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Summary

The y subunit of immunoglobulin Fc receptors is an
essential component of the high-affinity receptor
for IgE (FceRl) and the low-affinity receptor for IgG
(FcyRIil) and is associated with the high-affinity recep-
tor for igG (FcyRlI) and the T cell receptor-CD3 com-
plex. It is required for both receptor assembly and sig-
nal transduction. Targeted disruption of this subunit
results in immunocompromised mice. Activated mac-
rophages from y chain-deficient mice unexpectedly
lack the ability to phagocytose antibody-coated parti-
cles, despite normal binding. Defects in NK cell-medi-
ated antibody-dependent cytotoxicity and mast cell-
mediated allergic responses are evident in these
animals, establishing the indispensable role of FcRs
in these responses. However, loss of y chain does not
appear to perturb T cell development, since both thy-
mic and peripheral T cell populations appear normal.
These mice thus represent an important tool for evalu-
ating the role of these receptors in humoral and cellular
immune responses.

Introduction

Fc receptors (FcRs) for IgG and IgE couple humoral and
cellular immunity by directing the interaction of antibodies
with effector cells. These receptors are present on most ef-
fector cells of the immune system and mediate phagocyto-
sis, antibody-dependent cell-mediated cytotoxicity (ADCC),
activation of inflammatory cells, and many of the biological
sequelae associated with antibody-dependent immunity
(reviewed by Ravetch and Kinet, 1991; Beaven and Metz-
ger, 1993). Intensive analysis of the genes and proteins
encoded by this family of receptors has revealed a struc-
tural heterogeneity for these receptors that mirrors the
functional diversity mediated by these cell surface mole-
cules (Ravetch et al., 1986).

The high-affinity FcR for IgE, FceRl, is found on mast
cells and basophils and is responsible for the degranula-
tion of these cells in response to cross-linking by antigen
(reviewed by Parker, 1987). It is the receptor primarily re-
sponsible for triggering both peripheral and systemic ana-
phylaxis. In addition to the well-known pathological re-
sponse of these cells when activated by allergen, FceRI
has been associated with host resistance to parasitic infec-
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tions (Matsuda et al., 1990). In contrast with the restricted
expression of FceRlI, FcRs for IgG, FcyRs, are found on
most cells of the hematopoietic lineage and mediate both
high- and low-affinity binding to IgG. The high-affinity re-
ceptor, FcyRlI, binds monomeric IgG and is expressed ex-
clusively on macrophages and neutrophils. It is capable
of mediating ADCC and phagocytosis in response to
cross-linking by antibody (Askenase and Heyden, 1974;
Heusser et al., 1977; Diamond et al., 1978). The low-
affinity receptors for IgG, FcyRIl and FcyRlll, are responsi-
ble for effector cell responses to immune complexes and
represent the FcyRs primarily involved in the inflammatory
response in vivo. FcyRIl is widely expressed on haemato-
poietic cells and functions as an inhibitory receptor on B
cells (Uher et al., 1985; Kurosaki et al., 1994), while on
cells of the myeloid lineage and on platelets, FcyRIl trig-
gers ADCC, phagocytosis, and the release of inflamma-
tory mediators when cross-linked by immune complexes
(Nathanetal., 1980). These disparate functions result from
the genetic heterogeneity of FcyRll, as well as alternative
splicing of its MRNA to generate proteins with distinct intra-
cellular domains (Stuart et al., 1989; Brooks et al., 1989;
Qiu et al., 1990). FcyRIH is restricted in its expression to
natural killer (NK), macrophage, neutrophil, and mast
cells, and mediates effector responses when cross-linked
by immune complexes (Weinshank et al., 1988; Perussia
et al., 1989). It is the sole FcR on NK cells, mediating
all the antibody-dependent responses on those cells. In
addition to these well-characterized effector cell path-
ways, FcyRIIl has been found on immature (day 15) thymo-
cytes, where it has been postulated to function in early
thymocyte development (Rodewald et al., 1992).
Molecular characterization of the genes and protein
products for FcyRIll and FceRI revealed that these two
receptors were homologous (Ravetch and Anderson,
1990; Ravetch and Kinet, 1991) and required the identical
subunit, the ¥ chain, for efficient cell surface expression
(Raetal., 1989; Kurosaki and Ravetch, 1989). This homo-
dimeric protein not only mediates assembly of these re-
ceptors by preventing the degradation of the ligand-
binding o subunitin the endoplasmic reticulum (Weissman
et al.,, 1989; Kurosaki et al., 1991), it is also critical for
transducing signals into the cell interior, resulting in cellu-
lar activation through a tyrosine kinase-dependent path-
way (Romeo and Seed, 1991; Wirthmueller et al., 1992).
In murine macrophages, neutrophils, mast celis, and ba-
sophils, the v chain is necessary for surface expression
of FcyRIll and FceRl. In NK cells, a homologous chain,
the ¢ chain, first described as a component of the TCR-
CD3 complex, is also expressed and forms heterodimers
with the y chain (Kurosaki and Ravetch, 1989; Lanier et
al., 1989). Based on reconstitution studies and in vitro
experiments, the murine { chain alone cannot substitute
for y chain, owing to a single amino acid substitution in
the transmembrane domain of this £ sequence, replacing
a leucine for an isoleucine (Kurosaki and Ravetch, 1989;
Kurosaki et al., 1991). This change in the transmembrane
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the ligand-binding a chain. The y chain has also been
found to be associated with the TCR-CD3 complex (Mer-
¢ep et al., 1990), although its specific function distinguish-
ing it from the homologous { chain has yet to be deter-
mined. Although not required for its surface expression
or ligand binding in transfected fibroblasts, the y chain
has been found to be associated with FcyRl in the human
monocytoid line U937 (Ernst et al., 1993), where it may
function as a signal-transducing subunit.

