Communi

acetonitrile containing TFA. The chromatograms of two
commercially available recombinant monoclonal IgG2s
(Fig. 3A) showed many peaks, and the number of separated
peaks was more than twice that previously reported
(a maximum of four partially separated peaks).®71**

Under optimized conditions, the run-to-run repeatability of
the IgG2 separation pattern was satisfactory (data not shown),
and the day-to-day repeatability of the retention time of one of
the main peaks was also good (relative standard deviation
0.9%). Therefore, the separation pattern of intact IgG can be
expected to be useful for monitoring product consistency.

We also analyzed two commercially available IgG1s and one
IgG4 under slightly modified separation conditions (the mobile
phase gradient was optimized in each case). The chromato-
grams of IgG1s and IgG4 showed one major peak and a few
minor peaks and were similar to chromatograms obtained by
previously reported methods.”** These results indicate that our
method separated IgG2 isoforms more effectively than the other
methods.

To date, three types of disulfide isoforms of 1gG2 have been
reported. To determine whether our method could separate
only disulfide-mediated structural isoforms or whether other
variants could be differentiated by our method, we applied it to
the IgGs after they had been broken down into their heavy and
light chains by reduction with dithiothreitol and subsequently

alkylation with iodoacetic acid. When we analyzed reduced and
alkylated IgGs with the same chromatography system, the
resulting chromatograms showed two sets of peaks, one set
derived from the light chains and the other from the heavy
chains (Fig. 4)."° The light chains showed a single sharp peak,
while the peaks derived from the heavy chains of both IgG2s
were distributed inhomogeneously (Fig. 44), and the distribu-
tion for the IgG2s differed from the distributions for the IgG1s
and 1gG4 (Fig. 4B and C). These results indicate that not only
heterogeneity in disulfide bonding but also heterogeneity
derived from other factors such as the charge or physicochem-
ical properties of the heavy chain might have contributed to the
separation obtained by means of our system. The observation of
IgG2 charge variants during cation-exchange chromatography
has been reported.'® Further experiments such as mass spec-
trometry are needed to determine the mechanism by which
members of the IgG2 subclass were separated.

In conclusion, the method we developed for HPLC on a
column packed with 2 pm nonporous ODS silica particles
showed markedly improved separation of recombinant IgG2
isoforms with good repeatability. We suggest that the separa-
tion was based in part on recognition of disulfide-based struc-
tural isoforms but that other possible separation mechanisms
might include heterogeneity in physicochemical properties
such as the charge and intermediate of protein refolding. Our
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Fig.3 Reversed-phase HPLC chromatograms of (A) IgG2s, (B) IgG1s, and (C) IgG4. Mobile phase linear gradients starting at 0 min and ending at 60 min: IgG2#1, 34%
(0 min)~41% (60 min), lgG2#2, 32% (0 min)~43% (60 min), IgG1#1 and IgG1#2, 31% (0 min)-44% (60 min), IgG4#1, 33% (0 min)-42% (60 min); column temperature,
85 °C; sample concentration, 1 mg mL~". The other conditions were the same as those described in the legend of Fig. 2.
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method can be expected to be useful for monitoring IgG isoform
distributions, which is important for ensuring product consis-
tency during the development and commercialization of ther-
apeutic antibodies.
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The European Medicines Agency is a decentral-
ized agency responsible for the scientific evalua-
tion of medicines developed by pharmaceutical
companies for use in the EU. In 2006, a reflection
paper (RP; for full definition of this and other
key terms see Box 1) on nanotechnology-based
medicinal products for human use noted that
“nanomedicinal products may exhibit a complex
mechanism of action combining mechanical,
chemical, pharmacological and immunological
properties,” and that “additional specialized
expertise may be required for the evaluation of
the quality, safety, efficacy and risk management
of such nanomedicinal products” [101].

Over recent years there has been ongoing,
global, discussion regarding the appropriate evo-
lution of regulatory guidance to meet the needs
of nanomedicine-specific properties [1-3,102]. In
order to provide appropriate regulatory guid-
ance and assist researchers and companies inter-
ested in the development of nanomedicines for
clinical applications, we review recent European
Medicines Agency activities aimed at ensuring
robust procedures are in place for the regulation
of nanomedicines.

