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Engineering therapeutic
monoclonal antibodies

Summary: During last two decades, the chimerization and humanization
of monoclonal antibodies (mAbs) have led to the approval of several for
the treatment of cancer, autoimmune diseases, and transplant rejection.
Additional approaches have been used to further improve their in vivo
activity. These include combining them with other modalities such as
chemotherapy and redesigning them for improved pharmacokinetics,
effector function, and signaling activity. The latter has taken advantage of
new insights emerging from an increased understanding of the cellular
and molecular mechanisms that are involved in the interaction of immuno-
globulin G with Fc receptors and complement as well as the negative
signaling resulting from the hypercrosslinking of their target antigens.
Hence, mAbs have been redesigned to include mutations in their Fc
portions, thereby endowing them with enhanced or decreased effector
functions and more desirable pharmacokinetic properties. Their valency
has been increased to decrease their dissociation rate from cells and
enhance their ability to induce apoptosis and cell cycle arrest. In this
review we discuss these redesigned mAbs and current data concerning
their evaluation both in vitro and in vivo.

Keywords: monoclonal antibody, Fc, effector function, pharmacokinetics, tumors

Introduction

Since the early 1980s, monoclonal antibodies (mAbs) have
made the transition from discovery to clinical practice. Several
of these mAbs, alone, or attached to payloads, are being used
for the treatment of cancer. The first mAb approved by the Food
and Drug Administration (FDA) for human use was a murine
anti-CD3 mAb, muromonab (OKT3), used for the treatment of
organ transplant rejection (1). OKT3 provided the first lesson
in the mAbs field, i.e. murine mAbs had a short half-life, robust
immunogenicity, and suboptimal effector functions when used
in humans. These problems were solved by converting mouse
mAbs into human protein formats by genetic engineering.
Between 1984 and 1988, both chimerization and humaniza-
tion of mAbs were achieved (2—4). A chimeric mAb is
designed to contain the variable regions of a mouse antibody
and the constant regions of a human antibody, while in a
humanized mAb, only the complementary determining re-

gions (CDRs) are of murine origin. Fully human mAbs were
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created either by phage display or by the selection of variable
regions of human origin (5). In addition, human immunoglo-
bulin (Ig) transgenic mice are now used to produce fully
human antibodies (6). The first mAb approved for the treat-
ment of cancer, rituximab (RituxanTM), a chimeric anti-human
CD20 mAb, was approved in 1997. A decade later, eight other
mAbs have been approved for the treatment of cancer, and

hundreds are undergoing preclinical and clinical evaluation.

FDA approved mAbs for the treatment of cancer (Table 1)

Rituximab is a chimeric IgG1 anti-CD20 mAb that binds to
human B lymphocytes and has been approved for treating
B-cell malignancies such as non-Hodgkin’s lymphoma (NHL)
either as monotherapy or in combination with chemotherapy
(7). The in vivo mechanisms of action of rituximab include
antibody-dependent cellular cytotoxicity (ADCC), comple-
ment-dependent cytotoxicity (CDC), growth inhibition, Fas-
induced apoptosis, and chemo- and radiosenzitation of tumor
cells (8, 9).

Trastuzumab (Herceptin™) is a humanized IgG1 designed
to bind to the extracellular domain of the human Her-2/neu
receptor, a member of epidermal growth factor receptor
(EGFR) family (10). It was approved by the FDA in 1998 for
the treatment of metastatic Her-2-overexpressing breast cancer.
It is being further evaluated as adjuvant therapy for early breast
cancers. The mechanisms of action of trastuzumab are not
completely understood. Trastuzumab blocks the shedding
of the extracellular domain of Her-2 and inhibits metallo-
proteinase activity in Her-2-overexpressing breast cancer cell
lines such as SKBR3 and BT474. It also interferes with signaling
(PI3K) pathways, thus
promoting apoptosis and cell cycle arrest (CCA) during the

via phosphoinositide  3-kinase
G1 phase of the cell cycle (11). Trastuzumab induces the
expression of anti-angiogenic factors (e.g. thrombospondin-
1) and suppresses pro-angiogenic factors [e.g. transforming
growth factor-o (TGF-or), vascular endothelial growth factor
(VEGF), angiopoietin-1, and plasminogen-activator inhibitor-
1] (12). Trastuzumab can also mediate ADCC (13).
Alemtuzumab (Campath-1H™) is a humanized IgG1 anti-
CD52 mAb that was approved in 2001 by the FDA for the
treatment of drug-resistant chronic lymphocytic leukemia
(CLL) (14). CD52 is a cellular surface glycoprotein expressed
by both normal and malignant B and T lymphocytes, natural
killer (NK) cells, monocytes, macrophages, eosinophils,
thymocytes, and speramtozoa. Campath-1M, the parental
mADb of alemtuzumab, is a rat IgM used for T-cell depletion
of graft-versus-host disease (14).

in the prophylaxis
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Alemtuzumab is the humanized variant of Campath-1G, a rat
IgG2b, generated by grafting the CDRs of Campath-1G onto a
human IgG1 framework (15). This mAb acts in vitro by CDC and
ADCC and also induces apoptosis (16, 17). The in vivo
mechanisms of action of Alemtuzumab remain unclear.
Cetuximab (Erbitux™) is a chimeric IgG1 directed against
Her-1, a member of EGFR family (18). Cetuximab was
approved by the FDA in 2004 for the treatment of colorectal
carcinoma and is being evaluated in patients with head and
neck tumors that overexpress EGFR. Cetuximab inhibits the
proliferation of Her-1-expressing cells by inhibiting mitogen-
(MAPK) /PI3K/ Akt
pathways, upregulating p27KIP1 expression, and inducing

activating  protein  kinase signaling
apoptosis. It also can inhibit the production of VEGF and
mediate ADCC and CDC (18-20).

Bevacizumab (Avastin™') is a humanized anti-angiogenic
mAb (IgG1l) that targets VEGF (21, 22) but is rarely cytotoxic
for tumor cells themselves (23). In 2004 the FDA approved
bevacizumab in combination with 5-fluorouracil as first line
treatment for metastatic colorectal cancer.

Panitumumab (Vectibix ™) is a human IgG2 directed against
EGFR (24, 25). In 2006, panitumumab was approved by the
FDA for the treatment of metastatic colorectal cancer.
Panitumumab acts on cancer cells by inhibiting growth, by
inducting apoptosis, and by decreasing of the production of
pro-inflammatory cytokines and VEGF (24, 25).

Gemtuzumab ozogamicin (Mylotarg™") is a humanized
IgG4 anti-CD33 conjugated to calicheamycin, a cytotoxic
antibiotic (26). CD33 is a glycoprotein receptor expressed on
normal and monomyeloid hematopoietic progenitor cells
(27). In 2000 gemtuzumab ozogamicin was approved by the
FDA for the treatment of patients with acute myeloid leukemia
(AML). After specific binding to the target cell, the
ligand-receptor complex is internalized, and the drug is
hydrolyzed and released inside the cell where it causes
double-strand DNA breaks, and consequently apoptosis.
Presently, there are ongoing clinical studies in patients with
AML using gemtuzumab ozogamicin in combination with
chemotherapy.

Ibritumomab  tiuxetan (Zevalin™) and tositumomab
(Bexxar™) are two radioimmunoconjugates directed against
CD20. Ibritumomab tiuxetan is a murine IgG1 conjugated to
the radioisotope 90-yttrium (28, 29). In 2002, ibritumomab
tiuxetan was approved by the FDA for the treatment of
refractory low grade and follicular B-cell NHLs. In 2003, the
second radioimmunoconjugate, tositumomab, was approved
by the FDA for the treatment of relapsed and refractory

follicular NHL after chemotherapy. Tositumomab is a murine
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Table 1. Monoclonal antibodies approved by the FDA for cancer therapy
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Antitumor

Generic Target Mechanism therapeutic FDA year
(Trade mark) antigen Isotype  Species Payload of action activity of approving Reference
Rituximab CD20 lgGl k  Chimeric - Induction of Low grade 1997 (7-9,45, 46)
(Rituxan ™) apoptosis, B-cell NHL

ADCC, CDC,

chemosensitization
Trastuzumab Her-2/neu 1gGl k  Humanized — ADCC, Her-2 1998 (10-13,82)
(Herceptin™) chemosenzitation, overexpressed

CCA inhibition metastatic

of angiogenesis breast cancer
Alemtuzumab CD52 lgGl k  Humanized — ADCC, CDC B-cell CLL 2001 (14-=17)
(Campath-1H™)
Cetuximab EGFR lgGl k  Chimeric - Inhibition of Metastatic 2004 (18-20)
(Erbitux ™ (Her-1) angiogenesis, colorectal cancer,

chemosensitization head and

and radiosensitization, neck cancers

CCA, ADCC
Bevacizumab VEGF lgGl k  Humanized — Inhibition of Colorectal cancer 2004 (21-23,37)
(Avastin™) angiogenesis
Panitumumab EGFR lgG2k  Human - Inhibition of Metastatic 2006 (24, 25)
(Vectibix™) cell growth, colorectal cancer

induction of

apoptosis,

decreased

proinflamatory

cytokines and

VEGF production
Gemtuzumab CD33 lgG4k  Humanized Calicheamicin  Double-stranded CD33* 2000 (26,27)
ozogamicin DNA relapsed AML
(Mylotarg™) breaks and

cellular death

induced by

payload after

intracellular

hydrolysis
Ibritumomab CD20 lgGl k  Murine 90-yttrium Cellular death Low grade or 2002 (28,29)
tiuxetan induced by follicular,
(Zevalin™) B-emitter, relapsed or

induction of refractory,

apoptosis, CD20" B-cell NHLs;

ADCC, CDC Rituximab-refractory

follicular NHL

Tositumomab CD20 lgG2a A Murine I31-iodine Cellular death Relapsed CD20™ 2003 (29-32)
(Bexxar™) induced by B-cell NHL;

y-emitter, Rituximab-refractory

induction of NHL

apoptosis,

ADCC, CDC

FDA, Food and Drug Administration; IgG, immunoglobulin G; ADCC, antibody-dependent cell cytotoxicity; CDC, complement dependent cytotoxicity; NHL,
non-Hodgkin's lymphoma; CLL, chronic lymphocytic leukemia; Her-2, human-2 epidermal growth factor receptor-2; CCA, cell cycle arrest; EGFR, epidermal
growth factor receptor; Her- 1, human-| epidermal growth factor receptor-1; VEGF, vascular endothelial growth factor; AML, acute myeloid leukaemia.

IgG2a radiolabeled with 131-iodine (29—32). The rationale for
choosing mouse mAbs for radioimmunoconjugation is that
their half-life in humans is short due to their very low affinity
for the human Fc neonatal receptor (FcRn) (33, 34). This short
half-life reduces the systemic myeloablative side effects of the
radioisotope.

There are numerous other mAbs being tested in clinical trials
(Table 2). While problems associated with immunogenicity,

poor effector functions, and pharmacokinetics have been

solved to a large degree by chimerization and humanization,
mAb therapy is still in need of further improvements.
Strategies to enhance anti-tumor activity and to improve
the clinical responses induced by mAbs are therefore
ongoing, and these include the evaluation of different
dose regimens, disease indications, combination therapies
and finally, molecules with improved functional features
(35). In this review, we focus on the optimization of

mADb structure.
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Fig. 1. The structure of IgG. VH, heavy chain variable domain; VL, light
chain variable domain; Cy1, Cy2, and Cy3, heavy chain constant
domains; CL, light chain constant domain; Fab, antigen-binding frag-
ment; Fc, constant region fragment; C1q, first component of comple-
ment; FcyRs, Fcy receptors; FcRn, neonatal Fc receptor. Each heavy chain
and light chain contains a variable region and a constant region. The
antigen-binding sites comprise the variable regions of the heavy and light
chains. The heavy constant regions (Cy2, and Cy3) and the hinge interact
with C1q and Fc receptors and are responsible for the effector functions
and pharmacokinetics of the IgG.

The structure of IgG: mechanism of action

Among different human Ig isotypes, IgG was chosen for cancer
therapy due to its acceptable molecular weight (MW), in vivo
stability, excellent effector functions, and the relative ease of
producing it. The intact molecule is composed of four poly-
peptide chains, including two identical light chains and two
identical heavy chains. The chains are joined by disulfide
bonds. Human IgG subclasses include IgGs 1, 2, 3, and 4, with
either k or A light chains within any single antibody molecule.
Each heavy and light chain contains a variable region and a
constant region (Fig. 1). The variable regions determine the
specificity, diversity, and affinity of antigen binding, while the
constant regions are responsible for mediating effector func-
tions and controlling their catabolism. The specificity of the
variable regions is a result of recombination of variable (V),
diversity (D), and junctional (J) gene segments of the heavy
chain and the VJ gene segments of the light chain. These genes
are rearranged during B-cell maturation to generate the DNA
that encodes the unique antibody combining site. The hyper-
variable regions or CDRs of IgG are also responsible for the
strength of binding (affinity) of the antibody. Divalent antigen-
binding fragments F(ab’), of some mAbs can signal target cells

to undergo CCA or apoptosis.

