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Abstract

Analysis of Signaling by Human FcgammaRIIA and of Its Potential
Role in Autoimmune Diseases
by

Joseph Alan Odin

Adviser: Jay Unkeless, Ph.D.

The activation mechanism of macrophages following the binding of IgG
complexes to Fc receptors (Fc,R) is a complex and poorly understood process. Cross-
linking of Fc Rs results in multiple cellular responses that are important for
cell-mediated immunity, including phagocytosis and the release of oxidative
metabolites. The analysis of a series of truncations of human Fc_RIIA, which were
expressed in a mouse macrophage-like cell line, presented here indicates that separate
cytoplasmic regions are required for internalization of antibody-FcR complexes versus
internalization of opsonized erythrocytes and an increase in [Ca“]i. The cytoplasmic
region required for antibody-FcR internalization extended from Arg?** to Asp?®*,
whereas internalization of opsonized erythrocytes and the increase in [Ca2*], were
dependent on the final 17 COOH-terminal amino acids, Lys?%® to Asn?®!, The
internalization of opsonized erythrocytes was dependent on the increase in calcium

levels. The internalization of antibody-FcR complexes was dependent on protein kinase



C and tyrosine kinase activity, and all functional responses required factors found in
macrophages but not in fibroblasts. These results suggest a signal transduction model
in which huFc, RITA cross-linked by immune complexes couple directly to multiple
effector systems, each of which initiates a distinct biological response.

Recently, high levels of anti-Fc,R antibodies were identified in the sera of
patients with autoimmune diseases and in several mouse autoimmune strains by using
a recombinant, soluble murine Fc,,RII to screen the sera (1). To enhance the screening
of sera from human patients, large quantities (> 1 mg/L) of a recombinant, soluble
huFc RIIA were expressed and purified from transfected CHO cells. An initial
screening of autoimmune sera showed some positive reactivity with this soluble

hchTRllA.
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I. Overview of Receptors for IgG
Introduction

In this thesis, structure-function analysis of a human Fc, R and the development
of a soluble human Fc,R are reported. To facilitate greater understanding of the
problems addressed, a summary of pertinent facts concerning Fc_Rs followed by an
in depth analysis of the structure, function, signaling, and autoimmune disease role of
these receptors is presented.

In the late 19th century, Eli Metchnikoff first recognized the importance of
mononuclear phagocytes in combatting inflammatory disease. These cells were named
macrophages due to their ability to engulf large particles. Later, it was discovered that
macrophages, when activated, utilize multiple means to eliminate “foreign” or defective
particles. While neutrophils primarily target bacteria, macrophages dispose of a wide
range of cells and debris. Macrophages, which are found in nearly all tissues, also play
a major role in tumor surveillance and are key antigen presenting cells. Activation of
macrophages requires stimulation of surface receptors such as complement receptors
and receptors for the Fc domain of IgG, Fc,_ Rs. Through these receptors, macrophages
forge a link between humoral immunity and cell-mediated immunity. Defective Fc,R-
mediated macrophage function occurs in some autoimmune diseases, though it is not
clear if this is a cause or a result of the disease state.

Fc receptors for 1gG, Fc Rs, are a family of receptors that specifically bind
IgG via the Fc domain and mediate cellular functions (Table 1). These functions can

be grouped into three areas: cellular immune defense and lymphocyte regulation,



Table 1. Properties of human (hu) and mouse (mu) Fc, Rs (2).

Receptor

hch.'Rl

huFc RIIA

hUFC.‘(RllBl ‘BJ

huFc_RIIC

huFc_ RIITA

huFc R1IIB

mch.’RI

mch.,RII 1

muFc, RII,

mch.yRIll

Mol. Wt

72

~40

~40

50-70

50-70
~T70
50-70

50-70

50-70

monocyte,
macrophage,
U937, HL-60,
IFNy treated
neutrophils

U937, monocyte,
neutrophil,
platelet

B cell, U937,
monocyte,
neutrophil,
placenta

B cell, U937,
monocyte,
neutrophil

monocyte?,
macrophage, NK

neutrophil
macrophage
lymphoid cells

lymphoid and
myeloid cells

macrophage, NK,
mesangial cells

high

low

low

low

low

low
high
low

low

low

mAbs

32.2, 62, 22, 44,
10.1, FRS1

Iv.3, 2EI,
41H.16

KB56,

KB61, 41H.16,
2E1, IV.3

same as above

3G8, CLB-FcR-
GRANI, B73.1 Leu-
11a, Leu-11b, Leu-
l1c

same as above
(none)

2.4G2

2.4G2

2.4G2
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immunoglobulin transcytosis, and autoimmune pathology. In cellular immune defense
upon cross-linking by IgG aggregates, Fc, Rs activate a variety of leukocyte responses
such as phagocytosis, antibody-dependent cell cytotoxicity (ADCC), and the release
of lysosomal hydrolases, reactive oxygen metabolites, arachidonate metabolites, and
other mediators of inflammation. Cross-linking of cell surface antibodies to membrane
bound Fc, Rs inhibits B cell differentiation (3,4). Though not yet tested, it seems likely
that Fc, Rs on neonatal rat gut epithelium (5) and syncytiotrophoblasts (6) are involved
in transcytosis of immunoglobulin. Dysfunction of macrophage Fc Rs (7,8) as weli as
the presence of high titers of anti-Fc,R immunoglobulin (1,9) have been reported in
both human and mouse autoimmune discases.

All FcRs, except CD23 (Fc R1l), are members of the Ig supergene family and
are homologous to each other. Fc Rs are class I membrane glycoproteins that span the
cell membrane once, except huFc. RIIIB, which is anchored in the neutrophil plasma
membrane by a glycan phosphatidy! inositol (GPI) moiety (10-14). Low avidity forms
of membrane bound Fc Rs possess two extracellular Ig-like regions, whereas high
avidity forms contain three Ig-like regions. Assigning functions to individual Fc.Rs has
been a challenging task since many share immunologically indistinguishable
extracellular domains and their cellular distributions overlap considerably.

Fc, Receptor Structure
HchJI
Human monocytes have 20,200 binding sites for human IgG1 and IgG3 with

a K, of ~8.6x10° M™! (15,16). High affinity binding (10%-10° M™!) of murine IgG
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subclasses IgG2a and IgG3 to human monocytes has been shown as well (17). This
high affinity receptor is univalent (as are all Fc Rs) for human IgGl (18). The
receptor, now termed huFc RI (CD64), was purified by Sepharose-IgG affinity
chromatography from monocytes (19,20). HuFc, Rl has a M, of 72 kDa as determined
by SDS-PAGE. Treatment of the receptor with endo-8-N-acetylglucosaminidase F or
N-glycanase yielded a core protein of 40 or 50 kDa, respectively (21,22). IFN-y
treatment of neutrophils induces hch.yRI expression (23,24).

Recent cloning of cDNAs for huFc, RI showed that the extracellular domain
contains six potential N-linked glycosylation sites and six cysteine residues, presumably
disulfide linked to form three C2-set Ig-like regions (25). In contrast, huFc RII and
huFc, RIII encode only two Ig-like regions. The transmembrane domain is 21 residues
long and the cytoplasmic domain is short and highly charged (25). Homology exists
between the first two N-terminal Ig-like regions of huFc RI and the analogous domains
of the low avidity Fc.YRs (25,26). The uniqueness of the third domain and its
conservation between human and mouse, as well as preliminary mutational analysis
(25), suggest that this third membrane-proximal domain of Fc RI endows high affinity
ligand binding capacity.

HuFc Rl

A second receptor on monocytes, huFc, RII, binds aggregated IgG with low
avidity (Ka= 1-3 x 10® M'!) and unlike huFc_ RI does not bind monomeric 1gG (27).
HuFc,_RII (CD32) was also initially purified by affinity chromatography of monocyte

lysates on IgG-Sepharose (19). A protein of about 40 kDa was isolated that has since
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been found on monocytes, neutrophils, platelets, B cells, eosinophils (28,29), basophiis
(30) and trophoblasts (6). The affinity with which huFc RII on platelets binds 1gG
subclasses is the following: IgG,= IgG;> > IgG,= 1gG, (31). In addition, only
murine IgG1-sensitized erythrocytes were bound by huFc Rll-expressing cell lines,
whereas previous work suggested that both murine IgG1 and IgG2b bound to huFc_ RII
(29).

Initial cDNA clones of huFc, RII were nearly identical with no differential
splicing (32,33). The predicted class I membrane protein contains two C-2 set Ig-like
extracellular domains with two potential N-linked glycosylation sites apiece. The
observation that the anti-huFc RII mAb IV.3 did not react with Daudi cells, atthough
a 40 kDa huFc, R could be immunoprecipitated with a polyclonal anti-huFc, RII serum
(34), suggested the possibility of isotypic variation. Subsequently, additional cDNA
clones were isolated showing that at least three genes encode huFc RII proteins
(6,35-37). All of the huFc, RIls (huFc, RIIA, huFc, RIIB, huFc, RIIC) have homologous
extracytoplasmic domains and are most homologous to muFc RII, especially
huFc, RIIB.

HuFc_ RIIA transcripts were found in neutrophils, cultured adherent monocytes,
and various monocyte-like cell lines (36). Of five lymphoid cell lines (Daudi, Raji,
AW RAMOS, IM-9, and MOLT-4), only the Burkitt lymphoma cell line Daudi
expressed huFc RITA mRNA. This was unexpected since mAb IV.3 preferentially
recognizes huFc, RIIA but does not bind to Daudi cells. HuFc RIIB is expressed by

B cells, and to a lesser extent neutrophils and cultured adherent monocytes (36). Both
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huFc, RIIB and muFc, RII undergo differential splicing in their cytoplasmic domains
(36). Hch7RIIC is nearly identical to hchYRIIB in its signal sequence and
extracytoplasmic domains, but in its cytoplasmic domain and 3’ untranslated region,
huFc, RIIC has high homology to huFc, RIIA. The distribution of huFc, RIIC includes
B celis, cultured adherent monocytes, and neutrophils (36).

