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Abstract

Signal Transduction and Structure Function Studies of
Human FcgammaRITA

by

Ching-Tai Lin

Advisor: Jay Unkeless, Ph.D.

Receptors for the Fc domain of IgG (FcyR) on leukocytes mediate a
pleiotropic response following crosslinking by immune complexes. Signaling events
mediated by crosslinking of human FcyRIIA and FcyRIIA mutants were analyzed in
transfected P388D, mouse macrophage cell lines. Activation of wild type FcyRIIA in
transfected P388D, cells led to rapid and transitory tyrosine-phosphorylation of
several proteins, including the tyrosine kinase p72%*. We analyzed mutants in both
Y-X-X-L motifs of the FcyRIIA cytoplasmic domain. Deletion of the COOH-terminal
motif, mutation of Tyr*® to Phe, Leu, or Ser, and mutation of Leu®" to Ala resulted
in FcyR’s that did not activate p72%*, flux [Ca®*];, or phagocytose IgG sensitized
erythrocytes, but which were competent to internalize immune complexes and to
phosphorylate on tyrosine a subset of the normal substrates. Mutation of the
NH,-terminal motif was more complicated. Mutation of Tyr*? to Ser or Leu did not

alter the phenotype. However, mutation of Tyr®? to Phe, or Leu®’ to Glu resulted in



a severely impaired phenotype, unable to flux [Ca®*];, lacking most (but not all)
tyrosine kinase activity, and capable of internalizing complexes only after extensive
crosslinking. In contrast, deletion of both motifs resulted in a completely inactive
receptor, unable to activate tyrosine kinases, to flux [Ca’*];, or to internalize
complexes.

Crosslinking FcyRIIA led to the transient generation of inositol trisphosphate,
[Ca?*]; flux, and rapid tyrosine phosphorylation of cellular substrates, including Shc,
PLC-v1, and a tyrosine kinase p72%*. In contrast, no tyrosine phosphorylation of Shc
or PLC-y1 was detected in cells transfected with mutant receptors that failed to -
trigger [Ca?*]; flux. PMA inhibits both tyrosine phosphorylation of Shc and IP3
production leading to [Ca®*]; flux. However, PMA does not affect tyrosine
phosphorylation of PLC-y1 and p72¥%. These results suggest that tyrosine
phosphorylation of Shc and PLC-y1 is important for the initiation of [Ca**]; flux, and

that activation of protein kinase C (PKC) may modulate the activity of PLC-y1.
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I. Background and Significance
Overview of receptors for IgG

Fc receptors for IgG (FcyRs) bind IgG, IgE, and IgA via the Fc domain, and
form a subfamily within the immunoglobulin gene superfamily. These receptors and
soluble Ig binding factors play important roles in immunity, which can be grouped
into three areas: cellular immune defense and lymphocyte regulation, immunoglobulin
transcytosis, and autoimmune pathology. The crosslinking of FcyRs on phagocytic
cells activates a variety of immune responses, including phagocytosis,
antibody-dependent cell-mediated cytotoxicity (ADCC), and the release of reactive
oxygen intermediates, lysosomal hydrolases, arachidonate metabolites, and other
mediators of inflammation. In addition, the binding of immune complexes to NK cells
and macrophages can also alter their state of activation, inducing the transcription and
synthesis of lymphokines such as TNF-o and GM-CSF, and receptors for cytokines
such as IL-2. The role of the FcyRs present on B cells and a small subset of T cells is
not clearly understood, but they may function to blunt the immune response. Soluble
immunoglobulin binding factors (IBFs) (1), and coaggregation of the B cell antigen
receptor with FcyRs inhibit B cell differentiation (2). The FcyR on placental
syncytiotrophoblasts (3) may be involved in transcytosis of immunoglobulin. The
presence of high titers of anti-FcyR Ig (4,5) have been reported in both human and
murine autoimmune disease. Probably the ligation of FcR by immune complexes plays
a major role in inflammation in rheumatoid arthritis and systemic lupus erythematosus

by activating production of inflammatory cytokines.



FcyRs differ from growth factor receptors in that crosslinking or
immobilization of the membrane receptors by polyvalent immune complexes, rather
than binding of ligand per se is the triggering event. Reagents (such as anti-FcR
antibodies) that crosslink the receptor by binding to epitopes other than those involved
in the immunoglobulin Fc binding site are effective triggers [see (6-8) for reviews].
There may, however, exist preferred orientations of receptors engaged in signaling
since some mAbs directed against Fc RI are not capable of initiating signaling when
used to crosslink the receptor (6).

All FcRs except CD23 (Fc RII) are members of the Ig supergene family(9).
With the exception of huFcyRIIIB, which is anchored in the neutrophil plasma
membrane by a glycan phosphatidyl inositol (GPI) moiety (10), all FcyRs are class I
membrane glycoproteins. Low avidity forms of membrane bound FcyRs contain two
extracellular Ig-like regions, whereas high avidity forms contain three Ig-like regions.
Assigning functions to individual FcyRs has been a challenging task since within a
subclass receptors share immunologically indistinguishable extracellular domains and
their cellular distributions overlap considerably. Elucidation of the receptor-mediated
signaling pathways has been an exciting area with the recent realization that varied
immune recognition receptors share a common motif (11,12). This motif has been
shown in the T cell receptor (TCR) system to be necessary and sufficient for signal
transduction (13).

Heterogeneity and genetic polymorphisms of FcyRs

HuFcyRI (CD64)



Monocytes and macrophages have high affinity (10%-10° M™) binding sites for
human IgG1 and IgG3 and for murine IgG2a and IgG3. The purified receptor has a
M,, determined by SDS-PAGE, of 72,000 (7) (Table 1), which decreases after
removal of N-linked carbohydrate to 40,000-50,000. Very recent work has identified
three highly homologous genes FcyRI genes (A, B, and C) which encode four
huFcyRI transcripts, al, bl, b2, and cl (14). The FcyRIA gene product, which was
originally cloned using a eukaryotic expression shuttle vector (15), encodes a
transmembrane protein containing six potential N-linked glycosylation sites and six
cysteine residues, which are presumably disulfide linked to form three C2-set Ig-like
domains. In contrast, huFcyRII and huFcyRIII encode only two Ig-like domains. The
FcyRIB gene gives rise to two transcripts, one encoding a transmembrane protein
identical to that of the FcyRIal transcript, but lacking the third membrane-proximal
extracellular domain that is believed to endow high affinity binding of IgG (16).
Another transcript of the FcyRIB gene, as well as the FcyRlIc] transcript encode
secreted forms of the receptor that lack any transmembrane and cytoplasmic domains
(14). The transmembrane domain of the FcyRIal product, which appears to be the
receptor previously identified with various antibodies (14), is 21 residues long and the
cytoplasmic domain is short and highly charged (15,17). Homology also exists
between the first two N-terminal external Ig-like regions of each FcyRI and the
analogous domains of mouse and human FcyRII and huFcyRIII (15). FcyR probably
have redundant functions since several members of a Belgian family have a complete

absence of huFcyRI expression on their peripheral blood monocytes (18), and are



apparently healthy.
HuFcyRII (CD32)

A second subclass of human FcyR, huFcyRII (CD32), was initially identified
by affinity chromatography of U937 lysates on IgG-Sepharose. The anti-huFcyRII
mAb IV.3 immunoprecipitates an antigen of about 40 kDa. HuFcyRII is found on
monocytes, neutrophils, platelets, B cells, eosinophils, basophils and trophoblasts.
The receptor binds aggregated IgG with low avidity (Ka= 1-3 x 10° M'). Monomeric
IgG binding cannot be demonstrated unless media of low ionic strength is used. The
affinity with which huFcyRII binds human IgG subclasses is IgG, = 1gG;> > IgG,=
IgG, (7) (Table 2).

The observation that mAb IV.3 did not react with Daudi cells, although a 40
kDa huFcyR could be immunoprecipitated with a polyclonal anti-huFcyRII serum
(19), suggested the possibility of isotypic variation. MAb IV.3 reacts with the 40 kDa
receptor on neutrophils, macrophages, and platelets and mAbs 41H.16, KuFc79, and
KB61 recognize another 40 kDa molecule on B cells, neutrophils, and macrophages
(20). Initial cDNA clones of huFcyRII appeared to be nearly identical products of a
single gene with no differential splicing (21). Subsequently, additional cDNA clones
were isolated showing that at least three genes encode huFcyRII proteins (22). The
nomenclature is summarized in Table 1.

FcyRIIB sequences differ from FcyRIIA in the signal sequence and in part of
the cytoplasmic domain while FcyRIIB differs from FcyRIIC in the cytoplasmic

domain. The FcyRIIA gene gives rise to two transcripts differing only in the



polyadenylation site, and FcyRIIC encodes only a single transcript. FcyRIIA and
FcyRIIC are distinguished by their signal sequences: that of FcyRIIA is homologous
to the murine FcyRIII signal sequence, while the signal sequence of FcyRIIC is
homologous to that of murine FcyRII. Otherwise, FcyRIIA and FcyRIIC are nearly
identical. The cytoplasmic domain of FcyRIIB, which differs from FcyRIIA and
FcyRIIC, is most homologous to that of muFcyRII. Indeed, both the human and
murine FcyRII genes undergo differential splicing in their cytoplasmic domains
(22,23).

Monoclonal Abs are not available that discriminate rigorously between the
three major isoforms of huFcyRII, owing to the great homology of their extracellular
domains. In addition to the isotypic variation, there are also FcyRIIA allotypes HR
(high responder) and LR (low responder) that differ in their ability to bind murine
IgG1. The HR allotype that binds murine IgG1 has Arg,,;; substituted for His 3
(24,25), resulting in a slightly different isoelectric focusing pattern (26). However,
FcyRITA™® allotype interacts efficiently with human IgG2 whereas the FcyRIIAMR
form binds IgG2 very poorly, suggesting that FcyRIIA may somehow regulate hIgG
subclass production/turnover (27).

HuFcyRIII (CD16)

HuFcyRIII (CD16), binds IgG1 and IgG3 with an intermediate affinity (K, of ~4

x 10 M) and is expressed on macrophages, NK cells, neutrophils, eosinophils, and
some T cells. HuFcyRIII on SDS-PAGE runs as a broad smear of 50,000-70,000 M,,

probably due to glycosylation heterogeneity. Immunoprecipitation studies of NK and



neutrophil cell lysates using a huFcyRIII-specific mAb followed by deglycosylation
and SDS-PAGE revealed core proteins of different M, in the two cell types (7).
Subsequent cDNA cloning experiments demonstrated that the NK cell transcribes an
mRNA distinct from that of neutrophils (28,29). There are two FcyRIII genes,
huFcyRIIIA, expressed in NK cells and macrophages and huFcyRIIIB, expressed in
neutrophils.

Initial attempts to express huFcyRIIIA in fibroblast lines were unsuccessful.
FcyRIIIA has an unusual eight amino acid stretch which includes a charged aspartyl
residue in the transmembrane domain, which is identical to that of the ligand-binding
« subunit of the rat Fc _RI. Fc RI is a multisubunit structure composed of «, 8, and
vy-homodimer polypeptides (a87,). The + chain is required for membrane expression
of the rodent and human Fc RI complex; the § subunit is also required in the human
receptor (6,30). NK cells which only express FcyRIIIA, contain 4 and { transcripts.
Cotransfection of FcyRIIIA and v cDNAs resulted in 50-100 fold increase in surface
expression of FcyRIIIA in COS-7 cells and physical association of FcyRIII with y was
demonstrated in a murine macrophage line (31). In NK cells, huFcyRIIIA associates
predominantly with +,, but also with {,, {~y, and y-y dimers (32). These three
subunits, v, 7, and ¢{, are members of the newly defined zeta gene family.

HuFcyRIIIB is anchored to the neutrophil cell membrane via a GPI linkage and
can be released from the cell membrane by phosphoinositol-specific phospholipase C
(33). There is no homologous GPI-anchored FcyR in the mouse. A variable

proportion of GPI-anchored proteins are PIPLC-resistant, due to palmitoylation of the



inositol ring (34), but these molecules remain sensitive to cleavage by an anchor-
specific phospholipase D. Neutrophils from patients with paroxysmal nocturnal
hemoglobinuria (PNH), a clonal hematopoietic stem cell disorder in which the
hematopoietic cells fail to synthesize GPI-anchored proteins, are largely deficient in
FcyRIIIB (33). There is, however, some evidence that not all GPI-anchored proteins
in PNH are reduced parallel is not equal (35), since FcyRIIIB expression is
maintained at low levels in the total absence of the GPI-anchored protein DAF
(CDS5) and CD59 (35).

Two allotypes (NA1 and NA2) exist for huFcyRIIIB. These allotypic
differences can cause autoimmune neutropenia in infants (36). Two receptor forms
(M, 19,000 and 21,000) on neutrophils were distinguished after deglycosylation
followed by SDS-PAGE (37). The pattern of expression of the 19 kDa and 21 kDa
receptor types correlated with the pattern of NA1 and NA2 allotypic marker
expression. Discrimination between these allotypes (NA1 and NA2) was possible
using mAbs CLB GRAN11 and GRM1, respectively. FcyRIIIA, which is not
polymorphic, always types as NA2.

MuFcyRI

One of the earliest studies demonstrating the presence of an Fc receptor was
the binding by mouse macrophages of erythrocytes sensitized with murine IgG but not
with IgM (38). Later studies demonstrated that murine macrophages in fact possess
more than one type of FcyR, one of which binds murine IgG2a with high affinity, and

others with lower affinity for IgG1, IgG2a, and IgG2b (39-42). A study utilizing



monomeric 1gG2a to determine the kinetic parameters of the muFcyRI found that the
Ka varied from 2.2x107 at 37°C to 1.1x10°® at 4°C, indicating that the interaction is
exothermic (43). As in the case of huFcyRI, the muFcyRI present on peripheral blood
cells is fully saturated with circulating monomeric IgG2a. In addition, the pseudo-first
order association constant (0.44 min™) and first order dissociation constant (0.26 min-
1), yield a half time of dissociation at 37°C of 2.6 min. Thus, muFcyRI is in rapid
equilibrium with IgG2a in the local environment (43). The number of high affinity
IgG2a binding sites measured at 4°C is 84,000 on P388D, cells, 110,000 on normal
peritoneal macrophages, and 440,000 on thioglycollate--stimulated macrophages. The
muFcyRI is trypsin-sensitive (41,43).

