
tors. These fragments are said to behave like
hormones [14] since they are easily gener-
ated in response to microbial infection or tis-
sue damage, mediate biologic responses by
binding to cell surface receptors, and are
under the strict control of the serum enzyme
carboxypeptidase N [15]. In addition, other
fluid phase activation fragments, upon bind-
ing their respective complement receptors
on B and T lymphocytes, monocytes, and
macrophages, elicit several cellular re-
sponses. The second type of ligand resulting
from complement activation is a bifunc-
tional one, in the sense that it can bind to
specific cellular receptors while attached to
the target particles. This bridge between re-
ceptor and target is important in the phago-
cytosis or immune adherence of particles
opsonized with C3 fragments. Examples of
these proteins are C3b, C4b, and Clq.

This review will examine the cellular re-
ceptors of the complement system, their
function, cellular distribution, ligand speci-
ficity, and the structural similarity that exists
between several of these receptors and other
proteins of the complement system. Here,
the term ‘receptor’ will be used to describe
cell surface molecules, emphasizing their
recognition function, regardless of any role
they may or may not have in modulating cel-
lular functions. Table 1 summarizes these
surface molecules and their properties.



Table 1. Summary of cell surface molecules reacting with complement components

Receptor  Specificity Structure Cell type MoAb
C3 receptors
C3aR C3a, C4a mast cells, neutrophils,
basophils, monocytes,
T lymphocytes, eosinophils
CR1 C4b, C3b 4 allotypes erythrocytes, eosinophils To52, E11 [226]
iC3b, C3c 160 kD, 190 kD monocytes, macrophages 1B4/5C11/3D9/2B6 [227],
220 kD, 250 kD neutrophils, B and some 44DV, 57F/57H [228],
T lymphocytes, glomerular GARP-4/GARP-37 [229],
podocytes, follicular dendritic ~ YZ-1 [230],
cells J3D3/J3B11/J8B10 [231],
3F11/SD11 [232]
CR2 iC3b, 140 kD B lymphocytes, thymocytes anti-B2¢, HB-5°, OKB79,
C3dg/C3d follicular dendritic cells, AB1/AB2/AB3/ABS5 [233],
gp350/220 B and T cell lines BL13 [234], RFB6 [235]
CR3 iC3b, C3d 165 kD o-chain  monocytes, macrophages, anti-Mac 1¢, anti-Mol [236]
95 kD B-chain neutrophils, NK and ADCC anti-Leu 15b,
effector-lymphocytes, some OKM 1/0KM9/0OKM 104,
T lymphocytes, follicular MN41 [237]
dendritic cells anti-B-chain: TS1-18 [153]
IB4 [238], 60.3 [239]
p150, 95 iC3b 150 kD o-chain  monocytes, macrophages, anti-leu-M5b,
(CR4) 95 kD B-chain NK and ADCC effector anti-p-chain: TS1-18 [153],
lymphocytes, neutrophils 1B4 [238], 60.3 [239]
C3eR C3dk, C3e - neutrophils, monocytes
DAF C3b,Bb 70 kD erythrocytes, all leukocytes, IA10/1TH/VIIA7 [240]
C4b,2a platelets
MCP C3b, iC3b, 45-70 kD neutrophils, monocytes,
C4b most lymphocytes,

platelets, reticulocytes

Other complement receptors

CsaR Csa 48 kD mast cells, monocytes
C5a-des-arg granulocytes, macrophages,
neutrophils
HR Factor H 150 kD B lymphocytes, granulocytes
monocytes, macrophages
Clq Clq, polymeric with  monocytes, macrophages 1I1/D1 [188]
collagen-like  70-kD chains lymphocytes, neutrophils,
region platelets, fibroblasts
B Bb, Ba - B lymphocytes

Receptors on foreign particles

egpC C3b

HSV-infected cells

several [207, 211]

EBV C3b, iC3b -

C. albicans iC3b, C3d 70 kD

CA-A/CA-C/CA-D [216]

kD = Kilodaltons.
Distributed by Dako Corporation.
b Distributed by Becton-Dickinson.

