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General introduction

The human immune system
Humans live surrounded by microorganisms (e.g., viruses, bacteria, fungi, and parasites),
of which many can cause disease. The human body defends itself against infection by
invading, disease-causing microorganisms (i.e., pathogens), and a response against
infection by a potential pathogen is called an immune response. A typical immune
response starts with a fast (but non-specific) response, and can then turn into a more
specific (but more slowly generated) response. The former, called an innate immune
response, involves a group of proteins present in the blood (the complement system)
(1) and immune cells recognizing pathogen-associated molecular patterns. The latter,
called an adaptive immune response, involves specific immune cells (2) and provides
immunological memory, ensuring a more efficient and effective immune response
upon a subsequent exposure to the same pathogen. Different pathogens can activate
different parts of the immune system, and a typical immune response consists of multiple
layers of defense. First, cells of the innate immune system that are already present in
the pathogen-exposed tissue (tissue-resident cells) can sense the pathogen (e.g.,
macrophages sense viruses, bacteria, and fungi, and mast cells sense parasites), and can
cause pathogen killing/removal. Second, other tissue-resident cells (e.g., dendritic cells
and epithelial cells) can provoke secretion of cytokines (for example by innate lymphoid
cells) (3), and thereby cause influx of white blood cells (e.g., natural killer (NK) cells for
viruses, neutrophils and monocytes for bacteria and fungi, and eosinophils and basophils
for parasites) (4) into the tissue to attack the respective pathogen. Finally, cells that can
take up pathogens (i.e., phagocytic cells, e.g., dendritic cells and macrophages) (5) and
present parts of it to cells of the adaptive immune system can induce an adaptive immune
response.
The adaptive immune system
During an adaptive immune response, pathogens presented by phagocytic cells cause
activation of specific T cells (T-cell mediated immunity) (6-7). Three types of T cells can be
distinguished; cytotoxic T cells, helper T cells (different subsets) (8), and regulatory T cells.
Viruses and some intracellular bacteria can induce activation of cytotoxic T cells, resulting
in killing of infected cells. Bacteria (intracellular and extracellular), fungi, and parasites
can induce activation of helper T cells, which provide help to other immune cells (e.g.,
macrophages, neutrophils, and B cells) to attack pathogens. B cells can bind pathogens
and get activated without help from T cells (T-cell independent B-cell activation), resulting
in production of low-affinity antibodies (secreted immunoglobulins). Specific B cells can
9
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also take up pathogens via their B-cell receptors (surface immunoglobulins) and present
parts of it to helper T cells (Fig. 1). These T cells provide help to B cells by expressing
CD40 ligand (a costimulatory molecule) and secreting cytokines (i.e., T-cell dependent
B-cell activation) (9), causing differentiation into memory B cells or antibody-secreting
plasmablasts and plasma cells, resulting in production of high-affinity antibodies
(humoral immunity) (10). Despite the division into the innate and adaptive immune
system, these two systems closely cooperate to defend against infection by the different
pathogens. For example, T cells can secrete cytokines that affect innate immune cells and
antibodies can bind antibody (Fc) receptors on innate immune cells. The activation of
B cells by helper T cells to proliferate and differentiate occurs at specific sites (germinal
centers) in secondary lymphoid organs, and results in the production of antibodies (11).
During B-cell differentiation, structural variations are introduced both in the region
responsible for triggering effector functions (the antibody constant region) as well as in
the region responsible for binding (the antibody variable region), which will be discussed
in the following paragraphs.

Figure 1. During an adaptive immune response, pathogens (e.g., bacteria) can be taken up and presented
by phagocytic cells (e.g., dendritic cells), causing activation of specific T cells. Specific B cells can also take
up pathogens via their B-cell receptors and present parts of it to helper T cells. These T cells provide help to
B cells by expressing CD40 ligand (a costimulatory molecule) and secreting cytokines (i.e., T-cell dependent
B-cell activation), causing differentiation into memory B cells or antibody-secreting plasmablasts and
plasma cells.
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The antibody variable region
An antibody molecule consists of two heavy chains and two light chains, and is composed
of two distinct regions; a constant region and a variable region (Fig. 2). The variable region
determines the specificity of an antibody and is responsible for binding to the antigen,
which can be any substance that induces antibody generation, including proteins and
carbohydrates (i.e., sugars). The part of an antigen that is recognized by an antibody
is called the epitope, and the part of an antibody that recognizes an antigen is called
the paratope. To be able to defend against infection by the large number of potential
pathogens, at least as many antibody specificities should be generated. Two processes
contribute to the large number of specificities of antibodies; V(D)J recombination and
somatic hypermutation.

Figure 2. An antibody molecule consists of two heavy chains (blue) and two light chains (purple), and is
composed of two distinct regions; a constant region and a variable region. During V(D)J recombination,
one D gene segment is recombined with one J and one V gene segment to form the variable region of the
heavy chain. The variable region of the light chain is formed in a similar way but only consists of one V and
one J gene segment (not shown). During somatic hypermutation, mutations (red lines) are introduced in
and around the complementarity-determining regions (CDRs) to alter the antigen-binding affinity of the
B-cell receptor. The introduction of a mutation can lead to the emergence of a glycosylation site (N-X-S/T,
blue line) and thereby the production of Fab-glycosylated antibodies. 15-25% of IgG molecules contain Fab
glycans in addition to the Fc glycans that are present in all IgG molecules.
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During B-cell development from early progenitor B cells into mature B cells, which
is antigen independent and occurs in the bone marrow, V(D)J recombination occurs
(12). The variable region of the heavy chain is encoded by a variable (V), diversity (D),
and joining (J) gene segment. During V(D)J recombination, one of ~25 D gene segments
is recombined with one of ~6 J gene segments, and then this DNA is recombined with
one of ~40 V gene segments, resulting in 6000 (40 x 25 x 6) possible combinations. There
are two types of light chains (kappa and lambda), and the variable region of the light
chain is encoded by a V and J gene segment. One of ~70 V gene segments (40 for kappa
and 30 for lambda) is recombined with one of ~9 J gene segments (5 for kappa and 4 for
lambda), resulting in 320 ((40 x 5) + (30 x 4)) possible combinations. Together, this results
in almost two million (6000 x 320) possible combinations. This number is even increased
by the addition and removal of nucleotides (the building blocks of DNA) in the junctions
during V(D)J recombination, generating more diversity (i.e., junctional diversity). This
phenomenon greatly contributes to the enormous diversity around the paratope. V(D)J
recombination forms the initial antibody repertoire of B cells, with each B cell generally
having a single heavy and a single light chain and thus a single unique specificity.
During B-cell differentiation from naive B cells into memory B cells or antibody-secreting
plasmablasts and plasma cells, which is antigen dependent and occurs in germinal
centers, somatic hypermutation occurs (13). During somatic hypermutation, mutations
are introduced in and around the paratope, which consists of three complementaritydetermining regions (CDRs), to alter the antigen-binding strength (i.e., affinity) of the B-cell
receptor. This process generates even more diversity, resulting in the formation of several
B-cell variants originating from one single original B-cell clone. This allows for selection to
take place in a process called affinity maturation, where B cells with B-cell receptors with
the highest affinity are selected for proliferation and differentiation, whereas B cells with
B-cell receptors with a relatively low antigen-binding affinity go into apoptosis, resulting
in a more diverse and specific antibody repertoire. As will be discussed below, somatic
hypermutation can introduce a glycosylation site (the amino acid sequence N-X-S/T) and
thereby the production of Fab-glycosylated antibodies, which is the subject of this thesis.
The antibody constant region
The other distinct region, the constant region, determines the immunoglobulin (sub)
class (IgM, IgD, IgG1-4, IgA1-2, IgE) and is responsible for triggering effector functions.
The different classes of immunoglobulins have different functions. IgM is generated
12

early during an immune response and is multimeric, probably to compensate for
the relatively low affinity of monomeric IgM. Despite the low specificity of IgM, its fast
production (T-cell independent) enables to quickly respond to invading pathogens. In
contrast, IgG is generated later during an immune response, mainly because switching
from IgM to IgG in the germinal center is T-cell dependent (i.e., requires T-cell activation
by antigen-presenting cells) (14). Because cells producing IgG have undergone multiple
rounds of selection in the germinal center, IgG has a higher affinity and can therefore
be monomeric. IgM and IgG (mainly IgG3 and IgG1) can be recognized by one of the
proteins of the complement system (C1q) and thereby activate this system, resulting
in phagocytosis (i.e., pathogen uptake) or direct killing of pathogens by the formation
of a membrane attack complex (15). IgG can be recognized by Fcγ receptors expressed
by phagocytic cells (e.g., macrophages), facilitating phagocytosis of pathogens coated
with these antibodies (16). IgE can be recognized by Fcɛ receptors expressed by some
granulocytes (mast cells, eosinophils, and basophils), enabling release of inflammatory
mediators to attack parasites (17).
IgG Fab glycosylation
Since IgG is the most abundant class of immunoglobulins in the blood (representing
about 75% of total serum immunoglobulins) and is crucial for protective immunity, we
focused on this class in this thesis. IgG molecules are glycoproteins, since they contain
a very conserved N-linked glycan (i.e., a sugar attached to a nitrogen atom) in the
crystallizable fragment (Fc tail) of the constant region at position 297 (Fig. 2). In addition,
15-25% of IgG molecules contain N-linked glycans in the variable region of the antigenbinding fragments (Fab arms), so-called Fab glycans or variable domain glycans (18-20).
In principle, there are three types of N-linked glycans; high-mannose, hybrid, and complex
glycans, and IgG glycans (both Fc and Fab) are usually complex glycans (20-22). Fab
glycans are generally highly processed (sialylated) complex biantennary glycans linked to
N-glycosylation sites, which consist of asparagine, any amino acid but proline, and serine
or threonine (N-X-S/T), and mainly emerge during somatic hypermutation (23). Several
studies suggest that Fab glycosylation may be an important phenomenon in immunity, as
Fab glycans are associated with several diseases, can have an effect on antigen binding,
and are associated with the anti-inflammatory activity of intravenous immunoglobulin
(IVIg) (more extensively discussed in Chapter 2). Despite these associations between
Fab glycosylation and different aspects of immunity, the exact role of Fab glycosylation
in immunity is unknown. In this thesis, we investigated the role of variable domain
13
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glycosylation of antibodies in immunity. We hope that the results presented in this thesis
eventually contribute to improve antibody therapies.
Scope of this thesis
In Chapter 2 of this thesis, the literature on the structural features of IgG Fab glycosylation,
Fab glycosylation during physiological and pathological conditions, the influence of Fab
glycosylation on IgG function, and immune modulation by Fab glycans is summarized. In
Chapter 3 of this thesis, we investigated how and where Fab glycans emerge in the variable
region of antibodies, whether levels of Fab glycosylation differ between IgG subclasses
and specificities, and investigated the effect of Fab glycans on antigen binding. Chapter 4
of this thesis describes the enzymatic removal of IgG variable domain glycans by different
glycosidases, since having an enzymatic method to generate antibodies without Fab
glycans would be a very helpful additional tool to study the role of Fab glycans in more
detail. In Chapter 5 of this thesis, we examined the effect of introducing or removing Fab
glycans on antibody stability, which might be very interesting for therapeutic as well as
diagnostic purposes. Chapter 6 of this thesis addresses glycosylation in IgG4-related
disease and primary sclerosing cholangitis. We determined levels of Fab glycosylation
and patterns of Fc glycosylation in patients and looked for correlations between (Fc)
glycosylation status and treatment, disease activity, organ damage, and complement
levels. Chapter 7 of this thesis describes the effect of introducing Fab glycans in an
immunogenic drug antibody on immunogenicity/anti-drug antibody levels in immunized
mice. Finally, Chapter 8 of this thesis summarizes the findings in this thesis and links the
results presented in this thesis to the current literature.
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The emerging importance of IgG Fab
glycosylation in immunity

J Immunol. 2016; 196(4): 1435-1441

Fleur S. van de Bovenkamp*, Lise Hafkenscheid*, Theo Rispens#, and Yoann Rombouts#
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#
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Abstract
Human IgG is the most abundant glycoprotein in serum and is crucial for protective
immunity. In addition to conserved IgG Fc glycans, ~15-25% of serum IgG contains glycans
within the variable domains. These so-called “Fab glycans” are primarily highly processed
complex-type biantennary N-glycans linked to N-glycosylation sites that emerge during
somatic hypermutation. Specific patterns of Fab glycosylation are concurrent with
physiological and pathological conditions, such as pregnancy and rheumatoid arthritis.
With respect to function, Fab glycosylation can significantly affect stability, half-life, and
binding characteristics of Abs and BCRs. Moreover, Fab glycans are associated with the
anti-inflammatory activity of IVIgs. Consequently, IgG Fab glycosylation appears to be an
important, yet poorly understood, process that modulates immunity.
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Immunoglobulins are glycoproteins produced by B cells that play a crucial role in
protective immunity. Both the Fc tail, responsible for triggering effector functions, and
the Fab arms, responsible for Ag binding, may contain glycans (Fig. 1). In addition to a
conserved N-linked glycan in the Fc of all Ig classes, N-linked glycans are found in the
CH1 domains of IgM and IgE, and O-linked glycans are found in the hinge regions of IgD,
IgA (1), and IgG3 (2). Furthermore, the variable domains of Igs may also contain N-linked
glycans. For IgG, the most abundant class of serum Igs, Fab glycosylation is restricted to
the variable domains.

Figure 1. Igs and glycosylation. Fc glycans are linked to asparagine 297 in the CH2 domain, whereas Fab
glycans are linked to N-glycosylation sites in VH and VL (left panel). Contrast of glycoprofiles found in Fab
and Fc (right panel). Adapted from (15).

Although the existence of IgG Fab glycans has been known for quite some time,
their emergence, regulation, and function remain poorly understood. Nevertheless,
recent evidence shows that Fab glycans exhibit distinct patterns according to the
pathophysiological conditions and have immunomodulatory effects, thus highlighting
their potential role in regulating immunity. In this article, we summarize the literature
on the structural features of IgG Fab glycans, Fab glycosylation during physiological and
pathological conditions, the influence of Fab glycosylation on IgG function, and immune
modulation.
Structural features of IgG Fab glycosylation
Generation and occupancy of Fab glycosylation sites
N-linked glycosylation of IgG Fab is contingent on the presence of consensus amino
21
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acid motifs making up the so-called “N-linked glycosylation sites”. These sites consist of
asparagine, followed by any amino acid but proline, and either serine or threonine (N-XS/T). N-linked glycosylation sites are largely absent in the naive human B cell repertoire
because few germline-encoded alleles (IGHV1-8, IGHV4-34, IGHV5-10-1, IGLV3-12, and
IGLV5-37) contain such sites (3). Therefore, the relatively high frequency of IgG Fab glycans
is primarily the result of somatic hypermutation during Ag-specific immune responses (4).
Fab glycosylation sites can appear in both H and L chains, in CDRs, and in framework
regions (5).
Although a glycosylation site is required, it is not sufficient for the addition of a glycan. For
instance, for IGHV4-34, one of the more frequently used human VH alleles, the germlineencoded glycosylation site is usually unoccupied (6). Similarly, the mouse IGKV5-45
allele contains a germline-encoded glycosylation site that remains unoccupied in both
the therapeutic chimeric Abs infliximab (7) and cetuximab (8,9). In contrast, the mouse
IGHV2-2 germline-encoded glycosylation site in cetuximab carries glycans (8-10).
Estimates of the percentage of Fab-glycosylated IgGs in healthy individuals range from
~15 to 25%, depending on the experimental approach used. About 20% of IgG variable
domains from Ig sequence database entries contain N-linked glycosylation sites (11).
Using sialic acid-binding lectin-affinity chromatography, 25% of human serum IgGs were
reported to contain Fab glycans (12), calculated as the percentage of sialylated Fab arms
(10-12%) (13) divided by the percentage of Fab glycans containing sialic acid residues
(46%) (12,14). However, high-resolution analytical techniques yield a higher degree of
sialylation (79-93%) (15-17), which equates to ~15% IgG Fab glycosylation. Furthermore,
using high-resolution HPLC with 2-aminobenzoic acid labeling, ~14% Fab glycosylation
was found (17).
Structure of IgG Fab glycans
N-linked glycans at both the Fc and Fab of polyclonal serum IgG are mainly complextype biantennary N-linked glycans (Fig. 1). The core heptasaccharide consists of two
N-acetylglucosamine (GlcNAc) residues, three mannose residues, and two more GlcNAc
residues. In addition, fucose, bisecting GlcNAc, galactose, and sialic acid residues can
be present in the glycan. Compared with IgG Fc glycans, IgG Fab glycans contain high
percentages of bisecting GlcNAc, galactose, and sialic acid and low percentages of core
fucose (15-17) (Fig. 1). Furthermore, although only 4% of polyclonal IgG Fab glycans are
22

high-mannose glycoforms (versus 0% for Fc glycans), these structures can predominate
on certain mAbs, depending on their precise position (see next section) (18). The high
degree of sialylation of Fab glycans of serum IgG might stem, in part, from selective
removal of nonsialylated structures via the hepatic asialoglycoprotein receptor (see
“Ab half-life” below). Furthermore, Fab glycans are presumably more accessible for
glycosyltransferases, resulting in more processing compared with Fc glycans that are
spatially localized at the inner face of the CH2 domains. Indeed, lectin- and Ab-binding data
indicate that Fab glycans are highly exposed, whereas Fc glycans are (partially) shielded
(19,20). Nonetheless, enzymatic-digestion experiments suggested that Fc glycans are
more accessible, at least to some enzymes, than Fab glycans (17,21).
Modulation of IgG Fab glycan presence and structure
Several factors modulate the presence and structure of IgG Fab glycans. First, the
glycoprofile varies, depending on the position of the glycosylation site (22,23) and
amino acid residues surrounding it (24-27). For instance, introducing glycosylation sites
in the CDR2 of otherwise identical Abs resulted in complex-type biantennary glycans at
asparagines 54 and 58 but high-mannose structures at asparagine 60 (22). Furthermore,
Fab glycosylation may be regulated by the mode of B cell activation. For instance, IL-6 and
progesterone can enhance the expression of oligosaccharyltransferase, which catalyzes
attachment of the N-linked glycan precursor to the polypeptide chain in the lumen of the
endoplasmatic reticulum, resulting in increased IgG Fab glycosylation with a proportional
increase in high-mannose structures up to 30% (28-30). T cell signaling, known to influence
the structure of Fc glycans (31), may also affect Fab glycosylation, but this has not been
studied. In addition, endogenous lectins may serve as surrogate B cell Ags via binding to
Fab glycans, as described for certain B cell lymphomas (see “Malignancies” below).
Fab glycosylation during physiological and pathological conditions
The amounts and types of Fab glycans can vary during certain physiological and
pathological conditions, suggesting that they might contribute to immune suppression
or pathophysiology or potentially serve as a biomarker, as discussed below.
Physiological changes
Margni and Binaghi (32) investigated the properties of IgG Abs that are retained on a
ConA affinity resin (5-15%) and concluded that their Fab arms contain high-mannose
glycans. However, ConA also retains complex-type biantennary N-linked glycans without
23
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bisecting GlcNAc; most likely, the retained IgG Abs contain both types of Fab glycans
(33,34). Interestingly, levels of ConA-binding Abs are increased during the second
trimester of pregnancy. Moreover, reduced serum levels of ConA-binding Abs were found
during the first and second trimester of pregnancy in women who subsequently suffered
from spontaneous abortions, thus serving as a potential early marker for diagnosing a
threatened pregnancy (35-37). Consistent with these results (given that ConA interacts
preferentially with nonbisected complex-type biantennary N-linked glycans), mass
spectrometry data show that IgG Fab glycans contain more sialic acid and less bisecting
GlcNAc during pregnancy compared with after delivery (15). Similar shifts in sialic acid
content are observed for Fc glycans.
Intriguingly, it was proposed that only one Fab arm of the ConA-binding Abs carries a
glycan, which might minimize elimination of paternal (fetal) Ags by maternal Abs during
pregnancy (see “Ab aggregation and immune complex formation” below) (32). In line
with this, the majority of Fab-glycosylated IgG Abs from the mother is directed against
paternal Ags (38). Although firm evidence is lacking, the hypothesis that Fab glycosylation
can modulate the Ab repertoire to minimize unwanted reactivity toward the fetus is worth
exploring.
Autoimmune diseases
In contrast to the supposedly protective role of Fab glycosylation during pregnancy,
enhanced IgG Fab glycosylation is associated with several autoimmune diseases. Using
a small number of individuals/patients (n = 7), Youings et al. (39) reported that the Fab
of IgGs from rheumatoid arthritis (RA) patients carry three times more oligosaccharides
than do those from healthy individuals. Moreover, they observed an increase in
monogalactosylated glycoforms containing bisecting GlcNAc and fucose residues in
the RA patients (39). Furthermore, we recently found that anti-citrullinated protein Abs,
a diagnostic and prognostic biomarker in RA, have a higher m.w. compared with other
IgG (auto)antibodies as the result of an increase in IgG Fab glycans (40). Nevertheless,
although IgG Fc-glycosylation patterns were associated with disease activity/severity
and outcome (41,42), such associations for Fab glycans still need to be established. Other
studies suggested that differences in Fab glycosylation may also characterize other types
of autoantibodies. For instance, enhanced and reduced levels of Fab glycosylation were
described for anti-neutrophil cytoplasmic Abs and anti-glomerular basement membrane
Abs, respectively (43). Furthermore, primary Sjögren’s syndrome patients show a higher
24

prevalence of IgG B cell sequences with N-linked glycosylation sites than do healthy
controls (44). It was suggested that B cell hyperproliferation and selection within the
parotid glands may result from Ag-independent interactions of glycosylated BCRs with
microbial lectins, as described for lymphoma B cells (see below).
Malignancies
B cell malignancies are sometimes characterized by aberrant Fab glycosylation. Increased
frequencies of N-linked Fab-glycosylation sites in IgG and/or BCR were described for
follicular lymphoma, diffuse large B cell lymphoma, and Burkitt’s lymphoma B cells,
whereas mutated chronic lymphocytic leukemia, multiple myeloma, and MALT lymphoma
B cells were comparable with normal B cells (5,45,46). These tumor-associated Fab
glycans are high-mannose structures, whereas the corresponding Fc glycans are complextype biantennary glycans, confirming that the normal N-linked glycan-processing
pathway is intact (6,47). Signaling through interactions between N-linked glycans on
follicular lymphoma BCRs and lectins, such as DC-SIGN or mannose-binding lectin, at
the surface of macrophages and
dendritic cells may free these
cells from dependence on Ag
and may contribute to tumor cell
persistence or growth (48,49).
Some lectins from opportunistic
pathogens, such as Pseudomonas
aeruginosa

and

Burkholderia

cenocepacia, can also interact
Figure 2. Effect of Fab glycosylation on
immunity. (A) Follicular lymphomas may
interact with MR, DC-SIGN, or bacterial
lectins via BCR-linked high-mannose
glycans, presumably enhancing tumor
survival. (B) SNA-purified IVIg may (1)
downregulate CD54 and MCP-1 and
upregulate PGE2 on monocytes, (2)
induce B cell apoptosis via CD22, and (3)
inhibit ERK1/2 phosphorylation and IFN-α
and upregulate COX-2 and PGE2, which
stimulates regulatory T cell expansion,
via DC-SIGN on dendritic cells.
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with high-mannose BCR Fab glycans (50) (Fig. 2A). Increased IgG Fab glycosylation also
was observed in myeloma patients, accompanied by an increased proportion of sialic
acid, bisecting GlcNAc, and fucose (51). Furthermore, variable domain glycosylation of
Bence Jones proteins (free Ig L chains) was 4-fold higher in multiple myeloma patients
with amyloidosis than those without amyloidosis, suggesting a role for variable domain
glycans in pathogenesis (see “Ab aggregation and immune complex formation” below)
(52).
In addition to B cell malignancies, it was shown that, during the progression of malignant
melanoma, autoantibodies to GRP78 are expressed, and changes in their oligosaccharide
chains (putative increases in Fab glycosylation) stimulate melanoma cell growth and
survival (53).
Influence of Fab glycosylation on IgG function
Ag binding
Several studies showed that the presence of N-linked glycosylation sites in the variable
domains can increase (18,23,54-56) or decrease (18,23,50) Ag-binding affinity. For
instance, the anti-α(16)-dextran Ab 14.6b.1 has a 10-fold higher affinity compared with
a single amino acid mutant that lacks the N-linked glycosylation site (54), presumably
due to additional hydrophilic interactions of the Fab glycans with the carbohydrate Ag
(Fig. 3). Interestingly, insertion of alternative N-linked glycosylation sites by mutagenesis
around the pre-existing N-linked glycosylation site differentially affects the Ag binding,

Figure 3. Influence of Fab glycosylation on IgG function. Oligosaccharides linked to variable domains can
enhance or decrease Ag binding (A), block binding between two proteins by steric hindrance (B), extend
Ab half-life as a result of sialylation (C), and presumably affect Ab aggregation and immune complex
formation (D).
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depending on the location of Fab glycans. Furthermore, a 100-fold reduction in binding
to tetanus toxoid, diphtheria toxoid, and dsDNA was observed for the polyreactive human
mAb CBGA1 upon blocking N-linked glycosylation during production by tunicamycin
(56). Decreased binding was explained by a conformational change in the variable
domains in the absence of Fab glycans. In addition, the removal of sialic acid residues
from Fab glycans can decrease Ag-binding affinity (57). In contrast, insertion of follicular
lymphoma-specific N-linked glycosylation sites into the model BCRs B1-8 and HyHEL10
strongly impairs the binding to their respective Ags (50), and the presence of N-linked
glycans in the Fab of an anti-CD33 Ab decreases its binding to CD33 by 3-8-fold (58). Fab
glycans may also leave Ag-binding affinity essentially unaffected (23).
Modification of Ab activity
Fab glycans may also alter Ab activity without affecting Ag binding. LE2E9, an anti-factor
VIII (FVIII) Ab derived from a patient with mild hemophilia A, neutralizes FVIII activity
up to 90% and prevents FVIII binding to von Willebrand factor (vWF). Removal of the
Fab glycans from the CDR1 by enzymatic digestion or mutagenesis restored FVIII-vWF
complex formation and rendered the Ab 40% less efficient in inhibiting FVIII activity,
without altering the binding affinity of LE2E9 to FVIII. It was hypothesized that, via steric
hindrance, the oligosaccharide prevents binding of FVIII to vWF, as well as the assembly of
activated FVIII, activated FIX, and FX protein complexes (59) (Fig. 3).
Ab half-life
The serum half-life of glycoproteins is modulated by the structure of the glycans. These
can interact with glycoreceptors of liver cells, including the asialoglycoprotein receptor,
which recognizes terminal galactose and N-acetylgalactosamine residues (60). Thus, the
absence of terminal sialic acid residues can result in a decreased half-life of a glycoprotein
(61).
Structural variation in conventional biantennary Fc glycans does not significantly
influence the Ab half-life (62), probably because of the inaccessibility of these glycans to
glycoreceptors (see “Structure of IgG Fab glycans” above), although “nonnatural” highmannose glycans can increase the clearance rate (63). In contrast, Fab glycan sialylation
can enhance the serum half-life of mAbs, as shown for the anti-EGFR Ab cetuximab and
for the anti-TA-MUC1 Ab PankoMab (64). Furthermore, depending on their position, Fab
glycans enhanced or decreased the half-life of anti-α(16)-dextran Abs in mice (7 d) by ±
27

2

3 d (23). Interestingly, the rapidly and slowly clearing fractions were found to accumulate
predominantly in the liver and kidney or in the blood and spleen, respectively (23),
indicating that Fab glycans may also influence the accumulation of Abs in different organs.
Ab aggregation and immune complex formation
Variable domain glycosylation may affect the propensity of Abs and L chains to
aggregate and/or precipitate. One example is cryoimmunoglobulins, which precipitate
at low temperatures and are associated with human diseases like RA and systemic
lupus erythematosus (65). Sialic acid residues in the variable domains of the
cryoimmunoglobulin “Ger” were found to provide additional electrostatic contacts
required for its cryoprecipitation (66) (Fig. 3). Furthermore, variable domain glycans
might enhance aggregation of Bence Jones proteins, given that such glycans were
reported more often in multiple myeloma patients with amyloidosis (52). It was proposed
that glycosylation can induce a conformational change in these proteins and trigger fibril
formation (67), thereby contributing to amyloidosis; however, this hypothesis needs
further research to substantiate. In contrast, a recent study described a decreasing effect
of Fab glycans on Ab aggregation (68).
Fab glycosylation also was implicated in the modulation of immune complex formation.
IgG Abs that bind ConA exhibited distinct Ag-binding profiles, which were attributed
to the presence of glycans in only one Fab arm (69). If true, the glycosylated Fab arms
may not bind Ag, and the Ab would be effectively univalent (“asymmetrical”), precluding
formation of precipitating immune complexes and triggering effector mechanisms,
analogously to IgG4 (70). Of course, in case of partial occupancy of a glycosylation site,
one would expect B cells to secrete asymmetrically glycosylated Abs, as well as Abs either
without Fab glycans or with a glycan in both Fab arms. However, it is unclear whether and
how this asymmetry might be specifically imposed upon the Abs.
Immune modulation by Fab glycans
Elimination of autoreactivity
Instead of interfering with Ag binding (see “Ag binding” above), the effect of introducing
a Fab glycan may be more subtle, not affecting binding to cognate Ag but shaping the
Ab reactivity in such a way that autoreactivity is minimized. One study described that,
in nonimmunized rats ~10-20% of IgGs were ConA-binding Abs, of which 78% exhibited
autoreactivity and 14% reactivity against intestinal bacterial Ags. In contrast, only 40%
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of the “conventional” rat IgG was found to be autoreactive, suggesting that at least
part of the Abs containing a Fab glycan confers a higher autoreactivity (71). In another
study, following immunizations in mice, N-linked glycosylation sites were introduced in
the variable domains of the BCR of anergic B cells that presumably allowed these cells
to move away from autoreactivity, while allowing them to react against cross-reacting
foreign Ags (25). However, in another study, autoantigen binding of follicular lymphomaderived Abs was unaffected upon expression in the presence of tunicamycin to suppress
N-linked (Fab) glycosylation (46).
Potential role for Fab glycosylation in IVIg therapy
IVIg treatment successfully ameliorates the symptoms of a number of autoimmune
diseases, like systemic lupus erythematosus, RA, and idiopathic thrombocytopenic
purpura. A variety of possible mechanisms was suggested (72). Recent studies emphasized
the importance of glycosylation in the therapeutic effects of IVIg (73). In certain mouse
models (74,75), but not in others (13,76-78), the anti-inflammatory activity of IVIg depends
mainly on a fraction of sialylated Abs. These sialylated Abs may interact with C-type lectins
(like DC-SIGN, DCIR) and sialic acid-binding Ig-type lectins, such as CD22, at the surface of
immune cells (79,80). It was suggested that these lectins interact with Fc-bound sialic acid
(74,75), which was further supported by a study that showed that IVIg with fully sialylated
Fc glycans has enhanced anti-inflammatory activity compared with IVIg (81). However, a
number of studies [including (74)] point to a role for Fab glycosylation of IVIg in modulating
the immune system (Fig. 2B). These studies used Sambucus nigra agglutinin (SNA) lectinaffinity chromatography to fractionate IVIg, thereby predominantly enriching for Fab
sialylation rather than Fc sialylation (13,76). Fab-sialylated IVIg downregulated CD54
expression and the MCP-1 secretion of monocytes, whereas neither IVIg without sialylated
Fab nor a highly sialylated Fc could achieve these effects (13). SNA-enriched IVIg also was
shown to induce upregulation of PGE2 by monocytes, thereby enabling inhibition of IFN-α
production by plasmacytoid dendritic cells (82). In addition, the treatment of dendritic
cells with IVIg Fab downregulated ERK1/2 phosphorylation after TLR4 stimulation (83).
Furthermore, the interaction of IVIg with DC-SIGN also induced COX-2 expression and
PGE2 production, as well as the expansion of regulatory T cells (84). Silencing of human
B cells via apoptosis could be induced by SNA-enriched IVIg through binding to CD22
(80,85). Altogether, the available literature suggests that the anti-inflammatory effects of
IVIg are mediated, at least in part, by its Fab arms, with a potential role for Ig variable
domain sialylation (73). Differential effects by SNA-enriched and -depleted fractions might
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reflect, in part, differences in their respective Ab specificities and not be a direct result of
the presence or absence of a glycan (13). However, the fact that removal of sialic acid
using neuraminidase can ameliorate the effects of IVIg suggests otherwise (75). It would
be interesting to investigate whether Fab-glycosylated IgG from pregnant women (see
“Physiological changes” above) shares similar, possibly immunomodulatory, properties
with SNA-enriched IVIg.
Table 1. IgG Fab glycosylation: what is (un)known?
References
Structural knowledge
Found in 15-25% of IgG

