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REVIEW

With great power, comes great responsibility: the importance of broadly measuring 
Fc-mediated effector function early in the antibody development process
Silvia Cresciolia, Shashi Jatianib, and Lenny Moiseb

aIndependent Consultant, London, UK; bSeromYx Systems, Woburn, MA, USA

ABSTRACT
The field of antibody therapeutics is rapidly growing, with over 210 antibodies currently approved or in 
regulatory review and ~ 1,250 antibodies in clinical development. Antibodies are highly versatile mole-
cules that, with strategic design of their antigen-binding domain (Fab) and the domain responsible for 
mediating effector functions (Fc), can be used in a wide range of therapeutic indications. Building on 
many years of progress, the biopharmaceutical industry is now advancing innovative research and 
development by exploring new targets and new formats and using antibody engineering to fine-tune 
functions tailored to specific disease requirements. In addition to considering the target and the disease 
context, however, the unique features of each therapeutic antibody trigger a diverse set of Fc-mediated 
effector functions. To avoid unexpected results on safety and efficacy outcomes during the later stages of 
the development process, it is crucial to measure the impact of antibody design on Fc-mediated effector 
function early in the antibody development process. Given the breadth of effector functions antibodies 
can deploy and the close interplay between the antibody Fab and Fc functional domains, it is important 
to conduct a comprehensive evaluation of Fc-mediated functions using an array of antigen-specific 
biophysical and cell-mediated functional assays. Here, we review antibody and Fc receptor properties 
that influence Fc effector functions and discuss their implications on development of safe and efficacious 
antibody therapeutics.
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Introduction

The field of antibody therapeutics is rapidly growing, with over 
210 antibodies currently approved or in regulatory review 
globally (www.antibodysociety.org/antibody-therapeutics- 
product-data), and, as of October 2023, ~1250 antibodies in 
clinical development.1 Antibodies are very versatile molecules, 
and with strategic design of their two functional domains, the 
antigen-binding domain (Fab) and the Fc, which mediates 
effector functions, can be used in a wide range of therapeutic 
indications, including cancer, autoimmune diseases, and infec-
tions, as well as cardiovascular, neurological, ophthalmic, and 
musculoskeletal disorders.2

Building on past knowledge and experience, the biophar-
maceutical industry is now exploring new targets and new 
formats and using antibody engineering to fine tune antibodies 
for greater efficacy and safety.2 Among therapeutic antibodies, 
defined here as recombinant protein-based molecules with at 
least one antigen-binding site derived from an antibody gene 
and evaluated for therapeutic use, only 5% of those currently 
marketed or under regulatory review, and 5% of those in late- 
stage clinical studies, lack an Fc domain (Figure 1a, b). Of the 
therapeutic antibodies with an Fc currently marketed or in 
regulatory review and of those in late-stage clinical studies, at 
least 46% and 45%, respectively, are Fc engineered 
(Figure 1c, d).3,4 

Due to advances in antibody engineering techniques, 
coupled with a deeper understanding of the mechanisms 

involved in antibody effector functions and disease pathogen-
esis, antibodies are now powerful tools that can be customized 
to drive specific functions tailored to individual diseases. 
However, with this great power comes great responsibility, 
and thus several factors must be considered to improve both 
efficacy and safety of next-generation antibodies. The effects of 
new formats and antibody engineering modifications are 
dependent on the target and the disease context.5,6 To avoid 
unexpected results on safety and efficacy outcomes during the 
later and more expensive stages of the development process 
and consequently reduce risk, the impact of antibody design 
on Fc-mediated effector function must be systematically mea-
sured at the outset of the process.

Antibodies and Fc receptors

Canonical antibody therapeutics comprise two identical Fab 
domains and one Fc domain. The Fc domain mediates effector 
function by engaging Fc receptors (FcRs) expressed on 
a variety of immune cells, and complement component C1q, 
the recognition molecule of the classical complement pathway. 
The Fc domain of IgGs also regulates the antibody serum half- 
life by interacting with the neonatal Fc receptor (FcRn) on 
endothelial cells.

Of the five major classes of human Ig, IgG, IgA, IgM and 
IgE have been considered for therapeutic purposes. These 
isotypes share a similar structure, but differ in valency, size, 
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amino acid sequence, hinge presence and flexibility, glycosyla-
tion, and charge, which translate into different biodistribution, 
ability to engage Fc receptors and complement, and conse-
quently effector function.7,8

For each of these isotypes, there are specific FcRs expressed 
on a variety of immune cells. FcRs can be categorized into two 
classes based on the conformation the antibody Fc region can 
adopt: type I receptors, belonging to the Ig superfamily and 
binding antibody Fc in an open conformation; and type II 
receptors, belonging to the C-type lectin family and binding 
the antibody Fc in a closed conformation. Open and closed 
conformations are determined by the sialylation level of the 
antibody. Sialic acid conjugation results in a closed conforma-
tion of the Fc that masks the binding sites for type I receptors 
and reveals those for type II receptors.9