MuFcyRI has been cloned (17), and is closely related to huFcyRI (15). The 23
amino acid transmembrane domain is followed by the carboxyl-terminal 84 amino acid
cytoplasmic tail. The muFcyRI, when expressed transiently in COS cells, has a Ka of
~5x107 M at 0°C for IgG2a (17), which is consistent with that obtained the receptor
on macrophages (43). Southern analysis suggests that the receptor is encoded by only
one gene (17).

MuFcyRII/MuFcyRIII

Two subclasses of low affinity FcyRs are now known to exist in the mouse,
muFcyRII and muFcyRIII. Original studies of these receptors failed to discriminate
between them as they are 95% homologous in their extracellular domains, and both
are recognized by the mAb 2.4G2. Initial work examining protease sensitivity

(41,44-46), and ligand binding (39,40,42) as well as the isolation of FcyRII/III loss
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variants (41) pointed to the presence of multiple murine FcyRs in addition to the high
affinity muFcyRI. The development of the first mAb against FcyRII/III, 2.4G2,
facilitated studies of its isotype specificity and cellular distribution. MAb 2.4G2 is
directed against an epitope associated with the ligand binding site (47) and binds with
a Ka of 9.6 x 10® M (48), and is now known to recognize both muFcyRII and
muFcyRIII. MuFcyRII/IIT were purified by affinity chromatography on 2.4G2
sepharose and yielded two major bands of ~ 60,000 and ~ 47,000 M, as visualized on
SDS-PAGE (49). Various expression studies of the cloned cDNAs for muFcyRII have
confirmed that the ligand specificity of the recombinant truncated receptor (50), as
well as of that expressed on the cell surface (51,52), includes all murine isotypes
except IgG3. The relative ligand binding affinity of a recombinant truncated (secreted)
form of muFcyRII is IgG1 > IgG2b=IgG2a (50). The mAb 2.4G2 purification results
agree closely with other work in which FcyR with ligand binding activity was isolated
(53,54).

The cDNAs encoding muFcyRII and muFcyRIII were cloned by three groups
(23,51,55). The proteins encoded are both type I integral membrane glycoproteins and
are members of the immunoglobulin gene superfamily. The Ly-17 alloantigen system
defines two polymorphisms of the muFcyRII. The adjacent pairs of cysteines in the
extracellular domains of murine FcyRII and FcyRIII are each disulfide linked (50,56)
and each Ig-like domain has two sites of N-linked glycosylation (56). The two
proteins are 95% homologous in the extracellular domains (of 185 or 181 amino

acids) due to an identical stretch of 171 amino acids (23). Neither the transmembrane
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domains (of 20 or 26 residues) nor the cytoplasmic domains (of 26 and of 47 or 94
residues) of muFcyRIII and muFcyRII (with bl and b2 alternative splicing transcripts)
share any homology (23). Analysis of overlapping A genomic clones of muFcyRII
revealed at least 10 exons covering ~ 15 kb (57). A novel cytoplasmic exon was also
found (57), which if spliced directly to the extracellular exon D2, could result in a
secreted form of the receptor.

The muFcyRII gene is expressed in both myeloid and lymphoid cells and
undergoes differential splicing dependent on the cell type (23). The transcripts are
identical except for a 47 amino acid insertion in the cytoplasmic domain present in the
muFcyRIIb1 transcript which is lacking in the muFcyRIIb2 transcript (23).
MuFcyRIIb1 is expressed in both myeloid and lymphoid cells, while expression of
muFcyRIIb2 is limited to macrophages and macrophage cell lines (23,52,58). A
muFcyRII transcript of undetermined splice form is detected in a mastocytoma line
(58).

There is a highly conserved sequence in the transmembrane domains of
muFcyRII, huFcyRIIIA, and the o subunit of the high affinity rat FcyR RI. The
transmembrane domains of these receptors each share a nearly identical stretch of ten
amino acids, including a charged aspartyl residue in the middle of the lipid bilayer
(23,28). Expression of the muFcyRIII gene, similar to the huFcyRIIIA gene, is
dependent on coexpression of the v chain (31), and this receptor is the only FcyR
expressed in NK cells where FcyRIITA mediates antibody-dependent cell-mediated

cytotoxicity (ADCC) (59).
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The muFcyRIII gene is expressed in macrophages and macrophage lines, a
mastocytoma line, NK cells, and mesangial cells (52,59-62). Two reports confirm that
the muFcyRIII gene is in fact translated and expressed on the cell surface (60,61);
both groups utilized an FcyRIII-specific anti-peptide antisera. The muFcyRIII protein
has a M, on SDS-PAGE of 45-55 kDa (63). The effect of a panel of lymphokines on
muFcyRIII expression was studied (60) using the J774a cell line which does not
express either muFcyRII message (52). Only IFNvy and interleukin 6 (IL6) resulted in
increased binding of mAb 2.4G2 (60). IFN+y treatment resulted in increases in both
muFcyRIII mRNA and protein, while IL6 treatment increased muFcyRIII mRNA but
not protein. In addition, IL6 treatment resulted in the expression of a mRNA species
of higher mobility than the muFcyRIII message; this novel mRNA species was
detectable on Northern blots with a probe specific for the extracellular domain of
muFcyRII/III, but was not detectable with probes specific for the muFcyRIII or
muFcyRII genes, leading to the proposal of the existence of a fourth form of muFcyR
which possesses the 2.4G2 epitope (60). The presence of other muFcyR genes is
suggested by the isolation of a cDNA clone which shares amino acid homology with

muFcyRIII and muFcyRII (57).



Table 1. Properties of FcyR

Receptor
huFcyRIA,B,C

huFC-yRHA

hUFC'yRIIBl-B:;

huFcyRIIC

huFcyRIIIA

huFcyRIIB

muFcyRI

muFcyRIIb,

muFcyRIII

Mol. Wt.
(kDa)

72

40

40

40

50-70

50-70

50-70

50-70

50-70

Cell Distrib. Affinity mADbs
monocyte, high 32.2, 62, 22, 44,
macrophage, 10.1, FR51
U937, HL6O,

INF7y treated

neutrophils

U937, monocyte, low
neutrophil, platelet

IV.3, 2E1, KB56
41H.16

B cell, U937, low KB61, 41H.16,

monocyte, neutrophil 2E1, IV.3

placenta

B cell, U937, low KB61, 41H.16,

monocyte, neutrophil 2E1, IV.3

monocyte, NK, medium3G8, CLB-FcR-

macrophage GRANI1, B73.1

Leu-11a, Leu-11b,

Leu-11c

neutrophil low  same as above

macrophage high (none)

macrophage, a low 2.4G2

mastocytoma line

NK, mesangial cells

lymphoid and low 2.4G2

myeloid cells

macrophage, NK low 2.4G2



.

Receptor

huFcyRI
(CD64)

huFcyRIIMR
(CD32)

huFcyRIIMR

huFcyRIII
(CD16)

muFcyRI
muFcyRIIb,

muFcyRIIb,

muFcyRIIT

Table 2. Ligand specificity of FcyRs

Ligand specificity

__(IsG isotypes)
Mouse Human
2a=3>>1,2b 1=3>4>>2
2b>>2a,3>1 1,2,3>> 4
1,2b>>2a, 3 1=3>>2,4
3>2a>2>>1 1,3>>2, 4
2a,2b>>1,3 3>1>4>2
2b>2a>1>>3 3I>1>4>>2
2b>2a>1>>3 3>1>4>>2
2b>2a>1>>3 3I>1>4>>2

13
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Regulation of FcyR expression and function

Effects of cytokines and hormones

FcyRI (CD64) expression is regulated by interferon-vy, which increases the
expression of FcyRI on monocytes and myeloid cell lines from 2- to 10-fold (64-66).
In addition, IFN-vy (50 ng/ml) treatment of neutrophils, which normally do not
express huFcyRI, resulted in the expression of ~ 13,600 FcyRI molecules per cell (65).
In vivo doses of IFN-y (0.1 mg/m?) resulted in elevated FcyRI expression on
monocytes, measured by binding of fluorescein isothiocyanate (FITC)-IgG (67).
Streptococcal pharyngitis can result in modest elevations of FcyRI number on
monocytes and more dramatic levels on neutrophils (68). These results, however,
were not correlated with elevated levels of IFN-vy, suggesting that other factors were
responsible for the FcyRI elevation. HL-60 cells can be induced to express Fc, R by
differentiating agents such as retinoic acid, DMSO, and calcitriol (69). However,
IFN-+y decreased the expression of Fc R in these cells.

Glucocorticoid therapy decreases FcyRI expression on monocytes in vivo (70)
but is reported to have no effect in vitro (71). Decreased expression of FcyRI on
monocytes was seen in patients treated for ITP with Danazol, a mildly androgenic
steroid and correlated with the improved platelet counts seen in these patients (72).
Dexamethasone augments the IFN-y stimulation of FcyRI expression on monocytes
(71,73), but abrogates the effect of IFN-y on HL-60 cells and neutrophils (73,74).

Monocytes usually have little FcyRIIIA (75), although there is a small

percentage of monocytes that express FcyRIIIA (76). However, incubation of fresh
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monocytes with 10 ng/ml of transforming growth factor 8 (TGF-B) for 24 hr results
in FcyRIIIA expression on 40-80% of monocytes (77). There seems to be a
non-responding population of monocytes in the population of cells purified by
elutriation, suggesting possible monocyte heterogeneity. Monocyte FcyRI and FcyRII
levels were unaffected by TGF-8. The rapid and striking induction of FcyRIIIA on
monocytes by TGF-8 has important implications for inflammation and wound healing.
Other cytokines, including GM-CSF, IL-3, TNF, IL-4, and IL-6 had no effect on
receptor number of either FcyRI, FcyRIl, or FcyRIIIA (77).

There may be other factors that modulate transcription and/or translation of
specific FcyR genes in vivo. For example, murine macrophages isolated from the
peritoneal cavity of mice infected with BCG do not express FcyRIII. Treatment of the
J774a macrophage cell line with IFN-vy resulted in increased expression of muFcyRIII
(60). In addition, phorbol esters and dibutyryl cAMP have been shown to stimulate
FcyRII expression and phagocytosis of erythrocytes sensitized with IgG (EIgG) in
U937 cells, although there was no stimulation by oleoyl-acetyl-glycerol (78).
However, elevation of cAMP in neutrophils by treatment with forskolin markedly
inhibited phagocytosis of IgG opsonized particles (79). It is difficult to compare these
results obtained with different agonists in different cells.

IL-4 has clearly been shown to regulate FcyR function in murine B cells. IL-4
inhibits the ability of murine B cells to bind immune complexes, but does not
significantly downregulate the absolute number of FcyRII molecules on the cell

surface, as determined by anti-FcyR mAb binding (80). The inhibition by IL-4 might
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reflect altered mobility of the FcyRII on the plasma membrane, reducing the ability of
immune complexes to cooperatively bind to FcyRII molecules. The ternary complex
of rabbit anti-u IgG binding to sIgM and FcyRII on B cells inhibits B cell
proliferation (2). Treatment with IL-4 overcomes the rabbit anti-u IgG inhibition, but
the mechanism remains unclear (81).

Several cytokines can potentiate ingestion and the superoxide burst triggered
by immune complexes without altering receptor number. GM-CSF, which does not
change neutrophil FcyRII expression (77), enhances the production of superoxide by
both neutrophils and monocytes in response to anti-FcyRII mAb crosslinking and -
stimulation by formyl-met-leu-phe (fMLP), without a change in the magnitude of the
[Ca®*]; flux (82,83). TNF-« (84,85) similarly will prime neutrophils for enhanced
superoxide production following stimulation by fMLP. These results are in agreement
with others (86) showing that GM-CSF enhances cytotoxic potential of ADCC by
neutrophils and eosinophils without altering FcyRII expression.

Release of cytokines following activation of FcyR

The binding of immune complexes to FcyRs also triggers the release of
cytokines that may participate in inflammatory reactions. Crosslinking of NK cell
FcyRIIIA triggers the activation of transcription and secretion of TNF-«, and
lymphotoxin (87,88). Similarly, macrophages can be induced to secrete TNF-« after
crosslinking of FcyRI. FcyRII can also function as an inducer of TNF-«, but does so
effectively only after protease digestion, which activates the receptor (89,90). This

provides a degree of control for the elaboration of potentially deleterious cytokines,
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restricting optimum secretion to the locus of inflammation and hydrolase release.
Association of FcyRI and FeyRIIIA with y and { chains

The mechanisms of FcyR signaling following binding of immune complexes
are the subject of intensive study. However, recent work has shown that in addition to
FcyRIIIA, FcyRI is also associated with a v subunit (91). The 7,000 M, + subunit
exists as a disulfide-linked homodimer, and is present in FcyRIIIA and FcRI receptor
complexes. These receptors share a nearly identical stretch of ten amino acids,
including a negatively charged aspartyl residue, in their transmembrane domains:
VY, LFAVDTGL. This sequence has been implicated in mediating the association of
these receptors with the ~ subunit (92,93). A corresponding region in the
transmembrane domain of the v subunit mediates receptor complex assembly and
prevents degradation of the ligand-binding a-chain of the receptor in the endoplasmic
reticulum (94). A sequence present in the transmembrane domain of huFcyRI shares
identity with the  transmembrane sequence at five of the ten residues and has
conservative replacements in the others: GIMFLVNTVL. The most notable difference
is the substitution of an asparagine for a negatively charged aspartate residue.
Mutation of the aspartate to valine in the TM of huFcyRIIIA« lessened the
dependence on v chain for receptor expression (95). This may explain why huFcyRI
is not dependent on coexpression of the -« chain for surface expression (14).

