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Abstract

Thorough knowledge and control of impurities is an expectation for the registration of
pharmaceuticals. Actual and potential impurity investigations are phased during drug
development to acquire the appropriate information necessary to ensure drug safety from the
standpoint of patient exposure to impurities. Regulatory expectations and common practices
for the timing of impurity investigations during development are discussed. Investigations for
synthetic drug substances include process-related impurities such as intermediates, by-
products, mutagenic impurities, residual solvents, and elemental impurities. Stress or forced
degradation studies are used to investigate degradation impurities for both drug substances
and products. The goals of stress studies conducted at different phases of development are
discussed. Protein products have related considerations for impurity investigations, but the
nature of impurities and technologies used for determining them can be quite different
compared to classical synthetic molecules. Considerations for protein product impurities are
discussed with an emphasis on process impurities in monoclonal antibodies.

Key words: drug impurities; drug development; process impurities; stress studies; forced
degradation; monoclonal antibody impurities; monoclonal antibody purification



39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79

1. Introduction

Regulatory expectations for control of impurities in new drugs have been established through
ICH guidelines for many years [1]. The Q3 guidelines outline requirements for the registration of
new drugs and therefore represent the expectations for knowledge of impurity sources and
controls that should be present as development is completed. Little guidance is given regarding
expectations by phase of development other than acknowledgement that knowledge should
increase and be applied to the manufacture and storage of drug substances and products.
Regional guidelines supplement the ICH and sometimes offer more phase-related comments,
but usually few specifics [2-4].

Drug development sponsors must determine the nature and depth of impurity investigations to
conduct as the development process moves through clinical phases. Cost can be a major factor
in the timing of these efforts. The high rate of attrition of new drug candidates entering clinical
studies makes complete impurity investigations at early phases impractical. Patient safety is
the primary consideration for impurities at all phases. All situations have specific
considerations that depend on factors such as intended therapeutic use, dosage form, route of
administration, duration of dosing, and patient population.

Impurity control is part of an overall control strategy developed for a drug product. Elements
and development of a control strategy are described in ICH Q8, Pharmaceutical development,
and related guidelines [5]. Impurities as they relate to safety are usually considered Critical
Quality Attributes (CQA) of drug substances and products. It is also acknowledged in regulatory
guidances that the control strategy develops over time as knowledge is gained [6].

This article will focus on the investigation of process-related impurities and degradation
products for synthetic and bioproduct (specifically, monoclonal antibody) types of drugs. The
investigation of impurities encompasses several interrelated topics such as identification of
impurities, chemistry knowledge and analytical methodologies used for development and
control, and setting specification acceptance limits for impurities. Decisions about the extent
and timing of impurity investigations are sometimes company-dependent, so literature articles
about specific company strategies are not plentiful. Therefore, the discussion represents the
authors’ experience and opinions in addition to publicly-available information. Regulatory-
related references are provided when available.

2. Synthetic Drug Substances — Process-related impurities
2.1 Related Substance Impurities

A primary driver of impurity investigations throughout development is patient safety. In early
clinical phases, not everything is known about impurities but materials used for pre-clinical
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toxicological safety studies are often then used for initial human trials. In such cases, related-
substance type impurities (i.e., compounds, either process-related or degradation-related, that
are structurally related to the drug substance) are usually either controlled to levels at which
the toxicological concern is minimal or are toxicologically qualified. The short duration of early
clinical studies and close monitoring of subjects and patients also reduces the risk of safety
problems caused by impurities. Specifications for impurities at early phases often reflect levels
that have been observed in material used in toxicological safety studies [7]. With continued
development and changes in the clinical exposures the specifications may change. Some firms
choose to apply ICH identification and qualification thresholds at early phases. Teasdale et al.
have recently proposed broader general limits for early phases with toxicological considerations
based on total drug exposure to the patients [8]. An IQ Consortium working group proposed
identification and qualification thresholds three-fold higher than ICH Q3 guidelines for related
substances that could be applied through specifications or internal alert limits [9]. For
registration and often at Phase 3, compliance with ICH limits is an expectation.

Starting materials, intermediates, reagents, catalysts and solvents used in the synthesis of a
drug substance are obvious potential impurities in the drug substance [10]. Distance (i.e.,
number of steps) from the drug substance in the synthetic route is often related to the
probability that a potential impurity will be removed prior to isolation of the drug substance.
After the commercial synthetic route is chosen, impurity purging and fate studies are usually
conducted to determine effective control points in the process. As development progresses, the
structures of unknown impurities are identified and additional methods are developed, if
necessary, to determine whether potential impurities are present or not.

Stereochemical control is expected at Phase 1 for single enantiomer drug substances. The
timing of investigations of stereoisomers for compounds with multiple chiral centers will often
be dependent on the complexity of the synthesis and how the chiral centers are introduced.

Impurities in starting materials are a regulatory concern and need to be controlled as part of
the justification of establishing a regulatory starting material. Starting materials introduced
close to the final steps carry a greater risk of introducing impurities in the drug substance, so
the investigation and controls needed are usually more rigorous. The plans for impurity
controls in starting materials are often the subject of discussions between FDA and the
company at an end-of-phase 2 meeting. A recent ICH Q11 working group document addresses
several issues, including impurity control, related to selection and justification of starting
materials [11].

Analytical methodologies need to evolve as the overall impurity control strategy develops.
Methods often progress from general screening conditions (typically reversed-phase HPLC with
a broad polarity gradient) to methods optimized for impurities of interest at a given synthetic
step [12]. Generic HPLC methods employing mobile phases compatible with mass spectrometric



121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160

detection are often used at early phases to facilitate impurity identification and are modified,
as needed, for later-phase development. Phase-appropriate validation requirements for
analytical methods have also been proposed [13, 14].

