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GENERAL INTRODUCTION

The main focus of this thesis is to gain insight into the regulation of the neonatal Fc
receptor (FcRn) mediated functions of the major class of antibodies found in serum
(immunoglobulin G, IgG), to investigate several unexplained phenomena related to IgG
function, half-life and transport and to gain a deeper understanding of the interaction
between FcRn and IgG.
FcRn is functionally and structurally distinct from other Fc receptors. It is structurally
related to the MHC class I (Simister and Mostov 1989) and unlike classical Fc-receptors
its function seems not primarily to be to mediate IgG effector functions, although it has
been found to play a role in phagocytosis and antigen presentation (Qiao, Kobayashi et
al. 2008). Its primary function is to extend the half-life of IgG and transport IgG across cell
layers (Brambell, Hemmings et al. 1964, Ghetie, Hubbard et al. 1996, Israel, Wilsker et al.
1996, Junghans and Anderson 1996, Simister, Story et al. 1996, Roopenian, Christianson
et al. 2003). In this function FcRn is considered to be responsible for the high serum levels
and long half-life of the two most abundant serum proteins, IgG and albumin (Chaudhury,
Mehnaz et al. 2003). The mechanisms utilized by FcRn to transport IgG and to extend its
half-life share the majority of their machinery and are closely related processes (Raghavan,
Chen et al. 1994). However certain discrepancies in the final outcome of these two FcRn
mediated processes are found which remain hard to explain.
IgG comes in 4 subclasses, IgG1 to IgG4 (discussed in more detail further in this chapter).
Each of these has several allotypes, i.e. allele specific variants, differing in the constant
region by one or several single amino acid residues from the generally accepted baseline.
Both subclass and allotypic variation, in particularly the former as the latter is currently
almost unexplored, account for functional differences. IgG3 for instance does not seem
to have an extended half-life when compared to other serum proteins (Morell, Terry et
al. 1970), yet is abundantly present in cord blood (French 1986), suggesting it to be
efficiently transported across the placenta. IgG2 in contrast is transported less efficiently
than would be expected, yet has a similar half-life to IgG1, the subclass found to be
most abundant in foetal cord blood (Lee, Heiner et al. 1986). Several IgG3 allotypes are
known to vary in amino acid residues (Martensson, van Loghem et al. 1966, Shimizu,
Honzawa et al. 1983) which may be relevant to their interaction with FcRn. At the start
of this thesis, no data was available on the effect this may have on their half-life or FcRn
mediated transport.
Similarly there are indications in literature that identical antibodies bearing a different
class of light chain may differ in their half-life and FcRn mediated transport (Montano
and Morrison 2002). The molecular basis for these differences is not yet understood
and poses a certain challenge as the binding place for FcRn is spatially far from the light
chain. Recently it was reported that charge distribution in the variable fragment has
an effect on the binding of IgG to FcRn, specifically that the charge of the light chain
may lead to residual affinity of IgG for FcRn at physiological pH, causing a reduction
in efficiency of IgG-FcRn dissociation and thus a reduction in FcRn mediated functions
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(Schoch, Kettenberger et al. 2015) the broader relationship with potential light chain
mediated effects however, remains to be investigated.
Our understanding of antibody biology and the use of therapeutic monoclonal
antibodies has steadily increased over the last decades, along with the complexity of
the antibodies employed for use in the clinic. Antibodies with modified effector functions
(Ghevaert, Herbert et al. 2013), amongst which IgG with Fc regions modified specifically
for FcRn blocking(Vaccaro, Zhou et al. 2005) are currently undergoing or about to enter
clinical trials. In parallel, biosimilars and biobetters have started to replace the first
generations of block buster therapeutic MAbs(Patel, Gillis et al. 2017). It is a measure
of the importance of FcRn function for the therapeutic efficacy of antibodies that FcRn
binding studies have become a routine part of biosimilar and more recently originator
molecule registration dossiers.
This thesis aims to add to the growing body of knowledge of FcRn function by
investigating how FcRn functions differ for various IgG subclasses, allotypes of specific
subclasses, light chain variants and IgG molecules with modified effector functions.

ANTIBODY STRUCTURE
Antibodies or immunoglobulins are large, Y shaped, soluble glycoproteins which play
an essential part in the vertebrate immune system. They belong to the immunoglobulin
superfamily (IgSF), of which members are involved in the recognition, binding, or adhesion
processes of cells. Most members of the IgSF play a role in the immune system, although
other functions have also been described (Barclay 2003).
They function in our resistance against invading pathogens by tagging antigens foreign
to our body, allowing them to be cleared up or inactivated efficiently by other parts of
the immune system, notably phagocytes or complement (Ravetch and Bolland 2001).
Although humans have 5 distinct classes of antibodies (based on heavy chain variations)
called isotypes (Janeway CA Jr 2001), each with its own specialized function and driving
their own specific responses to their preferred antigens, they all share common design
features. IgG, IgE and IgD are comprised of a single basic unit, whereas IgA can be
found as either a monomer or a dimer. IgM on the other hand is IgM a pentamer of
the same basic unit(Schroeder and Cavacini 2010). This basic antibody unit is built up
of two identical heavy chains and two identical light chains (the only exception to this
is IgG4 which exchanges half molecules, generating bi-specific antibodies (Aalberse and
Schuurman 2002)) forming a Y shaped molecule and together weighing about 150-180
Kd depending on the isotype. These chains are connected by a differing number of
disulphide bonds located in the hinge region to connect the two heavy chains, and in
the F(ab) (see further down) region to attach the light chains to the heavy ones (Frangione
and Milstein 1968).
Analogous to the previously mentioned five heavy chain classes, two distinct classes
of light chain (λ and κ) are recognized (Rast, Anderson et al. 1994). In healthy humans
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the κ:λ ratio in serum is around 2:1, but this varies between species, isotype, biological
location and age(Haraldsson, Weemaes et al. 1992). Unlike heavy chain classes however,
a B-cell cannot switch class of the light chain type produced together with a specific
heavy chain. Also, where different classes of antibody heavy chains are known to fulfil
specific roles in the protection against a wide variety of pathogens(Nezlin and Ghetie
2004), no functional differences between light chains are currently known.
The heavy chains are comprised of four immunoglobulin-like regions known as
CH1-3 for IgG, IgD and IgA, CH1-4 for IgM and IgE and VH. The class of the heavy chains
determines the class of the antibody (γ for IgG, ε for IgE, δ for IgD, α for IgA and μ for
IgM), although antibody producing cells (B-cells) can undergo class switching (Market and
Papavasiliou 2003, Stavnezer and Amemiya 2004), leading to them producing antibodies
of a different class (discussed in more detail later). Light chains have only two domains
referred to as CL and VL and each class of heavy chain can pair with either class of
light chain.
The basic antibody structure as depicted in figure 1 (adapted from (Vidarsson,
Dekkers et al. 2014)) can be divided into two functional areas. The “fragment antigen
binding”(Fab) end in the complementarity determining region (CDR), which binds to
the antibodies’ specific target (which is referred to as antigen), while the “fragment
crystallisable” interacts with other parts of the immune system through Fc receptors,
complement proteins and intracellular cell signalling molecules, thus housing the effector
functions (Barclay 2003). Each complete antibody consists of one Fc and two Fab parts
(written as F(ab’)2).

1

Figure 1. A depiction of a human IgG1 molecule seen both from the front and the side,
showing the basic structure of IgG. Binding sites to classical FcγR, C1Q and FcRn are indicated,
as are the various immunoglobulin domains. The heavy chains are depicted in orange, the light
chains in blue. This figure is adapted from Vidarsson et al; Front Immunol. 2014 Oct 20;5:520. doi:
10.3389/fimmu.2014.00520
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The Fc part determines the isotype or class of the antibody and is identical in antibodies
of each class. The Fc region is comprised of the second and third constant regions (CH2
and CH3 regions) of the two heavy chains bound together (Putnam, Liu et al. 1979,
Woof and Burton 2004). It contains various motives recognized by receptors or accessory
proteins, most notably on the CH3-CH2 interface (prot A, FcRn, TRIM21(James, Keeble et
al. 2007), and possibly DC-SIGN (Heyman 1996, Heyman 2003, Yu, Vasiljevic et al. 2013))
and close to the hinge region, where the CH2 and CH1 regions are joined (Fc receptors)
(Fridman 1991, Indik, Park et al. 1995, Heyman 2003).
These aspects of the Fc and F(ab2) of antibodies make it possible to generate an
almost infinite set of antigen specificities on a backbone which can be adapted for
a specific purpose.

FUNCTION
Functionally, antibodies form the backbone of the humoral, or adaptive, part of our immune
system, the part of the immune system which reacts to novel threats in the environment.
Vertebrates are able to generate a practically limitless set of antigen specificities through
V(D)J recombination and somatic hypermutation (discussed in more detail later) (Diaz and
Casali 2002), ensuring that we are protected against virtually any conceivable threat. It is
estimated that humans generate about 10 billion different antibody specificities (Fanning,
Connor et al. 1996).
Broadly, Antibodies function in three ways. As discussed above, they can tag foreign
agents for removal by phagocytes (notable macrophages), triggering them through Fcreceptors (discussed in more detail later). Secondly, they can bind to a target bacterium
and trigger its lysis through the complement pathway (Ravetch and Bolland 2001),
resulting in the formation of a membrane attack complex, which forms transmembrane
channels, disrupting the phospholipid bilayer, leading to bacterial lysis and death.
Finally, antibodies can combat infectious agents by simply blocking their binding to their
target cells (in the case of viruses) or by blocking essential surface molecules, causing
the pathogen to lose functionality, and become unable to infect or damage a target cell.

Antibody generation
Antibodies occur in two distinct forms: either bound to a cell surface as a receptor or
dissolved in plasma as an excreted molecule. The membrane bound form is found on
the surface of B-cells and is therefore known as B-Cell Receptor (BCR), conferring its
specificity and acting as its sensor or triggering-receptor for incoming pathogens. Soluble
antibodies are produced by plasma cells into which B-cells differentiate when the BCR
on that particular B-cell encounters its antigen (Packard and Cambier 2013, Seda and
Mraz 2015). Both the BCR and the antibodies produced by plasma cells produced by that
B-cell share the same antigen specificity. When a B-cell encounters an antigen its BCR
recognizes, the binding of that antigen to the BCR triggers proliferation of the B-cell.
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Part of the progeny differentiates into memory B-cells and another part into plasma
cells which start producing large amounts of soluble antibodies and excreting these
into the bloodstream. These antibodies can reach gram per litre amounts in plasma,
can penetrate deep into tissue and mucosae and are extremely durable and resistant to
proteolytic breakdown. This results in each pathogen swiftly being tagged for clean-up
or destruction, enabling the body to efficiently fight off pathogens(Borghesi and Milcarek
2006). The F(ab) contains the part which binds to that specific antibodies target or
antigen, the complementarity determining region (CDR). This CDR is the most variable
part of the antibody giving rise to the huge diversity required of our immune system. This
diversity is generated primarily by three systems, two of which (VDJ recombination and
the random insertion and deletion of bases which takes place during this process) take
place before confirmation that this particular antibody will ever encounter its antigen,
and one (affinity maturation through somatic hypermutations) which serves to refine
the affinity once this has occurred (Jacobs and Bross 2001).

1

Antibody diversity
Novel antibody specificities are generated in Pro- and Pre-B-cells, which are descended
from Common Lymphoid Progenitor Cells found in bone marrow, through V-D-J
rearrangement first in the heavy- then the light chain. When this process is complete and
if the novel specificity is not strongly self-reactive, an immature B-cell with a functional
IgM type BCR on its surface will be released into circulation (Hystad, Myklebust et al.
2007). Upon encountering its target antigen, the B cell becomes activated. This can either
be through a T helper-cell mediated pathway in which ingested antigen displayed on MHC
class II molecules recruits T-cell help which provides the second part of essential signalling
(the first being the initial binding of antigen to the BCR), or through a T-cell independent
patway. This can occur if the antigen has a repetitive structure (e.g. carbohydrate epitopes
found on bacterial surfaces), which allows the internal signalling parts of the BCR to
crosslink, providing signalling required for B-cell activation (Nutt, Hodgkin et al. 2015).
Once the otherwise short-lived naïve B-cell has been activated, it starts dividing. This
produces both plasma cells which in turn produce antibodies, but also long-lived memory
B-cells which store the proven successful specificity for future use. The difference
between membrane bound BCRs and secreted antibodies is only a small difference in
the C-terminal region of the heavy chain, where hydrophobic amino acid residues anchor
BCRs in the lipid membrane. Secreted antibodies in contrast have miss this tranmembrane
regionthrough alternative splicing of the mRNA, allowing them to easily escape from
the cell. The former process occurs exclusively in naïve and memory B cells, while the latter
occurs in plasma cells, providing the body with its antibody repertoire (Gray 1993).
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Class switching
As the immune response progresses, B cells can undergo a process call class switching
in which they excise some of the gene segments used to make the constant regions of
the heavy chain and switch to using others. The antigen specificity is unaffected by this
process, although simultaneous somatic hypermutations in B cells induces small changes
in the CDRs of the B-cells progeny amino acid composition (Stavnezer and Amemiya
2004). Recent studies have shown that these hypermutations can in certain cases lead
to dormant glycosylation sites being activated. These potential glycosylation sites may
represent a hither-to little understood additional layer of antibody CDR diversity (van de
Bovenkamp, Derksen et al. 2018). B-cells carrying a BCR in which somatic hypermutation
has enhanced antigen binding affinity (KD) will upon binding to their target antigen
outcompete B-cells carrying BCR switch lesser affinity, resulting in increased internal
activation signalling which in turn increases proliferation. The net result of this effect
is that somatic hypermutations enhancing antigen binding will be positively selected
for, leading to a constant evolution of the immune response. Memory B cells produced
from class switched B cells retain the new antibody type as well as any mutations in
the CDRs, ensuring these positive mutations remain in the hosts repertoire guarding
against reinfection (Tangye, Avery et al. 2003).
Humans have 9 functional heavy chain isotypes, 4 of which encode IgG class antibodies,
(γ1, γ2, γ3 and γ4), 2 of which encode IgA class antibodies (α1 and α2) and one each
for IgM (μ), IgD (δ) and IgE (ε). Naïve B-cells produce IgM antibodies as surface bound
receptors. Upon encountering their antigen, they produce plasma cells as described
earlier, but also novel B-cells with the same antigen specificity. Whilst producing daughter
B-cells, class switch recombination can occur, creating B-cells producing antibodies with
the same variable regions, but other constant regions. Class switch recombination from
IgM to IgG, IgE or IgA is done by excising the gene segment located between the switch
region upstream of the constant region encoding for IgM and the target switch region
located upstream of another heavy chain exon. Double strand breaks are introduced at
switch regions by enzymes including Activation-Induced Cytidine Deaminase, uracil DNA
glycosylase and AP-endonucleases. (Durandy 2003, Casali and Zan 2004). The free DNA
ends of both the excised part and the remaining antibody gene are re-joined by nonhomologous end joining, creating a functional antibody gene and a separate excision
circle. As the excision circle is essentially a gene segment which is actually cut out of
the genome, reversion to an earlier produced class of antibody is not possible. Sequential
switching can and does occur, but only in subsequent infection or vaccination, and only
if there are remaining heavy chain class exons available downstream.

IgG
IgG is the most abundant antibody type in circulation. It is central in our adaptive immune
system and is arguably the most important antibody protecting us from infection.
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The important role IgG plays is illustrated by the fact that it is, together with albumin,
one of the two most abundant serum proteins. Understanding how such high levels are
maintained is of central importance in understanding how humoral immunity is mediated.
IgG is a bivalent antibody, able to bind two epitopes of its antigen if not sterically
hindered. It is produced after affinity maturation, and thus generally binds its antigens
with high affinity.
IgG exists in four subclasses as depicted in figure 2 below, each of which in turn
can be found in various allotypes. Each subclass affects the immune system in its own
way and previous studies suggest that antibody responses to different infectious agents
demonstrate a preference for a certain subclass (Siber, Schur et al. 1980, Baker, Edwards
et al. 1981). Carbohydrate antigens for example, usually elicit an IgG2 response and
repetitive exposure to antigen can lead to IgG4 response, the most downstream (encoded
furthest away from the V gene) class of IgG. This is the case for instance for beekeepers
(van der Neut Kolfschoten, Schuurman et al. 2007) and individuals injected frequently
with therapeutic proteins such as FVIII (van Helden, van den Berg et al. 2008). Thus,
summarised, protein antigens usually elicit IgG1 and IgG3 responses, carbohydrate
antigens IgG2 and antigens encountered frequently over a prolonged period give rise to
IgG4 responses.

1

Figure 2. A stylized overview of the various IgG subclasses IgG 1-4 are shown in a schematic
overview, showing how the heavy and light chains are connected. Similarities in basic design
can clearly be seen, as can the differences in the hinge regions where the number of disulphide
bridges connecting the two heavy chains is shown. For orientation the various immunoglobulin
domains are shown on one half of each molecule.
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IgG1 is the most abundant IgG subclass, compromising up to 65% of the total IgG
fraction. IgG1 is the second strongest activator of complement and binds to Fc receptors
on phagocytic cells with high affinity. IgG1 antibodies generally recognize protein antigens
with high affinity and polysaccharide antigens with moderate affinity. The hinge region
contains 15 amino acids, and 5 IgG1 allotypes are recognized. IgG1 is transported from
mother to child efficiently, with cord blood concentrations at term exceeding maternal
levels (Malek, Sager et al. 1994, Malek 2003).
IgG2 compromises approximately 26% of total IgG, and is known to have high
affinity for polysaccharide antigens, for instance of encapsulated bacteria (Barrett and
Ayoub 1986), whilst affinity for protein antigens is limited. Of the four IgG subclasses it
is the second to worst at activating complement, and IgG2 has either low or no affinity
for classical Fc receptors. IgG2 has only minimal affinity to FcγRIIIa, but moderate affinity
for FcγRIIa (Bruhns, Iannascoli et al. 2009). However, this depends on the allotype
of FcγRIIa, which comes in two variants (almost equally frequent, but depends on
the population), differing at position 131. R131 (high responders, as it binds mouse
IgG1 very well) has lower affinity to human IgG2 than the H131 (low responder form
does not bind mouse IgG1) variant. Individuals homozygous for R131 form are therefore
slightly more susceptible for infections against encapsulated bacteria, as IgG2 are often
dominantly formed against their polysaccharide capsule. Likewise IgG2 can under certain
circumstances activate complement very well, e.g. against repetitive antigen structures
like capsular polysaccharides of encapsulated bacteria (Vitharsson, Jonsdottir et al. 1994,
Saeland, Vidarsson et al. 2003). The hinge region contain 12 amino acids, but it has
up to 4 inter heavy chain disulfide bridges, where IgG1 and 4 have only two (Milstein
1966, Pink and Milstein 1967, Edelman, Cunningham et al. 1969, Saluk and Clem 1971).
Four IgG2 allotypes are currently known (two n and two non-n variants) (Vidarsson,
Dekkers et al. 2014).
IgG3 represents about 4% of plasma IgG (Schur 1988). It is slightly larger than other
IgG subclasses, at 170 Kd versus 146 Kd for IgG1,2 and 4 (Edelman, Cunningham et al.
1969). This difference is mainly due to the longer hinge region of IgG3, which may make
it more prone to proteolitic cleavage (Gergely, Medgyesi et al. 1972). The IgG3 hinge
contains up to 62 amino acid residues (depending on the allotype), able to form up to
11 disulphide bridges. IgG3 binds all Fc receptors, equalling or surpassing the affinities
of IgG1, and binds them stronger than any other IgG subclass. It is also the strongest
IgG subclass at activating complement, making IgG3 the strongest effector subclass. 15
allotypes of IgG3 are described (Vidarsson, Dekkers et al. 2014) .
IgG4, finally, is the remaining 5% of serum IgG. It is often found in allergen antibody
responses and after prolonged periods of repeated exposure to a certain antigen. It
does not activate complement and although IgG4 binds all Fc receptors with low affinity
(except FcγRIIIa-F158 to which it does not bind at all) the only Fc receptor it binds to
with reasonable affinity is the high affinity receptor FcyRIa. IgG4 is unique in its ability

to interchange half-molecules with other IgG4 molecules(van der Neut Kolfschoten,
Schuurman et al. 2007), generating bispecific antibodies, in theory able to bind two
different antigens with each variable region. IgG4 has three described allotypes (Vidarsson,
Dekkers et al. 2014).

1

Isoforms
Recently the classical disulphide bond arrangement found in IgG has been shown to
be more variable than was previously assumed. Initially discovered in IgG4, but more
prominent in IgG2 (mainly κ)(Dillon, Ricci et al. 2008, Liu, Chen et al. 2008, Liu and May
2012), it has been shown that by switching between the hinge and CH1 / CL2 cystein
residues, IgG2κ can cycle through three distinct forms referred to as A, AB and B. IgG2 is
produced in the A form, which is the classical form with the heavy chains closely bound
in the hinge region (4 bonds) and the light chain tied to the heavy by a single bond. In
the B form however the first of the disulphide bonds connecting the heavy chains in
the hinge switches to link the light and heavy chain close to the hinge, while the second
bond in the hinge crosses over to the other light chain and binds there. As the molecule,
produced in the A form, ages, first on (AB) and over time the other half molecule (B)
switches over. The B form is a very stable form which does not revert to the original
A form. IgG2λ does not seem to be able to enter the B conformation and is found only in
the A and A/B molecular form. So far no differences in antigen binding or recruitment of
other immune components has been described between A, AB and B forms. Interestingly
however, a recent study shows that Human Fc receptor-like 5 (FCRL5), an IgG receptor
which can increase B-cell proliferation of class-swiched isotype-bearing cells (DementBrown, Newton et al. 2012), has a higher afinity for IgG2 A forms than B forms (Alabi,
Dement-Brown et al. 2017). As κ antibodies, some of which are in the B form and thus
have a lower affinity for FCRL5, are more prevalent in human serum than λ (Dillon, Ricci
et al. 2008), this raises questions about what is driving the higher levels of κ antibodies
as compared to λ.

MONOCLONAL ANTIBODIES IN
THERAPEUTIC APPLICATIONS
In current medicine, Monoclonal antibody therapy has become one of the fastest
growing therapeutic fields, rapidly opening new avenues for highly targeted treatments.
The therapeutic monoclonal antibody market comprised of 47 monoclonals registered in
the EU or US for treatment of a wide variety of illnesses, and was valued at $75 billion in
2013 (Ecker, Jones et al. 2015). Immune modulating antibodies and antibodies against
antigens unique to various types of cancer make up the majority of the currently available
MAbs, with new options being explored as technological options expand.
The key to their success is the ability of MAbs to target a protein or part of a protein
with an extremely high level of specificity. Sometimes this ability is used to recruit other
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parts of the immune system to the cell on which the protein or peptide is found (e.g.
anti-CD20 antibodies used to reduce the number of overactive, malignant or otherwise
undesired B-cells (Colombat, Salles et al. 2001)), sometimes MAbs are used as receptor
antagonists as is the case for basiliximab, a IL-2 receptor (CD25) antagonist which
stops activated T-Cells from proliferating and activating B-cells (Aw, Taylor et al. 2003),
and sometimes MABs simply interfere with a receptor binding by sitting in the way, as
is the case in infliximab which works by blocking the action of TNF-α through steric
hindrance, thus preventing it from binding to its receptor (Present, Rutgeerts et al. 1999).
Mice were initially the platform of choice to generate novel antibodies with new
specificities, and although other technologies have since been developed, most of
the currently used therapeutic antibodies are still generated by classical immunizations
in mice.
Early MAbs, such as Muromonab (approved for use in 1986) which targets CD3 on
T-cells and is used to prevent transplant rejection, were fully murine, leading to a rapid
loss of efficacy when given over a prolonged time. The patient’s body, recognizing it
as a foreign agent, soon developed its own antibodies against the murine parts of
the therapeutic antibody, causing it to be cleared from circulation almost as fast as it
could be administered (Smith 1996).
The next generation, including anti CD20 specific blockbuster Rituximab (approved in
1997, it generated a revenue of over $6 billion in 2013 (Ecker, Jones et al. 2015)), were
chimeric: a mix of murine genes for target specificity (VH and VL) and human genes for
effector functions (CH1-3 and CL). This made them less immunogenic than pure murine
antibodies, extending their usefulness to patients. Eventually though these can lose their
efficacy as antibodies against the residual mouse parts or against the junction between
the human and murine parts can be formed.
Around the same time, humanized murine antibodies were launched. These molecules
are comprised of even more human parts, leaving only the complementarity determining
regions (CDRs) of the mouse antibody, fused on a human IgG backbone. Since in human
antibodies this part is also hyper variable and since the genes which code for the CDRs
are not found in any other cells of the body (making them by definition “foreign” to
the immune system), immunogenicity of these humanized antibodies was expected
to be low. Eventually, however it was found that many patients do form antibodies
against these humanized MAbs (Harding, Stickler et al. 2010). This is possibly caused
by the remaining murine hallmarks, but some also attribute it to the high level of one
specific protein present in the patient’s circulation. This is thought to mirror the natural
formation of anti-idiotypic antibodies to one’s own (fully human) antibodies, which in
turn may be one possible way in which the body regulates its own immune responses
(Pan, Yuhasz et al. 1995).
The next step to avoid loss of efficacy by immunisation of the patient against
the therapeutic antibody used for the treatment, is to create fully human therapeutic

MAbs which are not based on a murine Fab or CDR. Several techniques are currently
available for creating such fully human antibodies. Phage-display libraries of human
antibody specificities enable the selection of specific VL/VH combinations together with
the genes encoding them. These can then be cloned onto a human antibody backbone,
creating fully human antibodies with the desired specificity. Another way this problem
was addressed was to transplant human heavy and light chain genes into mice, which
were subsequently crossed with immunoglobulin deficient mice. This created mice which
produced human antibodies instead of murine ones (Green, Hardy et al. 1994) and
which could be immunised in the traditional manner to produce high affinity antibodies
analogous to wild type mice previously. A third method to create fully human antibodies
is to substitute humans for mice and isolate the desired specificities directly from human
B-cells. This requires isolating B-cells, selecting the desired specificity and somehow
enabling the production of large amounts of antibody. Various ways have been described
to do this. Notably Steinitz described a method using EBV to immortalise isolated B-cells
(Steinitz, Klein et al. 1977), allowing the selection of desired specificities and subsequent
large scale production of antibodies. Instead of EBV transformation, others have used
overexpression of BCL-6 to immortalise of B-cells (Scheeren, Naspetti et al. 2005) or have
cloned the desired specificity via an mRNA intermediate directly from a freshly expanded
single B-cell into a producer cell (Dohmen, Mulder et al. 2005).
All these techniques have in common that the individual VL and VH was produced by
a human immune system, making it likely that these antibodies will not elicit an immune
response which would abrogate their efficacy.
By selecting useful antibody specificities from an individual’s almost unending
repertoire, we can produce high affinity antibodies for use against virtually any target. I
dare say that the limiting factor for novel MAb development currently is our understanding
of the targets and their complex downstream effects, as opposed to any limitation in our
ability to generate effective antibodies against these targets.
One source of novel tools we have so far barely tapped is the subtle difference
between various antibody classes and subclasses. Currently all therapeutic MAbs, whether
chimeric, humanized or fully human, are of the IgG class, and then mainly IgG1. This is
hardly surprising, as IgG1 is the most abundant antibody in humans and, after albumin,
the second most prevalent serum protein representing roughly 15% of the total serum
protein (Schur 1988). IgG1 has many characteristics which make it excellently suited for
many therapeutic uses. However, as the potential uses of therapeutic antibodies expand,
interest in the use of other IgG subclasses increases. IgG3 for instance can have effector
functions stronger even than IgG1 (traditionally seen as an IgG with very strong effector
functions), yet it is cleared from circulation 3 times faster than other IgG subclasses
(Junghans and Anderson 1996). This short half-life makes IgG3 unpractical for most
therapeutical applications, where a stable blood value of therapeutic protein is often
desired to keep an existing condition at bay. By understanding the molecular basis of
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the differences between various antibody classes and subclasses, our range of therapeutic
options increases, allowing us to finetune a patient’s treatment for optimal success
and comfort.

The Neonatal Fc receptor (FcRn)

Immunoglobulin Fc-receptors have so far been classified into two categories – the FcγR
family of proteins on immune cells and the MHC class I-like neonatal Fc-Receptor (FcRn).
Classic immunoglobulin Fc receptors, the FcγR family, are responsible for the effector

function of IgG (Western, Eckery et al. 2003), while the primary functions of FcRn,
the MHC class-I-like neonatal Fc receptor, are to extend the serum half-life of IgG by
roughly a factor of 3 and to transport IgG across cell layers.
The MHC class I like family of proteins arose early in vertebrate evolution and FcRn has
been found in mammals and marsupials (Kulski, Shiina et al. 2002). It is highly conserved,
with mouse and human FcRn overall sharing 65% identical amino acid sequences including
the intracellular tail, suggesting a strong selection pressure on FcRn-encoded functions
(Western, Eckery et al. 2003). The discovery of FcRn is closely tied into this transport
function. As far back as 1958, Prof F.W.R. Brambell described a saturable receptor system
that mediates transport of IgG from mother to young, via yolk sac, intestine (from
mother’s milk), or placenta (directly from the maternal bloodstream) (Brambell, Halliday
et al. 1958, Junghans 1997). Subsequently, in 1964, Brambell theorized that a similar
receptor system must exist which protects IgG from catabolism, making it the most
persistent of all plasma proteins (Brambell, Hemmings et al. 1964).
The first part of this prediction was confirmed almost two decades later when FcRn
was shown to transport milk-derived IgG across the gut of suckling rodents (Simister
and Rees 1985, Simister and Mostov 1989). This passive immunity plays a role in
protecting new-borns from infections, while their own immune system is still maturing.
In the subsequent years, FcRn expression was documented on the maternal-fetal barrier
in humans and suggested to transport IgG through the placenta (Dickinson, Badizadegan
et al. 1999), explaining how IgG levels of new-borns exceed that of the mother.
The second part of the prediction, that FcRn was also responsible for the extended
IgG serum half-life, was confirmed in 1997 and 2000 (Simister, Jacobowitz Israel et al.
1997, Telleman and Junghans 2000). These papers describe how, using many of the same
elements of the transcytosis pathway, IgG is routed away from the lysosomal pathway, and
recycled back to the surface it was pinocytosed from. This causes IgG to have the lowest
known fractional catabolic rate amongst serum proteins (Waldmann and Strober 1969).
Together these studies confirmed a 30 years old hypothesis put forward by Brambell
(Brambell, Hemmings et al. 1964, Brambell 1966, Brambell 1969); that a single receptor
mediated both the long half-life of IgG and transport to young. Meanwhile, FcRn
research, including this thesis, continues to discover additional immune related functions
e.g. phagocytosis and antigen presentation which are discussed in chapter 7 (discussion).
20

Binding of IgG to FcRn is pH dependent, and requires both β2-microglobulin and the α-chain
(Burmeister, Huber et al. 1994). FcRn is thought to bind IgG in a 2:1 stoichiometry and
with the IgG FAbs closest to the plasma membrane (see figure 3) (Martin, West et al.
2001). FcRn-IgG interaction is strong at pH 6, and almost entirely abrogated at pH 7.4.
This pH dependency is mediated through the protonation of various histidine residues
on IgG, notably 310 and 435, although isoleucine 253 also plays an important role
(Raghavan, Bonagura et al. 1995, Vaughn and Bjorkman 1998). Formation of FcRn-IgG
complexes takes place after pino- or endocytosis in acidifying early endosomes, after
which FcRn-IgG complexes are routed away from the lysosomal pathway, thus rescuing
IgG from degradation(McCarthy, Lam et al. 2001, Wu and Simister 2001, Ober, Martinez
et al. 2004, Ober, Martinez et al. 2004, Lencer and Blumberg 2005, Newton, Wu et
al. 2005). Although little is known about functional motifs within the transmembrane
or cytoplasmic tail of FcRn, a highly conserved tryptophan motive (WXXΦ, where Φ is
a bulky hydrophobic amino acid) and a dileucine motive (DXXXLL) both highly conserved
across species, are involved in the routing of FcRn – IgG complexes, either to the surface
the IgG was pinocytosed from (recycling), or to the opposite side of the cell (transcytosis).
Interaction between FcRn and Adaptor Protein 2 (AP-2) is thought to be central to this
routing (Wu and Simister 2001, Wernick, Haucke et al. 2005). When FcRn containing
vesicles reach the cell surface, they fuse with the plasma membrane in a series of short
“kiss and run” events (Lencer and Blumberg 2005), allowing the acidic internal milieu
of the vesicles to mix with the neutral outside of the cell. This returns the interior of
the vesicle to physiological pH, causing the IgG-FcRn binding to lose affinity, after which
IgG disassociates from FcRn and diffuses away.
In this way, FcRn is thought to be instrumental in mediating transport of IgG
across various cell layers and in prolonging the half-life of IgG to 24-27 days (average
serum protein half-life is approximately 7 days for comparable proteins) (Morell, Terry
et al. 1970).
It is well known that the four human IgG subclasses differ in their abilities to engage
classical FcγR and activate complement due to differences within the Fc (Bruhns,
Iannascoli et al. 2009). Residues within the Fc-tail are also responsible for FcRn-binding
and the extended half-life of the IgG. Only IgG3 is known to have shorter half-life
that is comparable to other proteins not rescued from degradation by FcRn (7 days)
(Morell, Terry et al. 1970). Interestingly, the most common allotype of human IgG3
in Europeans has an Arginine (R) in position 435 – a position that contains Histidine
(H) in all other IgG subclasses. This H is crucial for FcRn-binding at low pH when it is
protonated - otherwise it has a neutral charge at normal physiological pH8. R has
a slightly more extended side chain than FcRn, and is always positively charged at all pH
found in cells – theoretically allowing for pH independent binding but might also confer
a sterically unfavourable binding.
Although it is widely accepted that the primary binding between FcRn and IgG requires
both the α- and β-chain of FcRn and the CH2-CH3 in the Fc-tail of IgG, some recent data
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elusive. Similarly, the discrepancies between the transplacental transport and serum
persistence (both thought to be mediated by FcRn in a similar manner) of IgG2, and
the role of FcRn in mediating these differences so far has not been cleared up.

