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Figure 5. Amino acid mutation sites with impact on FcyR and FcRn binding. Ribbon structure of
dimeric 1gG-Fc regions with highlighted amino acids involved in FcyR and FcRn binding.
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IGG-FC SUBSTITUTIONS TO MODULATE FCyRI BINDING

Three genes coding for FcyRI have been described (FCGRIA-C), but only FCGR1A encodes the
prototypic high affinity receptor for monomericIgG (Ernst et al., 1998; Bournazos et al., 2017).
All human subclasses, except 1gG2, bind to FcyRI with high affinity. However, the alteration
of glycine to alanine at position 236 in IgG1 Fc results in reduced affinity for FcyRI (Richards
et al., 2008). Interestingly, 1gG2 Abs, which naturally only bind FcyRlla and lack G236, gain
binding to both FcyRI and FcyRllla after insertion of glycine at position 236, highlighting the
overall importance of G236 in IgG for FcyR interaction (Brinkhaus et al., 2020). Variants of
IgG1 expressing alanine instead of glycine at the adjacent position 237 have reduced FcyRI
affinity and reduced FcyRIlla-mediated ADCC (Morgan et al., 1995). Another mutation of IgG1
in the lower hinge region that abrogates FcyRI is E233P (Armour et al., 1999). Binding to FcyRI
is reduced for 1gG4 due to two mutations at position P331S and L234F in comparison to IgG3
(Lund et al., 1991) and IgG1 (Armour et al., 1999).

IGG-FC SUBSTITUTIONS TO MODULATE FCyRII BINDING

The group of FcyRIl comprises two activating receptors (FcyRlla and FcyRlic) and one
inhibitory receptor (FcyRIIb). FcyRllais the most widely expressed FcyR on myeloid cells. The
binding affinity to FcyRlla varies among subclasses (1gG3 > 1gG1 > 1gG4 = 1gG2). Two FcyRlla
isoforms exist, one corresponds to low-responders (arginine at position 131) and one to high-
responders (histidine at position 131). Binding to FcyRIlb and FcyRlic is weak for all subclasses
(1gG3=1gG1 =1gG4 > 1gG2) [reviewed in (Rosales, 2017)].

The G236A mutation in combination with S239D/I332E (referred to as DE) mutationsin the IgG1
Ab, increases the binding affinity to FcyRI (3-fold), FcyRlla (70-fold), and FcyRllla (31-fold) was
achieved (Richards et al., 2008). This enhancement of FcyRI and FcyRllla affinity for G236A/
$239D/1332E was accompanied by a 13-fold increase in binding to inhibitory receptor FcyRIlb.
Nevertheless, this triple mutation enhanced ADCP and ADCC activity of an IgG1 (Richards et
al., 2008). The addition of A330L to G236A/S239D/1332E (referred to as GASDALIE) allowed the
increased binding affinity to FcyRlla (25-fold) and low affinity FcyRllla F158 (30-fold), while
the FcyRIIb binding affinity was only slightly increased (Smith et al., 2012; Ahmed et al., 2016).

The H268F/S324T (referred to as FT) double substitution resulted in decreased FcyRI, FcyRlla-
131Rand FcyRIIb binding (Moore et al., 2010). However, the addition of the DE and G236A/1332E
(referred to as AE) substitutions to the FT variant improved FcyR binding considerably. The
combination of FT + DE resulted in enhancement to FcyRs, particularly to FcyRllla, whereas
the combination of FT + AT resulted in selective enhancement for FcyRIla and FcyRllla. These
generated variants also enhanced correlated effector functions (ADCC: up to 22-fold; ADCP: up
to 4.7-fold). The S267E/H268F + S324T variant (referred to as EFT) increased binding to FcyRlla
R131 and FcyRIIb significantly. Combination with the AE substitution produced a variant (EFT +
AE) with increased FcyRlla affinity and FcyRIlla binding slightly better than native IgG1 (Moore
et al., 2010). Whereas, the amino acid substitutions S267E/L328F when introduced into IgG1,
resulted in increased binding affinity to FcyRIlb (430-fold) with minimal changes in binding
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to FcyRI, FcyRIla-131H and no binding to FcyRI1a-158V (Chu et al., 2008). The mutation P238D
also enhanced binding to FcyRIIb, while either completely abolishing or significantly reducing
binding to FcyRI, FcyRIla-131H and FcyRIla-158V (Mimoto et al., 2013b). This mutation (P238D)
in combination with five additional amino acid substitutions E233D/G237D/H268D/P271G/
A330R (termed V12) enhanced binding to FcyRIlb even more extremely (~217-fold) (Mimoto
etal., 2013b; Liu et al., 2020). Other sets of substitutions described to enhance IgG1 binding
to FcyRIIb encompass G236N/H268D and G236N/H268D/A330K, which are abbreviated V2
and V3, respectively (Hori et al., 2022). IgG1 with V12-, V2- or V3- bearing Fcs were found to
engage FcyRIIb forits rather recently discovered recycling function (Iwayanagi et al., 2015), and
demonstrated efficient soluble target clearance in vivo when combined with antigen-sweeping
Fabs (lwayanagi et al., 2015; Muramatsu et al., 2021; Hori et al., 2022).

Strongly reduced binding to FcyRIla-131R, but also to both FcyRIlIb and FcyRIla-158F, can be
achieved by a single mutation D270A. This mutation does not affect binding to either FcyRl,
FcyRlla-131H, or FcRn (Shields et al., 2001).

IGG-FC SUBSTITUTIONS TO MODULATE FCyRIII BINDING

Two FcyRIIl members have been described (FcyRllla and FcyRIlb). The binding affinity to
FcyRllla varies among subclasses as follows: 1gG3 > 1gG1 >> IgG4 = 1gG2. Two FcyRllla allelic
variants exist, expressing either valine (high responder) or phenylalanine (low responder) at
position 158 [reviewed in (Rosales, 2017)]. FcyRIlIb generally binds IgG1 and 1gG3, but not IgG2
and 1gG4 (Bournazos et al., 2017).

