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Abstract
Biologics such as monoclonal antibodies are much more complex than small-molecule drugs,
which raises challenging questions for the development and regulatory evaluation of follow-on
versions of such biopharmaceutical products (also known as biosimilars) and their clinical use
once patent protection for the pioneering biologic has expired. With the recent introduction of
regulatory pathways for follow-on versions of complex biologics, the role of analytical
technologies in comparing biosimilars with the corresponding reference product is attracting
substantial interest in establishing the development requirements for biosimilars. Here, we discuss
the current state of the art in analytical technologies to assess three characteristics of protein
biopharmaceuticals that regulatory authorities have identified as being important in development
strategies for biosimilars: post-translational modifications, three-dimensional structures and
protein aggregation.

The clinical and commercial success of biologics such as monoclonal antibodies and
recombinant versions of endogenous proteins is transforming the pharmaceutical industry. In
2010, worldwide sales of all biologics approached the US$100 billion mark1, and by 2015 it
is expected that more than 50% of new drug approvals will be biologics2, rising to more
than 70% by 2025 (REF. 3). As these drugs begin to come off patent, substantial
opportunities exist for other companies to make copies or ‘generic’ versions of these drugs.

For small-molecule drugs, abbreviated regulatory pathways for the development and
introduction of generic versions of the drug (following the expiration of patent protection on
the original product) have been established for more than 25 years. Rather than requiring
generic versions to undergo the same level of evaluation as the original drug, including
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clinical trials, abbreviated approval for the same purposes is generally based on
demonstrating that the generic drug is pharmaceutically equivalent (that is, it contains the
same active ingredient in the same purity, strength, dosage form and route of administration)
and bioequivalent (that is, it is absorbed into the body at a similar rate and extent) to the
original drug4. Consequently, abbreviated approval is considerably less expensive to
achieve, thus dramatically lowering the costs of generic drugs. This has led to the
widespread use of generic versions and substantial cost savings for health-care systems; a
recent paper noted that in 2009 almost 75% of small-molecule drug prescriptions dispensed
in the United States were for generics, and the approval of a generic drug resulted in average
savings of 77% of the original product’s cost within 1 year5.

However, for biologics, establishing a regulatory pathway for the introduction of follow-on
versions of the original product (once its patent protection has expired) is much more
challenging than for small molecules. Some simple biologics — for example, small peptides
such as recombinant insulin and recombinant human growth hormone — can be well
characterized by established analytical approaches, which has facilitated the regulatory
approval of follow-on versions under abbreviated pathways (based in part on data from the
original drug and in part on analytical data and limited clinical data in some cases)4;
however, many biologics such as monoclonal antibodies and other recombinant therapeutic
proteins are much larger and more complex. For such biologics, the extent to which existing
analytical technologies can be used to support the likelihood of clinical comparability
between a follow-on version and the original product is much more limited than for small-
molecule drugs, and it is not possible to demonstrate that the two products are absolutely
identical.

Consequently, a key question for the development and regulation of follow-on biologics —
also known as biosimilars — is how much and what kind of data are needed to establish that
the differences between similar (although not identical) products are not clinically
important4.

Clearly, the overall success of developing a biosimilar — as has been the case with generic
small-molecule drugs — will depend on the ability of the biosimilar sponsor to offer a
highly similar, safe and efficacious drug product at a cost saving that will encourage health-
care providers to purchase it over the original product while still allowing the biosimilar
sponsor to make an adequate profit. If the bar of comparability or similarity is set too high,
the economics of biosimilar development may not be sufficiently attractive for companies to
participate. However, if the bar of comparability or similarity is set too low, the drug’s
efficacy and the safety of patients could be in jeopardy. With the setting of this bar in the
hands of government regulators (coupled with the recent or imminent expiration of patent
protection for a growing number of commercially successful biologics), regulatory
authorities globally have been developing pathways for the introduction of biosimilars that
are intended to realize the ultimate desired benefits.

In Europe, the European Medicines Agency (EMA) introduced the first operating
framework in 2005 (REF. 6) for a path towards developing and marketing biosimilars. Since
then, European biosimilar guidelines have been described7 (see the EMA website) and 13
biosimilars have been approved and are still on the market8. In the United States, the 2009
Biologics Price Competition and Innovation (BPCI) Act empowered the US Food and Drug
Administration (FDA) to develop a pathway to introduce biosimilars within the United
States, and the draft guidelines were announced on 9 February 2012 (see the FDA website)
(BOXES 1,2). In developing this draft, a hearing by the FDA9 was conducted in 2010 to
seek input from stakeholders on four main areas related to biosimilars: “First, what scientific
and technical factors should the agency consider in determining whether the biological
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product is highly similar to the reference product, notwithstanding minor differences in
clinically inactive components? Second, what scientific and technical factors should the
agency consider in determining the appropriate analytical, animal, and clinical study or
studies to assess the nature and impact of actual or potential structural differences between
the proposed biosimilar product and the reference product? Third, what range of structural
differences between a proposed biosimilar product and the reference product is consistent
with the standard “highly similar” and may be acceptable in a 351(k) application if the
applicant can demonstrate the absence of any clinically meaningful differences between the
proposed biosimilar product and the reference product? Fourth, under what circumstances
should the agency consider finding that animal studies or a clinical study or studies are
‘unnecessary’ for submission of a 351(k) application?”

Box 1

Commentary on the FDA’s proposed regulatory pathway for biosimilars in
the United States

The 2009 Biologics Price Competition and Innovation (BPCI) Act empowered the US
Food and Drug Administration (FDA) to develop a pathway to approve biosimilars. In
February 2012 the FDA released three draft documents (see the FDA website) in support
of developing the initial pathway that sponsors of biosimilars need to follow to achieve
drug approval, and on 11 May 2012 the FDA held a 1 day public hearing to obtain input
on the draft guidance documents. The new pathway outlined by the FDA, summarized
pictorially in BOX 2, is based on a risk based approach using what the agency calls
“totality of the evidence”.

In principle, at first sight this approach is not novel. The approval of any
biopharmaceutical product is based on the totality of the evidence provided to the FDA in
the data package filing that any drug sponsor normally provides to support drug approval
(whether that is for a completely new drug or for a change to an existing drug, including
a second generation drug made by the same sponsor) or to gain approval to conduct a
clinical trial. This “totality of the evidence” data package includes biochemical,
biophysical, biological, toxicology and clinical data. However, for a biosimilar, it is
already known that the original drug is sufficiently safe and efficacious from the work of
the innovator (along with the drug’s commercial history). The crucial question becomes:
how similar or comparable to the innovator’s drug does the biosimilar have to be in order
to take advantage of the innovator’s experience and the drug’s long history (particularly
with regard to the extent of clinical data needed to support biosimilar approval)?

One key conclusion emphasized by the FDA in its recent guidance and in prior
publications4,5 is that the answer to this question is not unique. Although there are clearly
core features corresponding to information that is normally provided in a chemistry,
manufacturing and controls (CMC) filing that will be needed in all biosimilar filings (for
example, information on aggregation, impurities, and so on), several paths could be
followed to achieve the goal of obtaining an abbreviated approval for a biosimilar,
especially without the need to conduct clinical trials. The answer is therefore formulated
on a case by case basis. Minimal clinical studies (or perhaps even no clinical studies)
might be sufficient for the approval of the biosimilar, if biochemical, biophysical and
biological data (structural and functional analysis) can demonstrate that the innovator
drug (also known as the reference product) and its biosimilar are identical (or similar
enough) and that there is no effect of any difference in the mode of formulation,
container closure as well as handling and administration, so that equivalence in clinical
performance (pharmacokinetics/pharmacodynamics (PK/PD) and immunogenicity) can
be assured.
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An important feature in enabling the agency to make clear and accurate decisions as to
what is needed for the approval of a biosimilar will rest on delivering a robust and
comprehensive structural and functional analysis package for the molecule. Such a data
package requires more extensive information than what is normally provided in drug
filings for innovator products. In stating the requirement for more information, the
agency has referenced the use of orthogonal, state of the art and fingerprint methods that,
although not yet validated (or even very difficult to validate), are based on sound science.

For biologics, proving that two separate manufactured lots are identical is virtually
impossible. Even an innovator company cannot manufacture its own biologic so that it is
absolutely identical on a lot to lot basis owing to the inherent level of complexity of these
molecules and the way in which they are made. The best a manufacturer of a biologic can
do is to demonstrate consistency in manufacture, with attributes that fall within a set of
acceptable specification criteria that regulators have agreed to through a history of testing
and characterization. Such a history of information concerning the innovator’s drug is not
known by the sponsor of the biosimilar. However, as a result of filings and historical data
provided to them by the innovator, known as “prior knowledge”, regulatory agencies
have this information or key subsets of this information. This prior knowledge may
include unique biochemical, biophysical, biological and maybe even toxicology and
clinical (including PK/PD and immunogenicity) data that the sponsor of the biosimilar
may not be aware of, in addition to the normal standard filing information. Hence, to
reduce development time and costs for the sponsor of the biosimilar, as well as achieve
optimum utilization of FDA resources, a new paradigm for interaction would be needed
between sponsors of biosimilars and the FDA. In such a paradigm, biosimilar sponsors
would have early, effective and active dialogue (known as a stepwise approach) with the
FDA to understand what this “totality of the evidence” data package should include,
especially in terms of understanding what kind of toxicological and clinical data will be
required. Even after a biosimilar receives approval, pharmacovigilance studies will need
to be implemented to mitigate any additional unknown potential risks associated with
biosimilars relative to the innovator drug.

Finally, the FDA documents indicate that clinical studies will be needed for a biosimilar
to reach a level of identity — in terms of clinical performance and immunogenicity —
that is considered to be close enough to that of the innovator drug for it to be used
“interchangeably”. Such interchangeability could be established before the approval of a
biosimilar via clinical studies, post approval through additional clinical trials or possibly
through pharmacovigilance studies. It should be noted that at present neither the FDA nor
the European Medicines Agency (EMA) has provided a clear definition and draft
guidance on “interchangeability” (see BOX 2 for the FDA’s statement on
interchangeability).

Box 2

Summary of the draft pathway for biosimilars in the United States

The figure below summarizes the key points in the draft documents released by the US
Food and Drug Administration (FDA) (see the FDA website) that initiate its plans for the
development of the path for obtaining approval of a biosimilar in the United States.
Selected points of this process are listed below.

• Owing to the uniqueness of this process, the FDA recommends a stepwise
approach involving a substantial level of interaction of the biosimilar sponsor
with the FDA (step a).
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• Part of the uniqueness resides in the level of prior knowledge of the innovator
drug (step b).

• Another part of the uniqueness of this process is in assessing the level of
comparability or biosimilarity (usually referred to as ‘highly similar’) of the
biosimilar to the innovator drug (also known as the reference product) (step c).
In conducting this assessment, several different lots (of both the biosimilar and
the reference product) should be used to understand the data space variability of
the biosimilar and the innovator drug.