(11,12,17)

Highly processed complex-type biantennary N-linked glycans

(15-17)

Occupancy and structure may vary with position

(22,23)

Distinct patterns are associated with pathophysiological conditions

(5,15,39,40,43-46,51)

Established activities
Can influence Ag binding

(18,23,50,54-56)

Can affect in vivo Ab half-life

(23)

Can alter Ab stability and aggregation

(52,66,68)

Possible activities
Signaling through glycans may lead to malignant B cell survival

(48,49)

Associated with anti-inflammatory activity of IVIg

(13,74)

May diminish autoreactivity

(25,71)

Unsolved questions
Regulation of emergence, starting from largely absent, is unexplored
Main function(s) still unknown
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(3)

Conclusions
IgG Fab glycosylation appears to be an important process in immunity, with demonstrated
effects on stability, half-life, and binding characteristics of Abs and BCRs. Moreover, in
addition to the potential to affect Ag binding, an increasing number of studies hint at
the involvement of (endogenous or exogenous) lectins that can interact with these
glycans, thereby potentially exerting immunomodulatory effects. At the same time,
many unanswered questions remain (Table 1). For instance, it is unclear why increased
Fab glycosylation is observed during situations of diminished immunity (pregnancy),
as well as in certain autoimmune settings, and what the consequences are. Also, why
are glycosylation sites largely absent in the naive B cell repertoire? And how is their
emergence and structure regulated during B cell activation? All in all, the exact role of Fab
glycosylation in immunity remains poorly understood.
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Abstract
A hallmark of B-cell immunity is the generation of a diverse repertoire of antibodies
from a limited set of germline V(D)J genes. This repertoire is usually defined in terms of
amino acid composition. However, variable domains may also acquire N-linked glycans, a
process conditional on the introduction of consensus amino acid motifs (N-glycosylation
sites) during somatic hypermutation. High levels of variable domain glycans have been
associated with autoantibodies in rheumatoid arthritis, as well as certain follicular
lymphomas. However, the role of these glycans in the humoral immune response remains
poorly understood. Interestingly, studies have reported both positive and negative effects
on antibody affinity. Our aim was to elucidate the role of variable domain glycans during
antigen-specific antibody responses. By analyzing B-cell repertoires by next-generation
sequencing, we demonstrate that N-glycosylation sites are introduced at positions in
which glycans can affect antigen binding as a result of a specific clustering of progenitor
glycosylation sites in the germline sequences of variable domain genes. By analyzing
multiple human monoclonal and polyclonal (auto)antibody responses, we subsequently
show that this process is subject to selection during antigen-specific antibody responses,
skewed toward IgG4, and positively contributes to antigen binding. Together, these results
highlight a physiological role for variable domain glycosylation as an additional layer of
antibody diversification that modulates antigen binding.
Significance
Structural variation of antibodies is generally defined in terms of amino acid composition,
neglecting posttranslational modifications such as N-linked glycosylation. Little is known
about the role of the glycans that are present in about 15% of variable domains. However,
recent studies suggest that variable domain glycans exhibit distinct patterns according
to (patho)physiological conditions, and can have immunomodulatory effects. Here
we highlight a physiological role for variable domain glycans that is predetermined in
the germline antibody repertoire: We show that variable domain N-linked glycans are
acquired during somatic hypermutation at positions predisposed in the germline and may
be positively selected during affinity maturation, representing an additional mechanism
of secondary antibody diversification that contributes to the extent of the B-cell antibody
repertoire.
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Introduction
Immunoglobulins are glycoproteins produced by plasma cells that are crucial for
protective immunity. The most abundant class of immunoglobulins in the blood is IgG,
representing 75% of total serum immunoglobulins. All IgGs contain glycans that are
linked to a conserved asparagine in the constant Fc tail. These glycans have a profound
effect on IgG effector functions by affecting FcR and C1q binding (1, 2), underscored by
the fact that therapeutic monoclonal antibodies with enhanced cytotoxic potency have
been developed by glycoengineering of these Fc glycans (3). In addition, about 15% of
IgGs in serum from healthy humans have been described to contain N-linked glycans in
the variable domains of the Fab arms (4). These mainly consist of complex biantennary
glycans that contain high percentages of sialic acid in comparison with Fc glycans (4–7).
The role of these Fab glycans in immunity is poorly understood. Notably, enhanced
Fab glycosylation is associated with certain pathophysiological conditions, including
rheumatoid arthritis (RA) (8), primary Sjögren’s syndrome (9), and several types of
malignancies (10–13). Nevertheless, the role of Fab glycosylation in pathogenesis has not
been established for any of these conditions. In contrast to these studies, Fab glycans
have also been implicated as contributing to the anti-inflammatory activity of i.v. Ig (IVIg)
(14) or reducing autoimmunity by masking antigen-binding sites of autoantibodies (15).
Also, elevated Fab glycosylation was reported during pregnancy (5). In addition, Fab
glycans have been implicated to affect antigen binding (16–20). Importantly, a coherent
model of the emergence and functional consequences of Fab glycosylation is currently
lacking. Insight into the events leading to Fab glycosylation would be a prerequisite to a
more detailed understanding of the role of Fab glycans in pathogenicity and immunity in
general.
N-linked glycosylation is contingent on the presence of glycosylation sites, which consist
of asparagine, followed by any amino acid but proline, followed by serine or threonine.
The naive human B-cell antibody repertoire is almost devoid of such sites, with only few
variable domain alleles containing N-glycosylation sites (7). The occurrence of Fab glycans
in vivo is therefore expected to mainly result from somatic hypermutation (SHM) during
antigen-specific immune responses (21). This implies that acquiring N-linked glycans
might be subject to selection mechanisms responsible for affinity maturation. In this
study, we demonstrate by next-generation sequencing that SHM preferentially introduces
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N-glycosylation sites in the complementarity determining regions (CDRs). Strikingly, this
preference is largely predetermined by precursor nucleotide motifs found in the germline
variable domain genes. Furthermore, we reveal that variable domain glycosylation is
subject to selection mechanisms that depend on the nature of the antigen, resulting in
significant antigen-associated selection, and show that these glycans contribute directly
to antigen binding, and thereby to specificity. Collectively, our data show that variable
domain glycosylation is an inherent mechanism of antibody diversification, subject to
selection mechanisms, on top of V(D)J recombination and SHM, and thereby contributes
to the extent of the antibody repertoire of B cells.
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Results
Fab glycosylation sites preferentially emerge near antigen-binding regions
Antibody variable domains contain three hypervariable regions, which coincide with three
of the four structural loops at the top of the variable domain (Fig. 1A). The large structural
diversity reflects the importance of these loops for conferring specificity and binding
to each unique antigen in the very large antigen repertoire. We investigated whether
glycans are preferentially introduced in or near these regions, forming an additional
layer of diversification of the antibody repertoire. Therefore, as a first approximation, the
human germline VH, Vκ, and Vλ sequences were analyzed for positions in which a single
nucleotide mutation would suffice to introduce a glycosylation site (hereafter referred
to as a progenitor glycosylation site; see Figure 1B as an example). Interestingly, these
positions were significantly clustered around the CDRs and the loop between the second
and third CDR (the DE loop; Fig. 1C and SI Appendix, Fig. S1B), whereas analysis of the
human germline CH, Cκ, and Cλ sequences did not show a similarly skewed distribution
of progenitor glycosylation sites (SI Appendix, Fig. S1 A and B), suggesting the germline
variable domain repertoire may contain a predefined set of locations in which
glycosylation sites may be easily introduced on SHM. We next extended our analysis to the
mouse germline repertoire. A similar, albeit less pronounced, clustering around the CDRs
and the DE loop was observed for progenitor glycosylation sites in the variable domain
sequences (SI Appendix, Fig. S2 A and C), whereas no apparent clustering was observed
for the constant domain sequences (SI Appendix, Fig. S2 B and C).
Next, human rearranged VH sequences from the IMGT database (Fig. 1D) and from
switched memory B cells isolated from seven healthy donors (Fig. 1E) were analyzed for
the actual occurrence of N-glycosylation sites. This uncovered a distinct pattern in the
distribution of Fab glycosylation sites in both datasets, with most sites being located
either in or near the CDRs or the DE loop, such that an attached glycan has the potential
to influence the binding properties of the antibody. In addition, within the IGHV genes,
the majority of the sites (respectively, 79% and 86%) are in fact the actualization of a
progenitor glycosylation site (i.e., are the result of a single nucleotide mutation). This
distribution of Fab glycosylation sites was similar between IgG and IgA sequences (SI
Appendix, Fig. S1 C and D), whereas frequencies of individual sites can vary substantially
between donors (SI Appendix, Fig. S1E). This demonstrates that a predefined progenitor
glycan repertoire is the predominant source of glycosylation sites after SHM in memory B
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Figure 1. Fab glycosylation sites preferentially emerge near antigen-binding regions. (A) Both variable
domains (VH, VL) of an antibody Fab arm contain four top loops: three complementarity determining
regions (CDR1, CDR2, CDR3, red), which usually constitute the antigen-binding site, and the adjacent DE
loop (blue). (B and C) Triplets of codons were screened for the possibility of coding for a glycosylation
site on mutating a single nucleotide anywhere within the triplet of codons, of which an example is shown
in B (see Materials and Methods for details). (C) Heat map of positions in which progenitor glycosylation
sites are located within human germline VH, Vκ, and Vλ sequences (Dataset S1, only *01 alleles shown). A
darker shade indicates multiple possibilities for a single nucleotide mutation to introduce a glycosylation
site at that position. Numbering according to IMGT. (D and E) Number of N-glycosylation sites at different
positions within human rearranged VH sequences from (D) the IMGT database (4,026 unique sequences)
and (E) switched memory B cells from seven healthy donors (37,077 unique, productive sequences out of
a total of 82,281). Dark green bars represent sites that match predicted progenitor sites (C). Bars below
the X axis represent germline glycosylation sites, and dark shades represent those sites that are not
removed by mutations. (F) Eight variants of adalimumab (SI Appendix, Table S1) were expressed with a
glycosylation site introduced at one of the indicated positions in the crystal structure of adalimumab Fab
(PDB ID: 3WD5). The position of the Fab glycan is indicated (e.g., NH59 indicates a Fab glycan at position 59
of the heavy chain). (G) Gel electrophoresis and lectin ELISA data for the eight adalimumab glycovariants.
WGA recognizes N-acetylglucosamine, RCA recognizes galactose, and SNA recognizes sialic acid. Shown are
representative data of two replicates.
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cells. These observations were extended to patients with systemic lupus erythematosus
and mouse rearranged VH sequences of IgG-switched B cells (22) (SI Appendix, Figs. S3 and
S2D), with 87% and 79% of sites matching progenitor sites. Sequences with a glycosylation
site contained more replacement mutations than sequences without a glycosylation site,
and sequences with two glycosylation sites contained even more mutations (SI Appendix,
Fig. S4), in agreement with SHM being responsible for introducing these sites. Overall,
almost 9% of all human rearranged VH sequences were demonstrated to contain one or
more sites, versus 4.4% for mouse, which is in line with the lower overall mutation rate
in mouse (SI Appendix, Fig. S4) (23). Glycosylation sites are less frequent in IGHV3 (5%)
than IGHV4 (19%), with IGHV1 intermediate between those (9%), a frequency similar to a
previous report (15). Together, these data show that Fab glycosylation sites preferentially
emerge near antigen-binding regions, and that the germline variable domain repertoire
is inherently biased toward this distribution. NXS sequons were three times as common
as NXT (SI Appendix, Fig. S5A). NXS sequons tend to be less frequently glycosylated (24),
depending on, among other factors, the amino acid at position X. The most frequent
amino acid at position X was leucine, associated with low glycosylation efficiency, but
the next four most frequent amino acids predispose for more efficient glycosylation (SI
Appendix, Fig. S5 A and B) (25). Of note, in sequons within the CDR3, the frequency of
leucine at position X was low (SI Appendix, Fig. S5C). Furthermore, the introduction of a
glycosylation site in a model antibody, adalimumab, at predicted progenitor positions as
described earlier, demonstrated that for seven of eight positions, the sites indeed became
occupied with glycans (including all five NXS sites), as confirmed by gel electrophoresis and
lectin ELISAs (Fig. 1 F and G and SI Appendix, Table S1). In other words, the introduction of
glycosylation sites at predicted positions in general results in properly folded antibodies
that express glycans in the variable domains.
Fab glycosylation differs between IgG subclasses and specificities
Next, we investigated whether Fab glycosylation is subject to (context-dependent)
selection mechanisms during specific antibody responses. We first analyzed whether
there were distinct levels of Fab glycosylation between IgG subclasses. To this end, we
fractionated eight healthy donor sera using Sambucus nigra agglutinin (SNA) affinity
chromatography (Fig. 2A), making use of the fact that SNA enriches for Fab glycans, but
not for Fc glycans (14, 26, 27) (SI Appendix, Fig. S6), through their terminal 2,6-linked sialic
acid residues found in >90% of Fab glycans (5). A median of 11% [interquartile range (IQR),
11-14%] of total serum IgG was found to contain sialylated Fab glycans (i.e., was recovered
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Figure 2. Fab glycosylation differs between IgG subclasses and specificities. (A) SNA affinity chromatography
of IgG results in SA+ IgG (enriched for Fab glycosylated IgG) and SA- IgG (almost devoid of Fab glycosylated
IgG) (4,24,27,28) (SI Appendix, Fig. S6). Total and specific IgG is measured in both fractions by ELISA, RIA,
or agglutination (Materials and Methods). (B) Percentage of Fab glycosylated antibodies (Abs) for total
IgG and IgG subclasses in healthy donor sera (n = 8). Symbols represent means of at least six replicates.
♦, before, and ◊, after correction for IgG4 half-molecule exchange. (C) IgG4 molecules can exchange halfmolecules, resulting in a fraction of IgG4 molecules carrying a Fab glycan on only one of the two Fab arms.
(D-J) Percentage of Fab glycosylated Abs for total (T) IgG/IgG4, anti-tetanus toxoid (TT), and (D) anti-PLA2
[in sera from experienced beekeepers, n = 10, of which 66% (58-86%) is IgG4], (E) anti-adalimumab [ADL; n
= 11, of which 44% (14-97%) is IgG4], (F) anti-infliximab [IFX; n = 9, of which 32% (20-73%) is IgG4], (G) antinatalizumab (NTZ; n = 10, E-G in sera from patients with a respective anti-biological antibody response),
(H) anti-cyclic citrullinated peptide (CCP; in sera from patients with RA, n = 6), (I) anti-hinge (in sera from
random subjects, n = 10), and (J) anti-RhD (in pooled, fractionated plasma preparations of RhD-immunized
donors, n = 3). Symbols represent means of at least four replicates. Bars indicate medians. One-way
ANOVA, * P < 0.05; ** P < 0.01; *** P < 0.001; and **** P < 0.0001 or paired t-test, * P < 0.05; ** P < 0.01. (K-M)
Single B cells specific for ADL, IFX, or RhD from patients who made anti-ADL or anti-IFX antibodies or from
RhD-immunized donors. (K) Distribution of IgG1 and IgG4 among monoclonal anti-ADL (n = 16) and antiIFX (n = 8) antibodies. (L) Absence (0) or presence of glycosylation sites in the heavy (H) or light (L) chain or
in both (H + L) chains of monoclonal anti-ADL, anti-IFX, and anti-RhD (n = 294) antibodies. (M) Number of
N-glycosylation sites at different positions within human rearranged VH sequences from monoclonal antiADL, anti-IFX, and anti-RhD antibodies.
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in the enriched fraction), as measured by ELISA. Interestingly, by the same method, IgG4
Fab glycosylation (44%; IQR, 39-49%) was found to be significantly increased compared
with that of total IgG, whereas Fab glycosylation of IgG1 (12%; IQR, 11-18%), IgG2 (11%;
IQR, 9.6-16%), and IgG3 (15%; IQR, 11-16%) was not (Fig. 2B). This result can partially be
explained by the ability of IgG4 antibodies to engage in Fab-arm exchange, resulting in an
increased fraction of IgG4 antibodies that carry at least one glycan (Fig. 2C). However, by
mathematically accounting for the Fab-arm exchange (for calculations see Materials and
Methods), 25% (IQR, 22-28%) of IgG4 was calculated to contain Fab glycans, indicating
that the IgG4 BCR repertoire itself is also intrinsically biased toward increased Fab
glycosylation. This observation was corroborated by analysis of human rearranged IgG4
VH sequences of healthy volunteers (28), of which 30% (87/288) contained a glycosylation
site compared with 13% (264/2063) for IgG1 reads (SI Appendix, Fig. S14).
We next analyzed whether there were distinct levels of Fab glycosylation between
antibodies specific for different antigens. For a typical IgG4-dominated immune response,
namely, experienced (healthy) beekeepers that make antibodies to phospholipase A2
(PLA2) in bee venom (29), we found that levels of Fab glycosylation of anti-PLA2 IgG (of
which a median of 66% was IgG4) were similar to those of total IgG4, but significantly
elevated compared with those of total IgG (41% vs. 44% vs. 12%; Fig. 2D). Also, Fab
glycosylation levels of anti-PLA2 IgG4 were similar to those of total IgG4 (SI Appendix, Fig.
S7A). In contrast, antibodies to tetanus toxoid (TT), a typical vaccine antigen that mainly
induces IgG1, had levels of Fab glycosylation comparable to those of total IgG (13%). To
extend these findings, we also investigated sera from patients who make antibodies to
adalimumab or infliximab in response to treatment with these biologicals [of which a
substantial fraction is IgG4 (30, 31), a median of 44% and 32% in the samples tested].
Again, we found high levels of Fab glycosylation for anti-adalimumab (47%; Fig. 2E)
and anti-infliximab (53%; Fig. 2F). However, in both cases, Fab glycosylation was in fact
significantly higher than that of total IgG4 (which again was elevated compared with
total IgG; Fig. 2 E and F), indicating an increased positive selection for Fab glycosylation
compared with a typical IgG4-dominated immune response. This was confirmed by
measuring glycosylation levels of anti-adalimumab IgG4 and anti-infliximab IgG4,
which were increased compared with those of total IgG4 (SI Appendix, Fig. S7 B and
C). We obtained similar results using the percentage of Fab glycosylation of specific
IgG and total IgG4 corrected for IgG4 half-molecule exchange (SI Appendix, Fig. S8). In
contrast, the antibody response to another biological, natalizumab, is characterized by
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low levels of IgG4 (median, 4%), and lower levels of Fab glycosylation were observed
by analyzing serum samples from natalizumab-treated patients with multiple sclerosis
(26%; Fig. 2G), which were still significantly higher compared with total IgG, but not
compared with anti-TT. Furthermore, multiple additional antigen-specific responses
were evaluated. We also analyzed sera from patients with RA containing anticitrullinated
protein antibodies (ACPAs), and observed a median of 89% Fab glycosylation, in line with
the recently reported high degree of Fab glycosylation of these autoantibodies (32) (Fig.
2H). Interestingly, for another inflammation-associated antibody response, namely, antihinge antibodies (33), our data also show increased Fab glycosylation (53%; Fig. 2I). In
contrast, Fab glycosylation of antibodies against the RhD blood group antigen was found
to be decreased in pooled serum IgG of RhD-immunized donors compared with that of
total IgG or anti-TT (Fig. 2J). Together, these data demonstrate that sialylated Fab glycans
are differentially expressed in a variety of immune responses, ranging from as low as 9.0%
for anti-RhD antibodies to more than 80% for ACPAs compared with approximately 14%
for anti-TT (median, 56 serum samples).
To confirm our findings at the DNA/monoclonal level, single B cells specific for adalimumab
or infliximab were isolated from patients, cultured, and screened for specificity (34, 35).
The original isotypes were either IgG1 or IgG4, both approximately 50% (Fig. 2K). We
found that 50% of the anti-adalimumab and anti-infliximab B-cell clones contained Fab
glycosylation sites (Fig. 2L), in close agreement to the 47% and 53% Fab glycosylation
of serum-derived anti-adalimumab and anti-infliximab antibodies, respectively (Fig.
2 E and F). We confirmed that, of the examined clones (7/8 anti-adalimumab and 4/4
anti-infliximab), all glycosylation sites were occupied by glycans when expressed
recombinantly as IgG antibodies (SI Appendix, Tables S2 and S3). We also analyzed
variable domain sequences of B cells specific for RhD obtained from hyperimmunized
anti-D donors by the same method. Analysis of these anti-RhD sequences showed a
low frequency of glycosylation sites (5.8%; Fig. 2L), consistent with the low degree of
glycosylation of pooled plasma-derived anti-RhD antibodies (Fig. 2J). In all but one case,
the sites in these antigen-specific antibodies correspond to a predicted predefined site,
and they are located in or near the CDRs or the DE loop (Fig. 2M). Taken together, we
found different levels of Fab glycosylation between specific IgG subsets (subclasses and
specificities), indicating that Fab glycosylation is not a random process but is, rather,
subject to context-dependent selection mechanisms (e.g., antigen binding) during
specific antibody responses.
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Modulation of antigen binding by Fab glycans
Next, we systematically investigated the effects of Fab glycosylation on antigen binding.
We started by evaluating the effects of Fab glycans that were introduced at predicted
predisposed sites in adalimumab (Fig. 1F). For five of seven adalimumab glycovariants
(NH59, NH77, NH82, NH84, and NL37), binding to its antigen (TNFα) was reduced to various
degrees, as measured by competition ELISA (Fig. 3 A-C). Unexpectedly, one of the other
two glycovariants (NL86) showed a slightly enhanced TNFα binding. For three variants,
reduced binding to TNFα was (at least partially) mediated by the glycans rather than the
amino acid difference, as demonstrated by the significantly less reduced binding of the
same clones expressed in the presence of tunicamycin, which blocks N-linked glycosylation
(Fig. 3C and SI Appendix, Fig. S9A). Thus, introducing Fab glycans at predicted sites may

Figure 3. Fab glycans can modulate antigen binding. (A) Setup of the TNF inhibition ELISA for assessing
relative (rel) binding strengths of adalimumab (ADL) glycovariants to TNF. (B) TNF binding by in-house
expressed ADL (WT), ADL glycovariants (+Fab glycan, black bars, notation as in Figure 1F), and these variants
expressed in the presence of tunicamycin or depleted using SNA (-Fab glycan, gray bars) was determined.
Humira (ADL) and Mabthera (rituximab) were used as positive and negative controls. (C) Inhibitory potency
relative to WT (means of at least four replicates with SEM). (D) TNF binding by ADL WT and glycovariants
(+/-Fab glycan) determined by biosensor (SPR) experiments. Affinity relative to WT (means of at least four
replicates with SEM). (E) Setup of the ADL-anti-ADL competition ELISA. (F) Binding of ADL glycovariants
NH59, NH82, NL37, and NL86 (+/-Fab glycan) to the anti-ADL clones was determined as inhibitory potency
relative to WT (means of at least four replicates with SEM). Unpaired t-test, legend as in Figure 2.
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affect antigen binding, which in this model system in which no selection mechanisms
are operative is expected to predominantly result in decreased binding strength, in line
with our observations. We also investigated TNFα binding by surface plasmon resonance
(SPR). Although overall similar results were obtained in comparison with the ELISA data,
clear differences compared with the inhibition ELISA were found for two clones (NH77
and NL86; Fig. 3D), indicating that antigen binding can be differentially influenced by Fab
glycans, depending on the context in which antigen is presented (i.e., free vs. bound to
another protein/antibody).
To further examine the modulating capacity of Fab glycans for differential binding
to related antigens, we determined how the Fab glycans on the different adalimumab
variants affect binding to a panel of anti-adalimumab anti-idiotype antibodies. Here, the
anti-idiotype antibodies serve as surrogate antigens of adalimumab, each having a slightly
different mode of binding (34, 36) (Fig. 3E). Overall, the adalimumab glycovariants that
bound TNFα with lower affinity also showed less binding of these anti-idiotype antibodies
(Fig. 3F and SI Appendix, Fig. S9B). However, the glycans on adalimumab glycovariants
NH59, NH82, NL37, and NL86 had substantial differential effects on the binding to these
surrogate antigens (Fig. 3F). For instance, although the glycan on variant NH59 left binding
to clone 27E1 fully unaffected, this glycan decreased binding to clone 6A10 more than
100 times. Similarly, the glycan on variant NH82 decreased binding to clone 1.2 only two
times, whereas this glycan decreased binding to clone 2.10 more than 20 times. This
demonstrates that the introduction of a glycan can selectively and differentially influence
binding of an antibody (in this case adalimumab) toward a panel of antigens (in this case
the anti-idiotype antibodies), suggesting a potential to modulate the specificity of the
antibody.
Naturally occurring Fab glycans can enhance antigen binding
We also investigated the consequences of naturally occurring Fab glycosylation for
antigen binding. We tested antigen binding of several of the anti-adalimumab and antiinfliximab antibody clones with Fab glycosylation sites and mutants in which we removed
these naturally occurring Fab glycosylation sites by mutating these sites back to germline
(SI Appendix, Table S2). We confirmed the removal of glycans by gel electrophoresis and
lectin ELISAs (Fig. 4 A and B). We then examined binding of the anti-adalimumab and
anti-infliximab antibodies with and without Fab glycans to their respective antigens
(adalimumab and infliximab) by SPR (Fig. 4C). Three of seven tested clones (anti50

adalimumab 2.2 and 2.6 and anti-infliximab 1.3) showed no effect of these Fab glycans
on antigen binding (Fig. 4 D and E). In contrast, for anti-adalimumab clone 1.3 and antiinfliximab clones 1.4 and 2.1, the presence of Fab glycans resulted in up to a twofold higher
affinity (Fig. 4 D and E), suggesting that the B cells carrying BCRs with these Fab glycans
were positively selected during affinity maturation. Tunicamycin controls confirmed that
the glycans, and not the change in amino acid sequence, caused the increase in affinity
(Fig. 4 D and E). We were not able to produce the mutant of anti-infliximab clone 2.3
(N84K), suggesting the glycan on this clone may be important for its stability. However, tiny
amounts of this clone were expressed in the presence of tunicamycin, and a nearly twofold
higher affinity was found for the glycosylated variant (Fig. 4E). For anti-adalimumab 1.3,
the influence of sialylation was investigated, suggesting a modest contribution to affinity
(SI Appendix, Fig. S10). Taken together, these results demonstrate that Fab glycosylation
can enhance affinity of antibodies toward their cognate antigens.