Liuetal - Engineering therapeutic monoclonal antibodies

The heavy constant regions (CH, and CHj) of the IgG
molecule are responsible for its effector functions, because
they express binding sites for complement and for Fc recep-
tors (FcRs) on different effector cells. The interaction of
an antibody with complement initiates CDC, and FcyR
interactions mediate ADCC and antibody-dependent cell
phagocytosis  (ADCP). FcRn-binding sites also control the
catabolism of IgG.

The anti-tumor activity of IgG

There are two major mechanisms involved in the anti-tumor
activity of an IgG, and these are mediated by its Fab and Fc

portions.

Fab-mediated activities

Neutralization of cytokines and angiogenic factors
There are numerous immunosuppressive and angiogenic cyto-
kines secreted by cancer cells including TGF-f and VEGF. It has
been demonstrated that an anti-TGF-f3 mAb suppresses intra-
abdominal tumors and lung metastases or transiently inhibits
the growth of established breast carcinomas in mice (36).
Bevacuzumab, a humanized IgG1, binds to VEGF-A with high
affinity and neutralizes all human VEGF-A isoforms and their
bioactive proteolytic fragments, thus inhibiting angiogenesis in

tumor sites (37).

Signaling

Signaling by mAbs was first demonstrated using mAb anti-Fas
(CD95) that induced apoptosis in CD95" cells (38). Many
tumor-associated antigens belong to the growth factor receptor
family, and under normal circumstances, their activation
initiates and maintains cellular growth and survival. mAbs can
either induce CCA and/or apoptosis or inhibit the function of
the targeted receptor [e.g. anti-VEGF receptor inhibits angio-
genesis, and type 1 insulin-like growth factor receptor (IGF-
1R) blocks the IGF signaling pathway] after binding to specific
receptors on target cells (9, 39—44). Hence, mAbs can interfere
with tumor cell growth, induce apoptosis, and, in some cases,
sensitize cells to chemotherapeutic agents.

The chimeric anti-Her-1 mAb, cetuximab, blocks EGFR
signaling (19). The binding of cetuximab to Her-1 induces
internalization of the antibody—receptor complex without
activating tyrosine kinases. Comnsequently, inhibition of
downstream processes prevents cell growth and survival.
Trastuzumab induces negative signaling in breast cancer cells
that overexpress Her-2 (11).

Direct induction of apoptosis can be induced by anti-CD20

mAbs such as rituximab. Cross-linking of anti-CD20 in B cells
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also leads to the translocation of CD20 into lipid rafts, followed
by activation of the Src kinase family members, an elevation in
intracellular Ca’", and phospholipase Cy activation. Cross-
linking results in rapid upregulation of Bax, changes in RNA
level of c-myc and Berg36, activation of MAPK family members,
and increased activator protein-1 (AP-1) DNA binding activity
9).

Other anti-apoptotic signaling pathways, including the
extracellular signal regulated kinases 1 and 2 (ERK1/2) and
the nuclear factor kB (NF-kB) pathway, have been reported to
be inhibited by rituximab, resulting in the chemosensitization

of various B cell lines to chemotherapy (45, 46).

Drug delivery
mAbs can be designed to carry payloads (such as chemical
drugs, toxins, radionuclides, enzymes, or cytokines) to cancer
cells. This delivery leads to cell death with a reduction but not

complete elimination of undesirable side effects.

Fc-mediated activities

Recruitment of effector cells via Fc—FcyR interactions
IgGs interact with FcR-expressing effector cells through their
Fc domain. Activating FcyRs mediate ADCC and ADCP, induce
endocytosis of immune complexes leading to antigen presenta-
tion, and contribute to the production and release of cytokines
and proinflammatory molecules.

Mice deficient in FcyRs (I and IIT) exhibit impaired ADCC
and phagocytosis of IgGl-opsonized particles (47). Anti-
tumor activity is dramatically reduced in common FcRy-
deficient athymic mice (lacking activating FcyRs) treated with
Rituximab for human lymphoma or treated with Trastuzumab
for human breast cancer (48). Furthermore, a mutation in the
Fc domain of an anti-Her-1 mAb (Asp265Ala) designed to
abolish Fc—FcylIIIA interactions leads to impaired ADCC (48).
In addition, mAbs have enhanced ADCC activity in mice
deficient for inhibitory FcyRIIB receptors. Thus, Trastuzumab
used at a 10-fold lower dose than that currently used
FcyRIIB-deficient

xenografted with human breast cancer cells (48).

therapeutically, protected the mice

Binding of Clq
The classical activation pathway of CDC is triggered when C1,
the first component of the pathway, binds to the IgG in an
antigen—antibody complex. Subsequent activation of the com-
plement cascades eventually induces the formation of a C5—C9
membrane attack complex that leads to the death of the target
cell. Rituximab does not exert any anti-tumor activity in C1q-

deficient mice xenografted with human CD20-transfected T

14 Immunological Reviews 222/2008

thymoma cells (49), and, in addition, depletion of comple-
ment by cobra venom factor dramatically decreases the activity
of rituximab in severe combined immunodeficient (SCID)
mice xenografted with human B-cell lymphomas (50). These
experiments have clearly demonstrated that CDC is critical for
the therapeutic activity of rituximab in mice xenografted with

human tumor cells.

Engineering IgG molecules to increase their
anti-tumor activity

The tumoricidal mechanisms mediated by mAbs are incom-
pletely understood. mAbs act in a very complex manner
involving both effector functions and events involved in their
binding to target antigens, i.e. growth inhibition, apoptosis,
etc. The contribution of each activity to the anti-tumor effect of
a mAb depends upon the tumor, the target antigen, and the
mAb. The future holds many challenges for designing the ideal
mAbs for each tumor or group of tumors. Thus, there are many
potential approaches for increasing the anti-tumor activity of
mAbs, but the success of these approaches requires under-
standing the structure and function of the antibody molecule

vis-a-vis delivering a lethal hit to tumor cells.

Specificity

A targeted therapeutic mAb must bind very specifically to
tumor cells without any cross reaction with life-sustaining
normal cells. The only known tumor-specific antigen is the
idiotype (Id) on the antigen-specific receptor expressed on B or
T cells (51, 52). Results of studies using anti-Id antibody as
passive immunotherapy for treating clonal B-cell lymphoma
were encouraging, but specific anti-Ids had to be prepared for
each patient. Furthermore, Id ~ tumor cells grew out, because
mAbs only target one epitope on the Id (53). Active immu-
notherapy for B-cell lymphoma is ongoing using either natural
or recombinant Ids or Id-encoding DNA vaccines (54). The
results are encouraging, but costs are a major limitation in

developing Id-based strategies to ablate tumors.

Affinity

It was initially assumed that increasing the affinity of mAbs
should lead to increased anti-tumor activity. While this is true,
it does have its limitations. mAbs with affinities above
10'°M ™" do not have improved anti-tumor activity, due to
the fact that tumor penetration and retention are impaired
(55). Indeed, decreasing the affinity of mAbs for some
receptors can actually increase anti-tumor activity. In addition,

reducing the affinity of a mAb for FcyRIIB increases anti-tumor
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efficacy (48). Finally, mutants with low affinities for the FcRn
are used for designing immunoconjugates carrying cytotoxic
payloads (56). The accelerated clearance of these short-lived
mutants should produce a higher tumor-to-normal tissue ratio

and fewer side effects.

Valency

Multivalent mAbs that hypercrosslink their target antigens can
be more effective anti-tumor agents (9, 41). Initial studies to
explore multivalency were carried out with tetravalent chemi-
cal homodimers, and these molecules displayed better in vitro
and in vivo anti-tumor activity compared with their parental
divalent monomers (41). However, because chemically gener-
ated homodimers are large, a tetravalent anti-human CD22
mAb with a single human Fc region and four murine Fv
regions was generated (57, 58). It demonstrated improved
anti-tumor activity in SCID mice xenografted with human B-
lymphoma cells (unpublished data). This construct is not only
smaller but also has a longer half life (57, 58).

Immunogenicity

The generation of an immune response against mAbs leads to
rapid clearance and can induce side effects ranging from
hypersensitivity to life-threatening anaphylactic reactions (59,
60). The transition from mouse to chimeric and later huma-
nized mAbs was expected to dramatically decrease immuno-
genicity (61). Regardless, chimeric or humanized mAbs can
still induce anti-Id responses. For example, a recombinant fully
human IgG1 anti-TNF mAb (adalimumab) produced by phage
display was immunogenic in some but not all patients (62,
63). Because variable regions of both mouse and human origin
(idiotypes) are potentially immunogenic, this is not surprising
(64). Moreover, it was reported that other factors could be
involved in the immunogenicity of a mAb. These included
physicochemical properties (e.g. stability and solubility), the
dose and the route of injection, and concomitant treatments

with other agents (65, 66).

Fc functions

Commonly used anti-tumor mAbs include intact IgG mole-
cules as well as their antigen-binding fragments (67-71).
Many attempts have been made to improve the anti-tumor
activity of mAbs by decreasing their sizes and hence increasing
tumor penetration. Antibody fragments generated by proteo-
lysis or by genetic engineering have been tested both in vitro and
in vivo (72-76). Among these mAbs fragments, Fab or Fab/,
single chain Fv (scFv) and disulfide bond-stabilized Fv (dsFv)

Liuetal - Engineering therapeutic monoclonal antibodies

with a valency of one, or F(ab’), and diabodies with a valency
of two have been used. These have lower MWs [ranging from
25 for scFv to 100kDa for F(ab’),] than the intact antibody
(150kDa). Hence, to increase their binding avidity, they have
also been engineered into multivalent constructs (77, 78).

Unfortunately, even divalent antibody fragments have
disadvantages. For example, the anti-tumor activity of most
mAbs is dependent upon their effector functions and hence the
presence of an Fc (49, 79, 80). The long half-life (T,,;) of
intact mAbs does generate a higher gradient concentration
across cellular barriers with better penetration into the targeted
tumor (81, 82). mAb fragments lacking an Fc cannot elicit
ADCC and CDC and have very short half-lives. The uptake of the
fragments into tumor is therefore markedly reduced as
compared with intact antibodies (83, 84).

Antibody fragments with low MWs (scFv and dsFv) are
currently used to target payloads to cells. These fragments are
usually expressed as fusion proteins containing toxic fragments
from Pseudomonas or diphtheria toxins. In contrast, minibodies,
F(ab’),, and CH,-deleted antibody fragments have inter-
mediate MWs and are conjugated to radionuclides (85-89).
Because these immunoconjugates lack an Fc, they also have
short half-lives and cannot bind to cells expressing FcyRs,
resulting in fewer side effects.

In summary, intact ‘naked’ therapeutic antibodies with both
effector functions and longer half-lives should outperform
antibody fragments, while immunoconjugates should be
effective even when an Fc is lacking. Because the presence of
an Fc in a naked mADb is highly advantageous, efforts have been
made to improve the anti-tumor activity of such mAbs by
altering their Fc to confer improved effector functions and an
even longer half life. To this end scFv and Fab fragments
generated from phage display technology have been grafted
onto an Fc (90-92).

Interaction of IgG with FcRs

The Fc region of IgG molecules is a symmetric homodimer of
the carboxy-terminal portion of heavy chains and is composed
of the CH, and CH; domains which are separated from the Fab
by a flexible hinge region. The Fc region is stabilized by non-
covalent interactions between domains. The Fc region interacts
with FcRs to exert effector functions or to regulate the

catabolism of IgG.

Interaction of IgG with FcyRs

FcyRs are broadly expressed as transmembrane glycoproteins

on cells such as macrophages, NK cells, dendritic cells, B cells,
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neutrophils, and mast cells. With the exception of FcyRIIL,
FcyRs belong to the Ig superfamily and have extensive
sequence homology. There are two classes of FcyRs, activating
(FcyRI, EcyRIIA, and FcyRIID) and inhibitory (FcyRIIB) recep-
tors (93). Interaction of IgGs with activating FcyRs triggers cell
activation, while interaction with FcyRIIB inhibits cell activa-
tion. With the exception of B cells and NK cells, activating and
inhibitory FcyRs are co-expressed on the same effector cells;
thereby generating a threshold for cell activation. B cells
express only the inhibitory FcyRIIB and therefore cannot be
activated by endogenous IgG under physiological conditions.
NK cells express the activating FcyRIII so that they can kill
target cells independently of preactivation.

