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Abstract
EXPRESSION OF MURINE Fc RECEPTORS FOR 1gG
by
Ronda E. Schreiber

Advisor: Professor Jay C. Unkeless

There are two distinct genes encoding murine low affinity Fc receptors tor
IgG (Fc,RIl), muFc RIl. and muFc,RIls, which are transcribed in specific cell
lineages. Fc Rlla transcripts are present in macrophages, NK cells, and mesangial
cells; Fc RHs transcripts are expressed in Fc R-bearing lymphocyvtes and
macrophages. A sandwich enzyme-linked immunosorbent assay (ELISA) was devised
to quantify the predicted Fc RIl. protein. The ELISA is specific for Fc, RIl5, and
does not detect the closely related Fc RIls protein. Upon stimulation with 11N-.
of the Fc_R1ls-negative macrophage cell line, J774a cells expressed enhanced levels
of Fc RIl.. Peritoneal macrophages synthesized varving amounts of Fe RIL.. Tigh
levels of Fc RIla were observed in resident and thioglycollate-elicited peritoneal
macrophages, but no Fc Rlla was detected in Bucillus Calimette Guerin (BCG)-
elicited macrophages. J774a cells stimulated with rIL-6 bound roughly 2-told more
anti-Fc,RII mAb 2.4G2 IgG than unstimulated controls. However, the Fc RII.-
specific ELISA showed no change in the amount of Fc Rll. expressed. A probe
encompassing the extracellular coding sequence of Fc,R11s hybridized to two distinct

transcripts that were elevated in rIL-6-stimulated J774a cells. One of these
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transcripts had the same mobility in electrophoresis as Fc,Rlla, whereas the other
transcript was larger. Since it was confirmed, with an Fc Rlla-specific probe, that
J774a cells do not make Fc RIls mRNA, the larger transcript must encode a novel
Fc,RIL Ttis likely that the increased level of binding of the anti-Fc RIT mAb 2.4G2
to rlL-6-induced cells represents translation of a Fc R distinct from Fe Rll. or
Fc,RHs. The existence of such a receptor introduces further complexity 1o the

heterogeneity of the murine Fc R family.
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VI. INTRODUCTION

Receptors for the Fc portion of IgG (Fc R) are important mediators of
immune function. Fc R's are expressed on macrophages, polymorphonuclear cells
(PMN’s), NK cells, mesangial cells, platelets, and B and T cells (reviewed in
Unkeless, 1988, 1989). Several different Fc R's have been described in both human
and mouse systems (Unkeless, 1988,1989). Upon activation, Fe R’s on macrophages
and neutrophils mediate a variety of functions, such as phagocytosis and antibody-
dependent cell cytotoxicity (ADCC), as well as the secretion of lvsosomal hvdrolases,
reactive oxygen metabolites and inflammatory mediators (Nathan, 1980a).  Ig
synthesis by B cells is regulated by soluble Fc R’s released from monocvtes and T
cells (Gisler, 1975; Neuport-Sates, 1977.1979; Calvo, 1986). Fc,R on B cclls
influences B cell transformation (Parker, 1983,1984,1985).

A. F¢ R Function

I. Human F¢ R’s

The family of human Fc R’s consists of three types of members (Unkeless,
1989) (Table 1). HuFc RI is expressed as a 72,000 dalton protein on both
macrophages and monocytes and binds monomeric human IgG and murine 1gG2a
with high avidity (Ka = 1-3 x 10° M™") (Huber, 1971). HuFc RII (CD32), a 40,000
Dalton protein, is found on monocytes, platelets, neutrophils, B cells, and the K562
cell line (Tetteroo, 1987) and binds IgG complexes with low avidity (Ka = ~ 2 x 10°

M™ (Jones, 1985). Fc,RII is highly polymorphic and is encoded by three distinct
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genes. Fc RIIT (CD16), which binds human IgG1 and IgG3 with a Ka ~ 5 x 10° M

B

is expressed on macrophages, NK cells, neutrophils, eosinophils, and on some T

cells (Tetteroo, 1987). The molecular weight of Fc RIII differs within and between

cell types on which it is expressed, as will be discussed in this section.

Table 1 HUMAN Fc R FAMILY

Ligand and affinity Gene

Distribution

Fc,R1 High avidity
IgG1 > I1gG3 > 1gG4 > > 1gG2

Fc RII Low avidity Fc,Rlla
IgG1 > IgG2 > IgG4 > > I1gG3
Fe RIla’
Fc RIIb
Fc R Low avidity Fe R
IgG1, 1gG3 Fe RIN2
?

Monocytes/Macrophages

Monocytes/Macrophages
Ncutrophils, Leukemia

Monocytes, B cells,
Neutrophils, Placenta

Monocytes, B cells,
Neutrophils,
Lymphoid/Myeloid cells
Platelets

Neutrophils
NK cells
Macrophages

Eosinophils
T cells (some)
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Because the same cell types express different forms of human Fc RII and
Fc,RIII, functions mediated by these receptors can not be attributed to an individual
Fc,R at this time.

Fc,RI mediates ADCC in monocytes.  Graziano and Fanger (1987)
demonstrated that myelomas bearing anti-huFc,RI or anti-Fc RII mAbs are targets
for ADCC by monocytes. Moreover, IFN-5 treatment of U937 monocvtic-like cells
resulted in enhanced cytotoxicity by mouse I¢G2a. which, of all the mouse isotvpes,
binds most avidly to Fc Rl (Akivama, 1984). On the other hand, this receptor
probably does not play a singular role in mediating ADCC. Ceuppens et al. (1983)
report that a family of four individuals express monocytes which are incapable of
binding IgG2a with high avidity. However, thesc people maintain a normal capacity
to fight infection, suggesting that other mechanisms are capable of mediating ADCC.

The neutrophil Fc,RII also mediates ADCC.  Upon IFN-, treatment of
neutrophils, the cytotoxic potential of this receptor is enhanced, although the
lymphokine does not induce expression of Fc RII (Graziano, 1985).

Fc,RII mediates phagocytosis by neutrophils, as demonstrated by Huizinga et
al. (1989). Furthermore, these investigators suggest that ¢RI also expressed on
neutrophils, is not required for phagocvtosis, since there was equal inhibition of
phagocytosis by cells treated with anti-Fc RII antibody or anti-Fe RII antibody in
combination with anti-Fc,RIII antibody. Of the two Fc,R’s expressed on neutrophils
(Fe,RII and Fc RIIT), Fe RII plays a major role in mediating superoxide release by

these cells. Tosi and colleagues have shown that exposure of neutrophils 1o elastase
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causes reduced expression of Fc,RIII, but not Fc RII (Tosi, 1988). They found that
O7, production is not inhibited under these conditions, whereas a 79% decrease in
IgG-induced O, release is observed upon inhibition of Fc RIT with anti-Fc,RII mAb
IV-3. The relative importance of Fc,RII versus Fc RIII in triggering the neutrophil
oxidative burst was also observed bv Huizinga et al. (1988). Theyv isolated
neutrophils from patients with paroxvsmal nocturnal haecmoglobinuria. — The
neutrophils, which were devoid of Fc RIII, were able to mediate normal release ot
O,

Crosslinking of either Fc RH or Fc,RI on monocytes also triggers the
oxidative burst (Anderson, 1986). In these studies, superoxide was generated by
aggregation of Fc RII or Fc RI with F(ab')2 fragments of either murine anti-F¢ R1I
mAb IV-3 or anti-Fc,RI mAb 32, respectively, and anti-murine IgG. Pfefferkorn and
Fanger (1989) confirmed these findings with respect to Fc RI, and also showed that
in order for O, to be continuously generated, Fc Rl must be crosslinked with ligand
at subsaturating concentrations. Saturation of receptor with hgand resulted in a
transient burst of O, release.

The monocytic Fc,RII is also important in mediating a specific T cell
proliferative response. Studies by Looney and colleagues (1986) revealed that this
response is elicited by the crosslinking of anti-CD3 antibody to CD3 on T cells via
the monocyte Fc RIl. This T cell response is not observed in all individuals,
however (Tax, 1983; Clement, 1985; Anderson, 1987). This is due to a structural

polymorphism in which the Fc RII's of non-responders and responders exhibit
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distinct isoelectric focusing patterns (Anderson, 1987). This polymorphism was
recently found to be highly complex, (Brooks, 1989) as described in detail later in
this section.

Fc RIIT (CD16) is also polymorphic, with regard to function and structure.
NK cells and macrophages express a transmembrane-anchored form of Fc RIIL In
contrast, Fc RIII on neutrophils is anchored to the membrane via o glvean
phosphatidylinositol (GPI) linkage (Selvaraj, 1988; Huizinga, 1988; Ravetch, 1989:
Scallon, 1989; Ueda, 1989). Huizinga (1988) reported that stimulation of neutrophils
with the chemotactic peptide formyl-methionyl-leucyl-phenvlaliunine results in releiase
of Fc,RHI from the neutrophil membrane, suggesting that this form of Fe R s
stimulated in response to infection.

Polymorphisms of Fc, R also exist within cell lines. These forms have been
identified by SDS-PAGE analysis of the core proteins. ‘Two receptor tvpes are
distinguishable on neutrophils (19 KDa and 21 KDa) and NK cells (20 KDa and 24
KDa) (Werner, 1986; Edberg, 1989). The pattern of receptor expression on
neutrophils correlated with NAT and NA2 allotype markers, whereas both the 20
KDa and 24 KDa Fc RIIl types were expressed on NK celis, regardless of the
allotype. On the contrary, cultured monocytes express only one species of Fc RIII1

Fc RIII present on NK cells appears to be important in mediating NK cell
cytotoxicity, since ligand occupation of the receptor results in enhanced Ivtic ability
of the NK cells (Anegon, 1987). These investigators found that occupation of

Fc,RIIT with ligand induced transcription of interleukin 2 receptor, IFN-,, and TNF,




§
all of which activate NK function.

Fc RIIl on macrophages in the spleen and Kuppfer cells in the liver are
probably the primary receptor responsible for clearance of large immune complexes.
Clarkson et al. (1986a) demonstrated in chimpanzees that the anti-Fc, RIIT mAb 3GS
inhibited in vivo clearance of autologous erythrocytes coated with antibody directed
against a minor blood group antigen. MAb 3GS8 has been tested as a potential
there neutic treatment for individuals with in.mmnc thrombocytic purpura, a discase
in which patients exhibit high levels of anti-platelet antibody Clarkson, 1986b).
Treatment of one patient resulted in a dramatic rise in platelet levels, which
returned to normal levels within 2 weeks. A less dramatic response to secondan
trecatment with mAb 3GS8 in this patient may be due to the synthesis of antibodics
against murine IgG. Such a response may be a serious limitation in using 3GS as
a therapeutic treatment. Fc RII expressed on macrophages mediates antibody-
dependent enhancement of HIV infection (Homsy, 1989). Of the macrophage
Fc R’s, this function is limited to Fc,RIII, since antibodies which bind Fe RIH, but
not Fc,RI or F¢ RII inhibit the enhancement. However, the authors suggest tha:
enhancement of HIV infection is also mediated by a different Fc R on CD4
lymphocytes, because IgG aggregates, but not anti-Fc_ RIII antibody could inhibit the
function.