HchYRlH

HuFc, RII (CD16), binds IgG1 and IgG3 with a K, of ~4 x 10° M"! (15) and
is expressed on macrophages, NK cells, neutrophils, eosinophils, and some T cells
(38). The M, of huFc, RIII on macrophages and NK cells varies between 50 and 70
kDa (39). Immunoprecipitation studies of NK and necutrophil cell lysates using a
huFc, RIII-specific mAb followed by deglycosylation and SDS-PAGE revealed core
proteins of different M_ in the two cell types (24 kDa versus 20 kDa, respectively)
{40). Subsequent cDNA cloning demonstrated that the NK cell transcribes an mRNA
distinct from that of neutrophils (12-14,41,42). Thus, at least two genes encode
huFc_RIIIs: huFc, R11IB on neutrophils and huFc, RIIIA on NK cells and macrophages.
Like huFc RIl, these low avidity Fc RIIls have only 2 C-2 set Ig-like extracellular
domains.

Hch.VRIlIB, unlike all other Fc.VRs, is anchored to the neutrophil cell
membrane via a GPI linkage and can be released from the cell membrane by treatment
with a phosphoinositol-specific phospholipase C (12-14,41,42). Alteration of single
amino acid in the GPI linkage domain of huFc RIIIB results in anchorage of the

protein by a transmembrane domain with a short cytoplasmic tail (43,44). Two
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allotypes (NA1 and NA2) exist for huFc, RIIIB. Fetal-maternal mismatch for these
allotypes can lead to autoimmune neutropenia in infants (45). HuFc RIIIA has an
extracellular domain that is >95% homologous to that of huFc RIIIB but is a class |
membrane glycoprotein with a single transmembrane domain and cytoplasmic domain
(46).
MuFc RI

Murine macrophages also posses both high and low affinity Fc, Rs. The number
of high affinity (K,= 1.1x10%) IgG2a binding sites is 84,000 on P388D, cells, 110,000
on normal mouse peritonecal macrophages, and 440,000 on thioglycollate-stimulated
macrophages. This muFc, RI is trypsin sensitive, has a M, of about 42 kDa (47,48),
and like huFc RI, has 3 C-2 set Ig-like extracellular domains (25). The 23 amino acid
transmembrane domain is followed by a carboxyl-terminal, 84 amino acid cytoplasmic
tail. Southern analysis suggests that the receptor is encoded by only one gene (26).

MuFc RIl and MuFc Rill

Mice express fewer low avidity Fc_ R forms than humans, and none are GPI-
anchored to the cell membrane. Studies of the low avidity muFc, Rs have been at the
forefront of Fc,R research. The first anti-Fc.,R mAb, 2.4G2, was directed against
these receptors, which consequently were the first Fc, Rs to be cloned and expressed.
After affinity chromatography of macrophage cell lysates on mAb 2.4G2-Sepharose
(49), two major bands of ~ 60,000 and ~ 47,000 M, were visualized on SDS-PAGE.
The isolated muFc Rs demonstrated a broad ligand isotype specificity--binding

complexes of either IgG1, IgG2b, or IgG2a (49). Amino acid sequencing of purified
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receptor led to the isolation of three cDNA clones (50), now termed muFc RIII
(muFc, Rlla), muFc, RII; (muFc, RB;), and muFc, RII; (muFe, RI18,). MuFe, Rl and
muFc, RII, are produced by differential splicing of a single gene (50). The encoded
proteins are all class I integral membrane glycoproteins and are members of the
immunoglobulin gene superfamily. The adjacent pairs of cysteines in the extracellular
domains are disulfide linked (51,52) and each Ig-like domain has two sites for N-linked
glycosylation (52). The proteins are 95% homologous in their extracellular domains,
but differ in their cytoplasmic domains (50).

The muFc, RII transcripts are identical except for a 47 amino acid insertion in
the cytoplasmic domain of muFc, RII, (50). MchyRIII is expressed in both myeloid
and lymphoid cells, whereas expression of muFc RII, is limited to macrophages
(50,53,54). The expression of muFc_ RIl may be developmentally regulated since the
muFc, R, transcript was detected in immature macrophage cell lines, but only in two
of three more mature macrophage lines (50). MuFc, RIII is expressed in macrophages,
NK cells, and mesangial cells (53,55-57).

Fc, R Subunits

There is a highly conserved sequence in the transmembrane domains of
muFc, RITI, huFc RINIA, and the a subunit of the high affinity rat Fc,RI. The
transmembrane domains of these receptors each share an identical stretch of eight
amino acids, including a charged aspartyl residue in the middle of the lipid bilayer
(13,50,58). Numerous investigators have had difficulty in expressing huFc, RHIA and

muFc, RIIl ¢cDNAs in transfected cell lines, while mchTRII, which differs from
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muFc RIIl only in the transmembranc and cytoplasmic domains, was readily
expressed. Various mouse macrophage cell lines, which do not express Fc RI, express
mRNA identical to the « subunit of raFc,RI (59). Inmunoprecipitation studies utilizing
anti-muFc, RIII antibodies or mAbs revealed that radiolabeled muFc RIIl and a «y
subunit could be co-precipitated from detergent lysates of the J774 macrophage cell
line (5§9). In addition, high level expression of mch.YRIIl was obtained in cells
cotransfected with v subunit cDNA and Fc.,,R cDNA (60).

Another line of investigation has led to the discovery of other Fc R associated
proteins. NK cells can carry out ADCC triggered by hch.rRIII-Z, whereas in cytotoxic
T lymphocytes, extracellular killing is triggered by the T cell receptor. The T cell
antigen receptor is a multi-subunit protein composed of o and 8 (or o and &) subunits
and the CD3 complex (v, 3, ¢, and {;). Immunoprecipitation of NK cell membrane
lysates using anti-{ antibodies or anti-huFc, RIII antibodies coprecipitated {"and Fc, RI1I
(61). Fixing of NK cells prior to immunoprecipitation extracted additional, unidentified
proteins (62). Expression of huFc RIIIA and muFc, RIII in transfected cells was
enhanced by cotransfection with ' cDNA (63). While « or { subunit coexpression has
been shown to be required for efficient expression of huFc, RIII or muFc, RIII, no role
for these subunits in signaling has yet been demonstrated. However, it is known that
{ is necessary for T cell receptor signaling (64).

Fc,Receptor Functions
Through the use of artificial immune complexes, the cellular responses

following cross-linking of Fc,Rs, such as phagocytosis and ADCC, have been
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extensively studied. However, only recently did the extensive heterogeneity among
these receptors come to light. Therefore, much of the recent work on Fc Rs has
centered on identifying which Fc, R can mediate a particular response.

Respiratory Burst

Cross-linking of huFc RI on monocytes using mAb 32 with a secondary
anti-IgG reagent results in O, production (65). Continuous O, production via
huFc. RI is dependent on continuous de novo formation of cross-linked hchyR[ (66).
Cross-linking of huFc RII can also trigger an oxidative burst from monocytes (65).
HuFc RII, not huFc RINIA, plays the major role in mediating O, release by
neutrophils, Neutrophils from patients with paroxysmal nocturnal hematuria are
huFc, RllI-negative but still mediate normal O, release in response to immune
complexes (11). Digestion of neutrophils with elastase, which preferentially cleaves
huFc RIII, did not inhibit O, release triggered by immune complexes, whereas
anti-huFc, RII mAb IV.3 strongly inhibited release (67). Additionally, cross-linking of
huFc_RIIIB alone on neutrophils, when huFc, RIT was blocked by a specific mAb, did
not induce a respiratory burst (68).

Antibody-dependent Cell-mediated Cytotaxicity (ADCC)

Recent work has shown that, with the exception of huFc RIIIB, all three Fc, Rs
are capable of ADCC towards target cells. The huFc, RI-mediated ADCC response is
dependent on effector cell type and maturity, as well as the target cell type (69-70).
Inflammatory mediators may also be important, since exogenous Clq reconstitutes

Fc,R-mediated ADCC and phagocytosis in mouse peritoneal macrophages (70).
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HuFc_RI on monocytes and macrophages effects ADCC of both hybridoma and
erythrocyte targets. IFN-y treatment augments huFc, RI-mediated ADCC by monocytes
and induces that by neutrophils (69,70,73,74).

HuFc, RII plays a role in ADCC by neutrophils and monocytes as shown by the
killing of mAb IV.3-bearing hybridomas (75) and murine IgG1 coated erythrocytes
(76), respectively. Upon short term IFN-y or GM-CSF treatment (6 h) of neutrophils
or GM-CSF treatment (6 h) of eosinophils, the huFc, RII-mediated cytotoxic potential
of these cells is augmented, although neither lymphokine increases receptor number
(77). Prolonged IFN-v treatment (18 h) of neutrophils activated killing of opsonized
chicken erythrocytes (CE) mediated through all three huFc R subclasses (77).
However, neutrophils could not kill an anti-huFc, RIII hybridoma cell line.