Considerations for the timing of specific types of other process impurity investigations are
discussed below. Investigation of extractable and leachable impurities is described in another
article in this issue.

2.2 Mutagenic impurities

ICH M7 provides guidelines for the assessment of impurities for mutagenic potential [15]. The
guideline also gives limits for known mutagenic and potentially mutagenic impurities during
clinical development. It is noted that for Phase 1 clinical trials of up to 14 days, only known
carcinogens and mutagens need to be limited to acceptable levels as described in the guideline.
Other impurities, even those with mutagenicity-alerting structures, can be treated as non-
mutagenic impurities because of the short duration of exposure. The guideline acknowledges
that not all impurities will have been structurally identified and assessed for mutagenicity at
early stages. At registration however, a complete assessment of the mutagenic potential of
impurities and control strategy for mutagenic impurities will need to be described. Typical
approaches to mutagenic impurity control include attempting to remove them from the
synthetic route, purging studies to show removal, sometimes with a higher acceptance limit at
an intermediate, or establishing an M7-based acceptance limit at the drug substance. A more
complete review of recent approaches for mutagenic impurity analysis and control are
described in another article in this issue.

The need to control alkyl sulfonate esters is an example of a typical early phase regulatory
expectation. Despite ongoing debate about the safety liabilities of these potential impurities or
the lack of probability that they would be present [16], in the authors’ experience, specification
controls will be expected for these impurities, even at Phase 1.

2.3 Residual solvents

The solvents used in a synthesis are known and are usually specified and controlled at all
phases. Standard methodologies, such as headspace gas chromatography, facilitate
determination of most solvents used in drug syntheses at levels consistent with ICH Q3C. One
approach is to determine levels of all solvents used in the process in the drug substance.
Another approach is to control some solvents at earlier intermediates when they are not used
downstream from that point. The approach taken can depend on complexity of the synthesis
and number of solvents involved.
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At later stages of development, residual solvent controls are usually needed for starting
materials, especially those introduced closer to the end of the synthetic route. Certification
that no class 1 solvents are used is also usually sought from the supplier.

The timing of investigations of impurities in solvents, such as benzene in toluene, may vary.
Some firms may choose to perform such studies and institute controls at initial phases of
development. Others may use a risk-based approach depending on the step in the synthesis
where the solvent is used and controls on supplier quality. At registration, a control strategy
will need to be in place for such impurities, whether that is by specification or by
demonstration of adequate removal during the process.

2.4 Elemental Impurities

ICH Q3D has provided safety-based limits for elemental impurities in drug products and a risk
assessment process for evaluating the potential for elemental impurities being present in the
drug product. Controls for any metal-based catalysts used in the drug substance synthesis are
needed from initial phases onward. Later in development, a risk assessment should be
performed to evaluate other potential sources of elemental impurities, such as starting
materials, excipients, manufacturing equipment, container/closure system, or water.
Appropriate controls can be applied or data generated to support the risk assessment that
specification controls are unnecessary. As with residual solvents, standard analytical
methodologies are available that some firms use for specification control or data generation to
justify that specifications are not needed [17]. Explicit controls for elemental impurities are
generally considered to be unnecessary for biological products [18]. A risk assessment for the
potential introduction of elemental impurities in individual biologicals is still expected,
however. An FDA draft guidance includes the need to revisit elemental impurity risk
assessments as part of change control for the product life cycle [19].

2.5 Manufacturing changes

As the drug substance synthetic route or process changes during early phases, there is the
potential for new impurities. Different starting materials or intermediates are obvious
candidates for investigation to determine whether existing analytical methods can detect them
and whether they (or downstream analogs) carry through to the drug substance. Different
solvents and reagents are also candidates for investigation as new impurities. The potential for
the formation of different reaction by-products should also be examined during an impurity risk
assessment for a process change. This could involve the prediction of potential new by-
products, the potential for purging or carry-through, and the probability that the impurities
method could detect them. The choice of a commercial synthetic route is a trigger for in-depth
investigations of impurities, especially if clinical development is likely to advance to phase 3.
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Any post-approval changes to drug substance manufacturing should be evaluated for the
potential impact on impurity profile. This includes a wide range of possible changes in addition
to changes in route or materials used. For example, changes in manufacturing site, process set
points, scale of manufacture, and sources of purchased materials should include an evaluation
of impact on impurities. An interesting example of a seemingly benign change was described
by Reddy et al. who found a new impurity in repaglinide after the supplier of the
dicyclohexylcarbodiimide (DCC) coupling reagent used in the process was changed [20].
Cyclohexylamine present as an impurity in DCC from the new supplier gave rise to a new
impurity in the drug substance. This highlights the need for use-test evaluations of new
suppliers in addition to checking conformance to existing specifications.

3. Degradation products in synthetic drug substances and drug products

Stress testing is the main tool used to predict and develop an understanding of the stability of a
particular drug substance and drug product. Stress testing goals include investigating the likely
and actual degradation products that can be formed along with developing analytical
methodology(-ies) to separate, detect, and quantify degradation products. In the last several
years, several key publications have discussed various aspects of stress testing in detail, and the
reader is referred to these for a more thorough discussion [21-25].

As a new drug entity progresses from discovery to preclinical to clinical stages of development
and eventually to the market, knowledge about its stability (and the degradation pathways and
products) is expected to increase. Thus, stress testing is typically not a “one time” event but
rather something that is carried out at different stages of the “life cycle” of a drug substance
and drug product, with different goals, strategies, and level of thoroughness [26]. This is
especially true for the development of novel drugs where the attrition rate is typically very high
(e.g., 90% or even higher); it is not cost-effective to perform the level of research needed for a
marketed product for every new drug candidate. The primary goals are to ensure efficacy and
safety for the patient (throughout the clinical trials or ultimately the marketed shelf life). The
shelf life of most drugs is limited not by efficacy (i.e., not by the level of the parent drug), but
rather by safety (i.e., by the formation of degradation products at levels of concern).