1

1

SCOPE OF THE THESIS

Figure 3. IgG binds FcRn in a top down orientation. IgG1 is depicted in red and blue colours
(the two light chains in red and light red, and the two heavy chains in blue and light blue).
The α-chain of FcRn is depicted in orange, and β2M in yellow. The positions of the two potential
FcRn binding sites on the IgG1 are indicated by showing the critical histidine residues in green.
One of the binding sites is unoccupied. Data are based on the crystal structure of rat FcRn with Fc
(Accession number 1I1A Ref martin et al mol cell 2001) and overlaid with the structure of human
IgG1 (Accession number 1HZH, Saphire 2001 Science). UCSF Chimera (Pettersen, et al. 2004) was
used for modelling and imaging.

involving in vivo, in vitro and biosensor data all strongly suggest the binding to be more
complex (Gurbaxani, Dela Cruz et al. 2006, Gurbaxani and Morrison 2006).
In the last decade these findings have been expanded on and refined, giving us
a working overview of the transport and serum homeostasis of IgG. The exact mechanisms
however remain to be fully explained. The molecular mechanism causing IgG3, arguable
the most powerful immune activator of all IgG subclasses, to have a half-life closer to
the average of serum proteins than to the average of IgG1, 2 and 4 for instance remains
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This thesis aims to expand on the previously mentioned body of work, filling
the aforementioned gaps in current knowledge, and providing a greater understanding
in the mechanisms behind the biology of IgG and in particularly the role of FcRn herein.
In chapter two, we investigated the short half-life in circulation and poor
transplacental transport of IgG3 as compared to other subclasses. FcRn is instrumental
in both of these processes, although the mechanisms are not yet fully understood. In
this chapter we investigated one of the principle differences in IgG-FcRn interaction
between differing IgG subclasses, an Arg-His difference in the FcRn binding site on IgG
in position 435. We investigated whether the difference is caused by the ability of IgG3
to bind FcRn, or whether FcRn-mediated transport and rescue of IgG3 may be affected
by the presence of IgG1 due to intracellular competition between IgG1 and IgG3. As
naturally occurring H435- containing IgG3 allotypes exist, we investigated whether their
half-life and transcytosis is comparable to IgG1. Finally, we completed the dataset with
a functional experiment in which we investigate whether H435-IgG3 provides enhanced
protection against a pneumococcal mouse challenge, in which case H435-IgG3 may be
a formidable candidate for monoclonal antibody therapies.
Chapter three looks at the differences seen in FcRn mediated functions for IgG2. IgG1
and IgG2 have similar half-lives, yet IgG2 displays markedly lower foetal than maternal
concentration at term, despite all residues known to be important for FcRn binding being
preserved between IgG1 and IgG2.
Our hypothesis was that this may be due to a light chain driven difference, specifically,
that the unique short-hinged structure of IgG2 enables IgG2 κ, but not λ to form at
least three different structural isoforms. These isoforms may behave differently in their
interaction with FcRn, possibly contributing to the aforementioned differences. This was
investigated using paired mother-cord samples and hypogammaglobulinemia patients,
as well as in animal models, using both naturally occurring and synthesized IgG.
None of our results however, supported the hypothesis that the intriguing differences
in FcRn mediated functions found between IgG1 and IgG2 are caused by light chain
derived differences.
Chapter four investigates FcRn mediated transcytosis of a potential therapeutic IgG1
antibody, modified to remove its effector functions by substituting key motifs of IgG1
with residues that are in equivalent positions in the highly homologous but less active
constant regions of IgG2. The resulting IgG may be an effective treatment option for
illnesses where an inert blocking antibody can outcompete naturally occurring pathogenic
antibodies. Such antibodies must be abundantly present in circulation in order to block
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their target, and, in the case of for instance fetal maternal alloimmune thrombocytopenia
(FMAIT) they must be able to cross the placental to protect the foetuses’ platelets from
destruction. This would be practically unfeasible unless the inert antibodies retain
their interaction potential with FcRn. Using binding kinetic studies, cell based assays
and placental perfusion models we investigate whether these modified antibodies are
potentially viable therapeutic options for FMAIT.
Although we found that removing effector functions did not affect pH dependency
of IgG-FcRn binding, we did find that this caused significant reduction of FcRn mediated
transport. These findings may help understand the differences in FcRn mediated function
between IgG1 and IgG2
In chapter five we further investigate the difference in FcRn function between IgG1
and IgG2 found in the previous chapter. As the mutations in the IgG1 antibodies studied
in chapter four were derived from IgG2 and IgG4, and as one mutation in particular
(ΔGly236, also absent in germline IgG2) showed similar reduced transport as IgG2, we
decided to study this mutation in more detail We investigated FcRn mediated transcytosis
of VH-matched IgG1 and IgG2 and mutated variants thereof lacking FcγR binding in human
cells expressing FcRn. We observed that FcγR binding was not required for transport and
that FcRn transported less IgG2 than IgG1. Transport of IgG1 with a shortened lower
hinge as result of deletion of Gly236 (absent in germline IgG2), was reduced to levels
equivalent to IgG2. Conversely, transport of IgG2 +Gly236 was increased to IgG1 levels.
Gly236 is not a contact residue between IgG and FcRn, suggesting that its absence leads
to an altered configuration of IgG, possibly due to a less flexible Fab, positioned closer to
the Fc portion. This may sterically hinder FcRn binding and transport. We conclude that
the lack of Gly236 is sufficient to explain the reduced FcRn-mediated IgG2 transcytosis
and accounts for the low maternal / fetal IgG2 ratio at term.
Chapter six looks into a different role of FcRn. When IgG-opsonized bacteria are
phagocytized, it relocates to the phagolysosomes, where it enhances phagocytosis in a pH
dependent manner. We study the role of FcRn in this process using, three complementary
strategies. First we use β2-microglobuline-knockout mice which cannot express functional
FcRn, finding that these show poor phagocytized of opsonised bacteria. Next, we study
IgG mutated for reduced FcRn binding (H435A) without reducing binding to classical
leucocyte Fc-receptors, which we show to be a poor stimulator of phagocytosis when
compared to Fc matched wild-type IgG. Finally, using a TAT peptide containing intracellular
endocytosis and transport motifs found on the cytoplasmic tail of FcRn, observe strongly
inhibited IgG mediated phagocytosis. Thus we conclude that FcRn plays an important
enhancing role in IgG mediated phagocytosis, an entirely novel role for FcRn which we
feel merits further investigation.
Chapter seven concludes this thesis with a general discussion of the findings of
the various chapters and an overview of the roles of FcRn in immunity.
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SHORT HALF-LIFE OF HUMAN IgG3 DUE TO COMPETITION

ABSTRACT

2

Human IgG3 displays the strongest effector functions of all IgG subclasses but has a short
half-life for unresolved reasons. Here we show that IgG3 binds to IgG-salvage receptor
(FcRn), but that FcRn-mediated transport and rescue of IgG3 is inhibited in the presence
of IgG1 due to intracellular competition between IgG1 and IgG3. We reveal that this
occurs because of a single amino acid difference at position 435, where IgG3 has an
arginine instead of the histidine found in all other IgG subclasses. While the presence of
R435 in IgG increases binding to FcRn at neutral pH, it decreases binding at acidic pH,
affecting the rescue efficiency – but only in the presence of H435-IgG. Importantly, we
show that in humans the half-life of the H435-containing IgG3 allotype is comparable
to IgG1. H435-IgG3 also gave enhanced protection against pneumococcal mouse
challenge, demonstrating H435-IgG3 to be a formidable candidate for monoclonal
antibody therapies.
Non-standard abbreviations: IVIg: Intravenous Immunoglobulin; FcRn: Neonatal Fc receptor;
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INTRODUCTION

Human IgG3 activates complement and FcγR-mediated functions more effectively than
any other subclass, followed by IgG1, IgG2, and IgG4, respectively, making it an ideal
candidate for immunotherapy1-4. However the short half-life of one week for IgG3,
compared to three weeks for the other subclasses, currently makes IgG1 the therapeutic
subclass of choice4,5.
The exceptionally long half-life of IgG is mediated by a single receptor, the neonatal
Fc receptor for IgG (FcRn)6,7. FcRn is a heterodimer consisting of a unique MHC class-I
like α-chain, associated with β2M. Since its affinity for IgG is negligible at physiological
pH (~7.4), FcRn binds IgG only after pinocytosis within early endosomes (pH ≤ 6.5)8,9.
FcRn-IgG complexes are then routed away from the lysosomal pathway10-13, and either
cycled back to the cell surface or transported to the opposite side of the cell. The vesicles
fuse with the plasma membrane, returning the pH to ~7.4, and releasing IgG14-16.
Besides IgG transport, FcRn enhances IgG-mediated phagocytosis as well as antigen
presentation by both MHC class I and II16-19, and plays a key role in rescuing albumin from
lysosomal degradation20.
Two theoretical explanations for the reduced half-life of IgG3 have been suggested.
First, the long hinge region of IgG3 might make it more prone to proteolytic degradation4.
Second, the recycling of IgG3 by FcRn may be less efficient because of an amino acid
difference at position 435 - a key contact residue to FcRn and, in IgG1, IgG2 and IgG4,
important for the pH dependent formation of IgG-FcRn complexes through histidine
protonation around pH ≤6.58,9,21,22. IgG3 contains an arginine in this position (R435), and
although both residues classify as positively charged, arginines, unlike histidines, do not
deprotonate at neutral pH, theoretically resulting in IgG3 binding to FcRn being less pHdependent, leading to shortened half-life as described for various mutated IgG variants
with increased affinity to FcRn at neutral pH8,23. Previous experimental work indeed pointed
to the involvement of R435, as human IgG1-Fc and scFv-IgG1-Fc fragments bearing R435
showed reduced half-life in wild type mice24,25. Human H435R-IgG4 variant was also
reported to display an altered binding to rat FcRn 8. However, species-incompatible FcRn
were used in these studies, the exceptional long hinge of IgG3 was not present, and
the underlying mechanisms were not explored4,8,24-27.
Here we investigate the difference in FcRn mediated transport and rescue of IgG1 and
IgG3. Using fully human in vitro and in vivo models, we observed – unexpectedly- that
both IgG1 and IgG3 display pH-dependent binding to FcRn, and that FcRn can transport
IgG3 as efficiently as IgG1. However, when both IgG1 and IgG3 are present, IgG1 inhibits
FcRn-mediated IgG3 transport, leading to degradation of IgG3. Our data provide strong
evidence that the presence of an arginine at position 435 in IgG3 is sufficient to explain
its high rate of catabolism observed in vivo. Importantly, we show that the half-life of
the H435-containing IgG3 allotype is comparable to IgG1 in humans. Using a mouse
model for pneumococcal pneumonia, we provide a proof of concept that IgG3-R435H
can be utilised for IgG-based immunotherapies aiming at maximising effector functions.
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RESULTS

a)

c)

IgG1 interferes with IgG3 transport

2

To study FcRn mediated functions we developed an in vitro transport model by transducing
the FcRn-negative human cell line A375 with the human FcRn α-chain (A375-FcRn).
The wild type A375 did not transport IgG using IVIg, a polyclonal mixture of all human
IgG subclasses (Fig. 1A). However, active transport was observed in A375-FcRn cells in
medium buffered at pH 7.4. We found IgG transport in A375-FcRn to be similar to that
observed across placental syncytiotrophoblast derived JAR cells expressing endogenous
FcRn (Fig. 1B). From IVIg, A375-FcRn cells transported IgG3 less effectively than IgG1, but
JAR transported relatively equal amounts of both IgG1 and IgG3 (Fig. 1A-B).
When IVIg was pre-incubated with Z-domains of protein A, a selective competitive
inhibitor of FcRn binding to IgG1, IgG2 and IgG428,29, transport of IgG1 by JAR and
A375-FcRn cells was reduced to levels approaching those found in parental A375-WT
and for non-specific HRP transport and (Fig. 1), indicating IgG1 transport to be FcRn
dependent in both cell types. Remarkably, IgG3 transport was significantly increased in
both JAR and A375-FcRn cells by the addition of Z-domains (Fig. 1A and 1B), suggesting
that active transport of the other IgG subclasses interfered with IgG3 transport.
We therefore studied the effect of IgG1 on the FcRn-mediated transport of IgG3
using purified antibodies. Indeed, IgG3 alone was transported equally well as IgG1, and
the transport of IgG3 was inhibited by adding IgG1 to A375-FcRn (Fig 1C) or JAR cells
(Fig. 1D). Since the percentage of IgG1 or IgG3 transport was unaffected by initial IgG
concentration (measured over a range from 1 μg/ml - 350 μg/ml, Fig. 1E) the observed
inhibition of IgG3 transport by IgG1 (at concentrations of 50-100 mg/ml) cannot be due
to FcRn saturation. The pH in the extracelluar medium was set at pH 7.4, suggesting
the inhibition to takes place in intracellular compartments.

IgG1 and IgG3 compete for binding to FcRn and
transport
Ober et al. demonstrated that during sorting the unbound FcRn molecules are routed
away from the sorting endosomes15. This might explain the observed competition between
IgG1 and IgG3 for FcRn binding and transport, since the number of FcRn molecules in
intracellular compartments can also become limited under non-saturating conditions.
Indeed, we show that when the IgG3 concentration was kept constant at 10 μg/ml,
IgG1 concentrations as low as 1 ng/ml significantly reduced IgG3 transport (Fig. 2A).
Also when IgG1 and IgG3 were mixed in equal amounts, the relative IgG3 transport was
significantly reduced compared to transport of IgG3 alone at high concentrations but was
unaffected at IgG concentrations of 10 ng/ml/subclass, when approximately ~4% of 1.25
µm sorting endosomes15 would be expected to contain IgG (Fig. 2B). Remarkably, this
concentration of IgG1 (10 ng/ml) significantly inhibited a 1000 fold excess of IgG3 (10 µg/
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b)

d)

e)

Figure 1. IgG3 transport is inhibited by IgG1 at non-saturating conditions. All experiments
were performed at pH 7.4. A) FcRn negative human A375-WT cells did not transcytose IgG1
(white) and IgG3 (hatched) from IVIg as transport was comparable to passive leakage (HRP, black).
After transfection with the FcRn α-chain, A375-FcRn efficiently transported IgG from the apical to
the basolateral compartment. When IVIg was mixed with Z-domain prior to transport at a 2:1 molar
ratio (Z-domain:IgG) the IgG1 transport by A375-FcRn cells was significantly reduced, while IgG3
transport was enhanced. B) JAR cells naturally expressing FcRn transported IgG1 and IgG3 from IVIg
equally well. Incubation of IVIg with the Z-domain at a 2:1 molar ratio prior to transport inhibited
transport of IgG1 but increased transport of IgG3. C) Purified IgG3 and IgG1 were transcytosed
equally well in A375-FcRn cells when transported separately, and neither inhibited their own transport
when the input was doubled. Yet in 1:1 mixtures, IgG3 transport was reduced in the presence of
IgG1. D) In JAR cells, IgG3 was efficiently transported when offered alone. The amount of either
IgG1 or IgG3 transported was also unaffected by doubling the apical concentration, but IgG3
transport was inhibited by the presence of equal amounts of IgG1. E) When only one subclass was
present, A375-FcRn transported a fixed percentage of IgG (left axis), while the absolute amount
transported was diminished (IgG1 open squares, IgG3 triangles, right axis). Throughout, IgG1 is
represented by open bars, IgG3 by hatched bars. 100 μg/ml IVIg was used in both A) and B). Apical
to basolateral transport of myeloma IgG1 and IMIg-derived IgG3 in the concentration indicated
in C-E). The Y-axis represents the percentage of IgG transported from the apical compartment to
the basolateral compartment. The data represent mean and standard deviation from 3 independent
experiments. Statistical comparison was performed by one-way ANOVA followed by Tukey’s Multiple
Comparison Test in A-B) and transport of IgG3 in the presence of IgG1 was compared to transport
of IgG3 alone by two-tailed t-test in C-D). The level of significance is indicated with asterisk symbols
*: p≤0.05; **: p≤0.01; ***: p≤0.001.
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ml, Fig. 2A). Similarly, soluble IgG1 was more efficient than IgG3 in inhibiting binding of
soluble-human FcRn (shFcRn) to IgG3-immobilized biosensor chips (Fig. 2C-D).

2

R435 in IgG interferes with binding to FcRn
When the differences in position 435 between IgG1 (Histidine) and IgG3 (Arginine)
were modeled into the existing crystal structure21 it was clear that the longer side
chain of arginine may potentially disrupt the tight fit of IgG in the FcRn binding pocket
(Fig. 3A-B). However, it may also theoretically convey a more favorable charge at pH 7.4,
at which the net charge of histidine is neutral but arginine is positive22. IgG3 did indeed
bind shFcRn significantly better at pH7.4, but IgG1 bound better at pH 6.0 as measured
by ELISA (Supplementary Fig. S1) and by SPR (Fig. 3C-D). We subsequently mutated
IgG1 to include the IgG3-derived arginine residue and vice versa (IgG1-H435R and IgG3R435H, respectively). These mutations resulted in the loss (IgG1-H435R) or gain (IgG3R435H) of protein A binding (Supplementary Fig. S1).
Using shFcRn-coupled biosensor chips in surface plasmon resonance (SPR) experiments,
we noted that IgG1-H435R showed improved binding to FcRn at pH 7.4 compared to
WT IgG1, but reduced binding affinity at acidic pH. Likewise, binding of IgG3-R435H
was reduced at pH7.4, but improved at acidic pH compared to WT IgG3 (Fig. 3C-D).
The relative binding of both IgG subclasses and variants was however very weak at pH
7.4 but increased steadily as the pH decreased, showing that shFcRn binding remained
pH-dependent for all variants.
The H435-containing IgG variants bound shFcRn with similar calculated affinities at
pH 6.0 according to the bivalent ligand binding model. However, IgG3 and IgG1-H435R
Figure 2. Concentration-dependent inhibition of IgG3 transport by IgG1 due to competitive
binding to FcRn. Apical to basolateral transport of V-gene matched recombinant IgG3 and IgG1. A)
IgG3 concentration was kept constant (10 μg/ml) in the absence or presence of increasing amounts
of IgG1. IgG3 transport was inhibited up to a plateau when more than 1 ng/ml IgG1 was present. All
data points were compared to the samples without IgG1 by one-way ANOVA and Dunnett’s multiple
comparison test. B) Recombinant IgG3 alone (dotted line) or mixed with IgG1 (solid line) at a 1:1
ratio in increasing concentrations were added to the apical compartment and IgG3 was measured
in the basolateral compartment. At concentrations lower than 1 μg/ml transport of IgG3 increased
up to levels similar to those observed when IgG3 is transported alone. All data points from mixed
IgG1 and IgG3 transport in B) were compared by t-test to the corresponding IgG3 transport without
IgG1 present. The statistical significance is indicated with asterisk symbols *: p≤0.05; **: p≤0.01;
***: p≤0.001. The theoretical number of IgG molecules present in 1.25 µm wide sorting endosomes
described by15, assuming an equal concentration within these vesicles as present in the medium, is
indicated on the secondary upper x-axis in A) and B). This arbitrary value is given as an indication
only as these calculated values cannot take miscellaneously elongated or tubule-tethered vesicles
into account13,15 C-D) Surface plasma resonance analysis showing binding of 100 nM recombinant
soluble human FcRn (shFcRn) to IgG3-immobilized CM5 biosensor chips (1300 RU) at pH 6.0 in
the presence of increasing concentrations of 25, 50, 100, 200 or 400 nM recombinant soluble IgG1
C) or IgG3 D). The data in A) and B) represent the mean and standard deviation. All experiments
were repeated at least three times with similar results.
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A)

B)

2

had calculated KDs that were, respectively, two times and approximately 50% higher
than WT IgG1 (Supplementary Fig. S2, Supplementary Table S1). Similar results were
found using the heterogeneous ligand binding model and by repeating the experiments
with a reversed setup, using IgG-coupled biosensor chips and the steady state affinity
model30: shFcRn bound the strongest to IgG1-coupled chips at pH 6.0 while IgG1-H435R
showed reduced binding. The affinity of shFcRn was improved for IgG3-R435H compared
to IgG3 which showed the weakest affinity of all variants (Fig. 4).

2

The inhibition of IgG3 transport by IgG1 is due to R435
C)

D)

Figure 3. The influence of the Histidine vs Arginine at position 435 on FcRn binding
at different pH. A) The crystal structure of FcRn with IgG-Fc part, showing the orientation of
the amino acid 435 of IgG in yellow. N-linked glycans are labelled according to their occurrence in
FcRn and Fc. B) A close-up showing the side chain of amino acid 435 of IgG (histidine, in green)
in the binding pocket of FcRn. When arginine (present at this position in IgG3) was modelled
into this position (yellow) it protrudes into the FcRn surface area (non-polar residues in white,
positively charged amino acids in blue, negatively charged residues in red and polar residues in
green), suggesting steric hindrance. Histidine at this position alters its charge at pH 6.5 and lower
(positive charge, resulting in FcRn binding) versus neutral pH (no charge, resulting in release of
IgG from FcRn)22. Arginine in this position, however, is positively charged at both low and neutral
pH, possibly resulting in better binding of IgG3 at neutral pH. The crystallographic coordinates51
(accession 1I1A) were modelled using DeepView 4.0352 and VMD 1.953. C-D) The importance of
this amino acid difference between IgG1 and IgG3 was tested biochemically by injecting 500 nM
recombinant IgG over shFcRn-coupled CM5 sensor chips at different pH. IgG3 D) bound FcRn
better than IgG1 C) at neutral pH, but the situation was reversed at acidic pH. IgG1-H435R mutant
gained IgG3-like characteristics, binding better at neutral pH, but worse at low pH C). Likewise,
IgG3 behaved like IgG1 after replacing the R435 with H435, binding relatively worse at neutral
pH, but better at low pH D), confirming that two opposing factors (steric hindrance vs charge)
may contribute to the observed inhibition by IgG1 on FcRn-mediated IgG3 transport. The data
in C-D) are presented as individual data points connecting the means from two independent
injections with a line. The level of binding between IgG1 vs IgG1-H435R, and between IgG3 vs
IgG3R435H was significantly different at each pH (p<0.001) as calculated by two-way Anova with
the Bonferroni post-tests.
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In agreement with the retained pH-dependent FcRn-binding, the presence of histidine
or arginine at position 435 did not influence the transport efficiency of either
subclass when transported individually in A375-FcRn cells (Fig. 5A). When the amino
acid at position 435 was mutated to an alanine, binding to protein A and shFcRn
(Supplementary Fig. S1), as well as FcRn-dependent transport (Fig. 5A), was almost entirely
abrogated both for IgG1 and IgG3. When mixed, IgG1-H435A did not inhibit transport
of IgG3 (Fig. 5B), indicating that binding of IgG1 to FcRn was required for the observed
inhibition of IgG3 transport. Importantly, IgG1-H435R (Fig. 5A) was also unable to inhibit
IgG3 transport (Fig. 5B), indicating the arginine/histidine difference between IgG3 and
IgG1 to be important for IgG1-mediated inhibition of IgG3 transport. In line with this,
transport of IgG3-R435H was unaffected by the presence of any IgG1 variant (Fig. 5C).
Remarkably, IgG3-R435H inhibited transport of IgG1-H435R (Fig. 5C) to a similar extent
as IgG1-WT inhibited transport of IgG3-WT (Fig. 5B). These results demonstrate that
IgG-R435 can be transported by FcRn through cells, but that binding to -and transport
by- FcRn is inhibited in the presence of H435-containing IgG.

Competition for FcRn leads to degradation of IgG3
in vitro
We next tested if the reduced IgG3 transport in the presence of IgG1 was reflected in
enhanced degradation during apical to basolateral transport. We therefore measured
the recovery of different IgG variants from the apical and basolateral compartments
(Fig. 6A). Up to 95% of IgG1 or IgG3 could be accounted for when transported alone.
When mixed with IgG3, IgG1 recovery was unaffected, but only 60% of the initial amount
of IgG3 was detected. However, when WT IgG1 and IgG3-R435H were mixed, recovery of
both was ~95% (Fig. 6A), indicating that the decreased transport and enhanced loss of
IgG3 in the presence of IgG1 was solely due to the arginine at position 435.

IgG3 with H435 has an enhanced half-life in humans
The IgG3 G3m(s,t) allotype (Supplementary Fig. S3) contains a histidine at position 435,
and can therefore be used to investigate the in vivo effect of the mutation. Although not
commonly found in native Europeans, we found detectable levels in IVIg (Supplementary
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Figure 4. Binding of the IgG at pH 6.0 is influenced by the amino acid at position 435.
The different IgG variants (IgG1, IgG1-H435R, IgG3, or IgG3-R435H) were immobilized to CM5
sensor chips and shFcRn injected at different concentrations (7-4000 nM represented by different
lines) at pH 6.0. The sensorgrams are shown in the left panels A-D), and the corresponding
equilibrium binding responses versus shFcRn concentrations in the right panels (E-H), for IgG1
(A and E), IgG1-H435R (B and F), IgG3 (C and G), or IgG3-R435H (D and H). The calculated affinity
constants are superimposed in the right panels as derived from steady state binding model using
the BIAevaluation software. FcRn displays a reduced affinity to IgG1 at pH 6.0 after mutating the H
at position 435 to R, and enhanced affinity to IgG3 after mutating the R at position 435 to H.
The data are representative from two independent injections.

42

Figure 5. Inhibition of IgG3 transport by IgG1 is due to R435 in IgG3. A) Mutating the amino
acid at position 435 in IgG1 (H435) and in IgG3 (R435) to an alanine reduces transport, while
exchanging the histidine native to IgG1 and the arginine native to IgG3 on each others backbone
had no effect on their transport rate when offered separately to FcRn-transfected A375 cells. B)
While transport of IgG3-WT was inhibited in the presence of IgG1-WT, IgG1 bearing an alanine or
an arginine at position 435 had no effect on IgG3 transport. C) Transport of IgG3 with a histidine
at position 435 was not inhibited by WT IgG1. When the amino acids found at position 435
in IgG1 and IgG3 were swapped, IgG1-H435R transport was inhibited by IgG3-R435H. A-C)
The +/- indicate the presence or absence of IgG (10 µg/ml/subclass), IgG1 is represented by open
bars, IgG3 by hatched bars. The presence of mutated variants (435H, 435A, 435R) is indicated by
the corresponding letter. The data represent mean and standard deviation from 3 independent
experiments. Transport of WT IgG was compared to transport of mutant IgG by one-way ANOVA
with Dunnett’s multiple comparison test and significance is indicated with asterisk symbols
*: p≤0.05; **: p≤0.01; ***: p≤0.001.
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Fig. S4)31-34. We therefore investigated whether R435 is also causing the fast clearance of
IgG3 in vivo, by analyzing the serum persistence of this IgG3 allotype in sera of IVIg treated
X-linked agammaglobulinemic patients. Compared to the amounts found in the IVIg
preparation itself, the amount of IgG1 and IgG2 relative to total IgG was unchanged in
these patients four weeks after the last infusion of IVIg (Fig. 6B). As expected, the total
serum IgG3 level, consisting mostly of R435 containing G3m(b) and G3m(g) allotypes in
Europe31,32 (Supplementary Fig. S3), was significantly lowered, but significantly increased
for the H435-containing IgG3 allotype G3m(s,t) (Fig. 6B). Thus, also in natural variants of
IgG3, the presence of a histidine or an arginine at position 435 determines the catabolic
rate in vivo.

Enhanced effector functions of H435 containing IgG3
in vivo
IgG3 binds C1q and activates FcγR more potently than any of the other IgG subclasses, but
its therapeutic application has not yet been considered a viable option because of its short
half-life4,35,36. We therefore compared the potential of the recombinant V-gene matched
IgG1, IgG3, IgG1-H435R and IgG3-R435H (directed against Streptococcus pneumoniae
serotype 6)17,37 to stimulate FcγR-mediated phagocytosis and mediate protection against
pneumococcal pneumonia and bacteremia. IgG3 mediated better phagocytosis than
IgG1, and neither isoallotypic alteration significantly changed their capacity to mediate
phagocytosis of pneumococci (Supplementary Fig. S5). We then passively immunized
outbred NMRI mice 48 hours before measuring the level of the human antibodies and
intranasal challenge with virulent pneumococci. The serum persistence of all four IgG
were measured before challenge which were found to be lower for IgG3 and IgG1-H435R
than for IgG1 and IgG3-R435H (Fig. 7A). Bacteremia and pneumonia were determined 24
hours later37. IgG1 and IgG3-R435H completely protected against bacteremia, while IgG3
and IgG1-H435R treated mice were partly protected (Fig. 7B). IgG3-R435H demonstrated
a significantly better protection against pneumonia than IgG1 and IgG3, while IgG1H435R was not protective (Fig. 7C). A complete clearance for a large fraction of the mice
was only observed in the IgG3-R435H-treated group (Fig. 7B-C). The statistical analysis of
the data in fig. 7B-C is displayed in Table 1.
Collectively, these data reveal that the short half-life described for human IgG3 is due
to the arginine in position 435, that can be overcome by introducing an histidine present
in this position in the G3m(s,t) allotypes and other IgG subclasses. The in vivo application
of H435-IgG3 combines the properties of long half-life and strong effector functions that
surpasses that of human IgG1.

DISCUSSION
In this study, we investigated the binding of IgG3 to FcRn, which, although slightly lower
and less pH dependent, was surprisingly similar to IgG1. In agreement with this, we

44

A)

2

B)

Figure 6. H435-containing IgG3 has extended half-life in humans. A) Approximately 95% of
the total IgG added to apical compartments of confluent A375-FcRn monolayers was recovered
after 24 hours from both the apical (gray) and the basolateral (white) compartments when the IgG1
(open bars) or IgG3 (hatched) were added individually (10 μg/ml/subclass). However, when the IgG1
and IgG3 were mixed in equal amounts, approximately 65% of the initial IgG3 could be detected,
suggesting IgG3 was degraded in the presence of IgG1. IgG1 recovery was similar to that found
when no IgG3 was present. IgG3-R435H was not degraded in the presence of IgG1 as about 95%
could be detected after 24 hours, similarly to IgG3 alone. The data represent mean and standard
deviation from 3 independent experiments. B) The relative concentration of IgG subclasses and
the histidine-435 containing IgG3 allotype G3m(s,t) in sera from agammaglobulinemic patients four
weeks after their last treatment with IVIg compared to IgG subclass and G3m(s,t) levels found in
the corresponding IVIg preparation. Data represent the average plus standard deviation calculated
from at least three independent IgG subclass- and allotype measurements performed on serum
from three patients in B). Statistical comparison was performed by one-way ANOVA followed by
Tukey’s Multiple Comparison Test in B). The level of significance is indicated with asterisk symbols
*: p≤0.05; **: p≤0.01; ***: p≤0.001. For simplicity, significant differences are only displayed for
IgG1 compared to all subclasses, and between IgG3 total and G3m(s,t) levels in B).

45

SHORT HALF-LIFE OF HUMAN IgG3 DUE TO COMPETITION

A)
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Table 1. Statistical analysis* of in vivo challenge data from Fig 7.

A) Blood
IgG1
IgG1-H435R
IgG3
IgG3-R435H

2
C)

B) Lung
IgG1
IgG1-H435R
IgG3
IgG3-R435H

IgG1-H435R

IgG3

IgG3-R435H

Saline

0.0259

0.0144
0.7267

0.1576
0.0003
0.0001

<
<
<
<

0.0215

0.0457
0.8065

0.0139
< 0.0001
0.0008

< 0.0001
0.0379
0.0379
< 0.0001

0.0001
0.0001
0.0001
0.0001

2

* Statistical comparison was performed with Mann Whitney Rank sum test.

Figure 7. H435-containing IgG3 has increased serum persistence in mice and gives improved
protection against pneumococcal pneumonia. A) Serum IgG levels 48 hours after injecting 1 µg
the IgG variants into outbred NMRI mice. IgG1-H435R and IgG3 show lower serum levels than IgG1
and IgG3-R453H. B) Three and C) two experiments, showing outbred NMRI mice (8-10 per group
per experiment) that were passively immunized intraperitoneally with 3 µg (circles symbols) or 1 µg
(diamond) recombinant IgG anti-Streptococcus pneumoniae 6 or placebo 48 hours before challenge
with pneumococci of serotype 6A. Results from individual experiments are shown using the same
symbol throughout (open or closed circles and diamonds). The number of bacteria found in B)
blood and C) lungs 24 hours after challenge are shown. B) All but one mouse in the control group
developed bacteremia, while all but four mice receiving WT IgG1 and all but one mouse receiving
IgG3-R435H were completely protected. Approximately half of the mice receiving either IgG1H435R or WT IgG3 developed bacteremia. C) High numbers of bacteria were found in the lungs of
control mice. All IgG treated mice were significantly protected from lung infection, with lowered
level of bacterial burden, with few mice in each group completely protected with no detectable
bacteria. IgG3-R435H protected the mice significantly better than all other IgG variants, with 5
mice without detectable lung or blood infection. The dotted lines indicate the level of detection.
Data in A) represent the IgG levels in individual mice together with means and standard errors of
means; data in B-C) represent the bacterial load of individual mice together with medians (assuming
the level of detection for individuals without detectable bacteria) and interquartile ranges, statistical
comparison is tabulated in Table 1.
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found FcRn-mediated transport of purified IgG3 to be comparable to that of IgG1. These
findings fail to explain the short half-life of IgG3 in humans. However, we found an
unexpected inhibition of IgG3 transport in the presence of other IgG subclasses. This was
due to intracellular competition for FcRn-mediated transport due to a single amino acid
difference in position 435 between IgG3(arginine) and the other IgG subclasses(histidine),
which explains the shorter plasma half-life of IgG3. Mutating this arginine in IgG3
to histidine abrogated the inhibition by IgG1, without affecting the superior effector
functions of IgG3.
FcRn mediated transport and degradation were studied in hFcRn transfected human
A375 cells and in the naturally FcRn expressing human choriocarcinoma cellline JAR.
The transport rates of purified IgG1 and IgG3 were similar for various IgG sources.
However in both cell types, the transport of IgG3 was inhibited by addition of IgG1. This
inhibition was observed for myeloma IgG1 combined with IgG3 purified from IMIg, for
V-gene matched recombinant IgGs, and for IVIg in which the inhibition could be alleviated
by a protein A based inhibitor of FcRn-IgG binding (Z-domain) specific for IgG1, IgG2 and
IgG4. The transport rate was independent of the IgG concentration indicating that an
excess of FcRn over IgG will exist early after internalization. However, Ober et al. showed
that there is a progressive depletion of FcRn after endo- or pinocytosis events as FcRncontaining vacuoles without IgG are routed away from sorting endosomes containing
both IgG and FcRn15. Under these circumstances competition between IgG1 and IgG3 for
formation of FcRn-IgG complexes could favour IgG1 binding at low pH21,38,39.
Significant transport inhibition of an excess of IgG3 was observed using very low
concentrations of IgG1. Possibly this can be explained by recent findings showing
that routing of IgG and FcRn does not take place inside discrete vesicles, but through
elongated tubules and/or multiple recycling-endosomes tethered by tubules13,15,39.
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Here, IgG probably binds FcRn in a stochiometry of 1:2, with two FcRn molecules on
parallel membranes binding one IgG molecule21,39. If IgG in transit goes through multiple
checkpoints in tubule tethered recycling-endosomes15, then competition between IgG3
and IgG1 may occur sequentially. Differences in on-rates were the most prominent finding
from the interaction kinetics studies, and this may at least partly explain the ability of
low concentrations of IgG1 to inhibit IgG3-transport. Our findings that reduced IgG3
transport in the presence of IgG1 coincides with enhanced IgG3 degradation, support
the hypothesis that this effect occurs after uptake and within developing lyso- and/or
sorting endosomes.
We found that mutating position 435 in IgG to an alanine reduced transport almost
to background levels and that IgG1-H435A was unable to inhibit FcRn-mediated IgG3
transport. Transport-inhibition of IgG3 by IgG1 was completely reversed by swapping
the amino acids normally present in IgG1 and IgG3 at position 435 (resulting in IgG1H435R and IgG3-R435H). This strongly indicated that human IgG1 is more adept at FcRnmediated transport than IgG3, solely due to the R present at position 435 in IgG3. R435containing IgG also bound shFcRn with a slightly lower affinity than H435-containing
IgGs, and soluble IgG1 was better than IgG3 in inhibiting binding of shFcRn to solidphase immobilized IgG3. This amino acid difference was found to affect IgG3 binding
to FcRn in two ways - likely through reduced sensitivity to deprotonation resulting in
enhanced binding at pH 7.4, and through steric hindrance, causing decreased binding
at pH 6.0, suggesting IgG3 to have a decreased competitiveness for pH-dependent FcRn
binding and release, and thus for the overall transport.
To study whether our in vitro observations also apply in vivo, we analyzed sera from
agammaglobulinemic patients who receive regular IVIg replacement therapy that contain
both R435- and H435-bearing IgG3 allotypes. We measured the relative IgG subclasses,
and IgG3 allotype levels found in IVIg and sera four weeks after the previous IVIg dose was
given. In agreement with our in vitro findings, we found that these sera were enriched
for the H435-containing IgG3 allotypes compared to total IgG3, demonstrating that
the R435 is also responsible for the lack of competitive FcRn-mediated rescue and short
half-life of IgG3 in humans. In accordance with this, we found the serum persistence of
IgG1 and IgG3 R435H to be higher than that of IgG3 and IgG1 H435R in outbred NMRI
mice. Furthermore, these findings show that the longer hinge of IgG3 does not lead to
increased proteolytic degradation, which has been postulated to contribute to the lower
half-life of IgG34.
IgG3 binds FcγRIII and C1q with higher affinity than IgG1 and is capable of mediating
considerably stronger effector functions, like Antibody-Dependent Cellular Cytotoxicity,
respiratory burst phagocytosis1,36,40-42, and Complement-Dependent Cytotoxicity towards
tumor cells3,43. This suggests IgG3 containing H435 to be a more effective candidate
for in vivo immunotherapies. In an in vivo model of IgG-mediated protection against
pneumococcal sepsis and bacteremia WT IgG3 gave comparable protection against
pneumonia as IgG1. However, IgG3-R435H protected mice significantly better than either

IgG1 or IgG3 against pneumococcal pneumonia, correlating both with its enhanced
effector functions and half-life in mice, and confirming its therapeutic potential24.
In summary, IgG3 is known for both its superior effector functions compared to IgG1 –
the most commonly used isotype used for immunotherapy – but also for its short in
vivo half-life4,5,35,36. We now show that FcRn can in fact rescue and transcytose IgG3
as efficiently as IgG1, but not in the presence of the other IgG subclasses. Our data
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support a model where IgG3 loses competition for FcRn binding and routing away from
the lysosomal pathway, explaining its high catabolism in vivo. We demonstrate that this
can be resolved by replacing the R435 with a histidine, as is the case in a rare natural
variant. The epitope comprising the H435 in G3m(s,t) is an isoallotype which is found in
all other IgG subclasses, and its detectable presence in IVIg has not been documented
to cause adverse reactions in patients. The extended half-life of the IgG3-R435H variant
has important implications for current and future antibody-based therapies aimed at
achieving maximal effector functions.

METHODS
Cell culture
Human choriocarcinoma cells (JAR, ATCC, VA) were grown in IMDM medium (Cambrex,
Verviers, Belgium), and melanoma cells (A375, FcRn-β2m+, ATCC) in RPMI 1640
medium (Invitrogen/Gibco, Carlsbad, CA), both supplemented with L-glutamin (300
mg/ml, Invitrogen), penicillin (100 U/ml, PAA Laboratories GmbH, Pasching, Germany),
streptomycin (100 mg/ml, PAA) and 10% foetal calf serum (FCS, Bodinco, Alkmaar,
The Netherlands).

A375-FcRn
Human FcRn (mRNA) was amplified by PCR using the forward 5’-GGATCCACCA
TGGGGGTCCCGCGGCCTCAGC-3’ and reverse 5’-GAATTCTCAGGCGGTGGCTGGAA
TCAC-3’primers and ligated into pGEM-T (Promega, Madison, WI, USA). The BamHIEcoRI fragment was subcloned into the pMX-puro vector (DNAX, Palo Alto, CA, USA)
and transfected together with a packaging vector into 293T-cells44. Supernatants were
used to transduce A375 cells45. Expression of FcRn was confirmed by MAb 1G3 and
quantitative RT-PCR17

IgG
Intravenous

Immunoglobulin

(IVIg)

was

obtained

from

Sanquin,

Amsterdam,

The Netherlands. Pooled myeloma IgG1 was purified from three multiple myeloma
patients by serum protein precipitation and depletion of other subclasses by sephadexbound anti-subclass Ig. IgG3 was obtained from Intramuscular Ig (IMIg, Sanquin) after
depleting other IgG with protein A.
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Recombinant IgG1, IgG3 and IgG1-H435A have been described before17,37. Recombinant
IgG were produced in 293Freestyle cells (Invitrogen) according to the manufacturers
instructions, and purified using HiTrap protein A (for H435-containing IgGs) or protein G
using the Acta Prime Plus system (GE Healthcare). IgG1-H435R, IgG3-R435A and IgG3R435H were generated using the Quickchange Site-directed-mutagenesis kit (Stratagene,
La Jolla, CA, USA) with the following and reverse complementary oligonucleotide primers:
IgG1-H435R:GAGGCTCTGCACAACCGCTACACGCAGAAGAGCC
IgG3-R435A:GAGGCTCTGCACAACGCCTACACGCAGAAGAGCC
IgG3-R435H:GAGGCTCTGCACAACCACTACACGCAGAAGAGCC
All mutations were confirmed by sequencing prior to expression. The endotoxin levels of
the various batches was tested and confirmed to be very low or absent by measuring IL-6
production of monocyte-derived immature DC as described 46.

Z domain
The gene encoding the Z-domain was amplified by PCR from the vector pThio-HisZZ47 using 5’-GGATCCGTAGACAACAAATTCAAC-3’ (forward) and 5’-CTGCAGTTATT
TCGGCGCCTGAGCATC-3’ (reverse), and cloned into pGEM-T (Promega). The BamHINotI fragment was cloned into the pGEX 6.2 expression vector and expressed in E.coli.
The GST tag was removed using PreScision protease (GE healthcare) and the Z-domain
eluted off the glutathione sepharose 4B column (GE healthcare, Chalfont St Giles, UK) by
gravity flow and dialysed against PBS.