It has been demonstrated that IgG3 allotypes with a phenylalanine at position 296 (IGHG3*11
and IGHG3*12), or a tryptophan at position 292 (IGHG3*18 and IGHG3*19) exhibit a lower
affinity to FcyRIlla and ADCC activity. In addition, IgG3 allotypes with a leucine at position 291
(IGHG3*14,1GHG3*15, and IGHG3*16) also showed reduced ability to mediate ADCC, but without
apparent changes in affinity to bind FcyRIlla (de Taeye et al., 2020). The same study has also
shown that IgG3 Abs with a short hinge, e.g., IGHG3*04 (2 exons), exhibited the strongest ADCC
capacity, but this was not reflected by an increased affinity for the receptor FcyRllla (de Taeye
etal.,2020). The two IgG3 variants IGHG3*01m (GenBank:MK679684) and IGHG3*17, both carry
mutations at 419 (glutamic acid) and 392 (lysine) respectively. Even though these positions
do not define these allotypes, they are implicated in improved binding to FcyRIll and FcyRIIb
receptors and enhanced ADCC responses in anti-HIV Ab responses (Richardson et al., 2019).

Both the combination of S298A, E333A, and K334A mutations (referred to as AAA) in an IgG1 Ab
in combination with DE improved the affinity to both allotypes of FcyRllla (Shields et al., 2001,
Lazar et al., 2006). However, an increase in binding to the inhibitory FcyRIlb was also observed
with the I332E/S239D double mutant (Lazar et al., 2006). By the addition of a leucine at position
330, 5239D/1332E/A330L (referred to as DLE), this effect was reversed. The DLE mutations cause
an open conformation of the Fc by separating the two C 2 by introducing additional hydrogen
bonds between S239D/I1332E in the Fc and lysine at position 158 in the FcyRlIlla (Oganesyan
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et al., 2008). In addition, Mimoto et al. showed that Abs with mutations L234Y, G236W, and
S298A (referred to as YWA), in one heavy chain and DLE in the other, mediated ADCC of tumor
antigen-expressing cells at a higher capacity than Abs that contained only the YWA or DLE
mutations (Mimoto et al., 2013a). Combinations of F243L, R292P, Y300L, V305I, and P396L
(referred to as variant 18) mutations had an improved Fc binding to FcyRlla and FcyRllla (10-
fold) without increasing binding to the inhibitory FcyRIIb receptor (<2-fold), resulting in >100-
fold increase ADCC activity (Yamane-Ohnuki et al., 2004; Stavenhagen et al., 2007; Bang et al.,
2017). However, this combination of mutations has evolved to L235V, F243L, R292P, Y300L, and
P396L in follow-up studies (Stavenhagen et al., 2008; Nordstrom et al., 2011).

IGG-FC SUBSTITUTIONS TO REDUCE COMPLEMENT AND FCyR BINDING

To reduce or prevent Ab to FcyRs, a single mutation of leucine to glutamic acid at position
235 is sufficient for reduced binding (100-fold) to the FcyRs on U937 cells (Alegre et al., 1992).
Arefined IgG1 variation was found which comprises of the combination of L234A and L235A
(referred to as LALA), which reduced detectable binding to FcyRI, FcyRlla, and FcyRllla, but
also complement, significantly (Wines et al., 2000; Xu et al., 2000). The use of LALA appears
to be more effective than either L234A or L235A alone and only in combination, low to
undetectable binding to the high affinity Fc receptor FcyRI can be achieved (Lund et al., 1991).
The LALA mutations have provided a foundation for the modification of other mutations. LALA
in combination with P331S can eliminate binding to FcyRs completely without disrupting the
overall conformation of the Fc (Oganesyan et al., 2008; Wilkinson et al., 2021). Similarly, LALA
combined with glycine at position 329 (referred to as LALAPG) was an enhancement over LALA
mutations alone in that that combination eliminated Fc-mediated effector functions, including
complement (Schlothauer et al., 2016; Lo et al., 2017). Similarly, the LALAPG mutations with a
N297A substitution, resulting in non-glycosylated Fc, also have no detectable binding to any
FcyR (Brinkhaus et al., 2020; Wilkinson et al., 2021). On top of that, Engelberts et al. showed
that the combination of L234F/L235E/D265A resulted in no detectable binding to FcyRI, and
reduced binding to both the low affinity FcyRs and C1q (Wang et al., 2018; Engelberts et al.,
2020). In addition, the mutations G236R/L328R either reduced or complete abrogated binding
to the FcyRs (FcyRIla-131R and FcyRIla-158F were not assessed) and the S267E substitution
reduced binding for all low affinity FcyRs (Chu et al., 2008). A substitution to lysine at position
267 combined with a series of E233P/L234V/L235A mutations and a deletion of residue G236
(resembling the lower hinge of 1gG2) showed a lack of binding to all FcyR (FcyRIla-158F was
not assessed) (Moore et al., 2019). Together, this points to a crucial role of this lower hinge
region to regulate the binding to FcyR.

Other crucial mutations in various combinations that can eliminate FcyRI, FcyRlla, FcyRIlb, and
FcyRllla binding include proline 233, alanine 237, and alanine 318 (Shields et al., 2001; Lo et
al., 2017). Glycine 237 and glutamic acid 318 are both essential for FcyRIl binding (Lund et al.,
1991). Another double mutation is S228P and L235E (referred to as SPLE or PE) (Wessels et al.,
2016). The SPLE mutations have been introduced into IgG4, even though 1gG4 has low binding
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to FcyRin general due to the phenylalanine at position 234 (Newman et al., 2001). In addition,
it has been shown now that S228P stabilizes the structure of IgG4 and prevention of FAE in vivo.

The Fcvariant of IgG2 (referred to as 1gG20), with V234A/G237A /P238S/H268A/V309L/A330S/
P331S substitutions showed no affinity for FcyRs and C1q resulting in the total lack of inducing
any immune effector functions.