The structural heterogeneity of Fc receptors for IgG, in
which the IgG immune complex interacts with a diverse
array of related receptors, and the overlapping pattern of
FcR expression on effector cells have precluded detailed
determination of the specific functions of individual recep-
tors in mediating effector responses in vivo. We have cre-
ated a mouse strain genetically deficient in the y subunit
by homologous recombination in ES cells in order to deter-
mine the roles of FcyRIll and FceRlI in effector responses
to IgG and IgE, respectively. Selective ablation of this
chain has indeed resulted in the loss of these receptors
on NK cells, macrophages, and mast cells. The functional
deficit, however, is more pronounced than would have
been predicted from in vitro reconstitution studies alone.
Inflammatory macrophages are unable to mediate phago-
cytosis through FcyRl, FcyRlIl, or FcyRIll, indicating an
unexpected pleiotrophic role of this subunit. These mice
thus provide the first clear mutations with which we can
determine the distinct roles of these structurally similar
receptors in mediating effector responses in host defense.

Targeted Disruption of the y Subunit Gene

in ES Cells

A targeting vector for the y locus was constructed em-
ploying the poly(A) trap vector pMC1-neo (Thomas and
Capecchi, 1987), which was inserted into the second exon
of the y subunit genomic subclone isolated from a 129/
Ola A library. This insertion created a new stop codon
239 bp downstream of the integration site. The y subunit
homologous recombination construct, pFCRyP, contained
7.1 kb of homology 5' and 1.2 kb 3' of the neo insertion
(see Figure 1).

The mutant allele generated by homologous disruption
will be referred to as FcRy". Mouse chimeras were estab-
lished from eight ES clones that had undergone homolo-
gous integration events. Two of seven male chimeras
transmitted the mutant allele to their offspring. Homozy-
gous FcRy" animals were present at the expected fre-
quency, indicating that disruption of the y subunit locus did
not result in embryonic lethality. The homozygous mutant
mice appeared grossly normal and were fertile.

Verification of the FcRy” Nuil Allele: RNA

and Protein Analyses

Reverse transcription polymerase chain reaction (RT-
PCR) analysis of macrophage, NK cell, and mast cell RNA
isolated from wild-type, heterozygous, and homozygous
mutant mice was performed to determine the level of ex-
pression of y chain RNA. A 137 bp fragment specific for
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Figure 2. Flow Cytometric Analysis of Fc Re-
ceptor Expression on Effector Cells

(A) FcyRll and FcyRIll expression on TEMs.
Macrophages were stained with 2.4G2 and the
macrophage marker Mac-1; homozygous mu-
tant mice have an 80% reduction in 2.4G2
staining (bold tracing).

(B) FcyRIl and FcyRIH expression on bone mar-
row neutrophils. Neutrophils were obtained
from the bone marrow and stained with 2.4G2
and the granulocyte-specific marker, Gr-1. In
the homozygous mutant mice, 2.4G2 staining
is reduced by 50% (bold tracing).

(C) FcyRIl expression on IL-2-induced splenic
NK cells. NK cells were prepared from IL-2-
activated splenocytes as described in Experi-
mental Procedures and stained with 2.4G2 and
the NK cell marker 4D11. In both wild-type and
mutant mice, 4D11 is expressed on 50% of NK
cells, while 2.4G2 staining is undetectable in
mutant mice (bold tracing).

(D) FceRl expression on bone marrow—derived
mast celis. Cells were stained with FITC-IgE
and the mast cell marker Ack2. IgE staining is
lost in the mutant mice (bold tracing), which
retain Ack2 staining. Identical results were ob-
tained using mast cells purified from peritoneal
lavage celis by Ficoll gradient centrifugation

| (data not shown). Light tracing corresponds to

} control antibody staining; bold tracing indi-
\ cated —/— staining, while broken line corre-

sponds to +/+ staining of the x-axis antibody.
(Identical results were observed for +/+ and
+/— mice in all cases [data not shown]).
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a transcript containing exon 1 and 2 sequences, located
upstream of the neo integration site, was observed in wild-
type and heterozygous animals, whereas homozygous
mutant mice had no detectable fragment in macrophages,
and a faint band in mast and NK cells (Figure 1, bottom
left). Similar results were obtained using primers specific
for exons 1 and 5. PCR analysis using neo and exon 5
primers detected the expected 197 bp fragment in macro-
phages from homozygous as well as heterozygous ani-
mals (Figure 1, bottom left). Intact y message could not
be detected in RNA isolated from brain, thymus, heart,
lung, spleen, or kidney (data not shown). Protein extracts
were prepared from macrophages, NK, and mast cells and
subjected to Western blot analysis with an anti-y chain
antibody. Figure 1 (bottom right) shows that the band of
6-9 kd expected for the y subunit protein (Alcaraz et al.,
1987) was present in cells from the wild type but not from
those of homozygous mutants. No abnormal y subunit
cross-reacting proteins were detected in cells from homo-
zygous mice even in a 6-fold longer exposure (data not

shown). We conclude that the targeted mutation resulted
in a mutant allele that does not produce a y subunit protein.

Flow Cytometric Analysis of FcyRlll
and FceRI Expression
To determine whether the y chain disruption indeed re-
sulted in the loss of expression of FcyRill and FceRI, mac-
rophages, neutrophils, mast cells, and splenic NK cells
were harvested from the y-deficient mice and their wild-
type or heterozygous littermates. Thioglycoliate-elicited
peritoneal macrophages (TEMs) were stained with 2.4G2,
a monoclonal antibody (MAb) that recognizes both low-
affinity FcyRs (FcyRIl and FcyRIll) and were counter-
stained with a macrophage marker, Mac-1. As seen in
Figure 2A, macrophages derived from +/+ mice are posi-
tive for both 2.4G2 and Mac-1, while the —/— mice show
an 80% reduction in 2.4G2 staining, without a reduction
in Mac-1 staining, suggesting the loss of FcyRlll, with re-
tention of FcyRIl on these macrophages.