IgG transcytosis
12mm polycarbonate Transwell filters (0.4 mm pore size, Costar/Corning, Acton, MA)
were inoculated with 5*105 cells, grown overnight to confluence, washed with PBS and
medium replaced with fresh 1.5 ml medium basolaterally and 0.5 ml apically (IMDM at pH
7.4 with supplements as stated above). Mixtures of IgG contained 125 pg/ml streptavidinHRP (Sanquin) to assess background transport. Apical to basolateral transport was
calculated according to ([IgG]basolateral*1.5ml)/([IgG]input*0.5ml)*100%. All experiments
were performed in triplicate.

Surface plasmon resonance assays
All experiments were performed using a Biacore 3000 instrument, CM5 biosensor
chips and amine coupling as described by the manufacturer (GE Healthcare). Injections
were done using phosphate buffer (67 mM phosphate buffer, 0.15 M NaCl, 0.05%
Tween20) at pH 6.0. Kinetic evaluations were performed using immobilized shFcRn-GST
(~1000 RU)48,49, and IgG variants (2-500 nM) injected. Alternatively, IgG was immobilized
(~1500 RU) and shFcRn injected (7-4000 nM). For the competitive SPR assay, chips were
coupled with IgG (~1300 RU) and shFcRn (100 nM) was injected alone or together with
50

serial dilutions of IgG1 or IgG3. Binding at different pH was done in a phosphate buffer
with 500 nM IgG injected over immobilized shFcRn (~2000 RU). All experiments took
place at 20-60 ml/min, 25°C, and HBS-P buffer (GE Healthcare) at pH 7.4 was used
for regeneration. Binding analyses were performed using the BIAevaluation wizard
software 4.1

Agammaglobulinemia patients

2

Serum samples from three agammaglobulinemia patients, taken 4 weeks after receiving
IVIg, were assessed for IgG subclass levels and expressed as relative IgG concentration
compared to that found in IVIg (Relative IgG levels at week four (% ) = [IgGS]W4 / [IgGT]W4 /
([IgGS]IVIg / [IgGT]IVIg) * 100% , where W4 stands for serum at Week four after IVIg injection,
S for Subclass and T for Total). Serum samples were anonymous rest material acquired
during routine IgG-evaluation of these patients, and therefore did not require a Medical
Ethical Committee evaluation according to the institutional Committee of the Academic
Medical Centre of the University of Amsterdam.

IgG quantification
IgG subclass concentrations in sera were determined by Nephelometry (Behringer
Nephelometer II, Behringer diagnostics, Deerfield, IL). For other experiments IgG
concentrations were determined by sandwich ELISA using subclass specific mouse
monoclonal antibodies (IgG1:MH161-1; IgG3:MH163-1, Sanquin) or allotype specific
monoclonal anti G3m(s,t)32 (1.5A10, Sanquin, see Supplementary Fig. S4) for capture.
Mouse-anti-IgG-HRP (Southern Biotech, Birmingham, AL, USA) was used for detection in
all assays except the G3m(s,t) ELISA where mouse anti-IgG3-HRP (MH163-1, Sanquin) was
used. Concentration was read of standard curves made using the same IgG preparations
used for transport or to treat patients.

Passive protection
The pneumococcal infection model has been described before37,50. In brief, outbred NMRI
mice (Taconic, Skensved, Denmark) were passively immunized intraperitoneally with 3
µg of recombinant IgG (diluted in 200 µl PBS) or saline only, 48 h before challenge with
a virulent pneumococcal strain of serotype 6A. Mice were anesthetized and challenged
intranasally with 2 x 107 CFU pneumococci in 50 µl sterile 0.9% saline. Twenty-four hours
after challenge, the mice were sacrificed and bacterial load evaluated by colony counting
as described37,50. All in vivo studies complied with the Animal Experimental Committee of
Iceland According to the Act on Animal Welfare no 15/1994.

Statistical analysis and data sets
All data represent the mean and standard deviation of at least 3 independent experiments.
All transcytosis assays consisted of three replicates. GraphPad Prism version 4.00 for
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Windows (GraphPad Software, San Diego CA, USA) was used for all statistical analysis.
Significance was set at p≤0.05, and the level of significance is indicated on all figures as
*: p≤0.05; **: p≤0.01; ***: p≤0.001.
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B)

Figure S1. Binding of the IgG variants to Protein A and shFcRn. Binding of Protein A to serial
dilutions of the IgG variants (A) and shFcRn at pH 6.0 (B). Maxisorp ELISA plates (Nunc, Denmark)
were coated with 10.0 mg/ml pneumococcal polysaccharide 6B (ATCC, Manassas, VA) overnight
at 4°C. They were then blocked with 4% skimmed milk (Acumedia) for 1 h and washed four
times with PBS/0.05% Tween 20 (PBS/T) pH 7.4 (as were all subsequent washing steps or at pH
6.0 as indicated). Serial dilutions of the IgG variants, diluted in PBS/T with 4% skimmed milk at
the indicated pH, were added to the wells and incubated for 1.5 h at room temperature. After
washing, 0.5 mg/ml GST-fused shFcRn (ref. 42 and Andersen et al FEBS J. 2008;275:4097-110) (preincubated with an HRP conjugated polyclonal anti-GST from goat (GE Healthcare) in 4% skimmed
milk PBS/T), or alkaline phosphatese conjugated protein A (Sigma-Aldrich) was incubated at pH 7.4
or at pH 6.0 for 1.5 h at room temperature, then washed. 100 µl of the substrate TMB (Calbiochem)
or 1 mg/mL p-nitrophenyl phosphate (NPP) in 10% diethanolamine buffer, pH 9.8 was added
to each well, and the absorbance at 620 nm or 405 nm, respectively for shFcRn and Protein A,
measured using a Sunrise TECAN spectrophotometer (TECAN, Maennedorf, Switzerland). The data
represent mean and standard deviation (not visible when less than the size of the symbol) from 3
independent experiments.
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Figure S2. Binding of the IgG variants to shFcRn-GST. shFcRn-GST (~1000 RU) was immobilized
to a CM5 sensor chip by amine coupling, and IgG variants were injected at different concentrations
(500-2 nM) with a constant flow rate of 60 µl/min at 25°C pH 6.0. HBS-P buffer (GE Healthcare)
with pH 7.4 was used to regenerate the flow cells at the end of each dissociation phase. Kinetic
constants were calculated from the resulting sensorgrams using the bivalent binding model
provided by the BIAevaluation 4.1 software (Table 1 in the accompanying manuscript).The data are
representative of three independent experiments.

Figure S3. The amino acid sequences of all described IgG3 variants. The sequences of IgG3
allotypes and their simplified nomenclature as deduced from Balbin et al in Immunogenetics
1994;39: 187-193and van Loghem et al Scand. J. Immunol. 1982;15:275-8 compared to IgG1
(allotype G1m(za)). The definition of the G3m(b) is broadly defined here, but strictly applies only to
AJ390247 and AJ390252 as they contain an Phe at position 296 (Balbin et al in Immunogenetics
1994; 39:187-193). The hinge regions of the different IgG3 variants varies from two to four exons,
three of which are exactly repeated, resulting in a 30-60 amino acid hinge. Numbering of these
sequences is according to their occurrence in IgG from the CH1 domain. The standard numbering
of amino acids discussed in the text is also indicated where appropriate. The recombinant IgG3 used
in this paper (accession number AF237585) corresponds to AF390263 (G3m(g)).
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Figure S4. Specificity of the monoclonal 1.5A10 anti G3m(s,t). Serum from homozygous
G3m(b) or G3m(g) or heterozygousG3m(s,t) individuals were serially diluted in a 1.5A10 / IgG3-HRP
Sandwich ELISA (see materials and methods). The data represent mean and standard deviation from
3 independent experiments.

A)

B)

Figure S3. (continued)
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Figure S5. Phagocytosis of Streptococcus pneumoniae serotype 6B opsonized with V-gene
matched IgG1 and IgG3 demonstrates the superior effector functions of IgG3. A) Swapping
the amino acid in position 435 (histidine in IgG1 and ariginine in IgG3) has no significant affect
on the phagocytosis efficiency. Ingested bacteria were quantified by FACS as described in ref. 15.
The data represent mean and standard deviation from 3 independent experiments. B) The Level of
significance as calculated by calculated by two-way Anova with the Bonferroni post-tests.
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Supplementary Table S1. Kinetics of the IgG interactions with shFcRn
Analyte

2

IgG1
IgG3
IgG1
IgG3

WTb
WTb
H435Rb
R435Hb

ka1 (104/Ms)

kd1(10-3/s)

KD (nM)

4.26±0.60
1.87±0.10
3.36±0.24
2.35±0.12

8.61±0.11
7.41±0.16
10.08±1.91
7.76±0.20

201.9
395.7
321.4
330.2

a: Dilutions of IgG variants were injected over immobilized shFcRn as shown in Supplementary Fig. 2.b:
The kinetic rate constants were obtained using the bivalent ligand model supplied by the BIAevaluation
4.1 software. The kinetic values represent the average of triplicates.
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ABSTRACT

Introduction

The neonatal receptor, FcRn, mediates both serum half–life extension as well as active
transport of maternal IgG to the fetus during pregnancy. Therefore, transport efficiency
and half-life go hand-in-hand. However, while the half-life of the human IgG2 subclass
is comparable to IgG1, the placental transport of IgG2 is not, with the neonatal IgG1
levels generally exceeding maternal levels at birth, but not for IgG2. We hypothesized
that the unique short-hinged structure of IgG2, which enables its κ-, but not λ-isotype
to form at least three different structural isoforms, might be a contributing factor to
these differences. To investigate whether there was any preference for either light chain,
we measured placental transport of IgG subclasses as well as κ/λ-light chain isotypes of
IgG1 and IgG2 in 27 matched mother-child pairs. We also studied the half-life of IgG1
and IgG2 light chain isotypes in mice, as well as that of synthesized IgG2 structural
isotypes κA and κB. In order to investigate serum clearance of IgG1 and IgG2 lightchain isotypes in humans, we quantified the relative proportions of IgG1 and IgG2
light chains in hypogammaglobulinemia patients four weeks after IVIg infusion and
compared to the original IVIg isotype composition. None of our results indicate any
light chain preference in either of the FcRn mediated mechanisms; half-life extension or
maternal transport.

Immunoglobulin G (IgG) forms the backbone of our circulating, adaptive immune system.
The fully assembled IgG molecule consists of two identical 50 kDa heavy chains (γ1,
γ2, γ3 or γ4 subclasses), and two identical 23 kDa light chains forming a heterodimer
(one heavy chain and one light chain) that further assemble into dimers. The assembled
molecule is Y shaped, with the light chains and the N-terminal parts of the heavy chains
(CH1 and VH domains) in tight association, forming the two Fab arms (Fragment antigen
binding), and the C-terminal CH2 and CH3 domains forming the Fc-tail. The CH1 and CH2
domains are connected by a flexible hinge, allowing the F(ab’)2 considerable freedom of
movement from the Fc portion. Length and flexibility of the hinge region varies extensively
amongst the IgG subclasses influencing the relative orientation and movement of the Fab
arms and Fc tail of the IgG antibody 1.
The hinge region of IgG1 encompasses 15 amino acids and is very flexible. IgG2 has
a 12 amino acid hinge region and contains a rigid poly-proline double helix, stabilized by
four inter-heavy chain disulfide bridges. IgG3 has the longest hinge region, about 4 times
as long as IgG1, and thus the greatest flexibility, while the IgG4 hinge contains 12 amino
acids yielding an intermediate flexibility compared to IgG1 and IgG2. 2
Light chains come in two classes, either κ or λ, with four highly homologous λ light
chain allotypes. In humans the κ:λ ratio in serum is around 2:1 in healthy individuals,
but this varies between species, isotype, biological location and age.3 No functional
differences between λ and κ antibodies have been described so far. Recently, IgG2κ was
described to occur in three distinct isoforms, A, A/B and B, which differ from each other
solely in their disulphide bridges in the hinge, with four disulphide bonds connecting
the Fc chains for A, but two in the B form, and an hybrid A/B form with three inter-Fc
bonds .4 This affects its tertiary structure and thus the position and mobility of F(ab’)2,
which in turn may affect other interactions. 5 In contrast, IgG2λ is found predominantly
as the A and A/B molecular form, but devoid of the B form. 4,6
FcRn, the neonatal FcγR, is a heterodimer of a unique MHC class I-like alpha chain and
β2m. It is thought to, amongst other functions, be responsible for both the long half-life
of IgG in vivo and to mediate IgG transcytosis, for instance to the mucosa (e.g. gut,
genital and respiratory tract) and through the placenta.7-10 FcRn functions by binding IgG
in acidifying early pino- or endosomes after these have fused with FcRn bearing vesicles.
11
Once bound, IgG-FcRn complexes are routed away from the lysosomal pathway, either
back towards the loading surface of the cell (recycling) or to the opposite cell surface
(transcytosis). After fusion with the cell membrane the pH returns to its physiological value
and the IgG-FcRn complexes dissociate, allowing the IgG to disperse outside of the cell 12.
In humans, FcRn thereby prolongs the half-life of all subclasses equally, except for IgG3.
We recently demonstrated that this short half-life of IgG3 was caused by alteration in
a key FcRn-contact residue in IgG3 compared to the other subclasses (where IgG3 has
an Arginine at position 435 instead of Histidine). This causes IgG3, in most individuals,

3
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to have less pH sensitive binding to FcRn and therefore to lose in competition with other
subclasses, except for those expressing a naturally occurring IgG3 variant (G3m15 and
G3m16) with Histidine at 435 (H435). 13
IgG1, IgG2 and IgG4 share all currently described contact residues with FcRn, including
H435, with similar affinity to FcRn when measured using immobilized human FcRn on
a biosensor and a comparable half-life in circulation. 14-16 For transport of IgG across
the placenta however, the concentration of all the H435-containing IgG´s in cord blood
except IgG2 (i.e. IgG1, IgG4 and H435-containing allotypes of IgG3) typically exceeds
maternal levels. Thus the transport of IgG2 is much less efficient and is in fact comparable
to that of R435-containing IgG3.17,18 Since FcRn is thought to play a very similar key role
in both of these processes, the reason for this discrepancy remains unclear.
Interestingly, although all amino acids so far found to influence FcRn binding are
reported to be located on the Fc portion of IgG, Montaño and Morrison reported
a difference in half-life between human-mouse chimeras of IgG2λ and IgG2κ, with IgG2λ
being cleared faster in mice.15,19 This light-chain difference was not observed for IgG1,
IgG3 or IgG4. All human IgG subclasses have been reported to display pH-dependent
binding activities to mouse FcRn, albeit slightly altered compared to binding to human
FcRn. 16 The interaction still allows for half-life extension of human IgG by mouse FcRn,
with comparable relative half-lives reported as in humans (IgG1≥IgG2>>IgG3), except for
IgG4, which has been reported to have unusually short half-life in mice.15,19-22 Although
no difference in IgG2 half-life has been described in humans, the IgG2 light chain isotype
has been found to influence binding affinity to mouse FcRn.23 Due to the shortness
of the IgG2 hinge, which causes the F(ab)2 to be relatively close to the Fc as well as
the distinct structural isoforms of IgG2, we hypothesized that the low placental transport
of IgG2 may be attributable to a single structural isoform, unique to IgG2κ, interacting
differently with FcRn, possibly affecting its half-life as well.
For this reason we studied the trans-placental transport of IgG2λ and IgG2κ in humans
and their half-life in mice and humans, both of which are FcRn-ascribed functions, and
tested whether the unique structural isoforms of IgG2κ could explain the low efficiency
of IgG2 transport.

MATERIALS AND METHODS

Recombinant IgG

VH-matched recombinant IgG1 (λ and κ) and IgG2 (λ and κ) described before 24,25, were
produced in 293 Freestyle cells (Invitrogen, Carlsbad CA) according to the manufacturer’s
instructions with p20, p27 and SV40 Large-T antigen as described, and purified
by protein G HiTrap columns using the Acta Prime Plus system (GE Healthcare,
Buckinghamshire, UK). 26

68

Paired Mother – Cord samples
IgG subclass levels and for both IgG1 and IgG2 the kappa and lambda levels, were
measured in plasma samples from paired mothers and cord, all at term, taken just before
or just after birth. Median gestation period was 268 (range 281 and 252 days), except
otherwise indicated. The data was plotted for each mother/child combination individually
and also assessed collectively. All women had an uncomplicated pregnancy and neonatal
outcomes for all children were optimal. Signed informed consent was obtained from
all women, and the collection of blood samples and clinical data received approval by
the Ethics Committee of the Leiden University Medical Center (P02-200).

3

IgG quantification
Light chain and IgG1 and IgG2 subclass specific antibody quantification on the paired
mother-cord samples was done by sandwich ELISA using Nunc MaxiSorp plates (SigmaAldrich, St. Louis, MO). For IgG total ELISA, mouse anti-human IgG (M1268, Sanquin) was
used for coating (1/500), and HRP-mouse anti-human Fc (JDC10 Southern Biotech) was
used as a secondary antibody (1/1000). For IgG light chain ELISA´s mouse-anti-human
IgG1 (MH1325, Sanquin, 1/100) was used to coat, using either HRP-labelled mouse-antihuman λ (JDC12, Southern Biotech, 1/1600) or κ (HP6062, Southern Biotech, 1/1300).
Similarly, mouse anti-human IgG2 (HP6002, Southern Biotech, 1/100 for lambda assay,
1/50 for kappa assay) was used for coating, and HRP-labelled mouse anti-human λ JDC12
(Southern Biotech, 1/1600) or k (HP6062, 1/1300) for detection.
Conversion of 3,3’,5,5’-Tetramethylbenzidine (TMB) was used to quantitate HRP
activity per well and absorptions were read using a Genios Pro plate reader (Tecan,
Männedorf, Switzerland) using standard sets of filters of 450nm.
IgG subclass concentrations in sera were determined by nephelometry (Behringer
nephelometer II, Behringer diagnostics).

In vivo serum persistence experiments
BALB/c mice were obtained from the NKI institute in Amsterdam. C57Bl/6 and C57Bl/6FcRn-KO mice were obtained from the Charles River and Jackson laboratories, respectively.
All in vivo experiments were performed using female 8-9 week old mice weighing between
16.8 and 26.3 grams each. Each mouse received 200 μg purified recombinant human IgG
of the appropriate heavy and light chain subclass and isoform by IV administration. Blood
samples of 100 μl were drawn from the tail at day 0 and then approximately every 5 days
for a period of two weeks, and human IgG concentration was determined with a mouse
anti-human IgG ELISA. All animal experiments were carried out after approval from
the ethical committee of Sanquin/Dutch Cancer Institute (Dierexperimentencommissie
NKI), who also monitored the progress, aimed at minimizing suffering (number 10.033).
In humans IgG light chain subclass serum persistence was calculated as (%) = IgGSW4 /
IgGT
/ (IgGSIVIg / IgGTIVIg ) × 100%in sera from three agammaglobulinemic patients receiving
W4
IVIg at 4 weeks interval as described in 20.
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IgG2κ redox treatment
Enrichment of IgG2 κ isoforms by redox treatment was performed as described in Dillon

3

et al 2008 (Structural and Functional Characterization of Disulfide Isoforms of the Human
IgG2 Subclass).5 Shortly, for the synthesis of the B isoform, IgG2κ was incubated at 3 mg/
ml in 200mM Tris buffer at pH8 with 6 and 1 mM of cysteine and cystamine, respectively.
For IgG2κ A enrichment, 0.9M guanidine hydrochloride (GuHCl) was also added.
The samples were protected from light and placed at 2–8 °C for 48-72 h. Afterwards
the antibody was run through a Zeba spin desalting column (Pierce) for buffer exchange
into PBS, and stored at -20°C.

SDS gel electropheresis
5 μg of protein was loaded on a Thermo Scientific Tris Hepes SDS precast polyacrylamide
mini gel 12%. Reduced samples were diluted with NuPAGE® LDS Sample Buffer (4X)
with 0.1% Beta MercaptoEthanol and incubated at 95C° for 5 minutes. Non- reduced
samples were diluted with NuPAGE® LDS Sample Buffer (4X) with 60 mM Iodoacetamide
and incubated at 70°C for 5 minutes The running buffer was TRIS HEPES SDS buffer for
both types of samples, for the non-reduced samples 4 mM Iodoacetamide was added.
Run time was ca 1.5 hour at 130 mA/gel, 120V. Afterwards, gels were stained with
Coomassie blue.

Surface plasmon resonance
Surface plasmon resonance was conducted using a Biacore 3000 instrument (GE
Healthcare) with CM5 sensor chips. The coupling was performed by injecting 5 μg/
ml of the each protein into 10 mM sodium acetate pH 4.5 using the amine coupling
kit (GE Healthcare). Titrated amounts (8,000.0-62.50 nM) of monomeric human FcRn
were injected over immobilized IgG variants (500 RU) using phosphate buffer (67 mM
phosphate buffer, 0.15 M NaCl, 0.005% Tween 20) at pH 6.0 as running buffer whereas
HBS-P buffer at pH 7.4 was used for regeneration of the flow cells. Experiments were
conducted at 25°C with a flow rate of 40 μl/min. All sensorgrams were zero adjusted and
reference cell values subtracted before analyzed using the BIAevaluation 4.1 software.

CEX-HPLC Analysis of IgG2κ A and B isoforms
CEX-HPLC analysis was carried out as described previously. 4 Shortly, an ÄKTA Avant
system from GE healthcare with a Dionex ProPac WCX-10 (4.0_250 mm) column was
used for analysis of recombinant IgG preparations. Mobile phase A was 20 mM sodium
acetate, pH 5.0, and mobile phase B was the same with 0.5 M NaCl added. Protein was
eluted during a linear gradient from 20% to 80% B at a flow rate of 0.5 ml/min.
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RESULTS

IgG2 and IgG3 are not efficiently transported across
the placenta
We quantified all four IgG subclasses in 27 paired mother cord plasma samples taken at
birth (Fig. 1A-D). As expected, IgG1 and IgG4 levels in cord blood were generally found
to be higher than in maternal blood. Specifically, cord exceeded maternal levels in 24
out of 27 samples with the average cord/mother ratio being 1.5 for IgG1, 1.3 for IgG4
while for IgG3 the average cord/mother ratio was 1.00. IgG2 levels in cord and maternal
plasma were also about equal (with average cord/mother ratio being 0.99). Interestingly,
the pairs show a highly varied transport, with some individuals transporting all subclasses
at higher efficiency than others. However, the overall transport was relatively uniform
for all the subclasses: if relatively high transport was observed for IgG1, the same held
true for IgG2 (R2=0.875, p<0.0001), IgG3 (R2=0.836, p<0.0001) and IgG4 (R2=0.303,
p=0.0052) (Fig. 1E). One case with extremely strong IgG4 transport, with maternal
levels being very low (0.03 g/L) but rising to 0.11 g/L in the fetal circulation (Fig. 1E).
Due to the uncertainty of measurements at this range, this value was excluded from
further analysis.
In general, the relative transport of all subclasses was in direct relationship to
the maternal level: the higher the maternal IgG, the lower the transport observed for all
IgG subclasses (Fig. 2). The placental transport rates were IgG1>IgG4>IgG2=IgG3, at all
levels for maternal IgG. The slopes of the respective trend lines were IgG1: -3.664±1.023;
IgG2: -5.332±1.861; IgG3: -4.434±1.721; IgG4: -3.963±1.420.

3

IgG2κ and IgG2λ are transported equally well over
the placenta
Montano and Morrison described that FcRn-mediated half-life of human-mouse chimeric
IgG2λ was shorter than IgG2κ in Balb/c mice, while the FcRn-mediated half-life of light
chain isotype of the other subclasses was unaffected. 15 Later the same group described
increased affinity of mouse FcRn to human IgG2λ compared to IgG2κ. 23 We therefore
investigated if this was also true for human FcRn by measuring the affinity of soluble
monomeric human FcRn to immobilized IgG variants at pH 6.0 using surface plasmon
resonance. We found FcRn to bind IgG2λ slightly stronger than IgG2κ (KD=1.1 μM and
1.7 μM, respectively) (Fig.3). However, no difference in binding affinity was detected for
the IgG1-light chain isotypes (KD=1.3 μM).
Although somewhat counterintuitive, these findings raised the possibility that
placental transport of IgG2κ and λ may also differ as both half-life and placental transport
is mediated by FcRn. To test this, we first set up light chain-specific IgG1 and IgG2 ELISA’s
for quantification of IgG1κ, IgG1λ, IgG2κ and IgG2λ using recombinant IgG molecules as
standards. The light-chain subclass ELISA were validated against the nephelometry data,
which correlated well with the sum obtained from the ELISA as determined by regression
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Figure 2. Placental transport efficiency is relatively higher at lower maternal levels. In
general, IgG1 is transported better than IgG4, both of which are transported better than IgG2
and IgG3, which have similar transport rates. Two-tailed Pearson correlation revealed a significant
correlation for all subclasses, IgG1 R2=0.379, P=0.0018; IgG2 R2=0.2910, P=0.0096; IgG3
R2=0.2415, P=0.0202; IgG4 R2=0.2881, P=0.0121. Thus, for all subclasses, relatively more IgG was
transported at lower maternal IgG.

Figure 1. Placental transport of IgG subclasses is more efficient for IgG1 and IgG4 than
for IgG2 and IgG3: Blood was collected from mothers just before or after birth and from
neonates birth. A) Transport rates for all IgG subclasses expressed as cord/maternal ratios found
at birth. The transport rates differed significantly from each other (P<0.0001), except for IgG2 and
IgG3 (not significant), as tested by one-way Anova and Tukey‘s multiple comparison test. (B-E)IgG
subclass 1-4 serum levels were quantified by nephelometry and each pair was plotted on a X axis
displaying days of each pregnancy against IgG concentration. Average neonate concentration was
significantly higher than in the mother for IgG1 and IgG4 as tested by a paired-T test as shown
(child/mother ratio= 1.55 and 1.38, respectively) while averge concentrations for IgG2 and IgG3
were not significantly different in mothers and their children (child/mother ratios not significantly
different from 1).One pre-term baby was identified displaying low transport of all IgG (square
symbol). (F) Child/mother transport ratio of subclasses IgG2-4 for each pair was plotted relative to
the IgG1 transport ratios.

analysis (Figure 4). Thus, nephelometry data fitted very well for IgG2 quantitatively (slope
1.10), but for IgG1 the nephelometry data seemed to be somewhat underestimated
(slope 0.45), or overestimated by the ELISA (or both). In support of this, the average
κ/λ ratios were 1.4±0.4 (range 0.7-2.3) and 2.4±1.0 (range 0.8-4.5) for IgG1 and IgG2,
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Figure 3. Determination of the FcRn binding properties of IgG1 and IgG2 light chain
variants. Binding of titrated amounts of soluble human FcRn (62.5-8000 nM) at pH 6.0 to human
IgG variants immobilized onto CM5 sensor flow cells. The relative affinity constants derived (KD)
are indicated.

73

ON THE PERPLEXINGLY LOW RATE OF TRANSPORT OF IGG2 ACROSS THE HUMAN PLACENTA

3

respectively, suggesting IgG1λ values to be overestimated by the ELISA as total IgG κ/λ
ratios have been estimated to be around 2.0, which has never been determined for
the IgG subclasses to our knowledge.27 Importantly, the sum of the light chain ELISA
values for either IgG1 or IgG2 κ and λ correlated equally well with nephelometry data
(Figure 4, R2=0.73 and 0.75 for IgG1 and IgG2 respectively, p<0.0001). Thus, we concluded
that the inconsistency seen between the estimated levels for IgG1 by nephelometry and
IgG1κ+IgG1λ was constant over the whole concentration range, suggesting the possible
skewing to be relative, and not affecting the relative IgG1κ and IgG1λ ratios measured at
either high or low IgG1 levels.
Using this method, we estimated that the transport of both IgG1κ and IgG1λ was
comparable with a cord/mother ratio of 1.6 (Fig. 4A-B). Placental transport of IgG2 was
also equally efficient for both light chain variants (average IgG2 cord/mother ratio = 0.99
and 0.93 for κ and λ, respectively) (Fig.5C-D). Again, the relative transport for the light
chain isotypes (Fig. 5E) was comparable as it was for their respective IgG subclasses

A)

B)

(Fig.1A). There was a strong correlation between IgG1κ and IgG1λ transport (R2=0.860.
p<0.0001), and a weaker one between IgG1κ and the IgG2 two isotypes (R2=0.549,
p<0.0001 and R2=0.698, p<0.0001 for κ and λ, respectively) (Fig. 5E). Again, the relative
transport for the light chain isotypes (Fig. 5E) was similar as observed for the IgG
subclasses (Fig.1A). The more IgG1κ transported, the more IgG1λ was transported as
well, which was also similarly increased, but to a lower level, for both IgG2 light chain
isotypes as IgG1κ transport correlated significantly with that of and IgG1λ (R2=0.860,
p<0.0001), IgG2κ (R2=0.549, p<0.0001), and IgG2λ (R2=0.698, p<0.0001) (Fig. 5E).
No difference was found between the slopes for IgG2κ and IgG2λ. Although the slope
for IgG1λ differed significantly form IgG1κ (P=0.030), the difference was minimal, with
slightly lower IgG1λ transport at high IgG1κ and vice versa (Fig. 5E). However, paired
comparison between either IgG1 κ and λ or IgG2 κ and λ subclass yielded no significant
difference. Also, the relative transport of IgG1κ and IgG1λ, as well as that for IgG2κ and
IgG2λ were not significantly different.

3

The half-life of IgG2 light chain isoforms does not
differ in mice
As a previous study reported a different half-life for IgG2κ and IgG2λ, our next step
was to measure the serum half-life of IgG2κ and IgG2λ in Balb/C mice injected with
200 μg of recombinant fully human IgG2κ or IgG2λ. 15Concentration of human IgG
in their serum was quantified at every 5 days over a two week period post injection.
No difference was found between the clearance rates of IgG2κ and IgG2λ (Fig. 6A).
We then tested if the clearance rate of IgG2κ might be affected by the A/B isoforms
recently described.4,6,28 The different isoforms were deliberately generated as described
previously (Fig 6B).5 The clearance of neither IgG2κ isoform differed from IgG2λ, nor did
the clearance of IgG2κA differ from IgG2κB in Balb/C mice (Fig. 6C). In addition, IgG2κA
and IgG2κB were also cleared at equal rates in C57Bl/6 mice (Fig. 6D). C57Bl/6 FcRn KO
mice cleared human IgG much faster than both WT expressing mice and displayed no
difference between the two IgG2κ isoforms (Fig. 6D). Antibody half-life was determined
to be around 10 days in C57Bl/6 mice and around 4 days in Balb/C mice. In the FcRn
KO mice, the levels had dropped below the detection limit of the assay at day 10. In
conclusion, neither the half-life nor the transplacental transport is affected by the light
chain isotype of IgG2 and thus not on structural isomerization of IgG2.

IgG2 half-life is identical between the light chain
isotypes in humans
Figure 4. Validation of IgG1- and IgG2- light chain specific ELISA. Results from IgG1
total (A) and IgG2 total (B) were plotted against the sum of IgG1κ and IgG1λ, or IgG2κ and
IgG2λ, respectively. The results of regression analysis are indicated in each panel, along with
Pearson’s correlation.
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As these results are at odds what we expected based on previously published work on
a different, but mechanistically similar FcRn-mediated function, describing differences in
half-life of IgG2κ and IgG2λ in Balb/C mice, we tested if the half-life of our IgG2 antibodies
differed in humans.15 We analyzed sera from IVIg-treated X-linked agammaglobulinemic
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patients as we described before, comparing the relative amounts found in the IVIg
preparation itself to amounts found in patient serum four weeks later.20 The relative
amount remaining after IVIg-treatment was identical for IgG1κ and IgG1λ, but also for
IgG2κ and IgG2λ, indicating that serum half-life does not differ between the light-chain
isotypes in humans (Fig.7B). Curiously, the relative amount remaining after 4 weeks was
significantly increased for IgG2 in the IVIg-treated agammaglobulinemic patients (Fig. 7B),
while it was significantly decreased for placental transport of IgG2 (Fig. 7A), indicating
a fundamental difference between these two processes.

DISCUSSION

3

FcRn mediates IgG- transcytosis and recycling, both of which are compromised for IgG3,
with reduced serum persistence and placental transport. We recently reported that these
effects are attributable to a single amino acid difference between IgG3 and the other
subclasses. While IgG1, IgG2 and IgG4 have a histidine at position 435, a key amino acid
responsible for the pH-dependent binding to FcRn, most IgG3 allotypes have an arginine
at this position, causing them to lose competition for recycling and transcytosis. 18,20 IgG3
allotypes which express a histidine at this position have equal half-life to that of IgG1, and
are transported equally well across the placenta.18,20
For IgG2, however, these FcRn-mediated transcytosis and recycling functions seem to
diverge.18,29 Although IgG1, IgG2 and IgG4 share all known contact residues with FcRn,
and FcRn is known to mediate both IgG transcytosis and extend IgG serum persistence in
a very similar manner, IgG2 crosses the human placenta with a markedly lower efficiency,
with trans-placental transport more closely matching that of IgG3.
Interestingly, Montano and Morrison reported accelerated clearance for IgG2λ,
compared to IgG2κ in wild-type mice, indicating that the light chain may affect
the interaction of IgG2 with FcRn.15 This possibility became more plausible after
the discovery that IgG2κ uniquely exists in three structurally distinct isoforms, allowing
for the possibility that a single isoform of IgG2κ may be influencing the overall interaction
of IgG2 with FcRn. 4,5
Figure 5. Equal placental transport of κ and λ of IgG1 and IgG2 subclasses. IgG1κ (A),
IgG1λ(B) and IgG2κ (C) IgG2λ (D) light chain isotype from sera in Fig. 1 were quantified by
subclass- and light chain specific ELISA and each mother-child pair was plotted on the x- and y-axis,
respectively. A paired t-test revealed no significant difference between the light chains isotypes
within each antibody subclass. Average neonate concentration was significantly higher than in
the mother for IgG1κ (A) and IgG1λ (B) as indicated in each graph by P values (child/mother ratio=
1.60 and 1.56, respectively) while average concentrations for IgG2 κ and IgG2 λ (C and D) were
not significantly different in mothers and their children. (E) Child/mother transport ratio of IgG1λ,
IgG2κ and IgG2λ for each pair was plotted relative to IgG1κ transport ratios. While both IgG2
isotypes perform worse than IgG1 when concentration increases, no difference is visible between
the IgG2-light chain isotypes.
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Figure 6. No difference in half-life of IgG2 light chain isotypes κ and λ in mice. (A) Recombinant
human IgG2κ and λ in Balb/C mice was injected and measured by total IgG ELISA for a two week
period following injection of 200 µg IgG. Calculated half-lives were 7.2±1.48 and 6.4±0.84 days
for IgG2κ and IgG2λ. (B) Enrichment of IgG2 κ isoforms was performed as described in Dillon et
al 2008. HPLC elution profiles of IgG2 κA and κB structural isomeres on a Dionex ProPac WCX-10
(4.0_250 mm) column are depicted. IgG2κB isoform was generated by incubation of 3 mg/ml IgG2κ
in 200mM Tris buffer at pH8 with 6 and 1 mM of cysteine and cystamine, respectively. For IgG2κA
synthesis 0.9M guanidine hydrochloride (GuHCl) was also added. The samples were kept in the dark
and placed at 4 °C for 48-72 h. Following incubation the antibody was run on a Zeba spin desalting
column (Pierce) for buffer exchange into PBS. (C) The clearance of IgG2λ, IgG2κA, and IgG2κB
in Balb/C mice. Calculated half-lives were 4.0±0.58, 5.39±0.85, and 3.7±1.04 days for IgG2κA,
IgG2κB and IgG2λ, respectively. (D) Clearance of IgG2κA and IgG2κB in WT and FcγR -/- C57Bl/6
mice. Calculated half-lives were 6.2±2.62, 6.43±1.69, and 7.5±1.89 days for IgG2κA, IgG2κB and
IgG2λ, respectively, in WT mice but 1.08±0.28, 1.19±0.23, and 0.7±0.92 days for IgG2κA, IgG2κB
and IgG2λ, respectively, in FcRn -/- mice. Graphs in (A, C-D) depict mean and standard deviations
of results obtained for 4 mice per group. Half-lives were calculated assuming exponential decay
and reported in days ± standard error of means. No significant difference in half-life was detected
between the two isotypes.
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Figure 7. Equal placental transport and serum clearance of IgG1 and 2 light chain isotypes
κ and λ. (A) The average IgG1 and IgG2 placental transport (maternal/child) ratios were compared
according to their light chain isotype. (B) Clearence of IgG1 and IgG2 κ and λ was investigated
in humans by collecting blood from hypogammaglobulinemia patients four weeks after an IVIg
transfusion. IgG1 and IgG2 light chain isotypes κ and λ were quantified in serum by subclass- and
light chain specific ELISA and subclass composition was compared to that found in the IVIg used. No
preferential clearance of one light chain isotype was detectable in either IgG subclass.