BINDING TO FCRN

Over the years, it also became apparent that FcRn has more important functions including the
transfer of IgG and IgG-immune complexes (ICs) into luminal secretions for delivery of antigens
to mucosal dendritic cells (Ohsaki et al., 2018; Yoshida et al., 2004) and orchestrating cellular
responses to 1gG-ICs (Cines et al., 2020; Hubbard et al., 2020; Pyzik et al., 2019; Vidarsson et al.,
2006). FcRn is a major histocompatibility complex I-like membrane-associated receptor, that is
mostly intracellularly expressed (Ober, Martinez, Vaccaro, Zhou, & Ward, 2004), which consists
of a 40 kDa a chain with three subunits and a non-covalently associated R2-microglobulin of
12 kDa (Pyzik et al., 2019). The binding site of FcRn on IgG is located at the C 2-C 3 junction of
thelgG Fcregion. The interaction is highly pH dependent as IgG Abs only bind FcRn at acidic pH
(pH <6.5), whereas no binding at physiological pH occurs. This is based on the pH-dependent
protonation of some of the interface residues. Under acidic conditions, the residues 1253, H310
and H435 of the IgG Fc region (Kim et al., 1999; Raghavan, Bonagura, Morrison, & Bjorkman,
1995) interact with E115 and N130 of FcRn (Oganesyan et al., 2014).

IGG-FC SUBSTITUTIONS TO MODULATE FCRN BINDING

Each of the interface residues 1253, H310 and H435, when substituted to alanine, were found
to largely reduce binding to human FcRn (Kim et al., 1999). Combining the three substitutions
1253A, H310A and H435A (referred to as IHH) in an 1IgG1 completely abrogates binding to human
FcRn (Qiao et al.,2008). The IHH and the H435A variants are now commonly used as a non-FcRn
binding variants (Grevys et al., 2018; Qiao et al., 2008).

In contrast to abrogating IgG binding to FcRn, efforts were made to influence the IgG-FcRn
interaction to increase serum half-life. A study used rationally designed libraries targeting the
IgG-FcRn interface around residues 252 to 256 and 433 to 436, which among others identified
an IgG1 Fc variant, bearing M252Y, S254T and T256E (referred to as YTE) substitutions. This
YTE variant exhibited stronger binding to human FcRn (4-fold) at acidic pH and increased Ab
half-life (Dall’Acqua, Kiener, & Wu, 2006; Robbie et al., 2013). This confirmed that increased
FcRn binding only occurs at acidic pH, which prolongs IgG serum persistence (Dall’Acqua et
al., 2002). Following this rational, an IgG1 variant with H433K and N434F (referred to as KF)
substitutions (Vaccaro, Bawdon, Wanjie, Ober, & Ward, 2006) showed enhanced binding to
FcRn atendosomal pH (16-fold) and extended half-life in nonhuman primates (NHP) (Monnet
etal.,2021;Van de Walle, Silence, Budding, Van de Ven, Dijkxhoorn, de Zeeuw, Yildiz, Gabriels,
Percier, Wildemann, et al., 2021). A similar pH-dependent affinity to both human and NHP FcRn
was found for the single substitution at position 434 from either asparagine to alanine (~2-fold)
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or to tryptophan (80-fold), which exhibited prolonged half-life in NHPs compared to wild type
IgG (Yeung et al., 2009). Another IgG Fc variant proven to both exhibit 11-fold enhancement in
binding affinity to FcRn and extend half-life in humans bears M428L and N434S substitutions
(referred to as LS) (Ko, Jo, & Jung, 2021). Again, the extended half-life is attributed to reducing
the variants off-rate at pH 6.0. However, an increased in vivo efficacy might depend on the
disease model system and target kind, given that the same variant in a platelet depletion
model in human FcRn and FcyR transgenic mice did not outperform wild type 1gG, despite
exhibiting significantly longer half-life (Borghi et al., 2020). Nevertheless, the LS variant is
being evaluated in multiple human clinical trials and was lately granted in a C5 complement
inhibitor (Ko et al., 2021; Kulasekararaj et al., 2019), making it the most used half-life extension
substitutions in clinical stage programs (Ko et al., 2021). Comparable FcRn binding profiles
were described for the single amino acid substitution M428L and the combination of T250Q/
M428L, which both achieved significantly slower clearance compared to wild type IgG in
rhesus monkeys (Hinton et al., 2004). T250Q/M428L and V308P bearing IgG4s have been
found to exhibit prolonged in vivo half-life in cynomolgus monkeys (Datta-Mannan et al., 2012).
Another effort resulted in the identification of three double mutant variants with a half-life
comparable to that of the LS variant in both human FcRn transgenic mice and cynomolgus
monkeys, comprising either M252Y/T256D (YD), T256D/T307Q (DQ) or T256D/T307W (DW)
substitutions (Mackness et al., 2019). Follwing that, the triple mutant L309D, Q311H and N434S
(DHS) was described, which was validated in a human FcRn, FcyR and 1gG1 transgenic mouse
model and even outperformed the YTE and LS variants regarding their half-life (Lee et al.,
2019). However, the prolonged half-life of the YTE (Robbie et al., 2013) and KF (Vaccaro et
al., 2006; Van de Walle, Silence, Budding, Van de Ven, Dijkxhoorn, de Zeeuw, Yildiz, Gabriels,
Percier, & Wildemann, 2021) variants in combination (referred to as YTE-KF or MST/HN) exhibits
increased binding to FcRn (20-fold) at both endosomal and extracellular pH (Dall’Acqua et al.,
2002). This variant binds FcRn strong enough to antagonize the IgG-FcRn interaction and was
found to specifically reduce 1gG levels in vivo. Such an Fc fragment is called an antibody that
enhances the degradation of IgG (Ward & Ober, 2018), which is being clinically investigated for
the treatment of IgG-mediated autoimmune diseases and has recently been approved for the
treatment of generalized myasthenia gravis (Goebeler et al., 2021; Howard et al., 2019; Ulrichts
etal.,2018). Other variants with enhanced binding to FcRn at both physiological and acidic pH
include M252Y/N286E/N434Y (YEY) and M252Y/V308P/N434Y (YPY) (Igawa et al., 2013), which
have been found to utilize FcRn forimproved soluble target clearance in NHP when combined
with antigen sweeping Fabs (Yang et al., 2017).

