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n 2016, FDA announced its

first three approvals of biosimi-

lar products: Zorxio (filgrastim)

and Erelzi (etanercept), made by
Sandoz; and Inflectra (infliximab),
made by Celltrion/Hospira (Pfizer) D).
While three approvals may not sound
impressive, these approvals establish
a clear path by which biosimilars can
reach the United States market.

Since May 2016, applications for
approval of biosimilars have been filed
by Samsung Bioepis/Merck for inflix-
imab; Coherus Biosciences for pegfil-
grastim; Merck/Samsung Bioepis for
insulin glargine; and Mylan/Biocon
for trastuzumab. Four other filings
have either not received FDA action
yet or not received FDA complete
response letters (1).

According to one publication (2),
there are more than 1200 biosimilars in
development against 16 major targets for
potential US and global commercializa-
tion. The foundation for establishing sim-
ilarity between a reference product and a
biosimilar is a robust and sound analyti-
cal strategy demonstrating that the two
products have similar primary, second-
ary, and tertiary structures, and similar
functional and biological properties. This
paper outlines some current methodolo-
gies and technologies available to develop
a solid analytical strategy for use toward
biosimilar development and approval.

ESTABLISHING BIOSIMILARITY

In the very early stages of biosimilar
development, it is important to care-
fully analyze a series of lots of the orig-
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inator product to determine the
protein sequence, identify and
quantify enzymatic and non-enzy-
matic post-translational modifi-
cation (PTM), analyze biological
functionality, and establish vari-
ability in product quality attributes
against which the biosimilar prod-
uct in development will be mea-
sured. Once lots of the biosimilar
product become available, these
lots should be tested against the
reference product for physical attri-
butes; primary, secondary, and ter-
tiary structural properties; purity
and presence of impurities, includ-
ing those related to the product
and its manufacture; and biologi-
cal activity, all using orthogonal
analytical methods that have suf-
ficient sensitivity. It is important
to recognize that product qual-
ity attributes should be ranked in
criticality from critical to less criti-
cal and noncritical. For the criti-
cal quality attributes, it is expected
that statistical equivalence be dem-
onstrated between originator and
biosimilar products. For less critical
attributes, comparability should be
based on reference product vari-
ability, typically based on the aver-
age = 2 to 3 standard deviations;
for noncritical product attributes,
a graphical comparison will suffice
for comparability. A comprehensive
analytical characterization package
that should be considered for com-
parison of biosimilar and originator
products is provided in Tablel.

From the series of analytical
methods listed in Table I, one of the
least complex tests to perform is
intact mass analysis using a high-
resolution mass spectrometer, pref-
erably with electrospray ionization.
Results from this method can reveal
key product attributes, including
the integrity of the molecule, post-
translational modifications, and
other types of protein modifica-
tions that may be present.

An example of the output from
this type of analysis, often referred

to as top-down mass spectrome-
try, is provided in Figure 1. Results
shown in this figure were obtained
from the analysis of adalimumab.
From the observed molecular weights
in comparison to the theoretical one,
one can easily conclude that major
glycan species associated with this
antibody are GOF (148083.0 Da) and
G1F (148243.6 Da). Furthermore,
there are species, including one
with a mass of 146637.7 Da, corre-
sponding to antibody with a single
glycan substitution. More detailed
analysis of the data has also
revealed that a large fraction of the
detected species lack the C-terminal
lysine on the heavy chain.

