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ABSTRACT: Fc receptors (FcRs) are immunoglobulin-binding structures that enable antibodies to perform a 
variety of functions by forming connections between specific recognition and effector cells. Besides eliciting 
cytotoxicity, inducing secretion of mediators and endocytosis of opsonized particles, FcRs are involved in the 
regulation of antibody production, both as integral membrane proteins and as soluble molecules released from 
the cell surface. Most FcRs belong to the same family of proteins as their ligands (immunoglobulin superfamily). 
This review contains recent data obtained by use of monoclonal antibodies and cloning studies on FcRs and 
FcR-like molecules. The importance of fine specificity of receptor binding site(s) - that of the conformation 
of FcRs and their ligands in triggering signaling mechanisms - is analyzed. The regulatory function of membrane- 
bound and -released FcRs; the correlation between cell cycle, FcR expression, and release; as well as the possible 
mechanisms of these phenomena are discussed. 
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1. INTRODUCTION 

Immune complexes have been shown to be 
involved in the complex regulatory system con- 
trolling immune responses. Simultaneous passive 
administration of antibody and antigen results in 
suppression of antibody production. The feed- 
back suppression can be determinant-specific’ and 
may be caused by blocking of the corresponding 
epitopes. In such regulation, the antigen-bind- 
ing site bearing part of the antibody molecule 
may play a decisive role. However, it was shown 
that various forms of antibody feedback suppres- 
sion are Fc-dependent, i.e., the intact Fc part of 
IgG antibodies is essential for induction of the 
down-regulation of humoral responses. 3-5 All 
isotypes of IgG are suppressive, and the down- 
regulatory mechanism operates only at low con- 
centrations of antibody, The Fc-dependent 
suppression is not determinant-specific, affects 
both primary IgM and IgG responses, and does 

not depend on the presence of T cells. Concern- 
ing the mechanism of Fc-dependent feedback 
regulation, several possibilities were raised, and 
most probably various pathways may lead to 
identical results. However, the most important 
target of regulatory factors seems to be the B cell 
itself. 

The Fc-dependent regulation of humoral im- 
mune responses is based on the interaction of the 
Fc portion of IgG and various Fc-binding struc- 
tures, including membrane-bound Fcy receptors 
(Fc yRs) , soluble immunoglobulin-binding fac- 
tors (IBFs), rheumatoid factors (RFs), and Clq. 
Based on these interactions, a formal and func- 
tional basis of an isotypic regulatory network was 
proposed. Regarding the dual function of anti- 
bodies, its link to the idiotypic network, and in 
particular to components outside the immune sys- 
tem, was ~uggested.~.’ The networks formed by 
functional interactions of idiotopes and paratopes 
on the one hand, and IgG Fc and Fc-binding 
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structum on the other, maintain a steady state 
that returns to equilibrium after external or in- 
ternal perturbations. 

The Fc-dependent regulation of antibody pro- 
duction and in part the regulation of isotypes are 
linked to the interaction of IgG Fc and mem- 
brane-bound or soluble Fc-binding structures. It 
is remarkable that the binding of structurally dif- 
ferent regulatory molecules of various origins to 
the Fc part of IgG might affect antibody produc- 
tion similarly. These interactions are highly in- 
fluenced by the isotype and actual conformations 
of IgG molecules as ligands on the one hand and 
by some structural features of Fc-binding struc- 
tures on the other. The actual phase of the hu- 
moral response at the time when the interaction 
of the partner molecules takes place is also de- 
cisive in the outcome of the regulation. 

In this review, structural features of IgG Fc 
and those of FcyRs, IgG BFs, and RFs related 
to their regulatory function are discussed, the role 
of their interaction in antibody regulation is ma- 
lyzed, and a hypothesis concerning the mecha- 
nism(s) of their regulatory function is raised. 

II. STRUCTURAL FEATURES OF IgG 
AFFECTING THE INTERACTION WITH 
Fc-BINDING MOLECULES 

A. Antigen-Induced Structural 
Alterations in the IgG Molecule 

Antibodies of the IgG isotype play an im- 
portant role as down-regulators of the humoral 
immune response, Although IgG antibodies can 
suppress the antibody response to specific anti- 
gen, the suppression is non-epitope-~pecific~.~ and 
is Fc-dependent. The importance of IgGFc is sup- 
ported by data showing that F(ab'), fragments 
are unable to induce suppression. lo~ l l  Moreover, 
monoclonal IgG antibodies with Fc parts lacking 
carbohydrate chains and unable to bind to FcRs 
also do not suppress antibody response. Finally, 
FcR-specific antibodies also reverse the ability 
of IgG to down-regulate antibody production. As 
this review deals with regulatory molecules in- 
teracting with IgG Fc, the following section dis- 
cusses the structural features of IgG that may be 
decisive in the binding of regulatory molecules 

such as membrane-bound or soluble FcRs and 
Fc-specific antibodies (RFs). 

One of the oldest dogmas in immunology is 
that the native antibody molecule is ready to bind 
the corresponding antigen but does not perform 
other biological functions. Several functions of 
antibodies depend on the structural units of the 
Fc part as well as on structural alterations in this 
part of the molecule as secondary manifestations 
of antigen-antibody interactions. It has also been 
suggested that this conformational reorganization 
is responsible for the expression of hidden de- 
terminants in the Fc part of the immunoglobulin 
molecules, and, consequently, responsible for 
activation of effector mechanisms. The nature of 
these steric alterations, as well as the character- 
ization of the interdomain and intermolecular in- 
teractions involved in the induction of effector 
functions, has been studied intensively but is still 
not understood entirely. 

The supposition that the conformation of 
complexed antibodies differs from that of native 
counterparts was based, in the beginning, mainly 
on the observation that anti-immunoglobulin an- 
tibodies raised by immune complexes might react 
with hidden determinants of the native molecules 
as well. Clear evidence for one type of 'confor- 
mational change in the immunoglobulin molecule 
following antigen binding was provided by elec- 
tron microscopy showing that two Fab fragments 
of IgG can vary from 10 to 180" on the antigen 
binding. I 2 . l 3  Although the introduction of other 
sophisticated methods (such as high-resolution 
crystallography, small-angle X-ray scattering, 
NMR, etc.) allowed the measurement of some 
hapten-induced structural changes, the nature of 
the antigen-elicited alterations in the antibody 
molecules is still much discussed. Three alter- 
native models were postulated to explain the mo- 
lecular mechanisms, leading to the well-known 
functional consequences of antigen binding. l4 

The allosteric model assumes that the anti- 
gen, owing to its chemical structure, induces con- 
formational changes within the antibody-com- 
bining site, leading to the expression of secondary 
binding sites, 

The distortive model suggests that antigen 
binding induces distortion in the relative position 
of the domains, resulting in effects similar to 
those postulated for the allosteric model. 
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The associative model proposes that the po- 
lymerization of the antibody molecules by the 
multideterminant antigen is a necessary condition 
for triggering the antibody-mediated functions. 

The allosteric model is an attractive hypo- 
thesis without sufficient experimental support. 
Based on X-ray data, it was suggested that as the 
consequence of interdomain contacts the anti- 
body molecule becomes more rigid following an- 
tigen binding. It was also supposed that the al- 
losteric change involves a folding back of the 
hinge peptides between the CH2 domains and the 
formation of longitudinal contacts between the 
CH1 and CH2 domains, and/or the hinge region 
transfers the conformational alteration to the 
Fc. 1 5 . 1 6  Other data also support (or at least do not 
exclude) the possibility that longitudinal inter- 
domain interactions following antigen binding 
pave the way for signal transfer. Based on ob- 
servations using circular polarization of lumi- 
nescence, it was suggested that antigen-produced 
conformational alterations in the Fab trigger con- 
formational changes in the Fc region as well. *'J* 
The influence of antigen binding on the longi- 
tudinal interdomain interactions was supported 
by hydrogen-deuterium exchange data showing 
that the observable exchange rates were affected 
by the binding of hapten. l9  The results of several 
other studies, however, are not consistent with 
these possibilities.20-22 

The term distortion refers to alterations in 
topological distribution of molecular segments, 
the change of the intramolecular geometry of the 
antibody (e.g., that of the angle between the Fab 
and Fc regions). The main point in both the al- 
losteric and the distortive models is that due to 
alterations in the molecule, a single antibody 
molecule without association is also able to trig- 
ger different functions. This possibility has been 
more or less neglected, because the greater ef- 
ficiency of highly associated antibody molecules 
in triggering effector functions is unquestionable 
when compared with oligomers and cyclic mon- 
omers. Nevertheless, one has to consider the im- 
portance of the triggering capacity of single mol- 
ecules as the consequence of their distortion; 
especially in the case of molecules inserted into 
the plasma membrane, where even the slightest 
structural alterations may have striking effects on 
the surroundings. Several findings support the 

view that the size of complexes and the number 
of associated antibody molecules are not the only 
factors determining the ability of complexes to 
trigger the effector functions. The intramolecular 
geometry of the single IgG molecule might also 
affect triggering. 

The investigation of the consumption of total 
complement in guinea pig serum by interaction 
with complexes formed with type I11 oligosac- 
charides of different length has shown that smaller 
haptens than 28-saccharide did not influence 
complement fixation. Moreover, circular polar- 
ization of luminescence was limited to the Fab 
domains only when complexes were formed with 
short oligosaccharides, whereas spectral changes 
attributed to the Fc region were observed when 
larger haptens were ~ ~ e d . ~ ~ - ~ ~  Comparing the 
complement-activating capacity of monomeric 
complexes, it was also shown that complexes 
containing the smaller bivalent hapten (16-sugar 
oligosaccharide) were inactive in contrast to the 
26-sugar-containing complexes, which exhibited 
signtficant complement-activating capacity. These 
monomeric complexes proved to be cyclic mon- 
omers. The main difference between the closed 
monomers was in the length of the spacer sep- 
arating the determinants reacting with the single 
binding sites of the antibody m ~ l e c u l e . ~ ~ . ~ ~  These 
data are in good agreement with Pecht et al.'sZ7 
observations showing that the cyclic monomers 
formed with the lysozyme bis-loop antigen and 
the corresponding antibody activate complement. 

We have to stress here, however, that, ac- 
cording to Met~ger , '~ .~ '  the data demonstrating 
antigen-induced allosteric or distortive alterations 
in the antibody molecule are not convincing. 
Simply the approximation of two or more oth- 
erwise unmodified Fc regions might be a suffi- 
cient ~ t i m u l u s . ~ ~ * ~ ~  Recent X-ray diffraction stud- 
ies comparing uncomplexed antibody with 
antigen-antibody complexes also could not prove 
conformational changes transmitted into the Fc 
part of the antibody molecule by the binding of 
antigen.30.3' 

As structures interacting with the Fc region 
of IgG differ in their affinity and mono- or po- 
lyvalent binding capacity, and also in the nature 
and localization of interaction sites, the above- 
mentioned conformational alterations are not 
equally restrictive in these intermolecular con- 
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tacts. Another important aspect of this kind of 
interaction is the possibility for simultaneous 
binding, resulting in limitations for molecular 
rearrangements. 

B. The Flexibility of 1gG Molecules 

Their great flexibility enables antibodies to 
form productive links between specific antigen 
and effector sites. The flexibility of antibodies 
can be characterized as segmental flexibility, 
which in the case of IgG molecules in solution 
may be localized to the V-C dimer (elbow flex- 
ibility), to the Fab parts F(ab’), flexibility, and 
to the region between the Fc and F(ab’), 
[Fc(F(ab’), flexibility]. The domains themselves 
are not fle~ible.’~ Recent data point to the rotation 
of Fab arms3’ and wagging the Fc part.34 The 
segmental motion within the IgG molecule is me- 
diated mainly by the hinge region, which allows 
the Fab parts to alter their positions relative to 
the Fc part. The structural features of the hinge 
may influence the access to functionally impor- 
tant binding sites. Recently it was also shown 
that the FcyRI-binding site is located in the lower 
hinge region itself. This is why some structural 
and functional aspects of the IgG hinge need to 
be discussed here. 

