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Protein pharmaceuticals have matured into an important class of drugs, now
comprising one in three novel drugs introduced on the market. However,
significant gains are still to be made in reducing the costs of production,
ensuring proper pharmacokinetics and efficacy, increasing patient compli-
ance and convenience, and reducing side effects such as immunogenicity. This
review summarises these issues and provides recent examples of methods to
reduce costs, alter pharmacokinetics and increase patient compliance. It also
discusses the increasing interest in understanding immunogenicity in order to
prevent failure of the protein drug or serious life-threatening side effects
due to autoimmunogenicity.
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1.  Introduction

Over the last two decades, proteins have become an important new class of drug
molecules. At present, approximately one in three new drug applications involve a
protein as the active compound [1]. This resulted in > 100 marketed products in the
US in 2004 [101], with probably a similar number marketed in the EU at
present [1,2]. In addition, a total of 324 biotechnology products were reported to be
in clinical development in 2004 [101], of which most contain a protein as the active
compound. Most of these protein drugs are used for life-threatening and seriously
debilitating diseases such as diabetes, cancer, rheumatoid arthritis, hepatitis and so
on. The high activity and specificity of proteins compared with the more
conventional, low molecular weight drugs often allows for a better treatment of
these diseases. However, the production and delivery of these protein drugs is not
without problems.

The main aim of any drug delivery system is to deliver the drug to the active site
at the right time, at a therapeutically effective concentration, at the highest patient
convenience/compliance, with the lowest possible side effects and at the lowest
possible cost. This aim also applies to protein drugs. However, due to the unique
character of proteins, the methods to achieve this aim often differ from those for
low molecular weight drugs [3]. In this review the authors will focus on the unique
properties of proteins in relation to drug delivery approaches.

2.  Factors of importance for a successful protein drug 
delivery system

2.1  Protein drug production
The first major difference between low molecular weight drugs and protein drugs is
the production of the active compound. Similar to low molecular weight drugs,
most peptide drugs can be synthesised, with the upper limit for commercial
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applications ∼ 30 amino acids in length [4]. Proteins, however,
are either isolated from natural sources or are produced
through recombinant DNA technology in a suitable expres-
sion system. At present, most protein drugs are produced in
mammalian cell cultures [5-7], but other expression systems are
actively being explored [8]. The choice of expression system
not only has major effects on the final yield, but also on the
quality of the protein. For example, most bacterial cell cul-
tures are unable to glycosylate a protein and may sometimes
be unable to fold the protein into its native conformation,
whereas other systems may not yield the same glycosylation
patterns as in humans. Whether such differences have clinical
implications can not yet be predicted.

Protein production is a costly process and a major hurdle
for a protein drug. For example, the estimated cost of goods
for a protein manufactured at ∼ 250 kg/year amounts to
∼ €1250 per gram [9]. More importantly, setting up manufac-
turing capacity for such a protein requires an initial
investment in the magnitude of €1 billion [9]. Investigations
aiming to reduce these costs by improving yield and
efficiency, eventually through the use of alternative expression
systems, is ongoing.

The manufactured protein also needs to be isolated and
purified, which adds additional costs. These costs may even be
higher than those for the initial manufacture [10,11]. Thus,
optimisation of this downstream processing is of prime
importance to keep production costs as low as possible.

2.2  Protein administration
With the exception of local delivery for local treatment (for
example, pulmonary delivery of recombinant human deoxy-
ribonuclease in the treatment of cystic fibrosis), the adminis-
tration of protein drugs for systemic delivery is, at present,
either by injection or by infusion. The high molecular weight
of proteins, combined with their hydrophilic and charged
nature, renders transport through membranes very difficult.
Moreover, various proteases are present at potential sites of
administration, such as in the gastrointestinal tract, lung, buc-
cal epithelium and skin. Finally, cells of the immune system
located at the point of entry may absorb and eliminate the
protein, thus reducing bioavailability and increasing the
potential for an immune response (vide infra).

For many drug molecules, including some of the peptide
drugs, a relatively low bioavailability may be acceptable, for
example, when patient compliance or convenience is a major
issue. However, protein drugs are very expensive. Thus, a
significant decrease in bioavailability can make the application
of the protein drug too costly. Despite these bioavailability
problems, there is a significant research effort exploring alter-
native routes of administration [12]. The most promising routes
for proteins seem to be the pulmonary, transdermal and nasal
route. For example, recent advances in particle technology and
inhaler design have allowed a bioavailability of ∼ 10 – 20% for
pulmonary-delivered insulin. The pulmonary route offers two
advantages over the more conventional subcutaneous

injections. First, the onset of action is faster, allowing for better
postmeal control of glycaemic levels. Second, the patients
prefer the pulmonary delivery over injections [13,14]. However,
there has been some concern on potential local side effects,
mainly a reduced diffusive capacity of the lung, as well as the
observed increased anti-insulin antibody formation [15].