¢ Distributed by Coulter Immunology.
d  Distributed by Ortho Pharmaceuticals.
¢ Distributed by Hybritech Inc./Boehringer-Mannheim.
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C3 Receptors

Degradation and Multiple Reactivities

of C3

C3 plays an essential role during comple-
ment activation due to its involvement in
both pathways of activation and its ability to
bind several ligands and receptors [for re-
views, see ref. 1, 16, 17, and 18]. Native C3
exhibits no biological activity but upon pro-
teolytic activation by either the classical or
alternative-pathway C3 convertase, C3 is
cleaved to C3a and C3b. This cleavage is
accompanied by the exposure of binding
sites in C3b and C3a which were concealed
in C3. Both C3a and C3b bind to specific
receptors while binding sites for factors B, H,
and I, properdin, C4bp, and C5, are exposed
on C3b [1, 16]. Further degradation of C3b
to iC3b occurs in the presence of the serine
protease factor I. This is facilitated by the
cofactor molecules factor H, CR1, C4bp, or
MCP and liberates a small peptide, C3f. A
third cleavage of iC3b by factor I has been
reported, yielding the fragments C3c and
C3dg; however, this point is still controver-
sial [1, 2]. C3dg can be further cleaved by
various proteases to C3d and C3g. In addi-
tion, an acidic fragment, termed C3e, is pro-
duced by trypsin cleavage of C3 while a frag-
ment known as C3dk can be generated by
kallikrein cleavage of iC3b. C3 activation
generates fragments that can bind to at least
six surface receptors which, in turn, mediate
a variety of functions: from phagocytosis
and cell adhesion to the clearance of immune
complexes and cell activation.

C3b/C4b Binding Proteins

A superfamily of structurally related mol-
ecules consisting of the membrane proteins
CR1 [19], CR2 [20, 21], DAF [22, 23], and

MCP [24], and of the serum proteins factors
B [25] and H [26, 27], C2 [28], and C4bp
[29], is found in the complement system
based on sequence homology and on their
common ability to interact with C3b or C4b
[for reviews see ref. 4, 5]. These proteins all
contain internal repeating units of approxi-
mately 60 amino acids that are characterized
by the conservation of approximately 10-15
positions within each repeating unit. These
repeating units are contiguous, starting at
the N-terminus of the molecule, and it has
been predicted that a series of such struc-
tures would form a semi-rigid, elongated
molecule that, in the case of surface recep-
tors, could extend out from the membrane.
Several of these molecules also share func-
tional similarities in that they serve as cofac-
tors for the factor-I-mediated degradation of
C3b or C4b (CR1, CR2, MCP, factor H,
C4bp) or that they can accelerate the decay
of the C3 convertases (CR1, DAF, C4bp, fac-
tor H). Other proteins that possess these
repeating units but do not bind C3b or C4b
are Clr and Cls and the noncomplement
proteins P,-glycoprotein 1, IL-2 receptor,
and factor XIII.

Complement Receptor Type One (CRI).
Complement receptor type one (CD35) was
first discovered over 30 years ago by Nelson
[30] who showed that bacteria, when treated
with specific antibody and serum, were able
to adhere to erythrocytes and that this adher-
ence led to an enhancement in the phagocy-
tosis of these bacteria by neutrophils. This
phenomenon, termed immune adherence,
was shown to be due to the specific interac-
tion between C3b fixed to the bacteria and
the immune adherence receptor (CR1) on
erythrocytes [31]. This receptor has subse-
quently been found on other cell types in-
cluding neutrophils, monocytes, macro-
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phages, eosinophils, lymphocytes, and glo-
merular podocytes [3, 32, 33].

CR1 was originally isolated by Fearon
[34] from erythrocyte membranes by its abil-
ity to control the amplification of the alter-
native pathway C3 convertase. It is a single-
chain glycoprotein that exhibits an unusual
genetic polymorphism. Four allotypes, rang-
ing in M; from 160,000 to 250,000, have
been found [35-37]. These differences in
molecular weight are at the polypeptide level
since they persist after biosynthesis of CR1
in the presence of tunicamycin or after endo
F treatment [38]. However, glycosylation of
CR1 is necessary for it to function optimally
and the fact that all four allotypes bind C3b
indicates that these structural differences do
not interfere with the C3b binding site(s) on
CR1.

A great deal of information on the unique
structure of CR1 has come from the molecu-
lar cloning of the CR1 ¢cDNA from a tonsilar
library. The partial primary structure of the
most common allotype, the F allotype, was
found to consist of long homologous repeat-
ing units of approximately 450 amino acids
with each of these comprised of seven short
consensus repeats of approximately 60
amino acids [19]. The F allotype consists of
four long homologous repeats (LHR), and it
is believed that the larger S allotype contains
an additional LHR which constitutes the ob-
served M, difference between these two allo-
types. In addition, an alternative polyadeny-
lation site in the CRI1 transcriptional unit
has been identified which may produce a
short secreted form CR1 [39].