Figure 4. Naturally selected Fab glycans can enhance antigen binding. (A and B) Gel electrophoresis and
lectin ELISA data for (A) anti-adalimumab clones 1.3, 2.2, and 2.6 and (B) anti-infliximab clones 1.3, 1.4, 2.1,
and 2.3 (notation as in Figure 1F), these clones expressed in the presence of tunicamycin (tm), and mutants
(m) thereof lacking the Fab glycosylation site (experiments as in Figure 1G). Shown are representative
data of two replicates. (C) Setup of the biosensor (SPR) experiments. (D and E) Using surface plasmon
resonance, (D) adalimumab (ADL) or (E) infliximab (IFX) binding affinity of the anti-ADL/IFX clones and
mutants was determined. Shown are means of at least four replicates with SEM. For anti-ADL clone 2.2, the
ka instead of the KA was analyzed because the kd was too low to be measured (42). One-way ANOVA, legend
as in Figure 2.
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Discussion
Although it has been known for quite some time that glycans can be present on the
variable domains of antibodies, the precise function of these Fab glycans remains poorly
understood. Here, we present three important findings. First, Fab glycosylation sites
preferentially emerge near antigen-binding regions because of an inherent bias in the
germline variable domain repertoire. Second, different levels of Fab glycosylation exist
between IgG subclasses and specificities, demonstrating that Fab glycosylation is not a
random process but, rather, is subject to (antigen-associated) positive and/or negative
selection mechanisms. Third, we found that Fab glycans can modulate antigen binding
and contribute to affinity. Together, these data highlight a physiological role for Fab
glycosylation as an additional mechanism of diversification of the antibody repertoire
that modulates antigen binding, subject to selection mechanisms to optimize the
antibody response. Indeed, we show high levels of Fab glycosylation for several antigenspecific immune responses, and we obtained evidence for positive selection via antigen
binding for multiple naturally occurring antigen-specific antibody clones.
In contrast to a positive contribution to antigen binding, we show that the level of Fab
glycosylation of IgG against RhD is quite low (i.e., lower than that of total IgG), suggesting
that Fab glycans would strongly negatively influence binding. As the extracellular loops of
RhD are close to the negatively charged plasma membrane of red blood cells, binding by
antibodies carrying (negatively charged) sialylated Fab glycans may explain the apparent
negative selection for the introduction of these glycans. Similarly, whereas the effects
of Fab glycosylation on antigen binding found for naturally occurring antibodies are
mainly positive, probably as a result of subsequent rounds of proliferation and selection
in vivo, introducing Fab glycans bypassing this selection is expected to predominantly
have negative or no effects, which is in line with our findings for the glycovariants of
adalimumab we generated, and also consistent with similar findings for introducing
follicular lymphoma-associated Fab glycans into anti-NIP and anti-HEL mouse monoclonal
antibodies (37). Also, introducing glycans in the CDR3 of the heavy chain might more
often be disruptive for antigen binding compared with the other loops because of steric
constraints, in line with the relative absence of sites in this region.
Nevertheless, Fab glycans were found to leave antigen binding unaffected in more than
one case, suggesting it is possible that Fab glycans may also accumulate in part as a
52

neutral byproduct during SHM. However, despite a correlation between the number of
mutations and the frequency of glycosylation sites, which is expected, it is unlikely that
this fully accounts for the large differences in Fab glycosylation between various affinitymatured, antigen-specific antibody repertoires. Alternatively, positive selection of B cells
carrying BCRs with Fab glycans may also involve (endogenous) lectins. In this respect,
it is interesting to note that follicular lymphoma B cells may carry BCRs that are heavily
Fab glycosylated (11), and it has been suggested that lectins bind to the high mannose
glycans on these BCRs, and thereby stimulate B cells (12, 37–39). Whether this mechanism
of selection also occurs for the more common highly sialylated complex biantennary Fab
glycans is unknown.
Enhanced Fab glycosylation was found for follicular lymphoma B cells (11), but was also
associated with RA (8) and primary Sjögren’s syndrome (9). The role of Fab glycosylation
in pathogenesis has not been established. However, we confirmed the recently reported
high degree of Fab glycosylation of ACPAs, autoantibodies present in the majority of
patients with RA (32). Because ACPAs are a diagnostic and prognostic biomarker in RA,
further research on the possible association between Fab glycosylation of ACPAs and
severity of the disease may provide more mechanistic insight into the role of ACPAs in RA,
such as the role of antigens (citrullinated proteins) in provoking and/or sustaining these
responses, and might help to improve diagnosis and prognosis.
Fab glycosylation of IgG4 was found to be increased compared with that of the other IgG
subclasses, even after accounting for Fab-arm exchange. This might in part be explained by
a slightly higher mutation rate in IgG4 than in the other subclasses (40), although overall,
mutation rates and Fab glycosylation across subclasses correlate poorly, if at all (Fig. 2B
and SI Appendix, Fig. S14). IgG4 is considered a more matured response, associated with
prolonged/repeated antigen exposure and a TH2/TREG-like T-cell phenotype (41), which
might also affect clonal selection. The question arises whether the relative enrichment
of Fab glycosylation of IgG4 has consequences for the function of IgG4. IgG4 antibody
responses are associated with tolerance, as they are poor activators of effector functions
because of weak C1q/FcγR binding, and their inability to form large immune complexes
because of Fab-arm exchange (41). Interestingly, Fab glycans have also been associated
with immunomodulation of IVIg, of which the sialylated fraction is highly enriched in Fab
glycans and may contribute to the immunomodulatory effects of IVIg treatment (7, 14).
Analogously, increased Fab glycosylation of IgG4 antibodies might be another feature
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that contributes to the tolerogenic phenotype of this particular IgG subclass. A limitation
of the current study is that the glycosylation profiles of the recombinant antibodies,
although generally high in sialic acid content, may not be entirely representative of the in
vivo profiles (Materials and Methods).
The present study also indicates that next to enhancing antigen binding, Fab glycans
may also modulate the specificity of an antibody by eliminating unwanted secondary
reactivities. Indeed, in our model system of anti-idiotype antibodies with highly similar,
but not identical, binding characteristics serving as surrogate antigens, we demonstrated
substantial differential effects of Fab glycans on the binding to these surrogate antigens.
This illustrates the potential for enhancing antibody selectivity by acquiring Fab glycans
that would negatively affect off-target binding rather than enhancing on-target binding.
Indeed, a recent study suggested that Fab glycosylation may provide a mechanism to
prevent autoreactivity (15). ACPAs, RA-associated autoantibodies, were found to be highly
Fab glycosylated, possibly as a strategy of the immune system to prevent autoreactivity,
although it was also shown that Fab glycans on ACPAs did not always negatively affect
binding to citrullinated peptides (32). In addition, patients with primary Sjögren’s
syndrome, an autoimmune disease, show increased levels of Fab glycosylation, and there
is little evidence for positive (auto)antigen selection (9). It remains to be investigated how
antibodies with increased specificity would be selected.
In conclusion, we provide evidence that the introduction of glycans in the variable domains
is an inherent, additional layer of diversification of the antibody repertoire, dependent on
SHM and subject to selection mechanisms to optimize the antibody response.
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Materials and Methods
Blood samples were obtained on written informed consent with approval from local ethics
committees of the Academic Medical Centre, Amsterdam; Reade, Amsterdam; Leiden
University Medical Center, and Erasmus Medical Center, Rotterdam, The Netherlands, as
detailed in SI Appendix, SI Materials and Methods. B-cell repertoires were analyzed by nextgeneration sequencing. For analysis of germline variable domain sequences, datasets
of rearranged variable domain sequences, and analysis of rearranged variable domain
sequences, see SI Appendix, SI Materials and Methods. Multiple human polyclonal and
monoclonal (auto)antibodies were analyzed for levels of variable domain glycosylation.
For samples, lectin (SNA) affinity chromatography, total and specific IgG immunoassays,
monoclonal antigen-specific antibodies, and analysis of glycosylation site occupancy, see
SI Appendix, SI Materials and Methods. Effects on binding were evaluated by recombinantly
removing or introducing N-glycosylation sites. Details on antibody glycovariants, gel
electrophoresis, surface plasmon resonance measurements, and MALDI-TOF-MS N-linked
glycan analysis given in SI Appendix, SI Materials and Methods.
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Materials and Methods
Samples
Blood samples were obtained on written informed consent with approval from local
ethics committees of the Academic Medical Centre, Amsterdam; Reade, Amsterdam;
Leiden University Medical Center, and Erasmus Medical Center, Rotterdam, The
Netherlands. Serum samples from ACPA-positive patients with RA were collected at the
outpatient clinic of the rheumatology department at Leiden University Medical Center
(LUMC). All RA patients fulfilled the American College of Rheumatology 1987 revised
criteria for the classification of RA. Treatment included disease-modifying antirheumatic
drugs, biological agents, and glucocorticoids. For detailed RA patient characteristics, see
(1). Serum samples from experienced beekeepers were collected at a local beekeeper
association, and none of the subjects reported allergic reactions to (recent) stings. For
some experiments, serum samples containing anti-adalimumab, anti-infliximab, or antinatalizumab antibodies were obtained as leftovers from our diagnostics department.
These samples did not contain detectable amounts of the biological. Of these samples,
no further clinical data is available. Serum samples were stored at -20°C or -80°C until
further use.
Analysis of germline variable domain sequences
Functional human germline IGHV, IGKV, IGLV, and IGHJ sequences and mouse germline
IGHV and IGKV sequences were obtained from the international ImMunoGeneTics (IMGT)
database (http://www.imgt.org/) and analyzed for progenitor glycosylation sites. Any
triplet of codons that did not correspond to a germline glycosylation site was screened
for the possibility of becoming a triplet coding for a glycosylation site upon mutating
a single nucleotide anywhere within the triplet of codons. For example, in human
IGHV1-18, codons 20-22 are ‘aag gtc tcc’ (coding for KVS). If the first codon is mutated
into ‘aac’ or ‘aat’, the resulting amino acid sequence will become NVS, which qualifies
as a glycosylation motif. Resulting sites are numbered as the amino acid position of the
asparagine according to the IMGT numbering. Three VH alleles (IGHV1-8, IGHV4-34, IGHV510-1) contain N-glycosylation sites (IMGT). The site in the more frequently used IGHV4-34
allele usually remains unoccupied (2); for the other sites such information is not available,
but those alleles are infrequently used. Similarly, for the mouse germline repertoire,
four VH alleles that were found in rearranged sequences (IGHV4-1*02, IGHV4-2*02 (rare),
IGHV1S29, IGHV2-2*02) contain N-glycosylation sites (IMGT). These sites were therefore
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separately accounted for in the analyses. The human polymorphic variants IGHV3-13*02
and IGHV3-33*02 also contain a germline site, but we did not find these variants in any
of the datasets and were therefore not taken into account. Furthermore, one human Vκ
allele (IGKV5-2) and three human Vλ alleles (IGLV3-12, IGLV3-22, and IGLV5-37) also contain
germline glycosylation sites, as do mouse Vκ alleles IGKV5-48, IGKV20-101-2, and IGKV824.
Datasets of rearranged variable domain sequences
Several sets of variable domain sequences were evaluated for the presence of glycosylation
sites. The first dataset consists of human variable domain nucleotide sequences from a
variety of IgG molecules in the IMGT database. These sequences were downloaded from
the Abysis website (http://www.abysis.org/, 5 May 2014) and after evaluation using
IMGT/HighV-QUEST, unique, productive sequences were selected for further analysis.
The second dataset was obtained from next-generation sequencing of human variable
domain transcripts of IgG/IgA class-switched B cells (European Nucleotide Archive,
project number PRJEB15348) (3). Peripheral blood mononuclear cells were isolated
from seven healthy donors, cDNA was synthesized, and immunoglobulin genes were
PCR-amplified using forward VH1-VH6 FR1 (BIOMED-2) (4) and either the CγCH1 (5) or the
IGHA reverse primer (6), and sequenced on the 454 GS Junior Sequencer as previously
described (7). Sequences were evaluated using IMGT/HighV-QUEST to determine the
IGHV, IGHD, and IGHJ gene usage, amino acid sequence, and mutation analysis. Only
unique, productive reads were used for subsequent analyses. Variable domain nucleotide
sequences of PBMCs of three patients with systemic lupus erythematosus were obtained
from the Sequence Read Archive (project number SRP057017) (8), reads with average
Q > 30 were processed with PANDAseq (9), and a randomly selected subset of IgG reads
was carried forward for analysis and similarly evaluated using IMGT/HighV-QUEST. Mouse
variable domain nucleotide sequences of IgG-switched B cells from three mice isolated at
multiple time points were downloaded from the Sequence Read Archive (project number
SRP055087) (10) and similarly evaluated using IMGT/HighV-QUEST. Mutation frequencies
were calculated as the sum of mutations in CDR1, FR2, CDR2, FR3, and CDR3. FR1 was
excluded from the analysis because the forward primers that were used result in only
partial coverage of FR1. The mutation rates are therefore approximate and a slight
underestimation of the true mutation rates. Human variable domain IgG4 transcripts
were downloaded from the figshare repository (DOI: 10.6084/m9.figshare.907133) (11).
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Analysis of rearranged variable domain sequences
Glycosylation sites were identified by pattern matching as a codon for asparagine followed
by any codon except proline, followed by serine or threonine (see N-glycan sequon
analysis). Glycosylation sites in germline sequences were excluded (human: IGHV1-8,
position 81, IGHV4-34, position 57, and IGHV5-10-1, position 66; mouse: IGHV4-1, position
66, IGHV1S29, position 82, IGHV2-2, position 97). All glycosylation sites that were found
within the IGHV gene or the IGHJ gene (for human sequences) were checked against the
progenitor glycosylation sites that were identified in the respective germline IGHV or IGHJ
gene (see above). If the position of the site was listed as a progenitor site for the IGHV or
IGHJ germline gene, the site was counted as a match. The frequencies of matched sites
within the IGHV gene were 0.79 and 0.86 for the human datasets, respectively, and 0.79
for the mouse dataset.
Lectin (SNA) affinity chromatography
Human serum samples and RheDQuin (pooled serum IgG of RhD-immunized donors,
Sanquin) were dialyzed against Tris-buffered saline (TBS, 10 mM Tris, 140 mM NaCl, pH
7.4) containing 0.1 mM CaCl2 (TBS-Ca). A Tricorn column (GE Healthcare) containing 2 mL
of Sambucus nigra agglutinin (SNA) agarose (Vector Laboratories) was equilibrated with
5-10 column volumes of TBS-Ca at 1 mL/min using an ÄKTAprime plus chromatography
system (GE Healthcare). The dialyzed samples were diluted eight times in TBS-Ca and
applied to the column at 0.2 mL/min. After washing away unbound proteins with 5
column volumes of TBS-Ca at 0.2-0.5 mL/min, bound proteins containing sialic acid
were eluted with 0.5 M lactose in 0.2 M acetic acid at 0.8 mL/min (7.5 column volumes).
Between samples, the column was washed with 10 column volumes of TBS-Ca. The sialic
acid containing fractions were immediately dialyzed against PBS overnight at 4°C and all
samples were stored at 4°C. The final IgG concentration was typically 30 µg/mL for the
sialic acid-depleted fraction and 2.5 µg/mL for the sialic acid-enriched fraction and the
recovery was about 90-100% (Fig. S11). The percentage of Fab glycosylated antibodies
was calculated by dividing the amount of IgG in the SNA-enriched fraction by the amount
of IgG in the SNA-depleted and SNA-enriched fractions. Using this method, we found 1012% Fab glycosylation for IVIg, which is consistent with previously described percentages
obtained by using the same (12–14) or other methods (15).
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IgG ELISA
Human IgG was quantified using an enzyme-linked immunosorbent assay (ELISA).
Microtiter plates (MaxiSorp, Nunc, Roskilde, Denmark) were coated overnight with 100
µL/well monoclonal mouse anti-human IgG (MH16-1, Sanquin Reagents, Amsterdam,
The Netherlands) diluted to 2 µg/mL in PBS. After washing five times with PBS containing
0.02% Tween 20 (PBS-T), samples, serially diluted in high performance ELISA (HPE) buffer
(Sanquin, Amsterdam, The Netherlands) were incubated for 1 hour at room temperature.
Plates were washed five times and incubated for 1 hour at room temperature with 100
µL/well MH16-1 horseradish peroxidase (HRP) (MH16-1 HRP, Sanquin Reagents) diluted
to 1 µg/mL in HPE buffer. Plates were washed five times and developed with 100 µL/well
tetramethylbenzidine (TMB) substrate solution (Interchim, Montluçon Cedex, France)
diluted twofold in water. The reaction was stopped with 100 µL/well 2 M H2SO4, absorbance
measured at 450 and 540 nm using a BioTek plate reader and IgG concentrations were
calculated relative to a titration curve of pooled serum.
IgG subclass ELISAs
Human IgG subclass ELISAs were carried out analogously to the IgG ELISA. Microtiter
plates were coated overnight with monoclonal mouse anti-human IgG1 (MH161-1), IgG2
(MH162-1), IgG3 (MH163-1), or IgG4 (MH164-4, Sanquin Reagents) diluted to 2 µg/mL
(IgG1, IgG2, IgG3) or 3.3 µg/mL (IgG4) in PBS. After washing, serially diluted samples were
incubated followed by detection using 100 µL/well HRP-conjugated polyclonal rabbit
anti-human IgG (RbxHu IgG HRP, Life Technologies, USA) diluted 1:20.000 in HPE buffer
containing 1% normal mouse serum. The plates were developed and concentrations
determined as described above.
Analysis of antigen-specific antibodies
To measure antigen-specific antibodies against TT, PLA2, adalimumab, infliximab, and
natalizumab, antigen binding tests (ABTs) were performed as described before (16, 17).
Samples were diluted and antibodies were captured using protein A (for anti-PLA2, antiadalimumab, anti-infliximab, anti-natalizumab) or protein G (for anti-TT) Sepharose.
Antigen-specific antibodies were detected using

I labelled TT, PLA2, adalimumab
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F(ab’)2, or infliximab F(ab’)2, or biotin labelled natalizumab F(ab’)2 in combination
with 125I labelled streptavidin. Antigen-specific antibody concentrations were calculated
relative to a titration curve of a reference serum and expressed in arbitrary units (AU).
To measure IgG4 antibodies against PLA2, adalimumab, or infliximab, Sepharose bound
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monoclonal mouse anti-human IgG4 (MH164-1, Sanquin Reagents) was used instead of
protein A Sepharose. ACPA levels were determined by second generation CCP (CCP2)
automated ELISA (EliA system, Thermo Scientific), as described before (18). Anti-hinge
antibodies were measured by ELISA (19). Briefly, microtiter plates were coated with
biotinylated HSA, and opsonized with anti-biotin IgG1 F(ab’)2. After incubation of test
samples, bound IgG was detected using monoclonal mouse anti-human IgG HRP (MH161, Sanquin Reagents). Anti-hinge antibody concentrations were calculated relative to
a titration curve of a reference serum and expressed in arbitrary units (AU). Anti-RhD
antibody levels were determined by agglutination, as described before (20).
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Correction IgG4 half-molecule exchange
IgG4 molecules are produced as symmetrical, bivalent molecules just like any antibody,
thus carrying zero or two Fab glycans (or infrequently four glycans – two on each Fab arm).
However, after secretion, IgG4 molecules can exchange half-molecules. This will result in
a fraction of IgG4 molecules carrying a single Fab glycan on one of the two Fab arms, while
the other Fab arm is unoccupied. By separating IgG by lectin affinity chromatography,
both IgG4 antibodies carrying one or two Fab glycans will end up in the bound fraction.
By making a few assumptions, we can calculate the fraction of IgG4 antibodies with Fab
glycans as secreted, thus in case no Fab-arm exchange would have taken place (21).
First, we consider the case of IgG4 half-molecules A carrying glycans, and B not, with molar
fractions a and b; a + b = 1; the sum of all dimers is S, with S = (A+B)/2. Before equilibrium,
there are a∙S dimers of AA and b∙S dimers of BB. At equilibrium, after exchange, we have
a∙a∙S dimers of AA, b∙b∙S dimers of BB, and 2∙a∙b∙S dimers of AB. The fraction of antibody
molecules carrying at least one glycan at equilibrium will be X = a∙a + 2∙a∙b. The fraction
of antibodies with glycans before exchange equals a. Thus, solving for a, we obtain a =
1 - √(1-X).
Next, we consider the case of a specific antibody response, of which a fraction F4 will
be specific IgG4 antibodies. Of these antibodies, a fraction will carry Fab glycans. The
IgG4 antibodies, both with and without glycans, will have exchanged with bulk IgG4, of
which part will also carry Fab glycans. To proceed, we make the assumption that specific
IgG4 << bulk IgG4, so that all specific IgG4 will have exchanged with bulk IgG4 and no
bivalent specific IgG4 remains. Furthermore, the remaining fraction of specific antibodies
will be denoted as F1, assuming that these are mostly IgG1 antibodies, with F1 = 1 – F4.
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Also, we assume equal proportions of Fab glycosylation for secreted specific IgG1 and
IgG4 antibodies (i.e., gs0 = gs1= gs40, where g stands for the fraction of Fab glycans of a
given antibody fraction, the subscripts s, s1, and s4 represent specific IgG, IgG1, and IgG4,
respectively, and the superscript 0 denotes the situation before Fab-arm exchange). The
total fraction of specific antibodies that contains at least one Fab glycan (after Fab-arm
exchange, indicated with the superscript “eq”) will be
gseq = (1 – F4) ∙ gs0 + F4 ∙ (gb40 + (1 – gb40) ∙ gs0) ,
where the subscript b4 denotes bulk IgG4. The latter expression follows from the
assumption that all specific IgG4 half-molecules have associated with a bulk IgG4 halfmolecule, of which a fraction is glycosylated (gb40, these molecules all carry at least one
glycan), and the remaining fraction (1 – gb40) carries a glycan in proportion to the degree
of glycosylation of the specific IgG4 half-molecules, which equals gs0. The quantity gseq
is available from experiment. Furthermore, gb40 can be obtained as explained above
(calculated as 1 - √(1-gb4eq)). Finally, in order to calculate gs0, the expression can be
rearranged to
gs0 = (gseq - F4 ∙ gb40) / (1- F4 ∙ gb40) ,
which holds as long as gseq > F4 ∙ gb40.
Monoclonal antigen-specific antibodies
Monoclonal patient-derived antibodies against adalimumab, infliximab, or RhD were
obtained as described previously (22–24). Briefly, single antigen-specific memory B cells
were isolated from patients producing antibodies against adalimumab or infliximab
or from hyperimmunized anti-D donors and cultured and screened for specificity
for adalimumab, infliximab, or RhD, respectively. Variable domains were sequenced
and recombinant anti-adalimumab and anti-infliximab monoclonal antibodies were
expressed in HEK293F cells. Variable domain sequences were analyzed for the presence
of Fab glycosylation sites.
Analysis of glycosylation site occupancy
To analyze whether Fab glycosylation sites were occupied by glycans, lectin ELISAs were
performed. Microtiter plates were coated with 100 µL/well samples diluted to 2 µg/mL in
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PBS. After overnight incubation at room temperature, plates were washed five times with
PBS-T, and incubated for 2 hours at room temperature with biotinylated lectin (wheat
germ agglutinin [WGA, Vector Laboratories], Ricinus communis agglutinin [RCA, Vector
Laboratories], or SNA), diluted 1:10.000, 1:10.000, and 1:4.000, respectively, in PBS-T.
Plates were washed five times and incubated for 1 hour at room temperature with 100
µL/well streptavidin labelled with horseradish peroxidase (HRP) diluted 1:1.000 in PBS-T.
Alternatively, to check for binding of IgG to the plates, incubation with 100 µL/well of 1 µg/
mL MH16-1 HRP in PBS-T was carried out. Plates were washed five times and developed
with 100 µL/well TMB, diluted twofold in water. The reaction was stopped with 100 µL/well
2 M H2SO4. The absorbance was measured at 450 and 540 nm using a BioTek microtiter
plate reader. We confirmed the reliability of our SNA lectin ELISA by comparing results
from the ELISA and mass spectrometry for two differentially sialylated batches of an antiinfliximab clone carrying a single glycosylation site on the light chain. The heavy and
light chain were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE), and the N-linked glycans were subsequently released and analyzed by
matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS), as described
previously (25). The MS analysis of the Fab light chain-derived N-linked glycans showed a
similar degree of sialylation as the SNA lectin ELISA (Fig. S12).
Antibody glycovariants
The nucleotide sequence of adalimumab was analyzed for progenitor glycosylation sites.
Glycovariants with such glycosylation sites effectuated were designed and constructs
coding for the respective variable domains were ordered (Integrated DNA Technologies),
four with a glycosylation site in the variable domain of the heavy chain and four with
a glycosylation site in the variable domain of the light chain (Fig. S13). The asparagine
residues to which glycans can be attached are located in CDR1 (NL37), CDR2 (NH59), FR3
(NH77, NH82, NH84, NL79, NL86), and CDR3 (NL108). In addition, constructs coding for antiadalimumab and anti-infliximab antibodies with naturally occurring glycosylation sites
removed (mutated back to germline) were ordered. Two of the three anti-adalimumab
antibodies contained a glycosylation site in the heavy chain and one of the three
contained a glycosylation site in the light chain. Two glycosylation sites are located in
FR3, whereas the third is located at the border of CDR2. Three of the four anti-infliximab
antibodies contained a glycosylation site in the heavy chain and one of the four contained
a glycosylation site in the light chain. One glycosylation site is located in CDR1, one in FR3,
one at the border of CDR2, and the fourth is located in CDR3.
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Ordered VH and VL sequences in pANY vectors were transformed into DH5α competent
cells to amplify DNA. DNA was extracted according to manufacturer’s instructions
(NucleoSpin Plasmid EasyPure) and digested out of the pANY vector and ligated/cloned
into the pcDNA3.1 expression vector together with the constant domains of the human
IgG1 (CH) and kappa (CL) genes. Next, these sequences were transformed into DH5α
competent cells to amplify DNA and DNA was extracted according to manufacturer’s
instructions (NucleoSpin Plasmid EasyPure). Antibodies were expressed by transient
cotransfection of heavy and light chain containing vectors into HEK293F cells with either
fectin or PEI and Opti-MEM, using the FreeStyle HEK293F expression system according to
the instructions supplied by the manufacturer (22). To block N-linked glycosylation, 10
µg/mL tunicamycin was added 4 hours after transfection. Cells were incubated for five
days at 37°C in humidified 8% CO2 on a shaker at 125 rpm.
Antibodies were purified from culture supernatants at day 5 after transfection using either
protein A or protein G Sepharose. Culture supernatants were centrifuged, filtered (0.2 µm),
and purified using a HiTrap protein A/G column (GE Healthcare) equilibrated with PBS.
IgG was eluted with 0.1 M glycine pH 3. The fractions were immediately neutralized using
2 M Tris pH 9 and then dialyzed against PBS overnight at 4°C and all samples were stored
at 4°C. The yield varied from 200 µg-4 mg. The presence of glycans was confirmed using
lectin ELISAs and gel electrophoresis as indicated below. In several cases glycosylation
profiles were also analyzed by mass spectrometry, which demonstrated a predominance
for biantennary structures with low amounts of tri- and tetra-antennary structures. The
SNA lectin ELISA method for assessing the presence of sialic acid was also compared with
mass spectrometry data, which confirmed the validity of the ELISA method (Fig. S12).
The glycosylation patterns were found to differ somewhat between different batches of
product, which may translate into variation in the effect on antigen binding. Indeed, the
amount of sialic acid was found to influence the degree of enhancement of binding for
anti-adalimumab 1.3, as described in the RESULTS section and Figure S10.
Gel electrophoresis
Adalimumab glycovariants and anti-adalimumab clones and mutants were analyzed by
SDS-PAGE by loading 5 µg IgG on precast 4-12% Bis-Tris gels (NuPAGE), visualized with
Coomassie Blue. To examine heavy and light chains separately, samples were reduced
with DTT.
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Analysis of antigen binding
TNFα inhibition ELISA
To measure binding of the adalimumab glycovariants to TNFα, a TNFα inhibition ELISA
was performed. Microtiter plates were coated with 100 µL/well monoclonal mouse antihuman TNFα (clone 7, Sanquin Reagents) diluted to 2 µg/mL in PBS. After overnight
incubation at room temperature, plates were washed five times with PBS-T. TNFα (Active
Bioscience) was diluted to 10 ng/mL in HPE and incubated (100 µL/well) for 1 hour at room
temperature. Plates were washed, followed by addition of the adalimumab glycovariants
(2.5 ng/mL-5 µg/mL) in HPE buffer. Humira (adalimumab, anti-TNFα, AbbVie) was used
as a positive control and Mabthera (rituximab, anti-CD20, Roche) was used as a negative
control. After 1 hour incubation, 10 µL/well biotinylated adalimumab diluted to 50 ng/
mL in HPE buffer was added without washing plates (final concentration 5 ng/mL). After
another hour of incubation, plates were washed five times and incubated with 100 µL/
well streptavidin labelled with poly-HRP diluted 1:10.000 in HPE buffer. After 20 minutes
incubation at room temperature, plates were washed five times and developed with TMB
as described above.
Adalimumab-anti-adalimumab ELISA
To measure binding of the anti-adalimumab clones to the adalimumab glycovariants, an
adalimumab-anti-adalimumab ELISA was performed. Microtiter plates were coated with
100 µL/well adalimumab diluted to 1 µg/mL in PBS. After overnight incubation at room
temperature, plates were washed five times with PBS-T. The anti-adalimumab clones were
diluted to a concentration between 5 and 80 ng/mL in HPE. Coated plates were incubated
with 100 µL/well diluted anti-adalimumab clones for 1 hour at room temperature. The
adalimumab glycovariants were diluted to 2 ng/mL-2 µg/mL (final concentration 1 ng/
mL-1 µg/mL) in HPE buffer and mixed with biotinylated adalimumab diluted to 100 ng/mL
(final concentration 50 ng/mL) in HPE buffer. 100 µL/well of this mix was added to washed
plates. After 1 hour incubation, plates were washed five times and incubated with 100 µL/
well streptavidin labelled with poly-HRP diluted 1:10.000 in HPE buffer. After 20 minutes
incubation at room temperature, plates were washed five times and developed with TMB
as described above.
Surface plasmon resonance measurements
To measure binding of the adalimumab glycovariants to TNFα and of the anti-adalimumab
and anti-infliximab clones and mutants to adalimumab and infliximab, surface plasmon
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resonance measurements were performed using a Biacore T200 instrument (GE
Healthcare) at 25°C. Monoclonal mouse anti-human IgG (MH16-1, Sanquin Reagents) was
immobilized at a concentration of 5 µg/mL in 10 mM sodium acetate, pH 5.0, on a CM5
sensor chip using N-hydroxysuccinimide/1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (NHS/EDC) at a flow rate of 10 µL/min. The adalimumab glycovariants and
anti-adalimumab and anti-infliximab clones and mutants were dissolved at 5 µg/mL in
PBS, pH 7.4, containing 0.05% Tween 20 (PBS-T), and passed over the chip at 15 µL/min
yielding ca. 100-300 response units (RU) of bound antibody. Subsequently, binding of TNFα
(1 µg/mL) and adalimumab and infliximab Fab (0.5-1.5 µg/mL) dissolved in PBS-T was
measured at a flow rate of 15 µL/min. After each run, immobilized ligand was regenerated
by removing bound analyte with 5 µL of 0.1 M phosphoric acid. Sensorgrams obtained in
the reference channel without bound adalimumab or anti-adalimumab or anti-infliximab
were subtracted from those in the other cells. Association and dissociation kinetics were
fitted using the models provided with the Biacore analysis software.
MALDI-TOF-MS N-linked glycan analysis
Fifteen µg of anti-infliximab clone 1.4 (which carried a single N-glycosylation site on
the light chain) was reduced using 2-beta-mercaptoethanol (Sigma-Aldrich, St. Louis,
MO) at 95°C, run on a precast SDS-PAGE gel (4-12% Bis-Tris, NuPAGE) and stained with
Coomassie Blue (SimplyBlue SafeStain, Invitrogen). The heavy and light chains were
excised separately, cut into pieces and transferred to eppendorfs. The samples were
then washed by incubation in 25 mM sodium bicarbonate (Sigma-Aldrich) and dried in
acetonitrile (Biosolve, Valkenswaard, The Netherlands), followed by a further reduction
with 10 mM DTT (Sigma-Aldrich), another round of washing and drying, and alkylation
with 55 mM iodoacetamide (Sigma-Aldrich). After two more rounds of washing and
drying, the N-linked glycans were released overnight at 37°C with 1.75 µL (1.75 U) peptideN-glycosidase F (PNGase F; Roche Diagnostics, Mannheim, Germany).
The N-linked glycans were then analyzed as described by Reiding et al. (25). Ethyl
esterification was done to prevent the loss of sialic acids during mass spectrometric
analysis. The N-linked glycans were enriched by cotton hydrophilic interaction liquid
chromatography (HILIC) solid phase extraction (SPE). The samples were spotted on
a MALDI target plate 800/384 MTP AnchorChip (Bruker Daltonics, Bremen, Germany)
with 1 mg/mL super-DHB (9:1 mixture of 2,5-dihydroxybenzoic acid and 2-hydroxy-5methoxybenzoic acid, Sigma-Aldrich) in a 50% acetonitrile solution containing 1 mM
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sodiumhydroxide and analyzed by matrix-assisted laser desorption/ionization (MALDI)
time-of-flight (TOF) mass spectrometry (MS) on an UltraFlextreme (Bruker Daltonics) in
reflector positive mode. The resulting spectra were analyzed with the in-house developed
software MassyTools (26) to generate a glycosylation profile, from which the degree of
sialylation (i.e., the number of sialic acids per glycan) was calculated.
LC-MS analysis
Three µg of protein (adalimumab variants before and after SNA affinity chromatography)
was denatured in 200 µL 100 mM formic acid (Fluka, Steinheim, Germany), and
subsequently dried in a vacuum centrifuge. The samples were resuspended in 30 µL 30
mM ammonium bicarbonate (Sigma-Aldrich, St. Louis, MO) containing 12.5% acetonitrile
(Biosolve, Valkenswaard, The Netherlands). Reduction was performed by the addition of
DL-dithiothreitol (DTT, Sigma-Aldrich) to a concentration of 5 mM and incubation at 60°C
for 30 minutes, followed by alkylation in 15 mM iodoacetamide (Sigma-Aldrich) at room
temperature in the dark for 30 minutes. The iodoacetamide was inactivated by incubation
in the light for 15 minutes and a second addition of DTT to a total concentration of 10
mM. Proteolytic digestion was performed in a total volume of 50 µL 25 mM ammonium
bicarbonate overnight at 37°C, with either 200 ng trypsin (sequencing grade modified
trypsin, Promega, Madison, WI) or 200 ng chymotrypsin (sequencing grade from bovine
pancreas, Roche Applied Sciences, Penzberg, Germany).
An amount of 200 nL of digested sample was analyzed by nano liquid chromatography (LC)
– electrospray (ESI) – quadrupole time-of-flight (QTOF) – tandem mass spectrometry (MS/
MS) on an Ultimate 3000 RSLCnano system (Thermo Scientific, Breda, The Netherlands)
coupled to a Maxis HD (Bruker Daltonics, Bremen, Germany). Details of the setup are
described in (27). Spectra were collected at a frequency of 0.4 Hz within an m/z range of
100-2800 in both MS1 and MS2.
The immunoglobulin Fab glycopeptides were manually characterized in the LC-MS data:
the glycan structure was derived from fragmentation spectra, and the peptide sequence
was deduced by matching the observed peptide masses to the expected peptide masses.
LacyTools software (version 1.0.1, build 8) (28) was then used for automated relative
quantification of the glycopeptides. A manually compiled list of glycopeptides together
with their observed charge states and retention times was used as input, and the settings
were as follows: mass window = 0.04 Th; min_total (minimum % of signal intensity covered
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by the integrated isotopic peaks) = 0.85. The resulting relative glycopeptide abundances
were further subjected to several quality control criteria: peaks were excluded if the
signal-to-noise was below 9, the mass accuracy deviated by more than 20 ppm or the
IPQ (a measure of theoretical isotopic pattern fit) was above 0.25. If these quality criteria
caused more than 30% of signals belonging to one type of glycopeptide in one sample
to be excluded, that data was excluded entirely. The glycopeptides (after summation of
isotopic peaks and charge states) were then normalized on the total signal intensity of all
(glyco)peptides sharing the same peptide sequence, resulting in percentage data. Finally,
these relative abundances of glycopeptides were used to calculate derived glycosylation
features using the following formulae:
Fucosylation = number of fucoses per N-glycan = 1*(sum of N-glycans with 1 fucose) +
2*(sum of N-glycans with 2 fucoses) + 3*(sum of N-glycans with 3 fucoses)
Bisection = % of bisected N-glycans = (sum of bisected N-glycans)*100
Galactosylation = number of galactoses per N-glycan = 1*(sum of N-glycans with 1
galactose) + 2*(sum of N-glycans with 2 galactoses) + 3*(sum of N-glycans with 3
galactoses) + 4*(sum of N-glycans with 4 galactoses)
Sialylation = number of N-acetylneuraminic acids (sialic acids) per N-glycan = 1*(sum of
N-glycans with 1 sialic acid) + 2*(sum of N-glycans with 2 sialic acids) + 3*(sum of N-glycans
with 3 sialic acids) + 4*(sum of N-glycans with 4 sialic acids)
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Figure S1. Glycosylation sites are clustered around the top loops of the variable domains but not around
those of the constant domains. (A) Heat map of positions where progenitor glycosylation sites are located
within human germline CH, Cκ, and Cλ sequences (see Figure 1 B and C for details). (B) The frequency (F) of
progenitor glycosylation sites in the top loops (L) divided by that in the framework regions (FR) for human
germline VH (H), Vκ (K), Vλ (L), and constant domain (C) sequences. For variable domains, but not constant
domains, the frequency ratios were significantly higher than 1 (median 4.1, P < 0.001, 3.6, P < 0.001, 3.3,
P < 0.001, and 0.9, P = 0.3, respectively; Wilcoxon signed rank test), and the ratios for variable domains
were significantly higher compared to constant domains (one-way ANOVA, ** P < 0.01, *** P < 0.001 as
indicated in panel). The percentage of sequences with N-glycosylation sites at different positions within
human rearranged VH sequences from (C) IgG and (D) IgA switched memory B cells from 7 healthy donors.
The percentage of sequences with one or more sites was 7.9 (SD 2.8)% and 9.5 (SD 3.1)% for IgG and IgA,
respectively, which was not significantly different (t-test). Dark green bars represent sites that match
predicted progenitor sites. Split from pooled data from Figure 1E. (E) The frequency (F) of the 10 most
abundant N-glycosylation sites for the 7 individual donors.
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Figure S2. The distribution of glycosylation sites is similar between mice and humans. (A,B) Heat map
of positions where progenitor glycosylation sites are located within mouse germline (A) VH, Vκ, (B) CH, and
Cκ sequences (see Figure 1 B and C for details). Cλ was omitted due to the low number of germline alleles
and much lower (~10%) usage of Cλ alleles in mice. (C) The frequency (F) of progenitor glycosylation sites
in the top loops (L) divided by that in the framework regions (FR) for mouse germline VH (H), Vκ (K), and
constant domain (C) sequences. For variable domains, but not constant domains, the frequency ratios
were significantly higher than 1 (median 1.7, P < 0.001, 2.4, P < 0.001, and 1.3, P = 0.1, respectively; Wilcoxon
signed rank test), and the ratios for variable domains were significantly higher compared to constant
domains (one-way ANOVA, * P < 0.05, ** P < 0.01 as indicated in panel). (D) The number of N-glycosylation
sites at different positions within mouse rearranged VH sequences from mouse IgG B cells (6 mice). Dark
green bars represent sites that match predicted progenitor sites.
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Figure S3. In SLE patients, as in healthy individuals, Fab glycosylation sites are predominantly introduced at
predicted progenitor sites. Observations in Figure 1 D and E were extended to SLE patients, a disease setting
with impaired control over autoreactive B cells and altered selection pressure for somatic hypermutation.
Number of N-glycosylation sites at different positions within human rearranged VH sequences from IgG
transcripts from the Sequence Read Archive (project number SRP057017). Dark green bars represent sites
that match predicted progenitor sites. Bars below the X axis represent germline glycosylation sites, dark
shades represent those sites that are not removed by mutations.
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Figure S4. Introducing glycosylation sites requires somatic hypermutation. The number (N) of sequences
without or with one or two glycosylation sites and the N of replacement mutations within human rearranged
VH sequences from (A) the IMGT database (4026 sequences) and (B) switched memory B cells from 7 healthy
donors (37077 sequences). A total of 410 sites in 387 sequences for the IMGT database and 3344 sites in 3073
sequences for the switched memory B cells was found. (C) The number (N) of sequences without or with
one or two glycosylation sites and the N of replacement mutations within mouse rearranged VH sequences
from IgG B cells from 9 mice (236503 sequences). A total of 10635 sites in 10384 sequences was found.
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Figure S5. Composition of N-glycosylation motifs in human memory B cell variable heavy domain
sequences. (A) Overview of most frequent sequons. (B) Frequency of amino acids at middle (X), leading
(AA-1), and trailing (AA+1) positions. (C) Frequency of amino acids at middle position (X) for sites in the
CDR3 and in the IGHV region.
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Figure S6. SNA does not bind Fc glycans and does not enrich for Fc sialylation. IVIg and IVIg Fc (obtained by
papain treatment) were captured by neuraminidase-treated (desialylated) anti-IgG (MH16-1) and detected
by (A) anti-IgG or (B) SNA. Shown are means of 2 replicates with SEM. (C) Comparison of Fc sialylation,
galactosylation, bisection, and fucosylation measured using mass spectrometry (MS). Adalimumab NH77,
NL79, and NH77NL79 (carrying Fab glycans in addition to Fc glycans) were enriched using SNA affinity
chromatography and analyzed by MS.
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Figure S7. Fab glycosylation of specific IgG4 is increased compared to that of total IgG4 for anti-adalimumab
and anti-infliximab. The percentage of Fab glycosylated antibodies (Abs) for total IgG, total IgG4, and (A)
anti-PLA2 IgG4 (n = 10, part of the data is presented in Figure 2D), (B) anti-adalimumab IgG4 (n = 11, part of
the data is presented in Figure 2E), or (C) anti-infliximab IgG4 (n = 9, part of the data is presented in Figure
2F). Bars indicate medians. One-way ANOVA, *** P < 0.001, **** P < 0.0001.