HuFc, RIIIA on NK cells also mediates ADCC after cross-linking (78). Immune
complex cross-linking of the receptor also induced transcription of the interleukin-2
receptor, IFN-y, and TNF-a, all of which further activate NK cells (79). Thus, in
addition to acting as a trigger for ADCC on NK cells, the activation of huFc RIIIA
on NK cells also potentiates the Ig-independent, natural killer activity of NK cells. The
ability of anti-LFA-1 (CD11a) antibodies to inhibit huFc RIIIA mediated ADCC by
NK cells suggests involvement of this adhesion receptor in effector cell-target cell
apposition during NK-mediated ADCC (78). Similarly, in monocytes, blocking of
LFA-1 inhibited ADCC mediated through cross-linking of huFc, Rs (71). HuFc, RIIIA
on cultured monocytes is biochemically indistinguishable from that of NK cells (80),

yet reports conflict over whether huFc RIII is a trigger molecule for ADCC by
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macrophages (71,80). The discrepancy in killing ability may be due to the different
target cells and mAbs used in each study.

Early studies demonstrated the role of mouse macrophage Fc.VRs in ADCC (81)
and later, the primary mechanism of this cytotoxicity was shown to be oxidative and
involved the release of H,0, (82). ADCC of BCG-elicited macrophages was inhibited
70% by mAb 2.4G2, demonstrating the involvement of low avidity muFc, Rs (83). NK
cells express only mch.rRIIl and mediate ADCC (56). Also, muFc_ RIII is expressed
in a TCR-y/8" subset of murine dendritic epidermal cells which mediate ADCC (84).

Phagocytosis

Phagocytosis is the rapid, temperature-dependent delivery of immune complexes
to lysosomes as seen in "professional® phagocytes such as neutrophils and
macrophages. HuFc, RI on monocytes, macrophages, and IFN-y treated neutrophils
mediates phagocytosis of erythrocytes coated with heteroantibodies composed of Fab
fragments of anti-huFc, R mAb and Fab fragments of anti-erythrocyte antibody (85).
HuFc RII and not huFc RIIIB was required for phagocytosis of opsonized
[14C]-labeled S. areus Wood by neutrophils, since a mixture of anti-huFc RIIT antibody
and anti-huFc_RII antibody did not inhibit phagocytosis any more than anti-huFc, RII
antibody alone (68).

The absolute or relative abundance of muFc, RIII mRNA is increased by IFN-y
in macrophage cell lines and macrophages, and this expression correlates with an
increased phagocytic capacity (53). BCG-elicited macrophages do not express

detectable levels of muFc RIII mRNA and are poorly phagocytic, whereas
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phagocytically active resident and thioglycollate-elicited macrophages do express
muFc RII (86).

Cyclic AMP may play a role in upregulation of muFc_RI expression, as well
as in signaling for phagocytosis mediated by this receptor (87). A recent report showed
that a casein-phosphorylation activity copurifies with IgG2a binding protein, and
phagocytosis is inhibitable with heparin, a specific inhibitor of casein kinase II (88).

Immune Complex Clearance in vivo

The abilities of monomeric or aggregated IgG and mAb 2.4G2 to inhibit in vivo
clearance of immune complexes in mice were studied (89). MAb 2.4G2, directed
against low avidity muFc,Rs, was a very potent inhibitor of clearance of immune
complexes and of IgG sensitized erythrocytes but also somewhat inhibited nonspecific
clearance of heat damaged erythrocytes. While mAb 2.4G2 administration resulted in
a depletion of complement as well (89), inhibition of clearance did not depend on
complement mediated lysis of macrophages as the inhibition was still seen in a C5-
deficient strain of mice (90).

A number of studies have demonstrated that huFc. RIIIA on macrophages in the
spleen and on Kupffer cells is the primary receptor responsible for clearance of large
immune complexes in humans. In chimpanzees, the anti-huFc, RIII mAb 3G8 inhibited
clearance in vivo of autologous erythrocytes coated with antibody directed againsi a
minor blood group antigen (8). MAb 3G8 has been tested as a potential therapeutic
treatment for individuals with immune thrombocytic purpura, a disease in which

patients secrete high levels of anti-platelet antibody (91). Treatment of one patient
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resulted in a dramatic rise in platelet levels, returning to normal levels within two
weeks. Unfortunately, a second treatment gave a much less dramatic response.
Sensitization to the murine mAb may reduce its effectiveness.
B Cell Regulation

Stimulation of B cell differentiation by anti-u F(ab’), is well described.
However, when rabbit anti-u IgG forms a ternary complex with slg and Fc_ RII on the
membrane of B cells, no differentiation takes place (4). The negative signal delivered
by ligation of Fc R is relieved if anti-u IgG and mAb 2.4G2 are added together,
indicating the requirement for cross-linking of slg to Fc R (4). Interestingly, the
suppression of differentiation due to cross-linking of sIg and Fc, R is abrogated by IL-4
(92). IL-4 acts to inhibit the binding of immune complexes to B cells. The mechanism
responsible for the inhibition is not a reduction in receptors, because the number of
muFc_RII epitopes, determined by binding of mAb 2.4G2, remains unchanged (93).
The inhibition might reflect altered mobility of Fc,R on the plasma membrane.

Functional Analysis of Transfected Fc, Rs

The murine low avidity Fc,Rs have been transfected into several Fc R-
nonexpressing cell lines, such as Madin-Darby canine kidney (MDCK) cells, and
fibroblast cell lines, COS and CHO cells. The two splice forms of muFc, RII were
shown to have different and polarized patterns of surface expression in transfected
MDCK cells, and muFc RII, was preferentially capable of monovalent ligand
transcytosis (94). MuFc, RII,, transfected into COS and CHO cells, localized in

clathrin coated pits, whereas mch.YRlIl did not (95). This difference may be
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responsible for the greater ability of transfected muFc, RIl, to mediate endocytosis and
lysosomal delivery of ligand (95). Presumably, the 47 amino acid cytoplasmic insertion
of muFc_RII, interrupts a domain crucial for coated pit localization and transcytosis
(94,95). However, internalization of Toxoplasma gondii by muFc_RII, transfected
CHO cells was no better than that by muFc, RII, (96). Unfortunately, in most cases,
transfection of Fc,Rs into Fc, R-nonexpressing cell lines has not resulted in functional
receptors (personal communications).

Fc Receptor Signaling

The initial event in Fc R signal transduction is receptor cross-linking.
Monomeric IgG binding to Fc,Rs does not trigger immune responses. The paradigm
for FcYR cross-linking and action is the analysis of Fc RI (97), which demonstrated
mast cell degranulation only afier cross-linking. The more extensive the cross-linking,
the greater the extent of granule release. Since cross-linking of Fc,Rs by antibodies
directed at various extracellular epitopes can mediate cellular activation (2), most likely
no conformational signal is transduced across the cell membrane following ligand
binding. Yet, the diversity of the intracellular domains within an Fc, R subclass as well
as homologous intracellular sequences across species suggests that the intracellular
domains play a role in signal transduction. Indeed a cytoplasmic tailless mutant of
muFc, RIl,; transfected into CHO cells was less capable of mediating internalization of
opsonized T. gondii than the full length receptor (96). However, the relevance of T.
gondii internalization to Fc, R-mediated phagocytosis in macrophages or neutrophils has

come under question (98).
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Analysis of second messengers and effectors involved in Fc_R signaling has not
been approached in an orderly fashion. Many studies involve simultaneous stimulation
of multiple Fc R forms, and the type of ligand presented varies considerably between
experiments. Also, investigators examining Fc, R-mediated functions use many
different cell systems. Due to these variations, many conflicting results appear in the
literature on Fc R signaling. The most consistent results are presented below.

The role of Na* in phospholipase A, activation upon binding of immune
complexes to mouse peritoneal macrophages has been examined. There was a Na*t
requirement for phospholipase A, activation that could be replaced by an ionophore
mediated Ca?* influx (99). Not only could Ca?* replace Na* in phospholipase A,
activation upon immune complex binding but Ca?* was required, as shown by the
inhibition of phospholipase A, activity in the presence of EGTA. Thus, the stimulation
of phospholipase activity by muFc, R may be a sequential event requiring a Nat influx
followed by an increase in intracellular Ca?*,

In contrast, several groups have shown that Ca2* is nor an important signal for
phagocytosis by neutrophils or macrophages (100). No rise in [Ca?*];, was detected
during phagocytosis, and depletion or buffering of [Caz"']i did not affect phagocytosis
(101). However, protein kinase C activity and phosphoinositide turnover were
enhanced in human neutrophil Fc, R-mediated phagocytosis (38). Phorbol esters, which
are known to activate protein kinase C, also enhanced phagocytosis (102).

A flux in [Ca®*); is required for O,' production upon cross-linking of

huFc, RIl. Extensive cross-linking of huFc RII on IFN-y stimulated peripheral blood
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monocytes and neutrophils, or IFN-y differentiated U937 cells induced a rise in
(Ca2*); associated with O, production (103). Addition of EGTA decreased the rise
in [Ca?*), and O, production in IFN-y primed neutrophils but did not affect IFN-y
activated U937 cells. The more transient rise in [Ca2*]; of the U937 cells may be due
to release of Ca2* solely from internal stores, whereas the more sustained (Ca®*].
increase in neutrophils probably also requires influx of extracellular Ca*,

G proteins as well are probably involved in the neutrophil huFc, RII-mediated
respiratory burst and lysosomal hydrolase release. Extensive cross-linking of
neutrophils with the anti-huFc, RII mAb KuFc79 and anti-mouse F(ab’), triggered an
oxidative burst and O," production (104). The Fc, RII-mediated production of O," was
almost completely inhibited by pertussis toxin whereas release of lysosomal hydrolases
was inhibited only 50%. These data suggest there are at least two pathways of signal
transduction. In contrast, surfaces coated with IgG triggered neutrophil degranulation
and O, production in a manner that was unaffected by pertussis or cholera toxin, but
was inhibited by pretreatment of the neutrophils with phorbol myristate acetate (PMA)
{105). PMA has been shown to interfere with G protein-protein kinase C interactions
following activation of neutrophils by f-met-leu-phe (106). Perhaps similar interference
by PMA occurs during activation of neutrophil Fc, Rs. Cross-linking of neutrophil
huFe, RII by surface bound IgG was shown to augment neutrophil GTP binding and
GTPase activity in a pertussis toxin independent manner (105). This indirect evidence
suggests that a pertussis toxin and cholera toxin independent G protein is involved in

human neutrophil O, production and degranulation.
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A difference in Fc. R binding to soluble complexes compared to ligand-coated
surfaces could account for the stimulation of different G proteins. Alternative signaling
through neutrophil huFc, RIIIB or distinct signaling by the multiple forms of huFc, RII
on neutrophils could also account for involvement of more than one G protein in
neutrophil O, production and degranulation.