Bone marrow—derived neutrophils were characterized
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Figure 3. Flow Cytometric Analysis of Lymphocyte Populations in
FcRy” Mice

(A and B) Expression of CD4-CD8 and CD4CD8-CD3 populations in
the thymus of wild-type and mutant mice. Thymocytes or splenic T
cells from either 2-week-old (data not shown) or 10-week-old mice were
stained with MAbs to CD4, CDB8, and TCR chains. No differences are
apparent in these populations in mutant mice when compared with
the wild type.

(C) Expression of TCR af in splenic T cells of mutant and wild-type
mice.

(D) Expression of FcyRIl in splenic B cells of mutant and wild-type
mice. The double-negative population represents splenic T cells not
stained by B220 or 2.4G2.

by flow cytometry using 2.4G2 and a granulocyte marker,
Gr-1. Wild-type (+/+) as well as heterozygous (+/-) (not
shown) mice show a double-positive population of cells
(Figure 2B); homozygous (—/—) mice have equivalent Gr-1
staining, with 2.4G2 staining reduced by 50%.

NK cells express only FcyRIlt (Perussia et al., 1989);
loss of y chain would either result in the total ablation of
surface expression of this FcyR or normal levels of expres-
sion if the { chain is able to substitute for the y subunit
efficiently. IL-2-stimulated splenic NK cells were stained

with 2.4G2 to detect FcyRIIl expression and with 4D11,
amurine NK celi-specific MAb that stains 50% of NK cells.
As shown in Figure 2C, the NK cells isolated from the
homozygous y-deficient mice are not stained with 2.4G2
yet retain their 4D11 staining profile. Littermate control
wild-type mice are 4D11- and 2.4G2-positive.

Both peritoneal and bone marrow-derived mast cells
were stained with fluorescein isothiocyanate (FITC)-
labeled IgE and a MADb to c-kit, Ack2. Figure 2D shows
that mast cells isolated from —/— mice lack IgE binding as
aresult of the loss of FceRI. These cells also have reduced
expression of FcyRiIll, detected by reduced 2.4G2 staining
(data not shown).

These data indicate that loss of y chain results in the
loss of FcyRIll and FceRI expression on cells where those
receptors are normally present. FcyRIl expression on B
lymphocytes is unchanged (Figure 3D). Analysis of T cell
populations from the thymus (Figures 3A and 3B) and
spleen (Figures 3C and 3D) of 2-week-old and 10-week-old
y-deficient mice have not reveaied any distortion in the
normal ratios of CD4 and CD8 cells (Figure 3A) and TCR
ap (Figure 3B). Both mutant and wild-type animais display
70% double-positive, 22% CD4+ CD8—, 6% CD4— CD8+,
and 2% CD4— CD8-. In contrast with the T cell popula-
tions in y chain-deficient mice, { chain knockout mice
show impaired development of CD4 and CD8 single-
positive cells, and peripheral T cells have few T cell recep-
tors (Love et al., 1993).

Phagocytic Activity Is Absent in y-Deficient Mice
FcyRlil, in common with FcyRI and Il, mediates ADCC,
phagocytosis, release of inflammatory mediators, and de-
granulation when cross-linked with antigen—antibody com-
plexes. Since the deletion of the y chain resulted in the
marked reduction or total loss of FcyRlIli, functional char-
acterization of the macrophage, NK, and mast cells from
these y-deficient animals were studied to determine the
contribution of FcyRHI to these physiological responses
to IgG immune complexes.

FcR-mediated phagocytosis was assessed by the ability
of TEMstointernalize sheep red blood cells (SRBCs) opso-
nized with IgG (Figure 4). IgG2a-opsonized RBCs are
bound and internalized preferentially by the high-affinity
FcyRl, while IgG1 and 2b are only bound and internalized
by the low-affinity receptors (Weinshank et al., 1988). As
shown in Figures 4A and 4E, macrophages from wild-type
(+/+) mice displayed robust binding of IgG-opsonized
SRBCs of G1 and 2a subclasses. Heterozygous mice dis-
played identical binding (data not shown), and IgG2b bind-
ing was comparable to IgG1 in all cases (data not shown).
These bound opsonized particles were efficiently internal-
ized, as shown in Figures 4B and 4F. Macrophages from
homozygous mutant (—/—) mice bind IgG1-opsonized
SRBCs (Figure 4C), owing to retained expression of FcyRII
(see Figure 2A). This binding is completely blocked by
MAD 2.4G2. These same macrophages failed to demon-
strate IgG2a binding (Figure 4G), indicating an unex-
pected loss of FcyRI binding activity. This is not the result
of loss of FcyRI a chain expression, since these macro-
phages express equivalent levels of mRNA for this chain
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when compared with wild-type mice (data not shown).
Rather, it indicates a functional dependence of the high-
affinity FcyRlI for the y chain either for facilitating surface
expression or ligand binding for this receptor. Despite the
efficient binding of SRBCs to —/— macrophages through
FcyRll, these cells fail to internalize such opsonized parti-
cles, indicating a more global defect in FcR-mediated
phagocytosis. Deletion of y chain thus has a pleiotrophic
effect on macrophage FcR-mediated ligand binding and
phagocytosis beyond what might be expected from the
loss of FeyRiIIl.