The area of the IgG molecule located be- 
tween the CHI and CH2 domains is called the 
hinge region. From the study of monoclonal im- 
munoglobulins with structural defects involving 
a deletion of residues corresponding to the entire 
hinge region, it was concluded that the rigid hinge 
region, stabilized by its constituent disulfide 
bonds, acts as a spacer limiting the degree to 
which the Fab regions can approach the Fc region 
and cause steric blockade of effector sites located 
in the CH2  domain^.^^,^^ 

The hinge region can be divided into three 
parts.37 The core hinge (Lys 226 to Lys 229) has 
a relatively stable conformation hardly influ- 
enced by the presence or absence of the Fab and 
Fc regions. The lower hinge (Pro 230 to Leu 234) 
is flexible; its conformation seems to be inde- 
pendent of the Fab region but dependent on the 
intact core. The upper hinge (Lys 222 to Thr 225) 
is the most flexible part. A correlation was found 
between the length of the upper hinge, comple- 

ment-activating capacity, and segmental flexi- 
bility of the m01ecu le .~~*~~  

In sequence terms the hinge in human IgG3 
molecules shows remarkable differences when 
compared with that of the other IgG subclasses. 
IgG3 has a very long hinge of about 70 amino 
acids, including 21 proline and 11 cysteine res- 
idues.40 The hinge of IgG3 is extended in spatial 
terms as well (about 14 nm).41 The hinges of the 
other subclasses resemble each other more closely; 
although, according to Burton,37 that of IgGl is 
somewhat more extended than those of IgG2 and 
IgG4. 

It is now generally accepted that the hinge 
modulates the functional activity of IgG antibod- 
ies. There is a well-defined correlation between 
the shape of IgG molecules of various isotypes 
and their complement-activating capacity. More 
compact antibodies such as IgG2 and IgG4 are 
less efficient in this respect than IgG3 and IgGl . 
Probably the different movement of Fab arms 
influences differently the accessibility of the Fc 
domains. However, it is emphasized by 
that flexibility alone cannot be responsible for 
hinge modulation of antibody functions. It seems 
that the CHI domain also plays a specific role 
in modulating the functional activities of the Fc 
region. 43 

C. The Possible Role of the 
Carbohydrate Moieties 

IgG molecules possess associated carbohy- 
drate chains. It is remarkable that the glycosy- 
lation of the CH2 domain has been conserved 
throughout evolution. Although no obvious func- 
tion could be attributed to the sugar components 
of IgG, one cannot exclude their possible influ- 
ence on the conformation of the molecule, and, 
consequently, on the accessibility of functionally 
important binding sites within the Fc domains. 
The two carbohydrate chains of IgG, consisting 
of a set of about 20 structures based on a man- 
nosylchitobiose core, are linked to the Asn 297 
residue of each CH2 domain.44 Remarkable 
structural variations of the carbohydrate moiety 
of IgG were described, but no correlation be- 
tween this heterogeneity and IgG isotype was 

The spatial structures of the two car- 
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bohydrate moieties linked to the CH2 domains 
have shown some differences in composition and 
mobility. The structural function of these chains 
is most probably their contribution to the typical 
spacing of the CH2  domain^.^^^^ Nonglycosy- 
lated IgG retains antigen-binding capacity but is 
unable to bind some FcRs and activate the com- 
plement. The interaction of mouse IgG2a with 
human monocyte FcR was also shown to be 
markedly affected by the loss of the CH2-domain 
oligosaccharides. It was concluded that the de- 
creased FcR affinity shown by aglycosylated 
IgG2a is compatible with an effect on overall Fc 
structure, which perturbs the FcR binding 

Because unglycosylated IgG molecules are 
unable to suppress the antibody response as well, 
one cannot exclude the functional importance of 
the carbohydrate moieties of IgG in confemng 
the molecular conformation necessary for the in- 
duction of these Fc-dependent regulatory 
functions. 

111. INTERACTING SITES IN IgG FOR Fc- 
BINDING MOLECULES 

The regions that serve as binding sites for 
molecules interacting with IgG and play a role 
in triggering effector functions are located mainly 
in the CH3 and CH2 domains. Some of them are 
accessible in the native molecules, whereas oth- 
ers are in hidden positions and become available 
only after conformational alterations. Therefore, 
the mapping of these binding sites is a fairly 
complicated task, and some of the results are 
conflicting. For this reason, before reviewing ex- 
perimental data on mapping of the binding sites 
on Fc, it is necessary to summarize data that shed 
light on the contact between various parts of the 
IgG Fc region.49 

It is well known that CH3 and CH2 domains 
exhibit a bilayer ~ t ruc tu re .~~*~ '  There are two an- 
tiparallel beta pleated sheets in each domain that 
are linked by intradomain disulfide bonds. The 
two CH3 domains interact strongly through their 
first sheets, and due to this close association a 
relatively large surface area is in a buried posi- 
tion. The first sheets of the CH2 domains are 
covered by the sugar moieties of the molecule 
(i.e., parts of the surface of the CH2 domains 

are hidden). There is no direct contact between 
the two CH2 domains, although the carbohydrate 
components are in weak interaction with each 
other. The longitudinal association between the 
two Fc domains is significant, as this type of 
interaction also results in parts of the surface 
areas of the domains being buried. 

The members of the immunoglobulin super- 
family can be characterized by very similar, pre- 
served three-dimensional structures.52 In this re- 
spect the IgG isotypes, including their Fc parts, 
show a high degree of similarity. 

A. Binding Sites for Clq 

Although the activation of the complement 
system by complexed IgG is not the subject of 
this review, the localization of binding sites that 
interact with the first component of the comple- 
ment cascade should be mentioned here. Namely, 
the mapping of binding sites for FcR and RF very 
often demands a comparison with the location of 
groups interacting with Clq,  which is present in 
body fluids at relatively high concentration. Clq 
not only is found in body fluids, but also is able 
to'bind to specific receptors expressed on immune 
competent cells. 

Human Clq is a hexavalent molecule with a 
very atypical structure. The complex (composed 
of 18 polypeptide chains) resembles a bouquet 
of six tulips, with the helical regions representing 
the stalks and the globular regions the flowers 
(the latter containing the IgG binding Two 
binding sites per Clq head are Mon- 
omeric IgG3 and IgG1 are able to fix the com- 
plement; however, only the serum concentration 
of IgGl is sufficient to interact with Clq (and 
occupy about 30% of Clq binding sites). Native 
IgG4 does not fix complement. The structures 
accountable for Clq binding seem to be located 
entirely within a single d ~ m a i n . ~ ~ . ~ ~  

The aggregation of IgG results in increased 
Clq binding.57 However, the reasons for this are 
not clear and the explanations are conflicting. 
One could expect that conformational alterations 
due to aggregation of IgG molecules could pro- 
mote multivalent interactions with Clq. How- 
ever, the critical analyses of M e t ~ g e r ' ~ * ~ ~ - ' ~  and 
recent data of X-ray diffraction studies compar- 
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ing uncomplexed antibody with antigen-antibody 
complexes rule out the role of conformational 
alterations in this r e s p e ~ t . ~ ~ * ~ ’  Studying the bind- 
ing of Clq to antibody-coated cells showed that 
Clq binds preferentially to the region of highest 
antibody concentrations and that the increased 
affinity of binding is based on the multivalent 
character of Clq.58 Experiments showing that an- 
tigen binding to the antibody does not influence 
Clq fixationsg speak also against the importance 
of conformational alterations in IgG. 

Regarding Clq binding sites, even the early 
studies showed that Clq interacts with the CH2 
domain of IgG .60*61 Concerning the localization 
of binding sites for Clq in the CH2 domain, the 
importance of Trp 277 and the flanking residues 
(Lys 274-Gly 281) was raised by Boackle et 
al.,62 describing this as a “cryptic” site that might 
be exposed only when antibody interacts with the 
antigen. Other ~bservations,~~ however, did not 
c o n f i i  this suggestion. 

Several other Clq binding sites were later 
suggested, including Lys 290 through Glu 2 9 Y  
and His 285 through Arg 292.6s The latter region 
contains the positively charged residues His 285, 
Lys 288, Lys 290, and Arg 292 in human IgG1. 
Because the comparison of this region in IgGs 
that interact with Clq raised the problem that 
C lq binding would require either species speci- 
ficity or the capability of Clq to interact with 
various structures, Lukas et a1.65 suggested that 
complement-binding IgGs with different se- 
quences compensate by use of proximate resi- 
dues. According to Burton et al.,56 the Clq bind- 
ing site involves residues in the last two 
antiparallel P-strands of the CH2 domain, con- 
taining several charged residues that may have 
importance in IgG-Cl q interaction. Recently, by 
altering residues that are expected to be expressed 
on the surface, Duncan and WinteP suggested 
residues Glu 318, Lys 320, and Lys 322 as the 
minimal residues that are essential for Clq bind- 
ing in human IgGl. These residues are located 
on the outside face of the CH2 domain, allowing 
direct contact with the Clq. A peptide mimic of 
this region was able to inhibit complement lysis. 
The region was suggested as a possible conserv- 
ative binding site by This group of res- 
idues can be found close to the hinge region and 

might become obstructed in hinge-restricted im- 
munoglobulin isotypes that do not fix C 1 q. 

The removal of the carbohydrate resulted in 
decreased C lq  binding6’ Aglycosylated mouse 
monoclonal IgG2b antibody lost its complement- 
activating capacity,68 whereas in the case of IgG2a 
slight reduction in Clq binding affinity was found 
as a result of aglyc~sylation.~~ 

All of these partly conflicting data show that 
the unequivocal localization of the Clq binding 
site(s) in the CH2 domain of IgG has not been 
accomplished yet. 

B. Binding Sites for Membrane-Bound 
Fcy Receptors 

1. Human Fcy Receptors 

IgG binding to macrophages was first de- 
scribed by Berken and Bena~en’af,~~ and the term 
Fc receptor (FcR) has been generally accepted 
since the early 1970s. According to the definition 
of the IUIS Subcommittee on Nomenclature, FcRs 
are “a group of surface membrane molecules that 
specifically bind homologous immunoglobulins 
via the Fc portion and which putatively mediate 
biological functions. ” 

A wide range of cells express FcRs, most of 
them belonging to the immune system (including 
monocytes, macrophages, granulocytes, K cells, 
B cells, and some T cells), but FcRs are present 
in membranes of other cell types as well. Mol- 
ecules belonging to the family of FcRs show 
amazing heterogeneity in molecular weight, 
binding affinity, and cellular distribution. The 
functional versatility of FcRs is partly the con- 
sequence of this structural heterogeneity and partly 
that of the cooperation between FcRs and other 
cell surface components. The activities mediated 
by these receptors are to a certain extent effector 
functions. From this point of view, the immu- 
noglobulin-binding receptor represents an im- 
portant tie between the antibodies and the effector 
cells such as macrophages, K cells, and granu- 
locytes. The antibody complexes with the antigen 
and triggers the effector cells for phagocytosis or 
killing via their Fc receptors. The cross-linking 
of FcRs with each other and/or with other mem- 
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brane constituents induces not only effector ac- 
tivities in the strict sense, but secondary events 
as well, including release of enzymes, prosta- 
glandins, and leukotriens. Among the latter, one 
may find highly active molecules that are in- 
volved in the regulation of immune phenomena. 
This leads to another level of FcR function, 
namely, their role in the regulation of immune 
responses. 

The structural heterogeneity, especially the 
differences in membrane anchoring and trans- 
membrane and cytoplasmic parts, explains some 
functional differences as a consequence of the 
ability of FcRs to open various pathways of trans- 
membrane signaling. According to recent data, 
three groups of immunoglobulin-binding recep- 
tors can be recognized (summarized in Table 1 ) . 70 

In a wider sense, soluble FcRs (immuno- 
globulin-binding factors), C lq and Fc-binding 
structures on microorganisms (such as FcRs on 
parasites, bacterial FcRs, virally encoded FcRs) 
belong also to the family of immunoglobulin- 
binding structures. In this review we concentrate 
on human receptors for IgG. Concerning their 
structure and function, their binding properties 
and role in regulation of antibody responses of 
membrane-bound and soluble IgG FcRs will be 
discussed first. 

Three classes of human IgG-binding FcRs 
have been defined by Anderson and Looney7' by 
using monoclonal antibodies recognizing FcR ep- 
itopes. The three types of receptors are expressed 
on various and overlapping populations of cells 
(Table 2). 

FcyRs consist of one polypeptide chain hav- 
ing the same general organization and are en- 
coded by a cluster of closely related genes, sit- 
uated in the long arm of chromosome 1. With 
the exception of the phosphatidyl-inositol- (PI-) 
linked FcyRIII, the FcyRs consist of one extra- 
cellular part containing several disulfide-bonded 
immunoglobulinlike domains, a single trans- 
membrane segment, and an intracytoplasmic hy- 
drophilic tail. 