Soluble Fc R’s have been detected by several investigators, although their
biochemical characterization is still incomplete. The human monocyte-like cell fine.

U937, was shown to release a soluble Fc R which inhibited B cell 1gG svnthesis
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(Calvo, 1986). In addition, a soluble Fc R has also been isolated from human serum.
This soluble receptor also inhibits 1gG production in vitro (Sandor, 1986).

Il. Murine F¢ R’s

The family of murine Fc,R's is comprised of several members (Table 2).
Fc RI, expressed on macrophages, binds monomeric murine IgG2a and human 1gG1
with high avidity (Ka = 1 x 10° M™"), in addition to immunoglobulin aggregates, and
is trypsin-sensitive (Unkeless, 1977). Fc RII's, which are trypsin-resistant, bind IgG
complexes with low avidity (Ka = 1 x 10° M) (Unkeless, 1977; Diamond, 1980).
Fc RlIla is expressed on macrophages, mesangial cells, NK cells, and B and T cells.
B and T cells express both Fc RIls1 and Fc RIIs2, however, macrophages only
synthesize Fc RII52 (Ravetch, 1986,1989; Santiago, 1989). A third Fc,R, muF¢,RHI
which binds murine IgG3 aggregates, has been identified on macrophages by
Diamond (1981). Finally, the presence of a soluble form of a mul-¢ R isolated trom
T cells and B cells has been reported by several laboratories (Gizler, 1975; Loube,
1988: Pure, 1984; Khayat, 1984).

The number of receptor sites for the individual receptors has not been
determined, since antibodies specific to the individual muFc R to not evist.
However, Unkeless (1977) measured the binding of IgG to Fc R on the macrophage
line, J774, and found that there are 200,000 binding sites for monomeric 1gG2a.
whereas there are roughly 800,000 binding sites for IgG complexes on the same

isotype.



Table 2 MURINE Fc R FAMILY
Ligand Gene Distribution
Fc Rl High avidity Macrophages
1gG2a
Fc RII Low avidity Fc Rlla Macrophages
1gG2a, 1gG2b, I1gGl1 NK cells,

Mesangial cells
Fc Rllsl B cells, T cells

Fc RI1s2 B cells, T cells
Macrophages

Fc RII? Macrophages, ?

Fe RIIT 1gG3 Fc R? Macrophages, ?

As is true of the human Fc R family, murine Fc R’s mediate a variety of
cellular responses. It is noteworthy that the functional studies of murine Fc R’s
reported to date have not elucidated the specific roles of the individual muFc R.
This ambiguity is due, in part, to the muitiplicity of genes encoding the different
Fc,R.

Murine macrophage Fc,R’s mediate phagocytosis. Ralph et al. (1980)
reported that phagocytosis is stimulaied by all classes of IgG on the mouse

macrophage. These results, however, do not elucidate which Fc,R(s) mediate this
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function, since Fc,RI, Fc,Rlla, Fc RHs2, and Fc RIIl, are coexpressed on the
macrophage. More recently, Weinschanck (1988) reported that TFN-,-trecated
macrophages that expressed induced levels of muFc,Rlls mRNA, also exhibited
enhanced phagocytosis. These data suggest that muFc Rlla mediates phagocyvtosis.
The studies discussed in the previous section by Miettinen (1989) indicate that
Fc,RIls2 also mediates endocytosis of IgG complexes, since receptor-minus chinese
hamster ovary cells transfected with Fc RII»2 exhibit internalization of immune
complexes into lysosomes.

Initial studies demonstrating the role of murine macrophage Fe R's in ADCC
were performed by Cerrotoni et al. (1974). Nathan et al. (1979a,b) investigated the
mechanism of this cytotoxicity, and found that is was mediated by H,O,, released by
the activated macrophages. This cytotoxicity was later shown to be mediated by
Fc RII (Nathan, 1980b). In these experiments, extracellular lysis by activated
macrophages of tumor cells coated with homologous antibody was investigated.
Nathan and colleagues showed that ADCC mediated by BCG-elicited macrophages
was inhibited 70% by mAb 2.4G2, an antibody specific for murine Fc RII molecules.
More recently, Perussia et al. (1989) reported that ADCC of antibody-coated target
cells is mediated by Fc RIl-bearing NK cells, since mAb 2.4G2 inhibited this effect.
Since Fc,Rlla, but not Fc,Rlls mRNA is detected in NK cells, either Fe,RIl. or
some other, as yet unidentified Fc,RIl mediates ADCC by NK cells. Likewise,
Kuziel and Tucker (manuscript in preparation) have shown that murine dendritic

epidermal cells, in which Fc,Rlle transcripts are uniquely expressed, mediate ADCC.
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Another function mediated by Fc R is the release of arachidonic acid (20:4)
metabolites. These inflammatory mediators include prostaglandin (Humes, 1980)
and leukotriene (Rouzer, 1980a). Studies performed by Bonney et al. (1978, 1979)
showed that binding of immune complexes to mouse peritoneal macrophages induced
phospholipase activity. This leads to the oxygenation of arachidonic acid via the
cycloxygenase and lipoxygenase pathwavs (Bonnev, 1978, 1979; Rouzer. 1980b),
resulting in the formation of prostaglandins and leukotrienes, respectively.

Fc RIl expressed on B cells are important regulatory molecules. Phillips and
Parker (1983, 1984, 1985) have demonstrated that B cell blastogenesis is inhibitable
by concurrent occupation of membrane IgM (or IgD) and Fc R, This inhibition
requires both membrane proteins to be occupied, however, since treatment of cells
with anti-IgM (or anti-IgD) antibody F(ab’2) induces blastogenesis. Inhibition of
blastogenesis was blocked with mAb 2.4G2, demonstrating that Fc. R must be
occupied by ligand for the anti-IgM-induced inhibition of blastogenesis to occur.
This phenomenon was confirmed by Schad and Phipps (1989), who noted that B cell
mitogenesis was inhibited by simultaneous occupation of Ig and Fc,RIl with
monomeric ligands.

A soluble Fc R originating from LPS-induced but not uninduced mouse
splenic B cells was described by Pure et al. (1984). This soluble receptor was
reactive with mAb 2.4G2, indicating that it is a member of the Fc, Rl subfamily of
murine Fc¢ R’s. In addition, they and others (Khayat, 1984) isolated a soluble Fc RII

in normal mouse serum, as identified by its reactivity with mAb 2.4G2.
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Soluble Fc,R’s derived from T cells are presumed to act as regulators of
antibody production by B cells. Fridman et al. initially isolated a soluble Fc R
secreted by alloantigen-activated mouse T cells (Gisler, 1975). This soluble receptor
inhibited the production of Ig by mouse spleen cells. A similar soluble factor with
the same suppressive function was isolated from LS178Y thymoma cells as well as
an Fc R-positive T cell clone (Neuport-Sautes, 1977, 1979). Analysis of the T cells
revealed that soluble Fc R could be induced by treatment of cells with Ig. The
specificity of the soluble Fc R was dependent upon the Ig used for induction. When
IgG1 was used as the T cell stimulant, rosette-formation of IgGl-senisitized
erythrocytes, but not IgG2a or IgG2b-sensitized erythrocvtes was inhibited by the
isolated immunoglobulin binding factor. On the other hand, when T cells were
stimulated with 1gG2a, a factor was secreted from the cells which specifically
suppressed erythrocyte rosette formation on IgG2a or IgG2b-bearing spleen cells, but
not IgG1l-bearing spleen cells, erythrocytes (Lowty, 1983).
B. Fc¢ R structure

I. Murine Fe R's

There are three mubc RII transcripts encoded by two distinet genes, Fe,RIL
and Fc, RIls (Ravetch, 1986; Hibbs, 1986; Lewis, 1986). All three transcripts have
been transfected and expressed in Fc R-negative cell lines and have been shown to
encode Fc_ RII molecules which bind IgG1/2b/2a immune complexes (Ravetch, 1986;
Weinschanck, 1988, Miettinen, 1989). The cellular distributions of F¢ Rlle and

Fc,RIls mRNA are distinct. Whereas the Fc,lIR. transcript is expressed in



12
macrophages, NK cells, and mesangial cells (Ravetch, 1986: Santiago, 1989; Perussia,
1989), the Fc,RIls transcript is synthesized in macrophages and B and T cells.
There are two transcripts of the Fc,RIls gene: The Fc RH#2 transcript is present
in macrophages, as well as lymphocytes and lymphoid cell lines. whereas the
F'e RIIs 1 transcript is found only in lymphocytes and lymphoid cell lines (Ravetch,
19806).

Although transcripts for the muFc Rlle and muFc,RHa genes hive been
isolated, the translated proteins have only been indirectly detected by the binding of
IgG complexes or mAb 2.4G2 to Fc RIl. and Fc Rl transfected cell lines (Ravetch,
1986; Weinschanck, 1988). Analysis of tryptic peptides isolated from Fc RIl from
S49.1 cells disclosed amino acid identity between tryptic fragments from the purified
Fc,R and the sequence deduced from the muFc RIls ¢cDNA (Pan, 1987); however,
no amino acid analysis of the native Fc¢ RIle protein has been reported.

The structures of all three Fc RII's are distinct, although they exhibit marked
homology to each other (Figure 1). Based on their cDNA sequences, the predicted
amino acid sequences of the extracellular domains of Fc RHe and Fe RIls are 95¢¢
homologous, and are composed of two repeated Ig-like domains, each containing two
N-linked glycosylation sites and two cysteine residues, which form intrachain disulfide
bonds (Qu, 1988). The transmembrane domains of both Fc RIla and Fe,RI1: are
preceeded by a serine and threonine-rich region. No homology exists, however,
between the leader sequences, the transmembrane, and the cytoplasmic domains of

Fc,Rlle and Fc Rlls. The transmembrane domain of Fc Rlle is noteworthy for
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containing a negatively charged aspartate. The cytoplasmic domain of Fc RIL is
short and basic, consisting of 26 amino acids. The sequence encoding the
intracytoplasmic domain of Fc,R1ls1 is comprised of 92 amino acids, and is acidic.
The Fc,RIls2 sequence is identical to Fc Rlls 1, with the exception of a 46 amino
acid insertion present in the cytoplasmic region of Fc Rlla1, which is absent in

Fe,RI1s2.
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Fig.1. Structure of the Fc,R ¢cDNA’s of macrophage and T cells. The genes

Fc,Rll. and Fc Rlls are 95% homologous in their extracellular
domains (E-C). Fc RIls1 and Fc RIIs2 are alternatively-spliced
transcripts encoded by the Fc_RHs gene. They are identical except in
their cytoplasmic domain (C), where there is a 138-nucleotide insertion
present in the Fc Rlls1 sequence which is absent in the Fc RIls2
sequence,
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MuFc,Rll. shares homology with several receptors. It is most homologous
to human Fc,RIII (Simmons, 1988), with which it shares 62% nucleotide and 637¢
amino acid sequence homology. The two receptors are most similar in their
transmembrane domains, where there is 819 homology, including flanking regions
surrounding the conserved charged aspartyl group. The transmembrane domain of
muFc Rl is also homologous to that of the high affinity rat basophilic F¢,R. These
two sequences share an identical stretch of 8 amino acids surrounding the conserved
aspartate residue.

