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As more recombinant human proteins become available on the market, the incidence of immunogenicity
problems is rising. The antibodies formed against a therapeutic protein can result in serious clinical
effects, such as loss of efficacy and neutralization of the endogenous protein with essential biological
functions. Here we review the literature on the relations between the immunogenicity of the therapeutic
proteins and their structural properties. The mechanisms by which protein therapeutics can induce
antibodies as well as the models used to study immunogenicity are discussed. Examples of how the
chemical structure (including amino acid sequence, glycosylation, and pegylation) can influence the
incidence and level of antibody formation are given. Moreover, it is shown that physical degradation
(especially aggregation) of the proteins as well as chemical decomposition (e.g., oxidation) may enhance
the immune response. To what extent the presence of degradation products in protein formulations
influences their immunogenicity still needs further investigation. Immunization of transgenic animals,
tolerant for the human protein, with well-defined, artificially prepared degradation products of thera-
peutic proteins may shed more light on the structure-immunogenicity relationships of recombinant
human proteins.
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INTRODUCTION

Nowadays, proteins are widely used as therapeutic
agents. When the first proteins became available for thera-
peutic use [in the 1920s, insulin was the first therapeutic pro-
tein introduced (1)], concerns were raised about their immu-
nogenicity. Initially, proteins from animal origin (e.g., bovine
and porcine insulin) were used. The non-human origin of
these proteins was believed to be the reason for their immu-
nogenicity. Later on, proteins purified from human tissue or
sera were introduced. Surprisingly, these products also
proved immunogenic. These products, such as factor VIII and
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growth hormone, were given mainly to children with an in-
nate deficiency. The immunogenicity was explained by their
lack of immune tolerance. Also, the impurities in these prod-
ucts were considered to be an important reason for the im-
munogenicity.

The introduction of recombinant DNA techniques en-
abled the large-scale production of highly purified proteins
identical or nearly identical to the endogenous proteins. It
was hoped that this would reduce the immune responses to
the proteins. Currently, more than 60 recombinant human
proteins [including recombinant human(ized) monoclonal an-
tibodies] are available for therapeutic purposes in the Euro-
pean Union (2). Although, in general, the level and incidence
of immune responses against recombinant human proteins
are low and variable, most of these products have been shown
to be immunogenic. In some cases, the immunogenicity of
therapeutic proteins leads to serious problems.

Immunogenicity of recombinant human proteins can
have a number of clinical consequences. Binding antibodies
may influence the pharmacokinetics of the proteins (1,3).
High neutralizing antibody levels may result in more serious
consequences, such as inhibition of the therapeutic effect or
the neutralization of essential endogenous proteins. An ex-
ample is the antibody formation reported after the long-term
subcutaneous administration of recombinant human erythro-
poietin (epoetin) in patients with chronic renal failure: the
antibodies also neutralize endogenous erythropoietin, which
results in pure red cell aplasia (4-6).

Table I shows that several factors can influence the im-
munogenicity of therapeutic proteins in man. This review
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Table 1. Factors Influencing the Immunogenicity of Therapeutic Proteins in Man

Factors directly affecting the immune response

Factors affecting the measured immune response

Protein structure

Immune modulatory effect of the protein

Formulation

Contaminants and impurities

Route, dose, frequency, and duration of administration

Timing and frequency of sampling
Assay methods
Expression of titers

Major histocompatibility complex (MHC) genotype of the patient

Associated diseases and concomitant therapy

Adapted from (Refs. 35 and 42).

only focuses on the formation of antibodies after administra-
tion of recombinant human proteins to man in relation to the
structural properties of the protein. Monoclonal antibodies
will not be included in this review, because they are at best
humanized and thus not completely human (2). First, the
probable mechanisms of the immune responses are discussed,
followed by the factors influencing the observed antibody re-
sponse. The models used for the prediction of immunogenic-
ity will be evaluated. Next, the protein structure in relation to
immunogenicity will be dealt with. In the final section, for-
mulation aspects are considered.

MECHANISMS OF IMMUNOGENICITY

There are two basic immunological mechanisms by which
therapeutic proteins induce antibodies in man. Proteins car-
rying foreign epitopes like the proteins from microbial origin
(e.g., streptokinase) induce a classical immune reaction that
involves the presentation of the epitope by antigen-presenting
cells. These cells activate B-cells and T-helper cells resulting
in antibody formation and in the induction of memory cells,
leading to an enhanced reaction upon rechallenge.