Figure S8. Different levels of Fab glycosylation on antigen-specific IgG antibodies. The percentage of
Fab glycosylated antibodies (Abs) corrected for IgG4 half molecule exchange for anti-tetanus toxoid (TT),
total IgG4, and (A) anti-PLA2 (n = 10), (B) anti-adalimumab (n = 11), and (C) anti-infliximab (n = 9). Sera
were fractionated as described in Figure 2A and anti-TT, specific IgGs, and total IgG4 were measured by
performing ELISAs or RIAs. Symbols represent means of at least 4 replicates. Bars indicate medians. Oneway ANOVA, ** P < 0.01, *** P < 0.001, **** P < 0.0001.
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Figure S9. Antigen binding can be modulated by Fab glycans. (A) Gel electrophoresis and lectin ELISA
data for the seven adalimumab glycovariants expressed in the absence or presence of tunicamycin (tm)
(NH59, NH77, NH82, NH84, and NL86) or before and after SNA affinity chromatography (NL37 and NL79). WGA
recognizes N-acetylglucosamine, RCA recognizes galactose, and SNA recognizes sialic acid. Shown are
representative data of 2 replicates. (B) Binding of adalimumab glycovariants NH77, NH84, and NL79 to the
anti-adalimumab clones was determined as described in Figure 3. Shown are means of at least 4 replicates
with SEM. Paired t-test, * P < 0.05.
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Figure S10. Sialylation of Fab glycans contributes to their effect on antigen binding. (A) Lectin ELISA
data for two batches (SA high and SA low) of anti-adalimumab clone 1.3 and this clone expressed in the
presence of tunicamycin (tm). RCA recognizes galactose and SNA recognizes sialic acid. Shown are means
of 2 replicates. (B) Using surface plasmon resonance, adalimumab binding affinity of the anti-adalimumab
batches was determined. Shown are means of 2 replicates with SEM. One-way ANOVA, * P < 0.05.

Figure S11. Recovery. Examples of results obtained by SNA affinity chromatography and (A) IgG ELISAs or
(B) tetanus toxoid specific RIAs are represented (n = 18). The recovery was about 90-100%.

Figure S12. Comparison of Fab sialylation measured using either SNA lectin ELISA or mass spectrometry
(MS) data. Transfection A of anti-infliximab clone 1.4, which carries a single N-linked glycan on the light
chain, has high levels of sialic acid while transfection B has low levels. Lectin ELISA data (A) and MALDI-TOFMS data of ethyl esterified PNGase-F-released N-linked glycans originating from the light chain isolated by
SDS-PAGE (B) show similar results.
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Figure S13. Progenitor N-glycosylation sites in the variable domain sequences of adalimumab. (A,B)
Progenitor glycosylation sites in the (A) VH and (B) VL of adalimumab. The amino acid sequences of the
wild-type adalimumab (ADA) are represented as well as the amino acid sequences of the glycovariants.
Position 85, 92 and 125 in the VH and position 10, 12 and 83 in the VL are not progenitor glycosylation sites
based on the nucleotide sequence.
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Figure S14. Fab glycosylation sites and replacement mutation rates for IgG subclasses (data from (11)). (A)
The frequency (%) of variable domain heavy chain sequences containing glycosylation sites per subclass
in circulating B cells of healthy individuals. Bars indicate means with SD. Two-proportion z-test, * P < 0.05,
*** P < 0.0001. (B) The number of replacement (R) mutations within the sequences described in (A) per
subclass. Bars indicate means with SD. One-way ANOVA, * P < 0.05, ** P < 0.01, *** P < 0.0001.

Table S1. Overview of the adalimumab glycovariants.

Table S1. Overview of the adalimumab glycovariants.
Adalimumab
Glycovariant

Mutation

Allele

Region

Progenitor
glycosylation
site

Occupied

N H59

G63S

IGHV3-9*01

CDR2

Yes

Yes

N H77

T77N

IGHV3-9*01

FR3 (DE)

Yes

Yes

N H82

K84T

IGHV3-9*01

FR3 (DE)

Yes

Yes

N H84

K84N

IGHV3-9*01

FR3 (DE)

Yes

Yes

N L 37

L39S

IGKV1-27*01

CDR1

Yes

Yes

N L 79

S79N

IGKV1-27*01

FR3 (DE)

Yes

Yes

N L 86

D86N

IGKV1-27*01

FR3 (DE)

Yes

Yes

N L 108

A114T

IGKV1-27*01

CDR3

Yes

No

H = heavy chain, L = light chain, CDR = complementarity determining region, FR = framework region
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Table S2. Overview of the anti-adalimumab and anti-infliximab clones and mutants.

Table S2. Overview of the anti-adalimumab and anti-infliximab clones and mutants.
Mutant

Allele

Region

Progenitor
glycosylation
site

Occupied

1.3 N H66

T68A

IGHV1-18*01

FR3*

Yes

Yes

2.2 N L 79

N79S

IGKV1-33*01

FR3 (DE)

Yes

Yes

2.6 N H77

N77T

IGHV4-39*07

FR3 (DE)

Yes

Yes

1.3 N H29

N29T

IGHV1-18*01

CDR1

Yes

Yes

1.4 N L 110

N110S

IGLV2-23*02

CDR3

Yes

Yes

2.1 N H66

T68A

IGHV1-69*01

FR3*

Yes

Yes

2.3 N H84

N84K

IGHV3-30*01

FR3 (DE)

Yes

Yes

Clone
Antiadalimumab

Antiinfliximab

H = heavy chain, L = light chain, CDR = complementarity determining region, FR = framework region
* Very close to CDR2

Table S3. Overview of the anti-adalimumab clones containing Fab glycosylation sites.

Table S3. Overview of the anti-adalimumab clones containing Fab glycosylation sites.
Antiadalimumab
clone

Position of
site

Allele

Region

Progenitor
glycosylation
site

Occupied

1.3

66

IGHV1-18*01

FR3*

Yes

Yes

2.1

77

IGHV1-3*01

FR3 (DE)

Yes

Yes

2.2

79

IGKV1-33*01

FR3 (DE)

Yes

Yes

2.5

66

IGHV4-59*01

FR3*

Yes

ND

2.6

77

IGHV4-39*07

FR3 (DE)

Yes

Yes

2.7

90

IGHV4-34*01

FR3

Yes

Yes

2.9

35
28
77

IGHV3-48*03
IGKV1-33*01
IGKV1-33*01

CDR1
CDR1
FR3 (DE)

No
Yes
Yes

P
P
P

2.10

77
26

IGHV1-3*01
IGKV3-20*01

FR3 (DE)
FR1

Yes
Yes

P
P

H = heavy chain, L = light chain, CDR = complementarity determining region, FR = framework region
* Very close to CDR2, P = possibly (the clone is glycosylated, but it is unknown which site is occupied),
ND = not determined
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Abstract
About 15% of immunoglobulin G (IgG) molecules contain glycans linked to the antigenbinding fragments (Fab arms) in addition to the glycans linked to the crystallizable
fragment (Fc tail) of all IgGs. Fab glycosylation appears to be an important feature of
antibodies, for example by influencing antigen binding and antibody stability. The reliable
generation of antibodies that either have or lack Fab glycans would be very helpful to
study the role of Fab glycans in more detail. In this study, we set out to remove Fab glycans
by treating polyclonal and monoclonal human IgG antibodies with two commonly used
glycosidases and an improved version of one of the two (Endo F3, PNGase F, and RapidTM
PNGase F). Fc glycans can be removed using PNGase F and RapidTM PNGase F, but not
with Endo F3. For most antibody clones, Endo F3 partially cleaved off the Fab glycans.
In contrast, PNGase F left the Fab glycans of most clones unaffected, but could remove
glycans of some clones. RapidTM PNGase F showed a higher glycosidase efficacy than
PNGase F, and more clones could be deglycosylated using this enzyme. In summary,
not all Fab glycans can be cleaved off by the tested glycosidases (under non-denaturing
conditions), suggesting that Fab glycans are exposed to different degrees.
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Introduction
Immunoglobulin G (IgG), the most abundant class of immunoglobulins in the circulation,
contains glycans linked to the crystallizable fragment (Fc tail). In addition, about 15%
of IgGs contain glycans linked to the antigen-binding fragments (Fab arms). These Fab
glycans are mainly highly processed/sialylated complex biantennary glycans (1). Fab
glycans have not been studied as extensively as Fc glycans, but, like the latter, Fab
glycosylation appears to be an important feature of antibodies (2). For example, we
and others showed that Fab glycans can not only affect antibody stability (3,4), but also
influence antigen binding (5-9), which makes Fab glycosylation an additional layer of
regulation of the humoral immune system.
So far, antibodies with Fab glycans were compared with antibodies without Fab glycans
that were generated either by removing glycosylation sites through mutations or by
expressing antibodies in the presence of tunicamycin, which blocks N-linked glycosylation.
The removal of glycosylation sites through mutations not only prevents Fab glycosylation,
but also changes the primary structure of the antibody. Expression of antibodies in
the presence of tunicamycin blocks Fab glycosylation as well as Fc glycosylation, and
tremendously reduces the antibody yield. Furthermore, neither method can be used
to study effects of Fab glycosylation of serum-derived polyclonal IgG. Therefore, the
establishment of an enzymatic method to generate antibodies that lack Fab glycans is
much desired as an additional tool to study the role of Fab glycans in more detail.
In this study, we explored the efficacy of Fab glycan removal by treating antibodies with
two relevant glycosidases. Endoglycosidase F3 (Endo F3) (10-12) cleaves between the
two N-acetylglucosamine residues, generating antibodies with only one monosaccharide
(GlcNAc) attached. Peptide-N-glycosidase F (PNGase F) (13-15) cleaves between the
asparagine residue and the first N-acetylglucosamine residue, generating antibodies
completely devoid of glycans. RapidTM PNGase F cleaves at the same position as PNGase
F, but was described to more effectively remove glycans than PNGase F. Our results show
that not all Fab glycans can be cleaved off by the tested glycosidases (without denaturing
conditions), and that Fab glycans at different positions are deglycosylated to different
degrees, possibly caused by different degrees of Fab glycan exposure.
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Materials and Methods
Polyclonal IgG
Intravenous immunoglobulin (IVIg) was obtained from Sanquin (Nanogam, Amsterdam,
The Netherlands) and contains IgGs purified from thousands of voluntary plasma donors.
SNA affinity chromatography
IVIg was enriched for Fab glycans using Sambucus nigra agglutinin (SNA) affinity
chromatography as described previously (5). SNA binds virtually exclusively to sialic acid
residues in Fab glycans due to the relative inaccessibility of Fc glycans in natively folded
IgG (16-18). In line with this, it was previously shown that SNA affinity chromatography
does not enrich for Fc glycans, but does result in a 7-fold increase in Fab glycans (which is
in agreement with ~15% Fab glycosylation of total IgG) (17). Briefly, IVIg was applied to an
SNA column and after washing away unbound proteins, bound proteins containing sialic
acid were eluted with 0.5 M lactose in 0.2 M acetic acid. SNA-enriched IVIg was dialyzed
against PBS.
Monoclonal IgG
Seven adalimumab (ADL) clones, five anti-ADL clones, four anti-infliximab (anti-IFX)
clones, two anti-D clones, and two anti-TNP clones, all with Fab glycans (n = 20), and ADL
wild-type, without Fab glycans, were used in this study. The ADL, anti-D, and anti-TNP
clones were designed and produced as described previously (5, Koers et al., submitted).
The anti-ADL and anti-IFX clones were obtained, designed, and produced as described
previously (5,19,20). ADL wild-type, which was unmodified, i.e., had an identical amino
acid sequence to Humira, was also produced as described previously (5), and all antibodies
were generated and purified as described previously (5).
Endo F3 treatment
The glycosidase Endo F3 (Sigma-Aldrich) cleaves between the two N-acetylglucosamine
residues. 50 µg glycoprotein was incubated for 24 hours at 37°C with 0.005 units (1 unit
is defined as the amount of enzyme required to remove the carbohydrates from 1 µmole
denatured porcine fibrinogen in 1 minute at 37°C) Endo F3 in reaction buffer (50 mM
sodium acetate pH 4.5, Sigma-Aldrich) diluted in water in a total volume of 132 µL, and
stored at -20°C.
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PNGase F treatment
The glycosidase PNGase F (New England BioLabs) cleaves between the asparagine residue
and the first N-acetylglucosamine residue. 10 µg glycoprotein was incubated for 48 hours
at 37°C with 25 units (1 unit is defined as the amount of enzyme required to remove > 95%
of the carbohydrates from 10 µg denatured RNase B in 1 hour at 37°C in a total volume of
10 µL) PNGase F in PBS in a total volume of 30 µL, and stored at -20°C. As a control, some
samples were treated with PNGase F under denaturing conditions. To this end, samples
were incubated for 10 minutes at 100°C in glycoprotein denaturing buffer (0.5% SDS, 40
mM DTT, New England BioLabs), and treated with PNGase F in the presence of 1% NP-40
(New England BioLabs) and glycobuffer 2 (50 mM sodium phosphate pH 7.5, New England
BioLabs) diluted in water for 1 hour at 37°C.
RapidTM PNGase F treatment
The glycosidase RapidTM PNGase F (New England BioLabs) cleaves between the asparagine
residue and the first N-acetylglucosamine residue. 10 µg glycoprotein was incubated
for 24 hours at 37°C with 0.33 µL RapidTM PNGase F in 5x reaction buffer (New England
BioLabs) diluted in water in a total volume of 10 µL, and stored at -20°C.
Gel electrophoresis
Samples were analyzed by SDS-PAGE by loading 5 µg IgG on precast 4-12% Bis-Tris gels
(NuPAGE), visualized with Coomassie Blue (InstantBlue). To examine heavy and light
chains separately, samples were reduced with DTT. Band intensities were determined
using ImageJ and the percentage of deglycosylated IgG was calculated by the following
formula: 100%-((I+t/(I+t+I-t))/(I+u/(I+u+I-u))*100%), where I+t = intensity band with Fab
glycans treated, I-t = intensity band without Fab glycans treated, I+u = intensity band with
Fab glycans untreated, and I-u = intensity band without Fab glycans untreated.
SNA ELISA
The SNA ELISA was performed as described previously (5). Briefly, samples were coated
on plates and detected with biotinylated SNA (Vector Laboratories), streptavidin
labeled with horseradish peroxidase, and tetramethylbenzidine. Alternatively, to check
for binding of IgG to the plates, samples were detected with anti-IgG labeled with
horseradish peroxidase (MH16-1 HRP, Sanquin Reagents, Amsterdam, The Netherlands)
and tetramethylbenzidine. The reaction was stopped with 2 M H2SO4, the absorbance
was measured at 450 and 540 nm using a BioTek microtiter plate reader, and relative SNA
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binding was calculated relative to a calibration curve of IVIg. In parallel, IgG adsorption
was measured using anti-IgG detection. The percentage of deglycosylated IgG was
calculated by the following formula: (1-((SNA signal/IgG signal)_treated/(SNA signal/IgG
signal)_untreated))*100%.
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Results
The removal of Fab glycans on polyclonal IgG
To investigate the glycosidase efficacy of endoglycosidase F3 (Endo F3) and peptide-Nglycosidase F (PNGase F), polyclonal IgG was treated with these glycosidases. Intravenous
immunoglobulin (IVIg) contains a fraction of IgG with Fab glycans (~15%). We enriched
for this Fab-glycosylated fraction using SNA affinity chromatography, and glycosidasetreated samples were compared with untreated samples using gel electrophoresis and
SNA ELISA. Since Fc glycans are not recognized by SNA (because they are poorly sialylated
and partially buried), the SNA ELISA is specific for Fab glycans (Fig. 1). In contrast, the
gel electrophoresis data provide information about both Fc and Fab glycans (Fig. 2A).
Whereas Endo F3 does not cleave off Fc glycans (Fig. 2B), PNGase F does (Fig. 2C).
When SNA-enriched IVIg was first denatured and then treated with PNGase F, it was
completely deglycosylated (Fig. 2D, 1st gel), showing that this enzyme is able to remove all
glycans when accessible. Endo F3 treatment of SNA-enriched IVIg resulted in a partial size
shift (Fig. 2D, 2nd gel), but the SNA ELISA did not show a difference between Endo F3-treated
and untreated IVIg (Table 1). PNGase F treatment of SNA-enriched IVIg resulted in a size
shift representing the removal of Fc glycans, but the ratio between the Fab-glycosylated
and non Fab-glycosylated fractions did not change (Fig. 2D, 2nd gel). In line with this, the
SNA ELISA did not show a difference between PNGase F-treated and untreated IVIg (Table
1). Using RapidTM PNGase F (an improved version of PNGase F), treatment of SNA-enriched

Figure 1. SNA ELISA to estimate relative levels of Fab glycans. The absorbance was measured at 450 and
540 nm, and relative SNA binding was calculated relative to a calibration curve of IVIg (Nanogam). In
parallel, IgG adsorption was measured using anti-IgG detection. In this example, ADL wild-type (without
Fab glycans) does give a signal for IgG but not for SNA, showing that the SNA ELISA does not recognize
Fc glycans, i.e., is specific for Fab glycans. The percentage of deglycosylated IgG was calculated by the
following formula: (1-((SNA signal/IgG signal)_treated/(SNA signal/IgG signal)_untreated))*100%.
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Figure 2. Gels of antibody clones treated with different glycosidases. (A) Schematic representation of
possible size shifts on gel upon glycosidase treatment. For both the heavy and light chains, no size shift
indicates no deglycosylation. For the heavy chain (HC, ~50 kDa), a smaller size shift indicates either the
removal of Fc or Fab glycans, and a bigger size shift indicates the removal of both Fc and Fab glycans.
For the light chain (LC, ~25 kDa), a size shift indicates the removal of Fab glycans. Based on enzyme
specificities, Endo F3 treatment would result in a slightly smaller size shift than PNGase F treatment. (B)
Endo F3 treatment of ADL wild-type (with heavy chains with only Fc glycans) does not show a size shift,
indicating that Endo F3 does not cleave off Fc glycans. (C) In contrast, PNGase F treatment of ADL wildtype does show a size shift, indicating that PNGase F does cleave off Fc glycans. (D) SNA-enriched (SA+)
Nanogam was treated with Endo F3, PNGase F, or RapidTM PNGase F. As a control, SA+ Nanogam was also
treated with PNGase F under denaturing conditions (*). Representative examples of antibody clones for
which Fab glycans are largely (green), partially (orange), or not (red) deglycosylated by (E) Endo F3, (F)
PNGase F, or (G) RapidTM PNGase F. As a control, anti-ADL 1.3 (not shown) and anti-IFX 1.4 were also treated
with PNGase F under denaturing conditions (*). The molecular weight of Endo F3 and (RapidTM) PNGase F
is 38.8 kDa and 36 kDa, respectively.
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IVIg did result in a size shift representing the removal of Fc glycans as well as a change in
the ratio between the Fab-glycosylated and non Fab-glycosylated fractions (Fig. 2D, 2nd
gel), and the SNA ELISA confirmed that Fab glycans were partially removed (~15%) by this
glycosidase (Table 1).
The removal of Fab glycans on monoclonal IgG
We next treated monoclonal IgG with Endo F3 and (RapidTM) PNGase F to study the
glycosidase efficacy of these glycosidases in more detail. Seven ADL clones, five antiADL clones, four anti-IFX clones, two anti-D clones, and two anti-TNP clones, all with Fab
glycans (n = 20), that together span a variety of glycosylation sites across the VH and VL
domains, were first treated with Endo F3 and analyzed on gel and in SNA ELISA (Fig. 2E
and Table 1). The treatment of ADL wild-type, without Fab glycans, showed that Endo
F3 does not cleave off Fc glycans (Fig. 2B). For most clones with Fab glycans, Endo F3
partially cleaved off the glycans (Fig. 2E and Table 1). For two clones (anti-ADL 2.2 and
anti-ADL 2.7), no deglycosylation was observed (Fig. 2E and Table 1).
Next, all monoclonal IgG clones were treated with PNGase F and analyzed on gel and in
SNA ELISA (Fig. 2F and Table 1). The treatment of ADL wild-type, without Fab glycans,
showed that PNGase F does cleave off Fc glycans (Fig. 2C). In contrast to Endo F3, PNGase
F left the Fab glycans of most clones totally unaffected; deglycosylation was only observed
for ADL K84T, anti-IFX 1.3, and anti-TNP S29N, and partially for anti-IFX 2.1 (~20%) (Fig. 2F
and Table 1). When two clones with Fab glycans that were totally unaffected by PNGase F
(anti-ADL 1.3 and anti-IFX 1.4) were first denatured and then treated with PNGase F, they
were completely deglycosylated, again showing that this enzyme is able to remove the
glycans when accessible (Fig. 2F and Table 1).
Since PNGase F was not able to cleave off the Fab glycans of all clones, we tested the
improved version of PNGase F, RapidTM PNGase F, for some of the clones (Fig. 2G and
Table 1). RapidTM PNGase F cleaved off the majority of Fab glycans for 7 out of 11 clones,
and only two of the tested clones (anti-ADL 1.3 and anti-D T77N) were totally unaffected
(Fig. 2G and Table 1). Compared to normal PNGase F, RapidTM PNGase F showed a higher
glycosidase efficacy for ADL T77N, ADL L39S, ADL S79N, anti-ADL 2.2, anti-ADL 2.6, antiADL 2.10, and anti-IFX 2.1 (Table 1).
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Table 1 shows the Fab glycan position, VH/VL allele, and N-glycosylation motif for all
antibody clones. We did not find a correlation between these variables and glycosidase
efficacy. Together, our results show that not all Fab glycans can be cleaved off by the
tested glycosidases (without denaturing conditions), and that Fab glycans at different
positions are deglycosylated to different degrees.
Table1.1.Overview
Overview ofofantibody
clones
andand
glycosidase
efficacies.
Table
antibody
clones
glycosidase
efficacies.
Position

Group

Clone

Allele

Motif

-

Nanogam (SA+)