Type I receptors include FcγRs for IgG, FcαRI/CD89 for 
IgA, FcμR for IgM, Fcα/μR for IgA/IgM and FcεRI for IgE. 
Type II receptors include DC-SIGN/CD209 and FcεRII/ 
CD23.10

IgG can also bind the neonatal FcR (FcRn) in a pH- 
dependent manner. FcRn is expressed on the intestinal epithe-
lium, placenta and vascular endothelium and is involved in 
IgG transport across epithelial barriers and IgG biodistribu-
tion. Serum antibodies are continuously internalized by vas-
cular endothelial cells. FcRn prolongs IgG serum half-life by 
binding IgG at acidic pH in the endosome and protecting it 
from degradation. IgG is then recycled back to the plasma 
membrane where, at physiological pH, it is released.

As shown in Figure 1a, all the currently approved antibody 
therapeutics and the majority of those in clinical study belong 
to the IgG isotype, and specifically to the IgG1, IgG2, and IgG4 
subclasses,3 although single assets representing IgG311 and 
IgE12 have also entered the clinic. IgG cognate receptors, 
FcγRs, can be classified as FcγRI/CD64, FcγRIIa/CD32a, 

FcγRIIb/CD32b, FcγRIIIa/CD16a, FcγRIIIb/CD16b. FcγRI is 
the only high-affinity receptor for IgG. The remaining recep-
tors primarily interact with IgG that is part of an immune 
complex with antigen. Activating FcRs exert their function 
through the intracellular immunoreceptor tyrosine-based acti-
vation motif (ITAM) domain and, depending on the strength 
of their signaling and the cellular context, they can drive 
different effector functions. FcγRIIIb is attached to the cell 
membrane via a glycophosphadylinositol (GPI) anchor and 
does not have an intracellular ITAM domain. This receptor 
is not considered a canonical activating receptor but has been 
reported to mediate effector functions in neutrophils via 
FcγRIIa or integrins.13 FcγRIIb is the only inhibitory receptor, 
exerting its function through immunoreceptor tyrosine-based 
inhibitory motifs (ITIM), able to dampen the signaling 
induced by activating FcRs.

Antibodies can engage with a variety of immune cells 
expressing different levels of activating and inhibitory FcRs. 
It is important to highlight that the balance of activating and 
inhibitory FcRs and the antibody affinity for these receptors 
are crucial in regulating antibody-mediated effector function. 
A comprehensive analysis of the binding affinities of antibody/ 
antigen immune complexes for a broad set of FcRs and com-
plement is therefore of paramount importance to delineate 
potential antibody-mediated effector functions and thereby 
to facilitating a more rational approach to therapeutic anti-
body development strategy.

Fc-mediated effector functions

Thanks to the variety of immune cells and molecules the anti-
body Fc can engage, antibody therapeutics can drive several 
types of direct and indirect effector functions (Figure 2). Direct 
Fc-mediated effector functions mainly comprise complement- 

Figure 1. Fc characteristics of antibody therapeutics: pie charts representing the distribution of the different types of Fc and the proportion of molecules without an Fc 
in antibodies therapeutics that are currently approved or in regulatory review (a) and in antibodies in late-stage clinical studies (b). Pie charts representing the 
proportion of antibodies with a protein- or glycoengineered Fc that are currently approved or in regulatory review (c) and in antibodies in late-stage clinical studies (d); 
cohorts analyzed in C and D are Fc containing antibody therapeutics. Data refers to commercially developed antibody therapeutics defined as recombinant protein- 
based molecules containing at least one antigen binding site derived from an antibody gene.3,4.
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dependent cytotoxicity (CDC), antibody-dependent cell cyto-
toxicity (ADCC), and antibody-dependent cell phagocytosis 
(ADCP), and, for pathogen-specific antibodies, antibody- 
mediated pathogen trapping in mucin. Indirect Fc-mediated 
effector functions mainly comprise antibody-dependent cyto-
kine release and antigen presentation.15,16

ADCC is mainly mediated by natural killer (NK) cells, 
granulocytes, and myeloid cells. During ADCC, antibodies 
bound to the target cell via their Fab region engage activating 
FcRs on effector cells via their Fc region, resulting in the 
release of the contents of cytotoxic granules that kill the target 
cell.8,16

ADCP is mainly mediated by phagocytic cells, such as macro-
phages, monocytes, and neutrophils, however, other cells such 
as dendritic cells, eosinophils, and basophils can mediate 
ADCP.17 During ADCP, antibodies opsonizing a target cell 
engage, via their Fc region, activating FcRs on effector cells, 
resulting in the internalization and degradation of the target cell.