CR1 recognizes the C3b fragment of C3
or the C4b fragment of C4, and this binding
is responsible for the immune adherence of
microorganisms coated with C3b or C4b to
CR1-bearing cells. CR1 can also bind to the

iC3b [40] and C3c [41, 42] fragments of C3,
but with approximately 10- to 30-fold lower
affinity. On the other hand, dimeric C3b
[43] binds to CR1 with a 60-fold higher
affinity than monomeric C3b [43, 44]. The
binding site for CR1 on C3b has been local-
ized to a domain in the N-terminus of the
a’-chain, spanning residues 727-768 of the
C3 sequence [42]. A synthetic peptide span-
ning this region of the C3 a’-chain, as well as
the corresponding antipeptide antibody, in-
hibited CR1 binding to C3b and C3c. Re-
cently, C3b and C4b binding regions in CR1
have been identified. cDNA clones contain-
ing the entire coding sequence of CR1 were
spliced and constructed such that transfected
Cos cells expressed recombinant CR1 that
had properties similar to native CR1 [45].
Furthermore, expressed CR1 deletion mu-
tants revealed that one binding site for C4b
and two for C3b are located in the two NH2-
terminal SCRs of LHR-A, -B, and -C, respec-
tively. This suggests that CR1 interacts mul-
tivalently with the C3b-C3b and C3b-C4b
complexes produced during complement ac-
tivation and/or that CR1 interacts with two
distinct sites in C3.

The function of CR1 varies with the cell
type expressing the receptor. On human
erythrocytes, in which the number of CR1
molecules ranges from 100 to 1,200, CR1
functions as a surface regulatory protein pre-
venting the amplification of complement ac-
tivation. This regulation is achieved by
either accelerating the decay of the C3 con-
vertase or acting as a cofactor for the factor-
I-mediated inactivation of C3b [34]. In addi-
tion, CR1 has been implicated in the trans-
port of complement-coated immune com-
plexes to the liver [46].

On monocytes and neutrophils, the num-
ber of CR1 molecules increases up to 10-
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fold, from 5,000 molecules per cell, when
the cells are stimulated with chemotactic
agents [47]. The major function of CR1 on
these cell types is to enhance the phagocyto-
sis of particles bearing IgG and C3b by
working in tandem with Fc receptors [48,
49]; the two receptors communicate by cy-
toskeletal elements [50]. There are reports
that CR1 alone can play a role in phagocyto-
sis when human monocytes and neutrophils
are stimulated with phorbol esters [51] or
when monocytes are grown in the presence
of fibronectin [52, 53].

The number of CR1 molecules per cell
increases during maturation of B lympho-
cytes, with virtually all mature B cells ex-
pressing from 20,000 to 40,000 CR1 mole-
cules per cell [47]. CR1 disappears when
mature B cells differentiate into plasma cells.
The role of CR1 on B cells is not well under-
stood but, it may be involved in the genera-
tion of antibody-secreting cells [54] and in
the differentiation of B cells [55, 56]. CR1
has also been found on some subsets of T
cells [57], on glomerular podocytes [58], and
on the Schwann cells of peripheral nerve tis-
sue [59], but its function on these cells re-
mains speculative.

Complement Receptor Type 2 (CR2).
Complement receptor type2 (CD21) is a
140,000-dalton glycoprotein that binds the
iC3b, C3dg, and C3d fragments of C3 [41]
and the gp350/220 glycoprotein of Epstein-
Barr virus (EBV) [60-62]. It has been found
on human B cells [63-65], follicular den-
dritic cells [66], pharyngeal epithelial cells
[67], cervical epithelium [68], human thy-
mocytes [69], and many transformed B and
T cell lines [70-74] (table 1). Originally, CR2
was reported to be a 72,000-dalton glycopro-
tein isolated from Raji cell culture media by
affinity chromatography on C3d-agarose

[73]. Subsequently, a 140,000-dalton mole-
cule with C3d binding capacity was isolated
from cell lysates using anti-gp140 [74], anti-
B2 [75], HB-5[76], or OKB7 [77] antibodies,
and shown to represent the intact CR2 mol-
ecule. The relationship between the 72,000-
and the 140,000-dalton molecules was re-
cently established using monoclonal [78, 79]
and antipeptide [Servis, Myones, and Lam-
bris, unpubl. obs.] anti-CR2 antibodies. The
72,000-dalton molecule was shown to be a
proteolytic fragment derived from the
140,000-dalton molecule [78] after it is shed
from the membrane of Raji cells [Myones,
unpubl. obs.]. The 72,000-dalton molecule
was also found to contain the epitope recog-
nized by the monoclonal antibody (MoAb)
OKB?7 which inhibits both C3d and EBV
binding. Both the C3d-binding site and the
MoAb OKB7 antigenic site were further lo-
calized to a 30,000-dalton tryptic fragment
of CR2 [78, 79]. It is not yet clear whether
the same fragment also contains the EBV-
binding site.