The high-affinity FcyRI (CD64) is a 72-kDa 
glycoprotein7* that is expressed mainly on mono- 
nuclear phagocytes; the receptor is inducible in 
human neutrophils by inte1fer0n-y.~~ The rank 
order of affinity of FcyRI for IgG isotypes is 

TABLE 1 
Immunoglobulin Binding Receptors 

Receptor Cell 

Immunoglobulin 
superfamily 

FcyRl 

MHC class I-like 
FcRs 
FmRI 

FwRll 
POly-lg FcR 

FcyRlll 

Macrophages, IFN-y- 
activated neutrophils 

Intestinal epithelial 
cells 

Mast cells, basophils 
Epithelial cells 
Monocytes, platelets, 
neutrophils, B cells, 
K562 

cells, mononuclear 
phagocytes 

Neutrophils, NK, K 

Lectin family 
Asyaloglycoprotein- Hepatocytes 

MAC-2, binds IgE Macrophages 
FceRll Platelets, macro- 

phages, eosinophils, 
B cells, some T 
cells 

receptor-binding 
IgA 

Structure unknown 
Low-affinity IgA 
receptor cells 

Low-affinity IgM B lineage 
receptor 

IgD receptor T cells 
IgE binding factor 
homologous to re- 
troviral product 

B lineage, activated T 

IgGl = IgG3 > IgG4; it does not interact with 
IgG2. The receptor is trypsin resistant, and the 
core protein (after removal of N-linked carbo- 
hydrates) has an M, of 40,000.74 

Recently, molecular cloning studies have 
shown that the extracellular domains of FcyRI 
comprised three immunoglobulinlike do- 
m a i n ~ . ~ ~ . ~ ~  The first two bear homology with the 
low-affinity FcyRs (which possess only two ex- 
tracellular domains). The third domain is struc- 
turally unique and may be responsible for the 
high affinity of the receptor. Three different tran- 
scripts have been cloned, two of them repre- 
senting polymorphisms, while the third shows 
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TABLE 2 
Human Fcy Receptors 

FcR Mr Characterlstlcs Expression 

FcyRl 72,000 High affinity Mononuclear 
CD64 phagocytes 

FcyRll 40,000 Low affinity Monocytes, 
CD32 platelets, 

neutrophils, B 
cells, K562 

FcyRlll 50,000- Low affinity Neutrophils, 
CD16 70,000 NK, K cells, 

mononuclear 
phagocytes 

diversity in the cytoplasmic domain. It seems that 
more than one gene is responsible for encoding 
the FcyRI. 

FcyRII (CD32) is a protein of 40,000 M,7' 
and is widely distributed on a variety of cells 
such as monocytes, platelets, neutrophils, and B 
cells. FcyRII has low affinity78 (the equilibrium 
affinity constants [KJ are less than lo7 M-I); 
hence, it requires multiple Fc interaction (aggre- 
gated IgG) and binds IgGl and IgG3 equally 
well, while less readily binding the other sub- 
classes. The receptor is structurally polymorphic, 
and monocytes from different donors bind either 
strongly or weakly murine IgGl .79 

Recently, several reports dealt with the gen- 
omic organization of genes encoding for the 
FcyRII in  human^,'^.^@^^ which seem to be more 
complex than those of the murine system, and 
elucidated the structural heterogeneity of the hu- 
man FcyRII. 

Two distinct but similar cDNA clones en- 
coding isoforms of the FcyRII differentially ex- 
pressed either by human B cells or activated T 
cells and monocytes were described. The nu- 
cleotide sequence of the cDNA clone from B cells 
(PFcyRII) contains an open reading frame that 
encodes a protein with an extracellular domain 
of 179 amino acids. It has four evenly spaced 
Cys residues, suggesting the existence of two 
domains that may contain three potential N-linked 
glycosylation sites. The presumed transmem- 
brane domain consists of 26 residues and is fol- 
lowed by four positively charged amino acids that 
begin a cytoplasmic domain of 44 amino acids. 

Afflnlty for Blndlng of 
human isotypes rnurine IgG 

lgGl = lgG3 > 
lgG4, does not 
bind lgG2 

IgGl = lgG3, less lgG1 
readily lgG2 and 
igG4 

lgG2a and lgG3 

lgGl = lgG3 

The deduced amino acid sequence of the protein 
encoded by clones from peripheral T cells and 
monocytes (aFcyRII) shares an extracellular do- 
main of 179 amino acids with two presumptive 
sites for N-linked glycosylation and a transmem- 
brane domain of 26 residues, whereas the cyto- 
plasmic domain consists of 76 amino acids. 

The predicted relative mass of both mole- 
cules is consistent with the observed MI of 40,OOO. 
The protein encoded by PFcyRII has a deduced 
M, of 27,000 with three, whereas the one en- 
coded by aFcyRII has a deduced MI of 3 1 ,OOO 
with two, N-linked glycosylated sites. The hu- 
man receptors have almost identical extracellular 
and transmembrane domains that are very similar 
to those of the mouse P2FcyRII product. On the 
other hand, the human clones code for very dif- 
ferent signal peptides and cytoplasmic domains. 

The low-affinity FcyRIII (CD16), expressed 
primarily on neutrophils, NK, and K cells and to 
some extent on monocytes and macro phage^,^^ 
has an M, of 50,000 to 70,000. FcyRIII ex- 
pressed on neutrophils is different from that pres- 
ent on tissue ma~rophages.~~**~ The receptor shows 
preferential binding of IgGl and IgG3. In com- 
parison with the other classes of FcyRs, the num- 
ber of copies of FcyRIII expressed on the cell 
membrane is relatively high; for example, lo3 
FcyRII are present on plateletsYg0 while a few 
hundred thousand copies of FcyRIII are ex- 
pressed on neutrophil~.~' 

Two distinct forms of the low-affinity FcyRUI 
were described. FcyRIII expressed on neutro- 
phils was shown to be anchored to the outer lea- 
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flet of the plasma membrane by a glycosylphos- 
phatidyl-inositol moiety ( F c ~ R I I I . P I G ) . ~ ~ * ~ ~  On 
the other hand, FcyRIIIs present on NK cells, 
macrophages, and cultured monocytes are trans- 
membrane proteins (FcyRIII. TM).92*94 

The cDNA clone for FcyIUII isolated from 
a human leukocyte library was found to encode 
a 46-kDa phosphatidyl-inositol-glycan-linked 
membrane protein (FcyRIII. PIG). 92995-98 The re- 
ceptor had an extracellular domain consisting of 
two immunoglobulinlike loops that were most 
homologous to human FcyRII and mouse 
FcyRIIa, yet it contained six sites for N-linked 
glycosylation. The difference between cDNAs 
corresponding to Fcy RIII . PIG and FcyRIII . TM 
was characterized by single-nucleotide substitu- 
tions. Due to one's converting the termination 
codon UGA (PIG) to CGA, the predicted cyto- 
plasmic domain was extended by 21 amino 
acids .9s 

An alloantigen (NA) recognized by auto- 
antibodies was shown on human FcyRIII.* NAl 
and NA2 antigens were reported to be neutrophil 
specific. The monoclonal antibody CLBgranl 1 
recognized one polymorphic form of the NA sys- 
tem (NA1) expressed on neutrophils, whereas the 
same antibody did not detect FcyRIII on NK 
cells. loo 

A molecular basis for the NAUNA2 allelism 
has been defined by Ravetch and Perussia.94 Nu- 
cleotide differences between NA 1 and NA2 were 
found only in 111-1 genes and their transcripts, 
and the allelic differences were assigned to Ser 
65 and Val 106. 

Two genes (HI-1 and 111-2) encode FcyRIII 
in humans,94 differing by 10 single nucleotide 
substitutions in the coding regions. 111-1 is ex- 
pressed exclusively in neutrophils, whereas 111- 
2 is expressed both in NK cells and in macro- 
phages. The 111-1 transcript generates the GPI- 
linked molecule, while the III-2 transcript is 
translated to the transmembrane form. Remark- 
able functional consequences result from these 
differences: III-2 products are able to mediate 
ADCC and phagocytosisS8; 111- 1 products are not. 
FcyRIIIs expressed on polymorphonuclear and 
NK cells differ at the protein level (distinct mo- 
lecular weight, different epitopes in the extra- 
cellular domains, differential expression of the 
NA allelic protein polymorphism), which may 

explain the different functional capacities of 
FcyRIIIs found both in individuals of different 
NA types and in various cell  type^.^^.'^' 

2. Factors Affecting Ligand Binding to 
FcyRs 

The IgG-binding FcRs belong to the same 
superfamily of molecules as their ligands, i.e., 
their extracellular parts are closely related or 
identical and show considerable sequence ho- 
mology with Ig domains. Because most probably 
the contact residues on the Ig molecules and the 
binding site(s) on the FcRs are likely exposed on 
the surface of the corresponding molecules, the 
receptor-ligand interactions may be similar to the 
interdomain interactions of Ig molecules. lo2 The 
homology in the extracellular domains containing 
the binding site(s) on the one hand, and the strik- 
ing differences in the structure of transmembrane 
parts and especially in the cytoplasmic tails on 
the other, explain why the interaction of identical/ 
similar ligands with FcRs results in activation of 
different signaling mechanisms. 

It seems that the expression of FcyRs and 
FcyR isoforms on various cell types is highly 
regulated, suggesting that each receptor species 
is specialized for well-defined functions associ- 
ated with the corresponding cells. The functional 
consequences of the structural differences de- 
scribed in IgG binding FcyRs were already men- 
tioned in relation to the 111-1 and 111-2 gene prod- 
ucts. The importance of type-specific variations 
among cytoplasmic domains and that of the reg- 
ulated pattern of cell type expression can be il- 
lustrated by the two isoforms of FcyRII.'03 By 
transfecting FcyRII DNAs into receptor negative 
cells, Miettinen et al. Io3 could clarify which prop- 
erties are associated with the various isoforms. 
It was already mentioned that in mouse the mac- 
rophage isoform (FcyRII-B2) is identical to the 
lymphocyte isoform (FcyRII-B l), except for an 
in-frame insertion in the cytoplasmic tail of 
FcyRII-B1 that increases its length from 47 to 
94 amino acids. It was found that while FcyRII- 
B2 mediated efficient ligand uptake and delivery 
to lysosomes via internalization in coated pits, 
the cytoplasmic tail insertion characteristic for 
the lymphocyte isoform (FcyRII-B 1) reduced the 
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ability of the receptor to mediate ligand uptake 
and degradation, i . e . , the 47 amino acid insertion 
in the FcyRII-B1 cytoplasmic tail disrupted the 
capability to localize in clathrin-coated pits. This 
cytoplasmic domain variation may explain why 
macrophages and not B cells are capable of ef- 
ficient FcyR-mediated endocytosis (the func- 
tional importance of which will be discussed 
later). 

The actual conformation of the receptor mol- 
ecule may also modulate the receptor function 
by influencing receptor association, binding ca- 
pacity, and receptor release (see later). Here we 
would like to mention only two factors that (al- 
though not proven yet) may play a role in alter- 
ation of the conformation of FcyRs. 

Glycosylation of FcyRs has been clearly es- 
tablished; however, little is known about differ- 
ential glycosylation between individual FcyR 
families or about the functional importance of 
receptor glycosylation. The possible role of car- 
bohydrates on human FcyRs in ligand binding 
was raised by Kimberly et al.'" and will be dis- 
cussed below. Here we would like to call atten- 
tion to the different glycosylations of FcyRII and 
FcyRIII, which may have some functional con- 
sequences. It was shown that an epitope recog- 
nized by the monovalent Fab fragment of anti- 
body 3G8 on FcyRIII expressed on PMN cells 
was conformationally dependent on the integrity 
of the endo H-sensitive moiety of the receptor. lo5 

Moreover, the immunoglobulin-ligand binding 
site was also dependent on the integrity of the 
same endo H-sensitive oligosaccharide. Regard- 
ing the influence of the carbohydrate moieties on 
the overall structure of IgGFc, one has to con- 
sider the importance of differential glycosylation 
in the actual conformation of FcyR molecules, 
also. 

