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POLYPEPTIDE VARIANTS WITH ALTERED EFFECTOR FUNCTION
BACKGROUND OF THE INVENTION

Field of the Invention

The present invention concerns polypeptides comprising a variant Fc region. More
particularly, the present invention concerns Fc region-containing polypeptides that have altered
effector function as a consequence of one or more amino acid modifications in the Fc region
thereof.

Description of Related Art

Antibodies are proteins which exhibit binding specificity to a specific antigen. Native
antibodies are usually heterotetrameric glycoproteins of about 150,000 daltons, composed of two
identical light (L)_‘c‘:hains and two identical heavy (H) chains. Each light chain is linked to a heavy
chain by one cogaiiant disuifide bond, while the number of disulfide linkages varies between the
heavy chains of différent immunoglobulin isotypes. Each heavy and light chain also has regularly
spaced intrachaiﬁ.disulﬂde bridges. Each heavy chain has at one end a variable domain (V,)
followed by a nurﬁber of constant domains. Each light chain has a variable domain at one end
(V1) and a constant éomain at its other end; the constant domain of the light chain is aligned with
the first constant déhain of the i;eavy chain, and the light chain variable domain is aligned with
the variable domgih“of the heavy chain. Particular amino acid residues are believed to form an
interface between ’éﬁé light and heavy chain variable domains.

The term "variable” refers to the fact that certain portions of the variable domains differ
extensively in sequence among antibodies and are responsible for the binding specificity of each
particular antibody for its particular antigen. However, the variability is not evenly distributed
through the variable domains of antibodies. It is concentrated in three segments called
complementarity determining regions (CDRs) both in the light chain and the heavy chain variable
domains. The more highly conserved portions of the variable domains are calied the framework
regions (FRs). The variable domains of native heavy and light chains each comprise four FRs,
largely adopting a $3-sheet configuration, connected by three CDRs, which form loops connecting,
and in some cases forming part of, the B-sheet structure. The CDRs in each chain are held
together in close proximity by the FRs and, with the CDRs from the other chain, contribute to the
formation of the antigen binding site of antibodies (see Kabat et al., Sequences of Proteins of
Immunological Interest, 5th Ed. Public Health Service, National Institutes of Health, Bethesda,
MD. (1991)).

The constant domains are not involved directly in binding an antibody to an antigen, but
exhibit various effector functions. Depending on the amino acid sequence of the constant region

of their heavy chains, antibodies or immunoglobulins can be assigned to different classes. There
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are five major classes of immunoglobulins: IgA, IgD, IgE, IgG and IgM, and several of these may
be further divided into subclasses (isotypes), e.g. 1gG1, IgG2, 1gG3, and IgG4; IgA1 and IgA2.
The heavy chain constant regions that correspond to the different classes of immunoglobulins
are called a, §, &, v, and p, respectively. Of the various human immunoglobulin classes, only
human IgG1, 19G2, 19G3 and IgM are known to activate complement; and human IgG1 and igG3
mediate ADCC more effectively than IgG2 and IgG4.

A schematic representation of the native 1gG1 structure is shown in Fig. 1, where the
various portions of the native antibody molecule are indicated. Papain digestion of antibodies
produces two identical antigen binding fragments, called Fab fragments, each with a single
antigen binding site, and a residual "Fc" fragment, whose name reflects its ability to crystallize
readily. The crystal structure of the human IgG Fc region has been determined (Deisenhofer,
Biochemistry 20:2361-2370 (1981)). In human 1gG molecules, the Fc region is generated by
papain cleavage N-terminal to Cys 226. The Fc region is central to the effector functions of
antibodies.

The effector functions mediated by the antibody Fc region can be divided into two
categories: (1) effector functions that operate after the binding of antibody to an antigen (these
functions involve the participation of the complement cascade or Fc receptor (FcR)-bearing cells);
and (2) effector functions that operate independently of antigen binding (these functions confer
persistence in the circulation and the ability to be transferred across cellular barriers by
transcytosis). Ward and Ghetie, Therapeutic Imnmunology 2:77-94 (1995).

While binding of an antibody to the requisite antigen has a neutralizing effect that might
prevent the binding of a foreign antigen to its endogenous target (e.g. receptor or ligand), binding
alone may not remove the foreign antigen. To be efficient in removing and/or destructing foreign
antigens, an antibody should be endowed with both high affinity binding to its antigen, and
efficient effector functions.

Fc receptor (FcR) binding

The interaction of antibodies and antibody-antigen complexes with cells of the immune
system effects a variety of responses, including antibody-dependent cell-mediated cytotoxicity
(ADCC) and complement dependent cytotoxicity (CDC) (reviewed in Daéron, Annu. Rev.
Immunol. 15:203-234 (1997), Ward and Ghetie, Therapeutic Immunol. 2:77-94 (1995); as well
as Ravetch and Kinet, Annu. Rev. Immunol. 9:457-492 (1991)).

Several antibody effector functions are mediated by Fc receptors (FcRs), which bind the
Fc region of an antibody. FcRs are defined by their specificity for immunoglobulin isotypes; Fc
receptors for IgG antibodies are referred to as FcyR, for IgE as FceR, for IgA as FcaR and so on.
Three subclasses of FcyR have been identified: FeyRI (CD64), FeyRIl (CD32) and FeyRII (CD16).