The other mechanism by which recombinant human pro-
teins induce antibodies is based on the breaking of immune
tolerance to self-antigens (7). This tolerance is based on the
elimination of the immune cells reacting with self-antigen in
the thymus during early development of the individual. This
central mechanism of tolerance induction only concerns self-
antigens that are present in sufficient amounts in the thymus.
Some B-cells may escape elimination in the thymus. Periph-
eral mechanisms, however, keep the B-cells directed to self-
antigens under control. These B-cells may be eliminated by
apoptosis when they meet their antigen. Also, receptor edit-
ing has been described as a mechanism to make these cells
harmless. The most likely peripheral mechanism is the induc-
tion of functional anergy in these B-cells. Apparently, these
cells are not stimulated to produce antibodies by the circu-
lating levels of endogenous proteins such as insulin, inter-
feron, and erythropoietin. In mice transgenic for human in-
sulin, low levels of insulin silence the B-cells, although a few
cells may escape silencing and produce antibodies. This si-
lencing mechanism may act through antigen-antibody com-
plexes, which react with the low affinity IgG receptor Fcy2b
on B-cells comparable with the mechanism by which anti-
rhesus prophylaxis induces tolerance to RhD (8).

Anergic B-cells only start to produce significant amounts
of antibodies after receiving a second signal or “danger” sig-
nal from T-helper cells. Bacterial endotoxins that react with
Toll receptors may provide such a danger signal. This explains
the production of antibodies to self-antigen associated with

lipopolysaccharide (LPS). Also, oligonucleotides containing
unmethylated cytosin-guanosin dinucleotides (CpG) motifs
present in DNA can trigger an immune reaction to self-
antigens. This T-cell-dependent activation may be weak.
When self-antigens are coupled with foreign Th epitopes,
only a weak IgM response is induced, unless multiple high
doses of antigen are given together with immune adjuvants.

The most potent way to induce high levels of IgG inde-
pendent of T-cell help is to present the self-antigen arrayed
on viruses and viral-like particles (VLP). The spacing of epi-
topes with a distance of 5-10 nm is unique to microbial anti-
gens, and the immune system has apparently learned to react
vigorously to this type of antigen presentation. Self-antigens
conjugated with papilloma VLP evoked a strong antibody
response to the self-antigens (9). It is the density of the ex-
posed self-antigens on the VLPs that determines the level of
the effect. VLP pentamers had the same effect as complete
particles.

Apart from the self-antigens in viral-like arrays, other
mechanisms exist that lead to the formation of antibodies to
self-antigens:

1. Modification of the molecules, which gives antibodies
cross-reacting with the unmodified self-antigens (T-cell re-
sponses are in general specific for the modified antigens).

2. Different allotypes for the gene coding for the prod-
uct. This has been shown in mice with different allotypes for
IL-2. When immunized, the mice produced antibodies that
reacted with all forms of IL-2. However, adjuvant was used to
immunize the mice (10).

3. Binding to a non-self-antigen. This has been shown
for DNA bound to T-antigen from polyomavirus (11).

PREDICTIVE MODELS FOR IMMUNOGENICITY

As we will see later, physicochemical characterization of
the therapeutic proteins will not completely predict their im-
munogenicity.

In vivo studies on immunogenicity of recombinant hu-
man proteins in conventional animals have limited value be-
cause these proteins, in general, are foreign in animals and
will induce a classical immune response. These animals only
provide the opportunity to study the relative immunogenicity
of different protein formulations. The best models are trans-
genic animals, immune tolerant for the human protein, in
which breaking of immune tolerance can be studied. This has
been done by Ottesen et al. (12), Palleroni et al. (13) and
Stewart et al. (14) for recombinant human insulin, recombi-
nant human interferon alpha2 (rhIFN«2), and recombinant
human-tissue plasminogen activator (rhtPA), respectively.
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Stewart et al. studied the effect of the addition of an
adjuvant on the immunogenicity of (mutated) rhtPA in trans-
genic mice (14). They immunized transgenic mice with unal-
tered rthtPA and with a mutant containing one amino acid
substitution [rhtPA(E275)]. Mice were immunized with these
proteins with or without adjuvant. The results, summarized in
Table II, clearly show that the adjuvant did not increase the
reaction to the ’'self-protein’ but increased the immune re-
sponse against the altered protein in the transgenic mice. Ad-
juvant only stimulated the classical immune response in this
model. Most of the in vivo immunogenicity studies of thera-
peutic proteins have been done with mice, either wild type or
transgenic. Zwickl et al. (15) performed studies in rhesus
monkeys. They claim that the relative immunogenicity of
various forms of human growth hormone (hGH) as predicted
by the monkey model was confirmed in extensive clinical tri-
als. However, according to the authors, the monkey model
might not be suitable for every protein.