-

-

NH29

Anti-IFX

1.3

NH29

Anti-TNP

S29N

NH59

ADL

G63S

IGHV3-9

NSS

NH66

Anti-ADL

1.3

IGHV1-18

NYT

NH66

Anti-IFX

2.1

IGHV1-69

NH77

ADL

T77N

IGHV3-9

NH77

Anti-ADL

2.6

NH77

Anti-ADL

2.10

NH77

Anti-D

NH82
NH84

Endo F3

PNGase F

RapidTM PNGase F

SNA

Gel

SNA

Gel

SNA1

Gel1

-

-

+

-

-2

-3

+/++

IGHV1-18

NFT

+

+

++++

+++

IGHV4-284

NIT

+++

++

++++

+++

++

-

-

+++

+++

-

-2

-

-

NYT

+++

+++

-

++

++++

+++

NIS

+++

++

-

-

++++

++++

IGHV4-39

NIS

++

++

-

+

+++

++++

IGHV1-03

NIT

T77N

IGHV3-30-3

NIS

+++

+

-

-

-

-

ADL

K84T

IGHV3-9

NAT

++

+

++++

++++

++++

++++

ADL

K84N

IGHV3-9

NNS

++

+

-

-

NH84

Anti-IFX

2.3

IGHV3-30

NNT

++

++

-

-

NH90

Anti-ADL

2.7

IGHV4-34

NLT

NL26

Anti-ADL

2.10

IGKV3-20

NRS

NL37

ADL

L39S

IGKV1-27

NYS

++++

++

-

-

++++

++++

NL79

ADL

S79N

IGKV1-27

NGS

+++

++

-

-

++

++++

NL79

Anti-ADL

2.2

IGKV1-33

NGS

-

-

-

-

++

+

NL79

Anti-D

S79N

IGKV1-39

NGS

NL86

ADL

D86N

IGKV1-27

NFT

NL86

Anti-TNP

D86N

IGKV2D-294

NFT

NL110

Anti-IFX

1.4

IGLV2-23

NIT

+

-

1

1

3

+++

-

-

-

+

-

++
+++

+++

++++

+++

-

++

-

-

++

-

-

++

-

-2

ADL = adalimumab, IFX = infliximab, TNP = trinitrophenyl

ADL
= adalimumab, IFX = infliximab, TNP = trinitrophenyl
- = < 20%, + = 20-40%, ++ = 40-60%, +++ = 60-80%, ++++ = > 80% deglycosylated
= not
- = empty
< 20%,
+ =determined
20-40%, ++ = 40-60%, +++ = 60-80%, ++++ = > 80% deglycosylated
1
2

completely deglycosylated when denatured

1

empty
= not determined
3

2

concerns mouse
variable domains
completely
deglycosylated
when denatured

3

partially deglycosylated (~15-20%)

partially deglycosylated (~15-20%)
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Discussion
In this study, we analyzed the glycosidase efficacy on polyclonal IgG as well as monoclonal
IgG of different glycosidases and found that PNGase F and RapidTM PNGase F cleave off Fc
glycans, whereas Endo F3 does not. For most clones, Endo F3 partially cleaved off the
Fab glycans. In contrast, PNGase F left the Fab glycans of most clones totally unaffected.
On the other hand, RapidTM PNGase F showed a higher glycosidase efficacy, and could
efficiently remove the Fab glycans for a subset of the tested monoclonal antibodies.
Our data suggest that Fab glycans are exposed to different degrees, and therefore the Fab
glycans of some clones are easily cleaved off by both glycosidases (ADL K84T, anti-IFX 1.3,
and anti-TNP S29N), whereas the Fab glycans of other clones are probably less exposed
and therefore resistant for Endo F3 and PNGase F (anti-ADL 2.2 and anti-ADL 2.7). For the
antibody clones examined in this study, PNGase F does not cleave off Fab glycans of the
light chain. We are not aware of other studies addressing deglycosylation of light chain
variable domain glycans. Fab glycans at position 29 of the VH (anti-IFX 1.3 and anti-TNP
S29N) seem to be cleaved off by PNGase F. Overall, Fab glycans at different positions are
deglycosylated to different degrees, possibly caused by different degrees of Fab glycan
exposure.
Endo F3 is reported not to cleave off high-mannose and hybrid glycans, and nonfucosylated complex biantennary glycans at a slow rate. It does efficiently cleave off core
fucosylated complex biantennary glycans. Nevertheless, we did not observe removal of
Fc glycans using Endo F3, despite the fact that Fc glycans are highly (~95%) fucosylated
complex biantennary glycans, as was shown for ex vivo purified (1) as well as in vitro
expressed (21) antibodies. Why Endo F3 does not cleave off Fc glycans remains elusive.
Our finding that Endo F3 partially cleaved off the Fab glycans of most clones might
indicate that these glycans are only partially fucosylated, leaving the non-fucosylated
glycans unaffected by this enzyme.
It is noteworthy that PNGase F left the Fab glycans of most clones unaffected. Our
results were unexpected, since Fc glycans have been described to be partially buried
and thus less exposed than Fab glycans (22), whereas our findings indicate that PNGase
F easily cleaves off all Fc glycans and only the Fab glycans of some clones, suggesting
that Fc glycans actually are more exposed than Fab glycans. In contrast, certain lectins,
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in particular SNA, do not recognize Fc glycans of natively folded IgG (but do bind to Fc
glycans of denatured IgG) (23), which is not in line with Fc glycans being more exposed
than Fab glycans. However, PNGase F (36 kDa) is smaller than the fairly bulky lectin SNA
(140 kDa), which might explain why PNGase F is able to reach the Fc glycans while SNA is
not. In contrast, size does not explain why Endo F3 does not cleave off Fc glycans, since
this glycosidase (38.8 kDa) has a similar size as PNGase F. Since the position of Fab glycans
varies between different antibodies, the local structure around the Fab glycans probably
influences the efficacy of PNGase F.
In summary, Endo F3 and RapidTM PNGase F may be used to generate (natively folded)
antibodies without Fab glycans for some clones, although they cannot be universally
applied.
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Variable domain N-linked glycans
acquired during antigen-specific
immune responses can contribute to
immunoglobulin G antibody stability
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Abstract
Immunoglobulin G (IgG) can contain N-linked glycans in the variable domains, the socalled Fab glycans, in addition to the Fc glycans in the CH2 domains. These Fab glycans are
acquired following introduction of N-glycosylation sites during somatic hypermutation
and contribute to antibody diversification. We investigated whether Fab glycans may –
in addition to affecting antigen binding – contribute to antibody stability. By analyzing
thermal unfolding profiles of antibodies with or without Fab glycans, we demonstrate
that introduction of Fab glycans can improve antibody stability. Strikingly, removal of Fab
glycans naturally acquired during antigen-specific immune responses can deteriorate
antibody stability, suggesting in vivo selection of stable, glycosylated antibodies.
Collectively, our data show that variable domain N-linked glycans acquired during somatic
hypermutation can contribute to IgG antibody stability. These findings indicate that
introducing Fab glycans may represent a mechanism to improve therapeutic/diagnostic
antibody stability.
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Introduction
Immunoglobulin G (IgG) is the most abundant class of immunoglobulins in human serum.
IgGs can contain N-linked glycans in the variable domains, the so-called Fab glycans (Fig.
1), in addition to the Fc glycans in the CH2 domains. Fab glycans are present in about
15% of circulating IgGs (1). These Fab glycans are acquired following introduction
of N-glycosylation sites during somatic hypermutation and thereby constitute part
of the physiological repertoire of antibodies (2). We previously showed that these
N-glycosylation sites are acquired predominantly at positions in the variable domains
where a single nucleotide mutation turns a “latent” or “progenitor” glycosylation motif
into an actual N-glycosylation motif. We furthermore showed that Fab glycans are usually
localized close to antigen-binding sites and can influence antigen binding and contribute
to affinity maturation (3). However, we also observed only minimal or no effects in quite a
few cases, suggesting other functions of Fab glycans may exist.

5

Figure 1. Fab glycosylation. An antibody Fab arm consists of two variable domains (VH and VL) and two
constant domains (CH1 and CL). Both variable domains contain three complementarity determining regions
(CDRs) and a DE loop. The Fab arm of adalimumab NH82 contains a glycan at position 82 of the heavy chain.
A biantennary glycan was modeled using the online tool Sweet (http://www.glycosciences.de/modeling/
sweet2/doc/index.php) (4). Subsequently, using Discovery Studio Visualizer v16.1 and UCSF Chimera
v1.11.2, the glycan was introduced into the crystal structure of adalimumab Fab (PDB 3WD5), attached to
N82 of the heavy chain. The side chain of N82 was reoriented to allow a structurally/chemically plausible
linkage with the glycan. The resulting structure was not further optimized. Abbreviations: Gal, galactose;
Man, mannose; GlcNAc, N-acetylglucosamine; NANA, N-acetylneuraminic acid; Fuc, fucose.
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It has been suggested that glycans in the variable domains enhance antibody aggregation
(5-7). On the other hand, recent literature indicates that Fab glycans may contribute to
antibody solubility and stability and may prevent aggregation (8-10). For example,
Courtois and colleagues showed that introduction of glycans specifically introduced
to mask aggregation-prone regions improves antibody stability to a similar extent
as removing those regions by replacement of hydrophobic amino acid residues with
hydrophilic ones.
We wondered whether this contribution of Fab glycans to antibody stability might
also apply to naturally acquired Fab glycans in circulating IgGs. Specifically, mutations
acquired during somatic hypermutation that improve antigen binding can have
destabilizing effects, and additional mutations are introduced to compensate for that
(11). Perhaps, acquiring Fab glycans represents a possible mechanism to compensate
for those destabilizing mutations. Therefore, we hypothesized that, in addition to their
effects on antigen binding, another role of Fab glycans is to improve antibody stability,
possibly by shielding hydrophobic residues in the antigen-binding site.
In this study, we demonstrate by analyzing thermal unfolding profiles that introduction
of Fab glycans can improve antibody stability. Strikingly, removal of naturally acquired
Fab glycans can deteriorate antibody stability, suggesting in vivo selection of stable,
glycosylated antibodies. Collectively, our data show that Fab glycans can contribute to
IgG antibody stability.
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Materials and Methods
Therapeutic antibodies
Recombinant therapeutic antibodies used in this study are adalimumab (Humira, Abbvie),
cetuximab (Erbitux, Merck), and omalizumab (Xolair, Novartis). Adalimumab is a human
monoclonal anti-TNFα IgG1κ antibody, cetuximab is a chimeric monoclonal anti-EGFR
IgG1κ antibody, and omalizumab is a humanized monoclonal anti-IgE IgG1κ antibody.
Intravenous immunoglobulin (IVIg) was obtained from Sanquin (Nanogam, Amsterdam,
The Netherlands) and contains IgGs from thousands of donors.
Fab glycovariants
The chimeric monoclonal anti-TNP IgG1κ antibody was produced as described previously
(12). The nucleotide sequence of this clone was analyzed for positions where a single
nucleotide mutation would suffice to introduce a glycosylation site (hereafter referred
to as “progenitor glycosylation site”). A Fab glycovariant with such a glycosylation site
effectuated (in the variable domain of the heavy chain) was designed, and a construct
coding for the respective variable domain was ordered (Integrated DNA Technologies).
The asparagine residue to which a glycan can be attached is located in CDR1 (NH29).
The human monoclonal anti-TNFα IgG1κ antibody (adalimumab) and adalimumab
Fab glycovariants were designed and produced as described previously (3). Briefly, the
nucleotide sequence of adalimumab was analyzed for progenitor glycosylation sites. Fab
glycovariants with such glycosylation sites effectuated were designed, and constructs
coding for the respective variable domains were ordered (Integrated DNA Technologies),
4 with a glycosylation site in the variable domain of the heavy chain and 3 with a
glycosylation site in the variable domain of the light chain. The asparagine residues to
which glycans can be attached are located in CDR1 (NL37), CDR2 (NH59), and FR3 (NH77,
NH82, NH84, NL79, and NL86). The human monoclonal patient-derived anti-adalimumab
and anti-infliximab antibodies and mutants were obtained, designed, and produced
as described previously (3, 13, 14). Briefly, single antigen-specific memory B cells were
isolated from patients producing antibodies against adalimumab or infliximab and
cultured and screened for specificity. Variable domains were sequenced and analyzed
for the presence of glycosylation sites. The asparagine residues to which glycans can
be attached are located in CDR1 (anti-infliximab 1.3, NH29), FR3 (anti-adalimumab 2.2,
NL79; anti-adalimumab 2.6, NH77; anti-infliximab 2.1, NH66), and CDR3 (anti-infliximab
1.4, NL110). Constructs coding for anti-adalimumab and anti-infliximab antibodies with
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naturally acquired glycosylation sites removed (mutated back to germline) were ordered
(Integrated DNA Technologies).
Ordered VH and VL sequences in pANY vectors were transformed into DH5α competent cells
to amplify DNA. DNA was extracted according to manufacturer’s instructions (NucleoSpin
Plasmid EasyPure) and digested out of the pANY vector and ligated/cloned into the
pcDNA3.1 expression vector together with the constant domains of the human IgG1 (CH) or
kappa (CL) genes. Next, these sequences were transformed into DH5α competent cells to
amplify DNA, and DNA was extracted according to manufacturer’s instructions (NucleoSpin
Plasmid EasyPure). Antibodies were expressed by transient cotransfection of heavy and
light chain containing vectors into HEK293F cells with either fectin or PEI and Opti-MEM,
using the FreeStyle HEK293F expression system according to the instructions supplied by
the manufacturer. This expression system reproducibly yields (Fc) glycosylation patterns
that closely resemble those found on human serum IgG (15). Cells were incubated for
5 days at 37°C in humidified 8% CO2 on a shaker at 125 rpm. Antibodies were purified
from culture supernatants at day 5 after transfection using either protein A or protein G
Sepharose. Culture supernatants were centrifuged, filtered (0.2 µm), and purified using a
HiTrap protein A/G column (GE Healthcare) equilibrated with PBS. IgG was eluted with 0.1
M glycine pH 2.5-3. The fractions were immediately neutralized using 2 M Tris pH 9 and
then dialyzed against PBS overnight at 4°C and stored at 4°C.
Gel electrophoresis
Samples were analyzed by SDS-PAGE by loading 5 µg IgG on precast 4-12% Bis-Tris gels
(NuPAGE), visualized with Coomassie Blue. To examine heavy and light chains separately,
samples were reduced with DTT. Figure S1 in Supplementary Material shows original
images of gels.
Lectin ELISAs
Lectin ELISAs were performed as described previously (3). In brief, samples were coated
on plates and detected with biotinylated lectin [wheat germ agglutinin (WGA, Vector
Laboratories), Ricinus communis agglutinin (RCA, Vector Laboratories), or Sambucus nigra
agglutinin (SNA, Vector Laboratories)], streptavidin labeled with horseradish peroxidase,
and tetramethylbenzidine. The reaction was stopped with 2 M H2SO4, and the absorbance
was measured at 450 and 540 nm using a BioTek microtiter plate reader. We previously
confirmed that SNA does not bind Fc glycans (3).
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Neuraminidase treatment
Neuraminidase treatment was performed as described previously (16, 17). Adalimumab
NH82 and anti-infliximab 1.4 NL110 were dialyzed against a 50 mM sodium citrate buffer
(pH 6) and incubated for 48 h at 37°C with about 20 U/mL of neuraminidase (20 U/mg IgG)
(New England BioLabs). After neuraminidase treatment, samples were dialyzed against
PBS and stored at 4°C.
SNA lectin affinity chromatography
Three different batches of IVIg were fractionated using SNA lectin affinity chromatography
as described previously (3) into fractions highly enriched for Fab glycosylation (SA+)
or depleted for Fab glycosylation (SA-). As demonstrated by many studies, SNA binds
virtually exclusively to sialic acid residues in Fab glycans due to the relative inaccessibility
of Fc glycans in natively folded IgG (18-20). More than 90% of Fab glycans carry terminal
sialic acid residues (21).
Measurement of antibody stability
Thermofluor assay analysis was performed using 8-anilino-1-naphthalenesulfonate (ANS)
ammonium salt (Fluka), a fluorescent probe that binds to hydrophobic pockets during
antibody unfolding (22, 23). This assay was performed analogously to previously described
methods (24, 25). Samples of antibodies in PBS containing 60 µM ANS were heated from 45
to 95°C at 1°C/min using a StepOnePlus thermocycler (Thermo Fisher), and fluorescence
was measured (excitation by blue diode, emission in channel 1, corresponding to ca. 505535 nm). Initial runs with adalimumab, cetuximab, and omalizumab at concentrations
between 0.1 and 10 mg/mL were carried out, and 0.5 mg/mL was chosen as optimal
concentration showing clear transitions with fluorescence signals going through a
maximum at the expected transition temperatures (Tm); except for anti-adalimumab 2.2,
anti-adalimumab 2.6, and anti-infliximab 1.3, where a concentration of 0.5-0.72, 2, and
1 mg/mL was used, respectively. Raw thermograms were smoothed by converting to a
5-point running average, and buffer control runs only containing ANS were subtracted
from the data (Fig. S2 in Supplementary Material). Reported Tms are (local) maxima in the
fluorescence vs temperature plots, as indicated in Figure S3 in Supplementary Material
and Figure 2C, 3B,D, and 4C.
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Differential scanning calorimetry (DSC)
Thermal denaturation was studied using a Nano DSC Calorimeter (TA Instruments)
as described previously (26). Samples of the following four antibodies in PBS were
diluted to 0.33 mg/mL: adalimumab WT, adalimumab NH82, anti-infliximab 1.4 WT, and
anti-infliximab 1.4 N110S. After loading the sample into the cell, thermal denaturation
was probed from 25 to 90°C at a scan rate of 1°C/min. Buffer correction, normalization,
and baseline subtraction procedures were applied, and the data were analyzed using
NanoAnalyze Software v.3.7.5 (TA Instruments). The data were fitted using a non-twostate model with two (adalimumab WT, adalimumab NH82, anti-infliximab 1.4 WT, and
anti-infliximab 1.4 N110S) or three (anti-infliximab 1.4 N110S) peaks and obtained
values of Tm were reported. Reported Tms are maxima of the 2/3 peaks in the kJ/mol K
vs temperature plots. Indicated in Figure 3F and 4H are maxima of the main peak. All
samples were measured in two independent DSC runs.
Statistical analysis
In all box plots, medians of 3-10 replicates with IQR are shown. To compare two samples,
unpaired t-tests were done, and to compare multiple samples, one-way ANOVAs compared
with WT/total were performed (** P < 0.01, *** P < 0.001, and **** P < 0.0001).
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Results
Thermostability of an anti-TNP clone carrying Fab glycans
To evaluate the potential stabilizing effects of variable domain glycans, we first analyzed a
chimeric anti-TNP antibody produced in our lab (human IgG1κ; mouse variable domains),
and a variant carrying Fab glycans due to introduction of an N-linked glycosylation motif.
The glycan was introduced at a position designated to be a “progenitor” glycosylation
site, meaning that in the context of an antibody immune response, a single nucleotide
mutation during somatic hypermutation would suffice to introduce an N-linked glycan
at this position (3). We confirmed that the anti-TNP variant indeed carried Fab glycans
(Fig. 2A,B). We noticed that the parent antibody, but not the variant with Fab glycans,
has a slight tendency to precipitate. To investigate the thermostability of these clones,
we determined thermal unfolding profiles using thermofluor assay analysis with ANS,
a fluorescent probe that binds to hydrophobic pockets during protein unfolding (see
Materials and Methods). We confirmed that the transition temperatures (Tm) of three
therapeutic antibodies (adalimumab, cetuximab, and omalizumab) obtained by this
analysis with ANS are in the range of previously published Tms [Fig. S3 and Table S1 in
Supplementary Material (25, 27, 28)]. Interestingly, we observed that the anti-TNP variant
with Fab glycans had a higher Tm compared with the antibody without Fab glycans (Fig.

Figure 2. Introducing Fab glycans improves anti-TNP stability. (A) Gel electrophoresis of anti-TNP
wild-type (WT) and mutant (NH29). (B) Lectin ELISA data for anti-TNP WT and NH29. WGA recognizes
N-acetylglucosamine, RCA recognizes galactose, and SNA recognizes sialic acid. (C) Thermal unfolding
profiles of anti-TNP WT (red) and NH29 (blue) were determined as described in Figure S3 in Supplementary
Material. Thermal unfolding profiles were shifted up or down for clarity. Values in graphs represent
obtained Tm (local maxima). Shown are representative data of three replicates. (D) Tm of anti-TNP variants,
determined as described in Figure S3 in Supplementary Material. Shown are medians of three replicates
with IQR. Unpaired t-test compared with WT, *** P < 0.001.
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2C,D; Table S2 in Supplementary Material), indicating that the variable domain glycans of
this clone indeed had a stabilizing effect.
Introduction of Fab glycans at predisposed locations can improve antibody stability
To investigate the effects of Fab glycans on antibody stability in more detail, we next
compared the thermostability of adalimumab, a human anti-TNF antibody, with a panel
of variants in which we systematically introduced Fab glycosylation sites at several
positions across the variable domains corresponding to “progenitor” glycosylation sites
as explained earlier. We generated four variants with glycans in the variable domain
of the heavy chain (NH59, NH77, NH82, and NH84) and three variants with glycans in the
variable domain of the light chain (NL37, NL79, and NL86). We previously confirmed that
the adalimumab variants indeed carried Fab glycans (3). Figure 1 shows the predicted
structure of adalimumab NH82. Some introduced glycans were localized close to more
hydrophilic residues (NH59, NH82, NH84, and NL86), while some glycans were localized
close to more hydrophobic residues (NH77, NL37, and NL79) (Fig. 3A). We found that several
Fab glycovariants had a higher Tm compared with adalimumab without Fab glycans (NH59,
NH82, and NH84, Fig. 3B,C; Table S2 in Supplementary Material), which indicates that the
Fab glycans introduced in these variants improved antibody stability. For adalimumab
variant NH82, the stabilizing effects of the Fab glycans were confirmed using DSC (Fig.
3F; Table S4 in Supplementary Material). For the other variants, similar thermostabilities
were observed with and without Fab glycans. Furthermore, the thermal unfolding profiles
of multiple variants, including adalimumab NL37, where similar Tms were observed,
did show a broader transition in comparison with adalimumab (Fig. 3D,E; Table S2 in
Supplementary Material). Interestingly, we did not see this broader peak for all clones
with Fab glycans (Table S2 in Supplementary Material). There was no clear correlation
between the position of the glycan and the impact on thermostability in terms of proximity
Figure 3. Introducing Fab glycans can improve adalimumab stability. (A) The Fab arm of adalimumab
with introduced glycosylation sites indicated in green. Sites were introduced in the heavy (left) or light
(middle) chain. The more blue, the more hydrophilic, and the more brown, the more hydrophobic. (B)
Thermal unfolding profiles of adalimumab wild-type (WT, red), VH mutants (NH59, blue; NH82, purple), and
NH82 treated with neuraminidase (NH82 + NA, dotted purple) were determined as described in Figure S3 in
Supplementary Material. Thermal unfolding profiles were shifted up or down for clarity. Values in graphs
represent obtained Tm (local maxima). Shown are representative data of at least four replicates. (C) Tm
of adalimumab VH variants, determined as described in Figure S3 in Supplementary Material. Shown are
medians of at least four replicates with IQR. One-way ANOVA compared with WT, ** P < 0.01, *** P < 0.001,
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and **** P < 0.0001. (D) Thermal unfolding profiles of adalimumab WT (red) and VL mutants (NL37, blue;
NL79, green) were determined as described in Figure S3 in Supplementary Material. Thermal unfolding
profiles were shifted up or down for clarity. Values in graphs represent obtained Tm (local maxima).
Shown are representative data of at least four replicates. (E) Tm of adalimumab VL variants, determined
as described in Figure S3 in Supplementary Material. Shown are medians of at least four replicates with
IQR. One-way ANOVA compared with WT. (F) Thermal unfolding profiles of adalimumab WT (red) and NH82
(purple) were determined using differential scanning calorimetry. The data are shown in gray and the fits
in red and purple. The data were fitted using a non-two-state model with two peaks, and values in graphs
represent obtained Tm (maxima) of the main peak. Shown are representative data of two replicates.
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to hydrophobic pockets (Fig. 3). Our data indicate that sialic acid is not required for the
improved stability, since removal of sialic acid by treatment with neuraminidase (Fig. S4A
in Supplementary Material) did not affect the Tm for adalimumab NH82 (Fig. 3B,C; Table S2
in Supplementary Material).
Removal of naturally acquired Fab glycans can deteriorate antibody stability
To investigate whether Fab glycans naturally acquired during an immune response
would also be able to positively contribute to antibody stability, we next compared the
thermostability of IVIg enriched for Fab glycans (SA+, ca. 10%) with that of IVIg depleted
for Fab glycans (SA-, ca. 90%) by SNA lectin affinity chromatography. We confirmed the
enrichment and depletion of IVIg for Fab glycans by gel electrophoresis and lectin ELISAs
(Fig. 4A,B). Interestingly, the (average) Tm of SA+ IVIg (75.6 ± 0.570) was higher than that
of SA- IVIg (71.0 ± 0.778), which was similar to that of total IVIg (71.1 ± 0.399) (Fig. 4C,D).
Relatively broad transitions and high SEMs were observed, which could be explained by
the fact that IVIg is a polyclonal antibody preparation. We therefore also investigated the
effects of naturally acquired Fab glycans in a number of monoclonal antibodies, with Fab
glycans that were acquired via natural selection during somatic hypermutation. To this
end, we analyzed antigen-specific clones isolated from patients that are treated with
Figure 4. Removing Fab glycans can deteriorate antibody stability. (A) Gel electrophoresis of Nanogam
total, sialic acid enriched (SA+), and sialic acid depleted (SA-). (B) Lectin ELISA data for Nanogam total,
SA+, and SA-. WGA recognizes N-acetylglucosamine, RCA recognizes galactose, and SNA recognizes sialic
acid. (C) Thermal unfolding profiles of Nanogam total (purple), SA+ (blue), and SA- (red) were determined
as described in Figure S3 in Supplementary Material. Thermal unfolding profiles were shifted up or down
for clarity. Values in graphs represent obtained Tm (local maxima). Shown are representative data of 10
replicates. (D) Tm of Nanogam, determined as described in Figure S3 in Supplementary Material. Shown are
medians of three batches with three to four replicates for each batch with IQR. One-way ANOVA compared
with total, **** P < 0.0001. (E) Positions of glycosylation sites in sequences of two anti-adalimumab
and three anti-infliximab clones. Light gray represents framework regions, dark gray represents
complementarity determining regions, and middle gray represents DE loop. (F) Tm of anti-adalimumab
variants, determined as described in Figure S3 in Supplementary Material. Shown are medians of at least
three replicates with IQR. Unpaired t-test compared with wild-type (WT), *** P < 0.001. (G) Tms of antiinfliximab variants were determined as described in Figure S3 in Supplementary Material. Shown are
medians of at least three replicates with IQR. One-way ANOVA or unpaired t-test compared with WT, ****
P < 0.0001. (H) Thermal unfolding profiles of anti-infliximab 1.4 WT (blue) and mutant (N110S, red) were
determined using differential scanning calorimetry. The data are shown in gray and the fits in blue and
red. The data were fitted using a non-two-state model with two (WT) or three (N110S) peaks, and values in
graphs represent obtained Tm (maxima) of the main peak. Shown are representative data of two replicates.
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adalimumab or infliximab and make antibodies to these biologicals, of which a high
proportion carries Fab glycans (3). We compared the thermostability of anti-adalimumab
and anti-infliximab antibodies with naturally acquired Fab glycans at different positions
[Fig. 4E, (13, 14)] with mutants in which we removed their Fab glycosylation sites. We
previously confirmed that the anti-adalimumab and anti-infliximab mutants indeed
did not carry Fab glycans (3). Three out of five tested clones showed a lower Tm for the
mutants without Fab glycans compared with the antibodies with Fab glycans (Fig. 4F,G;
Table S3 in Supplementary Material), indicating that the naturally acquired Fab glycans in
these clones improved antibody stability. For anti-infliximab 1.4, the stabilizing effects of
the Fab glycans were confirmed using DSC (Fig. 4H; Table S4 in Supplementary Material).
Again, sialic acid is not required for this improved stability of anti-infliximab 1.4 (Fig. S4B
in Supplementary Material and Fig. 4G and Table S3 in Supplementary Material).
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Discussion
This study is the first to systematically demonstrate that Fab glycans acquired during
antigen-specific immune responses may contribute to antibody stability. Our data
suggest that improved B-cell receptor (BCR) stability through Fab glycans may contribute
to selection of antibodies with Fab glycans in vivo. Whether and how stabilizing Fab
glycans are indeed selected in vivo requires more thorough investigation. It might be
possible that Fab glycans affect intracellular stability of BCRs and if a B cell carries a
BCR with stabilizing Fab glycans, this B cell might be positively selected. In line with this,
affinity-enhancing mutations can sometimes destabilize, which may be counteracted
by stability-enhancing mutations (11). The fact that Fab glycans are not present already
in naive immunoglobulins but can be introduced at various positions during somatic
hypermutation makes this flexible mechanism, subject to the selection mechanisms
that ultimately result in the best antigen binders. The alternative, Fab glycans at fixed
permanent positions, would not allow a co-evolutionary development of clones that are
both optimized for antigen binding and at the same time optimized in terms of stability.
How Fab glycans stabilize antibodies remains to be investigated. It was shown that
introduction of glycans specifically introduced to mask aggregation-prone regions
improves antibody stability to a similar extent as removing those regions by replacement
of hydrophobic amino acid residues with hydrophilic ones (8), suggesting that Fab glycans
localized close to hydrophobic residues would shield those. However, for the investigated
adalimumab variants, we did not find a correlation between the position of the glycan and
the impact on thermostability in terms of proximity to hydrophobic pockets. However, it is
difficult to estimate whether attached glycans would be able to shield those hydrophobic
residues, since glycans can be very flexible. Negatively charged sialic acid residues might
change the overall charge of IgG molecules and thereby stabilize antibodies. However,
we show that sialic acid is not required for the improved stability caused by Fab glycans.
Our finding that the introduction of Fab glycans can improve antibody stability is
promising for therapeutic as well as diagnostic purposes (facilitation of manufacturing
and storage, increase of serum half-life/efficacy, and range of practical applications).
However, introduction of Fab glycans to improve antibody stability may affect antigen
binding. Nevertheless, we previously showed that for more than one of the generated
adalimumab clones with Fab glycans, there were no or relatively small effects of these
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introduced glycans on antigen binding (3). In particular, the Fab glycans of adalimumab
NH84 had no effects on antigen binding, whereas they positively contributed to antibody
stability, indicating that this could be an interesting drug candidate. For most of the
clones where we removed the naturally acquired Fab glycans, we found either no effects
or a modestly (twofold) better antigen binding in the presence of Fab glycans.
We determined thermal unfolding profiles using thermofluor assay analysis with ANS, a
fluorescent probe that binds to hydrophobic pockets during protein unfolding, and we
observed that fluorescence was different for clones with Fab glycans. One could argue
that Fab glycans do not necessarily influence antibody stability, but affect ANS binding,
or that ANS influences protein unfolding. However, for cetuximab, a therapeutic antibody
carrying Fab glycans (27), DSC, a technique without use of a fluorescent probe, provided
a Tm in a similar range as obtained by this analysis with ANS. In addition, for two clones
we confirmed the stabilizing effects of the Fab glycans using DSC. For some clones, the
position of the peaks was not altered, only their widths. A broader peak and higher SEM
might indicate more heterogeneity, and more structural variability through Fab glycans
could explain this. Whether such differences in widths of peaks translate in differences
in in vivo stability is unknown. Also, using DSC, we did not observe such broader peaks.
In conclusion, we demonstrate in this study that variable domain N-linked glycans
acquired during somatic hypermutation can contribute to IgG antibody stability. Our
findings indicate that introducing Fab glycans may represent a mechanism to improve
therapeutic/diagnostic antibody stability.
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Figure S1. Original images of gels presented in (A) Figure 2A and (B) 4A.