Whereas FcyR binding and N-linked glycosylation are generally thought to not affect in vivo
half-life of IgG (Leabman et al., 2013), a single amino acid deletion at position 294 in 1gG1
(AE294) was found to result in hypersialylated variants, which exhibited longer half-life than
their non-AE294 counterparts in human FcRn transgenic mice (Bas et al., 2019). This was also
confirmed for variants bearing half-life extension substitutions found by the same group,
such as V2591/N315D/N434Y (referred to as C6A-74) and N315D/A330V/N361D/A378V/N434Y
(referred to as T5A-74) (Monnet et al., 2014) (Bas et al., 2019). Other than IgG Fc mutations
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which affect the interaction of IgG with FcRn or FcRn-mediated processes, several groups
have found an impact of the Fabs [Brinkhaus et al., 2022], their flexibility (Stapleton et al.,
2019), physicochemical properties (Datta-Mannan et al., 2015; Piche-Nicholas et al., 2018;
Schoch et al., 2015) and antigen-binding on FcRn binding and cellular transport (Gjelberg et
al., 2022; Grevys et al., 2022).

Itisimportant to highlight that amino acid substitutions which affect FcRn binding, often also
influence the interaction with FcyR (and C1q) and thereby their effector function profile, which
is a critical consideration to make depending on therapeutic target and purpose (Booth et al.,
2018; Grevys et al., 2015; Lee et al., 2019).

BINDING TO ALTERNATIVE RECEPTORS

Other effector molecules that IgG Abs can interact with include the C-type lectin homolog DC-
SIGN (CD209) (Anthony, Wermeling, Karlsson, & Ravetch, 2008), two members of the FcR-like
(FcRL) family (FcRL4 and FcRL5) (Li et al., 2014; Wilson, Fuchs, & Colonna, 2012), and tripartite
motif-containing protein 21 (TRIM21) (Foss, Watkinson, Sandlie, James, & Andersen, 2015).

DC-SIGN has been described to bind to the C,2:C 3 interface of sialylated IgG Fc (Anthony et
al., 2008; Sondermann, Pincetic, Maamary, Lammens, & Ravetch, 2013). However, more recent
studies find no detectable binding of human 1gG Fc to DC-SIGN, indicating that DC-SIGN might
not be an IgG receptor, at least not in humans (Temming, Dekkers, et al., 2019; Yu, Vasiljevic,
Mitchell, Crispin, & Scanlan, 2013).

FcRL molecules are part of the Ig superfamily and are expressed on B cells (Rostamzadeh,
Kazemi, Amirghofran, & Shabani, 2018). FcRL4 only binds 1gG3 and IgG4, while FcRL5 is able to
bind all IgG subclasses (Franco et al., 2013; Wilson et al., 2012). One study suggested that FcRL5
may be involved in inducing either inhibiting or activating signals in B cell receptor signaling
pathways, depending on conjunction with CD21 (Franco et al., 2018). The exact binding
epitope of FcRL5 on IgG has not been described yet, but a complex binding interaction was
hypothesized, in which both the Fc and Fab domains of IgG are involved (Franco et al., 2013).

TRIM21is an intracellular cytosolic IgG receptor which recognizes the C 2-C, 3 interface similar
to FcRn and Protein A/G (Rhodes & Trowsdale, 2007). It was discovered that human IgG binds to
TRIM21 with nanomolar affinity (Keeble, Khan, Forster, & James, 2008). TRIM21 is relevant in the
context of Ab-dependent intracellular neutralisation of viruses and transcriptional activation
of several immune regulator genes (de Taeye et al., 2019). TRIM21 binds normal serum IgG
through its PRYSPRY domain, which is highly conserved (James, Keeble, Khan, Rhodes, &
Trowsdale, 2007; Keeble et al., 2008). Homologous PRYSPRY domains are found in 11 families in
the human genome, very little is known about the domain or how it mediates functions across
different proteins (James et al., 2007). In addition, histidine at position 433 in the C 3 domain of
IgG has been described to be critical for binding to TRIM21 (Foss et al., 2019; Foss et al., 2016).
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OUTLOOK: THERAPEUTICAL ABS

In 2021, over 130 therapeutic Ab (thAbs) were approved or in regulatory review in the United
States or European Union as treatments for diseases (Kaplon, Chenoweth, Crescioli, & Reichert,
2022). The number of novel thAbs undergoing a first regulatory review is at a record level
but the number of approved thAbs has not kept pace (Kaplon et al., 2022). One reason for
this is that the development of Ab-based therapeutics to counteract biological processes
might require more than just modifying the sequence of Ab-based molecules to modulate
its interaction with the host immune system (Saunders, 2019). This concept is the great
foundation of Ab optimization efforts and has been successful for many approved thAbs, e.g.
anti-HER2 mAb Margetuximab, with enhanced FcyR binding properties and enhanced ADCC
due to F243L/R292P/Y300L/V3051/P396L mutations in the Fc region (Nordstrom et al., 2011).

However, it has been shown that IgG variants without core fucosylation cause elevated ADCC,
through increased FcyRllla affinity (Dekkers et al., 2017; Larsen et al., 2020; Vidarsson et al.,
2014), which has resulted in next-generation glyco-engineered thAbs that lack core fucosylation
for targeting tumors (Kaplon et al., 2022). Aglycosylated thAbs have been approved for different
cancer treatments. Some examples include mosunetuzumab (RG7828, BTCT4465A), which is an
aglycosylated (N297G) humanized IgG1 bispecific Ab targeting CD20 and CD3 for the treatment
of patients with relapsed or refractory follicular lymphoma (Kaplon et al., 2022). Another
approved IgG1 thAb, using the N297A mutation, is atezolizumab (MPDL3280A, RG7446), which
engages with the protein programmed cell death-ligand 1 (Facchinetti, Bordi, Leonetti, Buti, &
Tiseo, 2018). In addition, Ab glycosylation may also have an impact on the pharmacokinetics
and pharmacodynamics of mAbs and should be considered for optimized therapeutics (Higel,
Seidl, Sorgel, & Friess, 2016). Many factors must be considered for controlling glycosylation
patterns such as the expression system, culture conditions, and purification processes to
ensure safety and efficacy (de Haan et al., 2020; Liu, 2015; Lopez et al., 2019).