• The first experimental key step in the biosimilar approval process is to assess
the comparative structural and functional analysis between the biosimilar and
the reference product (step d). In performing this assessment, the FDA
emphasizes the added use of “orthogonal methods” and “fingerprint like
methods”. These latter methods may represent more advanced or state of the art
analytical characterization methods that have not been validated but must be
scientifically sound. The biosimilar sponsor should realize at this stage that the
more extensive, comprehensive and robust the comparability process, the lower
the likelihood of requiring data from animal (toxicology) and clinical (human)
studies (see below).

• Using prior information coupled with the outcome from step d, the level of
toxicology and clinical data required will be assessed and determined (step e).
At a minimum, pharmacokinetics/pharmacodynamics (PK/PD) and
immunogenicity data will need to be provided in support of biosimilarity;
however, other more extensive toxicology and/or clinical studies may be
required, depending on prior knowledge (step b) and the results from step d,
especially in reference to the need to address residual uncertainties regarding
biosimilarity.

• Biosimilarity, as defined by the FDA, is when: “The biological product is highly
similar to the reference product notwithstanding minor differences in clinically
inactive components … [and] there are no clinically meaningful differences
between the biological product and reference product in terms of safety, purity
and potency of the product.” In making this assessment, the biosimilar sponsor
needs to realize that the assessment is made on a case by case basis (step f).

• A higher standard of biosimilarity is defined as “interchangeability” (step g).
Although the FDA has not clearly defined this attribute, the agency did say that
“an applicant must provide sufficient information to demonstrate biosimilarity,
and also to demonstrate that the biological product can be expected to produce
the same clinical result as the reference product in any given patient and, if the
biological product is administered more than once to an individual, the risk in
terms of safety or diminished efficacy of alternating or switching between the
use of the biological product and the reference product is not greater than the
risk of using the reference product without such alternation or switch (see
section 351(i)(3) of the PHS [Public Health Service] Act)”.

• Following the approval of either a biosimilar or a biosimilar that can be used
under the status of interchangeability, a pharmacovigilance programme needs to
be in place to ensure the safety and the effectiveness of the biosimilar
therapeutic protein product, especially during the initial phase of its introduction
into the public setting (step h).
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Related to several of these areas, three properties of therapeutic proteins — in the opinion of
the FDA10 — cannot be sufficiently measured but are deemed to be important for
understanding the behaviour of protein drugs: post-translational modifications, three-
dimensional structures and protein aggregation. Given the need to rapidly improve our
ability to measure these three properties, it is an opportune moment to survey the currently
available analytical techniques used to generate information about these properties, which
are discussed here in light of the guidance issued by the FDA and EMA. Before considering
the three main areas identified for analytical improvement, however, it is important to
discuss some of the general challenges in assessing comparability.

General challenges in assessing comparability
The first challenge in assessing the comparability of biologics is understanding exactly what
is meant by the terms ‘comparable’, ‘similar’ and ‘highly similar’. During the development
of innovative biologics, there are often numerous changes to the manufacturing process (for
various reasons), sometimes including changes even after the drug is commercialized. As a
result, the innovator will need to conduct comparability studies to show regulators that drug
products before and after process changes are ‘comparable’ in order to be able to use these
post-change drug products in any subsequent clinical trials or in existing commercial
licensed products11. Here, we will refer to this type of comparison as an ‘internal’
comparison. In the case of developing a biosimilar version of an originator’s biologic, the
manufacturer of the biosimilar must execute a far more challenging task of comparability in
order to prove that its biosimilar is ‘similar’ (the term used by the EMA) or ‘highly similar’
(the term used by the FDA) to the innovator’s biologic. Here, we refer to this type of
comparability as an ‘external’ comparison. It should be noted that the terms comparable,
similar and highly similar are specific terms used by the EMA and the FDA for the above
mentioned purposes7 (see the FDA website), and so care should be taken in their use; see
below.

The approach taken by the EMA to deal with the primary issues of comparability for
biosimilars — defined here as external comparability — is a logical extension of the concept
of internal comparability set forth initially by the FDA and conceptualized by the
International Conference on Harmonisation (ICH) Q5E guidelines (BOX 3). In fact, the
European Generic medicines Association (EGA) indicated in its response to the FDA’s
public biosimilar meeting in 2010 (REF. 9) that: “It should be noted that the EMA never
limited the application of comparability to a single company making manufacturing changes
to its own product, instead it was held to be a scientific evaluation irrespective of the source
(manufacturing change or biosimilar) to the two entities being compared. Thus, while we all
recognize that ICH Q5E defines comparable as having ‘highly similar quality attributes’,
and limits its use to a single company with their own product, the European Union
guidelines use the terminology of similarity and comparability interchangeably within the
same regulatory documents, and recognize that the two terms refer to the same scientific
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principles.” The EGA further added: “As successfully used in the European Union, the
scientific grounding of similarity and comparability is the same, and the regulators
endeavour to apply these principles consistently to both, original biologics and biosimilars.
A high degree of similarity forms the basis for abbreviated clinical programs, approvability,
extrapolation of indications, interchangeability, and trust by patients and health-care
providers.”

Box 3

Existing characterization guidelines and relationship to comparability
studies

Perhaps the most relevant existing industry standards in place to determine the
comparability of biopharmaceuticals are the International Conference on Harmonisation
(ICH)’s harmonized tripartite guidelines referred to as Q5E (Comparability of
Biotechnological/Biological Products Subject to Changes in their Manufacturing
Process), which were issued by the ICH Working Group in November 2004 (REF. 143).
These guidelines were developed for innovators of biopharmaceutical products to help
them establish internal comparability between products before and after process changes
in order to implement process changes for their products. These guidelines focus on four
main criteria described in Q5E section 2.2.2:

Physicochemical properties (as defined in ICH Q6B)

The ICH Q6B guidelines on physicochemical properties cover comparability exercises of
the molecular entity to assess the degree of molecular homo and/or heterogeneity. Higher
order structural analyses are recommended, including the assessment of any changes in
secondary, tertiary and quaternary structures. Dedicated guidelines are described in the
ICH Q6B document. If higher order structural information cannot be obtained, it is
suggested that relevant biological assays could be used to confirm or support
conformational equivalency between the two products.

Biological activity/bold

Manufacturers are encouraged to provide meaningful and insightful bioassay data in
order to highlight or confirm the absence of any effects that might be attributed to
changes in process. These assays may also be used in some circumstances as surrogates
to confirm higher order structures. In cases where physicochemical or biological assays
are not sufficient to confirm that higher order structures of two products are maintained,
non clinical and clinical studies may be necessary.

Immunochemical properties

In the case of antibodies and antibody based products, the manufacturer should confirm
that specific attributes of the (two) products are maintained and/or comparable by
appropriate assays. Given that small differences in glycosylation and/or deglycosylation
are known to have immunogenic consequences, this is an area of special interest in the
development of guidelines for biosimilars and interchangeable biologics.

Purity, impurities and contaminants

The guidelines on purities, impurities and contaminants, which are intended to ensure
that isoforms and degradation products are detected, specify that a combination of
analytical procedures should be used to confirm that the purity profile of the product (or
products) has not changed. It is assumed that the manufacturer will take measures to
prevent the formation of contaminants, and any that are discovered through this process
are identified and characterized using appropriate methods.
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However, what is potentially the Achilles heel in the above EGA statement is that such an
approach implies that the manufacturer of a biosimilar has: first, the same extensive
knowledge base about the properties and behaviour of the innovator’s drug as the innovator;
and second, the availability of appropriate reference material for making comparisons.
Regarding the second point, although there may be a perception that the sourcing of
reference standard material could be solved by purchasing the innovator’s product on the
open market, this approach presents its own set of problems12. The formulation matrix of the
innovator’s product could interfere with necessary comparison studies between the
innovator’s drug and the biosimilar product. Some type of deformulation or extraction of the
active drug material from its original drug product formulation may be required13,14, and
such sample processing could lead to alterations in the generated reference material that
could in turn cause misleading comparison results15,16. This problem was recognized by
both the EMA and the FDA, and hence a validated deformulation and extraction process of
the active drug substance from the commercial drug product will be required6 (see the FDA
website).

A possible approach for achieving such a valid deformulation and extraction process may
require the manufacturer of the biosimilar to place its biosimilar drug molecule into the
same formulation as the innovator drug product and co-process it with the innovator drug
product in order to conduct a potentially more valid comparability study.

A further interesting point related to appropriate reference material is the source of the
reference material relative to the jurisdiction of the regulatory body reviewing the
biosimilar. In the case of the EMA the reference material must be derived from its
jurisdiction, whereas in the case of the FDA reference material outside its jurisdiction can be
used if an acceptable bridging study of this material to a US-licensed reference product can
be provided.

A second challenge is defining the acceptable level of comparability to confirm the claim
that two or more biologics are in fact comparable, similar or highly similar. As already
stated, the use of the term ‘identical’ is inappropriate owing to the inherent complexity of
protein bio-pharmaceuticals and their manufacturing processes. For protein drugs, simple
changes such as a single-amino-acid mutation or covalent modification (a post-translational
modification (PTM)) may lead to small perturbations in higher-order structure. Such small
perturbations might result in the drug not functioning or, worse, cause a drug to malfunction
via aggregation or immunogenicity. Therefore, defining the meaning of the terms
comparable, similar and highly similar as acceptability levels is a real challenge. In
particular, as noted earlier in this article, in the biosimilar area the term ‘similar’ is
specifically used by the EMA, whereas the term ‘highly similar’ is specifically used by the
FDA. Such word usage unfortunately only further adds to the confusion, and hence it is
worth repeating that care should be taken in determining how and when to apply these
terms. In the case of the EMA, various product-specific biosimilar guidelines have been
generated (see the EMA website) (for example, for recombinant erythropoietins and
recombinant granulocyte colony-stimulating factor) and continue to be generated (for
example, for interferon-β and monoclonal antibodies) to help guide applicants of biosimilars
to more effectively formulate their comparability studies.

Below, we discuss the three properties of therapeutic proteins that, in the FDA’s view,
cannot be sufficiently measured (as described above), as well as the analytical tools that are
available and being developed to assess these properties. We also discuss key challenges for
the development of biosimilars in light of regulatory guidance related to these three
properties.
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Post-translational modification
There are many types of PTMs of proteins17,18. Common PTMs are glycosylation (which
includes galactosylation, fucosylation, high mannose derivatives and sialylation), oxidation,
phosphorylation, sulphation, lipidation, disulphide bond formation and deamidation. In most
cases these chemical changes occur in vivo but some chemical changes can also occur in
vitro: for example, during various stages of manufacture such as purification and storage.