CDC is initiated by the binding of the Fc domain of target- 
bound antibodies and the six-headed globular protein C1q, 
which triggers the activation of the classical complement cas-
cade, ultimately resulting in the formation of a membrane 
attack complex (MAC) that mediates the lysis of target cells.7 

Only IgM and IgG classes can fix complement. Antibody- 
dependent complement deposition (ADCD) can also facilitate 

phagocytosis through complement receptor CR3 on phagocy-
tic cells.18

An indirect effector function mediated by the antibody Fc is 
antigen presentation. Antigen- presenting cells (APC), such as 
dendritic cells, can engage and internalize antigen–antibody 
immune complexes in an FcR-dependent fashion. Immune 
complex internalization can lead to dendritic cell maturation, 
upregulation of co-stimulatory molecules, and antigen presen-
tation on both MHC class I and MHC class II, priming both 
CD4+ and CD8+ T cell-mediated immune responses.10,19–21

Antibody therapeutics can also promote the release of pro- 
inflammatory cytokines from multiple cell types in an Fc- 
dependent manner, a phenomenon that can indirectly support 
antibody-mediated killing but can also pose safety risks,22 as 
discussed in more detail below.

Other immune effector functions, such as trogocytosis, have 
been described. Trogocytosis can be mediated by several 
immune cells, such as T cells, B cells, NK cells, dendritic 
cells, monocytes/macrophages, neutrophils, endothelial cells, 
fibroblasts, eosinophils, and basophils, and consists in the 
transfer of membrane fragments with functional integrity 
between cells. Trogocytosis does not always result in cell 
death and is therefore not discussed further in this review.23

Given the multitude of Fc-mediated effector functions, and 
the variety of cells involved, it is evident that, for a comprehensive 

Figure 2. Fc-mediated effector functions: the schematic depicts the variety of cells expressing Fc receptors (FcRs) and the different types of Fc-mediated effector 
functions. Depending on the affinity for each FcR, antibodies can engage different type of cells and mediate different effector functions. Direct effector functions 
include: complement-dependent cytotoxicity (CDC), antibody-dependent complement deposition (ADCD), antibody-dependent cell cytotoxicity (ADCC), antibody- 
dependent cell phagocytosis (ADCP) and, for pathogen-targeting antibodies, antibody-dependent mucin binding (ADMB). Antibodies can also mediate indirect effector 
functions such as antigen presentation with priming of both CD4+ and CD8+ T cells. ADCD can also facilitate phagocytosis by cells expressing complement receptor 
CR3. Engagement of FcRs on immune cells can also result in cytokine release, or antibody-dependent enhancement (ADE) of infection or disease (not depicted in this 
schematic). Excessive cytokine release and ADE of infection or disease are Fc-mediated functions that pose safety issues. The boxes underneath each cell name show 
the expressed FcRs, * is for inducible expression, # is for expression in a subset of the cells.8,9,14 The red boxes show the types of Fc-mediated effector function. 
Unlabelled molecules and cells are described in the key box on the bottom.
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overview of antibody-mediated effector functions, an array of 
assays performed with the different cell types is required. 
ADCC and ADCP assays are usually performed with effector 
and target cell co-cultures, where the target cells can be tumor 
cells or virus-infected cells, but they can also be performed using 
beads instead of target cells.6,24–26 Effector cells can be primary 
cells or established cell lines. ADCC is usually evaluated using NK 
cells because this is the cell type most involved in this type of 
mechanism; however, other cells such as neutrophils can trigger 
ADCC.27,28 ADCP is usually evaluated using monocytes or 
macrophages, but other cells, such as neutrophils, dendritic 
cells, eosinophils, and basophils, have recently been reported to 
mediate phagocytosis.17 It is therefore clear that a preclinical 
evaluation of Fc-mediated effector functions based only on 
CDC, NK-mediated ADCC, and monocyte/macrophage- 
mediated ADCP is far from exhaustive, and a use of a broader 
set of assays for a comprehensive analysis is imperative.

We and others have developed several platforms for high- 
throughput functional assays such as CDC, ADCC, and ADCP 
that can be used to broadly measure Fc-mediated functions in 
a large set of candidates during the early stage of antibody 
therapeutic development.6,24–26,29 These assays, alongside bio-
physical assays for the evaluation of antibody glycosylation 
profile and antigen-specific binding affinities for FcRs, would 
facilitate the selection of optimal leads in terms of function-
ality, biodistribution, and safety.

Considerations for antibody therapeutic design

Fc-mediated effector functions are influenced by many factors 
involving not only the Fc domain but also the Fab domain of 
the antibody. Antigen binding, antibody structure, and 

flexibility are dependent on amino acid sequence, glycosyla-
tion, and charge, and affect the antibody affinity for FcRs and 
complement, consequently influencing antibody effector func-
tion, biodistribution, and safety.7,30

Critical considerations for Fab and Fc design depending on 
therapeutic target and purpose (Figure 3) are discussed below.