Besides glycosylation, currently only IgG1, IgG2 and IgG4 thAbs are being considered,
but especially 1gG3 (most potent subclass in mediating Fc effector functions) and 1gG
polymorphisms could be utilized to enhance Ab-mediated effector function via to differential
binding to endogenous FcyRs and complement proteins (Damelang, Rogerson, Kent, & Chung,
2019). Studies have shown that mAbs with identical variable regions, but different IgG subclasses
and allotypes can mediate enhanced Fc effector function, modulated by the hinge length and
naturally occurring amino acid substitutions (Chu et al., 2020; de Taeye et al., 2020; Richardson
etal,, 2019). IgG3 is currently not used for any thAbs due to its short half-life and large number
of alleles which may result in anti-allotypic effects. However, IgG3 variants such as IGHG3*17,
*18, and *19 have a half-life equivalent to IgG1 and there is no evidence that allelic mismatch
causes any clinical adverse effects (Bartelds et al., 2010; Richardson et al., 2019; Stapleton
et al., 2011; Webster et al., 2016). Therefore, next generation thAbs should consider utilizing
IgG3 backbones due to the greater molecular flexibility and stronger affinity to FcyR and C1q.
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Despite being the least abundant IgG in human plasma, IgG4 Abs are used therapeutically
when weak effector functions are needed. As of 2019, more than 30 biopharmaceuticals with
an IgG4-based Fc fragment were approved or were in late-stage clinical development (Dumet,
Pottier, Gouilleux-Gruart, & Watier, 2019). The 1gG4 FAE serves as an additional mechanism
for generating mAbs (Moore et al., 2019; Smith et al., 2015). Recently, bispecific mAbs have
emerged as a growing new class of therapeutics with a wide spread of bispecific Abs across all
stages of clinical trials and platforms, some of which inspired by IgG4 FAE (Labrijn et al., 2013;
Labrijn et al., 2014). The generation of bispecific thAbs allows recruiting T cells to tumor sites in
animmunological synapse, blocking of receptors for more effective inhibition of autoimmune
activity, and mimicking cofactor activity (Brinkmann & Kontermann, 2017; Moore et al., 2019).
Other current areas of development of improved IgG4-based therapeutics focuses on half-life
modulation, stability, and downstream processes. For example, it has been demonstrated that
1gG4 mAbs with the S228P/L235E/R409K mutations, not capable of half-molecule exchange,
showed less of a tendency to aggregate at low pH than S228P/L235E variants and stabilization
of IgG4 Abs in non-exchanging formats (Labrijn et al., 2011). The E357Q/S364K-L368D/K370S
variant resulted in a C 3 region that remained more stable than that of native IgG4 (Moore et
al., 2019). The YTE mutations seem to have the mostimproved pharmacokinetic propertiesin
combination with reduced effector functions (Borrok et al., 2015; Robbie et al., 2013).

Even though itis possible to learn a lot through natural and engineered Fc modifications, new
approaches may be needed to consider and screen variants containing multiple mutations,
glycan profiles and effector molecule binding, especially when hexamerization or bispecific
Abs comein play (Da Chen et al., 2021). The Ab modifications should be substituted into next
generation thAbs, but also in monitoring of therapeutically administered IgG (van Tilburg et
al., 2022). Understanding the key determinants that shape Ab-mediated functionsis crucial in
designing more effective Ab-based therapeutics. Therefore, exploring the associations between
1gG allotypes and/or glycan profiles and effector functions, including poorly understood
mechanisms such as TRIM21 binding, could open new strategies in the development of
thAbs. With growing understanding of Ab-mediated immune responses and the constant
development of molecular technologies, the scope for Ab-based therapeutics is limitless.
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CHAPTER 10

ENGLISH SUMMARY

IgG can interact with a variety of Fc receptors that are expressed throughout immune and
non-immune cellular compartments of the body or that are present in soluble form in blood.
Such Fc receptors can confer immunological protection by mediating downstream effector
functions towards IgG opsonized immune complexes by immune cells (Fc gamma receptors
(FcyR)) orin solution by the complement system. Another receptor, the mainly intracellularly
expressed neonatal Fc receptor (FcRn) protects I1gG from catabolism by rescuing 1gG from
lysosomal degradation, transports it across epithelial barriers and co-mediates FcyR-
mediated immune functions.

Chapter 1 introduces the 1gG subclass and 1gG Fc receptor biology, relevant cell systems
and mutational approaches that aimed at both understanding the molecular basis for IgG Fc
receptor interactions and at the identification of modifications in the Fc or the variable region to
(conditionally) increase or abrogate binding for therapeutic purposes. Special emphasisis given
on Fc mutations that abrogate FcyR binding and complement binding or that enhance FcRn
binding for therapeutic application. Such enhancements encompass both increased binding at
acidicendosomal pH to extend IgG half-life and increased binding at both acidic and physiological
pH (IgG1-MST-HN to YTE-KF) to antagonize binding of other (autoreactive) IgG to FcRn.

In Chapter 2, we investigated how alanine substitutions and deletions in the lower hinge
region of IgG at position 236 and 237 in IgG1 (and IgG2) affect complement and FcyR binding.
We found that a single amino acid deletion at position 236 (AG236) in 1gG1 results in an Fc
region thatisincapable of binding to FcyRs whereas it remains fully complement competent.
When introducing G236 to IgG2 that naturally lacks this amino acid at this position, IgG2 gains
substantial binding to FcyRI and loses binding to FcyRilla.

In Chapter 3, we investigated why 1gG2 is transported less efficiently across the placenta
in comparison to IgGl. We found that 1gG1 was transported less efficiently across a cell
layer than WT IgG1 when introducing the above mentioned deletion at position 236 in IgG1
(AG236), however, the transport efficacy was comparable to that of IgG2. We suggested that the
shortened hinge of IgG2 and 1gG1AG236 limits the flexibility of the Fabs compared to WT IgG1.
IgG binds to FcRn with the Fabs pointing towards the membrane, which led us to hypothesize
that steric hindrance caused by the Fabs of these IgGs when binding to FcRn would be greater,
thereby negatively affecting FcRn-mediated transcellular transport.