Changes to proteins as a result of PTMs can have a role in protein activity19, and so there is
a need to characterize and understand them when manufacturing biologics. In addition,
PTMs may influence the immunogenicity of biologics. Several comprehensive reviews20,21

have addressed the immunogenicity of biologics and include discussions on the potential
contribution (or contributions) of PTMs to immunogenicity. In the case of several types of
PTMs (for example, deamidation, oxidation and differential glycosylation), direct
connections between the post-translationally modified biologics and immunogenicity have
not been clinically demonstrated22. Nevertheless, it is known that PTMs can alter protein
structure and cause aggregation, and that such changes can cause immunogenicity problems
(glycosylation and amino acid isomerization are also discussed below). Therefore, it is
crucial to be aware of PTMs and understand them for each biologic. Furthermore, to
demonstrate the reproducible production of a biologic, the manufacturer needs to monitor
PTMs at many steps during the manufacturing process23, which requires the identification of
PTMs, control of their levels and assessment of their impact on the protein. The levels of
variability in PTMs that are allowed in a developmental or commercial biologic can vary
and are generally determined by information concerning their importance and prior
manufacturing history. In most cases, a definitive impact (on clinical outcome) of variability
in the amount, level and forms of the different PTMs is not known24.

Although PTM characterization is a very daunting task in proteomics studies (in which there
are hundreds, if not thousands, of proteins to investigate all in the same sample)25, biologics
represent a much simpler case. For biologics, the sequence and identity of the protein is
known and the various modified forms can generally be isolated, sometimes in large
quantities. As a result, characterization of PTMs is more straightforward than it is in a global
proteomics investigation. Software from several instrumentation vendors is designed to first
identify whether modifications are present, in what quantity and, in some cases, where the
modifications have occurred. The analysis of PTMs is not, however, without limitations.
Sophisticated instrumentation, skilled analysts and time are all required and although
computation and automation have eased the burden, there is still a long way to go.

Mass spectrometry (MS) is a valuable tool for detecting and investigating protein
modifications (by monitoring mass differences), for determining where they occur on the
protein (by analysing peptide fragments and their mass alterations) and for elucidating what
causes them (by comparing different types of samples, storage conditions and formulations)
(FIG. 1; see REFS 26–28 for examples). Several detailed reviews17,29–33 on the topic of
applying MS to PTM detection have highlighted a few trends. One recent trend is the
increasing emphasis on understanding the nature of the sugars involved in glycosylation.
Given that various cell lines, expression hosts and protocols can result in different
glycosylation patterns, measuring and understanding glycosylation by MS is crucial.
Furthermore, to understand batch-to-batch variability and to compare innovator and
biosimilar proteins, it is necessary to determine where glycosylation occurs (which is
relatively straightforward in peptide mapping experiments) as well as the structure and
content of the individual sugars (which is much more challenging, even for MS).
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For example, a study comparing the glycosylation pattern of an innovator tissue-type
plasminogen activator (tPA) and its biosimilar demonstrated a ~2.5-fold greater amount of
glycosylation at one N-linked site in the innovator material versus the biosimilar material34.
Differences between an innovator monoclonal antibody, trastuzumab (Herceptin;
Genentech/Roche), and a bio-similar were readily detected with liquid chromatography–MS
(LC–MS)35, including changes in glycosylation and amino acid mutations in the heavy
chain. Analysis of recombinant and human-derived factor IX glycans following enzymatic
digestion and LC–MS36 indicated that the fucosylation site on the human-derived protein
and the recombinant version was different (FIG. 1). The clinical ramifications of these
differences are not clear. It was recently reported24 that although changes in glycosylation
levels were observed for etanercept (Enbrel; Amgen/Pfizer), darbepoetin alfa (Aranesp;
Amgen/Kyowa Hakko Kirin) and rituximab (Rituxan/Mabthera; Biogen Idec/Genentech/
Roche) as a result of post-approval process changes, the clinical ramifications of the
differences were unknown.

Differences involving one or two monosaccharides and/or their linkage specificity (mostly
from sugars that are not made in humans but are instead made in the mammalian cells used
to produce the recombinant protein) have been linked to immunological responses in only a
few cases37. Galactose-α-1,3-galactose linkages or terminal-α-1,3-galactose have been
connected to anaphylaxis associated with cetuximab (Erbitux; Bristol-Myers Squibb/Lilly/
Merck Serono)38 and immune response to bovine thrombin39. The sialic acid N-
glycolylneuraminic acid (Neu5Gc; also known as NGNA) is known to be associated with
immunogenicity issues40, and reduction or elimination of this sugar in recombinant proteins
is highly desirable41. A recent comparison42 of Neu5Gc in cetuximab and panitumumab
(Vectibix; Amgen) showed the presence of Neu5Gc in cetuximab but not in panitumumab,
and showed that addition of Neu5Ac (N-acetylneuraminic acid) to the culture media reduces
the incorporation of Neu5Gc. The ability to detect differences in glycans by MS is therefore
valuable for biologics43, including for the analysis of human glycosylation pathways
through the discovery of non-consensus additions44 and for the assessment of whether
different glycosylation patterns have clinical relevance19.

Another trend in the application of MS to the study of PTMs is the awareness that the
modification itself could be altered by the analysis method. To correct this limitation, there
has been an increasing role for alternatives to classical collision-induced dissociation MS
fragmentation methods in recent years. The value of the bottom-up approach of digesting the
protein into peptides and characterizing the mass of all the peptides is well established, but
analysis in a top-down fashion is now also proving to be useful29,45,46. In a top-down
analysis, characterization of the whole protein (rather than a collection of its digested pieces)
is conducted inside the mass spectrometer, in which fragmentation methods such as electron
transfer dissociation (ETD) and electron capture dissociation (ECD)22,47,48 are used to
fragment the protein into smaller pieces for more detailed analysis. ETD and ECD are not
only able to preserve labile PTMs, but common labile structural elements of a protein (such
as disulphide bonds) that may be scrambled in other fragmentation methods are also
preserved49.

The detection of amino acid isomerization is another important form of PTM that is
benefiting from ongoing method development. One amino acid of particular concern is
aspartic acid as it can isomerize readily to form isoaspartic acid (isoAsp), which has been
reported to have some undesirable immunogenic consequences50,51. The formation of
isoAsp can potentially occur either through direct isomerization of Asp or through
deamidation of asparagine, proceeding through a common succinate intermediate. Such
subtle isomeric differences (the mass difference is zero) obviously present a substantial
challenge for detection and analysis, and this issue is compounded in large proteins. MS can
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be used to detect and characterize isoAsp, particularly with ETD52,53 or ECD54–56. In one
case involving β-amyloid protein57, enzymatic cleavage at aspartic acid residues (using the
endoproteinase AspN) allowed the isoAsp/Asp ratio to be quantified by ETD–MS to levels
as low as 0.5%. However, considerable expertise and time may be required to achieve such
analyses.

A good way to localize, detect and characterize N-linked glycans on proteins is to
enzymatically release them and then carry out MS analysis. However, in the case of O-
linked glycans58 caution must be exercised as the chemical cleavage and release steps may
often result in breakdown of the glycan itself, and so alternative strategies may need to be
considered. Although the presence of O-glycosylated sites can be detected on intact proteins
using new, softer ionizing MS techniques, information on the covalent structure at the
linkage site is typically difficult to obtain by MS. One method that is well suited to O-glycan
analysis is nuclear magnetic resonance (NMR) spectroscopy. Indeed, this was the
breakthrough technique used in the well-publicized case of heparin contamination; here, the
contaminant — over-sulphated chondroitin sulphate — was detected by 600 MHz NMR
spectroscopy, which revealed the location, identity and orientation of the O-glycan chains59.

One of the general limiting factors in traditional NMR analysis of proteins has been the large
sample size required (up to ~20 mg) for meaningful data collection. However, recent
advances in NMR technologies — including flow NMR and most recently microcoil NMR
— have changed this outlook. In the latter case, it is possible — with limits of detection
below 100 pmol — to obtain high-quality spectra. In a recent example60 of an analysis of
cyanobacterial cell extracts, it was possible to detect metabolic components representing 1%
of a mixture (the total quantity injected was 30 μg) after LC separation. Coupling MS with
NMR makes the analyses more powerful. LC–MS–NMR can accommodate the large
disparities in the requirements (such as sample mass and analysis time) of the two
techniques, and directs the more demanding NMR technique to ambiguities or gaps in the
MS analysis60. An attractive extension of this for biologics could be to start with proteomic
analyses of mixtures separated by high-performance LC (HPLC) and ultra-performance LC
(UPLC), and to then split the effluent for both MS and MS–MS, followed by microcoil
NMR analysis of selected features. Future developments in LC–MS–NMR technology could
hopefully be applied to PTM characterization.

Higher-order structure
Although major advances have been made in developing tools for primary structure analysis,
as discussed above, what is missing in these studies is an understanding of the impact of the
PTM on the three-dimensional structure of the biopharmaceutical product. The higher-order
structure of proteins — that is, the secondary, tertiary and quaternary structure — is what
gives each protein its three-dimensional shape and ultimately affects the way that the protein
functions. So, the ability to monitor the higher-order structure of intact proteins has obvious
importance for the characterization of biologics61–63. Differences in higher-order structure
can not only provide potential clues to any observed biological and/or immunological
differences between proteins and variant forms (that is, proteins with PTMs) but can also
serve as a means for assessing the lack of comparability between versions of an innovator
product before and after process changes, as well as for establishing a lack of comparability
between an innovator product and a biosimilar version.

Although characterization of the higher-order structure of biopharmaceutical proteins
represents a substantial challenge, progress is being made on various fronts using specialized
analytical methods64. The higher-order structure of proteins results from a collection of
forces, many of which are weak when independently considered but strong when combined.
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These weak interactions have a major role in the overall conformation and conformational
dynamics of all proteins. During the manufacture of biopharmaceutical proteins (which
includes steps such as cell culture overexpression, purification, transportation, storage and
handling), factors can be encountered that can perturb some of these weak forces in proteins,
causing alterations to the three-dimensional structure without changing the primary structure
of the protein. Such changes can effectively be referred to as ‘silent’ changes as they have
no chemical covalent signature that one could detect as a fingerprint of the change. Without
analytical tools to detect and characterize these conformational changes, their impact on
structure–function relationships remains unknown. Finally, protein dynamics in solution
(involving protein structure ‘breathing’, polypeptide chain bending, flexing and local protein
structure unfolding) is another important attribute of protein behaviour that has — until now
— been virtually unknown in biopharmaceutical analysis owing to the lack of appropriate
practical routine analytical tools (as discussed below).

The two main techniques for protein structure determination are X-ray crystallography and
NMR. Unfortunately, the application of these technologies for the purpose of higher-order
structural comparability studies presents major problems. X-ray crystallography is
impractical for routine testing as the sample must first be crystallized — something that may
or may not be possible for structural reasons (that is, owing to the presence of PTMs and/or
disordered regions in the protein). Structural analysis via X-ray crystallography is also
generally too time-consuming and complex for routine biopharmaceutical analysis. In the
case of NMR, the large size of protein biopharmaceuticals (with their complex array of
structural elements), the relatively low sensitivity of the NMR signals and the low natural
abundance of active nuclei (other than the 1H isotope) in biopharmaceuticals all make this
technique impractical for routine higher-order structure comparability studies. However,
under certain circumstances where smaller protein biopharmaceuticals are being developed,
simple one-dimensional 1H NMR to produce NMR fingerprints may provide a very useful
and practical comparability assessment65.