Fc Receptors in Autoimmune Diseases

Fc.Rs, which are central to immune defense, ironically may play a pathologic
role in autoimmune diseases. In autoimmune diseases, autoantibodies directed against
a variety of self antigens, as in systemic lupus erythematosus (SLE), or against specific
proteins, such as in myasthenia gravis (107), autoimmune hemolytic anemia (108), and
cyclic amegakaryocytic thrombocytopenia (7) have been identified. There is,
particularly in SLE and Sj6gren’s syndrome, often a parallel defect in macrophage
function, shown by a decreased clearance of autologous IgG sensitized erythrocytes
(EIgG) (109). Analogously, peritoneal macrophages from most strains of autoimmune
mice are markedly inhibited in the binding and phagocytosis of EIgG (110). The defect
in macrophage Fc, R function is not due to an intrinsic macrophage abnormality since
macrophages cultured from bone marrow are normal (111).

One thesis for the paralysis of Fc.R function in certain autoimmune diseases
is that the Fc Rs are downregulated by binding and clearance of the abundant
autoantibody-induced immune complexes. However, recent work by Boros et al. (1)
suggests that the paralysis of Fc, R function is primarily due to specific anti-Fc R Ig,

and not to immune complexes per se. There were surprisingly high levels of anti-Fe, R
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Ig in many strains of autoimmune mice. Approximately 2% of the total IgM in serum
of old NZB mice bound to a muFc, RII affinity column. (Fc,Rs will not bind to the F¢
domains of IgMs). Furthermore, anti-Fc.'R IgM mAbs isolated from autoimmune mice
inhibited binding of immune complexes to mouse macrophage Fc.Rs. Interestingly,
peritoneal macrophages isolated from BXSB & mice functioned normally even though
these mice have a severe form of lupus. However, these BXSB d mice also have no
circulating anti-Fc_R Ig, thus strengthening the correlation between the presence of
anti-Fc, R Ig and paralysis of Fc, R-mediated functions.

There are well documented examples of naturally occurring Ig directed against
Fc,R in human patients as well. The NA1/NA2 allotypic system of huFc, RIIIB can
elicit antibody leading to neutropenia in infants (45). There are also cases in which
anti-Fc, RIII antibodies were found in sera from SLE patients (9). Further isolation and
characterization of anti-Fc,R autoantibodies is necessary to understand their role in

autoimmune diseases.
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I1. High Level Expression of a Soluble Truncated Human Fc¢ Receptor
Introduction

A hallmark of autoimmune diseases is the production of antibodies directed
against self antigens or autoantibodies. These antibodies may have a well-defined
specificity, as in myasthenia gravis, or may recognize a broad array of antigens, as in
systemic lupus erythematosus (SLE). Current opinion holds that T cell dysfunction may
be the cause of autoantibody expression. Often a defect in macrophage function,
particularly in SLE and Sjogren’s disease, is seen as well (109). This macrophage
dysfunction was assumed to be due to the high level of circulating immune complexes
present in autoimmune diseases since macrophages cultivated from bone marrow
functioned normally in vitro (112). However, recently autoantibodies specifically
directed against Fc, Rs have been isolated from the sera of both autoimmune mice and
human autoimmune patients using a soluble mouse Fc RII (1). The presence of high
titers of these anti-Fc, R autoantibodies in some mice autoimmune strains correlated
with previously reported macrophage dysfunction in those strains (110).

The possibility that anti-Fc, R autoantibodies are the cause of macrophage
dysfunction in human autoimmune diseases warrants further investigation. However,
the soluble mouse Fc, RII used in the initial studies may not be the best tool to detect
anti-human Fc. R autoantibodies. The human autoantibodies that were detected using
the soluble muFc, RII recognized only huFc RIIl in cell staining experiments (113).
The reason for this result is not clear since muFc RII has some homology to both

hch.,Rll and hch.rRIII. Thus, a soluble human FcYRII would be useful in
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determining if the specificity of human anti-Fc,R autoantibodies is confined to
huFc, RIII.
Results

Large quantities of receptor are needed to screen for and possibly purify anti-
Fc R autoantibodics from autoimmune patients’ sera. For this purpose, a putative
huFc, RIT cDNA clone was obtained from Dr. Y. Kochan and sequenced (Fig. 1). The
cDNA encoded the huFc, RIIA isotype, which is the predominant huFc, RII isotype on
macrophages and neutrophils and is 95% homologous in its extracellular domain to
other huFc, RII isotypes. Due to this homology, any isotype would be suitable for
screening purposes. Construction of a huFc RIIA c¢DNA lacking the putative
transmembrane and cytoplasmic coding regions was needed to permit secretion of the
translated protein for easy purification.

This truncated huFc RIIA cDNA was constructed by oligonucleotide
primer-directed in vitro mutagenesis using the polymerase chain reaction (114) and
subcloned into the pcEXV-3 mammalian expression vector. The truncated cDNA
terminates at codon 179 (Fig. 1), which results in the loss of 9 extracellular domain
residues as well as the putative transmembrane and cytoplasmic domains. Dihydrofolate
reductase deficient (DHFR") CHO cells were cotransfected with a DHFR-minigene
(pPMG]1) (115) and the subcloned huFc RIIA ¢cDNA by the calcium phosphate-DNA
coprecipitation method (116). Transfected CHO cells were selected in
hypoxanthine-deficient media. Individual colonies were isolated and tested by PCR

amplification of nuclear DNA for the presence of the truncated huFc, RIIA cDNA.
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=29 =5
MetSerGlnAsnValCysProArgAhsnLeuTrplLeuleuGlnProLeuThrvalleuleulsulLesuAlaSerAla
ATGTCTCAGAATGTATGTCCCAGAAACCTGTGCCTGCTTCAACCATTCGACAGTTTTGCTGCTGCTGGCTTCTGCA

-1 +1 21
AspSerGlnAlaAlaProProlysAlaValleuLysLeuGluProProTrplleAsnValLeuGlnGluhapSer
GACAGTCAAGCTGCTCCCCCAMGGCTGTGCTGAAACTTGAGCCCCCCGTGGATCAACGTGCTCCAGGAGGACTCT

46
ValThrLeuThrCysGlnGlyAlaArgSerProGluSerAspSerlleGlnTrpPheHisAsnGlyAsnLeulle
GTGACTCTGACATGCCAGGGGGCTCGCAGCCCTGAGAGCGACTCCATTCAGTGGTTCCACAATGGGAATCTCATT

71
ProThrHisThrGlnProSerTyrArgPhelysAlaAsnAsnAsnAspSerGlyGluTyrThrCysGlnThrila
CCCACCCACACGCAGCCCAGCTACAGGTTCAAGGCCAACAACAATCGACAGCGGGGAGTACACGTGCCAGACTGCC

96
GlnThrSerLeuSerAspProValHisLeuThrValLeuSerGluTrpLeuvVallsuGlnThrProHisLeuGlu
CAGACCAGCCTCAGCGACCCTGTGCATCTGACTGTGCTTTCCGAATGGCTGGTGCTCCAGACCCCTCACCTGGAG

121
PheGlnGluGlyGluThrlleMetLeuArgCysHisSerTrpLysAspLysProleuVallysValThrPhePhe
TTCCAGGAGGGAGAAACCATCATGCTGAGGTGCCACAGCTGGAAGGACAAGCCTCTGGTCAAGGTCACATTCTTC

146
GlnAsnGlyLysSerGlnLysPheSerHislLeuAspProThrPheSerIleProGlnAlaAsnHisSerHisSer
CAGAATGGARAATCCCAGAAATTCTCCCATTTGGATCCCACCTTCTCCATCCCACAAGCARACCACAGTCACAGT

171
GlyAspTyrHinCysThrGlyAsnlIleGlyTyrThrLeuPheSerSerLysProValThrIlaThrvalGlnval
GGTGATTACCACTCCACAGGAAACATAGGCTACACGCTGTTCTCATCCAAMCCCTGTGACCATCACTGTCCANGTG

196
ProSerMstGlySerSerSerProMetGlyllelleValAlavalvValIleAlaThrAlaValAlaAlalleVal

CCCAGCATGGGCAGCTCTTCACCAATGGGGATCATTGTGGCTGTGGTCATTGCGACTGCTGTAGCAGCCATTGTT

221
AlaAlavalValAlaleulleTyrCysArgLysLysArglleSerAlaAsnSerThrAspProvalLysAlalAlas
GCTGCTGTAGIGGCCTTGATCTACTGCAGCGAAAAAGCGGATTTCAGCCAATTCCACTGATCCTGTGAAGGCTGCC

246
GlnPheGluProProGlyArgGlnMetIleAlalleArglysArgGlnLleuGluGluThrAsnAsnAspTYrGlu
CAATTTGAGCCACCTGGACGTCAMATGATTGCCATCAGARAGACACAACTTGAAGAARCCAACAATGACTATGAA

271
ThralaAspGlyGlyTyrMetThrLeuAsnProArgAlaProThrAspLlysProleuValLysValThrPhePhe
ACAGCTGACGGCGGCTACATGACTCTGAACCCCAGGGCACCTACTGACGATGATAMMAACATCTACCTGACTCTT

281
ProProAsnAspHisValAsnSerAsnAsnEnd
CCTCCCAACGACCATGTCAACAGTAATAACTAA

Fig. 1. HuFc RIIA sequence. The putative signal sequence is overlined, and the
transmembrane sequence is underlined. The first codon of the mature protein is
numbered +1.