5

Figure S2. (A) Raw thermograms were (B) smoothed by converting to a 5-point running average and (C)
buffer control runs only containing ANS were subtracted from the data. Thermal unfolding profiles were
shifted up or down for clarity.
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Figure S3. Tms obtained by analysis with ANS are similar to previously published Tms. Thermal unfolding
profiles of three therapeutic antibodies were determined using thermofluor assay analysis with ANS.
Adalimumab (red), cetuximab (blue), and omalizumab (green) were incubated with ANS while heating
from 45°C to 95°C. Fluorescence was measured, raw thermograms were smoothed and buffer control runs
were subtracted. Thermal unfolding profiles were shifted up or down for clarity. Values in graphs represent
obtained Tms (local maxima). Shown are representative data of 3 replicates.

Figure S4. Removal of sialic acid by treatment with neuraminidase. SNA ELISA data for (A) adalimumab
NH82 and (B) anti-infliximab 1.4 untreated or treated with neuraminidase (+ NA). SNA recognizes sialic acid.
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Table S1. Comparison of Tms found in this study with previously published Tms of the therapeutic antibodies
adalimumab, cetuximab, and omalizumab.
Antibody clone

Adalimumab

Tms
Found in this study*

Previously published

71.7 ± 0.173

75.0 (25)
71.7-72.1 (28)

Cetuximab

73.0 ± 0.361

Omalizumab

81.6 ± 0.173

77.6 (25)
~73.0 (27)
83.6 (25)
~80.0 (27)

* Mean ± standard error of the mean (SEM) of n = 3 independent measurements with ANS.

Table S2. Overview of antibody clones and corresponding Tms.
Antibody

Mutation

Position

Tm without

Tm with

Fab glycans*

Fab glycans*

NH29

75.1 ± 0.100

77.6 ± 0.200

(CDR1)

(narrow)

(narrow)

NH59

71.7 ± 0.0783

74.0 ± 0.728

(CDR2)

(narrow)

(narrow)

NH77

71.7 ± 0.0783

73.1 ± 0.287

(FR3 (DE))

(narrow)

(broad)

NH82

71.7 ± 0.0783

75.7 ± 0.420

(FR3 (DE))

(narrow)

(broad)

clone
Anti-TNP

Adalimumab

Adalimumab

Adalimumab

S29N

G63S

T77N

K84T

#

75.5 ± 0.433

P value

Sample size

SD**

0.0004

3/3

0.1732 / 0.3464

0.0044

7/4

0.2070 / 1.4570

0.1916

7/4

0.2070 / 0.5745

0.0001

7/6/4

0.2070 / 1.0290 / 0.8660

0.0001

7/4

0.2070 / 1.7920

0.6851

7/4

0.2070 / 1.2120

0.9844

7/4

0.2070 / 0.1732

0.0694

7/4

0.2070 / 0.3873

5

0.0001

(broad)
Adalimumab

Adalimumab

Adalimumab

Adalimumab

K84N

L39S

S79N

D86N

NH84

71.7 ± 0.0783

74.9 ± 0.896

(FR3 (DE))

(narrow)

(broad)

NL37

71.7 ± 0.0783

71.0 ± 0.606

(CDR1)

(narrow)

(broad)

NL79

71.7 ± 0.0783

72.2 ± 0.0866

(FR3 (DE))

(narrow)

(narrow)

NL86

71.7 ± 0.0783

73.4 ± 0.194

(FR3 (DE))

(narrow)

(narrow)

* Mean ± standard error of the mean (SEM) of n = 3-6 independent measurements with ANS.
** Standard deviation (SD)
# Neuraminidase treated
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Table S3. Overview of antibody clones and corresponding Tms.
Antibody

Position

Mutation

clone
Anti-adalimumab 2.2

NL79

N79S

(FR3 (DE))
Anti-adalimumab 2.6

NH77

N77T

(FR3 (DE))
Anti-infliximab 1.3

NH29

N29T

(CDR1)
Anti-infliximab 1.4

NL110

N110S

(CDR3)

Tm with

Tm without

Fab glycans*

Fab glycans*

77.3 ± 0.480

74.1 ± 0.359

(broad)

(narrow)

76.0 ± 0.854

76.9 ± 0.400

(narrow)

(narrow)

70.6 ± 0.200

64.0 ± 0.100

(broad)

(narrow)

73.4 ± 0.363

70.4 ± 0.204

(narrow)

(narrow)

#

P value

Sample size

SD**

0.0002

7/7

1.2690 / 0.9487

0.3941

3/3

1.4800 / 0.6928

< 0.0001

3/3

0.3464 / 0.1732

0.0001

5/3/5

0.8106 / 0.4583 / 0.4550

3/3

1.9050 / 0.5196

0.7126

73.7 ± 0.265

(narrow)
Anti-infliximab 2.1

NH66

T68A

(FR3)

72.7 ± 1.10

75.0 ± 0.300

(broad)

(narrow)

0.1139

* Mean ± standard error of the mean (SEM) of n = 3-5 independent measurements with ANS.
** Standard deviation (SD)
# Neuraminidase treated

Table S4. Overview of antibody clones and corresponding Tms obtained by DSC.
Antibody clone

Adalimumab (NH82)

Anti-infliximab 1.4

#

Tm with

Tm without

P value

Sample size

SD**

Fab glycans*

Fab glycans*

Tm1 71.55 ± 0.330
Tm2 73.43 ± 0.015

Tm1 70.54 ± 0.125

0.1026

2/2

0.4667 / 0.1768

Tm2 72.66 ± 0.035

0.0025

Tm1 69.84 ± 0.165

Tm1 69.23 ± 0.020

0.0679

Tm2 71.85 ± 0.020

Tm2 70.92 ± 0.005

0.0005

0.0212 / 0.0495
2/2

0.2333 / 0.0283
0.0283 / 0.0071

* Mean ± standard error of the mean (SEM) of n = 2 independent measurements with DSC.
** Standard deviation (SD)
# Obtained Tms for anti-infliximab 1.4 without Fab glycans (N110S) fitted with three peaks (that fit is
presented in Figure 4H) were 68.32 ± 0.015 (P value = 0.0117), 70.60 ± 0.015 (P value = 0.0004), and 74.05 ±
0.060.
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Abstract
Background and Aim: Immunoglobulin subclass G4-related disease (IgG4-RD) is
characterized by an abundance of IgG4 antibodies in the serum and tissue. Glycosylation
status of antibodies can impact on immune effector functions and disease pathophysiology.
We sought to establish glycosylation patterns in a prospective cohort of patients with
IgG4-RD and the relationship with disease activity and response to treatment. Methods:
We assessed IgG Fc-tail and Fab-arm glycosylation status in patients with IgG4-RD (n = 22),
disease controls with primary sclerosing cholangitis (PSC) (n = 22), and healthy controls
(n = 22). Serum IgG and subclasses were quantified using ELISA. Fc and Fab glycosylation
were analyzed by mass spectrometry and lectin affinity chromatography, respectively.
Disease activity, organ damage, and response to treatment were assessed using the IgG4
Responder Index. Results: Immunoglobulin G Fab sialylation was increased in IgG4-RD
compared with PSC and healthy control (P = 0.01), with a preferential increase in IgG4specific Fab sialylation, which was independent of IgG4 Fab-arm exchange. There was
a reduction in IgG1-specific Fc bisection and hybrid structures in IgG4-RD (P < 0.01),
which recovered upon steroid treatment and correlated with disease activity. Overall, IgG
Fc galactosylation was reduced in both IgG4-RD and PSC (P < 0.01), with a preferential
reduction in IgG1-specific sialylation and enhancement of IgG4-specific bisection in PSC.
IgG4 fucosylation and IgG1/2/3 hybrid structures negatively correlated with complement
C3 and C4 levels in IgG4-RD (P < 0.01), but not PSC. Conclusion: We report the first study
showing unique antibody glycosylation status in a prospective cohort of IgG4-RD and
PSC patients, which may determine modulation of the immune system and contribute to
disease pathophysiology.
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Introduction
Immunoglobulin subclass G4-related disease (IgG4-RD) is a systemic fibro-inflammatory
condition, characterized by abundant IgG4+ polyclonal plasma cells, with organ
dysfunction related to the tumor-like mass of these cells (1). IgG4-related sclerosing
cholangitis and autoimmune pancreatitis are the biliary and pancreatic manifestations
of this disease. A role for IgG4 (auto)antibodies in disease pathogenesis is supported by
three observations: (i) oligoclonal expansion of IgG4+-dominant B-cell receptor (BCR)
clones in the blood and tissue of patients with active IgG4-RD (2); (ii) the identification of
IgG4 autoantibodies (annexin A11-specific) in a proportion of IgG4-RD patients (3); and (iii)
B-cell depletion therapy with rituximab, which attenuates disease activity and selectively
depletes the IgG4 subclass (4). Furthermore, a recent study demonstrated pancreatic
injury in BALB/c mice induced by injection of IgG4 antibodies purified from patients with
autoimmune pancreatitis, although more destructive changes were exhibited by injection
of IgG1 antibodies, and IgG4 inhibited the pathogenic effects of IgG1 on simultaneous
injection (5).
The glycosylation pattern of an antibody crucially influences its conformation, aggregation
behavior, and ability to bind to Fc gamma receptors (FcγR) and complement, thus its
cellular effector functions (6,7). IgG4 antibodies are themselves unique: They exhibit weak
binding to low-affinity FcγRs, do not activate the classical complement pathway, and
undergo Fab-arm half-molecule exchange resulting in asymmetric bi-specific antibodies
that are unable to form large immune complexes (8,9).
We recently demonstrated that glycosylation of the Fab arms of IgG4 antibodies is
increased compared with that of the other IgG subclasses (10). Furthermore, increased IgG
(auto)antibody activity has been associated with a higher pathogenicity of autoantibodies
in systemic lupus erythematosus, rheumatoid arthritis (RA), and inflammatory bowel
disease and with disease severity in systemic lupus erythematosus and RA (11,12). Lower
glycosylation results in a more pronounced immune response, although complete removal
of the Fc sugar residues abrogates IgG activity. In contrast, enrichment of sialylation
by therapeutic intravenous immunoglobulin (IVIg) can be utilized to ameliorate proinflammatory effects (13).
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Whether a characteristic glycosylation pattern confers novel effector function of lgG4
antibodies and/or preferential recruitment and retention of IgG4-switched B cells into the
affected tissue in patients with IgG4-RD is unknown. This is the first study to investigate
Fc and Fab antibody glycosylation patterns in patients with IgG4-RD and investigate the
relationship of disease activity, organ damage, and treatment with glycosylation status.
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Methods
Recruitment of patients and controls
Immunoglobulin subclass G4-RD patients (n = 22 with biliary disease, and other organ
involvement), disease controls (DCs) (n = 22 with primary sclerosing cholangitis [PSC]),
and healthy controls (HCs) (n = 22) were prospectively recruited from the John Radcliffe
Hospital, Oxford, UK, a tertiary referral center for IgG4-RD and PSC. Patients enrolled in
this study had serum collected at diagnosis before treatment (IgG4-RD and PSC) and
after 6-8 weeks of corticosteroid treatment (IgG4-RD) and were prospectively followedup. Ethical approval for the study was obtained from the Research Ethics Committee
Oxfordshire (10/H0604/51), and the study was registered on the UK National Institute of
Health Research portfolio (10776).
Diagnostic criteria
The diagnosis of IgG4-RD was made using the HISORt criteria (2006/7) for IgG4-related
pancreatic and biliary disease (14) and the Japanese Comprehensive Diagnostic Criteria
(2011) for systemic disease (15). Organ involvement included the bile ducts (22), pancreas
(18), salivary glands (6), lacrimal glands (2), lymph nodes (3), lung (5), kidney (2),
mesentery (3), retroperitoneum (1), and aorta (1).
Disease controls were patients with PSC, diagnosed in accordance with the EASL
guidelines for cholestatic liver disease (16). PSC patients were chosen as DC’s as both
IgG4-RD and PSC share an immune-mediated etiology, present with a similar gender and
age distribution, have elevated serum IgG4 levels in a proportion of patients, and have
biliary tree involvement. HCs had no known immune or inflammatory disease.
Clinical data collection
Clinical data were entered onto IgG4-RD Registry database https://igg4rd.oxnet.nhs.uk
for IgG4-RD and the Oxford ACCESS database for PSC patients. Data recorded in IgG4-RD
patients included baseline demographics, serological evaluation at diagnosis, remission
and relapse, imaging characteristics, histological morphology and immunostaining,
organ involvement, disease activity and organ damage, treatment and response, disease
relapse, malignancy, and mortality.
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Immunoglobulin subclass G4 Responder Index
Immunoglobulin subclass G4-RD activity, organ damage, and response to treatment were
assessed using the IgG4 Responder Index (IgG4-RI) (17). This assessment tool has recently
been validated in an international multi-speciality study of IgG4-RD for assessment of
disease activity and longitudinally for treatment response (18). Scoring for disease activity
(present in the preceding 28 days) and organ damage is given for 24 standard organ/sites,
incorporating higher weights for disease manifestations that urgently require treatment or
that worsen despite treatment. Disease activity reflects a patient’s symptoms attributable
to active IgG4-RD as well as significant findings from the physical examination, imaging
studies, and laboratory evaluations. Organ damage refers to irreversible organ dysfunction
(e.g., exocrine pancreatic insufficiency) or failure (e.g., chronic kidney disease) caused by
IgG4-RD or as a consequence of surgical interventions performed to diagnose or treat it
(e.g., Whipple procedures, submandibular gland excisions).
Immunoglobulin G and immunoglobulin subclass G4 nephelometry
Serum IgG and subclasses were measured at diagnosis and during treatment (remission
and relapse). Comparisons between IgG4-RD patients, DCs, and HCs were made
at diagnosis, before steroid initiation. Total serum IgG and IgG4 were measured by
nephelometry (BNII analyzer, Siemens, UK). Elevated serum IgG (≥ 16 g/L) and IgG4 (≥
1.4 g/L) were defined by institution range (Immunology Department, Churchill Hospital,
Oxford).
Complement levels
Complement levels were measured at diagnosis in IgG4-RD patients and on recruitment
in PSC patients. C3 and C4 levels were measured by turbidimetry. Reduced C3 (< 65 mg/
dL and C4 < 14 mg/dL) levels were defined by institution range (Immunology Department,
Churchill Hospital, Oxford).
Immunoglobulin G and immunoglobulin G subclass ELISA
Human IgG was quantified using an ELISA as described previously (10). In short, microtiter
plates were coated with monoclonal mouse antihuman IgG, incubated with samples, and
detected with horseradish peroxidase (HRP)-conjugated monoclonal mouse antihuman
IgG and tetramethylbenzidine substrate solution.
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Human IgG subclass ELISAs were carried out analogously to the IgG ELISA. Microtiter
plates were coated with monoclonal mouse antihuman IgG1 or IgG4, incubated with
samples, and detected with HRP-conjugated polyclonal rabbit antihuman IgG and
tetramethylbenzidine substrate solution.
Mass spectrometry analysis
Fc glycosylation was analyzed by mass spectrometry as described previously (19). In
short, IgG was affinity-purified using protein G beads, trypsinized, and resulting IgG
Fc-glycopeptides were analyzed by nano-LC-MS using an ACQUITY BEH C18 column
(130 Å, 1.7 µm; 75 μm x 100 mm; Waters, Milford, MA) for glycopeptide separation. Mass
spectrometric signals of glycopeptides were processed and integrated using LacyTools
(19) and normalized per IgG subclass to 100%, and levels of sialylation, galactosylation,
bisection, fucosylation, and hybrid structures were calculated.
Recombinant immunoglobulin subclass G4 antibodies
Recombinant IgG4 antibodies (adalimumab [ADL] wild-type without Fab glycans and
ADL mutant D86N with Fab glycans) were produced using the serum-free FreeStyle
293 expression system (Invitrogen) as described previously (10). During transfection,
sialyltransferase (ST6GALT) and D-galactose were added to the medium (20). After culture,
antibodies were purified using protein G Sepharose. Sambucus nigra agglutinin (SNA)
western blot confirmed sialylation of Fab and Fc glycans in recombinant IgG4 antibodies
to a degree similar or higher compared with polyclonal IVIg (data not shown). The
N-glycosylation site in the Fab arm of ADL mutant D86N was selected and introduced as
described previously (10).
Immunoglobulin subclass G4 half-molecule exchange
Immunoglobulin subclass G4 ADL wild-type (without Fab glycans) and IgG4 ADL mutant
D86N (with Fab glycans) were incubated in a 4:1 ratio in 1 mM glutathione for 24 h at
37°C while shaking to allow IgG4 half-molecule exchange to take place (21). To stop the
reaction, 2 mM 2-iodoacetamide was used. Exchanged antibodies were dialyzed overnight
against Tris-buffered saline.
Lectin (Sambucus nigra agglutinin) affinity chromatography
Fab glycosylation was analyzed by lectin (SNA) affinity chromatography as described
previously (10). Using this technique, essentially only sialylated Fab glycans (~90% of total
141
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Fab glycans (22)), but not sialylated Fc glycans (23), are retained. In short, serum samples
were applied to a Tricorn column containing SNA agarose. After washing away unbound
proteins (SNA-depleted fraction), bound proteins (SNA-enriched fraction) were eluted with
0.5 M lactose in 0.2 M acetic acid and immediately dialyzed against phosphate-buffered
saline. In case of recombinant IgG4 antibody samples, buffers were supplemented with
0.05% polysorbate-20. The percentage of Fab glycosylated antibodies was calculated by
dividing the amount of IgG in the SNA-enriched fraction by the amount of IgG in the SNAdepleted and SNA-enriched fractions as measured by the ELISAs described previously.

142

Results
Serum total immunoglobulin G and immunoglobulin subclass G4 levels
Patients with IgG4-RD (male 73% [16/22]; median age 64.3 [range 33-84] years), PSC (male
77% [17/22]; median age 59.9 [range 33-77] years), and HCs (male 73% [16/22]; median
age 58.1 [range 33-78] years) were well matched (P = NS). Serum total IgG levels were
higher in IgG4-RD and PSC patients compared with HCs (14.7 vs 14.2 vs 9.5 mg/mL; IgG4RD vs HCs P = 0.004 and DCs vs HCs P = 0.012) (Fig. 1, left). Serum IgG1 levels were higher in
PSC patients compared with HCs (10.4 vs 6.3 mg/mL; P = 0.04) only (Fig. 1, middle). Serum
IgG4 levels in IgG4-RD patients were higher compared with PSC and HCs (4.0 vs 1.9 vs 0.4
mg/mL; IgG4-RD vs DCs P = 0.01 and IgG4-RD vs HCs P < 0.0001) (Fig. 1, right).
Serum IgG4 levels fell with corticosteroid treatment in IgG4-RD patients (P < 0.0001) (Fig.
S1A) and correlated with disease activity (P = 0.005) (Fig. S1B) but not organ damage (P =
0.21), using the IgG4-RI. This was not the case for the other subclasses (data not shown).

6

Figure 1. Serum immunoglobulin G (IgG) and subclass levels in immunoglobulin subclass G4-related
disease (IgG4-RD) patients and controls. Levels of IgG total, IgG1, and IgG4 in healthy controls (HCs, n = 10),
disease controls (DCs, n = 10), and IgG4-RD patients (n = 9-12) measured using ELISA. Means with SDs are
represented. Ordinary one-way ANOVA with Tukey’s multiple comparison test, *P < 0.05, **P < 0.01, ***P <
0.001, ****P < 0.0001. Circles, HCs; squares, DCs; triangles, IgG4-RD.
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Immunoglobulin G Fab glycosylation
Fab glycosylation levels were estimated for IgG4-RD patients (n = 12 with active disease),
PSC patients (n = 10), and HCs (n = 10) using SNA affinity chromatography, whereby
essentially only sialylated Fab glycans are retained. Total IgG Fab sialylation was
enhanced in IgG4-RD compared with PSC and HCs (P < 0.05; Fig. 2A, left). IgG4-specific
Fab sialylation was preferentially higher in IgG4-RD compared with PSC (P = 0.01; Fig. 2A,
right), and IgG1-specific Fab sialylation was higher in IgG4-RD compared with HCs (P =
0.01; Fig. 2A, middle). These findings were partly attributed to the higher levels of total IgG
and IgG4 seen in IgG4-RD patients compared with PSC and HC groups (Fig. 1).
Overall, we observed an increase in IgG4-specific Fab glycosylation in all three groups
(IgG4-RD patients, PSC, and HCs) compared with that of the other IgG subclasses (P <
0.0001; Fig. 2B). This result can partially be explained by the ability of IgG4 antibodies to
engage in half-molecule exchange, resulting in an increased fraction of IgG4 antibodies
that carry at least one glycan (10) (Fig. 3A). Therefore, percentages are also shown
recalculated to non-exchanged IgG4 and remain elevated (Fig. 2B). Additionally, we also
tested if exchange of monoclonal IgG4 with/without Fab glycans would result in retention
exceeding that expected on the basis of molar ratio alone. Indeed, a 4:1 mixture of
Figure

2.

Immunoglobulin

G

(IgG)

Fab

glycosylation in immunoglobulin subclass G4related disease (IgG4-RD) patients and controls.
Percentage of Fab glycosylation in healthy controls
(HCs, n = 8-10), disease controls (DCs, n = 7-10),
and IgG4-RD patients (n = 7-12) for IgG total, IgG1,
and IgG4 estimated by determining IgG fractions
with/without Fab sialylation using Sambucus
nigra agglutinin affinity chromatography and
ELISA shown per group (A; circles, HCs; squares,
DCs; triangles, IgG4-RD) or subclass (B; left, IgG1;
middle, IgG4; right, IgG4 corrected). For IgG4,
percentages are also shown recalculated to
exclude the effect of half-molecule exchange (Fig.
3). Means with SDs are represented. Ordinary oneway ANOVA with Tukey’s multiple comparison test,
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 3. The effects of half-molecule exchange
on the retention of immunoglobulin G (IgG) with
and without Fab glycosylation during Sambucus
nigra agglutinin (SNA) affinity chromatography.
(A) Schematic representation of immunoglobulin
subclass G4 (IgG4) half-molecule exchange. Under
the premise that all antibodies carrying at least
one sialylated Fab glycan will be retained on an
SNA column, the total number of IgG4 molecules
bound will be larger upon half-molecule exchange,
in case of a mixture of antibodies with/without
Fab glycans. (B) Percentages of Fab sialylated
antibodies (Abs) for IgG4 adalimumab (ADL) wildtype (WT, without Fab glycans), IgG4 ADL mutant
(D86N, with Fab glycans), and a 4:1 mixture of those before (black bar) and after (red bar) incubation in
glutathione and corrected for IgG4 half-molecule exchange (blue bar), as measured by ELISA after SNA affinity
chromatography and calculated as described in Methods. Means of two replicates are shown with SEMs.

recombinant IgG4 antibodies without/with Fab glycans resulted in about 29% retention
versus 20% if half-molecule exchange does not occur and 36% if half-molecule exchange
does occur (Fig. 3B).
Immunoglobulin G Fc glycosylation patterns
Immunoglobulin subclass G1, IgG2/3 and IgG4 Fc glycosylation patterns (sialylation,
galactosylation, bisection, fucosylation, and hybrid structures) were determined for
patients (IgG4-RD n = 22 with active disease) and controls (PSC n = 22; HCs n = 22) using
mass spectrometry. Fc glycosylation patterns in HCs were in accordance with recently
published data (Fig. 4A-E) (24).
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Figure 4. Immunoglobulin G (IgG) Fc galactosylation is decreased in immunoglobulin subclass G4-related
disease (IgG4-RD) and primary sclerosing cholangitis patients. Percentage of IgG Fc (A) sialylation, (B)
galactosylation, (C) bisection, (D) fucosylation, and (E) hybrid structures (one branch with mannose
residues and one branch with complex residues) in healthy controls (HCs, n = 22), disease controls (DCs,
n = 22), and IgG4-RD patients (n = 22) per subclass (IgG1, IgG2/3 [not individually resolved], and IgG4)
measured using mass spectrometry. Means with SDs are represented. Ordinary one-way ANOVA with
Tukey’s multiple comparison test, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Circles, HCs; squares,
DCs; triangles, IgG4-RD.
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Immunoglobulin G Fc galactosylation was decreased in IgG4-RD and PSC patients
compared with HCs (P < 0.01) (Fig. 4B), a finding that has been seen in other autoimmune
and chronic inflammatory conditions. There was an increase in IgG4-specific Fc
fucosylation (Fig. 4D) and hybrid structures in IgG2/3 Fc (Fig. 4E) in IgG4-RD and PSC
patients compared with HCs (P < 0.05).
Interestingly, IgG1-specific Fc bisection was decreased in IgG4-RD patients exclusively,
when compared with PSC patients and HCs (P < 0.01) (Fig. 4C) and recovered with
corticosteroid treatment (Fig. 5C). In contrast, IgG4-specific Fc bisection was increased
(Fig. 4C) and IgG1-specific Fc sialylation was decreased (Fig. 4A) in PSC patients compared
with HC, with no difference seen in IgG4-RD.
Recovery of glycosylation status with treatment
Fc glycosylation patterns were determined for IgG4-RD patients before (pre) and after
(post 6-8 weeks) corticosteroid treatment (n = 21), to investigate whether the observed
differences in Fc glycosylation are recovered (Fig. 5A-E). There was recovery of IgG1specific Fc bisection (increase; P = 0.04; Fig. 5C) and IgG2/3 Fc hybrid structures (decrease;
P = 0.02; Fig. 5E) upon treatment of IgG4-RD patients. In line with this, IgG1-specific Fc
bisection and IgG2/3 Fc hybrid structures were decreased and increased compared with
HCs, respectively (Fig. 4).
Correlation of glycosylation status with disease activity and organ damage
Fc glycosylation patterns were assessed with respect to disease activity and organ
damage, using the IgG4-RI in IgG4-RD. The IgG4-RI total activity score fell in response to
corticosteroid therapy (P < 0.0001) (Fig. S2A). IgG2/3 Fc hybrid structures correlated with
the IgG4-RI (P < 0.01) (Fig. S2B), indicating that an increase in IgG2/3 Fc hybrid structures
is associated with more active disease and may serve as a disease biomarker. There was
no alteration in glycosylation status in patients with organ damage (fibrotic) (data not
shown).
Correlation of glycosylation status with complement levels
Fc glycosylation patterns were assessed with respect to complement levels in IgG4-RD
and PSC. C3 and/or C4 levels were reduced in 5 of 22 (23%) IgG4-RD (median C3 126 mg/
dL; C4 25.9 mg/dL) and in 1 of 12 (8%) PSC patients (median C3 115 mg/dL; C4 20.9 mg/dL)
when measured at baseline. The patient with hypocomplementaemia in the PSC group
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had co-existent Sjogren’s syndrome. IgG4 fucosylation and IgG1/2/3 hybrid structures
negatively correlated with C3 and C4 levels in IgG4-RD (Fig. S3A-F). In PSC patients, there
was no correlation of C3/C4 with glycosylation status (data not shown).