Fc receptor for IgE (Fc R1) may help elucidate the structure and tunction
of I'c,Rlla. Comparison of the predicted Fe Rlla protein and the o subunit of Fe Rl
reveals an overall nucleic acid homology of 49% with 329% amino acid identity
(Kinet, 1987). The two areas of greatest homology between the two proteins are the
NH,-terminal region, where there is 71% amino acid homology, and the
transmembrane domain, in which there is an identical stretch of 8 amino acids
surrounding a common aspartate residue between the two genes. F¢, RI is @
multisubunit structure which consists of the ligand-binding, membrane-spanning «
subunit, and three additional subunits (Metzger, 1986). These latter subunits, 1 5
and 2 disulfide-linked 5 proteins, are not exposed at the cell surface. All three
subunits are physically associated and are required for ligand binding (Miller, 1989).
The transmembrane domain of the o« chain is one region which may associate with
the s and 5 subunits by electrostatic interactions with the charged aspartyl group.

Since the transmembrane domain of Fc Rll. is homologous to the membrane-
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spanning domain of Fc RI, the multi-subunit Fe Rl complex is a suitable paradigm
for analyzing the structure and function of Fc Rll.. Indeed, Ra (1989) recently
reported that the 5 subunit of the Fc,RI complex associates with Fc Rll..
The extreme structural differences between the cytoplasmic and transmembrane
domains of Fe_RIl. and Fc RIls suggests that the two receptors function distinctively.
The unusual presence of a charged aspartate residue in the predicted transmembrane
domain of Fc RIl.. but not Fc Rlls, suggests that the two receptors may interact
differently within the membrane.

Analysis of transfected Fc RIIs1 and Fc RI1s2 function by Miettinen et al.
(1989) disclosed an important relationship between the structure of the Fe RIL 1 and
Fc,RII52 cytoplasmic domains and their function. They found that Fe RIL:2, but not
Fc RIIs1, mediates endocytosis of ligand by chinese hamster ovary cells and
subsequent fusion to lysosomes. Apparently, Fc,RI1s2 possesses a domain required
for delivery to coated pits which is interrupted by the 46 amino acid insert in the
cytoplasmic domain of Fc Rlls1.

The ligand binding domains of Fc R’s recognize different epitopes on I¢(i24
and 1gG2b (Diamond, 1985). Using cyanogen bromide fragments of these
antibodies, it was demonstrated that one fragment from the C,2 domain of 1¢G2b
bound macrophage Fc RII, whereas a fragment from both the C,2 and the C.3
domains of IgG2a bound Fc,RI. The C,2 fragment of IgG2b did not inhibit the
binding of the C,2 fragment of IgG2a. The C,3 fragment of 1gG2a enhanced the

binding of the C,2 fragment of IgG2a. These competition studies suggested that the
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IgG2a fragments were binding to a different receptor than were the IgG2b
fragments. Binding of the 1gG2a fragments was inhibited by exposure to trypsin,
Since Fc RI, but not Fc RII is trypsin sensitive, the authors concluded that the Fc Rl
recognized the two IgG2a fragments. It is important to note that at the time these
studies were performed, the complexity of the Fc R structures was not fully realized.
Therefore, although these data demonstrate that different 1gG domains are
recognized on the IgG2a and IgG2b isotypes, it is not clear to which I'¢ R(s) the
IgG2a and IgG2b fragments bound.
II. Human F¢,R’s
Although the structure of the high avidity murine Fc Rl has not been
determined, the high avidity human huFc RI structure has been elucidated (Allen,
1989; Peltz, 1989). Its cDNA sequence predicts an integral membrane protein, with
a single transmembrane domain and a short, highly charged cytoplasmic domain.
The ectodomain of huFc RI consists of three Ig-like domains, each containing two
N-linked glycosylation sites and two cysteine residues, which presumably form
intrachain disulfide bonds. There is considerable homology between the first and
second Ig-like domain of huFc,RI and the corresponding mukFc RII Ig-like domains,
but there is little similarity between the third Ig-like domain of huFc,RI and either
Ig-like domain of muFc RIl. or muFc Rlls. It is likely that this third Ig-like domain
bestows the high-affinity for IgG to huFc RI, since preliminary studies by Seed et al.
(unpublished results) have shown that point mutations in this domain cause reduced

affinity of the receptor for IgG. It remains to be determined if a similar domain is
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present in the high affinity murine Fc RI.

Analysis of Fc RlI-binding regions on the Ig molecules has recently been
reported by Duncan et al. (1988), who identified a single amino acid residue in the
C.2 region of IgG1 and that of murine IgG2a which is required for high affinity
binding to Fc,RI. An additional epitopes is involved in the binding of monomeric
I¢G2a to muFc RI, as reported by Diamond et al. (1985), who demonstrated that
IgG2a binding was inhibited by aggregated cyanogen hromide fragments from both
the C,2 and C,3 domains of 1gG2a.

Three distinct genes encoding Fc RII have recently been isolated from
monocyte, macrophage and B cell lines (Brooks, 1989). Euach of these genes bears
strong homology to the murine Fc RIl. and Fc RIls genes. Receptors encoded by
these three genes (Fc RIla, Fe RIla’, and Fe RIlb), all bind immune complexes and
are recognized by Fc RII mAb's. The predicted structures of Fe RILa and Fe RILy
are 95% identical throughout their sequences. The extracellular domain of F¢ RIIb
and the initial part of the intracytoplasmic domain is homologous to that of I'c,Rlla
and Fc RIIa’, but the remaining portion of the cytoplasmic tails differ between
Fc,RIla and Fe RIla’ and the Fc RIIb receptors. The structures of Fe RIIb and
murine Fc Rlls are highly conserved. Transcripts from both species of receptors are
alternatively spliced in their first cytoplasmic exon. Both noncoding and coding
regions of murine Fc RI1s2 and Fc RIIb2 cDNAs are identical. Fc RIla’ is similar
to murine Fc,RIls genes and the human Fc Rlls genes, except in its cytoplasmic

domain. Finally, Fc,RIla is similar to the human Fc RIIb genes and the murine




Fc Rlls, in addition to the murine Fc RIl. gene.

The individual human Fc RII transcripts have distinct patterns of expression
(Brooks, 1989). Transcripts encoding Fc RlIla have been found in monocvte-like cell
lines, HL-60 cells differentiated with DMSO, erythroleukemic cell lines, as well as
neutrophils, adherent macrophages, and chronic myelogenous leukemia cells.
Fe RITa" transcripts were found to be expressed in ncutrophils, B Ivmphocvies,
cultured adherent monocytes, U937 cells, and placenta cells, but not in T cells.
Finally, Fc Rllb expression has been measured in many lymphoid and mveloid cell
lines, as well as in B lymphocytes, cultured adherent monocytes, and neutrophils.

Functional consequences of the structural polvmorphism of human Fc,RII
expressed in monocytes have been observed. As noted previously in this section,
Anderson (1987) initially observed a correlation between a polvmorphism in Fe RII
protein and its ability to mediate an anti-CD3-specific T cell proliferative response.
Clark (1989) extended these findings by comparing the ¢cDNA sequences from
monocyte responder and nonresponders. The Fc R1I encoded by the nonresponding
individuals differed from the responder’s receptor by a single base substitution
resulting in a change from histidine to arginine.

Human Fc RIHI (CD16) is also polymorphic. Fc,RHI expressed on NK cells
and macrophages is a membrane-spanning receptor, whereas Fe RIIT expressed on
neutrophils is anchored via a glycan-phosphatidyl-linkage, devoid of a cytoplasmic
tail (Selvaraj, 1988; Huizinga, 1988; Ravetch, 1989; Scallon, 1989; Ueda, 1989).

Analysis on a molecular level revealed that the transcript encoding the neutrophil
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receptor terminates 4 amino acids after the predicted transmembrane domain. The
NK cell Fc,RIII transcript codes for 21 additional amino acids, which comprises the
putative cytoplasmic domain.

Edberg et al. (1989) have analyzed the core Fc RHI protein on both cell
tvpes. They observed that the neutrophils of individuals homozygous for either NA1
or NA2 Fc RIII allotypes expressed one species of receptor, whereas those people
heterozygous for the allotype expressed both Fo, R types. Morcover, analysis of
all NK cells, regardless of allotype, revealed the presence of two distinct Fe RI11
types which were distinct from those of the neutrophil.

C. Fc R Cycling

It has been suggested that the fate of murine macrophage Fc RII varies
depending upon the valency of the bound ligand. Mellman et al. (1983) observed
that murine Fc Rll-mediated phagocvtosis of immune complexes resulted in an
irreversible depletion of >509% of Fc RIl from the macrophage plasma membrane.
Once internalized, both receptor and immune complexcs were degraded rapidly in
the lysosome, with a T, of < 2 h versus the T, of ~ 10 h in the absence of ligand
(Mellman, 1983, 1984b). The receptor is not degraded, however, upon binding of
monomeric IgG, but both Fc,R and ligand are recycled to the surface (Kurlander,
1983; Jones, 1985). Mellman et al. (1984a) observed that Fc RII occupied with
monovalent Fab fragments of mAb 2.4G2, 1s internalized, transported to endosomes,
and rapidly delivered back to the surface. Fc,RII bound by multivalent preparations

of mAb 2.4G2 Fabh, however, resulted in the transport of the receptor-ligand complex
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to the lysosome (Meliman, 1984a; Ukkonen, 1986).
D. F¢ R Signalling

In order to fully understand how Fc R’s function, their signaling mechanisms
must be ascertained. Knowledge of the mechanism(s) by which Fc R's transduce
their signals is limited. Receptor crosslinking is probably required for Fc Rll-
mediated phagocytosis to occur.  As stated previously, occupation of Fe RII with
multivalent ligand triggers endocvtosis of the receptor-ligand complex to the
endosome, followed by fusion with the lysosome, whereas binding of monomeric
ligand to Fc RIl results in transport of the bound receptor to the endosome and back
to the membrane (Kurlander, 1983; Jones, 1985; Mellman, 19844; Ukkonen, 1980).
These data suggest that in order for Fc RII-ligand complexes to he phagocvtosed.
receptor-crosslinking must occur.