Nanomedicines are ‘purpose designed’, often
using multiple components, and all have ar least
one dimension in the nanosize range. The ratio-
nale for their design includes improved drug deliv-
ery, for example, drug targeting (organ-specific,
cell-specific or subcellular targeting), controlled
and/or site-specific release, and improved drug
transport actross biological barriers (reviewed in
[4]). Nanostructures are also being developed for
external activation (e.g., thermal tumor ablation

and triggered drug release), as carriers of com-
bination therapy, as imaging agents, as vaccine
delivery systems and for regenerative medicine
[4]. Often specific pathophysiological conditions
are used to trigger pharmacological activity. To
clarify the ‘size range’ that will define a product
as a nanomedicine, it is important to note that
in October 2011 the European Commission,
assisted by its scientific committees, published
recommendations on the definition of nano-
material, predisposing size as the critical factor
(1-100 nm) (103). However, it was acknowledged
that an upper limit of 100 nm is not scientifically
justified across the whole range of nanomaterials,
and the recommendation also noted the “special
circumstances prevailing in the pharmaceutical
sector”, stating that the recommendation should
“not prejudice the use of the term nano when
defining certain pharmaceuticals and medical
devices” [s].

European Medicines Agency
experience with nanomedicines

It is noteworthy that first-generation nano-
medicines, including liposomal formulations,
iron-based preparations and drug nanocrystal
technologies in oral dosage forms, have been
established as safe and effective for many years
(2.4.6-8]. The European Medicines Agency has
evaluated 11 marketing authorization applica-
tions for nanomedicines, out of which eight have
been authorized and three have been withdrawn.
The assessment reports are publicly available [104].
During the development of 12 nanomedicines
scientific advice was requested from the European
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Reflection papf ‘

further clarify these with the regulators
European Commission

Marketing authorization applications

Bioequivalence

= A reflection paper is developed to communicate the current status of discussions or to invite
comment on a selected area of medicinal product development or a specific topic. It can provide a
framework for discussion or clarification, particularly in areas where scientific knowledge is quickly
evolving or experience is limited. A reflection paper does not provide direct scientific, technical or
regulatory guidance, but may contribute to future development of such guidelines or related
documents, as it provides clear statements on current expectations from the regulator. Therefore,
it becomes possible for researchers to define the potential weak or controversial points and

+ Legal body responsible for the authorization of centralized medicinal products within the EU
= Submission and request for the authorization (licensing) of a medicinal product within the EU

= Bioequivalence is a term in pharmacokinetics used to assess the expected in vivo biological
equivalence of two proprietary preparations of a drug. If two products are said to be
bioequivalent it means that they would be expected to be, for all intents and purposes, the same

Medicines Agency to enhance the chances for a
positive development outcome. Scientific advice
is advice the European Medicines Agency gives to
a company on the appropriate tests and studies in
the development of a medicine. This is designed
to facilitate the development and availability of
high-quality, effective and acceptably safe medi-
cines, for the benefit of patients. In addition,
the European Commission has granted orphan
status for ten nanomedicines under develop-
ment. Approximately 48 nanomedicines and
nanoimaging agents are currently under clini-
cal development (Phase I-III) in Europe, with
others progressing through earlier stages of drug
discovery and nonclinical development. In addi-
tion, approximately 70 cancer clinical trials are
ongoing in the USA involving nanomedicines (9]
and, therefore, the number of marketed pharma-
ceuticals using nanotechnology is expected to
continuously grow and, thus, benefit patients

and public health.

Regulatory challenges

& perspectives

Particular challenges are becoming apparent in
two distinct areas. First, in relation to the evalu-
ation of those ‘follow-on’ nanomedicine products
now beginning to arise as first-generation products
come off patent. Such products are described here
as ‘similar nanomedicines’ (i.e., ‘nanosimilars’),
and they have recently become the subject of dis-
cussion [10]. These are new nanomedicines that
are claimed to be ‘similar’ to a reference (origi-
nator/innovator) nanomedicine that has been
granted a marketing authorization (licensing).
In order to demonstrate similarity there is a
need for stepwise comparability studies to

generate evidence substantiating the similar
nature, in terms of quality, safety and efficacy,
of the nanosimilar and the chosen reference
(originator/innovator) nanomedicine. As nano-
medicines differ significantly in their complex-
ity and nature, a case-by-case or product class-
specific approach for their evaluation might be
necessary. It is important to stress here that any
drug developed to be comparable to the reference
patented drug (brand, originator or innovator)
product must demonstrate equivalence in terms
of quality, safety and efficacy before a market
authorization can be granted. Given the degree
of complexity of many nanomedicine products,
special scientific considerations may be needed to
ensure this equivalence of performance.