23

HuFc RIIA cDNA-containing clones were grown in increasing concentrations of
methotrexate to amplify huFc, RIIA gene expression.

Clones of cells that proliferated in the presence of 2.0 uM methotrexate were
screened for secretion of soluble huFc, RIIA by a binding inhibition assay. Suspensions
of cells expressing membrane bound hchYRIIA were incubated with mAb IV.3, an
anti-Fc, RII mouse mAb, in the presence of conditioned media (concentrated 10-fold)
from methotrexate-amplified clones. The cells were then gently washed by
centrifugation and resuspended in FITC-conjugated goat anti-mouse IgG F(ab'),. After
extensive washing, cell fluorescence was measured on a Coulter Epics Cell Sorter with
a 3 decade log fluorescence scale (Fig. 2). Conditioned media from several
transfectants containing the truncated huFc RITA cDNA, as determined by PCR
amplification, blocked mAb IV.3 binding. Subsequent titration experiments identified
conditioned media from the CT14 clone as the most potent inhibitor of mAb IV.3
binding.

Soluble huFc, RIIA protein was partially purified from CT14 supernatant by
human IgG-sepharose affinity chromatography (Fig. 3A), which naturally necessitates
that the secreted protein be active. The major protein in the eluted fractions, as
visualized by SDS-PAGE, had a M, of ~ 27 kDa (Fig. 3B). The receptor is probably
glycosylated, as was the truncated soluble muFc, RII, on both potential N-linked
glycosylation sites since the predicted weight of the 179 amino acid soluble huFc, RIIA
is 20 kDa. (The soluble receptor was further purified by size on a Superdex-75

column). Identification of the purified receptor was confirmed by an ELISA utilizing
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Fig. 2. Binding inhibition assay. Conditioned media of CHO clones transfected with
a cDNA encoding a secretable huF A were tested for their ability to block the
binding of mAb IV.3 Fab, an anti-huFc, RII mAb, to cells expressing membrane bound
huFc RIIA. Medium collected from untransfected CHO cells was used to determine
maximal cell staining (CHO). Background cell fluorescence was determined by
omitting mAb IV.3 (no IV.3).
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Fig. 3. Purification of soluble huFc RIIA. (A) Human IgG-Sepharose affinity
chromatography. Ten-fold concentrated conditioned media from CT14 cells, dialyzed
against 10 mM sodium phosphate buffer, pH 7.0, was passed over a hulgG-Sepharose
column (peak 1) and washed with 10 mM sodium phosphate buffer, 0.15 M NaCl, pH
7.0 (peak 2). Bound proteins were eluted in 0.10 M sodium acetate buffer, 0.5 M
NaCl, pH 4.0 (peak 3). (B) SDS-PAGE of eluted proteins. Molecular weight standards
were loaded into lanes A & D. A fraction from peak 3 was loaded into lane B, and a
fraction from peak 2 was loaded into lane C.
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Fig. 4. Elisa for hch.,RIIA. Plastic wells were coated with purified, soluble
huFc, RIIA protein (5 ug/ml) and multiple two-fold dilutions and then blocked with 1%
BSA. Control wells were coated with only 1% BSA. The wells were then incubated
sequentially with mAb 1V.3 Fab, an anti-Fc, RII mouse mAb, and biotinylated goat
anti-mouse IgG F(ab'),. The amount of reactivity was quantified in a colorimetric
assay utilizing avidin-conjugated horseradish peroxidase.
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mAb IV.3 Fab (Fig. 4). From one liter of cultured CT14 media, approximately 1-2 mg
of receptor was purified.

In collaboration with Dr. P. Boros, an ELISA was established to screen
autoimmune sera from patients suffering from Sjoren’s syndrome, systemic lupus
erythematosus, or progressive systemic sclerosis for anti-huFc, RIIA autoantibodies.
In a preliminary screening, cleven of twenty-six sera reacted with the soluble
hch,yRIlA (Appendix Fig. A). Of these eleven, six also reacted with the soluble
muFc, RII, whereas five of the twenty-six reacted only with muFc RIl. Thus, the
soluble huFc RIIA detected autoantibodies that went undetected by the soluble
muFc_RIL

Discussion

Earlier studies utilizing a soluble muFc, RII protein detected significant levels
of anti-Fe, R autoantibodies in the sera of patients suffering from various autoimmune
diseases (1). It was postulated that these autoantibodies may play a role in the
macrophage dysfunction observed in these patients. For unknown reasons, in cell
staining experiments, the autoantibodies identified using the soluble muFc RII
recognized only huFc RIII and not huFc RIl. To identify any anti-huFc RII
autoantibodies that had gone undetected, large quantities of huFc RII were needed to
rescreen patients’ sera.

Using PCR-directed mutagenesis, a cDNA encoding a soluble form of
huFc, RIIA was created by deleting its transmembrane and cytoplasmic domains. High

levels of active protein were purified from cultured media of CHO cells transfected
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with the truncated cDNA. The identity of the purified receptor was confirmed by
binding to mAb IV.3, an anti-huF¢, RII mAb. By using this purified receptor in an
ELISA, high levels of anti-huFc RITA autoantibodies were detected in 24% of
autoimmune patients’ sera. In 50% of these patients, high levels of anti-muFc RII
autoantibodies were detected, and 20% had both anti-hchYRII and anti-mchYRII
autoantibodies. The presence of one type of autoantibody seems slightly to predispose
the patient for expression of the other autoantibody. Understanding of any
pathogenicity of these autoantibodies must await their purification and analysis.
Preliminary studies indicate that the anti-muFc, RII autoantibodies activate neutrophil
degranulation (113) and may stimulate cytokine secretion by macrophages in vivo (P.
Boros ¢t al., unpublished results).

The rapid growth of CT14 cells and the relative ease of purifying high levels
of active, soluble huFc, RITA makes possible many other uses for this protein. For
example, structural studies of crystallized, soluble huFc, RIIA by x-ray diffraction are
feasible. Analysis of crystals formed from glycosylated, soluble muFc RII have been
hampered by excessive heterogeneity in the crystal structure (Z. Qu, personal
communication). The human receptor has only two potential N-linked glycosylation
sites as opposed to four in the mouse receptor and thus, may be more suitable for
crystallization. Detailed structural information would increase our understanding of the
nature of IgG-Fc, R binding and possibly of intermolecular interactions between Fc_Rs.

Models for neutrophil, GPI-anchored huFc, RIII-2 function have been proposed

in which interaction with huFc, RII is required to transduce an activation signal to the
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cell interior. Establishing that soluble Fc, Rs interact in solution, while not direct
evidence, would give credence to this hypothesis. Preliminary studies show that soluble
muFc_RII interact transiently in solution (Qu er al., unpublished results). Similar
studies are planned utilizing soluble huFc RIIA alone and in combination with soluble
mch.rRlI.
Materials and Methods
PCR amplification and subcloning

A truncated huFc RIIA cDNA was constructed by oligonucleotide
primer-directed in virro mutagenesis using the polymerase chain reaction (114). The
17-mer antisense primer encoded a nonsense mutation in codon 179. The sense primer
corresponded to a segment of the T7 promoter sequence of pGEM-4, in which the
huFc_ RITA ¢cDNA was subcloned. For sequence amplification, 8 ug/ml of template and
50 pM primers were heated to 94°C for 1 min, allowed to reanneal at S0°C for 2 min,
and then incubated at 72°C for 3 min in the presence of 4 U/ml of Taq polymerase
(Promega Co., Madison, WI) and 500 uM dNTPs for 35 cycles. The ends of the gel
purified product were filled in by treatment with Klenow (New England Biolabs, Inc.,
Beverly, MA) and then treated with T4 DNA kinase (New England Biolabs, Inc.)
(117) prior to subcloning into the Sma 1 site of pcEXV-3 (118). pcEXV-3 is a
mammalian gene expression vector with an SV-40 early gene promoter and
polyadenylation signal. Competent bacteria were transformed with the ligation product
(117). Multiple colonies were identified which contained the desired plasmid. A

plasmid containing the truncated huFc RIIA cDNA in the correct orientation for
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expression was fully sequenced on both strands on an Applied Biosystems Model 373A

Sequencer (Mount Sinai Medical Center, DNA Core Facility) to confirm the deletion

mutation. The truncated cDNA was isolated by EcoR I digestion of the plasmid and

resubcloned (117) into the EcoR 1 site of pcEXV-3 in order to eliminate pGEM-4

sequences from the 5° end of the cDNA. Again, competent bacteria were transformed,

and plasmids containing huFc, RIIA in the correct orientation were isolated.
Expression in DHFR™ CHO cells.