Crosslinking of human Fe RI and of Fe,RIT is necessary for receptor-mediated
release of H,0,. Anderson et al. (1980) demonstrated that incubation of monocvies
with F(ab’)2 anti-Fc RI or anti-Fc,RII mAbs caused the release of superoxide only
when the antibodies were crosslinked by anti-murine IgG. These findings were
confirmed and extended by Pfefferkorn and Fanger (1989), who observed that the
release of O°, mediated by Fc, R on monocytes continued until ligand binding
stopped. A direct relationship was observed between the moles of O, released und
the moles of antibody bound to the receptor, suggesting that each Fc RI, when
activated, triggers a part of the signal to release O’,.

The role of ion fluxes in signalling Fc R-mediated events has been
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investigated by several laboratories. Aderem and colleagues have studied the role
of Na® in phospholipase activation (which leads to the release of arachidonic acid)
by binding of immune complexes to mouse peritoneal macrophages (1986). They
observed that there is a Na' requirement for this event that can be bypassed by o
Ca’+ influx mediated by an ionophore. Ca’+ is necessary for this release ot
arachidonic acid, they found, since EGTA inhibits its formation. From this data,
they proposed that the triggering of phospholipase activity by muFc,R requires o
series of sequential events including a Na' influx followed by an increase in
intracellular Ca”,

Studies by Suzuki suggest that the muFc¢,RIT possesses phospholipase A
activity. Such a phenomenon could explain the activation of phospholipase by
immune complex binding observed by Aderem (1986). Suzuki and collcagues
describe the isolation of two distinct IgG binding proteins from both a mousce
macrophage line, P388D1 (Fernandez-Botran, 1985; Suzuki, 1982) and mousce
peritoneal macrophages (Nitta, 1984). Purification of cell Ivsates on a phosphatidyl
choline-analogue columnyielded a protein which specifically bound IgG2b aggregates
and possessed phospholipase A, activity, whereas passage of cell Iysates over u
column containing IgG aggregates produced a protein which bound IgG2a complexes
only. The PC-binding protein described by Suzuki (Fernandez-Botran, 1983) ditfers
from Fc RII isolated from other laboratories (Hibbs, 1985; Lane, 1982; Mark. 1985;
Meliman, 1980), however. Whereas the PC-binding protein is 38KD, the Fe RII

protein described by others is 6SKD. The isoelectric points of the two proteins differ
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as well. Finally, the quantities obtained per cell equivalent from purified by Suzuki
were 20x greater than what has been previously reported to exist on anv mouse
macrophage line (Unkeless, 1975,1977,1979).

The role of calcium mobilization from intracellular pools ([Ca’™}) has been
studied by several investigators. Two groups reported that a rise in [Ca”] upon
Fc,R ligation is associated with receptor-mediated phagocytosis in both mouse
macrophages (Young, 1984) and in human neutrophils (Lew, 1985). No rise in
[Ca™], is observed, however, during Fc R ligation in mouse peritoneal macrophages
(McNeil, 1986). More recently, DiVirgilio (1988) used several methods to clamp and
buffer [Ca™], mouse macrophages, in order to establish unequivocally the role of
[Ca™], in Fc,R-mediated phagocytosis. Very low levels of [Ca™), (1-10 nm) were
observed. At these levels, they demonstrated that phagocytosis was not inhibited.
Pfefferkorn investigated the effect of monovalent cation fluxes on F¢ ,R-mediated
phagocytosis.  She demonstrated that cation fluxes were not required for the
initiation of either phagocytosis or for O, generation by Fc R (1984).

Although ion fluxes are not required for the induction of phagocvtosis by
Ic,R, cellular proteins may be involved in signal transduction of Fc,R. The role of
G proteins in this event is compelling, and several laboratories have investigated
Fc,R/G protein associations. Gresham et al. (1987) suggested that G proteins are
involved in triggering phagocytosis by the human neutrophil Fc R, presumably
Fc,RII.  They reported that both cholera toxin and pertussis toxin, which bind

different classes of G proteins, can inhibit Fc R-mediated stimulated, but nm
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unstimulated phagocytosis. Furthermore, they showed that this inhibition is not due
to the loss of Fc R expression. The induction of phagocytosis by phorbal esters,
which activate protein kinase C, is not inhibited by either toxin. Therefore. the
authors suggest that one or more G proteins and protein kinase C may play a role
in phagocytosis.

In addition, Feister and colleagues reported that G proteins are imvolved in
the triggering of the oxidative burst by the human neutrophil Fe RIT (1988). Using
pertussis toxin, they demonstrated that Fc RIl-mediated superoxide production was
almost completely inhibited, whereas receptor-stimulated degranulation was only
partially inhibited. These data suggest that two rﬁcchzmisms of signal transduction

are operative in Fc RII-mediated event, one of which involves G proteins.



VII. EXPRESSION OF MURINE F¢ RECEPTORS FOR IgG

Two murine Fc RII genes, muFc Rll. and mufFc RIL:, encode distinet
transmembrane Fc RII proteins (Ravetch, 1986; Lewis, 1986; Hibbs, 1988). The
predicted amino acid sequences of the extracellular domains of Fc Rlle and F¢ RIL
are 959 homologous, and are composed of two repeated Ig-like domains, each
containing two disulfide-linked cysteine residues and two glycosvlation sites. No
homology exists, however, between the leader sequences, the transmembrane, or the
cvtoplasmic domains of Fc,RIl. and Fc RIls. The Fe, R transcript is expressed
in macrophages (Ravetch, 1986), NK cells (Perussia, 1989), and mesangial cells
(Santiago, 1989); the Fc RIls transcript has been found in macrophages, B cells, and
T cells (Ravetch, 1986). There are two transcripts of the Fe RIls gene: Fe RIL:
contains a 46 amino acid insertion in its cvtoplasmic domain which is absent from
Fc RIIs2. Whereas the Fc RIIs2 transcript is present in B cells, T cells, and
macrophages, the Fc RIls1 transcript is found only in lvmphocvtes (Ravetch, 1980).
The translated proteins have been indirectly identified by the binding of monoclonal
antibody (mAb) 2.4G2, which binds to both Fc_ Rlla and Fc Rlls (Unkeless, 1979),
or 1gG complexes to cell lines transfected with Fc,Rlla or Fe RIlq (Ravetch, 1980;
Weinschanck, 1988). There is identity between sequences of tryptic peptides isolated
from Fc RII purified from the S$49.1 T cell line and the sequence predicted from the
Fc,RIls ¢cDNA sequence (Pan, 1987), but no amino acid analysis of Fc RIL protein

has been reported.
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In order to analyze the expression of Fc Rlla protein, peptides were
synthesized peptides in the cytoplasmic domain of Fc Rll. that were predicted by
the cDNA sequence, and used the peptides coupled to kevhole limpet hemocvanin
(KLH) to elicit anti-peptide IgG. The anti-peptide antibody was used ina sandwich
ELISA to demonstrate that Fc Rlle is translated in J774a, o macrophage cell line
that synthesizes Fc Rlla. mRNA, as well as in peritoneal macrophages. Our results
suggest a positive correlation between the level of Fc Rl expression and
phagocytosis.  Finally, I found that rIL-6 enhances the expression of a I'e R thi

bears the mAb 2.4G2 epitope but that is distinct from F¢ RI,.
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MATERIALS AND METHODS

Animals. Female CD2F,/J mice (The Jackson Laboratory, Bar Harbor, ME) were
used at 10 to 16 weeks of age. Female New Zealand white rabbits (The Jackson

Laboratory) were used at 20 weeks of age.

Cell lines_and culture conditions. J774A (Weinschanck, 1988), S49.1 and LS178Y

(Horibata, 1970) cell lines were grown in suspension culture in alpha-modifiecd MEM
(« MEM) (Hazleton, Lenexa, KA) supplemented with 39z FCS (Flow labs, McLean,
VA), 100 U/ml penicillin, and 100 .g/ml streptomycin. Mouse  peritonceal
macrophages were cultured in Dulbecco’s madified Eagle’s MEM (DMEM)
supplemented with 109 FBS and maintained as described below. Cell lines treated
with lymphokines were cultured in « MEM supplemented with 109% FCS and

maintained as described bhelow.

Cell lysate preparation. Cells (107) were harvested and centrifuged at 400 x ¢, Cell

pellets or membranes (107 cell equivalents) were lysed in PBS containing 0.5% NP-
40, ImM diisopropylfluorophosphate (Sigma) and 0.2 U/ml aprotinin (Sigma).

Lysates were cleared of nuclei and cell debris by centrifugation ({10,000 x g, 1S min.)

Membrane isolation, Cell membranes were isolated according to the method of

Jesaitis et al (1983) and Huey et al. (1985). Briefly, 3 x 10° cells were suspended in
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40 ml of 10mM HEPES, pH7.4, 0.34 M sucrose, 0.1 mM MgCl,, 1 mM EDTA,
10mM dithiothreitol, and 100 KIU/ml aprotinin (Sigma Chemical Co., St. Louis,
MO). The cells were ruptured by nitrogen cavitation after equilibration of cells with
nitrogen (400 psi, 20 min, 4°). After low-speed centrifugation (10 min at 800 X g)
to remove intact cc.ls and nuclei, the supernatant was centrifuged (43.000 X g, 23
min) and the pellet was resuspended in 10 ml of 10% sucrose in HME buffer (20
mM NaHepes, 2 mM MgCl,, 1 mM EDTA, pH 8.0). This was lavered on
discontinuous sucrose gradient layered with 12 ml of 40% sucrose, 10 ml of 30/
sucrose, and 10 ml of 20% sucrose in all diluted in HME buffer and centrifuged
(100,000 X g, 1 h). Four distinct bands were detected, and the two intermediate

bands were collected and stored at -70° for use in ELISA.

Peritoneal cells, Resident peritoneal macrophages were isolated from untreated

mice. Thioglycollate-elicited macrophages were obtained 4 days after i.p. injection
of 1 ml of thioglycollate broth. BCG-elicited macrophages were obtained from mice
injected 29 days previously and boosted on day 21 with 107 live organisms of BCG
Pasteur strain 1011, obtained as a gift from Dr. North, Trudeau Institute (Suranac
Lake, NY). Organisms were sonicated prior to use with a microprobe in a sonicator
(Ultrasonics, Inc., Farmingdale, NY) set at 2 for 2 min. Peritoneal cells were
obtained by lavage with 5 ml of cold PBS containing 10 mM EDTA. Cells were
washed with PBS and plated in 100 cm dishes at 2 x 10" cells/dish in DMEM

containing 10% FCS. Differential counts of mouse peritoneal cells were made using
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Wright's stain. BCG-infected animals yielded 2.5 x 10° cells/mouse with 256¢
macrophages. Mice injected with thioglycollate broth yielded 6 x 10° cells/ mouse
with 709% macrophages, 3% polymorphonuclear leukocytes (PMNs), and 277¢
lymphocytes. Untreated mice yielded 2 x 10° cells/mouse with 450 macrophages,
199 PMN's and 36% lymphocytes. After 2 hours, non-adherent cells were removed.
After the adherence step, the BCG-activated cells were 8077 macrophages, and the
thioglycollate-stimulated and resident peritoneal cells were 90% macrophages. Fresh

medium was added, and macrophages were harvested 18 hours later.

