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1  Introduction

More than 200 pharmaceutical products currently on the
market belong to the group of the so-called biopharma-
ceuticals [1]. Biopharmaceuticals approved for use in-
clude hormones, growth factors, cytokines, therapeutic
enzymes, and monoclonal antibodies (mAbs). In 2013,
biopharmaceuticals are expected to represent four of the
five top-selling drugs worldwide [2]. Some of the recently
approved biopharmaceuticals are biosimilars and more
first-generation biopharmaceuticals are losing patent pro-
tection in the next years. Although nucleic acid-based
products and stem cell therapies are now underway, the

majority of approved biopharmaceuticals in the foresee-
able future will continue to be protein-based.

An important feature of biopharmaceuticals is their
high structural complexity compared to traditional small-
molecule drugs. Whereas small-molecule drugs may face
challenges due to  intrinsic toxicity, biopharmaceuticals
are more likely to induce an immune response in patients
[3]. Adverse immune responses severely hamper the suc-
cessful application of therapeutic proteins. A biopharma-
ceutical product is immunogenic when it stimulates an
immune response followed by the generation of antibod-
ies that specifically react with the product. Repeated ad-
ministration to patients over an extended period of time
generally enhances the risk of raising antibodies against
the protein-based drug [4]. Such antibodies can induce
anaphylaxis, alter the pharmacokinetic properties of the
protein, or inhibit binding of the drug to its target recep-
tor rendering the protein ineffective. Anaphylaxis is
caused by an immediate allergic reaction mediated by
immunoglobulin E (IgE) antibodies against the product,
while an immune response with high titers of neutralizing
IgG antibodies strongly decreases the therapeutic activi-
ty of the protein. Another possible life-threatening clinical
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consequence of antibody formation is cross-reactivity
with the endogenous protein produced by the patient [5]. 

When the first therapeutic insulin products were in-
troduced in humans for the treatment of diabetes in the
1920s, anti-drug antibodies (ADAs) were detected after a
single or only a few injections, and some fatal anaphylac-
tic responses were reported [6]. Nowadays, the high im-
munogenicity of the first-generation insulin products is
not considered surprising, since these products were of
bovine and porcine origin. Proteins purified from animal
sources possess a molecular structure that is different
from the natural human counterparts, and are thus foreign
to the human immune system. Nevertheless, a remark-
able decrease in immunogenicity was observed when im-
purities such as proinsulin, C-peptide, glucagon and so-
matostatin were removed from porcine insulin prepara-
tions [7], indicating that deviation from the structure of
the human homologue is not the only determinant of im-
munogenicity for therapeutic proteins.

Impurities have been held responsible for the im-
munogenicity of several other therapeutic proteins, such
as human growth hormone (hGH) derived from the pitu-
itary glands of cadavers for the treatment of deficiencies
in growth hormone production or response. In the 1970s,
hGH was reported to induce antibodies in approximately
50% of the treated children despite its human source [8].
The high incidence of antibodies was hypothesized to be
related to the presence of 40–70% aggregated hGH in the
first “clinical grade” products. Upon improving the purifi-
cation strategy of the therapeutic protein, aggregation
was reduced to less than 5%. This resulted in a slower on-
set of antibody production, with antibodies that had high-
er affinities but were significantly less persistent. 

Currently, an increasing number of mAbs are in clini-
cal use or in the pipeline for a wide variety of diseases
such as immune disorders and different types of cancer
[9]. Early therapeutic mAbs were of murine origin and
their clinical application was limited due to high rates of
ADA generation. Later, advancements in hybridoma and
recombinant DNA techniques enabled the production of
chimeric (human constant regions), humanized (human,
except for complementarity determining regions), and ful-
ly human antibodies. Despite major reductions in im-
munogenicity, ADAs against fully human antibodies such
as adalimumab can still be observed [10]. Immunogenici-
ty is also of great concern in the biosimilars industry [3],
and in the design of novel protein delivery systems [11]. 

Various factors that influence the immunogenicity of
therapeutic proteins have been identified, which can be
divided into product related, patient related and treat-
ment related factors [4]. Since ADAs can cause a decrease
in drug response over time and directly affect the efficacy
and safety of protein therapeutics, insight into the prod-
uct related factors which trigger immunogenicity is cru-
cial during the development of biopharmaceuticals. Ex-
cellent reviews have been written on this subject, such as

those of Hermeling et al. [12], and Singh [13]. Product re-
lated factors that influence immunogenicity are part of
the critical quality attributes of proteins, which are de-
fined as those characteristics that potentially impact safe-
ty and efficacy and should be kept within a certain range
to ensure product quality [14, 15]. In this review, we focus
on the  important quality attributes of proteins (including
protein structure, glycosylation, chemical modification
and aggregation) that should be controlled during biopro-
cessing to minimize immunogenicity. 