The FcyR binding of each IgG subclass varies, and hence,
each exerts different effector functions. FcyRI (CD64) has a
high affinity for IgG1 but not IgG2, while FcyRII (CD32) binds
well to IgG3. FcyRI has a high affinity for both monomeric IgG
(Ka=10°M ") and immune complexes. Because FcYRI is
usually saturated by monomeric IgG, it cannot bind to
immune complexes. Therefore, only high concentrations of
immune complexes can activate FcyRI and elicit ADCC
(94-96). In contrast, FcyRII and FcyRIII (CD16) have low
affinities for monomeric IgG (Ka=10°M ") and are more
critical for triggering effector functions, leading to anti-tumor
activity (48, 97—-100). Insights into the structure of different
IgG subclasses and their interactions with FcyRs provide
important insights into improving their effector functions.
Usually, mAbs are genetically engineered to have increased
affinities for the activating FcyRIII, and decreased affinities for
the inhibitory FcyRIIB.

The amino acid residues in IgGs contributing to their direct
interaction with FcyRs are located predominantly in the lower
hinge region and are adjacent to the Cy2 region. It has been
demonstrated that residues 234—237 in the IgG molecule are
required for binding to FcyRs (100—-104) (Fig. 2). Mutations in
these residues result in a considerable decrease in the affinity of
IgG for FcyRIL In addition, the N-linked oligosaccharide at
Asn297 is critical for the binding of IgG to all FcyRs (105,
106). Other important residues involved in IgG—FcyRs
interactions are located in the Cy2 domain (Asp265, Asp270,
Ala327, Pro329, and Lys338) (107) (Fig. 2).

The importance of ADCC for anti-tumor mAbs

ADCC is dependent upon the ability of the FcyR-bearing cells
of the innate immune system (e.g NK cells, monocytes,
macrophages, and granulocytes) to recognize the Fc domain

of antibody bound to target cells (108). This recognition
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Fig. 2. Amino acid residues in the human IgG1 Fc involved in its
interaction with FcyRs and/or Clq (red), and FcRn (blue). The
binding sites (EU numbering) are represented on only one chain. The
structure file was downloaded from PDB (Protein Data Bank), file # 1t89.
The image was created using PyMOLTM 2006 DeLano Scientific LLC soft.

triggers effector cells to release cytoplasmic perforin, granuly-
sin, and granzymes that induce apoptosis and lysis of target
cells. The major effector cells in ADCC are NK cells which
express both FcyRIIC (CD32c) and FcyIllIA (CDlé6a)
(108-110). These FcyRs recognize the IgGl and IgG3 sub-
classes and trigger cytotoxic effects in vivo. Studies demonstrat-
ing the loss of therapeutic activity of trastuzumab and
rituximab in FcyR knockout mice have underscored the critical

role of Fc—FcyR interactions in anti-tumor responses (48).

Engineering the Fc of a mAb to enhance ADCC

Amino acid mutations in the Fc
The identification of amino acid residues in an IgG1 that are
critical for its binding to activating and inhibitory FcyRs has led
to the generation and testing of many mutants that enhance or
reduce the affinity of an IgG for these receptors (107).
Mutations leading to increased binding to FcyRIII enhance
ADCC in vitro. For example, triple amino acid substitution in
alemtuzumab, rituximab, cetuximab, or trastuzumab (Ser298-
Ala/Glu333Ala/Lys334Ala) affinity  for
FcyRIIIA but not for FcyRIIB (107). Furthermore, the Fc
variant Ser239Asp/Ile332Glu has improved ADCC (107). Fc
variants of the trastuzumab exert enhanced FcyRIIIA-depen-
dent ADCC in vitro (107, 111). Other mutants (Ser239Asp/

increased their
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Ala330Leu/Ile332Glu and Ser239Asp/Ser298Alal/Ile332Ala)
with better in vitro ADCC are under development (107).

By using surface display technology in yeast, amino acid
residues in the Fc that are involved in enhanced binding of IgG
to FcyRIIIA and reduced binding to FcyIIB have been identified
(112). Residues include Phe243, Asp270, Arg292, Ser298,
Tyr300, Val305, Ala330, and Pro396. Fc variants containing
individual amino acid mutations had minor increases in their
binding to FcyRIIIA, but ADCC was not increased. Combining
different mutations resulted in an Fc mutant (Phe243Leu/
Arg292Pro/Tyr300Leu/Val305Ile/Pro396Leu) that showed
a 100-fold increase in ADCC activity, and this was confirmed
in three different mAbs. These mutants demonstrated an
increased affinity for FcyRIIIA and a decreased affinity for
FcyRIIB. Because the primary effector cells in ADCC are NK
cells and these do not express FcyRIIB, optimal anti-tumor
activity should be increased by designing mAbs that recruit not
only NK cells but also effector cells expressing both activa-
ting and inhibitory FcRs, such as monocytes/macrophages.
Despite encouraging results using these mutants, it is
important to recognize that too many mutations have the
potential to enhance the immunogenicity of mAbs, resulting

in unpredictable biological consequences.

Modification of the carbohydrate moieties in the Fc

The second approach for enhancing the anti-tumor activity of
mAbs involves modifying the carbohydrate moieties in the Fc.
Some modifications appear to dramatically increase the affinity
of the Fc for FcyRs. The IgG molecule contains two asparagine
N-linked oligosaccharide sites in the Fc domain. The general
structure of IgG N-linked oligosaccharides includes a core
biantennary heptapolysaccharide containing N-acetylglucosa-
mine (GlcNAc) and mannose attached to the Asn297 residue of
Fc region (107, 113-115). Other polysaccharide variants
include the presence or absence of bisecting GlcNAc fucose,
galactose, and sialic acid. ADCC requires the presence of these
oligosaccharides and is dependent upon changes in the struc-
ture of the oligosaccharide.

Previous studies have shown that removing the fucose
moiety attached to the innermost GlcNAc of the biantennary
complex-type oligosaccharides dramatically increases ADCC by
improving the binding of the Fc to FcyRIIIA without impairing
CDC activity (115-121). As compared with its parental mAb,
a fucose-deficient IgG1 has been reported to have a 50-fold
higher affinity for human FcyRIIIA (116). Furthermore, the in
vitto ADCC activities of a both a hypofucosylated humanized
IgG1 anti-IL-5 and a chimeric IgG1 anti-CD20 were 50-fold
higher than fully fucosylated IgG1 (116). The high affinity

Liuetal - Engineering therapeutic monoclonal antibodies

binding between the FcyRIIIA and a non-fucosylated antibody
is mediated by the interactions between the carbohydrate
attached at Asn162 in the FcyR molecule and in regions of the
Fc that are more accessible to the FcyR (122).

Recently, a study comparing three sialic acid variants of
Rituximab demonstrated a reduction in ADCC that correlated
with higher levels of sialylation (123). One explanation for this
observation was that excess of sialic acids can reduce the
flexibility of the IgG molecule and thus decrease its affinity for
FcyIIIA. However, reducing the flexibility of an IgG could
potentially impair antigen binding; this remains to be
evaluated.

Interestingly, other variations in the glycan structure of an Fc
conferred by the removal of B 1,4)-linked galactose residues
from Alemtuzumab and Rituximab have no effect on ADCC but
decrease CDC activity by twofold (117).

Engineering host cells to express mAbs with enhanced
effector functions has also been described. When Chinese
hamster ovary (CHO) cells were transfected with the enzyme,
B-(1,4)-N-acetylglucosaminyltransferase III (GnT-III) (124),
the levels of bisected, non-fucosylated oligosaccharides per
IgG molecule were increased, and the ADCC activity mediated
by these mAbs was 100-fold higher. The content of fucose in
IgG can be manipulated by o-1,6-fucosyltransferase (FUT8)
knockout CHO cells lacking core-fucosyl transferase activity
(119) or by constitutive expression of small interfering RNA
against FUT8 (125). The expression of guanosine diphosphate
(GDP)-mannose 4,6-dehydratase (GMD) is also related to
fucosylation of IgG. Recently, it has been demonstrated that
GMD-knockout CHO cells produce non-fucosylated IgGl
(126).

The hypothesis that ADCC should be enhanced by a
combination of amino acid mutations in the Fc domain of IgG
and by the ablation of fucosylation proved to be incorrect
(127). Hence, when the previously described triple mutants of
Rituximab (Ser239Asp/Ala330Leu/Ile332Glu and Ser239Asp/
Ser298Ala/Ile332Ala) were expressed in non-fucosylated form
in FUT8-knockout CHO cells, no enhancement of ADCC was
observed. This observation led to the conclusion that the
affinity of Fc for the FcyRIIIA does not anyways correlate with

increases in ADCC.

Interaction of IgG with the complement system: the
enhancement of complement activity by mutations in the
Fc domain of IgG

The complement system consists of three pathways involving
more than 30 soluble proteins. These proteins circulate in the

plasma in their inactive forms and are subsequently
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enzymatically activated (128). Complement can be activated by
antigen—antibody complexes (classical pathway), by the ab-
sorption of C3 molecule onto the surface of pathogens (alter-
native pathway), and by mannose binding to bacterial surfaces
containing mannans (129-132). These pathways lead to the
formation of the membrane attack complex C5b-9, which
forms pores in the plasma membranes of target cells and causes
their lysis (133, 134). The initiation of the classical pathway is
triggered by antigen—antibody complexes. The critical mole-
cule for initiating the activation of this pathway is C1q, which
binds to the Fc domain of IgG in immune complexes. After
binding, a cascade of enzymatic events results in the formation
of the membrane attack complex (135). Many mAbs approved
by the FDA for cancer therapy can activate complement in vitro
and mediate CDC. Among the human IgG subclasses, only IgG1
and IgG3 can initiate the complement cascade, and the amino
acid residues responsible for C1q binding have been mapped
by substituting amino acid residues with alanine (136).

To increase the ability of IgGs to recruit Clq, several IgG
mutants have been developed. Four amino acid residues that
are spatially close to each other in the Fc bind to C1q (Asp270,
Lys322, Pro329, and Pro331) (Fig. 2). Two amino acid residues
(Lys326 and Glu333) are located in the C1q binding epicenter
of the CH, domain Rituximab (137). These residues do not
interact with the oligosaccharide chains in the CH, domain.
The substitution of Lys326 with nonpolar neutral amino acids
(e.g. Ala, Met, or Trp) resulted in the enhancement of Clq
binding and CDC activity. Different mutants have shown
promising results: (i) Lys326Trp has threfold higher binding
to Clq and twofold higher CDC activity; (ii) Glu333Ser has
1.7-fold higher CDC activity and a twofold increased affinity
for Clq; (iii) Lys326Trp/Glu333Ser has a fivefold increase in
the binding to C1q, suggesting that there is an additive effect of
two sites that bind to Clq However,
CDC mediated by the Lys326Trp mutant and the double

mutant were similar. This finding could be explained either by

independently.

the presence of a threshold for CDC, or by the fact that
the mutation(s) have different effects on subsequent steps in
the complement cascade. Another important finding was that
the double but not the single Lys326Trp mutant retained ADCC
activity, suggesting that Lys326 is a critical amino acid involved
in the interaction of IgG with FcyRs.

The role of the hinge region of human IgG1 in its ability to
mediate effector function has also been studied (138). Twenty-
six upper and middle hinge variants of a humanized IgG1
anti-EphA2 (tyrosine kinase receptor) have been generated by
site-directed mutagenesis. IgG containing mutations in the

upper hinge region had increased Clq binding and enhanced

18 Immunological Reviews 222/2008

CDC (e.g. Lys222Trp/Thr223Trp, Cys220Asp/Asp221Cys,
Cys220Asp/Asp221Cys/Lys222Trp/Thr223Trp, Lys222Trp/
Thr223Trp/His224Trp, and Asp221Trp/Lys222Trp), while
IgG containing mutations in the middle hinge had impaired
Clq binding, confirming previous studies that suggested that
opening the bridge formed by N-terminal cysteine residue in
the upper hinge prevents complement binding (139, 140).
The mutants did not show any significant difference in binding
to FcyRIITAs. When mutations were performed in the middle
hinge, a dramatic decrease in FcyRIIIA binding was observed.
This finding led to the conclusion that the content, length, and
flexibility of the middle hinge are critical for the affinity of the
Fc for the FcyRIIIA and hence for ADCC. Taken together, studies
performed on both the CH, domain and the hinge region led
to the hypothesis that combining these two approaches should
result in increased affinity of IgG1 for C1q. Hence, the design
of mAbs with improved CDC activity is an important strategy
for improving the cytotoxicity of a mAb, although there are no
published reports of in vivo studies using this strategy.

It is known that there are many mechanisms that
downregulate complement activation, such as the expression
of membrane complement regulatory protein (mCRPs) (e.g.
CD46, CD55, and CD59). These proteins can protect both
normal and tumor cells from lysis mediated by the
complement system. Bispecific mAbs that are antagonists for
mCRPs and tumor antigen are therefore being developed
(141-143).