Along these lines, we reasoned that the Fabs as a solely steric entity could affect FcRn-mediated
cellular trafficking. In Chapter 4, we compared IgG1-WT and IgG1-MST-HN variants with no,
one or two Fab arms and found that an Fc fragment binds most efficiently to membrane-
associated FcRn in comparison to entities with one or two Fab arms. These differences could
not be described with classical biochemical methods measuring I1gG binding to FcRn that
do not involve a membrane. In the context of antagonizing IgG binding to FcRn by an 1gG1-
MST-HN, we found that an Fc fragment enters cells more efficiently and occupies intracellular
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FcRn more efficiently than its full-size 1gG counterpart. We validated these findings in vivo in
cynomolgus monkeys and found that Fc-MST-HN resulted in an overall more efficient reduction
of circulating IgG levels compared to IgG1-MST-HN. These findings have implications for the
design of Fc based therapeutics.

Patients with Rheumatoid arthritis commonly present with IgG that is highly sialylated on the
Fabs. Collaborators had found that such IgG was transported less efficiently across the placenta.
In Chapter 5, we found that the same principle as described in Chapter 4 applies for Fab-sialylated
IgG. The charge and steric bulk of Fab sialylation hinders binding of such IgG to membrane-
associated FcRn with negative effects on transport efficacy across the placental barrier.

Chapter 6 was a contribution to an ongoing discussion following the publication of a research
articlein a highimpact journal and an accompanying comment. The authors suggested that IgE
could be transported across the placentain a directly FcRn-dependent manner. We measured
IgE binding to FcRn and found that IgE does not bind to FcRn. We concluded that IgE could
hypothetically be transported across the placenta in complex with IgG.

Cells of the myeloid compartment express both high levels of FcyRs and FcRn. It was suggested
in literature that these cells (e.g. monocytes or macrophages), when FcRn-deficient, turn into
degradative sinks for IgG. This was in line with earlier work that described myeloid cells to be
contributing to about 50% of the in vivo recycling capacity of FcRn in mice. Additionally, recent
data suggested cooperative effects between FcyRlla and FcRn in the context of IgG immune
complex processing. These observations motivated us to ask the question in Chapter 7, if
FcyRs could act as entry hubs for the uptake of monomeric IgG in myeloid cells which along
with the acidification of the endosome would hand over IgG to FcRn. We used MST-HN and
related variants with WT FcRn binding capacity both with modified FcyR binding properties
to investigate this question and found that FcyRI and FcyRIla both contribute to the uptake of
monomeric IgG in monocytic cells and shuttle IgG to FcRn. Also enhancement of IgG binding to
FcRn led to an increased uptake, whereas especially FcyR-silenced 1gG would barely enter such
cells. We applied these findings and showed that an MST-HN variant with enhanced binding to
FcyRlla (Fc-G236A-MST-HN) more efficiently occupies FcRn than Fc-MST-HN in both monocytic
cells and blood monocytes. This work describes a new function for FcyRs and appliesitin the
context of FcRn antagonism for therapy.

Chapter 8 is the general discussion of this thesis. It summarizes the findings of the previous
chapters and discusses them in perspective of recent literature.

Chapter9is areview about naturally occurring IgG Fc variations (allotypes) and to date described
targeted IgG Fc substitutions that modify 1gG binding to FcyRs, FcRn and/ or complement.
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NEDERLANDSE SAMENVATTING

IgG kan interacties aangaan met verschillende Fc receptoren, die door meerdere cellulaire
componenten van hetimmuunsysteem, maar ook daarbuiten, tot expressie worden gebracht. Ook
zijn Fc receptoren in vloeibare vorm aanwezig in het bloed. Deze receptoren bieden immunologische
bescherming door het initiéren van immuunreacties na het ontstaan van IgG geopsoniseerde
immuuncomplexen door immuuncellen via Fc gamma receptors (FcyR) of in vloeibare vorm
via het complementsysteem. De Neonatale Fc-receptor (FCRn) is een receptor die voornamelijk
intracellulair tot expressie wordt gebracht en die IgG beschermt van degradatie door lysosomen,
antilichamen over epitheellagen transporteert en FcyR-gedreven immuunreacties helpt reguleren.

Hoofdstuk 1 introduceert IgG subklassen, IgG Fc receptor biologie en relevante cellulaire
systemen. Ook worden hier verschillende mutaties beschreven die als doel hadden om zowel
de moleculaire basis van 1gG Fc receptor interacties te begrijpen, als ook om modificaties in
Fc of variabele regio’s te identificeren om hiermee (gecontroleerd) binding te versterken of
verminderen voor therapeutische doeleinden. Nadruk is gegeven aan Fc mutaties die FcyR
en complement binding verminderen, of die FcRn binding versterken voor therapeutische
toepassingen. Deze aanpassingen omvatten zowel betere binding bij zure endosomale pH
om IgG halfwaardetijd te verlengen, als betere binding bij zowel zure als fysiologische pH
(IgG1-MST-HN to YTE-KF) om binding door andere (autoreactieve) IgG aan FcRn tegen te gaan.

In hoofdstuk 2 onderzochten we hoe substitutie door alanine of deletie van een aminozuur
in de lagere hinge regio van IgG op positie 236 en 237 in 1gG1 (en IgG2) complement en FcyR
binding beinvloedt. We ontdekten dat één enkele aminozuurdeletie op positie 236 (AG236)
in 1gG1 resulteert in een Fc regio die niet in staat is om FcyR te binden, terwijl het volledig
functioneel blijft als het gaat om complement activatie. Toen we G236 introduceerdenin IgG2,
wat van nature dit aminozuur op deze positie mist, verbeterde binding van IgG2 aan FcyRl,
maar verminderde binding aan FcyRlla.