Various homodimers and heterodimers of the zeta family are associated with
the TCR, BCR, FceRI, and FcyRIIIA receptors and are involved in the signal

transduction pathways of these receptors (96). Each of these receptors are multichain
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complexes that signal when crosslinked by the appropriate multivalent ligand. They
have been termed multichain immune recognition receptors (MIRR) by Keegan and
Paul (12) and contain TAM (tyrosine-based activation motif) or ARH1 (antigen
receptor homology 1) motifs (97,98) (Fig. 1A). One or more subunits of each MIRR
contains a conserved motif in the cytoplasmic domain: D/E-X,-D/E-X,-Y-X,-L-X,-X,-
Y-X,-L. A variant of the MIRR motif differing in the spacing between the two Y-X,-
L units (E-Xg-D-X,-Y-X,-L-X,,-Y-X,-L) is found in the cytoplasmic domain of
huFcyRIIA and huFcyRIIC (99). The expression of a polypeptide containing a single
copy of the motif is sufficient for many aspects of MIRR signaling. The evolution of
multisubunit signaling complexes with duplication of signaling units may be
particularly suited for antigen receptors whose ligands are diverse, resulting in
similarly diverse patterns of receptor orientation upon antigen-mediated receptor
crosslinking (12). The structure-function relationships and evolutionary implications of
this remarkable conservation of both motif and subunit structure among complex and
functionally related receptors are elegantly addressed by Keegan and Paul (12).
Fc receptor crosslinking activates tyrosine kinases

The earliest event in MIRR signaling is the activation of at least one
nonreceptor tyrosine kinase. The kinetics of tyrosine phosphorylation precede
phosphatidylinositol (PI) hydrolysis (100) and tyrosine kinase inhibitors such as
genistein and herbimycin A completely block the ability of the TCR to stimulate PI
turnover (101). The kinetics of tyrosine phosphorylation stimulated via the BCR,

Fc RI, and FcyRs is also rapid and transient and is independent of [Ca®*}; flux or
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PKC activation (102). Tyrosine kinase inhibitors inhibit Fc RI-mediated degranulation
(103) and FcyRIIIA-mediated [Caé*]i flux, PI turnover (102), ADCC, and NK killing
(104).

The TCR signaling pathway is the most extensively studied to date. The src
family member p59%® co-precipitates with the TCR (105). Furthermore, T cells from
mice in which p59%" was knocked out did not proliferate following treatment with a
combination of phorbol ester plus either anti-CD3 antibody or concanavalin A (106).
The src family kinase p56'™ is tightly associated with CD4 and CD8 (107), and a T
cell line defective in Lck expression was unresponsive to TCR crosslinking (108).
However, TCR ligation does not activate p56'* (109) and the TCR- and CD4- induced
protein tyrosine phosphorylation patterns are different (110). Thus while Lck may not
be the proximal transducer of the TCR signal, it nevertheless plays an important
regillatory role. Recent work has identified a protein tyrosine kinase (PTK) of 70,000
M,, termed ZAP-70, which is phosphorylated and is associated with the ¢ subunit
following TCR stimulation (111). |

Src family kinases are likely to mediate signaling for a variety of MIRRs. In B
cells, stimulation of the antigen receptor (via either sigM or sIgD) also results in
tyrosine phosphorylation of cellular target proteins, including Ig-a (112). Blk, solely
expressed in B-lineage cells (113), and Lyn, preferentially expressed in B cells, were
coprecipitated with sIgM (114). A more recent study has shown that three Src family
kinases, Blk, Fyn, and Lyn, are activated by the BCR and coprecipitate with sIg

(115).
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Src-like kinases are also associated with Fc receptors. Recent study has shown
that pS6** is activated and co-immunoprecipitated with FcyRIIIA in NK cells
following crosslinking by anti-FcyRIIIA antibody or immune complexes (116). Fgr, a
Src-like PTK expressed in granulocytes, monocytes, and natural killer cells, is
associated with FcyRII and involved in signal transduction in neutrophils (117). Fc RI
activates the Lyn and Yes kinases (118). Stimulation of FcyRIIIA results in Lck
activation (102). A PTK homologous to ZAP-70, p72¥* has been cloned from porcine
splenic cells and shown to be co-immunoprecipitated with membrane IgM and
activated following the engagement of membrane IgM (119). Activation of the high
affinity FceRI results in phosphorylation and activation of p72%* (120). Recently,
p72%* has been identified as a tyrosine kinase activated by FcyRI and FcyRII (121).
Protein tyrosine phosphatase and receptor-mediated signaling

Following MIRR-stimulated phosphorylation, dephosphorylation occurs,
suggesting involvement of phosphatases in these signaling events. The role of
phosphatases appears to be more complex however, than simply turning off a
phosphorylation signal. A tyrosine phosphatase, CD45, is required for TCR signaling,
and CD45 may modulate the cellular response to Fc RI and BCR. T cells lacking
CD45 are unable to proliferate in response to CD3 crosslinking, but a CD45-
expressing revertant was able to respond (122). CD45 has been shown to be
associated with the TCR (123) and modulates the tyrosine kinase activity of pS6'*
(124). In a CD45" plasmacytoma cell line, the ability to mobilize Ca** when sIgM of

the BCR was ligated was restored by transfection of CD45. Moreover, CD45 was
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shown to regulate signal transduction by modulating the phosphorylation state of the
Ig-a and Ig-B subunits both in vitro and in vivo (125). Treatment of human basophils
with anti-CD45 mAb inhibited the Fc RI-mediated release of histamine (126). The
exact nature of the role of CD45, either as a regulatory or direct component of the
various MIRR signaling pathways, remains a topic of current study. The common
involvement of CD45 with these various receptors underscores that MIRR represent
close variations on a theme of signal transduction. The roles and identities of protein
tyrosine phosphatases in FcyR signaling remain to be elucidated.
Activation of downstream signaling proteins

Crosslinking of Fc receptor results in tyrosine phosphorylation of cellular
substrates. Studies of signaling pathways of growth factor receptors have shown that
the downstream effector proteins usually contain SH2 and/or SH3 domains. The SH2
(Src homology region 2) domain is a noncatalytic region of approximately 100 amino
acids. A wide variety of proteins involved in intracellular signal transduction, notably
the non-receptor protein kinases, contain this conserved domain (127), which plays an
important role in the intracellular responses to growth factor stimulation by binding to
phosphotyrosine containing proteins (128). Different SH2 regions have specificity for
binding to particular tyrosine phosphorylated sites, as has been demonstrated for the
binding of p85 subunit of PI3’-kinase, GTPase activating protein (GAP) and PLC-y to
activated growth factor receptor (129-131). Mutations in the SH2 region have been
shown to cause dramatic changes in biochemical properties and biological functions of

SH2-containing proteins such as Src, Abl and Crk (132-134).
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The SH3 domain, another conserved sequence of approximately 60 amino
acids, is often (but not exclusively) found in proximity to SH2 domains. The SH3
domains bind to a proline-rich motif (135), and are involved in the control of small
Ras-like guanine nucleotide-binding (G) proteins. The SH3 domain of GAP has been
identified as an essential sequence for ras-GAP-mediated signaling (136). Studies in
vulval development in the nematode, Caenorhabditis elegans showed that an SH3-
containing protein, Sem$, is crucial to that process and that the SH3 domains are
critical for the function of Sem5 (137).

Fc RI crosslinking results in phosphorylation of both receptor subunits as well
as multiple cellular proteins. The 8 subunit is phosphorylated on tyrosine and serine,
while the 4 subunit is phosphorylated on tyrosine and threonine (138). The receptor
phosphorylation is rapidly reversible upon receptor disengagement (139). Fc RI
crosslinking results in tyrosine phosphorylation of PI-PLC-y1 (138). Activation of
PLC-y1 is known to occur through phosphorylation of multiple tyrosine residues
without the participation of G proteins (140). Serine phosphorylation of PI-PLC-y1 by
PKA (cAMP-dependent kinase) and PKC may serve to modulate the interaction of the
enzyme with tyrosine kinases or phosphatases (141). Recently, the Fc RI has been
shown to undergo multiubiquitination upon receptor crosslinking. This is rapid and
reversible, but occurs only on aggregated receptors. Moreover, it is independent of
the phosphorylation status of individual receptor subunit molecules, i.e. both
phosphorylated and nonphosphorylated ubiquitinated forms of receptor subunits (8 and

v) are observed (142).
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In addition to PI-PLC, phospholipase D (PLD) may play a pivotal role in the
release of mediators of inflammation (histamine, leukotrienes, and arachidonic acid)
from mast cells. PLD cleaves primarily phosphatidylcholine (PC) to yield
phosphatidic acid (PA), which can be subsequently dephosphorylated by PA
phosphohydrolase (PAPase) to yield diacylglycerol (DAG). DAG is important both as
an activator of PKC and as a substrate source for the production of arachidonic acid.
PC is a quantitatively more important source of DAG in mast cells triggered through
FcRI (143). Pharmacological inhibition of the production of PLD-derived DAG
either with ethanol (which results in phosphatidylethanol instead of PA) or with d, /-
propranolol (which blocks the PAPase conversion of PA to DAG) resulted in the
inhibition of Fc RI-mediated release of histamine and arachidonate metabolites (144).
PA, produced by PLD action, is also important in the stimulation of the enzyme
complex of neutrophils responsible for the production of superoxide and may function
in response to chemotactic peptide (145). The role of PLD in FcyR signaling remains
to be determined.

The downstream targets following FcyR crosslinking are less well known
compared to the growth factor receptor system. Activation of FcyRIIIA expressed in
the natural killer (NK) cells led to the tyrosine phosphorylation of PLC-y1, PLC-y2
and p56"* (102,146). HuFcyRI and huFcyRII upon activation mediate the tyrosine
phosphorylation of PI-PLC-y1. Pretreatment with herbimycin A abolished this
phosphorylation as well as phosphatidylinositol (PI) turnover (147).

Signaling by FcyR isoforms and mutants
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HuFcyRIIA has been demonstrated to mediate phagocytosis when transfected
into COS-1, 3T6 murine fibroblasts, and the P388D, murine macrophage-like cell line
(148,149), but was unable to do so in CHO fibroblasts (149). HuFcyRIIB (bl form),
which does not contain the MIRR motif, was unable to mediate phagocytosis in COS
cells (150), nor does it trigger [Ca?*]; flux (151). While both FcyRII and FcyRIII are
expressed on murine mast cells, the degranulation response induced in these cells by
crosslinking with the mAb 2.4G2 may be solely mediated through muFcyRIII. Only
muFcyRIII, but not muFcyRIIbl or muFcyRIIb2, is able to mediate serotonin and
TNF-a release when transfected into a rat basophilic leukemia cell line (RBL-2H3)
(152). Identical results were obtained when [Ca?*]; flux, phosphoinositide hydrolysis,
release of arachidonate metabolites, and protein tyrosine phosphorylation were
assessed (104).

However, muFcyRIIb2 receptor transfected into CHO cells efficiently directs
endocytosis via coated pits to the lysosomal compartment relative to the FcyRIIbl
splice variant, which has a 47 amino acid insertion in the cytoplasmic domain and is
expressed primarily in B cells (153). Both forms of the receptor will direct
Toxoplasma gondii opsonized with IgG to lysosomes (154). A cytoplasmic domain
deletion mutant is inactive in this respect. The muFcyRIIb] splice variant is expressed
predominantly on the apical plasma membrane of MDCK cells, whereas the
muFcyRIIb2 variant is found on the basolateral aspect. MuFcyRIIbl cannot mediate
endocytosis in a B cell line, although it does cap when aggregated. MuFcyRIIb2 is not

normally expressed in lymphocytes, but when transfected into an FcyR-negative B cell
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line, it was capable of endocytosis. Both the FcyRIIb1l and FcyRIIb2 forms of
muFcyRII were capable, when co-aggregated with surface Ig, of inhibiting the B cell
activation normally induced by aggregation of surface Ig alone. The domain required
for this modulation, residues 18-31 of the cytoplasmic domain of muFcyRIIb2, was
the same as that required for endocytosis. This domain is also present in bl, which is
capable of modulation of B cell activation but not endocytosis. Thus two overlapping
functional domains may be present in this sequence (155). Crosslinking of
muFcyRIIbl, either in B cells or expressed in CHO or MDCK cells results in
phosphorylation on serine. However, muFcyRIIb2, which lacks the phosphorylation
site, is not labeled under the same conditions. The kinase responsible is inhibited by
staurosporine and by prolonged culture of the cells in PMA, suggesting that protein
kinase C is responsible (156).

A deletion mutant of huFcyRIIA (A264) lacking the 17 carboxyl-terminal
residues (including the ultimate Y-X-X-L of the motif) was still able to mediate
phagocytosis of receptor-bound immune complexes, but failed to mediate [Ca*]; flux
associated with activation of the wt FcyRIIA (149). However, the A264 mutant did
not trigger the phagocytosis of opsonized erythrocytes. This result may reflect a
dependence of membrane remodeling (necessary for the ingestion of large particles)
on the generation of a [Ca?*]; flux. Additional deletions (of 30 and 74 amino acids)
resulted in totally nonfunctional receptors in this system. Similar results were obtained
by transfecting chimeras containing the cytoplasmic domains of huFcyRIIA and

FcyRIIC into a TCR-negative cytotoxic T cell line as well as primary human
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monocytes. In both cell types, the FcyRIIA and FeyRIIC chimeras mediated [Ca®*];
flux and directed cytotoxicity against appropriate targets. The huFcyRIIB chimeras
(both bl and b2 forms) were not functional. Deletion mapping identified a 36 amino
acid domain which spanned the MIRR motif which was required for function.
Mutation of each of the two tyrosines within this domain abrogated both [Ca>*]; flux
and cytolytic capacity of the receptors in both TCR" T cells and in primary monocytes
(151). Analysis of huFcyRIIA in BHK-21 (baby hamster kidney cell) transfectants
demonstrated that progressive deletions from the carboxyl terminus resulted in a
gradual, not abrupt, decline in phagocytosis of receptor bound complexes (157),
which differs from the previous two studies just discussed (149,151).
GPI anchored FcyRIIIB

FcyRIIIB, a molecule with a glycan phosphatidyl inositol (GPI) anchor at the
carboxyl terminus expressed exclusively on neutrophils (28,158), is thought not to
participate in ADCC reactions. Neutrophils cannot kill an anti-FcyRIII bearing
hybridoma, although they can lyse chicken erythrocytes coated with
anti-CD16/anti-chicken erythrocyte heteroantibodies (159). FcyRIIIB ligation has been
demonstrated to trigger the release of hydrolases, but apparently cannot stimulate a
respiratory burst (160). Neutrophils that lack expression of FcyRIIIB, isolated from
patients with paroxysmal nocturnal hematuria (PNH) -- a stem cell defect in which
GPI-anchored proteins are absent -- undergo a normal superoxide burst when
stimulated with immune complexes (161). Similarly, cleavage of FcyRIIIB by

elastase, leaving FcyRII intact, does not alter the superoxide burst (162). The
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blockade of FcyRII on neutrophils by mAbs inhibits the respiratory burst, which
cannot be triggered by crosslinking of neutrophil FcyRIIIB alone (163).