Second, it is becoming clear that recent adv-
ances in nanoscience are bringing novel opportu-
nities to master matter at nanoscale sizes and this
is leading to the creation of even more complex,
hybrid structures by both new top-down fabrica-
tion and bottom-up manufacturing techniques.
This is paving the way for a wave of new pharma-
ceuticals, imaging agents and combination prod-
ucts (hereafter they are termed ‘next-generation’
nanomedicines [4]) that require regulatory con-
sideration prior to approval of first-in-man studies
and for market authorization.

Individual nanomedicines may present par-
ticular challenges during their development and
regulatory evaluation. Robust methodology is
essential to ensure long-term safety/risk man-
agement, and specific tools may be needed (on
a product-by-product basis) to ensure adequate
product characterization and manufacturing con-
trol, and to define those critical product attri-
butes that determine pharmacokinetics (PK),
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body distribution, nonclinical safety and enable
pharmacological proof of concept. Determina-
tion of stability i vitro and in vive might be
needed as well as an in depth understanding of
physicochemical functionality of the nanosystem
at its surface.

Specific safety issues relating to novel nano-
materials have been widely reviewed [11,12]. Defi-
nition of nanomedicine safety is distinct from the
broader issues relating to nanomaterial toxicology
as the product is designed for use at a specific
dose, with a specific route and frequency of
administration, and in the context of a specific
clinical setting/patient population (13]. Safety and
efficacy must be established under these condi-
tions as well as the environmental impact of all
medicinal products (13,14]. The biointerface can
be very important in determining the safety pro-
file of nanomedicines, and may influence PK and
tissue/cell distribution. The nature and stabilicy
of surface properties/coatings in the final nano-
medicine product can be very important in deter-
mining safety and efficacy. Thus, the need for
sensitive and accurate analytical methods to iden-
tify and quantify the nanomedicine as a whole
and all of its component parts in the final drug
product, as well the biological environments it is
likely to encounter during the proposed clinical
setting is considered critical. Nonclinical studies
to define the biodistribution and metabolic fate
of nanomedicines/nanomaterials with respect to
their acute and long-term safety, and immuno-
logical properties can be challenging. The ratio-
nale for selection of the dose and administration
schedule that is used to assess long-term safety
needs careful consideration in preclinical safety
studies, before first-in-man clinical studies and
during clinical development.

With these issues in mind, and in order to assess
potential needs for regulatory requirements for
the evaluation and assessment of nanomedicines,
in 2006, the European Medicines Agency created
a cross-agency Nanomedicine Expert Group. In
2009, this was further expanded via establish-
ment of the International Regulators Subgroup
on Nanomedicines, an initiative jointly launched
by the medical regulatory agencies of the EU
(European Medicines Agency), USA (US FDA),
Japan (Ministry of Health, Labour and Welfare)
and Canada (Health Canada). Experts gathered
from this group (with the aid of close collabora-
tion with European and International experts)
organized the First International Workshop on
Nanomedicines, which took place in London in
September 2010 [105]. More than 200 participants
representing 27 countries (including Australia,

Canada, India, Japan and USA) attended the
meeting. The aims of the workshop were to
share global experience (academic, industrial and
regulatory), review existing and emerging nano-
medicines, and discuss specific scientific issues
relating to characterization, biodistribution and
interactions of nanomedicines with biological
systems. An ongoing goal is early identification
of gaps in scientific knowledge and to prepare
for the evaluation of future nanomedicines. To
quote Patrick Le Courtois, Head of Unit: Human
Medicines Development and Evaluation at the
European Medicines Agency (London, UK),
“preparedness is essential for enabling timely
introduction of safe and efficacious nanomedi-
cines of a high quality, as nanotechnologies bring
not only opportunities to improve current treat-
ments but also the potential to change the way
we approach healthcare and diseases” (106). Early
and interactive communication between regula-
tors and all stakeholders is also required to estab-
lish the trust that avoids risks misperception in
this new field. Here we review recent European
Medicines Agency initiatives aimed at enabling
dialog and guidance regarding the safe develop-
ment and clinical use of first- and next-generation
nanomedicine products.