Fc design

Isotype

The currently marketed therapeutic antibodies belong to the 
IgG class, but IgA, IgE, and IgM isotypes are also currently 
being evaluated as therapeutics. The four subclasses of IgG 
(IgG1, IgG2, IgG3, and IgG4) differ in their affinity for 
FcγRs and consequently in their ability to mediate effector 
functions.31 IgG1 and IgG3 have greater capacity to fix 
complement and higher affinity for activating FcγRs com-
pared to IgG2 and IgG4. IgG1 is the isotype of choice when 
the antibody is designed to mediate effector function such as 
ADCC, ADCP, and CDC. IgG3 is the most potent subclass 
in mediating Fc effector functions due to its superior ability 
to fix complement and engage activating FcγR. Although the 
clinical development of IgG3 antibodies has been limited by 
their short half-life (typically ~7 days compared to ~21 days 
for the other IgG subclasses), possible immunogenicity, and 
manufacturing concerns,7,32 efforts are ongoing to leverage 
IgG3 as a therapeutic modality.33,34 IgG2 and IgG4 have low 
or no ability to fix complement and low affinity for activating 
FcγRs compared to IgG1. These two subclasses are therefore 
often used for the design of antibodies that do not require or aim 
to silence Fc effector function.7,8,35 IgG2 and IgG4 antibodies 

Figure 3. Antibody design: schematic depicting the variables to consider during antibody design (boxes on the left) and the effect of ab and c design on antibody 
function due to ab/c interdependence (schematic on the right).
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have been approved for a variety of cancer and non-cancer 
indications, accounting for 7% and 25% of the currently 
approved therapeutic antibodies, respectively (Figure 1a). 
Furthermore, IgG2 and IgG4 is the isotype of choice of 6% 
and 19%, respectively, of the current late-stage clinical pipeline 
(Figure 1b).

IgA antibodies can form monomers and dimers and are the 
most abundant class at mucosal surfaces. There is a growing 
interest in this isotype for the design of cell-depleting therapeu-
tic antibodies, due to the ability of IgA to engage FcαR on 
neutrophils and elicit a more potent ADCC compared to 
IgG.36 However, there are currently no IgA antibodies in the 
clinic, likely due to their short half-life, heterogeneous glycosy-
lation profile and challenging manufacturing characteristics, 
which pose severe technical limitations.37 Alternative 
approaches to take advantage of IgA’s potency, by engineering 
IgG1 Fc with IgA domains or by engineering IgA antibodies for 
better biodistribution, are currently under investigation.37–40

IgE antibodies have high affinity for FcεR expressed on 
mast cells, basophils, macrophages, and monocytes and have 
no known inhibitory receptors, resulting in the ability of IgE to 
trigger strong pro-inflammatory effector functions, such as 
ADCC, ADCP, as well as cytokine release and possible antigen 
presentation. These characteristics, make IgE a valid alterna-
tive to IgG1 in cancer immunotherapy. There is currently one 
IgE antibody in clinical study.12

IgM antibodies can form hexamers and pentamers and 
therefore present a stronger binding avidity to the target. For 
this reason, the IgM isotype can be a rational choice for low 
expression or difficult targets, such as lipopolysaccharides, gly-
colipids, and glycans. IgM avidity can also enhance antibody 
neutralization properties (for example, the anti-SARS-CoV-2 
IgM in the clinic),41 and has the ability to cluster receptors 
and increase agonism (for example, the anti-DR5 IgM in the 
clinic).42 Moreover, IgM can potently activate complement and 
mediate CDC.

Fc protein engineering

Besides the choice of the isotype, protein engineering of the Fc 
domain can be used to further fine tune the antibody effector 
function, as well as to improve safety and biodistribution.

Introducing point mutations targeting the Fc-binding 
domains for FcRs, C1q, and FcRn is the most widely used 
technique for modulating Fc-mediated effector function. 
There are currently over 100 combinations of point mutations 
that can be employed (extensively reviewed in Damelang et al.-
7), each one with a different effect on binding to FcRs, C1q, and 
FcRn and consequently different effector function. Besides 
point mutations, protein engineering can be used to create 
antibody isotype hybrids, for modulating FcR binding, gener-
ating bispecifics, or to promote hexamerization.