The current experience with pulmonary insulin may prove
crucial for the further development of pulmonary delivery. If
serious side effects remain absent, many more proteins will be
considered for pulmonary delivery. On the other hand, for
many such proteins a potential drawback of the pulmonary
route could be the rapid absorption, resulting in high peak
levels and associated side effects. These peak levels may be
reduced by administering the required total dose in multiple
steps. However, this may reduce the patient compliance and
convenience. At present, many groups are investigating the
use of carriers to obtain a more sustained delivery [16]. These
carrier systems are still in their early infancy, and their
suitability has not yet been proven in any clinical trials.

The transdermal route is easily accessible, but some method
to disrupt the skin barrier is required [12,17]. Potential methods
include the use of iontophoresis [18], ultrasound [19], transfero-
somes [20] or microneedles [21]. The biggest concern for
transdermal delivery of a protein is the large amount of
immunocompetent cells present in the skin, which are
activated by the skin damage required to deliver the protein.
Moreover, the delivery capacity may be too small for some
proteins. The clinical data on this route of administration is
still too limited to determine its ultimate feasibility for protein
delivery, but preclinical studies show that bioavailabilities of
≥ 50% may be possible.

For selected peptide drugs, nasal delivery has shown to be
commercially viable. Desmopressin (Minirin®, Ferring
Pharmaceuticals) is available as both an oral tablet as well as a
nasal spray. However, even for this relatively stable peptide,
the bioavailability is only around 0.1% for the oral route, and
3 – 5% for the nasal route. Salmon calcitonin (Miacalcin®,
Novartis Pharma) is also available as a nasal spray, with a
similarly low bioavailability of 3% reported by the company.
A considerable amount of research is aimed at improving
these low bioavailabilities for peptides by advanced formula-
tion strategies [22]. Some of these may also be useful for
proteins but clinical data are scarce. Recently, Phase I clinical
studies were published on the nasal delivery of insulin [23],
while Phase II studies on the same system were reported by
Bentley Pharmaceuticals at the June 2005 Annual Meeting of
the American Diabetes Society. Reportedly, the bioavailability
of intranasal insulin delivery was 15 – 20%, which makes this
as good as, or even better than most of the pulmonary
delivery systems for insulin.

The nasal route also provides the possibility to bypass the
blood–brain barrier and achieve some level of brain targeting.
Proof-of-concept has been achieved in cognition in
memory-impaired older adults using insulin [24], as well as for
the delivery of IFN-β to the CNS [25].
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For insulin the feasibility of the oral route has been demon-
strated with modified insulin, hexyl-insulin-monoconjugate-2,
developed by Nobex Corp. An oral bioavailability of 5% was
shown [15] as well as a clinically relevant activity [26]. A potential
advantage of this route for insulin is the reduced systemic insu-
lin concentration compared to subcutaneous injections [26].
Generex Biotechnology Corp. has shown promising results for
the buccal delivery of insulin using a specially designed spray
and undisclosed absorption enhancers, termed Oralin [27]. A
bioavailability of 7 – 8% was reported, as well as a more rapid
onset of action compared with subcutaneous injections [27].

The studies on orally delivered insulin show considerable
promise, but the bioavailability through this route is still much
lower than, for example, the transdermal or pulmonary route.
Moreover, for insulin the hepatic first-pass metabolism may be
a minor problem, as the liver is the main target organ [28]. This
may not be the case for other proteins that are metabolised in
the liver, such as monoclonal antibodies, epidermal growth fac-
tor and tissue-plasminogen activators [29]. In the future it will
have to be shown whether the oral route is feasible for protein
drugs other than insulin and vaccines [30]. At present, a number
of companies are testing proteins such as human growth hor-
mone (Emisphere Technologies) and IFN-α-n3 (Alferon
LDO®, Hemispherx Biopharma) for oral delivery, but clinical
data on bioavailability is not yet available.