PEPTIDE MAPPING

While intact molecular mass data
can be informative, more detailed
chemical information is typically
extracted from a well-resolved pep-
tide map of the protein, especially
when analyzed by liquid chroma-
tography tandem-mass spectrom-
etry (LC-MS/MS). The mirror-image
peptide maps, shown in Figure 2, are
derived from the tryptic digest of
adalimumab, followed by analysis
by reverse-phase high-performance
liquid chromatography (RP-HPLC)
with detection at 210 nm and tan-
dem mass spectrometry (MS/MS).
Not only can the analysis by
peptide mapping with LC-MS/MS
confirm the protein sequence, it
can also identify and locate within
the primary structure of the mol-
ecule any post-translational modi-
fications, including enzymatic
ones such as N- and O-linked gly-
cosylation, phosphorylation, and
other common modifications;
and non-enzymatic modifications
including oxidation, deamidation,
N-terminal cyclization, etc. In
addition, by running maps with
and without reduction, in most
cases, it is possible to assign cyste-
ines involved in the formation of
disulfide linkages. Fragmentation
by electron-transfer dissocia-

tion (ETD) rather than collision-
induced dissociation (CID) in MS/
MS can further facilitate the local-
ization of post-translational modi-
fication and disulfide bonds.

Visual comparison of the two
maps shown in Figure 2 indicates
that the two molecules are quite
similar overall in primary struc-
ture. Upon closer inspection,
however, there is evidence of dif-
ferences in height for some of the
peptide peaks and the presence or
absence of some of the low-inten-
sity peaks. These differences typi-
cally should be closely scrutinized
to better understand the types of
molecular changes that would trig-
ger changes in peptide maps, their
significance, and if they could
affect the efficacy and safety of
the product.

GLYCAN CHARACTERIZATION

Glycosylation can potentially
impact not only the biological
activity of the glycoprotein, but
also the product circulation half-
life and can render the protein
immunogenic. Beyond establishing
the location of glycosylation onto
the glycoprotein, it is important
to fully characterize the glycans.
To do this, N-linked glycans can
be simply released enzymatically
and then derivatized for analysis
by chromatography with fluores-
cence detection and LC-MS/MS for
structural and linkage confirma-
tion. O-linked glycans are released
chemically by beta elimination
and then permethylated before
analysis by LC-MS. The glycosyl-
ation comparability between an
originator antibody and a biosimi-
lar is shown in Figure 3, with flu-
orescence profiles displayed as
mirror images. The profiles are
quite comparable in that the major
species are GOF and G1F, but there
are minor differences with respect
to the observed lower-abundance
glycan species. Interestingly, in
this case, the originator molecule
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Table . Suggested analytical approaches for establishing biosimilarity.

Quality attribute

Primary structure

Methods

Intact mass by electrospray ionization-mass spectrometry (ESI-MS)

Peptide mapping by liquid chromatography-mass spectrometry (LC-MS) and MS/MS
N-terminal sequence by automated Edman degradation

Post-translational modifications

0 Glycosylation
.0 Disulfides

o Phosphorylation

o Lipidation

Bioactivity (potency)

Cell uptake

Cell proliferation

Cytotoxicity .

o Antibody-dependent cell-mediated cytotoxicity (ADCC)
o Antibody-dependent cellular phagocytosis (ADCP)

o Complement-dependent cytotoxicity (CDC)

Target binding

Radioligand binding

Binding analysis by surface plasmon resonance
Binding analysis by fluorescence anisotropy
Immunoassays '
Radioimmunoassay (RIA)

Strength (protein concentration/
content)

Absorbance at 280nm

Colorimetric assays

Chromatography (reverse-phase high-performance liquid chromatography [RP-HPLC], size-exclusion
chromatography [SEC] etc...)

High molecular weight species/
aggregates

SEC-HPLC

Size-exclusion chromatography-multi-angle light scattering (SEC-MALS)

Native MS

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), (reduced and non-reduced)
Capillary electrophoresis (CE)-SDS (reduced and non-reduced)

Analytical ultracentrifugation

Field-flow fractionation

Dynamic light scattering

High-order structures

Far and near ultraviolet (UV) circular dichroism
Fourier-transform infrared spectroscopy