We first investigated whether the difference between IgG2κ and IgG2λ could be
found in paired mother cord samples. Although the mother/cord ratio was significantly
lower for IgG2 than for IgG1 or IgG4, there was no evidence that this was affected by
the light chain isotype.
While the original finding that the half-life of IgG2κ and IgG2λ diverge, was observed
for mouse-human chimeric antibodies in BALB/c mice, we investigated whether the same
applied to fully human recombinant IgG2 antibodies, derived from an human IgG2λ
hybridoma but expressed with either κ or λ light chains, and tested them in both C57Bl/6
and BALB-c mice.30,31 No differences were found neither in BALB/c or C57Bl/6 mice.
Curiously, we found differences in half-lives between experiments. In Balb/C mice we
first found on average a half-life of approximately 6.5 days (Fig. 6A), while in another
set of experiment it was down to 4.5 days (Fig. 6C). Furthermore, clearance seemed to
be accelerated at later time points, as in Fig. 6A. In C57Bl/6 mice, the calculated half-life
was again about 6.5 days. One possible reason is that FcRn expression (and consequently,
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IgG half-life) differs between different mouse strains, but perhaps an even more attractive
explanation is that FcRn expression has been reported to be sensitive to NF-κB signalling,
suggesting FcRn-levels may also be under the control of the animal´s microbial status.
32,33
This might also explain discrepancy in half-lives of human IgG in mice reported by
others.15,22 In the absence of FcRn, IgG2 κ and λ also disappeared from circulation at an
equal rate.
Since no differences in half-life between recombinant IgG2κ and IgG2λ were
observed, we investigated whether a further subdivision of IgG2κ, either the A, the A/B
or the B isoform, might be responsible for the observed differences between our results
and those previously describing a light chain-dependant half-life extension for IgG2.15
As both results were obtained using monoclonal antibodies, the possibility exists that
a single isoform constituted the majority of IgG2κ tested, which might skew the results.
The serum persistence experiment was executed in both C57Bl/6 (wild-type and FcRn-KO)
as well as BALB/c, the mouse strain used by Montano and Morrison.15 However, no
difference between isoforms was observed. Although we did not verify the nature of
the chemically A/B isomerization other than by CEX-HPLC, validated previously in 4, we
did test the half-life-extension of the light chain isotypes of polyclonal IgG2 obtained
from IVIg in agammaglobulinemic patients, and found no indication of preferential rescue
of either IgG2κ or IgGλ. As IVIg is an IgG pool from thousands of individuals, and is likely
to contain natural ratios of these A/B isomers, this further proofs that IgG2 recycling
discriminates between neither the light chain isotypes nor IgG2-isomers. Together
with the results showing also no preference for either IgG2κ or IgG2λ during placental
transport, this strongly suggests that human FcRn does not discriminate between the two
light chain isoforms during intracellular transport.
This leaves the dilemma of explaining the lack of IgG2 transport across the placenta,
observed in the paired mother cord samples, compared to equal serum persistence. It
has been postulated and subsequently disproved that FcγRIIb found on endothelial cells
is involved in IgG transport across the murine yolk sac.34-38 However, Mohanty and coworkers did not fully exclude the possibility that FcγRIIb may play a role in transplacental
transport in humans.34-37 If FcγRIIb is indeed involved, it may provide an explanation to
the low transport of IgG2, as this is the only subclass with almost no measurable binding
affinity to FcγRIIb.39,40 However, the group of Ravetch has reported that sialylation of
the N-linked glycan at position 297 in the IgG Fc affects binding to mouse FcγR, including
mouse FcγRIIb, resulting in 10x lowered binding affinity for both mouse IgG1 and IgG2a. 41
If FcγRIIb is indeed involved in placental transport, this would suggest a skewed transport
of sialylated IgG across the placenta. However, we have found no such difference for any
of the human subclasses, as all glycoforms of all subclasses were transported equally well
across the placenta, suggesting FcRn, which does not require the Fc-glycans for binding,
is sufficient for transplacental-IgG transport.42,43

While it is conceivable that the requirements for FcRn-binding differ for IgG2
compared to the other subclasses due to the short hinge of IgG2 and the closer
proximity of the Fab fragments to the Fc, there is no clear reason why this should affect
FcRn-mediated recycling and transcytosis differently. The possibility exists that this
extracellular binding also affects FcRn-mediated signaling, as transcytosis and recycling
are regulated by different proteins, with actin motor myosin Vb and the GTPase Rab25
initiating transcytosis from the recycling endosome, while Rab11a regulates recycling to
the basolateral membrane.44,45 The role for the tryptophan-based basolateral-targeting
signal identified in the FcRn cytoplasmic tail is also unknown. 46 In support of this view,
we did observe that while IgG2 transport through the placenta is indeed low, its recycling
and half-life extension in the human circulation is even better than for IgG1, If, and
then how, these intracellular mechanisms are differently affected by the stoichiometry of
the IgG2 molecules still needs to be elucidated.
In conclusion, we report and confirm that human IgG2 is not efficiently transported
across the human placenta, despite a normal half-life. Although a previous report hinted
at differential recycling of IgG2 depending on the light chain isotype, we found no
preference for either recycling or placental transport of either IgG2κ or IgG2λ. In addition,
the half-life extension in mice was not affected by the different IgG2κ structural isoforms.
This is suggestive of alternative mechanisms, either involving an alternative receptor or
mechanism differentiating between IgG transcytosis and recycling.

3
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ABSTRACT

INTRODUCTION

We have previously generated human IgG1 antibodies that were engineered for
reduced binding to the classical Fcg receptors (FcγRI–III) and C1q, thereby eliminating
their destructive effector functions (constant region G1Δnab). In their potential use as
blocking agents, favorable binding to the neonatal Fc receptor (FcRn) is important to
preserve the long half-life typical of IgG. An ability to cross the placenta, which is also
mediated, at least in part, by FcRn is desirable in some indications, such as feto-maternal
alloimmune disorders. Here, we show that G1Δnab mutants retain pH-dependent binding
to human FcRn but that the amino acid alterations reduce the affinity of the IgG1:FcRn
interaction by 2.0-fold and 1.6-fold for the two antibodies investigated. The transport of
the modified G1Δnab mutants across monolayers of human cell lines expressing FcRn was
approximately 75% of the wild-type, except that no difference was observed with human
umbilical vein endothelial cells. G1Δnab mutation also reduced transport in an ex vivo
placenta model. In conclusion, we demonstrate that, although the G1Δnab mutations
are away from the FcRn-binding site, they have long-distance effects, modulating FcRn
binding and transcellular transport. Our findings have implications for the design of
therapeutic human IgG with tailored effector functions.

In order to provide an inert IgG Fc region for use in blocking antibodies or fusion proteins
where no killing of the target cells should occur, we previously engineered a human IgG1
constant region to reduce its interactions with effector molecules. This was achieved by
substituting key motifs of IgG1with residues that are in equivalent positions in the highly
homologous but less active constant regions of IgG2 and IgG4. This approach, which
substitutes IgG1 residues with equivalents from IgG2 (E233P, L234V, L235A and G236
deleted) (Δb) and from IgG4 (A327G, A330S, P331S) (Δa), minimizes the potential to
create new immunogenic epitopes. The locations of these residue changes are illustrated
in Figure 1. The constant region, G1Δab, has been combined with anti-RhD (Fog-1)
variable regions to give an antibody that shows minimal binding to FcγRI and III and
reduced FcγRII binding 1-3. RBC sensitised with the Fog-1 G1Δab do not trigger either

4

Keywords,IgG, neonatal Fc-receptor, placenta, IgG transport, recycling, IgG effector functions.

HIGHLIGHTS
»»
»»
»»
»»

IgG1 modified to reduce cytotoxicity (G1Δnab) has impaired FcRn-mediated function
G1Δnab variants bind FcRn in a pH-dependent manner but with altered kinetics
G1Δnab variants are transported to a lesser degree across polarized cells and placenta
Data collectively point to residues originating from IgG2 affecting IgG transport

ABBREVIATIONS

FcγR: Fc-gamma receptor; FcRn, neonatal Fc-receptor; FMAIT: fetomaternal alloimmune
thrombocytopenia; HPA: human platelet antigens; IVIG: Intravenous Immunoglobulin;
HuVEC: human umbilical vein endothelial cells; JAR: human choriocarcinoma cells;

Figure 1. A structural illustration of human IgG1showing the locations of the residues
that were mutated to produce the G1^nab constant region. IgG1 heavy chains are shown
in light grey with the light chains and Fc-associated carbohydrate in dark grey. The red residues
are those altered by the Δn mutation to substitute the IgG1 G1m(1,17) allotypic residues with
the corresponding IgG2 residues (K214T, D356E and L358M in the CH1 and CH3). The blue amino
acids are changed to IgG4 residues by the Δa mutation (A327G, A330S, P331S in the CH2) and
the green residues were substituted with the corresponding amino acids of IgG2 by the Δb mutation
(E233P, L234V, L235A, G236 deleted in the lower hinge region of the CH2). The image was
generated from the PDB file of an IgG1 model [62] using RasMol V2.7.3
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ADCC or monocyte activation and the antibody can inhibit activation of these mechanisms
by Fog-1 IgG1 or clinical anti-RhD sera

1, 3

. In contrast, IgG4 activates monocytes and both

IgG2 and IgG4 can mediate ADCC with effector cells from some donors. Thus, the G1Δab
constant region is less immunologically activating than native IgG2 or IgG4. Further
modification (Δn) has removed one allotypic residue from the CH1 region (K214T) and two
allotypic residues from the CH3 region (D356E, L358M) without changing the properties
of the constant region 4. RBC sensitised with the antibody, Fog-1 G1Δnab, have longer
survival in vivo in humans than Fog-1 G1-sensitised cells 4.
One of our goals, in designing an inert constant region, is to produce a therapeutic

4

antibody for the treatment of fetomaternal alloimmune thrombocytopenia (FMAIT). This
condition is caused by the alloimmunisation of pregnant woman against human platelet
antigens (HPA) and occurs in approximately 1 in 1500 pregnancies with 85% of these
being due to IgG against the HPA-1a antigen on β3 chain of the platelet integrin αIIbβ3

(GPIIbIIIa) 5, 6. In the most severe cases, intracranial haemorrage causes death or disability.
Treatment strategies are currently not ideal. They include increased maternal care, IVIG
(with or without steroids) and, less commonly, intrauterine platelet transfusions 6. We
have a high affinity, highly specific human IgG for HPA-1a (B2)

7, 8

to use as the basis of

a therapeutic IgG. Such an antibody could be administered maternally, cross the placenta
and bind HPA-1a on fetal platelets, where it could block binding of the maternal cytotoxic
anti-HPA-1a IgG1. If the antibody had an inert constant region, the blocking would achieve
a reduction in fetal platelet destruction. Indeed, a modified version of the anti-HPA-1a
antibody, B2 G1Δnab, reduced monocyte activation in response to platelets sensitized
with 18 maternal samples of anti-HPA-1a sera 9 by at least 75% and, importantly, did not
affect the function of HPA-1a-expressing platelets 10. In a study in humans, B2 G1Δnabsensitised, autologous platelets showed the same intravascular survival as non-sensitized
platelets, while the survival of platelets coated with a mixture of B2 IgG1 and B2 G1Δnab
antibodies was prolonged relative to that of platelets coated with B2 IgG1 alone 11. Similar
results have been obtained from mouse studies using a deglycosylated IgG1 anti-HPA-1a
that does not bind FcγRs except for weak binding to FcγRIa 12.

It is not yet known how the in vivo half-life of G1Δnab antibodies compares to
the 21-day half-life of wildtype IgG1 or how efficiently they are transported across
the placenta, which is particularly relevant to use in FMAIT. Both attributes depend at least
in part on the kinetics of binding to the neonatal Fc receptor, FcRn 13. FcRn is an MHC class
I-like heterodimer, consisting of a 38 kDa
kDa

β2-microglobulin

14, 15

α-chain and non-covalently associated 12-14

, which binds to the CH2-CH3 interface of IgG molecules

a region distinct from that mutated in our G1Δnab antibodies

17

16

,

. Since a high affinity

interaction between FcRn and IgG depends on Fc histidine residues (particularly H310 and
H435) 18, 19 being protonated, binding occurs at pH < 6.5 but not at physiological pH 16, 20-22.
Transport across the human placenta requires IgG to negotiate the syncytiotrophoblast
cell layer, which covers the chorionic villi, and the endothelium of the fetal capillaries 23.
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The syncytiotrophoblasts internalise maternal serum into endosomes that acidify, thus
allowing binding of the maternal IgG to FcRn 24. The IgG is transcytosed across the cell 25
until the vesicles fuse with the basal membrane whereupon the IgG is released due to
the physiological pH of the villus interstitium 26. The method by which the IgG crosses
the fetal endothelium into the fetal blood is less clear but is thought to involve either
passive or receptor mediated transcytosing vesicles or compartments 27-30. This routing is
similar to that described for protection of IgG from catabolism, which prolongs its halflife. This is thought to occur mainly in the vascular endothelium and myeloid cells 31, 32 and
FcRn functions similarly in transport and catabolic rescue 13, 33. IgG is internalized along
with other serum proteins but is routed away from the lysosomal pathway by binding to
FcRn upon acidification. The IgG may be recirculated to the cell surface and released or
transcytosed into the tissue 26, 34.
Here, we have compared the binding of wild-type and mutant IgG1 to human FcRn
using ELISA and surface plasmon resonance. In addition, we compared their ability to
be transported across monolayers of human polarized cells. Finally, we used an ex vivo
placental perfusion transfer model to investigate the transfer of mutant antibodies from
the maternal circulation right through to the fetal circulation.

4

RESULTS

The G1Δnab mutants bind human FcRn in a pH
dependent manner
To investigate if the wild-type and engineered G1Δnab variants of both the B2 and
Fog-1 antibodies retained the ability to bind human FcRn in a pH dependent manner,
binding was measured by ELISA at both pH 6.0 and 7.4, as to mimic the pH inside an
acidified endosome (Fig.2A) and the extracellular milieu (Fig.2B). The results showed that
the modified antibodies bind the receptor in a strictly pH dependent manner with strong
binding at acidic pH and only negligible binding at neutral pH. No major differences
between the variants were detected. This shows that the pH dependency of the wild-type
IgG-FcRn interaction is retained in the G1Δnab mutants with both specificities.

The G1Δnab mutants show altered human FcRn
binding kinetics
To address if the engineered variants affect the binding kinetics in more detail, we
immobilized human FcRn on biosensor chips followed by injection of serial dilutions of
human IgG1 and G1Δnab variants at pH 6.0. When the obtained sensorgrams were
fitted to a bivalent binding model, we found that engineering of the antibodies had
slightly altered the binding kinetics toward human FcRn (Fig. 3, Table 1). Both G1Δnab
mutants had slower on-rates than their wild-type counterparts and Fog-1 G1Δnab also
had a faster off-rate. This resulted in a decrease in avidity of binding for the G1Δnab
variants compared to the equivalent IgG1, shown as a 1.6- to 2-fold increase in KD values.
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Figure 2. IgG1 and G1Δnab variants bind to FcRn at pH 6.0 and not at pH7.4. ELISA results
showing the binding of soluble FcRn-GST fusion protein to wild-type B2 G1, B2 G1Δnab, wt Fog-1
G1 or Fog-1 G1Δnab at pH 6.0 (A) and pH 7.4 (B). Bound receptor was detected using an anti-GST
antibody. No differences were observed between the antibodies. Data are mean ± SEM of one
representative experiment out of three.

Δnab mutations affect apical to basolateral transport
of IgG1 in human cells
To address whether altered binding kinetics of the G1Δnab affected transcellular
transport, FcRn-(α-chain)-transfected melanoma cells (A375-FcRn) were seeded in
a transwell system as previously described 35. Less B2 G1Δnab antibody than wild-type
antibody was transported from the apical to the basolateral side (Fig. 4A, p=0.026).
As expected, non-transfected A375 cells did not significantly transport either antibody,
confirming the requirement for FcRn (Fig. 4B). When using choriocarcinoma cells (JAR),
which endogenously express FcRn, the trend for higher transport of the B2 G1 wild-type
antibody compared to the G1Δnab antibody continued. However, the difference
in transport between the two antibodies did not reach significance in this case
(Fig. 2C, p= 0.189). Similar results were obtained when we measured the transport
of Fog-1 G1 and Fog-1 G1Δnab (anti-Rh D) antibodies across A375-FcRn cells where
28.6% (±0.9 %) of WT Fog-1 G1 and 23.0 % (±0.8 %) of Fog-1 G1Δnab were transported
in 2 hour experiments.
92
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Figure 3. Reversible FcRn binding of IgG1and G1Δnab variants at pH 6.0. Representative SPR
sensorgrams showing injection of titrated amounts of (A) wild-type B2 G1, (B) B2 G1Δnab, (C) wt
Fog-1 G1 and (D) Fog-1 G1Δnab over immobilized FcRn at pH 6.0. Injections were performed at
25°C and the flow rate was 50 μl/min.

Table 1. Kinetics of the IgG interactions with human FcRna
Analyte

ka1 (105/Ms)b

kd1(10-3/s)b

KD (nM)

B2 G1
B2 G1∆nab
Fog-1 G1
Fog-1 G1∆nab

5.0±0.1
2.5±0.1
7.7±0.1
5.5±0.2

14.5±0.4
14.2±1.4
14.4±0.1
17.2±0.2

29
57
19
31

a: Dilutions of IgG variants were injected over immobilized human FcRn
b: The kinetic rate constants were obtained using the bivalent ligand model supplied by the BIAevaluation
4.1 software. The kinetic values represent the average of triplicates.

Δnab mutations do not affect transport of IgG1 in
HuVEC
Next, we tested transport of B2 G1 and B2 G1Δnab antibodies across human umbilical
vein endothelial cells (HuVEC), representing the placental endothelium. In contrast to what
was seen with A375-FcRn and JAR cells, the Δnab mutations did not significantly affect
transport in HuVEC, either in the apical to basolateral (Fig.5A) or the reverse direction
(Fig. 5B). HuVEC cells may be expected to preferentially transport IgG in the basolateral
to apical direction as would occur in the placental endothelium. The percent IgG
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Figure 4. G1Δnab variants show lowered transcytosis. Apical to basolateral transport of B2 G1
and B2 G1Δnab over a monolayer of A) FcRn-(α-chain)-transfected A375 (melanoma) B) wild-type
A375, and C) choriocarcinoma (JAR) cells, naturally expressing FcRn. Samples were taken at 2
hours. Each bar represents the mean and SD of 3 experiments and was analysed using a two-way
student T-test.

C)
transported from the apical to basolateral side seem higher (Fig. 5A-B) but when
the data are expressed as absolute amounts of IgG variants transported, correcting for
the compartment volumes, no preferential direction of transport was found (Fig. 5C).

Δnab mutations affect transport of human IgG1
across placental tissues in an ex vivo perfusion model
We then studied the effect of the Δnab mutations in a placental perfusion model, which
offers a safe alternative for studying various parameters of human pregnancy 36. For
these experiments, we used both Fog-1 and B2 antibodies, although there are reports
that anti-HPA-1a antibodies also recognizes the vitronectin receptor on placental cells
due to it having an integrin β3 subunit 37. Wild-type or Δnab IgG1 antibodies were
added to the maternal side and samples were collected from the fetal side over time to
quantify antibody transport across the tissues. The Fog-1G1Δnab variant was transported
significantly less than its wildtype counterpart (Fig. 6a). The B2 antibodies took longer to
transport across the placenta than the Fog-1 antibodies, suggesting binding to HPA-1a
on placental tissue (9/11 placentas were genotyped as HPA1a/1a and 2 were HPA-1a/1b;
data not shown). However, a similar trend was apparent with reduced transport of
the B2 G1Δnab variant compared to its wild type, although this was not statistically
significant (Fig. 6B).
We then studied the effect of the Δnab mutations in a placental perfusion model,
which offers a safe alternative for studying various parameters of human pregnancy 36.
Wild-type or Δnab IgG1 antibodies were added to the maternal side and samples were
collected from the fetal side over time to quantify antibody transport across the tissues.
The Fog-1G1Δnab variant was transported significantly less than its wildtype counterpart
94

Figure 5. No transport defect of G1Δnab antibodies is observed across monolayers of
HuVEC cells. A) Apical to basolateral transport and B) basolateral to apical transport during 24
hour transwell experiments. The amount of antibody that has been transferred is expressed as
a percentage of the input amount of antibody. C) Absolute amounts of B2 G1 and B2 G1Δnab
antibodies transported in the apical to basolateral (A→B) and basolateral to apical (B→A) directions
after correcting for compartment sizes. Each datapoint represents average of three independent
experiments and each experiment consisted of triplicate, independent wells and each measurement
was analysed in duplicate in the aforementioned ELISA. Data was analysed by a Non-parametric
Kruskal-Wallis test and a Bonferonni-post correction.

(Fig. 6a). In a second series of experiments, we used both Fog-1 and B2 antibodies,
although there are reports that anti-HPA-1a antibodies also recognize the vitronectin
receptor on placental cells due to it having an integrin β3 subunit 37. Here, each perfusion
experiment measured the transport of Fog-1 G1 and B2 G1Δnab or B2 G1 and Fog-1
G1Δnab. The B2 antibodies took longer to transport across the placenta than the Fog-1
antibodies, suggesting binding to HPA-1a on placental tissue (9/11 placentas were
95
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Figure 6. Δnab-variants show a defect in transplacental transport. A) Ex vivo placental
perfusion of Fog-1 G1 and Fog-1 G1Δnab antibodies in 8 independent experiments for each
antibody. Experiments were run for up to 5 hours and samples were taken at hourly intervals. Data
were analyzed by unpaired t tests at each time point. B) Ex vivo combination placental perfusion
cross-over experiments with either native Fog-1 G1/ mutant B2 G1Δnab or native B2 G1/ and
mutant Fog-1 G1Δnab antibodies (n=6 of each combination). Experiments were run for up to 5
hours and samples were taken at hourly intervals. Data were analysed by unpaired t-tests at each
time point.

genotyped as HPA1a/1a and 2 were HPA-1a/1b; data not shown). However, a similar
trend was apparent with reduced transport of the B2 G1 Δnab variant compared to its
wild type, although this was not statistically significant (Fig. 6B).
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DISCUSSION
Here we show that human IgG1, which has been engineered by engrafting amino acids
derived from IgG2 and IgG4 in order to lower its effector functions, still has the capacity
to bind and be transported by FcRn. However, the transport was unexpectedly shown to
be reduced compared to wild-type IgG1. The mutations incorporated into the G1Δnab
constant region are located in the lower hinge region at the N-terminal of the CH2 domain
(residues 233-236) and in a loop that lies close to the lower hinge region in the threedimensional structure (residues 327-331). Further, amino acid residues (214 in the CH1
domain and 356/358 in the CH3 domain) were altered to remove allotypic epitopes,
which are potential immunogenic residues 4, 38. Shields et al. found by ELISA that an
IgG1 molecule with the Δb changes in its lower hinge had lower binding to human FcRn,
whereas mutation at 327, 330, 331 (all Δa), 356 or 358 (allotypic variants) had no effect
on FcRn binding 17. It therefore appears most likely that the lower hinge (Δb) mutations
are causing the slight decrease in affinity for FcRn that we observed. Since the crystal
structures of FcRn/Fc complexes show the FcRn interaction site to involve residues of
the CH2-CH3 interface 16, 20, it is unlikely that the mutations of G1Δnab have altered
the direct FcRn-contact surface. As we found that the on-rate of binding to human FcRn
is negatively affected by the mutations, it is possible that the mutations reduce the ability
of the IgG to adopt an optimal conformation for FcRn binding 39. Similar long-distance
effects have been described in the YTE/MST mutant where changes were designed to
alter FcRn binding but also seem to affect FcγR binding 40.
The ability of an IgG molecule to be transported by FcRn may be dependent not
only on its affinity for FcRn at pH 6.0 but also on its binding kinetics throughout the pH
gradient of the endosomal pathway. Various groups have found that the in vivo half-lives
of IgG molecules did not correlate with their affinity for FcRn at acidic pH but instead
correlated with their efficiency of dissociation from FcRn at neutral pH 41-43. Part of this
pH-dependent sensitivity for FcRn-binding is mediated by the variable region charge
state, which differs from antibody to antibody, and affects FcRn binding and transport 44.
This affect may also be responsible for the slightly altered transport level we see in
A375-FcRn cells using antibodies with different specificities 35. We described a change in
pH-dependency for human IgG3 for which the affinity at neutral pH is slightly higher than
IgG1 but the affinity at binding pH (pH 6.5) is lower, resulting in reduced competitiveness
in the presence of IgG1 35. Although we found no difference in binding at neutral pH
between the variants, suggesting altered pH-sensitivity of the mutant is not an issue, this
aspect can only be resolved with more sensitive techniques, which are unavailable to us
at this moment. The amount of G1Δnab antibodies transported across JAR cells, which
naturally express FcRn, or A375-FcRn cells, which overexpress the receptor, was 70 80% that of wild-type IgG1. The overexpression might be responsible for the increased
transport levels seen with the A375-FcRn cells. In addition, we show that reduced
transport for the engineered variants is also the case in an ex vivo placental perfusion
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system. Interestingly, however, no significant difference in transport was measured in
HuVECs in either the apical to basolateral or basolateral to apical direction. Although
a trend was observed in the apical to basolateral direction, which matched that seen in all
the other systems with G1Δnab transport being slightly reduced, this may not be relevant
as the placental endothelial cell layer is expected to transport IgG in the basolateral to
apical direction. It is unclear why HuVECs didn’t show any clear preference for direction
of transport, although this may indicate that the rate of transplacental transport is not
primarily dependent on transendothelial transport. When we compared transport of
the antibodies in ex-vivo placentas, a reproducible slower transport capacity was detected

4

for the Fog-1 Δnab mutant compared to the wild-type, even though the transport rates
between the different placentas varied greatly. Both anti-HPA-1a antibodies, B2 G1 and
B2 G1Δnab, behaved very differently to the anti-RhD antibodies in this model: very low
transport was observed after a long lag period, presumably due to platelet antigen
expression in the placental tissue itself

37

. Placental antigen expression may impact any

potential FMAIT treatment but the effect might be mitigated by the presence of maternal
anti-HPA-1a antibody, as well as the therapeutic antibody, to saturate the antigen sites on
the placenta and transport would be occurring over a long time period. Transfer of IgG
across the syncytiotrophoblasts is believed to involve FcRn since it has been detected in
syncytiotrophoblasts by in situ hybridization and immunohistochemistry 45. In support of
FcRn being critical for transport across this cellular layer, introducing a H435A mutation
in CH2-CH3 interface of the Fc decreased binding to FcRn at pH below 6.5 and also
impaired transfer in choriocarcinoma JAR cells 35 and in perfused placentas 46. In contrast,
there is a lack of clarity about which receptor is responsible for transporting IgG across
the endothelial cell layer into the fetal circulation. Part of this uncertainty may stem
from dissimilar patterns of receptor expression being detected at different points along
the villus vascular tree. In humans, FcγRIIIa and FcγRIIIb are unlikely candidates as these

receptors discriminate between fucosylated and non-fucoyslated antibodies, but no
difference in these glycoforms are seen in placental transport

47

. However, FcγRIIb2 has

been detected in the villus endothelium of the full-term placenta at the mRNA level and
by immunohistology

48, 49

. The intensity of staining decreased with progression from

the terminal villus capillaries through the intermediate villus vessels and the stem villus
vessels to become nil in the cord, whereas the converse is true for FcRn . Studies with an
49

endothelial cell line 34, 50, which was thought to have been isolated from the small vessels of
a term placenta, detected FcRn mRNA but no mRNA encoding classical FcγR 34. However,

one of these studies also claimed to have found an unidentified 55 kDa receptor on
the cell-surface which binds IgG independently of pH. Using various immunofluorescence
and electron microscopy techniques on ≤ 100 nm-thick term placenta sections, Takizawa
et al.

51

found FcγRIIb2 to be expressed on an unidentifiable organelle of endothelial

cells. 90% of these organelles, which are as abundant as caveolae, were intracellular
with 5% near each surface. Half of these structures also contained IgG, which accounted
98

for 80% of the IgG in the cells. At least some of the remaining IgG looked destined
for degradation, whilst there was none in the caveolae. Immunostaining also detected
a high concentration of IgG in the villus interstitium, which suggests that FcRn-mediated
transport of IgG across the syncytiotrophoblast layer could create a concentration gradient
for IgG across the endothelial cell layer. A concentration gradient could mean that
a passive mechanism of non-specific transcytosis would achieve near-unidirectional IgG
transport through the endothelial cells. Equally, a high IgG concentration could overcome
the problem of the low affinity of FcγRIIb (Ka of 2 x 104 to 2 x 105 depending on IgG
subclass; 52). In another system, the transfer of IgG across the mouse yolk sac is independent
of FcγRIIb2, whereas FcRn is necessary for transfer of IgG across the endoderm, just
as it is across the syncitiotrophoblast, the equivalent layer in the human placenta 53.
Finally, antibodies lacking FcγR binding are transported across perfused placentas as
normal, while antibodies or fragments thereof without efficient FcRn binding show
lowered placental transport in both the perfusion model 36 and in humans 54, 55. Together,
the current data suggest FcRn to be involved in transporting IgG from mother to fetus
but participation of alternative receptors cannot be fully excluded, although FcγR are
unlikely candidates.
In summary, these data suggest that residues originating from the lower hinge of
IgG2 negatively affect binding to FcRn and transplacental transport. This is in agreement
with the fact that IgG2 is generally considered to be transported to a lower degree than
IgG1 56, 57. As these residues are not part of the core FcRn binding site 20, 58, it is likely that
the residues affect the tertiary structure of IgG2 and thereby accessibility to FcRn. It is
important that this information is used in the design of potential therapeutic antibodies
if they are not to show compromised transplacental transport or, more generally,
reduced half-life. To retain FcRn functionality whilst silencing the effector functions of
IgG, the effects of individual IgG2 residue mutations could be examined or the use of
alternative mutations explored.

4

MATERIALS AND METHODS

Production of antibodies

We have previously described the generation of transfected rat myeloma cell lines that
secrete Fog-1 G1, Fog-1 G1Δnab 4, B2 G1 and B2 G1Dnab 10 antibodies. Antibodies were
prepared from culture supernatants as described 10.

Construction, production and purification of
recombinant human FcRn
A vector containing a truncated version of human FcRn HC cDNA encoding the three
ectodomains (α1–α3) genetically fused to a cDNA encoding the Schistosoma japonicum
glutathione S-transferase (GST) has been described 59. The vector, denoted pcDNA3hFcRn-GST-hβ2m-oriP, also contains cDNAs encoding human β2-microglobulin and
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the Epstein-Barr virus origin of replication (oriP). Secreted recombinant soluble FcRn was
produced by transient transfection of HEK 293E cells and purified using a GSTrap column
as described 59.

Surface plasmon resonance assays

4

All SPR experiments were performed as previously described 35. Briefly, a Biacore 3000
instrument, CM5 biosensor chips and amine coupling were used as described by
the manufacturer (GE Healthcare). Injections were done using phosphate buffer at pH
6.0. Kinetic evaluations were performed using immobilized soluble human FcRn–GST
(~1,000 RU) and IgG variants (2–500 nM) injected.

pH dependent ELISA
96-well plates (Nunc) were coated with serial dilutions of the antibodies (10.0-0.07 μg/
ml) and incubated overnight at 4°C followed by washing three times with PBS/Tween pH
7.4. The wells were blocked with 4% skimmed milk (Neogen Europe Ltd.) for 1 h at room
temperature (RT) and then washed in PBS/Tween pH 6.0. Purified human FcRn-GST (1 μg/
ml) was diluted in 4% skimmed milk, PBS/Tween pH 6.0 and pre-incubated with an HRPconjugated anti-GST antibody (GE Healthcare) diluted 1:5000 and added to the wells.
The plates were incubated for 1 h at RT and washed with PBS/Tween pH 6.0. Bound
receptor was detected by adding 100 μl of the substrate 3,3′,5,5′-tetramethylbenzidine
substrate (Calbiochem) followed by addition of 50 μl of 1 M HCl. The absorbance was
measured at 450 nm using a Sunrise TECAN spectrophotometer. The assay was also
performed using PBS/Tween pH 7.4 in all steps.

Cell culture
Human choriocarcinoma cells (JAR; ATCC, VA) were grown in IMDM medium (Cambrex)
and melanoma cells (A375; FcRn − β2m +, ATCC, VA) in RPMI 1640 medium (Invitrogen/
Gibco), both supplemented with L-glutamine (300 μg/ml, Invitrogen), penicillin (100 U/
ml, PAA Laboratories), streptomycin (100 μg/ml, PAA) and 10% foetal calf serum (FCS).
A375-FcRn cells were generated by transfecting A375 with the human FcRn α-chain
vector as previously described (Stapleton et al 2011). HuVEC-C (ATCC, VA) were grown
in RPMI 1640 medium (Invitrogen/Gibco), supplemented with L-glutamine (300 μg/ml,
Invitrogen), penicillin (100 U/ml, PAA Laboratories), streptomycin (100 μg/ml, PAA) and
10% HI FCS.

IgG transcytosis
Transcytosis experiments with A375 (wild-type and human FcRn) and JAR cells were
performed as previously described 35. Briefly, 12 mm polycarbonate Transwell filters
(0.4 μm pore size, Costar/Corning) were inoculated with 5×105 cells, grown overnight
to confluence, washed with PBS and fresh medium added (IMDM at pH 7.4 with
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supplements as stated above). Mixtures of IgG also contained streptavidin-HRP (Sanquin)
to assess background transport. Apical to basolateral transport was calculated according
to (IgGbasolateral×1.5 ml)/(IgGinput×0.5 ml)×100%. All experiments were performed in
triplicate and samples were taken at 2 hours.
For HuVEC transcytosis experiments, 12 mm polyester Transwell filters (0.4 µm pore
size, Fisher Scientific, UK) were inoculated with 1×105 cells which were grown for 3
days to achieve an optically confluent monolayer. The monolayers were subsequently
washed with PBS and medium was replaced: 1.8 ml medium basolaterally and 0.5
ml apically. Mixtures of IgG (30 μg/ml of monoclonal anti-RhD) added to the medium
contained 200 μg/ml FITC-BSA to assess background transport. Samples were taken at
time-points up to 24 h and the concentrations of B2 IgG in the receiving compartments
were quantified by sandwich ELISA, using goat anti-human IgG (Fc-specific) antibodies
(Sigma, Poole, Dorset, UK) to capture the B2 IgG. 1-20 μl test samples (made-up to 20
μl with HBSS + 10% FBS) were added to the wells with 80 μl PBS/0.05% Tween 20.
Samples from the input compartments at 0 h (30 μg/ml) were similarly applied in dilution
series to provide standards. Detection reagents were HRPO-conjugated goat anti-human
λ chain antibodies (Rockland Immunochemicals) or, for greater sensitivity, biotinylated
goat anti-human λ chain antibodies (AbD Serotec) followed by avidin-HRPO (Sigma).
The concentration of IgG in each test sample was determined from ELISA readings for at
least two different dilutions of the sample by comparison to curves fitted to the signals
for the titrated standards.

4

Placental perfusion model
Freshly delivered human placentae, free from any complications, were collected as
approved (North of Scotland Research (NORES) Ethical Committee (Ethics Reference 09/
S0801/006) and National Health Service (NHS) Grampian Research and Development
Office approval). The obtained placentas were mounted in the perfusion apparatus at
37°C as previously described 60. Viability of the placenta was validated during perfusions by
measuring fetal venous return, maintenance of glucose consumption, and progesterone
production in the perfused lobule 61. The fetal and maternal circulations of a single lobule
of placenta were perfused within 30 min of delivery with perfusate consisting of RPMI
medium minus phenol red and L-glutamine (Sigma), containing 3% dextran (83,000 M,
wild-type; Sigma), gentamicin (12 mg/l; Roussel, Dublin 2, Rep. of Ireland), co-trimoxazole
(80 mg/l; David Bull Laboratories Pty. Ltd., Mulgrave, Victoria, 3170, Australia) and 10 IU/
ml heparin. Perfusate was supplied at 6 ml/min to the fetal circulation, and at 20 ml/min
to the maternal circulation. The maternal perfusate was gassed with 95% O2/5% CO2
and the fetal perfusate with 95% N2/5% CO2 via gas oxygenators. Protein (endogenous
IgG) and erythrocyte washout proceeded for one hour after which both circuits were
closed to recirculate.
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4

Closed circuit perfusion was performed using 200 ml sampling reservoirs containing
12.9 g/l BSA (Sigma) in the closed fetal circuit and 30ug/ml of each test antibody
(equivalent to 15,000 IU of anti-RhD or 6 mg of IgG/ 200ml) in the maternal circuit.
Antibodies tested were Fog-1 G1 or Fog-1 G1Δnab alone, Fog-1 G1 and B2 G1Δnab
in combination or B2 G1 and Fog-1 G1Δnab in combination. Perfusion experiments
were conducted for up to 5 hrs, with hourly samples (1.5 ml) taken from each circuit.
Erythrocytes were removed by centrifugation and samples were stored at -20oC.
For the Fog-1 experiments, the concentration of anti-RhD IgG in each perfusate
sample was determined by flow cytometric quantification using RhD positive red cells
and by comparison to curves fitted to the signals from their respective titrated standards,
fetal test samples were analysed undiluted and maternal samples pre-diluted to avoid
agglutination. Concentrations of anti-RhD/IgG in both circuits were corrected for
the release of endogenous placental IgG, determined from control perfusions, and for
variations in reservoir volumes at the time of sampling. For the B2 perfusion experiments,
the concentration of platelet-specific IgG in each test sample was determined from flow
cytometric quantification using HPA-1a positive platelets and by comparison to curves
fitted to the signals from their respective titrated standards (500ng/ml to 0 ng/ml).
The transfer of IgG from maternal to fetal perfusate was calculated as the transfer
fraction (Tf%) using the equation:Tf% =

IgG

JTA was supported in part by the Research Council of Norway through its Center of
Excellence funding scheme (project number 179573) and the Research Council of Norway
(Grant nos. 230526/F20).
NMS was supported by an NWO Aspasia grant number 015.001.083.

4

f x 100/IgGm

where IgGf and IgGm are the concentrations of specific IgG in the fetal and maternal
perfusates, respectively

Statistical analysis and data sets
All data represent the mean and standard deviation of at least three independent
experiments. All transcytosis assays consisted of three replicates. GraphPad Prism for
Windows (GraphPad Software) was used for all statistical analysis. Significance was set at
P<0.05, and is indicated on all figures as *P<0.05.
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ABSTRACT

INTRODUCTION

Neonatal Fc-receptor (FcRn), the major histocompatibility complex (MHC) class I-like Fcreceptor, transports immunoglobuline G (IgG) across cell layers, extending IgG half-life in
circulation and providing newborns with humoral immunity. IgG1 and IgG2 have similar
half-lives, yet IgG2 displays lower foetal than maternal concentration at term, despite all
known FcRn binding residues being preserved between IgG1 and IgG2. We investigated
FcRn mediated transcytosis of VH-matched IgG1 and IgG2 and mutated variants thereof
lacking Fc-gamma receptor (FcγR) binding in human cells expressing FcRn. We observed
that FcγR binding was not required for transport and that FcRn transported less IgG2
than IgG1. Transport of IgG1 with a shortened lower hinge (ΔGly236, absent in germline
IgG2), was reduced to levels equivalent to IgG2. Conversely, transport of IgG2 +Gly236
was increased to IgG1 levels. Gly236 is not a contact residue between IgG and FcRn,
suggesting that its absence leads to an altered conformation of IgG, possibly due to a less
flexible Fab, positioned closer to the Fc portion. This may sterically hinder FcRn binding
and transport. We conclude that the lack of Gly236 is sufficient to explain the reduced
FcRn-mediated IgG2 transcytosis and accounts for the low maternal / fetal IgG2 ratio
at term.