DHFR" CHO cells (115) were transfected with 1 ug/m! of a DHFR-minigene
(pMG1) (115) with and without 18 ug/ml of the subcloned huFc RIIA cDNA by the
calcium phosphate-DNA coprecipitation method (116). Transfected CHO cells were
selected in hypoxanthine-deficient DME supplemented with 10% dialyzed FCS, 16 M
thymidine, and 300 uM proline. Individual colonies were isolated and tested by PCR
amplification of extracted nuclear DNA for the presence of the huFc, RIIA ¢cDNA.
HuFc, RIIA ¢DNA-containing clones and control transfectants were grown in slowly
increasing concentrations of methotrexate (Sigma Chemical Co., St. Louis, MO), from
0.02 to 2.0 uM, to amplify huFc, RIIA gene expression. Collected supernatants were
centrifuged to remove cells and debris.

Suspensions of CHO cells expressing membrane bound huFc. RIIA (C-FcRIIA)
were incubated with the collected supernatants in the presence of 0.5 ug/ml of mAb
IV.3 (Mederex Inc., Hanover, NH). The cells were then gently washed by
centrifugation and resuspended in 20 ug/ml of FITC-conjugated goat anti-mouse IgG

F(ab'), (Organon Teknika-Cappel, Inc., West Chester, PA). After extensive washing,
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cell fluorescence was measured on a Coulter Epics Cell Sorter with a 3 decade log
fluorescence scale. Supernatants were subsequently titrated and assayed again to
identify the one with the greatest inhibitory potential.
Purification of truncated soluble huFc, RIIA
CT14 conditioned media was centrifuged to remove cells and debris and
dialyzed against 10 mM sodium phosphate, pH 7.0. The dialyzed media was
concentrated ten-fold by pressure filtration in an Amicon centriprep-10 concentrator
with a MW cut off at 10 kDa. The concentrated media was passed over a human 1gG-
sepharose column. The column was washed with 10 mM sodium phosphate, 150 mM
NaCl, pH 7.0, and bound proteins were eluted with 100 mM sodium acetate, 500 mM
NaCl, pH 4.0. The eluted proteins were again dialyzed against 10 mM sodium
phosphate, pH 7.0. The soluble receptor was further purified by size on a Superdex
75 column. The purity and size of the eluted protein(s) was determined by SDS-PAGE
as described previously (119).
ELISA 1o identify soluble huFc Ril
Identification of the purified receptor was confirmed by an ELISA in which
wells were coated with 5 ug/ml of the purified receptor and blocked with 1% BSA.
Between washings, 2 ug/ml of mAb IV.3 Fab was added followed by 10 ug/ml of
biotinylated goat anti-mouse IgG F(ab'),. After extensive washing, the reaction was

developed with avidin-peroxidase as described previously (51).
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III. Regulation of Phagocytosis and [Ca*]; Flux by Distinct Regions of an Fc
Receptor
Introduction

Fc receptors for IgG (Fc,R) provide a key link between humoral and
cell-mediated immune responses. Activation of FcRs, which are univalent, requires
cross-linking of multiple receptors by multivalent immune complexes. The responses
of neutrophils and macrophages to the binding of immune complexes include
phagocytosis, the production of oxidative metabolites, antibody-dependent cell-mediated
cytotoxicity (ADCC), and the production and release of inflammatory mediators.
Human Fc, Rs belong to a multi-gene family divided into three subclasses based on
differences in structure and avidity for IgG: hchwPJ, hch.YRII, and huFc, RIIL
Within a huFc R subclass, receptors have nearly identical extracellular domains but
differ in their intracellular domains. These differences may account for variations in
cell activation among huFc, Rs (2) and suggest that the intracellular domains play a role
in signal transduction. An individual receptor form can trigger multiple cellular
responses, and those responses utilize different signal transduction pathways. For
example, the oxidative burst mediated by huFc RII on macrophages requires a rapid
increase in {Caz"']i (103); however, blocking this increase does not inhibit
huFc, RIl-mediated phagocytosis (101). At some point a bifurcation of the signal
pathway must occur. How these dual signal pathways are activated by huFc,_ RII is not
clear since Fc receptors have no enzyme activity, nor do they resemble structurally G

protein-coupled receptors.
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To identify intracellular regions required for signaling, I transfected cDNAs
encoding a human Fc receptor, huFc RIIA (36), and a series of truncated hch.yRIIA
into P388D, cells, a mouse macrophage-like cell line, and into CHO cells, a hamster
fibroblast cell line. Studies of mRNA levels (36) have shown that huFc, RIIA is the
predominant Fc, RII on ncutrophils, macrophages, and platelets. The cytoplasmic
domain of huFc RIIA has some homology to muFc RII;, which is expressed on
P388D, cells. CHO cells do not express any native Fc R and thus provide a control
for the cell specificity of huFc RIIA-mediated functions in P388D, cells.

Results

In the cytoplasmic domains of huFc RIIA and muFc, RIl,, two negatively
charged regions and intervening tyrosine and leucine residues are conserved (Fig. 5).
Nonsense mutations in the 3’ end of a huFc RIIA ¢cDNA clone were introduced by
c¢cDNA amplification using polymerase chain reaction (PCR) antisense primers
containing the desired nucleotide alteration (114). Three mutants that encode proteins
with truncated COOH termini were prepared (Fig. 5). The most extensive truncation
of huFc RIIA, A207, had all but two putative cy-noplasmic amino acid residues
climinated. The second, A233, and third, A264, truncations retained, respectively, 28
and 59 residues of the 76 amino acid cytoplasmic domain. A233 terminates before the
first charged amino acid stretch, and A264 terminates after the second.

The wild-type and truncated cDNAs were subcloned into the pcEXV-3
mammalian expression vector (118) and then transfected into CHO and P388D, cells

by the calcium-phosphate coprecipitation method (116). To transfect P388D, cells,
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HUFcRIIA ...RKKRISANATDPVKAAQFEPPGROQMIAIRKRQLEETNN 243

: [
MuFCRII, . . .KKKQVPDNPPDLEEAAK 224

*
HuFCcRIIA DYETADGGYMTLNPRAPTDDDKNIYLTLPPNDHVNSNN 281

t | LI
MuFcRII, TEAENTITYSLLKHPEALDEETEHDYQNHI 254

Fig. 5. Alignment of Fc_R sequences. Identical residues are joined by solid lines, and
homologous residues by dashed lines. Asterisks (*) are placed over the new terminal
amino acids of the truncated huFc RIIA.
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chloroquine was added to the transfection media. P388D, transfectants expressing
wild-type huFc, RIIA (P-FcRIJA) were identified by their ability to bind mAb 1V.3
Fab, an anti-hch.'RII mouse mAb, in comparison to mock transfected P388D, cells
(P-NEG) (Fig. 6A&B). Likewise, CHO transfectants expressing wild-type huFc RIIA
(C-FcRIIA) were compared to mock transfected CHO cells (C-NEG) (Fig. 6C&D).
There was no significant binding to huFc, RITA-expressing cells by an isotype control
mAb. Mutant huFc_ RIIA-expressing transfectants were similarly identified.

The P388D; cell line expresses approximately 3x10° muFc, RII and muFc, RIII
per cell (120). Scatchard analyses of direct binding assays using '2*I-labeled mAb IV.3
were done for one CHO transfectant and for one P388D, transfectant (Fig. 7). The
level of huFc RIIA expression on the other P388D; and CHO transfectants was
determined by comparative fluorescence according to cell type. For transfectants
utilized in subsequent experiments, expression levels varied between 3. 1x10°- 6.0x10°
receptors per cell for CHO transfectants and between 6.8x10%- 9.0x10° for P388D,
transfectants.

Internalization of antibody-Fc, R (Ab-Fc,R) complexes was assayed by coating
cell suspensions with mAb 1V.3 Fab at 4°C and then cross-linking the Fab with goat
F(ab'), antibody to mouse IgG. Afier incubation at 37°C to allow the cells to
intemalize receptor-bound complexes, the cells were returned to 4°C and assayed by
flow cytometry for complexes remaining on the cell surface (Fig. 8). Typically, for
P-FcRIIA cells, > 70% of the huFc, RII-specific complexes were rapidly internalized,

with a plateau after 10 min. Similar results were obtained when the native muFc,. Rs
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Fig. 6. (A-D) Transfectant screening. Negative control and huFc RIIA transfected
P388D, (A&B) and CHO (C&D) clones were incubated at 4°C with mAb 1v.3,
followed by FITC-goat anti-mouse IgG F(ab'),. Afier extensive washing cell
fluorescence was measured by a Coulter Epics Cell Sorter with a 3 decade log
fluorescence scale. (E-H) Receptor internalization. P-FcRIIA cells were labeled with
mAb IV.3 Fab followed by either phycoerythrin (PE)-conjugated (E&F) or fluorescein
isothiocyanate (FITC)-conjugated (G&H) goat anti-mouse IgG F(ab’),. The cells were
then incubated either at 4°C or 37°C for 15 min prior to washing and fluorescence
analysis.
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expressing P388D, clone (A: PW16) and a CHO clone (B: C-FcRIIA) was calculated
following a direct binding assay utilizing various non-saturating concentrations of !25]-
mAb IV.3 and 2.5x10% cellyml,
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linked receptor type was stained at 4°C. All experiments were repeated on at least
three separate days. A representative experiment is shown.
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were labeled with mAb 2.4G2 (120), a rat antibody specific for muF¢ RII and
muFc, RIII, and cross-linked with a goat F(ab’), antibody to rat IgG. Internalization
of either human or mouse Fc_Rs did not affect the other. In contrast to the P-FcRIIA
cells, C-FcRIIA cells internalized huFc, RIIA-specific complexes only at a slow steady
rate; < 30% of the complexes were internalized after 30 min. The initial rate of
internalization in P-Fc,RIIA cells was 18 times that of C-F¢, RIIA cells.