-2-
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Because each FcyR subclass is encoded by two or three genes, and alternative RNA spicing
leads to multiple transcripts, a broad diversity in FcyR isoforms exists. The three genes encoding
the FeyRlI subclass (FeyRIA, FeyRIB and FeyRIC) are clustered in region 121.1 of the long arm
of chromosome 1; the genes encoding FcyRIl isoforms (FeyRIIA, FeyRIIB and FeyRIIC) and the
two genes encoding FcyRIIl (FeyRINIA and FcyRINB) are all clustered in region 1g22. These
different FcR subtypes are expressed on different cell types (reviewed in Ravetch and Kinet,
Annu. Rev. Immunol. 9:457-492 (1991)). For example, in humans, FcyRIIIB is found only on
neutrophils, whereas FcyRINA is found on macrophages, monocytes, natural killer (NK) cells, and
a subpopulation of T-cells. Notably, FcyRIIIA is the only FcR present on NK cells, one of the cell
types implicated in ADCC.

FcyRI, FeyRi and FeyRIll are immunoglobulin superfamily (IgSF) receptors; FcyRI has
three IgSF domains in its extracellular domain, while FcyRIl and FcleIl have only two IgSF
domains in their extracellular domains.

Another type of Fc receptor is the neonatal Fc receptor (FcRn). FcRn is structurally
similar to major histocompatibility complex (MHC) and consists of an o-chain noncovalently bound
to B2-microglobulin.

The binding site on human and murine antibodies for FcyR have been previously mapped
to the so-called "lower hinge region" consisting of residues 233-239 (EU index numbering as in
Kabat et al., Sequences of Proteins of Inmunological Interest, 5th Ed. Public Health Service,
National Institutes of Health, Bethesda, MD. (1991)). Woof et al. Molec. Immunol. 23:319-330
(1986); Duncan et al. Nature 332:563 (1988); Canfield and Morrison, J. Exp. Med. 173:1483-
1491 (1991); Chappel et al., Proc. Natl. Acad. Sci USA 88:9036-9040 (1991 ). Of residues 233-
239, P238 and $239 have been cited as possibly being involved in binding, but these two
residues have never been evaluated by substitution or deletion.

Other previously cited areas possibly involved in binding to FcyR are: G316-K338 (human
IgG) for human FcyRI (by sequence comparison only; no substitution mutants were evaluated)
(Woof et al. Molec. Immunol. 23:319-330 (1986)); K274-R301 (human IgG1) for human FcyRII
(based on peptides) (Sarmay et al. Molec. Immunol. 21:43-51 (1984)); Y407-R416 (human IgG)
for human FecyRIll (based on peptides) (Gergely et al. Biochem. Soc. Trans. 12:739-743 (1984));
as well as N297 and E318 (murine IgG2b) for murine FcyRIl (Lund et al., Molec. Immunol.,
29:53-59 (1992)).

Pro331 in IgG3 was changed to Ser, and the affinity of this variant to target cells analyzed.

The affinity was found to be six-fold lower than that of unmutated 1gG3, indicating the involvement

of Pro331 in FcyRI binding. Morrison et al., Immunologist, 2:119-124 (1994); and Canfield and

Morrison, J. Exp. Med. 173:1483-91 (1991).
-3-
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C1q binding

C1q and two serine proteases, C1r and C1s, form the complex C1, the first component
of the complement dependent cytotoxicity (CDC) pathway. C1q is a hexavalent molecule with a
molecular weight of approximately 460,000 and a structure likened to a bouguet of tulips in which
six collagenous “stalks” are connected to six globular head regions. Burton and Woof, Advances
in Immunol. 51:1-84 (1992). To activate the complement cascade, it is necessary for C1q to bind
to at least two molecules of IgG1, igG2, or IgG3 (the consensus is that IgG4 does not activate
complement), but only one molecule of IgM, attached to the antigenic target. Ward and Ghetie,
Therapeutic Immunology 2:77-94 (1995) at page 80.

Based upon the results of chemical modifications and crystallographic studies, Burton et
al. (Nature, 288:338-344 (1980)) proposed that the binding site for the complement
subcomponent C1q on IgG involves the last two (C-terminal) p-strands of the CH2 domain. Burton
later suggested (Molec. Immunol., 22(3):161-206 (1985)) that the region comprising amino acid
residues 318 to 337 might be involved in complement fixation.

Duncan and Winter (Nature 332:738-40 (1988)), using site directed mutagenesis, reported
that Glu318, Lys320 and Lys322 form the binding site to C1q. The data of Duncan and Winter
were generated by testing the binding of a mouse IgG2b isotype to guinea pig C1q. The role of
Glu318, Lys320 and Lys322 residues in the binding of C1q was confirmed by the ability of a short
synthetic peptide containing these residues to inhibit complement mediated lysis. Similar results
are disclosed in U.S. Patent No. 5,648,260 issued on July 15, 1997, and U.S. Patent No.
5,624,821 issued on April 29, 1997.

The residue Pro331 has been implicated in C1q binding by analysis of the ability of human
IgG subclasses to carry out complement mediated cell lysis. Mutation of Ser331 to Pro331 in
lgG4 conferred the ability to activate complement. (Tao et al., J. Exp. Med., 178:661-667 (1993);
Brekke et al., Eur. J. Immunol., 24:2542-47 (1994)).

From the comparison of the data of the Winter group, and the Tao et al. and Brekke et al.
papers, Ward and Ghetie concluded in their review article that there are at least two different
regions involved in the binding of C1q: one on the B-strand of the CH2 domain bearing the
Glu318, Lys320 and Lys322 residues, and the other on a turn located in close proximity to the
same B-strand, and containing a key amino acid residue at position 331.