Recent steps towards guidance for
the development & evaluation of
nanomedicines

To bring together regulatory experience with
first-generation nanomedicines the European
Medicines Agency’s main Scientific Committee
for Human Medicinal Products established a
multidisciplinary expert group on nanomedicines
in 2011. The remit of the expert group is to pro-
vide scientific input for well-founded Scientific
Advice, collate the current regulatory reflection
for the safe approval of nanosimilar nanomedi-
cines, and to monitor the uptake of technical
advances in the development and evaluation
of upcoming new nanomedicines, for example,
innovative block copolymer micelle products that
are being developed as nanomedicines to assist
targeted drug delivery and control drug release
{15]. A series of RPs has been drafted on principles
for the development and evaluation of nanosimi-
lars developed with reference to first-generation
nanomedicines and the principles to be consid-
ered when generating supporting evidence to
changes made to the manufacture and control
of these products [107,108], and principles for the
development and evaluation of emerging nano-
medicines (second-generation nanomedicines)
progressing towards first-in-man studies [109].
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European Medicines Agency RP:
intravenous liposomal products
developed with reference to an
innovator product
Liposomes have been classically described as
artificially prepared lipid-based vesicles com-
posed of one or more lipid bilayers enclosing one
or more aqueous compartments. They include
mono- and multi-lamellar liposomes, and some
formulations benefit from the addition of sterols
(e.g., cholesterol), size reduction and surface
modification with covalently linked polymers, for
example, PEG. They are related to other lipidic
drug complexes. Typically active substance(s) are
entrapped in the aqueous phase of a liposome,
or by incorporation or binding to the lipid com-
ponents. The early goals for design of parenteral
liposomal products was generation of drug deliv-
ery systems to improve solubility of entrapped
components, for disease-specific targeting, to
control drug release rates and/or to produce a
pharmaceutical formulation suitable for clinical
use via reducing unacceptable toxicity {6,16,17].
During the development of first parenteral
liposomal products, a number of physico-
chemical properties were identified as critical
determinants of 7z vive behavior. For example,
particle size, membrane fluidity, surface charge
and composition. Such characteristics are par-
ticulatly sensitive to the manufacturing process,
alterations can influence rapid recognition and
removal by the monocyte—phagocyte system
after intravenous administration and premature
drug release (instability). Experience with lipo-
somal formulations developed with reference to
an innovator is still very limited, so the general
principles relating to the pharmaceutical qual-
ity, and nonclinical and clinical principles for the
assessment of liposomal products were developed
with reference to an innovator liposomal product
via a RP [107]. Data requirements after changes
to an authorized liposomal product in support of
comparative safety and efficacy are also discussed
in the RP [107]. The draft RP concluded that dif-
ferences in liposome characteristics might not be
detectable by conventional bioequivalence test-
ing alone, and additional studies are needed. A
regulatory approach similar to the one established
for similar biological medicinal products (bio-
similars) that requires the stepwise comparability
approach for quality, safety and efficacy between
the reference biological medicinal product and
the biosimilar is considered (110}; highlighting
that differences between the product claimed to
be similar (follow-on) and authorized reference
medicinal product with regard to manufacturing

process steps and formulation may substantially
modify efficacy/safety.