During the first months after birth, before infants acquire their own immunity, they
are protected by maternal IgG class antibodies, transferred by the neonatal Fc-receptor
(FcRn)-mediated transplacental transcytosis 1-5. Critically for this transport, FcRn binds
IgG with nanomolar affinities at low pH (≤6.5) (found in intracellular vacuoles), while at
physiological pH (7.4) this affinity is low 6-9.
Once it is pinocytosed, the IgG containing vesicle acidifies, causing IgG present to bind
to FcRn. Endocytosis and sorting signals in the cytoplasmic tail of FcRn cause FcRn-IgG
complexes to be routed away from the lysosomal pathway to the plasma membrane 10-16.
Upon fusion with the plasma membrane in a series of short events 17, the pH returns to
physiological levels, IgG-FcRn complexes dissociate, IgG diffuses away and FcRn restarts
its cycle. The net result, depending on the route of exocytosis, is either IgG-recycling
or transcytosis 17-19.
In human transplacental transport, IgG is generally thought to be transported from
the maternal to fetal circulation in three steps: First IgG is pinocytosed by FcRn expressing
syncytiotrophoblasts, it transverses the villus interstitium passively by bulk flow and finally
IgG is transported across fetal villus endothelial cells 20. During the first half of pregnancy,
the IgG subclass composition in cord blood resembles that in maternal serum, although
the total IgG concentration in cord blood remains lower. At term however the IgG1
concentration in cord blood significantly exceeds that found in maternal serum, with
slightly less IgG4 being transported. The trans-placental transport of IgG2 and IgG3 is
the least efficient, being roughly equal. 21-26.
Interestingly, both IgG1 and IgG2 are reported to have similar fractional catabolic
rates and half-lives of 21-28 days 27,28, indicating that FcRn is able to rescue IgG1 and
IgG2 equally efficiently from lysosomal degradation and implying that the mechanisms
for transplacental transport may differ from those involved in apical recycling. In contrast,
the half-life of IgG3 is approximately 7 days (comparable to that of other non-FcRn
binding serum proteins), suggesting the FcRn rescuing function to be deficient for IgG3 27.
Despite this, IgG3 is transported across the placenta to a similar extent as IgG2, albeit
to a lower degree than IgG1 21-26. We recently demonstrated that the short half-life and
lowered FcRn-meditated transcytosis of IgG3 were due to competition between different
subclasses for FcRn-mediated rescue and that IgG3 was less successful due to a single
amino acid difference within its FcRn-binding site. At this position (435) IgG3 has an
arginine compared to histidine in other subclasses 28,29. Individuals with the histidinecontaining allotype of IgG3 (G3m(s,t) allotype which is uncommon in Europe, but
relatively common in Asia and Africa), have half-life and transport across the placenta
comparable to IgG1 25,28,30.
Conversely, IgG1 and IgG2 are not known to differ in their affinities for FcRn or known
IgG-FcRn contact residues 6,31. Other FcγR might be involved in trafficking IgG across
the placenta such as FcγRIIb 20 and might favour certain subclasses. However, whereas
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FcRn is required, the role of FcγRIIb has been excluded in the trans-placental transport of
mice 32,33. Recently, we also found no evidence for any preference for either light chain
isotype or IgG2 hinge isomer (formed by different disulphide-bridge formations between
cysteines in the upper IgG2-hinge and the light chains), indicating that the difference
in hinge flexibility reported by Dillon et al 34 does not affect FcRn function 26. We have
also recently generated a IgG variant lacking Fc-receptor effector functions by engrafting
IgG2- and IgG4-derived amino acids onto IgG1 (Δnab35), which still binds FcRn. However,
this variant showed surprisingly low FcRn-mediated transport 36, warranting further
investigation. Here we present a study on FcRn mediated IgG1 and IgG2 transcytosis and
describe new findings on the differential transport of these subclasses. Our data suggest
that IgG2 is transported less efficiently by FcRn due to the shorter and less flexible hinge
of IgG2 than IgG1 and IgG3 34,37. We postulate that the shortened hinge may influence
the interaction of IgG2 with FcRn dimers because of steric hindrance with the plasma
membrane 6,10.

MATERIALS AND METHODS

Cell culture

Human choriocarcinoma cells (JAR, American Type Culture Collection, Manassas, VA)
were grown in Iscove’s Modified Dulbecco’s Medium (IMDM) (Cambrex, Verviers,
Belgium), and melanoma cells (wild type A375 lacking FcRn expression (but expressing
Beta-2-microglobuline (β2m)) and A375 transfected with the FcRn α-chain), 28 in Roswell
Park Memorial Institute (RPMI) 1640 medium (Invitrogen/Gibco, Carlsbad, California),
both supplemented with L-glutamin (300 mg/ml, Invitrogen/Gibco), penicillin (100 U/ml,
PAA Laboratories GmbH, Pasching, Germany), streptomycin (100 mg/ml, PAA) and 10%
foetal calf serum (FCS, Bodinco, Alkmaar, The Netherlands). All cultures were carried out
at 37°C, in saturated humidity and 5% CO2 in air.

Isolation of White Blood Cells (WBCs)
WBCs were isolated from 9 mL of freshly drawn blood, taken up in VACUETTE heparin
blood collection tubes (Greiner Bio-one, Alphen a/d Rijn Nederland). Whole blood was
separated by centrifugation at 1600 x g for 10 min, serum fraction was discarded. Red
blood cells were lysed by three consecutive steps of hypotonic lysis in cell culture grade
water (Gibco) for 30 sec, followed by addition of filtered (0.2 µm, Whatman) 10 x PBS.
The protocol was performed at 4°C/ on ice.

Fluorescence activated cell sorter (FACS)
A375 (wild-type and human FcRn) and JAR cells were treated with trypsin
Ethylenediaminetetraacetic acid (EDTA) (0.5% and 0.2% (m/V)) for 5 min at culture
conditions. 2x105 cells per well were added to 96 well V-bottom plate (Costar/Corning)
and stained with biotinylated mouse anti human Cluster of differentiation (CD)64
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(FcγRI) (BD Pharmingen), CD32 (FcγRII) (Bio-Rad) and CD16 (FcγRIII) (SouthernBiotech,
Birmingham, Alabama) for 30 min at 4°C/ on ice. Cells were washed thoroughly and
incubated with Alexa Fluor 633 (AF 633) conjugated Streptavidin (Thermo Scientific).
FACS analysis was performed on LSR-II (BD Biosciences), data was analyzed using FlowJo
v10 (FlowJo, LLC). The experiment was performed in duplicate.

IgG
For an overview of the antibodies used in this article and the figures they were used for,
see Table 1.
Recombinant B2G antibodies directed against human platelet antigen (HPA)-1a were
produced as previously described 38. For the B2G mutants, residues in IgG1 were substituted
with corresponding amino acids from IgG2 and IgG4, reported to be responsible for their
low affinity for FcγR. The Δc signifies alterations of the IgG1 backbone originating from
IgG2 (E233P, L234V, L235A). Δb indicates the same substitution but accompanied by
deletion of G236, a residue lacking in IgG2. Δa mutations originate from IgG4 (A327G,
A330S, P331S). After alteration of three more residues aimed at removing allotypic
variation from IgG1 (Δn, K214T, D356E, and L358M), this resulted in two variants of
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Table 1. Nomenclature and mutations of antibodies used in this paper.

Name

Subclass mutations in the backbone

specificity of CDR

Used
in figure

B2G1
B2G1Δnab

IgG1
IgG1

HPA-1
HPA-1

2
2

B2G1Δnac

IgG1

HPA-1

2

B2G2
GDob1 IgG1

IgG2
IgG1

none
K214T, D356E, L358M, A327G,
A330S, P331S, E233P, L234V,
L235A, deletion of G236
K214T, D356E, L358M, A327G,
A330S, P331S, E233P,
L234V, L235A
none
none

GDob1
IgG1H435A
GDob1
IgG1ΔG236
GDob1 IgG2

IgG1

H435A

IgG1

deletion of Gly 236

IgG2

none

GDob1
IgG2H435A
GDob1
IgG2+G236

IgG2

H435A

IgG2

insertion of Gly 236

HPA-1
Streptococcus
serotype 6
Streptococcus
serotype 6
Streptococcus
serotype 6
Streptococcus
serotype 6
Streptococcus
serotype 6
Streptococcus
serotype 6

2
pneumoniae 3, 5, 7
pneumoniae 3
pneumoniae 3, 5, 7
pneumoniae 3, 5, 7
pneumoniae 3
pneumoniae 3, 5, 7

A legend to the antibodies used in this paper, including the name, subclass, mutations, antigen specificity
and list of figures in which they were used.
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IgG1: Δnab and Δnac differing only by absence or presence of G236, both demonstrating
severely reduced binding to FcγR but retaining all residues described to be involved in
binding to FcRn 35,39,40. Production of the wild type B2G and its variants were performed
as described previously.
Recombinant V-gene matched IgG1 and IgG2 GDob1 antibodies, directed against
Streptococcus pneumoniae serotype 6, 41,42 were produced in 293Freestyle cells (Invitrogen)
according to the manufacturer’s instructions. GDob1IgG1H435A was generated as
described 42. Likewise, GDob1IgG1Δ236G, GDob1IgG2+236G, and GDob1IgG2H435A,
were generated using the Quickchange Site-directed-mutagenesis kit (Stratagene,
California, USA) using the following primers and their complementary primers:

5

GDob1IgG1Δ236G: 5’ CCT CAG CAC CTG AAC TCC TGG G^^ ^AC CGT CAG TCT TCC
TCC TCT TC 3’
GDob1IgG2+236G: 5’ CTC TTC CTC AGC ACC ACC TGT GGC AGG AGG GCC GTC AGT
CTT CCT CTT CCC CCC 3’
GDob1IgG2H435: 5’ GAG GCT CTG CAC AAC GCC TAC ACG CAG AAG AGC C 3’
All mutations were confirmed by sequencing (ABI 373 Stretch automated sequencing
machine, Applied Biosystems, Foster City, CA) prior to expression.

Surface plasmon resonance (SPR)
Human FcRn was produced in-house as described in 43 and 44, respectively. Affinity
measurements were performed with SPR using the IBIS MX96 (IBIS Technologies,
Enschede, the Netherlands) as described by Dekkers et al 45.
Human FcRn was spotted in six duplicates with a three-fold dilution ranging from
30nM to 1nM on a SensEye G-streptavadin sensor (Ssens, Enschede, the Netherlands)
using a Continuous Flow Microspotter (Wasatch Microfuidics, Salt Lake City, Utah).. .
The GDob1 antibodies were injected in a two-fold dilution series starting from 0.49nM
to 125nM over the FcRn- -sensor in PBS-Tween 80 (0.075%) at pH 6.0. After every
injection a two-step regeneration was performed using PBS pH8.5 + 0.075% Tween-80.
Calculation of the dissociation constant (KD) was done using an equilibrium analysis
by intrapolation to Rmax = 1000 for FcRn45. Analysis and calculation of all binding data
were carried out with Scrubber software version 2 (Biologic Software, Campbell, ACT,
Australia) and Microsoft Office Excel 2013.

IgG transcytosis
Transcytosis experiments with A375 (wild-type and human FcRn) and JAR cells were
performed as previously described 28. Briefly, 12 mm polycarbonate Transwell filters (0.4 μm
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pore size, Costar/Corning) were inoculated with 5×105 cells, grown overnight to
confluence, washed with phosphate buffered saline (PBS) and medium replaced with fresh
medium (IMDM at pH 7.4 with supplements as stated above). Mixtures of IgG contained
streptavidin-horseradish peroxidase (HRP) (Sanquin) to assess background transport.
Apical to basolateral transport was calculated according to ([IgG]basolateral×1.5 ml)/
([IgG]input×0.5 ml)×100%. All experiments were performed in triplicate.

Serum samples
Serum samples from the umbilical cord of three newborns and matched serum samples
from mothers were drawn at birth. IgG subclass levels in these samples were determined
by nephelometry as described below. Signed informed consent was obtained from all
women, and the collection of blood samples and clinical data received approval by
the Ethics Committee of the Leiden University Medical Centre (P02-200) as has been
previously reported 24, in accordance with relevant guidelines.

IgG quantification

5

IgG subclass concentrations in serum samples were determined by Nephelometry
(Behringer Nephelometer II, Behringer diagnostics, Deerfield, Illinois, USA) according
to manufacturer’s protocols. In all in vitro studies, IgG subclasses were quantified by
sandwich enzyme-linked immunosorbent assay (ELISA) using subclass specific mouse
monoclonal antibodies (IgG1: MH161-1; IgG2: HP6062, Sanquin) to capture and a directly
HRP conjugated monoclonal mouse anti-IgG (JDC-10, Southern Biotech, Birmingham,
AL, USA) for detection. Conversion of 3,3’,5,5’-Tetramethylbenzidine (TMB) was used
to quantitate HRP activity per well and absorptions were read using a Sunrise TECAN
spectrophotometer. The concentrations were read from a standard curve made from
the IgG preparations used for transport (in vitro studies) or IVIg.

High-Pressure Liquid Chromatography Size-exclusion
chromatography (HPLC-SEC)
ÄKTA explorer P900 (GE Healthcare) equipped with Superdex 200 10/300GL (GE
Healthcare) was employed for HPLC-SEC. The column was adjusted to previously
degassed PBS with two column volumes prior to sample run. 100 µL of purified Ab at
a concentration of 1 mg/ mL was injected manually. Analysis was performed at a flow of
0.5 mL/ min, detecting at UV 280 nm.

Statistical analysis and data sets
All data represent the mean and standard deviation of at least three independent
experiments. All transcytosis assays consisted of three replicates. GraphPad Prism for
Windows (GraphPad Software) was used for all statistical analysis. Significance was set at
P<0.05, and is indicated on all figures as *: p≤0.05; **: p≤0.01; ***: p≤0.001.
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RESULTS

A)

We analyzed three matched mother and cord sera at term. Similar to previous
studies 21,23-26, we found that only IgG1 had a higher concentration in cord blood than
in maternal serum, IgG2 and IgG3 were present in lower amounts in cord blood than in
maternal serum, and IgG4 concentrations were equal (Fig. 1).

B)

IgG2 and IgG3 are transported across the placenta to
a lesser extent than IgG1 and IgG4

FcRn mediated apical to basolateral IgG1 transport is
more efficient than IgG2 transport in vitro
In order to analyze the relative transport of IgG1 and IgG2 and the role of FcγR and FcRn,
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we analyzed their transport in vitro using the choriocarcinomic JAR cells (endogenously
expressing FcRn) 28, A375 cells devoid of FcRn28 expression , and A375- FcRn transfectants 46.
None of these cell lines expressed classical FcγR as seen by FACS (Supplementary Figure 1).
As seen in vivo, we observed that IgG1 (B2G1) was transported more efficiently than IgG2
(B2G2) (an otherwise identical antibody of the IgG2 subclass) both by JAR cells (Fig. 2A)
and A375-FcRn cells (Fig. 2B), but not FcRn-deficient wild type A375 cells (Fig. 2C).

IgG transcytosis is independent of the ability to bind
Fcγ receptors
We have previously described B2G1Δnac, a mutated IgG1 variant with amino acids which
are implicated in FcγR binding being replaced by corresponding residues found in IgG2 or
IgG4. This variant displays almost no binding to activating FcγR but retains 40% binding
to the inhibitory FcγRIIb 39,47. This mutant was transported with equal efficiency as wild
type IgG1 antibody in JAR cells (Fig. 2A) and A375-FcRn cells (Fig. 2B). However, another

Figure 1. Relative IgG subclass concentrations in cord blood and maternal serum. The relative
subclass concentration in cord blood as compared to the concentrations found in maternal serum,
expressed as average cord/mother ratios for each IgG subclass. Data are from three paired mother –
child samples and expressed as means plus standard deviation. All data are from 3 independent
experiments, expressed as mean plus standard deviation. Data was analysed by one-way ANOVA
with Tukey’s multiple comparison test and significance is shown as previously indicated.
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C)
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Figure 2. FcRn-mediated IgG transport is independent of FcγR and is influenced by
the presence or absence of G236. Transport of IgG1 variants B2G1, B2G1Δnac and B2G1Δnab
as well as IgG2 B2G2 was tested using different cell lines. A) placenta derived cells (JAR). B)
A375-FcRn cells, transfected with the FcRn alpha chain. C) 375 wild type cells lacking functional
FcRn expression. All experiments were run for two hours and transport was from the apical to
the basolateral side of a monolayer of cell. HRP was included as a measure of aspecific leakage
and measured in the same samples as IgG. All data are from 3 independent experiments, expressed
as mean plus standard deviation. Data was analysed by one-way ANOVA with Tukey’s multiple
comparison test and significance is shown as previously indicated

variant, B2G1Δnab, identical and with similar FcγR-binding properties as B2G1Δnac but
additionally lacking glycine 236 (G236), which is absent in wild type IgG2, was transported
less efficiently and to the same extent as the wild type IgG2 molecule (B2G2) (Fig. 2A and
B). This was observed in both JAR (Fig. 2A) and A375-FcRn cells (Fig. 2B) but no significant
transport was found in wild type (WT)A375 cells lacking FcRn and FcγRs expression28
(Fig. 2C). These findings demonstrated that FcRn, and not classical FcγR, was required for
transcytosis of IgG in both JAR and A375 cells and suggested that absence of G236 may
reduce the efficiency of this transcytosis.
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Apical to basolateral transcytosis of IgG is influenced
by glycine 236

5

To ascertain whether the reduced IgG2 transport was due to the lack of G236 compared
to IgG1, we generated recombinant antibodies differing only in this single amino acid.
Affinity measurements by SPR with c-terminally biotinylated FcRn on streptavidin sensors
showed that either removing G236 from IgG1 or introducing it into IgG2, did not
apparently influence binding to FcRn on the chip (Fig. 3). The wild-type and mutant
GDob1 antibodies displayed a similar minor fraction of dimers which was similar across
all variants (Supplementary Fig. 2), also seen in rather steep associations and slow
disassociation in Fig.3. We found that IgG1 lacking only G236 (GDob1IgG1ΔG236) was
transported to an equal level as wild type IgG2 (Fig. 4A). Moreover, IgG2 with G236
inserted (GDob1IgG2+G236) demonstrated enhanced transport and was transported to
an equal level as wild type IgG1, confirming that the lack of G236 in IgG resulted in its
less efficient FcRn-mediated transcytosis. When the affinity of the primary binding site
of IgG for FcRn was strongly reduced by changing the histidine in position 435 to an
alanine (H435A) 48,49 significant transport was still observed, but it was severely reduced
as expected. Importantly, no significant difference between IgG1 and IgG2 transport was
observed when both carried the H435A mutation, suggesting FcRn-mediated effector
functions were responsible for the observed differences in IgG1 and IgG2 transport
efficiency. In addition, role of FcγR can be excluded by their absence in these cells
(Supplemental Fig.1).

Reduced FcRn mediated transport correlates with
enhanced degradation
To investigate whether the reduced transcytosis rates of IgG without G236 were due to
increased degradation, we sampled both apical and basolateral compartments after 18
hours of transport.
For both wild type GDob1IgG1 and GDob1IgG2+G236 the total amounts detected
were in excess of 95% of the starting material, while wild type GDob1IgG2 and
GDob1IgG1ΔG236 were recoverable to a significantly lesser extent (Fig. 4B). This suggested
that the reduced FcRn-mediated transcytosis of GDob1IgG2 and GDob1IgG1ΔG236
(Fig. 1-2) was due to enhanced degradation.
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Figure 3. Mutant GDob1IgG1ΔG236 and GDob1IgG2+G236 retain affinities to human FcRn in
comparison to WT antibodies. Sensorgrams obtained from affinity measurement of GDob1IgG1,
GDob1IgG1ΔG236, GDob1IgG2 and GDob1IgG2 +G236 to human FcRn in SPR. Antibodies were
injected at concentrations ranging from 125nM to 0.49nM in two-fold dilutions over biotinylated
human FcRn coupled to a streptavidin biosensor at pH 6.0. The affinities (M) calculated from affinity
plots derived from SPR measurements of GDob1 IgG1, GDob1 IgG1 ΔG236, GDob1 IgG2 and GDob1
IgG2 +G236 to human FcRn. KDs were calculated using equilibrium analysis by intrapolation to
Rmax = 1000 human FcRn. (-/-) no binding detected.

DISCUSSION
The long half-life of IgG and its transplacental transport are both mediated by
the neonatal Fc receptor 5,19,23. FcRn-mediated half-life of IgG2 is comparable to that
of IgG1 27 but transport across the human placenta is lower for IgG2 21-26, suggesting
differences between the mechanisms of FcRn-mediated recycling and transcytosis of
IgG. The reason for this is unclear, as IgG1 and IgG2 have not been reported to differ
in residues found to be important for IgG-FcRn interaction 6 and their binding to FcRn
immobilized on a biosensor chip were not reported to be significantly different 31. However,
the stoichiometry 10, the lateral fluidity of transmembrane receptors, and the physiological
proximity of the plasma membrane cannot be accounted for on a surface like plasmon
resonance biosensor chips, and therefore, such assays do not always accurately represent
the biological context.
The lowered in vitro FcRn-mediated transcytosis rates of IgG2 compared to IgG1
which we observed were in line with the reported differences in maternal-cord blood
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A)
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B)

Figure 4. Low transport of IgG2 was due to lack of G236 in IgG2, and resulted in enhanced
degradation. A) Apical to basolateral transport of VH-matched GDob1 wild type and ΔG236 IgG1
variants as well as IgG2 wild type, and +G236 variants by A375 FcRn cells. GDob1IgG1H435A and
GDob1IgG2H435A were included as control in which the main FcRn binding pocket was disrupted
and HRP was included as a measure of passive diffusion. Experiments were run for 2 hours. B)
After 18 hours of apical to basolateral transport in A375-FcRn cells, both apical (hatched bars)
and basolateral (open bars) compartments were sampled and IgG concentrations were determined.
Approximately 95% of GDob1IgG1 and GDob1IgG2+G236 could be accounted for, while only
about 80% of GDob1IgG1Δ236Gly and GDob1IgG2 was detectable. Data shown are from three
independent experiments, expressed as mean plus standard deviations. In B) the total values from
apical and basolateral samples taken from the same transwells. Significance was tested by one way
ANOVA with Tukeys multiple comparisons test in both A) and B). In A) statistical comparison within
an IgG subclass is shown without brackets and only shown for comparison with the WT variant, but
between subclasses (with brackets) only shown for WT subclasses, G236 inserted in IgG2 and G236
removed from IgG1, and matched for the presence or absence of G236 IgG1 and IgG2 variants.

ratios. This difference was solely attributed to FcRn-mediated transcytosis as transcytosis
of B2G1Δnac, an IgG1 variant unable to bind to classical FcγR 38,39,47, was unaffected
in both JAR and A375-FcRn cells. Unexpectedly, the transcytosis rate of another IgG1
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variant, B2G1Δnab, was reduced to the level of IgG2 transcytosis. The only difference
between the Δnac and Δnab variants was the deletion of G236 in the latter, similar to
IgG2 that also lacks G236. Using unrelated human IgG1 and IgG2 VH-matched GDob1
antibodies 41,42 with identical affinity for FcRn in SPR experiments, we confirmed that
G236, but not any other mutations in B2G1Δnac or B2G1Δnab, influenced the transport
of IgG. Interestingly, G236 has not previously been reported to affect FcRn function and
is located in the lower hinge, far from the FcRn binding site6 (Fig. 5).
Gurbuxani et al postulated a mathematical model for FcRn-IgG interaction 50,51, in
which either FcRn can bind to IgG in two distinct modes, or IgG might have two FcRn
binding sites, functioning synergistically. Whether such a secondary interaction-domain
within IgG exists is unclear, but it cannot be excluded as a cocrystal of a complete
IgG-FcRn complex has not yet been resolved. Björkman and colleagues observed an FcRn
dimer both in crystals of rat FcRn and in the cocrystal of FcRn with Fc 6,49. Later work
demonstrated that Fc and FcRn can crystallize in oligomeric ribbons with a symmetrical
repeating unit of 2 FcRn:1 IgG (FcRn:IgG:FcRn) with the C-terminus of IgG orientated
towards the N-terminus of FcRn 52. Both the proposed “lying down” or “standing up”
models for FcRn engaged with IgG binding have difficulties explaining how a complete
IgG binds to FcRn in a cellular context. In the “standing up” model the two Fab fragments
would be projected to either protrude into the plasma membrane, or, due to the flexibility
of the hinge, bend back (Fig. 5A). The fragment antigen binding (Fab) might be more
easily accommodated if FcRn is tilted towards the cell but some bending at the hinge
would still be required (Fig. 5B). The binding of a second FcRn to this complex, forming
a 2:1 complex of FcRn and IgG which might be important for FcRn-signalling events 16,
may occur within the IgG/FcRn positive-transport tubules observed by the groups of Ober
and Ward et al 53,54. Within these tubules one molecule of IgG may be bound by two FcRn
molecules residing in a tilted orientation on parallel membranes. This is similar to what
was suggested to occur between adjacent microvilli in the rodent gut by Bjorkman et al 6,
who observed by electron cryotomography that IgG-Fc complexes assemble preferentially
on interfaces between layers of FcRn expressing membranes 54,55. Whether this “laying
down” model, the “standing up” model or both is more relevant for physical transport
of IgG is currently unknown.
G236 is present in the lower hinge of all subclasses except IgG2, and therefore increases
the flexibility and extends the distance of the two Fab domains from the Fc portion.
Based on the structural constraints for binding of whole IgG by FcRn, and the findings
presented here, we predict that the shortened hinge of IgG2 makes the formation of
an FcRn:IgG2:FcRn complex less energetically favourable than is the case for other IgG
and thus decreases the compatibility of IgG2 with FcRn binding and transport. This is
supported by recent evidence showing that the amino-acid composition of the Fab
fragment and charge in particular effects FcRn binding and recycling 56. Our study may in
part provide a solution as to why IgG2 transcytosis takes place at a lower rate than IgG1.
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A)

However, it does not explain why in vivo rates of IgG2 and IgG1 catabolism do not seem
to differ, unless these two FcRn-mediated processes fundamentally differ, or hitherto
unknown factors make IgG2 less prone to degradation, compensating for the reduced
FcRn rescue function. This last option is however entirely speculative and we are not
aware of any data indicating that this is the case.
In summary, we show that the lowered transplacental transport of IgG2 in vivo can be
simulated in an in vitro transcytosis system, is FcRn- but not FcγR-mediated, and is caused
by the absence of G236 in IgG2. More effort is needed to unravel the cellular mechanism
behind the observation that the short lower hinge of IgG2 affects transcytosis but not
its half-life.
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Supplementary figure 1. JAR and A375 WT cells do not express FcγRs, A375 FcRn cells
show FcγRIIa expression. Histograms from FACS analysis of FcγRI (CD64), FcγRII (CD32) and FcγRIII
(CD16) expression levels on blood monocytes, polymorphonuclear leukocytes (PMNs), JAR-, A375
WT- and A375 FcRn cells. Plots are shown as ‘normalized to mode’ over AF 633 signal, duplicates
are presented as overlay.
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Supplemental Figure 2. Mutants GDob1 IgG1 ΔG236 and GDob1 IgG2 +G236 do not
show significant changes in levels of aggregation in comparison to WT antibodies.
Aggregation levels of GDob1 IgG1, GDob1 IgG1ΔG236, GDob1 IgG2 and GDob1 IgG2+G236
were determined using HPLC-SEC. Results are shown as UV280 (mAU) over time (min). AUC values
were calculated and Two-way ANOVA was used to determine statistical differences. Changes
in levels of dimers and monomers were found to not be significant using Two-way ANOVA for
statistical analysis.
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ABSTRACT
Here, we report that the MHC class I related neonatal Fc receptor (FcRn) is expressed
within azurophilic and specific granules of neutrophils, and relocates to phagolysosomes
upon phagocytosis of IgG-opsonized bacteria. We found FcRn to enhance phagocytosis
in a pH dependent manner which was independent of IgG recycling. IgG-opsonized
bacteria were inefficiently phagocytosed by neutrophils from β2M knock-out or FcRn
a-chain knock-out mice, which both lack expression of FcRn. Similarly, low phagocytic
activity was also observed with mutated IgG (H435A), which is incapable of binding to
FcRn, while retaining normal binding to classical leukocyte Fcγ Receptors. Finally, a TAT
peptide representing intracellular endocytosis- and transport motifs within FcRn, strongly
inhibited IgG-mediated phagocytosis. These findings support a novel concept in which
FcRn fulfills a major role in IgG-mediated phagocytosis.
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INTRODUCTION

Phagocytic cells express members of three classes of leukocyte IgG-Fc Receptors, FcγRI,
FcγRII, and FcγRIII. All share considerable structural and functional homology, and
recognize similar residues within the CH2 region of IgG 1. FcγR activate phagocytes
upon interaction with IgG-opsonized particles, involving immuno-receptor tyrosinebased activation motifs (ITAM). This activation signal may possibly be downregulated by
the immunoreceptor tyrosine-based inhibitory motif (ITIM)-containing FcγRIIb receptor on
PMN and monocytes 2. No other signaling motifs have been implicated in FcγR-mediated
phagocytosis. Cross-linking of ITAM-bearing receptors (e.g. T-cell receptor, FcεRI) does
not initiate phagocytosis, but generally triggers fusion and release of granule contents
into sealed immunological synapses between effector cells and targets. In phagocytes
these granules contain various components, including enzyme complexes that initiate
the respiratory burst and phagosome acidification, as well as anti-microbial peptides and
enzymes that serve to kill invading pathogens 3,4.
A distinct IgG receptor, the neonatal FcγR (FcRn), consisting of a unique α-chain
and β2-microglobulin (β2M), is a major histocompatibility class I (MHC-I) homolog 5.
FcRn is present in epithelial cells, placental syncytiotrophoblasts, as well as endothelial
cells. In these cells, FcRn has been implicated in transport of IgG across mucosal cells 5,6,
from mother to fetus 7, and regulation of IgG half-life 8-11, respectively. This receptor has
recently been found in human monocytes 12, albeit that no function has been attributed
to monocyte FcRn. FcRn does not bind IgG at physiological pH (7.4). Only in the acidic
environment of endocytic vacuoles (pH ≤6.5), where histidine residues in the Fc-tail of IgG
become protonated, can FcRn bind IgG with high affinity. Both β2M and the FcRn α-chain
participate in IgG binding within the CH2-CH3 interface 13.
In this study we document expression of FcRn within PMN. Furthermore, we observed
FcRn translocation to nascent phagosomes, where FcRn facilitates IgG-mediated bacterial
phagocytosis through signaling motifs found within the cytoplasmic tail. These results
point to a novel role for FcRn in phagocyte biology.

6

METHODS

Recombinant anti-pneumococcal 6A/B antibodies
The generation and functional characterization in vitro and in vivo of human antipneumococcal serotype 6A/B GDob1 antibodies used in this study have been
described in details before in 14. The H435A IgG1 variant was generated by mutating
the γ1 heavy chain with a Quickchange Site-directed-mutagenesis kit (Stratagene,
CA) according to the manufacturer’s guidelines, using the CH3-specific primer
gaggctctgcacaacGCctacacgcagaagagcc (mutated bases in bold), and its complementary
primer. After verification of the expected incorporation of the mutated bases by
sequencing (ABI 373 Stretch automated sequencing machine, Applied Biosystems, Foster
City, CA), resulting in the corresponding amino-acid change from a Histidine to an Alanine
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in position 435, the heavy chain was transfected together with the corresponding light
chain, produced and purified as described in 14,15.

Detection antibodies

6

Mouse IgG1 MAC-1 (CR3)-specific MAb was purchased from Becton Dickinson (San Jose,
CA), and Cy3-labeled goat-anti-mouse-IgG F(ab’)2 fragments from Jackson (West Grove,
PA). Protein G isolated mouse IgG1 directed against the α-chain of FcRn (MAb 1G3)
was obtained from ATCC (Manassas, VA) 16. Mouse IgM MAb 22H4C11 was raised by
immunizing balb/c mice with a peptide stretch composing the FcRn α-chain intracellular
tail. Rabbit antiserum against human FcRn was a generous gift of Dr. Neil Simister (Brandeis
University, Waltham, MA). Mouse IgG1 was detected in FACS experiments by means of
FITC-labeled goat F(ab’)2-fragments of anti-mouse-IgG (Protos, Burlingame, CA). Rabbit
antiserum was detected with Biotin-labeled swine-anti-rabbit-IgG F(ab’)2-fragments
(DAKO, Glostrup, Denmark), followed by Streptavidin-Alexa555 (Molecular Probes,
Leiden, The Netherlands). Human recombinant IgG1 concentrations were quantified by
a sandwich ELISA, capturing the recombinant antibodies by a rabbit-anti-human-kappa
antiserum, with alkaline phosphatase-conjugated rabbit anti-IgG (Fc specific) antisera for
detection as described in 15, and by antigen-specific ELISA as detailed in 14 with either
a Fc-specific HRP-labeled goat-anti-human-IgG, or with FITC-labeled goat-anti-kappa
F(ab’)2 fragments (Southern Biotechnology Associates, Birmingham, AL) followed by
a HRP-labeled sheep-anti-FITC Roche, Mannheim, Germany).

FcRn TAT- peptides
Peptides consisting of the HIV-originating TAT sequence (YGRKKRRQRRRG) and part of
the intracellular tail of FcRn containing the tryptophan motif and the dileucine motif
(APWISLRGDDTGVLLPTP) were synthesized at The Netherlands Cancer Institute, Amsterdam,
The Netherlands (final sequence: n-YGRKKRRQRRRG-APWISLRGDDTGVLLPTP-c).
Biotinylated control peptides with identical amino acid composition, but scrambled
signaling motifs were generated likewise (n-YGRKKRRQRRRG-APLILDRGLSTGVWDPTP-c,
rearranged amino acids indicated in bold). Both peptides were N-terminally biotinylated
through an aminohexanoic acid spacer.

Mice

B6.SJL-Ptprca β2M knock-out mice and wild-type B6.SJL-Ptprca mice were purchased from
Taconic (Germantown, NY) 17. FcRn α-chain C57bl/6 knock-out mice 8 were a generous
gift from Dr. Derry C. Roopenian (The Jackson Laboratory, Bar Harbor, ME).

Cells
Human PMN were isolated as described in 15 by Ficoll (Pharmacia)-Histopaque (Sigma)
gradients, followed by hypotonic lysis of residual RBC in water (for 30 s at 4°C). NK
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cells and monocytes were isolated from the mononuclear fraction with a MoFlo cell
sorter (Cytomation, Fort Collins, CO) after staining with PE-labeled CD56 MAb (CLB,
Amsterdam, The Netherlands) and Biotinylated CD14 MAb (Sigma, St. Louis, MO)
and Streptavidin-APC (Molecular Probes, Leiden, the Netherlands). Mouse PMN were
isolated from PEG-G-CSF (Amgen, Thousand Oaks, CA) treated mice as described in 18).
All experiments involving mice and human subjects were approved by local ethical and
scientific review boards.

FcRn mRNA expression.
RNA was isolated from cell populations by means of RNAzol (Campro Scientific, Veenendaal,
The Netherlands), and first-strand cDNA was generated with an oligo(T) primer and avian
myeloblastosis virus reverse transcriptase (Boehringer MannheimMannheim, Germany)
according to the manufacturer’s instructions. FcRn-specific mRNA was quantified
by subsequent real-time quantitative RT-PCR analysis (Taqman), with the forward
CTCAGGGTGGAGCTGGAATC, reverse CTCCACGAAGGGAGATCCAA primer, and
the probe ATCGTCATCGGTGTCTTGCTACTCACGG (passes an intron / exon boundary).
Arbitrary values were obtained by calculating FcRn expression levels as a ratio of ABL
(Abelson) gene expression 19.

6

Immunoelectron microscopy
Human neutrophils were fixed for 24 hours in 2% paraformaldehyde in 0.1 M PHEM
buffer (60 mM PIPES, 25 mM HEPES, 2 mM MgCl2, 10 mM EGTA, pH 6.9) and processed
for ultrathin cryosectioning as described in 20. Briefly, 50-nm cryosections were cut
at -120º C using diamond knives in an ultracryomicrotome (Leica Aktiengesellschaft,
Vienna, Austria) and transferred with a mixture of sucrose and methylcellulose onto
formvar-coated copper grids. The grids were placed on 35-mm petri dishes containing
2% gelatine. 10- and 15-nm protein-A conjugated colloidal gold probes (EM Lab.,
Utrecht University, The Netherlands) was used for double immunolabeling using
anti-FcRn rabbit sera, and either rabbit anti-human lactoferrin from Cappel Laboratories
(Cochranville, PA) or rabbit anti-human myeloperoxidase from DAKO (Glostrup,
Denmark). After immunolabeling, the cryosections were embedded in a mixture of
methylcellulose and uranyl acetate and examined with a Philips CM10 electron microscope
(Eindhoven, The Netherlands). As controls, the primary antibody was replaced by an
pre-immune rabbit.