The high density of huFcyRIIIB on neutrophils may serve to focus immune
complexes on the cell surface where they can interact with and trigger huFcyRII. In
fact studies (164,165) suggest that huFcyRIIIB is involved in the initial adherence of
neutrophils to IgG-coated erythrocytes. Likewise, huFcyRIIIB was essential for the
binding of small immune complexes to neutrophils, whereas huFcyRII only weakly
enhanced this binding (166). Yet, this essential binding role of huFcyRIIIB did not
extend to large immune complexes, and neutrophils from patients with paroxysmal
nocturnal hematuria, which only express 10% of normal levels of huFcyRIIIB, had
normal metabolic responses to IgG-latex (166). A patient with SLE was found who
did not express huFcyRIIIB on her neutrophils, due to a probable deletion of the
huFcyRIIIB gene (167). The patient’s neutrophils did have reduced ability to rosette
IgG-coated E, as suggested by earlier studies of neutrophil function (164,165).
However, this patient did not exhibit any unusual susceptibility to bacterial infections,
and the levels of other GPI-linked proteins and huFcyRII were normal.

FcyRIIIB has been reported to mediate signaling events including actin
polymerization (168), and [Ca**]; flux (169). Since FcyRIIIB has no cytoplasmic or
transmembrane domain, the possibility that FcyRIIIB signals to neutrophils through
FcyRII has been suggested. Degranulation of neutrophils triggered by IgM anti-FcyR
mAb that is specific for FcyRIII but not FcyRII can be inhibited by either anti-FcyRII

or anti-FcyRIII mAb Fab fragments (170). Similar observations have been made
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concluding that FcyRIIIB signaling was modulated by FcyRII (171). Other evidence
for interaction between neutrophil FcyRIIIB and FcyRII is the enhanced phagocytosis
of anti-FcyRII Fab-coated erythrocytes following crosslinking of FcyRIIIB (168). The
mechanisms of FcyRIIIB-FcyRIIA interaction are not well understood.
Immunoprecipitates of GPI-anchored proteins are reported to co-precipitate Src-family
kinases (172). This however, may be due to hydrophobic interactions between the
myristoyl group on the kinases and the lipid moiety of the GPI anchor.
Anti-FcyR autoantibodies in autoimmune diseases

Mononuclear phagocyte system (MPS) function, defined by clearance of IgG-
coated autologous erythrocytes, is often impaired in patients with different
autoimmune diseases including both systemic lupus erythematosus (173) and organ-
specific syndromes (174,175). A similar defect is observed in mouse strains prone to
lupus-like disease (176). The cause for this dysfunction is not completely understood.
The rate of Fc receptor clearance does have a genetic factor since disease-free
individuals, who share the same class II major histocompatibility alloantigens also
have prolonged in vivo clearance (177). However, the variation of T2 values with
disease activity, observed in systemic lupus erythematosus (178,179), suggests an
additional acquired component resulting in impaired immune complex clearance. Anti-
FcyR autoantibodies offer a possible explanation for the inhibition of FcyR-mediated
clearance.

Anti-FcyR Ig was reported in SLE and autoimmune neutropenia (5,36,180).

The prevalence of anti-FcyR autoantibodies was surveyed in serum samples collected
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from different mouse stains prone to autoimmune disease using an ELISA in which
soluble denatured mouse FyRII served as the capture reagent (50). This study
demonstrated the presence of predominantly IgM anti-FcyR autoantibodies in several
strains including NZB, NZB/NZW F,;, MRL, viable motheaten and TSK. The amount
of circulating antibody increased with age. Monoclonal antibodies with similar
specificity could be also generated from unimmunized NZB, TSK and motheaten
mice. Both the mAbs specific for FcyR and affinity purified naturally occurring anti-
FcyR Ig bound to murine FcyR-expressing cells and inhibited the binding of immune
complexes. Male BXSB mice, which have a severe lupus-like syndrome but normal
macrophage FcyR function, did not have any circulating anti-FcyR autoantibody (4).
The hypothesis that the paralysis of FcyR function in autoimmune disorders is due to
anti-FcyR autoantibodies is further supported by the dramatic inhibitory effect of the
anti-FcyRIII mAb 3G8 on the clearance of IgG-sensitized autologous red blood cells
in chimpanzees (181).

The mouse IgM anti-FcyR mAbs generated from TSK mice also bind to human
neutrophils. The IgM anti-FcyR mAbs were specific for huFcyRIII. MAD binding was
inhibited by the anti-FcyRIII mAb 3G8 and the mAbs did not bind to cells transfected
with human FcyRIIa ¢cDNA. Incubation of neutrophils with the IgM anti-FcyR
monoclonal antibodies resulted in release of hydrolases (alkaline phosphatase, 3-
glucuronidase and elastase) from both azurophil and specific granules of the cells. The
degranulation process was accompanied by dramatic morphological changes (170).

The ELISA using truncated recombinant mouse FcyRII was used to determine
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the percentage of positive sera from patients with SLE (24 %), progressive systemic
sclerosis (40%) and Sjogren’s syndrome (11.6%). Both IgG and IgM anti-FcyR
antibodies were purified by affinity chromatography on a murine FcyRII affinity
column. From the patterns of reactivity of the affinity-purified antibody to
neutrophils, monocytes, and IFN-+y treated neutrophils, it was apparent that anti-FcyR
Ig isolated from human serum samples could be directed against either FcyRI, FcyRII,
or FcyRIII (182). From a patient with end-stage progressive systemic sclerosis
generation an EBV-transformed lymphoblastoid cell line was isolated, which secreted
an IgG, anti-FcyRIII autoantibody that bound to human neutrophils and triggered the
release of B-glucuronidase, aryl sulfatase and alkaline phosphatase (183).

A more extended series of sera has now been typed for class specificity of
reactivity with recombinant secreted human FcyRII and FcyRIII. Sera from patients
with rheumatoid arthritis and systemic lupus erythematosus had exclusively IgM
autoantibody reactive with FcyRII and/or FcyRIII. In contrast, sera from patients with
primary Raynaud’s syndrome showed predominantly IgG reactivity with FcyRIII, and
sera from patients with progressive systemic sclerosis displayed both IgG and IgM
reactivity towards FcyRII and FcyRIIIL. Surprisingly, over 50% of sera from patients
with osteoarthritis had IgG antibody directed against FcyRII (184). The role of anti-
FcyR autoantibodies in the pathophysiology of the autoimmune diseases needs further

evaluation.
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II. Early Events of Human FcyRIIA Signaling in Transfected Mouse

Macrophages

Introduction

Receptors for the Fc domain of IgG (FcyR) on leukocytes mediate a
pleiotropic response following crosslinking by immune complexes. The details of
signal transduction after FcyR crosslinking are not well understood. These receptors
are not coupled to G proteins nor do they have intrinsic enzymatic activity. Recent
observations suggest that signaling events following crosslinking of B and T cell
antigen receptors, FceRI, and FcyRs share common elements (11,12). In each,
signaling is initiated by receptor crosslinking by antigen or immune complexes.
Subsequent events include phosphorylation on tyrosine (99,185-188), activation of
phospholipase C-y1 (147), and [Ca?*]; flux (88). There is a conserved tyrosine
activation motif with a dyad Y-X-X-L sequence present in Iga, IgB, FceRly, and
CD3e and { (see. (12) for review) (Fig. 1A). Site-directed mutagenesis studies of
CD3¢{ suggest that the two tyrosines in the conserved motif are crucial (189). A
related motif, in which the Y-X-X-L sequences are separated by an additional 5
residues, is found in FcyRIIA (Fig. 1A).

Human FcyRIIA found on macrophages and neutrophils has two well
documented functions -- to mediate the phagocytosis of immune complexes and to
trigger the [Ca®*]; flux required for the oxidative burst (190). Previously, we analyzed
the structural requirements for these activities by expressing FcyRIIA and truncated

FcyRIIA proteins in fibroblast (CHO) and murine macrophage (P388D,) cell lines
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(149). The macrophage-based FcyRIIA expression system we have used permits a
more physiologically relevant analysis of structure-function relationships and signal
transduction than other systems, as this system utilizes a cell line in which FcyRs are
normally functional. In these studies, human FcyRIIA was specifically activated using
mAb IV.3 Fab (anti-human FcyRII) and an anti-mouse IgG F(ab’), reagent. This
protocol was used to avoid activation of endogenous murine FcyR, and mimics the
binding and phagocytosis of soluble immune complexes. We previously demonstrated
that CHO cells lack the signaling apparatus required for either FyRIIA-mediated
phagocytosis or [Ca**]; flux and identified a 31 residue cytoplasmic region
(Arg®*-Asp”) required for phagocytosis in P388D, cells. Surprisingly, deletion of the
carboxyl-terminal 17 residues Lys*>-Asp?! (4264) (which includes the distal
Y-X-X-L motif) ablated the [Ca®*]; flux while preserving the ability of the receptor to
mediate internalization of complexes in P388D; cells.

Other studies of FcyR transfectants in T cell and fibroblast cell lines have also
suggested that these cytoplasmic domains are important in signal transduction. We
have now examined by site-directed mutagenesis the importance of specific residues
between Arg?*-Asp® and the COOH-terminal Y?®-X-X-L for signal transduction. In
addition to measuring phagocytosis and [Ca**]; flux, we compared tyrosine
phosphorylation events following crosslinking of wild type (wt) and mutant FcyRITA

expressed in the mouse macrophage cell line.
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Figure 1. (A) Alignment of cytoplasmic sequences of human FcyRIIA and the tyrosine activation motif. (B) Human
FcyRIIA mutations. The sequence of the wild-type FcyRIIA cytoplasmic tail is shown in the single-letter amino acid
code. Four truncated molecules, A169, A207, A233, and A264 are indicated. Thirteen different amino acid substitution
mutants are also indicated. For example, Y252F denotes a Tyr?*’->Phe mutation.
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Results
Phagocytosis and calcium flux in P388D, cells expressing FcyRIIA mutants

The cytoplasmic domain of FcyRIIA has a modified tyrosine activation motif,
with 15 amino acids between the Y-X-X-L motifs instead of 10 in the consensus
sequence (Fig. 1A). Amino acid substitutions of some of the conserved residues in the
cytoplasmic domain of FcyRIIA were introduced by site-directed mutagenesis (191)
(Fig. 1B). Internalization kinetics of immune complexes mediated by the FcyRIIA
point mutants and the A264 truncation mutant were indistinguishable from wt with the
exception of the Tyr®?-»Phe (Y252F), Leu®»Glu (L255E), and Leu**-Ala-
Tyr?®->Phe (L255A-Y268F) mutants (Fig. 2A), which internalized the little of the
surface complexes in a largely temperature insensitive manner (6% at 37°C; 4% at
23°C, 2 pg anti-mouse IgG F(ab’),/ml, 15 min time point). In contrast, internalization
of immune complexes by wt-FcyRIIA under identical conditions at 37°C reached a
plateau of 80-90% by 15 min, and was inhibited 80% at 23°C (data not shown). The
degree of internalization observed for the Y252F, L255E, and L255A-Y268F mutants
was dependent on the concentration of goat anti-mouse IgG F(ab’),. At low secondary
antibody concentration (2 ug anti-mouse IgG F(ab’),/ml) there was essentially no
internalization by the Y252F, L255E, and L255A-Y268F mutants (Fig. 2A), while the
wt FcyRIIA efficiently phagocytosed complexes. However, at 10-fold higher
secondary antibody concentration (Fig. 2B), there is substantial internalization of the
crosslinked complexes by the Y252F, L255E, and L255A-Y268F mutants. This is in

contrast to the dose response seen with another mutant FcyRIIA, A233, which has
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Figure 2. Time course of internalization mediated by wild-type and mutant FcyRIIA.
FcyRITA molecules were decorated with IV.3 Fab and crosslinked with goat
anti-mouse IgG F(ab’), at 4°C. After incubation at 37°C the percentage of internalized
complexes was determined as described in Materials and Methods. The concentration
of goat anti-mouse IgG F(ab’), is 2 pg/ml in (A) and 20 ug/ml in (B). In (C) the
internalization of complexes, measured at a 5 min interval at 37°C, is shown as a
function of goat anti-mouse IgG F(ab’), concentration for wt FcyRIIA and the A233

mutant.
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both Y-X-X-L motifs deleted, and which exhibits the same low internalization of
immune complexes at 2 and 20 ug/ml of anti-mouse IgG F(ab’), (Fig 2C). We
conclude that the Y252F, L255E, and L255A-Y268F mutants, while severely
crippled, are not totally inactivated for internalization of surface bound complexes.
Unexpectedly, the Y2521 and Y252S mutants internalized complexes as well as wt
FcyRIIA, even at low secondary antibody concentrations. Internalization of
endogenously expressed murine FcyRII/III complexes by the Y252F transfectant was
the same as that observed in P388D, cells transfected with wt FcyRIIA (data not
shown).

To measure [Ca®>*]; flux in wt and mutant FcyRIIA transfectants, cells were
loaded with indo-1-AM, stimulated by crosslinking bound IV.3 Fab with 35 ug/ml of
anti-mouse IgG F(ab’),, and ratio fluorescence values were determined (192). A high
concentration of secondary antibody is necessary to synchronize cell activation for
detection transient [Ca’*]; flux (169). After stimulating wt FcyRIIA there was a
prompt elevation of [Ca?*]; to a mean increase in [Ca®*]; of 213 nM over a baseline
of about 100 nM. After stimulating the Y252F (Fig. 3b), L255E, L255A-Y268F, and
L271A (Fig. 3d, e, f) mutants there was no [Ca’*]; flux, although Y252S and Y252L
(Fig. 3c) mutants again responded with increased [Ca®*];, as did the other point
mutants.