2  Why are therapeutic proteins
immunogenic?

Immunogenicity is defined as the ability of a compound
to provoke an immune response. A therapeutic protein
can be immunogenic because the human immune sys-
tem categorizes it as non-self. A protein injected into pa-
tients will be taken up by antigen presenting cells and
processed into smaller peptides. T cells generated in the
thymus are able to bind to the peptides presented in the
grooves of major histocompatibility complex molecules on
the surface of antigen presenting cells. When the T cells
recognize these peptides as foreign, they induce B cell
proliferation. B and T cells are both part of the adaptive
immune system; however, B cells interact directly with
the protein owing to the immunoglobulins present on
their cell surfaces. After binding to the specific three-di-
mensional structure of the protein, activated B cells re-
cruit the complement system and macrophages from the
innate immune system to destroy and remove the anti-
gen. Such an immune response against a foreign protein
is called a classical immune response, which typically
leads to the production of high affinity antibodies of dif-
ferent isotypes, as well as memory cells responsible for an
enhanced response upon repeated challenge with the
antigen (the principle behind vaccination) [16]. 

On the other hand, humans develop immune tolerance
for proteins produced by their own body (self-proteins) in
early embryonic life to prevent immune responses to en-
dogenous proteins. Through a mechanism called nega-
tive selection, T cells reacting with self-proteins undergo
apoptosis during development in the thymus before they
can complete maturation [17]. Sometimes autoreactive T
cells escape negative selection and are able to reach the
periphery. However, these cells are subjected to function-
al inactivation (anergy) or deletion if adequate levels of
costimulators (second signals) are lacking [17]. Similar
processes protect autoreactive B cells from proliferating
and producing antibodies against self-proteins. In pa-
tients with an autoimmune disease, the immune toler-
ance for self-antigens is impaired, or the immune toler-
ance for a specific protein may be missing completely in
the case of an endogenous protein deficiency. In other pa-
tients and healthy individuals, immune tolerance can be
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overcome if anergic autoreactive B cells are activated by
a self-antigen that is accompanied by a danger signal,
such as the presence of protein aggregates displaying
repetitive ordered epitopes (Figure 1). Presentation of a
multivalent array of the same epitope to a B cell can result
in cross-linking of multiple B cell receptors [18]. The sur-
faces of bacteria and viruses often display highly repeti-
tive ordered antigens, which may explain why the im-
mune system has evolved to react vigorously to these
types of structures. Extensive cross-linking of B cell re-
ceptors can activate B cells to proliferate and produce an-
tibodies [19–21]. It is by this mechanism that protein ag-
gregates have been proposed to stimulate antibody pro-
duction against monomeric protein therapeutics; howev-
er, the details of this mechanism including the role of
T cells are yet to be elucidated.

In addition to the presence of aggregates, the degree
of foreignness of the biopharmaceutical protein compared
with the natural endogenous protein is another product
related factor influencing immunogenicity [12, 22].

Whether the immune system considers the product self or
non-self depends on differences in amino acid sequence
and glycosylation between the administered protein and
its human homologue. Furthermore, not only the se-
quence but also higher-order protein structure and chem-
ical modifications have an effect on the potential im-
munogenicity of biopharmaceuticals (Figure 1). In the
next sections, we will discuss the influence of product
characteristics on immunogenicity and explain how this
knowledge can be used during drug design and manu-
facturing with the aim of minimizing the potential im-
munogenicity of biopharmaceuticals. 
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Figure 1. Potential immunogenicity of
native, unfolded, modified and aggregat-
ed therapeutic proteins. Different struc-
tural changes that can occur on proteins
and the relative extent of the resulting
 antibody responses are depicted. Im-
munogenicity depends on how antigenic
epitopes (shown as black squares or grey
triangles) are presented to the immune
system.
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(Figure 1). It is possible that a single amino acid difference
in the primary structure of a protein induces a strong im-
mune response, while in another protein multiple muta-
tions have no such effect. Immunogenicity caused by mu-
tations not only depends on the formation of new epi-
topes, but also on whether the new epitopes are detected
by the immune system. New epitopes may be created due
to chemical modification of the protein whereby new co-
valent cross-links between amino acid residues are
formed (as discussed later in section 3.3), sometimes ac-
companied by aggregation (section 3.4). The presence of
aggregates that may contain danger signals greatly en-
hances immunogenicity. Currently, in silico and in vitro
methods are being developed to predict T and B cell epi-
topes based on the sequence of drug candidates. Se-
quence modification may be applied to reduce the num-
ber of T cell epitopes in therapeutic proteins [28]. A po-
tential overlap is described between the location of epi-
topes and aggregation prone regions [29]. Such studies
should lead to the rational design of therapeutic proteins
that are less immunogenic and less prone to aggregation,
but are beyond the scope of this review. 

