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Monoclonal antibody (mAb) therapy has rapidly changed the field of cancer therapy. In 1997, the CD20-targeting mAb
rituximab was the first mAb to be approved by the U.S. Food and Drug Administration (FDA) for treatment of cancer.
Within two decades, dozens of mAbs entered the clinic for treatment of several hematological cancers and solid tumors,
and numerous more are under clinical investigation. The success of mAbs as cancer therapeutics lies in their ability to
induce various cytotoxic machineries against specific targets. These cytotoxic machineries include antibody-dependent
cellular cytotoxicity (ADCC), antibody-dependent cellular phagocytosis (ADCP), and complement-dependent cytotoxicity
(CDC), which are all mediated via the fragment crystallizable (Fc) domain of mAbs. In this review article we will outline the
novel approaches of engineering these Fc domains of mAbs to enhance their Fc-effector function and thereby their anti-
tumor potency, with specific focus to summarize their (pre-) clinical status for the treatment of B-cell malignancies,
including chronic lymphocytic leukemia (CLL), B-cell Non-Hodgkin lymphoma (B-NHL), and multiple myeloma (MM).
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| 1. Introduction

Naturally, antibodies (Abs) are produced by B-cells as a polyclonal population, with high specificity for their distinct target
antigen and epitope. Antibodies thereby play various important roles in our immune system. The field of therapeutic Abs
commenced in 1975, when the development of the mouse hybridoma technology enabled the production of large amounts
of murine monoclonal (m) Abs [, However, murine mAbs elicited an immunogenic response in human patients. To reduce
this immunogenicity, chimeric mAbs, consisting of a constant human domain fused to a variable mouse domain, were
developed . The chimeric mAb rituximab targeting cluster of differentiation (CD) 20 was the first FDA-approved mAb for
cancer therapy in 1997. The development of advanced design technologies such as human antibody-gene expression
libraries and transgenic animals allowed the engineering of humanized (the hypervariable region of a murine antibody
grafted in a human antibody) and fully human mAbs Bl To be successfully applied in the clinic, mAbs generally require
additional engineering to improve their affinity, limit any biophysical liabilities, and to increase their half-life. Currently, 30
mADbs are clinically-approved for treatment of cancer, and this number is rapidly increasing: in the last decade the number
of mAbs that have entered late-stage clinical studies has been tripled 4. The therapeutic potential of mAbs has been
exploited by the development of antibody fusion products, such as bispecific antibodies or antibody drug conjugates,
which take advantage of specific antigen binding properties of antibodies to precisely target cytotoxic cells or toxic agents
to cancerous cells. A novel development in antibody engineering is the modification of the antibody fragment crystallizable
(Fc) region in order to increase the Fc-tail mediated effector functions, including antibody-dependent cellular cytotoxicity
(ADCC), antibody-dependent cellular phagocytosis (ADCP), and complement-dependent cytotoxicity (CDC), to induce
tumor cytotoxicity more effectively. Numerous Fc-engineered antibodies have demonstrated clinical activity or are under
preclinical investigation.

In this review we will outline the novel approaches of engineering Fc-domains of mAbs to enhance their Fc-effector
function and anti-tumor potency, with specific focus to their (pre-) clinical status for the treatment of B-cell malignancies,
including chronic lymphocytic leukemia (CLL), B-cell Non-Hodgkin lymphoma (B-NHL), and multiple myeloma (MM). Not
described in this review is the application of Fc-engineering in order to improve antibody half-life, to silence mAb effector
functions in case of antibodies used as receptor agonists or antagonists or as drug delivery vehicles, and to increase the
direct, not Fc-effector function mediated, anti-tumor potency of mAbs.

| 2. Antibody Structure

Antibodies are mono- or polymers of immunoglobulins (Ig) consisting of two identical pairs of heavy (H) and light (L)
chains, which are linked through non-covalent interactions and disulfide bonds to form a Y-shaped structure &, All H and L
light chains contain a single variable domain (V.), which also consists of hypervariable regions. The combination of the
(hyper) variable regions of the H and L chains determines the antigen specificity and affinity of an antibody. The L chains
contain a single constant (C,) domain to make a stable link with the H chain. The number of constant domains of H chain
(Ch) is dependent on the isotype of the antibody: IgA, IgD and IgG contain three (Cy1-3), and IgE and IgM contain four
constant domains (Cyl1-4) C domains. The first Cy is linked with C, to the variable regions, which together form the



fragment antigen binding (Fab) region. The heavily glycosylated C2-3 or Cy2-4 domains are linked to Cy1 via a flexible
hinge region and constitute the Fc region (Figure 1A). The engineering of this region, which is responsible for the isotype-
and subclass dependent Fc-mediated effector functions of antibodies will be the main focus of this review.