3.1 Drug Discovery Stage

The goal of stress testing or stability studies at this stage is primarily to determine whether or
not a compound has stability sufficient for the desired routes of administration during clinical
studies. Such studies are typically short in duration, limited in scope, and use analytical
methodologies that are typically generic (i.e., with an emphasis on high throughput, not
specifically designed for the individual compound). Degradation products are typically viewed
as “peaks in a chromatogram”, not as identified degradants. It may be prudent to evaluate the
theoretical potential for formation of mutagenic degradation products for particular
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structures/scaffolds, since controlling degradation to the low levels required for mutagenic
degradants may be very difficult, and could potentially threaten the developability of the drug
[27]. Over the last 10 years, the software program Zeneth has developed into the most
sophisticated tool available for in silico predictions of theoretical degradation pathways [28,
29]. It is also useful at this stage to access the knowledge gained from previous studies on
compounds with similar structures, from either published or company internal information.

Since early batches of drug substances are typically not representative of the solid form(s) (e.g.,
polymorphic, salt, free base/free acid, or co-crystal form) that will be used in the clinic or on the
market, solid state stress studies may not accurately reflect potential stability issues of the
clinical or final marketed form.

3.2 Preclinical to Phases 1/2

While the reporting of stress testing studies is encouraged (but not specifically required) in
Phase 1 or 2 studies [2, 3] they are expected to be carried out on the drug substance with a
focus on ensuring that stability can be maintained throughout the clinical trial; stability-
indicating analytical methods that are specifically developed for the drug substance are
expected [26]. No mention is made of stress testing of the drug product. In the early stages of
development, the focus of method development is more on selectivity and less on robustness
[30]. In some cases, highly resolving generic methods have also been applied at this stage,
which may provide the needed selectivity for a variety of compounds [31]. Generally,
identification of degradation products observed during stress testing is not critical during this
stage, although there are many times when such information can be very useful to the further
development of the compound; typically, structural information at this stage is limited to data
obtained through LC/MS analyses (e.g., molecular weight, fragmentation, etc.) [26].

3.3 Phase 3 to NDA Regulatory Submission

Stress testing studies, with a full understanding of the “inherent stability of the drug substance,
potential degradation pathways, and the capability and suitability of the proposed analytical
procedures” are expected to be completed by or during Phase 3, and certainly for the
marketing application. The goals of stress testing at this stage are to understand all potential
stability issues related to degradation product formation including storage, distribution, short-
term temperature excursions, formulation, and even potential patient “in-use” stability issues,
as well as to provide a thorough foundation for validation of stability-indicating analytical
methods for the marketed life of the compound. A complete understanding of potential
degradation products and pathways (including mass balance understanding) should be
developed, with a perspective that this information will form “an integral part of the
information provided to regulatory authorities” in the marketing authorization submission. ICH
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Q3A and Q3B reporting, identification, and qualification thresholds are typically fully applied at
this stage of development for formal stability studies.

It is worth noting here that any degradation products for which structures (potential or actual)
have been elucidated should be assessed for mutagenic potential, per the ICH M7 guidance on
mutagenic impurities [15]. Several researchers have published articles to help companies
navigate the degradation product implications of ICH M7 [32-34].

3.4 Line Extensions (New formulations, new dosage forms, new dosage strengths, etc.),
Currently Marketed Products, and Generics

After registration, changes to the drug substance or drug product manufacturing process are
often desired for cost reduction, quality or reliability increases, or environmental impact
reduction. Manufacturing site and scale changes are also common. Risk-based guidances, such
as ICH Q9, can aid in assessing the significance of a process or formulation change which may
require stability studies to be conducted to demonstrate that the proposed changes do not
adversely impact the already established stability characteristics (e.g., degradation rate or
profile) of the product. A rapid stability assessment, i.e., one that requires a much shorter time
than typical accelerated or long-term studies, is desired. A rapid stability assessment is also
desired for line-extensions involving new formulations or different strengths of an existing
product. Olsen et al. have described the use of “highly accelerated” conditions for comparative
stability studies or for developing stability models useful for a broad range of conditions [35].
In this mode, elevated temperatures and/or humidities beyond the ICH accelerated stability
conditions are used to compare the stabilities of products made in different ways or to develop
predictive models. Such highly accelerated or stress studies can be useful in evaluating process
changes where a baseline of knowledge about the degradation pathways and rates of
degradation of the compound already exists. Information about the stability of new
formulations of existing active components can also be obtained quickly using highly
accelerated conditions. Waterman has developed an approach using a humidity-corrected
Arrhenius equation with elevated temperatures to develop product-specific models that can be
used for accurate chemical stability and shelf-life predictions, usually from data collected over a
2-week period [36]. Such accelerated studies may reveal stability issues much more rapidly than
traditional methods and lead to more efficient and effective drug development.

Another important consideration during the lifecycle of a drug is the development of new
dosage strengths, new dosage forms, new formulations, and alternate routes of administration.
Each new development will require new or modified stress testing and/or accelerated stability
studies, as it cannot be assumed that degradation rates and pathways will remain the same as
those in the original product. New or modified analytical methodologies may also be required,
and therefore, new or revised accelerated stability studies will need to be performed as part of
the stability-indicating method development process. New or modified analytical



324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364

methodologies can also lead to the discovery of new impurities (in line-extensions and even in
existing products) that were not detected with previous methods.