European Medicines Agency RP:
nanosized colloidal iron-based
preparations developed with
reference to an innovator product
(reference medicinal product)
Nanosized colloidal intravenous iron-based
preparations were first used in humans in the
1930s, and since then they have been widely
used to treat iron-deficiency anemia (7.18]. They
are viewed as first-generation nanomedicines,
and iron-based preparations have also been
developed as diagnostics. These products have
a complex structure comprising a polynuclear
iron(I1I)-hydroxide core surrounded by modified
carbohydrate polymer coatings, such as high- or
low-molecular-weight dextran, gluconate, sucrose
and carboxymaltose. It has been shown that all
iron products can cause hypersensitivity or other
reactions that can, in rare cases, be severe [19].
Another concern is the potential for release of
free, unbound iron, which may produce both
short-term and chronic toxic effects due to oxi-
dative stress [20]. Thus, product characterization
is required with respect to the labile iron present
at the time of administration and the stability of
the formulation in plasma. The PK (including
biodistribution) and intracellular fate iz vive of
these products are not fully understood and, thus,
demonstration of similar plasma concentrations
of iron will not necessarily correlate with thera-
peutic performance. With this in mind, differ-
ences in the production process or composition
with reference to an innovator product may lead
to diverse product characteristics that will impact
on safety and therapeutic performance [108].

A RP currently under development discusses
the principles for developing and assessing
nanosimilar colloidal intravenous iron-based
preparations designed as a treatment for iron
deficiency anemia, developed with reference to
a nanosized colloidal innovator product [108].
The overarching principle is that development
of a specific product should take into account
the critical product attributes of the innovator
(reference medicinal product), and the evidence
that supports its use when designing the quality,
nonclinical and clinical development program. A
particular challenge for these products is the scale
of the clinical data required, which will depend
on how accurately the physicochemical and non-
clinical characterization can be used to predict
differences that could influence the efficacy
and safety of the product. Discussion between
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the regulators and the scientific community is
ongoing [21,22].

Joint European Medicines
Agency/Ministry of Health,

Labour & Welfare Japan RP:

block copolymer micelles

There has been significant interest in developing
novel block copolymer micelles as nanomedicines
to achieve improved delivery of poorly soluble,
highly toxic and/or unstable drugs, to increase
tissue targeting and/or to improve the efficiency
of cytosolic delivery of macromolecular drugs
(15.23.24]. Typically, such self-assembled micelles
are prepared from amphiphilic AB block copoly-
mers (although other chemistries are being pro-
posed) that spontancously assemble into poly-
meric micelles in aqueous media; hydrophobic
interactions typically drive this self-association.
However, other driving forces, such as elec-
trostatic interactions, may be used to promote
micelle formation and enhance micelle stability.
The active substance component can be incor-
porated into the inner core of the block copoly-
mer micelle product by chemical conjugation or
physical entrapment. Functional features may
also be added to the system by targeting molecule
conjugation to the block copolymer, or by the
addition of another homopolymer to stabilize the
micelle or active substance, modify its release rate
and/or increase its loading.

Innovative block copolymer micelle products
have a carefully designed structure in which
the inner core typically serves as a container
for active substance component and this is sur-
rounded by an outer shell of hydrophilic poly-
mers. The chemistry of such block copolymer
micelles may be designed to ensure high stabil-
ity after dilution on administration due to a low
critical association concentration (the concen-
tration above which monomers spontaneously
form micelles is called the critical association
concentration), to optimize the PK (targeting),
and to better control the drug release kinetics,
both in terms of timelines and site. Thus, the
dissociation of such block copolymer micelles
may be kinetically slow. These properties are dif-
ferent from traditional surfactant micelles used
to entrap/solubilize/aid the transport of drugs.
Moreover, a block copolymer micelle product
can contain multiple components within the
core, including the active substance, which in
certain cases may be covalently bound.

Nonclinical studies involving block copolymer
micelles have demonstrated their potential to
preferentially accumulate in solid tumors due to

microvascular hyperpermeability and impaired
lymphatic drainage (known as the enhanced per-
meability and retention effect) (5. The specific
physicochemical properties of block copolymer
micelles, such as size, surface-charge, composi-
tion and stability can be important determinants
of safety and efficacy in all proposed applica-
tions. Several block copolymer micelle products
containing anti-tumor agents as the active sub-
stance are currently in clinical development and
block copolymer micelle products containing
proteins are in preclinical development (23.24).

A joint RP between European and Japanese
drug regulators discusses principles for the
pharmaceutical development, and nonclinical
and early clinical studies of block copolymer
micelle nanomedicines (nanosystems created to
affect PK, stability and distribution of incorpo-
rated or conjugated active substances in vivo).
The active substance could be a low-molecu-
lar-weight chemical entity, nucleic acid, or a
biological or biotechnologically derived entity
(i.e., recombinant product), such as peptides and
proteins. This RP has recently been released for
public consultation, inviting comments by July
2013 [109].