Figure 1. mAb structure and mechanisms of action. (A) Schematic representation of an IgG antibody consisting of
variable (V) and constant (C) domains of the light (L; light grey) and heavy (H; dark grey) chains. The fragment-antigen
binding (Fab) domain is made up of V_ and C, together with Vi, and Cyl, and the fragment crystallizable (Fc) region
consist of Cy2 and Cy3, with an N-glycan attached to Cy2. (B) Mechanisms of action of IgG1 mAbs consist of direct
effects, including cell death and receptor blockade, and indirect effects, including ADCC, ADCP and CDC. ADCC and
ADCP are mediated via binding to FcyR and cell death occurs via release of cytotoxic granules and via internalization and
degradation of target, respectively. CDC is mediated via binding to complement protein C1q and cell death occurs via
formation of the membrane attack complex (MAC), which consists of complement proteins C5b, C6, C7 and C8 and
various copies of C9, and generates pores in the membrane.

| 3. Fc-effector functions

Upon antigen engagement, IgG antibodies can induce direct anti-tumor effects via triggering the cell death signaling
pathways and via blockade of essential receptor systems, as well as indirect anti-tumor effects via their Fc-mediated
effector functions, by engaging other immune cells or killer mechanisms. The Fc- mediated effector functions of antibodies
include Fcy-receptor (FcyR) mediated ADCC, Fcy-receptor (FcyR) mediated ADCP, and complement protein Clg-
mediated CDC, and have been shown to be crucial for the therapeutic efficacy of most clinically-approved antibodies
(Figure 1B). Among the four IgG subclasses, IgG1 and IgG3 induce the strongest Fc-effector functions €. However, since
IgG1 has the longest half-life and is more stable than IgG3 !, most therapeutic antibodies with Fc-mediated functions are
of IgG1 isotype.

| 4. Fc-engineering to enhance Fc-effector functions

The hinge and the proximal C2 regions of the Fc-tail are considered critical for Fc-interaction with FcyRs and C1g. The
interface of these regions contains the binding sites while the structural conformation of the Ch2 domain allows
engagement of Clqg or FcyR. In addition, the C2 domains are post-translationally modified by asparagine(N)297-linked
glycosylation, and glycosylation and the specific glycan composition contribute to the stability and the dynamics of the
Cn2 domains [BI9L9 Glycan components include core units of N-acetylglucosamine (GIcNAc) and mannose, with
additional variations in galactose, bisecting GIcNAc, fucose and sialic acid.

Detailed understanding of Fc-interactions with C1g and FcyR opened up opportunities to modulate C1g- and FcyR-
binding by Fc-engineering. In order to enhance ADCC, ADCP and CDC, studies have employed site-directed mutagenesis
(sequence variations), Fc-glycosylation modification (glycoengineering), and avidity modulation, which are illustrated in
figure 2.
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Figure 2. Fc-engineering strategies to enhance Fc-effector functions. (A) The biantennary complex glycan structure of the

most frequent variants for the N-glycan of therapeutic 1IgG (GOF, G1F, G2F and fully processed). Glycoengineering
strategies focus on galactosylation for enhanced CDC and afucosylation for enhanced ADCC. (B) ADCC/ADCP (left) and
CDC (right) enhancing point mutations depicted in the crystal structure of the Fc region (PDB:3DO3). The ADCC-
enhancing mutations S298A/E333A/K334A, S239D/I3332E and P2471/A339Q are depicted in magenta, the ADCP-
enhancing mutations F234L/R292P/Y300L/V3051/P396L, A330L and G236A are shown in blue. A330L and G236A were
added to the ADCC-enhancing mutations S239D/I332E to decrease the mutation-related increase in affinity to the
inhibitory receptor FcyRllb. The CDC-enhancing mutations E345G and E430G, which induce Fc:Fc interactions and
subsequent mAb hexamerization (see E), are shown in orange and K326W/E333S and S267E/H268E/S324T, which
enhance Clq binding affinity, are shown in pink. (C) Schematic representation of three Fc-multimerization strategies which
are aimed to enhance ADCC and ADCP. (D) Cross-isotype antibody generated by replacing the C2 and part of the Cy3
domains of an IgG1 antibody with the corresponding regions of an IgG3 antibody, to increase the CDC response. (E)
Schematic representation of mAb hexamerization which facilitates C1q binding and enhances CDC, and can occur upon
antigen binding by IgG1 antibodies naturally or when harboring the E345G or E430g mutations.