The in vivo analysis of the immunogenicity may be com-
plicated, if the therapeutic protein has immune modulatory
effects that may interfere with antibody production (e.g., in-
terferons). Braun et al. studied the immunogenicity of
rhIFNa2 in transgenic mice tolerant for human IFNa2. Be-
cause of the species specificity of IFNa?2, they injected recom-
binant murine IFNa2 (rmIFNa2) or polyIC (an interferon
inducer) together with rhIFNa2 to mimic its immune modu-
latory effects (16). In transgenic mice, the concurrent treat-
ment did not break the tolerance toward rhIFNa2 monomers.
In wild-type mice, antibody titers to rhIFNa2 increased due to
the co-injection of rmIFNa2 or polyIC (16).

PROTEIN STRUCTURE AND IMMUNOGENICITY

Factors Influencing Inmunogenicity

Comparison of immune responses induced by different
formulations can become complex due to the issues stated in
Table I. Besides factors affecting the intrinsic response, assay
variations can largely influence the measured immune re-
sponse. Not only do the methods used to determine antibody
levels vary, but also the ways the results are reported. For
instance, in enzyme-linked immuno-sorbent assays (ELISAs)
the procedure used to coat the plate with antigens is of crucial
importance. Depending on the chosen procedure, antibodies
directed against either native or non-native epitopes will be
measured (17). In patient studies, some groups report average

Table II. Effect of Adjuvant on Immunogenicity of rhtPA and

Mutant
Immunogen
rhtPA rhtPA(E275)
Without With Without With
adjuvant adjuvant adjuvant adjuvant
Control mice 40/42 12/12 79/80 12/12
Transgenic mice 0/21 0/8 8/44 4/8

Mice were immunized with rhtPA or rhtPA(E275) (with or without
Freund’s adjuvant). The numbers refer to the number of mice making
antibodies against the immunogen. The sera were analyzed using a
standard radioimmunoprecipitation assay using polyethylene glycol
to precipitate the antibodies. After Ref. 14.
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antibody levels but no percentages of patients with antibod-
ies, whereas other groups only mention percentages of pa-
tients with antibodies. So, standardization and validation of
the assays and data presentation (e.g., level of antibodies and
number of responders) is crucial.

Protein structure is one of the factors that can affect the
immune reponse in man (see Table I). Proteins are complex
molecules, so that a small change at a particular site may
result in a major change in the overall properties. For in-
stance, oxidation of a few amino acids of rhIFNa2 may lead to
aggregation of the molecule (18). But, in general, it is very
difficult to relate a particular change in protein structure to a
change in immunogenicity, as will be discussed in the sections
below.

Amino Acid Sequence

Divergence of the primary structure from the human
counterpart explains why therapeutic proteins of animal
sources are immunogenic. An example is insulin. The differ-
ences in primary structure between human, bovine, and por-
cine insulin are depicted in Fig. 1. Porcine insulin induced
slightly higher antibody levels in patients than human insulin
(1,12,19,20). Even trace amounts of bovine insulin in porcine
insulin preparations increased the immune response (20). Re-
markably, deletion of A19Tyr from recombinant human in-
sulin resulted in a decrease of antibody titers to 2.2% as com-
pared to the native form, whereas the molecule lost one third
of its receptor binding activity (21). This deletion results in a
small conformational change and an increase in hydrophobic-
ity, as measured by reversed-phase high-pressure liquid chro-
matography (RP-HPLC). Changes in the A-chain of insulin
have more effect on the immunogenicity than changes in the
B-chain (12), which is not surprising as the A-chain is located
at the outside of the insulin hexamers.

RhIFNa2 exists in different subtypes (Table III).
RhIFNa2a and rhIFNa2c both differ in one amino acid from
rhIFNa2b. The majority of the human population expresses
the gene encoding rthIFNa2b (13). Differences in immunoge-
nicity seen in patients could not be related to differences in
primary structure. Antibodies from patients treated with ei-
ther rhIFNa2 showed complete cross-reactivity (13).

Human growth hormone was available in three different
forms: purified out of human pituitaries (pit-hGH), recombi-
nant human growth hormone with an extra methionine (met-
rhGH), and natural sequence recombinant human growth

A-chain 1 11 21

Human givegcctsi cslyglenyc

Bovine giveqgccasv cslyglenye

Porcine givedgcctsi cslyglenyc

B-chain 1 11 21

Human fvnghlcgsh 1lvealylvecg ergffytpkt
Bovine fvnghlcgsh 1lvealylveg ergffytpka
Porcine fvnghlcgsh 1lvealylvcg ergffytpka

Fig. 1. The amino acid sequences of human, bovine, and porcine
insulin. Differences with the human sequence are depicted in bold
and italic (after Ref. 12). Disulfide bridges between A7Cys-B7Cys
and A20Cys-B19Cys connect the A- and B-chain (43).