In hoofdstuk 3 onderzochten we waarom IgG2 minder efficiént door de placenta wordt
getransporteerd, vergeleken met IgG1. We vonden dat bovengenoemde IgG1AG236 minder door
een cellaag heen werd getransporteerd, vergeleken met WT IgG1 en dat efficiéntie van transport
vergelijkbaar was met IgG2. We veronderstelden dat de kortere hinge van 1gG2 en 1IgG1AG236 de
flexibiliteit van de Fabs beperkt, vergeleken met WT IgG1. IgG bindt aan FcRn met de Fabs naar het
membraan gericht. We hypothetiseren dat de kortere hinge leidt tot sterische hindering bij het
binden van FcRn, waardoor FcRn-gemedieerd transport bemoeilijkt wordt, vergeleken met IgG1.

Volgend hierop vermoedden we dat Fabs FcRn-gemedieerd cellulair transport konden
beinvloeden door hun sterische eigenschappen. In hoofdstuk 4 vergeleken we IgG1-WT en
IgG-MST-HN varianten met geen, één of twee Fabs en vonden dat een Fc fragment zonder Fabs
het meest efficiént bindt aan membraangebonden FcRn, vergeleken met IgG met een of twee
Fab fragmenten. Deze verschillen konden niet worden verklaard door klassieke biochemische
methodes waarbij IgG binding aan FcRn wordt onderzocht zonder membraan. In de context van het
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verhinderen van binding van IgG aan FcRn door IgG1-MST-HN vonden we dat een Fc fragment het
meest efficiént in cellen wordt opgenomen en intracellulair FcRn bindt vergeleken met volledige
IgG moleculen. Deze bevindingen werden in vivo in cynomolgus apen gevalideerd, waaruit bleek
dat Fc-MST-HN het niveau circulerend IgG efficiénter verlaagt, vergeleken met IgG-MST-HN. Deze
bevindingen hebben implicaties voor toekomstig ontwerp van therapeutische antilichamen.

Patiénten met reumatoide artritis presenteren zich vaak met IgG dat sterk gesialyseerd is op
de Fabs. Samenwerkingspartners vonden dat dit type IgG minder efficiént door de placenta
wordt getransporteerd. In hoofdstuk 5 leerden we dat de principes beschreven in hoofdstuk
4 ook gelden voor Fab-gesialyseerd IgG. De lading en sterische eigenschap van gesialyseerde
Fab fragmenten verhindert binding van dit IgG aan membraangebonden FcRn, met daarmee
een negatief effect op efficiéntie van transport door de placenta.

Hoofdstuk 6 was een bijdrage aan een discussie die volgde op een publicatie in een tijdschrift met
hoge impact factor. De auteurs schreven dat IgE door de placenta kan worden getransporteerd
op een FcRn gemedieerde wijze. Ons onderzoek wees uit dat IgE niet bindt aan FcRn.
Mogelijk zou IgE in complex met IgG door de placenta heen kunnen worden getransporteerd.

Myeloide cellen brengen hoge niveaus van FcyRs en FcRn tot expressie. In de literatuur is
voorgesteld dat wanneer FcRn expressie in deze cellen (zoals monocyten of macrofagen) wordt
verhinderd, deze cellen op hoog tempo IgG degraderen. Dit was in lijn met eerder beschreven
bevindingen dat 50% van de in vivo recycling van IgG door FcRn in muizen plaatsvindt in
myeloide cellen. Recente data beschreef codperatieve effecten tussen FcyRlla en FcRn in het
proces van opname en verwerking van immuuncomplexen. Deze observaties motiveerden ons
om de vraag uit hoofdstuk 7 te onderzoeken, namelijk of FcyRs in myeloide cellen kunnen
dienen als ingang voor monomerisch IgG, waarbij tijdens verzuring van het endosoom IgG
wordt overgedragen aan FcRn. We gebruikten MST-HN en gerelateerde varianten met de
capaciteit van WT 1gG om FcRn te binden met gemodificeerde FcyR-bindingseigenschappen
om deze vraag te onderzoeken. We vonden dat FcyRI en FcyRlla beide bijdragen aan de
opname van monomerisch IgG in monocytische cellen en IgG doorgeven aan FcRn. Ook het
verbeteren van binding van I1gG aan FcRn leidde tot een verhoogde opname, terwijl IgG wat
geen FcyR bindt nauwelijks werd opgenomen. We pasten deze bevindingen toe en toonden
aan dat een MST-HN variant met verbeterde binding aan FcyRlla (Fc-G236A-MST-HN) FcRn
meer efficiént satureerde dan Fc-MST-HN in zowel een monocytische cellijn als monocyten
uit bloed. Dit werk beschrijft een nieuwe functie voor FcyRs en past het toe in een context van
FcRn antagonisme voor therapeutische doelen.

Hoofdstuk 8 is de afsluitende discussie van deze thesis. Het vat de bevindingen van voorgaande
hoofdstukken samen en plaatst deze in perspectief van de meest recente literatuur.

Hoofdstuk 9 is een review over natuurlijk bestaande IgG Fc variaties (allotypen) en tot op heden
beschreven IgG Fc substituties die IgG binding aan FcyRs, FcRn en/ of complement modificeren.
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Differentiates FcyR from Complement Effector Function
In HouseSe@narSanqwn Research: Invol'vementochy.Rsm upEake 02/2021 0.5 ECTS
of monomeric IgG - Anew angle on improving therapeutic mAbs
In Ho.use Seminar Sanquin Rgsearch IHE ‘The IgG-Fab ’reglon 04/2021 0.5ECTS
negatively affects cell entry and intracellular FcRn occupancy
FcRn science meetmg.atargenx BVBA TheIgG—Fabyreglon negatively 04/2021 0.5 ECTS
affects cell entry and intracellular FcRn occupancy
FcRn science meetmg'atargenx BVBA TheIgG-Fab7reg|on negatively 11/2021 0.5 ECTS
affects cell entry and intracellular FcRn occupancy
AIII PhD retreat, ‘The IgG—Fab’reglon negatively affects cell entry and 12/2021 0.5ECTS
intracellular FcRn occupancy
Posters (meeting) 2018-2021  2.0ECTS
Sanquin Science Day 2018 0.5 ECTS
ENII Summer school (Italy) 2019 0.5ECTS
NVVI Annual meeting
(Inter)national conferences 2017-2021 0.8 ECTS
Sanquin Science Day (Amsterdam) 2019 1.2 ECTS
ECI 2018 (Amsterdam) 2019,2020 0.6 ECTS
NVVI Lunteren Symposium (Lunteren) 2018,2020 0.6 ECTS
NVVI Annual Meeting (Biddinghuizen) 2019,2021 1.2 ECTS
Al&ll retreat 2021 0.6 ECTS
Antibody Engineering and Therapeutics 2021
Other presentations 2017-2022 2ECTS
Journal Club
2. Teaching 10 l
Year Workload
(Hours/ECTS)
Supervising (name, title project, department) 2019 1.5ECTS
MSc student Ruben Douwes (internship, 6 months) 2020 1.5ECTS
MSc student Elvera van der Kooi (internship 6 months) 2020 3.0 ECTS