ADCC Activity, but Not Natural Killing, in NK Cells
Was Severely Abrogated in FcRy" Mice

Natural killing activity, as measured against the YAC-1
tumor target, was normal for wild-type and mutant NK cells
either freshly isolated from the spleen or purified over glass
wool and cultured in IL-2 for 7 days (Figure 5A). The El-4
target was less sensitive to NK lysis in both wild-type and
mutant cell preparations. Deletion of ¥ chain thus has no
effect on natural killing of tumor targets, consistent with
the evidence that receptors other than FcyRIll mediate

Figure 4. Rosetting and Phagocytosis of 1gG-
Opsonized Red Blood Cells by Activated Mac-
rophages

Rosetting of IgG1-opsonized SRBCs by +/+
(A); phagocytosis of IgG1-opsonized SRBCs by
+/+(B); rosetting of IgG 1-opsonized SRBCs by
—/— (C), phagocytosis of 1gG1-opsonized
SRBCs by —/— (D), rosetting of IgG2a-
opsonized SRBCs by +/+ (E); phagocytosis of
IgG2a-opsonized SRBCs by +/+ (F); rosetting
of IgG2a-opsonized SRBCs by —/— (G); phago-
cytosis of IgG2a-opsonized SRBCs by —/— (H).

this process. ADCC activity against TNP-derivatized and
anti-TNP IgG1-coated EL-4 target, however, was markedly
diminished in NK cells from y-deficient mice, while wild-
type NK cells showed clear ADCC activity against the
same target cells; this ADCC activity was completely
blocked by the MAb 2.4G2 (Figure 5B). These results indi-
cate that ADCC activity is almost totally lost in NK cells
in these mutant mice, owing to loss of functional FcyRlIll
expression.

Characterization of Mast Cell Functions

Mast cells were first sensitized with monoclonal mouse
IgE and then triggered with monoclonal anti-mouse IgE
antibody. Degranulation, [*H}-serotonin release, IL-4 pro-
duction, and prostaglandin D2 release of these celis were
measured for wild-type as well as y-deficient mice (Figure
6). As expected, degranulation and serotonin release from
y-deficient mast cells were only negligible above back-
ground, while +/+ mast cells responded well to IgE cross-
linking (Figures 6A and 6B). Similarly, the amount of an
IL-4-specific 267 bp cDNA fragment was markedly in-
creased after stimulation of mast cells from wild-type mice
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Figure 5. Natural Killing and ADCC Activities of Splenic NK Cells from
Wild-Type and FcRy" Mice

Splenic NK cells generated after in vitro culture in the presence of
exogenous IL-2 were tested for lytic activity against a set of targets
(A) including the NK-sensitive target YAC-1, the thymoma EL-4, and
the TNP-derivatized EL-4. (B) ADCC activities were tested on the fol-
lowing targets: TNP-derivatized EL-4 cells coated with an anti-TNP
IgG1 antibody, or TNP-derivatized, anti-TNP-coated EL-4 cells in the
presence of the anti-FcyRIl/III antibody 2.4G2.

(Figure 6C). In contrast, mast cells from y-deficient mice
showed apparently no response to cross-linking stimula-
tion. Finally, prostaglandin D2 release into the culture su-
pernatant was significantly reduced in mutant mast cells,
as compared with wild-type cells (Figure 6D). Thus, by
several criteria, assessing early and late activation re-
sponses of mast cells to IgE cross-linking, the mutant mice
fail to respond.

IgE-Mediated Anaphylaxis Is Absent in FcRy" Mice
IgE-mediated anaphylaxis is thought to be dependent
upon FceRI triggering of mast cells, although the role of
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other cell types and other IgE binding molecules to this
in vivo response is debated. To address this question,
we challenged mutant and wild-type mice in a passive
cutaneous anaphylaxis (PCA) model as shown in Figure
7. The characteristic increase in vascular permeability trig-
gered by mast cell degranulation is readily visualized by
Evans blue extravasation. Wild-type and heterozygous
mice mount a prompt PCA reaction in response to IgE
cross-linking. In contrast, homozygous deficient animals
are unable to mount a PCA reaction.

Discussion

Gene targeting in embryonic stem cells was used to gener-
ate a mouse strain carrying a mutation in the y subunit of
FcRs, a subunit also found associated with TCR-CD3.
Mice homozygous for this mutation failed to express
mRNA or protein for the y subunit. Based on previous
reconstitution studies in transfected cells, we expected
that this mutation would result in the loss of surface expres-
sion for FcyRIll and FeeRI. Since these receptors are re-
stricted in their cell-type expression, antibody-dependent
effector pathways involving mast cells, macrophages,
neutrophils, and NK cells would be expected to be af-
fected. In addition, abnormalities in either T cell develop-
ment or function might be manifested by these animais,
resulting either from the loss of FcyRlll from an early thy-
mocyte population or a requirement for y chain as a com-
ponent of TCR-CD3in some T cells. Deletion of the homoi-
ogous ¢ chain does result in such T cell developmental
abnormalities (Love et al., 1993). Homozygous y-deficient
mice are viable up to six months and fertile, demonstrating
that the y subunit is not required for normal mouse devel-
opment.

In contrast with the absence of obvious developmental
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Figure 6. Functional Characterization of Mast Cells from Wild-Type and FcRy" Mice

(A) Mast cell degranulation. Bone marrow-derived mast cells were presensitized with monoclonal murine IgE and subsequently degranulated by
cross-linking with murine anti-IgE antibody. Maximal degranulation was determined using ionophore A23187.