900

Table III. Amino Acid Differences Between Different rhIFNa

Variants
Variant AA 23 AA 34
rhIFNa2a Lys His
rhIFNa2b Arg His
rhIFNa2c Arg Arg

RhIFNa2a and rhIFNa2c both differ from rhIFNa2b by one amino
acid (13,26).

hormone (humatrope). Pit-hGH and humatrope had the
same primary structure, whereas met-hGH had one extra N-
terminal methionine residue. Differences in immunogenicity
were shown but could not be related to the methionine resi-
due (15,20). More detailed studies are needed to explain the
differences in immunogenicity.

RhtPA was mutated by one amino acid (R275 — E275).
Transgenic mice that were tolerant for htPA were immunized
with the mutant and with the nonaltered form. The altered
protein elicited antibodies in a significantly higher percentage
of transgenic mice than the nonaltered protein (see Table IT)
(14).

The impact of a mutation on the immunogenicity is de-
pendent on the position and the type of amino acid involved.
For rhtPA, a positively charged amino acid was changed into
a negatively charged one. The question arises if a more subtle
change (e.g., R275 — K275, both positively charged amino
acids) also would give a different immune response.

As the changes in the primary structure reported are
diverse and different test systems have been used (patients,
monkeys, transgenic mice, and non-transgenic mice), it is very
difficult to draw any general conclusions about the influences
of primary structure on the immunogenicity.

Glycosylation

Several therapeutic proteins are glycosylated. Glycosyla-
tion is one of the most common posttranslational modifica-
tions. Glycosylation may differ by sequence, chain length, and
position of linkage to the polypeptide chain and of branching
sites (22). Glycosylation is species- and cell-specific. More-
over, the culture conditions of production cells have direct
effects on N-linked glycosylation patterns (23). Thus, recom-
binant human glycoproteins will never have exactly the same
glycosylation patterns as their endogenous counterparts.

The sugars of glycoproteins have various functions (listed
in Table IV). Below we will give some examples to illustrate
the effect of the glycosylation profile on the immunogenicity
of glycoproteins. Other posttranslational modifications (e.g.,
phosphorylation, acetylation, methylation) also may influence
the immunogenicity, but published data are lacking.

Four out of 13 patients who received yeast-derived re-
combinant human granulocyte macrophage colony stimulat-
ing factor (rhGM-CSF) formed antibodies to this product.
The cross-reactivity of the antibodies with other forms of
rhGM-CSF was tested (Fig. 2). Because the antibodies had
the same reactivity with Escherichia coli-derived rhGM-CSF
(no glycosylation), the authors concluded that the antibodies
could not be directed against the sugars. The antibodies
showed no cross-reactivity with CHO-cell-derived thGM-
CSF (O-linked and N-linked sugars). When the CHO-cell-
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Table IV. Functions of Glycoprotein Glycans

Type Function

Modify solubility, electrical charge, mass, size,
and viscosity in solution

Control protein folding

Stabilize protein conformation

Confer thermal stability and protection against
proteolysis

Regulate intracellular trafficking and
localization

Determine circulation half-life

Modify immunological properties

Modulate activity

Act as cell surface receptors for lectins, anti-
bodies, toxins, and so forth

Participate in cell-cell interactions

Physicochemical

Biological

After Ref. 22.

derived rhGM-CSF was N-cleaved, cross-reactivity remained
absent. However, when the CHO-cell-derived rhGM-CSF
was O-cleaved, the cross-reactivity was completely regained,
irrespective of the presence of N-linked sugars. It was con-
cluded that the antibodies were directed against a part of the
peptide backbone that is protected by the O-linked glycosyla-
tion in the endogenous protein. Only three patients received
unglycosylated thGM-CSF (produced in E. coli), and al-
though none of them developed antibodies, definite conclu-
sions cannot be drawn about the immunogenicity of E. coli-
derived rhGM-CSF (24).

Naturally occurring human IFNa2 is O-glycosylated at
Thr106 (25). No significant antigenic differences between gly-
cosylated natural and nonglycosylated rhIFNa2 proteins have

__sugars
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N
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Fig. 2. Schematic representation of the cross-reactivity between an-
tibodies against differently glycosylated forms of rhGM-CSF. RhnGM-
CSF produced in yeast-induced antibodies in 4 out of 13 patients. The
antibodies were fully cross-reactive with rhGM-CSF produced in E.
coli. The antibodies did not recognize the mammalian rhGM-CSF
(produced in CHO-cells). When the mammalian form was O-cleaved,
the antibodies did fully recognize the rhGM-CSF. This means that the
antibodies are directed against a portion of the amino acid backbone
protected by O-glycosylation in the native product and the product
derived from CHO-cells (24).
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been identified (26). So, glycosylation probably does not af-
fect the immunogenicity of human IFNa2.