The use of two-dimensional NMR for biopharmaceuticals has been reported66,67; however,
these applications have again been for small protein biopharmaceuticals and have required
lengthy data acquisition times just for one sample (especially when natural abundance levels
of active nuclei are being used), also making them impractical for routine application where
many samples need to be compared. We note that although present opportunities for using
NMR in routine protein biopharmaceutical comparability analyses are limited, it appears
that the use of this technology for polysaccharide biopharmaceuticals is more feasible68,69

(see the brief discussion below concerning NMR and heparin).

Other classical biophysical techniques such as circular dichroism, fluorescence, differential
scanning calorimetry, isothermal calorimetry, analytical ultracentrifugation (AUC), size
exclusion chromatography (SEC) and various dye-binding assays can be used to characterize
protein structure15,70,71. A major limitation of these methods is that they generally provide
information that is derived from a sum of signal inputs that come from many different parts
of the protein being probed. The information obtained from these types of measurements
corresponds to a global average over the entire structure of the biopharmaceutical. For
example, circular dichroism measurements indicate only the average percentage of each
basic type of major secondary structural element (α-helix, β-sheet and random coil) that is
present in a protein. If a protein with several α-helices is analysed and only part of one α-
helix is modified in one of the two samples being compared, the biopharmaceutical scientist
has the difficult task of trying to discriminate between two large signals that only differ by a
small amount. Furthermore, the ability to detect this difference is also a function of the
inherent noise level, which in many cases is large in comparison with the amplitude of the
actual difference.
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Classical biophysical tools are thus not well suited for detecting small, subtle differences in
protein conformation or even major changes in a biopharmaceutical product when those
altered molecules represent only a small fraction (population) of the total ensemble of
molecules present in solution. Even when changes are observed, these techniques provide
little to no information about the location in the molecule where the change has occurred.
Hence, other methods that could provide more information in a practical and routine way
would be very desirable.

The use of protein labelling methods such as hydrogen deuterium exchange MS (HDX–
MS)72 and covalent labelling strategies73 can be valuable in detecting small changes in the
higher-order structure of a biopharmaceutical. Importantly, when changes are detected, these
techniques can provide information as to where in the biopharmaceutical molecule the
change has occurred. In HDX–MS, the protein is exposed to deuterated water (D2O) and
exchangeable hydrogen atoms become labelled with deuterium, thereby adding one
additional measurable mass unit per amino acid. The exchange is a function of protein
structure and dynamics. By conducting the exchange and analysis in real time under
physiological conditions, information on the dynamics of the protein is obtained, as well as
comparative information on the higher-order structure of the protein. HDX–MS provides
information-rich data, is highly sensitive (requiring only 1–2 nanomoles of material for
complete characterization), can be automated74 and can localize where changes or
differences exist in specific regions of the biopharmaceutical; furthermore, resolution at the
single amino acid level is on the horizon75. Current limitations continue to be the analysis
time required to interpret the data and the complexity introduced by solution conditions that
are incompatible with MS analyses (for example, detergent-containing buffers); however,
these have been substantially improved in recent years72,76.

Recently, HDX–MS was used to study the conformation and conformational dynamics of a
recombinant immunoglobulin G1 monoclonal antibody (FIG. 1), and was used to monitor
the changes to its higher-order structure after removing its glycans, altering its
oligosaccharide structure and following receptor interaction77,78. The ability to acquire these
and similar data could have an instrumental role in building a comprehensive map of the
structural aspects of a biopharmaceutical that are crucial for understanding its function,
maximizing its stability and understanding how PTMs such as glycans influence local and
global features and properties. Because HDX–MS can reveal details of the higher-order
structure of proteins, as well as protein dynamics, the method has the potential to become an
important tool for studies assessing comparability between innovator products and their
biosimilars79–81. It should also be mentioned that HDX–MS can be used to monitor the
effects of the interactions of biopharmaceuticals with target proteins that are deemed to be
important to their biological function82–84, so this technique could also have a key role in
the discovery and development of biopharmaceuticals.

As many aspects of higher-order structure can be driven by the proper formation of
disulphide bonds, knowing their location and verifying that they are formed correctly during
protein manufacture and handling is crucial85. In recent examples86,87, comprehensive
characterization of the disulphide bonding pattern was performed on the blood-clotting
regulator tPA and on therapeutic monoclonal antibodies using LC–MS. Key to analyses of
these biopharmaceuticals was the use of carefully controlled enzymatic digests followed by
soft ionization (electrospray ionization) and gentle fragmentation (ETD). Before the
development of such methods, comparative homology models with existing crystallographic
structures were widely used. The ability to make the measurements on the actual agent, no
matter how complex, will become a standard tool in determining structural equivalence
between protein samples involving disulphide bonds.
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Another method that can provide some information on higher-order structure is ion mobility
spectrometry (IMS)88. In IMS, information about protein conformation is generated by
probing the collisional cross-section of the molecule in the gas phase88. The utility of this
information, however, is dependent on preserving the native state or important attributes of a
protein’s native-like structure during ionization and transition into the gas phase; this is
something that is now well understood88,89, especially from work on native MS of
proteins90 and protein complexes91. IMS can be used to characterize, among other things,
the effects of pegylation of protein therapeutics92, potential lead antibody products93 and
other aspects of antibody parameters31, as well as diagnose the presence of aggregates94

(FIG. 1).

One area where current analytical methods fall short in assessing the higher-order structure
of biopharmaceuticals is in detecting the presence of small, conformationally altered
populations of the active drug that represent about 10% (or less than 10%) of the total
population of normal molecules in a given sample. Unfortunately, these minor
conformational forms of the biopharmaceutical are part of a complex mixture of closely
related structures in a dynamic equilibrium, which makes the task of characterizing them
very challenging.

Using current technology, the best opportunities for addressing this problem could be based
on analytical techniques in which a separation method such as chromatography or
electrophoresis (conducted under conditions that maintain the native structural and
conformational population distribution of the biopharmaceutical) is coupled with online
structure analysis methods or other orthogonal separation methods. Such possibilities
include the coupling of ion exchange chromatography (IEC) separation to MS (using an MS-
friendly buffer system) to conduct IEC-native or native-like MS64,90,91,94. Here, charge-state
distributions can be utilized to extract information on the various separated drug variants to
assess their conformation and aggregation state. In addition, if the mass spectrometer has
IMS or HDX–MS capability, tandem approaches such as IEC–IMS–MS or IEC–IMS plus
gas-phase HDX–MS95 could be conducted to dissect complex mixtures. Such separation–
analysis systems should enable the quantification of biopharmaceutical variant components
(resulting from covalent and non-covalent PTMs) even when these components are present
at very low levels.

Aggregation
A major concern in manufacturing protein biopharmaceuticals is their propensity to form
aggregates. These undesirable associated states of the monomeric form can be reversible or
irreversible, and can range in size from a dimer to particles that may contain trillions (or
more) of monomer units that can be visible to the naked eye. In general, aggregation can be
a problem for any protein biopharmaceutical. Beyond the obvious detrimental impact of
reducing the actual dosing concentration of the drug (as most aggregates have little or
substantially reduced drug activity in comparison with the monomeric form of the drug), by
far the greatest concern surrounding the presence of aggregates is their unpredictable ability
to give rise to adverse toxicological and immunological responses, which in extreme cases
can result in severe responses that can be life-threatening96–98. As a result, the area of
aggregation has attracted considerable amounts of research attention. Weak evidence has
mounted over the years pointing to factors such as the amount, size and native-like repeating
array structure of these aggregates as potential key attributes associated with the adverse
effects97. Hence, there is considerable scrutiny and interest in how the biopharmaceutical
industry monitors and assesses protein biopharmaceutical aggregation in terms of its
detection, quantification and characterization99,100.
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There are some excellent recent reviews that cover many of the challenges associated with
measuring and characterizing biopharmaceutical aggregates100–105. Recently, an entire issue
of Current Pharmaceutical Biotechnology (volume 10, June 2009) was devoted to
aggregation. Lists of analytical techniques that can detect, quantify or characterize
aggregates have appeared in many technical papers, in which the advantages, limitations and
specifics of each technique have been discus sed20,96,99,100,102,103,106–111. Unfortunately,
there are limitations in the ability of all of these techniques to detect and quantify protein
aggregates100,102,112–114.

SEC has been, and will probably continue to be, the major method used to characterize
protein aggregates owing to its simplicity, low cost, low amount of sample required, ease of
use, high speed and therefore high sample throughput capability100,102,115. Although
advances in SEC column development have led to a number of ultra-high-performance size
exclusion columns with improved resolution, allowing measurements to be made with less
sample and in a shorter time116, other methods have exposed validity issues and limitations
in the use of SEC115,117,118. Orthogonal analytical methods such as AUC and asymmetric
flow field flow fractionation (AFFFF (or AF4); also known as field flow fractionation
(FFF)) can provide a certain additional level of assurance that the data generated by SEC
methods are accurate115,118–120. In fact, regulatory agencies are now beginning to ask for
data from orthogonal aggregation assessment methods, such as AUC or AF4, to help assess
SEC methods. Although AUC and AF4 may not be capable of quantifying aggregate
formation as precisely and accurately as correctly functioning SEC103,105,109,110,114,119–124,
their orthogonal nature in the detection and quantification of aggregates in combination with
SEC data reduces the possibility of overlooking gross errors encountered when using SEC.
These errors include the inability to detect aggregates because of their removal by the SEC
column or their dissociation during the SEC process. Thus, it is clear that at present no
method is the best for the analysis of all forms of aggregates102.

In light of immunogenicity concerns surrounding aggregation (as alluded to earlier in this
section), more recent crucial insight into the entire scope of aggregation has led to concerns
regarding the specific lack of monitoring of aggregates that have a size that falls between
that which is analytically measured via SEC, AUC and AF4 (less than or equal to a few
million daltons) and that which is measured via light obscuration and direct visual
monitoring (greater than or equal to ~10 μm)99,112,125–127. Aggregates in this intermediate
size range (from about 0.1 μm to almost 10 μm) include subvisible and submicrometre-
sized particles that border on the edge of solubility and are present at very low
concentrations. Techniques to assess such particles include dynamic or static light scattering,
or recent new flow-imaging instruments that use light scattering or direct microscopic
imaging. There is also the ability to interrogate the chemical composition of these
intermediate aggregates using Raman spectroscopy128 (see the rap.ID Particle Systems
website) or Fourier transform infrared (FTIR)129 spectroscopy to confirm whether they
represent the actual protein drug product or some type of extraneous material100,126.