Other reports suggested that human IgG1 residues Leu235, and Gly237, located in the
lower hinge region, play a critical role in complement fixation and activation. Xu et al., Immunol.
150:152A (Abstract) (1993). W094/29351 published December 22, 1994 reports that amino acid
residues necessary for C1q and FcR binding of human IgG1 are located in the N-terminal region
of the CH2 domain, i.e. residues 231 to 238.

-4-
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It has further been proposed that the ability of IgG to bind C1q and activate the
complement cascade also depends on the presence, absence, or modification of the
carbohydrate moiety positioned between the two CH2 domains (which is normally anchored at
Asn297). Ward and Ghetie, Therapeutic Inmunology 2:77-94 (1995) at page 81.

SUMMARY OF THE INVENTION

The present invention provides a variant of a parent polypeptide comprising an Fc region,
which variant mediates antibody-dependent cell-mediated cytotoxicity (ADCC) in the presence
of human effector cells more effectively, or binds an Fc gamma receptor (FcyR) with better affinity,
than the parent polypeptide and comprises at least one amino acid modification in the Fc region.
The polypeptide variant may, for example, comprise an antibody or an immunoadhesin. The Fc
region of the parent polypeptide preferably comprises a human Fc region; e.g., a human IgG1,
19G2, IgG3 or igG4 Fc region. The polypeptide variant preferably comprises an amino acid
modification (e.g. a substitution) at any one or more of amino acid positions 256, 290, 298, 312,
326, 330, 333, 334, 360, 378 or 430 of the Fc region, wherein the numbering of the residues in
the Fc region is that of the EU index as in Kabat.

In addition, the invention provides a polypeptide comprising a variant Fc region with
altered Fc gamma receptor (FcyR) binding affinity, which polypeptide comprises an amino acid
modification at any one or more of amino acid positions 238, 239, 248, 249, 252, 254, 255, 256,
258, 265, 267, 268, 269, 270, 272, 276, 278, 280, 283, 285, 286, 289, 290, 292, 293, 294, 295,
296, 298, 301, 303, 305, 307, 309, 312, 315, 320, 322, 324, 326, 327, 329, 330, 331, 333, 334,
335, 337, 338, 340, 360, 373, 376, 378, 382, 388, 389, 398, 414, 416, 419, 430, 434, 435, 437,
438 or 439 of the Fc region, wherein the numbering of the residues in the Fc region is that of the
EU index as in Kabat. The variant Fc region preferably comprises a variant human IgG Fc¢ region,
e.g., a variant human IgG1, 1gG2, IgG3 or IgG4 Fc region. In this respect, it is noted that, in the
work in the above-cited art where the parent polypeptide had a non-human murine Fc region,
different residues from those identified herein were thought to impact FcR binding. For example,
in the murine IgG2b/murine FeyRIl system, IgG E318 was found to be important for binding (Lund
et al. Molec. Immunol. 27(1):53-59 (1992)), whereas E318A had no effect in the human
IgG/human FeyRII system (Table 6 below).

In one embodiment, the polypeptide variant with altered FcyR binding activity displays
reduced binding to an FcyR and comprises an amino acid modification at any one or more of
amino acid positions 238, 239, 248, 249, 252, 254, 265, 268, 269, 270, 272, 278, 289, 292, 293,
294, 293, 296, 298, 301, 303, 322, 324, 327, 329, 333, 335, 338, 340, 373, 376, 382, 388, 389,
414, 416, 419, 434, 435, 437, 438 or 439 of the Fc region, wherein the numbering of the residues

in the Fc region is that of the EU index as in Kabat.
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For example, the polypeptide variant may display reduced binding to an FcyRI and
comprise an amino acid modification at any one or more of amino acid positions 238, 265, 269,
270, 327 or 329 of the Fc region, wherein the numbering of the residues in the Fc region is that
of the EU index as in Kabat.

The polypeptide variant may display reduced binding to an FcyRIl and comprise an amino
acid modification at any one or more of amino acid positions 238, 265, 269, 270, 292, 294, 295,
298, 303, 324, 327, 329, 333, 335, 338, 373, 376, 414, 416, 419, 435, 438 or 439 of the Fc region,
wherein the numbering of the residues in the Fc region is that of the EU index as in Kabat.

The polypeptide variant of interest may display reduced binding to an FcyRIll and
comprise an amino acid modification at one or more of amino acid positions 238, 239, 248, 249,
252, 254, 265, 268, 269, 270, 272, 278, 289, 293, 294, 295, 296, 301, 303, 322, 327, 329, 338,
340, 373, 376, 382, 388, 389, 416, 434, 435 or 437 of the Fc region, wherein the numbering of
the residues in the Fc region is that of the EU index as in Kabat.

In another embodiment, the polypeptide variant with altered FcyR binding affinity displays
improved binding to the FcyR and comprises an amino acid modification at any one or more of
amino acid positions 255, 256, 258, 267, 268, 272, 276, 280, 283, 285, 286, 290, 298, 301, 305,
307, 309, 312, 315, 320, 322, 326, 330, 331, 333, 334, 337, 340, 360, 378, 398 or 430 of the Fc _
region, wherein the numbering of the residues in the Fc region is that of the EU index as in Kabat.