3.2  Glycosylation

Almost half of the therapeutic proteins that are approved
or in clinical trials are glycosylated [1, 13]. Glycosylation is
one of the most common and complex post-translational
modifications, which leads to the enzymatic addition of
glycans on proteins. Glycans can influence the physico-
chemical (e.g. solubility, electrical charge, mass, size,
folding, stability) as well as the biological (e.g. activity,
half-life, cell surface receptor function) properties of pro-
teins [12]. The glycosylation profile of a protein is species-
specific and depends on the cell-line and culture condi-
tions that are used for production [30]. The presence and
structure of carbohydrate moieties can have a direct or in-
direct impact on the immunogenicity of therapeutic pro-
teins; that is the glycan structure itself can induce an im-
mune response or its presence can affect protein struc-
ture in such a way that the protein becomes immuno-
genic. 

3.2.1  Non-human glycan structures
Over the past decade at least four non-human carbohy-
drate structures that are able to induce an immune re-
sponse in humans have been identified: galactose-α1,3-
galactose (α-Gal), N-glycolylneuraminic acid (Neu5Gc),
β1,2-xylose (core-xylose) and α1,3-fucose (core-α1,3-fu-
cose) (Figure 2). The first observations of immune reac-
tions against the glycoepitopes α-Gal and Neu5Gc were
described in the context of xenotransplantation of pig or-
gans in humans [31], and the targeting of vaccines to anti-
gen presenting cells in cancer immunotherapy [32]. More
recently, the presence of α-Gal and/or Neu5Gc was
demonstrated in several therapeutic mAbs [33–36], in-
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3  Impact of critical quality attributes 
on immunogenicity

3.1  Protein structure

To preserve immune tolerance for an injected protein, the
protein based drug needs to have high similarity to its hu-
man homologue. Amino acid sequences of therapeutic
and endogenous proteins are preferably identical, which
is usually not the case if the therapeutic protein is of ani-
mal origin. For this reason, animal insulin was found to be
more immunogenic than human insulin [6]. The highly
immunogenic bovine insulin has two additional amino
acid changes in the exposed A-chain compared with
porcine insulin, which is less immunogenic and has only
one amino acid mutation in the less exposed B-chain. An-
tibodies against mutated insulin show cross-reactivity
with human insulin. 

Neutralizing antibodies against the first murine mAb
therapeutics greatly decreased the efficacy of these prod-
ucts [13]. In the 1980s, genetic engineering enabled the
production of chimeric antibodies with murine variable
regions and human constant regions. Later, humanized
antibodies with an amino acid sequence that is human
except for the complementarity determining regions and
also fully human antibodies were developed [23]. Never-
theless, chimeric antibodies such as infliximab and even
fully human antibodies such as adalimumab induced
ADAs in humans [10]. In case of chimeric antibodies, one
would expect that immune responses are primarily di-
rected towards the murine variable regions resulting in
the generation of so-called anti-idiotype antibodies. In hu-
manized and fully human mAbs, immunogenicity can be
directed against the complementarity determining re-
gions [24]. However, ADAs may also form against con-
stant domains of human heavy chains due to the poly-
morphism in the gene encoding these domains [23]. One
allelic form of a therapeutic antibody can be immuno-
genic in patients that are homozygous for the other allo-
type, thus resulting in anti-allotype antibodies. Lastly,
anti-isotype antibodies may bind to certain epitopes in
the Fc-portion of an antibody, e.g. epitopes in the hinge
region of human IgG [25]. Anti-isotype and anti-allotype
antibodies are less likely to neutralize drug activity than
anti-idiotype antibodies. 