Although the internalization of crosslinked FcyRIIA complexes is independent
of [Ca?*]; flux, phagocytosis of erythrocytes coupled with IV.3 Fab (E-IV.3) requires

[Ca?*]; flux and is inhibited by buffering intracellular Ca®* with BAPTA (149).
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Figure 3. Intracellular calcium increase stimulated by crosslinking FcyRIIA.
Suspensions of transfected cells were incubated with indo-1-AM. After incubation
with mAb IV.3 Fab, the cells were transferred to a fluorimeter. At 60 sec (V), goat
anti-mouse IgG F(ab’), was added to initiate receptor crosslinking. Changes in [Ca®*];
were detected as changes in the Indo-1 405/490 nm fluorescence ratio. The data have
been converted to [Ca%*]; as described (192).



600 r
EE239/240QQ o
— 500 R258L
=
c
=~ 400}
3
T D262N o o Y2455
300 o
c D2§3S VY2528
= o D263H
o 200
«
o
100
O ] 1 ] []
0 20 40 60 80 100 120

Phagocytic Index

Figure 4. Correlation between [Ca?*]; flux and phagocytic index for point mutants of FcyRIIA. The phagocytic index is
defined as the number of ingested erythrocytes per 100 cells.

8¢



39

Extending these observations, we find that the phagocytic index for E-IV.3 of the
different site-directed mutants is correlated with the magnitude of [Ca®*]; flux
triggered by receptor crosslinking (Fig. 4).

Protein tyrosine phosphorylation upon crosslinking FcyRIIA

The kinetics of protein tyrosine phosphorylation in response to crosslinking the
wt FcyRIIA were examined. As in the [Ca®*]; flux experiments, the cells were
triggered using anti-mouse IgG F(ab’), at high concentration (40 ug/ml) to
synchronize cell activation, since phosphorylation events are often transitory. Multiple
bands of increased intensity were detected in post-nuclear detergent lysates by
immunoblot analysis using the anti-phosphotyrosine mAb 4G10 (Fig. 5). The apparent
molecular weights (M;) of bands are indicated in Fig. SA. Most bands exhibiting
increased tyrosine phosphorylation are apparent by 30 sec. The extent of
tyrosine-phosphorylation was transient with maximal intensity between 1-2 min
returning to baseline levels by 5-10 min. The earliest major band observed (at 15 sec)
had a M, of 72,000 M,.

No stimulation of tyrosine phosphorylation (at 1 min) was observed in the
control P388D, cell line, PC1. Additionally, no induction of tyrosine phosphorylation
was detected at 1 min in a CHO cell line expressing wt FcyRIIA (data not shown).
Moreover, mock stimulations (no mAb IV.3 Fab, only secondary crosslinking
antibody) done in all experiments at each time point showed no stimulation other than
a 37,000 M, band. This protein cannot be FcyRIIA since it is also present in the PC1

control cell line. Likewise, treatment of the cells with mAb IV.3 Fab alone did not
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result in stimulation at any time point, again excepting the 37,000 M, band (data not
shown).

The rapidly phosphorylated spécies of 72,000 M, is the same size as p72*
(also called PTK72) (193), a Syk-family kinase activated by ligation of the B cell
antigen receptor (194), the mast and basophil FceRI (120), and platelets following
activation with wheat germ agglutinin (195). ZAP-70, a kinase activated rapidly upon
activation of the TCR (111,196), is closely related to p72**. Immunoprecipitation of
lysates from P388D, after crosslinking of transfected FcyRIIA with an anti-p72%*
followed by immunoblotting for phosphotyrosine confirmed the identity of the 72,000
M, phosphorylated protein as p72%* (Fig. 6).
Protein tyrosine phosphorylation in FcyRIIA mutants

The protein tyrosine phosphorylation patterns stimulated by crosslinking all
point and truncation mutants were examined. The nine point mutants with wt function
for phagocytosis and [Ca?*]; flux exhibited essentially wt tyrosine phosphorylation
patterns and kinetics, whereas no induction was seen for two completely nonfunctional
truncations, A233 (Fig. 7) and A207 (149) (data not shown). The kinetics of the A264
phosphorylation response were normal, with maximal intensities reached by 1-2 min
and dephosphorylation occurring by 5-10 min. However, following activation, cells
expressing the A264 truncation mutant (which cannot flux [Ca®*];) lacked a subset of
the phosphotyrosine-containing proteins including bands of M, 140,000, 72,000, and
52,000 (Fig 5B) seen in cells transfected with wt FcyRIIA. Immunoprecipitation with

anti-p72”* showed the absence of tyrosine-phosphorylation of p72%* following
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Figure 5. (D) Densitometry of phosphorylated bands induced by crosslinking of wt and mutant FcyRIIA molecules. The
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facilitate comparison.
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Figure 5. (E) Time course of protein tyrosine phosphorylation by crosslinking of
L255E, L255A-Y268F, and L271A FcyRIIA mutants.
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Figure 6. Tyrosine-phosphorylation of p72** in response to FcyRIIA crosslinking.
Lysates from controls or cells in which FcyRIIA was crosslinked for 1 min were
immunoprecipitated with rabbit anti-p72**, subjected to SDS-PAGE, transferred to
nitrocellulose, and probed for phosphotyrosine with mAb 4G10.
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activation of A264 cells (Fig. 6). The Y252F point mutant clearly lacked only the

major 52,000 M, protein, although the relative intensities of others, including p72%*,
were substantially less (Fig. 5C, 6). Notably, the phosphorylation response of Y252F
was somewhat delayed and the dephosphorylation was significantly prolonged, with
only 50% dephosphorylation of the M, 140,000 protein seen after 10 min (Fig. 5D),
compared to near total dephosphorylation by the P388D, line expressing wt FcyRIIA.
The phosphorylation and dephosphorylation responses of L255E and L.255A-Y268F
were similar with those of Y252F whereas L271A had the same responses as wt (Fig.
SE). The L255A-Y268F mutant clearly lacked the tyrosine-phosphorylated 52,000 M,
protein though the relative intensity of this protein was substantially less in the L271A
and L255E mutants. L255E, L255A-Y268F, and L271A mutants lacked the tyrosine-
phosphorylated 140,000 M, protein whereas the relative intensity of p72** was less in
these three mutants (Fig. SE).

Nine of 13 point mutants, including Y252L, Y252S, and Y2458S, presented
essentially a wt phenotype for [Ca®*]; flux, internalization, phagocytosis, and
phosphorylation on tyrosine residues (Table 3). The phenotype of the Y252S and
Y252L mutants, which fluxed Ca’>* and phagocytosed E-IV.3 Fab as well as or better
than wt, was a somewhat surprising result, since the Y252F mutant was
nonfunctional. Therefore, we confirmed the presence of the mutations by sequencing
the genomic DNA of these transfectants after PCR amplification with appropriate

primers (data not shown).



Table 3. Summary of functions mediated by wild-type and mutant FcyRIIA

transfected into P388D, cells. Results for huFcyIIA mutants A264, A233, A207 are
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summarized from Odin et al. (149). All full length mutant receptors were tested on at

least two different transfected cell clones. Some cell clones were obtained from

transfections done at different times.

Internalization | Phagocytosis [Ca?*]; flux PY
wt (PW16) + + + +++
A264 + - i o
A233 - - - ;
A207 - - - -
K235E + + + + 4+
EE239- + + + +++
240QQ
Y2458 + + + 4+
Y252F - - ] b
Y252L + + + +++
Y2528 + + + +++
L255E - - ] o
R258L + + + +++
D263H + + + +++
D263S + + + +++
DDD262/264 | + + + +++
NNN
L255A- - nd - + *
Y268F
L271A + nd - +*

*: the relative intensity of tyrosine phosphorylation level is low.
nd: not determined.



46

Tyrosine phosphorylation of FcyRITA

Phosphorylation on tyrosine of FcyRIIA was analyzed by immunoprecipitation
of FcyRIIA from macrophage cell lysates before and after stimulation followed by
immunoblotting with mAb 4G10 (Fig. 8). Maximal phosphorylation of the receptor
was seen at 1 min. No basal phosphorylation of the receptor was evident in
immunoprecipitates from cells at time 0, nor from mock-stimulated (no IV.3 Fab) or
blank-stimulated (IV.3 Fab, but no secondary crosslinking antibody) samples (data not
shown). The identity of the immunoprecipitated 46,000 M, protein as FcyRIIA was
confirmed by co-migration of the tyrosine-phosphorylated bands with an identical
complex detected by a polyclonal rabbit anti-FcyRIIA antibody. The 46,000 M,
protein was absent in immunoprecipitates from the FcyRIIA-negative cell line PC1.
We never observed, in multiple experiments under conditions where there was strong
tyrosine phosphorylation of wt FcyRIIA, tyrosine phosphorylation of the A264
mutant, which is lacking the COOH-terminal Y-X-X-L. We observed weak tyrosine
phosphorylation following activation of the Y252F mutant, which cannot flux Ca** or
phagocytose E-IV.3 Fab and internalize immune complexes only after extensive
crosslinking with a high concentration of goat F(ab’), anti-mouse IgG (Fig. 9).
Pharmacological studies of FcyRIIA signaling

To assess the functional importance of protein tyrosine phosphorylation,
P388D, cells expressing wt FcyRIIA (PW16) were pretreated (10 uM, 20 hr) with the
tyrosine kinase inhibitor, herbimycin A (187). This abrogated tyrosine

phosphorylation in response to FcyRIIA activation and dramatically reduced the
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amount of tyrosine phosphorylated proteins in the cell (Fig. 8B). The almost total lack
of staining by mAb 4G10 of lysates from herbimycin-A treated cells also shows that
the staining we observe is specific. Both [Ca?*]; flux (Fig. 7f) and receptor-mediated
internalization of complexes ( Fig. 8A) were inhibited in a dose-dependent fashion by
herbimycin A pretreatment, with complete inhibition occurring at 10 uM herbimycin
A. Loading P388D, cells with BAPTA-AM (197), a calcium chelator, had no effect
on internalization of complexes and no effect on protein tyrosine phosphorylation at 1
min (data not shown).

The abnormal kinetics of tyrosine phosphorylation and dephosphorylation in
the Y252F mutant suggested that activation of protein tyrosine phosphatase (PTPase)
activity may occur following FcyRIIA stimulation. The importance of PTPase activity
during FcyRIIA signaling was examined by treatment with the PTPase inhibitors
vanadate, pervanadate, and phenylarsine oxide. Pretreatment of P388D, cells
expressing wt FcyRIIA with vanadate (400 uM, 4 hrs) had no effect on the
FcyRITA-mediated tyrosine phosphorylation pattern at 1 min, and, as expected, no
effect on internalization of complexes (data not shown). However, vanadate may not
be sufficiently permeable in the P388D, line to be effective. Short preincubation with
low concentrations of pervanadate resulted in a dose-dependent elevation of the basal
level of phosphotyrosine, inhibition of tyrosine kinase activity induced by stimulating
the transfected FcyRIIA, and inhibition of internalization of complexes (Fig. 8B, C).
Phenylarsine oxide (PAQ), which reacts with closely spaced sulfhydryl groups (198),

is a potent inhibitor of PTPases (199,200). PAO pretreatment of PW16 cells, like
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pervanadate, stimulated basal tyrosine phosphorylation, but broadly inhibited
FcyRIIA-induced tyrosine phosphorylation (Fig. 8B). [Ca?*]; flux and
receptor-mediated internalization of complexes were inhibited as well (Fig. 8C). The
[Ca?*]; flux was more sensitive to inhibition by PAO (80% inhibition at 5 uM PAO),
than was internalization (20 uM PAQO was required for 50% inhibition of
internalization of complexes at a 5 min time point). However, at later time points,
even at 40 uM PAO, the normal patterns of increased tyrosine phosphorylation

appeared accompanied by internalization of complexes (data not shown).
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Figure 7. Effect of PAO, and herbimycin A on FcyRIIA-mediated [Ca?*]; flux.
Transfected P388D, cells were incubated with the indicated concentration of
herbimycin A or PAO as described in Materials and Methods prior to stimulation by
receptor crosslinking at 37°C. Changes in [Ca®*]; were detected as described in Figure
3.
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Figure 8. Effect of pervanadate, PAO, and herbimycin A on FcyRIIA-mediated
functions. Transfected P388D, cells were incubated with the indicated concentration
of herbimycin A, pervanadate, and PAO as described in Materials and Methods prior
to stimulation by receptor crosslinking for 1 min at 37°C. (A)Time course of
internalization mediated by wild-type FcyRIIA. FcyRIIA molecules were decorated
with IV.3 Fab and crosslinked with goat anti-mouse IgG F(ab’), at 4°C. After
incubation at 37°C at a 5 min interval, the percentage of internalized complexes was
determined as described in Materials and Methods. The internalization of complexes
is shown as a function of concentration of herbimycin A.
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Figure 8. (B) Protein tyrosine phosphorylation before and 1 min after crosslinking
FcyRIIA in the presence and absence of 10-25 pM pervanadate, 20 mM H,0,, 40 uM
vanadate, or 40 uM PAO; effect of preincubation (20 h, 10 uM) with herbimycin A

on protein phosphotyrosine; and phosphorylation following crosslinking of the A233
FcyRITA mutant transfected into P388D, cells.
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Figure 9. Tyrosine phosphorylation of human FcyRIIA from P388D, cells expressing
FcyRIIA or the A233, A264, and Y252F mutants following receptor crosslinking. Cell
lysates were immunoprecipitated with mAb IV.3, electrophoresed, transferred to
nitrocellulose, and probed for phosphotyrosine with mAb 4G10 or for FcyRIIA with a
polyclonal rabbit anti-FcyRIIA IgG. PW16 transfectants express wt FcyRIIA, PC1
express no FcyRIIA.
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Discussion

The T cell and B cell antigen receptors (TCR and slg), FcyRIIIA, and FceRI
are all multi-chain immune recognition receptors (12) in which one or more subunits
share the common tyrosine activation motif D/E-X,-D/E-X,-Y-X,-L-X,-Y-X,-L in the
cytoplasmic domain (11) (Fig. 1). Human FcyRIIA and FcyRIIC also share a related
cytoplasmic sequence: E-X¢-D-X;-Y-X,-L-X,,-Y-X,-L (22,99). The importance of the
tyrosine activation motif has been shown by the ability of several chimeric molecules
containing the CD3 { cytoplasmic domain to transduce signals to T cells following
crosslinking (188,189,201). Indeed, crosslinking of a chimera with an 18 amino acid
sequence of { that contains one tyrosine activation motif is sufficient to trigger a rise
in [Ca®*]; and cytolysis; the two tyrosines were shown by site-directed mutagenesis to
be crucial (189,202).