For example, the polypeptide variant may display increased binding to an FcyRIIl and,
optionally, may further display decreased binding to an FcyRIl. An exemplary such variant
comprises amino acid modification(s) at position(s) 298 and/or 333 of the Fc region, wherein the
numbering of the residues in the Fc region is that of the EU index as in Kabat.

The polypeptide variant may display increased binding to an FcyRIl and comprise an
amino acid modification at any one or more of amino acid positions 255, 256, 258, 267, 268, 272,
276, 280, 283, 285, 286, 290, 301, 305, 307, 309, 312, 315, 320, 322, 326, 330, 331, 337, 340,
378, 398 or 430 of the Fc region, wherein the numbering of the residues in the Fc region is that
of the EU index as in Kabat. Such polypeptide variants with increased binding to an FcyRIl may
optionally further display decreased binding to an FcyRIil and may, for example, comprise an
amino acid modification at any one or more of amino acid positions 268, 272, 298, 301, 322 or
340 of the Fc region, wherein the numbering of the residues in the Fc region is that of the EU
index as in Kabat.

The invention further provides a polypeptide comprising a variant Fc region with altered
neonatal Fc receptor (FcRn) binding affinity, which polypeptide comprises an amino acid
modification at any one or more of amino acid positions 238, 252, 253, 254, 255, 256, 265, 272,
286, 288, 303, 305, 307, 309, 311, 312, 317, 340, 356, 360, 362, 376, 378, 380, 382, 386, 388,

-6-



10

16

20

25

30

WO 00/42072 PCT/US00/00973

400, 413, 415, 424, 433, 434, 435, 436, 439 or 447 of the Fc region, wherein the numbering of
the residues in the Fc region is that of the EU index as in Kabat. Such polypeptide variants with
reduced binding to an FcRn may comprise an amino acid modification at any one or more of
amino acid positions 252, 253, 254, 255, 288, 309, 386, 388, 400, 415, 433, 435, 436, 439 or 447
of the Fc region, wherein the numbering of the residues in the Fc region is that of the EU index
és in Kabat. The above-mentioned polypeptide variants may, alternatively, display increased
binding to FcRn and comprise an amino acid modification at any one or more of amino acid
positions 238, 256, 265, 272, 286, 303, 305, 307, 311, 312, 317, 340, 356, 360, 362, 376, 378,
380, 382, 413, 424 or 434 of the Fc region, wherein the numbering of the residues in the Fc region
is that of the EU index as in Kabat.

The invention also provides a composition comprising the polypeptide variant and a
physiologically or pharmaceutically acceptable carrier or diluent. This composition for potential
therapeutic use is sterile and may be lyophilized.

Diagnostic and therapeutic uses for the polypeptide variants disciosed herein are
contemplated. In one diagnostic application, the invention provides a method for determining the
presence of an antigen of interest comprising exposing a sample suspected of containing the
antigen to the polypeptide variant and determining binding of the polypeptide variant to the
sample. in one therapeutic application, the invention provides a method of treating a mammal
suffering from or predisposed to a disease or disorder, comprising administering to the mammal
a therapeutically effective amount of a polypeptide variant as disclosed herein, or of a composition
comprising the polypeptide variant and a pharmaceutically acceptable carrier.

The invention further provides: isolated nucleic acid encoding the polypeptide variant; a
vector comprising the nucleic acid, optionally, operably linked to control sequences recognized
by a host cell transformed with the vector; a host cell containing the vector; a method for
producing the polypeptide variant comprising culturing this host cell so that the nucleic acid is
expressed and, optionally, recovering the polypeptide variant from the host cell culture (e.g. from
the host cell cuiture medium).

The invention further provides a method for making a variant Fc region with altered Fc
receptor (FcR) binding affinity, or altered antibody-dependent cell-mediated cytotoxicity (ADCC)
activity, comprising:

(a) introducing one or more amino acid modifications into an Fc region of a parent polypeptide
in order to generate a variant Fc region;
(b) determining binding of the variant Fc region to an FcR, or determining ADCC activity of

the variant Fc region.
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Step (b) of the method may comprise determining binding of the variant Fc region to one
or more FcRs in vitro. Moreover, the method may result in the identification of a variant Fc region
with improved FcR binding affinity, or with improved ADCC activity, in step (b) thereof. Where
step (b) comprises determining binding of the Fc region to an FcR, the FcR may, for example, be
human Fc gamma receptor I (FcyRIll). Where step (b) comprises determining binding of the
variant Fc region to at least two different FcRs, the FcRs tested preferably inciude human Fc
gamma receptor Il (FcyRIl) and human Fc gamma receptor I (FeyRIIL).

Brief Description of the Drawings

Figure 1 is a schematic representation of a native IgG. Disulfide bonds are represented
by heavy lines between CH1 and CL domains and the two CH2 domains. V is variable domain;
C is constant domain; L stands for light chain and H stands for heavy chain.

Figure 2 shows C1q binding of wild type (wt) C2B8 antibody; C2B8 antibody with a human
IgG2 constant region (IgG2); and variants K322A, K320A and E318A.

Figure 3 depicts C1q binding of variants P331A, P329A and K322A.

Figures 4A and 4B depict the amino acid sequences of E27 anti-IgE antibody light chain
(Fig. 4A; SEQ ID NO:1) and heavy chain (Fig. 4B; SEQ ID NO:2).