Moreover, epitopes that are identified in a protein do
not necessarily cause immunogenicity. A cryptic epitope
in domain I of β2-glycoprotein I, which is believed to cause
thrombosis in patients with the antiphospholipid syn-
drome, only becomes immunogenic after a conformation-
al change in the protein [26]. Conformation was also
shown to play a role in the enhanced immunogenicity of
recombinant human interferon alpha-2b in a transgenic
mouse model, which was caused by misfolding of the
therapeutic protein [27]. In fact, immunogenicity depends
on how epitopes are presented to the immune system
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cluding cetuximab, a chimeric mouse-human IgG1 mono -
clonal antibody approved for use in colorectal cancer and
squamous-cell carcinoma of the head and neck. About 3%
of patients develop severe hypersensitivity reactions
within minutes after the first exposure to cetuximab, and
a higher prevalence (up to 33%) may be seen in certain ge-
ographical regions [33]. Most patients with hypersensi-
tivity possess IgE antibodies against cetuximab before
the start of the therapy. The antibodies were found to be
 specific for the α-Gal epitope and related to IgE antibod-
ies involved in anaphylactic reactions to red meat [33, 37].
All humans have IgA, IgM, and IgG antibodies against
α-Gal, representing approximately 1% of circulating im-
munoglobulin. Qian et al. [35] demonstrated that the
α-Gal epitopes are located in the Fab regions of the ce-
tuximab antibody. The intravenous injection method and
the presence of α-Gal on both Fab regions, which enables
efficient cross-linking of IgE on mast cells, may explain
the prompt immune response to cetuximab. The murine
cell line SP2/0 used to produce cetuximab expresses the
gene encoding for α1,3-galactosyltransferase, the enzyme
responsible for the synthesis of the α-Gal epitope. Possi-
ble options to prevent incorporation of the terminal α-Gal
motif in therapeutic mAbs during production include
knocking out the gene for α1,3-galactosyltransferase in
murine cells or using another expression system. For ex-
ample, Chinese hamster ovary (CHO) cells may not pro-
duce the α-Gal epitope glycoform, although this is still
controversial [38, 39].

Humans synthesize the sialic acid N-acetylneu-
raminic acid (Neu5Ac) but, unlike other mammals, are not
able to synthesize Neu5Gc (Figure 2). As a result, the hu-
man immune system recognizes Neu5Gc as foreign and
humans show high levels of IgA, IgM and IgG antibodies
against Neu5Gc (up to 0.1 to 0.2% of circulating im-
munoglobulin [40]). Injecting products that contain
Neu5Gc in individuals with pre-existing antibodies can
cause the formation of immune complexes that potential-
ly activate complement or affect half-life of the drug. In
fact, it was shown by Gadheri et al. [41] that the clearance
of cetuximab increased significantly in mice when anti-
Neu5Gc antibodies were pre-injected. In a different study.
Maeda et al. [36] detected the presence of the Neu5Gc
epitope in three commercial mAb pharmaceuticals pro-
duced in murine cell lines (cetuximab, gemtuzumab
ozogamicin and infliximab), whereas it was absent in oth-
er mAbs (tocilizumab, bevacizumab and adalimumab)
produced in CHO cell lines. For this reason,  CHO cells are
generally preferred over Neu5Gc-producing cell lines for
mAb production. Furthermore, it is important to note that
CHO cells, like human cells, are able to take up Neu5Gc
from cell culture media that contain animal-derived ma-
terials and metabolically incorporate the glycoepitope
into the secreted protein [42]. Therefore, manufacturers
should prevent its uptake by using Neu5Gc-free media to
eliminate Neu5Gc contamination in the final product [41,
42]. 
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Figure 2. Four glycoepitopes that can be found on biopharmaceuticals and are able to induce an immune response in humans. N-glycolylneuraminic acid
(Neu5Gc) is a sialic acid that is synthesized by all mammalian cells except human cells. Neu5Gc has only one oxygen atom difference with its homologue,
N-acetylneuraminic acid (Neu5Ac), which is sufficient for Neu5Gc to be immunogenic in humans. The α-Gal epitope is formed by the action of the α1,3-
galactosyltransferase in non-human mammalian cells and is a foreign glycoepitope that can induce immune responses and anaphylaxis in humans. Core-
xylose and core-α1,3-fucose epitopes can be found in plant-derived biopharmaceuticals causing immunogenicity in humans.
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Besides the commonly used protein expression sys-
tems of bacteria, yeast, insect and mammalian cells, plant
cells are emerging cell factories for the production of bio-
pharmaceutical proteins. In May 2012, the FDA approved
the first biopharmaceutical derived from transgenic
plants, which is recombinant human glucocerebrosidase
for the treatment of Gaucher’s disease [43]. Fully func-
tional mAbs also can be efficiently synthesized in trans-
genic plants [44, 45]. A major drawback of plant-derived
glycoproteins is the presence of complex N-glycans with
core-xylose and core-α1,3-fucose structures (Figure 2).
These two glycoepitopes are foreign to humans due to dif-
ferences in plant and mammalian glycosyltransferase
repertoires [46]. Core-xylose and core-α1,3-fucose specif-
ic antibodies (IgM and IgG1) were detected in 50% and
25% of healthy human blood donors, respectively [47],
while specific IgE was found in 25% of allergic patients
[48]. Although the clinical impact of such pre-existing an-
tibodies remains to be shown, strategies are investigated
to engineer the N-glycosylation pathway of plants to pre-
clude the introduction of glycoepitopes in plant-derived
therapeutic proteins [46].