Antibodies, The rat anti-Fc RII mAb 2.4G2 was purified from culture supernatant
on a rabbit anti-rat agarose column (Sigma) as follows. Culture supernatant from
hybridoma cells (5 x 10° cells/ml DME) was collected by centrifugation at 400 x g
and passed over the column. Unbound material was removed from the column with
PBS until optical density at 280 nm of buffer passed through the column was equal
to that of the washing buffer. The bound Ig was eluted from the column with 0.1
M glycine-HCI, pH 2.5, neutralized with an equal volume of 0.1 M Tris, pH 8.5, and
dialyzed versus PBS.

Both rabbit anti-Fc, RII and normal rabbit IgG were purified from serum by
affinity chromatography on a protein A column (Pierce. Rockford, IL). Serum
diluted 1:1 in PBS was passed over the column twice, and all subsequent steps were
identical to those described for purification of mAb 2.4G2. Biotinylated goat anti-

rabbit and anti-rat antibodies and strepavidin horseradish peroxidase (HRP) wcre
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purchased from Kirkegaard and Perry Laboratories (Gaithersburg, MD).

Peptide synthesis, conjugation and immunization, All L-amino acids and blocked

amino acids were from Peninsula (Belmont, CA). Peptide sequences
RNLQTPREYWRKSLC (A) and KSLSIRKHQAPQDKC (B) were synthesized
stepwise by the solid-phase methods (Merrifield, 1963), using a N-t-BOC-S-4-methy!
benzyl-L-cysteine as the solid phase Merrifield resin support.  After svnthexis,
deblocking, and HF cleavage (Tam, 1983), the peptides were shown to be of
satisfactory purity by HPLC on a VYDAC C18 reverse phase column eluted with a
0-50% acetonitrile gradient containing 0.19% t}iﬂuornacelic acid.  Amino acid
analvses of the peptides gave the expected amino acid ratios. The peptides
were coupled to KLH by the carboxyl terminal cysteine residues using the
bifunctional reagent m-maleimidobenzoyl-N-succinimide ester (MBS) (Pierce)
(Lerner, 1981). KLH (5 mg in 0.5 ml of PBS, pH 7.4) was acvlated with 2 mg MBS
in 50 «1 DMF (30 min, room temperature). Free and/or hydrolyzed MBS were
removed by gel filtration over a Sephadex G25 column in 10 mM phosphate buffer
(pH 6). The acuivated protein fractions were pooled and incubated with 10 myg
peptide A or B (3 h, room temperature, pH 7.4). The peptide-KLH conjugate was
dialyzed against 150 mM NaCl, 10mM phosphate (pH 7.2) and used for

immunization.

Isolation of anti-peptide Ig. Rabbits were immunized s.c. with 1 mg of KILH-
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conjugated peptide in 1 ml of complete Freund's adjuvant and were boosted two
weeks later s.c. with 0.5 mg conjugated peptide in 1 ml of incomplete Freund's
adjuvant. The animals were bled 2 and 4 weeks after the latter injection. Anti-
peptide IgG was isolated from the serum by affinity chromatography over a peptide-
Sepharose 4B column (Pharmacia Fine Chemicals, Uppsala, SW). The bound Ig
was eluted from the column with 0.1 M glycine-HCI, pH 2.5, neutralized with an

equal volume of 0.1 M Tris, pH 8.5, and dialyzed against PBS.

Lymphokine induction, Rat recombinant IFN-; (rIFN-;) (Amgen, Thousand Ouks,

CA) had a specific activity of 5 x 10° mouse U/ml. The following lymphokines were
provided by Dr. Mark Garnick (Genetics Institute, Cambridge, MA): Human
recombinant IL-6 (rIL-6), produced in Escherichia coli, S x 10° U/mg . human
recombinant macrophage colony stimulating factor (rM-CSF) produced in CHO cells.
(1:300,000 dilution yields 1\2 maximal stimulation of colony formation), and human
recombinant granulocyte/macrophage colony stimulating factor (rGM-CSF),
produced in CHO cells, 1.7 x 10" U/mg. Human recombinant TNF-o (rTNF-q), 3
x 10° U/mg, produced in yeast, was a gift from Dr. Anthony Cerami (Rockefeller
University, New York, NY). Transforming growth factor-s (TGF-5), purified from
porcine platelets, was purchased fromm R & D Systems (Minneapolis, MN). Mouse
rIL-2 and rIL-3 were purchased from Genzyme Corp (Boston, MA). Mouse IFN-
o, and IFN-s were purchased from Lee Biomolecular (San Diego, CA).

J7744 or $49.1 cell lines were grown in suspension cultures (2 x 10° cells/ml)
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in « MEM containing 10% FCS in the presence or absence of 200 U/ml rIFN-,.
Other lymphokines were added for 24-96 h to J774a cells initially seeded at 2 x 10°

cells/well in 24 well cluster plates (Linbro, McLean, VA).

F¢aRIHe ELISA, Fc Rlla in cell or membrane lysates was measured by ELISA. Cell
lysates were cleared of nuclei and cell debris by centrifugation (10,000 x g, 1S min.)
Fc,Rlla in cell lysates was measured by sandwich ELISA. Serial dilutions of cell or
membrane lysates in 0.5% Nonidet P-40 (NP-40) diluted in PBS (50 .1/well) were
incubated in flat bottom 96-well microtiter plates (Falcon Pro-bind, Beckton-
Dickenson Laboratories, Oxnard. CA) previously coated overnight with mAb 2.4G2
IpG (5 wg/ml PBS, 50 .1/well) in PBS and blocked with 3% PBS/BSA. Fc Rlla was
detected by addition of rabbit anti-peptide Ig (S «g/ml PBS, SO .1/well) followed
by sequential additions of biotinylated goat-anti-rabbit IgG and strepavidin-HRP (in
PBS, at manufacturer’s suggested dilution). Bound strepavidin-HRP was assaved
colorometrically and developed as described previously  (Khavat,  1987).
Alternatively, cell lysates were incubated in microtiter plates coated with rabbit anti-
FFe,RIT IgG (S wg/ml PBS, 50 .1/well), and Fc RIl. was detected by sequential

additions of biotinylated (Berman, 1980) rabbit anti-peptide Ig and strepavidin-HRP.

Fc RII ELISA. Fc RIl in cell lysates was measured by sandwich ELISA. Serial
dilutions of cell lysates prepared as described above were incubated in microtiter

plates coated overnight with mAb 2.4G2 (5 .g/ml PBS, 50 ul/well). Fc RII was
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detected by addition of rabbit anti-Fc RII IgG (S . g/ml PBS, 50 .1/well) and the

assay was developed as described above.

lodination and binding studies. MAb 2.4G2 IgG (50 . g) was iodinated with 1 mCi

of ["** 1) Na (Amersham Corp., Arlington Heights, 1L.) using tubes coated with 1 ,.g
iodogen (Pierce) as described (Fraker, 1978). Briefly, antibody was incubated with
["*I] Na for S min at 4°. Unincorporated ['*I] Na was removed by gel filtration on
a G-25M column (Pharmacia) by passage of PBS containing 1 mg/m! BSA (PBS-
BSA) over the column. Fractions (0.5 ml) were collected and those containing
labeled antibody were detected with a geiger cou.mcr. The final specific activity of
labeled antibody, which was determined by gamma spectrometry (RiaGamma, LK,
Gaithersburg, MD) was 6 x 10° cpm/ug mAb protein. Binding of ['*°1]-2.4G2 mAb
to adherent cells was done on ice in 24 well cluster plates (Linbro). Cells were
incubated with ['**I]-2.4G2 (0.5 ml, 5.5 «g mAb 2.4G2/ml, 54 x 10° cpm/.g) in PBS-
BSA. Background was determined in a parallel incubation with [1])-2.4G2 of low
specific activity (0.5 ml, 200 .g 2.4G2/ml, 1.5 x 10 cpm/.g). After incubation for
1 h, the initial labeling solution was aspirated, and the wells were washed three
times with PBS-BSA by immersing plates in buffer. Cells were removed with cotton

swabs, which were assayed by gamma spectrometry.

Plasmid isolation Plasmids were isolated from bacteria using a modification of the

alkaline lysis technique of Birnboim & Doly (1979), followed by CsCl gradient
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ultracentrifugation. 1 ml of L broth (per liter: 10 gm Bacto-Tryptone; 5 gm Ycast
Extract; 10 gm NaCl; 1 gm glucose) containing ampicillin (50 . g/ml) was inoculated
with bacteria from a frozen stock. This seed culture was grown overnight in sterile
Falcon 2059 tubes at 37° in a Queue Shaker rotating at 225 rpm. 100-200 .1 of this
seed culture were transferred to 1.5 liter growth media (L-broth with 50 ..g/m!
ampicillin) and grown overnight as described for sced culture.  Bacteria were
harvested by centrifugation in 250 ml bottles in a fixed angle rotor (4000 x g, 20
min., 4°). The bacterial pellet was resuspended in 12 ml of GET buffer (25 mM
Tris-HCL; 10mM EDTA; 19% Glucose, pH 8.0) and kept on ice for 15 min. This
suspension was incubated with 0.5 ml of lysozyme [25 mg lysozyvme (Calbiochem)/ml
GET, 15 min, 4 °]. Subsequently, 27 ml of fresh alkaline lvsis solution (0.2 M
NaOH; 1% SDS) was added to mixture and incubated for 15 min at 4 . This
incubation was followed by addition of 20.25 ml of cold 3 M KOA¢, pll 4.8
(prepared according to Maniatis et al. (1982). This was thoroughlv mixed and
incubated for 15 min. at 40. After centrifugation of the mixture in a fixed angle
rotor (20,000 x g, 20 min., 4°), the supernatant was passed through checsecloth into
a 50 mil Nalge 3139 tube. 42 ml of isopropanol was added, and the material was
precipitated (room temperature, 20 min.). After centrifugation in a swinging bucket
rotor (16,000 x g, 30 min., room temperature), the pellet was air dried for 10 min.
and resuspended in S ml of TEN10 (10 mM Tris-HCI; 1 mM EDTA; 10 mM NuCl,
pH 8.0) containing 150 .1 of RNAase A (10 mg/ml deionized water) and incubated