(B) Mast cell serotonin release. Bone marrow-derived mast cells were preincubated with [’H}-serotonin and then incubated with monoclonal murine
IgE. [*H]-serotonin released into the supernatant was quantitated after exposure to monoclonal anti-IgE or to ionophore A23187.

(C) RT-PCR analysis of IL-4 mRNA after cross-linking of IgE on mast cells. Mast cells were prepared and sensitized as above, and cells were
collected and subjected to RT-PCR analysis for IL-4 mRNA as described in Experimental Procedures.

(D) Prostaglandin D2 release from mast cells after cross-linking of IgE. Bone marrow-derived mast cells were sensitized overnight with mouse
monoclonal IgE. The cells were stimulated as above, and culture supernatants were collected at various time intervals. Amount of prostaglandin
D2 released in the supernatant was determined by radioimmunoassay.
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abnormalities, y subunit-deficient mice clearly show sev-
eral types of immunodeficiency, resulting from defects in
FcR-mediated effector functions. While these experi-
ments were undertaken to define precisely the role of each
of these FcRs in antibody-mediated effector responses,
the results of our studies revealed that these mice are
more profoundly immunocompromised than could have
been predicted from prior in vitro studies.

The data presented here reveal four marked differences
between the mutant mice and their wild-type littermates.
First, macrophages have lost their phagocytic activity
against IgG-opsonized SRBCs. Although homozygous
mutant mice did exhibit significant binding capacity to
SRBCs opsonized with IgG1 and 2b subclasses of mouse
immunoglobulin, as assessed by a rosetting assay, they
did not show any activity to ingest them, indicating that
homozygous mutant mice still have FcyRlIl, but the contri-
bution of this receptor to macrophage phagocytic function
is lost, owing to y chain deletion. No evidence to date
suggests that v chain associates with this FcyRlII (referred
to as 1IB), the only FcyRIl gene found in the mouse and
the only FcyRIl gene conserved between mouse and man.
1IB has been shown to undergo alternative splicing, gener-
ating proteins with variant cytoplasmic domains (Ravetch
etal., 1986) that target the receptor to different intracellular
compartments upon endocytosis of immune complexes
(Miettinen et al., 1989). Macrophages express the 11B2
form of this gene, which localizes to coated pits, while
B lymphocytes preferentially express IIB1. The failure of
y-deficient mice to mediate phagocytosis through [I1B2 may
suggest a functional coupling of this receptor to a common
signaling subunit or indicate that [1B2 in vivo functions only
as an inhibitory receptor, as has been demonstrated for
B cells. Distinguishing between these two alternatives is
now in progress.

Figure 7. Passive Cutaneous Anaphylaxis in
Wild-Type and FcRy” Mice

y-Deficient (right) and wild-type (left) mice were
injected intradermally in the right ear with mu-
rine anti-DNP IgE; the left ear was injected with
diluent alone. Subsequently, both mice were
injected intravenously with DNP-HSA con-
taining 1% Evans blue. IgE responsiveness, as
manifested by increased vascular permeability
and extravasation of blue dye, is evident in the
IgE-primed right ear of the wild-type control,
but not in the deficient mouse. Heterozygote
responsiveness (data not shown) was identical
to that of the wild-type mouse. Murine anti-DNP
1gG did not prime for PCA (data not shown).

Second, functional expression of FcyRl is greatly dimin-
ished on macrophages from y-deficient mice. This recep-
tor binds IgG2a with high-affinity and cannot be inhibited
by a MAb directed against FcyRIl and FcyRlll, 2.4G2.
Mutant macrophages fail to bind IgG2a-coated SRBCs
through this receptor, indicating a functional requirement
for the v subunit. Previous studies have demonstrated the
ability of FcyRI to be expressed in heterologous cells, like
COS7, in the absence of other subunits (Allen and Seed,
1989). The cell surface molecule expressed on those
transfected cells retains its ability to bind IgG2a. Thus, the
failure of macrophages isolated from y-deficient mice to
bind 1gG2a through FcyRI was unexpected. Since no anti-
body reagents exist that recognize this murine receptor,
we cannot determine whether y chain is required for cell-
surface expression of this receptor in macrophages or for
ligand binding when expressed on its native cell. The ob-
servation that y chain associates with human FcyRl in a
myelomonocytic cell line suggests that the transfection
results in COS7 celis do not mimic the native receptor in
macrophages. Since FcyRl is functionally absent from the
y-deficient cells, the net result of v deletion is an animal
whose macrophages are unable to mediate phagocytosis
of IgG-opsonized particles. These mice will be invaluable
in determining the contribution of phagocytosis of 1gG-
opsonized pathogens in the normal immune response.

Third, freshly isolated or IL-2-stimulated NK cells from
y-deficient mice have lost the ability to mediate ADCC,
while they retain natural cytolytic activity against tumor
targets like YAC-1. This defect in ADCC is the result of
the loss of expression of FcyRlll, since NK cells do not
express any of the other known FcRs. These results elimi-
nate any possibility of other surface components of NK
cells substituting for FcyRIll in ADCC. The absolute re-
quirement for y chain expression in the mouse is to be
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contrasted with the situation in human NK cells, where {
chain can efficiently substitute for y chain. Thus, mice can
assemble only two types of FcyRlll, ay. and ay{, while
human NK cells have been shown to possess an additional
receptor complex composed of al.. No functional differ-
ences have been observed between human and mouse
NK cells in mediating ADCC, suggesting that the role of
{ chain is not critical to this response. No differences in
the number of NK cells or their distribution were observed
in these mutant mice, further indicating that the FcyRIII*
early thymocyte population defined previously (Rodewald
et al., 1992) is not required for NK cell development.