At the time of patent expiry, publicly available data on stress degradation studies is often
limited, that is, either not published or held as proprietary by regulatory authorities.
Additionally, the compendia (e.g., USP, PhEur or JP) often do not have monograph methods
established, and if they do, even if such methods are purported to be stability-indicating, the
information in the established method may not be sufficient to discern this. Therefore, non-
innovator companies will likely need to conduct their own set of stress/accelerated stability
studies to (a) establish a thorough understanding of potential degradation products for the
drug substance and drug product, (b) demonstrate for the new source of drug substance or
drug product that the synthetic pathway or process (for drug substance) and formulation and
process (for the drug product) can be adequately characterized with appropriate test methods,
and (c) guide the development and scale-up for the drug substance and drug product
manufacture.

4. Impurities in Protein Therapeutics

Traditional small-molecule pharmaceuticals and precursor intermediates usually undergo
purification by isolation as crystalline solids during the synthesis. The manufacturing steps
introduce impurities that need to be carefully assessed and removed during these purification
steps. In contrast to small-molecule drug substances, protein therapeutics are made by living
cells. With the advent of recombinant DNA technologies, it is now possible to engineer and
express various proteins in bacterial (e.g. E. coli) or mammalian cell lines (e.g. Chinese hamster
ovary, CHO cells). While the therapeutic proteins of interest are produced in larger quantities,
the cells also co-produce other biologics (proteins, DNA, etc.) that are considered as impurities.
Host cell proteins (HCPs) are encoded by the organisms and unrelated to the intended
recombinant product and must be removed during downstream purification since these could
potentially induce immunogenic responses in patients.

Monoclonal antibodies (mAbs) are a significant portion of marketed biologics in the US and
Europe with over 64 products approved and more than 200 molecules in clinical development.
Many biotechnology companies are focused on different forms of antibodies or antibody
fragments for clinical development and have embarked on a platform approach for purification
to get to clinical studies as fast as possible. Most mAbs are produced in mammalian cell lines,
like CHO cells, and are typically purified using a combination of a Protein A affinity step
followed by two or three polishing steps. Each of these steps is useful in removing certain types
of impurities from the cell culture mixture and will be the topic of discussion in the next few
sections. Monoclonal antibodies undergo chemical and physical changes during production,
processing and storage. Chemical modifications such as isomerization/deamidation or oxidation
may lead to changes in the charge profile of the mAb and are typically not considered process
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related impurities. Product impurities including chemical modifications or high molecular
weight species (e.g. aggregates) are somewhat expected for liquid drug products. However,
there is an expectation that a thorough risk analysis and extended characterization study be
performed to understand the various degradation pathways for the protein during normal
processing and storage in line with the ICH Q6B guideline [37]. Similarly, post-translational
modifications that arise during cellular expression including modifications such as glycosylation
or disulfide bond isoforms are not necessarily considered product or process related impurities,
but need to be thoroughly characterized. This review deals mainly with risk assessment and
characterization studies that are performed or necessary for impurities that are co-purified
during mAb production. The reader is referred to a critical review of in vivo and in vitro mAb
modifications and characterization by Liu et al. [38] and an article in this issue on trends in
research on impurities in biopharmaceuticals.

4.1 Typical purification steps for monoclonal antibodies and their associated clearance
capabilities

Protein A chromatography is typically used as the first step in an antibody purification process
due to its capacity for extensive removal of process-related impurities such as HCPs, nucleic
acids, cell culture media components and various virus particles. Protein A has several Ig-
binding domains and binds to the Fc region of several IgG formats with high affinity (in the
order of 108 M™). This property is of significant value during purification of the IgG therapeutic
from harvest cell culture fluid (HCCF) and is routinely used for affinity purification of the
antibodies. A histidine residue on protein A (His137) is known to interact with another histidine
residue on the 1gG antibody (His435) through electrostatic interactions. The protein A bound
antibody is eluted at low pH wherein both the histidines are positively charged resulting in
electrostatic repulsions.

Strong attractions between the HCPs and the therapeutic IgG are possible that could potentially
make it difficult to purify during a protein A purification step. Levy et al. have recently shown
that product fractions of protein A affinity purifications contain more HCP than those fractions
without the mAb [39]. Another possible pathway to introduce HCPs into the final pool is when
the HCP species bind to either the chromatographic ligand or the resin backbone (e.g. protein A
in this case). In either case, some amounts of impurities typically are retained in the protein A
pool and further purification is deemed necessary. Since the protein A resin is recycled over 200
times, it is imperative to understand its impact on the performance of the protein A purification
step. Carter-Franklin et al. have shown that intact Protein A leaches into the purified antibody
or the HCCF [40]. This and other impurities necessitate the use of other chromatographic steps
for further purification.

Most companies use IEX as a polishing step in antibody purification wherein it is ideal for
reducing high molecular weight aggregates, charge-variants, residual DNA, some host cell
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proteins, leached Protein A and any remaining viral particles. Specifically, anion exchange (AEX)
chromatography uses a weakly basic or positively charged resin (e.g., diethylaminoethyl
cellulose (DEAE)) to remove HCPs, DNA, endotoxin and leached Protein A. Additionally AEX can
also help with product-related impurities such as dimer/aggregate, endogenous retrovirus and
adventitious viruses. Cation exchange (CEX) chromatography utilizes either strong (e.g.
sulfopropyl) or weakly acidic (e.g. carboxylic) groups on a resin to purify the antibody pool.
While process-related impurities such as DNA, some host cell protein, leached Protein A and
endotoxin are removed in the load and wash fraction, CEX specifically helps in purifying
antibody by products such as deamidated products, oxidized species, N-terminal truncated
forms, and high molecular weight species.