Here we have to mention briefly (and discuss 
later in detail) the possible effects of receptor 
phosphorylation. Phosphorylation has been shown 
to alter the ligand-binding capacity of some re- 
ceptors and to induce release or endocytosis of 
 other^.^^.^^' One of the early consequences of 
cell activation is the phosphorylation of FcyRII 
molecules expressed both on murine and human 
B cells.108.1w It is most likely that the activation- 
induced phosphorylation of FcyRII results in 

conformational alteration of the receptor and 
consequent decrease in ligand-binding capacity. 
The phosphorylation-induced changes, on the 
other hand, might create suitable molecular con- 
ditions for proteolytic cleavage and release of the 
FcyW. 109.110 

3. Mapping of Interacting Sites for 
FcyRs 

It should be emphasized that despite their 
similar extracellular domains, the various forms 
of human FcyRs might differ in fine specificity 
and binding affinity. Moreover, the ligand bind- 
ing and signal transfer might be influenced by 
the actual conformation of the receptor. Finally, 
it should be noted that the density of the ligand 
and the actual conformation of the immunoglob- 
ulin molecules are also important in the inter- 
action of FcRs and their ligands. In this respect, 
the identification and topographical mapping of 
groups on the IgG recognized by the FcyR mol- 
ecules are very critical. 

a. FcyRl 

Earlier studies attributed cytophilic activity 
to the CH3 domains of IgG, based on findings 
showing that pFc' fragments of human IgG in- 
hibited monocyte binding of IgG. l l1  This result, 
however, is disputable because little or no ability 
of human pFc' fragment to inhibit IgG binding 
to human monocytes was found under more exact 
experimental conditions. 11*-1 l4 

The results of studies in which CH3 domain 
peptides were used to inhibit IgG binding to 
monocytes are also conflicting. While Ciccirnara 
et a l . l I 5  found the peptide corresponding to res- 
idues 407 through 416 inhibitory, Ratcliffe and 
S t a n ~ o r t h ' ~ ~  could not confirm this finding. 
Studying the binding of pFc' fragment, domain- 
and hinge-deleted IgGs, and aglycosylated IgG 
to monocytes, Woof et al.48.114 could not find 
evidence to implicate the CH3 domain in mon- 
ocyte binding, whereas there was indirect evi- 
dence for the involvement of the CH2 domain. 
It was suggested that the CH3 domain does not 
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express the contact residues forming the human 
FcyRI interaction site, but is involved in a com- 
posite CH2/CH3 interaction site. By using mon- 
oclonal antibodies specific for isotypic, allotypic, 
or isoallotypic epitopes, the topographical dis- 
tribution of groups recognized by the human 
FcyRI was determined. 117-L20 The results ob- 
tained by using monoclonal antibodies as well as 
those found in comparative studies on the inter- 
action of human, mouse, and rabbit IgG isotypes 
with human FcyRI, in addition to the investi- 
gations with chymeric antibodies and aglyco- 
forms of human IgGl and IgG3, allowed the 
localization of FcyRI-binding region on human 
IgG. These results, together with the observa- 
tions that following the binding of IgG to human 
FcyRI the CH3 domain epitopes were still avail- 
able for monoclonal antibodies, lZ1 unambigu- 
ously excluded the direct role for the CH3 domain. 

Two regions of sequence that may form a 
continuous protein surface on the CH2 domain 
seem to be important in the interaction with FcyRI 
expressed on monocytes. These regions are close 
to the hinge (Leu 234-Ser 239) and near the C 
terminal end of the domain (Gly 316-Lys 338). 
Their average position is close to the two p- 
strands and joining bend formed by the residues 
Gly 316 to Lys 338.ltZ It is of great importance 
that although IgGl and IgG3 have identical se- 
quences (Glu-Leu-Leu-Gly) at residues 233 to 
236, IgG2 is different (Pro-Val-Ala and a dele- 
tion at residue 236). This explains the lack of 
binding of IgG2 to FcyRI. However, due to the 
extended rigid structure of the hinge region in 
IgG3,42 the accessibility of its interacting site 
compared with that of IgGl is better. It was shown 
that the two immunoglobulinlike extracellular 
domains of FcyFU form one active binding site 
interacting with a region in IgGl or IgG3, located 
at the N-proximal end of their CH2 domain. The 
high-affinity binding of these isotypes may de- 
pend on the rigid ligand-binding site interaction, 
supported by the steric effect of the non-Ig-like 
third extracellular domain of the receptor. 

Results clarifying the topography of the re- 
gion of Fc interacting with human FcyRI point 
to the expression of one active binding site on 
the receptor. A different pattern was obtained, 
however, in the case of FcyRIII and FcyRII. 

6. FC y Rlll 

Regarding the localization of submolecular 
sites on IgG interacting with FcyRs on K cells, 
and to understand the mechanism of cell- 
mediated killing of IgG-sensitized target cells, 
we have to mention the early work of Spiegel- 
berg, Perlmann, and Pe~ lmann . ’~~  They sug- 
gested that the CH3 domain might be responsible 
for the high-affinity binding, whereas the CH2 
domain could play the role of triggering during 
ADCC. Recent observations proved this sugges- 
tion to be correct124 and, moreover, that ADCC- 
mediating FcyRIIIs expressed on K cells possess 
two active binding sites. The interacting groups 
on the IgGFc domains were also localized, and 
data were provided that pointed to the importance 
of the actual conformation of the IgG ligand in 
triggering antibody-dependent lysis of IgG-op- 
sonized target cells. 

The fine specificity and signal-inducing ca- 
pacity of FcyRIII were studied in experiments 
monitoring the lytic activity of K cells.125.126 It 
was shown that FcyRIIIs mediating the lytic pro- 
cess of K cells possess two active binding sites, 
and efficient lysis depends on the simultaneous 
interaction of them with the CH2 and CH3 do- 
mains. The groups that react with the CH2 do- 
main-specific binding site may involve the region 
of residues Lys 274 to Arg 301 and the lower 
hinge as well, whereas the interacting groups 
within the CH3 domain have been localized to 
the region of Ser 408 to Arg 416. In an “asso- 
ciative recognition” system, lZ7 in which the firm 
binding of the interacting effector and target cells 
was mediated additionally to IgG by C3b bridges, 
an enhanced rate of killing was observed. In such 
systems, by using CH2 or CH3 domain-specific 
monoclonal antibodies to inhibit ADCC,lZ6 and 
in experiments applying CH2 or CH3 domain- 
deleted paraproteins, lZ8 it was demonstrated that 
lytic signals are mediated only by the interaction 
of the CH2 domain of the sensitizing antibody 
with the corresponding binding site of FcR; more- 
over, that the interaction between the CH3 do- 
main and CH3-specific binding site is responsible 
only for increasing the binding affinity, 

Comparing the ADCC activity of monocytes 
(mediated mainly by FcyRI) and K cells (me- 
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diated by FcyRIII), it was shown that IgG1- and 
IgG3-sensitized erythrocytes were equally effi- 
cient in inducing monocyte-mediated ADCC. 129 

Although both isotypes bind to the same receptor 
(FcyRIII), IgG1 was more active than IgG3 in 
K-cell-mediated lysis. It was remarkable, how- 
ever, that the increase in the density of the target- 
cell-sensitizing IgG3 molecules resulted in ef- 
fective induction of killing. 

These differences can be explained by the 
structural and conformational dissimilarities of 
these isotypes and, consequently, by their dif- 
fering interactions with the binding sites of the 
receptor. IgGl and IgG3 differ in the lengths of 
their hinge regions. Furthermore, there is a char- 
acteristic variance in the hydrophilicity of the 
CH2 domain residues, which include the poten- 
tial contact residues interacting with the CH2 do- 
main-specific binding site of FcyRIII. lZ9 The 
unique primary amino acid sequences of the IgG 1 
and IgG3 domains, i.e., Lys/Gln 274 and Asn/ 
Lys 276, may result in differences of the tertiary 
structure of these isotypes. Therefore, the dis- 
similarity in lysis-triggering capacity of these two 
isotypes can be explained by the differing ac- 
cessibility of the CH2 and CH3 domains. Pre- 
sumably, both the CH2 and the CH3 domains of 
IgGl are able to interact with the corresponding 
binding sites of FcyRIII, whereas, as a conse- 
quence of the differences in amino acid residues 
at critical positions (contact residues), only the 
CH3 domain of the IgG3 molecule is accessible 
for effective binding. However, above a critical 
density of the target cell-sensitizing IgG3 anti- 
body molecules, probably due to inter-Fc inter- 
actions, the disadvantages of IgG3 in lysis in- 
duction might be overcome by changes in 
conformation. These events lead to the accessi- 
bility of the triggering site on the CH2 domain. 
All these observations emphasize the importance 
of the actual conformation and structure of the 
ligand in induction of functionally significant sig- 
nals mediated by the receptor. 

C. FcyRII 

Although the interacting groups on the Fc 
domains have not yet been localized, it was shown 
that FcyRII molecules express one specific bind- 

ing site for CH2 and a second for CH3 do- 
m a i n ~ . ~ ~ ~  It was reported that a subset of FcRs 
expressing human peripheral lymphocytes re- 
leased their FcRs when incubated at 37°C in 
serum-free medium; furthermore, functionally 
active, soluble FcRs could be isolated from the 
supernatants of the cells. 131~'132 The released re- 
ceptors were found to be monomeric and inter- 
acted with the CH3 domain of IgG.133 Another 
population of FcR+ cells did not release their 
receptors under similar conditions: FcyRIII ex- 
pressed on WNK cells and FcyRII expressed on 
resting B cellsI3O were characterized as stable types 
being maintained in a cell-attached state. 

Within PMBC, several subsets (including B 
and T cells, monocytes, and K cells) express 
FcyR. Because the possibility that K cells or 
monocytes might be responsible for FcyR release 
was excluded'34 and because the FcyR+ T cell 
population was relatively small, B lymphocytes 
were anticipated to release FcyR under the given 
conditions. It was proven that the in vivo-acti- 
vated B cells are identical to the subset of human 
PMBCs that were previously found to shed 
FcyR'35,136 and that the released monomeric, CH3 
domain-specific FcyRs were shown to be 
FC~RII '~O.~~'  (and/or proteolytic fragments of this 
receptor). Because the released and isolated re- 
ceptors cannot inhibit completely the EA rosette 
formation, it was suggested that the FcyRII mol- 
ecules expressed on the resting B cells possessed, 
similarly to FcyRIII, two binding sites. 

Chimeric antibodies were also used to define 
the interaction site of human F C ~ R S . " ~  The IgG1 
and IgG3 specificity had been confirmed for hu- 
man FcyRII with the chimeric antibodies as well; 
therefore, the attention was focused on the se- 
quence 233 to 237 to explain this specificity. 
Using the cell lines Daudi and K562, rosette for- 
mation with the IgG3 mutant was investigated.'38 
The LedAla-234 and LedAla-237 mutants gave 
only 10 to 20% of the values obtained for the 
natural IgG3 sequence. Rosette formation for the 
LedAla-235 and LedGlu-235 mutants was also 
reduced. These observations suggest that human 
FcyRI and FcyRII possess overlapping non- 
identical specificities for human IgG. 

Finally, we have to mention the possible role 
of carbohydrate chains of FcyRs in ligand bind- 
ing. Based on the observation that aggregated 
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human IgG inhibits the phagocytosis by PMN of 
structures containing mannose-specific adhesins, 
Kimberly et al. 104~105~139 suggested that FcyRs ex- 
pressed on these cells would have carbohydrate 
chains with mannosyl groups available for spe- 
cific lectin binding. It was shown that FcyRIDpm 
might have this oligosaccharide chain. It was also 
found that ligands other than IgG opsonins can 
bind to human FcyRIII,,, through lectin-car- 
bohydrate interactions, i.e., the carbohydrate 
moieties, besides influencing the function of the 
“classic” IgG Fc binding site, bind specific lec- 
tins within the receptor directly. 

C. Binding Sites for Soluble FcyRs (IgG 
BFs) 

Soluble immunoglobulin-binding substance 
found in the cell free supernatants of activated 
lymphocytes was first described by Fridman and 
Golstein.Im Since then, IBFs specific for each 
immunoglobulin isotype have been described. 141 

Immunoglobulin-binding factors modulate the in 
v i m  synthesis of immunoglobulins and regulate 
antibody production in an isotype-specific 
manner. 