Recombinant human interferon beta (nonglycosylated)
expressed in E. coli ( E. coli-thIFNB), and CHO-cells (CHO-
rhIFNB, glycosylated) as well as (nonrecombinant human,
glycosylated) interferon beta obtained from human fibro-
blasts (hIFNB) were compared for their immunogenicity. The
three forms possess equal antiviral activities and a mouse
monoclonal anti-hIFNB antibody had the same affinity for the
three variants. However, the antiviral activity of CHO-
rhIFNB was neutralized more effectively by mouse monoclo-
nal anti-hIFNB than were hIFNB or E. coli-thIFNB, which
may be explained by glycosylation differences. Furthermore,
during the production process of E. coli-thIFN, the protein
is extracted from the bacteria with a strong detergent
(whereas CHO-rhIFNB and hIFN are secreted in the me-
dium). This could result in a conformational change that
might explain the different neutralization activity of the
mouse monoclonal anti-hIFNB (27).

In the above examples, only cross-reactivity of an anti-
body with glycosylation variants was tested. Clearly, sugar
chains are able to mask antigenic sites in vitro. Whether this
has implications for the immunogenicity in vivo remains to be
seen. A complicating factor when comparing the cross-
reactivity of antibodies against recombinant proteins pro-
duced in different species is that the glycans of species differ.
So, when the antibodies are directed against the glycans,
cross-reactivity may never be seen.

Pegylation

Chemical conjugation of proteins with polyethylene gly-
col (PEG, a nontoxic water-soluble polymer) reduces their
immunogenicity (28). As pegylated proteins have a prolonged
circulating time (29), pegylation has the potential to reduce
the immune response as a result of less frequent administra-
tion schemes. In addition, it may shield immunogenic sites,
like glycosylation does. In most cases, pegylation does not
lead to conformational changes of the polypeptide chain (28).
Important issues regarding protein activity and immunogenic-
ity are the choice of the PEG chain length, the conjugation
method, the number of PEG chains per protein molecule, and
the pegylation sites (30).

Conjugates of thIFNa2a with PEG of various molecular
weights and structures (branched or linear) decreased the im-
munogenicity in comparison to nonpegylated rhIFNo2a. In
addition, one of the pegylated forms showed no immunoge-
nicity in mice (31,32).

The immunogenicity of monopegylated recombinant hu-
man insulin with distinct sites of substitution and varying mo-
lecular weights of the PEG was studied in mice (33). All
forms, irrespective of molecular weight or site of conjugation,
reduced the level of circulating insulin-specific IgG antibodies
10- to 1000-fold.

The heterogeneity in the length of the PEG chain and the
site where the PEG is attached make it difficult to establish
structure-immunogenicity relationships. In our opinion, the
best place to attach the PEG chain would be around possible
antigenic epitopes, if this does not result in decreased activity
of the protein.
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Physical Degradation

Proteins have complex three-dimensional structures.
Physical degradation processes such as unfolding, misfolding,
and aggregation of the protein can result in an immune re-
sponse. Physical degradation of the protein can occur during
the production and purification but can also result from im-
proper formulation or storage or handling conditions. The
choice of the formulation and the dosage form requires ex-
tensive research to guarantee the physical stability of the pro-
tein and thus minimize immunogenicity.

Especially aggregates have been shown to increase the
immunogenicity of various therapeutic proteins, which might
be explained by their multiple-epitope character (cf. the viral-
like arrays described earlier) and/or to conformational
changes of the individual aggregated protein molecules.

For instance, aggregates of insulin can lead to antibody
formation (1). Evidence exists that insulin aggregates possess
antigenic sites that are absent in monomers. Further research
is needed to determine whether these aggregates promote the
formation of antibodies against insulin monomers (34).

Aggregates were present in rhIFNa2a formulations con-
taining human serum albumin (HSA) stored for a prolonged
period at 25°C. Not only rhIFNa2-rhIFNa2 aggregates, but
also HSA-rhIFNa2 aggregates were present, which might
have contributed to the observed immunogenicity (13,18,35).
The effect of different rhIFNa2 aggregates on the immuno-
genicity was studied systematically in mice. Not only
rhIFNa2-rhIFNa?2 aggregates isolated from an expired bulk
solution were injected intraperitoneally (i.p.) in wild-type and
transgenic mice tolerant for human IFNa2, but also rhIFNa2-
rhIFNa2, rhIFNa-HSA, and rhIFNa2-MSA (murine serum
albumin) aggregates, made with glutaraldehyde. As controls,
rhIFNa2 monomers or a mixture of either HSA/rhIFNa2 or
MSA/rhIFNa2 were injected. The aggregates (either one) in-
duced antibody formation in both conventional and trans-
genic mice. In the transgenic mice, the rhIFNa2-rhIFNa?2 ag-
gregates and albumin (human and murine)-rhIFNa2 aggre-
gates could break an existing tolerance toward rhIFNa2
monomers, in contrast with nonaggregated rhIFNa2 formu-
lations with or without albumin (16).