In conclusion, although there are analytical tools to address those aggregates that fall into
this range (approximately 0.1–10 μm), challenges still exist owing to inherent bias in the
size range limits of each specific analytical tool, particle properties (for example, particle
transparency), particle concentration, sample concentration and the way data are reported
(number of particles in a specific size range per unit volume in comparison with mass
concentration of particles in a specific size range per unit volume). Alternative approaches
that improve or supplement appearance testing and light obscuration methods, which are
commonly used to attempt to investigate such aggregates as well as visible particles, have
not been agreed upon112.
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Impact, adoption and legal ramifications
The methods described in this article provide powerful analytical tools for the analysis of
key aspects of protein biopharmaceuticals. The difficulties facing regulatory agencies and
manufacturers of biopharmaceuticals will be to determine (for both external and internal
comparability studies) the measurements that should be conducted, the significance of the
data obtained and the level of difference that is unacceptable. The precision of the data and
the level of confidence in it are crucial in this endeavour. Ultimately, some correlation needs
to be made between the parameters that are measured and the effects of the drug when it is
administered to a patient. In other words, is measuring all of these analytical attributes really
relevant to the drug’s stability, clinical outcome or the functional activity of the active drug
substance? In the case of biosimilars, one possible future decision — which would have
obvious economic consequences — could be that the manufacturers are not required to run
exhaustive clinical trials on the basis that their drug is deemed to be analytically highly
similar to the innovator drug.

At some point in the process, it will also be important for both the innovators and the
developers of biosimilars to determine which analytical methods are appropriate for
inclusion with regulatory filings, and to what degree these analytical measurements
contribute to assessing physicochemical stability and clinical relevance, especially given the
concerns stemming from adverse clinical events involving biopharmaceuticals4 (see the 27
October 2010 press release on the FDA website) and the vexing problem of assessing
comparability in relation to immunogenicity. The properties of a potential biopharmaceutical
that will elicit an immunological response in a patient are poorly understood and at present
cannot be adequately predicted from in vitro or in vivo (animal) testing, structural
knowledge or analytical measurements of the biopharmaceutical. It is known, however, that
various factors can influence immunogenicity20,130,131, including the drug itself22,130, the
process by which it is made132–136, the genetic and health history of the patient22,137 and the
mode of drug delivery22. At present, only clinical trials can provide definitive data, and
these data may only appear after the later stages of drug development or even after drug
approval20.

It is anticipated that advances in bioanalytical methodologies will continue at a rapid pace,
but this will also be accompanied by multiple challenges. First, regulators will need to keep
abreast of developments with these methodologies and require submitters of products to
include analytical methods that are information-rich. In so doing, however, regulators will
need to understand the capabilities and limitations of these advanced analytical tools and
keep track of their improvement as these new tools are further developed. A second
challenge will be in making these more advanced analytical technologies available to the
numerous smaller biopharmaceutical companies that could have difficulty in covering the
high costs associated with these methods, such as the necessary instrumentation and highly
skilled staff to perform the testing and interpret the resulting data. A third challenge is the
associated cost faced by the instrument manufacturers in the development, maintenance and
improvement of these tools. Here, a balance is needed between development costs, potential
limited profit (when the number of units that can be sold may be relatively low) and the
importance of the characterization information that these tools are capable of providing for
biopharmaceuticals.

To remain most viable, instrument manufacturers will probably focus their resources on
areas where the greatest profits can be achieved. Further difficulties arise when the task of
instrument improvement is raised where market saturation has been nearly reached and a
new instrument or improvement itself does not mandate the end user to buy an entirely new
instrument. For example, in AUC the present sole vendor of this very important technology

Berkowitz et al. Page 16

Nat Rev Drug Discov. Author manuscript; available in PMC 2013 July 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(Beckman Coulter, which pioneered the commercial development of this instrument) has not
provided substantial improvements to this instrument in about two decades, irrespective of
major advancements in electronics, detectors, computer hardware and software as well as in
the detection of product quality issues121,122,124,138. Such a situation potentially
compromises the full capability of this technology in terms of precision, accuracy and
confidence in what it can truly deliver.

An additional potential concern that can arise as these advanced instruments and methods
are developed and become commonplace is related to the due diligence on the part of the
drug manufacturers. The possibility of a safety-related issue being traced back to inadequate
analytical characterization of a product is very real, as illustrated in the case of heparin
contamination. Here, simple one-dimensional 1H-NMR measurements were easily able to
reveal the presence of the contaminant59,139. It is hoped that both the biopharmaceutical
industry and regulatory agencies will fully realize and appreciate the ramifications of the
emerging bioanalytical technologies available to them, as well as existing technologies
whose potential has not been fully exploited, to help monitor the safety of biopharmaceutical
products. Failure to adopt and/or incorporate such methods into future regulatory filings
could render corporations liable to product recalls and patient-initiated litigations, but more
importantly it could cause needless harm to patients. Furthermore, it is expected that the use
of these new characterization tools will prove to be definitive in intellectual property and
patent-related litigations regarding the equivalency of the composition of matter, for both
innovators and the biosimilar industry.

Given the importance of effectively establishing the comparability and biosimilarity of
biopharmaceuticals, it is expected that manufacturers of analytical instruments — working
with industry, regulatory agencies and the academic community — will develop more
sensitive and more specifically targeted analytical technologies. There are also merits to the
establishment of truly independent reference laboratories (within either the government or
the private sector) for conducting advanced bioanalytical testing. A recent US government
accountability office report cited potential conflict of interest concerns with a biotechnology
company that had been engaged by the FDA to assist in solving the heparin contamination
issue140. Hence, this approach — if taken — needs to be carefully executed. In addition to
reference laboratories, there is great merit in developing standardized assays141 that can be
utilized, especially for comparison purposes, to address the complex issues associated with
developing biopharmaceuticals and biosimilars. The opportunity to obtain government
funding for reference laboratories, instrumentation companies and academics in order to
encourage them to develop, maintain and improve reference standards, instrumentation and
technologies that are identified to be of key importance might also merit serious
consideration in dealing with some of the challenges discussed in this article.

In closing, modern analytical technology is rapidly advancing the characterization of
biopharmaceuticals. However, despite gaining an ever-expanding knowledge of
biopharmaceuticals and their effects in patients, our understanding of how living systems
work is still limited, as for every answered question there often seem to be many more new
ones to answer. A sensible path forward for the characterization of biopharmaceuticals is to
work to close the gap between what we know and what we do not; however, we cannot wait
until these gaps are closed. We need to gather whatever information we can from the best
analytical tools available to make the best decisions feasible. Using a “risk management
plan”20 that is understood and embraced by all stakeholders, including the public, we then
need to move forward with the development process of biosimilars. The application of
analytical technologies such as those described in this article will have an important role in
this process by enhancing our understanding and reducing some of the risks associated with
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biopharmaceuticals, an approach that is well reflected by a quote from the late George
Bernard Shaw142:

“The only man who behaved sensibly was my tailor; he took my measure anew
every time he saw me, while all the rest went on with their old measurements and
expected them to fit me.”

Acknowledgments
J.R.E. acknowledges research funding from the US National Institutes of Health (NIH) (R01-GM086507) and a
research collaboration with the Waters Corporation. G.B.J. acknowledges research funding from the NIH (R01
CA111985-04), US Department of Energy (DE-SC0001781) and the US National Science Foundation (HRM
0811170). This is contribution 979 from the Barnett Institute.

References
1. Walsh G. Biopharmaceutical benchmarks 2010. Nature Biotech. 2010; 28:917–924. This

comprehensive survey on the biopharmaceutical marketplace, carried out every 4 years, offers an
overview of the key trends in the industry and new biopharmaceutical approvals.

2. Lawrence S. Billion dollar babies — biotech drugs as blockbusters. Nature Biotech. 2007; 25:380–
382.

3. Erickson BE. Untangling biosimilars. Chem Eng News. 2010; 88:25–27.

4. Woodcock J, et al. The FDA’s assessment of follow-on protein products: a historical perspective.
Nature Rev Drug Discov. 2007; 6:437–442. [PubMed: 17633790]

5. Kozlowski S, Woodcock J, Midthun K, Sherman RB. Developing the nation’s biosimilars program.
N Engl J Med. 2011; 365:385–388. References 4 and 5 are two papers that were written by
regulators at the FDA; these two papers have summarized in a compact form the agency’s historical
perspective on biosimilars — a perspective that became mostly encapsulated by the draft guidelines
that were later issued. [PubMed: 21812668]

6. European Medicines Agency. Guideline on similar biological medicinal products containing
biotechnology-derived proteins as an active substance: quality issues. EMA website. 2005. [online],
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2009/09/
WC500003953.pdf

7. McCamish M, Woollett G. Worldwide experience with biosimilar development. MAbs. 2011;
3:209–217. This is a detailed treatment on the opportunities, comparability, development
requirements and product attributes of biosimilars, and includes perspectives on how these
molecules have been dealt with in the European Union. [PubMed: 21441787]

8. Dowlat HA. Perception & realities of clinical safety of biosimilars — EU & US perspectives: part 1.
Regulatory Rapporteur. 2012; 9:20–25.

9. European Generic medicines Association. EGA Docket response: Docket No. FDA-2010-N-0477.
EGA website. 2010. [online], http://www.egagenerics.com/doc/EGA_Docket_No_FDA-2010-
N-0477.pdf

10. US Food and Drug Administration. Potential need for measurement standards to facilitate R&D of
biologic drugs: statement of Steven Kozlowski, M.D. before the U.S. House of Representatives.
FDA website. 2009. [online], http://www.fda.gov/NewsEvents/Testimony/ucm183596.htm

11. Lubiniecki A, et al. Comparability assessments of process and product changes made during
development of two different monoclonal antibodies. Biologicals. 2011; 39:9–22. [PubMed:
20888784]

12. Skrlin A, et al. Comparison of the physicochemical properties of a biosimilar filgrastim with those
of reference filgrastim. Biologicals. 2010; 38:557–566. [PubMed: 20637652]

13. Liu C, et al. Assessment of the quality and structural integrity of a complex glycoprotein mixture
following extraction from the formulated biopharmaceutical drug product. J Pharm Biomed Anal.
2011; 54:27–36. [PubMed: 20800406]

Berkowitz et al. Page 18

Nat Rev Drug Discov. Author manuscript; available in PMC 2013 July 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2009/09/WC500003953.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2009/09/WC500003953.pdf
http://www.egagenerics.com/doc/EGA_Docket_No_FDA-2010-N-0477.pdf
http://www.egagenerics.com/doc/EGA_Docket_No_FDA-2010-N-0477.pdf
http://www.fda.gov/NewsEvents/Testimony/ucm183596.htm


14. Panjwani N, Hodgson DJ, Sauve S, Aubin Y. Assessment of the effects of pH, formulation and
deformulation on the conformation of interferon alpha-2by NMR. J Pharm Sci. 2010; 99:3334–
3342. [PubMed: 20186942]

15. Deechongkit S, Aoki KH, Park SS, Kerwin BA. Biophysical comparability of the same protein
from different manufacturers: a case study using epoetin alfa from Epogen and Eprex. J Pharm
Sci. 2006; 95:1931–1943. [PubMed: 16850392]

16. Heavner GA, Arakawa T, Philo JS, Calmann MA, Labrenz S. Protein isolated from
biopharmaceutical formulations cannot be used for comparative studies: follow-up to “a case study
using epoetin Alfa from Epogen and EPREX”. J Pharm Sci. 2007; 96:3214–3225. [PubMed:
17721976]

17. Farley AR, Link AJ. Identification and quantification of protein posttranslational modifications.
Methods Enzymol. 2009; 463:725–763. [PubMed: 19892200]

18. Walsh CT, Garneau-Tsodikova S, Gatto GJ Jr. Protein posttranslational modifications: the
chemistry of proteome diversifications. Angew Chem Int Ed Engl. 2005; 44:7342–7372. [PubMed:
16267872]

19. Walsh G, Jefferis R. Post-translational modifications in the context of therapeutic proteins. Nature
Biotech. 2006; 24:1241–1252. References 17–19 provide a comprehensive overview of protein
PTMs; reference 19 also covers the impact that these modifications have on the structure–function
relationships of therapeutic proteins, with particular emphasis on glycosylation.