Interaction of IgG with FcRns

The FcRn is a heterodimer of a major histocompatibility
complex class I-like heavy chain and B2-microglobulin (B2
m) that is expressed on many types of cells including vascular
endothelial cells, antigen-presenting cells, and epithelial cells
(144—148). FcRns transport IgG across the placenta and also
play crucial roles in maintaining the concentration of IgG in
serum. FcRns bind to IgG with nanomolar affinity under acidic
conditions (pH < 6.5) but not at a physiological pH
(149-152). Following nonspecific pinocytosis into FcRn-
expressing cells, IgG is transported into acidified endosomes
(pH 6.0), where IgG can bind to the FcRn. The IgG—FcRn
complexes are then salvaged and transcytosed to the cell
surface, where IgG molecules are released into the extracellular
space due to the neutral pH of serum (pH 7.4). IgG molecules
that do not bind to FcRns enter the lysosomal pathway and are
degraded (Fig. 3).

FcRns bind to a region of the IgG Fc that is distinct from
their FcyRs binding sites (107, 153). It has been demonstrated
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Fig. 3. Proposed mechanism for the catabolism of IgG in FcRn-
expressing endothelial cells. (A) Uptake, (B) binding, (C) recycling,
(D) release, (E) degradation of the unbound IgG [modified after Ghetie V
and Ward ES, Ann Rev Immunol 2000 (217)].

Table 3. Amino acid residues involving in human IgG-FcRn
interaction

Human 1gG Human FcRn
lle253 Trpl133
His310 Glul'17
GIn311 Glul'18
His435™* Aspl32
Tyr436" Leul37

*In 1gG1, 1gG2 and IgG4 allotypes; the residue in 1gG3 is Arg.
fIn 1gGl, 1gG2 and IgG4 allotypes; the residue in IgG3 is PhelgG,
immunoglobulin.

that key amino acid residues involved in IgG—FcRn interactions
are located at the interface between the Cy2 and Cy3 domains
(Fig. 2). Amino acid residues Ile253 and His310 are highly
conserved across all human IgG subclasses and play crucial
roles in IgG—FcRn interactions (Table 3). In addition, His435
is also involved in regulating IgG—FcRn interactions.
Hydrophobic interactions between the Ile253 of IgG and the
Trp133 of the FcRn play essential roles in IgG—FcRn
interactions. The presence of the weak basic histidine residues
in the Fc and acidic residues in the FcRn suggests that
electrostatic forces may mediate such interactions. In addition,
other residues surrounding these critical positions can either
directly affect the interactions between Fcs and FcRns or
indirectly regulate this interaction by stabilizing the
conformation of the Cy2—Cy3 interface. In IgGl, these
residues include Pro247, Lys248, Leu251, Thr250, Met252,
Ser254, Arg255, Thr256, Pro257, Lys288, Thr307, Glu380,
Met428, Ser415, His433, and Asn434 (154).

Because FcRns act as salvage receptors that regulate IgG
catabolism, interactions between IgGs and FcRn are of major
importance in controlling the concentrations of serum IgG.
Indeed, most aimed at

approaches improving  the

Liuetal - Engineering therapeutic monoclonal antibodies

pharmacokinetics of anti-tumor mAbs have focused on

regulating the affinity of mAbs for FcRuns.

Approaches for decreasing the in vivo half-lives of IgG
immunoconjugates

IgG immunoconjugates have been designed to decrease their in
vivo half-lives. Decreasing the half-life of IgG immunoconju-
gates should be advantageous because the excess of unbound
ligand is quickly eliminated from the circulation and thus
diminishes their side effects. Although the short half-life of
murine IgG ensures the rapid elimination of immunoconju-
gates, the immunoconjugates containing murine mAbs are
immunogenic to humans and cannot be used repeatedly (33,
34, 155). Thus, short-lived IgG immunoconjugates containing
chimeric or humanized antibodies would be preferable and,
therefore, different approaches have been used to reduce their
half-lives.

Truncation of the Fc

Truncating all or part of the Fc portion of IgG will diminish
IgG—FcRn interactions and decrease its half-life (156—158).
Such truncated molecules include Fab, F(ab’), and scFv, as well
as minibody and CH,-deleted antibody fragments. Because of
their small molecular size, scFv (MW =25kDa) and Fab
(MW = 50kDa) are cleared rapidly by the kidney. Minibodies,
F(ab’), and CH,-deleted mAbs have intermediate MWs
(> 70kDa), thereby avoiding rapid clearance and conferring
with longer retention times and better tumor uptake as
compared with scFvs and Fabs. In general, the half-lives of
these Fc-truncated antibody fragments are shorter than 30h
(84, 159-162).

FcRn blockers
The use of FcRn blockers in conjunction with mAb therapy can
prevent the binding of IgG immunoconjugates to FcRns,
thereby increasing their clearance. For example, it has been
demonstrated that serum concentrations of endogenous IgGs
can be decreased by injecting human IgG mutants that have
higher affinities for FcRn at both pH 6.0 and 7.2 (163). Hence,
for cancer imaging and therapy, transient blockade of FcRns
should accelerate the clearance of IgG immunoconjugates from
normal tissues after tumor targeting and prevents normal-
tissue toxicity while preserving the efficacy of anti-tumor
immunoconjugates. In addition, this approach ensures that
the FcRn can recover to maintain physiological concentrations
of IgG in serum. Therefore, blocking the FcRn by co-injecting
immunoconjugates with IgG is a viable option (56, 164). The
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advantage of this approach is that each co-injected mAb itself

does not need to be altered.

Mutations in the Fc
The half life of IgG immunoconjugates can also be decreased by
altering the amino acid residues involved in the interaction of
IgGs with the FcRns. Mutations generally involve residues located
in the CH,—CHj cleft (56, 165, and our unpublished data).

Five mutants (Ile253Ala, His310Ala, His435GlIn, His435Arg,
and His310Ala/His435GIn) of a chimeric mAb directed against
carcinoembryonic antigen have been produced using a scFv-Fc,
and these mutants have been compared with the wildtype
molecule for their activities and pharmacokinetics (165). In
BALB/c mice, these constructs had a decrease in blood clearance
rates. The wildtype scFv-Fc showed the longest half-life
(T,2B=289h), while the His310Ala/His435GIn double
mutant exhibited the shortest half-life (T, ,,=7.96h). Tumor
targeting by the wildtype and mutant molecules has also been
evaluated in athymic mice xenografted with the tumor cells
expressing carcinoembryonic antigen. The wildtype scFv-Fc and
slow clearing mutant His435GIn (T,,,3=52.6h) required
longer times to localize in the tumor and to be cleared from
circulation. The Ile253Ala and His310Ala mutants had
intermediate while  the
His310Ala/His435GIn double mutant quickly localized in

tumor sites and was rapidly cleared from the blood and tissues.

clearance rates, shortest-lived

Therefore, the double mutant produced clearer images. In
addition, the wildtype antibody exhibited the highest tumor
uptake at 48 h, while the His310Ala/His435GIn had the best
tumor/normal tissue ratio. Thus, it is possible to tailor the
Fc—FcRn interaction to achieve improved tumor/normal tissue
targeting.

The anti-tumor activity of an immunotoxin (IT) with a
decreased half-life was investigated by the His43 5Ala mutation
of a chimeric anti-CD22 antibody conjugated to recombinant
ricin toxin A chain. The IT mutant has a reduced affinity
for human and rat FcRns and a decreased half-life in mice
(T1/2P=62.1£1.12 versus 117 £ 10.0 h for the IT wildtype).
In addition, the IT mutant and the wildtype control exhibited
comparable in vitro anti-tumor activities, suggesting that fully
active chimeric mAbs and IgG immunoconjugates containing
an intact Fc with alterations in serum half-life can be
constructed and should be further evaluated (56).

Mutagenesis of the Fc to increase the half-life of naked
mAbs

Because the IgG—FcRn interaction is pH dependent, His310 and

His435 in the Fc should be preserved when mutagenesis is

20 Immunological Reviews 222/2008

performed to increase the half life of a mAb. In human IgG,
amino acid residues located at the interface or near the FcRn-
binding sites are candidates for mutation, because these
residues can directly alter the interaction of IgG with the FcRn.
In addition, residues buried between the Cy2 and Cy3 domains
are potential choices for mutagenesis, because these residues
have an impact on the flexibility of the Cy2—Cy3 interface.
Hence, mutagenesis of these residues may ‘optimize’ the
interaction of Fcs with FcRns (154).

The residues located at the interface of Fc—FcRn have been
chosen to produce mutants with longer half-lives. Groups of
mutants of a murine IgG1 Fc fragment were obtained using
phage display methodology. The Thr252Leu/Thr254Ser/
Thr256Phe triple mutant had increased affinity for murine
FcRn (Kp=2.16 nM for the mutant versus 7.44 nM for the
wildtype). In mice, this mutant exhibited a half-life of 153
versus 93 h for the wildtype IgG1 Fc (166).

Extensive analysis of the interactions between human or
mouse FcRns and IgGs from various species has been carried
out using surface plasmon resonance (167). Mouse FcRns bind
to all IgGs analyzed, while human FcRn fails to bind or binds
weakly to mouse IgG. These results provide the molecular
explanation of the short half-life of mouse mAbs in humans
and indicate that the pharmacokinetics of therapeutic mAbs
should be tested using an appropriate animal model.
Therefore, human FcRn transgenic mice or cynomolgus
monkeys are more suitable models for the analysis of the
pharmacokinetics of chimeric and humanized antibodies and
their mutants. For example, a triple mutation (Met252Tyr/
Ser254Thr/Thr256Glu) of a humanized anti-respiratory
sincytial virus mAb (MEDI-524) was screened from the phage
library of the human IgG1 Fc. The mutant exhibited a 10-fold
increase in binding to the FcRns of both cynomolgus monkeys
and humans at pH 6.0, but it did not exhibit a prolonged half-
life in BALB/c mice, even though its half-life was increased by
nearly fourfold in cynomolgus monkeys (168, 169).

Various mutants of human IgG designed to increase their
10-fold

improvement in binding (170). Molecular models of the

affinity for the human FcRn have shown a

human IgG2 Fc-FcRn complex were generated based on the
crystal structures of the rat Fe—FcRn complex. These models
guided the selection of residues 250, 314, and 428 of the
human IgG2 heavy chain for site-directed mutagenesis.
Because the amino acids at these positions are located near the
Fc—FcRn interface but do not make direct contact with FcRn,
they do mnot directly contribute to the pH-dependent
interaction between the Fc and the FcRn. However, random

amino acid substitutions at these positions may change the
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conformation of amino acids in the Fc that do interact with
FcRn and thus, alter the affinity of IgG for the FcRn. Based on
this hypothesis, random site-directed mutagenesis was
performed and in competitive binding assays mAbs with
mutations at positions 250 and 428 were stronger
competitors than the wildtype mAb, indicating that these
mutants bind more avidly to FcRns at pH 6.0. The best
mutants were Thr250GIn, Met428Leu or their combination.
At pH 6.0, their affinity for the human FcRn was increased by
3-, 7-, and 28-fold, respectively, while at neutral pH this
binding was lost. As compared with the wildtype mAb, the
half-lives of the Met428Leu and the Thr250GIn/Met428Leu
mutants in rhesus monkeys were increased by approximately
1.8- and 1.9-fold, respectively. However, in the same study,
none of the mutations at position 314 resulted in increased
binding of IgGs to FcRns.

Using a similar molecular model, IgG subclasses of an anti-
human hepatitis B virus mAb were investigated (171).
Thr250GIn and Met428Leu mutations in IgGl, IgG2, and
IgG4 antibodies showed 30-fold increased binding affinities
for both human and rhesus FcRns as compared to their wildtype
counterparts, while the T/, of the Thr250GIn/Met428Leu
double mutant of IgG1 in rhesus monkeys was increased by 2.5-
fold. An enhanced affinity of IgG1, IgG2, and IgG4 variants of an
anti-HLA-DR-f chain mAb for human and rhesus FcRns was also
demonstrated. Interestingly, site-directed mutagenesis did not
impair antigen binding, ADCC, or CDC, indicating that the
Thr250GIn and Met428Leu mutations had no effect on the
interactions of mAbs with FcyRs or complement.

The translation of an increased binding affinity for FcRn to
improved pharmacokinetics is controversial. The Thr250GIn/
Met428Leu mutant of a humanized anti-TNF-o. mAb had a 40-
fold increase in affinity for the FcRn of cynomolgus monkeys at
pH 6.0 as compared with its wildtype counterpart and it
maintained the pH binding dependency. However, the mutant
failed to show a longer half-life in cynomolgus monkeys
(172). In addition, Pro257Ile/Asn434His, Asp376Val/
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Asn434His, and Pro257Ile/GIn3111Ile variants of the same
mAb exhibited ~15- to 197-fold increases in binding to
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half-lives when they were tested in cynomolgus monkeys or
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prolong the half-lives of mAbs.