Complementary techniques such as hydrophobic interaction chromatography (HIC) can also be
used in addition to Protein A and IEX methods to further separate proteins and impurities
based on their hydrophobicity. HIC in flow-through mode is efficient in removing a large
percentage of aggregates with a relatively high yield while in a bind-and-elute mode it is used
to remove process-related and product-related impurities from the antibody product. The
majority of HCPs, DNA and aggregates can be removed from the antibody product through
selection of a suitable salt concentration in the elution buffer or use of a gradient elution
method.

4.2 Impurity characterization

Resins containing Staphylococcal Protein A are typically used during purification of mAbs during
process development. It is possible that trace levels of Protein A leach into the final formulated
drug substance. Many companies use an ELISA that utilizes anti-protein A antibodies for
detection and quantitation [41]. These studies are typically done prior to any clinical use and
typically even prior the Phase 1 studies. Since there is a possibility that the formulation
components may interfere with the ELISA format, optimization for leached Protein A removal is
done on a continuous basis throughout the program. Similarly, host cell DNA could potentially
contaminate the purified drug substance. Several analytical methods have been qualified for
use to help detect trace amounts of host cell DNA. Most commonly used are the Pico green
assay, hybridization assays, gPCR or rtPCR and threshold assays. Amongst the tested assays, the
inter and intra-lab assay variability for the gPCR was much lower [42].

Similar to any immunogenicity risks from Protein A and host cell DNA, source materials and
adventitious viruses introduced during protein production present viral contamination risks.
Source materials can include human plasma, cell lines, and human/animal tissue. The risk of
viral contamination is higher for human- and animal-derived source materials than for non-
biological materials and therefore viral inactivation processes are very important during
development. Low pH (typically pH < 3.6) has been shown to inactivate enveloped viruses.
Robust process development including validating hold times for viral inactivation is a
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mandatory step during process development. Processes that include virus-reduction filters
typically remove non-enveloped viruses. Many chromatographic steps including IEX provide
two to three logs of virus removal and many manufacturers use qualified or validated steps
early on in process development in order to de-risk viral contaminations from biotechnology
products.

In addition to host cell DNA, leached protein A or virus particles, the protein drug substance
could potentially have other impurities such as host cell proteins. Most companies utilize an
ELISA method to characterize HCPs throughout all phases of development. In the initial phases
of development (preclinical tox studies to Phase 1 or Phase 2), the biotechnology industry
typically uses commercially available ELISA kits. Some companies may also utilize specialized or
customized ELISA kits depending on the specific organisms or cell culture systems they use to
produce most of their antibody products [43, 44]. While commercial kits may have significant
advantages in terms of resources and development, more customized assays may be necessary
as the program proceeds from early to late development and into the commercial realm. A
platform-based approach may be suitable if the company uses the same expression system for
producing a variety of therapeutic candidates since the proteome and the HCPs would likely be
similar.

While not considered as a part of process impurities as discussed above, chemical and physical
modifications of mAbs may occur during production, processing or long-term storage that are
considered as product-related impurities. Chemical and physical degradation pathways are
considered as a part of the product microheterogeneity and a thorough analytical
characterization in line with ICH Q6B guidelines is expected. Typically charge changes via
deamidation are analyzed using ion-exchange chromatography or imaged capillary isoelectric
focusing (iCIEF) or mass spectroscopic methods. Physical degradation pathways, including
formation of high molecular weight species (or aggregates) are typically characterized by size
exclusion chromatography, though orthogonal methods such as analytical ultracentrifugation
(AUC) are also recommended. While product stability may limit shelf life, heterogeneity in the
mixture may impact pharmacokinetics (PK) or cause immunogenicity risks. Khawli et al. have
shown that mAb charge heterogeneity generated during routine manufacturing had minimal
effect on various biological assays, such as FcRn binding, potency or PK properties of an IgG1 in
healthy rats [45]. While immunogenicity of protein aggregates and subvisible particles has
been an active area of research, recent data suggests that only subvisible particles that have
extensive chemical modifications within the primary amino acid structure could break immune
tolerance in the human IgG1 transgenic mouse model [46]. A thorough risk assessment and
characterization of aggregates, subvisible particles and immunogenicity risks associated with
them is out of scope for this review and the reader is directed to other articles [47, 48]. Risk
based approaches for process-related impurities are described below.

4.3 Risk-based approaches for process-related impurities
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While ELISAs are efficient methods for assaying holistic information about the HCP population,
characterization of specific HCPs cannot be made by ELISA alone. Characterization of specific
HCP species and demonstration of suitability of the ELISA for a given process and product must
therefore employ orthogonal techniques such as western blots and/or proteomic tools such as
2D gel electrophoresis and mass spectrometric analysis of the impurities. A product specific
HCP ELISA or orthogonal method is more resource intensive and may be expensive if applied for
each product early on, especially since many candidates will fail early on in development. Given
this situation, it makes more sense to spend time and resources during later stages of
development (e.g. Phase 3 and/or commercial scale).

One needs to consider that polyclonal antibodies used in the ELISA kit depend on the antibody
serum developed against HCPs and may not represent all the HCPs equally in an ELISA
response. A response indicates that the HCP components are equally weighted and similarly, a
negative result indicates that no HCP in the mixture could potentially cause immunogenic
effects. Overall, this is the limitation of using ELISA kits and sensitivity of the assay, its degree of
coverage of the HCP, and risk-based approaches are needed. A risk-based approach needs to
have a strong scientific basis to estimate and understand the impact of types and
concentrations of HCPs that will not have adverse impact on the product quality of the
therapeutic. Wang et al. have recently reported a risk-based approach for HCPs in biological
products [49]. Champion et al. also reported recently that most HCP impurities in FDA approved
products are < 100 ppm [50]. This level of impurity has turned out to act as a guidance to the
biotechnology industry to set HCP levels in their products, though this value does not take into
account specific considerations around different HCP species, patient population, or dosing
regimens. Therefore, acceptable levels of HCPs in a given product are typically approved on a
case-by-case basis by the health authorities. The ultimate suitability and acceptability of the
HCP test methods are based on the results that the sponsor companies obtain both in detecting
and quantifying the residual HCP levels in registration batches that are usually made at the
commercial scale. It is rather difficult to fully understand the immunogenic impact of individual
HCPs in a particular patient population. Using a variety of in vitro and in silico tools Jawa et al.
have recently reported that HCPs typically found in biotechnology products and that would
follow ICH Q6B [37] have low to no impact on immunogenicity [51]. While potentially good
news for various biological products produced using platform purification processes, this also
necessitates continuous improvement to understand HCPs. Novel orthogonal methods to
accurately estimate and determine HCPs and understand their potential impact to patient
safety are needed. To this end the use of LC-MS has been shown recently to be the workhorse
for HCP identification [52, 53], though the use of other in silico analysis is also growing [54].