Although alternative routes are being explored, much
research effort is also aimed at improving compliance towards
and convenience of the actual injection systems. These
improved injection systems are especially of importance for
self-administration. For example, injection pens allow for accu-
rate delivery of the required amount of protein using hyperfine
needles, and are common practice for the delivery of proteins
such as insulin, (pegylated) IFN-α2a and b and human growth
hormone. The pen systems are both aesthetic as well as easy to

use, whereas the hyperfine needles reduce the pain of injection
and patient anxiety [15,31]. Improving patient compliance by
designing more patient-friendly injection systems has now
become standard for the delivery of many protein drugs, and
will allow more home-based care in the near future.

For patients with an extreme fear of needles even hyperfine
needles may be an unsurpassable barrier. In such cases, the use
of jet-injectors can be considered, even though these do not
provide any advantage in terms of pain or discomfort [15].
These devices use a pressurised system to propel a stream or
spray of solution through the skin. Thus, they also reduce the
risk of needle-stick for healthcare personnel. Their use is still
very limited but will probably increase in the near future.

2.3  Protein stability and formulation
The most common route of administration requires that the
protein is in solution. However, proteins are susceptible to a
wide variety of chemical and physical degradation mechanisms,
which means that they are often unstable in solution [32-36].
Table 1 summarises the most common degradation pathways.
Analysing these mechanisms is not an easy task and often
requires the use of many different analytical techniques [36-39].
These include a large variety of chromatographic and spectro-
scopic techniques, as well as other techniques such as differen-
tial scanning calorimetry. However, not every technique can be
used for each formulation. Moreover, it is impossible to fully
characterise all the degradation products of a protein [3]. Thus,
the protein formulation challenge is also an analytical challenge.

The susceptibility to the individual degradation mecha-
nisms differs significantly between proteins, even structur-
ally similar ones. For example, the single amino acid
substitution Ile→Val at the A10 position in insulin increases
the lag time for fibrillation by a factor of 2 [40]. Such differ-
ences are, at present, difficult to predict and usually must be
determined experimentally.

Moreover, the conditions that reduce one degradation mech-
anism may promote another route of degradation, or result in
other undesirable effects on, for example, side effects or solubil-
ity. For example, many chemical degradation reactions are
slowest around pH 5, but many proteins have an isoelectric
point in the same range. Thus, formulation at pH 5 reduces
the solubility. This is, for example, a major issue for the peptide
drug glucagon, which has to be formulated at pH 2.5 – 3 in
order to achieve adequate solubility.

Finally, stabilisation approaches that work for one protein
may actually promote the same degradation mechanism in
another protein. The addition of preferentially excluded
additives, such as sucrose, is generally used to increase physical
stability, but may also reduce chemical degradation reactions
such as methionine oxidation. The latter was observed for
subtilisin [41], but, surprisingly, an increased oxidation rate
was observed for recombinant Factor VIIa [42].

The complexity outlined above makes protein formulation
a considerable challenge [3,33,36], as achieving the most stable
formulation often requires a unique approach for each

Table 1. Common degradation pathways for proteins.

Degradation pathway Comments

Oxidation Mainly at Met, His, Trp, Cys 
residues

Deamidation Mainly at Asn residues, 
sometimes Gln residues

Proteolysis Mainly at Asp-X linkages

β-elimination

Disulfide scrambling May result in misfolding or 
covalent aggregation

Racemisation

Aggregation Implicated in immunogenicity 
development

Adsorption Loss of protein but also nucleus 
for bulk aggregation

Precipitation

Denaturation
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protein. In some cases solutions may be found in the way
nature itself stabilises proteins. In other cases, the solutions
come from screening a wide range of potential additives.
Fortunately, with the increase in the number of protein prod-
ucts the research into protein stabilisation and formulation
has increased accordingly. This has resulted in a number of
rational stabilisation approaches [36,43,44]. These can be sum-
marised as follows: first, most chemical degradation reactions
are minimised at pH values around 5 – 6. Second, protein
adsorption can be minimised by the addition of, usually non-
ionic, surfactants. Third, specific ligands often increase pro-
tein physical stability, which may also positively affect the
chemical stability.

If the above-mentioned principles fail to yield a protein
formulation that is stable for at least 2 years and can
withstand the stresses of shipping, a dried product must be
prepared. In fact, most protein drugs are provided as
freeze-dried solids for reconstitution [44,45]. Freeze drying, or
lyophilisation, is in itself a stressful process for proteins, and
may result in physical degradation [45-52]. Over the last few
years the critical process and formulation parameters have
been studied in detail, allowing for rational design of the
lyophilisation process [43,45,53]. Typically, the formulation
principles for protein solutions also hold for lyophilised
protein products. However, the use of so-called cryo- and/or
lyoprotectants is imperative to obtain a stable product. These
protectants prevent physicochemical degradation, both in the
freezing and drying stages of the process. Moreover, using a
proper lyophilisation cycle design they yield a good cake that
is easily rehydrated.