Protein engineering can be used to increase affinity for 
FcRs. For antibodies with cell depleting function, point 
mutations can be introduced to increase affinity for FcRs, 
ideally skewing the antibody binding toward activating 
receptors, thus enhancing cell-mediated effector functions. 
Conversely, agonist antibodies or those designed to dampen 
B cell activation, can be Fc engineered to skew binding 

affinity toward the inhibitory receptor FcγRIIb. Agonist 
antibodies have been demonstrated to better cluster the 
target receptor and induce signaling, when binding to 
FcγRIIb via their Fc in a process called scaffolding. 
Antibody binding to FcγRIIb has been demonstrated to act 
as a scaffold to help cluster the target receptors and promote 
signaling for anti-OX40 and anti-CD137 antibodies,43 and 
for an anti-DR5 antibody,44 resulting in enhanced T cell 
activation and apoptosis, respectively. However, point muta-
tions to increase affinity to FcγRIIb could also increase 
affinity for FcγRIIa and lead to unexpected side effects,45 

which highlights the need for a comprehensive screening for 
FcγRs binding and antibody effector functions when using 
these mutations.

Another approach to enhance antibody effector function, 
currently investigated in preclinical settings, combines IgG1 
serum stability and effector function properties with IgA’s 
ability to trigger a more potent ADCC compared to IgG1, by 
generating IgG1/IgA2 hybrids, or IgG1 grafted with IgA 
domains.37

For some antibodies, such as blocking antibodies (including 
checkpoint inhibitors, antibodies blocking ligand/receptor 
interaction, and certain neutralizing antibodies) or antibody- 
drug conjugates (ADCs), Fc effector function is not essential 
and, in some cases, it has been demonstrated that removing 
effector function could improve efficacy and safety. To achieve 
this, antibodies are engineered to decrease or abrogate anti-
body binding to FcRs, either by introducing point mutations 
or by creating antibody isotype hybrids, replacing the region 
containing the binding site for FcRs and C1q on IgG1 with that 
of IgG2 or IgG4.7,46,47

Monomeric IgG has been shown to have low affinity for the 
single globular heads of C1q, and therefore hexamerization is 
required to properly bind C1q and initiate the complement 
cascade.7 Indeed IgG subtypes inherently differ in their ability 
to recruit C1q via multivalent interactions governed by their 
oligomerization status.48 Several Fc engineering approaches 
have been developed to enhance the ability of IgG to fix 
complement. These include the introduction of point muta-
tions increasing IgG affinity for C1q,5 and the introduction of 
domains, such as IgM tail-piece,49 or point mutations50 able to 
promote IgG hexamerization. It should be noted that, given 
the proximity of the domains involved in the binding to C1q 
and FcγRs, mutations designed to affect complement binding 
are also likely to affect binding to FcγRs and vice versa.

IgG antibodies can also be engineered to increase their 
serum half-life. This is achieved by introducing mutations 
affecting the IgG affinity for FcRn. Different combinations of 
mutations have been used to increase or reduce IgG affinity for 
FcRn at low pH and/or neutral pH, depending on the ther-
apeutic purpose. Some mutations have demonstrated 
improved IgG serum half-life from ~21 days up to ~3 months, 
increasing efficacy and reducing dosing frequency.51–53 It is 
important to highlight that, mutations increasing serum half- 
life might also influence effector function, which can affect 
safety and efficacy and should be carefully considered and 
evaluated during the antibody discovery process.

Depending on the combination of mutations used, the anti-
body can preferentially bind certain activating receptors over 
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others, and preferentially engage certain type of immune cells 
and not others. This should be considered when designing the 
antibody, depending on the disease settings and therapeutic 
purpose, and systematically evaluated during the antibody 
discovery process. Furthermore, the complex outcomes of 
these mutations and their combinations must be empirically 
determined by conducting cellular effector function assays that 
have been developed with disease and immune system biology 
in mind.

Fc glycosylation

Besides antibody amino acid sequence, another feature that can 
influence Fc receptors’ affinity, and consequently effector func-
tion, is antibody glycosylation. IgG lacking or with reduced 
fucose have increased affinity for FcγRIIIa and are able to 
trigger more potent ADCC compared to fucosylated IgG.54–56 

Conversely, terminal sialic acid confers to IgG antibodies anti- 
inflammatory properties, while the pro- or anti-inflammatory 
role of terminal galactose is more controversial.57 For these 
reasons, a thorough analysis of glycosylation during the anti-
body discovery process could be informative on the type of 
effector function the antibody mediates.

Fc glycoengineering

Antibodies are glycoproteins, and, as mentioned above, gly-
cans influence the affinity for Fc receptors and Fc-mediated 
effector functions. Glycoengineering can be used to remove or 
enhance IgG effector function.