5. Acknowledgements

Helpful discussions with John Knight are gratefully acknowledged.



529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572

This research did not receive any specific grant from funding agencies in the public, commercial,
or not-for-profit sectors.

References

[1] ICH Q3A(R2) Impurities in New Drug Substances; ICH Q3B(R2) Impurities in New Drug
Products; ICH Q3C(R6) Impurities: Guideline for Residual Solvents; ICH Q3D Guideline for
Elemental Impurities; http://www.ich.org/products/guidelines/quality/article/quality-
guidelines.html, accessed August 19, 2017.

[2] Guidance for Industry CGMP for Phase 1 Investigational Drugs, July 2008,
https://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatorylnformation/Guid
ances/UCM070273.pdf, accessed July 24, 2017

[3] INDs for Phase 2 and Phase 3 Studies Chemistry, Manufacturing, and Controls Information,
May 2003,
https://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatorylnformation/Guid
ances/UCMO070567.pdf, accessed July 24, 2017

[4] EMA, Guideline on the requirements to the chemical and pharmaceutical quality
documentation concerning investigational medicinal products in clinical trials, Draft, 11
April 2016,
http://www.ema.europa.eu/docs/en GB/document _library/Scientific guideline/2016/04/
WC500204674.pdf, accessed July 24, 2017

[5] ICH Q8(R2) Pharmaceutical Development; ICH Q9 Quality Risk Management; ICH Q10
Pharmaceutical Quality System;
http://www.ich.org/products/guidelines/quality/article/quality-guidelines.html, accessed
August 19, 2017.

[6] ICH-Endorsed Guide for ICH Q8/Q9/Q10 Implementation,
http://www.ich.org/fileadmin/Public Web Site/ICH Products/Guidelines/Quality/Q8 9 1
0_QAs/PtC/Quality IWG PtCR2 6dec2011.pdf, accessed July 25, 2017

[7] 1Q Consortium Workshop — Washington DC — Feb 4 & 5, 2014 Specifications During Early
Development - FDA Perspectives -Stephen Miller
https://igconsortium.org/images/Publications/Presentations/GMPs_Workshop -

Specifications in_Early Development (Regulatory Perspective -
Stephen Miller, FDA).pdf, accessed July 23, 2017

[8] Harvey J, Fleetwood A, Ogilvie R, Teasdale A, Wilcox P, Spanhaak S, “Management of organic
impurities in small molecule medicinal products: Deriving safe limits for use in early
development”; Reg. Toxicol. Pharmacol. 84 (2017) 116-123



573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
501
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615

[9] Zhang S, Coutant M, O'Connor D, Szulc M, Trone MD, Swanek F, Wong-Moon K, Yazdanian
M, Yehl P, Ge Z, McElvain JS, Miller SA, “Early Development GMPs for Small-Molecule
Specifications: An Industry Perspective (Part V)”, Pharm. Tech. 36(10), 2012.
http://www.pharmtech.com/early-development-gmps-small-molecule-specifications-
industry-perspective-part-v?pagelD=1, accessed September 30, 2017

[10] Alsante KM, Huynh-Ba KC, Baertschi SW, Reed RA, Landis MS, Furness S, Olsen B, Mowery
M, Russo K, Iser R, Stephenson GA, Jansen P; “Recent Trends in Product Development and
Regulatory Issues on Impurities in Active Pharmaceutical Ingredient (API) and Drug
Products. Part 2: Safety Considerations of Impurities in Pharmaceutical Products and
Surveying the Impurity Landscape”, AAPS PharmSciTech. 2014 Feb; 15(1): 237-251.

[11] ICH Q11 Guideline: DEVELOPMENT AND MANUFACTURE OF DRUG SUBSTANCES
(CHEMICAL ENTITIES AND BIOTECHNOLOGICAL/BIOLOGICAL ENTITIES) Questions and
Answers, 23 August 2017,
http://www.ich.org/fileadmin/Public Web Site/ICH Products/Guidelines/Quality/Q11/Q1
1IWG Step4 QA 2017 0823.pdf, accessed September 30, 2017.

[12] Olsen BA, Baertschi SW; “Strategies for Investigation and Control of Process and
Degradation-Related Impurities”, in Handbook of Isolation and Characterization of
Impurities in Pharmaceuticals, Ahuja S, Alsante KM, Eds., Academic Press, San Diego, 2003.

[13] Boudreau SP, McElvain JS, Martin LD, Dowling T, Fields SM; “Method Validation by Phase of
Development - An Acceptable Analytical Practice”, Pharm. Tech., Nov. 2004, 54-66.

[14] Nowak S, Tombaugh K, Kleintop B, Chambers D, Patterson K, Spicuzza J, Szulc M, Trone MD,
Deegan S, Yuabova Z, Rasmussen H, Guo G, “GMPs for Method Validation in Early
Development: An Industry Perspective (Part Il)”, Pharm. Tech. 36(7), 2012.
http://www.pharmtech.com/gmps-method-validation-early-development-industry-
perspective-part-ii, accessed September 30, 2017.