Figure 5. Immunoglobulin G (IgG) Fc glycosylation in immunoglobulin subclass G4-related disease (IgG4RD) patients before and after treatment. Percentage of IgG Fc (A) sialylation, (B) galactosylation, (C)
bisection, (D) fucosylation, and (E) hybrid structures (one branch with mannose residues and one branch
with complex residues) in IgG4-RD patients before (pre, n = 21) and after (post, n = 21) treatment per
subclass (IgG1, IgG2/3, and IgG4) measured using mass spectrometry. Paired t-test, *P < 0.05. Up-pointing
triangles, IgG4-RD pre; down-pointing triangles, IgG4-RD post.
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Discussion
In the first study to investigate IgG glycosylation in patients with IgG4-RD and PSC, we
report unique glycosylation patterns in patients with active disease and in response to
treatment. Specifically, we observed enhancement of IgG and IgG4-specific Fab sialylation
in IgG4-RD compared with PSC and HC. Furthermore, there was a decrease in IgG Fc
galactosylation and IgG1-specific Fc bisection in those with active IgG4-RD compared
with HC, with a recovery of IgG1-specific bisection with treatment. There was also an
increase in IgG4-specific Fc fucosylation and Fc hybrid structures, the latter responded to
treatment and correlated with disease activity.
Fab glycans are complex-type biantennary N-glycans linked to N-glycosylation sites that
emerge during somatic hypermutation. IgG Fab glycosylation is an important process in
immunity, with demonstrated effects on stability, half-life, and binding characteristics of
antibodies and BCR (10,25). Given the abundance of IgG4 antibodies in the serum and
involved organs of patients with IgG4-RD and a subset of those with PSC, we considered
it plausible that Fab glycosylation might contribute to this. Indeed, we showed that IgG
Fab sialylation was enhanced in IgG4-RD patients and that IgG4-specific Fab sialylation
was preferentially enhanced in IgG4-RD compared with PSC patients and HC, irrespective
of Fab-arm exchange and higher than expected on the basis of molecular ratio alone.
This supports the concept that IgG4 antibodies have a unique effector function in IgG4RD, perhaps interacting with Siglecs, which has been suggested for therapeutic IVIg
(26). Furthermore, endogenous or exogenous lectins may interact with glycans to exert
immunomodulatory effects, as seen in follicular lymphoma B cells (stimulated through
the interaction between a mannose-binding lectin and high-mannose structures at the
IgG4 Fab of their BCRs), which may also be the case for IgG4 antibodies in IgG4-RD (27).
Immunoglobulin glycosylation plays a crucial role in modulating antibodymediated responses and skewing the immune system toward a pro-inflammatory
or anti-inflammatory direction. Reduction in total serum and antigen-specific IgG
Fc galactosylation is one of the most prominent changes observed in a wide variety
of chronic inflammatory and autoimmune diseases, believed to be important in
complement activation and antibody-mediated phagocytosis (28). We similarly observed
this phenomenon in IgG4-RD and PSC patients with active disease. Terminal sialylation of
the Fc of IgG controls its anti-inflammatory and/or pro-inflammatory effects. We observed
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decreased IgG1-specific Fc sialylation in PSC patients, supporting increased cytotoxicity
and pro-inflammatory effects of IgG in active disease. The state of IgG-fucosylation is
implicated in antibody-dependent cellular cytotoxicity and FcR effector functions (29).
We observed increased IgG4-specific Fc fucosylation in both IgG4-RD and PSC. Nonfucosylated IgG1 (and IgG4) antibodies bind FcγRIIIa with a 20-30-fold higher affinity
than fucosylated antibodies, and the small increase in fucosylation is in fact an almost
twofold decrease in the relative amount of these non-fucosylated antibodies (30). This
interesting observation may suggest novel FcR binding and reduced antibody-dependent
cytotoxicity in patients with IgG4-RD and PSC.
Agalactosylated N-linked glycans (G0 N-glycan) have been suggested to represent a more
pro-inflammatory phenotype, for example, with respect to activation of complement
pathways. Hypocomplementaemia has been described in patients with active IgG4-RD
(31,32). In this study, C3 and/or C4 levels were reduced in 23% of 22 IgG4-RD patients.
In a US cohort, reduced C3 (20%), C4 (19%), or both (11%) were present in 103 IgG4RD patients and were associated with a more inflammatory phenotype, higher serum
IgG4 levels, and IgG4-related kidney involvement (32). Recently, a small study reported
increased IgG4 G0 N-glycans and IgG4 fucosylated N-glycans in patients with IgG4-RD (n
= 12) compared with HCs (n = 8), with IgG4 non-fucosylated N-glycans decreased in those
with hypocomplementaemia (n = 7) (33). In line with this, we found a negative correlation
between C3 and C4 levels and both IgG4 fucosylation, and IgG1/2/3 hybrid structures.
The relevance of this remains uncertain, given that fucosylation and galactosylation are
primary mediators of functional changes in IgG for FcγR-mediated and complementmediated effector functions, respectively (7).
Recent studies have demonstrated that abnormalities in IgG glycosylation play a major
role not only in triggering but also in the activity and relapses in autoimmune disease
(34). For example, in patients with vasculitis, low-sialylated PR3-ANCA autoantibodies are
observed in those with high disease activity and serve as a biomarker of disease (34).
Furthermore, recovery of glycosylation status can be seen in response to treatment, for
example, in RA patients treated with methotrexate (35). We observed a decrease in IgG1specific Fc bisection and recovery (increased) with corticosteroid treatment specifically
in IgG4-RD patients compared with PSC and HC. This may be interesting to explore as
a biomarker of active disease. However, mass spectrometry is not widely available,
and thus, technological advancements in the use of plant lectins (with highly specific
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carbohydrate domains) would be required to detect functionally relevant alterations of
glycosylation patterns in this disease.
Taking into account the central role of glycosylation, it could be considered an attractive
target for the development of safer therapy in patients with IgG4-RD and PSC. B-cell
depletion is an attractive therapeutic option in IgG4-RD. Non-fucosylated recombinant
anti-CD20 rituximab (BLX-300) appears to be as efficient as classical fucosylated
rituximab in target-cell binding and apoptosis induction but is considered to be less
toxic in in vitro studies (36). Such an approach could improve the safety of therapeutic
monoclonal antibodies without diminishing their efficiency. Interestingly, treatments
based on glycosylation modulation might be also efficient in allergic diseases, which are
over-represented in patients with IgG4-RD (37). For instance, in an OVA-induced allergic
airway inflammation mouse model, prophylactic treatment based on sialylated anti-OVA
IgG transfer could inhibit IgG and IgE anti-OVA synthesis, plasma cell development, and
lung eosinophil infiltration (38). In summary, a better understanding of the role and the
mechanisms of immunoglobulin glycosylation alterations in IgG4-RD may pave the way
for the future development of safer and more innovative treatments.
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Figure S1. Serum IgG4 levels with disease
activity and corticosteroid treatment in
IgG4-RD. (A) Correlation plot of serum
IgG4 levels with total disease activity
calculated using the IgG4-Responder
Index. Spearman rank correlation, **P <
0.01. (B) Paired data of serum IgG4 levels
pre and post corticosteroid treatment.
Wilcoxen signed rank test, ****P < 0.0001.
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Figure S2. IgG4-Responder Index (IgG4-RI)
activity score with corticosteroid therapy
and glycosylation status. (A) Paired data
of IgG4-RI activity score pre and post
corticosteroid treatment. Paired t-test,
****P < 0.0001. (B) Correlation plot of the
IgG4-RI activity score and IgG2/3 Fc hybrid
structure glycosylation. Linear Regression
Analysis, **P < 0.01.
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Figure S3. Complement levels with glycosylation status in IgG4-RD. Correlation plot of C3 levels with (A)
fucosylation, and (B) IgG1 hybrid structures (C) IgG2/3 hybrid structures. Correlation plot of C4 levels with
(D) fucosylation, and (E) IgG1 hybrid structures (F) IgG2/3 hybrid structures. Spearman rank correlation,
*P < 0.05 **P < 0.01.

161

7
Fab glycosylated adalimumab induces
lower anti-adalimumab antibody
levels than adalimumab wild-type

In preparation

Fleur S. van de Bovenkamp, Ninotska I.L. Derksen, Jana Koers, Pleuni Ooijevaar-de Heer, and Theo
Rispens

Abstract
Some patients develop anti-adalimumab antibodies upon treatment with adalimumab,
a therapeutic anti-TNF immunoglobulin G (IgG) antibody. The constant region of all IgGs
contains Fc glycans, and about 15% of IgGs also contain glycans at the variable region.
Besides the effects of these Fab glycans on antigen binding and antibody stability,
Fab glycans have been associated with the anti-inflammatory activity of intravenous
immunoglobulin (IVIg), possibly by inducing B-cell apoptosis. Therefore, we generated
adalimumab variants with Fab glycans to test the hypothesis that adalimumab with
Fab glycans induces lower anti-adalimumab antibody levels than adalimumab without
Fab glycans. To investigate this, mice were immunized with adalimumab wild-type
(without Fab glycans) or one of the generated adalimumab variants (with Fab glycans)
and anti-adalimumab antibody levels were measured. We found that Fab glycosylated
adalimumab indeed induced lower anti-adalimumab antibody levels than adalimumab
wild-type, suggesting that Fab glycans can dampen the immune response, possibly
through the interaction between Fab glycans and CD22 on B cells.
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Introduction
Patients with rheumatoid arthritis or inflammatory bowel disease can be treated with
adalimumab, a therapeutic anti-TNF antibody. Some patients develop anti-adalimumab
antibodies upon treatment with adalimumab, which reduces the effectiveness of the
therapy (1). Patients might benefit from reduced anti-adalimumab antibody levels.
Adalimumab is an immunoglobulin G (IgG) antibody against TNF. IgG is the most abundant
class of immunoglobulins and consists of a constant region, which is involved in C1q and
FcγR binding, and a variable region, which is involved in antigen binding. The constant
region of all IgGs contains Fc glycans. In addition, about 15% of IgGs also contain glycans
at the variable region (2). We and other showed that these Fab glycans can affect antigen
binding (3) and antibody stability (4).
In addition, Fab glycans have been associated with the anti-inflammatory activity of
intravenous immunoglobulin (IVIg) (5). Fab glycan-enriched IVIg has been shown to
affect monocytes by downregulating CD54 expression and MCP-1 secretion (6), and
upregulating PGE2 production and thereby inhibiting IFN-α secretion by dendritic cells
(7). Furthermore, this fraction of IVIg has been shown to affect dendritic cells via DC-SIGN
by downregulating ERK1/2 phosphorylation (8), and upregulating COX-2 expression and
thereby PGE2 production, stimulating regulatory T-cell expansion (9-10). In addition, one
of the proposed mechanisms of action of IVIg is that anti-idiotype antibodies against
autoantibodies, which are present in IVIg, bind to autoreactive B-cell receptors, but at the
same time trigger CD22 on these autoreactive B cells through their sialylated Fab glycans,
and thereby inhibit B-cell activation and induce apoptosis (11-12).
We hypothesized that adalimumab with Fab glycans induces lower anti-adalimumab
antibody levels than adalimumab without Fab glycans through the interaction between
Fab glycans and CD22 on adalimumab-specific B cells. To investigate this, mice were
immunized with adalimumab wild-type (without Fab glycans) or one of the generated
adalimumab variants (with Fab glycans) and anti-adalimumab antibody levels were
measured. We found that Fab glycosylated adalimumab indeed induced lower antiadalimumab IgG(1) levels than adalimumab wild-type.
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Materials and Methods
Antibody generation
Two adalimumab variants (NH77 and NL79) were designed as described previously (3). The
asparagine residues to which glycans can be attached are located in framework region 3 of
the variable domain of the heavy (NH77) or light (NL79) chain, so not in the antigen-binding
site. Adalimumab wild-type (without Fab glycosylation sites) and the two adalimumab
variants (with Fab glycosylation sites) were expressed by transient cotransfection of
heavy and light chain containing vectors into HEK293F cells with PEI and Opti-MEM,
using the FreeStyle HEK293F expression system according to the instructions supplied
by the manufacturer. Antibodies were purified using protein G Sepharose as described
previously (3), IgG was eluted with 0.1 M glycine pH 2.5.
Antibody characterization
We previously confirmed the absence (wild-type) or presence (NH77 and NL79) of
Fab glycans by gel electrophoresis and lectin ELISAs (3). We previously showed that
the two adalimumab variants bind human TNFα (TNFα inhibition ELISA and surface
plasmon resonance measurements) and 15 anti-adalimumab clones (adalimumab-antiadalimumab ELISA) in a similar range as adalimumab wild-type (3). To measure binding of
adalimumab wild-type and variants to mouse TNFα, similar surface plasmon resonance
measurements were performed as described previously (3), only mouse instead of human
TNFα was used.
SNA affinity chromatography
SNA affinity chromatography was performed as described previously (3). Briefly, samples
in Tris-buffered saline (TBS, 10 mM Tris, 140 mM NaCl, pH 7.4) containing 0.1 mM CaCl2
(TBS-Ca) were applied to a column containing Sambucus nigra agglutinin (SNA) agarose.
After washing away unbound proteins, bound proteins containing sialic acid were
eluted with 0.5 M lactose in 0.2 M acetic acid. The sialic acid containing fractions were
immediately dialyzed against PBS. The SNA-depleted fraction of adalimumab wild-type
and the SNA-enriched fractions of the two adalimumab variants were used.
RCA affinity chromatography
RCA affinity chromatography was performed similarly as the SNA affinity chromatography
described above. Briefly, samples in PBS were applied to a column containing Ricinus
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communis agglutinin (RCA) agarose (Vector Laboratories). After washing away unbound
proteins, bound proteins containing terminal galactose were eluted with 0.2 M lactose.
The RCA-depleted fractions of adalimumab wild-type and the two adalimumab variants
were used.
LC-MS analysis
The two adalimumab variants were analyzed by LC-MS as described previously (3) before
and after SNA and RCA affinity chromatography.
Size-exclusion chromatography
To check whether samples were devoid of aggregates, adalimumab wild-type and
variants were analyzed by high-performance liquid chromatography size-exclusion
chromatography (HPLC-SEC). Samples in PBS (50 µL, about 10 µg) were applied to a
Superdex 200 10/300 GL column (GE Healthcare) at 0.5 mL/min using an ÄKTAexplorer
HPLC system (GE Healthcare). Elution profiles were monitored by measuring the
absorbance at 215 nm. The samples were confirmed to be devoid of aggregates.
Anion-exchange chromatography
To remove possible contaminants (e.g., endotoxins), adalimumab wild-type and variants
were analyzed by anion-exchange chromatography. Samples in PBS were applied to
a HiTrap Q HP column (GE Healthcare) at 0.5 mL/min using an ÄKTAprime system (GE
Healthcare). After washing away unbound molecules, bound molecules were eluted
with 0.1 M glycine pH 2. The depleted fractions of adalimumab wild-type and the two
adalimumab variants were used after sterilization using 0.2 µm filters (Pall Corporation).
Immunizations
Specific pathogen free NMRI mice (about 15 weeks old) were intraperitoneally immunized
with 5 µg per injection without adjuvants at week 0, 1, 2, 3, 4, and 5 (Eurogentec). Blood
samples were obtained at week 9.
Anti-adalimumab ELISA
Anti-adalimumab was quantified using an enzyme-linked immunosorbent assay (ELISA).
Microtiter plates (MaxiSorp, Nunc, Roskilde, Denmark) were coated overnight with 100
µL/well adalimumab diluted to 0.5 µg/mL in PBS. After washing five times with PBS
containing 0.02% Tween 20 (PBS-T), samples, serially diluted in PBS containing 0.1%
167

7

Tween 20 and gelatin (PTG) were incubated for 1 hour at room temperature. Plates
were washed five times and incubated for 1 hour at room temperature with 100 µL/well
biotinylated adalimumab diluted to 5 ng/mL in PTG. Plates were washed five times and
incubated with 100 µL/well streptavidin labelled with poly-HRP diluted 1:10.000 in PTG.
After 30 minutes incubation at room temperature, plates were washed five times and
developed with 100 µL/well tetramethylbenzidine (TMB). The reaction was stopped with
100 µL/well 2 M H2SO4, absorbance measured at 450 and 540 nm using a BioTek plate
reader and anti-adalimumab concentrations were calculated relative to a titration curve
of rabbit serum.
Anti-adalimumab IgG ELISA
Anti-adalimumab IgG was quantified using an ELISA. Microtiter plates were coated
overnight with 100 µL/well of a combination of monoclonal rat anti-mouse IgG1 (RM16-1,
Sanquin Reagents, Amsterdam, The Netherlands), IgG2a (RM16-2a, Sanquin Reagents),
and IgG2b (RM16-2b, Sanquin Reagents) diluted to 1 µg/mL in PBS. After washing five
times with PBS-T, samples, serially diluted in PTG were incubated for 1 hour at room
temperature. Plates were washed five times and incubated for 1 hour at room temperature
with 100 µL/well biotinylated adalimumab diluted to 5 ng/mL in PTG. Plates were washed
five times and incubated with 100 µL/well streptavidin labelled with poly-HRP diluted
1:10.000 in PTG. After 30 minutes incubation at room temperature, plates were washed
five times and developed with 100 µL/well TMB. The reaction was stopped with 100 µL/
well 2 M H2SO4, absorbance measured at 450 and 540 nm using a BioTek plate reader and
anti-adalimumab IgG concentrations were calculated relative to a titration curve of a
monoclonal mouse IgG.
Total IgG ELISA
Total IgG was quantified using an ELISA. Microtiter plates were coated overnight with 100
µL/well of a combination of monoclonal rat anti-mouse IgG1, IgG2a, and IgG2b diluted to
1 µg/mL in PBS. After washing five times with PBS-T, samples, serially diluted in PTG were
incubated for 1 hour at room temperature. Plates were washed five times and incubated
for 1 hour at room temperature with 100 µL/well monoclonal rat anti-mouse kappa (RM191, Sanquin Reagents) labelled with HRP (RM19 HRP, Sanquin Reagents) diluted to 1 µg/mL
in PTG. Plates were washed five times and developed with 100 µL/well TMB. The reaction
was stopped with 100 µL/well 2 M H2SO4, absorbance measured at 450 and 540 nm using
a BioTek plate reader and IgG concentrations were calculated relative to a titration curve
of a monoclonal mouse IgG.
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Results
Adalimumab variants bind TNFα in a similar range as adalimumab wild-type
We generated two adalimumab variants with Fab glycosylation sites (NH77 and NL79) to
immunize mice to test our hypothesis that adalimumab with Fab glycans induces lower
anti-adalimumab antibody levels than adalimumab without Fab glycans. We previously
confirmed the absence (wild-type) or presence (variants) of Fab glycans and showed that
the two adalimumab variants bind human TNFα and a panel of anti-adalimumab clones
in a similar range as adalimumab wild-type (3). To measure binding of adalimumab
wild-type and variants to mouse TNFα, we performed surface plasmon resonance
measurements and found that the two adalimumab variants also bind mouse TNFα in a
similar range as adalimumab wild-type, with only a modest (~15%) decrease in binding to
mouse TNFα for adalimumab NH77 compared to adalimumab wild-type (Fig. 1).

Figure 1. The two adalimumab variants bind mouse TNFα in a similar range as adalimumab wild-type.
To measure binding of adalimumab wild-type (WT) and variants (NH77 and NL79) to mouse TNFα, surface
plasmon resonance measurements were performed to determine the ka (1/Ms) and kd (1/s) to calculate the
KA (1/M) and KD (M).

Fab glycans on adalimumab variants have similar structures as in vivo Fab glycans
In vivo, Fab glycans are generally core fucosylated (70%), bisected (45%), largely
galactosylated (95%), and largely (50%) or partially (40%) sialylated (2). We performed
SNA and RCA affinity chromatography to enrich for sialylated Fab glycans (Fig. S1) and
deplete for terminally galactosylated (non-sialylated) Fab glycans. Fab glycans on the
two adalimumab variants were analyzed by LC-MS and we found that they have similar
structures as in vivo Fab glycans (Fig. 2). Fucosylation (>1 fucose per glycan) and bisection
(around 85-90%) are a bit higher and galactosylation (around 0.85-0.95 galactose per
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glycan) and sialylation (around 0.55-0.7 sialic acid per glycan) are a bit lower compared to
the common structure of in vivo Fab glycans. After SNA and RCA affinity chromatography,
sialylation increased to around 0.95 sialic acid per glycan. Galactosylation, bisection, and
fucosylation did not change upon affinity chromatography. The amount of sialic acid and
galactose per glycan is equal, indicating that there are no terminal galactoses present (all
galactoses have sialic acids attached).

Figure 2. The two adalimumab variants contain Fab glycans with similar structures as in vivo Fab glycans.
Degrees if sialylation, galactosylation, bisection, and fucosylation of Fc and Fab glycans were determined
by LC-MS analysis for the two adalimumab variants (NH77 and NL79) before (pre) and after (post) SNA and
RCA affinity chromatography.

Adalimumab variants induce lower anti-adalimumab IgG levels than adalimumab
wild-type
Mice were intraperitoneally immunized with 5 µg per injection without adjuvants at week
0, 1, 2, 3, 4, and 5 and blood samples were obtained at week 9. Anti-adalimumab total
IgG and IgG subclass (IgG1, IgG2a, and IgG2b) levels were determined and showed that
the anti-adalimumab response is an IgG1-dominated immune response, since around
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85% of anti-adalimumab IgG was IgG1. Whereas no significant differences were observed
for anti-adalimumab IgG2a and IgG2b levels, mice immunized with adalimumab NH77
produced lower levels of anti-adalimumab total IgG and IgG1 and mice immunized with
adalimumab NL79 produced lower levels of anti-adalimumab IgG1 than mice immunized
with adalimumab wild-type (Fig. 3). Using the adalimumab variants with Fab glycans
as coat and detection gave virtually identical results as using adalimumab wild-type
without Fab glycans (data not shown), indicating that antibodies were not directed
against Fab glycans. When measuring total anti-adalimumab antibody levels in a bridging
ELISA, which is expected to measure all isotypes, including IgM, IgG3, and IgA, a similar
trend was observed, whereas total IgG levels were similar between mice immunized
with adalimumab wild-type and variants (Fig. S2). In conclusion, we found that Fab
glycosylated adalimumab indeed induced lower anti-adalimumab antibody levels than
adalimumab wild-type.

Figure 3. The two adalimumab variants induce lower anti-adalimumab IgG levels than adalimumab wildtype. Mice were immunized with adalimumab wild-type (WT) or one of the two variants (NH77 or NL79) and
anti-adalimumab total IgG and IgG subclass (IgG1, IgG2a, and IgG2b) levels were measured at week 9. Bars
indicate medians with interquartile ranges. One-way ANOVA with Dunnett’s multiple comparison test, * P
< 0.05, ** P < 0.01.
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Discussion
Patients treated with adalimumab can develop anti-adalimumab antibodies, which
reduces the effectiveness of the therapy (1). Adalimumab is an IgG antibody that does not
contain Fab glycans. Since Fab glycans have been described to trigger CD22 and thereby
induce B-cell apoptosis (11-12), we hypothesized that adalimumab with Fab glycans
induces lower anti-adalimumab antibody levels than adalimumab without Fab glycans
through the interaction between Fab glycans and CD22 on adalimumab-specific B cells. To
investigate this, mice were immunized with adalimumab wild-type (without Fab glycans)
or one of the generated adalimumab variants (with Fab glycans) and anti-adalimumab
antibody levels were measured. We found that Fab glycosylated adalimumab indeed
induced lower anti-adalimumab IgG(1) levels than adalimumab wild-type.
Our results are very interesting in the context of strategies to minimize the immunogenicity
of new therapeutic antibodies. Our results suggest that Fab glycans on drugs can dampen
the immune response in patients producing anti-drug antibodies, possibly through the
interaction between Fab glycans and CD22 on B cells. Importantly, Fab glycans should not
be introduced at positions where they affect antigen binding, since that would probably
affect the effectiveness of the therapy. For IVIg therapy, it might be beneficial to use the
SNA-enriched fraction to treat patients with autoimmune diseases or B cell malignancies,
as has already been shown in several studies (5,13-14).
Whether the addition of Fab glycans has an effect on adalimumab immunogenicity, and
thereby results in lower levels of anti-adalimumab antibodies, should be investigated in
more detail. However, our previous finding that a panel of anti-adalimumab clones bind
the two adalimumab variants in a similar range as adalimumab wild-type (3) suggests
that the immunogenic epitopes on adalimumab wild-type are also exposed on the
adalimumab variants. We previously showed that Fab glycans can affect antibody stability
(4) and it has been suggested that Fab glycans play a role in in vivo antibody half-life (15),
possibly through the interaction between Fab glycans and FcRn. It would be interesting
to study this in more detail.
In the generation of therapeutic antibodies, Fab glycans are generally avoided since there
is a chance of developing an immune response against strange Fab glycan structures.
Despite we found that fucosylation and bisection were a bit higher and galactosylation
172

and sialylation were a bit lower for the adalimumab variants compared to the common
structure of in vivo Fab glycans, the overall structures were similar. Since we did not
find more reactivity against the adalimumab variants than adalimumab wild-type (data
not shown), anti-adalimumab antibodies produced by the mice immunized with the
adalimumab variants were specific for the protein part of the molecule and not for the
glycan part.
It has been suggested that Fc glycans can interact with CD22. In line with this, it has been
shown that IVIg with fully sialylated Fc glycans has more anti-inflammatory activity than
normal IVIg (16). However, only 1% of IgG molecules in normal IVIg have fully sialylated Fc
glycans (17), and therefore this is probably not the (only) mechanism of action. It would
be interesting to investigate whether adalimumab wild-type (so without Fab glycans)
with engineered Fc glycans that are fully sialylated also induce lower anti-adalimumab
antibody levels than adalimumab wild-type with normal Fc glycans.
The introduction of Fab glycans during an in vivo immune response might represent a
mechanism of the human body to regulate antibody responses by providing a negative
feedback loop for antibody production. Since our results show that the anti-adalimumab
response is dominated by mouse IgG1 (which functionally resembles human IgG4), and
we previously showed that Fab glycosylation of human IgG4 is increased compared to
the other IgG subclasses (3), it would be interesting to measure Fab glycosylation of the
anti-adalimumab IgG1 antibodies in this study. Skewing to mouse IgG1/human IgG4
(TH2 responses) might result in increased Fab glycosylation and thereby dampening of
the antibody response by immune complexes containing Fab glycosylated antibodies,
possibly via CD22 on B cells (18).
This study shows that Fab glycosylated adalimumab induces lower anti-adalimumab
antibody levels than adalimumab wild-type. Whether immunogenicity and half-life
play a role (discussed above), and how this exactly works at the cellular and molecular
level is unknown. We now hypothesized that B cells are the main cells involved in this
phenomenon, and experiments with B cells and Fab glycosylated antibodies should give
more insight in this aspect, but other immune cells (e.g., monocytes/macrophages and
dendritic cells) should also be investigated. We here present a very promising finding that
offers many options for future research.
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Figure S1. SNA affinity chromatography was performed to enrich for sialylated Fab glycans. Examples
of elution profiles for adalimumab wild-type and one of the adalimumab variants (NH77). Adalimumab
wild-type does not contain Fab glycans so does not bind to the SNA column, and therefore the first peak
contains all adalimumab wild-type molecules. Adalimumab NH77 does contain Fab glycans that are
partially sialylated (see Fig. 2) so a part does bind to the SNA column and a part does not, and therefore
the first peak contains the adalimumab NH77 molecules with Fab glycans but without sialic acid and the
second peak contains the adalimumab NH77 molecules with Fab glycans with sialic acid. We used the first
peak for adalimumab wild-type (not Fab glycosylated) and we used the second peak for the adalimumab
variants (Fab glycosylated and sialylated).

7

Figure S2. Total IgG levels are similar between mice immunized with adalimumab wild-type and variants.
Mice were immunized with adalimumab wild-type (WT) or one of the two variants (NH77 or NL79) and
total anti-adalimumab antibody levels (including possible IgM, IgG3, and IgA) and total IgG levels were
measured at week 9. Bars indicate medians with interquartile ranges. One-way ANOVA with Dunnett’s
multiple comparison test.