The CR2 binding site in C3d was local-
ized to residues 1205-1214 of the C3 se-
quence [80]. This sequence of C3 is similar
to a sequence within gp350/220 of EBV (res-
idues 19-31), suggesting that EBV may bind
to CR2 via this site [2, 61, 81]. This was
recently demonstrated using synthetic pep-
tides from this region of gp350/220, which
bound to CR2 and competed with the
CR2-binding peptides from C3d [82, 83].
Moreover, the differential inhibition of C3d
and EBV binding to CR2 by various anti-
CR2 antibodies [84-87] suggested the exis-
tence of different binding sites on CR2 for
EBV.

CR2 has been implicated in the modula-
tion of immune responses although the
mechanism by which this occurs is not well
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understood. Anti-CR2 antibodies, particle-
bound C3 fragments, and UV-inactivated
EBV were shown to enhance B cell prolifera-
tion in the presence of T cells or T-cell-
derived stimulatory factor (BSF-1) [88-94].
In addition, cross-linked C3 replaces the ac-
tion of macrophage-derived growth factors
which control the entry of B cells into the S
phase of the cell cycle, while monomeric C3d
inhibited the action of these factors [93-96].
It appears from these studies that the CR2-
mediated effects are dependent on the na-
ture of the ligands (monomeric versus poly-
meric) interacting with the receptor. This is
supported by the finding that multivalent
CR2-binding synthetic peptides from C3d or
anti-CR2 antibodies support the growth of
CR2-positive human lymphoblastoid B cell
lines [79, 83]. The growth-supporting effect
of the multivalent synthetic peptide, as well
as of C3 [97], was inhibited by monomeric
synthetic peptides [83] and by the peptide of
gp350/220 which is homologous to C3d [83].
The CR2-binding peptides were also found
to have the capacity to inhibit the matura-
tion of B cell progenitors [98] and the en-
trance of the B cells into the S phase of the
cell cycle [99]. Finally, the B cell activation
via CR2 has been associated with phosphor-
ylation and increased expression of the re-
ceptor, as well as its translocation to the
nucleus [100-102].

In addition to B cell responses, fluid-
phase monomeric CR2 ligands such as C3d
[103, 104] and C3d-k [105-106] have been
found to suppress T cell proliferation. The
presence of CR2 on activated T cells has
been controversial. Functional studies such
as EC3bi rosette formation [107] and sup-
pression of T cell proliferation [103-106]
suggest its presence on T cells, while surface
staining of these cells with the anti-CR2

MoAb HB-5 [108] does not. The failure of
HB-5 to bind to peripheral T cells, however,
does not exclude the presence of low num-
bers of CR2 on these cells. Since the pres-
ence of CR2 on peripheral T cells has not yet
been demonstrated, its role in the observed
suppressive effects is unclear. Moreover,
CR2 has been reported to serve as a cofactor
for the factor-I-mediated degradation of sur-
face bound iC3b [109] and as a major site for
the covalent attachment of C3 during alter-
native-pathway activation by lymphoblas-
toid cells [110].

Decay-Accelerating Factor. The decay-ac-
celerating factor (DAF) is a 70,000-dalton
single-chain glycoprotein found on a wide
variety of cells (table 1) as well as in some
body fluids [111-113]. It functions as a neg-
ative regulator of complement activation by
binding to and decaying the C4b,C2a and
C3b,Bb convertases. This prevents the am-
plification of complement activation and, as
a consequence, protects host cells which
carry DAF from autologous complement-
mediated lysis. In contrast to the other regu-
lators of complement activation (H, C4bp,
CR1, CR2, MCP), DAF has no cofactor ac-
tivity for the factor-I-mediated degradation
of C3b and does not bind to C3b-coated par-
ticles [5, 114]. Unlike other membrane-regu-
latory proteins in this family which possess
transmembrane domains, DAF is anchored
to the membrane via a phosphatidylinositol
anchor [112]. This anchor was suggested to
be involved in transducing a signal to the cell
during activation of human T cells by anti-
DAF antibodies [115]. '

Membrane Cofactor Protein. Membrane
cofactor protein (MCP), initially called
gp45-70, is a single-chain glycoprotein [116]
with a molecular weight ranging from 45,000
to 70,000 daltons, depending on the degree
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of glycosylation. The tissue distribution of
MCP, except for its absence on human eryth-
rocytes, is similar to that of DAF (table 1).
MCP acts as a surface cofactor for the factor-
I-mediated inactivation of C3b [116]; it has
no decay-accelerating activity, and appears
not to be involved in immune adherence
even though it can bind to C3b, iC3b, and
C4b [117].