Concluding remarks

Based on new insights gained by the study of the cellular
and molecular mechanisms that are involved in the inter-
action of IgG with FcRs and complement, glycoengineering
and protein engineering have been used to create a new
generation of therapeutic mAbs. Such mAbs are characterized
by enhanced effector functions or optimized pharmacoki-
netics, and several have shown promising results in preclinical
studies. However, the in vivo anti-tumor activity of most of
these new mAbs has yet to be investigated. In addition,
due to the difference in the interactions of human IgG
with the FcRns from different species, improved pharmacoki-
netic characteristics must be confirmed in humans. Since the
amino acid residues involved in the interaction of IgG mole-
cule with murine and human FcyRs and FcRn differ,
mAbs containing mutations at both binding sites might
demonstrate enhanced effector functions as well as optimized

pharmacokinetics.

1. Kunq P, Goldstein G, Reinhen EL, Schloss-

man SF. Monoclonal antibodies defining
distinctive human T cell surface antigens.
Science 1979;206:347-349.

. Morrison SL, Johnson M]J, Herzenberg LA,
Oi VT. Chimeric human antibody mole-
cules: mouse antigen-binding domains with
human constant region domains. Proc Natl
Acad Sci USA 1984;81:6851-6855.

. Boulianne GL, Hozumi N, Shulman MJ.
Production of functional chimaeric mouse/

human antibody. Nature
1984;312:643-646.

. Riechmann L, Clark M, Waldmann H,

Winter G. Reshaping human antibodies for
therapy. Nature 1988;332:323-327.

. Winter G, Griffiths AD, Hawkins RE,

Hoogenboom HR. Making antibodies by
phage display technology. Annu Rev
Immunol 1994;12:433—455.

. Bruggemann M, et al. Human antibody

production in transgenic mice: expression

from 100 kb of the human IgH locus. Eur J
Immunol 1991;21:1323-1326.

. Reff ME, et al. Depletion of B cells in vivo by

a chimeric mouse human monoclonal anti-
body to CD20. Blood 1994;83:435-445.

. Pescovitz MD. Rituximab, an anti-cd20

monoclonal antibody: history and mechan-
ism of action. Am J Transplant 2006;
6:859-866.

. Glennie M]J, French RR, Cragg MS, Taylor RP.

Mechanisms of killing by anti-CD20

Immunological Reviews 222/2008 21

Bicara Ex. 1066
Bicara v. JHU - PGR2026-00025

a ‘1 "800T X$900091

:sdpy woxy

|

:sdny) suonIpuo) pue suud I a1 3 "[9z70g/20/90] uo Arexqry autuQ Lo[1p @AdLIOJUT Aq X 10900'800T XS90-0091 /111 1°01/10p/wi0d Ao[1m”

SULID) /0D K[ 1M A

0-p!

QSUIOIT SUOWIWO)) IANEI)) d]qeoridde oy Aq PauIdA0S 18 SO[AILIE V() SN JO I[N 10J AIRIqIT dUIUQ) AJ[IAN UO (SUOHIP



Liuetal - Engineering therapeutic monoclonal antibodies

20.

21.

22.

23.

22

monoclonal antibodies. Mol Immunol
2007;44:3823-3837.

. Carter P, et al. Humanization of an anti-

p185HER?2 antibody for human cancer
therapy. Proc Natl Acad Sci USA
1992;89:4285-4289.

. Hudis CA. Trastuzumab — mechanism of

action and use in clinical practice. N Engl J
Med 2007;357:39-51.

. Izumi Y, Xu L, di Tomaso E, Fukumura D,

Jain RK. Tumour biology: herceptin acts as
an anti-angiogenic cocktail. Nature
2002;416:279-280.

. Barok M, et al. Trastuzumab causes anti-

body-dependent cellular cytotoxicity-
mediated growth inhibition of submacro-
scopic JIMT-1 breast cancer xenografts
despite intrinsic drug resistance. Mol Cancer
Ther 2007;6:2065-2072.

. Hale G, et al. Removal of T cells from bone

marrow for transplantation: a monoclonal
antilymphocyte antibody that fixes human
complement. Blood 1983;62:873-882.

. Hale G, et al. Remission induction in non-

Hodgkin lymphoma with reshaped human
monoclonal antibody CAMPATH-1H. Lancet
1988;2:1394-1399.

. Ravandi F, O’Brien S. Alemtuzumab. Expert

Rev Anticancer Ther 2005;5:39-51.

. Alinari L, Lapalombella R, Andritsos L,

Baiocchi RA, Lin TS, Byrd JC. Alemtuzumab
(Campath-1H) in the treatment of chronic
lymphocytic leukemia. Oncogene
2007;26:3644—3653.

. Mendelsohn J. Epidermal growth factor re-

ceptor inhibition by a monoclonal antibody
as anticancer therapy. Clin Cancer Res
1997;3:2703-2707.

. Galizia G, et al. Cetuximab, a chimeric hu-

man mouse anti-epidermal growth factor
receptor monoclonal antibody, in the treat-
ment of human colorectal cancer. Oncogene
2007;26:3654—-3660.

Kawaguchi Y, Kono K, Mimura K, Sugai H,
Akaike H, Fujii H. Cetuximab induce anti-
body-dependent cellular cytotoxicity against
EGFR-expressing esophageal squamous cell
carcinoma. Int J Cancer 2007;120:
781-787.

Kim KJ, et al. Inhibition of vascular
endothelial growth factor-induced
angiogenesis suppresses tumour

growth in vivo. Nature 1993;362.:
841-844.

Presta LG, et al. Humanization of an anti-
vascular endothelial growth factor mono-
clonal antibody for the therapy of solid
tumors and other disorders. Cancer Res
1997;57:4593-4599.

Kramer I, Lipp HP. Bevacizumab, a huma-
nized anti-angiogenic monoclonal antibody
for the treatment of colorectal cancer. J Clin
Pharm Ther 2007;32:1—-14.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Immunological Reviews 222/2008

Cohenuram M, Saif MW. Panitumumab the
first fully human monoclonal antibody:
from the bench to the clinic. Anticancer
Drugs 2007;18:7—15.

Jakobovits A, Amado RG, Yang X, Roskos L,
Schwab G. From XenoMouse technology

to panitumumab, the first fully human
antibody product from transgenic mice.
Nat Biotechnol 2007;25:1134-1143.
Hamann PR, et al. Gemtuzumab ozogami-
cin, a potent and selective anti-CD33 anti-
body-calicheamicin conjugate for treatment
of acute myeloid leukemia. Bioconjug Chem
2002;13:47-58.

Pagano L, Fianchi L, Caira M, Rutella S,
Leone G. The role of gemtuzumab ozoga-
micin in the treatment of acute myeloid
leukemia patients. Oncogene
2007;26:3679-3690.

Chinn PC, Leonard JE, Rosenberg J, Hanna
N, Anderson DR. Preclinical evaluation of
90Y-labeled anti-CD20 monoclonal anti-
body for treatment of non-Hodgkin’s lym-
phoma. Int J Oncol 1999;15:1017-1025.
Davies AJ. Radioimmunotherapy for B-cell
lymphoma: Y90 ibritumomab tiuxetan and
I(131) tositumomab. Oncogene 2007;26:
3614-3628.

Nadler LM, Ritz J, Hardy R, Pesando JM,
Schlossman SF, Stashenko P. A unique cell
surface antigen identifying lymphoid
malignancies of B cell origin. J Clin Invest
1981;67:134-140.

Zalutsky MR, Garg PK, Narula AS. Labeling
monoclonal antibodies with halogen
nuclides. Acta Radiol 1990;374
(Suppl.):141-145.

Kaminski MS, et al. Pivotal study of iodine I
131 tositumomab for chemotherapy-
refractory low-grade or transformed low-
grade B-cell non-Hodgkin’s lymphomas.

J Clin Oncol 2001;19:3918-3928.

Hayes DF, et al. Pharmacokinetics of radi-
olabeled monoclonal antibody B6.2 in
patients with metastatic breast cancer.
Cancer Res 1986;46:3157-3163.
Wiseman GA, et al. Radiation dosimetry
results and safety correlations from 90Y-
ibritumomab tiuxetan radioimmunotherapy
for relapsed or refractory non-Hodgkin’s
lymphoma: combined data from 4 clinical
trials. ] Nucl Med 2003;44:465-474.
Vitetta ES, Ghetie VE. Considering therapeu-
tic antibodies. Science 2006;313:308-309.
Arteaga CL, Hurd SD, Winnier AR, Johnson
MD, Fendly BM, Forbes JT. Anti-transform-
ing growth factor (TGF)-beta antibodies
inhibit breast cancer cell tumorigenicity and
increase mouse spleen natural killer cell
activity. Implications for a possible role of
tumor cell/host TGF-beta interactions in
human breast cancer progression. J Clin
Invest 1993;92:2569-2576.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Gerber HP, et al. Mice expressing a huma-
nized form of VEGF-A may provide insights
into the safety and efficacy of anti-VEGF
antibodies. Proc Natl Acad Sci USA
2007;104:3478-3483.

Debatin KM, Krammer PH. Resistance to
APO-1 (CD95) induced apoptosis in T-ALL
is determined by a BCL-2 independent anti-
apoptotic program. Leukemia
1995;9:815-820.

Ghetie MA, Picker LJ, Richardson JA, Tucker
K, Uhr JW, Vitetta ES. Anti-CD19 inhibits the
growth of human B-cell tumor lines in
vitro and of Daudi cells in SCID mice by
inducing cell cycle arrest. Blood 1994;83:
1329-1336.

Chaouchi N, Vazquez A, Galanaud P, Le-
prince C. B cell antigen receptor-mediated
apoptosis. Importance of accessory mole-
cules CD19 and CD22, and of surface IgM
cross-linking. J Immunol
1995;154:3096-3104.

Ghetie MA, Podar EM, Ilgen A, Gordon BE,
Uhr JW, Vitetta ES. Homodimerization of
tumor-reactive monoclonal antibodies
markedly increases their ability to

induce growth arrest or apoptosis of tumor
cells. Proc Natl Acad Sci USA 1997;94:
7509-7514.

Shan D, Ledbetter JA, Press OW. Apoptosis
of malignant human B cells by ligation of
CD20 with monoclonal antibodies. Blood
1998;91:1644-1652.

Cragg MS, French RR, Glennie MJ. Signaling
antibodies in cancer therapy. Curr Opin
Immunol 1999;11:541-547.

Keyhanfar M, Forbes BE, Cosgrove L],
Wallace JC, Booker GW. Production and
characterization of monoclonal antibodies
against insulin-like growth factor type 1
receptor. Hybridoma (Larchmt)
2006;25:230-237.

Jazirehi AR, Vega MI, Chatterjee D, Good-
glick L, Bonavida B. Inhibition of the Raf-
MEK1/2-ERK1/2 signaling pathway, Bcl-xL
down-regulation, and chemosensitization
of non-Hodgkin’s lymphoma B cells by
Rituximab. Cancer Res 2004;64:
7117-7126.

Jazirehi AR, Huerta-Yepez S, Cheng G,
Bonavida B. Rituximab (chimeric anti-CD20
monoclonal antibody) inhibits the constitu-
tive nuclear factor- {kappa} B signaling path-
way in non-Hodgkin’s lymphoma B-cell
lines: role in sensitization to chemothera-
peutic drug-induced apoptosis. Cancer Res
2005;65:264-276.

Takai T, Li M, Sylvestre D, Clynes R, Ravetch
JV. FcR gamma chain deletion results in
pleiotrophic effector cell defects. Cell 1994;
76:519-529.

Clynes RA, Towers TL, Presta LG, Ravetch JV.
Inhibitory Fc receptors modulate in vivo

Bicara Ex. 1066
Bicara v. JHU - PGR2026-00025

d ‘1 "800T X$900091

:sdny woly pop

g
T
=
P
g
g
=
2.
=
3
2
2
<
S
2
»
S
8
g
x
&
8
g
3
'><
g
g
5
g
=8
5
g
o
a
&
o
E
3
c
g
g
2
B
=
3
2
=3
4
5
8
IS
R
o
4
g
g
5
:
2
2
Q
S
=3
2
g

SULID) /0D AT IM A

P!

ASUIOIT SUOWIWO)) AN d[qeoridde oy Aq pauIdA0S o1k SO[AIIIE V() SN JO SI[NI 10J ATeIqIT dUIUQ) AD[IAN UO (SUOT)IP



49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

cytoxicity against tumor targets. Nat Med
2000;6:443-446.

Gaetano D, et al. Complement activation
determines the therapeutic activity of
rituximab in vivo. ] Immunol
2003;171:1581-1587.

Cragg MS, Glennie MJ. Antibody specificity
controls in vivo effector mechanisms of
anti-CD20 reagents. Blood
2004;103:2738-2743.