T cells expressing FcyRs for a given isotype 
spontaneously produce IBF for the same isotype. 
A more efficient production of IBF could be 
achieved when activated T cells were used. 14’ 
Incubation of the activated T lymphocytes in 
serum-free medium resulted in the disappearance 
of FcyRs from the FcyR-bearing T cells and in 
the appearance of IgG BF in the supernatants of 
the cells.143 The latter phenomenon draws atten- 
tion to the possibility that IgG BF might be the 
soluble form of T cell FcyRs. 

It is now clear that besides T lymphocytes, 
other FcyR positive cells, including B cells,144 
macrophages, 145 and granulocytes,146 can pro- 
duce IBF; their production is regulated by various 
~ytokines’~’ and by interaction of FcR positive 
cells with immunoglobulin. 14* In patients or mice 
with immunoglobulin-secreting tumors, a higher 
number of T cells bearing FcRs for the same 
isotypes as the paraprotein was 
Moreover, IBF in the serum of the mouse’5o and 
h ~ m a n ’ ~ ~ * ’ ~ *  was detected. 

It is not known which mechanism could ac- 

I 

count for the presence of cell free Fc receptors 
in normal serum, and it is also remarkable that 
in spite of the abundant opportunity to bind to 
IgG molecules, the Fc receptors could be isolated 
as noncomplexed, free molecules (most probably 
due to their higher binding affinity to IgG in the 
solid phase). This means that FcR release appears 
in vivo as well, and one cannot exclude the pos- 
sibility that, especially in the microenvironment 
of the cells acting as “Fc receptor sources,” the 
released soluble FcRs might inhibit (regulate) Fc- 
dependent functions. 

In mouse, IBFs produced by T cells were 
identified as glycoproteins showing size and 
charge heterogeneity. 15334 The relationship be- 
tween IgG BF and FcyRII now seems to be re- 
vealed. It was shown that the mouse FcyRII- 
specific monoclonal antibody 2.4G2 recognizes 
IgG BF produced by FcyRII positive cells155; 
moreover, L cells transfected with a cDNA cod- 
ing for FcyRII express FcyR (56 kDa) and pro- 
duce a glycoprotein (38 kDa) that binds to mon- 
oclonal antibody 2.4G2.lS6 How IgG BF is 
generated is still under discussion. One of the 
possibilities is alternative splicing of mRNA cod- 
ing for FcyR. On the other hand, IgG BF can be 
formed by proteolytic cleavage of the membrane- 
bound FcyRII.110*130*137*156 (The role of proteo- 
lysis in receptor release will be discussed in detail 
later.) 

Independently of its origin, the IgG BF is 
most probably a fragment of one of the mem- 
brane-bound FcyRs. This soluble fragment pre- 
serves its IgG-binding capacity. One may sup- 
pose, therefore, that IgG BFs interact with the 
same groups on IgGFc as their membrane-bound 
counterparts. 

D. Binding Sites for Rheumatoid Factors 
(RFs) 

1. Rheumatoid Factors 

Autoantibodies recognizing the Fc region of 
autologous IgG have been proven to be the prod- 
uct of activated B cells, the precursors of which 
are natural constituents of the normal B cell rep- 
ertoire.157,158 As these types of antibodies origi- 
nally were found in sera of patients with rheu- 
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matoid arthritis (RA),lS9 they were termed 
rheumatoid factors (RFs). However, this defi- 
nition at the present covers the entire population 
of autoantibodies having IgGFc reactivity. 

Depending on the nature of the stimulus in- 
volved in the induction of RF production, these 
types of autoantibodies can be classified as 

Spontaneously occurring anti-Fc autoanti- 
bodies comprising a substantial fraction of 
the normal immunoglobulin repertoire 
Anti-Fc autoantibodies produced as a result 
of polyclonal B cell activation delivered by 
different stimuli 
Anti-Fc autoantibodies induced by antigen- 
antibody immune complexes formed in the 
course of the memory antibody response or 
administered as preformed immune com- 
plexes 
Anti-Fc autoantibodies generated as a result 
of autoimmune processes 

0 

0 

0 

According to our present knowledge, auto- 
antibodies recognizing the Fc region of IgG can 
differ in their structural and functional properties, 
which show strong correlation with the mode of 
their induction. On the basis of their binding 
characteristics, at least two main categories of 
anti-Fc autoantibodies can be distinguished: 
multireactive - mostly IgM-type anti-Fc auto- 
antibodies - and oligo- or monoreactive, 
IgM-, IgG-, or IgA-type anti-Fc autoantibodies. 

Fc-reactive autoantibodies characterized by 
broad polyspecificity possess binding activity not 
only for IgG but also for different self- and non- 
self-antigenic structures , including nuclear com- 
ponents (DNA, histones), cytoskeletal proteins 
(myosin, actin, vimentin) , bromelain-treated red 
blood cells, peptidoglycans, and various haptens 
(nitrophenyl, dinitrophenyl , phenyl-oxazo- 
lone). Most of these polyspecific autoanti- 
bodies belong to the IgM class, although IgG- 
type antibodies with similar polyreactive binding 
properties also have been described.163 Many data 
support the suggestion that these antibodies are 
products of activated B cells maintaining their V 
gene segments in germ line configuration. 1*166 

The CD5 + (Lyl +) B cell population seems to 
play an important role in the production of this 
type of autoantibody.167-170 The presence of PO- 

lyspecific IgM-type RFs has been shown in nor- 
mal human and murine individuals, and their level 
seems to be under the control of IgH-C, MHC, 
and other The production of poly- 
specific IgM RFs can be enhanced by different 
B cell activators, such as lipopolysaccharides, 
neutral proteinases , or peptidoglycans in mice175- 
178 and Epstein-Ban virus, peptidoglycans, or 
Staphylococcus protein A in humans. 179*180 This 
type of anti-Fc autoantibody is also produced at 
elevated level in autoimmune situations, as has 
been shown both in humans and mice.167. 181-184 

The other population of anti-Fc autoantibod- 
ies involves IgM- as well as IgG- and IgA-type 
antibodies with restricted reactivity for certain 
isotypes of IgG molecules. These types of auto- 
antibodies are induced primarily by antigen-an- 
tibody complexes, and their isotype specificity 
reflects the dominant subclass of the correspond- 
ing antigen-specific antibody response, as it was 
shown in rabbits and mice.185-1m These anti-Fc 
autoantibodies are generated in the course of the 
anamnestic immune response or as a consequence 
of immune complex injection under the control 
of regulatory T cells.191-193 These RFs are also 
found in autoimmune conditions. 167~194*19s 

The spontaneous lupuslike syndrome of MLR- 
lpr/lpr mice was characterized by IgM- and IgG- 
type autoantibody production. l ~ 4 - l ~ ~  Both kinds 
of RFs are found in RA and can be detected at 
elevated levels in many other rheumatic and non- 
rheumatic disorders associated with chronic in- 
fection and The latter pop- 
ulation of RFs is most likely the product of plasma 
cells bearing the CD5- (Ly-1 -) phenotype, al- 
though the lineage origin of these types of auto- 
antibodies is still questionable. 162~167*19s*197,198 

In contrast to polyspecific IgM-type RFs in- 
duced by polyclonal B cell activation, antigen- 
driven rigorously controlled expansion of self- 
reactive B cell clones can be assumed during the 
generation of monoreactive RFs characterized by 
the features of isotype switching, affinity matu- 
ration and somatic mutations. 162~164~194~199~200~201 

2. Mapping of Interacting Sites for RFs 

Similarly to other protein antigens, the Fc 
region of IgG can be recognized by antibodies 
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as a mosaic of overlapping epitopes.202 Identifi- 
cation of binding sites involved in RF-IgG in- 
teraction raises special problems in the case of 
polyspecific autoantibodies. 163-203-207 The regions 
of IgG molecules involved in the binding of oligo- 
or monospecific RFs, however, can be localized 
by conventional epitope mapping strategies. These 
studies have revealed that human monoclonal 
IgMs having RF activity react with IgGl, IgG2, 
and IgG4 subclasses and recognize the CH2-CH3 
interdomain region, which is also involved in 
SpA binding. 208-210 This RF specificity shows 
strong correlation with SpA binding, which also 
depends on the presence of amino acid residues 
His 435 and Tyr 436, located in the CH3 domain 
and responsible for allotypic variations of the 
IgG3 subclass.211 Recent data from chimeric do- 
main-shuffled IgGs, however, have revealed that 
the specificities of polyclonal RFs and mono- 
clonal cryoglobulins with RF-like activity are not 
identical. 212 

As decreased terminal galactosylation of IgG 
was demonstrated in RA  patient^,^'^.^'^ the role 
of carbohydrates in RF binding became the sub- 
ject of intensive  investigation^.^^^^^^^ These stud- 
ies revealed that the binding of human RFs to 
IgG3 could be modified by the absence or nature 
of the carbohydrate moiety of the CH2 domain.212 

Despite the high number of RF-type auto- 
antibodies isolated during different phases of the 
immune response of different inbred strains of 
mice, the precise localization of epitopes has not 
been determined. Detailed fine specificity anal- 
ysis has focused on the characterization of their 
isotype and allotype restriction or cross-reactivity 
with other homologous or heterologous IgGs. 
These data have led to some interesting conclu- 
sions concerning the specificity features of mouse 
R F S  . 

The IgG2a isotype seems to play a predom- 
inant role in normal RF induction and also in 
MRLlprApr and 129/Sv mice.216.217 These IgG2a- 
reactive RFs showed allotype specificity, and the 
determinants could be localized to the CH3 do- 
main of IgG1, IgG2a, and IgG3 isotypes or to 
the C-terminal end of the CH2 domain.217.218 LPS 
induces mostly IgGl- and IgG2a-reactive 
RFs,219p220 whereas application of LPS-TNP-IgG 
complexes results in the production of IgG2b- 
and IgG3-reactive RFs. 199 

Immune complex-induced RFs show pref- 
erential binding to the isotype included in the 
immune complex, and, in good correlation with 
this finding, the specificity of antigen-induced 
RFs reflects the isotypic pattern of the antigen- 
specific r e ~ p ~ n ~ e . ~ ~ * ~ ~ ~ ~ ~ ~ . ~ ~ ~ . ~ ~  In other words, 
this isotype restriction means that protein anti- 
gens eliciting mainly IgG 1 -type antibody pro- 
duction preferentially induce IgG 1 -reactive RFs 
in the course of the secondary response, whereas 
other types of antigen (e.g., carbohydrates) gen- 
erate RFs of different isotype specificity. 189.190 

As has been shown by Coutelier,221*222 viral 
infections in the mouse result predominantly in 
IgG2a-type antiviral antibodies. It was also shown 
that repeated influenza virus infection of Balbk 
mice induces predominantly the production of 
IgG2a-type antibodies, and the appearance of 
IgG2a-reactive autoantibodies could also be 
shown. Hybridomas isolated from the spleen of 
influenza virus-infected Balb/c mice represent 
IgM, IgG, and IgA RF-producing clones that can 
be characterized by similar functional proper- 
ties. 19’ These autoantibodies show strong speci- 
ficity for IgG2a molecules of the parental allo- 
type, do not cross-react with immunoglobulins 
of other species or various self- or nonself-anti- 
genic structures, and preferentially bind aggre- 
gated or complexed IgG2a compared with the 
native counterpart. 