Membrane Factor H. A membrane form
of factor H, with the same M; as plasma fac-
tor H (150,000 dalton), was found on mono-
cytes, B lymphocytes, and on the Raji and
U937 cell lines [118-120]. Like plasma fac-
tor H, the membrane H serves as a cofactor
in the factor-I-mediated cleavage of fluid
phase C3b [120]. In addition, membrane H
has been proposed to be involved in the
rosetting of EC3b cells with Raji cells based
on the inhibition observed using both poly-
clonal [121] and monoclonal anti-H anti-
bodies [118]. However, the cellular effects
mediated by this binding, if any, are not
known.

CR3, p150,95, and LFA-1 Family of

Glycoproteins

CR3 (Mac-1, Mol, CDI11b), p150,95
(CDl1c¢), and LFA-1 (CD11a) are membrane
glycoproteins found on white blood cells and
hematopoietic precursor cells (table 1). To-
gether they comprise a family of membrane
glycoproteins that share identical B-chains
noncovalently associated with homologous,
but immunologically distinct, a-chains [for
review, see ref. 122]. CR3 and p150,95 both
bind the iC3b fragment of C3 [123] and all
three receptors require divalent cations to
function properly. These proteins belong to a
superfamily of cell surface receptors, termed
integrins, that also includes the fibronectin
and vitronectin receptors, glycoprotein

IIb/Illa, and the VLA molecules [124].
These surface proteins are all noncovalently
associated heterodimers that function in cell
adhesion; their characterized ligands bind
via a domain containing the sequence RGD
[125]

Complement Receptor Type 3 (CR3). CR3
is a membrane glycoprotein found on mono-
cytes, macrophages, polymorphonuclear leu-
kocytes, and lymphocytes that possesses nat-
ural killer activity [32]. It is a heterodimer
comprised of a 165,000-dalton o-subunit
and a 95,000-dalton B-subunit. The B-sub-
unit is identical to the B-subunits of p150,95
and LFA-1. CR3 is the human equivalent of
the Mac-1 antigen found in mice, the two
terms often being interchanged in the litera-
ture. CR3 is identified by the MoAB
OKM10, Leul 5, anti-Mol, and anti-Mac-1,
all of which block the iC3b binding site, and
by OKMI1, which does not. Analysis of the
c¢DNA encoding the o-subunit of Mac-1 re-
vealed that (1)it shares approximately a
60% identity with the a-chain of p150,95,
(2) it contains three putative binding sites
for divalent cations, and (3) it contains an
extra domain of 220 amino acids in the N-
terminus when compared with the a-chains
of other integrin receptors. This extra do-
main is homologous to a repeated domain
present in von Willebrand factor, cartilage
matrix protein, and complement proteins C2
and factor B [126-128].

The binding specificity of CR3 for the
iC3b fragment of C3 was demonstrated by
the ability of both fluid phase iC3b and
monoclonal anti-CR3 antibodies to inhibit
iC3b binding to CR3 [129-131]. The CR3
binding site within 1C3b was localized to a
21 amino acid segment spanning residues
1361-1381 of C3 and containing an RGD
sequence [132]. Although the impor-
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tance of this RGD sequence in the iC3b-CR3
interaction is not clear [1], it was recently
shown that the CR3-mediated binding to
endothelial cells could be inhibited by this
RGD-containing peptide [133]. In addition,
it has been proposed that CR3 recognized
iC3b via a second binding site since sheep
erythrocytes coated with C3d and IgG aug-
mented Fc-receptor-mediated phagocytosis
by monocytes [134]. This binding, like that
of iC3b, was also cation-dependent and is
inhibited by anti-Mo1. CR3 possesses an ad-
ditional binding site for zymosan [135] and
LPS [136] that is distinct from its iC3b site
[135, 137]. The zymosan binding is inhibited
by N-acetyl-D-glucosamine, suggesting that a
sugar moiety is responsible for this binding.
Additional evidence for this binding site in-
cludes (1) the decreased ability of CR3-defi-
cient neutrophils to phagocytose unopson-
ized yeast; (2) the inhibition of yeast inges-
tion by B-glucan [138]; (3) the differential
inhibition of neutrophil respiratory burst by
various anti-CR3 antibodies [139], and
(4) the isolation of CR3 by affinity chroma-
tography on B-glucan Sepharose [140].