Fourth, mast cells from y-deficient mice have lost their
response to IgE cross-linking and fail to mediate the clas-
sic allergic responses of mast cells. These cells do not
degranulate, secrete prostaglandin D2, induce IL-4 syn-
thesis, or release serotonin upon IgE stimulation and
cross-linking. When these mice are challenged in a PCA
assay, they fail to mount a response, further indicating the
significance of this receptor in mediating the anaphylactic
response. These functional defects in mast cells are likely
to be the direct result of the loss of FceRI expression on
those cells. While we cannot rule out the possibility that
concomitant loss of FcyRIIl from mast cells may contribute
to this deficiency, it is unlikely to play a significant role,
since that receptor has been shown to mediate only low-
affinity binding to IgE. That the y chain may contribute to
these mast cell defects in a pleiotrophic manner, affecting
receptors other than FceRl, similar to what we have ob-
served in macophages, remains a possibility that can be
resolved by comparing FcRy™ mice with those whose loss
of FceRl results from the deletion of the ligand-binding a
subunit of this receptor. In those mice, the same functional
defects are seen (J.-P. Kinet, personal communication),
thus firmly establishing the essential role of FceRl in medi-
ating mast cell responses to IgE and in vivo anaphylaxis.

In marked contrast with the defects in innate immunity
resulting from FcR perturbation, T cell development ap-
pears to be grossly normal. The same populations of cells
were observed in thymocytes and peripheral T cells from
2-week- or 10-week-old mice in the y-deficient animals and
their wild-type littermates. This chain, while found associ-
ated with TCR-CD3 in some populations of T cells, is
clearly not critical for normal T cell development, in con-
trast with what has been reported in {-deficient animals.
This preliminary analysis of T cell populations in these
mutant mice further suggests that the dominant FcyRIII*
population of early thymocytes (days 14.5 through 16.5)
is not essential for progression through the normal T cell
developmental program. Whether specific defects in T cell
populations that appear to use the y chain exclusively are
found in these animals remains to be determined.

These mice therefore will enable studies to be per-
formed evaluating the contribution of IgG- and IgE-trig-
gered effector responses to a variety of pathogens and
will aid in further defining the role of this subunit in both
T cell and effector cell pathways.

Experimental Procedures

Construction of the Targeting Vector pFCRyP
Phage clones spanning the mouse FcR y subunit gene were isolated

from the genomic library of 129/0la origin (te Riele et al., 1990) using
a mouse y subunit cDNA probe (Ra et al., 1989). The targeting vector
pFCRYP was made by subcloning a 1.1 kb Xhol-Sall fragment con-
taining 5' upstream sequences, exon 1, and 5’ part of exon 2 of the
murine y subunit gene into the Xhol site of pMC1-neo (Stratagene) to
create pMC1-y-neo. A 3.9 kb Sall fragment spanning the 3’ part of
exon 2 to sequences 5 of exon 5 of the y gene was subcloned into
the Sall site of pMC1-y-neo to create pMC1-neo-FCRy. The resulting
insert was integrated into the Xhol site of pIC19R-MC1tk (Marsh et
al., 1984; Thomas and Capecchi, 1987) to give pFCRyP. The vector
was linearized at a unique Clal site within the polylinker of the plasmid.

Monoclonal Antibodies

The following primary antibodies were used in this study: 2.4G2 (anti-
FcyRII/, Unkeless, 1979); TiB191 (anti-TNP IgG1 from the ATCC).
IGEL (anti-TNP IgE from the ATCC); anti-SRBC IgG2a (S-S.1), IgG2b
(N-S.8.1), and IgG3(NS.7), all obtained from the ATCC; RM4-5 (anti-
CD4), 53-6.7 (anti-CD8), H57-597 (anti-TCRap), DNL-1.9 (anti-B220),
RB6--8C5 (anti-granulocyte), and 145-2C11 (anti-CD3), all from Phar-
mingen; M1/70 (anti-Mac-1) and 30-H12 (anti-Thy1.2), from Boehringer
Mannheim; 4D11 (anti-LGL-1), kindly provided by Dr. L. Mason; and
Ack2 (anti-c-kit), kindly provided by Dr. S. Nishikawa.

Cell Cultures and Transfections

The ES cell line E14 (Hooper et al., 1987) was maintained as described
on feeder layers from primary embryonic fibroblastsina37°C, 5% CO,
humidified incubator. EScells (1 x 107)in 600 ul of phosphate-buffered
saline (PBS; Ca?*- and Mg*"-free) containing 50 ng of linearized tar-
geting vector were electroporated at 800 V with a 3 pF capacitance
in a 0.4 cm wide cuvette (Bio-Rad Gene Pulser). After approximately
10 min, the cells were plated on 60 mm dishes with neo-resistant
embryonic fibroblast feeder layer celis. Selection was started 24 hr
{ater with 300 pg/ml G418 together with 0.2 pM FIAU.

Embryo Injection and Mouse Breeding

C57BL/6 blastocysts (3.5 days postcoitum) were flushed from the
uterus of naturally mated females into DMEM containing 10% FCS.
ES cells (10-20 cells) from each clone were microinjected into the
blastocoel of each blastocyst, and the blastocysts were reimplanted
into the uterus of day 2.5 pseudopregnant foster mothers. The E14
ES cell line was originally derived from an XY biastocyst of the 129/
Ola strain (Hooper et al., 1987). Chimeric animals were then detected
by the presence of agouti patches on the non-agouti (black) fur and
were mated with non-agouti C57BL/6 animals. Germline transmission
was scored by the presence of agouti offspring in the litter. Agouti
F, offspring from chimera and C57BL/6 crosses were genotyped by
genomic blotting of DNA prepared from tail biopsies. Animals heterozy-
gous for the FcRy” mutation were crossed to heterozygous siblings.
F. offspring from these crosses were genotyped by genomic blotting
to distinguish heterozygotes from homozygotes.