Freeze drying is a costly process, as it is a slow and
energy-intensive process. Thus, alternative drying strategies,
such as spray drying and supercritical fluid drying, are actively
being explored [54,55]. These alternative strategies are also of
importance for dry powder inhalation administration, where
particle characteristics are of extreme importance to achieve
proper delivery in the deep lung [56]. Spray freeze drying [54,57]

and spray freezing into liquid [58], modifications of the
freeze-drying process, can also be used to prepare protein
particles for inhalation, but still involve the slow drying stage
of the frozen solution.

2.4  Pharmacokinetics
The serum half-life of proteins differs greatly, and may range
between a few minutes to several weeks [29]. In general, the
half-life is closely connected to the physiological function of
the protein. For example, insulin has a half-life of ∼ 4 min,
and should only be present at high concentration in the blood
for a short period of time to regulate the uptake of carbo-
hydrates after meals. Alternatively, vascular endothelial
growth factor (VEGF), a potent angiogenic factor with a
half-life of ∼ 8 min, should only be present at a functional
concentration close to its site of action [59]. High sustained
concentrations throughout the body of these proteins may
cause significant and undesired side effects. In contrast, human

growth hormone has a serum half-life of ∼ 13 – 19 min [60],
but it is usually present at sustained, albeit fluctuating,
concentrations in the body.

In a number of cases it may be of interest to alter the
pharmacokinetics of the protein drug. These altered
pharmacokinetics may improve patient compliance and/or
effectivity of the protein. Again, insulin provides several good
examples. The subcutaneous route of administration, neces-
sary for self-administration, results in a slow onset of action.
Patients need to administer these insulin formulations well
before a meal, requiring strict planning. To improve the treat-
ment, more rapidly absorbed insulin mutants have been engi-
neered [6], which can be administered right before the meal,
thus improving patient compliance and convenience. Long-
acting insulins have also been developed, in order to achieve
long-term basal insulin levels with one single injection. These
include insulin mutants, insulin–protamine or insulin–zinc
complexes, and conjugated insulin [6,61].

Altered pharmacokinetics may be obtained in several differ-
ent ways, some of which are already indicated above. The
simplest method is to alter the site of administration or the
site of injection. For example, intravenous injections result in
much faster elimination of the protein drug from the body
than subcutaneous, intramuscular or intraperitoneal adminis-
tration, in which the pharmacokinetics are mainly determined
by the absorption rate from the site of injection. For subcuta-
neous injections, the absorption is mainly through the
lymphatic system, which may be exploited to target a protein
drug to, for example, the lymph nodes [29]. The subcutaneous
route is also much more accessible to self-administration than
intravenous injections.

An alternative method is to slow down the absorption or
clearance kinetics, for example, through complexation or
conjugation. Complexation has so far been used mainly for
insulin, whereas conjugation has become a standard method
for many proteins. Novo Nordisk has recently marketed a
long-acting basal insulin formulation, Levemir®, which
contains an acylated insulin. The acylation not only reduces
the absorption rate from the subcutaneous depot but also
increases the circulation time in the blood by binding to serum
albumin [61], resulting in a serum half-life of ∼ 14 – 15 h.

Several proteins conjugated to poly(ethylene glycol) (PEG)
have also been marketed, such as PEG-Intron® (Schering-
Plough), Pegasys® (Roche), Aralast® (Alpha Therapeutic
Corp.), Oncaspar® (Enzon), Adagen® (Enzon), Somavert®

(Pfizer) and Neulasta® (Amgen) [62]. PEG conjugation, or
pegylation, generally exerts a number of positive effects, most
notably a reduced kidney excretion and altered biodistribu-
tion due to an increase in molecular weight, a reduced degra-
dation by enzymes and hydrolytic media, enhanced water
solubility, reduced reticuloendothelial clearance, and reduced
immunogenicity and antigenicity. These effects usually
improve the therapeutic activity of the protein significantly,
despite the fact that receptor binding is often diminished fol-
lowing pegylation [63]. For example, a once-weekly injection
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of PEG-Intron generates the same clinical benefits as a three-
times weekly injection of the non-pegylated IFN. Pegylation
has now become routine and will probably be used for many
other protein drugs that are still in development [62].