[15] ICH M7(R1) Assessment and Control of DNA Reactive (Mutagenic) Impurities in
Pharmaceuticals to Limit Potential Carcinogenic Risk;
http://www.ich.org/products/guidelines/multidisciplinary/article/multidisciplinary-
guidelines.html, accessed August 19, 2017.

[16] Snodin D, Teasdale A, “Mutagenic Alkyl-Sulfonate Impurities in Sulfonic Acid Salts:
Reviewing the Evidence and Challenging Regulatory Perceptions”; Org. Process Res. Dev.,
19 (2015) 1465-1485. DOI: 10.1021/0p500397h

[17] United States Pharmacopeia general chapter, USP <233> Elemental Impurities—
Procedures



616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659

[18] Q3D Training, Implementation of Guideline for Elemental Impurities, Module 6 Controls on
Elemental Impurities http://www.ich.org/products/guidelines/quality/article/quality-
guidelines.html, accessed July 22, 2017

[19] Elemental Impurities in Drug Products, Draft Guidance, June 2016,
https://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatorylnformation/Guid
ances/UCM509432.pdf, accessed July 24, 2017

[20] Reddy K, Babu JM, Mathad VT, Eswaraiah S, Reddy MS, Dubecy PK, Vyas K, “Impurity
profile of repaglinide”, J. Pharm. Biomed. Anal. 32 (2003) 461-467.

[21] Pharmaceutical Stress Testing: Predicting Drug Degradation, 2" Ed., Baertschi SW, Alsante
KM, Reed RA, Eds., Informa Healthcare, London, (2011).

[22] Alsante KM, Baertschi SW, Coutant M, Marquez BL, Sharp TR, Zelesky TC; “Degradation and
Impurity Analysis for Pharmaceutical Drug Candidates”, in Handbook of Modern
Pharmaceutical Analysis, 2"d Ed., Ahuja S, Scypinski S, Eds., Elsevier, Amsterdam (2011).

[23] Alsante KM, Ando A, Brown R, Ensing J, Hatajik TD, Kong W, Tsuda Y, “The role of
degradant profiling in active pharmaceutical ingredients and drug products”, Adv. Drug
Del. Rev. 59 (2007) 29-37.

[24] Reynolds DW, Facchine KL, Mullaney JF, Alsante KM, Hatajik TD, Motto MG, “Available
Guidance and Best Practices for Conducting Forced Degradation Studies”, Pharm. Tech.,
26:2 (2002) 48-56.

[25] Foti C, Alsante K, Cheng G, Zelesky T, Zell M, “Tools and workflow for structure elucidation
of drug degradation products”, Tr. Anal. Chem. 49 (2013) 89-99.

[26] Baertschi SW, Olsen BA, Alsante KM, Reed RA, “Stress testing: Relation to the
development timeline, in Pharmaceutical Stress Testing: Predicting Drug Degradation”, 2nd
Ed., S.W. Baertschi, K.M. Alsante, and R.A. Reed, Eds., Informa Healthcare, London (2011).

[27] Raillard SP, Bercu J, Baertschi SW, Riley CM, “Prediction of Drug Degradation Pathways
Leading to Structural Alerts for Potential Genotoxic Impurities”, Org. Proc. Res. and Dev. 14
(2010) 1015-1020.

[28] Kleinman MH, Baertschi SW, Alsante KM, Reid DL, Mowery MD, Shimanovich R, Foti C,
Smith WK, Reynolds DW, Nefliu M, Ott MA, “In Silico Prediction of Pharmaceutical
Degradation Pathways: A Benchmarking Study”, Mol. Pharm. 11 (2014) 4179-4188.

[29] https://www.lhasalimited.org/products/zeneth.htm, accessed August 19, 2017.




660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703

[30] Singh S, Junwal M, Modhe G, Tiwari H, Kurmi M, Parashar N, Sidduri P, “Forced
degradation studies to assess the stability of drugs and products”, Tr. Anal. Chem. 49
(2013) 71-88.

[31] Jansen PJ, Smith WK, Baertshi SW, “Stress testing: Analytical Considerations” in
Pharmaceutical Stress Testing: Predicting Drug Degradation, 2" Ed., Baertschi SW, Alsante
KM, Reed RA, Eds., Informa Healthcare, London (2011).

[32] Kleinman MH, Elder D, Teasdale A, Mowery M, McKeown A, Baertschi SW, “Strategies to
Address Mutagenic Impurities Derived from Degradation in Drug Substances and Drug
Products", Org. Proc. Res. Dev., 19:11 (2015) 1447-1457, DOI: 10.1021/acs.oprd.5b00091.

[33] Alsante KM, Huynh-Ba K, Reed RA, Baertschi SW, Landis M, Kleinman M, Foti C, Rao VM,
Meers P, Abend A, Reynolds DW, and Joshi BK, “Recent Trends in Product Development
and Regulatory Issues on Impurities in Active Pharmaceutical Ingredient (API) and Drug
Products. Part 1: Predicting Degradation Related Impurities and Impurity Considerations
for Pharmaceutical Dosage Forms “, AAPS PharmSciTech, 15:1 (2013) 198-212.

[34] Dow LK, Pack BW, Hansen MM, and Baertschi SW, “The Assessment of Impurities for
Genotoxic Potential and Subsequent Control in Drug Substance and Drug Product”, J.
Pharm. Sci.,, Commentary, 102:4 (2013) 1404-1418.