Loss of huFc RIIA from the surface was due to internalization and not
shedding, because total cell bound counts remained constant before (1968 +267) and
after (19294335) a 15 min incubation of P-FcRIIA cells at 37°C with '2%I-labeled
complexes. Likewise, P-FcRIIA cells incubated at 4°C or 37°C for 15 min with
phycoerythrin (PE)-conjugated complexes had no significant difference in fluorescence
(Fig. 6E&F). Phycoerythrin fluorescence is unaffected by cellular internalization (121).
Cell fluorescence was reduced 50% when P-FcRIIA cells were incubated at 37°C with
complexes labeled with fluorescein (Fig. 6H&G), which is quenched in acidic cellular
compariments (121,122). Internalization of the Ab-huFc, RIIA complexes was inhibited
> 80% at 23°C compared to 37°C in P-FcRIIA cells, but internalization in C-FcRIIA
cells was not markedly changed (Table 2). Thus, in regard to delivery to intracellular,
low pH phagosomes and temperature sensitivity, the internalization of Ab-Fc R
complexes by P-FcRIIA cells mirrors macrophage phagocytosis of opsonized particles
{123). The internalization in C-FcRIIA cells may be due to activation of a slow,
temperature insensitive endocytic process common to all cells (123). In addition,

macrophage phagocytosis specifically mediated by huFc, RII probably requires protein
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Table 2. Regulation of internalization by huFc RIIA. The ability of hchYRllA
transfectants to internalize Ab-huFc_RIIA complexes during a 15 min incubation at
23°C versus 37°C was determined. Ti;c effects of calphostin C, genistein, and BAPTA-
AM on a 15 min internalization at 37°C were also determined. The percentage of
transfected cells that internalized at least one E-IV.3 Fab during a 20 min incubation
at 37°C is compared to BAPTA-AM treated P-FcRIIA cells. Inhibitors were incubated
with the cells for 30 min at 37°C and also included throughout the internalization
procedure. Data are the mean internalization percentages (+SEM) of at least three
independent experiments.

Transfected Cell Line

Internalization Conditions P-FcRIIA P-A264 C-FcRIIA

Internalization (%)

Ab-huFc _RIIA Complexes

Control 37°C T2+7 6619 20415

23°C 11+1 943 14+1

Calphostin C 29+ 18 39+14 -

Genistein 3218 18414 -

BAPTA-AM 6814 - -
E-1V.3 Fab

Control 30+2 111 0

BAPTA-AM 5+4 . -
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kinase C (PKC) (124,125) and tyrosine kinase(s) activation (126). Treatment of P-
FcRIIA cells for at least 20 min with a PKC inhibitor (calphostin C) or a tyrosine
kinase inhibitor (genistein) blocked internalization of Ab-huFc RIIA complexes (Table
2). At the inhibitor concentration used, cell viability (trypan blue exclusion) was >
85%, and huFc, RIIA expression in control P-FcRIIA cells was unaffected by either
inhibitor.

We examined huFc, RIIA-mediated internalization of opsonized particles by
incubating the transfectants with mAb IV.3 Fab coated erythrocytes (E-1V.3 Fab) for
20 min at 37°C. Although P-FcRIIA and C-FcRIIA (wild type) cells were both able
to rosette E-IV.3 Fab, only P-FcRIIA cells were able to internalize the opsonized
erythrocytes (Table 2). The average percentage of P-FcRIIA cells that internalized at
least one E-IV.3 Fab was 30+2. Neither cell type bound or internalized uncoated
erythrocytes, nor did mock transfected P388D, cells bind or internalize E-1V.3 Fab
(Fig 9). In both phagocytic assays, huFc, RIIA-mediated internalization was dependent
on factors expressed in the macrophage cell line, P388D, but not found in the
fibroblast cell line, CHO.

In order to determine which regions of huFc RIIA are required for
phagocytosis, transfected cells expressing truncated huFc, RIIA proteins were analyzed
for both the intemalization of Ab-huFc, RIIA complexes and of E-IV.3 Fab. The levei
of E-1V.3 Fab internalization was normalized relative to the internalization of positive
control erythrocytes coated with rabbit 1gG (EA) by each P388D, transfectant (o

compensate for possible differences due to the varying number of huFc, RIIA per cell
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among the transfectants. The Fc domain of rabbit IgG will bind to huFc RII and
muFc, R (2). P388D cells transfected with the two shorter truncated receptors (P-A207
and P-A233) internalized < 20% of the Ab-huFc, RIIA complexes and no E-1V.3 Fab
(Fig. 9). P-A264 cells internalized Ab-huFc, RIIA complexes as efficiently as cells
expressing the wild-type receptor, P-FCRIIA. As in P-FcRIIA cells, internalization of
Ab-huFc RITA complexes in P-A264 cells was highly temperature sensitive and
blocked by PKC and tyrosine kinase inhibitors (Table 2). In contrast, E-IV.3 Fab were
not internalized by P-A264 cells. Since all P388D, transfectants internalized
muFc, R-specific antibody complexes and EA (Fig. 9), the phagocytic apparatus per
se in each P388D, transfectant is functional. None of the CHO transfectants could
efficiently internalize the Ab-huFc, RIIA complexes or opsonized erythrocytes, though
they could avidly bind these particles. Thus, the phagocytosis of small antibody
complexes, although similar to the phagocytosis of opsonized erythrocytes in its
macrophage specificity, did not require the 17 terminal amino acids of huFc RIIA.
The oxidative burst initiated by huFc RII cross-linking on macrophages
reportedly requires a rapid increase in [Caz"']i released from intracellular stores (103).
To detect changes in [Ca“]i in huFc, RIIA transfected cells, we loaded the cells with
indo-1-AM (a calcium fluorophore) (127). HuFc RIIA sites were saturated with mAb
IV.3 Fab, and cross-linked with goat F(ab’), antibody to mouse IgG at 37°C (128)
(Fig. 10). The P-FcRIIA transfectant had an immediate flux in [Ca?*];,, which
increased by 3204 82 nM (mean 1+ SEM) before returning to a baseline level of 102120

nM. Neither mAb IV.3 Fab nor goat anti-mouse IgG F(ab'), alone could trigger this
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Fig. 10. (A) Intracellular calcium increase stimulated by cross-linking huFc, RIIA.
Changes in intracellular calcium concentration following antibody cross-linking of
huFc RIIA were measured in suspensions of transfected cells that were preloaded with
indo-1-AM. In control experiments only goat F(ab’), antibody to mouse IgG (GAM)
or IV.3 Fab were added. (B) Effect of extracellular (EDTA) and intracellular (BAPTA-
AM) free Ca2* chelators.
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Fig. 10. (C) Cell type and receptor specificity. The huFe, RIIA-mediated [Ca?*); flux
in C-FcRIIA and P-A264 cells is compared to that of P-FcRIIA cells labeled with a
subsaturating concentration of mAb IV.3 Fab before cross-linking with GAM. (D)
Effect of protein kinase C (calphostin C) and tyrosine kinase (genistein) inhibitors. All
experiments were repeated at least three times on different days. Representative
tracings are shown.
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increase in [Ca®*).. Addition of excess EDTA to chelate Ca?* in the buffer only
partially reduced this response. In contrast, [Ca2*); did not increase in CHO cells
transfected with huFc RIIA, which had a bascline [Ca?*]; of 157+57 nM. When the
amount of mAb IV.3 Fab bound to P-FcRIIA was reduced to the amount bound to
C-FcRIIA, [Ca”]-l still increased afier cross-linking. Thus, this hch,vRIIA—mediated
increase in [Ca“]i comes at least partially from internal stores and requires factors
found in macrophages. No cells expressing truncated huFc, RIIA proteins had any
[Ca®*]; increase. Buffering by BAPTA-AM (129) of intracellular free Ca’* in
P-FcRIIA cells blocked any calcium increase (Fig. 10) and the internalization of
labeled erythrocytes, but did not affect the rapid internalization of Ab-huFc RIIA
complexes (Table 2). Possibly, both the huFc,RIIA-mediated oxidative burst and
internalization of large opsonized particles depend on an [Caz"‘]i flux, which was
abrogated by deleting the 17 carboxyl-terminal amino acids of huFc, RIIA.
Discussion

Previous studies have analyzed internalization of cross-linked mouse Fc,Rs in
transfected CHO cells (95,96). Cross-linked muFc, RII, transfected into CHO cells was
internalized more efficiently than was the muFc, RIl; splice variant, which has a 47
amino acid insertion in the cytoplasmic domain (95). These investigators suggest that
muFc_RII,, which is expressed in B cells normally (50), does not internalize efficiently
since it does not localize to coated pits (95). However, both muFc RII; and muFc, RII,
expressed in CHO cells directed IgG-opsonized Taxoplasma gondii to lysosomes with

equal efficiency (96). Since neither of these studies compared their results in CHO
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cells to a similarly transfected phagocyte cell line, it is debatable whether these results
reflect endocytic or phagocytic processes.