Impairment of the effector function of IgG1 antibodies can 
be achieved by introducing a point mutation to replace the 
asparagine at position 297 (N297) with a variety of 
substitutions,47,58,59 thus removing the glycosylation site on 
wild type IgG1 antibodies. There are currently four aglycosy-
lated therapeutic antibodies approved and one in regulatory 
review.3

Enhanced effector function can be obtained by removing 
fucose from the glycan structure of IgG, which results in 
increased binding to FcγRIIIa and does not affect FcγRIIb, 
skewing the antibody affinity toward activating receptors. 
A total of four afucosylated and three low-fucose IgG thera-
peutics have been approved so far.3

Fab design and Fab/Fc interdependence

The Fab domain of the antibody is responsible for antibody 
specificity. Canonical antibody therapeutics present two iden-
tical Fab fragments, resulting in monospecific bivalent mono-
mers (IgA, IgE, IgG, IgM), tetravalent dimers (IgA), decavalent 
pentamers and dodecavalent hexamers (IgM). Over the past 
decade, advances in protein engineering techniques to modify 
avidity and specificity resulted in the development of a series of 
novel antibody formats, with mono or multivalent bispecific or 
multispecific properties.

The Fab region and Fc region exert different functions, but 
are closely connected as one can influence the function of the 
other.60 The Fc region can influence the Fab region’s apparent 
affinity for the target and, by binding to specific cognate FcRs, 

improve the efficacy of certain neutralizing16 and agonistic 
antibodies.61–63

Fc-mediated effector functions can be in turn influenced by 
antibody affinity, avidity, ability to form immune complexes 
and the size of the immune complexes.64,65 For example, 
Mazor and colleagues, in a study with a series of affinity- 
modulated antibodies targeting CD4, EGFR, or HER2, demon-
strated that antibodies with intermediate affinity were able to 
trigger stronger effector functions compared to high-affinity 
antibody variants.66 The researchers suggested that the slower 
off-rates of high-affinity antibodies promote greater bivalent 
binding, which reduces the density of Fc domains on the target 
cell surface. This lower Fc density may, in turn, result in 
diminished functional responses. In contrast, antibodies with 
faster dissociation rates allow for higher levels of monovalent 
binding at saturating concentrations, leading to increased cell- 
surface opsonization. This higher Fc domain density enhances 
effector functions.

The nature of the antigen, its distribution on the cell surface, 
and the position of the epitope are also important for Fc- 
mediated effector functions. In a study using two anti-CD52 
and anti-CD20 therapeutic antibodies and a panel of fusion 
proteins presenting a CD20 or CD52 epitope at different dis-
tances from the plasma membrane, ADCC and CDC have been 
shown to be more active for epitopes positioned in proximity 
with the cell membrane, while ADCP requires a minimum 
distance of the epitope from the plasma membrane.67 

A different study evaluated a threshold for the antigen distance 
from the plasma membrane for efficient elicitation of macro-
phage-mediated ADCP.68 Harnessing epitope location for 
improving antibody effector function is now a critical step for 
antibody therapeutic design and has been demonstrated as 
a valid strategy also for the design of bispecific antibodies.69

IgG-mediated CDC is another example of Fc-mediated 
function influenced by the Fab domain. Monomeric IgG has 
low affinity for the single globular heads of C1q, and therefore, 
antigen-driven IgG hexamerization is required to properly 
bind C1q and initiate the complement cascade. Antigen driven 
hexamerization is highly dependent on antibody flexibility, 
antigen size, density, mobility, and epitope position.7

The characteristics of the Fab region described above are 
carefully designed and optimized during the early stages of the 
antibody discovery process. Given the now recognized ability 
of Fc and Fab region to influence each other’s function, it is 
therefore critical that optimal leads should be evaluated also in 
the context of Fc-mediated effector functions for 
a comprehensive immune profile of development candidates.

For decades, Fc and Fab regions have been considered to act 
independently, and therefore during early stages of antibody 
therapeutic development, emphasis has been predominantly 
on the optimization of the Fab region for binding to the target 
antigen. A better understanding of the close Fab-Fc interplay 
and the role of Fc-mediated functions in antibody safety and 
efficacy, highlights the importance of measuring Fc-mediated 
functions in the early stages of the antibody therapeutic devel-
opment pipeline. This can facilitate the selection of optimal 
Fab-Fc combinations in terms of efficacy, safety and biodistri-
bution (Figure 3). These assays should provide biophysical 
methods for screening antigen-specific affinities for FcRs, 
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C1q and FcRn and the antibody glycosylation profile, as well as 
complement and cell-based functional assays to measure anti-
gen-specific effector functions. It is important to emphasize 
that, because of the close relationship of Fab and Fc regions, 
both binding and functional assays should be performed in the 
presence of the antigen to have a full overview on the antibody 
functionality. In other words, the field of therapeutic antibody 
development needs to progress from assessing the bipartite 
immune complexes (FcR-antibody or antibody-antigen inter-
actions) to tripartite immune complexes (FcR-antibody- 
antigen) for the elucidation of physiologically relevant inter-
actions and hence clinically relevant outcomes.