FcyRIIA, expressed on platelets, monocytes, macrophages, and neutrophils,
mediates internalization of immune complexes and is also responsible for the
neutrophil superoxide burst (160,162), which is dependent on a flux of [Ca?*],.
Human FcyRIIA, expressed in P388D; cells, mediates [Ca®*]; flux and rapid,
temperature-sensitive internalization of complexes (149). Following crosslinking of
FcyRIIA expressed in P388D, cells, we observed tyrosine phosphorylation of cellular
proteins that was maximal at 1-2 minutes and fell to baseline levels by 5-10 min. The
pattern and kinetics of tyrosine phosphorylation we observed in P388D, cells were
very similar to that we observed in U937 cells, activated under similar conditions

(data not shown). The rapidity of the dephosphorylation we observed somewhat faster
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than has been observed in other systems (99), but is in accord with previous work
demonstrating the activation of tyrosine kinases following receptor crosslinking. The
importance of the kinase activation was indicated by the inhibition of internalization
and [Ca®*]; flux observed after pretreatment of cells with herbimycin A. Furthermore,
nonfunctional FcyRIIA with severe truncations of the cytoplasmic domain expressed in
P388D, cells and wt FcyRIIA expressed in CHO cells did not trigger tyrosine
phosphorylation events upon crosslinking.

Unlike human FcyRIIA, neither splice variant of murine FcyRII induces
tyrosine phosphorylation events after crosslinking (104,152,203). This may be due to
the insertion of an additional amino acid within the second Y-X-X-L/I sequence in the
conserved motif. The human FcyRIIbl and FcyRIIb2, which also do not trigger
[Ca?*]; flux or cytolysis (151), may be the homologies of murine FcyRIIL. The ability
of murine FcyRIIb2 to localize to coated pits and mediate endocytosis (153,155) may
thus reflect other pathways than that utilized by FcyRIIA. The mechanism by which
ligation of murine FcyRIIbl with sIg inhibits activation of B cells (204) and [Ca?*);
flux (205) is unclear.

In the model used to study internalization, antibody complexes were
internalized at very low concentrations of secondary antibody by P388D, cells
expressing wt FcyRIIA. Severely truncated FcyRIIA molecules lacking a tyrosine
activation motif were not internalized rapidly even at high crosslinker concentrations.
The Y252F, L255E, and L255A-Y268F mutants, although severely crippled, will

internalize complexes at high secondary antibody concentrations (Fig. 2). Whether
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wild-type and crippled FcyRIIA possess different internalization pathways remains to
be determined. Nevertheless, raising the crosslinker concentration does not cause a
[Ca®*]; flux in incapacitated mutants, or tyrosine phosphorylation in the severely
truncated mutants A233 or A207. Our results differ from those obtained after
expression of a vaccinia-vector encoding a CD4/FcyRIIA chimera in T cells and
monocytes (151). In this study mutation of Tyr®*? or Tyr*® (which correspond to our
Tyr*? and Tyr’®) to Ser resulted in loss of [Ca?*]; flux and cytolytic activity. We find
that the Y252S and Y252L mutants internalize surface complexes and phagocytose
E-IV.3 Fab and also flux [Ca?*],. Furthermore, the deletion of the terminal Y-X-X-L
motif or L271A mutant abolishes [Ca?*]; flux but does not alter the ability to
internalize complexes. The rapid and temperature-sensitive internalization of
complexes is clearly linked to activation of tyrosine kinases, as mentioned above.

We had shown previously (149) that a mutant of FcyRIIA missing the 17
carboxyl-terminal amino acids, A264, though capable of internalization of crosslinked
FcyRIIA complexes, failed to mediate either a [Ca®*]; flux and phagocytosis of
E-IV.3. Furthermore, the phagocytosis of E-IV.3 by transfectants with wt FcyRIIA
was inhibited by BAPTA, showing that for this cell line [Ca®*]; flux is required for
the phagocytosis of large particles. These results have been confirmed by the
correlation of [Ca**]; flux with phagocytic index in a series of point mutations of
FcyRIIA (Fig. 4). However, others have found that phagocytosis of EA by murine
peritoneal macrophages is not dependent on [Ca®*]; flux (206,207). These differences

may reflect dependence of membrane recycling on [Ca®*]; flux in the P388D, cell line
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that is not required for peritoneal macrophages, because they have a larger area of
membrane available for the incoming phagocytic vacuole. Alternatively, [Ca?*]; flux
may be necessary but not sufficient to trigger phagocytosis.

Following activation of the A264 FcyRIIA mutant, a subset of proteins
normally phosphorylated on tyrosine following activation of the wt FcyRIIA is
observed (Fig. 5A, B). Since the A264 FcyRIIA mutant internalizes immune
complexes normally, presumably activation of the internalization pathway is
dependent on phosphorylation of some or all of this subset of proteins. The kinetics of
the phosphorylation and dephosphorylation by the A264 FcyRIIA mutant are similar to
wt (Fig. 5A, B, and D). The differences in phosphorylation patterns between wt
FcyRIIA and the A264 mutant might be due to activation of distinct tyrosine kinases
with different specificities. The failure of activation of A264 to induce the
phosphorylation of p72¥* (Fig. 6) argues for this view. Alternatively, one or more of
the subset of proteins not phosphorylated on tyrosine in the A264 mutant may require
direct interaction with epitopes within the COOH-terminal 17 amino acids of the wt
receptor in order to be phosphorylated.

p72%* and the closely related molecule ZAP-70 play central roles in signal
transduction via the B and T cell antigen receptors. p72¥* is co-precipitated with sigM
(208) and ZAP-70 has been found to associated with the { and e chains of TCR/CD3
following crosslinking of receptor (196,209). Our results indicate clearly that,
following crosslinking of FcyRIIA, p72%* is phosphorylated, which is correlated with

kinase activation (210). The failure to activate p72%* by the A264 mutant argues that
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phosphorylation and activation of p72”* may be important for [Ca**]; flux but is not
necessary for internalization of complexes. The failure to flux [Ca**]; and
phosphorylate M, 72,000 protein by the L255E and L.271A mutants may confirm this
deduction.

The residues we chose to examine in detail were between Arg™* to Asp®®, a
region previously identified as important for internalization of immune complexes
(149). Mutation of the acidic clusters at either end of the Arg?* to Asp®® sequence
was without dramatic effect. The importance of the first Y?*2-X-X-L repeat in the
signaling process is shown by the inability of the Y252F and L255E FcyRIIA mutants
to either efficiently internalize complexes or flux [Ca®*];. However mutation of Tyr®?
to serine or leucine led to FcyRITA mutants that were fully functional and
indistinguishable from wt, even upon analysis of multiple clones of each transfectant.
We propose that the aromatic ring of Tyr or Phe, but not Ser or Leu at position 252
blocks events required for activation of p72%* and, following phosphorylation of
Tyr??, the inhibition is removed. However, phosphorylation of Tyr*? is not needed
for activation of tyrosine kinases after crosslinking of the A264 mutant, which is not
phosphorylated on tyrosine upon activation (Fig. 9). Although Y252F FcyRIIA was
crippled, activating this receptor with high concentration of crosslinker led to tyrosine
phosphorylation of most of the proteins seen after activation of the wt receptor, with
the exception of a major phosphotyrosine containing protéin of 52,000 M,. However,
the rate of phosphorylation was somewhat slower, and the rate of subsequent

dephosphorylation was markedly inhibited relative to wt (Fig. SA, C, D). The L255E
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and L255A-Y268F FcyRITA mutants show a similar phenotype to the Y252F mutant

(Fig. 5E). This result suggests that the PTPases responsible for the dephosphorylation
are not constitutively active, but are induced as a consequence of crosslinking.
Several studies suggest that the PTPase CD45 is involved in T cell activation.
Crosslinking of CD45 with CD4 results in activation of T cells whereas ligation of
CD45 and the TCR/CD3 complex results in inhibition of activation (123). T cells
mutant in CD45 phosphatase activity do not proliferate upon TCR stimulation
(211,212). In contrast, phytohemagglutinin T cell blasts proliferated more extensively
in the presence of vanadate (213), an inhibitor of some PTPases including CD45
(199,213). However, preincubation of P388D, cells expressing human FcyRIIA with a
high concentration of vanadate (400 uM, 4 h) had no effect on either internalization
of immune complexes or tyrosine phosphorylation patterns. We suspect the lack of
effect of vanadate may be due to failure to achieve a high enough internal
concentration of the inhibitor. Pervanadate, which penetrates cells more readily, is a
potent inhibitor of PTPase and dramatically stimulates tyrosine phosphorylation (214).
Pervanadate, at intermediate concentrations, while increasing the general
phosphotyrosine background in the immunoblot, decreased both the specific tyrosine-
phosphorylation events that resulted from stimulation of FcyRIIA, and the
internalization of complexes (Fig. 8A, B). Similar results (Fig. 8A, B) were obtained
with a very different inhibitor of PTPases, phenylarsine oxide (PAO), which forms a
complex with closely spaced sulfhydryl groups (215,216), but does not inhibit

tyrosine kinases such as the insulin receptor kinase (199), Fyn, or Lck (200). Thus,
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we suggest that PTPase regulates, and may induce the activation of tyrosine kinase(s)
following FcyRIIA activation.

The tyrosine phosphorylation of the FcyRIIA itself is not visible in the total
lysate of the cells, even though these cells express 10° receptors/cell. However,
immunoprecipitation of the receptor after crosslinking showed that the receptor is
phosphorylated on tyrosine (Fig. 8). However, we were never able, in repeated
attempts, to obtain phosphorylation of the A264 FcyRIIA, although crosslinking of
this receptor clearly activates tyrosine kinase activity (Fig. 5) and triggers
internalization of complexes. Since mutation of Tyr??to either Ser or Leu, or Tyr?*
to Ser, had no effect on the phenotype of the FcyRIIA response, we suggest that one
of the residues phosphorylated upon activation is Tyr?®. Yet, Tyr?? is a critical
residue since mutation to phenylalanine (Y252F) resulted in a functionally crippled
receptor. Further site-specific mutations are necessary to fully analyze these events
and the relationship between the two Y-X-X-L motifs.

These results strengthen the hypothesis that distinct signaling pathways are
activated by FcyRIIA for internalization of complexes and for [Ca®*]; flux. We have
shown that protein tyrosine phosphorylation is a prerequisite for both of these
functions. Furthermore, p72%*, one of the earliest proteins phosphorylated on tyrosine
following activation of wt FcyRIIA, is not phosphoryiated after activation of A264
and only minimally by Y252F, L255E, L255A-Y268F and L271A. Since A264 and
L271A internalize complexes normally, this suggests that p72%* plays no role in

internalization, but is important for [Ca2*]; flux.
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Materials and Methods
Reagents

MAD IV.3 from ATCC (American Type Culture Collection, Rockville, MD)
was purified from spent medium by chromatography on a protein G-Sepharose
column. The Fab was prepared by digestion with immobilized papain (Sigma, St.
Louis, MO) and purified using a Protein A column and mono Q chromatography. The
anti-phosphotyrosine mAb 4G10‘ was purchased from UBI, and was also provided as a
generous gift of Dr. Thomas Roberts (Dana Farber Research Institute, Boston, MA).
Alkaline phosphatase-conjugated secondary antibodies were from Organon-Technica
Cappel. Unconjugated and biotinylated goat anti-mouse IgG F(ab’), were purchased
from Jackson Immunoresearch. Herbimycin A (187) was very kindly provided by Dr.
Yoshimasa Uehara. PAO was purchased from SIGMA. Bapta-AM and Indo-1 were
purchased from Molecular Probes, Inc. (Eugene, OR).
Site-directed mutagenesis

A human FcyRIIA cDNA clone was generously donated by Dr. J. Kochan
(Hoffman La-Roche, Nutley, NJ). Mutant FcyRIIA cDNAs (Fig.1) were constructed
by oligonucleotide primer-directed site-specific mutagenesis (191), confirmed by
sequencing (Sequenase Version 2.0, United States Biochemical Corp., Cleveland,
OH), and subcloned into the EcoRI site of the eukaryotic expression vector pcEXV-3
(217), which has an SV40 early gene promoter and polyadenylation signal.
Transfection of P388D, cells

Transfections of P388D, cells were performed by a modification of the
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calcium phosphate co-precipitation method (218) as described (149). To screen
transfectants, cells in suspension (2.5 x 10°/ml) were incubated with mAb IV.3 Fab (1
pg/ml, 1 hr, 4°C), washed by centrifugation, and stained with FITC-conjugated
F(ab’), goat anti-mouse IgG (20 ug/ml, 1 hr, 4°C). Cells were analyzed on a Coulter
Epics Cell Sorter (Coulter Corporation, Opa Locka, FL). Cells analyzed for function
were populations obtained from repeated (2x) sorting of the brightest 2% of stained
cells, or from limiting dilution cloning. The amount of mutant FcyRIIA expressed
was quantified by flow cytometry relative to the PW16 cell line, which expresses 1.2
x 10° wt receptors/cell. All transfected P388D, cells expressed between 1.1 - 2.5 x
10° receptors/cell (data not shown). The expression of FcyRIIA in P388D, cells has
been stable for at least 6 months of continuous cell culture.

To verify mutations in cultured P388D, transfectants, genomic DNA was
isolated and the region between Ile'®” and Asn?! was amplified by PCR using
appropriate primers. PCR products were purified from agarose gel run in TAE buffer
using GENECLEAN II (Biol01 Inc., La Jolla, CA) and were subcloned into
M13mp19 plasmid for sequencing.