20. Buttel IC, et al. Taking immunogenicity assessment of therapeutic proteins to the next level.
Biologicals. 2011; 39:100–109. [PubMed: 21353596]

21. Baker MP, Reynolds HM, Lumicisi B, Bryson CJ. Immunogenicity of protein therapeutics: the key
causes, consequences and challenges. Self Nonself. 2010; 1:314–322. [PubMed: 21487506]

22. Singh SK. Impact of product-related factors on immunogenicity of biotherapeutics. J Pharm Sci.
2011; 100:354–387. [PubMed: 20740683]

23. Wen D, et al. Discovery and investigation of misincorporation of serine at asparagine positions in
recombinant proteins expressed in Chinese hamster ovary cells. J Biol Chem. 2009; 284:32686–
32694. [PubMed: 19783658]

24. Schiestl M, et al. Acceptable changes in quality attributes of glycosylated biopharmaceuticals.
Nature Biotech. 2011; 29:310–312.

25. Han X, Aslanian A, Yates JR. Mass spectrometry for proteomics. Curr Opin Chem Biol. 2008;
12:483–490. [PubMed: 18718552]

26. Chen G, Pramanik BN. LC-MS for protein characterization: current capabilities and future trends.
Expert Rev Proteom. 2008; 5:435–444.

27. Jaisson S, Gillery P. Evaluation of nonenzymatic posttranslational modification-derived products
as biomarkers of molecular aging of proteins. Clin Chem. 2010; 56:1401–1412. [PubMed:
20562349]

28. Morelle W, Michalski JC. Analysis of protein glycosylation by mass spectrometry. Nature Protoc.
2007; 2:1585–1602. [PubMed: 17585300]

29. Chen G, et al. Characterization of protein therapeutics by mass spectrometry: recent developments
and future directions. Drug Discov Today. 2011; 16:58–64. [PubMed: 21093608]

30. An HJ, Froehlich JW, Lebrilla CB. Determination of glycosylation sites and site-specific
heterogeneity in glycoproteins. Curr Opin Chem Biol. 2009; 13:421–426. [PubMed: 19700364]

31. Zhang Z, Pan H, Chen X. Mass spectrometry for structural characterization of therapeutic
antibodies. Mass Spectrom Rev. 2009; 28:147–176. [PubMed: 18720354]

32. Witze ES, Old WM, Resing KA, Ahn NG. Mapping protein post-translational modifications with
mass spectrometry. Nature Methods. 2007; 4:798–806. [PubMed: 17901869]

33. Srebalus Barnes CA, Lim A. Applications of mass spectrometry for the structural characterization
of recombinant protein pharmaceuticals. Mass Spectrom Rev. 2007; 26:370–388. [PubMed:
17410555]

34. Jiang H, Wu SL, Karger BL, Hancock WS. Characterization of the glycosylation occupancy and
the active site in the follow-on protein therapeutic: TNK-tissue plasminogen activator. Anal Chem.
2010; 82:6154–6162. [PubMed: 20552988]

Berkowitz et al. Page 19

Nat Rev Drug Discov. Author manuscript; available in PMC 2013 July 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



35. Xie H, et al. Rapid comparison of a candidate biosimilar to an innovator monoclonal antibody with
advanced liquid chromatography and mass spectrometry technologies. MAbs. 2010; 2:379–394.

36. Yu, YQ., et al. Analysis of N-linked glycans from recombinant and human plasma derived
coagulation factor IX using HILIC LC/FLR/QTof MS. Proceedings of the 58th ASMS Conference
on Mass Spectrometry ThP 032; 23–27 May 2010; Salt Lake City, Utah, USA.

37. Kilgore BR, Lucka AW, Patel R, Andrien BA Jr, Dhume S. T Comparability and monitoring
immunogenic N-linked oligosaccharides from recombinant monoclonal antibodies from two
different cell lines using HPLC with fluorescence detection and mass spectrometry. Methods Mol
Biol. 2008; 446:333–346. [PubMed: 18373268]

38. Chung CH, et al. Cetuximab-induced anaphylaxis and IgE specific for galactose-α-1,3-galactose.
N Engl J Med. 2008; 358:1109–1117. [PubMed: 18337601]

39. Schoenecker JG, Hauck RK, Mercer MC, Parker W, Lawson JH. Exposure to topical bovine
thrombin during surgery elicits a response against the xenogeneic carbohydrate galactose
α1-3galactose. J Clin Immunol. 2000; 20:434–444. [PubMed: 11202233]

40. Hokke CH, et al. Sialylated carbohydrate chains of recombinant human glycoproteins expressed in
Chinese hamster ovary cells contain traces of N-glycolylneuraminic acid. FEBS Lett. 1990; 275:9–
14. [PubMed: 2124546]

41. Borys MC, et al. Effects of culture conditions on N-glycolylneuraminic acid (Neu5Gc) content of a
recombinant fusion protein produced in CHO cells. Biotechnol Bioeng. 2010; 105:1048–1057.
[PubMed: 20039310]

42. Ghaderi D, Taylor RE, Padler-Karavani V, Diaz S, Varki A. Implications of the presence of N-
glycolylneuraminic acid in recombinant therapeutic glycoproteins. Nature Biotech. 2010; 28:863–
867.

43. Marino K, Bones J, Kattla JJ, Rudd PM. A systematic approach to protein glycosylation analysis: a
path through the maze. Nature Chem Biol. 2010; 6:713–723. [PubMed: 20852609]

44. Valliere-Douglass JF, et al. Asparagine-linked oligosaccharides present on a non-consensus amino
acid sequence in the CH1 domain of human antibodies. J Biol Chem. 2009; 284:32493–32506.
[PubMed: 19767389]

45. Kellie JF, et al. The emerging process of top down mass spectrometry for protein analysis:
biomarkers, protein-therapeutics, and achieving high throughput. Mol Biosyst. 2010; 6:1532–
1539. [PubMed: 20711533]

46. Borchers CH, et al. Combined top-down and bottom-up proteomics identifies a phosphorylation
site in stem-loop-binding proteins that contributes to high-affinity RNA binding. Proc Natl Acad
Sci USA. 2006; 103:3094–3099. [PubMed: 16492733]

47. Coon JJ. Collisions or electrons? Protein sequence analysis in the 21st century. Anal Chem. 2009;
81:3208–3215. [PubMed: 19364119]

48. Siuti N, Kelleher NL. Decoding protein modifications using top-down mass spectrometry. Nature
Methods. 2007; 4:817–821. [PubMed: 17901871]

49. Wu SL, et al. Mass spectrometric determination of disulfide linkages in recombinant therapeutic
proteins using online LC-MS with electron-transfer dissociation. Anal Chem. 2009; 81:112–122.
[PubMed: 19117448]

50. Mamula MJ, et al. Isoaspartyl post-translational modification triggers autoimmune responses to
self-proteins. J Biol Chem. 1999; 274:22321–22327. [PubMed: 10428801]

51. Doyle HA, Gee RJ, Mamula MJ. Altered immunogenicity of isoaspartate containing proteins.
Autoimmunity. 2007; 40:131–137. [PubMed: 17453712]

52. Chan WY, Chan TW, O’Connor PB. Electron transfer dissociation with supplemental activation to
differentiate aspartic and isoaspartic residues in doubly charged peptide cations. J Am Soc Mass
Spectrom. 2010; 21:1012–1015. [PubMed: 20304674]

53. Mukherjee R, Adhikary L, Khedkar A, Iyer H. Probing deamidation in therapeutic
immunoglobulin gamma (IgG1) by ‘bottom-up’ mass spectrometry with electron transfer
dissociation. Rapid Commun Mass Spectrom. 2010; 24:879–884. [PubMed: 20196189]

54. Li X, Lin C, O’Connor PB. Glutamine deamidation: differentiation of glutamic acid and γ-
glutamic acid in peptides by electron capture dissociation. Anal Chem. 2010; 82:3606–3615.
[PubMed: 20373761]

Berkowitz et al. Page 20

Nat Rev Drug Discov. Author manuscript; available in PMC 2013 July 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



55. Sargaeva NP, Lin C, O’Connor PB. Identification of aspartic and isoaspartic acid residues in
amyloid β peptides, including Aβ1–42, using electron-ion reactions. Anal Chem. 2009; 81:9778–
9786. [PubMed: 19873993]

56. Yang H, Fung EY, Zubarev AR, Zubarev RA. Toward proteome-scale identification and
quantification of isoaspartyl residues in biological samples. J Proteome Res. 2009; 8:4615–4621.
[PubMed: 19663459]

57. Ni W, Dai S, Karger BL, Zhou ZS. Analysis of isoaspartic acid by selective proteolysis with Asp-
N and electron transfer dissociation mass spectrometry. Anal Chem. 2010; 82:7485–7491.
[PubMed: 20712325]

58. An HJ, Lebrilla CB. Structure elucidation of native N- and O-linked glycans by tandem mass
spectrometry (tutorial). Mass Spectrom Rev. 2011; 30:560–578. [PubMed: 21656841]

59. Guerrini M, et al. Oversulfated chondroitin sulfate is a contaminant in heparin associated with
adverse clinical events. Nature Biotech. 2008; 26:669–675.