To conclude, non-human glycan structures present on
biopharmaceuticals can induce IgE mediated reactions
and/or anaphylaxis in allergic patients. Moreover, those
glycoepitopes may enhance clearance and decrease ther-
apeutic effect of biopharmaceuticals due to pre-existing
IgA, IgM and IgG antibodies in certain patients. Neutral-
ization of the therapeutic protein or cross-reactivity with
the endogenous protein resulting from the presence of
glycoepitopes is less likely, due to lack of reactivity to-
wards the underlying protein backbone.

3.2.2  Glycosylation affects protein structure and
immunogenicity

Glycans may impact the immunogenicity of therapeutic
proteins in an indirect manner through their influence on
folding, solubility and structural stability of proteins. In-
deed, glycosylation can improve protein solubility and
stability, and thereby decrease the immunogenicity of
therapeutic proteins, as in the case of recombinant hu-
man interferon beta (rhIFNβ) (Table 1). The non-glycosy-
lated form (rhIFNβ-1b; produced in E. coli) is less soluble
and more prone to thermal denaturation than the glyco-
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Table 1. Impact of product quality on the immunogenicity of the therapeutic protein recombinant human interferon beta (rhIFNβ) as an example.

rhIFNβ Quality attribute Product characteristic Host Immunogenicity Reference
type

-1b Protein structure Sequence variation Patients Moderate to high [49, 50, 94]
Betaferon® Glycosylation Non-glycosylated

Chemical modification AGEsa)

Aggregation 60% Aggregates

-1a Protein structure No sequence variation Patients Moderate [50, 94]
Rebif® Glycosylation Glycosylated

Chemical modification AGEsa)

Aggregation Aggregate % unknown

-1a Protein structure No sequence variation Patients Moderate [49, 50, 94]
Avonex® Glycosylation Glycosylated

Chemical modification AGEsa)

Aggregation <2% Aggregates

-1b Chemical modification PEGylation Rats Low [54]

-1a Chemical modification Oxidation and TG miceb) High [64]
Aggregation aggregation with Cu2+/

ascorbic acid or H2O2

-1a Aggregation Adsorbed to stainless TG miceb) High [87]
steel microparticles

-1a Aggregation Filtration/reformulation TG miceb) Low [95]
reduces aggregate %

-1b Aggregation Surfactant reduces aggregate % Mice Low [92]
Betaferon®

-1b Aggregation High hydrostatic pressure TG miceb) Low [96]
reduces aggregate %

a) AGEs, Advanced glycation end-products
b) TG mice, Transgenic mice immune tolerant for human IFNβ
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sylated form (rhIFNβ-1a; produced in CHO cells) [49]. The
lack of glycosylation most likely contributes to the high
aggregate content of rhIFNβ-1b: it contains about 60% ag-
gregates and elicits neutralizing antibodies in a high per-
centage of patients, whereas rhIFNβ-1a contains less
than 2% aggregates and is less immunogenic [49, 50]. 