FcRn expression by confocal microscopy and FACS
For all confocal microscopy experiments, vital cells were allowed to attach to poly-Llysine coated superfrost (Sigma) microscopy slides for 30 minutes at 37°C in a humidified
chamber. All phagocytosis experiments for confocal microscopy were carried out as
described for FACS phagocytosis experiments (see below) but on microscopy slides.
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Before all stainings, cells were fixed with paraformaldehyde (3.7%), washed with saponin
buffer (PBS with 0.5% saponin and 1% Bovine serum albumin; saponin was omitted for
extracellular staining) and incubated for 60 min at room temperature with either mouse
IgG1 MAC-1 (CR3) or rabbit anti-FcRn antiserum, followed by appropriate conjugates (see
above). All detection antibodies and conjugates were diluted in saponin buffer to allow
intracellular staining. After staining, the microscopy slides were treated with ProlongGold
(Molecular Probes) according to the manufacturer’s recommendations, and samples
were visualized by confocal microscopy (Digital Eclipse C1, Nikon, Kanagawa, Japan).
MAC-1 or FcRn staining was used to center the scanning (Z) plane in the cell center
before acquisition of final images. Densitometry analyses were performed with ImageJ
version 1.34S available at http://rsb.info.nih.gov/ij/index.html. All FACS stainings were
performed identically, but in 50-µl volumes in polypropylene tubes (Micronics, Lelystad,
The Netherlands) and analyzed by flow cytometry (FACS Calibur, Becton Dickinson).
Biotinylated TAT-peptides were detected after incubations with 1 mg/ml TAT-peptides
for 10 minutes, using Streptavidin-Alexa555 (Molecular Probes). Samples were washed
twice with buffer or saponin buffer between all incubations depending on whether cell
membrane or intracellular staining was performed (see above).

Phagocytosis experiments
Heat-killed Streptococcus pneumoniae, serogroup 6B, was FITC-labeled and stored at
-20°C in PBS as described in 14. Phagocytosis experiments were carried out as in 15 using
freshly isolated human PMN. All phagocytosis experiments were carried out at 37°C
for 15 minutes by mixing IgG, 105 PMN, and 5x106 FITC-labeled bacteria, except where
indicated otherwise. PMN-adhered or ingested bacteria were evaluated by confocal
microscopy and flow cytometry. Live gates were used on mouse PMN (as distinguished
by PE-labeled Rat IgG anti-Gr-1/Ly-6 (Becton Dickinson)). In experiments where ingested
bacteria were quantified by FACS, Trypan Blue 21 or Ethidium bromide 22 was used to
quench extracellular FITC-labeled pneumococci, both of which resulted in similar and
efficient quenching. TAT Peptides and inhibitors, when used, were added together with
IgG1 and pneumococci to isolated cell preparations without prior incubations. Phagocytic
index (PI) was calculated as described in 15.

IgG Recycling
PMN were allowed to ingest recombinant anti-pneumococcal IgG1 (10 μg/ml), either
alone or in the presence of 6B pneumococci for 5 minutes at 37°C, followed by two
washes with medium (RPMI 1640 medium with 2% FCS, adjusted to pH 2.5) to wash
away extracellularly-bound IgG (confirmed by FACS, data not shown). Cells were then
incubated for an additional 30 minutes, and supernatants were harvested and analyzed
for the presence of human anti-6B pneumococcal antibodies by antigen-specific ELISA 14.
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Statistical analyses
One-way ANOVA or two-tailed Student’s t-tests were used to compare differences in
phagocytosis and binding indexes after testing for normal distribution using GraphPad
Prism version 4.00 for Windows (GraphPad Software, San Diego CA, USA, http://www.
graphpad.com). Significance was set at p<0.05.

RESULTS

FcRn is expressed in PMN
We observed FcRn to be highly expressed in freshly isolated human and mouse neutrophils
(PMN), as analyzed by real-time quantitative RT-PCR analyses and flow cytometry
(Fig. 1A). FcRn was exclusively localized intracellularly in resting PMN (Fig. 1B). By electron
microscopy, FcRn was found in granular structures but not on the plasma membrane
(Fig. 2A). The most prominent staining was observed within myeloperoxidase positive
azurophil granules (33% of myeloperoxidase positive granules also stained FcRn positive).
A lower level was also detected in specific granules (18% of lactoferrin positive granules,
Fig 2B). FcRn could be detected transiently on the surface by FACS analysis upon
stimulation with the degranulation agent phorbol 12-myristate 13-acetate (PMA), but
not with N-formyl-methionyl-leucyl-phenylalanine (FMLP) (n=3, data not shown). This
is in agreement with previously published data on intracellular trafficking of monocyte
FcRn 12. Furthermore, we observed FcRn to envelop target pathogens following human
IgG1-mediated phagocytosis (Fig. 3A), suggesting FcRn-containing granules to fuse with
developing phagosomes and / or phago-lysosomes during or after internalization. Upon
phagocytosis, the bulk of FcRn expression was observed around phagosomes (Fig 3B-C).

6

FcRn is involved in IgG-mediated phagocytosis
To assess the role of FcRn in PMN phagocytosis, we initially attempted to knock-down
expression of FcRn in human PMN and in various monocytic cell lines (U937, K562, 28SC)
by different siRNA-based techniques and constructs. However, these attempts all resulted
in severe loss of cell viability and eventual cell death (but not of scrambled controls).
We therefore investigated the role of FcRn on human PMN with recombinant WT and
mutated IgG1 MAb, and with PMN from mice that lacked either the FcRn α-chain or
the β2M subunit. We first compared the phagocytosis of Streptococcus pneumoniae
serotype 6B, using the 6B-specific recombinant human IgG1 MAb (GDob1) 14 to a mutated
derivative, where Histidine 435 was replaced by Alanine (H435A). This mutation
abrogates specifically the IgG binding to FcRn, without affecting binding to leukocyte
FcγR 23. The H435A mutation did not alter the antibody’s antigen-binding capacity, as
observed by ELISA (Fig. 4A). Confocal microscopy revealed reduced PMN phagocytosis
of pneumococci opsonized with H435A IgG1, relative to WT IgG1, with ~4-fold more
PMN with bacteria on the outside when bacteria were opsonized with H435A IgG1
(Fig. 4B). After quenching of non-ingested bacteria and quantification of internalized
139

G. Vidarsson, A.M. Stemerding et al Fig. 1

40

30

10

20

0

1000

Monocytes

A)

PM

60

40

1200
GM FcRn Fluorescence

FACS

20

B)

6

80

TaqMan

GM FcRn Fluorescence

Relative FcRn expression (AU)

A)

PHAGOCYTE FcRn

G. Vidarsson, A.M. Stemerding et al Fig. 2

NK cells

PMN

0

Extracellular

B)

Intracellular

800

6

600
400

250 nm

200
0

Isotype control Anti-FcRn MAb

Figure 1. Expression of FcRn in human blood monocytes, NK cells and PMN A) FcRn mRNA
and protein levels in freshly isolated human monocytes, NK cells and PMN as measured by
real-time quantitative RT-PCR (AU defined as a ratio of ABL expression), and flow cytometry
(Geometric Mean fluorescence). FcRn expression in cells was detected by MAb 22H4C11 in fixed
and permeabilized cells. B) FcRn is localized intracellularly in resting PMN. Freshly isolated PMN or
paraformaldehyde-fixed and Saponin-treated PMN, were stained with mouse anti-FcRn MAb 1G3,
and measured by FACS to detect extra-, and intra-cellular FcRn levels, respectively. Data in A) and
B) are presented as means + standard deviations. Data are representative of at least 5 experiments.

Figure 2. Localization of FcRn within PMN. FcRn expression in human granulocytes was analysed
by costaining with A) Lactoferrin (15 nm gold particles) or B) myeloperoxidase (10 nm gold particles)
using transmission electron microscopy. FcRn is visualized as 10 nm in A) or 15 nm particles in B)
(white arrows). N: Nucleus; PM: Plasma membrane.

Next, we studied the influence of pH on phagocytosis using chloroquine as inhibitor
of the ATP-dependent vacuolar proton pump (V-ATPase) and the weak base NH4Cl.
Both agents induced a similar reduction in phagocytic activity of IgG1-opsonized

bacteria by FACS, we also observed significantly less phagocytosis when using H435A
IgG1-opsonized pneumococci (Fig. 4C). IgG1 and H435A IgG1 induced similar binding of
FITC-labeled bacteria to PMN at 4°C (Fig. 4C) confirming a normal interaction of H435A
IgG1 with FcγRIIa and FcγRIIIb. No adherence to PMN or phagocytosis of pneumococci
was observed in the absence of IgG (Fig. 4C), or in the presence of normal human serum
without serotype-specific antibodies 14,24. Similar data were obtained with mouse PMN
when comparing IgG1 with H435A (data not shown).
Importantly, PMN from both β2M knock-out mice (that lack FcRn expression 9),
and FcRn α-chain knock-out mice showed similar reduced levels of pneumococcal
phagocytosis (Fig. 4D).
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pneumococci (Fig. 5A). Conversely, by performing the phagocytosis assay in medium
with pH 6.0, allowing for immediate IgG binding by FcRn, the phagocytosis rate was
increased (Fig. 5B).

FcRn-mediated IgG recycling
If FcRn-mediated IgG recycling was responsible for enhancing phagocytosis of IgGopsonized bacteria, this effect would be expected to be more prominent at lower IgG
concentrations, when IgG is a limiting factor. We noted that the lower level of phagocytosis
observed in the absence of FcRn engagement was consistently more pronounced at
saturating IgG concentrations, and to be lower (or absent) at limiting IgG concentrations
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Figure 3. Co-localization of FcRn and bacteria in PMN. A) Paraformaldehyde-fixed and
Saponin-treated PMN after phagocytosis of Alexa488-labeled IgG-opsonized pneumococci (green)
were analyzed through middle sections of cells by confocal microscopy. FcRn was visualized with
a rabbit anti-FcRn antiserum (red). Bacteria, FcRn staining, and overlay are shown from left-toright, respectively. B) Fluorescent intensity (FI) of corresponding color channels of panels shown in
A) were analyzed for whole cells showing enhanced localization of FcRn around phagosomes. In
the rightmost panel, fluorescent intensity of FcR (red) and pneumococcal (green) are overlaid. C)
Fluorescent intensity of pneumococci (green) and FcRn (red) across the cell along the line indicated
in the Right panel in A) (scale in arbitrary units). Experiments were repeated three times, yielding
similar results.

(Fig. 6A). This was observed when IgG1 was compared with H453A IgG1 with human
PMN, and when comparing knock-out with wild type mouse PMN. We next tested
whether FcRn-dependent IgG recycling may underlie the lowered phagocytic activity of
PMN in the absence of FcRn engagement. However, both WT and β2M knock-out PMN
mediated similar low level recycling of IgG, with less than 1% of IgG1 offered to the cells
being recycled to culture medium following IgG1-mediated phagocytosis (Fig. 6B). At this
IgG1 concentration no significant phagocytosis was observed (Fig. 6A). No IgG recycling
was observed in the absence of bacteria (Fig. 6B). In conclusion, our data do not support
FcRn to mediate recycling of IgG after IgG-mediated phagocytosis.
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Figure 4. FcRn facilitates PMN internalization of IgG-opsonized bacteria. A) Antigenbinding capacity of a WT IgG1 MAb (GDob1) and its H435A IgG1 derivative to polysaccharide
was indistinguishable by ELISA. IgG1 concentrations were quantified by anti-kappa capturing,
and anti-Fc detection sandwich ELISA. Equal amounts of IgG were subsequently allowed to bind
to pneumococcal polysaccharide 6B-coated plates, and bound IgG was detected with anti-kappa
antisera. B) Alexa488-labeled pneumococci (green) were ingested efficiently by human PMN
when incubated with WT IgG1, but not upon incubation with the H435A IgG1 derivative. PMN
were visualized by red membrane staining using MAC-1 MAb (CR3/CD11b). C) Binding (4°C)
and phagocytosis (37°C) of IgG-opsonized FITC-labeled Streptococcus pneumoniae serogroup 6B
measured by FACS, upon incubation with human PMN in the absence (no IgG), or presence of 5
µg/ml human IgG1 (IgG1), or a mutated H435A IgG1 (H435A IgG1) variant. For evaluation of
ingested bacteria (white bars), fluorescence of PMN was measured after quenching of extracellular
bacteria. Data are represented as phagocytic index (PI) 15. D) Ingestion of FITC-labeled pneumococci
incubated at 37°C with PMN from WT, β2M- and FcRn-knock out mice in the presence of IgG1.
Fluorescence of bound but not ingested bacteria, was quenched as described in the Materials and
Methods section. NS: not significant; *: p<0.05 when compared to WT. Data are presented as
means + standard deviations from two A), or four experiments in D), respectively. Experiments in B)
and C) were performed three times, yielding similar results.
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Involvement of FcRn signaling motifs in phagocytosis
We next studied whether FcRn was actively involved the enhanced internalization of
IgG-opsonized bacteria. Peptides consisting of a TAT sequence and previously recognized
internalization and transport motifs within the FcRn intracellular tail 25-27 (Fig. 7A) readily
diffused over the plasma membrane (Fig. 7B) and inhibited phagocytosis of both PMN
and monocytes in a concentration-dependent manner (Fig. 7C). Control TAT peptides,
with identical amino acid composition, but with the key amino acids within the motifs
shuffled, were detected intracellularly at similar levels as the wild-type peptide (Fig. 7B),
but had no significant effect on phagocytosis (Fig. 7D).
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Figure 6. Recycling of IgG is not responsible for enhanced phagocytosis mediated by FcRn.
A) Effect of IgG level on phagocytosis of pneumococci by wild-type and β2M -/- mouse PMN. Note
that phagocytosis by β2M -/- PMN is more impaired at higher concentrations of human IgG1. B)
Recycling of human IgG1 by wild-type and β2M -/- mouse PMN. Wild-type mouse PMN and β2M
-/-PMN were allowed to take up human IgG1 anti-serotype 6B MAb (10 μg/ml) for 5 minutes at
37°C in the presence of serotype 6B pneumococci. After extensive washing, cells were incubated
for an additional 30 minutes in medium to allow for exocytosis/recycling of IgG, supernatants were
subsequently analyzed for the presence of human anti-6B pneumococcal antibodies by ELISA.
Control samples in which mouse PMN were incubated with IgG1 only (without bacteria), did not
result in significant recycling. Experiments were repeated four times, with essentially identical results.

DISCUSSION

The central initiator of IgG-mediated phagocytosis on human PMN, FcγRIIa (CD32) 28,
is primarily expressed on the cell surface, and is quickly internalized together with IgGcoated particles upon receptor engagement 1,4. Unlike the classical leukocyte FcγR, which
are the only IgG receptors described so far on PMN, we found FcRn to be exclusively
localized in intracellular compartments in freshly isolated PMN. The intracellular
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are underlined (FcRn WT). Shuffled amino acids in the control peptide with otherwise identical
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are translocated over the plasma membrane. Biotinylated TAT-peptides where incubated with PMN.
Extracellular staining was done on fixed PMN, and internalized TAT peptides were detected on
fixed and permeabilized cells. C) WT FcRn-TAT peptides inhibit internalization of IgG1-opsonized
bacteria. D) Control FcRnS peptides had no effect on phagocytosis of IgG1-opsonized pneumococci
(experiments were carried out with 0.8 mg/ml of TAT peptides). Experiments were repeated three
times, yielding comparable results.

localization to both azurophilic and specific granules corroborates previous studies
demonstrating the presence of β2M in specific granules and secretory vesicles in PMN
and with studies documenting FcRn expression within human macrophages
human and porcine monocytes

12,30

.

12

29

and in

Our data are also in agreement with previous

work demonstrating degranulation to mediate translocation of FcRn from intracellular
compartments to the cell surface on monocytes 12.
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H+

Figure 8. Cartoon illustrating a proposed role for FcRn in phagocytosis. IgG-opsonized
bacteria engage leukocyte FcγR (1), which initiates the phagocytic process involving FcR-ITAM
signaling motifs and downstream effectors (2). Activation leads to fusion of granules containing
proton-pump components and FcRn with nascent phagosomes, which lowers the pH and promotes
FcRn recognition of IgG (3). This process subsequently facilitates internalization of IgG-coated
targets (4). In the absence of FcRn, efficient phagocytosis does not take place (see main text).

To investigate FcRn’s involvement in IgG-mediated phagocytosis by PMN, we performed
a series of confocal microscopic and FACS analyses, in which we observed a prominent
FcRn staining around phagolysosomes upon internalization of IgG-opsonized bacteria,
(Fig. 3A), indicating FcRn to be selectively concentrated to phago-lysosomes upon IgGmediated phagocytosis (Fig. 3B-C).
We observed phagocytosis of both human and mouse PMN to be severely impaired
under experimental conditions preventing FcRn engagement. For experiments with mouse
PMN, we used human IgG1 which has been documented to have high affinity at pH 6.0
to mouse and human FcRn 31, and to mediate efficient FcγRIII-dependent phagocytosis
of pneumococci by mouse PMN 14. By blocking acidification of phago-lysosomes, IgG1mediated phagosytosis was inhibited. Conversely, phagocytosis was found to be enhanced
upon adjustment of the extracellular pH to pH 6.0 (Fig. 5). PMN from β2M knock-out
mice, lacking functional FcRn expression 9-11, were unable to efficiently phagocytose
IgG1-opsonized pneumococci. PMN from FcRn α-chain knock-out mice 8 demonstrated
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a similar phenotype (Fig. 4D). Likewise, lowered phagocytic activity was observed by
human PMN when allowed to internalize pneumococci opsonized with a mutated IgG
derivative (H435A) incapable of binding FcRn (Fig. 4B-C) 23. These studies demonstrate
a functional pH-dependent interaction between FcRn and IgG-opsonized pneumococci to
be required for optimal phagocytosis.
It has been established in various models that FcRn binds IgG at low pH and recycles
or transports IgG through cells 5,8. IgG recycling by FcRn might, therefore, theoretically
underlie the observed differences in phagocytosis. However, the differences in phagocytosis
with and without FcRn engagement were more extreme at saturating IgG concentrations
(Fig. 6A). Although low levels of IgG recycling were observed, this was not due to
FcRn expression (Fig. 6B), suggesting other mechanisms to underlie the observed IgG
recycling 32. Importantly, the level of IgG recycling was too low to account for significant
phagocytosis (Fig. 6A-B). IgG recycling is therefore unlikely to explain the apparent role
of FcRn in phagocytosis.
Furthermore, we assessed the possibility that FcRn contributed to phagocytosis by
actively meditating signals or links to the cellular IgG-transport machinery. We constructed
two peptides; one containing a recently described tryptophan-based endocytosis motif 25,
a serine within this motif important for apical to basolateral transport 26, and a separate
endocytosis signal consisting of a dileucine motif which apparently functions in the context
of two aspartic acids 27; and another peptide with these key amino acids scrambled
(Fig. 7A). Both peptides were constructed in the context of the HIV-derived TAT peptide 33,
which mediates translocation over eukaryotic cellular membranes. The wild-type peptide,
but not the scrambled control peptide, inhibited IgG-mediated phagocytosis of PMN and
monocytes, supporting the intracellular FcRn tail to be important for phagocytosis.
Our present data are consistent with the current paradigm within FcγR biology,
where FcγR bind IgG-opsonized targets, resulting in degranulation and translocation
of FcRn to nascent phagosomes. Subsequently, additional binding of FcRn to the IgGopsonized targets may occur 34 after phagosome acidification, which approaches pH
6.5 in around 8 minutes 35,36, and facilitate phagocytosis (summarized in Fig. 8). How
exactly FcRn mediates the observed effects in PMN, monocytes and macrophages is at
present unclear. One attractive potential mechanism is that FcRn provides a direct link to
molecular components of both endocytic and phagocytic machineries through association
of the tryptophan motif with Adaptor Protein complex 2 (AP-2) 25. AP-2 is known to
associate with clathrin (and associated molecules), both of which have been implicated
in IgG-mediated phagocytosis 37,38. The nature of the molecular components and signals
involved in these processes warrants more detailed studies.
The MHC class I like family of proteins arose early in vertebrate evolution 39, and its
members have been implicated in a variety of biological pathways, ranging from antigen
presentation of peptides and phospholipids (MHC-I, CD1) 40, coagulant and inflammatory
responses (EPCR) 41, fat (ZAG) 42 and iron metabolism (HFE) 43, pheromone perception 44,
and IgG and albumin catabolism (FcRn) 8,45. FcRn has been found in mammals and

marsupials 46 and is evolutionary highly conserved, with mouse and human FcRn overall
sharing 65% identical amino acid sequences. This degree of conservation includes
the intracellular tail, suggesting a strong selection pressure on FcRn-encoded functions.
In summary, we observed FcRn to envelop pneumococci-containing phagosomes
in PMN in the presence of pneumococcal-specific IgG, and found phagocytosis to be
impaired under conditions when FcRn-binding to IgG was abrogated. We evaluated
this by introducing specific mutations in IgG, and by knocking out either β2M or
FcRn. By interfering with select FcRn intracellular signaling motifs, a similar reduction
in phagocytosis was observed. These findings implicate FcRn to be directly involved
in a cellular mechanism that has not been described for this molecule before, namely
IgG-mediated phagocytosis. Our observations may explain why monocytes efficiently
mediate phagocytosis through the ITAM-bearing FcγRIIIa (CD16), whereas NK cells (that
do not express FcRn, Fig. 1A) are incapable of phagocytosis upon triggering of the same
receptor 47. Furthermore, the present data may well provide a rationale for the relative
inability of the phagocyte IgA receptor (FcaRI, CD89) to mediate phagocytosis by IgA
(that does not bind FcRn), despite its potent capacity to trigger PMN degranulation 15,48.
In conclusion, IgG-mediated phagocytosis, pathogen elimination, and the role of FcγR
in phagocyte biology in particular need to be re-evaluated in the light of these data.
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This thesis endeavors to expand our understanding of the role of FcRn in IgG biology. We
have studied several aspects of FcRn function, including its role in regulating IgG half-life,
the way FcRn mediates IgG transport across various tissue layers, and the role of FcRn
in phagocytosis.

completely understood. This thesis has looked at how various properties of IgG (half-life
extension, transport to from mother to young, antigen sampling and phagocytosis) are
orchestrated through FcRn, and how its biology affects human health and disease.

THE HISTORY OF FcRn AND ITS CONTEXT

FcRn requires β2M expression in order to fold correctly. Without β2M , FcRn is retained
in the endoplasmic reticulum (ER), where it can be found mostly as covalent and noncovalent dimers (Praetor, Jones et al. 2002, Zhu, Peng et al. 2002). In the presence of
β2M, a monomeric form of the functionally assembled protein is predominant, which
is routed out of the ER compartment to (sorting) endosomes (Praetor and Hunziker
2002, Zhu, Peng et al. 2002, Ober, Martinez et al. 2004, He, Ladinsky et al. 2008, Tesar
and Bjorkman). In polarized cells FcRn is mainly located in sub-apical compartments
(Berryman and Rodewald 1995, Claypool, Dickinson et al. 2004), but it is also detectable
on basolateral surfaces (McCarthy, Lam et al. 2001, Wu and Simister 2001, Claypool,
Dickinson et al. 2004). See figure 1 for the structure of FcRn with β2M bound.
Originally, FcRn was described in the gut of neonatal suckling rodents where it
transported IgG from milk into the neonate´s circulation, providing humoral immunity
to the newborn (Simister and Mostov 1989). Later, FcRn expression on the maternalfetal barrier was documented in humans where it was suggested to transport IgG across
the placenta (Story, Mikulska et al. 1994, Kristoffersen and Matre 1996, Leach, Sedmak et
al. 1996, Simister, Story et al. 1996), whereby the IgG1 concentration in newborns at term
normally exceed that of the mother. In these organs, and probably in mammary glands as
well (Cianga, Medesan et al. 1999, Cianga, Cianga et al. 2003), the net IgG transport is
observed to be from apical to basolateral surfaces. Around the same time, various studies
implicated FcRn in the catabolism of IgG, where FcRn was proposed to rescue IgG from
lysosomal degradation by recycling it back to the surface in endothelial cells (Ghetie,
Hubbard et al. 1996, Israel, Wilsker et al. 1996, Junghans and Anderson 1996, Roopenian,
Christianson et al. 2003). A number of studies have shown FcRn to be expressed in variety
of cells where it is involved in various processes. These include IgG transcytosis across
tissues and cell layers, rescue of IgG from lysosomal degradation which accounts for its
unusually long half-life (Chaudhury, Mehnaz et al. 2003, Anderson, Chaudhury et al.
2006), transport of IgG to mucosal surfaces and re-adsorption of IgG/antigen complexes
for antigen presentation in regional lymphoid tissues (Yoshida, Claypool et al. 2004,
Yoshida, Kobayashi et al. 2006), and IgG-mediated phagocytosis. Similarly, FcRn is able
to bind albumin and protects it against degradation in vivo in a similar fashion to that for
IgG. In fact, FcRn seems to bind both albumin and IgG simultaneously on opposite sides
of the receptor. On both epithelial- and endothelial cells the proposed mechanism of IgG
transport is similar (summarized in Figure 2), where the net transport can be basolateral to
apical, apical to basolateral, or apical to apical (endothelial cells). Although both albumin
and IgG bind to FcRn in a similarly pH-dependent manner, the stoichiometry of their

Ilya Metchnikoff first introduced phagocytosis as an important mechanism for protection
against foreign material in 1883 and later against infectious microbes (Mechnikov
1908). He shared the Nobel Prize with Paul Ehrlich in 1908, whose pioneering work
demonstrated that humoral products like complement, opsonize or prepare foreign
bodies for phagocytosis by professional phagocytes. Decades later, through the work of
Niels Kaj Jerne, which was followed up by Sir Frank Macfarlane Burnet, Gustav Nossal,
Joshua Lederberg and others (Nossal and Lederberg 1958) and later Susumu Tonegawa
and colleagues (Sakano, Kurosawa et al. 1981), we learned more of how antigen specific
immunoglobulins are generated by clonal B cells that serve to opsonize pathogens to
which the immune response was directed. A receptor for the Fc part of IgG was suggested
to exist in 1960 (Boyden and Sorkin 1960, Boyden 1964), which was confirmed by
biochemical and functional data by various groups in the late 1960s and ‘70s (Anderson
and Grey 1974, Lawrence, Weigle et al. 1975, Mellman and Unkeless 1980). The first
FcγR was cloned in 1986 (Hibbs, Walker et al. 1986, Lewis, Koch et al. 1986), after which
various homologous members have been cloned and their capacity for target elimination
through phagocyte activation was studied by numerous groups (Underhill and Ozinsky
2002, Nimmerjahn, Bruhns et al. 2005). In the ‘60s, the existence of a functionally
distinct FcγR was first proposed by Brambell, when he suggested that the unusually long
half-life of Immunoglobulin G (IgG) and efficient transport from mother to young was
mediated by a single receptor (Brambell, Hemmings et al. 1964, Brambell 1966). This
was later confirmed various groups in and after ’96 (Ghetie, Hubbard et al. 1996, Israel,
Wilsker et al. 1996, Junghans and Anderson 1996, Simister, Story et al. 1996, Roopenian,
Christianson et al. 2003). The molecular identity was assigned to a MHC-I homologue
cloned few years earlier from gut epithelial cells of neonatal rats, and termed the neonatal
Fc receptor (FcRn) (Simister and Mostov 1989). Recently, FcRn has also been found to bind
and recycle albumin (Chaudhury, Mehnaz et al. 2003, Anderson, Chaudhury et al. 2006).
Mucosal cells have been found to use FcRn to transport IgG and to be involved in antigen
sampling (Spiekermann, Finn et al. 2002, Yoshida, Kobayashi et al. 2006). FcRn has also
been found to be highly expressed on phagocytic cells (Zhu, Meng et al. 2001, Sachs,
Socher et al. 2006) and in this thesis we describe how it enhances phagocytosis capacity
(Vidarsson, Stemerding et al. 2006) after which FcRn was also found to enhance antigen
presentation (Qiao, Kobayashi et al. 2008, Baker, Rath et al. 2014). Although the basic
function of this receptor is generally regarded as being a transport molecule rather than
contributing directly to humoral immunity - the full role of FcRn is as of yet still not
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respective interactions is not the same; IgG can interact with two receptors at a time while
albumin binds only one. Thus an FcRn-IgG-albumin possibly consists of a complex between
one molecule of IgG bridging two of FcRn, each of which has one albumin molecule
bound to its opposite side. Experimental evidence shows that the valency of the Fc-FcRn
binding can influence the efficiency and rate of transport, as a mutated IgG possessing
only one FcRn binding site was transported across a canine epithelial layer to a lesser
extent than WT IgG (Tesar, Tiangco et al. 2006). Furthermore, when IgG interacts with
FcRn, the complex has been predicted to display a “lying down” orientation, which might
enable two FcRn molecules on opposing membranes in tubular vesicles to bind one IgG
(Fig.2) (He, Ladinsky et al. 2008, He, Jensen et al. 2009). However, simultaneous albumin
binding to FcRn as observed on a cell-free surface plasmon resonance surface (Andersen,
Dalhus et al. 2012) might not be compatible with the “lying down” orientation of an
FcRn-IgG-albumin complex on opposing membranes of the observed tubular-transport
organelles (Ober, Martinez et al. 2004, He, Ladinsky et al. 2008) due to steric hindrance
(He, Jensen et al. 2009, Oganesyan, Damschroder et al. 2014). As a result, albumin
transcytosis and recycling may be impeded in the presence of IgG. Intriguingly, FcRn
expressing tissues such as vascular endothelium and lung epithelium have been described
to be able to transcytose both albumin and IgG effectively (Schnitzer 1992, John, Vogel
et al. 2001, Vogel, Minshall et al. 2001), although simultaneous transport of IgG and
albumin by a single FcRn or pair of FcRn molecules has not been proven. Furthermore, no
direct proof of FcRn-mediated transport of albumin through these vascular endothelium,
lung epithelium or placental tissue has been presented up to date.
One possible consequence of the probable lying down orientation of FcRn, and even
more so if present in tubules with two FcRn binding one IgG simultaneously, is the steric
proximity of the variable region of the antibody with the cell membrane (He, Ladinsky et
al. 2008, He, Jensen et al. 2009). As the chemical composition of each clone of antibody
is slightly different, each monoclonal antibody may behave differently in accordance.
For example, the negative charge of the membrane, but also relative hydrophobicity,
may affect transport, and therefore half-life. Several recent reports seem to support this
suggestion, as antibodies with higher isoelectric point (pI) which are therefore relatively
more positively charged due to differences in amino acid composition of their variable
regions (see Figure 2), are cleared more rapidly that less positive charged antibodies
(Igawa, Tsunoda et al. 2010, Li, Tesar et al. 2014, Datta-Mannan, Thangaraju et al.
2015).It is currently unclear if this occurs through relative affinity-changes for FcRn on
membranes due to their negative charge and/or hydrophobicity , but if confirmed, this
phenomenon may potentially affect release at neutral pH during exocytotic events.
Interestingly, this factor already seems to be finding its way into design of future
therapeutic antibodies with extended half-life in addition to mutations already found
(Borrok, Wu et al. 2015). Unlike the classical FcγR which are highly polymorphic, only
few polymorphisms are known for the FcRn α-chain, none of which are known to have

functional consequences (Ishii-Watabe, Saito et al. 2010) and all of which are encoded
outside of regions interacting with IgG (Fig. 1). All the polymorphisms (rs141886822,
rs147973476, rs147601685, rs370645883, rs543194840, rs374238496, rs573657624,
rs181621260, rs558897527, and rs11882842) have a reported relative frequency of less
than 0.0006, and have not been verified – e.g. none are found in both the 100 Genome
project and the Grand Opportunity Exome Sequencing Project (ESP) project. However,
several polymorphic variants of β2-microglobulin are known. Although none of these
variants are likely to directly affect binding of IgG to FcRn, some may indirectly have an
effect in IgG FcRn complex formation. One particularly interesting variant of β2M may
affect processing of the leader peptide, which – if still present after processing - is likely
to interfere with IgG binding, and has been described in one family with a history of
agammaglobulinemia (Wani, Haynes et al. 2006). None of the known variants however
have been reported to be present in patients with low levels of IgG or albumin. However,
a promoter polymorphism of short tandem-repeats in human FcRn has been described
which affects expression levels of FcRn in monocytes (Sachs, Socher et al. 2006) and
probably through this also affects IgG-half-life (Gouilleux-Gruart, Chapel et al. 2013,
Passot, Azzopardi et al. 2013). The effect on normal homeostasis or placental transport
of this polymorphism is as of yet unknown.

SIGNALING AND TRAFFICKING OF FcRn
On polarized epithelial cells, the cytoplasmic tail of FcRn is important for receptor
distribution to intracellular apical compartments (Claypool, Dickinson et al. 2004),
transient apical surface expression and establishing a preferential basolateral surface
expression (McCarthy, Lam et al. 2001, Wu and Simister 2001, Claypool, Dickinson et al.
2004). Removal of the tail redistributes the receptor apically (McCarthy, Lam et al. 2001,
Wu and Simister 2001, Claypool, Dickinson et al. 2004). FcRn has been observed to bind
IgG within sorting endosomes and transport IgG away from unbound cargo also found
within these vesicles (Ober, Martinez et al. 2004). While the sorting endosomes then
appear to mature into late endosomes and finally lysosomes, FcRn-bound cargo travels
through tubular extensions and budding vesicles to the plasma membrane where IgG is
released (Ober, Martinez et al. 2004, Ober, Martinez et al. 2004, He, Ladinsky et al. 2008,
Tesar and Bjorkman 2010). This release is apparently not always immediate as IgG seems
to be able to hold on to FcRn briefly after the start of exocytosis, allowing for lateral
movement of both IgG and FcRn into the plasma membrane and away from the site of
exocytosis (Ober, Martinez et al. 2004, Lencer and Blumberg 2005).
Remarkably little is known about functional motifs within the transmembrane
or cytoplasmic tail of FcRn that mediate these processes. Given the high degree of
conservation of its tail (between human and the rat receptor there are ~56% identical
and 70% similar amino acids), and lack of resemblance with that of other receptors,
it is likely to interact with conserved intracellular partner(s) providing the mechanisms
essential for functioning of FcRn.
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Figure 1. FcRn structure. In orange, the human FcRn α-chain encoded by FcγRT, and in yellow
the β2-microglobulin. Left, a view facing the IgG binding site (stick models of residues in the same
color of each chain, also with a space-filled surface model in blue), and right, a 180°C turn. The IgG
binding site is shown in blue and based on homologies with Rat FcRn-IgG binding as reported
(Martin, West et al. 2001). The ASN102 (stick model in cyan) best viewed on the right, is a conserved
N-linked glycosylation site on also found on human FcRn. Ball and stick purple residues indicate
reported (1000 genome project and the Grand Opportunity Exome Sequencing Project (ESP))
polymorphic residues on both the FcRn alpha chain and on β2m. Note that none of the polymorphic
residues for the FcRn α-chain have not been verified, none appears in both of the above-mentioned
databases, have very low frequency and none are located near the FcRn-IgG binding site. β2m is far
more polymorphic than the FcRn α-chain, which may be tied to other functions of β2m, although no
functionally encoded differences for FcRn based on these polymorphisms are known to the authors
at this time. Visualization was generated using VMD version 1.9.2 using PDB coordinates obtained
from 1EXU (West and Bjorkman 2000).