The reactivity pattern of these autoantibodies 
with IgG2a fragments and IgG2a and IgG2b 
allotypes revealed that they very likely recognize 
regions of the CH2 domain. The interaction of 
the IgA-type monoclonal antibody was depen- 
dent on the amino acid residue Ala at position 
305, whereas the recognition of IgG2a by IgM- 
type RFs was dependent on the amino acid res- 
idue at position 258 characteristic only for IgG2a 
of “a” a l l ~ t y p e . ~ ~ ~  

Besides their differing epitope specificity, RFs 
have other important functional properties that 
definitely distinguish them from conventional anti- 
immunoglobulin reagents and may have inter- 
esting implications for their possible biological 
or regulatory functions. Recent data categorize 
RFs as low- or high-affinity antibodies by terms 
of their poly- or monospecificity and the relative 
amounts of ligands required for inhibition of 
binding. 167~194 Relatively high functional avidity 
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of IgM-, IgA-, and IgG-type anti-Fc monoclonal 
antibodies for aggregated IgG2a could be 
demonstrated. Ig7 

The symmetrical Fc region participates as a 
bivalent ligand in its interaction with most con- 
ventional antibodies.202 However, depending on 
the localization of the recognized region, the Fc 
portion can be involved in RF binding as a func- 
tionally monovalent ligand, as was shown in the 
case of certain human RFS.~" A similar sterically 
restricted interaction was suggested in the case 
of & IgG2a-reactive .1 mouse 4 monoclonal 

The steric restriction of the binding of po- 
lyvalent IgM-type RFs was proven by their sen- 
sitivity for mild r e d ~ c t i o n ~ ~ ~ , ~ ~ ~  and by the mo- 
lecular weight determination of IgG-IgM immune 
complexes. 225 Comparative studies with IgM, 
IgG2b, and IgA RFs having similar functional 
properties and fine specificity demonstrated that 
polyvalent IgM and IgA RFs are extremely sen- 
sitive for the appropriate steric orientation of 
IgG2a Fc portion, whereas IgG2b RF and its 
reduced and alkylated forms readily bind to IgG2a 
adsorbed to the solid phase even at lower con- 
centrations. This distinction can be explained by 
the high flexibility of the hinge region in IgG 
compared with IgM lacking a functional hinge .*02 
The sterically restricted interaction of IgG2a and 
these types of RFs might have an important in- 
fluence on the structure of immune complexes 
formed by antigen-antibody-RF interactions and 
can provide an explanation for the preferential 
binding to solid-phase bound, complexed, or ag- 
gregated IgG2a. 

3. RF-Binding and Fc-Mediated 
Functions 

Secreted IgG molecules in body fluids occur 
in the presence of soluble IgG-binding structures 
(such as Clq and IgG BFs and RFs) and also have 
the chance to interact with different cells ex- 
pressing FcyRs. As most Fc-mediated interac- 
tions prefer antibodies complexed with the cor- 
responding antigen, unbound IgG can avoid these 
interactions, whereas complexed IgG will inter- 
act with one or more of these structures. The 
possibility of these interactions occurring is highly 

influenced by the actual composition of immune 
complexes, depending on the fine specificity, af- 
finity, valency, and isotype of the antibodies and 
the relative concentrations of the antigen. Re- 
garding this possibility, the interesting question 
arises of whether the binding of the antigen, re- 
sulting in the local redistribution of soluble or 
cell-bound antibodies, enables the simultaneous 
interaction with various Fc-binding structures. 
This naturally occurring, and potentially com- 
petitive, situation is presumably highly influ- 
enced by various factors actually present in the 
microenvironment. 

The simple way to study these possibilities 
is to test the competitive nature as well as the 
localization of interaction sites on the IgG Fc, as 
has been discussed before. Mapping the CH2- 
and CH3-domain-related binding sites revealed 
that different FcyRs interact with distinct regions 
that are not identical with respect to Clq or SpA 
binding sites. In contrast, the binding of certain 
RFs was proven to be inhibited by SPA-Fc 
interaction. 

However, recent studies with mouse IgG2a- 
reactive monoclonal antibodies proved that bind- 
ing of naturally occumng IgM-, IgA-, and IgG- 
type anti-Fc autoantibodies does not inhibit Clq, 
C3b, or SPA binding to aggregated or complexed 
IgG2a and does not influence the ability of com- 
plexed IgG2a to interact with high- or low-affin- 
ity FcyRI or FcyRKU3 These data strongly sug- 
gest that the Fc region of IgG is ready for 
simultaneous interactions with distinct Fc-bind- 
ing structures and show that RF binding does not 
eliminate the potency of IgG2a to participate in 
other Fc-mediated functions. One may assume, 
however, that these types of interactions are not 
only limited by the direct competition for inter- 
action sites, but also are influenced by steric hin- 
drance and altered structural properties of the 
complexed immunoglobulins. The multivalent 
interaction with Clq or polyvalent RFs might 
stabilize or reorganize IgG-IgG interactions 
maintained by antigen bridges, which may result 
in restricted flexibility of IgG or in stabilized 
Fc-Fc interactions proven to be essential for many 
Fc-mediated interactions.226-228 

An example of this type of effect was pro- 
vided by experiments showing that the binding 
of IgM- and IgA-type monoclonal RFs to aggre- 
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gated IgG2a did not interfere with Clq or C3b 
binding, but still resulted in diminished comple- 
ment activation mediated by both the classic and 
alternative pathways.223 Similar results were ex- 
plained by an altered molecular microenviron- 
ment for C3b deposition or C1 a c t i ~ a t i o n . ~ ~ ~ . ~ ~ ~  

Binding of anti-Fc autoantibodies to IgG ag- 
gregates results in structurally more complicated 
complexes than the interaction of other Fc-bind- 
ing structures with complexed immunoglobulins. 
Immune complexes containing anti-Fc autoanti- 
bodies (similarly to idiotype-anti-idiotype im- 
mune complexes) expose two heterologous Fc 
parts, potentially active in Fc-mediated interac- 
tions. The anti-Fc-containing aggregates, de- 
pending on the fine specificity and isotype of the 
participating antibodies (as with idiotype-anti- 
idiotype immune complexes) might be involved 
in various Fc-mediated 

According to early observations, IgM-type 
RFs are able to fix C1 and mediate complement 
a c t i ~ a t i o n ; ~ ~ ~ ~ ~ ~ ~  however, their capability to do 
so is highly dependent on the size of immune 
complexes.234 These studies also revealed the rel- 
atively low activity of IgM RFs in this respect, 
explained by the inappropriate conformational 
change to acquire the “staple”-like orientation 
of the subunits instead of the original “star”-like 
arrangement.235 These results were confirmed by 
studies showing that immune complexes formed 
by aggregated IgG2a and IgM or IgA RFs me- 
diate complement activation, via the classic or 
alternative pathways, exclusively through the 
IgG2a component. This was demonstrated by the 
reduction and alkylation of aggregated IgG2a, 
which does not influence RF binding but abol- 
ishes complement activation via both path- 
w a y ~ . ~ ~ ~  It is remarkable that, while the IgA-type 
RF behaved similarly to the IgM type, anti-IgG2a 
autoantibody of IgG2b isotype did not inhibit (but 
rather enhanced) complement activation via the 
classic pathway. This supports the importance of 
increased efficiency of IgG-IgG immune com- 
plexes in this respect. 

The multiple potential of RF-bound immune 
complexes manifests itself in important func- 
tional consequences. Attachment and in viva 
clearance of immune complexes is enhanced in 
the presence of IgM RFs, probably due to ele- 
vated internalization by FcyR. However, the si- 

multaneous complement-mediated opsonization 
via C3b receptors was decreased in the presence 
of RFs, in good correlation with data pointing to 
decreased complement activation by FW-bound 
IgG aggregates. 160*223 

IV. REGULATION OF ANTIBODY 

MOLECULES 
PRODUCTION BY IgG Fc-BINDING 

A. Antigen-Induced Events in B Cells 

The specific humoral immune response to an 
immunogen is dictated by the continuously 
changing repertoire of B cells. The so-called na- 
ive repertoire of B lymphocytes develops inde- 
pendently of antigen stimulation as the result of 
genetic recombination events. During the actual 
immune response, due to the antigenic challenge, 
only a fraction of the naive repertoire is activated. 
The outcome of the B cell activation is the clonal 
expansion of the antigen-specific B cells. Im- 
munogens, interacting with antigen-binding re- 
ceptors expressed on the B cell membrane (mIgM, 
mIgD), may induce cell activation in two differ- 
ent ways. B lymphocytes expressing mIg and 
MHC class I1 molecules are among the most ef- 
ficient antigen-presenting cells, binding and fo- 
cusing relatively low concentrations of protein 
antigens by means of their antigen recep- 
t o r ~ . ~ ~ ~ . ~ ~ ~  The processed antigen is presented to 
T helper cells, i.e., the antigen-specific B cells 
induce helper T cells to produce cytokines that 
promote B cell activation. On the other hand, 
antigens bound to membrane immunoglobulins 
on B cells induce transmembrane signaling, lead- 
ing to B cell activation.238 

The various signals induced via antigen, cy- 
tokine, and mitogen receptors drive the resting 
B cells from the Go to the S phase of the cell 
cycle, activating different signaling pathways. The 
cross-linking of mIg triggers inositol lipid me- 
tabolism, and this generates two second messen- 
gers, inositol 1,4,5-triphosphate (IP,) and 1,2- 
diacylglycerol. The former induces increased in- 
tracellular Ca2+ levels by releasing Ca2+ from 
intracellular stores, whereas diacylglycerol acti- 
vates PKC. In addition, changes of membrane 
potential can be ~bserved .~~’~~’  Efflux of K’ 
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ions is also induced by cross-linking antigen re- 
c e p t o r ~ , ~ ~ ~  and it has been shown that functional 
voltage-gated K' channels are required at a pre- 
cise stage of the GI phase of the B cell cycle.z43 

As a consequence of B cell activation, certain 
modifications in cell surface marker expression 
have been described. The enhancement of MHC 
class I1 antigen expression appears late in the Go 
phase, before the activated B cells enter G,.z39 
The early G, phase is characterized by mRNA 
synthesis and enhanced expression of FcyRII. In 
the late GI stage, the expression of transferrin 
receptor is also increased. It is remarkable that, 
depending on the degree of activation, B cells 
differ in their responsiveness to anti-Ig, i.e., rest- 
ing and activated B lymphocytes differ in the 
signaling pathway through mIg and exhibit dif- 
ferential sensitivity to the stimulatory effects of 
PMA and calcium ionophore.244 The modifica- 
tion in cell-surface receptor expression makes the 
B cells sensitive to various signals that can drive 
the cell to the next activation According 
to Melchers and Lenhardt,z~ the B cells are 
blocked at three restriction points in the cell cycle 
until the proper growth signal is provided. One 
of the restriction points is identified at the Go 
phase, when the B cells have already rearranged 
their immunoglobulin genes and expressed d g M .  
In this stage, low levels of MHC class 11 and 
FcyIUI molecules are expressed, and the cells 
contain low amounts of cytoplasmic RNA; also, 
the cells are ready to interact with antigens.178 
The significant increase of MHC class I1 antigens 
before entering the G ,  phase favors the interac- 
tion of B cells with T helper cells.z47 Another 
restriction point seems to be in the G, phase, 
during which various factors, including C3b248 
and IL-1 ,249 can promote the B cells into S phase. 

Various factors may affect these antigen-in- 
duced events in B cells. Transforming growth 
factor p (TFG-P) is inhibitory on B cells: human 
B cell proliferation induced by cross-linking mIgs 
can be blocked by TGF-P, acting during the Go 

GI Negative regulatory signals 
are mediated by cross-linking the major pan+ 
cell-specific glycoprotein CD 19 as well, inhib- 
iting the replication and the transition from Go 
+ GI of dense B cells activated by anti-Ig an- 
tibodies. z50251 The most important cell membrane 

structure in this respect, however, seems to be 
the FcyRII. 

B. Regulation of Antibody Production by 
Membrane-Bound FcyRs 

Early in vivo studies called attention to the 
importance of the intact Fc portion of IgG in the 
IgG-mediated feedback inhibition of antibody re- 
sponse ,z52 and to the immunoglobulin-binding re- 
ceptors in transferring inhibitory signals to the B 
cells. The latter statement was based on the ob- 
servation that antigen-antibody complexes are ef- 
ficient regulators of immune responses (reviewed 
in Reference 253), and it turned out that the in- 
hibition of humoral responses by immune com- 
plexes requires an intact Fc part of the antibody 

Several models explaining the 
mechanism of suppression of antibody formation 
were suggested, but most data support the as- 
sumption that immune complexes directly affect 
the B cells and that their interaction with both 
the mIg and FcyRs represent the blocking signal. 