Figure 5 is a schematic diagram of the “immune complex” prepared for use in the FcR
assay described in Example 1. The hexamer comprising three anti-IgE antibody molecules (the
“Fc region-containing polypeptide”) and three IgE molecules (the “first target molecule”) is shown.
IgE has two “binding sites” for the anti-IgE antibody (E27) in the Fc region thereof. Each IgE
molecule in the complex is further able to bind two VEGF molecules (“the second target
polypeptide”). VEGF has two “binding sites” for IgE.

Figure 6 shows C1q binding results obtained for variants D270K and D270V compared
to wiid type C2BS8.

Figure 7 depicts complement dependent cytotoxicity (CDC) of variants D270K and D270V,
compared to wild type C2B8.

Figure 8 shows C1q binding ELISA results for 293 cell-produced wild type C2B8 antibody
(293-Wt-C2B8), CHO-produced wild type C2B8 antibody (CHO-Wt-C2B8) and various variant
antibodies.

Figure 9 shows C1q binding ELISA results obtained for wild type (wt) C2B8 and various
variant antibodies as determined in Example 3.

Figure 10 depicts the three-dimensional structure of a human IgG Fc region, highlighting
residues: Asp270, Lys326, Pro329, Pro331, Lys322 and Glu333.

Figure 11 shows C1q binding ELISA results obtained for wild type C2B8 and various

variant antibodies as determined in Example 3.
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Figure 12 shows C1q binding ELISA results obtained for wild type C2B8 and double
variants, K326M-E333S and K326A-E333A.

Figure 13 shows CDC of wild type C2B8 and double variants, K326M-E333S and K326A-
E333A.

Figure 14 depicts C1q binding ELISA results obtained for C2B8 with a human IgG4 (IgG4),
wild type C2B8 (Wt-C2B8), C2B8 with a human 1gG2 constant region (IgG2), and variant
antibodies as described in Example 3.

Figures 15A and 15B show binding patterns for parent antibody (E27) to FcyRIIB and
FcyRINIA. Figure 15A shows the binding pattern for the humanized anti-IgE E27 IgG1 as a
monomer (open circles), hexamer (closed squares), and immune complex consisting of multiple
hexamers (closed triangles) to a recombinant GST fusion protein of the human FcyRIIB (CD32)

receptor o subunit. The hexameric complex (closed squares) was formed by the mixture of equal

molar concentrations of E27 (which binds to the Fc region of human IgE) and a human myeloma

IgE. The hexamer is a stable 1.1 kD complex consisting of 3 IgG molecules (150 kD each) and
3 IgE molecules (200 kD each). The immune complex (closed triangles) was formed sequentially
by ﬁrét mixing equal molar concentrations of E27 and recombinant anti-VEGF IgE (human IgE
with Fab variable domains that bind human VEGF) to form the hexamer. Hexamers were then
linked to form an immune complex by the addition of 2x molar concentration of human VEGF, a
44 kD homodimer which has two binding sites for the anti-VEGF IgE per mole of VEGF. Figure
15B shows the binding pattern to a recombinant GST fusion protein of the human FcyRIIA
(CD16) receptor o subunit.

Figure 16A shows the binding of immune complexes using different antigen-antibody pairs
to recombinant GST fusion protein of the FcyRIIA receptor o subunit. .Figure 16B shows the
binding of the same antigen-antibody pairs to the GST fusion protein of the FcyRIIIA receptor o
subunit. Closed circles represent binding of human IgE:anti-IgE E27 IgG1; open circles represent
binding of human VEGF:humanized anti-VEGF IgG1.

Figure 17 summarizes differences in binding selectivity of some alanine variants between
the different FcyRs. Binding of alanine variants at residues in the CH2 domain of anti-IgE E27
IgG1 are shown to FcyRIIA, FeyRIIB, and FcyRHIA. Type 1 abrogates binding to all three
receptors: D278A (265 in EU numbering). Type 2 improves binding to FcyRIIA and FcyRIIB,
while binding to FcyRINA is unaffected: S280A (267 in EU numbering). Type 3 improves binding
to FcyRHA and FeyRIIB, but reduces binding to FeyRIIIA: H281A (268 in EU numbering). Type
4 reduces binding to FcyRIIA and FcyRIIB, while improving binding to FcyRINA: S317A (298 in
EU numbering). Type 5 improves binding to FcyRIIIA, but does not affect binding to FcyRIIA and
FcyRIIB: E352A, K353A (333 and 334 in EU numbering).
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Figures 18A and 18B compare the FcyRIIIA protein/protein assay and CHO GPI-FcyRHIA
cell based assay, respectively. Figure 18A illustrates binding of selected alanine variants to
FcyRINIA-GST fusion protein. S317A (298 in EU numbering) and S317A/K353A (298 and 334 in
EU numbering) bind better than E27 wildtype, while D278A (265 in EU numbering) almost
completely abrogates binding. Figure 18B illustrates that a similar pattern of binding is found on
CHO cells expressing a recombinant GPI-linked form of FeyRIIIA.

Figures 19A and 19B compare the FcyRIIB protein/protein assay and CHO GPI-FcyRIIB
cell based assay, respectively. Figure 19A illustrates binding of selected alanine variants to
FcyRIIB-GST fusion protein. H281A (268 in EU numbering) binds better than E27 wildtype while
S317A (298 in EU numbering) shows reduced binding. Figure 19B illustrates that a similar pattern
of binding is found on CHO cells expressing a recombinant membrane bound form of FcyRIIB.