for 60 min. at 37°. The solution was sequentially extracted as follows: 18 ml of
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Phenol:Chloroform:Isoamyl Alcohol (25:24:1 volume ratio) was added to the
solution and centrifuged in a swinging bucket rotor (1700 x g, S min., room
temperature). To supernatant, Chloroform:Isoamyl Alcohol (24:1 volume ratio) was
added and spun as in previous extraction. Supernatant was precipitated by addition
of 18 ml isopropanol (20 min,, room temperature). The precipitate was pelleted in
a swinging bucket rotor (16,000 x g, 30 min,, room temperaturc). The pellet was
resuspended in 20 ml of 51% weight/volume Cesium Chloride:TE solution (10 mM
Tris-HCl; 1 mM EDTA, pH 8.0). This solution was transferred to 2 Beckmin
polyallomer Quick Seal Ti75 tube with a syringe capped with 16 gauge needle. 300
«1 of Ethidium Bromide (10 mg/m! deiomzed H,0) was added to the tubes, which
were then heat-sealed and centrifuged in a Beckman Ti75 rotor (55,000 rpm, 14 h,
20°). Plasmid band was withdrawn from tube under long-wave ultraviolet light, with
a 23 gauge needle attached to a 3 ml syringe. After transfer to a 50 ml tube, the
solution was extracted 3 times with water-saturated butanol (40 ml). The aqueous
solution was diluted with 2 volumes of sterile deionized water after transter to
clean tube. Material was precipitated from solution by addition of 1/9™ volume of
3 M NaOAc, pH 5.2 and 2 volumes of 95% ethanol (2 h, -20°). The DNA was
pelleted in a swinging bucket rotor (16,000 x g, 30 min, 4°) vacuum dried for 30 min,,
and resuspended in TE. Quantity and purity of DNA was determined by

spectrophotometry (260 and 280 nm wavelengths) and restriction digestion analysis.

Restriction enzyme digestions Enzymes used in restriction digests were purchased
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from either New England Biolabs (Beverly, MA) or Bochringer Muanheim
Biochemicals (Indianapolis, IN). according to manufacturer’s instructions. DNA
inserts were separated agarose gel electrophoresis [(1.59% low melt agarose in TE,
10 «1 ethidium bromide/100 ml gel). After separation, the appropriate DNA band
was visualized under short wave ultraviolet light, and cut from gel. Isolation of DNA
from gel was achieved using the technique of Maniatis (1982). Recovery of DNA
was quartified by comparing DNA of known quantity to purified insert on agarose

gel electrophoresis.

Labeling of ¢cDNA inserts. ¢cDNA inserts were labeled by a modification of the nick

translation method described by Maniatis (1982). [¥P] dCTP and nick translation
kit (containing enzymes and unlabeled nucleotides) were purchased from Amersham.
DNA (100 ng, 0.5-1 mg/ml) was incubated with Sx buffer (4 . 1), enzvme solution (2
1), [’P) dCTP (5-8 «1), and deionized water to a total volume of 20 .1. Reaction
mixture was incubated at 14° for 2 h, and then stopped by addition of 1 .1 EDTA
(0.5 M). Unincorporated [*P] dCTP was removed by passage of solution over a
spun column, which was made as follows by a modification of the technique
described by Maniatis (1982). A 3 ml syringe was packed with Sephadex G-50
(Pharmacia) by centrifugation (200 x g, 20 sec.). Column was blocked by addition
of 10 .1 of sheared/denatured salmon sperm DNA (10 mg/ml TE) in 1 m] TE,
followed by centrifugation (200 x g. 2 min.). 2 .1 of IRNA (5 mg/ml TE) was added

to DNA solution, which was then added to the column. After centrifugation (400
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x g, S min), specific activity of labeled DNA was determined using a scintillation
counter (1217 RackBeta, LKB Pharmacia). Incorporation of 10° cpm/.g DNA was

acceptable for use in northern analysis.

cDNA probes. After isolation of plasmid DNA as described above, restriction
digestion was performed as follows. The Fc RIl. ¢cDNA insert including the 5
untranslated and signal regions, and the first 43 base pairs encoding the receptor was
isolated by digestion of plasmid 4018 (Ravetch, 1986) with Bam H1 and Pst 1. The
Fc,RIIs ¢cDNA insert was isolated by digestion of plasmid 3901 (Ravetch, 19860) with
Pst 1, resulting in a 285 base pair cDNA containing the 5" untranslated region. The
Fc,RII ¢cDNA insert corresponding to the 5" extracellular coding region was isolated

by digestion of plasmid 3901 with Bam H1 and Bgl II.

Northern blot analysis. Total cellular RNA was isolated from cells after

guanidinium thiocyanate lysis and centrifugation through 5.7 M cesium chloride as
described by Chirgwin (1979). Total RNA was electrophoresed on a 1.26¢ agarose
gel and transferred to nitrocellulose (Maniatis, 1982). Blots were hybridized with
[*“P]-labeled cDNA probes at 42° for 18 hr in a solution containing S0% formamide,
109 dextran sulfate, 5x SSCPE, (1X SSC is 0.15S M NaCl, 0.015 M Na citrate, 0.0]
M KH,PO,, 0.001 M EDTA), 1X Denhardts (0.02% polyvinylpyrrolidone. 0.02¢/
Ficoll, and 0.02% BSA), 100 «G/ml of sonicated salmon sperm DNA, and 10/

cpm/ml of *P-cDNA probe (17). Blots were exposed to Kodak XAR film and 2
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intensifying screens (Dupont Cronex Lightening Plus) after washing in 0.1X SSC
containing 0.1% SDS at 50°. Densitometry was performed using an LKB

densitometer (Ultroscan, XL).

PIPLC digestion. Control or rIL-6 stimulated adherent J774a cells (10°) in 24 well
plates were incubated (1 h, 37°) with Bacillus thuringiensis phosphatidylinositol-
specific phospholipase C (PIPLC) (with a final activity of S umol/min/ml measured
by hydrolysis of phosphatidyl inositol) generously provided by M. Low (Columbia
University, New York, NY) (Low, 1988). After washing plates with PBS-BSA, cells
were incubated with ['*I]-24G2 (0.5 ml, 5.5 ug 24G2/ml, 5.5 x 10° cpm/ug).
Nonspecific binding was determined in a parallel incubation with equivalent
radioactivity of ['*1]-2.4G2 of low specific activity (200 ug 2.4G2/ml, 1.5 x 10°
cpm/ug). As a positive control for PIPLC activity, we measured by FACS the
binding of the anti-CD16 FITC-mAb 3G8 to PIPLC-digested and control human

neutrophils.



RESULTS

Expression of F¢ Rlla mRNA. To examine the expression of Fe, R, T used

the macrophage-like cell line, J774a, which synthesizes Fc Rlla transcript, but not
Fc,RIlIs mRNA (Weinschanck, 1988). This was confirmed by Northern blot analysis
on total RNA from J774a cells using Fc RIla-specific and Fc,RIlq-specific cDNA
probes (Fig. 2A and B). Incubation of the J774a cells with IFN-; resulted in o 4-
fold increase in the level of Fc,Rlla mRNA, whereas TFN-, did not induce Fe RIL
mRNA in either J774a or $49.1 cells (Fig. 2A and B). Only the F'e RIL: transcript

wis expressed in $49.1 cells (Fig. 2B), as reported previously (1),

An_ELISA for F¢ Rlla I developed an antibody that would bind specifically to

Fc,RIla by immunizing rabbits with KLH-conjugated svnthetic  peptides
corresponding to the cvtoplasmic domain of Fc Rl (Figure 3).  Pepude A,
RRNLQTPREYWRKSLC, is the predicted membrane-proximal sequence from
residues 206 to 220 and peptide B, KSLSIRKHQAPQDKC, is the predicted
carboxyl-terminal sequence from residues 218 to 231 (Ravetch, 1986). Both peptides
had cysteine (not present in the Fc Rlla sequence) added at the COOH-terminus to
facilitate coupling to proteins. Purification of antisera from the rabbit injected with
peptide A yielded 1 mg of specific IgG/ml sera and antisera from the rabbit injected

with peptide B yielded 0.4 mg of specific IgG/ml sera.
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Fig. 2 Effects of IFN-y on Fc_RII mRNA levels in J774a and $49.1 cells. Cells
were grown in suspension culture in the presence or absence of IFN-
+ (100 U/ml) for 24 h before the preparation of RNA and Northern
analysis as described in Materials and Methods. Two blots were
prepared with 10 . g of total RNA loaded in each lane and hybridized
with Fc_Rlla-specific (A) and Fc R11s-specific (B) cDNA probes. Blots
were exposed on XAR film for 18 hours (A) and 66 hours (B). Blots
were stripped and rehybridized with an a-actin cDNA probe for
normalization of RNA (C).
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—
100 bp
C Peptide A
206 220
Peptide B
218 231

RRNLQTPREYWRKSLSIREKHQAPQDEK
206 231

Fig.3 Sequence of synthetic peptides. Peptides A and B were synthesized as
predicted from the cytoplasmic Fc Rll. ¢DNA sequences indicated.
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I used these anti-peptide sera in a sandwich ELISA for Fc Rll.. Either anti-

Fc, RII mAb 2.4G2 or a rabbit antiserum directed against the extracellular domain
of Fc,RIlls (Qu, 1988) was adsorbed onto microtiter plates which were then
incubated with the J774a and S49.1 cell Ivsates. Fc Rlla that was bound to the plate
was then visualized with anti-peptide IgG. Onlv antisera elicited by immunization
with the carboxyl terminal peptide, peptide B, gave a signal over background in this
assay. The conformation(s) of peptide A recognized by the anti-peptide antibody
may differ from the conformation(s) in the native protein. The ELISA is specific for
Fc Rla, and does not give a positive signal with lvsates of S49.1 cells, which express
Fc,RIle1 and Fc,R1ls2 mRNA (Fig. 4a). The same specificity was observed when
the ELISA plates were coated with either anti-Fc RII mAb 2.4G2 (Fig.4a). or with
a polyclonal rabbit sera elicited by immunization with a truncated rFc RII: that hus
the transmembrane and cytoplasmic domains deleted (Fig. Sa). In parallel with the
increased abundance of Fc RIla. mRNA levels observed after IFN-; stimulation of
J774a cells (Fig. 2a), a great increase in Fc,RIl. was observed in lysates from TFN-
;-stimulated J774a cells relative to unstimulated cells (Figs. 4b, Sb). ELISA of
Fc,RIla in a membrane fraction of J774a cells resulted in reduced background
relative to that in total cell lysates, suggesting an enrichment of Fc Rll. in the
membrane fraction (Fig. 6). These experiments demonstrated that Fc Rlla protein
is translated as predicted by its mRNA transcript, with a cytoplasmic tail and

extracellular domain.