Considerations on safety: when “silencing” is not 
truly silent

The Fc domain is also involved in several potential therapeutic 
antibody side effects. Depending on the therapeutic purpose, 
some antibodies do not require Fc-mediated effector function, 
and, for some, the Fc’s ability to engage FcRs could pose safety 
risks.

ADCs, a rapidly growing format in the antibody clinical 
pipeline, do not necessarily require mediating Fc effector func-
tions; on the contrary the engagement of FcRs can lead to ADC 
internalization by immune cells, resulting in off-target effects. 
An example is trastuzumab emtansine (TDM-1), which has 
been reported to be internalized by megakaryocytes in 
a FcγRIIa-dependent manner, leading to thrombocytopenia.70 

For this reason, several strategies to eliminate FcR binding have 
been implemented for the development of ADCs. However, the 
actual abrogation of FcR affinity and off-target cell toxicity 
should be thoroughly evaluated during the discovery process 
for each novel ADC.35

Engagement of FcRs can also lead to antibody-dependent 
enhancement (ADE) of infection or disease whereby antibo-
dies can facilitate the cellular entry of viruses even when the 
cell lacks the expression of the viral receptor. Fc engineering to 
abrogate FcRs affinity can prevent ADE, a strategy that has 
been recently used for anti-SARS-CoV-2 antibodies.51 To date, 
one approved anti-SARS-CoV-2 antibody has been designed 
with reduced effector function.3

One of the most dangerous side effects of antibody ther-
apeutics is cytokine release syndrome (CRS), which occurs 
when excessive release of cytokines leads to endothelial 
damage and multi organ failure.71 Antibodies that have pro-
voked CRS in humans are the anti-CD3 muromonab,72 the 
anti-CD52 alemtuzumab,73 the anti-CD28 TGN1412,74 and, in 
rare cases, the anti-CD20 rituximab.75 For these antibodies, 
CRS has been demonstrated to be Fc mediated, either by 
engaging FcγRIIIa on NK cells (alemtuzumab)73 or by binding 
FcγRIIb and using it as a scaffold to better cluster the target 
receptor (TGN1412).76,77 The mechanism responsible for 
TGN1412-induced CRS has been widely debated. The isotype 
of choice for the design of the antibody was an IgG4, chosen 
because of its low capacity to trigger effector functions. 
However, IgG4 can mediate effector function under certain 
conditions and has an affinity for FcγRIIb comparable to IgG1. 
An initial evaluation excluded an Fc-mediated role, mainly 
because when introducing the Fc-silencing L235E mutation, 

the antibody retained the ability to trigger pro-inflammatory 
cytokine release.78 Follow-up studies have instead demon-
strated that TGN1412’s superagonistic activity is Fc-mediated 
and involves FcγRIIb. Hussein and colleagues have shown that 
T cells in high density peripheral blood mononuclear cell 
culture respond to TGN1412, and their response is dependent 
on FcγRIIb expression on monocytes.77 Chenoweth and col-
leagues, in a thorough evaluation of the effect of Fc engineer-
ing mutations on TGN1412 binding to FcRs, have 
demonstrated that introducing the L235E mutation in the 
TGN1412 antibody abrogated the affinity for activating 
FcγRs, but not for FcγRIIb. This could explain the ability of 
a TGN1412 L235E mutant to trigger CRS and suggests 
a scaffolding Fc-mediated mechanism.76 The TGN1412 story 
is a clear example of how crucial it is to broadly evaluate the 
impact of antibody design on FcR binding and on wanted and 
unwanted Fc-mediated effector functions.

As discussed above, the implications of Fc modifications are 
dependent on the antibody target and therapeutic context, and 
the impact of Fc design on FcRs binding and antibody effector 
function needs to be systematically screened during the early 
phase of antibody therapeutic development to avoid unex-
pected and sometimes very serious results in the clinic. In 
particular, when the antibody is designed to not have effector 
function, the silencing of Fc-mediated functions should be 
thoroughly evaluated using not only the canonical three assays 
(NK-mediated ADCC, monocyte-mediated ADCP and CDC), 
but also an array of assays using a variety of immune cell types. 
Functional screening should be also complemented by a set of 
biophysical assays, such as glycosylation profile and antigen- 
specific FcRand C1q binding.

Conclusion

Advances in antibody engineering techniques and in the 
understanding of the mechanisms involved in antibody effec-
tor functions, together with a deeper knowledge of disease 
biology, have resulted in the biopharmaceutical industry enga-
ging in new antibody targets, new formats, and using antibody 
engineering to fine tune antibody functions. These new 
advances in antibody discovery could potentially enable ad 
hoc tailoring of antibodies depending on the disease. 
However, to make the best of such a powerful tool, several 
factors need to be considered. In the past decade, there has 
been increased acceptance of the close relationship between 
Fab and Fc, and the implications of antibody design on Fc- 
mediated effector function, biodistribution, and safety, which 
need to be considered and implemented during the discovery 
process of next-generation therapeutic antibodies. The burst of 
innovative antibody discovery together with the variety of 
possible antibody effector functions and their safety implica-
tions, highlight the need for a broad and systematic approach 
for Fc effector function profiling in the early stages of the 
antibody therapeutic development pipeline.