ON PROLONGING HALF-LIFE, PROVIDING
FOR THE YOUNG AND BIOAVAILABILITY
FcRn starts to play an essential function early in fetal development in rodents and humans
by transporting IgG across the placenta from mother to unborn young, thereby providing
the latter with humoral immunity (Story, Mikulska et al. 1994, Israel, Patel et al. 1995,
Junghans and Anderson 1996, Simister, Story et al. 1996, Antohe, Radulescu et al. 2001,
Kim, Mohanty et al. 2009, Einarsdottir, Selman et al. 2013, Mathiesen, Nielsen et al.
2013, Einarsdottir, Ji et al. 2014). In rodents this process continues after birth by transport
of IgG from mother’s milk to the infant’s circulation across the gut of suckling neonates
(Ladinsky, Huey-Tubman et al. 2012), with a significant part of the neonatal IgG being
160

Basolateral
Figure 2. FcRn mediated IgG transcytosis. IgG is taken up from the surrounding extracellular fluid
on the apical side of the cell (1). As the vesicle containing IgG closes, the pH starts to decrease to
6.5 or below due to the activity of proton pumps in the membrane. Smaller vesicles containing FcRn
fuse with these developing endosomes (2), where, due to the lower pH, IgG binds to the membrane
bound FcRn. Whilst the rest of the endosome with its cargo matures into a late endosome and finally
a lysosome, vesicles containing FcRn-IgG complexes bud off through tubular structures (3). When
IgG levels are in excess and FcRn is saturated, the unbound antibodies are degraded as are IgG3
allotypes with arginine at position 435 together with other non-binding proteins in lysosomes (4).
IgG, favoring FcRn-binding, are then routed through the tubular structures, mediated by signals in
the intracellular tail of FcRn interacting with adaptor proteins, to the basolateral surface of the cell,
where the vesicles containing the FcRn-IgG complexes fuse with the cellular membrane in a series of
short contacts. During this phase the internal pH of the vesicles returns to physiological pH, where
the affinity of FcRn for IgG is greatly reduced or completely eliminated. This causes FcRn to release
its cargo of IgG, which then released into the extracellular fluid (5). See text for details.
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transported from the mother after birth. In rats, this FcRn-expression is down-regulated
in the small intestines, which correlates with degradation of IgG in these cells (Ladinsky,
Huey-Tubman et al. 2012).
In adult life, mammalian FcRn is still expressed on epithelial cells and transports
IgG across FcRn-expressing epithelial barriers (Spiekermann, Finn et al. 2002) to load
excretions, covering mucosa with IgG, providing a first line of defense against invading
microorganisms (Horton and Vidarsson 2013). FcRn is also able to bi-directionally
transcytose cargo across polarized cells, but the net transport direction depends
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on the tissue. E.g. in syncytiotrophoblasts of the placenta, transport is directed from
the apical toward basolateral surfaces, while in the blood brain barrier it seems reversed
(Dickinson, Badizadegan et al. 1999, Shah, Dickinson et al. 2003, Claypool, Dickinson et
al. 2004). The contribution of transport-direction regulators discussed above has not yet
been studied in detail.
Based on available research it is generally assumed that FcRn is the only receptor
involved in both IgG serum half-life extension and feto-maternal transport (Firan, Bawdon
et al. 2001, Roopenian and Akilesh 2007, Kim, Mohanty et al. 2009, Mohanty, Kim et
al. 2010). However, the exclusion of all other receptors in the process has not yet been
conclusively demonstrated (Anderson 2014). It is important to bear in mind that there are
several discrepancies between two FcRn-mediated mechanisms of intracellular transport
of monomeric IgG, namely half-life extension by recycling the IgG to the same surface,
and maternal transport by cellular transcytosis; a difference which may be explained
though the contribution of (an)other yet unidentified IgG binding receptor(s) (Mohanty,
Kim et al. 2010).
The first discrepancy is described in chapter two, where we show that although
the half-life extension of most human IgG subclasses is three weeks it is only one week
for most allotypes of human IgG3 (Morell, Terry et al. 1970). The half-life for IgG3 of one
week is comparable to similar sized proteins that are not recycled by specific receptors,
suggesting that human IgG3 is not compatible with FcRn-mediated recycling. However,
unlike other proteins of similar sizes without special receptor shuttling systems, human
IgG3 is transported across the placenta with equal serum levels in fetal cord blood
compared to maternal levels. For comparison, human IgA1 also has a half-life of only one
week yet, in contrast to IgG3, is not transported across the placenta (IgA1 levels are 1000
fold lower in fetal compared to maternal circulation at birth) (Malek, Sager et al. 1996).
This suggests either that FcRn is the only receptor for IgG recycling and transcytosis with
a fundamental difference in recycling (half-life extension) and transcytosis – for which
the former is incompatible with IgG3, or there is another receptor or mechanism involved
in either process which favors transcytosis but not half-life extension of IgG3.
However, we also show in chapter two that IgG3 does not have a short half-life
in all individuals, and is transported across the placenta at equal rates as IgG1 in some
pregnancies, with the levels in cord blood exceeding that of the maternal side at birth
(Einarsdottir, Ji et al. 2014, Dechavanne, Dechavanne et al. 2017). A histidine rich patch
within the Fc-tail of IgG (CH2-CH3 interface) is critical for the pH-dependency and high
affinity of IgG binding to residues within β2M and FcRn a-chain (Burmeister, Gastinel
et al. 1994, Shields, Namenuk et al. 2001). H435 sits at the heart of this interface, and
has been shown to be crucial for IgG binding at low pH, and hence IgG recycling (Kim,
Firan et al. 1999). The short half-life of IgG3 is sometimes attributed to its elongated and
exposed hinge, causing IgG3 to potentially be more susceptible to proteolytic cleavage
than other IgG subclasses. Although this increased susceptibility has been demonstrated
in vitro when exposed to proteases there is no evidence of this happening in vivo. Human

IgG3 is the most polymorphic IgG subclass of all with 15 known variants differing on
the protein level, compared to only 5 variants for IgG1 (Vidarsson, Dekkers et al. 2014).
Most people of European origin encode IgG3 with arginine at position 435 (R435),
while in Asian and African countries the H435 allotype is quite common (up to 40%)
(de Lange 1989, Lefranc and Lefranc 2012, Vidarsson, Dekkers et al. 2014). In line with
the notion that the CH2-CH3 histidine patch around H435 is important for pH-dependent
binding to FcRn, we show in chapter two that H435-containing allotypes have a half-life
comparable to IgG1 in human IVIg-treated patients with agammaglobulinemia. Individuals
expressing these variants also transport IgG3 at equal rates as IgG1 across monolayers
of syncytiotrophoblast cells (Einarsdottir, Ji et al. 2014). R435-containing allotypes of
IgG3 also have reduced affinity for FcRn at low pH, but increased affinity at normal
pH, perhaps suggesting that the difference in affinity between a low and neutral pH
environment– the pH of binding in acidic environment in lysosomes and release at neutral
cell- or luminal surfaces, respectively – is crucial for FcRn mediated IgG rescue. Perhaps
even more intriguingly, transport of R435-containing IgG3 was in chapter two shown
to be comparable to that of IgG1 in vitro in the absence of other IgG, suggesting that
the difference is not a fundamental binding problem. These observations resemble what
has been observed for the half-life of human IgG3 in mice, normally only lasting one day
(Kim, Firan et al. 1999) which can be extended up to one week (normal half-life of mouse
IgG) in SCID mice devoid of endogenous IgG (Hassan, Abedi-Valugerdi et al. 1991). Only
in the presence of H435-containing IgG was the transcytosis and catabolic rescue of IgG3
hampered, strongly suggesting that it is competition for FcRn-binding that is to blame.
This feature is completely independent of the IgG3-hinge, and as we demonstrated that
IgG1 engineered with R435 was also outcompeted by IgG3 engineered with H435, we
show that the amino acid at position 435 is pivotal to this phenomenon. When both IgG1
and IgG3 contained either arginine or histidine at position 435 neither was observed to
have a competitive advantage.
Intriguingly, very recent clinical data using antibodies engineered to bind FcRn with
a high enough affinity to reduce availability for other IgG (abdegs) (Vaccaro, Zhou et al.
2005, Patel, Puig-Canto et al. 2011, Swiercz, Chiguru et al. 2014), or with antibodies
targeting FcRn through their Fab-portion (Kiessling et al, Nixon et al 2015), show that
IgG3 is the most affected subclass (Kiessling, Lledo-Garcia et al. 2017). This results in
a reduction of the circulating IgG3 concentration, which is restored to normal levels 20-25
days after admission of these FcRn blocking agents is discontinued (Kiessling, Lledo-Garcia
et al. 2017, Peter Ulrichts 2017, Ling, Hillson et al. 2018, Smith, Kiessling et al. 2018,
Ulrichts, Guglietta et al. 2018). These results may be an indication that the relatively short
half-life of IgG3 is not wholly attributable to reduced FcRn binding of IgG3, although it is
as of yet not clear what other factors may be playing a role or which IgG3 allotypes were
used to generate the data. That FcRn blockade shows a strong reduction in IgG3 levels,
indeed suggests that IgG3 can be rescued by FcRn, although perhaps not as effectively
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as other subclasses, which fits the observation that IgG3 is transported across the human
placenta, yet to a lesser degree than IgG1.
As IgG3 is a subclass with a high potential to activate both FcγR and complement
(although this has not been studied for all 15 IgG3 allotypes) (Bruhns, Iannascoli et al.
2009, Vidarsson, Dekkers et al. 2014), individuals carrying IgG3 H435-allotypes may also
be better protected against infectious diseases. This is not only due to the increased
half-life and placental transport in these individuals (Einarsdottir, Ji et al. 2014) as this
extended IgG3 transport may be expected to increase its bioavailability and provide more
IgG3 into mucosal secretions. In agreement with this notion, we found H435-IgG3 to
provide better protection against both septicemia and pneumonia than IgG1 in a mouse
model of intranasal pneumococcal pneumonia, but also that IgG3 can provide stronger
killing of tumor cells (Rituximab) than the original IgG1 antibodies (Rosner, Derer et al.
2013). For CD20 this proved in particularly important , especially on cells with low antigen
density, possibly due to the long hinge of IgG3 able to bridge and crosslink antigen at
greater distance from each other (Rosner, Derer et al. 2013). However, this does not
seem to apply in all cases, either due to different epitopes, protein or cells targeted, or
due to different IgG3 allotypes used in these studies, warranting future study (Overdijk,
Verploegen et al. 2012).
The second inconsistency between allocated serum half-life and transport-functions
of FcRn, studied in chapter three of this thesis, is that although human IgG2 has
a half-life of three weeks, similar to that of IgG1, it is not transported across the placenta
as efficiently as IgG1 (Simister 2003) but at a rate comparable to that of IgG3, which
(as explained in the previous paragraph and in chapter two) is known to have a crucial
amino acid difference in the center of the IgG-FcRn interface compared to the other
isotypes (Einarsdottir, Ji et al. 2014). It has been suggested that the short hinge of IgG2
causes mild steric de-optimization of FcRn-IgG2 binding, differentiating it from other
subclasses. As κ and λ light chains also differ in their binding proximity to the IgG2 hinge,
potentially affecting the flexibility of movement of the Fabs and therefore the ability of
IgG2 to bind stoichometrically to 2 FcRn molecules as explained above (Fig.2), this can
perhaps help explain why IgG2κ and IgG2λ antibodies have different affinities for FcRn
(Gurbaxani, Dela Cruz et al. 2006). Additionally, IgG2κ has been found to occur in three
distinct isoforms, A, A/B and B, which differ from each other solely in their disulphide
bridges in the hinge, with four disulphide bonds connecting the Fc chains for A, but two
in the B form, and an hybrid A/B form existing with three inter-Fc bonds (Wypych, Li et
al. 2008). This affects the isotype´s tertiary structure and thus the position and mobility
of the F(ab)2, which in turn may affect other interactions (Dillon, Ricci et al. 2008). In
contrast, IgG2λ is found predominantly as the A and A/B molecular form, but is devoid of
the B form (Dillon, Ricci et al. 2008, Wypych, Li et al. 2008). However, even though this
seems to translate into IgG2λ antibodies having increased FcRn affinities (Gurbaxani, Dela
Cruz et al. 2006), none of these differential properties of IgG2 isoforms were enough to

explain half-life extension in mice. The study of light chain isotypes of IgG1 and IgG2 in
patients with hypogammaglobulinemia treated with IVIg described in chapter three,
did not reveal a difference in clearance, and placental transport didn’t demonstrate
a preference for either IgG2 light chain isotype, despite IgG2λ (V gene-matched with
IgG2κ) having slightly increased affinity for FcRn.
In mice it has been clearly demonstrated that FcRn is required for prolonging
of IgG half-life (Ghetie, Hubbard et al. 1996, Israel, Wilsker et al. 1996, Roopenian,
Christianson et al. 2003). Similarly, FcRn dependence of IgG transplacental transport has
been described in mice (Story, Mikulska et al. 1994, Kim, Mohanty et al. 2009). The first
logical candidates to investigate for a hitherto unknown contribution to transplacental
transport are the classical Fcγ receptors. A role for FcγRIIb seems already to have been
disproven in mice by the original proponent of this theory, Clark Anderson (Mohanty,
Kim et al. 2010), but so far a role for other FcγR has not yet been conclusively ruled out.
In order to address these issues in humans we tried to isolate the potential contribution
of each FcγR individually by focusing on factors which are either known to, or might
theoretically, influence binding to FcRn or FcγR. It is important to note here that FcRn
and human FcγR bind to completely different regions of human IgG, with FcRn binding
the CH2-CH3 junction and FcγR close to the hinge. Furthermore, FcγR require the IgG
glycan to be present and discriminate between differentially glycosylated IgG, while FcRn
binds far outside potential glycosylation regions, so that slight modifications in glycan
composition do not affect half-life (Kaneko, Nimmerjahn et al. 2006). Even complete
absence of glycosylation has no effect on FcRn mediated rescue (Tao and Morrison
1989) or transplacental transport in mice (Bakchoul, Greinacher et al. 2013). In contrast,
the different glycoforms of IgG bind with different affinities to various FcγR (Nimmerjahn
and Ravetch 2005, Kaneko, Nimmerjahn et al. 2006, Kapur, Kustiawan et al. 2014),
with a particular sensitivity for human FcγRIII family of receptors(Bruggeman, Dekkers et
al. 2018), implying that if FcγRIII were involved in placental transport, accumulation of
certain glycoforms in the fetus would be expected. However, looking specifically at Fcderived glycopeptides encompassing the Fc-glycan at position 297, no such difference for
any of the four IgG subclasses is observed. This is further supported by normal placentaltransport of IgG engineered to lack binding to all FcγR (presented in Chapter four) –
again suggesting that FcγR do not play a role in placental transport of IgG (Einarsdottir,
Selman et al. 2013).
In chapter four we looked further into the effect of modulating Fc effector functions
in an IgG1 and the effect thereof in FcRn mediated functions. Using a therapeutic
antibody in which key IgG1 motives had been replaced by their IgG2 counterparts with
the aim of reducing their binding to classic FcγR (Armour, Parry-Jones et al. 2006) thereby
eliminating their destructive effector functions, we investigated the effect on FcRn binding
and transport. Although pH dependency was not affected the IgG-FcRn affinity was
unexpectedly found to be lower for these mutants and we found a reduction in rate of
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transport when compared to wild type IgG1. This is remarkable as the residues differing
between the mutant and wild type antibodies are located far from the known FcRn
binding site and have never been reported to be involved in FcRn interactions (Burmeister,
Huber et al. 1994, Martin, West et al. 2001). Using both Ex-vivo placenta models as well
as in vitro test systems, we show that the transport of the mutant antibodies was reduced
by about a quarter when compared to VH matched wild type IgG1.
In chapter five we look more deeply into this intriguing phenomenon, investigating
the surprising effect that we observed in chapter four when we substituted IgG1 residues
for their IgG2 counterparts. Although these antibodies, which lack FcγR binding, are
transported to a slightly lesser degree than their wild type counterparts, this difference
is shown to be attributable to a single amino acid difference, Gly236, present in IgG1
but not in IgG2 and deleted from the mutant IgG1. Gly 236 is located in the hinge of
IgG1, far from the CH2-CH3 interface where FcRn binds. A direct effect on the binding
of FcRn to IgG is therefore unlikely. However, as IgG when bound to FcRn has its F(ab)s
in very close proximity to the plasma membrane, the flexibility of the hinge region may
well be important for efficient assembly of the IgG-FcRn complexes. The lack of Gly236
potentially may reduce the flexibility of FAb movement when compared to IgG containing
Gly 236. A less flexible molecule may encounter steric hindrance of the plasma membrane
causing the assembled FcRn-IgG complex to be less energetically favorable. This in turn
may cause a reduction in FcRn mediated functions for IgG2. We conclude that the lack of
Gly 236 is sufficient to explain the reduction in FcRn mediated transport of IgG2 and thus
the lower maternal – fetal ratio observed at term.

INNATE IMMUNE FUNCTIONS OF FcRn
Endo- and epithelial cells may, in addition to phagocytes, participate in immune defenses
against both bacterial and viral infection by providing a secondary immune barrier.
This was originally suggested by Aschoff in 1924 (Aschoff 1924), and designated as
the reticuloendothelial system (RES), comprising of endothelial cells, Kupfer cells of
the liver, keratinocytes and cells lining lymph nodes, spleen and bone marrow. Although
endo- and epithelial cells are unable to mediate true phagocytosis, they do take up fluid
phase molecules by pinocytosis, and are a target for various pathogens. In epithelial cells,
FcRn has been shown to neutralize IgG-opsonized viral particles by targeting them to
lysosomes and preventing infection (Bai, Ye et al. 2011). These data indicate FcRn might
direct the intracellular trafficking of ligands differentially, dependent on ligand valency.
The mechanism via which FcRn distinguishes - and thus directs - differential intracellular
routing of multimeric versus monomeric-bound ligands was visualized for FcRn trafficking
carrying either monomeric IgG or IgG-Immune complexes (IgG-IC) in live microvascular
endothelial cells. These studies demonstrated that antibody-mediated cross-linking of
FcRn diverted the receptor into lysosomes and prevented its entry into recycling tubules
(Bai, Ye et al. 2011, Weflen, Baier et al. 2013). These narrow-diameter tubules that
emerge from early sorting endosomes are involved in transport of internalized cargoes
166

destined for recycling (Hsu, Bai et al. 2012). Thus, cross-linking of FcRn seemed to drive
the switch from recycling to degradative pathways by somehow excluding proteins from
entry into these narrow tubules (Weflen, Baier et al. 2013). In these experiments, IgGopsonized beads and multimeric IgG-IC that enable FcRn cross-linking were excluded
from these sorting tubules and were routed to the lysosomes. The free receptor (or
when bound to monomeric-IgG, which does not induce FcRn cross-linking) is localized
predominantly in endosomes. Weflen et al further postulated FcRn-mediated sorting to
be independent of its transmembrane and cytosolic regions, implying no active sorting to
be involved (Weflen, Baier et al. 2013). Intracellular routing of epithelially produced viral
particles may therefore intersect with that of FcRn, and in the presence of specific IgG
may directly interfere with virion routing and/or assembly. This may also be the case for
Hepatitis B virus, of which routing coincides with that of FcRn and IgG in hepatocytes.
In the presence of specific IgG, which was endo- or pinocytosed by these cells, FcRnmediated intracellular accumulation of Hepatitis B virus surface antigen and inhibition of
viral secretions (Schilling, Ijaz et al. 2003).
The ability of FcRn to distinguish monovalent versus multivalent IgG-bound cargo
possibly explains its different facets in immunity and may be of importance in forming
a functional barrier against invading pathogens, and offers clues which may clarify
the mechanism underlying the contribution of FcRn in FcγR-mediated phagocytosis.

PHAGOCYTOSIS

7

Chapter six looks into an additional aspect of FcRn functioning. We, like other groups,
describe FcRn to be expressed on phagocytes, on both human and mouse PMN, monocytes,
macrophages, dendritic cells, but not on NK cells (Zhu, Meng et al. 2001). The highest
expression levels we found were on PMN, although we have observed even higher mRNA
expression in human immature monocyte-derived dendritic cells. These however quickly
drop below basal levels after maturation (unpublished observations). FcRn was exclusively
found in internal vacuoles on phagocytes at rest, but we found FcRn on the phagocyte
surface after degranulation with PMA (Zhu, Meng et al. 2001). By engrafting either wild
type (WT) bone marrow in WT mice or FcRn-knock out (KO) mice, or vice versa (FcRn KO
bone marrow in WT or KO mice), it has been shown that the contribution of this myeloid
FcRn-compartment contributes roughly to 50% of the FcRn-mediated half-life extension
in in steady state in mice (Akilesh, Christianson et al. 2007).
However, phagocytes can also interact fundamentally differently with IgG than FcγRnegative epi- and endothelial cells that take up soluble IgG by pinocytosis. Professional
phagocytes can express at least three classes of Fc receptors for IgG (FcγRI, FcγRII and
FcγRIII), and one IgA receptor (FcaRI). Clustering of these receptors is sufficient for cellular
signaling, like for example after interaction with Ig-opsonized bacteria or viruses, often
involving both IgA and IgG. Proximal signaling includes elevated intracellular calcium
levels and activation of various kinase cascades (Ravetch and Bolland 2001), which
eventually leads to degranulation, phagocytosis and destruction of the opsonized target.
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FcR receptors share the same signaling units and cascades through the common FcR
γ-chain (Morton, van den Herik-Oudijk et al. 1995). The γ-chain contains immunoreceptor
tyrosine-based activation motifs (ITAM), which are also found in various other immune
receptor complexes, including the T-cell receptor. ITAM-signaling provided by the common
γ-chain is also required for FcγR-triggering and initiation of the phagocytic response
(Greenberg, Chang et al. 1993, Greenberg, Chang et al. 1994, Cox, Chang et al. 1997).
We show that no other motif is apparent within the cytoplasmic tails of the FcγR
which seems to encode their shared functionality; namely phagocytosis . However, it is
unlikely that the γ-chain encodes direct information required for phagocytosis as it also
associates with the IgE receptor (FceRI) on mast cells and FcγRIIIa on NK cells, neither
of which is capable of phagocytosis. FcγRIIIa, however, mediates efficient phagocytosis
on monocytes and macrophages, indicating some other machinery to be required for
phagocytosis and to be in place in monocytes, but not in NK cells. This machinery is likely
to be associated with FcγR, but less with other FcR such as FcaRI and FcεRI as the latter
two are less effective in mediating phagocytosis (Vidarsson, van der Pol et al. 2001) even
when expressed on same cells (e.g. FcαRI and FcγR on neutrophils) though they can
mediate strong cellular activation through the γ-chain as measured by degranulation and
extracellular killing (Vidarsson, van der Pol et al. 2001, Dechant, Vidarsson et al. 2002,
Monteiro and Van De Winkel 2003, Holowka, Sil et al. 2007, Gul, Babes et al. 2014).
Similar to what has been described for other cells, we found that the majority of
FcRn in (resting) neutrophils is expressed intracellularly, more precisely in azurophilic
(primary) and specific (secondary) granules that contain most of the antimicrobial potency
of neutrophils (Hager, Cowland et al. 2010). The lysosome-like azurophilic granules
contain defensins, myeloperoxidase, and a plethora of degradative enzymes. Also, some
intrinsic membrane proteins of these and the specific granules, such as components of
the NADPH-oxidase and the proton pump, are important contributors to anti-bacterial
defences (Hager, Cowland et al. 2010). When we used phorbol 12-myristate (PMA) to
induce degranulation, we found that FcRn is translocated to the cell membrane. More
importantly, after FcγR-crosslinking and cellular activation preceding phagocytosis,
FcRn was also found to translocate to the cell surface, specifically to the interface
between an IgG-opsonized target cell and FcγR-bearing myeloid cell (neutrophil,
monocyte or macrophage). There, just after FcγR degranulation starts and as the pH
begins to drop, FcRn is within binding proximity to the opsonizing IgG. However, this
interaction is not likely to occur in the initial moments of degranulation for two reasons.
The first is that the pH may not be acidic enough to allow for optimal binding to FcRn
(~pH 6.5), with normal pH being around 7.4 (although this pH may be lowered in inflamed
tissues). Secondly, IgG has been described to form hexamers on cellular membranes, with
the Fc part of each of the six IgG molecules aligned in such a way that the epicenter of
FcRn binding in the CH2-CH3 is completely blocked (Diebolder, Beurskens et al. 2014).
However, some IgG is likely to be available for binding, as hexamer formation will depend
on the fluid nature of the target antigen in the lipid membrane, epitope density and

the exact spatial orientation of the IgG epitope(s) targeted compared to the lateral
membrane. Additionally, even after a hexamer formation, these are likely to become
destabilized as soon as V-ATPases of the phagocyte system start secreting protons into
the developing phagosome, as this interface is composed of several histidines all highly
sensitive to protonation around pH 6.5 (Shimizu, Honzawa et al. 1983).
The very same degranulation events leading to assembly of NADPH oxidase,
accumulation of V-ATPase and lowering of pH within few minutes (Segal, Geisow et al.
1981, Reeves, Lu et al. 2002, Fairn and Grinstein 2012) also lead to exocytosis of FcRn
into nascent phagosomes, where we found it to engage IgG-opsonized targets (Fig.3).
Of note, the initial activity of NADPH oxidase probably results initially in a surge with
increased basic pH, that quickly becomes acidic after 5-8 minutes activity of the V-ATPase
(Segal, Geisow et al. 1981, Reeves, Lu et al. 2002). The sustained local lowering of pH
is in accordance with data showing that oxygen radicals do not diffuse freely away from
this immunological synapse, probably sealed by the Mac-1 (CD11b/CD18) complex
(van Spriel, Leusen et al. 2001). Through secretion of these contents, which occurs very
rapidly (< 5 seconds) and which importantly precedes phagosomal sealing (Pryzwansky,
MacRae et al. 1979, Tapper and Grinstein 1997, Tapper, Furuya et al. 2002), the pH
in the immunological synapse decreases enabling high affinity FcRn-IgG binding (Qiao,
Kobayashi et al. 2008, Baker, Qiao et al. 2011). In vitro, FcγR and FcRn are capable
of binding simultaneously to one IgG molecule (Wines, Powell et al. 2000, Shields,
Namenuk et al. 2001); whether this occurs under physiological circumstances remains
unknown. Interestingly, if it would occur, the 2-1 ratio of FcRn to IgG binding would
allow a single available IgG molecule to already cluster two FcRn tails in the membrane.
The effect of pH on FcγR-IgG interactions has not been described extensively, although
the group of Richard Blumberg, demonstrated that FcγR-Fc binding is optimal at neutral
pH and largely ineffective at pH below 6.5 (Baker, Qiao et al. 2011, Baker, Qiao et al.
2011), probably through histidine residues (e.g. His131 in many, but not all FcγR types)
becoming positively charged at this pH. This supports a model in which the affinity of
FcγR for IgG-opsonized microbes is gradually reduced, while that of FcRn is increased
during phagosome formation and decreasing pH (<6.5), effectively ‘handing-over’ these
pathogens ‘through relay’ from FcγR to FcRn. As the pH drops, the affinities of FcRn
and FcyR intersect, so that both receptors may temporarily bind the IgG-opsonized
pathogen simultaneously.
In accordance with the scenario of FcRn binding IgG under these circumstances and
being involved in the actual phagocytosis process, mutating either IgG in such a way that
it cannot bind FcRn any more (H435A) (Burmeister, Huber et al. 1994, Shields, Namenuk
et al. 2001), or by genetic targeting of β2M which renders FcRn nonfunctional (Ghetie,
Hubbard et al. 1996, Israel, Wilsker et al. 1996, Junghans and Anderson 1996), resulted
in reduced phagocytosis in human and mouse PMN respectively (Vidarsson, Stemerding
et al. 2006). Mutating only H435A was sufficient to abrogate almost all FcRn binding
(Shields, Namenuk et al. 2001), and, importantly and uniquely does not affect potential
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γ-chain or encoded by a different molecule or mechanism. The physical

association of FcRn with the IgG-opsonized particle being ingested suggest that FcRn
may be the key difference between cells able to efficiently phagocytose and those which
function primarily through extracellular killing. The association of the tryptophan, as
well as the di-leucine motif within the intracellular tail of FcRn with AP-2, and possibly

1

also other adaptor protein complexes, as discussed above, expressed in phagocytes also
recognizing di-leucine motifs (Janvier, Kato et al. 2003, Wernick, Haucke et al. 2005,
Braun, Deschamps et al. 2007), further underscores this possibility (Wernick, Haucke et
al. 2005). AP complexes are known to function as a linchpin in clathrin-mediated (though
probably also clathrin-independent) endocytic- and sorting processes through binding to
both clathrin and receptors. These complexes drive formation of transport vesicles and
represent a key factor in clathrin recruitment (Rodemer and Haucke 2008, Traub 2009).
Both clathrin and associated proteins have been observed on nascent phagosomes (Gold,

2

Underhill et al. 1999, Gold, Morrissette et al. 2000, Tse, Furuya et al. 2003). Functional

3

H+

7

disruption of clathrin (Perry, Daugherty et al. 1999), dynamin II (Gold, Morrissette et

H+

Figure 3. A model for IgG-mediated phagocytosis: Both IgG- (right) and IgA-(left)
opsonized particles bind and activate their respective Fc receptors through the same FcReceptor associated γ-chain, initiating ITAM-signaling (1). This results in degranulation – most
pronounced in granulocytes - releasing inflammatory mediators and associated enzymes. This also
results in membrane localization of V-ATPase and assembly of the membrane associated NADPH
oxidase. These components are then responsible for the release of protons, production of oxygen
radicals, into the nascent phagosome (purple). Through the same degranulation pathway, FcRn
is also released into the phagosome (2). The start of proton influx in the developing phagosome
lowers the pH locally, increasing FcRn affinity for IgG. Subsequent FcRn-IgG binding initiates
a second signaling cascade which to date is poorly understood, that may involve AP complexes,
calmodulin and clathrin, but also other adaptor proteins (3). Further progress of this mechanism
leads to full closure and engulfment of the bound pathogen, after which the phagosome cargo is
further degraded internally through continued release action of proton pumps, oxygen radicals and
digestive enzymes. Although IgA-opsonized particles can also lead to phagocytosis, this process is
less efficient (left), but leads to relative stronger release of inflammatory mediators.

al. 2000, Tse, Furuya et al. 2003), or amphiphysin II (Gold, Underhill et al. 1999) can
inhibit IgG-mediated phagocytosis on macrophages. AP complexes themselves can be
recruited to the membrane by phosphatidylinositol 4,5-bisphosphate (PIP2) and perhaps
phosphatidyl-inositol trisphosphate (PIP3), which are synthesized at sites of endocytosis
from PIP2 by activated PI3 kinase downstream of (Fcγ) receptor activation(Crottet,
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Meyer et al. 2002, Rodemer and Haucke 2008, Traub 2009). The role of AP-complexes
in phagocytosis has however been investigated only superficially. Phagocytosis and
pseudopod formation have been thought to be actin-driven and clathrin-independent.
However, clathrin has been demonstrated to localize in the phagocytic cup in modest
amounts (Perry, Daugherty et al. 1999), and AP-1 has been shown to be necessary for
efficient phagocytosis and pseudopod extension (Lefkir, Malbouyres et al. 2004). Another
study demonstrated AP-1 and AP-3, but not AP-2, to be required for effective phagocytosis
(Braun, Deschamps et al. 2007). Whether these AP-1 and AP-3 effects are FcRn-mediated
remains to be studied. However, TAT peptides representing the motifs within the FcRn
tail significantly inhibited phagocytosis of IgG-opsonized bacteria, indicating that they
are important for phagocytosis (Vidarsson, Stemerding et al. 2006). Thus, the physical

hexamer formation of IgG (Diebolder, Beurskens et al. 2014). Binding of IgG-H435Aopsonized bacteria at 4°C to PMN was also unaltered, suggesting interactions with
surface exposed FcγR to be intact. FcRn-mediated enhancement of phagocytosis through
recycling of IgG was also excluded as a possible explanation for these data, strongly
suggesting FcRn to be directly involved in the IgG mediated phagocytosis.
The evolutionary conserved nature of the intracellular tail of FcRn between
species, and the lack of conservation between the intracellular tails of FcγR – (<~5%
identity between classes of activating FcγR within species for activating human FcγR),
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link between IgG-containing phagocytic vesicles and AP, possibly through FcRn (Wernick,
Haucke et al. 2005, Vidarsson, Stemerding et al. 2006), may explain further recruitment
of other associated molecules such as clathrin and clathrin-associated molecules to these
vesicles, engaging the molecular machinery of the phagocyte and stimulating ingestion.
The results discussed above indicate that FcRn promotes phagocytosis of IgGopsonized particles, possibly by recruiting AP-complexes and associated molecules,
including clathrin and calmodulin. Curiously, NK cells, who are normally FcRn negative
but do express FcγRIIIa, do not mediate phagocytosis. Nevertheless, they are extremely
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capable of mediating FcγRIIIa-dependent, antibody dependent cellular cytotoxicity
(ADCC) (Vivier, Nunes et al. 2004). These data suggest that FcRn is a crucial player in
mediating phagocytosis of IgG-opsonized bacteria, and seem to shed new light on how
phagocytosis takes place. These results may also explain why IgA opsonized targets
efficiently activate phagocytes through the FcaRI via the same signaling components as
FcγR, including degranulation, but generally fail to mediate phagocytosis on the scale
observed with IgG opsonized targets (Fig. 3) (Vidarsson, van der Pol et al. 2001, Gul,
Babes et al. 2014).

ANTIGEN PRESENTATION
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Recently, the field of immunology has been increasingly focused on the instrumental role
of dendritic cells as conveyors of information in the form of antigenic peptides, cytokines
and other receptors, thereby modulating the subsequent immune response. In DC that
express several types of leukocyte FcγR, as well as FcRn (Zhu, Meng et al. 2001), different
intracellular fates have been described for monomeric- and multimeric ligands (Qiao,
Kobayashi et al. 2008, Baker, Qiao et al. 2011, Weflen, Baier et al. 2013). Multimeric
IgG-based immune complexes were directed into lysosomes, whereas monomeric ligands
and mutant IgG (I253A-H310A-H345A)-IC unable to bind FcRn, were not. Similar to what
we found for phagocytosis in neutrophils and monocytes (Vidarsson, Stemerding et al.
2006), IgG-opsonization of particles triggered FcγR, rapidly recruiting large quantities of
phagosomal proteins, including FcRn, vacuolar ATPase (V-ATPase), gp91phox, and Rab27a
(Baker, Qiao et al. 2011), leading to increased acidification (from pH 6.5 to pH 5.5); thus
indicating an active involvement of IgG in phagosome formation. These findings were
supported by experiments in mice, in which IgG in multimeric IC were cleared faster
from the circulation than free IgG and monomeric IgG-antigen (Ag) complexes, with
clearance role FcRn may play in being dependent on FcRn expression in hematopoietic
cells (Qiao, Kobayashi et al. 2008, Baker, Qiao et al. 2011, Liu, Lu et al. 2011). In mice,
FcRn is vital for efficient DC presentation of IgG complexed OVA to CD4 T cells in OT-II
mice. Similarly, intact FcRn-interactions are required for IgG-mediated enhancement of
antigen presentation of gliadin by human monocyte derived DCs to a CD4 T cell clone
generated from a celiac patient (Qiao, Kobayashi et al. 2008). Furthermore, FcRn is also
needed for cross-presentation of low concentrations of OVA by CD8-CD11b+ DCs to
CD8 T cells in mice (Baker, Qiao et al. 2011). Transgenic Balb/c mice overexpressing FcRn
have more efficient humoral immune responses following OVA vaccination than their WT
counterparts, due to more efficient APC endocytosis, antigen expression and production
of more Ag specific plasma cells (Cervenak, Bender et al. 2011, Vegh, Cervenak et
al. 2011). FcRn also facilitates efficient mucosal vaccination by transporting IgG over
the mucosal epithelium into the lumen of for instance lung, intestine or vagina, and
then transporting the immune-complexed antigen back over the barrier, where it can be
taken up by the underlying APCs (Yoshida, Claypool et al. 2004, Dumont, Bitonti et al.
2005, Lu, Palaniyandi et al. 2011). In addition, while human monocytes express some

FcRn, this expression is highly up-regulated upon differentiation into immature DCs and
down-regulated when they become mature, directly correlating with the cell’s ability to
endocytose and phagocytose antigens (unpublished observations).
Whether the same holds true for all types of antigen, e.g. pathogenic viruses known
for evading immunological memory and causing recurring infections, is not known. We
recently tested this for RSV using C57BL/6 WT and FcRn-/- mice following immunization
with RSV-Palivizumab IC, and by comparing T cell activation by DCs loaded with RSV IC
containing either WT or mutated IgGs which were unable to bind to FcRn. We found
that in vitro recall stimulation of T cells was fully dependent on FcγR, but not on FcRn.
Similarly, immune responses against UV-inactivated RSV virus were also not affected by
genetic ablation of FcRn, but fully dependent on FcγR (Kruijsen, Einarsdottir et al. 2013).
This seems to be in conflict with the studies mentioned above, showing FcRn involvement
in antigen presentation both of exogenous proteins in class-II type antigen presentation
(Qiao, Kobayashi et al. 2008) and cross presentation in MHC-II to CD8 T cells (Yoshida,
Claypool et al. 2004, Baker, Qiao et al. 2011, Rath, Baker et al. 2014). Possibly this might
partly be explained by the differential nature of the antigen used (RSV) and/or the route
of immunization, with gut and systemic immunization routes targeting FcRn-pathway
specifically (Yoshida, Claypool et al. 2004, Yoshida, Kobayashi et al. 2006, Baker, Rath et
al. 2013), which somehow seems less active in the nasal mucosa (Kruijsen, Einarsdottir
et al. 2013). Another possibility is that RSV-opsonized particles enter the cells through
phagocytosis rather than to the endocytosis route reserved for small soluble proteins such
as OVA. It is also conceivable that the residential DC population involved in RSV uptake
in the lung processes antigen in a different manner than the antigen-presenting cells
involved in the immune responses against a protein antigen in the circulation, e.g. due
to lack of sufficient acidification of their endosomes, lysosomes, and/or phagosomes (Liu,
Lu et al. 2011).
Most intriguingly, FcRn has been shown to be instrumental to drive cross-presentation
to cytotoxic CD8+ T cells in a mouse model of colon carcinoma (Baker, Rath et al. 2013).
In this model, ApcMin/+ mice which normally do not develop tumors spontaneously unless
crossed with mice also devoid of tumor suppressor genes, do develop tumors in their
large intestines when also devoid of FcRn. Unlike WT mice, FcRn knock-out mice on an
otherwise normal C57BL/6 black background also developed tumors more frequently
when exposed to a chemical carcinogen. FcRn expression on bone-marrow derived cells
was required for this protective effect, as FcRn -/- mice receiving FcRn-expressing bone
marrow transplants did not show elevation in the number of tumors when exposed
to those chemical agents. In agreement with this, human patients with lower number
of infiltrating DC showed increased survival (Baker, Rath et al. 2013), although causal
relationship with FcRn function is difficult to prove. It is important to bear in mind
that cancerous cells have also been reported to thwart immune surveillance actively by
lowering expression of β2M, reviewed in (Bubenik 2004), thereby also affecting MHC-I
and FcRn expression in the tumor cells themselves.
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MICROBIAL COUNTER MEASURES
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Pathogens, both bacterial and viral, may have evolved mechanisms to counteract FcRdependent IgG functions, as some express proteins that bind IgG in a similar fashion
as FcRn and can efficiently block IgG-FcRn interactions. One of the first described was
protein A from Staphylococcus aureus, which does not block IgG interactions with FcγR
(Wines, Powell et al. 2000), but efficiently blocks IgG-FcRn interactions (Raghavan, Chen
et al. 1994, Wines, Powell et al. 2000) and IgG-mediated phagocytosis by PMN (Dossett,
Kronvall et al. 1969, Peterson, Verhoef et al. 1977).
Other microbial IgG-binding proteins with similar properties include Streptococcal
protein G (Kato, Lian et al. 1995), surface glycoproteins gE and gI encoded by Herpex
simplex virus type I (Chapman, You et al. 1999), and Hepatitis C Virus core protein
(Maillard, Lavergne et al. 2004). Like FcRn and staphylococcal Protein A, the FcR encoded
by HSV-I gE and gI selectively bind the IgG subclasses that have histidine in position 435
but not the IgG3 allotypes which have arginine in this position. However, unlike FcRn,
these microbial FcR bind IgG at physiological pH, theoretically enabling these FcR to bind
IgG-opsonized bacteria/virions which blocks interactions with FcRn before phagocytosis
takes place by immune cells.
FcRn expression and function may also be modified by pathogens in a manner similar to
that of some cancerous cells, by down regulating the expression of β2M (Bubenik 2004).
Both the murine and human cytomegalovirus (CMV) express MHC class I homologue that
associates with β2M expressed by the infected cells (Beck and Barrell 1988, Chapman
and Bjorkman 1998). The resulting induced expression of the MHC class I homologues
in infected cells –including epithelial, endothelial and phagocytes – may possibly lead
to competition between receptors for β2M (Browne, Smith et al. 1990), and lowering
functional expression of other β2M containing receptors, including MHC class I molecules
and FcRn (Zhu, Peng et al. 2002)
Taken together, these data suggest a novel model of IgG FcR-mediated phagocytosis
in which, FcγR are initially engaged via IgG-opsonized pathogens inducing phagocyte
activation and recruitment of FcRn which takes over IgG-bound pathogens through
‘relay’, resulting in gradient signaling of both FcR. This induces further internalization
and acidification of the phagosomes, where invading IgG-opsonized pathogens, through
FcRn cross-linking, are diverted into lysosomes for destruction (Fig.3) and/or subsequent
antigen presentation into both MHC class I and II to CD8 and CD4 T cells, both mechanisms
which are subject to interference by microbial counter-mechanisms. Further research
is needed to verify this model and to further characterize the mechanisms underlying
FcRn function.

overstated. IgG plays a pivotal role in our defense against a wide array of pathogens,
and the deep tissue penetration, combined with its serum persistence is essential to our
bodies ability to have a broad repertoire present in all the nooks and crannies of our
bodies. The exact mechanisms of FcRn function however remain elusive, more than 60
years after Brambell first postulated its existence.
In this thesis we have endeavored to shed light on several hitherto unexplained
discrepancies in what may perhaps be regarded as the prime function of FcRn; transcytosis
and half-life extension of IgG. We explain why IgG3 is apparently not efficiently rescued
nor transported and why IgG2 is less efficiently transported than IgG1, despite all
known contact residues being identical between the two subclasses. We have shown
that engineered IgG lacking effector functions retain their FcRn mediated long half-life
and tissue penetration, and thus we have shown that FcγRs are not essential for these
functions. This may well open the door to novel therapeutics for which this combination
is very important, for example inert blocking antibodies with a long serum persistence.
Furthermore, we have described a novel role for FcRn in IgG FcR-mediated phagocytosis,
one of the central functions of our immune system.
In this way we have tried to add to the growing body of knowledge about our immune
system and the role FcRn and IgG play therein.
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SUMMARY

SUMMARY
Immunoglobuline G (IgG) is one of the most important molecules in our immune system.
It plays a pivotal role in protecting us from bacteria, viruses and cancers. IgG interacts
with many receptors within the complex network that is our immune system to ensure
that our immune responses are adequately used and controlled. Four distinct subclasses
of IgG are found in humans, IgG1-4, each of which interacts with the immune system in
its own unique way.
One receptor with which IgG interacts is FcRn, the neonatal Fc receptor. This
interaction enables IgG to have its characteristic long serum half-life of 21-28 days, to
be transported across tissue layers and to enhance IgG mediated phagocytosis. The long
serum half life of IgG enables it to be the most abundant protein in our serum, which,
considering the breadth required of our IgG repertoire to potentially bind any invading
pathogen our body encounters, is important to our ability to mount an effective immune
response rapidly when required. The transport function allows IgG to be present where it
is required, including in the circulation of newborn babies before they can produce their
own IgG. And when a ligand is encountered, FcRn enhances our ability to phagocytose
of invading microorganisms.
This thesis describes our research into the functioning of FcRn in the context of
various IgG subclasses, endeavouring to add to the body of knowledge available about
this unique receptor. Seven chapters are included, starting with a general introduction,
followed by five research articles and finally a discussion. For each chapter you can find
a short summary below.