60. Lin Y, Schiavo S, Orjala J, Vouros P, Kautz R. Microscale LC-MS-NMR platform applied to the
identification of active cyanobacterial metabolites. Anal Chem. 2008; 80:8045–8054. [PubMed:
18834150]

61. Moffat K, Chait BT. Biophysical methods: doing more with less. Curr Opin Struct Biol. 2003;
13:535–537. [PubMed: 14568606]

62. Denslow ND, Wingfield PT, Rose K. Overview of the characterization of recombinant proteins.
Curr Protoc Protein Sci. 2001; Chapter 7(Unit 7.1)

63. Price NC. Conformational issues in the characterization of proteins. Biotechnol Appl Biochem.
2000; 31:29–40. [PubMed: 10669400]

64. Kaltashov IA, et al. Advances and challenges in analytical characterization of biotechnology
products: mass spectrometry-based approaches to study properties and behavior of protein
therapeutics. Biotechnol Adv. 2012; 30:210–222. [PubMed: 21619926]

65. Sorgel F, Lerch H, Lauber T. Physicochemical and biologic comparability of a biosimilar
granulocyte colony-stimulating factor with its reference product. BioDrugs. 2010; 24:347–357.
[PubMed: 20873878]

66. Aubin Y, Gingras G, Sauve S. Assessment of the three-dimensional structure of recombinant
protein therapeutics by NMR fingerprinting: demonstration on recombinant human granulocyte
macrophage-colony stimulation factor. Anal Chem. 2008; 80:2623–2627. [PubMed: 18321136]

67. Zuperl S, Pristovsek P, Menart V, Gaberc-Porekar V, Novic M. Chemometric approach in
quantification of structural identity/similarity of proteins in biopharmaceuticals. J Chem Inf
Model. 2007; 47:737–743. [PubMed: 17458952]

68. Abeygunawardana C, Williams TC, Sumner JS, Hennessey JP Jr. Development and validation of
an NMR-based identity assay for bacterial polysaccharides. Anal Biochem. 2000; 279:226–240.
[PubMed: 10706792]

69. Freedberg DI. Using nuclear magnetic resonance spectroscopy to characterize biologicals. Dev
Biol (Basel). 2005; 122:77–83. [PubMed: 16375252]

70. Lundblad, RL. Approaches to the Conformational Analysis of Biopharmaceuticals. Chapman Hall/
CRC Press; 2009.

71. Jiskoot, W.; Crommelin, DJ., editors. Methods for Structural Analysis of Protein Pharmaceuticals.
AAPS Press; 2005.

72. Engen JR. Analysis of protein conformation and dynamics by hydrogen/deuterium exchange MS.
Anal Chem. 2009; 81:7870–7875. [PubMed: 19788312]

73. Takamoto K, Chance MR. Radiolytic protein footprinting with mass spectrometry to probe the
structure of macromolecular complexes. Annu Rev Biophys Biomol Struct. 2006; 35:251–276.
References 72 and 73 summarize the main mass spectrometry-based techniques for assessing the
higher-order structure of proteins. [PubMed: 16689636]

74. Chalmers MJ, et al. Probing protein ligand interactions by automated hydrogen/deuterium
exchange mass spectrometry. Anal Chem. 2006; 78:1005–1014. [PubMed: 16478090]

75. Rand KD, Zehl M, Jensen ON, Jorgensen TJ. Protein hydrogen exchange measured at single-
residue resolution by electron transfer dissociation mass spectrometry. Anal Chem. 2009;
81:5577–5584. [PubMed: 19601649]

Berkowitz et al. Page 21

Nat Rev Drug Discov. Author manuscript; available in PMC 2013 July 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



76. Iacob RE, Engen JR. Hydrogen exchange mass spectrometry: are we out of the quicksand? J Am
Soc Mass Spectrom. 2012; 23:1003–1010. [PubMed: 22476891]

77. Houde D, Arndt J, Domeier W, Berkowitz S, Engen JR. Characterization of IgG1 conformation
and conformational dynamics by hydrogen/deuterium exchange mass spectrometry. Anal Chem.
2009; 81:2644–2651. [PubMed: 19265386]

78. Houde D, Peng Y, Berkowitz SA, Engen JR. Post-translational modifications differentially affect
IgG1 conformation and receptor binding. Mol Cell Proteom. 2010; 9:1716–1728.

79. Kaltashov IA, Bobst CE, Abzalimov RR, Berkowitz SA, Houde D. Conformation and dynamics of
biopharmaceuticals: transition of mass spectrometry-based tools from academe to industry. J Am
Soc Mass Spectrom. 2010; 21:323–337. [PubMed: 19963397]

80. Houde D, Berkowitz SA, Engen JR. The utility of hydrogen/deuterium exchange mass
spectrometry in biopharmaceutical comparability studies. J Pharm Sci. 2011; 100:2071–2086.
[PubMed: 21491437]

81. Wei H, et al. Using hydrogen/deuterium exchange mass spectrometry to study conformational
changes in granulocyte colony stimulating factor upon PEGylation. J Am Soc Mass Spectrom.
2012; 23:498–504. [PubMed: 22227798]

82. Houde D, Demarest SJ. Fine details of IGF-1R activation, inhibition, and asymmetry determined
by associated hydrogen/deuterium-exchange and peptide mass mapping. Structure. 2011; 19:890–
900. [PubMed: 21645859]

83. Gerhardt S, et al. Structure of IL-17A in complex with a potent, fully human neutralizing antibody.
J Mol Biol. 2009; 394:905–921. [PubMed: 19835883]

84. Chalmers MJ, Busby SA, Pascal BD, West GM, Griffin PR. Differential hydrogen/deuterium
exchange mass spectrometry analysis of protein–ligand interactions. Expert Rev Proteom. 2011;
8:43–59.

85. Bagal D, Valliere-Douglass JF, Balland A, Schnier PD. Resolving disulfide structural isoforms of
IgG2 monoclonal antibodies by ion mobility mass spectrometry. Anal Chem. 2010; 82:6751–6755.
[PubMed: 20704363]

86. Wang Y, Lu Q, Wu SL, Karger BL, Hancock WS. Characterization and comparison of disulfide
linkages and scrambling patterns in therapeutic monoclonal antibodies: using LC-MS with
electron transfer dissociation. Anal Chem. 2011; 83:3133–3140. [PubMed: 21428412]

87. Wu SL, Jiang H, Hancock WS, Karger BL. Identification of the unpaired cysteine status and
complete mapping of the 17 disulfides of recombinant tissue plasminogen activator using LC-MS
with electron transfer dissociation/collision induced dissociation. Anal Chem. 2010; 82:5296–
5303. [PubMed: 20481521]

88. Benesch JL, Ruotolo BT, Simmons DA, Robinson CV. Protein complexes in the gas phase:
technology for structural genomics and proteomics. Chem Rev. 2007; 107:3544–3567. [PubMed:
17649985]

89. Scarff CA, Thalassinos K, Hilton GR, Scrivens JH. Travelling wave ion mobility mass
spectrometry studies of protein structure: biological significance and comparison with X-ray
crystallography and nuclear magnetic resonance spectroscopy measurements. Rapid Commun
Mass Spectrom. 2008; 22:3297–3304. [PubMed: 18816489]

90. Zamani L, Lindholm J, Ilag LL, Jacobsson SP. Discrimination among IgG1-κ monoclonal
antibodies produced by two cell lines using charge state distributions in nanoESI-TOF mass
spectra. J Am Soc Mass Spectrom. 2009; 20:1030–1036. [PubMed: 19251439]

91. Bobst CE, Kaltashov IA. Advanced mass spectrometry-based methods for the analysis of
conformational integrity of biopharmaceutical products. Curr Pharm Biotechnol. 2011; 12:1517–
1529. [PubMed: 21542797]

92. Bagal D, Zhang H, Schnier PD. Gas-phase proton-transfer chemistry coupled with TOF mass
spectrometry and ion mobility-MS for the facile analysis of poly(ethylene glycols) and PEGylated
polypeptide conjugates. Anal Chem. 2008; 80:2408–2418. [PubMed: 18324791]

93. Atmanene C, et al. Extending mass spectrometry contribution to therapeutic monoclonal antibody
lead optimization: characterization of immune complexes using noncovalent ESI-MS. Anal Chem.
2009; 81:6364–6373. [PubMed: 19588976]

Berkowitz et al. Page 22

Nat Rev Drug Discov. Author manuscript; available in PMC 2013 July 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



94. Kukrer B, et al. Mass spectrometric analysis of intact human monoclonal antibody aggregates
fractionated by size-exclusion chromatography. Pharm Res. 2010; 27:2197–2204. [PubMed:
20680668]

95. Rand KD, et al. Gas-phase hydrogen/deuterium exchange in a traveling wave ion guide for the
examination of protein conformations. Anal Chem. 2009; 81:10019–10028. [PubMed: 19921790]

96. Bucciantini M, et al. Inherent toxicity of aggregates implies a common mechanism for protein
misfolding diseases. Nature. 2002; 416:507–511. [PubMed: 11932737]

97. Rosenberg AS. Effects of protein aggregates: an immunologic perspective. AAPS J. 2006; 8:E501–
E507. [PubMed: 17025268]

98. Filipe, V.; Hawe, A.; Schellekens, H.; Jiskoot, W. Aggregation of Therapeutic Proteins. Wang, W.;
Roberts, CJ., editors. John Wiley and Sons; 2010. p. 400-433.

99. Carpenter JF, et al. Overlooking subvisible particles in therapeutic protein products: gaps that may
compromise product quality. J Pharm Sci. 2009; 98:1201–1205. [PubMed: 18704929]

100. Philo JS. A critical review of methods for size characterization of non-particulate protein
aggregates. Curr Pharm Biotechnol. 2009; 10:359–372. [PubMed: 19519411]

101. Wang, W.; Roberts, CJ., editors. Aggregation of Therapeutic Proteins. John Wiley and Sons;
2010. Reference 100 covers the main issues in protein aggregation and most of the key
methodologies that have been developed to assess aggregation, whereas reference 101 provides a
collection of articles that touch on all areas of therapeutic protein aggregation that are of great
concern to the biopharmaceutical industry

102. Philo JS. Is any measurement method optimal for all aggregate sizes and types? AAPS J. 2006;
8:E564–E571. [PubMed: 17025274]

103. Mahler HC, Friess W, Grauschopf U, Kiese S. Protein aggregation: pathways, induction factors
and analysis. J Pharm Sci. 2009; 98:2909–2934. [PubMed: 18823031]

104. Weiss WF, Young TM, Roberts CJ. Principles, approaches, and challenges for predicting protein
aggregation rates and shelf life. J Pharm Sci. 2009; 98:1246–1277. [PubMed: 18683878]

105. Gabrielson JP, Arthur KK, Kendrick BS, Randolph TW, Stoner MR. Common excipients impair
detection of protein aggregates during sedimentation velocity analytical ultracentrifugation. J
Pharm Sci. 2009; 98:50–62. [PubMed: 18425806]

106. Sharma, VK.; Kalonia, DS. Aggregates of Therapeutic Proteins. Wang, W.; Roberts, CJ., editors.
John Wiley and Sons; 2010. p. 205-256.