The presence of protein aggregates in formulations of
(nonrecombinant) hGH has been correlated with an in-
creased frequency of immune responses. Three distinct pat-
terns of antibody formation in patients were observed when
different preparations of hGH were used. The patients were
divided in three groups according to antibody formation
(Table V). The first group of patients developed antibodies
that were persistent irrespective of the length and type of
hGH therapy. The second group of patients developed anti-

Table V. Role of Aggregated hGH and Patient Features in Immu-
nogenicity of (Nonrecombinant) hGH Formulations

Number of
Group Antibodies patients Formulation
1 Persistent 11 50-70% aggregated
2 Transient 18 <5% aggregated
3 No antibodies 33 Different types

Patients were divided in groups according to antibody formation. See
text for details. Adapted from Ref. 36. hGH, human growth hormone.
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bodies that disappeared after switching to a different prepa-
ration of hGH or when the therapy was discontinued. The
third group developed no antibodies. The first group had re-
ceived a preparation of hGH that contained 50-70% aggre-
gates, the second group had received a preparation with less
than 5% aggregated hGH, and the third group had received
different types of hGH (either the 50-70% aggregated, less
than 5% aggregated, or monomeric), as determined after the
study. It was concluded that the formation of antibodies was
dependent on both the level of aggregates present and patient
characteristics (36).

Aggregates are a decisive factor for an antibody re-
sponse. Aggregates not only increase the classical immune
response in conventional animals but also break immune
tolerance in transgenic animals made tolerant for the thera-
peutic protein.

Chemical Degradation

Oxidation and deamidation, sometimes followed by
isomerization, are the major causes of chemical degradation
of proteins (e.g., during storage or handling). One of the im-
purities found in rhIFNa2a formulations because of improper
storage was an oxidized form (18). The oxidation sites were
not determined. The oxidation product was isolated and com-
pared with nonoxidized rhIFNa2a for its immunogenicity in
wild-type mice. The oxidized form was more immunogenic
than the nonoxidized rhIFNa2a (18,35).

Deamidation mainly occurs at asparagine residues. In
this reaction, the asparagine residue is, via a succinimide in-
termediate, converted into an aspartate or an iso-aspartate
residue (37-39). Also, glutamine residues can undergo deami-
dation resulting in glutamate residues. The rate of deamida-
tion is dependent on the type of nearby amino acids and on
the conformation (37,40). Not much is known about the im-
munogenicity of deamidated proteins. Chen et al. showed that
antibodies can be raised specifically against the succinimide
derivative of peptides, showing weak cross-reactivity with the
parent peptide (41).

CONCLUDING REMARKS AND DISCUSSION

Structural changes in proteins may affect their immuno-
genicity. The presence of grafts (sugar or PEG chains) on the
polypeptide chain may decrease their immunogenicity. There
are no reports about the introduction of antigenic sites due to
these additions. The most important recognized structural
change known to increase the immune response is aggrega-
tion. Even small amounts of aggregates may be sufficient to
elicit an immune response. The aggregation either reveals
new epitopes recognized as non-self or leads to the spacing of
the epitopes known to break self-tolerance. Aggregates occur
in different sizes, and the proteins in the aggregates can have
a native or non-native conformation. Folding probably has a
great influence on immunogenicity because the misfolded
protein may present different epitopes than the native pro-
tein. The effect of non-native conformers present in protein
formulations on the immunogenicity is still unclear and needs
to be investigated further.

To what extent do the antibodies induced by structural
variants of a protein cross-react with the native protein? If the
immune response is directed toward an epitope specific for
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the variant, the only clinical consequence may be the loss of
effect of the therapeutic protein involved. However, when the
immune response is directed toward an epitope present in the
endogenous protein, the antibodies induced may also neutral-
ize this endogenous protein, and serious clinical consequences
may be anticipated.

The formulation of proteins plays an important role in
the occurrence of immunogenicity. Excipients in the formu-
lation added to stabilize the protein may affect its immuno-
genicity. The excipients could change the presentation of the
protein to the immune system (i.e., in a spacing of epitopes
known to be a strong stimulus for the immune system). Ly-
ophilization of HSA-containing rhIFNa2a formulations and
storage at room temperature induced aggregates (HSA-
rhIFNa2a and rhIFNa2a aggregates). Removal of the HSA
and storage in a refrigerator led to less aggregation and di-
minished immunogenicity (35).

Still, little is known about the relationship between
changes in the structure of therapeutic proteins and their im-
munogenicity. The development of new and improvement of
current analytical techniques will help in identifying impuri-
ties and non-native conformers in protein formulations. With
the advent of transgenic animals tolerant for human proteins,
systematic studies on the correlation between conformational
and chemical changes and immunogenicity can be conducted.
Well-defined degradation products can be prepared, and their
immunogenicity can be compared to that of native proteins. It
is unlikely that one can completely predict the immunogenic-
ity in patients by using transgenic animal models. However,
such models will at least be useful to screen formulations or
structural variants for their immunogenicity and can therefore
be valuable during the development of new therapeutic pro-
tein formulations as well as for the establishment of proper
storage and handling conditions.