Besides making a protein more soluble, a carbohy-
drate moiety is sometimes able to cover an antigenic epi-
tope. Antibodies against rhGM-CSF that were generated
in patients showed cross-reactivity with rhGM-CSF pro-
duced in yeast and E. coli, but not with rhGM-CSF pro-
duced in CHO cells [12, 51]. It was concluded that the an-
tibodies were directed against a part of the peptide back-
bone that is protected by O-linked glycosylation in the
natural protein and the protein derived from CHO cells. A
similar effect was observed upon the introduction of site-
specific glycosylation in bovine lactoglobulin, a major
milk allergen [52]. The immunogenicity of β-lactoglobulin
in mice was drastically reduced by positioning high-man-
nose chains in the vicinity of B cell epitopes. Antigenic
sites were masked while the protein remained functional,
allowing the protein to escape from recognition by the im-
mune system. Nevertheless, it should be recognized that
the introduction of an altered sequence in the primary
structure of a therapeutic protein could enhance im-
munogenicity, as discussed in section 3.1, or may com-
promise the chemical or conformational stability of the
protein. 

3.3  Chemical modification

3.3.1  Intended modifications
Biopharmaceuticals can be chemically modified with the
purpose of extending  half-life or facilitating  uptake by
target receptors [53]. An increasingly common type of en-
gineering is the covalent attachment of polyethylene gly-
col (PEG) polymers to the peptide backbone. PEGylation
is intended to lower renal filtration by increasing the mo-
lecular weight and to protect the therapeutic protein from
proteolytic degradation. Similar to glycosylation, PEGyla-
tion may decrease immunogenicity by shielding the im-
munogenic epitopes, while maintaining the native con-
formation of the protein. PEG polymers ranging in molec-
ular weight from 12 to 40 kDa were attached to different
sites on the hydrophobic and immunogenic therapeutic
protein rhIFNβ-1b [54]. The mono-PEGylated rhIFNβ-1b
preparations retained 20-70% of the antiviral activity and
displayed improved solubility, stability and pharmacoki-
netic properties compared with unmodified rhIFNβ-1b.
Importantly, PEGylation greatly reduced the aggregation
propensity of rhIFNβ-1b as well as its immunogenicity in
rats (Table 1). The immunogenicity of a PEGylated version
of rhIFNβ-1a is currently being evaluated in clinical trials
[55]. Yet, it is believed that PEGylation is more likely to re-
duce the immunogenicity of non-human proteins [13]. 

3.3.2  Chemical degradation
In addition to intended modifications, a biopharmaceuti-
cal may be chemically modified through accidental
degradation in one of the many bioprocessing steps: fer-
mentation, virus inactivation, purification, polishing, for-
mulation, filtration, filling, storage, transport and admin-
istration. Chemical modifications during bioprocessing
may include deamidation, oxidation, isomerisation, hy-
drolysis, glycation and C/N terminal heterogeneity of the
protein, sometimes leading to aggregation [56]. The sus-
ceptibility of an individual amino acid residue to chemi-
cal modification is dependent on neighbouring residues,
the tertiary structure of the protein and solution condi-
tions such as temperature, pH and ionic strength. Chem-
ical modification may give rise to a less favourable charge
of the protein, thus leading to structural changes or even
the formation of new covalent cross-links [57]. Covalent
aggregation is also a form of chemical degradation, which
however will be discussed in section 3.4 dedicated to ag-
gregation.

The impact of deamidation on immunogenicity has
been described for several products [58-60]. Deamidation
of proteins accelerates at high temperature and high pH,
and can occur during bioprocessing and storage. More-
over, deamidation can be accompanied by some degree of
oxidation, conformational changes, fragmentation and
aggregation, posing serious risks for immunogenicity. Ox-
idation, another major chemical modification, can also re-
duce conformational stability and may cause the protein
to aggregate. Oxidation of human serum albumin with hy-
droxyl radicals resulted in structural alterations and expo-
sure of hydrophobic patches, causing increased immuno-
genicity [61]. High ADA titers were observed after injec-
tion of a metal-catalyzed oxidized and aggregated IgG1
sample in non-transgenic and transgenic mice [62]. Ther-
apeutic interferons oxidized and aggregated via the same
metal-catalysis method were able to overcome the im-
mune tolerance of transgenic mice that were immune tol-
erant for the administered human proteins (Table 1) [63,
64]. The transgenic mice also developed antibodies
against oxidized and aggregated rhIFNβ-1a treated with
H2O2 [64], but not against oxidized rhIFNα-2b treated
with H2O2 [63], probably due to the absence of aggrega-
tion. 