Figure 20 shows single alanine substitutions in the CH2 domain of anti-HER2 IgG1
(HERCEPTIN®) that influence FcyRIIIA binding in both the protein-protein and cell-based assays
alter the ability to bind to FcyRIIA on peripheral blood mononuclear cell (PBMC) effector cells.
Recombinant humanized anti-HER2 (HERCEPTIN®), which binds to HER2-expressing SK-BR-3

breast tumor cells, was preincubated with S1Cr-labeled SK-BR-3 cells for 30 minutes
(opsonization) at 100 ng/ml (filled circles) and 1.25 ng/mi (filled squares). Keeping the SK-BR-3
tumor target cell concentration constant, the ratio of effector cells was increased from 0 to 100.
The spontaneous cytotoxicity in the absence of antibody (hatched squares) was 20% at an
effector:target (E:T) ratio of 100:1. A single alanine mutation that did not affect FcyRIIIA binding,
variant G31 = R309A (292 in EU numbering), did not effect ADCC (filled triangles). A single
alanine mutation that only slightly increased binding to FcyRIIIA, variant G30 = K307A (290 in EU
numbering), also showed slightly improved ADCC (i.e., a 1.1 fold improvement in ADCC activity,
calculated as area under the curve) at 1.25 ng/ml at all E:T ratios (filled diamonds) compared to
wildtype antibody at 1.25'ng/ml (filled square). A single alanine mutation that decreased binding
to FeyRIIA, variant G34 = Q312A (295 in EU numbering), also showed decreased ADCC activity
(filled inverted triangles).

Figure 21 illustrates that a single alanine mutation which had the most improved binding
to FcyRIIIA, variant G36 = S317A (298 in EU numbering), in the protein-protein and cell-based
assays also showed the most improvement in ADCC (filled triangles) among the variants
compared to wildtype (closed squares) at 1.25 ng/ml. G36 displayed a 1.7 fold improvement in
ADCC activity, calculated as area under the curve. Variants G17 = E282A (269 in EU numbering)
and G18 = D283A (270 in EU numbering) both showed reduced binding to FcyRIHA as well as
reduced efficacy in ADCC. The effector cells were PBMCs.
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Figure 22A depicts alignments of native sequence IgG Fc regions. Native sequence
human IgG Fc region sequences, humigG1 (non-A and A allotypes) (SEQ ID NOs: 3 and 4,
respectively), humlgG2 (SEQ ID NO:5), humigG3 (SEQ ID NO:6) and humigG4 (SEQ ID NO:7),
are shown. The human IgG1 sequence is the non-A allotype, and differences between this
sequence and the A allotype (at positions 356 and 358; EU numbering system) are shown below
the human IgG1 sequence. Native sequence murine IgG Fc region sequences, murlgG1 (SEQ
ID NO:8), murlgG2A (SEQ ID NO:9), murlgG2B (SEQ ID NO:10) and murigG3 (SEQ ID NO:11),
are also shown. Figure 22B shows percent identity among the Fc region sequences of Figure
22A.

Figure 23 depicts alignments of native sequence human IgG Fc region sequences,
humigG1 (non-A and A allotypes; SEQ ID NOs:3 and 4, respectively), humlgG2 (SEQ ID NO:5),
humigG3 (SEQ ID NO:6) and humigG4 (SEQ ID NO:7) with differences between the sequences
marked with asterisks.

Figure 24 shows area under curve (AUC) for selected variants compared to anti-HER2
IlgG1 (HERCEPTIN®) in a 4 hour ADCC assay. The effector cells were PBMCs (N=5). Variant
G36 (S317A, 298 in Eu numbering) with improved binding to FcyRIIIA showed improved ADCC
activity; variant G31 (R309A; 292 in Eu numbering) which did not display altered FcyRIIIA binding,
also had unaitered ADCC activity; and G14 (D265A; 278 in Eu numbering) which had reduced
FcyRIIIA binding, also had reduced ADCC activity.

Detailed Description of the Preferred Embodiments
l. Definitions

Throughout the present specification and claims, the numbering of the residues in an
immunoglobulin heavy chain is that of the EU index as in Kabat et al., Sequences of Proteins
of Immunological Interest, 5th Ed. Public Health Service, National Institutes of Health,
Bethesda, MD (1991), expressly incorporated herein by reference. The “EU index as in Kabat”
refers to the residue numbering of the human IgG1 EU antibody.

A "parent polypeptide" is a polypeptide comprising an amino acid sequence which lacks
one or more of the Fc region modifications disclosed herein and which differs in effector function
compared to a polypeptide variant as herein disclosed. The parent polypeptide may comprise a
native sequence Fc region or an Fc region with pre-existing amino acid sequence modifications
(such as additions, deletions and/or substitutions).

The term “Fc region” is used to define a C-terminal region of an immunogiobulin heavy
chain, e.g., as shown in Figure 1. The “Fc region” may be a native sequence Fc region or a
variant Fc region. Although the boundaries of the Fc region of an immunoglobulin heavy chain

might vary, the human IgG heavy chain Fc region is usually defined to stretch from an amino acid
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residue at position Cys226, or from Pro230, to the carboxyl-terminus thereof. The Fc region of an
immunoglobulin generally comprises two constant domains, CH2 and CH3, as shown, for
example, in Fig. 1. '

The “CH2 domain” of a human IgG Fc region (aiso referred to as “Cy2" domain) usually
extends from about amino acid 231 to about amino acid 340. The CH2 domain is unique in that
itis not closely paired with another domain. Rather, two N-linked branched carbohydrate chains
are interposed between the two CH2 domains of an intact native IgG molecule. It has been
speculated that the carbohydrate may provide a substitute for the domain-domain pairing and help
stabilize the CH2 domain. Burton, Molec. Immunol.22:161-206 (1985).