Guidance of project-based technician (Elvera van der Kooi, 12 months)
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Hans, both trusting that it would probably be right when embarking on that journey together.
Looking back, I'm incredibly grateful that | could learn and thrive under your supervision for
a good 4.5 years. You were a great example for how to do science, be critical, of how to write
and think in papers, how to zoom out and see the bigger picture and most importantly how
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you gave Mathilde for her birthday won’t leave our house anymore.
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a f*** about political correctness’ and cotton-dry humor. | guess within the first two weeks |
had heard more jokes about Germans than | would have ever thought existed.

Zoltan, | won’t forget our cigarettes back then in the dungeon when | was facsing late and
something didn’t work. You always had a minute to listen and acknowledge it with that of
your own calmness.

Thijs, you were great company at the Island of coolness, | really enjoyed having scientific,
personal and geeky tech discussions with you.

Mads, your positivity and your enthusiasm for science is contagious. I'm looking forward to
seeing what you’ll do in your new playground in Copenhagen!

281

10



282

CHAPTER 10

Steven (Dr. de Taeye), thanks for the input when | was getting started at the lab. | always
admired your unbelievable calmness as well as your determined focus on Fridays: Is het al
tijd voor bier?

Robin, it was great fun with you and your particular humour. It’s good that you’re in science,
science profits from you!

Elvera, thank you for all your great help during the project. Even when | was incapable of
articulating what I wanted to say you knew what I meant and just did the experiment. With your
technical brilliance you had a great influence on the success of this project, the data output
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the steering wheel of your own project!

Janita, keep that unbelievable honesty and friendliness of yours. | was a pleasure to work
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Federica, although it was only a short time of seeing each other again in Amsterdam during
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Timon, I'm glad that you joined the group and that we met at work and beyond. I’m confident
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Casper and Jana, it was great to have you as colleagues, great energy and enthusiasm! I’'m sure
that our paths will keep crossing in Amsterdam and hopefully elsewhere in the professional
world and beyond!
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Juulke, thanks for so much positivity!

Mikhail and team from the LUMC, thanks for that great collaboration. It was a long run, but
fruitful and rewarding in the end!

Aryan and Vahid, thanks for pushing me through my limits during the boxing sessions in the
evening when there was some frustration from work to get rid of!
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would only realize minutes prior to transfections or granting me access to your endless hands-

on experience with HPLC-SEC, blots, labelling, ELISAs, reagents, machines, ... THANK YOU!

Theo, thank you for having your great brain(s?) thinking along - very much appreciated
scientific exchange.

Cheers to the team of the Y building, Bogac, Bram, Eveline, Paula, Naoual, Giota, Mark,
Simon! Mark, Simon and Erik, big thanks for your assistance with microscopy, image stream

and flow cytometry experiments and the great company when crashing U2 borrels and beyond!

Cheers to the all-out party team of the Y-building with special thanks to Eveline, Bram and
Bogac for these beautiful beer-intense lost nights in Amsterdam.

Anita, a real Amsterdammer! Open, welcoming and willing to help from day 1! Thank you!

Fatima, the good soul of U2! Thank you for all those small nice moments and chats! (And for
helping me fix blood when | was too late to order).
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Anna and Felix, you’re the living and surprising evidence that also people working on T cells
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Riv, | still believe that you have access to some secret tunnels at Sanquin, otherwise | can’t
explain how you managed to be everywhere at the same time. I'm looking forward to the
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Dorien, thanks for the many kickbox sessions and evenings out!
Radion, you place of worst service, lost bills and lost souls. Atoxic relationship, but Iwon’t forget you!

Amsterdam. You were the perfect place to be both professionally and personally for these
almost 5 years. You’ll always have a place in my heart and please take the best care of these
fantastic people mentioned above.

argenx. Erik, | guess you have put a good word in for me with Hans, as you as my supervisor
were the first one who 1in 2017 asked if a PhD project related to argenx would be a possibility
- thank you for that! And to you Hans and Tim, a big thank you for that trust in advance that
you gave me when you put me on that journey together with Gestur. I’'m very grateful for the
opportunity to do research in such an applied setting and the stellar support during this track.
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during my time at Sanquin when you were on the project. Bianca, we have made and still make
a greatteam running this project and its yet unfinished stories with our shared fascination by
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your incredibly quick reviews of our output and great textual input.

High five to my friends from high school and Jena who unfortunately all live too far away.
I’m proud that we manage to keep up the contact as we do! Thank you for that!
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friend. And for sure my partner in crime when it’s about the passion for science! Beke, thank
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Inge. 4 weeks after moving to Amsterdam | ran into you and we ended up at Radion until
late that night. You brought me home, because I had no working phone and absolutely no
orientation - does that still reflect on our relationship?

Basically, from that very beginning of the Amsterdam chapter you were part of my life and you
eversince are. And | can’timagine it to be any different anymore and | hope | will never need to.

Thank you for your unconditional support allowing me to follow my passion, for being there
no matter what and helping me be a better me. I love you and I’'m excited thinking about our
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