Measurement of internalization and phagocytosis

Transfected cells in suspension were incubated with mAb IV.3 Fab (1 pg/ml,
30 min, 4°C), washed, and then incubated with goat anti-mouse IgG F(ab’), (Jackson
ImmunoResearch, Inc., West Grove, PA) (2 pg/ml, 20 min, 4°C). To activate
endogenous muFcyRII/III on the P388D, cells, mAb 2.4G2 Fab (47) and rabbit

anti-rat IgG F(ab’), were substituted. The cells were then shifted to 37°C for the
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indicated intervals and washed at 4°C prior to labeling with FITC-conjugated rabbit
anti-goat IgG F(ab’), (30 ug/ml, 30 min, 4°C) (or FITC-conjugated goat anti-rabbit
IgG F(ab’), when studying endogenous murine FcyRII/IIT). Background fluorescence
was determined by omitting mAb IV.3 or mAb 2.4G2. The fluorescence of labeled
cells maintained at 4°C throughout the experiment was used as the control for 0%
internalization. Background cell fluorescence represented 100% internalization. Using
a linear conversion scale, the fluorescence levels of cells incubated at 4°C and at 37°C
were compared to background cell fluorescence. To calculate the percentage of
antibody complexes internalized by labeled cells incubated at 37°C, the following
equation was used: 100 x {1-[(comparative fluorescence of 37°C

cells-1) +(comparative fluorescence of 4°C cells-1)]}. Thus, receptor internalization is
detected as a decrease in crosslinked FcyR complexes present on the cell surface.
This decrease is not due to shedding of the complexes (149). The phagocytosis of
erythrocytes coated with mAb IV.3 Fab (E-IV.3) (219) was performed as described
previously (149).

Measurement of [Ca**];

Suspensions of transfected cells (10’/ml) were incubated with 5 ug/ml of
Indo-1-AM (Molecular Probes, Inc., Eugene, OR) for 15 minutes at 37°C. After the
cells were washed and resuspended in PBS containing 5 mM KCI and 5 mM glucose,
they were incubated with mAb IV.3 Fab (1 pug/ml, 37°C, 5 min), washed, and
resuspended in PBS containing 2 mM MgCl, and 1.2 mM CaCl, for 5 min. The

stirred cell suspension was then transferred to a fluorimeter to determine the resting
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fluorescence emission ratio (405 nm/490 nm) during excitation at 355 nm. After 60
seconds, goat anti-mouse IgG F(ab’), (35 ug/ml final concentration) (Jackson
ImmunoResearch, Inc.) was added. The maximal emission ratio was determined by
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?*]; as described previously
(192).
Western blot analysis of tyrosine phosphorylation

Cells were collected from plates by gentle pipetting with DMEM, 2% FCS, 20
mM Hepes, pH 7.0 and dispensed at 2 x 10° cells/eppendorf tube. Pelleted cells (1500
rpm, 3 min, Shandon microcentrifuge) were resuspended in 100 1l DMEM containing
20 mM Hepes, pH 7.0, and mAb IV.3 Fab (2 ug/ml, 30 min, 37°C), washed, and
stimulated in 100 ul of DMEM plus Hepes containing goat anti-mouse IgG F(ab’), (40
pg/ml, 37°C). In mock stimulations mAb IV.3 Fab was omitted. In "blank"
stimulations the secondary crosslinking goat anti-mouse IgG F(ab’), was omitted.
Mock stimulations were performed in all experiments for each time point. The
stimulation was ended by pipetting the cell suspension (~ 100 ul) into 1.2 mi of
PBS-2% FCS prechilled in a salt-ice-water bath. Following centrifugation for 10 sec,
pellets were lysed (100 ul, 0.5% NP-40, 0.1% sodium deoxycholate, 10.0 %
glycerol, 20 mM Na-PO,, pH 7.8, 70 mM NaCl, 50 mM NaF, 400 uM Na,VO,, 5
mM EDTA, 1 mM PMSF , and 10 ug/ml each of aprotinin, leupeptin, soybean
trypsin inhibitor, and pepstatin A) and cleared by centrifugation (20,000 x g, 20 min,

4°C). Following electrophoresis of cleared lysates on a 7-17% SDS-polyacrylamide
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gel (220), gels were electroblotted onto nitrocellulose. Blots were blocked overnight at
4°C in TBS, 5% BSA (Sigma), 0.05% Tween-20, and 0.02% Azide. All subsequent
steps were performed at room temperature. The blots were incubated with 1 ug/ml of
the anti-phosphotyrosine mAb 4G10 (1 ug/ml, TBS, 1% BSA, 2 hr). Following three
washes, the 4G10 mAb was detected by incubation with alkaline
phosphatase-conjugated goat anti-mouse IgG F(ab’), at 1:1000 dilution in TBS 1%
BSA, washed, and developed as described previously (50). The nitrocellulose blots
were digitized, and densities of individual bands were quantified using NIH Image
1.44 software.
Inhibitor studies

Cells were preincubated with herbimycin A (187) (10 uM, 16-20 hr, 37°C), a
kind gift of Dr. Yoshimasa Uehara (National Institute of Health, Tokyo, Japan). A
preliminary screen showed that P388D; cells can tolerate 400 uM vanadate for 4 hrs
without undue toxicity. In experiments to analyze phosphotyrosine and [Ca®*]; flux,
phenylarsine oxide (5-40 uM) was added for 5 min at 37°C before crosslinking; for
immune complex internalization the inhibitors were added for 20 min at 4°C before
crosslinking. Pervanadate was generated by incubation of 5 parts of 10 mM
orthovanadate with 1 part of 500 mM H,0, in modified Tyrode’s solution for 10 min
at 23°C prior to use (214). Cells were preincubated with the pervanadate for 30 min
at 37°C (for phosphotyrosine analysis) or at 4°C (for internalization) before
crosslinking. H,0, alone had no effect on either phosphotyrosine and internalization

analysis. In all pharmacologic studies, the agent used for pretreatment was
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continuously present during stimulation.
Immunoprecipitation of FcyRIIA and p72%*

To immunoprecipitate FcyRIIA, mock and stimulated cell lysates were
obtained as detailed above, except a biotinylated secondary crosslinking antibody was
used. This enabled subsequent immunoprecipitation of the biotinylated complexes with
streptavidin-conjugated agarose. Following overnight incubation with the streptavidin
agarose, immunoprecipitates were washed 5 times in lysis buffer and bound proteins
released by boiling in SDS sample buffer. Samples were equally divided onto two
electrophoresis gels. One blot was probed for phosphotyrosine and the second blot
was probed for FcyRIIA with a polyclonal rabbit anti-FcyRIIA elicited against a
recombinant truncated human FcyRIIA protein containing only the extracytoplasmic
domain (183). The rabbit anti-FcyRIIA IgG was used at a concentration of 10 ug/ml
in TBS, 1% BSA, 0.5% NP-40, and detected using an alkaline
phosphatase-conjugated goat anti-rabbit IgG antibody F(ab’),.

Mock and stimulated cell lysates were immunoprecipitated with anti-p72%*
elicited by immunization with a peptide corresponding to the COOH-terminal 28
amino acids of the porcine Syk sequence coupled to BSA. After SDS-PAGE and

transfer to nitrocellulose, the blot was probed with mAb 4G10.
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III. Activation of Downstream Signaling Proteins Followed Crosslinking FcyRITA:
Correlations Among Tyrosine Phosphorylation of She, p72*%, PLC-y1, and
[Ca**]; Flux in FcyRIIA Signaling

She (M, 52,000) is phosphorylated on tyrosine residues upon crosslinking
FeyRIIA

Several signaling proteins including Shc (221) and PLC-y1 (140,222) are
physically associated with activated growth factor receptors. Shc, a highly conserved
and widely expressed protein, has two initiation codons, encoding two overlapping
proteins of 47 and 52 kDa that contain a single C-terminal SH2 domain, an adjacent
glycine/proline-rich motif that is homologous to the a1 chain of collagen, but no
identifiable catalytic domain. Activated PDGF receptor forms a complex with and
phosphorylates Shc. Overexpression of Shc in NIH3T3 cells leads to transformation
(221). In Rat-2 cells transformed by the v-src or v-fps, Shc is highly
tyrosine-phosphorylated and tyrosine phosphorylation of Shc is rapidly induced upon
activation of temperature-sensitive v-src or v-fps nonreceptor tyrosine kinases (223).
In addition, tyrosine phosphorylated Shc forms a complex with a nonphosphorylated
23 kDa polypeptide encoded by the grb2/sem5 gene (137,224).

In our previous studies, crosslinking of wt FcyRIIA in PW16 cells led to the
rapid and transitory phosphorylation on tyrosine of a distinct set of proteins including
a protein of 52,000 M, (Fig. SA). This tyrosine phosphorylated protein was identified
to be Shc by Shen et al. (225). Moreover, crosslinking the FcyRIIA deletion mutants

A264 (Fig. 5B) and A233 did not result in tyrosine phosphorylation of 52,000 M,
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protein (Fig. 7A), and crosslinking of the Y252F, L.255E, and L271A FcyRIIA

mutants resulted in minimal tyrosine-phosphorylation of 52,000 M, protein (Fig. 5C
& 5SE). Immunoprecipitation with anti-Shc sera from the Y252F mutant cell lysates
showed the same conclusions that the mutant resulted in a small amount of Shc (M,
52,000) phosphorylation upon crosslinking(225).

Tyrosine phosphorylation of PLC-y1 (M, 140,000) upon FcyRIIA activation

PLC-v1 is one of the several PLC isoforms that convert phosphatidylinositol
4,5-bisphosphate (PIP2) to diacylglycerol (DAG) and inositol 1,4,5-trisphosphate
(IP3), leading to the activation of protein kinase C (PKC) and the release of the
intracellular stores of Ca**, respectively. Activation of PLC-y1 is known to occur
through tyrosine phosphorylation without the participation of G proteins
(140,222,226,227). Tyrosine phosphorylation is correlated with the activation of
PLC-v1 and association with activated PDGF and EGF receptors (131,228,229).
Serine phosphorylation of PLC-y1 by either cAMP-dependent kinase or PKC may
serve to modulate the interaction of the enzyme with tyrosine kinases and
phosphatases.

Crosslinking of FcyRIIA in PW16 cells resulted in tyrosine phosphorylation of
multiple cellular proteins and mobilization of intracellular calcium. Shen et al. (225)
confirmed that the 140,000 M, protein that is tyrosine phosphorylated after activation
of FcyRIIA is PLC-y1. However, no tyrosine phosphorylation of 140,000 M, protein
was detected in A264, Y252F, L255E and L271A FcyRIIA mutants (Fig. 5B, 5C &

5E) and none of which triggers [Ca®*]; flux. Therefore, no tyrosine phosphorylation
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of PLC-y1 was seen by immunoprecipitating PLCy-1 from these FcyRIIA mutant cell
lysates (225).
Effects of PMA

Since phagocytosis by FcyR in neutrophils is associated with production of IP3
and diacylglycerol, resulting in PKC activation (230), we examined the effects of the
PKC agonist phorbol myristate acetate (PMA). A short pretreatment of PW16 cells
with PMA enhanced the initial rate, but not the final extent of FcyRIIA-mediated
internalization (Fig. 10A). Pretreatment of PW16 cells with 1 uM and 25 uM of the
protein kinase inhibitor, H8 (231), which inhibits only PKA at < 5 uM but inhibits
both PKC and PKA at 25 uM, had no effect on FcyRIIA-mediated internalization of
complexes at either concentration (Table 4). However, pretreatment with PMA
decreased the level of [Ca®*]; flux following FcyRIIA crosslinking in a
dose-dependent manner (Fig. 10B).
Effects of cyclosporin A

The immunosuppressant drug cyclosporin A (CsA) has been shown to inhibit
signal transduction via the high affinity FceRI expressed by basophils and mast cells
(232) and the antigen receptors on T and B cells (233). These receptors form multi-
protein signal transduction complexes, whose accessory chains contain a conserved
cytoplasmic motif also present in FcyRIIA (Fig. 1A). CsA becomes active when
complexed to intracellular proteins named immunophilins (cyclophilins), and then this
immunosuppressant-receptor complexes function to block phosphatase activity by

binding to the biological target, Ca’*/calmodulin-dependent PP2B (calcineurin) (233).
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However, preincubation of PW16 cells with CsA (0.5-4 pg/ml, 37°C, 2 hr) had no

effect on internalization of immune complexes (Table 4).
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Figure 10. Analysis of PMA treatment on the internalization of receptor complexes
and [Ca?*]; flux following crosslinking of FcyRIIA. (A) Internalization of immune
complexes. (B) [Ca?*]; flux, measured by indo-1 ratio fluorescence.



Table 4. Regulation of FcyRIIA-mediated internalization, [Ca®*]; flux, and tyrosine-
phosphorylation.

Reagents Internalization [Ca?*]; flux PY
PMA + - +
Calphostin C same nd same
HS8 same nd nd

Herbimycin A - - -

PAO - - -
Vanadate same nd same
Cyclosporin A same nd nd

The effects of PMA (100 ng/ml), calphostin C (0.5-8 uM), H8 (1 and 25 uM),
herbimycin A (10 uM), PAO (2.5-40 uM), vanadate (400 uM), or cyclosporin A
(0.5-4 pg/ml) on these FcyRIIA mediated events were determined. nd, not
determined; -, inhibited; +, stimulated; same, unchanged
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Discussion

We have been interested in dissecting which substrates for cellular kinases are
needed for specific effector functions. P388D, cells expressing A264 FcyRIIA, in
which the COOH-terminal Y-X-X-L motif is deleted, can internalize immune
complexes but cannot phagocytose large particles nor mediate a [Ca?*]; flux.
Crosslinking A264 mutant results in tyrosine phosphorylation of a subset of the
proteins seen following activation of the wt FcyRITA. The Y252F FcyRIIA mutant
cannot mediate a [Ca?*]; flux, and is severely compromised in internalization of
immune complexes.

The [Ca®*]; flux observed in B cells, T cells, and macrophages upon
crosslinking of antigen receptors (234,235), FcyRI, and FcyRII (147) is due to
activation of PLC-y1 by tyrosine phosphorylation resulting in the production of
diacylglycerol and IP3. PLC-y1 was rapidly phosphorylated on tyrosine after FcyRIIA
activation, accompanied by a corresponding elevation of IP3 that led to [Ca?*]; flux.
However, following activation, there was neither phosphorylation of PLC-y1 nor
[Ca**]; flux in either the A264 or the Y252F mutants.