[35] Olsen BA, Watkins MA, Larew LA, “Rapid stress stability studies for evaluation of
manufacturing changes, materials from multiple sources, and stability-indicating methods”,
in Pharmaceutical Stress Testing: Predicting Drug Degradation, 2" Ed., Baertschi SW,
Alsante KM, Reed RA, Eds., Informa Healthcare, London (2011).

[36] Waterman KC, The Application of the Accelerated Stability Assessment Program (ASAP)to
Quality by Design (QbD) for Drug Product Stability, AAPS PharmSciTech, 12:3 (2011) 932-
937.DO0I: 10.1208/s12249-011-9657-3

[37] ICH Q6B Specifications: Test Procedures and Acceptance Criteria for
Biotechnological/Biological Products,
http://www.ich.org/fileadmin/Public Web Site/ICH Products/Guidelines/Quality/Q6B/Ste
p4/Q6B Guideline.pdf, accessed August 20, 2017.

[38] Liu H, Ponniah G, Zhang H-M, Nowak C, Neill A, Gonzalez-Lopez N, Patel R, Cheng G, Kita
AZ, Andrien B, “In vitro and in vivo modifications of recombinant and human IgG
antibodies” mAbs, 6 (2014) 1145-1154.

[39] Levy NE, Valente KN, Choe LH, Lee KH, Lenhoff AM, “Identification and characterization of
host cell protein product-associated impurities in monoclonal antibody bioprocessing”,
Biotech. Bioeng., 111 (2014) 904-912.



704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745

[40] Carter-Franklin JN, Victa C, McDonald P, Fahrner R, “Fragments of protein A eluted during
protein A affinity chromatography”, J. Chromatogr. A 1163 (2007) 105-11.

[41] Zhu-Shimoni J, Gunawan F, Thomas A, Vanderlaan M, Stults J, “Trace level analysis of
leached Protein A in bioprocess samples without interference from the large excess of
rhMAb I1gG”, J. Immunol. Methods, 341 (2009) 59-67

[42] Mehta S, Keer, JT; “Performance Characteristics of Host-Cell DNA Quantification Methods”,
BioProcess Int., October 2007, 44-58.

[43] Champion KM, Nishihara JC, Joly JC, Arnott D, “Similarity of the Escherichia coli proteome
upon completion of different biopharmaceutical fermentation process”, Proteomics 1
(2001) 1133-1148.

[44] Krawitz DC, Forrest W, Moreno GT, Kittleson J, Champion KM, “Proteomic studies support
the use of multi-product immunoassays to monitor host cell protein impurities”,
Proteomics 6 (2006) 94-110.

[45] Khawli LA, Goswami S, Hutchinson R, Kwong ZW, Yang J, Wang X, Yao Z, Sreedhara A, Cano
T, Tesar D, Nijem |, Allison DE, Wong PY, Kao YH, Quan C, Joshi A, Harris RJ, Motchnik P,
“Charge variants in IgG1: Isolation, characterization, in vitro binding properties and
pharmacokinetics in rats” mAbs, 2 (2010) 613-624.

[46] Boll B, Bessa J, Folzer E, Rios Quiroz A, Schmidt R, Bulau P, Finkler C, Mahler HC, Huwyler J,
Iglesias A, Koulov AV, “Extensive Chemical Modifications in the Primary Protein Structure of
IgG1 Subvisible Particles Are Necessary for Breaking Immune Tolerance”, Mol. Pharma., 14
(2017) 1292-1299.

[47] Yin L, Chen X, Vicini P, Rup B, Hickling TP, “Therapeutic outcomes, assessments, risk factors
and mitigation efforts of immunogenicity of therapeutic protein products” Cell Immunol.,
295 (2015) 118-126.

[48] Knezevic |, Kang HN, Thorpe R, “Immunogenicity assessment of monoclonal antibody
products: A simulated case study correlating antibody induction with clinical outcomes”,
Biologicals, 43 (2015) 307-317.

[49] Wang X, Hunter AK, Mozier NM, “Host cell proteins in biologics development:
Identification, quantitation and risk assessment”, Biotechnol. Bioeng., 103 (2009) 446-458.

[50] Champion K, Madden H, Dougherty J, Shacter E; “Defining your product profile and
maintaining control over it, part 2”, BioProcess Int., 3 (2005) 52-57.



746
747
748
749
750
751
752
753
754
755
756
757
758
759
760

[51] Jawa V, Joubert MK, Zhang Q, Deshpande M, Hapuarachchi S, Hall MP, Flynn GC,
“Evaluating Immunogenicity Risk Due to Host Cell Protein Impurities in Antibody-Based
Biotherapeutics”, AAPS J 18 (2016) 1439-1452.

[52] Madsen JA, Farutin V, Carbeau T, Wudyka S, Yin Y, Smith S, Anderson J, Capila I,” Toward
the complete characterization of host cell proteins in biotherapeutics via affinity
depletions, LC-MS/MS, and multivariate analysis”, MAbs, 7 (2015) 1128-1137.

[53] Farrell A, Mittermayr S, Morrissey B, McLoughlin N, Iglesias NN, Marison IW, Bones J,
“Quantitative Host Cell Protein Analysis Using Two Dimensional Data Independent LC—
MSE“, Anal. Chem. 87 (2015) 9186-9193.

[54] Bailey-Kellogg C, Gutiérrez AH, Moise L, Terry F, Martin WD, De Groot AS, “CHOPPI: A web
tool for the analysis of immunogenicity risk from host cell proteins in CHO-based protein
production”, Biotech. Bioeng. 111 (2014) 2170-2182.



Highlights

* Impurity investigations increase in scope and depth as development progresses

e Common practices for impurity investigations by phase of development are described
* Stress study depth and goals by development phase are described

e Purification and determination of process impurities in mAbs are described

e Considerations for determination of host cell proteins in mAbs during development are
discussed