The major function of CR3 is its involve-
ment in the phagocytosis of iC3b-opsonized
particles. Interaction of the opsonized parti-
cle with CR3 on monocytes or neutrophils
results in the enhancement of phagocytosis
[48, 141, 142], apparently by augmenting the
effector cell-target cell contact. In addition,
it has been shown that binding of unopson-
ized particles to CR3 induces the respiratory
burst via the B-glucan epitope [139]. Patients
lacking CR3 on their monocytes and neutro-
phils have recurrent bacterial infections as-
sociated with defective phagocytic functions
[122]. CR3 also plays a role in neutrophil
adhesion to endothelial cells and a variety of
other substrates [143-145], as substantiated

by the decreased ability of CR3-deficient
neutrophils to migrate to sites of infec-
tion. Furthermore, CR3 plays a role in the
lymphocyte-mediated antibody-dependent
(ADCC) and complement-dependent cellu-
lar cytotoxicity (CDCC) of cells bearing acti-
vated complement components [146-149].
Complement Receptor Type 4 (CR4). CR4
(p150,95, CD11c) is a membrane glycopro-
tein consisting of an M, 150,000 a-chain and
an M; 95,000 B-chain which is expressed on
phagocytic cells, natural killer cells, and
some cytotoxic T cells [150-155]. The B-
chain is identical to that described for CR3
and LFA-1 [156, 157]. Cloning of the p150,
95 a-chain revealed that it is homologous
with the o-subunits of other integrin recep-
tors that recognize the RGD sequence in
extracellular matrix proteins and that it con-
tains three homologous repeating units with
putative CaZ*/Mg?* binding sites [158].
p150,95 (CR4) was originally described as
an 1C3b/C3dg receptor on neutrophils that
was distinct from CR1, CR2, and CR3 [86,
159]. It mediates iC3b binding in a manner
closely resembling that of CR3, as demon-
strated by the following findings: (1) solubi-
lized p150,95 binds to iC3b-agarose in a
divalent cation manner [123, 160]; (2) anti-
p150,95 blocks EC3bi binding to neutrophils
and macrophages [161], and (3) p150,95-
deficient leukocytes lack iC3b binding activ-
ity [86, 161]. The specificity of this receptor
for C3dg/C3d has not been fully investi-
gated. Like MAC-1 and LFA-1, p150,95
functions in cell adhesion [145]. MoAb di-
rected against the o-subunit of p150,95 indi-
cated that it is important in monocyte adhe-
sion [162], in contrast to MAC-1, which ap-
pears to play a major role in neutrophil adhe-
sion [145]. The expression of p150,95 is
increased upon (1) differentiation of mono-
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cytes into tissue macrophages [151, 163-
165]; (2) PMA-induced differentiation of
HL-60 and U937 cells, and (3) stimulation of
B chronic lymphoma leukemia cells by PMA
[151].

Other C3 Receptors

‘CRS’

Another receptor for the C3dg fragment
of C3, distinct from CR1, CR2, and CR3,
has been described on neutrophils [166] and
platelets [167]. The expression of CR5 and
not of pl150,95/CR4 on platelets suggests
that these two receptors are different. CR5
has also been called CR4 and thus far no dis-
tinction between the two has been made in
the complement literature. The presence of
CR5 on neutrophils and platelets was dem-
onstrated by the high affinity binding of
fluid phase '251-C3dg dimers, independent of
divalent cations [167]. Although this recep-
tor is not yet characterized, it has been sug-
gested that it may be a 90,000-dalton protein
isolated from neutrophils and spleen cells
[2]. The function of CRS is also unknown,
although it has been speculated to be in-
volved in the cellular uptake of soluble com-
plexes bearing iC3b or C3dg [167].

C3a, C4a and C5a Receptors

The anaphylatoxins C3a, C4a and C5a
are cleavage products released during com-
plement activation from the plasma compo-
nents C3, C4, and CS, respectively [for re-
views, see ref. 168, 169]. The three anaphyla-
toxins share many structural features and
they exert their proinflammatory role on dif-
ferent cell types including neutrophils,
monocytes, eosinophils, basophils, and mast
cells [168, 169]. Cross-linking studies have

demonstrated that the C5a receptor has an
apparent molecular weight of 52,000 daltons
[170, 171]. It has been proposed that C5a is
comprised of two domains: a ‘recognition
site’ which is found within the amino termi-
nal 69 residues and an ‘activation site’ con-
sisting of the five carboxy terminal residues
of the molecule [168]. It has also been sug-
gested that there is a weak interaction be-
tween the amino and carboxy terminal he-
lices and that in the folded molecule, the
amino end influences the presentation of the
carboxy terminal effector site to the receptor
[168].