107. Cordoba-Rodriquez RV. Aggregates in MAbs and recombinant therapeutic proteins: a regulatory
perspective. BioPharm Int. 2008; 21:44–53.

108. Arakawa T, Philo JS, Ejima D, Tsumoto K, Arisaka F. Aggregation analysis of therapeutic
proteins, part I: general aspects and techniques for assessment. BioProcess International. 2006;
4:32–42.

109. Arakawa T, Philo JS, Ejima D, Tsumoto K, Arisaka F. Aggregation analysis of therapeutic
proteins, part II: analytical ultracentrifugation and dynamic light scattering. BioProcess
International. 2007; 5:36–47.

110. Arakawa T, Philo JS, Ejima D, Tsumoto K, Arisaka F. Aggregation analysis of therapeutic
proteins, part III: principles and optimization of field-flow fractionation (FFF). BioProcess
International. 2007; 5:52–70.

111. Cromwell, MEM.; Felten, C.; Flores, H.; Lui, J.; Shire, SJ. Misbehaving Proteins: Protein (Mis)
Folding, Aggregation, And Stability. Murphy, RM.; Tsai, AM., editors. Springer; 2006. p.
316-318.

112. Demeule B, Messick S, Shire SJ, Liu J. Characterization of particles in protein solutions: reaching
the limits of current technologies. AAPS J. 2010; 12:708–715. [PubMed: 20953747]

113. den Engelsman J, et al. Strategies for the assessment of protein aggregates in pharmaceutical
biotech product development. Pharm Res. 2011; 28:920–933. [PubMed: 20972611]

114. Gabrielson JP, Arthur KK. Measuring low levels of protein aggregation by sedimentation
velocity. Methods. 2011; 54:83–91. [PubMed: 21187149]

115. Berkowitz SA. Role of analytical ultracentrifugation in assessing the aggregation of protein
biopharmaceuticals. AAPS J. 2006; 8:E590–E605. [PubMed: 17025277]

Berkowitz et al. Page 23

Nat Rev Drug Discov. Author manuscript; available in PMC 2013 July 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



116. Jeong J, Zhang T, Zhang J, Kao YH. Ultra-high pressure LC (UHPLC) for therapeutic protein
characterization. Amer Pharma Rev. 2011; 14:44–51.

117. Arakawa T, Ejima D, Li T, Philo JS. The critical role of mobile phase composition in size
exclusion chromatography of protein pharmaceuticals. J Pharm Sci. 2010; 99:1674–1692.
[PubMed: 19894271]

118. Carpenter JF, et al. Potential inaccurate quantitation and sizing of protein aggregates by size
exclusion chromatography: essential need to use orthogonal methods to assure the quality of
therapeutic protein products. J Pharm Sci. 2010; 99:2200–2208. [PubMed: 19918982]

119. Gabrielson JP, et al. Quantitation of aggregate levels in a recombinant humanized monoclonal
antibody formulation by size-exclusion chromatography, asymmetrical flow field flow
fractionation, and sedimentation velocity. J Pharm Sci. 2007; 96:268–279. [PubMed: 17080424]

120. Liu J, Andya JD, Shire SJ. A critical review of analytical ultracentrifugation and field flow
fractionation methods for measuring protein aggregation. AAPS J. 2006; 8:E580–E589.
[PubMed: 17025276]

121. Arthur KK, Gabrielson JP, Kendrick BS, Stoner MR. Detection of protein aggregates by
sedimentation velocity analytical ultracentrifugation (SV-AUC): sources of variability and their
relative importance. J Pharm Sci. 2009; 98:3522–3539. [PubMed: 19130472]

122. Gabrielson JP, et al. Precision of protein aggregation measurements by sedimentation velocity
analytical ultracentrifugation in biopharmaceutical applications. Anal Biochem. 2010; 396:231–
241. [PubMed: 19782040]

123. Gabrielson JP, Randolph TW, Kendrick BS, Stoner MR. Sedimentation velocity analytical
ultracentrifugation and SEDFIT/c(s): limits of quantitation for a monoclonal antibody system.
Anal Biochem. 2007; 361:24–30. [PubMed: 17181992]

124. Pekar A, Sukumar M. Quantitation of aggregates in therapeutic proteins using sedimentation
velocity analytical ultracentrifugation: practical considerations that affect precision and accuracy.
Anal Biochem. 2007; 367:225–237. [PubMed: 17548043]

125. Singh SK, et al. An industry perspective on the monitoring of subvisible particles as a quality
attribute for protein therapeutics. J Pharm Sci. 2010; 99:3302–3321. [PubMed: 20310025]

126. Narhi LO, Jiang Y, Cao S, Benedek K, Shnek D. A critical review of analytical methods for
subvisible and visible particles. Curr Pharm Biotechnol. 2009; 10:373–381. [PubMed: 19519412]

127. Carpenter J, et al. Meeting report on protein particles and immunogenicity of therapeutic proteins:
filling in the gaps in risk evaluation and mitigation. Biologicals. 2010; 38:602–611. [PubMed:
20702108]

128. Cao X, Wen ZQ, Vance A, Torraca G. Raman microscopic applications in the biopharmaceutical
industry: in situ identification of foreign particulates inside glass containers with aqueous
formulated solutions. Appl Spectrosc. 2009; 63:830–834. [PubMed: 19589222]

129. Li G, Torraca G, Jing W, Wen ZQ. Application of FTIR in identification of foreign materials for
biopharmaceutical clinical manufacturing. Vibrat Spectrosc. 2009; 50:152–159.

130. Rosenberg A, Worobec A. A risk-based approach to immunogenicity concerns of therapeutic
protein products, part I: considering consequences of the immune response to a protein.
BioPharm Int. 2004; 17:22–26.

131. Schellekens H. Bioequivalence and the immunogenicity of biopharmaceuticals. Nature Rev Drug
Discov. 2002; 1:457–462. [PubMed: 12119747]

132. Rosenberg A, Worobec A. A risk-based approach to immunogenicity concerns of therapeutic
protein products, part III: effects of manufacturing changes in immunogenicity and the utility of
animal immunogenicity studies. BioPharm Int. 2005; 18:32–36.

133. Sharma B. Immunogenicity of therapeutic proteins. Part 1: impact of product handling.
Biotechnol Adv. 2007; 25:310–317. [PubMed: 17336479]

134. Sharma B. Immunogenicity of therapeutic proteins. Part 2: impact of container closures.
Biotechnol Adv. 2007; 25:318–324. [PubMed: 17337336]

135. Sharma B. Immunogenicity of therapeutic proteins. Part 3: impact of manufacturing changes.
Biotechnol Adv. 2007; 25:325–331. [PubMed: 17337334]

136. Richard J, Prang N. The formulation and immunogenicity of therapeutic proteins: product quality
as a key factor. IDrugs. 2010; 13:550–558. [PubMed: 20721826]

Berkowitz et al. Page 24

Nat Rev Drug Discov. Author manuscript; available in PMC 2013 July 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



137. Rosenberg A, Worobec A. A risk-based approach to immunogenicity concerns of therapeutic
protein products, part II: considering host-specific and product-specific factors impacting
immunogenicity. BioPharm Int. 2004; 17:34–42.

138. Colfen H, et al. The Open AUC Project. Eur Biophys J. 2010; 39:347–359. [PubMed: 19296095]

139. Zhang Z, et al. Analysis of pharmaceutical heparins and potential contaminants using 1H-NMR
and PAGE. J Pharm Sci. 2009; 98:4017–4026. [PubMed: 19642166]

140. United States Government Accountability Office (GAO). Food and Drug Administration:
response to heparin contamination helped protect public health; controls that were needed for
working with external entities were recently added. GAO website. 2010. [online], http://
www.gao.gov/products/GAO-11-95

141. European Medicines Agency. Biologics Working Party report: beta-interferons and neutralising
antibodies (in multiple sclerosis). EMA website. 2008. [online], http://www.emea.europa.eu/
docs/en_GB/document_library/Report/2009/11/WC500015395.pdf

142. Bernard Shaw, G. Man and Superman. Act I (Brentano’s, 1903)

143. International Conference on Harmonisation of Technical Requirements for Registration of
Pharmaceuticals for Human Use (ICH). Comparability of biotechnological/biological products
subject to changes in their manufacturing process (ICH Q5E guidelines). ICH website. 2004.
[online], http://www.ich.org/fileadmin/Public_Web_Site/ICH_Products/Guidelines/Quality/Q5E/
Step4/Q5E_Guideline.pdf

144. Chen, W.; Chakraborty, A.; Skilton, SJ.; Berger, S.; Mazzeo, J. Characterizing biotherapeutic
protein 3D structures by electrospray ion-mobility mass spectrometry: biological significance and
comparison with X-ray crystallography and NMR measurements. Proceedings of the 58th ASMS
Conference on Mass Spectrometry MOD; 23–27 May 2010; Salt Lake City, Utah, USA. p. 10

Berkowitz et al. Page 25

Nat Rev Drug Discov. Author manuscript; available in PMC 2013 July 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.gao.gov/products/GAO-11-95
http://www.gao.gov/products/GAO-11-95
http://www.emea.europa.eu/docs/en_GB/document_library/Report/2009/11/WC500015395.pdf
http://www.emea.europa.eu/docs/en_GB/document_library/Report/2009/11/WC500015395.pdf
http://www.ich.org/fileadmin/Public_Web_Site/ICH_Products/Guidelines/Quality/Q5E/Step4/Q5E_Guideline.pdf
http://www.ich.org/fileadmin/Public_Web_Site/ICH_Products/Guidelines/Quality/Q5E/Step4/Q5E_Guideline.pdf


Figure 1. Uses of analytical tools in the characterization of biopharmaceuticals
a | Post-translational modifications are observed as mass increases in peptides, and the
location of the modifications can be deciphered by monitoring smaller fragments through
tandem mass spectrometry (MS–MS) experiments. In this example, the addition of fucose is
monitored in a specific peptide, and its location in the whole protein is known based on its
mass and fragmentation pattern. The plasma-derived version of the protein (bottom spectra)
contains the fucose but the recombinant form (top spectra) does not. b | Higher-order
structures can be studied by hydrogen deuterium exchange MS (HDX–MS). In this example,
the changes in protein conformation and dynamics in a monoclonal antibody were probed
for fully glycosylated immunoglobulin G (IgG) versus deglycosylated IgG. Removal of the
glycan affects hydrogen deuterium exchange and therefore conformation in the blue and red
regions. c | Aggregation can be monitored by ion mobility spectrometry (IMS), in which
different species have different drift times in the ion mobility separation. Here, dimeric
insulin has a collisional cross-section and therefore a longer drift time than monomeric
insulin. This figure is based on REFS 36,77,144. CID, collision-induced dissociation; ECD,
electron capture dissociation; ETD, electron transfer dissociation; m/z, mass-to-charge ratio.
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