Krolick KA, Isakson PC, Uhr JW, Vitetta ES.
BCL1, a murine model for chronic lympho-
cytic leukemia: use of the surface immuno-
globulin idiotype for the detection and
treatment of tumor. Immunol Rev
1979;48:81-106.

Bendandi M. The role of idiotype vaccines in
the treatment of human B-cell malignancies.
Expert Rev Vaccines 2004;3:163—170.
Kwak LW, Campbell MJ, Czerwinski DK,
Hart S, Miller RA, Levy R. Induction of
immune responses in patients with B-cell
lymphoma against the surface-immunoglo-
bulin idiotype expressed by their tumors. N
EnglJ Med 1992;327:1209-1215.

de Cerio AL, Zabalegui N, Rodriguez-
Calvillo M, Inoges S, Bendandi M. Anti-
idiotype antibodies in cancer treatment.
Oncogene 2007;26:3594-3602.

Adams GP, et al. High affinity restricts the
localization and tumor penetration of sin-
gle-chain fv antibody molecules. Cancer Res
2001;61:4750—4755.

Pop LM, Liu X, Ghetie V, Vitetta ES. The
generation of immunotoxins using chimeric
anti-CD22 antibodies containing mutations
which alter their serum half-life. Int Immu-
nopharmacol 2005;5:1279-1290.

Liu XY, Pop LM, Roopenian DC, Ghetie V,
Vitetta ES, Smallshaw JE. Generation and
characterization of a novel tetravalent anti-
CD22 antibody with improved antitumor
activity and pharmacokinetics. Int Immu-
nopharmacol 2006;6:791-799.

Meng R, et al. The evaluation of recombi-
nant, chimeric, tetravalent anti-human
CD22 antibodies. Clin Cancer Res
2004;10:1274-1281.

Wagner CL, et al. Consequences of immu-
nogenicity to the therapeutic monoclonal
antibodies ReoPro and Remicade. Dev Biol
(Basel) 2003;112:37-53.

Pendley C, Schantz A, Wagner C. Immuno-
genicity of therapeutic monoclonal antibo-
dies. Curr Opin Mol Ther 2003;5:172-179.
Hwang WY, Foote J. Immunogenicity of
engineered antibodies. Methods
2005;36:3—10.

Abbott Laboratories. Available at: http://
www.rxabbott.com/pdf/humira.pdf
Accessed February 2008.

Roskos LK. Human antiglobulin responses.
In: Lotze MT, Thompson AW, eds. Measur-

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

ing Immunity: Basic Science and Clinical
Practice. Amsterdam: Elsevier Academic
Press, 2005:172-186.

Rico MJ, Hall RP. Idiotypes, anti-idiotypes,
and autoimmunity. ] Am Acad Dermatol
1988;19:579-585.

Kuus-Reichel K, Grauer LS, Karavodin LM,
Knott C, Krusemeier M, Kay NE. Will im-
munogenicity limit the use, efficacy, and
future development of therapeutic mono-
clonal antibodies? Clin Diagn Lab Immunol
1994;1:365-372.

DeNardo GL, Bradt BM, Mirick GR, DeNar-
do SJ. Human antiglobulin response to
foreign antibodies: therapeutic benefit?
Cancer Immunol Immunother
2003;52:309-316.

Carter PJ. Potent antibody therapeutics

by design. Nat Rev Immunol 2006;6:
343-357.

Sharkey RM, et al. Improving the delivery of
radionuclides for imaging and therapy of
cancer using pretargeting methods. Clin

Liuetal -

77.

78.

79.

80.

81.

Engineering therapeutic monoclonal antibodies

Power BE, Hudson PJ. Synthesis of high
avidity antibody fragments (scFv multimers)
for cancer imaging. ] Immunol Methods
2000;242:193-204.

Goel A, et al. Genetically engineered tetra-
valent single-chain Fv of the pancarcinoma
monoclonal antibody CC49: improved bio-
distribution and potential for therapeutic
application. Cancer Res
2000;60:6964—6971.

Bowles JA, et al. Anti-CD20 monoclonal
antibody with enhanced affinity for CD16
activates NK cells at lower concentrations
and more effectively than rituximab. Blood
2006;108:2648-2654.

Carnahan J, et al. Epratuzumab, a CD22-
targeting recombinant humanized antibody
with a different mode of action from ritux-
imab. Mol Immunol 2007;44:1331—-1341.
Maloney DG, et al. IDEC-C2B8: results of a
phase I multiple-dose trial in patients with
relapsed non-Hodgkin’s lymphoma. J Clin
Oncol 1997;15:3266-3274.

Cancer Res 2005;11:7109s—7121s. 82. Baselga ], et al. Phase II study of efficacy,
Ho M, Nagata S, Pastan I. Isolation of anti- safety, and pharmacokinetics of trastuzumab
CD22 Fv with high affinity by Fv display on monotherapy administered on a 3-weekly
human cells. Proc Natl Acad Sci USA schedule. J Clin Oncol
2006;103:9637-9642. 2005;23:2162-2171.
Kirpotin DB, et al. Antibody targeting of 83. Borsi L, et al. Selective targeting of tumoral
long-circulating lipidic nanoparticles does vasculature: comparison of different formats
not increase tumor localization but does of an antibody (L19) to the ED-B domain of
increase internalization in animal models. fibronectin. Int J Cancer 2002;102:75-85.
Cancer Res 2006;66:6732—6740. 84. Burvenich IJ, et al. Biodistribution and pla-
Kubetzko S, Balic E, Waibel R, Zangemeister- nar gamma camera imaging of '**I- and
Wittke U, Pluckthun A. PEGylation and "3!'Tlabeled F(ab’), and Fab fragments of
multimerization of the anti-p185HER-2 monoclonal antibody 14C5 in nude mice
single chain Fv fragment 4D5: effects on bearing an A549 lung tumor. Nucl Med Biol
tumor targeting. J Biol Chem 2007;34:257-265.
2006;281:35186-35201. 85. Goel A, et al. 99mTc-labeled divalent and
Fujimori K, Covell DG, Fletcher JE, Wein- tetravalent CC49 single-chain Fv’s: novel
stein JN. Modeling analysis of the global and imaging agents for rapid in vivo localization
microscopic distribution of immunoglobu- of human colon carcinoma. J Nucl Med
lin G, F(ab’),, and Fab in tumors. Cancer Res 2001;42:1519-1527.
1989;49:5656—5663. 86. Wong JY, et al. Pilot trial evaluating an
Yokota T, Milenic DE, Whitlow M, Schlom J. 1231 ]abeled 80-kilodalton engineered an-
Rapid tumor penetration of a single-chain ticarcinoembryonic antigen antibody frag-
Fv and comparison with other immunoglo- ment (cT84.66 minibody) in patients with
bulin forms. Cancer Res 1992;52: colorectal cancer. Clin Cancer Res
3402-3408. 2004;10:5014-5021.
Rodrigues ML, Shalaby MR, Werther W, 87. Kreitman RJ, et al. Phase I trial of recombi-
Presta L, Carter P. Engineering a humanized nant immunotoxin RFB4 (dsFv)-PE38
bispecific F(ab"), fragment for improved (BL22) in patients with B-cell malignancies.
binding to T cells. Int J Cancer 1992;7 J Clin Oncol 2005;23:6719—6729.
(Suppl.):45-50. 88. Chinn PC, et al. Pharmacokinetics and tumor
Tang Y, et al. Imaging of HER2/neu-positive localization of ' 'In-labeled HuCC49Delta
BT-474 human breast cancer xenografts in CH, in BALB/c mice and athymic murine
athymic mice using 11 1In-trastuzumab colon carcinoma xenograft. Cancer Biother
(Herceptin) Fab fragments. Nucl Med Biol Radiopharm 2006;21:106—116.
2005;32:51-58. 89. Kim GB, et al. A fold-back single-chain
Backmann N, et al. A label-free immuno- diabody format enhances the bioactivity of
sensor array using single-chain antibody an anti-monkey CD3 recombinant
fragments. Proc Natl Acad Sci USA diphtheria toxin-based immunotoxin.
2005;102:14587—14592. Protein Eng Des Sel 2007;20:425-432.
Immunological Reviews 222/2008 23

Bicara Ex. 1066
Bicara v. JHU - PGR2026-00025

od ‘T ‘800T X§900091

:sdny woiy papeoy;

ASULOI SUOWIIO)) dANEI) d[qearidde oy £q PALI2A0S a1k Sa[dIE () SN JO SA[NI 10§ KIeIqI] duI[UQ) AJ[IA) UO (SUOHIPUOI-PUE-SULIA}/ W0 A[1M" KIRIqI[aul[uo//:sd)Y) SUONIPUO)) pue SWIA ], aY} 23S *[9707/20/90] uo A1eiqi auruQ L3[1A\ “@AaL0Jul £q X 109008002 XS90-009 1 /111 1°01/10p/w0d Ka[im'.



Liuetal - Engineering therapeutic monoclonal antibodies

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

101.

102.

24

Burtrum D, et al. A fully human monoclonal
antibody to the insulin-like growth factor I
receptor blocks ligand-dependent signaling
and inhibits human tumor growth in vivo.
Cancer Res 2003;63:8912—-8921.

Valadon P, Garnett JD, Testa JE, Bauerle M,
Oh P, Schnitzer JE. Screening phage display
libraries for organ-specific vascular immu-
notargeting in vivo. Proc Natl Acad Sci USA
2006;103:407—412.

Powers DB, et al. Expression of single-chain
Fv—Fc fusions in Pichia pastoris. ] Immunol
Methods 2001;251:123—-135.

Ravetch JV, Bolland S. IgG Fc receptors. Annu
Rev Immunol 2001;19:275-290.

Barnes N, Gavin AL, Tan PS, Mottram P,
Koentgen F, Hogarth PM. FcgammaRI-
deficient mice show multiple alterations

to inflammatory and immune responses.
Immunity 2002;16:379-389.
Toan-Facsinay A, et al. FcgRI (CD64) con-
tributes substantially to severity of arthritis,
hypersensitivity responses, and protection
from bacterial infection. Immunity
2002;16:391-402.

Bevaart L, Jansen MJ, van Vugt MJ, Verbeek
JS, van de Winkel JG, Leusen JH. The high-
affinity IgG receptor, FcgRI, plays a central
role in antibody therapy of experimental
melanoma. Cancer Res 2006;66:
1261-1264.

Cartron G, et al. Therapeutic activity of
humanized anti-CD20 monoclonal
antibody and polymorphism in IgG Fc
receptor FcgammaRIIla gene. Blood
2002;99:754-758.

Weng WK, Czerwinski D, Timmerman J,
Hsu FJ, Levy R. Clinical outcome of lym-
phoma patients after idiotype vaccination is
correlated with humoral immune response
and immunoglobulin G Fc receptor geno-
type. J Clin Oncol 2004;22:4717—4724.
Nimmerjahn F, Ravetch JV. Divergent im-
munoglobulin G subclass activity through
selective Fc receptor binding. Science
2005;310:1510-1512.

. Hamaguchi Y, Xiu Y, Komura K, Nimmer-

jahn F, Tedder TF. Antibody isotype-specific
engagement of Fcgamma receptors regulates
B lymphocyte depletion during CD20
immunotherapy. ] Exp Med 2006;203:
743-753.

Duncan AR, Woof JM, Partridge LJ, Burton
DR, Winter G. Localization of the binding
site for the human high-affinity Fc receptor
on IgG. Nature 1988;332:563—-564.
Chappel MS, Isenman DE, Everett M, Xu YY,
Dorrington K]J, Klein MH. Identification of
the Fc gamma receptor class I binding site in
human IgG through the use of recombinant
IgG1/1gG2 hybrid and point-mutated anti-
bodies. Proc Natl Acad Sci USA
1991;88:9036-9040.

103.

104.

106.

107.

108.

109.

110.

112.

113.

114.

115.

Immunological Reviews 222/2008

Lund J, et al. Human Fc gamma RI and Fc
gamma RII interact with distinct but over-
lapping sites on human IgG. ] Immunol
1991;147:2657-2662.

Sondermann P, Kaiser J, Jacob U. Molecular
basis for immune complex recognition:

a comparison of Fc-receptor structures.

J Mol Biol 2001;309:737—749.

. Radaev S, Sun PD. Recognition of IgG

by Fcgamma receptor. The role of Fc
glycosylation and the binding of peptide
inhibitors. J Biol Chem 2001;276:
16478-16483.

Radaev S, Motyka S, Fridman WH, Sautes-
Fridman C, Sun PD. The structure of a
human type III Fcgamma receptor in
complex with Fc. J Biol Chem
2001;276:16469—-16477.

Shields RL, et al. High resolution mapping
of the binding site on human IgG1 for Fc
gamma RI, Fc gamma RII, Fc gamma RIII,
and FcRn and design of IgG1 variants with
improved binding to the Fc gamma R. J Biol
Chem 2001;276:6591-6604.