It was found that immobilized immune com- 
plexes inhibit the action of the B cell mitogen 
LPS on murine spleen cells;z55 moreover, soluble 
complexes do not mediate this inhibition. The 
possible role of suppressor T cells was excluded. 
Therefore, it was concluded that the immobilized 
complexes bind to B lymphocytes via their FcRs 
as well, and trigger a central "off" signal that 
blocks proliferation and consequent antibody 
production. Other also confirmed 
that the linkage of antigen receptors and FcyRs 
directly block B cells; moreover, precondition of 
this ' 'off' ' signal is the simultaneous occupation 
of both receptors. Recent data indicate that rest- 
ing B cells that have not encountered antigen are 
most susceptible to the down-regulatory signal 
induced by cross-linking of mIg and FcyRs. z57 

Experiments showing that immunoglobulins 
are efficient B cell tolerogens led Waldschmidt 
and VitettaZ5* to control the possible Fc depend- 
ency of B cell tolerance induced by haptenated 
immunoglobulin molecules. It was shown that 
the ability of haptenized immunoglobulins to sup- 
press or tolerize B cell responses was dependent 
on their FcR binding capacity, Because such hap- 
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tenized immunoglobulin molecules are able to 
cross-link the mIg and FcyRs on the same and 
different B cells, it was suggested that such un- 
responsiveness represents a model of antibody 
feedback inhibition and not tolerance to self an- 
tigens. This view was supported by data showing 
that monoclonal anti-FcR antibody was able to 
reverse the inhibitory effect of a whole anti-p 
antibody.2s9 

Recently, the biochemical basis of the inhib- 
itory effect of rabbit anti-immunoglobulin has 
been elucidated. It was shown that F(ab'), frag- 
ments of anti-immunoglobulin provoke pro- 
longed release of IP, in B cells, whereas intact 
antiimmunoglobulin causes only a transient in- 
crease in polyphosphoinositide-specific phospho- 
diesterase (PPI-PDE), which hydrolyzes PIP,, 
generating IP, and DAG. This response involves 
a guanine-nucleotide regulatory protein (G,) that 
couples mIg to the PPI-PDE.260 

Rigley et a1.261 have shown that co-cross- 
linkage of mIg and FcyRs with intact antibody 
on B cells uncouples the antigen receptors from 
G, but does not affect G,,/PPI-PDE coupling. 
These findings suggest that control of the level 
of PPI-PDE activity may play a role in antigen- 
induced B cell regulation. Moreover, one has to 
emphasize that one important function of FcyRII 
is the ' 'fine tuning' ' of B cell responses to antigen. 

Here we have to mention briefly the possible 
role of complement receptors (CRs) in B cell 
regulation, because besides mIg-FcyRII cross- 
linking, the immune complex-mediated regula- 
tion of immune response might be modulated by 
mIg-CR interaction as well. Cross-linking of CR2 
by immobilized C3b and C3d stimulates, whereas 
the occupancy of the receptors without cross- 
linking inhibits, the entry of activated B cells 
into the S phase of the cell cycle.249 A synergistic 
interaction between CR2 and mIgM was shown 
by Tsokos et al.262 and Carter et al.263 as well. 

It is remarkable that IgG-containing immune 
complexes are able to enhance immune re- 
sponses. TNP-specific monoclonal IgG antibod- 
ies were found to suppress antibody response 
when antigen was applied in particulate form 
(TNP-SRBC) but enhanced the response to sol- 
uble antigens (TNP-KLH).2" This enhancing ef- 
fect of IgG was linked with the complement- 

activating capacity of the antibody. H e ~ m a n ~ ~ ~  
raised the possibility that this enhancing effect 
of IgG depends on its capacity to interact with 
both FcRs and CRs; the latter might result in 
direct stimulation of B cells via their complement 
receptors. These observations call attention to the 
possibility that both FcyRIIs and CRs participate 
in the regulation of antibody production at the B 
cell level. 

C. The Role of Soluble FcyRs in B Cell 
Regulation 

Much evidence was presented in the previous 
sections of the regulatory function of membrane- 
bound FcyRs, and it seems obvious that IgGFc 
and FcyRs are two sides of the same coin in this 
respect. The question is whether FcyR fragments 
released from the cell membrane and still pos- 
sessing their Fc-binding capacity are also regu- 
latory molecules, modulating the antibody pro- 
duction of B cells. 

It is well known from the early studies on 
IBF that these factors, which are released from 
FcyR' T cells and that bind specifically to the 
Fc portion of immunoglobulins, modulate the 
production of the corresponding isotype. 140~142 It 
has already been mentioned that IBFs are released 
from cells other than T cells; moreover, that the 
latter have similar modulatory effects on antibody 
production. The mechanism of IBF-mediated 
modulation is not clarified yet, and most of the 
studies concerning the regulatory role of IgG BFs 
are related to T cell products. One may suppose, 
however, that the regulatory pathways opened by 
IgG BFs of various origin, due to their similar 
binding properties, may be alike. Factors influ- 
encing IBF production and the possible mecha- 
nisms of IBF action will now be briefly discussed. 

Because FcyR expression is modified by fac- 
tors affecting cell activation, one may suppose 
that the production of IBF (a split product of the 
same receptor) is also induced and modified by 
the same components. The effect of cytokines on 
IgE BF production has been thoroughly stud- 
ied.266 IL-4 and IFN-y are the two major cyto- 
kines influencing both FceRII (CD23) expression 
and IgE BF release from B cells. 267 Other factors, 
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such as IgE BF itseP8 and low-molecular-weight 
B cell growth play similar roles in 
IgE BF release. IL-2 and IL-4 influence the re- 
lease of IgD BFYz7O and IgG BF production is 
affected by IFNs that inhibit IL-4-induced IgG 
BF release as well. 27 * 

Here we need to mention that the capacity 
of immunoglobulins to modify the expression of 
the appropriate FcRs is an important component 
in the complex regulatory mechanism mediated 
by membrane-bound and soluble FcRs. A great 
bulk of data prove that FcRs, and IBFs for various 
isotypes, can be induced by corresponding im- 
munoglobul in~ .~~~ It was shown both in humans 
and mice that gammopathies often go together 
with the development of large numbers of T cells 
that express FcyRs for isotypes of corresponding 
myeloma proteins. The myeloma-bearing pa- 
tients, or mice, also produce IBF specific for the 
dominating isotype. 273*274 

The mechanism of FcR expression and IBF 
release induced by immunoglobulins has not been 
elucidated yet. It seems that receptor aggregation 
is the prerequisite of IgG BF production. Because 
no change in mRNA content in immunoglobulin- 
treated cells has been found, it has been sug- 
gested that immunoglobulin upregulates FcR and 
IBF at the posttranscriptional 

IgG BF inhibits the production of IgG in 
secondary in vitro antibody responses and of IgM 
in primary responses. The precise molecular 
mechanisms of this suppression have not yet been 
elucidated. Studying the in vitro inhibitory effect 
of FcyRII+ IgG BF-producing T hybridomas on 
the production of IgG in B h y b r i d o m a ~ , ~ ~ ~  it was 
found that the production of IgG was inhibited 
through noncognate interactions, indicating that 
soluble factor(s) mediated this inhibitory effect. 
The inhibition seems to affect H- and L-chain 
synthesis as well as the H- and L-chain-encoding 
mRNA steady state. Because a complete IgG 
molecule was required on the B hybridoma to 
demonstrate the blocking effect by the IgG BF- 
producing T hybridoma, it is likely that the in- 
hibition may be mediated by interactions between 
the released IgG BF and mIgG. One cannot ex- 
clude, however, the effect of other soluble me- 
diators able to induce a blockade of immuno- 
globulin gene expression. 

Although the possibility exists that besides 

IgG BF, other soluble factors, acting synergist- 
ically with it, may also mediate the suppression 
of antibody production, such an effect of IgG BF 
itself is indisputable. Recent studies have shown 
that recombinant soluble FcyRII inhibits anti- 
body production in v i t ~ o . ~ ~ ~  In these investiga- 
tions soluble recombinant FcyRIIs containing only 
the two extracytoplasmic domains of the mole- 
cule were used. L cells were transfected with the 
mutated cDNA inserted into an expression vec- 
tor. The soluble FcyRIIs isolated from the culture 
medium of the resultant cell line inhibited sec- 
ondary and primary in vitro antibody responses. 

D. Correlatlon between Fcy Rll 
Expression, Release, and B Cell Cycle 

Aggregation of antigen receptors (mIgs) pro- 
motes activation of matured B cells for clonal 
expansion and antibody production against an- 
tigens. In the course of their response to antigen, 
B cells are exposed to numerous positive and 
negative regulatory signals modifying the net out- 
come of the humoral response. Membrane-bound 
and soluble FcyRII molecules play a key role in 
these regulatory processes. 

Several factors may alter the FcyRIIs and the 
signals mediated by these receptors. Expression 
and release affect the actual number of the re- 
ceptors on the B cell membrane (up- and down- 
regulation). Their fine specificity and ligand- 
binding affinity might be influenced by the actual 
conformation of the receptor. Conformational al- 
terations, on the other hand, might be decisive 
with respect to the proteolytic cleavage and re- 
ceptor release as well. Finally, the relation of 
FcyRIIs to other B cell membrane constituents 
may also affect the signals mediated by the re- 
ceptors. Therefore, the expression and release of 
FcyRIIs are integral components of mechanisms 
regulating antibody production of B cells. From 
this point of view, FcyRII expression and release, 
such as the actual conformation of the receptors, 
can be regarded as regulatory factors. To under- 
stand the regulatory events, the time course of 
these phenomena should also be taken into 
consideration. 

The differential expression of FcyRs on var- 
ious cells is regulated by genetic and environ- 

21 0 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

M
al

m
o 

H
og

sk
ol

a 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



mental factors. The developmental expression of 
FcyRs partly depends on selective unmethylation 
of DNA sequences in both the 01 and the p 
genes. 278.279 Besides genetic factors, the differ- 
ential expression of FcRs is regulated by cyto- 
kines. Thus, recombinant IFNy has antagonistic 
effects on macrophage aFcyR and PFcyR tran- 
scripts.280 An up-regulatory effect of rIL-2 and 
rIFN on aFcyRII in various cells was also ob- 

and it is well known that IL-4 up-reg- 
ulates mRNA-encoding FceRIIb but not 
FcdUIa.281 

The differential expression of FcyR subtypes 
has functional importance to cells on which sev- 
eral subtypes of these receptors are simultane- 
ously expressed. B cells express only FcyRIIB 1 ; 
therefore, the genetic and environmental factors 
might affect first of all the number of FcyRIIs 
available in functionally active form on the B cell 
membrane. In this respect IL-4 seems to be im- 
portant, as it was shown that this cytokine in- 
duces loss of murine B cell FcyRII ligand-bind- 
ing capacity.282 IL4 can reverse FcyRII-mediated 
inhibition of B lymphocyte activation as well.283 

Concerning the time course of FcyRII 
expression and release, it was shown that LPS 
activation of murine B cells induces both an el- 
evated level of B lFcyRII mRNA and the expres- 
sion of FcyRII in the G1, phase of the cell 
moreover, the appearance of a new epitope on 
FcyRs was also observed that correlated with the 
ability to release soluble FcyRs. 144 

Following the activation of resting human B 
lymphocytes, the expression of FcyRIIs showed 
a biphasic time course. As early as 10 min after 
stimulation, a transient increase of FcyRII 
expression was shown and simultaneously de- 
creased ligand-binding capacity of the receptors 
was observed. Later, after 3 to 24 h, a decrease 
in the number of FcyRII-bearing cells was seen. 
However, on the second day of activation, a sig- 
nificant increase in FcyRII expression, mainly 
on enlarged blast cells, was found. At the same 
time, soluble fragments (33 m a )  of FcyRIIs, 
with the ability to bind to human IgG Fc, were 
released. The release of receptors occurred 
in the early G, phase of the cell cycle; later re- 
ceptor release was accompanied by the enhance- 
ment of the FcyRII expression before the B cells 
reached the S phase. 

The regulation of B cells by the low-affinity 
FceRII and IgE BF has been thoroughly studied 
in the last few years.285 Because there are several 
remarkable similarities between the mechanisms 
resulting in the production of IgG BF and IgE 
BF, we touch briefly on the release process of 
FceFUIs . 

CD23 is a type I1 integral membrane protein 
of M, 45 kDa, originally defined as a differen- 
tiation antigen of B lymphocytes. The cDNA for 
the human FctRII has been cloned, and the pre- 
dicted length of the receptor is 321 amino acids. 
Although a significant portion of its extracellular 
domain bears a marked homology to C-type an- 
imal lectins and contains an inverse “RGD” se- 
quence, neither of these appears to be involved 
in the low-affinity IgE binding.Z85 CD23 is ex- 
pressed at a very low level on resting B cells; its 
expression can be up-regulated by a number of 
agents such as IL-4, phorbol esters, and IL-2.286*287 
Activated B cells release soluble CD23 by pro- 
teolysis of the membrane-bound protein. Initially 
35 kDa soluble degradation fragments are pro- 
duced that rapidly degrade to the more stable 25- 
kDa form; these fragments are capable of binding 
to IgE.288 (The long-lived 14-kDa product has no 
IgE binding capacity.) It seems that the enzyme 
involved in this proteolytic process is a thioles- 
terase (SH-protease), although it is possible that 
more than one enzyme is responsible for the gen- 
eration of IgE BF of different size. It is also 
supposed that the enzyme cleaving the 33.000 to 
37.000. IgE BF precursors is cell bound and is 
expressed on all FceRII-positive cells. 