Sustained concentrations may also be achieved by implant-
able or injectable, preferably biodegradable, systems. Many of
the systems currently being investigated involve a large variety
of polymers [64]. Although most technological challenges have
been solved, there are still a number of issues with regard to
protein stability during encapsulation, storage and release [65].
Several methods have been suggested to overcome this
instability [66], but so far only one protein-releasing injectable
sustained release system has reached the market: Genentech’s
Nutropin Depot®, marketed in 1998 in the US. Nutropin
Depot is a recombinant human growth hormone-releasing
system, where the protein is entrapped in a hydrophobic
matrix of poly(lactic-co-glycolic acid) (PLGA). Slow degrada-
tion of the matrix resulted in a slow release of the protein, sus-
taining therapeutic concentrations for ∼ 4 weeks versus the
20 h for a subcutaneous injection of recombinant human
growth hormone solution [67,68]. In 2004, the product was
withdrawn from the market by Genentech, claiming ‘the
uncertainties and limitations in product supply required to
meet future patient needs as well as the significant resources
necessary for manufacturing’ as the main cause.

Development of polymeric sustained release systems
remains an active field of research. The current research focus
is not only on improving protein stability in hydrophobic
polymers but also on hydrophilic polymers. These
hydrophilic polymers may not only be less detrimental to
protein stability than PLGA, but the manufacturing proce-
dure may also be less elaborate, and thus cheaper, compared
with that of, for example, Nutropin Depot [67].

2.5  Immunogenicity
Any protein drug has the potential to invoke an immune
response, that is, antibodies are formed against the protein.
There are essentially four types of antibody response that may
be recognised. The mildest of these is the formation of non-
neutralising antibodies that seem to have little, if any, effect
on the function of the protein [69]. The formation of sustain-
ing antibodies, however, may reduce the clearance rate of the
protein, thus altering the pharmacokinetics. This type of anti-
body response is rarely encountered but may have such a
pronounced effect on the pharmacokinetics that one should
monitor its occurrence.

A relatively more common, and also more problematic,
immune response involves the formation of neutralising antibod-
ies. These neutralising antibodies, when present at high titres,
result in a fast clearance of the protein drug from the circulation,
effectively cancelling the pharmacological effect [69-73].

The most severe, and potentially lethal, immune response
concerns the formation of crossreactive antibodies [69-73].
These antibodies do not only bind to the protein drug but
also to the endogenous protein, essentially yielding an

autoimmune reaction. A recent well-known example includes
the development of pure red cell aplasia (PRCA) in a
subpopulation of patients treated with recombinant human
erythropoietin (rhEPO) [74,75].

The causes for the development of an immune response are
still poorly understood. For a considerable period of time, a dif-
ference in the primary structure, including post-translational
modifications, between the protein drug and endogenous pro-
tein was considered to be the only risk factor. However, more
recent research shows that there is a wide array of risk factors
(Box 1), which may be associated to some extent [69,72,73]. The
PRCA case mentioned above provides an excellent example,
even though it involved only a low number of cases (< 300),
and is described below in a historical perspective.

In 1998, Johnson & Johnson altered its rhEPO formula-
tion Eprex® for marketing outside the US. The original for-
mulation contained human serum albumin (HSA) as a
stabiliser. Due to the concerns of using human blood-derived
products in other products, HSA was replaced by
polysorbate 80 (Tween 80) [74-76]. Shortly afterwards, the
number of PRCA cases rose significantly and occurred almost
exclusively in those patients treated with Eprex (Figure 1). The
current hypothesis put forward, amongst others by the com-
pany itself, is that the presence of small organic contaminants
leached from the rubber stopper of the syringe by Tween 80
caused the immune response [77]. These ‘leachates’ or ‘leacha-
bles’ may act as a danger signal or adjuvant in some patients.
However, the presence of micelle-associated rhEPO has also
been suggested as a possible risk factor [78].

When Eprex was identified as the main cause of the
increased number of PRCA cases, several countermeasures
were taken. These included the use of a coated stopper,
stricter storage guidelines, as well as a change in administra-
tion route from subcutaneous to intravenous injection.
Unfortunately, due to the combination of countermeasures it
is difficult to ascertain the main cause of Eprex immunogenic-
ity. The number of PRCA cases is still higher than before
these countermeasures were taken, but this could also be due
to a higher awareness of the disease.