Chemical stresses during manufacturing and storage
can be caused by exposure to light or elevated tempera-
tures and the presence of oxygen, metal ions or peroxide
impurities from excipients in the formulation. Trace
amounts of iron, chromium and nickel were found to leach
into the formulation buffer via contact with stainless steel
surfaces typically used during bioprocessing [65]. Despite
limited data on the extent to which actual chemical mod-
ifications occur during biopharmaceutical manufactur-
ing, it is clear that they form a serious risk of inducing an
immune response in patients. Preventative measures
should include the careful evaluation of buffers, surface
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materials and conditions used during manufacturing,
transport and storage.

3.4  Aggregation 

The immunogenicity of therapeutic proteins is frequently
associated with the presence of aggregates [4, 12, 18, 20].
Aggregation can occur through different mechanisms, and
the causes are highly variable [56, 66]. In the previous sec-
tions, we described that certain amino acid sequences are
more prone to aggregation, and that glycosylation, PEGy-
lation and chemical degradation can affect aggregation.
Since aggregation is often accompanied by other structur-
al changes on the protein, it is difficult to distinguish the
individual impact of each factor on immunogenicity. Nev-
ertheless, it is well known that aggregation may induce an
immune response, and fifty years ago it was already de-
scribed that the removal of aggregates from bovine IgG
eliminated immunogenicity in mice [67]. In 1970, Weksler
et al. [68] reported that aggregate-free equine IgG did not
induce any immune response in organ transplant patients,
whereas the aggregated product did [68]. A very recent ex-
ample of the link between aggregation and immunogenic-
ity [69] showed that contaminating soluble tungsten from
syringes caused aggregation of a biosimilar recombinant
human erythropoietin, probably explaining the presence of
neutralizing antibodies after administration of the product
to chronic renal failure patients. 

Since information on the nature of immunogenic ag-
gregates from clinical studies is generally limited, animal
models are used to provide insight into the link between
aggregation and immunogenicity [70]. Studies employing
such models have elucidated that not all aggregates ap-
pear to be immunogenic, as demonstrated for example for
rhGH [71]. Transgenic mice immune tolerant for human
IFNα have been used to study the immunogenicity of ag-
gregated rhIFNa products [63, 72]. rhIFNα-2b aggregates
composed of native-like proteins were able to overcome
the immune tolerance of transgenic mice, resulting in an-
tibodies cross-reacting with the monomeric protein [63].
IgG titers were found to be dependent on the level of ag-
gregation [73]. Others [74] have shown that native-like ag-
gregates of factor VIII were also more immunogenic than
non-native aggregates or native protein. 

Non-native aggregation can trigger structural changes
in the protein leading to the creation of new epitopes or
the exposure of existing epitopes (Figure 1). Native-like
aggregates, however, are more likely to elicit ADAs that
cross-react with the native protein and thus pose a
greater risk for the patient. Native-like aggregates may re-
semble haptens on the surface of pathogens that form or-
ganized and repetitive structures that can cross-link B cell
receptors in a multivalent manner [75]. Experimental data
from Dintzis et al. [76] indicated that such highly ordered
structures need to have a molecular weight over 100 kDa
featuring 10 to 20 haptens with a spacing of 10 nm for di-

rect activation of B cells [76]. Likewise, self-proteins pre-
sented in a highly ordered, repetitive manner through
conjugation to virus-like particles were able to induce
high antibody levels in mice [77, 78]. For details of the im-
munological effect of protein aggregates and the relation-
ship between protein aggregation and immunogenicity,
we refer to reviews by Rosenberg [18], Sauerborn et al. [20]
and Wang et al. [79].

In an ideal world, we would exactly know the type of
aggregates, amount of aggregates, aggregate percentage
and number of injections that cause immunogenicity.
This remains largely unknown due to the heterogeneity
and complexity of aggregate structures. Aggregates can
be classified according to size, reversibility, secondary or
tertiary structure, covalent modification and morphology
[80]. One class of aggregates that are of particular concern
include subvisible particles or, more specifically, aggre-
gates ranging from 0.1 to 10 μm in size [81]. Despite case
studies demonstrating the presence of particles smaller
than 10 μm in biopharmaceutical products and their po-
tential high risk for immunogenicity, subvisible particles
have not been given the attention they deserve. The cur-
rent USP light obscuration test for drug approval requires
that the number of particulates over 10 μm is ≤6000 per
container, while the number of particulates over 25 μm is
≤ 600 per container. Industrial researchers agree that ad-
ditional analysis of subvisible particles smaller than 10 μm
would support product characterization and development
[82]. However, our understanding of the nature of partic-
ulate matter in protein products is limited. Likewise, we
currently lack the means to monitor this class of aggre-
gates using small-volume, high-throughput techniques.
Subvisible particles are too large to be analyzed by stan-
dard quality control methods such as SEC and SDS-PAGE,
but too small to be visually detected. Therefore, use of ad-
ditional, less routine methods such as asymmetrical flow
field flow fractionation and micro-flow imaging has been
recommended for extended characterization following a
risk-based approach [83]. 