Southern Blot Analysis and Genotyping of Progeny

DNA was isolated from the E14 cell line and from each of the G418 and
FIAU double-resistant ES cell clones. DNA was subjected to restriction
enzyme digestion with Bgll and EcoRI. Each digest was fractionated
on a 0.7% agarose gel, transferred to GeneScreen (DuPont), and hy-
bridized with 0.5 kb Sacl fragment (see Figure 1, top). In addition,
blots were aiso screened with a neo-HSV-tk probe, 0.34 kb Sacl-Sall
fragment (probe C), and 0.33 kb Hindlil-EcoRlI fragment (probe B)
from the y subunit genomic clone (see Figure 1, top).

Flow Cytometric Analysis

Single-cell suspensions from bone marrow, spleen, thymus, and peri-
toneal cavity of mice from 2 weeks to 3 months of age were prepared
as described below. Aliquots of 10° cells were stained for 30 min at
4°C with FITC- or PE-conjugated antibodies as noted in the text. Un-
conjugated MAbs were revealed by FITC- or PE-conjugated goat anti-
mouse IgG F(ab). Cells were washed twice in PBS containing 1% BSA
and 0.1% sodium azide after each incubation and fixed in PBS, 0.1%
sodium azide, and 1% formaldehyde. Fluorescence intensity was mea-
sured on a FACScan flow cytometer using FACScan research software
(Becton-Dickinson and Company). Dead cells were eliminated from
the analysis on the basis of forward and sideways light scatter.

Samsung Bioepis Exhibit No. 1041
Page 008



Fc Receptor y Chain-Deficient Mice
527

Preparation of IL-2-Activated Splenocytes

Spleens of wild-type and mutant mice were removed aseptically and
crushed with the hub of a syringe and a stainless steel tea filter in
medium (NK medium) consisting of RPMI1640 with 0.1 mM nonessen-
tial amino acids and 1 mM sodium pyruvate, 5 x 105 M 2-mercap-
toethanol, 100 U/ml penicillin, 100 pg/ml streptomycin, 2 mM gluta-
mine, and 10% heat-inactivated FCS (HyClone). The whole spleen cell
suspension was passed through stainless steel mesh, the erythrocytes
lysed by Tris—-NH.Cl, and the remaining cells centrifuged and washed
with NK medium and then passed through a nylon wool column. The
nylon-passed cells were resuspended at 5 x 10° cells/ml and cultured
for 4-7 days in NK medium supplemented with 1000 U/ml recombinant
IL-2 (Gibco-BRL) and 1 pg/mit indomethacin (Sigma). Fresh medium
was added at a 1:1 volume every 3—4 days. The cells were harvested
at the end of the incubation, washed, and used for the flow cytometric
analysis or *'Cr release cytotoxicity test.

RT-PCR Analysis

Total RNA was prepared from single-cell suspensions according to
Chomczynski and Sacchi (1987) using RNAzol (Cinna/Biotecx Labora-
tories, Houston, Texas). First-strand cDNA synthesis from total RNA
derived from 5 x 10° cells was performed using SuperScript reverse
transcriptase (Gibco-BRL) and oligo(dT) primers. Oligonucleotide
primers complementary to regions of exons 1 and 5 (Figure 1) were
incubated with one twentieth of reverse-transcribed RNA mixture
and subjected to 30 cycles of amplification using standard PCR pro-
tocols. PCR products were analyzed on a 7.5% polyacrylamide gel
and visualized with ethidium bromide staining. Primer sequences
for PCR amplification were as follows: 5-GAGATCATCGGCATT-
TTGAAC-3' and 5-CTTGGACTCATTCATGGTGCA-3' for IL-4 cDNA
(Noma, 1986; Lee, 1986), generating a 267 bp fragment; 5-CCAGGA-
TGATCTCAGCCG-3' and 5-ACAGTAGAGTAGGGTAAG-3' for y sub-
unit cDNA corresponding to exons 1 and 2, generating a 137 bp frag-
ment; 5-CTTCCTCGTGCTTTACGGTATC-3' and 5-CTTCAGAGT-
CTCATATGT-3' for neo~y-subunit fusion cDNA (Figure 1), generating
a 197 bp fragment.

IL-4 mRNA Induction and Prostaglandin D2 Release

from Mast Celis

Bone marrow cells were flushed out of the femurs and tibias of mice
using a 23-gauge needle, resuspended, and then washed in PBS. The
cells were cultured in MC medium consisting of 10% WEHI-3A cul-
ture supernatant or recombinant IL-3, 10% heat-inactivated FCS,
RPMI1640 medium, 4 mM glutamine, nonessential amino acids, 10°°
M 2-mercaptoethanol, 1 mM sodium pyruvate, 100 U/mi penicillin, and
100 pg/ml streptomycin, replacing the medium every 3-4 days. The
bone marrow-derived, IL-3-induced mast cells were suspended at
5 x 10° cells/ml in MC medium and mixed with .25 vol of culture
supernatant of mouse anti-TNP IgE-producing hybridoma, IGEL, at
37°C for 18 hr in 95% air, 5% CO.. The cells were washed, resus-
pended at 4 x 10° cells/ml, and divided into 24-well culture plates at
1 ml/well with anti-mouse IgE MAb at 10 ug/m!. The cells and culture
supernatant were collected at various time intervals and stored at
—80°C until use. The cell pellet was used for RT-PCR assay to deter-
mine IL-4 mRNA induction (Plaut et al., 1989), and culture super-
natant was subjected for the radioimmunoassay of prostaglandin D2
(Amersham).