Fig. 4

A 42

045‘
0.4
Eosa}
=3
2:
02t
o
\ 1
01t ':
¢ X T
>o<\~ s !
004 . . — —
0 4 16 64 256 1024
Lysste Dilution (-1}
2.0
16}
E 2}
(=3
L
hd
S o8t
o
0.4 \
— l:\ ~
00 2 3- . i
0 4 16 64 256 1024

Lysate Dilution (-1)

Detection of Fe RIla by ELISA. Cells grown as in Fig. 1 were lysed
and assayed on microtiter plates coated with mAb 2.4G2 as described
in Materials and Methods. (A) Specificity of anti-peptide B antibody.
J774a cell lysates (a ,» ) and S49.1 lysates (»,0) were incubated with
either anti-peptide B 1gG (a ,+) or normal rabbit Ig (s ,0). (B) IFN-,
elevation of Fc_RIla expression. Lysates of J774a cells (4), J774a cells
induced with 100 U/m! IFN-y (a ), S49.1 cells (o), and S49.1 cells
induced with IFN-, (¢) were assayed with anti-peptide B antiserum.
The data are representative of three experiments.
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Detection of Fc_RIl. by ELISA. Cells grown as in Fig. 1 were lysed and
assayed on microtiter plates coated with rabbit anti-Fc RII antibody
as described in Materials and Methods. (A) Specificity of anti-peptide
B antibody. J774a cell lysates (a,a) and S49.1 lysates (s,0) were
incubated with either anti-peptide B 1gG (a ,») or normal rabbit Ig
(2 ,2). (B) IFN-; clevation of Fc RlIl. expression. Lysates of J774a
cells (a ), J774a cells induced with 100 U/ml IFN-5 (a ), S49.1 cells (o),
and S49.1 cells induced with IFN-; () were assayed with anti-peptide

B antiserum. The data are representative of three experiments.
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Detection of Fc_RIl. in membranc lysates. Membranes were isolated
from cells in suspension culture, lysed in NI*-40-containing buffer, and
assayed for Fc_Rll. as in Fig. 2. Binding of anti-peptide B antibody
to J774a (a ), S49.1 (+), and LS5178Y (Fc RII negative) cclls (s ).
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Expression of F¢_Rllq in Peritoneal Macrophages. I quantified the expression

of Fc,RIl. in resting peritoneal macrophages and macrophages elicited with viable
BCG or thioglycollate broth. Resident and thioglycollate-elicited macrophages
expressed equivalent levels of Fc Rlle, but no Fc Rll. was detectable in BCG-
elicited macrophages (Fig. 6). This is in dramatic contrast to the results of
Ezekowitz et al. (1981), who found roughly equivalent levels of binding of mAb
2.4G2 to resident peritoneal macrophages and BCG-elicited macrophages.

I next examined the regulation of Fc Rll. synthesis by different lymphokines.
Initial screening of relative Fc Rl levels was done by measuring the binding of mAb
[*1}-2.4G2 to viable J774a cells treated with physiologic doses of the different
lymphokines. Most lymphokines had no effect on the binding of ['*’l]-2.4G2.
However, the ratios of ['*I}-2.4G2 bound to rIL-6 induced/control J774a cells was
1.9 = .22 (Table 3). Initial experiments were done with 500 U/ml rIL-6, but the
effect was also observed with 25 U/ml of rIL-6. The experiments were reproducible
with different lots of rIL-6 and were repeated 6 times, with an average ratio of
['**]]-2.4G2 bound to rIL-6-induced/control cells of 1.8 + .22. Increased expression
of Fc,RII was evident within 48 h of rIL-6 addition, and was stable at 96 h. Since
intact cells were used in this assay, only plasma membrane Fc RII was measured.
To determine if the increase in Fc RII represented an increase in total cellular
Fc RII, the levels of Fc,RIH in total cell lysates of rIL-6-treated versus untreated
J774a cells were compared. I observed parallel increases in mAb 2.4G2 binding to

intact cells (Fig. 8a) and to whole cell lysates (Fig 8b) after rIL-6 stimulation.
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Fig. 7 Fc,RIle expression in different peritoneal macrophages populations.

Macrophages were isolated by peritoneal lavage, and non-adherent
cells removed after incubation in culture plates for 2 h. The adherent
cells were lysed as before and assayed for Fc,Rlla ELISA as in Fig,
2. Thioglycollate-elicited macrophages (a ), BCG-elicited macrophages
(), resident peritoneal macrophages (.), and S49.1 cells (a ).




Table 3. Effect of lymphokines on Fc,RII expression.
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Lymphokine nits/ml Bound mAb 2.4G2
(or dilution) (ng/10° cells)
24h 48 h

Experiment 1

Control _ 16.5 « 01 182 : 0.2
Interleukin 6 500 184 - 1.7 294 . 0.3
Interleukin 2 S00 16.3 - 0.1 168 = 0.6
Interleukin 3 100 17.3 = 0.1 182 - 0.2
Granulocyte/Macrophage CSF 100 179 - 0.4 10.8 = 0.1
Macrophage CSF 1:300,000 17.1 = 0.6 17.1 =+ 0.0
Tumor Necrosis Factor « 100 19.1: 1.1 18.8 - 0.7
Interferon s 100 159 - 1.3 183 : 0.9
Interferon a 100 18.0 = 0.6 197 - 1.5
Experiment 2

Control _ 21.0 - 1.7 N.D.
Interleukin 4 100 240 - 1.0 N.D.
Transforming Growth Factor - 5100 227 - 06 N.D.

Effect of lymphokines on Fc RII expression. J774a cells were cultured in the
presence or absence of various recombinant or purified lymphokines at 100 U/ml,
unless otherwise stated, for 48 hours. Cells were incubated with ['*1]-2.4G2 and
unlabeled 2.4G2 (0.5 ml, 5.2 ,g/ml, 3.9 x 10° cpm/.g) as described in Materials and
Methods. The data are representative of three experiments.
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Effect of rIL-6 on Fc RII expression. J774a cells were cultured in the
presence or absence of 25 U/ml of rIL-6 for 48 h. (A) Plasma
membrane Fc_RII. Intact cells were incubated with ['**1]-2.4G2 (0.5
ml, 5.5 »g 2.4G2/ml, 3.4 x 10° cpm/,g) in PBS-BSA as described in
Materials and Methods. The data arc representative of six
experiments. (B) Total cellular Fc RII. J774a cell lysates were
prepared from the rIL-6-stimulated (s ) and control groups (» ) and
binding of mAb 2.4G2 was measured in an ELISA as described in
Materials and Methods.
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Northern analysis of total RNA revealed that rIL-6 stimulation resulted in an
increased abundance of Fc Rlla mRNA (Figs. 9a, 11a), but not Fc RIls (Fig. 9b)
mRNA in J774a cells. T expected to observe a comparable rise in Fc RIl. protein,
but analysis of lysates from four independent experiments by ELISA showed the
same level of Fc,RIl. protein in rIL-6 induced and control J774a cells (Fig.10). The
EELISA s clearly sensitive enough to detect small changes in Fe RIL expression
(Figs. 4,5,7.8).

Were there a glycan-phosphatidylinositol anchored form of Fe¢ RIL. the
Fc Rlla ELISA would not detect it, since the cytoplasmic domain would be absent.
1 looked for GPI-linked Fc,R1I by measuring binding of ['*°1]-2.4G2 to rl1-6 1n-uced
versus uninduced J774a cells that had been digested with PIPL.C. To confirm activity
of the PIPLC, I examined release of human Fc¢ RIII (CD16) from neutrophils. No
changes in binding of ['**1)-2.4G2 were observed after digestion with PIPLC of ¢ither
control or rlL-6 induced J774a cells. This was not due to inactive PIPLC, since the
human neutrophils showed a dramatic decrease in mAb FITC-3GS binding to
huFc RI (CD16) after digestion with PIPLC as reported previously (Selvaraj, 1988:
Huizinga, 1988; Ravetch, 1989; Scallon, 1989; Ueda, 1989).

Because rIL-6 induced J774a cells lack Fc,RIls mRNA, do not express higher
levels of Fc RlIla protein, but express higher levels of Fc RII as détermined by mAb
2.4G2 binding, I probed RNA from rlIL-6-stimulated cells for the presence of a
novel Fc,RII mRNA. 1 used a ¢cDNA probe encoding the NH,-terminal Ig-like

domain from residues 16 to 80 of Fc Rlls, which should hybridize to all Fe RII
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transcripts. In addition to the Fc,RIla« mRNA, this cDNA probe hybridized with a
mRNA about the same size as the Fc,Rlla1 mRNA (Fig. 9C). The amount of the
larger transcript was elevated at 48 h by induction of J774a cells with 11.-6 (Fig. 11D).
A ¢cDNA probe from the 5’ untranslated region of Fc R1ls failed to hybridize to this
larger transcript (Fig. 9B), so it cannot be either Fc,RIls1 or Fe R1:2. 1 suggest
that translation of this novel Fc RIT mRNA results in a receptor bearing a mAb

2.4G2 epitope.
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Northern blot analysis of Fc_RIla mRNA expression. J774a cells were
incubated in the presence or absence of 25 U/ml of rIL-6. Two blots
were prepared with 50 »g of total RNA loaded in each lane and
hybridized with (A) Fc_Rlla-specific and (B) Fc RIls-specific cDNA
probes described in Materials and Methods. (C) Blot A was stripped
and reprobed with an Fc RIl encoding the NH,terminal Ig-like
domain from residues 16 to 80 of Fc RII, as described in Materials
and Methods. (D) Blots A and B were exposed for 1 week, stripped
and reprobed with a glucose phosphate dehydrogenase (GPDH) cDNA
probe for normalization of RNA.



52

S491  y774a

0 ¢
by

18S-

24 48

Hours in culture



‘f’ ©
O

18S-

24 48
Hours in culture

53



54

Hours in culture



0D (490 nm)

Fig.10

16 32 64
Lysate Dilution (-1)

Fc Rll. expression in IL-6-induced J774a cells. J774a cells were
cultured in the presence or absence of 25 U/ml of rIL-6 for 48 h.
J774a cell lysates were prepared from the rIL-6-stimulated (a ) and
unstimulated groups (s ) and Fc RIl. was measured in ELISA using
mAb 2.4G2-coated wells as described in Materials and Methods. The
data are representative of four experiments.
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Fig. 11Fc RII mRNA levels in IL-6-induced J774a cells. Densitometry of the
autoradiographs shown in (A) Fig. 9a and (B) 9¢c was performed as described
in Materials and Methods.
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Two distinct murine Fe RII genes, muFc Rlla and muFc R1ls, arc transcribed
in macrophages, NK cells and mesangial cells (Ravetch, 1986: Lewis, 1986; Hihbx,
1980, Santiago, 1989), or in macrophages and lymphocytes (Ravetch, 1986),
respectively. Amino acid analysis of Fc,RII from the S49.1 cell line shows that the
native protein matches exactly that predicted by the Fc RIls ¢cDNA sequence (Pan.
1987), but similar identification of the native Fc Rlla protein sequence has not been
obtained. Though Fc RIla and Fc Rlls are quite similar in their extracellular
domains, differences in their cytoplasmic domains should allow for the detection of
the native Fc Rl protein, if present.