Nanomedicine surface coatings

Many nanomedicines approved as products
and/or undergoing development include, as an
integral component of their design, either a non-
covalent or covalent coating. Such coatings have
been typically used to minimize aggregation and
improve stability (e.g., iron solutions for treat-
ment of anemia), or in certain cases to minimize
rapid clearance by the reticuloendothelial system
after intravenous administration, thus, prolong-
ing plasma circulation time (e.g., PEGylation).
They have also been used to improve hemato-
compatibility and limit antigenicity. Both are
phenomena that can arise due to the inherent
physicochemical nature of the product or the
surface adsorption of biomolecules from the
physiological environment (e.g., plasma pro-
tein interaction) to which they are exposed. It
is noted that the interface between a nanomedi-
cine ‘surface’ and the biological environment
will depends on the proposed clinical appli-
cation, and the route of delivery, for example
intravenous delivery into the blood plasma.
Current research suggests that a much wider
range of approaches to control the surface of
nanomedicines will be employed in the future,
and more sophisticated surface modifications
designed to facilitate cell-specific targeting are
already in clinical development [25). Some of the
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current issues that require consideration during
the development and lifecycle of coated nano-
medicines designed for parenteral administra-
tion are under discussion via a problem state-
ment entitled Nanomedicines surface coatings:
issues for consideration regarding parenteral
administration [CommITTEE FOR HUMAN MEDICINAL
PRODUCTS. NANOMEDICINES SURFACE COATINGS: ISSUES FOR
CONSIDERATION REGARDING PARENTERAL ADMINISTRATION
(2013), MANUSCRIPT IN PREPARATION].

Itis evident that the coating material is a criti-
cal determinant of the biological behavior of
the product. The physicochemical nature of the
coating, the uniformity of surface coverage, and
the coating stability can all govern PK and bio-
distribution and, thus, may potentially impact
on product safety and efficacy. In addition, in
some clinical studies involving certain coated
nanomedicines, infusion-related reactions have
been noted. It has been hypothesized that this
may be mediated by biomolecular interactions,
complement activation, the presence of circu-
lating antibodies against the coating/product
and/or cell surface receptor activation/binding.
In some cases, the coating material itself may
elicit new biological responses not observed for
cither the coating material or the unmodified
nanocarrier alone. These observations underline
the need for careful consideration of the impact
of the coating material and the nature of its
linkage (covalent or noncovalent). These fac-
tors will be critical in the determination of final
physicochemical properties and the biological
behavior of the product, with the potential to
impact product safety and efficacy.

Conclusion & future perspective

Many first-generation nanomedicines have been
clinically established as successful medicines.
Regulators are currently facing challenges for
the development and evaluation of their nano-
similars, as well as those second-generation
nanomedicines that are currently entering the

clinical development phase. The current regula-
tory framework is sufficiently robust to evaluate
and authorize these pharmaceuticals as specific
scientific expertise is involved and experts are
consulted. By establishing expert groups, orga-
nizing international collaboration and convening
stakeholders in public workshops, the European
Medicines Agency continues to adapt and pre-
pare the regulatory system for the development,
evaluation and successful market entry of nano-
similars and second-generation nanomedicines
for the benefit of patients.
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= First-generation nanomedicines have been clinically established as successful medicines.

= The number of marketed pharmaceuticals using nanotechnology is expected to continuously grow and, thus, will benefit patients and
public health.

= Drug regulators need to ensure:
— The safe market introduction of nanosimilars (i.e., ‘follow-on’ nanomedicine products);
— That next-/second-generation nanomedicines enter clinical development and, consequently, the market in a safe and timely way for
the benefit of public health.

= Recent European Medicines Agency initiatives to facilitate the development of nanomedicines include:
— Publication of a reflection paper on block copolymer micelles, liposomal products and nanosized colloidal iron-based preparations;
— Organization of the first international workshop on Nanomedicine Regulation in collaboration with other agencies (e.g., US FDA
and the regulatory authorities of Canada, Japan and Australia).
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