The functional comparisons between P388D, and CHO cells transfected with
wild type huFc RIIA indicate that the huFc, RIIA-mediated phagocytic response and
[Ca”]i flux require macrophage signaling machinery that is not present in fibroblasts.
A flux in [Ca’*]; by P388D, cells expressing wild type huFc, RIIA, P-FcRIIA, was
required for internalization of E-IV.3 Fab but not of small Ab-huFc¢ RIIA complexes.
Thus, P-A264 cells expressing a truncated hch.,RlIA, which could not mediate an
[Ca“]i flux, could still internalize small Ab-huFc, RIIA complexes, though they could
not internalize E-IV.3 Fab. Greater truncation of huFc, RIIA abolished all phagocytic
function. This differentiation between huFc RIl-mediated internalization of small
complexes and large particles may explain some of the conflicting reports concerning
the requirement of an [Ca?*]; flux for huFc, RII-mediated phagocytosis in macrophages
(101,130). Apparently, the cytoplasmic tail of huFc, RIIA contains distinct functional
regions for initiating the internalization of small complexes versus an [Ca:”]i flux and
the internalization of large particles. This suggests that multiple signaling molecules
interact with the cytoplasmic domain. Bifurcation of the signal pathways utilized by
huFc RIIA to activate multiple effectors begins at the level of the receptor.

Materials and Methods
PCR amplification and subcioning of hchTRIM
A hch.(RIIA ¢DNA clone was generously donated by J. Kochan (Hoffman

La-Roche). The truncated huFc, RIIA ¢cDNAs were constructed by oligonucleotide
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primer-directed in vitro mutagenesis (114) using the polymerase chain reaction as
described in Section II. All cDNAs were fully sequenced by the Brookdale Molecular
Biology Center, Mount Sinai Medical Center, prior to subcloning (117) into the EcoR
I site of pcEXV-3 (118) and contained only the expected mutation. pcEXV-3 is a
mammalian gene expression vector with an SV-40 early gene promoter and
polyadenylation signal.
Expression of huFc, RIIA cDNAs

Negative control P388D, (P-NEG) and DHFR™ CHO cells (115) (C-NEG) were
transfected with 1 ug/ml of a neomycin resistance gene containing vector, LKK444
(131), or a DHFR minigene, pMGI1 (115), respectively, by the calcium phosphate
co-precipitation method (116). Identical transfections of huFc, RIIA-expressing P388D,
and DHFR™ CHO cells were performed except for the addition of 18 ug/ml of full
length or truncated huFc RIIA cDNA subcloned into pcEXV-3. Transfection of
P388D, cells required the addition of chloroquine (25-100 uM) to the transfection
media. Transfected P388D, cells were grown in DME (Hazelton, Lenexa, KS)
supplemented with 5% FCS (Intergen, Purchase, NJ) and 200 mg/L G418 (Sigma
Chemical Co., St. Louis, MQ). Transfected CHO cells were grown in
hypoxanthine-deficient DME supplemented with 10% dialyzed FCS, 16 uM thymidine,
and 300 xM proline. Suspensions of transfected cells (2.5x10°/ml) were incubated at
4°C with 1 ug/ml mAb IV.3 (Mederex, Inc., Hanover, NH) for 1 h, washed by
centrifugation, and then labeled with 20 ug/ml FITC-conjugated goat anti-mouse 1gG

F(ab'), at 4°C for 1 h. After washing, 2,000 cells per sample were analyzed on a
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Coulter Epics Cell Sorter. Scatchard analyses of direct binding assays utilizing
1251.mAb 1V.3 (10° cpm/ug) (132) were done as previously described (120).

Measurement of Ab-FcR complex internalization

a) Internalization versus shedding

P-FcRITIA cells were labeled with mAb IV.3 Fab followed by either

phycoerythrin (PE)-conjugated or FITC-conjugated goat anti-mouse IgG F(ab'), (Tago,
Inc., Burlingame, CA) as described above. Cells were then incubated either at 4°C or
37°C for 15 min, and washed at 4°C before fluorescence analysis. Unless otherwise
noted, all antibodies were purchased from Organon Teknika-Cappel, Inc. (West
Chester, PA).

b) Time course

After incubation with 1 ug/ml of mAb IV.3 Fab at 4°C for 30 min, suspensions

of the P-FcRIIA or C-FcRIIA cells (2.5x105/ml) were incubated with 20 xg/ml of goat
anti-mouse IgG F(ab'), at 4°C for 20 min. To cross-link native muFc, R on P-FcRIIA
cells, mAb 2.4G2 (120) and goat anti-rat IgG F(ab’), were substituted, respectively.
The cells were then shifted to 37°C for the indicated time periods and washed at 4°C
prior to labeling with 30 ug/m! of FITC-conjugated rabbit anti-goat IgG F(ab'), at 4°C
for 30 min. To measure receptor interaction, after cross-linking either the native mouse
Fe, R or huFc, RIIA and incubating the cells at 37°C, the uncross-linked receptor type
was stained at 4°C. In all cases, background cell fluorescence was determined by
omitting mAb IV.3 or mAb 2.4G2. Shifts in log fluorescence values as compared to

background cell fluorescence were converted to linear fold increases in fluorescence.
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The fluorescence of cells maintained at 4°C throughout was used as the control for 0%
internalization. Background cell fluorescence levels represented 100% internalization.
To calculate the percentage of antibody complexes internalized by labeled cells
incubated at 37°C, the following equation was used: 1 - [(fold increase in fluorescence
of 37°C cells - 1) + (fold increase in fluorescence of 4°C cells - 1)]). Cells were
maintained in 10 mM Hepes-buffered Hank'’s Balanced Salt Solution without Ca?* or
Mg?Zt, pH 7.5, supplemented with 0.1% dextrose and 2 mM EDTA for this
procedure.

¢) Internalization of truncated hchYRIlA

The ability of each huFc, RIIA transfectant to internalize huFc, RII-specific or

muFc, R-specific antibody complexes during a 15 min incubation at 37°C was
calculated as described above.

d) Regulation of internalization

The ability of various transfectants to intermalize antibody complexes during a

15 min incubation at 23°C versus 37°C was determined. Inhibitors were pre-incubated
with the cells for 30 min at 37°C and included throughout the internalization
procedure. Genistein (10 ug/ml) was purchased from UBI, Inc. (Lake Placid, NY), and
Bapta-AM (100 xM) was provided by Molecular Probes, Inc. (Eugene, OR).
Calphostin C (1.2 uM) was acquired from Kamiya Biomedical Co. (Thousand Oaks,
CA).

Phagocytosis of E-1V.3

Ox erythrocytes (E) (Cornell Veterinary School) were biotinylated using sulfo-
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NHS-biotin (Pierce, Co., Rockford, IL) and then incubated with streptavidin (Pierce,
Co.). Opsonized E were formed by incubation of these conjugated erythrocytes with
biotinylated mAb IV.3 Fab (Medarex, Inc.) or polyclonal rabbit IgG (J.C. Edberg and
R.P. Kimberly, unpublished data). Opsonized E (5.1x10'/ml) and huFc, RIIA-
transfected cells (2.2x10%/ml) were mixed at 4°C, pelleted, and then incubated for 20
min at 37°C to stimulate internalization. Non-internalized E were lysed by a brief
incubation in hypotonic media. The percentage of cells that internalized at least one E
was determined microscopically.
Measurement of [Ca® Ji
Suspensions of transfected cells (107/ ml) were incubated with 5 ug/ml
indo-1-AM (Molecular Probes, Inc.) for 15 min at 37°C. After the cells were washed
and resuspended in a Ca?* and Mg2* free physiologic saline buffer, they were
incubated with 1 ug/ml mAb IV.3 Fab (a saturating concentration) at 37°C for § min.
The cells were next washed and resuspended in a 1.1 mM CaZ*, 1.6 mM Mg?*
physiologic saline buffer for 5 min at 37°C. The stirred cell suspension was then
transferred to a fluorimeter to determine a resting fluorescence emission ratio (405 nm/
490 nm) during excitation at 355 nm. After 60 s, a final concentration of 35 ug/ml of
goat anti-mouse IgG F(ab'), (Tago Inc.) was added to initiate cross-linking. P-FcRIIA
cells were also pre-treated with inhibitors (as described above) prior to analysis of
[Ca?*};. Since indo-1 fluorescence is measured at both 405 nm and 490 nm and the
ratio calculated, the indo-1 signal is independent of both intracellular indo-i

concentration and cell number (127). The maximal emission ratio was determined by
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lysing cells in 1% triton-X-100, and the minimal ratio by adding EDTA (40 mM).
Indo-1 fluorescence emission ratios were converted to [Ca?*]; using the ratio method

of Crynkiewicz et al. (127).
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Fig. A. ELISA for anti-huFc, RIIA autoantibodics. Individual wells were coated with
purified, soluble hch.,RIIA, and the anﬁ-Fc.’R[lA reactivity of sera from autoimmune
patients and control individuals was determined in a colorimetric assay as described in
Marerials and Methods of Section 11.
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1) Primers for FcRA169:

TPOO7 TACGACTCACTATAGGGAG

MA169 TGGGCACTTAGACAGTGAT

2) Primers for FcRA207:

TPOO07 TACGACTCACTATAGGGAG

MA207 GAAATCCGCTATTTCCTGC

3) Primers for FcRA231:

TPOO7 TACGACTCACTATAGGGAG

MA233 GTTGTCTCTTTCAGATGGC

4) Primers for PcRA264:

TPOO7 TACGACTCACTATAGGGAG

MAZ264 GTAGATGTITTTAATCATCGTC

Fig. B. Oligonucleotide primer sequences used to construct truncated huFc. RI1IA
¢DNAs. The TPOQ7 primer (the sense primer in all cases) corresponds to the PGEM-
4 sequence which was immediately 5’ of the huFc, RIIA insert. The mutant antisense
(MA#) primers are numbered for the huFc, RITA codon (see Fig. 1) at which the new
protein will terminate. The mutant nucleotide base in each antisense primer is shown
in bold type.
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