| 5. Generation of Fc-engineered mAbs

Although the hybridoma technology revolutionized the field of therapeutic antibodies, most mAbs that are currently
approved for therapeutic use are generated by mammalian expression systems, which allow higher antibody yields and
preserve post-translational modifications, generating a higher quality mAb product. Mammalian expression systems often
use the variable regions derived from the hybridoma or phage display technologies. The sequence of the desired region is
cloned into the appropriate expression vector and subsequently transfected into the expression system. Currently
available mammalian expression systems include various Chinese hamster ovary (CHO) cell lines, mouse myeloma
(NS0), and mouse hybridoma (Sp2/0) cell lines. In addition, several human expression systems are available, including
embryonic kidney (HEK293), amniotic (CAP), a hybrid of HEK293 and lymphoma (HKB-11) and embryonic retina
(PER.C6). The human expression systems, however, provide transient expression and are therefore only suitable for
preclinical purposes.

To create glycoengineered antibodies in order to develop antibodies with improved ADCC activity, several modified
mammalian expression systems were developed. Double knockout of the enzyme al,6-fucosyltransferase 8 (FUT8),
which catalyzes the transfer of fucose from GDP-fucose to N-acetylglucosamine (GlcNAc), in CHO cell lines resulted in
the production of afucosylated antibodies 1. Alternatively, CHO cells were engineered to express B(1,4)-N—
acetylglucosaminyltransferase Il (GnTIIl). IgGs produced by mammalian cells have very low or no bisecting GIcNAc, in
contrast to IgGs present in human serum, and increasing the number of bisecting GIcNAc improved ADCC levels [12113l),



| 6. Clinical experience with Fc-engineered mAbs for B-cell malignancies

Although various strategies can enhance ADCC, ADCP or CDC effector function, they do not uniformly increase these

effector functions when applied to different antigens, since antigen binding also affects the C1g and FcyR binding via

structural allostery L4181 |n addition, there is a partial overlap in the Fc-binding sites for C1q and FcyR . Therefore

modulating the Fc-tail to enhance ADCC/ADCP can negatively influence CDC, and vice versa. It is thus recommended to
evaluate Fc-effector function-enhancing strategies for each target individually.

In B-cell malignancies a wide variety of disease-associated targets are available, including various lineage specific

surface molecules. An overview of Fc-engineered mAbs in (pre-)clinical development for treatment of B-cell malignancies

is shown in Table 1.

Table 1. Fc-engineered mAbs with enhanced mAb effector function in (pre-) clinical development for CLL, B-NHL and MM.
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| 7. Conclusion and future perspective

In this review we have illustrated various strategies to enhance Fc-mediated effector functions and we have summarized
their clinical application in B-CLL, B-NHL or MM. Fc-mediated effector functions are being enhanced to increase their anti-
tumor potency or when a specific effector function is beneficial, i.e. improving ADCC induction for combination therapy
with lenalidomide or in patients with low affinity FcyR-polymorphisms. In addition, Fc-engineering can be applied to
antibodies which depend on antibody clustering or FcyR-mediated antibody crosslinking for agonism of receptors, such as
antibodies targeting the costimulatory protein CD40 or antibodies targeting death receptors 4 or 5, and thus benefit from
similar strategies as discussed here [LEIL7I[18]

Generally, mAbs that are Fc-engineered to improve their effector functions are capable of enhancing in vitro and in vivo
anti-tumor potency compared to their parental unmodified mAb. Various Fc-engineered mAbs also demonstrated clinical
efficacy, and are already approved for clinical use. However, other Fc-engineered mAbs demonstrated toxicity in clinical
trials or failed to induce significant clinical efficacy, and were discontinued for development. Increasing the clinical success
of Fc-engineered mAbs requires more empirical in vitro/in vivo screening to determine the most favorable Fc-engineering
strategy or combination of strategies . In addition, understanding i) the specific contribution of ADCC, ADCP and CDC to
clinical efficacy of mAbs in hematological malignancies and ii) the exact clinical effect of the different Fc-engineering
strategies could allow to develop Fc-engineering strategies customized to specific target and disease. A step forward in
understanding the specific contribution of mAb effector functions is the recent development of Fc-engineering strategies
that enhance CDC specifically, such as the HexaBody technology. Until recently, clinically evaluated mAbs were mostly
Fc-engineered to enhance ADCC function. Hence, evaluating Fc-engineered mAbs with enhanced CDC and potentially
comparing them to mAbs with enhanced ADCC could provide crucial information regarding the contribution of mAb
effector functions to clinical efficacy and toxicity, and the results of such clinical trials are highly anticipated.

To conclude, our advanced knowledge of Fc-structure and Fc-mediated effector function has enabled the clinical
development of Fc-engineered mAbs. Expanding our clinical experience with these Fc-engineered mAbs will provide
valuable information that could allow the development of antibodies with tailor-made effector function.
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