179

8
Summarizing discussion

182

The emergence of Fab-glycosylated antibodies
During an adaptive immune response, antigen-presenting cells activate specific T cells,
and specific B cells get activated (either with or without help from T cells) to produce
immunoglobulins (i.e., antibodies). IgG is the most abundant class of immunoglobulins
in the blood, and we and others showed that Fab glycans are present in about 15-25%
of IgG molecules (1-3). The emergence of Fab-glycosylated antibodies, starting from
largely absent in the initial antibody repertoire of naive B cells, was mostly unexplored
(4). In Chapter 3, we showed that the introduction of N-glycosylation sites during somatic
hypermutation, which is required for Fab glycosylation, mainly occurs around the antigenbinding site. We also showed that this is already determined in the germline repertoire
due to a specific clustering of progenitor glycosylation sites in the germline sequences of
variable domain genes.
Why Fab glycosylation sites are largely absent in the naive repertoire is unknown. It
might be that naive B cells have to produce broadly reactive antibodies at a high rate
to be able to quickly respond to the large number of potential pathogens, and that the
presence of Fab glycans would reduce the amount of antibodies produced and modulate
antibody specificity (Chapter 3). In addition, it is very likely that the introduction of Fab
glycans could disrupt the antibody structure/folding resulting in antibody degradation,
and only rarely has a positive effect (e.g., improved antigen binding, increased antibody
stability). The selection against the introduction of Fab glycans because of these possible
negative effects on production rate and protein folding might underlie the scarcity of Fab
glycosylation sites in the naive repertoire. Only in the rare event that the introduction has
a positive effect, this would result in selection of these B cells during affinity maturation in
the germinal center, and thus in the production of Fab-glycosylated antibodies.
Having a glycosylation site does not mean that it is occupied by a glycan. Why some
Fab glycosylation sites are not occupied is not fully known. It has been described that
Fab glycosylation site occupancy and Fab glycan structure may vary with position (56). Similarly, we obtained data that showed that Fab glycan position may affect the
efficacy of glycosidases (Endoglycosidase F3 and peptide-N-glycosidase F) on Fab glycans
(Chapter 4). Our data suggested that exposure of Fab glycans and/or accessibility of
Fab glycan attachment points may play a role in this process. Similarly, exposure of Fab
glycosylation sites may play a role in the process of glycosylation. Since glycosylation is
largely a cotranslational process, it might be that the antibody has already partially folded
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by the time the glycosylation machinery is ready to attach a sugar moiety to the protein,
and therefore sites that are not exposed after protein folding might stay unoccupied due
to their inaccessibility. However, one of our adalimumab variants with a glycosylation
site (NL108) does not contain Fab glycans, while this glycosylation site is located in the
CDR3, which remains exposed after folding since it is the main site involved in antigen
binding. In agreement, it has been shown that a higher accessibility of glycosylation
sites not necessarily correlates with a higher occupancy by glycans (7). Therefore,
inaccessibility of the site upon protein folding is not the only explanation why some sites
are not occupied by glycans. Our recent, yet unpublished data show that >95% of tested
Fab glycosylation sites in the heavy chain and ~60% in the light chain are fully occupied
(Koers et al., submitted). Amino acids surrounding the glycosylation site can influence
its occupancy (7). Additionally, the expression of enzymes required for glycosylation
(e.g., oligosaccharyltransferase) can be regulated by different factors (e.g., IL-6 and
progesterone) (8-10), and this may also affect Fab glycosylation site occupancy in vivo.
There are several possible explanations why glycosylation sites are mainly present around
the antigen-binding site, so around the CDRs, and less around the FRs. First, there is a
higher mutation frequency in the CDRs compared to the FRs (Kabat), and thereby a higher
chance of introducing a glycosylation site there. However, since the germline repertoire
is already skewed toward this distribution (Chapter 3), this is not the only mechanism.
In addition, there are different forms of selection of antibodies at the protein level that
might explain this distribution. Presumably, glycosylation sites introduced in the FRs
would be more likely to disrupt proper protein folding and cause antibody degradation
in the endoplasmic reticulum/Golgi. Glycosylation sites introduced in the CDRs would be
less likely to negatively affect protein folding. As shown in Chapter 5, Fab glycans around
the CDRs and DE loop can even improve antibody stability and thereby probably extend
in vivo half-life. We have not examined the effect of introducing Fab glycans in the FRs
(with the exception of the DE loop in FR3) on antibody stability. Finally, Fab glycosylation
can contribute to antigen binding, and therefore antibodies with Fab glycans around the
CDRs might be positively selected during affinity maturation. Whether all three forms of
selection (i.e., protein folding, antibody stability, and antigen binding) contribute equally
to this biased distribution of glycosylation sites is unknown.
The selection and regulation of Fab-glycosylated antibodies
In Chapter 3, we showed that Fab glycosylation differs between IgG subclasses and
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specificities. For example, we found that one of the IgG subclasses, IgG4, has increased
levels of Fab glycosylation compared to the other subclasses. In addition, anti-PLA2,
anti-ADL, anti-IFX, anti-CCP, and anti-hinge showed increased levels of Fab glycosylation
compared to total IgG, and for anti-CCP (ACPAs) this was in line with other recent studies
(11-14). In contrast, anti-RhD showed decreased levels of Fab glycosylation compared to
total IgG, and anti-TT and anti-NTZ showed similar levels as total IgG. These different levels
of Fab glycosylation for different specificities suggest that Fab glycosylation is subject to
selection during antigen-specific antibody responses. Besides this antigen-associated
selection, Fab glycosylation is probably subject to additional forms of selection and
regulation, which will be discussed below.
Factors influencing glycosylation site occupancy and glycan structure might exist. For
example, it has been shown that T-cell signaling can influence the structure of Fc glycans
(17), which suggests that different antigens activating different T cells can result in different
glycan structures, but whether this can also influence the structure of Fab glycans has not
been studied so far. Whether Fab glycosylation site occupancy and Fab glycan structure
can indeed be influenced by these T-cell dependent factors (e.g., cytokines produced
during B-cell activation) requires future studies and could for example be investigated
using B-cell cultures. Fab glycans are mainly highly processed complex-type biantennary
N-linked glycans (3,15-16). The high processing/high degree of sialylation of Fab glycans
in vivo might be caused by the better accessibility of Fab glycans for galactosyltransferase
and sialyltransferase enzymes in the endoplasmic reticulum/Golgi in comparison with
Fc glycans, or might be due to selective removal of non-sialylated Fab-glycosylated
antibodies by the asialoglycoprotein receptor (or both). Future studies on antibodies
produced in B-cell cultures (in the absence of selection) should be performed to learn
what Fab glycan structures are present in vitro and what structures are removed in vivo.
An additional or alternative mechanism of selection of Fab-glycosylated antibodies
may involve factors that elicit T-cell independent B-cell differentiation. It has been
suggested that triggering of Fab-glycosylated B-cell receptors by lectins (glycan-binding
proteins) may lead to malignant B-cell survival (18-19). Accordingly, increased levels
of Fab glycosylation are found in follicular lymphoma (20-21). In line with this, it has
been hypothesized that regulation is aberrant in IgG4-related disease patients through
stimulation of IgG4-producing B cells by endogenous lectins, resulting in antigenindependent B-cell proliferation and antibody production. However, while we found
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in Chapter 6 that Fab glycosylation of total IgG from IgG4-related disease patients was
slightly increased compared to that of total IgG from controls (which was mainly caused
by increased levels of IgG4), IgG4 Fab glycosylation levels were similar between IgG4related disease patients and controls, suggesting that there is no specific selection/
proliferation of B cells producing antibodies with Fab glycans in patients in comparison
with healthy individuals. Fab glycosylation of IgG4 in IgG4-related disease patients may
thus not deviate from that in healthy individuals, but IgG4-producing B cells in general
may be subject to unique regulation of Fab glycosylation.
Fab-glycosylated antibodies and disease
Whereas we did not find distinct patterns of Fab glycosylation in IgG4-related disease
patients compared to controls, distinct patterns of Fab glycosylation are associated
with other (patho)physiological conditions (11,15,20-26). For example, Fab glycans
contain more sialic acid and less bisecting GlcNAc during pregnancy than after delivery
(15). It would be interesting to investigate whether Fab-glycosylated IgG from pregnant
women share similar, possibly immunomodulatory, properties with SNA-enriched IVIg.
In addition, in several autoimmune diseases (rheumatoid arthritis) and malignancies
(follicular lymphomas), Fab glycosylation is increased compared to healthy individuals. In
line with this, it has recently been suggested that acquiring Fab glycosylation sites is not
only a feature of rheumatoid arthritis, but also of many other autoimmune diseases (27).
However, the role of Fab glycosylation in pathogenesis has not been established. So far,
there are no clear associations between Fab glycosylation and disease activity/severity/
outcome. However, for ACPAs it has been proposed that Fab glycosylation might be (part
of) the second hit in the two-hit model, where the first hit is the production of ACPAs
without clinical symptoms and the second hit results in increased levels and specificities
of ACPAs and clinical rheumatoid arthritis (28). These increased levels and specificities
might be the result of the introduction of Fab glycans and the subsequent triggering of
Fab-glycosylated B-cell receptors by lectins.
Why Fab glycosylation is higher in the VH4 family compared to the VH1 and VH3 families
is unknown. One of the VH4 family members, VH4-34, is associated with autoimmunity.
In contrast to the proposed contribution of Fab glycosylation to developing rheumatoid
arthritis (discussed above), Fab glycans have been described to diminish autoreactivity
(8,29). Therefore, the high presence of Fab glycosylation sites in VH4-34 might represent
a mechanism to reduce autoantigen binding and thereby autoreactivity. However, while
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for ACPAs it has been shown that Fab glycans do not appear to have a major influence
on antigen binding (14), removal of Fab glycans of an autoantibody clone from a patient
with Sjögren’s syndrome abolished binding to autoantigens (30), suggesting that these
Fab glycans improve autoantigen binding rather than reducing it. There is no evidence for
an increased presence of VH4 family members in patients with Sjögren’s syndrome (31).
The function of Fab-glycosylated antibodies
Antigen binding by Fab-glycosylated antibodies
Several studies showed that Fab glycans can influence antigen binding (6,32-36). In
Chapter 3, we confirmed that there is modulation of antigen binding by Fab glycans
when they are introduced at various predicted sites, and that naturally occurring Fab
glycans can enhance/positively contribute to antigen binding. While our data suggest an
overall comparable structure between in vitro and in vivo produced Fab glycans (highly
sialylated), there are some small differences, mainly in sialylation levels. Our preliminary
results for one antibody clone suggest that there might be an association between the
level of sialylation and the effect on antigen binding (Chapter 3), but sialylation did not
affect the stability of two tested antibody clones (Chapter 5). Whether variation in the
structure of Fab glycans affects the function of these glycans requires more detailed
studies. With a recently developed method, it is now possible to investigate the effect of
the structure of Fab glycans in more detail (37).
Stability of Fab-glycosylated antibodies
Another established activity of Fab glycans is to affect in vivo antibody half-life (6). In line
with that, Fab glycans were described to alter antibody stability and aggregation (3840). In Chapter 5, we showed that introduction of Fab glycans at predisposed locations
can improve antibody stability, and that removal of naturally acquired Fab glycans
can deteriorate antibody stability. Whether this improved stability in vitro results in an
extended half-life in vivo requires in vivo studies.
Immune modulation by Fab-glycosylated antibodies
Fab glycans are associated with the anti-inflammatory activity of IVIg (41-42). In Chapter
7, we suggested that Fab-glycosylated antibodies might be less immunogenic through
the interaction of their Fab glycans with CD22 on B cells, which is a sialic acid-binding
immunoglobulin-type lectin (Siglec). In agreement, we found that immunization of mice
with adalimumab with Fab glycans results in lower anti-adalimumab IgG levels than with
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adalimumab without Fab glycans. It has been shown that glycans on IgM can activate
CD22 and thereby negatively regulate B-cell signaling (43). The role of Fab glycans in
immune modulation is an interesting topic for future research. It might be that immune
modulation by Fab glycans is not only via CD22 on B cells (or other glycan-binding
molecules on other cells, for example DC-SIGN on dendritic cells or macrophages), but
also by modulating the antibody repertoire to reduce unwanted reactivity toward the
fetus or autoantigens by masking antigen-binding sites of (auto)antibodies. Whether this
occurs and how such Fab-glycosylated antibodies would be selected remains elusive.
Fab-glycosylated antibodies might also be less immunogenic because the Fab glycans,
which are very flexible, make the epitope (usually targeted by anti-drug antibodies) more
variable and thereby less well recognized by these anti-drug antibodies, which would be
a useful tool for developing therapeutic antibodies.
As illustrated in Figure 1, based on our findings in combination with the current literature,
we propose an immunomodulatory role for Fab-glycosylated antibodies and/or B-cell
receptors. B cells that have switched to IgG get negative feedback through the interaction of
immune complexes (IgG in complex with antigens) with the inhibitory Fc receptor FcγRIIb.
B cells that have undergone somatic hypermutation which introduced Fab glycans might
get additional negative feedback through the interaction of Fab glycans (on antibodies
or B-cell receptors) with the inhibitory sialic acid-binding immunoglobulin-type lectin
CD22 (Chapter 7). In addition, since Fab glycans can reduce or enhance antigen binding
(Chapter 3), they might prevent unwanted interactions, for example with autoantigens
(reducing autoimmunity) or unfolded antibodies (improving stability, Chapter 5). On
the other hand, Fab glycans might allow for unwanted interactions, for example with
autoantigens or glycan-binding molecules (both probably enhancing autoimmunity/
malignancy).
Together, the results presented in this thesis show that Fab glycans can affect antigen
binding and antibody stability. Interestingly, our findings suggest that future research on
the possible immunomodulatory role for Fab glycans in immunity could be very useful,
for example to gain more insight into the regulation of the humoral immune response
and to learn more about the pathogenesis of B-cell mediated autoimmune diseases, and
eventually possibly contribute to improve antibody therapies.
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Figure 1. Early during an immune response, naive B cells recognizing their specific antigens can produce
low-affinity IgM. Two types of antigens are shown; pathogens (green) and autoantigens (red). One B cells
binding a pathogen and an autoantigen is shown, but generally one B cell has a single unique specificity
(i.e., binds either the pathogen or the autoantigen). B cells can also take up and present antigens to T cells
to get help from T cells (CD40 ligand and cytokines) which can result in class switching to for example IgG.
IgG in complex with antigens can give negative feedback to B cells via FcγRIIb (the inhibitory Fc receptor).
B cells can also undergo somatic hypermutation with help from T cells which can introduce glycosylation
sites and thereby result in Fab-glycosylated B-cell receptors and antibodies. Fab glycans can reduce or
enhance antigen binding. Possibly, Fab glycans can prevent unwanted interactions, for example with
autoantigens (reducing autoimmunity) or unfolded antibodies (improving stability). On the other hand,
Fab glycans might allow for unwanted interactions, for example with autoantigens or glycan-binding
molecules (both probably enhancing autoimmunity/malignancy). Finally, Fab glycans might modulate
immunity via glycan-binding molecules on B cells (e.g., CD22, giving additional negative feedback) or other
cells (e.g., macrophages).
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English Summary
As introduced in Chapter 1 of this thesis, our immune system protects us against infection
by invading pathogens. B cells can bind pathogens and get activated without help from
T cells, resulting in production of low-affinity antibodies. Specific B cells can also take up
pathogens via their B-cell receptors and present parts of it to helper T cells, which provide
help to B cells and cause differentiation into memory B cells or plasmablasts and plasma
cells that secrete antibodies.
An antibody molecule is composed of two distinct regions; a constant region and a variable
region. The constant region determines the immunoglobulin (sub)class, which can be
IgM, IgD, IgG1-4, IgA1-2, or IgE. The former is generated early during an immune response,
but with help from T cells, B cells can switch from IgM to IgG or one of the other classes.
The different classes have different capacities to trigger effector functions, e.g., activation
of the complement system or activation of different immune cells (e.g., phagocytic cells
or granulocytes). Since IgG is the most abundant class of immunoglobulins in the blood,
we focused on this class in this thesis.
To be able to defend against infection by the large number of potential pathogens, at
least as many antibody specificities should be generated. Two processes contribute
to the large number of specificities of antibodies; V(D)J recombination and somatic
hypermutation. During V(D)J recombination, V(D)J gene segments are recombined to
form the variable region of the heavy and light chain, which results in almost two million
possible combinations. This number is even increased by the addition and removal of
nucleotides in the V(D)J junctions. This forms the initial antibody repertoire of B cells,
with each B cell generally having a single unique specificity.
During somatic hypermutation, mutations are introduced in and around the antigenbinding site to alter the antigen-binding affinity of the B-cell receptor. This process
generates even more diversity, resulting in the formation of several B-cell variants
originating from one single original B-cell clone, and selection of the B-cell variant
with the highest affinity. The introduction of a mutation can lead to the emergence of a
glycosylation site (N-X-S/T) and thereby the production of Fab-glycosylated antibodies,
which is the subject of this thesis.
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As discussed in Chapter 2 of this thesis, 15-25% of IgG molecules contain Fab glycans in
addition to the Fc glycans that are present in all IgG molecules. Regarding the structural
features of IgG Fab glycosylation, Fab glycans are generally highly processed (sialylated)
complex biantennary glycans linked to N-glycosylation sites, which consist of asparagine,
any amino acid but proline, and serine or threonine (N-X-S/T), and mainly emerge
during somatic hypermutation. Fab glycosylation can change during physiological and
pathological conditions (e.g., pregnancy and rheumatoid arthritis), and can influence IgG
function (e.g., antigen binding and antibody stability). Since Fab glycans might eliminate
autoreactivity and are associated with the anti-inflammatory activity of intravenous
immunoglobulin (IVIg), we proposed an immunomodulatory role for Fab glycans.
Despite associations between Fab glycosylation and different aspects of immunity, the
emergence and functional consequences of Fab glycosylation are poorly understood.
Therefore, we investigated in Chapter 3 of this thesis how and where Fab glycans emerge
in the variable region of antibodies, and found that Fab glycosylation sites mainly emerge
during somatic hypermutation, preferentially near antigen-binding regions. We also
found that Fab glycosylation differs between IgG subclasses (increased levels for IgG4)
and specificities. By studying the effect of Fab glycans on antigen binding, we found that
there can be modulation of antigen binding by Fab glycans, and that naturally occurring
Fab glycans can enhance antigen binding. Together, these findings indicate that there is
adaptive antibody diversification through N-linked glycosylation of the immunoglobulin
variable region, influencing antigen binding.
The reliable generation of antibodies that either have or lack Fab glycans would be very
helpful to study the role of Fab glycans in more detail. Therefore, Chapter 4 of this thesis
describes the enzymatic removal of IgG variable domain glycans by different glycosidases.
We set out to remove Fab glycans by treating polyclonal and monoclonal human IgG
antibodies with commonly used glycosidases (Endo F3, PNGase F, and RapidTM PNGase
F), and found that Fc glycans can be removed using PNGase F and RapidTM PNGase F, but
not with Endo F3. In addition, we found that not all Fab glycans can be cleaved off by the
tested glycosidases (under non-denaturing conditions), suggesting that Fab glycans are
exposed to different degrees.
In addition to the influence of Fab glycosylation on antigen binding, we examined the
effect of introducing or removing Fab glycans on antibody stability in Chapter 5 of this
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thesis. We showed that the introduction of Fab glycans at predisposed locations can
improve antibody stability. In line with that, we showed that the removal of naturally
acquired Fab glycans can deteriorate antibody stability. The finding that Fab glycans can
contribute to IgG antibody stability might be very interesting for therapeutic as well as
diagnostic purposes.
Since we found increased Fab glycosylation levels for IgG4, we wondered whether IgG
glycosylation levels and patterns were different in patients with IgG4-related disease,
who suffer from organ dysfunction related to abundant IgG4+ polyclonal plasma cells.
Therefore, Chapter 6 of this thesis addresses glycosylation in IgG4-related disease
patients. Regarding Fc glycosylation patterns, IgG Fc galactosylation was decreased in
IgG4-related disease patients compared with healthy controls, a finding that has been
seen in other autoimmune and chronic inflammatory conditions. We found additional
differences between IgG4-related disease patients and healthy controls, which recovered
upon treatment (IgG2/3 Fc hybrid structures and IgG1 Fc bisection), correlated with
disease activity (IgG2/3 Fc hybrid structures), or negatively correlated with complement
levels (IgG4 Fc fucosylation and IgG2/3 Fc hybrid structures). Regarding Fab glycosylation
levels, IgG Fab sialylation was increased in IgG4-related disease patients compared with
healthy controls, which was probably mainly caused by increased IgG4 levels, with only a
slight increase in IgG4-specific Fab sialylation.
As mentioned above, we proposed an immunomodulatory role for Fab glycans in
addition to their influence on antigen binding and antibody stability. Chapter 7 of this
thesis describes the effect of introducing Fab glycans in an immunogenic drug antibody
on immunogenicity/anti-drug antibody levels in immunized mice. Our data show that
Fab glycosylated adalimumab induced lower anti-adalimumab antibody levels than
adalimumab wild-type, suggesting that Fab glycans can dampen the immune response,
possibly through the interaction between Fab glycans and CD22 on B cells. These findings
are very promising and offer many options for future research, and may be interesting in
the context of strategies to minimize the immunogenicity of new therapeutic antibodies.
As summarized and discussed in Chapter 8 of this thesis, we found that Fab glycosylation
sites mainly emerge near the antigen-binding site, explaining the observed influence of
Fab glycans on antigen binding. The differences in Fab glycosylation between antigen
specificities indicate antigen-associated selection. In addition to their influence on
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antigen binding, we found that Fab glycans can contribute to antibody stability. Our
results suggest that Fab glycans are exposed to different degrees, possibly explaining
why some Fab glycans do have an effect on antigen binding and/or antibody stability and
others do not. IgG4 antibody responses are associated with tolerance, and the increased
Fab glycosylation of this subclass might suggest a role for Fab glycans in immune
modulation. As in healthy individuals, IgG4 Fab glycosylation was increased in individuals
suffering from IgG4-related disease. Interestingly, our in vivo experiments indicate that
Fab glycosylated drug antibodies are less immunogenic than drug antibodies without Fab
glycans, again suggesting a role for Fab glycans in immune modulation.
Together, the results presented in this thesis show that Fab glycans can affect antigen
binding and antibody stability. Interestingly, our findings suggest that future research on
the possible immunomodulatory role for Fab glycans in immunity could be very useful,
for example to gain more insight into the regulation of the humoral immune response
and to learn more about the pathogenesis of B-cell mediated autoimmune diseases, and
eventually possibly contribute to improve antibody therapies.
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Nederlandse Samenvatting
Zoals geïntroduceerd in Hoofdstuk 1 van dit proefschrift beschermt ons immuunsysteem
ons tegen infectie door binnendringende pathogenen. B cellen kunnen pathogenen
binden en worden geactiveerd zonder hulp van T cellen, wat resulteert in productie
van laag-affiene antistoffen. Specifieke B cellen kunnen ook pathogenen opnemen via
hun B-cel receptoren en delen ervan presenteren aan helper T cellen, die hulp bieden
aan B cellen en deze laten differentiëren naar geheugen B cellen of plasmablasten en
plasmacellen die antistoffen uitscheiden.
Een antistofmolecuul bestaat uit twee verschillende regio’s; een constante regio en een
variabele regio. De constante regio bepaalt de immunoglobuline (sub)klasse, wat IgM,
IgD, IgG1-4, IgA1-2 of IgE kan zijn. De eerste wordt vroeg tijdens een immuunreactie
gegenereerd, maar met hulp van T cellen kunnen B cellen veranderen van IgM naar IgG of
een van de andere klassen. De verschillende klassen hebben verschillende capaciteiten
om effectorfuncties in gang te zetten, bv. activatie van het complementsysteem of activatie
van verschillende immuuncellen (bv. fagocytische cellen of granulocyten). Omdat IgG de
meest voorkomende klasse van immuunglobulines in het bloed is, hebben we gefocust
op deze klasse in dit proefschrift.
Om ons lichaam te kunnen verdedigen tegen infectie door het grote aantal potentiële
pathogenen, moeten minstens evenveel antistofspecificiteiten worden gegenereerd.
Twee processen dragen bij aan het grote aantal specificiteiten van antistoffen; V(D)J
recombinatie en somatische hypermutatie. Tijdens V(D)J recombinatie worden V(D)J
gensegmenten gerecombineerd om de variabele regio van de zware en lichte keten te
vormen, wat resulteert in bijna twee miljoen mogelijke combinaties. Dit aantal wordt nog
veel groter door de toevoeging en verwijdering van nucleotiden in de V(D)J verbindingen.
Dit vormt het initiële antistofrepertoire van B cellen, waarbij elke B cel over het algemeen
een enkele unieke specificiteit heeft.
Tijdens somatische hypermutatie worden mutaties geïntroduceerd in en rondom de
antigeenbindingsplaats om de antigeenbindingsaffiniteit van de B-cel receptor te
veranderen. Dit proces genereert nog meer diversiteit, wat resulteert in de vorming
van meerdere B-cel varianten die afkomstig zijn van een enkele originele B-cel kloon en
selectie van de B-cel variant met de hoogste affiniteit. De introductie van een mutatie kan
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leiden tot het ontstaan van een glycosyleringsplaats (N-X-S/T) en daardoor de productie
van Fab-geglycosyleerde antistoffen, wat het onderwerp van dit proefschrift is.
Zoals besproken in Hoofdstuk 2 van dit proefschrift bevatten 15-25% van de IgG moleculen
Fab glycanen naast de Fc glycanen die aanwezig zijn in alle IgG moleculen. Wat betreft de
structurele eigenschappen van IgG Fab glycosylering zijn Fab glycanen over het algemeen
gesialyleerde complexe biantennaire glycanen gekoppeld aan N-glycosyleringsplaatsen,
die bestaan uit asparagine, elk aminozuur behalve proline, en serine of threonine (N-XS/T), en voornamelijk ontstaan tijdens somatische hypermutatie. Fab glycosylering
kan veranderen tijdens fysiologische en pathologische condities (bv. zwangerschap
en reumatoïde artritis) en kan IgG functie (bv. antigeenbinding en antistofstabiliteit)
beïnvloeden. Fab glycanen zouden mogelijk autoreactiviteit kunnen elimineren en zijn
geassocieerd met de anti-inflammatoire activiteit van intraveneus immuunglobuline
(IVIg). We suggereren daarom dat Fab glycanen een immuun-modulerende rol zouden
kunnen hebben.
Ondanks associaties tussen Fab glycosylering en verschillende aspecten van immuniteit
is er weinig bekend over het ontstaan en de functionele consequenties van Fab
glycosylering. Daarom hebben we in Hoofdstuk 3 van dit proefschrift onderzocht hoe
en waar Fab glycanen ontstaan in de variabele regio van antistoffen en hebben we
gevonden dat Fab glycosyleringsplaatsen voornamelijk ontstaan tijdens somatische
hypermutatie, preferentieel rondom antigeenbindingsregio’s. We hebben ook gevonden
dat Fab glycosylering verschilt tussen IgG subklassen (verhoogde niveaus voor IgG4) en
specificiteiten. Door het bestuderen van het effect van Fab glycanen op antigeenbinding
hebben we gevonden dat er modulatie van antigeenbinding door Fab glycanen kan zijn
en dat natuurlijk voorkomende Fab glycanen antigeenbinding kunnen verbeteren. Samen
wijzen deze bevindingen erop dat er adaptieve antistofdiversificatie is door N-gekoppelde
glycosylering van de immuunglobuline variabele regio, wat antigeenbinding beïnvloedt.
Het betrouwbaar genereren van antistoffen die wel of geen Fab glycanen hebben zou erg
nuttig zijn om de rol van Fab glycanen in meer detail te bestuderen. Daarom beschrijft
Hoofdstuk 4 van dit proefschrift de enzymatische verwijdering van IgG variabel domein
glycanen door verschillende glycosidases. We wilden Fab glycanen verwijderen door
polyklonale en monoklonale humane IgG antistoffen te behandelen met veelgebruikte
glycosidases (Endo F3, PNGase F en RapidTM PNGase F) en hebben gevonden dat Fc
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glycanen kunnen worden verwijderd met PNGase F en RapidTM PNGase F, maar niet met
Endo F3. Daarnaast hebben we gevonden dat niet alle Fab glycanen kunnen worden
afgesplitst door de geteste glycosidases (onder niet-denaturerende condities), wat
suggereert dat Fab glycanen in verschillende mate zijn geëxposeerd.
Naast de invloed van Fab glycosylering op antigeenbinding hebben we het effect van
het introduceren of verwijderen van Fab glycanen op antistofstabiliteit onderzocht
in Hoofdstuk 5 van dit proefschrift. We hebben aangetoond dat de introductie van
Fab glycanen op voorbestemde locaties antistofstabiliteit kan verbeteren. Daarmee
in overeenstemming hebben we aangetoond dat de verwijdering van Fab glycanen
verworven tijdens een immuunreactie antistofstabiliteit kan verslechteren. De bevinding
dat Fab glycanen kunnen bijdragen aan IgG antistofstabiliteit zou erg interessant kunnen
zijn voor zowel therapeutische als diagnostische doeleinden.
Omdat we verhoogde niveaus van Fab glycosylering voor IgG4 hebben gevonden,
vroegen we ons af of niveaus en patronen van IgG glycosylering anders waren in
patiënten met IgG4-gerelateerde ziekte, die lijden aan orgaandysfunctie gerelateerd
aan overvloedige IgG4+ polyklonale plasmacellen. Daarom werd in Hoofdstuk 6 van dit
proefschrift ingegaan op glycosylering in patiënten met IgG4-gerelateerde ziekte. Wat
betreft patronen van Fc glycosylering was IgG Fc galactosylering verlaagd in patiënten
met IgG4-gerelateerde ziekte in vergelijking met gezonde controles, een bevinding die
is gezien in andere auto-immuunziektes en chronische ontstekingsaandoeningen. We
hebben additionele verschillen gevonden tussen patiënten met IgG4-gerelateerde ziekte
en gezonde controles die herstelden na behandeling (IgG2/3 Fc hybride structuren en
IgG1 Fc bisectie), correleerden met ziekteactiviteit (IgG2/3 Fc hybride structuren) of
negatief correleerden met complementniveaus (IgG4 Fc fucosylering en IgG2/3 Fc hybride
structuren). Wat betreft niveaus van Fab glycosylering was IgG Fab sialylering verhoogd
in patiënten met IgG4-gerelateerde ziekte in vergelijking met gezonde controles, wat
waarschijnlijk voornamelijk veroorzaakt wordt door verhoogde niveaus van IgG4, met
slechts een lichte verhoging in IgG4-specifieke Fab sialylering.
Zoals hierboven vermeld hebben we een immuun-modulerende rol voor Fab glycanen
voorgesteld naast hun invloed op antigeenbinding en antistofstabiliteit. Hoofdstuk
7 van dit proefschrift beschrijft het effect van het introduceren van Fab glycanen in
een immunogene therapeutische antistof op immunogeniciteit/anti-therapeutische
203

A

antistofniveaus in geïmmuniseerde muizen. Onze data tonen aan dat Fab-geglycosyleerd
adalimumab lagere anti-adalimumab antistofniveaus induceerde dan adalimumab
wildtype, wat suggereert dat Fab glycanen de immuunreactie kunnen dempen, mogelijk
door de interactie tussen Fab glycanen en CD22 op B cellen. Deze bevindingen zijn
veelbelovend, bieden mogelijkheden voor toekomstig onderzoek en kunnen interessant
zijn in de context van strategieën om de immunogeniciteit van nieuwe therapeutische
antistoffen de minimaliseren.
Zoals samengevat en bediscussieerd in Hoofdstuk 8 van dit proefschrift hebben
we gevonden dat Fab glycosyleringsplaatsen voornamelijk ontstaan rondom de
antigeenbindingsplaats, wat de geobserveerde invloed van Fab glycanen op antigeenbinding verklaart. De verschillen in Fab glycosylering tussen antigeenspecificiteiten
wijzen op antigeen-geassocieerde selectie. Naast hun invloed op antigeenbinding hebben
we gevonden dat Fab glycanen kunnen bijdragen aan antistofstabiliteit. Onze resultaten
suggereren dat Fab glycanen in verschillende mate zijn geëxposeerd, wat mogelijk
verklaart waarom sommige Fab glycanen wel een effect hebben op antigeenbinding en/
of antistofstabiliteit en andere niet. IgG4 antistofreacties zijn geassocieerd met tolerantie
en de verhoogde Fab glycosylering van deze subklasse zou een rol voor Fab glycanen in
immuun-modulering kunnen suggereren. Net als in gezonde individuen was IgG4 Fab
glycosylering verhoogd in individuen die lijden aan IgG4-gerelateerde ziekte. Interessant
genoeg wijzen onze in vivo experimenten erop dat Fab-geglycosyleerde therapeutische
antistoffen minder immunogeen zijn dan therapeutische antistoffen zonder Fab glycanen,
wat weer een rol voor Fab glycanen in immuun-modulering suggereert.
Samen tonen de resultaten gepresenteerd in dit proefschrift aan dat Fab glycanen invloed
kunnen hebben op antigeenbinding en antistofstabiliteit. Interessant genoeg suggereren
onze bevindingen dat toekomstig onderzoek aan de mogelijk immuun-modulerende rol
voor Fab glycanen in immuniteit erg nuttig zou kunnen zijn, bijvoorbeeld om meer inzicht
te krijgen in de regulatie van de humorale immuunreactie en om meer te leren over de
pathogenese van B-cel gemedieerde auto-immuunziektes, en dragen onze bevindingen
uiteindelijk mogelijk bij aan het verbeteren van antistoftherapieën.
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blij dat ik weer met jullie ben gaan basketballen na een pauze van een paar jaar. Suze,
Kelly, Chantal, Lisette, Sabine, Mirjam, fijn om weer bij jullie terug te zijn! Kim, Laurien,
Patricia, Lisanne, Iris, Sandra, Angelique, Nancy, José, Annelies, Raisl, Jacqueline, jullie
zijn allemaal geweldig! Ik ben dankbaar dat Frits ons heeft samengebracht en hoop
nog jaren met jullie te kunnen spelen! Super lief hoe geïnteresseerd jullie allemaal zijn
geweest hoe het ging met mijn boekje!
Esther, je bent een geweldige vriendin! Ik waardeer onze vriendschap heel erg en vind het
heel fijn hoe nuchter je meestal bent. Ook hebben we zo lekker dezelfde droge humor,
haha! Hopelijk gaan we nog veel weekendjes naar Parijs, Milaan en Antwerpen om te
shoppen en meedoen aan fiets- en hardloopevenementen waar we ons dan vol motivatie
voor aanmelden om er vervolgens ongetraind een bijkletsmomentje van te maken.
Femke en Lodie, ook jullie wil ik bedanken. Ik zie jullie veel te weinig, maar als we elkaar
zien is het altijd weer super gezellig!
Lieve Jeral, bedankt dat je er altijd voor me bent geweest. Jij bent degene die de gestreste
versie van mij waarschijnlijk het vaakst heeft meegemaakt. Ik ben heel dankbaar voor
onze tijd samen! Ook jouw ouders en zusjes wil ik graag bedanken. Ik wens jullie allemaal
het allerbeste!
Lieve familie, oma, Jacqueline, Michael, Ana, Marc, Oscar (now that I have finished this
thesis I finally have time to learn Spanish to talk to you!), Ingrid, Roy, Kees, jullie zijn
een bijzondere groep mensen. Ik geniet van onze vakanties in Spanje! Ik wil vooral oma
bedanken. Je bent mijn grote voorbeeld! Als 85-plusser nog steeds allerlei verschillende
cursussen aan het volgen, van filosofie tot kunstgeschiedenis en van het Midden-Oosten
tot China. Ik hoop dat ik ook op die manier oud mag worden! Ook Albert, Daniëlle, Don,
Anne, Detty, Lydia, Ton, Willy en Stef wil ik bedanken.
Christa, Miranda, Hendrik, Angela, Frank, Ada, Kevin, Nina en Mellany, de jaarlijkse GMT
met jullie is heel mooi en ik vond onze weekendjes weg heel leuk!

218

Lieve Coen, ik had me geen leuker broertje kunnen wensen! Jou wil ik natuurlijk extra
bedanken voor alles wat je hebt gedaan voor de lay-out van dit proefschrift. Zonder jou
was dit nooit gelukt! Anouk, jij ook bedankt dat ik Coen de afgelopen tijd soms even van
je mocht lenen om aan mijn proefschrift te werken. Jullie zijn een leuk stel!
Tot slot wil ik mijn ouders bedanken. Lieve papa en mama, jullie zijn geweldig! Bedankt
dat ik altijd een zorgeloos kind heb kunnen zijn en dat jullie er nog steeds altijd voor me
zijn en achter mijn keuzes staan. Ik vind het heerlijk om bij jullie langs te gaan en geniet
van jullie droge humor. Ik houd van jullie!!
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