The possibility that murine IgG BF can be 
formed by proteolytic cleavage was raised by 
Sautes et a1.156 and such a mechanism was sug- 
gested in case of human FcyRIIs as well.130.137 
It was shown that the ability of activated, but not 
of resting, human B cells to release FcyRIIs cor- 
relates with the appearance of a trypsinlike serine 
protease activity in the early G, phase of the cell 
cycle. It was also shown that specific serine es- 
terase blockers inhibit the release of FcyRII from 
B cells. Analysis of the predicted amino acid 
sequence of FcyRII, and hydrophilicity of its res- 
idues, showed that at least two sites could be the 
targets of trypsinlike serine proteases. Following 
the expected proteolytic cleavage at these sites, 
the disulfide bridges can still hold the molecule 
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together, which explains why the ligand-binding 
capacity of the released 33-kDa fragment is still 
preserved. Thus, the proteolytic cleavage of 
FcyRIIs and the release of IgG BF seem to be 
similar phenomena to those of FceRII degrada- 
tion and IgE BF release, respectively. 

E. Regulation of Antibody Production by 
RFs 

This part of the review focuses on the po- 
tential regulatory role of Fc-reactive RF-like 
autoantibodies. On the basis of our own obser- 
vations, we support the suggestion of Monestier 
et al.289 that two distinct populations of Fc-re- 
active autoantibodies may play different func- 
tional roles in immune processes. 

The functional role of polyspecific autoanti- 
bodies possessing a low degree of selectivity in 
their binding was suggested to be to clear the cell 
debris from the body2w or to build the first line 
of defense against microorganisms. 16* In con- 
trast, mono- or oligoreactive RFs produced as a 
result of selective B cell expansion and matura- 
tion give rise to regulatory autoantibodies with 
highly restricted binding properties directing them 
to well-defined IgG determinants. 

The proportion of Fc-binding polyspecific 
autoantibodies in the normal immunoglobulin 
repertoire is relatively high and was estimated to 
compose about 10 to 15%.lE6 Polyclonal B cell 
activation, as well as secondary antigen chal- 
lenge, increases the frequency of Fc-reactive B 
cells. However, under normal conditions due to 
suppressive mechanisms, the expansion and mat- 
uration of only a few clones may take place, 
resulting in the production of high-affinity im- 
munoglobulin-reactive autoantibodies. These an- 
tibodies might have different roles in the regu- 
lation of immune processes than those 
continuously present in the circulation. 

Polyspecific RF-like autoantibodies, in both 
B cell-bound and secreted forms, have the po- 
tential to interact with various self-structures, de- 
pending on their cross-reactivity pattern. In con- 
trast, high-affinity , monospecific, isotype, and 
immune complex-restricted recognition of IgG 
by certain RFs is able to focus these autoanti- 
bodies to soluble or cell-bound immune com- 

plexes having the appropriate composition and 
structure. 

Regulatory Fc-binding autoantibodies may 
act at different levels. B cells, as professional 
antigen-presenting cells, are able to take up an- 
tigens via their mIgs but not by their FcyRIIs, 
ensuring the antigen specificity of B cell acti- 
vation. B cells bearing Fc-binding mIg mole- 
cules, however, are able to focus any antigen- 
antibody complexes, providing a possibility for 
efficient mIg-mediated internalization of the an- 
tigen. The specificity of this process is restricted 
by the isotype of the antigen-binding antibodies. 
Due to the comparatively high proportion of PO- 
lyspecific autoreactive and Fc-binding specific- 
ities in the normal B cell repertoire, relatively 
high numbers of B cells might be activated in 
this manner. Such activation of B cells is fol- 
lowed by further T cell-mediated selection and 
maturation. 

Fc-reactive autoantibodies can potentially 
react with soluble or cell membrane-bound IgG. 
It was clearly shown, however,19’ that the direct 
interaction of RFs with B cells via mIg can be 
limited by the inability of monoreactive RFs to 
interact with membrane-bound immunoglobulin 
in its unliganded form. The possibility, however, 
that appropriate cross-linking of mIg resulting in 
clusters will be recognized by these RFs (which 
do not bind to native, but only to aggregated, 
immunoglobulins) remains to be elucidated. 

Another possibility regarding the direct in- 
teraction of RFs with B cells would be an immune 
complex-mediated binding. Rheumatoid factors 
as effective cross-linkers of antigen-complexed 
immunoglobulin molecules may have a particular 
role in delivering positive or negative signals for 
B cells, as suggested by H e ~ m a n . ~ ~ ’  Both the 
direct and immune complex-mediated interaction 
of RFs with mIg of B cells might provide a flex- 
ible possibility for FcyRII-mediated negative sig- 
naling by forming a bridge between mIg and 
FcyRIIs . 

Many hypotheses have been published on the 
regulatory potential of RFs, but only few exper- 
imental data are available. A depressed anti-hap- 
ten response affecting all isotypes was shown in 
MRL-lpr/lpr mice characterized by a high level 
of RFs reacting with all IgG isotypes, whereas 
the selective suppression of IgG2a-type auto- 
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antibodies was observed in 129/Sv mice.2*9y291 It 
was suggested that, depending on their regulatory 
potential, two categories of RFs exist. The first 
type of RF includes those that appear during the 
conventional antibody response, do not possess 
inhibitory capacity, and are induced by both T- 
independent and T-dependent antigens. 291 The 
other group represents high-affinity, isotype-spe- 
cific RFs occumng in disease-prone mice and 
exhibiting inhibition of the IgG response. In con- 
trast to these observations, Sinclair and 
Pano~kal t s i s~~~ discussed the possibility of an up- 
regulation mediated by RFs acting as inhibitors 
for negative signaling via FcyRs. 

Recent data demonstrated that the high-af- 
finity , isotype-specific, immune complex-re- 
stricted RFs can also be observed in the course 
of the ongoing immune response against viral 
infections. 19’ In vivo studies revealed that RFs 
representing the IgM class can mediate regulatory 
function in normal Balb/c mice activated by dif- 
ferent antigens.293 In these studies, IgM-type 
IgG2a-reactive autoantibodies were passively ad- 
ministered to virus-infected or oxazolone-boosted 
animals, and the titer of antigen-specific isotypes 
was tested after secondary antigen challenge. In- 
jection of micro- to nanogram amounts of RFs 
resulted in decreased IgG2a-type antibody pro- 
duction during the secondary response, demon- 
strating an isotype-specific activity. The time ki- 
netics of the antigen-specific response in antibody- 
treated animals, as well as the slight effect on 
total IgG2a levels in accordance with the low 
concentration of effective doses, argue against 
the simple chance of promoted clearance of IgG2a 
antibodies and support the possibility of regula- 
tory processes. Although the mechanism of this 
isotype-specific regulatory effect of RFs has to 
be clarified, the protocol employed in these in 
vivo studies points to a direct B cell effect me- 
diated by antigen-antibody-RF immune 
complexes. 

V. REGULATORY MECHANISMS 
MEDIATED BY Fc-BINDING MOLECULES 

The aim of the previous sections was to show 
that IgGFc-binding molecules, including mem- 
brane-bound FcyRIIs, IgG BFs, and RFs, play 

important roles in the regulation of antibody pro- 
duction. These structurally diverse molecules, 
which are of different origins, share some com- 
mon features. All three interact with IgG-Fc, be- 
long to the immunoglobulin superfamily of pro- 
teins, are components of the isotype-regulatory 
network, and regulate antibody production (at 
least partly) on the B cell level. 

On the other hand, however, there are char- 
acteristic differences among these structures con- 
cerning origin, fine specificity, binding property, 
and way of action. To understand the complexity 
of the various regulatory pathways of antibody 
production, it seems worthwhile to compare the 
mechanisms of their action and to define their 
places in the hierarchy of molecules modifying 
the humoral immune responses. 

Resting B cells express both mIg and FcyRII. 
Constitutive phosphorylation of the low-affinity 
FcyRII on resting B cells is negligible; neither 
activation of trypsinlike serine esterases nor re- 
lease of FcyRII (IgG BF production) could be 
observed in the Go phase of the B cell cycle. In 
the very early stage of B cell activation, the type 
I1 FcyRs are phosphorylated, and this may result 
in conformational alteration of the molecules. 
Several functional consequences can be attrib- 
uted to such conformational reorganization. First 
of all, the decreased binding capacity observed 
in this early phase of B cell activation can be 
explained by the phosphorylation of FcyRIIs. If 
the receptors are expressed but their binding ca- 
pacity is decreased, one can speak about “func- 
tional down-regulation. ” This means that despite 
the presence of FcyRIIs, due to functional in- 
sufficiency, their cross-linking with mIg me- 
diated by antigen-complexed IgG antibody is 
hindered. This excludes the induction of inhibi- 
tory signals via FcyRII, i.e., this mechanism is 
favorable to increasing antibody production in the 
early phase of B cell activation. 

Conformational alteration might be favorable 
to the proteolytic cleavage of FcyRIIs as well. 
As activation of proteolytic enzymes can be seen 
as early as phosphorylation, one might suppose 
that proteolytic fragmentation of FcyRII (IgG BF 
production) and functional down-regulation of the 
receptor begin simultaneously. 

After a transient decrease, a significant in- 
crease of FcyRII expression and release was found 
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in the early G, phase of the B cell cycle. This 
‘ ‘functional up-regulation’ ’ (increased expres- 
sion of functionally intact receptors) allows the 
cross-linking of mIg and FcyRII by antigen-IgG 
complexes. The “off” signal induced by this 
interaction of receptors might be an important 
step in regulatory events resulting in the gradual 
suspension of antibody production. At the same 
time another pathway of antibody regulation is 
opened: due to the increased proteolytic cleavage 
of FcyRII, the release of IgG BF is enhanced. 

The mechanism of IgG BF’s inhibiting the 
production of the given immunoglobulin isotype 
is not known. Because following activation the 
B cell can be regarded as the IgG BF source as 
well (according to our observations), we suggest 
that at this level of regulation IgG BF can be 
considered as an autocrine regulator of B cells. 
Whether IgG BF (a truncated FcyRII) can interact 
with native or aggregated membrane-bound IgG 
molecules should be elucidated; however, in this 
respect the IgG BF may behave like RF. On the 
other hand, it was shown that IgG BFs released 
from B cells inhibit antibody production under 
similar experimental conditions to T cell-derived 
IBFs, i.e., the involvement of T cells in this 
regulatory mechanism cannot be excluded. 

Regulatory RFs, due to their functional re- 
striction, cannot bind to nonaggregated mIg. 
However, it is most likely that cross-linked mIgs 
are able to interact with RFs that recognize merely 
complexed IgG. Therefore, in the early phase of 
B cell activation, the binding of RFs may provide 
an additional activation signal by further cross- 
linking mfg molecules. At the same time, the 
functional down-regulation of FcyRII excludes 
the induction of off signals, which could be oth- 
erwise elicited by IgG-containing RF complexes. 
In the early G, phase of B cell activation, due to 
the functional up-regulation of FcyRII, the bind- 
ing of complexes containing both IgG and RF 
might promote the cross-linking of mIg and 
FcyRII. Consequently, in this stage of B cell 
activation the FcyR-mediated suppression of an- 
tibody production will be more pronounced. 

In conclusion, the three different IgG Fc- 
binding molecules discussed in this review - the 
membrane-bound FcyRII, IgG BF, and RF - 
regulate antibody production of B cells by dif- 
ferent mechanisms but with the same net result. 

In the early phase of B cell activation, they pro- 
mote antibody production, whereas their inhibi- 
tory effect is dominant in later stages. 

Finally, antigen presentation via mIg is an 
important function of B cells. In contrast to the 
FceRII molecules expressed on the same B cell, 
FcyRIIB1, due to its structural properties, is not 
involved in antigen internalization but, conse- 
quently, in antigen presentation. On the other 
hand, RFs may influence the antigen-presenting 
function as well by promoting mIg-mediated an- 
tigen uptake. 
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