REFERENCES

1. G. Schernthaner. Immunogenicity and allergenic potential of ani-
mal and human insulins. Diabetes Care 16:155-165 (1993).

2. G. Walsh. Pharmaceutical biotechnology products approved
within the European Union. Eur. J. Pharm. Biopharm. 55:3-10
(2003).

3. F. Adair and D. Ozanne. The immunogenicity of therapeutic
proteins. BioPharm February:30-36 (2002).

4. H. F. Bunn. Drug-induced autoimmune red-cell aplasia. N. Engl.
J. Med. 346:522-523 (2002).

5. N. Casadevall, J. Nataf, B. Viron, A. Kolta, J. J. Kiladjian, P.
Martin-Dupont, P. Michaud, T. Papo, V. Ugo, I. Teyssandier, B.
Varet, and P. Mayeux. Pure red-cell aplasia and antierythropoi-
etin antibodies in patients treated with recombinant erythropoi-
etin. N. Engl. J. Med. 346:469-475 (2002).

6. S. K. Gershon, H. Luksenburg, T. R. Cote, and M. M. Braun.
Pure red-cell aplasia and recombinant erythropoietin. N. Engl. J.
Med. 346:1584-1586 (2002).

7. M. F. Bachmann, U. H. Rohrer, T. M. Kundig, K. Burki, H.
Hengartner, and R. M. Zinkernagel. The influence of antigen
organization on B cell responsiveness. Science 262:1448-1451
(1993).

8. N. R. Pritchard and K. G. Smith. B cell inhibitory receptors and
autoimmunity. Immunology 108:263-273 (2003).

9. B. Chackerian, P. Lenz, D. R. Lowy, and J. T. Schiller. Determi-
nants of autoantibody induction by conjugated papillomavirus
virus-like particles. J. Immunol. 169:6120-6126 (2002).

10. F. Matesanz and A. Alcina. Induction of autoantibodies to dif-
ferent interleukin-2 allotypes. J. Autoimmun. 12:221-227 (1999).
11. M. Van Ghelue, U. Moens, S. Bendiksen, and O. P. Rekvig.



Immunogenicity of Therapeutic Proteins

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Autoimmunity to nucleosomes related to viral infection: a focus
on hapten-carrier complex formation. J. Autoimmun. 20:171-182
(2003).

J. L. Ottesen, P. Nilsson, J. Jami, D. Weilguny, M. Duhrkop, D.
Bucchini, S. Havelund, and J. M. Fogh. The potential immuno-
genicity of human insulin and insulin analogues evaluated in a
transgenic mouse model. Diabetologia 37:1178-1185 (1994).

A. V. Palleroni, A. Aglione, M. Labow, M. J. Brunda, S. Pestka,
F. Sinigaglia, G. Garotta, J. Alsenz, and A. Braun. Interferon
immunogenicity: preclinical evaluation of interferon-alpha 2a. J.
Interferon Cytokine Res. 17:S23-S27 (1997).

T. A. Stewart, P. G. Hollingshead, S. L. Pitts, R. Chang, L. E.
Martin, and H. Oakley. Transgenic mice as a model to test the
immunogenicity of proteins altered by site-specific mutagenesis.
Mol. Biol. Med. 6:275-281 (1989).

C. M. Zwickl, K. S. Cocke, R. N. Tamura, L. M. Holzhausen,
G. T. Brophy, P. H. Bick, and D. Wierda. Comparison of the
immunogenicity of recombinant and pituitary human growth hor-
mone in rhesus monkeys. Fundam. Appl. Toxicol. 16:275-287
(1991).

A. Braun, L. Kwee, M. A. Labow, and J. Alsenz. Protein aggre-
gates seem to play a key role among the parameters influencing
the antigenicity of interferon alpha (IFN-alpha) in normal and
transgenic mice. Pharm. Res. 14:1472-1478 (1997).

M. Brickelmaier, P. S. Hochman, R. Baciu, B. Chao, J. H.
Cuervo, and A. Whitty. ELISA methods for the analysis of an-
tibody responses induced in multiple sclerosis patients treated
with recombinant interferon-beta. J. Immunol. Methods 227:121—
135 (1999).

E. Hochuli. Interferon immunogenicity: technical evaluation of
interferon-alpha 2a. J. Interferon Cytokine Res. 17:S15-S21
(1997).