One of the major challenges in the future for a successful
protein drug is to predict the possibility of an immune

Box 1. Factors of importance for immunogenicity of 
protein drugs.

Patient genetics
Type of disease
Protein origin, primary structure
Route of administration
Dosing frequency and amount
Duration of treatment
Formulation characteristics
Degradation products
Impurities
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response. Animal or ex vivo experiments are not yet
predictive [69,70,72,73], although recently a transgenic mouse
model was developed to study immunogenicity of human
IFN-β [79]. Moreover, it may take months or years before an
immune response is invoked. A significant problem is the
poor standardisation of the antibody assays [80,81]. The poor
standardisation is related both to the wide variety of assays, as
well as the absence of proper standards. This makes it diffi-
cult for the regulatory agencies to establish clear guidelines.
Thus,  patients, especially those that need chronic treatment,
will have to be continuously monitored for any immuno-
genicity development. A better understanding of how and
which formulation factors may increase the risk for an
immune response, as well as the development of good predic-
tive ex vivo or animal models, will significantly reduce the
chance of product failure due to a severe immune response
after chronic treatment.

3.  Conclusion

Protein drugs are slowly coming of age, providing improved
treatment for several serious and life-threatening diseases. The
focus turns more and more towards home treatment and self-
administration, and various injection devices have been devel-
oped for this purpose. Alternative routes of administration for
systemic delivery are also slowly reaching the market, further
improving patient compliance and convenience. Some meth-
ods, mainly protein pegylation, to alter the protein pharmaco-
kinetics have become standard strategies. However, there is
still significant room for improvement in almost all areas of
protein delivery, ranging from improved protein production
to lower cost of goods to a better control of side effects,
including immunogenicity.

4.  Expert opinion

As the patent life of several biotechnology-derived protein drugs
is running out, a discussion on the ability to produce generic
biotechnology products has commenced. Such products may
significantly reduce healthcare costs, as well as push the industry
to further innovation to improve treatment and convenience.

In 2004 and 2005, the European Medicines Agency
(EMEA) issued a number of draft guidelines to tackle the
issue of biogenerics, or, rather, biosimilar products. The
guidelines clearly indicate that these biosimilar products will
have to show both safety and efficacy in clinical trials, but
these trials are not necessarily as extensive as those for new
drug applications. The extent of clinical trials will be evalu-
ated on a case by case basis. There are, however, also draft
guidelines for product classes such as recombinant human
growth hormone, rhEPO, insulin and recombinant granulo-
cyte-colony stimulating factor. With these guidelines, the
EU is well ahead of the US, where the FDA guidelines essen-
tially preclude biogenerics [82,83]. However, the FDA does
allow ‘process improvement’ applications, where only lim-
ited clinical trials need to be carried out. The latter could
also essentially be used for biogeneric products. There have
been some developments since 2001, but there are still no
guidelines available [83]. In September 2004, the FDA
deferred a decision on the application for the biogeneric
human growth hormone-containing product Omnitrope®

(Sandoz), due to uncertainties regarding scientific and legal
issues. In contrast, the Australian Therapeutic Goods
Agency approved Omnitrope in October 2004.

The steps taken by the EMEA to set up guidelines for
biosimilar products are to be commended and will hope-
fully be taken up within the International Conference on

Figure 1. Rate of occurrence of rhEPO-related PRCA and the number of PRCA-patients that had received Eprex®. The latter
constitute ~ 90% of all rhEPO treatment-related PRCA patients. The difference in the rate and number of patients is mainly due to a time
difference in the reporting of the two numbers. Data are taken from [102] (latest access date July 2005).
PRCA: Pure red cell aplasia; rhEPO: Recombinant human erythropoietin.
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Harmonisation of Technical Requirements for Registration
of Pharmaceuticals for Human Use, resulting in worldwide
guidelines. An important issue remains: the potential of an
immune response to the protein drug. The immune
response to the novel Eprex formulation shows how a
seemingly small factor, the leachates, can have major
effects. Immunogenicity testing of any biosimilar product
is obviously a clear prerequisite for any biosimilar product.

However, the assays to determine an immune response are
still poorly standardised. Without such standardised assays,
discussions will remain not only on the efficacy, but also
on the safety of the biosimilar product compared with its
reference product. Thus, an important next step for the
regulatory agencies will be to establish clear guidelines for
immunogenicity assay development. Good starting points
are already available in the scientific literature [80,81].
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