The regulatory guidance for evaluating Fc-mediated effec-
tor function is mainly limited to three assays: NK-mediated 
ADCC, monocyte-mediated ADCP, and CDC. However, we 
expect that improved preclinical evaluation of Fc-mediated 
effector functions will result from a broader array of high 
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throughput biophysical and cell-based assays performed in the 
presence of the target antigen i.e., tripartite immune complexes 
(Figure 4). Such a broader evaluation will both reduce risk in 
the more expensive later development steps and provide the 
basis to address additional questions from regulators. Ideally, 
ADCC and ADCP assays should not be reporter assays, but 
measure effective cytotoxicity and phagocytosis. Furthermore, 
given the variety of immune cells antibodies can engage, cell- 
based assays should be performed using a comprehensive set of 
both established cell lines and primary cells of human origin. 
To further inform on safety, supernatants from each assay 
should be then analyzed for cytokine release. Cell-based assays 
should be complemented by biophysical assays evaluating 
binding affinities for FcRs and glycosylation profiling. An 
integrated analysis of biophysical and cell-based assays should 
then be able to inform the possible effector functions the anti-
body can mediate in vivo, antibody serum half-life, and safety, 
based on empirical data. The impact of antibody design on Fc 
function should be considered early and tested empirically in 
the antibody development process to select optimal leads in 
terms of maximal function and safety. Early identification of 
failures and elimination of uncertainties in the early stages of 
the antibody discovery process is a risk-mitigation strategy 
that can facilitate product development and enhance patient 
safety. Finally, these assays should ideally be performed under 
a quality management system for supporting regulatory filing, 
to ensure consistency, reliability, and Good Clinical 
Laboratory Practices compliance, in order to generate reliable 

and reproducible high-quality data adhering to regulatory 
standards.

The complex and interconnected factors that influence 
antibody effector functions present substantial challenges in 
designing Fc domains of antibody therapeutics to achieve 
desired functional outcomes. A major hurdle is the current 
lack of understanding of the rules governing the interdepen-
dence of these factors, making it difficult to accurately predict 
effector functions during Fc domain design. Broad profiling of 
Fc-dependent functions, as described here, through systematic 
studies of Fc domain modifications that probe the variables 
influencing antibody effector functions, could generate valu-
able datasets. These datasets could be used to train predictive 
algorithms, enabling accurate effector function predictions. 
Recent studies have begun advancing the field toward large- 
scale Fc domain screening,6,47,79 a critical step in developing 
accurate predictive models. Such models may eventually 
enable a “plug-and-play” approach to Fc domain design, 
streamlining the development of antibody therapeutics with 
tailored functional profiles.

Antibodies have been, and will remain for the foresee-
able future, among the most powerful modalities for ther-
apeutic intervention. Like any cutting-edge field, 
therapeutic antibodies face their own specific challenges. 
Every challenge we face is an opportunity for growth. It 
would behoove us, the field at large, to acknowledge that 
with great power, comes great responsibility, and great 
opportunity.

Figure 4. Early and broad screening of Fc-mediated function for optimal antibody development: schematic depicting the antibody development workflow and where 
a comprehensive screening of Fc-mediated functions would be beneficial. The boxes on the left illustrate the assays complying with the current regulatory guidance (in 
grey) and the broad variety of assays to be used for a comprehensive screening of Fc-mediated functions (in blue).

8 S. CRESCIOLI ET AL.



Abbreviations

ADC Antibody-drug conjugate
ADCC Antibody-dependent cell cytotoxicity
ADCD Antibody-dependent complement deposition
ADCP Antibody-dependent cell phagocytosis
ADE Antibody-dependent enhancement
ADMB Antibody-dependent mucin binding
APC Antigen presenting cell
C1q Complement component 1q
CD Cluster of differentiation
CDC Complement dependent cytotoxicity
CRS Cytokine release syndrome
Fab Fragment antigen-binding
Fc Fragment crystallizable
FcR Fc receptor
FcRn Neonatal Fc receptor
FcαR Fc receptor alpha
FcγR Fc receptor gamma
FcμR Fc receptor mu
FcεR Fc receptor epsilon
GPI glycophosphadylinositol
Ig Immunoglobulin
MAC Membrane attack complex
MHC Major histocompatibility complex
NK Natural killer
SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2
TDM-1 Trastuzumab emtansine
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