Iannello A, Ahmad A. Role of antibody-
dependent cell-mediated cytotoxicity in the
efficacy of therapeutic anti-cancer mono-
clonal antibodies. Cancer Metastasis Rev
2005;24:487-499.

Perussia B. Fc receptors on natural killer.
Curr Top Microbiol Immunol
1998;230:63-88.

Selvaraj P, Fifadara N, Nagarajan S, Cimino
A, Wang G. Functional regulation of human
neutrophil Fc gamma receptors. Immunol
Res 2004;29:219-230.

. Lazar GA, et al. Engineered antibody Fc

variants with enhanced effector function.
Proc Natl Acad Sci USA
2006;103:4005—4010.

Stavenhagen JB, et al. Fc optimization of
therapeutic antibodies enhances their ability
to kill tumor cells in vitro and controls
tumor expansion in vivo via low-affinity
activating Fcgamma receptors. Cancer Res
2007;67:8882-8890.

Leatherbarrow R], et al. Effector functions of
a monoclonal aglycosylated mouse IgG2a:
binding and activation of complement
component C1 and interaction with human
monocyte Fc receptor. Mol Immunol
1985;4:407-415.

Takahashi N, et al. Comparative structural
study of the N-linked oligosaccharides of
human normal and pathological immuno-
globulin G. Biochemistry
1987;26:1137—1144.

Tao MH, Morrison SL. Studies of aglycosy-
lated chimeric mouse-human IgG. Role of
carbohydrate in the structure and effector
functions mediated by the human IgG
constant region. J Immunol 1989;143:
2595-2601.

116.

117.

118.

119.

120.

122.

123.

124.

125.

126.

Shields RL, et al. Lack of fucose on human
IgG1 N-linked oligosaccharide improves
binding to human Fcgamma RIII and anti-
body-dependent cellular toxicity. J Biol
Chem 2002;277:26733-26740.

Shinkawa T, et al. The absence of fucose but
not the presence of galactose or bisecting N-
acetylglucosamine of human IgG1 complex-
type oligosaccharides shows the critical role
of enhancing antibody-dependent cellular
cytotoxicity. ] Biol Chem
2003;278:3466—3473.

Okazaki A, et al. Fucose depletion from
human IgG1 oligosaccharide enhances
binding enthalpy and association rate
between IgG1 and FcgammaRIIIa. ] Mol
Biol 2004;336:1239-1249.
Yamane-Ohnuki N, et al. Establishment of
FUT8 knockout Chinese hamster ovary cells:
an ideal host cell line for producing
completely defucosylated antibodies with
enhanced antibody-dependent cellular
cytotoxicity. Biotechnol Bioeng
2004;87:614-622.

Niwa R, et al. IgG subclass-independent
improvement of antibody-dependent cellu-
lar cytotoxicity by fucose removal from
Asn297-linked oligosaccharides. J Immunol
Methods 2005;306:151-160.

. Natsume A, et al. Fucose removal from

complex-type oligosaccharide enhances the
antibody-dependent cellular cytotoxicity of
single-gene-encoded antibody comprising a
single-chain antibody linked the antibody
constant region. ] Immunol Methods
2005;306:93-103.

Ferrara C, Stuart F, Sondermann P, Brunker P,
Umana P. The carbohydrate at FcgammaR-
IlIa Asn-162. An element required for high
affinity binding to non-fucosylated IgG
glycoforms. J Biol Chem 2006;281:
5032-5036.

Scallon BJ, Tam SH, McCarthy SG, Cai AN,
Raju TS. Higher levels of sialylated Fc
glycans in immunoglobulin G molecules
can adversely impact functionality. Mol
Immunol 2007;44:1524—1534.

Umaiia P, Jean-Mairet J, Moudry R, Amstutz
H, Bailey JE. Engineered glycoforms of an
antineuro-blastoma IgG 1 with optimized
antibody-dependent cellular cytotoxic ac-
tivity. Nat Biotechnol 1999;17:176-180.
Mori K, et al. Engineering Chinese

hamster ovary cells to maximize effector
function of produced antibodies using
FUT8 siRNA. Biotechnol Bioeng
2004;88:901-908.

Kanda I, et al. Establishment of a GDP-
mannose 4,6-dehydratase (GMD) knockout
host cell line: a new strategy for generating
completely non-fucosylated recombinant
therapeutics. J Biotechnol
2007;130:300-310.

Bicara Ex. 1066
Bicara v. JHU - PGR2026-00025

d ‘1 "800T X$900091

:sdny woly pop

g
T
=
P
g
g
=
2.
=
3
2
2
<
S
2
»
S
8
g
x
&
8
g
3
'><
g
g
5
g
=8
5
g
o
a
&
o
E
3
c
g
g
2
B
=
3
2
=3
4
5
8
IS
R
o
4
g
g
5
:
2
2
Q
S
=3
2
g

SULID) /0D AT IM A

P!

ASUIOIT SUOWIWO)) AN d[qeoridde oy Aq pauIdA0S o1k SO[AIIIE V() SN JO SI[NI 10J ATeIqIT dUIUQ) AD[IAN UO (SUOT)IP



127.

128.

129.

131.

132.

134.

135.

139.

140.

Masuda K, et al. Enhanced binding affinity
for FegammaRIIIa of fucose-negative
antibody is sufficient to induce maximal
antibody-dependent cellular cytotoxicity.
Mol Immunol 2007;44:3122-3131.
Morgan BP. Physiology and pathophysiology
of complement: progress and trends. Crit
Rev Clin Lab Sci 1995;32:265-298.

Fujita T, Taira S, Kodama N, Matsushita M.
Mannose-binding protein recognizes glio-
ma cells: in vitro analysis of complement
activation on glioma cells via the lectin
pathway. Jpn J Cancer Res 1995;86:
187-192.

. Budzko DB, Lachmann PJ, McConell I. Acti-

vation of the alternative complement path-
way by lymphoblastoid cell lines derived
from patients with Burkitt’s lymphoma and
infectious mononucleosis. Cell Immunol
1976;22:98-109.

Matsumoto M, et al. A novel protein that
participates in nonself discrimination of
malignant cells by homologous comple-
ment. Nat Med 1997;11:1266-1270.

Ma Y, Uemura K, Oka S, Kozutsumi Y,
Kawasaki N, Kawasaki T. Antitumor activity
of mannan-binding protein in vivo as
revealed by a virus expression system:
mannan-binding proteindependent cell-
mediated cytotoxicity. Proc Natl Sci USA
1999;96:371-375.

. Esser AF. The membrane attack complex of

complement. Assembly, structure and cyto-
toxic activity. Toxicology
1994;87:229-247.

Morgan BP. Regulation of the complement
membrane attack pathway. Crit Rev Immu-
nol 1999;19:173-198.

Liszewski MK, Farries TC, Lublin DM,
Rooney IA, Atkinson JP. Control of the
complement system. Adv Immunol
1996;61:201-283.

. Idusogie EE, et al. Mapping of the Clq

binding site on rituxan, a chimeric antibody
with a human IgG1 Fc. ] Immunol
2000;164:4178-4184.

. Idusogie EE, et al. Engineered antibodies

with increased activity to recruit comple-
ment. ] Immunol 2001;166:2571-2575.

. Dall’acqua WEF, Cook KE, Damschroder MM,

Woods RM, Wu H. Modulation of the
effector functions of a human IgG1 through
engineering of its hinge region. ] Immunol
2006;177:1129-1138.

Schauenstein E, Dachs F, Reiter M, Gombotz
H, List W. Labile disulfide bonds and free
thiol groups in human IgG. I. Assignment
to IgG1 and IgG2 subclasses. Int Arch
Allergy Appl Immunol 1986;80:

174-179.

Schauenstein E, et al. Reactive disulfide
bonds in immunoglobulin G. A unique
feature in serum proteins of different

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

species. Biochem Mol Biol Int 1996;40:
433—446.

Gelderman KA, Kuppen PJ, Bruin W, Fleuren
GJ, Gorter A. Enhancement of the comple-
ment activating capacity of 17-1A mAb to
overcome the effect of membrane-bound

complement regulatory proteins on color-

Liuetal -

153.

Engineering therapeutic monoclonal antibodies

Wines BD, Powell MS, Parren PW, Barnes N,
Hogarth PM. The IgG Fc contains distinct Fc
receptor (FcR) binding sites: the leukocyte
receptors Fc gamma RI and Fc gamma Rlla
bind to a region in the Fc distinct from that
recognized by neonatal FcR and protein A.

J Immunol 2000;164:5313-5318.

ectal carcinoma. Eur ] Immunol 2002; 154. Martin WL, West AP Jr, Gan L, Bjorkman PJ.
32:128-135. Crystal structure at 2.8 A of an FcRn/
Sier CF, Gelderman KA, Prins FA, Gorter A. heterodimeric Fc complex: mechanism of
Beta-glucan enhanced killing of renal cell pH-dependent binding. Mol Cell 2001;
carcinoma micrometastases by monoclonal 7:867-877.
antibody G250 directed complement acti- 155. Richman CM, et al. High-dose radioimmu-
vation. Int J Cancer 2004;109:900-908. notherapy combined with fixed, low-dose
Gelderman KA, Kuppen PJ, Okada N, Fleu- paclitaxel in metastatic prostate and breast
ren GJ, Gorter A. Tumor-specific inhibition cancer by using a MUC-1 monoclonal anti-
of membrane-bound complement regula- body, m170, linked to indium-111/
tory protein Crry with bispecific monoclo- yttrium-90 via a cathepsin cleavable linker
nal antibodies prevents tumor outgrowth in with cyclosporine to prevent human anti-
arat colorectal cancer lung metastases mod- mouse antibody. Clin Cancer Res
el. Cancer Res 2004;64:4366—4372. 2005;11:5920-5927.
Burmeister WP, Huber AH, Bjorkman PJ. 156. Adams GP, et al. A single treatment of
Crystal structure of the complex of rat yttrium-90-labeled CHX-A’-C6.5 diabody
neonatal Fc receptor with Fc. Nature inhibits the growth of established human
1994;372:379-383. tumor xenografts in immunodeficient mice.
Zhu X, et al. MHC class I-related neonatal Fc Cancer Res 2004;64:6200-6206.
receptor for IgG is functionally expressed in 157. Olafsen T, et al. Optimizing radiolabeled
monocytes, intestinal macrophages, and engineered anti-p185HER2 antibody frag-
dendritic cells. ] Immunol ments for in vivo imaging. Cancer Res
2001;166:3266—3276. 2005;65:5907-5916.
Spiekermann GM, et al. Receptor-mediated 158. Tang Y, Yang S, Gariepy J, Scollard DA, Reilly
immunoglobulin G transport across muco- RM. Construction and evaluation of the
sal barriers in adult life: functional expres- tumor imaging properties of ' “*I-labeled
sion of FcRn in the mammalian lung. ] Exp recombinant and enzymatically generated
Med 2002;196:303-310. Fab fragments of the TAG-72 monoclonal
Vidarsson G, et al. FcRn: an IgG receptor on antibody CC49. Bioconjug Chem
phagocytes with a novel role in phagocyto- 2007;18:677—-684.
sis. Blood 2006;108:3573-3579. 159. Mueller BM, Reisfeld RA, Gillies SD. Serum
Akilesh S, Christianson GJ, Roopenian DC, half-life and tumor localization of a chi-
Shaw AS. Neonatal FcR expression in bone meric antibody deleted of the CH, domain
marrow-derived cells functions to protect and directed against the disialoganglioside
serum IgG from catabolism. ] Immunol GD?2. Proc Natl Acad Sci USA
2007;179:4580—4588. 1990;87:5702-5705.
Firan M, et al. The MHC class I-related 160. Brouwers A, et al. Pharmacokinetics and
receptor, FcRn, plays an essential role in the tumor targeting of '*'I-labeled F(ab'),
maternofetal transfer of gamma-globulin in fragments of the chimeric monoclonal anti-
humans. Int Immunol 2001;13:993-1002. body G250: preclinical and clinical pilot
Roopenian DC, et al. The MHC class I-like studies. Cancer Biother Radiopharm
IgG receptor controls perinatal IgG trans- 2004;19:466-477.
port, IgG homeostasis, and fate of IgG-Fc- 161. Forero A, et al. A novel monoclonal anti-
coupled drugs. ] Immunol body design for radioimmunotherapy.
2003;170:3528-3533. Cancer Biother Radiopharm 2003;18:
Raghavan M, Gastinel LN, Bjorkman PJ. The 751-759.
class I major histocompatibility complex 162. Miiller D, Karle A, Meissburger B, Hofig I,
related Fc receptor shows pH-dependent Stork R, Kontermann RE. Improved phar-
stability differences correlating with immu- macokinetics of recombinant bispecific
noglobulin binding and release. Biochemis- antibody molecules by fusion to human
try 1993;32:8654-8660. serum albumin. J Biol Chem
Raghavan M, Chen MY, Gastinel LN, Bjork- 2007;282:12650—-12660.
man PJ. Investigation of the interaction 163. Vaccaro C, Zhou J, Ober RJ, Ward ES.
between the class I MHC-related Fc receptor Engineering the Fc region of immunoglo-
and its immunoglobulin G ligand. Immu- bulin G to modulate in vivo antibody levels.
nity 1994;1:303-315. Nat Biotechnol 2005;23:1283—1288.
Immunological Reviews 222/2008 25

Bicara Ex. 1066
Bicara v. JHU - PGR2026-00025

od ‘1 *800T X§900091

:sdny woyy

:sdny) SUONIpUO)) pue suud I, 91 3 "[9z0¢/20/90] uo Areiqry autjuQ Ao[1p @ALIOJU] AG X' 10900'800T X S90-009 1 /1 1T 1°01/10p/wi0d Ao[1m”

e-SULIDY/WO0Y" K[ IM .