The “CH3 domain” comprises the stretch of residues C-terminal to a CH2 domain in an
Fc region (i.e. from about amino acid residue 341 to about amino acid residue 447 of an IgG)

A “functional Fc region” possesses an “effector function” of a native sequence Fc region.
Exemplary “effector functions” include C1q binding; complement dependent cytotoxicity; Fc
receptor binding; antibody-dependent cell-mediated cytotoxicity (ADCC); phagocytosis; down
regulation of cell surface receptors (e.g. B cell receptor; BCR), etc. Such effector functions
generally require the Fc region to be combined with a binding domain (e.g. an antib’ody variable
domain) and can be assessed using various assays as herein disclosed, for example.

A “native sequence Fc region” comprises an amino acid sequence identical to the amino
acid sequence of an Fc region found in nature. Native sequence human Fc¢ regions are shown
in Fig. 23 and include a native sequence human IgG1 Fc region (non-A and A allotypes); native
sequence human IgG2 Fc region; native sequence human igG3 Fc region; and native sequence
human IgG4 Fc region as well as naturally occurring variants thereof. Native sequence murine
Fc regions are shown in Fig. 22A.

A “variant Fc region” comprises an amino acid sequence which differs from that of a native
sequence Fc region by virtue of at least one “amino acid modification” as herein defined.
Preferably, the variant Fc region has at least one amino acid substitution compared to a native
sequence Fc region or to the Fc region of a parent polypeptide, e.g. from about one to about ten
amino acid substitutions, and preferably from about one to about five amino acid substitutions in
a native sequence Fc region or in the Fc region of the parent polypeptide. The variant Fc region
herein will preferably possess at least about 80% homology with a native sequence Fc region
and/or with an Fc region of a parent polypeptide, and most preferably at least about 90%
homology therewith, more preferably at least about 95% homology therewith.

“Homology” is defined as the percentage of residues in the amino acid sequence variant
that are identical after aligning the sequences and introducing gaps, if necessary, to achieve the

maximum percent homology. Methods and computer programs for the alignment are well known
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in the art. One such computer program is "Align 2", authored by Genentech, Inc., which was filed
with user documentation in the United States Copyright Office, Washington, DC 20559, on
December 10, 1991. ‘

The term “Fc region-containing polypeptide” refers to a polypeptide, such as an antibody
or immunoadhesin (see definitions below), which comprises an Fc region.

The terms "Fc receptor” or “FcR” are used to describe a receptor that binds to the Fc
region of an antibody. The preferred FcR is a native sequence human FcR. Moreover, a
preferred FcR is one which binds an IgG antibody (a gamma receptor) and includes receptors of
the FcyRI, FeyRIl, and FeyRIl subclasses, including allelic variants and alternatively spliced forms
of these receptors. FcyRlIl receptors include FcyRIIA (an “activating receptor”) and FcyRIIB (an
"inhibiting receptor"), which have similar amino acid sequences that differ primarily in the
cytoplasmic domains thereof. Activating receptor FcyRIIA contains an immunoreceptor tyrosine-
based activation motif (ITAM) in its cytoplasmic domain. Inhibiting receptor FcyRIIB contains an
immunoreceptor tyrosine-based inhibition motif (ITIM) in its cytoplasmic domain. (see review M.
in Daéron, Annu. Rev. Immunol. 15:203-234 (1997)). FcRs are reviewed in Ravetch and Kinet,
Annu. Rev. Immunol 9:457-92 (1991); Capel et al., Inmunomethods 4:25-34 (1994); and de
Haas et al., J. Lab. Clin. Med. 126:330-41 (1995). Other FcRs, including those to be identified
in the future, are encompassed by the term "FcR" herein. The term also includes the neonatal
receptor, FcRn, which is responsible for the transfer of maternal IgGs to the fetus (Guyer et al.,
J. Immunol. 117:587 (1976) and Kim et al., J. Immunol. 24:249 (1994)).

“Antibody-dependent cell-mediated cytotoxicity” and “ADCC” refer to a cell-mediated
reaction in which nonspecific cytotoxic cells that express FcRs (e.g. Natural Killer (NK) cells,
neutrophils, and macrophages) recognize bound antibody on a target cell and subsequently
cause lysis of the target cell. The primary cells for mediating ADCC, NK cells, express FcyRill
only, whereas monocyteé express FcyRI, FcyRIl and FcyRIIl. FcR expression on hematopoietic
cells is summarized in Table 3 on page 464 of Ravetch and Kinet, Annu. Rev. Immunol 9:457-92
(1991).

“Human effector cells” are leukocytes which express one or more FcRs and perform
effector functions. Preferably, the cells express at least FcyRIll and perform ADCC effector
function. Examples of human leukocytes which mediate ADCC include peripheral blood
mononuclear cells (PBMC), natural killer (NK) cells, monocytes, cytotoxic T cells and neutrophils;
with PBMCs and NK cells being preferred. The effector cells may be isolated from a native source
thereof, e.g. from blood or PBMCs as described herein.