P. Fireman, S. E. Fineberg, and J. A. Galloway. Development of
IgE antibodies to human (recombinant DNA), porcine, and bo-
vine insulins in diabetic subjects. Diabetes Care 5:119-125 (1982).
S. E. Fineberg, J. A. Galloway, and N. S. Fineberg. J. Goldman.
Effects of species of origin purification levels and formulation on
insulin immunogenicity. Diabetes 32:592-599 (1983).

X. Du and J. G. Tang. Effects of deleting A19 tyrosine from
insulin. Biochem. Mol. Biol. Int. 44:507-513 (1998).

H. Lis and N. Sharon. Protein glycosylation. Structural and func-
tional aspects. Eur. J. Biochem. 218:1-27 (1993).

C. F. Goochee and T. Monica. Environmental effects on protein
glycosylation. Biotechnology (N Y) 8:421-427 (1990).

J. G. Gribben, S. Devereux, N. S. Thomas, M. Keim, H. M. Jones,
A. H. Goldstone, and D. C. Linch. Development of antibodies to
unprotected glycosylation sites on recombinant human GM-CSF.
Lancet 335:434-437 (1990).

G. R. Adolf, I. Kalsner, H. Ahorn, I. Maurer-Fogy, and K. Can-
tell. Natural human interferon-alpha 2 is O-glycosylated. Bio-
chem. J. 276:511-518 (1991).

26

27.

28.

29.

30.

31.

32.

33.

34.

3s.

36.

37.

38.

39.

40.

41.

42.

43.

903

. P. Kontsek, H. Liptakova, and E. Kontsekova. Immunogenicity
of interferon-alpha 2 in therapy: structural and physiological as-
pects. Acta Virol. 43:63-70 (1999).

C. B. Colby, M. Inoue, M. Thompson, and Y. H. Tan. Immuno-
logic differentiation between E. coli and CHO cell-derived re-
combinant and natural human beta-interferons. J. Immunol. 133:
3091-3095 (1984).

D. Bhadra, S. Bhadra, P. Jain, and N. K. Jain. Pegnology: a review
of PEG-ylated systems. Pharmazie 57:5-29 (2002).

F. F. Davis. The origin of pegnology. Adv. Drug Deliv. Rev. 54:
457-458 (2002).

F. M. Veronese. Peptide and protein PEGylation: a review of
problems and solutions. Biomaterials 22:405-417 (2001).

K. Rajender Reddy, M. W. Modi, and S. Pedder. Use of peg-
interferon alfa-2a (40 KD) (Pegasys) for the treatment of hepa-
titis C. Adv. Drug Deliv. Rev. 54:571-586 (2002).

C. M. Perry and B. Jarvis. Peginterferon-alpha-2a (40 kD): a
review of its use in the management of chronic hepatitis C. Drugs
61:2263-2288 (2001).

K. D. Hinds and S. W. Kim. Effects of PEG conjugation on
insulin properties. Adv. Drug Deliv. Rev. 54:505-530 (2002).

D. C. Robbins, S. M. Cooper, S. E. Fineberg, and P. M. Mead.
Antibodies to covalent aggregates of insulin in blood of insulin-
using diabetic patients. Diabetes 36:838-841 (1987).

J. C. Ryff. Clinical investigation of the immunogenicity of inter-
feron-alpha 2a. J. Interferon Cytokine Res. 17:S29-S33 (1997).
W. V. Moore and P. Leppert. Role of aggregated human growth
hormone (hGH) in development of antibodies to hGH. J. Clin.
Endocrinol. Metab. 51:691-697 (1980).

M. Xie and R. L. Schowen. Secondary structure and protein
deamidation. J. Pharm. Sci. 88:8-13 (1999).

M. C. Lai and E. M. Topp. Solid-state chemical stability of pro-
teins and peptides. J. Pharm. Sci. 88:489-500 (1999).

J. L. Cleland, M. F. Powell, and S. J. Shire. The development of
stable protein formulations: a close look at protein aggregation,
deamidation, and oxidation. Crit. Rev. Ther. Drug Carrier Syst.
10:307-377 (1993).

H. T. Wright. Sequence and structure determinants of the non-
enzymatic deamidation of asparagine and glutamine residues in
proteins. Protein Eng. 4283-294 (1991).

W. Chen, N. J. Ede, D. C. Jackson, J. McCluskey, and A. W.
Purcell. CTL recognition of an altered peptide associated with
asparagine bond rearrangement. Implications for immunity and
vaccine design. J. Immunol. 157:1000-1005 (1996).

H. Schellekens. Bioequivalence and the immunogenicity of bio-
pharmaceuticals. Nat. Rev. Drug Discov. 1:457-462 (2002).

R. E. Chance, E. P. Kroeff, J. A. Hoffmann, and B. H. Frank.
Chemical, physical, and biologic properties of biosynthetic hu-
man insulin. Diabetes Care 4:147-154 (1981).