Moreover, product characterization should not be lim-
ited to monitoring protein particles, but also focus on non-
protein particles [84]. Foreign micro- and nanoparticles,
for example shed from  filling pumps or product contain-
ers, are able to induce protein aggregation or nucleate the
formation of heterogeneous aggregates. Several thera-
peutic proteins were shown to adsorb readily to glass and
stainless steel microparticles, subsequently generating
ADAs in non-transgenic and transgenic mice immune
tolerant for the protein [85-87]. In addition to material sur-
faces, air-liquid interfaces, shear forces, pump cavitation
and local thermal effects may cause unfolding and induce
protein aggregation [88]. 

In the early stages of drug development, computa-
tional methods can be applied to evaluate the protein ag-
gregation propensity for candidate selection [89, 90]. Dur-
ing subsequent stages of cell line development, a screen
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may help to identify high-producing clones that generate
minimal amounts of aggregated protein [91]. Further-
more, aggregation can take place during upstream and
downstream processing, fill-finish operations, transport
and storage [66]. Surface materials and conditions such as
light, pH and temperature, should be chosen to minimize
the physical and chemical stresses during the entire pro-
duction process. Aggregation occurring in the later
stages of biopharmaceutical manufacturing can be mini-
mized by the addition of an excipient [92], although care
should be taken that the excipient itself does not cause
immunogenicity. Nowadays, several protein products
make use of an in-line low protein-binding filter, an option
that can be considered to prevent administration of par-
ticulates [79]; however, filters can also shed particulate
matter. Furthermore, the quaternary, tertiary and second-
ary structure of the protein can be stabilized by optimiz-
ing the formulation buffer, dosage form (lyophilized or
ready-to-use syringe), and container material of the final
product. 

4  Implications for biopharmaceutical
manufacturing

There is a wide range of factors that influence the im-
munogenicity of therapeutic proteins [4], including prod-
uct related factors that have important implications for
bioprocessing. Our understanding of the relationship be-
tween the critical quality attributes of proteins and im-
munogenicity still shows gaps, despite advances that
have been made since Hermeling et al. [12], who de-
scribed the influence of protein structure on immuno-
genicity. In this review, we summarize the current litera-
ture on the relationship between product quality and im-
munogenicity, and place these findings in the context of
biopharmaceutical manufacturing. The protein structure
of the biopharmaceutical, as well as its glycosylation,
chemical modifications and aggregation properties,
should be considered for their potential impact on im-
munogenicity. If an impact is proven or suspected, the
quality attribute will need to be monitored and controlled
during product development and biopharmaceutical
manufacturing [14]. This has implications throughout the
different development and manufacturing steps from
drug design, cell-line selection, upstream and down-
stream processing to the final drug product. All biophar-
maceutical proteins carry combinations and variations of
the critical quality attributes described in this review,
each contributing to the potential risk for immunogenici-
ty. Together with non-product related factors such as
route and frequency of administration, concomitant med-
ication, patient features and disease state, they deter-
mine the immune response seen in patients. 

Risk analysis is part of the quality by design approach
currently advocated in biopharmaceutical manufacturing

[15]. The influence of specific structural aspects of the re-
combinant protein such as sequence mutations and the
presence of aggregates should be assessed in silico, in vit-
ro and/or in vivo for their impact on immunogenicity. Nev-
ertheless, computational methods, cell-based assays and
animal models only provide information on the probabili-
ty of raising an immune response against the therapeutic
protein but not on the clinical consequences. Therefore, a
risk determination for immunogenicity needs to include
the probability that the protein will induce antibody for-
mation as well as the severity of the consequences [93].
Potential consequences include anaphylaxis, increased
clearance rate, neutralization of the drug, loss of biologi-
cal function and cross-reactivity with the endogenous
protein, and is dependent on the nature of the disease and
the possibility to switch to another product. Defining the
critical quality attributes that impact the immunogenici-
ty of a biopharmaceutical provides a better understand-
ing of the product, helps to control immunogenicity and
thus improves safety and efficacy in patients.
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