ASULIIT suowo)) dANEeaI)) dqeardde ayy £q pauroaos are saponIe YO asn Jo sajni 10y K1eiqi auljuQ Lo[Ipy Uo (suonip



Liuetal - Engineering therapeutic monoclonal antibodies

164.

165.

166.

167.

168.

169.

170.

172.

173.

174.

177.

178.

26

JaggiJS, et al. Improved tumor imaging
and therapy via i.v. IgG-mediated
time-sequential modulation of neonatal Fc
receptor. J Clin Invest 2007;117:
2422-2430.

Kenanova V, et al. Tailoring the pharmaco-
kinetics and positron emission tomography
imaging properties of anti-carcinoembryo-
nic antigen single-chain Fv-Fc antibody
fragments. Cancer Res 2005;65:622—631.
Ghetie V, et al. Increasing the serum persis-
tence of an IgG fragment by random muta-
genesis. Nat Biotechnol 1997;15:637-640.
Ober RJ, Radu CG, Ghetie V, Ward ES.
Differences in promiscuity for antibo-
dy—FcRn interactions across species: impli-
cations for therapeutic antibodies. Int
Immunol 2001;13:1551—1559.
Dall’Acqua WE, et al. Increasing the affinity
of a human IgG1 for the neonatal Fc recep-
tor: biological consequences. ] Immunol
2002;169:5171-5180.

Dall’Acqua WE, Kiener PA, Wu H. Properties
of human IgG1s engineered for enhanced
binding to the neonatal Fc receptor (FcRn).
J Biol Chem 2006;281:23514-23524.
Hinton PR, et al. Engineered human IgG
antibodies with longer serum half-lives in
primates. J Biol Chem
2004;279:6213-6216.

. Hinton PR, Xiong JM, Johlfs MG, Tang MT,

Keller S, Tsurushita N. An engineered hu-
man IgG1 antibody with longer serum half-
life. ] Immunol 2006;176:346—356.
Datta-Mannan A, Witcher DR, Tang Y,
Watkins J, Wroblewski V]. Monoclonal
antibody clearance. Impact of modulating
the interaction of IgG with the neonatal

Fc receptor. J Biol Chem 2007;282:
1709-1717.

Petkova SB, et al. Enhanced half-life of
genetically engineered human IgG1 antibo-
dies in a humanized FcRn mouse model:
potential application in humorally mediated
autoimmune disease. Int Immunol
2006;18:1759-1769.

Wilex AG. Available at: http://www.
wilex.de/R&D/Rencarex_Target.htm.
Accessed October, 2007.

. Kenett RH. Technology evaluation: WX-

G250, Wilex/Ludwig Institute for Cancer
Research. Curr Opin Mol Ther
2003;5:70-75.

. Medarex, Inc. Available at: http://www.

medarex.com/Development/Pipeline.

htm. Accessed October, 2007.

Morse MA. Technology evaluation: ipilimu-
mab, Medarex/Bristol-Myers Squibb. Curr
Opin Mol Ther 2005;7:588-597.

Genmab, Inc. Available at: http://www.
genmab.com/ScienceAndResearch/
ProductsinDevelopment/HuMax-CD4.aspx.
Accessed October 2007.

179.

180.

181.

182.

183.

184.

185.

186.

189.

190.

192.

193.

194.

Immunological Reviews 222/2008

Assaf C, Sterry W. Drug evaluation: zanoli-
mumab, a human monoclonal antibody
targeted against CD4. Curr Opin Mol Ther
2007;9:197-203.

Genmab Inc. Available at: http://www.
genmab.com/ScienceAndResearch/
ProductsinDevelopment/HuMax-
CD20.aspx. Accessed October 2007.
Kendra K, Malkovska V, Allen M, Guzman J,
Albertini M. In vivo binding and antitumor
activity of Ch14.18. J Immunother
1999;22:423-430.

Genmab, Inc. Available at: http://www.
genmab.com/ScienceAndResearch/
ProductsinDevelopment/HuMax-EGFr.aspx.
Accessed October 2007.

Bastholt L. Phase I/1I clinical and pharma-
cokinetic study evaluating a fully human
monoclonal antibody against EGFr (HuMax-
EGFr) in patients with advanced squamous
cell carcinoma of the head and neck. Radio-
ther Oncol 2007;85:24-28.

United Therapeutics Inc. Available at:
http://www.unither.com/products_
chimonova.asp. Accessed October 2007.
Berek JS. Immunotherapy of ovarian cancer
with antibodies: a focus on oregovomab.
Expert Opin Biol Ther 2004;4:1159-1165.
Abicht A, Lochmuller H. Technology eva-
luation: edrecolomab, Centocor Inc. Curr
Opin Mol Ther 2000;2:593-600.

. Peregrine Pharmaceuticals Inc. Available at:

http://www.peregrineinc.com/index.
php?option=com_content&task=view&id
=31&Itemid=47. Accessed February 2008.

. Xing PX. Technology evaluation: R-1549,

Antisoma/Roche. Curr Opin Mol Ther
2003;5:560-565.

Seattle Genetics Inc. Available at: http://
www.seattlegenetics.com/clinical/
33trials.htm. Accessed October 2007.
Blumenthal RD, Osorio L, Hayes MK, Horak
ID, Hansen HJ, Goldenberg DM. Carci-
noembryonic antigen antibody inhibits lung
metastasis and augments chemotherapy in a
human colonic carcinoma xenograft.
Cancer Immunol Immunother
2005;54:315-327.

. Trion Pharma GmbH. Available at: http://

www.trionpharma.de/website/index.
php?id=19&L=1&no_cache=18&sword_
list[ |=catumaxomab. Accessed October
2007.

Riesenberg R, Buchner A, Pohla H, Lindho-
fer H. Lysis of prostate carcinoma cells by
trifunctional bispecific antibodies (alpha
EpCAM x alpha CD3). J Histochem Cyto-
chem 2001;49:911-917.

Li J, Hu XF, Xing PX. CNTO-328 (Cento-
cor). Curr Opin Investig Drugs
2005;6:639-645.

Zaki MH, Nemeth JA, Trikha M. CNTO 328,
a monoclonal antibody to IL-6,

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

inhibits human tumor-induced cachexia in
nude mice. Int J Cancer 2004;111:
592-595.

Yeh SD, et al. Radioimmunodetection of
neuroblastoma with iodine-131-3F8: cor-
relation with biopsy, iodine-13 1-metaiodo-
benzylguanidine and standard diagnostic
modalities. ] Nucl Med 1991;32:

769-776.

Vallabhajosula S, et al. Pharmacokinetics and
biodistribution of '''In- and '”’Lu-labeled
J591 antibody specific for prostate-specific
membrane antigen: prediction of *°Y-J591

111 177
Inor "'Lu.

radiation dosimetry based on
J Nucl Med 2005;46:634—641.

YM BioSciences Inc. Available at: http://
www.ymbiosciences.com/main.cfm?
docID=18. Accessed October 2007.

Spicer J. Technology evaluation: nimotuzu-
mab, the Center of Molecular Immunology/
YM BioSciences/Oncoscience. Curr Opin
Mol Ther 2005;7:182-1891.

Seattle Genetics Inc. Available at: http://
www.seattlegenetics.com/candidates/
sgn30.htm. Accessed October 2007.

Scnell R, Borchmann P SGN-30 (Seattle
Genetics). Curr Opin Mol Ther
2006;8:164-172.

Reuben JM, et al. Biologic and immunomo-
dulatory events after CTLA-4 blockade with
ticilimumab in patients with advanced ma-
lignant melanoma. Cancer
2006;106:2437-2444.

Hoffmann-La Roche Inc. Available at:
http://www.rocheusa.com/products/
zenapax/. Accessed October 2007.
Przepiorka D, et al. Daclizumab, a huma-
nized anti-interleukin-2 receptor alpha
chain antibody, for treatment of acute
graft-versus-host disease. Blood
2000;95:83-89.

Juweid M. Technology evaluation: epratu-
zumab, Immunomedics/Amgen. Curr Opin
Mol Ther 2003;5:192—198.

Leonrad JP, Link BK. Immunotherapy of
non-Hodgkin’s lymphoma with hLL2
(epratuzumab, an anti-CD22 monoclonal
antibody) and HulD10 (apolizumab).
Semin Oncol 2002;29:81-86.

Griffiths GL, Govindan SV, Sharkey RM,
Fisher DR, Goldenberg DM. 90Y-DOTA-
hLL2: an agent for radioimmunotherapy of
non-Hodgkin’s lymphoma. ] Nucl Med
2003;44:77-84.

. Schopf RE. IDEC-114 (IDEC). Curr Opin

Investig Drugs 2001;2:635-638.

. Hu XF, Xing PX. MDX-060 Medarex.

Curr Opin Investig Drugs 2005;6:
1266—1271.

. CureTech Ltd. Available at: http://

www.curetechbio.com/?TemplateID
=29&PagelD=145&TemplateType=14.
Accessed February 2008.

Bicara Ex. 1066
Bicara v. JHU - PGR2026-00025

d ‘1 "800T X$900091

:sdny woly pop

g
T
=
P
g
g
=
2.
=
3
2
2
<
S
2
»
S
8
g
x
&
8
g
3
'><
g
g
5
g
=8
5
g
o
a
&
o
E
3
c
g
g
2
B
=
3
2
=3
4
5
8
IS
R
o
4
g
g
5
:
2
2
Q
S
=3
2
g

SULID) /0D AT IM A

P!

ASUIOIT SUOWIWO)) AN d[qeoridde oy Aq pauIdA0S o1k SO[AIIIE V() SN JO SI[NI 10J ATeIqIT dUIUQ) AD[IAN UO (SUOT)IP



210.

211.

212.

Daiichi-Sankyo Inc. Available at: http://
www.sankyopharma.com/ products/
pipeline. html. Accessed October 2007.
Seattle Genetics, Inc. Available at: http://
www.seattlegenetics.com/candidates/
sgn40.htm. Accessed October, 2007.

Tai YT, et al. Mechanisms by which SGN-40,
a humanized anti-CD40 antibody, induces
cytotoxicity in human multiple myeloma
cells: clinical implications. Cancer Res
2004;64:2846-2852.

213.

214.

Vulfovich M, Saba N. Technology
evaluation: mapatumumab, Human
Genome Sciences/GlaxoSmithKline/
Takeda. Curr Opin Mol Ther 2005;7:
502-510.

Shi JD, et al. In vivo pharmacodynamic
effects of HulD10 (remitogen), a
humanized antibody reactive against a poly-
morphic determinant of HLA-DR expressed
on B cells. Leuk Lymphoma
2002;43:1303-1312.

Liuetal -

215.

216.

217.

Engineering therapeutic monoclonal antibodies

PDL BioPharma Inc. Available at: http://
www.pdl.com/index.cfm?navid=54.
Accessed February 2008.

Ramakrishnan V, et al. Preclinical evaluation
of an anti-alphaSbetal integrin antibody as
anovel anti-angiogenic agent. ] Exp Ther
Oncol 2006;5:273-226.

Ghetie V, Ward ES. Multiple roles for the
major histocompatibility complex class
I-related receptor FcRn. Annu Rev Immunol
2000;18:739-766.

Immunological Reviews 222/2008 27

Bicara Ex. 1066
Bicara v. JHU - PGR2026-00025

od ‘1 *800T X§900091

:sdny woxy pap

:sdny) suonIpuo) pue suud [, 3y} 33 "[9702/20/90] uo Arexqry autuo L3[1p @adtnojur £q X 10900°800T'XS90-0091 /1 111°01/10p/w0d"K1m’,

e-SULIDY/WO0Y" K[ IM .

ASULIIT suowo)) dANEeaI)) dqeardde ayy £q pauroaos are saponIe YO asn Jo sajni 10y K1eiqi auljuQ Lo[Ipy Uo (suonip