Chapter 1: Introduction

&

In this chapter we try to introduce all the topics which are important to underpin the rest
of the thesis. IgG binds FcRn with high affinity at low pH, yet has negligible affinity at
physiological pH, IgG can be efficiently rescuds from early endosomes and gets released
once the FcRn-IgG complex returns to the cell surface and its neutral pH environment.
Antibody structure, function and diversity are explained after which we focus on IgG.
The important role monoclonal antibodies play in modern medicin in briefly discussed
in the context of using the knowledge garnered in this and other studies to improve
currently available therapeutic options. FcRn biology, structure and function are explained
ni a chronological context, leading to the current state of the art. Moving forward from
there into the content of this thesis andfinalising the introduction, each publication in this
thesis is briefly summarised and discussed.
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Chapter 2: Competition for FcRn-mediated transport
gives rise to short half-life of human IgG3 and offers
therapeutic potential

&

Human IgG3 displays the strongest effector functions of all IgG subclasses but has a short
half-life for unresolved reasons. In this chapter we show that IgG3 binds to IgG-salvage
receptor (FcRn), but that FcRn-mediated transport and rescue of IgG3 is inhibited in
the presence of IgG1 due to intracellular competition between IgG1 and IgG3. We reveal
that this occurs because of a single amino acid difference at position 435, where IgG3 has
an arginine instead of the histidine found in all other IgG subclasses. While the presence
of R435 in IgG increases binding to FcRn at neutral pH, it decreases binding at acidic pH,
affecting the rescue efficiency—but only in the presence of H435–IgG. Importantly, we
show that in humans the half-life of the H435- containing IgG3 allotype is comparable
to IgG1. H435–IgG3 also gave enhanced protection against a pneumococcal challenge in
mice, demonstrating H435–IgG3 to be a candidate for monoclonal antibody therapies.

destructive effector functions (constant region G1Δnab). In their potential use as blocking
agents, favorable binding to the neonatal Fc receptor (FcRn) is important to preserve
the long half-life typical of IgG. An ability to cross the placenta, which is also mediated, at
least in part, by FcRn is desirable in some indications, such as feto-maternal alloimmune
disorders. In this chapter, we show that G1Δnab mutants retain pH-dependent binding
to human FcRn but that the amino acid alterations reduce the affinity of the IgG1:FcRn
interaction by 2.0-fold and 1.6-fold for the two antibodies investigated. The transport of
the modified G1Δnab mutants across monolayers of human cell lines expressing FcRn was
approximately 75% of the wild-type, except that no difference was observed with human
umbilical vein endothelial cells. G1Δnab mutation also reduced transport in an ex vivo
placenta model. In conclusion, we demonstrate that, although the G1Δnab mutations
are away from the FcRn-binding site, they have long-distance effects, modulating FcRn
binding and transcellular transport. Our findings have implications for the design of
therapeutic human IgG with tailored effector functions.

Chapter 3: On the Perplexingly Low Rate of Transport
of IgG2 across the Human Placenta

Chapter 5: Reduced FcRn-mediated transcytosis of
IgG2 due to a missing Glycine in its lower hinge

Moving forward from our findings in chapter 2, we look into the perplexingly low rate of
transport of IgG2 across the placenta in chapter 3. The neonatal receptor, FcRn, mediates
both serum half–life extension as well as active transport of maternal IgG to the fetus
during pregnancy. Therefore, transport efficiency and half-life go hand-in-hand. However,
while the half-life of the human IgG2 subclass is comparable to IgG1, the placental
transport of IgG2 is not, with the neonatal IgG1 levels generally exceeding maternal
levels at birth, but not for IgG2. We hypothesized that the unique short-hinged structure
of IgG2, which enables its k-, but not l-isotype to form at least three different structural
isoforms, might be a contributing factor to these differences. To investigate whether
there was any preference for either light chain, we measured placental transport of IgG
subclasses as well as k/l-light chain isotypes of IgG1 and IgG2 in 27 matched mother-child
pairs. We also studied the half- life of IgG1 and IgG2 light chain isotypes in mice, as well
as that of synthesized IgG2 structural isotypes kA and kB. In order to investigate serum
clearance of IgG1 and IgG2 light-chain isotypes in humans, we quantified the relative
proportions of IgG1 and IgG2 light chains in hypogammaglobulinemia patients four
weeks after IVIg infusion and compared to the original IVIg isotype composition. None of
our results indicate any light chain preference in either of the FcRn mediated mechanisms;
half-life extension or maternal transport.

In this chapter we investigatre more closely the surprising findings from chapter 4, where
we found that IgG1 with a particular mutation close to the hinge region shows reduced
FcRn mediated transport. IgG1 and IgG2 have similar half-lives, yet IgG2 displays lower
foetal than maternal concentration at term, despite all known FcRn binding residues
being preserved between IgG1 and IgG2. We investigated FcRn mediated transcytosis of
VH-matched IgG1 and IgG2 and mutated variants thereof lacking FcγR binding in human
cells expressing FcRn. We observed that FcγR binding was not required for transport
and that FcRn transported less IgG2 than IgG1. Transport of IgG1 with a shortened
lower hinge (ΔGly236, absent in germline IgG2), was reduced to levels equivalent to
IgG2. Conversely, transport of IgG2 +Gly236 was increased to IgG1 levels. Gly236 is
not a contact residue between IgG and FcRn, suggesting that its absence leads to an
altered configuration of IgG, possibly due to a less flexible Fab, positioned closer to
the Fc portion. This may sterically hinder FcRn binding and transport. We conclude that
the lack of Gly236 is sufficient to explain the reduced FcRn-mediated IgG2 transcytosis
and accounts for the low maternal / fetal IgG2 ratio at term.

Chapter 4: Human IgG lacking effector functions
demonstrate lower FcRn binding and reduced
transplacental transport
In chapter 4 we use previously generatewd IgG1 antibodies which were engineered for
reduced binding to the classical Fcγ receptors (FcγRI–III) and C1q, thereby eliminating their
192
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Chapter 6: FcRn: an IgG receptor on phagocytes with
a novel role in phagocytosis
In the final research chapter of this thesis we look at another role for FcRn. We report that
the MHC class I–related neonatal Fc receptor (FcRn) is expressed within azurophilic and
specific granules of neutrophils and relocates to phagolysosomes on phagocytosis of IgGopsonized bacteria. We found FcRn to enhance phagocytosis in a pH-dependent manner
which was independent of IgG recycling. IgG-opsonised bacteria were inefficiently
phagocytosed by neutrophils from 2M knock-out or FcRn alpha chain knock-out mice,
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which both lack expression of FcRn. Similarly, low phagocytic activity was also observed
with mutated IgG (H435A), which is incapable of binding to FcRn, while retaining normal
binding to classical leukocyte Fc-gamma receptors. Finally, a TAT peptide representing
intracellular endocytosis and transport motifs within FcRn strongly inhibited IgG-mediated
phagocytosis. These findings support a novel concept in which FcRn fulfills a major role
in IgG-mediated phagocytosis.

Chapter 7: Discussion

&

In chapter 7, we discuss the findings of the previous papers in a broader context,
endeavouring to understand the implications of these findings. We discuss how currently
several clinical therapeutical candidates are being investigated for their potential to bind
FcRn in a pH independent manner, leading to clearance of pathogenic autoimmune
antibodies. We discuss the potential of IgG3 as a therapeutic agent in specialised
treatments where its high potential to activate both FcγR and complement can be os
use. The implications of our findings around IgG2, where the light chain isotype does not
influence halflife, but a single mutation far from the FcRn binding site plays an important
role, are discussed in the light of recent findings regarding Fc gamma like receptor
binding and differences between light chain isotypes. The potential uses of IgG2 with
reduced effector functions are discussed next, as we show that they retain their FcRn
interaction. FcRn is also found to play a novel role in the innate immune system, where
it enhances phagocytosis of opsonised pneumococca. This is discussed together with
the potential uses this may have in inehancing our immune response to known pathogens,
and the potential function of FcRn in enhancing availability of IgG with specificities of
proven usefulness.
We conclude that FcRn plays a major role in our immune system, and reflect that we
have endeavoured to explain several hitherto unexplained factors in FcRn-IgG biology.

NEDERLANDSE SAMENVATTING
Immunoglobuline G (IgG) is een van de belangrijkste moleculen in ons immuunsysteem.
Het speelt een cruciale rol bij de bescherming tegen bacteriën, virussen en kankers. IgG
interacteert met veel receptoren binnen het complexe netwerk dat ons immuunsysteem
is om ervoor te zorgen dat onze immuunresponsen adequaat worden gebruikt en
gecontroleerd. Vier verschillende subklassen van IgG zijn te vinden bij mensen, IgG1-4,
die elk op hun eigen unieke manier interacteren met het immuunsysteem.
Een receptor waarmee IgG een interactie aangaat, is FcRn, de neonatale Fc-receptor.
Deze interactie maakt het mogelijk dat IgG zijn karakteristieke lange serum halfwaardetijd
van 21-28 dagen heeft, over weefsellagen kan worden getransporteerd en IgGgemedieerde fagocytose kan versterken. De lange serumhalfwaardetijd van IgG maakt
het mogelijk het meest voorkomende eiwit in ons serum te zijn, wat, gezien de breedte
die vereist is van ons IgG-repertoire om potentieel te binden aan elke binnenvallende
pathogeen die ons lichaam tegenkomt, belangrijk is voor ons vermogen om een
effectieve immuunrespons op te bouwen. snel wanneer nodig. De transportfunctie maakt
het mogelijk dat IgG aanwezig is waar het nodig is, inclusief in de bloedsomloop van
pasgeboren baby’s voordat ze hun eigen IgG kunnen produceren. En wanneer een ligand
wordt aangetroffen, verbetert FcRn ons vermogen tot fagocyteren van binnendringende
micro-organismen.
Dit proefschrift beschrijft ons onderzoek naar het functioneren van FcRn in de context
van verschillende IgG-subklassen, en tracht de beschikbare kennis over deze unieke
receptor te vergroten. Zeven hoofdstukken zijn opgenomen, te beginnen met een
algemene inleiding, gevolgd door vijf onderzoeksartikelen en ten slotte een discussie.
Voor elk hoofdstuk vindt u een korte samenvatting hieronder.

&

Hoofdstuk 1: Introductie
In dit hoofdstuk proberen we alle onderwerpen te introduceren die belangrijk zijn om
de rest van de scriptie te onderbouwen. IgG bindt FcRn met hoge affiniteit bij lage pH,
maar heeft een verwaarloosbare affiniteit bij fysiologische pH, IgG kan efficiënt worden
geresaculeerd uit vroege endosomen en wordt vrijgegeven zodra het FcRn-IgG-complex
terugkeert naar het celoppervlak en zijn neutrale pH-omgeving. Antilichaamstructuur,
functie en diversiteit worden uitgelegd waarna we ons richten op IgG. De belangrijke
rol die monoklonale antilichamen spelen in moderne medicijnen wordt kort besproken
in de context van het gebruik van de kennis die in deze en andere onderzoeken is
verzameld om de momenteel beschikbare therapeutische opties te verbeteren. FcRn
biologie, structuur en functie worden in een chronologische context uitgelegd, leidend
tot de huidige stand van zaken. Vanaf daar verder in de inhoud van dit proefschrift en om
de introductie te bevorderen, wordt elke publicatie in dit proefschrift kort samengevat
en besproken.
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Hoofdstuk 2: Competitie voor door FcRn gemedieerd
transport leidt tot een korte halfwaardetijd van
menselijk IgG3 en biedt therapeutisch potentieel

Hoofdstuk 4: Menselijk IgG zonder effectorfuncties
toont lagere FcRn-binding en verminderd
transplacentair transport

Menselijk IgG3 vertoont de sterkste effectorfuncties van alle IgG-subklassen maar heeft
een korte halfwaardetijd om onopgeloste redenen. In dit hoofdstuk laten we zien dat
IgG3 bindt aan IgG-salvage receptor (FcRn), maar dat FcRn-gemedieerd transport en
redding van IgG3 wordt geremd in aanwezigheid van IgG1 als gevolg van intracellulaire
competitie tussen IgG1 en IgG3. We onthullen dat dit gebeurt vanwege een enkel
aminozuurverschil op positie 435, waar IgG3 een arginine heeft in plaats van het histidine
dat in alle andere IgG-subklassen wordt aangetroffen. Hoewel de aanwezigheid van R435
in IgG de binding aan FcRn verhoogt bij neutrale pH, verlaagt het de binding bij zure pH,
wat de reddingsrendement-maar alleen in de aanwezigheid van H435-IgG beïnvloedt.
Belangrijk is dat we aantonen dat bij mensen de halfwaardetijd van het H435-bevattende
IgG3-allotype vergelijkbaar is met IgG1. H435-IgG3 gaf ook verbeterde bescherming
tegen een pneumokokkenuitdaging bij muizen, wat aantoont dat H435-IgG3 een
kandidaat is voor monoklonale antilichaamtherapieën.

In hoofdstuk 4 gebruiken we eerder gegenereerde IgG1-antilichamen die zijn ontworpen
voor verminderde binding aan de klassieke Fcg-receptoren (FcyRI-III) en C1q, waardoor
hun destructieve effectorfuncties (constant gebied G1Δnab) worden geëlimineerd. Bij
hun mogelijke gebruik als blokkerende stoffen, is een gunstige binding aan de neonatale
Fc-receptor (FcRn) belangrijk om de lange halfwaardetijd die kenmerkend is voor IgG
te behouden. Een mogelijkheid om de placenta over te steken, die ook ten minste
gedeeltelijk door FcRn wordt gemedieerd, is wenselijk bij sommige indicaties, zoals foetomaternale allo-immuunziekten. In dit hoofdstuk laten we zien dat G1Δnab-mutanten pHafhankelijke binding aan humaan FcRn behouden, maar dat de aminozuurveranderingen
de affiniteit van de IgG1: FcRn-interactie voor de twee onderzochte antilichamen 2,0voudig en 1,6-voudig verminderen. Het transport van de gemodificeerde G1Δnabmutanten over monolagen van humane cellijnen die FcRn tot expressie brengen, was
ongeveer 75% van het wildtype, behalve dat er geen verschil werd waargenomen met
menselijke navelstrengendotheelcellen. G1Δnab-mutatie verminderde ook het transport
in een ex vivo placentamodel. Concluderend laten we zien dat, hoewel de G1Δnabmutaties weg zijn van de FcRn-bindingsplaats, ze lange-afstandseffecten hebben, die
FcRn-binding en transcellulair transport moduleren. Onze bevindingen hebben implicaties
voor het ontwerp van therapeutisch menselijk IgG met aangepaste effectorfuncties.

Hoofdstuk 3: Over de verbijsterende lage
transportsnelheid van IgG2 in de menselijke placenta

&
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Vooruitgaand op onze bevindingen in hoofdstuk 2, kijken we naar de perplexingly lage
transportsnelheid van IgG2 over de placenta in hoofdstuk 3. De neonatale receptor, FcRn,
bemiddelt zowel serumhalfwaardeverlenging als actief transport van maternaal IgG naar
de foetus tijdens de zwangerschap. Daarom gaan transportefficiëntie en halfwaardetijd
hand in hand. Hoewel de halfwaardetijd van de humane IgG2-subklasse vergelijkbaar
is met IgG1, is het placentaire transport van IgG2 dat niet, waarbij de neonatale IgG1spiegels in het algemeen de maternale niveaus bij de geboorte overschrijden, maar niet
voor IgG2. We veronderstelden dat de unieke korte scharnierende structuur van IgG2,
die het mogelijk maakt dat het k-, maar niet-l-isotype ten minste drie verschillende
structurele isovormen vormt, een bijdragende factor kan zijn voor deze verschillen. Om
te onderzoeken of er een voorkeur was voor een van beide lichte ketens, maten we
placentaal transport van IgG-subklassen alsook k / -lichte ketenisotypen van IgG1 en
IgG2 in 27 gematchte moeder-kindparen. We bestudeerden ook de halfwaardetijd van
IgGl- en IgG2-lichte ketenisotypen bij muizen, evenals die van gesynthetiseerde IgG2structurele isotypen kA en kB. Om de serumklaring van IgGl- en IgG2-isotypen met lichte
keten bij mensen te onderzoeken, kwantificeerden we de relatieve hoeveelheden IgGlen IgG2-lichte ketens bij patiënten met hypogammaglobulinemie vier weken na IVIginfusie en vergeleken met de oorspronkelijke IVIg-isotypesamenstelling. Geen van onze
resultaten duidt op een voorkeur voor lichte keten in een van de door FcRn gemedieerde
mechanismen; halfwaardetijdverlenging of maternaal transport.

Hoofdstuk 5: Verminderde FcRn-gemedieerde
transcytose van IgG2 als gevolg van een ontbrekende
Glycine in het onderste scharnier

&

In dit hoofdstuk onderzoeken we nauwkeuriger de verrassende bevindingen uit
hoofdstuk 4, waar we constateerden dat IgG1 met een bepaalde mutatie in de buurt
van het scharnier gebied verminderd FcRn gemedieerde transport laat zien. IgG1 en IgG2
hebben vergelijkbare halfwaardetijd, maar IgG2 heeft bij geboorte een lagere foetale dan
maternale concentratie, ondanks dat alle bekende FcRn-bindende residuen IgG1 en IgG2
geconserveerd zijn. We onderzochten FcRn gemedieerde transcytose van VH-gepaarde
IgG1 en IgG2 en gemuteerde varianten hiervan zonder FcγR-binding, in humane cellen
die FcRn tot expressie brengen. We hebben geconstateerd dat de FcγR-binding niet
vereist was voor vervoer en dat FcRn minder IgG2 vervoerde dan IgG1. Transport van
IgG1 met een verkort scharnier (δgly236, afwezig in kiembaan IgG2), werd verlaagd tot
niveaus gelijk aan IgG2. Omgekeerd werd het transport van IgG2 + Gly236 verhoogd
tot IgG1 niveaus. Gly236 is geen contact residu tussen IgG en FcRn, wat suggereert dat
de afwezigheid ervan leidt tot een veranderde configuratie van IgG, mogelijk door een
minder flexibele Fab, gepositioneerd dichter bij het FC-gedeelte. Dit kan de binding en
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het transport van FcRn in de weg staan. We concluderen dat het ontbreken van Gly236
is voldoende om de verminderde FcRn-gemedieerde IgG2 transcytose te verklaren en
verantwoordelijk is voor de lage maternale/foetale IgG2 ratio bij geboorte.

We concluderen dat FcRn een belangrijke rol speelt in ons immuunsysteem en dat
we hebben geprobeerd om verschillende tot nu toe onverklaarde factoren in FcRn-IgG
biologie te verklaren.

Hoofdstuk 6: FcRn: een IgG-receptor op fagocyten
met een nieuwe rol in fagocytose
In het laatste onderzoekshoofdstuk van dit proefschrift kijken we naar een andere rol
voor FcRn. We rapporteren dat de MHC klasse I-gerelateerde neonatale Fc-receptor
(FcRn) tot expressie wordt gebracht in azurofiele en specifieke granulen van neutrofielen
en zich verplaatst naar fagolysosomen op fagocytose van IgG-geopsoniseerde bacteriën.
We vonden dat FcRn de fagocytose op een pH-afhankelijke manier kon verbeteren
die onafhankelijk was van IgG-recycling. IgG-opsonised bacteriën werden inefficiënt
gefagocyteerd door neutrofielen uit 2M knock-out of FcRn alfaketen knock-out muizen,
die beide expressie van FcRn missen. Evenzo werd lage fagocytische activiteit ook
waargenomen met gemuteerd IgG (H435A), dat niet in staat is aan FcRn te binden,
terwijl het de normale binding aan klassieke leukocyt-Fc-gamma-receptoren behoudt. Ten
slotte remde een TAT-peptide dat intracellulaire endocytose en transportmotieven binnen
FcRn vertegenwoordigt sterk door IgG gemedieerde fagocytose. Deze bevindingen
ondersteunen een nieuw concept waarin FcRn een belangrijke rol vervult in IgGgemedieerde fagocytose.

&
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Hoofdstuk 7: Discussie
In hoofdstuk 7 bespreken we de bevindingen van de vorige artikelen in een bredere
context en proberen we de implicaties van deze bevindingen te begrijpen. We bespreken
hoe momenteel verschillende klinische therapeutische kandidaten worden onderzocht op
hun potentieel om FcRn te binden op een pH-onafhankelijke manier, leidend tot klaring
van pathogene auto-immuunantilichamen. We bespreken het potentieel van IgG3 als
een therapeutisch middel in gespecialiseerde behandelingen waarbij het hoge potentieel
om zowel FcγR als complement te activeren, os-gebruik kan zijn. De implicaties van onze
bevindingen rond IgG2, waarbij het isotype van de lichte keten geen invloed heeft op
halveringstijd, maar een enkele mutatie ver van de FcRn-bindingsplaats een belangrijke
rol speelt, worden besproken in het licht van recente bevindingen met betrekking tot
Fc-gamma-achtige receptorbinding en verschillen tussen Isotypen met lichte keten.
De mogelijke toepassingen van IgG2 met verminderde effectorfuncties worden hierna
besproken, omdat we laten zien dat ze hun FcRn-interactie behouden. FcRn blijkt ook
een nieuwe rol te spelen in het aangeboren immuunsysteem, waar het de fagocytose
van opsonised pneumococca versterkt. Dit wordt besproken samen met de mogelijke
toepassingen die dit kan hebben bij het verbeteren van onze immuunrespons op bekende
pathogenen, en de potentiële functie van FcRn bij het verbeteren van de beschikbaarheid
van IgG met specificiteiten van bewezen nut.

&
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LIST OF ABBREVIATIONS

ITAM: Immunoreceptor Tyrosine-based Activation Motif

IVIg: Intravenous Immunoglobulin;

ITIM: Immunoreceptor Tyrosine-based Inhibitory Motif

FcRn: Neonatal Fc receptor;

PMN: Polymorphonuclear Neutrophils

IgG: Immunoglobulin G

ATCC: American Type Culture Collection

β2M: Beta-2 Microglobuline

FITC: Fluorescein Isothiocyanate

MHC: Major Histocompatibility Complex

FACS: Fluorescently Activated Cell Sorter

ELISA: Enzyme Linked Immunosorbent Assay

PBS: Phosphate Buffered Saline

SPR: Surface Plasmon Resonance

FCS: Fetal Calf Serum

kDa: Kilo Dalton

ANOVA: Analysis of Variance

Fab: Fragment Antigen Binding
HRP: Horseradish Peroxidase
NKI: Nederlands Kanker Instituut
CEX-HPLC: Cation Exchange High-performance liquid chromatography
HEPL-SEC: High-Pressure Liquid Chromatography Size-exclusion chromatography

&

FcγR: Fragment Crystaline Gamma Receptor
FcεR: Fragment Crystaline Epsilon Receptor

&

C1q: Complement Component 1q
FMAIT: Fetomaternal Alloimmune Thrombocytopenia
HPA: Human Platelet Antigens
HuVEC: Human umbilical Vein Endothelial Cells
JAR: Human Choriocarcinoma Cells
HepG2: Human Hepatocyte Cells
A375: Human Epithelial Cells
IMDM: Iscove’s Modified Dulbecco’s Medium
RPMI: Roswell Park Memorial Institute
TAT: Transactivator of Transcription
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Vidarsson, G., et al. (2006). “FcRn: an IgG receptor on phagocytes with a novel role in
phagocytosis.” Blood 108(10): 3573-3579.
Here, we report that the MHC class I-related neonatal Fc receptor (FcRn) is expressed
within azurophilic and specific granules of neutrophils and relocates to phagolysosomes
on phagocytosis of IgG-opsonized bacteria. We found FcRn to enhance phagocytosis in
a pH-dependent manner which was independent of IgG recycling. IgG-opsonized bacteria
were inefficiently phagocytosed by neutrophils from beta2M knock-out or FcRn alphachain knock-out mice, which both lack expression of FcRn. Similarly, low phagocytic
activity was also observed with mutated IgG (H435A), which is incapable of binding to
FcRn, while retaining normal binding to classical leukocyte Fcgamma receptors. Finally,
a TAT peptide representing intracellular endocytosis and transport motifs within FcRn
strongly inhibited IgG-mediated phagocytosis. These findings support a novel concept in
which FcRn fulfills a major role in IgG-mediated phagocytosis.
Stapleton, N. M., et al. (2011). “Competition for FcRn-mediated transport gives rise to
short half-life of human IgG3 and offers therapeutic potential.” Nat Commun 2: 599.
Human IgG3 displays the strongest effector functions of all IgG subclasses but has
a short half-life for unresolved reasons. Here we show that IgG3 binds to IgG-salvage
receptor (FcRn), but that FcRn-mediated transport and rescue of IgG3 is inhibited in
the presence of IgG1 due to intracellular competition between IgG1 and IgG3. We reveal
that this occurs because of a single amino acid difference at position 435, where IgG3 has
an arginine instead of the histidine found in all other IgG subclasses. While the presence
of R435 in IgG increases binding to FcRn at neutral pH, it decreases binding at acidic pH,
affecting the rescue efficiency-but only in the presence of H435-IgG. Importantly, we
show that in humans the half-life of the H435-containing IgG3 allotype is comparable
to IgG1. H435-IgG3 also gave enhanced protection against a pneumococcal challenge in
mice, demonstrating H435-IgG3 to be a candidate for monoclonal antibody therapies.
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Einarsdottir, H. K., et al. (2014). “On the perplexingly low rate of transport of IgG2 across
the human placenta.” PLoS One 9(9): e108319.
The neonatal receptor, FcRn, mediates both serum half-life extension as well as active
transport of maternal IgG to the fetus during pregnancy. Therefore, transport efficiency
and half-life go hand-in-hand. However, while the half-life of the human IgG2 subclass is
comparable to IgG1, the placental transport of IgG2 is not, with the neonatal IgG1 levels
generally exceeding maternal levels at birth, but not for IgG2. We hypothesized that
the unique short-hinged structure of IgG2, which enables its kappa-, but not lambdaisotype to form at least three different structural isoforms, might be a contributing factor
to these differences. To investigate whether there was any preference for either light
chain, we measured placental transport of IgG subclasses as well as kappa/lambda-light
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chain isotypes of IgG1 and IgG2 in 27 matched mother-child pairs. We also studied
the half-life of IgG1 and IgG2 light chain isotypes in mice, as well as that of synthesized
IgG2 structural isotypes kappaA and kappaB. In order to investigate serum clearance of
IgG1 and IgG2 light-chain isotypes in humans, we quantified the relative proportions
of IgG1 and IgG2 light chains in hypogammaglobulinemia patients four weeks after
IVIg infusion and compared to the original IVIg isotype composition. None of our results
indicate any light chain preference in either of the FcRn mediated mechanisms; half-life
extension or maternal transport.
Stapleton, N. M., et al. (2015). “The multiple facets of FcRn in immunity.” Immunol
Rev 268(1): 253-268.
The neonatal Fc receptor, FcRn, is best known for its role in transporting IgG in various
tissues, providing newborns with humoral immunity, and for prolonging the half-life of
IgG. Recent findings implicate the involvement of FcRn in a far wider range of biological
and immunological processes, as FcRn has been found to bind and extend the half-life of
albumin; to be involved in IgG transport and antigen sampling at mucosal surfaces; and
to be crucial for efficient IgG-mediated phagocytosis. Herein, the function of FcRn will be
reviewed, with emphasis on its recently documented significance for IgG polymorphisms

Stapleton, N. M., et al. (2019). “Reduced FcRn-mediated transcytosis of IgG2 due to
a missing Glycine in its lower hinge.” Sci Rep 9(1): 7363.
Neonatal Fc-receptor (FcRn), the major histocompatibility complex (MHC) class I-like
Fc-receptor, transports immunoglobuline G (IgG) across cell layers, extending IgG half-life
in circulation and providing newborns with humoral immunity. IgG1 and IgG2 have similar
half-lives, yet IgG2 displays lower foetal than maternal concentration at term, despite all
known FcRn binding residues being preserved between IgG1 and IgG2. We investigated
FcRn mediated transcytosis of VH-matched IgG1 and IgG2 and mutated variants thereof
lacking Fc-gamma receptor (FcgammaR) binding in human cells expressing FcRn. We
observed that FcgammaR binding was not required for transport and that FcRn transported
less IgG2 than IgG1. Transport of IgG1 with a shortened lower hinge (DeltaGly236, absent
in germline IgG2), was reduced to levels equivalent to IgG2. Conversely, transport of IgG2
+ Gly236 was increased to IgG1 levels. Gly236 is not a contact residue between IgG
and FcRn, suggesting that its absence leads to an altered conformation of IgG, possibly
due to a less flexible Fab, positioned closer to the Fc portion. This may sterically hinder
FcRn binding and transport. We conclude that the lack of Gly236 is sufficient to explain
the reduced FcRn-mediated IgG2 transcytosis and accounts for the low maternal/fetal
IgG2 ratio at term.

affecting the half-life and biodistribution of IgG3, on its role in phagocyte biology, and
the subsequent role for the presentation of antigens to lymphocytes.
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Stapleton, N. M., et al. (2018). “Human IgG lacking effector functions demonstrate lower
FcRn-binding and reduced transplacental transport.” Mol Immunol 95: 1-9.
We have previously generated human IgG1 antibodies that were engineered for
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reduced binding to the classical Fcgamma receptors (FcgammaRI-III) and C1q, thereby
eliminating their destructive effector functions (constant region G1Deltanab). In their
potential use as blocking agents, favorable binding to the neonatal Fc receptor (FcRn) is
important to preserve the long half-life typical of IgG. An ability to cross the placenta,
which is also mediated, at least in part, by FcRn is desirable in some indications, such as
feto-maternal alloimmune disorders. Here, we show that G1Deltanab mutants retain pHdependent binding to human FcRn but that the amino acid alterations reduce the affinity
of the IgG1:FcRn interaction by 2.0-fold and 1.6-fold for the two antibodies investigated.
The transport of the modified G1Deltanab mutants across monolayers of human cell
lines expressing FcRn was approximately 75% of the wild-type, except that no difference
was observed with human umbilical vein endothelial cells. G1Deltanab mutation also
reduced transport in an ex vivo placenta model. In conclusion, we demonstrate that,
although the G1Deltanab mutations are away from the FcRn-binding site, they have longdistance effects, modulating FcRn binding and transcellular transport. Our findings have
implications for the design of therapeutic human IgG with tailored effector functions.

206

207

PORTFOLIO

PORTFOLIO
Name PhD student:
PhD period: 		
Name PhD supervisor:

Portfolio (continued)
N.M. Stapleton
April 2004 - Jan 2020
Prof C.E Van der Schoot

1. PhD training

Year

Year

Workload
(Hours/ECTS)

2005

0.6

General courses
Project management
Specific courses

Workload
(Hours/ECTS)

Stapleton et.al., Mol Immunol. 2018 Mar;95:1-9.
2018
doi: 10.1016/j.molimm.2018.01.006. Epub 2018 Feb 20.
Stapleton et.al., Scientific Reports, 2019, in prep
2019
Vidarsson et.al., Blood. 2006 Nov 15;108(10):3573-9.
2018
Epub 2006 Jul 18.
Other
NA

- NA
Seminars, workshops and master classes
Masterclass Chimerism
Presentations

2006

0.2

Sanquin presentations (bi-annually)
(Inter)national conferences

2004-2008

4

International Conference on Rh protein superfamily
Other

2006

0.25

2004-2008

3

Journal club
2. Teaching
Lecturing

&

NA
Tutoring, Mentoring
NA
Supervising
Judith van Nimwegen, Phage Display & ELISA of anti-Rh-D 2005 (6 months)
anti-idiotypic antibodies
Other

2

&

NA
3. Parameters of Esteem
Grants
NA
Awards and Prizes
NA
4. Publications
Peer reviewed
Stapleton et.al., Nat Commun. 2011 Dec 20;2:599.
doi: 10.1038/ncomms1608.
Einarsdottir et.al., PLoS One. 2014 Sep 24;9(9):e108319.
doi: 10.1371/journal.pone.0108319. eCollection 2014

208

2011
2014

209

ACKNOWLEDGEMENTS

ACKNOWLEDGEMENTS
Its complete.
I can hardly believe it.

Franca, my paranimf, thanks for the sparkling conversations we had in the hallways. It
was always a refreshing delight to hear your take on matters.

That this thesis has finally been completed is thanks to a great many people. Their
patience, tenacity and faith in me is greatly appreciated. Without that, I am quite sure
this thesis would never have been finished.

Powl… Friend, paranimf, guitarbuddy. One day I’ll get you to play Tom Waits, and one
day I’ll play Beatles songs with you again!

First, Ellen, my promotor. Thank you for giving me the opportunity to work in your group.
I know we have not always agreed upon everything, and I am quite sure I have not been
one of your easiest PhD students. But over the years I have come to greatly respect and
admire your unending knowledge of present and past research, your passion for your
field and your single-minded honesty.

&

Dear Agata. Thank you for all the good times, and we did have many. Best of luck with
your family and your career, I am sure we will run into each other again some day.

Gestur, thank you for traveling this bumpy road with me. We’ve known each other for
more than a decade by now and to me you are and always will be the go-to guy when
it comes to antibody or Fc related questions. Thank you for your scientific insights and
discussions, for reviewing countless versions of manuscripts, for seemingly never getting
tired of “one last question” and to help shape this thesis into what it is. I thoroughly
enjoyed our conversations and look forward to working with you again sometime in
the future.
Mum. I am so sorry I didn’t finish this in time for you to see it completed. I know you
would have been overjoyed to have been there on the day of the ceremony. You taught
me to appreciate the small things in life and to never give up. You taught me that even
when things may seem tough, there is always a reason to be optimistic.

Marc, my Super-Mega-Rocketman… Nerea, you curious, clever big girl… And Iria, my
creative Miss Cutsiepetootsie… You three together are the most adorable IgG-FcRn
binding model ever and I will always be grateful for who you are and what you mean
to me.
Diana, my darling Diana. When we met, I immediately realized that you were someone
extremely special. We hardly spoke the same language in the beginning, but I think we
understood each other from the very first moment our eyes met. I remember all those
stolen moments we had together, the endless sweet messages we sent back and forth
day in day out. We have come a long way together, you and I. From our first meaningful
conversation in a bar in Amsterdam, via a late night beach in Paraty, all the way to
Vallromanes. We have three wonderful children and a fantastic life together, first in
Holland, now in Catalunya, and every day I still find new things in you which I admire.
Thank you for your unwavering support, for all these years. Thank you for never stopping
believing in me. Thank you for being your wonderful self.

&

Dad, you are my first scientist role model. You taught me to investigate everything I take
an interest in and to work hard in order to achieve results. Facts are facts, the truth is
the most important thing there is and if you don’t know something, go and find out. That
is a great start for any scientists career I think!
All the colleagues over the years, Onno, Serge, Helga, Annette, Luci, Rachel, Goedele,
Louise, Lotte, Judy, Rick, Robin, Nanne, Sander and all the others, thank you for making
my years at Sanquin such a blast!
Lianne, what a lot of fun we had dancing Salsa! Not sure I still remember all the moves,
but Marc loves it when I spin him around and do “Enchouffes”!

210

211