A polypeptide variant with "altered" FcR binding affinity or ADCC activity is one which has

either enhanced or diminished FcR binding activity and/or ADCC activity compared to a parent
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polypeptide or to a polypeptide comprising a native sequence Fc region. The polypeptide variant
which "displays increased binding" to an FcR binds at ieast one FcR with better affinity than the
parent polypeptide. The polypeptide variant which "displays decreased binding" to an FcR, binds
at least one FcR with worse affinity than a parent polypeptide. Such variants which display
decreased binding to an FcR may possess little or no appreciable binding to an FcR, e.g., 0-20%
binding to the FcR compared to a native sequence IgG Fc region, e.g. as determined in the
Examples herein.

The polypeptide variant which binds an FcR with “better affinity” than a parent polypeptide,
is one which binds any one or more of the above identified FcRs with substantially better binding
affinity than the parent antibody, when the amounts of polypeptide variant and parent polypeptide
in the binding assay are essentially the same. For example, the polypeptide variant with improved
FcR binding affinity may display from about 1.15 fold to about 100 fold, e.g. from about 1.2 fold
to about 50 fold improvement in FcR binding affinity compared to the parent polypeptide, where
FcR binding affinity is determined, for example, as disclosed in the Examples herein.

The polypeptide variant which “mediates antibody-dependent cell-mediated cytotoxicity
(ADCC) in the presence of human effector cells more effectively” than a parent antibody is one
which in vitro or in vivo is substantially more effective at mediating ADCC, when the amounts
of polypeptide variant and parent antibody used in the assay are essentially the same. Generally,
such variants will be identified using the in vitro ADCC assay as herein disclosed, but other
assays or methods for determining ADCC activity, e.g. in an animal model etc, are contemplated.
The preferred variant is from about 1.5 fold to about 100 fold, e.g. from about two fold to about
fifty fold, more effective at mediating ADCC than the parent, e.g. in the in vitro assay disclosed
herein.

An “amino acid modification” refers to a change in the amino acid sequence of a
predetermined amino acid sequence. Exemplary modifications include an amino acid substitution,
insertion and/or deletion. The preferred amino acid modification herein is a substitution.

An “amino acid modification at” a specified position, e.g. of the Fc region, refers to the
substitution or deletion of the specified residue, or the insertion of at least one amino acid residue
adjacent the specified residue. By insertion “adjacent” a specified residue is meant insertion
within one to two residues thereof. The insertion may be N-terminal or C-terminal to the specified
residue.

An “amino acid substitution” refers to the replacement of at least one existing amino acid
residue in a predetermined amino acid sequence with another different “replacement” amino acid
residue. The replacement residue or residues may be “naturally occufring amino acid residues”

(i.e. encoded by the genetic code) and selected from the group consisting of: alanine (Ala);

-14-



10

15

20

25

30

35

WO 00/42072 PCT/US00/00973

arginine (Arg); asparagine (Asn); aspartic acid (Asp); cysteine (Cys); glutamine (GIn); glutamic
acid (Glu); glycine (Gly); histidine (His); isoleucine (lle): leucine (Leu); lysine (Lys); methionine
(Met); phenylalanine (Phe); proline (Pro); serine (Ser); threonine (Thr); tryptophan (Trp); tyrosine
(Tyr); and valine (Val). Preferably, the replacement residue is not cysteine. Substitution with one
or more non-naturally occurring amino acid residues is also encompassed by the definition of an
amino acid substitution herein. A “non-naturally occurring amino acid residue” refers to a residue,
other than those naturally occurring amino acid residues listed above, which is able to covalently
bind adjacent amino acid residues(s) in a polypeptide chain. Examples of non-naturally occurring
amino acid residues include norleucine, ornithine, norvaline, homoserine and other amino acid
residue analogues such as those described in Eliman et al. Meth. Enzym. 202:301-336 (1991).
To generate such non-naturally occurring amino acid residues, the procedures of Noren et al.
Science 244:182 (1989) and Ellman et al., supra, can be used. Briefly, these procedures involve
chemically activating a suppressor tRNA with a non-naturally occurring amino acid residue
followed by in vitro transcription and translation of the RNA.

An "amino acid insertion" refers to the incorporation of at least one amino acid into a
predetermined amino acid sequence. While the insertion will usually consist of the insertion of
one or two amino acid residues, the present application contemplates larger "peptide insertions",
e.g. insertion of about three to about five or even up to about ten amino acid residues. The
inserted residue(s) may be naturally occurring or non-naturally occurring as disclosed above.

An "amino acid deletion" refers to the removal of at least one amino acid residue from a
predetermined amino acid sequence.

“Hinge region” is generally defined as stretching from Glu216 to Pro230 of human IgG1
(Burton, Molec. Immunol.22:161-206 (1985)). Hinge regions of other IgG isotypes may be
aligned with the I9gG1 sequence by placing the first and last cysteine residues forming inter-heavy
chain S-S bonds in the same positions.

The "lower hinge region” of an Fc region is normally defined as the stretch of residues
immediately C-terminal to the hinge region, i.e. residues 233 to 239 of the Fc region. Prior to the
present invention, FcyR binding was generally attributed to amino acid residues in the lower hinge
region of an IgG Fc region.

“C1q” is a polypeptide that includes a binding site for the Fc region of an immunogiobulin.

C1q together with two serine proteases, C1r and C1s, forms the complex C1, the first component
of the complement dependent cytotoxicity (CDC) pathway. Human C1q can be purchased
commercially from, e.g. Quidel, San Diego, CA.

The term “binding domain” refers to the region of a polypeptide that binds to another

molecuie. In the case of an FcR, the binding domain can comprise a portion of a polypeptide
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