Degranulation and [°H]-serotonin release assay were performed us-
ing monoclonal mouse IgE as sensitizing antibody and anti-mouse IgE
as stimulating antibody, as previously described (Daeron et al., 1992).
Briefly, BM-derived mast cells (1 x 10°) were incubated overnight with
mouse IgE MAb at 4 ng/ml and washed. In the serotonin release assay,
they were incubated with 5 uCi/ml [°H]-serotonin for 14 hr at 37°C
and washed extensively. Cells were then stimulated with anti-mouse
IgE MADb at 10 ug/ml and incubated for 60 min. Maximal release was
determined using A23187 as a nonspecific ionophore.

Macrophage Cultures

Mice were injected intraperitoneally with 1 m! of 5% thioglycollate,
and peritoneal exudate cells were harvested 3 days later. The cells
were suspended in alpha-modified MEM (a-MEM), supplemented with
10% heat-inactivated FCS, to a concentration of 1 x 10° cells/ml.
They were plated in 24-well culture plates at 1 ml per well and incubated
for 6 hr at 37°C i 95% air, 5% CO.. Following this, the nonadherent

cells were removed by rinsing the monolayers with PBS, and the puri-
fied macrophages were subjected to the assays described below.

Preparation of Opsonized Erythrocytes, Rosetting,

and Phagocytosis Assays

SRBCs (Gibco) were first derivatized with the hapten trinitrophenyl
(TNP) as described (Rodewald et al., 1992). They were then incubated
with the culture supernatant of TIB191 (anti-TNP IgG1). Alternatively,
intact SRBCs were incubated with culture supernatant of hybridomas
S§-S.1, N-S.8.1, and N-S.7 (anti-SRBC 1gG2a, 2b, and 1gG3, respec-
tively). These antibodies for opsonization were used at nonagglutinat-
ing titers. Opsonized SRBCs were added to macrophage monolayers
prepared as described above and incubated either for 30 min at 4°C
for determination of rosetting or for 90 min at 37°C in 95% air, 5%
CO., and then washed extensively with PBS for determination of
phagocytosis. For estimation of phagocytosis activity, they were fur-
ther washed in distilled water to lyse hypotonically SRBCs rosetted
extracellularly. The cells were then fixed in 0.25% glutaraldehyde and
were photographed or counted for the number of rosetted and phago-
cytic cells using phase contrast microscopy.

Cytotoxicity Assays

Cytotoxicity assays using IL-2-induced splenic NK cells were per-
formed in 96-well U-bottom plates (Corning), according to Rodewaid
etal. (1992). Target cells were labeled with 'Cr (DuPont-NEN, Boston,
Massachusetts) at 100 uCi per 10° cells for 1 hr at 37°C, washed twice,
and used in a standard 4 hr *'Cr release assay with 5 x 10° target
cells per well. Maximum isotope release was measured by incubating
the target cells in 1% Nonidet P-40. Spontaneous release was mea-
sured by incubation of the target cells in cuiture medium alone. Results
are expressed as the mean of percent-specific lysis of triplicate sam-
ples (with SD < 10%). NK activity was evaluated using various effector
totarget ratios against either the conventional NK target cell line YAC-1
(murine B lymphoma) or EL-4 (murine thymoma). For ADCC assays,
EL-4 cells were *'Cr labeled, treated with 30 mM 2,4,6-trinitrobenzene
sulfonic acid (ICN Biochemicals) in PBS for 5 min at room temperature,
washed, and incubated for 30 min with an anti-TNP antibody (IgG1,
clone 1B7.11 [ATCC, Rockville, Maryland}) using culture supernatant
(1:128 final concentration). Cells were washed extensively and used
as targets as above. For the blocking of FcyRIVII function, effector
NK cells were incubated with 2.4G2 at 10 ug/ml for 30 min prior to
the cytotoxicity assays; the blocking antibody was not removed before
the assay. TNP derivatization or treatment with an anti-TNP antibody
had no effect on spontaneous release of radioactivity.

immunoblot Analysis

Cells (4 x 10°) of TEM, IL-3-induced bone marrow mast cells, and
IL-2-induced splenic NK cells were suspended in 30 pl of gel-loading
buffer, and 15 pl (2 x 10° cell equivalents) was loaded on a 15%
SDS-polyacrylamide gel. Following electrophoresis, protein was
transferred to nitrocellulose for 18 hr at 20 V, and the blot was blocked
1 hr in PBS containing 5% nonfat milk powder and 0.1% Tween 20.
FcR y subunit was detected by incubating the blot first with the rabbit
anti-mouse y chain antiserum (Kurosaki and Ravetch, 1989), then
washed extensively in PBS containing 0.1% Tween 20 and incubated
with horseradish peroxidase—conjugated anti-rabbit antibody in PBS
plus 0.1% Tween 20. After washing excess antibody away, the filter
was developed using the Enhanced Chemiluminescence (ECL) detec-
tion system (Amersham).

Passive Cutaneous Anaphylaxis

Eight-week-old y-deficient mice and their littermate controls were
lightly anesthetized and injected intradermally in the left ear with 20
ng of monoclonal mouse anti-DNP IgE (Sigma) diluted in 20 pl of
DMEM,; the right ear was injected with DMEM alone. The next day,
the mice were injected intravenously with 100 pg of DNP-human serum
albumin (Sigmay) in 100 ul of 0.9% NaCl; Evans blue dye (1%; Sigma)
was added to permit visual localization of increased vascular perme-
ability. The reaction was quantitated at 60 min post injection.
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Note Added in Proof

The data referred to throughout as J.-P. Kinet, personal communica-
tion, are now in press: Dombrowicz, D., Flamand, V., Brigman,
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