We were surprised to observe that pretreatment with PMA_resulted in
inhibition of [Ca®*]; flux initiated by FcyRIIA activation. In Jurkat cells, PLC-y1
tyrosine phosphorylation induced by CD3 crosslinking is inhibited by PMA, as is
[Ca’*); flux (141). However, we did not observe any decrease in the tyrosine
phosphorylation of PLC-v1 after activation of PW16 cells treated with increasing

amounts of PMA relative to controls. Under these conditions, however, there was a
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decrease in the production of IP3 in PMA-treated cells (225).

We found that activation by crosslinking of FcyRIIA expressed in P388D;
cells led to rapid and transient tyrosine phosphorylation of 52,000 M, protein (Shc),
thought to be an adaptor that couples tyrosine kinases to downstream targets that lack
SH2 domain. Shc is associated with, and is phosphorylated on tyrosine by activated
EGF receptor (221), and Shc may be an in vivo substrate for the v-Src and v-Fps
non-receptor tyrosine kinases in Rat-2 cells transformed by v-src or v-fps (223).
Although PMA had no effect on tyrosine phosphorylation of PLC-y1, pretreatment
with PMA did inhibit the tyrosine phosphorylation of Shc (225).

Activation of protein tyrosine kinases after ligand binding has been shown to
be the primary event for signaling by members of the multichain immune recognition
receptor family. FceRI is reported to activate Lyn and Yes kinases (105), stimulation
of FcyRIIIA results in Lck activation (102), and neutrophil FcyRII stimulation
activates the Fgr kinase (117). These kinases then activate a second tyrosine kinase,
p72%*, which participates in activation of B cells by the antigen receptor (208),
RBL-2H3 rat basophilic leukemia cells by the high avidity FceRI (120), and platelets
activated by lectins (193). A closely related kinase, ZAP-70, is activated in T cells
(111). Our previous results confirm recent work demonstrating that p72¥* was
activated upon crosslinking FcyRIIA (121). We have also found that p72%* was not
tyrosine phosphorylated in mutants that failed to trigger [Ca?*]; flux (see part II for
detail). Since the major tyrosine phosphorylated proteins missing in the mutants were

PLC-y1 (M, 140,000) and Shc (M, 52,000), the above results argue that p72* is
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responsible for tyrosine phosphorylation of PLC-v1 and Shc.

The role of the protein kinase C signaling in FcyRIIA activation of
macrophages is not well understood. Enhancement of neutrophil phagocytosis by
PMA (236) has been reported, and PMA has also been shown to induce the
internalization of the TCR/CD3 complex (237), CD4 (238), and the IgE receptor
(239), but not surface immunoglobulin on murine B lymphocytes (240). We find that
PMA has a slight effect on acceleration of internalization of complexes, but inhibits
strongly [Ca®*]; flux induced by receptor activation. Although PMA had no effect on
tyrosine phosphorylation of PLC-y1 or p72** induced by FcyRIIA activation, it did
inhibit Shc phosphorylation to roughly the same extent as [Ca®*]; flux was inhibited
(225). Our results differ from previous studies that found PMA treatment to result in
a dose- and time-dependent reduction of PLC-y1 tyrosine phosphorylation and an
increase in serine phosphorylation induced by ligation of the TCR/CD3 complex in
Jurkat T cells (141). The decrease in the extent of IP3 production mediated by PMA
(225) might be due to regulation of the activity of PLC-y1 by phosphorylation on
serine or threonine, but it also is possible that Shc regulates PLC-vy1 activity. The
feedback inhibition of PLC-y1 by activation of PKC is highly suggested to result in
the rapid and transient [Ca**]; flux followed stimulation of FcyRIIA. Finally, it is
interesting to speculate that the activation of PKC, inhibition of [Ca?*]; flux, and Shc
phosphorylation we observe following treatment with PMA may have a parallel in the
normal regulation of [Ca®*]; flux, since the diacylglycerol and IP3 formed by cleavage

of PIP2 would activate PKC and might similarly inhibit PLC-y1 and Shc



phosphorylation.
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Materials and Methods
Immune complex internalization assay

Transfected cells in suspension were incubated with mAb IV.3 Fab (1 pg/ml,
30 min, 4°C), washed, and then incubated with goat F(ab’), anti-mouse IgG (2 ug/ml,
20 min, 4°C) to crosslink the transfected FcyRIIA. The cells were then shifted to
37°C for the indicated intervals and washed at 4°C prior to labeling with
FITC-conjugated rabbit F(ab’), anti-goat IgG (30 ug/ml, 30 min, 4°C) as detailed
previously (149).
[Ca®*); flux assay

Cells in suspension (10"/ml) were incubated with 5 ug/ml of Indo-1-AM
(Molecular Probes, Inc., Eugene, OR) for 15 min at 37°C, washed and resuspended
in Ca?* and Mg?**-free physiological saline containing 5 mM KCl and 5 mM glucose,
incubated with mAb IV.3 Fab (1 ug/ml, 37°C, 5 min), washed, and resuspended in
saline buffer containing 2 mM MgCl, and 1.2 mM CaCl, for 5 min. The stirred cell
suspension was then transferred to a fluorimeter to determine the resting fluorescence
emission ratio (405 nm/490 nm) during excitation at 355 nm. After 60 seconds, goat
F(ab’), anti-mouse IgG (35 ug/ml final concentration) (Jackson ImmunoResearch,
Inc.) was added. The maximal emission ratio was determined by lysing cells in 1%
Triton X-100, and the minimal ratio by adding EDTA (40 mM final concentration).
Indo-1 fluorescence emission ratios were converted to [Ca**]; as described previously

(192).




78
Inhibitor studies
Cells coated with IV.3 Fab were preincubated with PMA (50-200 ng/ml, 15
min, Sigma), calphostin C (0.5-8 uM, 30 min, Sigma), H8 (1, 25 uM, 2 hr, Sigma),
or cyclosporin A (0.5-4 pg/ml, 2 hr, Sigma) at 37°C before crosslinking with goat
F(ab’), anti-mouse IgG. In all pharmacologic studies, the agent used for pretreatment

was continuously present during stimulation.
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IV. General Discussion

It is still not clear how crosslinking or aggregation results in physiological
signaling. The minimal effective trigger element appears to require a conserved motif
first recognized by Reth (11). This peptide sequence contains two Y-X-X-L/I residues
separated by 10 or 11 residues (Fig. 1A). Crosslinking of receptors bearing this
element initiates an activation cascade for which protein tyrosine kinase activity
appears to be essential since PTK inhibitors block both early events such as calcium
mobilization and the later stimulus of cytokine release and cellular proliferation in T
and B cell activation (241,242).

Much investigation has focused on identification of the PTKs involved in this
proximal signaling pathway. Protein tyrosine kinases have been reported to associate
with receptors that lack an intracellular catalytic domain. Lck, a Src family member,
is associated with the coreceptors CD4 and CD8 through cysteine residues in N-
terminal domain of Lck and the cytoplasmic domains of CD4 and CD8 (243). In a
CD4-deficient T cell hybridoma, only forms of CD4 that couple with Lck can restore
antigen-induced activation (244). A critical function of Lck in TCR signal
transduction is suggested by genetic studies. A mutant leukemic cell, lacking
functional Lck, did not flux intracellular calcium and/or activate the TCR-mediated
PTK pathway (108). Overexpression of Fyn in transgenic mice leads to an antigen-
hyperresponsive phenotype in the resulting T cells, while overexpression of the
inactive kinase form blocks TCR-mediated activation (245). Thymic T cells isolated

from knock-out mice lacking Fyn kinase activity show a profound defect in
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proliferation in response to treatment with a combination of phorbol ester plus either
anti-CD3 antibody or concanavalin A (106,246). The B cell antigen receptor complex
is a hetero-oligomeric structure composed of the antigen recognition element,
membrane immunoglobulin (mlg), and transducer elements. Proteins that transduce
the signal include the disulfide-linked heterodimers of Ig-o and Ig-8/ subunits,
products of the mb-1 (a) and B-29 (8/v) genes (247,248). The antigen receptor
homology motif (ARH1) of Ig-a and Ig-B were expressed as fusion proteins with
glutathione-S-transferase (GST) and these proteins were coupled to glutathione
Sepharose beads. These constructs were used as probes to identify molecules that can
bind the receptor complex. The ARH1 of Ig-a chain bound to the Src family kinases
Lyn and Fyn, phosphatidylinositol-3 kinase (PI-3 kinase) though the ARH1 of Ig-8
bound PI-3 kinase (98).

Recently, a new family of PTK has been shown to be involved in B and T cell
activation. The p72** was found to associate with membrane Ig and to be
phosphorylated upon crosslinking with anti-IgM antibodies (208). ZAP-70, a second
member of the Syk family, has been shown to associate with the { chain of TCR/CD3
following crosslinking of receptor (196). Engagement of TCR/CD?3 also results in
association of ZAP-70 to the ¢ chain of CD3 (209). In a recent study, the tandem SH2
domains of ZAP-70, expressed as a glutathione S-transferase (GST) fusion protein,
bind to tyrosine-phosphorylated { and e chains of TCR/CD3 from activated Jurkat T
cell lysates. Neither N- nor C-terminal SH2 domains of ZAP-70 exhibit such binding

activity (249).
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More recently, Kolanus et al. (250) addressed the possibility that nonreceptor
kinases might directly activate cells by membrane clustering events. To test this they
created artificial receptor kinase chimeras by replacing the intracellular domains of
nonkinase receptors with the complete Src or Syk family kinases sequences and
examined the sequential events of aggregation of these chimera receptors by
extracellular crosslinking in T cells. The chimeras containing Src family kinases Lck
and Fyn did not lead to cellular activation (calcium mobilization and cytolytic effect),
whereas Syk or ZAP-70 chimeras triggered calcium mobilization with a slight delay.
Aggregation of the Syk chimera alone, or coaggregation of ZAP-70 and Fyn
chimeras, activated cytolytic effector function. Only the pattern of tyrosine
phosphorylation induced by crosslinking of the Syk chimera was similar to the pattern
induced by aggregation of T cell receptor.

Protein-tyrosine kinases have also been reported to associate with Fc receptors
and to be involved in the signal transduction upon crosslinking of receptor. p72%*
participates in signaling by FcyRI and FcyRII in HL60 cells (121). p5S6"™ and pp60°~*"
were activated after FceRI cross-linking and p56“® was found to coimmunoprecipitate
with FceRI in RBL-2H3 cells. In the mast cell line PT-18, p62°¥* was activated upon
FceRI engagement and coimmunoprecipitated with the receptor (118). Src-like
protein-tyrosine kinase Fgr was shown to associate and to be activated after
crosslinking of FcyRII in neutrophils (117).

Although most research of signal transduction to date has focused on the

activation of PTKs, evidence is beginning to accumulate regarding the regulation of
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protein tyrosine phosphatases (PTPs). The important role of CD45 in TCR signaling
has been discussed (see background). Recently, Desai et al. (251) showed that a
chimeric protein, consisting of the cytoplasmic domain of CD45 and the extracellular
and transmembrane domains with those of the epidermal growth factor receptor
(EGFR), was able to restore TCR signaling in a CD45-deficient cell. Thus, the
cytoplasmic domain of CD45 is sufficient for TCR signaling. Moreover, engagement
of EGFR-CD45 chimera by EGF resulted in the loss of TCR signaling. These results
indicate that CD45 function is continuously required for TCR signaling. In CD45¢*%
" mice, B cells and most T cells did not express CD45. T cell development was
blocked at the transitional stage from immature CD4*CD8* to mature CD4* or CD8*
cells, and the number of peripheral T cells was significantly reduced. B cell
proliferation induced by surface IgM receptor engagement was completely abrogated,
although development of B cells appeared normal (252).

In addition, cytoplasmic PTPs also participate in receptor signaling. EGF
stimulated not only tyrosine phosphorylation but also PTP activity. The PTP activity
was localized in the cytosol and selective toward ErbB2 and EGFR, but not
phospholipase C-y1 and Ras GTPase-activating protein (253). There are two classes
of mammalian PTPs containing SH2 domains. One class is specifically expressed in
hematopoietic cells (PTP1C, SH-PTP1, HCP, and SHP) (254,255), whereas the other
class (PTP1D, SH-PTP2, SH-PTP3, and Syp) (256,257) appears to be ubiquitous.
Syp physically associates the activated EGFR and PDGEFR in vitro and in vivo through

SH2 domains and is tyrosine phosphorylated in EGF- or PDGF-stimulated cells or v-
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src-transformed cells (256-258). HCP or PTP1C transiently associates with ligand-
activated c-Kit but not c-Fms through the SH2 domains and is tyrosine phosphorylated
in colony-stimulating factor 1- or stem cell factor-stimulated cells (259). An
unidentified PTP coprecipitated with hepatocyte growth factor/scatter factor (HGF/SF)
receptor, and the PTP activity increased after HGF/SF stimulation (260).

In our studies, crosslinking of the Y252F mutant resulted in somewhat slower
tyrosine phosphorylation and markedly slower dephosphorylation of most of the
cellular substrates, suggesting that the Tyr?? is important for protein tyrosine
phosphatase binding and/or activation. In addition, phenylarsine oxide (PAQO) and
pervanadate, protein tyrosine phosphatase inhibitors, inhibited function and tyrosine
phosphorylation induced by receptor crosslinking. Thus we believe that receptor,
protein tyrosine phosphatases (PTPs), protein tyrosine kinases (PTKs), and other
effectors are associated to initiate signal transduction, and suggest that the activation
of PTPs may be required to activate PTKs. Protein tyrosine phosphatases and protein
tyrosine kinases associated with the receptor complex have been tested by
immunoprecipitation of FcyRIIA or absorption of GST-FcyRIIA cytoplasmic domain
fusion protein followed in vitro kinase assays and immunoblotting with anti-
phosphatase sera and the anti-phosphotyrosine mAb 4G10. I have also attempted to
identify the receptor associated PTPs and PTKs by immunoblotting with specific
antibodies following immunoprecipitation of FcyRIIA. However, no convincing result

has been obtained from these experiments.
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