I have demonstrated that Fc Rlla is synthesized as a full length, membrane-
spanning protein upon analysis by ELISA of J774a cells expressing the I-e RII.
mRNA. In this system, the cvtoplasmic domain of Fc RlIl. is bound by the
antiserum directed against the 15 carboxyl terminal residues, whereas the ectodomain
of the receptor is recognized by either mAb 2.4G2 or a rabbit anti-Fc_RIT antibody
elicited by a truncated rFc RIls that contains only the ectodomain of Fe RI1. (Qu.
1988).

Immunization of rabbits with either peptide A or peptide B, corresponding
to distinct cytoplasmic domains of Fc_Rlle, resulted in the generation of anti-peptide
B Ig, which reacted with native receptor and anti-peptide A Ig, which did not bind

Fe,RIle. Several features may influence the ability of anti-peptide antibodies to bind
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the native sequence. Hopp & Woods (1981) initially observed that many antigenic
determinants of a protein are within or adjacent to highly hydrophilic regions of the
protein. In addition, Tainer (1984) reported that anti-peptide antibodies generated
against regions of high atomic mobility, or flexibility, react stronglv with the native
protein, whereas anti-peptide antibodies synthesized against peptides corresponding
to well-ordered regions of the protein are non-reactive with the protein. Based on
their correlative studies between the antigenicity of a site and its accessibility 1o
large spheres, Novotny et al. (1986) theorized that the flexibility of antigenic
determinants are a consequence of their accessibility to antibody domains and that
this accessibility is a more consistent predictor of antigenicity than is flexibility.
Consistent with this idea are the data of Fieser et al. (1987), which suggest that the
there is a positive correlation between the ability of the peptide to adopt secondary
structure at the epitopes and its success in eliciting anti-peptide antibodies that arce
reactive with protein.

These factors need to be considered to explain why peptide B, corresponding
to the fifteen amino acids most proximal to the carboxyl terminus of F¢ RIL,
induced the synthesis of antibodies which were reactive with the native protein.
whereas peptide A, which matches the fifteen amino acids adjacent to the
transmembrane domain of the native protein, did not eclicit antibodies which
recognized the intact protein. It is possible that the peptide B cognate is more
accessible to the antibody-binding domain than is the region on the recepior

corresponding to peptide A, since peptide B includes the free COOH-terminal
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residue of the receptor. Both peptides are hydrophilic, suggesting that this factor is
not responsible for the differences in antibody recognition of the cognate sequence.

Using the Fc RIla ELISA, I have demonstrated that the level of Fc RIl,
expression varies in different populations of macrophages. Ezekowitz et al. (1981)
measured the binding of mAb 2.4G2 to macrophage populations, and reported that
BCG-elicited and resident macrophages had roughly the same number of mAb 2.4G2
binding sites, which was ~3 fold lower than that of thioglycollate elicited
macrophages. Upon analysis of macrophages at the level of individual Fe RII gene
expression, however, I found that resident and BCGe-elicited macrophages differ
dramatically, since the latter do not synthesizé Fc RIle protein.  Resting and
thioglycollate-elicited peritoneal macrophages are both actively phagocytic compared
to BCGe-elicited macrophages, which are poorly phagocytic (Ezekowitz, 1981). This
suggests that Fc,RIla may play an important role in phagocytosis.

IFN-, stimulation caused a 4-fold elevation of the amount of Fc,RH. mRNA
and a higher level of Fc Rlla protein relative to control cells.  Furthermore,
Weinshanck demonstrated that the increased level of Fc Rlla transcript parallels
enhanced phagocytosis of opsonized sheep red blood cells by J774a cells.  As
suggested by the pattern of Fc,RIl. expression I observed in peritoneal macrophages,
this positive correlation between the phagocytic capacity of the IFN-;-induced J774a
cell and its level of Fc¢,RIl. expression implicates Fc,RIle as a mediator of
phagocytosis by macrophages.

IFN-, stimulation of monocytes, macrophages, and neutrophils mediates a
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variety of cellular effects. Nathan (1983) demonstrated that treatment of human
macrophages with rIFN-y resulted in enhanced oxidative metabolism and
antimicrobial activity of the cell. Moreover, several groups examined the Fc¢ R
expression of in human neutrophils and monocytes, and found that rIFN-, greatly
increased the expression of Fc Rl in both cell types (Perussia, 1983; Guyre, 1983,
Petroi, 1988). This increased expression in the neutrophil correlated with enhanced
phagocytosis and ADCC (Petroni, 1988).

These multiple effects of IFN-; upon both Fc R-mediated function and
expression must be considered in relation to our finding that IFN-; stimulates
Fc Rlle expression. The effect of IFN-, upon receptor-mediated functions in J774a
cells need to be analyzed. In addition, the influence of IFN-, upon synthesis of
Fc, Rl in murine macrophages needs to be addressed and correlated to the levels of
receptor-mediated function.

The role of Fc Rlla in receptor-mediated events other than phagocytosis is
also unclear. 1 observed an absence of Fc Rll. in BCG-elicited macrophages.
These cells exhibit enhanced release of reactive oxygen intermediates and antibody
dependent cell cytotoxicity (Nathan, 1977,1980). Therefore, the data suggest that
Fc RIla may not be essential for triggering these cellular responses. On the
contrary, Perussia et al. (1989) have suggested that Fc,RIl. on the surface of NK
cells mediates ADCC of antibody-coated YAC-1 target cells, by demonstrating
inhibition of ADCC with anti-Fc,RII mAb 2.4G2. The receptor’s role in this event
is not definitive either, however, since other, as yet undescribed Fc,RII molecule(s)

may be expressed by these cells.
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Fc RIls expressed on macrophages may not be required in mediating some
of these receptor-associated events. Weinschanck et al. (1988) demonstrated that
resident peritoneal macrophages, when stimulated with IFN-,, exhibit low levels of
Fc,RIls mRNA relative to unstimulated cells, while maintaining high Fc,RIl« mRNA
levels. Since IFN-4 is known to enhance ADCC, phagocytosis, and the oxidative
burst, Fc,Rlls may not be required to mediate these responses, if the receptor
protein levels correlate with the mRNA levels.

IL-6 is a multifunctional lymphokine (reviewed in Kishimoto, 1989). As a
stimulator of cell growth, it acts upon myelomas, plasmacvtomas, T cells, and
mesangial cells. IL-6 also induces cell differentiation leading to Ig secretion in B
cells, the synthesis of acute phase proteins in liver cells, and the cytotoxic potential
in T cells. Most relevant to this discussion is the role of 1L-6 in stimulating the
secretion of Ig from B cells. This is interesting in light of the IL-6-enhanced levels
of Fc_RII that I observed. In vivo, this novel Fc¢,RII may be induced in tandem with
Ig secretion by IL-6 during an immune response to bind increased levels of immune
complexes. Indeed, IL-6 has been shown to induce the differentiation of mouse
myeloid leukemia cells (M1), which lead to enhanced phagocytosis and expression
of Fc RII (Miyaura, 1988).

I observed that stimulation of J774a cells with rlIL-6 resi:hed in a ~2-fold
increase in Fc,RIl. mRNA, although this did not result in an elevation of cell
Fc RIle protein titer. Ru et al. (1989) have demonstrated that the - subunit of rat

Fc¢ RI associates with Fc,Rlla. In addition, they have shown that the efficiency of
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expression of surface Fc,RIla in COS-7 cells transfected with Fc Rlla ¢cDNA was
markedly increased when the cells were cotransfected with both Fc RIl. and ,
c¢DNA. This suggests that the expression of , is the limiting factor in Fc Rll.
expression. It is possible that the absence of increased Fc RIl. surface protein
expression in IL-6-induced cells which exhibited enhanced Fc Rll. transcript levels
is due to a limiting amount of , protein, which is not induced by IL-6.

Since the binding of mAb 2.4G2 to J774a cells was reproducibly induced ~2-
fold by rIL-6, and the cells make no Fc RIIs mRNA, itis likely that the IL-6 may
be regulating the synthesis of a previously undefined member of the Fc RII family.
Indeed, a Fc ,RIls ¢cDNA probe encoding most of the NH,-terminal Ig-like domain
hybridized to a mRNA co-migrating with Fc Rll., and to a larger, novel Fc RII
mRNA species which was not detected with the Fc,RIla or Fc_Rlls-specific probes.
This novel transcript was enhanced in IL-6-stimulated versus untreated cells.

Recently, Hibbs et al. (1988) reported the amino acid sequence of two
peptides which shared 809% homology to the Fc RlIls and Fc RIlo sequences
surrounding the two cysteine residues in the first Ig-like domain. Hogarth et al.
(1989) then isolated, after hybridization with an oligonucleotide probe based on the
novel Fc RII peptides, a cDNA encoding a new Fc R (Fc,R,), which shares only
43% amino acid homology with the ectodomains of Fc,Rll. and Fc RIIL. Since the
amino acid sequence of Fc R, differs so markedly from Fc,Rlla and Fc Rllg, it is
unlikely that the novel mRNA species I observed encodes the Fc R,, since the probe

I used at high stringency was complimentary to the extracellular Fc RIls sequence.
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Clearly, in order to demonstrate that the mRNA I have described encodes a receptor
which bears the mAb 2.4G2 epitope, the cDNA must be cloned and expressed.

In conclusion, I have demonstrated that Fc RIl. is a membrane-spanning
receptor that is expressed in a variety of macrophages. The positive correlation
between Fc,RIla expression and the cell's phagocytic capacity suggests that the
receptor mediates endocytosis. In addition, I have detected the presence of a novel

Fc, RII, which is likely to be an important ntediator of immune responses.
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VIH. EPILOGUE

I have shown that Fc Rll. is expressed as a transmembrane protein in
various macrophages. The results of these studies implicate Fc Rlla as a mediator
of phagocytosis in macrophages. [ have also identified a novel mRNA species of
Fc RII present in macrophages. These experiments suggest that the structure of the
murine Fc R family is more heterogeneous than realized previously. It is probable
that individual Fc R species function distinctively from one another. Experiments
are now needed to ascertain the following:

1) cellular events mediated by the individual Fe R's:

2) regulation of receptor expression;

3) relationships between structure and function of the various Fe R's:

4) signal transducing mechanisms

5) cellular distribution of individual Fe R’s

Upon a complete understanding of the biochemical and molecular intricacies

of these receptors, we can begin to understand the fine tuning of the cells involved

in the immune response.
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