The receptor for C3a and C4a is ex-
pressed on mast cells, granulocytes, mono-
cytes, lymphocytes, and vascular epithelial
cells [for reviews, see ref. 168, 169]. The
structure of this receptor has not yet been
characterized. Studies using synthetic pep-
tides have localized the binding site on C3a
for its receptor to a linear segment of 5
amino acids in the C-terminal part of the
molecules [172]. A peptide sequence adja-
cent to the binding site, which folds into an
a-helix, appears to be important in stabiliz-
ing the conformation of the active site and
thus favors receptor binding [173, 174].

The interaction of the anaphylatoxins
with their receptors on leukocytes results in
numerous biological responses. Depending
on the responding cell type, these include
chemotaxis, chemokinesis, cell aggregation
and adhesion, and release of lysosomal en-
zymes, toxic oxygen products and histamine
[168, 169]. Furthermore, studies have indi-
cated that the C3a and C5a receptors may be
expressed on a subpopulation of T cells and
may play a role in immune regulation since
C3a elicited immune suppressive responses
in vitro, and C5a enhanced cellular immune
responses [for a review, see ref. 175].
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C3e Receptor

Another C3 receptor on polymorphonu-
clear leukocytes was described based on the
ability of a C3 fragment, termed C3e, to
induce lysosomal enzyme release from these
cells [176]. This same fragment was also
found to induce leukocytosis [177, 178]. C3e
appears to be derived from C3c and is pro-
duced by prolonged treatment of C3 with
trypsin. The molecular events and enzymes
giving rise to the C3e fragment in the circu-
lation are not known. However, cleavage of
iC3b by kallikrein generates a fragment of
C3, termed C3dk, that can also induce leuko-
cytosis [105], and this activity was localized
to the N-terminal portion of the C3dk mole-
cule by using synthetic peptides [179].

Receptors for other Complement
Components

The Clq Receptor

The classical pathway of complement is
initiated after the binding of Clq, via its glo-
bular heads, to classical pathway activators
[for details, see M. Loos, this volume). This
activator-bound Clq interacts via its colla-
gen-like portion with specific receptors
(C1gR) on monocytes [180, 181], B-lympho-
cytes [182], platelets [183, 184], polymor-
phonuclear leukocytes [185], endothelial
cells [186] and fibroblasts [187]. Two groups
have isolated Clq binding proteins from
Raji and U937 cells, and reported M, rang-
ing from 65,000 to 80,000 [182, 188-190].

The interaction of C1q with the C1gR has
been reported to elicit a variety of biological
activities including (1) the enhancement of
cell-mediated cytotoxicity by K cells [191];
(2) the enhancement of IgG-mediated phago-
cytosis by monocytes [192]; (3) the stimula-

tion of neutrophil oxidative metabolism
[185], and (4) the inhibiton of platelet aggre-
gation and serotonin release from these cells

[183, 184].

Factor H Receptor

A membrane protein which binds factor
H was found on B-lymphocytes, neutrophils,
and monocytes [193-196]. The ligand inter-
acting with the H receptor seems to be an
aggregated form of factor H [194], possibly
the more hydrophobic form of factor H that
has been found in serum [197]. Purification
of the H receptor from Raji cells and B cells
[194, 196] by ligand affinity chromatography
and anti-idiotypic anti-H antibodies has
shown it to have an a M; of 150,000 while
the H receptor on monocytes and neutro-
phils has not yet been purified. The binding
of factor H to its receptor induces several
cellular responses, including (1) the release
of endogenous factor I from B lymphocytes
[193] and of prostaglandin and thomboxane
from macrophages [198]; (2) the secretion of
IL-1 by monocytes [199]; (3) the stimulation
of the oxidative metabolism of human
monocytes [195], and (4) the inhibition of B
cell differentiation [200].

Factor B Receptor(s)

The biological activity of the Ba activa-
tion fragment of complement factor B sug-
gested the existence of a factor B receptor on
B cells. Using splenic B lymphocytes preacti-
vated with LPS, it was found that Ba acts
as a B cell growth factor [201]. Binding of
125].Ba to preactivated B cell blasts demon-
strated that there were 104 receptor binding
sites per cell with an apparent K, =1 X 107
M~=1[202]. Another report indicated that the
Bb fragment of factor B was antigenically
and functionally similar to a 60,000-dalton
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HMW-BCGF, and that this fragment aug-
mented the growth of preactivated B cells in
a manner similar to HMW-BCGF [203].
This enhancement could be inhibited by the
Ba fragment and by a 10-amino-acid-long
synthetic peptide from the carboxy end of
the Ba fragment. The nature of the recep-
tor(s) responsible for these interactions is, as
yet, unknown.

Homologous Restriction Factor (HRF)

Homologous restriction factor is a
65,000-dalton membrane protein that binds
C8 and C9. It was originally isolated from
human erythrocytes by its ability to inhibit
the transmembrane channel-forming func-
tion of autologous C8 and C9 but not their
analogs of other species [204, 205]. HRF is
also found on monocytes, neutrophils, lym-
phocytes, and platelets where it plays a regu-
latory role in controlling autologous MAC
attack while HRF incorporated into target
cell membranes has been shown to inhibit
channel formation by cytotoxic lymphocytes
[206].

C3 Binding Proteins on Foreign Particles

Glycoprotein C(gC) of Herpes Simplex

Virus (HSV)

Several reports exist of complement bind-
ing to foreign surfaces via molecules which
regognize fragments of C3. During viral in-
fection, glycoproteins of the virion envelope
are expressed on the surface of infected cells
and generally serve as targets for attack by the
cellular and humoral immune system of the
host. In HSV-1 infected cells, one of these
viral glycoproteins, designated gC-1, serves as
a ‘receptor’ for C3b [207, 208]. The binding
of C3b-coated erythrocytes to HSV-1-in-

fected cells is inhibited by fluid phase C3b
[207], anti-CR1 [209], and by MoAb to gC
but not gA/B, gD, and gE [207]. gC-1 acceler-
ates the decay of the C3 convertase, thus
decreasing the efficiency of complement in
mediating the lysis of infected cells [210].
Although earlier reports did not detect simi-
lar properties for gC-2 of HSV-2, it has re-
cently been shown to bind human C3b [211,
212] and provide protection against the com-
plement-mediated neutralization of HSV-2-
infected cells [211]. Since gC shares func-
tional 207, 211], structural [5], and immuno-
logical {209] similarities with CR1, it is sug-
gested that this glycoprotein may protect
HSV-infected cells, and thus the virus, from
opsonization or inactivation by complement.

Candida Albicans

Candida albicans express a ‘receptor’ for
C3 based on their ability to bind sheep eryth-
rocytes coated with iC3b or C3d fragments
of C3 [213, 214]. Studies on the characteris-
tics of this C3-binding molecule with respect
to known complement receptors have shown
that monoclonal (HB-5) or polyclonal anti-
CR2 antibodies [214] inhibit adherence of
EAC3bi and EAC3d erythrocytes to Candi-
da, while monoclonal anti-CR3 antibodies
bind to Candida [214,215]. Calderone et al.
[216] have isolated a 62,000- to 70,000-dal-
ton protein from cell wall extracts of Can-
dida employing C3d-Sepharose affinity
chromatography. This protein, as well as
MoADb against it, inhibited attachment of
EC3d cells to Candida. The cross-reactivity
of CR2- and CR3-specific antibodies and the
binding of iC3b and C3d to Candida pro-
teins suggest the existence of different mole-
cules on the surface of Candida which share
structural similarities with the complement
receptors on human cells [214-216].
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EBYV Binding Proteins

A recent report has indicated that EBV
plays a regulatory role in complement activa-
tion by accelerating the decay of the alterna-
tive-pathway C3 convertase and by serving
as a cofactor in the factor-I-mediated degra-
dation of C3b [217]. Based on these observa-
tions, it was implied that EBV possesses a
‘receptor’ for C3b; however, the nature of
this protein(s) is unknwon.

Complement Binding Proteins on

Parasites

Several reports exist of parasites utilizing
complement proteins or complement-like re-
ceptors to evade complement-mediated de-
struction [for review, see ref. 218]. For ex-
ample, Joiner et al. have characterized a fac-
tor produced by trypanomastigotes of 7rypa-
nosoma cruzi that is functionally similar to
DAF, and this may explain the resistance
of trypanomastigotes to complement lysis
[219]. In a different manner, Leishmania
promasigotes, obligatory intracellular para-
sites, have developed two mechanisms to
gain entry into the host’s macrophages. One
mechanism utilizes CR1 [220] and CR3
[221, 222], which mediate the binding and
internalization of complement coated para-
sites while the second permits direct binding
of Leishmania, via an RGD containing do-
main in its surface protein gp63, to CR3
[223]. Also, the rat parasite Babesia rhod-
haini has been shown to bind C3b through
surface proteins, and this bound C3b ap-
pears to function as a bridge in facilitating
the uptake of the parasite by rat red cells
[224]. Finally, receptors for C3b have been
found on immature Schistosoma mansoni
but their function here is still unknown
[225].
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