P
ntrinsic/extrinsic fluorescence

Differential scanning calorimetry
Hydrogen/deuterium exchange MS
lon-mobility MS

1D and 2D nuclear magnetic resonance (NMR)
X-ray crystallography

Charge distribution

IEF
clEF
lon exchange chromatography

Non-enzymatic post-translational
modification (PTM): oxidation

RP-HPLC
Peptide mapping with LC-MS

Non-enzymatic PTM: deamidation

IsoQuant analysis
Peptide mapping with LC-MS

N- or C-terminal truncation

MS
N-terminal sequencing

Glycosylation

Oligosaccharide profiling

o HPLC (normal phase, hydrophilic interaction) with fluorescence detection
0 HPLC with MS

Sialic acid analysis

Monosaccharide analysis

Process-related impurities

Host cell proteins by enzyme-linked immunosorbent assay (ELISA) or LC-MS
Residual deoxyribonucleic acid (DNA)

Expression inducers by chromatography

Anti-foam agents by chromatography

Leachates by LC or gas chromatography (GC)
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ALL FIGURES ARE COURTESY OF THE AUTHOR.

contains a higher abundance of
high mannose species, which have
been shown to lead to faster prod-
uct-clearance from circulation (3).
Of course, significantly faster clear-
ance of the originator product
will translate into higher relative
potency for the biosimilar if the
two are dosed similarly.

A variety of the methods listed
in Table | are available to address
charge variants, impurities,
strength, and potency through
binding and cell-based assay; for
brevity, no further discussion on
these attributes will be provided
in this article.

SPECTROSCOPIC METHODS

When applied correctly, tools for
addressing primary structural
comparability and potency (TableI)
will produce high-quality data
that can be used to establish a
detailed picture of the primary
structure and post-translational
modifications of the protein.
Unfortunately, not nearly as many
tools are available to address pro-
tein/glycoprotein secondary, ter-
tiary, and as applicable, quaternary
structures. While there are some
high-resolution methods such as
multi-dimensional nuclear mag-
netic resonance (NMR) and X-ray
crystallography, the cost, com-
plexity, and time investment to
carry out these methods precludes
their widespread and routine use.
Instead, there is reliance on lower-
resolution methods that do not
provide information at an atomic
coordinate level, but provide struc-
tural information that is spatially
averaged over the protein.

These lower-resolution spectro-
scopic methods, including circu-
lar dichroism (CD), fluorescence,
and infrared spectroscopy, require
some form of reporter moiety
that relates to’a structural char-
acteristic of the protein, and ulti-
mately can be correlated to the
non-covalent bonding pattern of

Biosimilars Analysis

Figure 1. Molecular mass profile of adalimumab by electrospray ionization—-mass
spectrometry (ESI-MS).
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Figure 2. Comparison of originator and biosimilar adalimumab lots by peptide
mapping with detection at 210 nm.
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Figure 3. Comparison of N-linked glycan profiles between originator and

biosimilar antibodies

4 GOF

ves
:

v
<
z 3
2 4
s g
5 ] i
£ ; S ¥
. ) ¥
5 ve i =2
o
~8 * 3 I A B
1Mand , =™ Jest W3 Y
Y e R R S S
vl ik ] H Fa H
bR | s Ve 15Man7 O o0 e
. w0
A p7 oy T
. . .
W V'

August 20177 www.biopharminternational.com BioPharm International

4




Biosimilars Analysis

Table Il. Comparison of analytical strategies used in the development of recently FDA-approved biosimilars. LC is liquid
chromatography; MS is mass spectrometry; RP is reverse phase; HPLC is high-performance liquid chromatography; UV is
ultraviolet; CD is circular dichroism; SEC is size exclusion chromatography; FTIR is Fourier transform infrared spectroscopy;
DSC is differential scanning calorimetry; ITS is intrinsic tryptophan fluorescence; NMR is nuclear magnetic resonance;
SDS-PAGE is sodium dodecyl sulfate polyacrylamide gel electrophoresis; CE is capillary electrophoresis; |EF is isoelectric
focusing; clEF is capillary isoelectric focusing; FFF is field flow fractionation; IEX is ion exchange chromatography; CZE is
capillary zone electrophoresis; AUC is analytical ultracentrifugation.

Product attribute ] Method Product
Filgrastim Infliximab Etanercept

i . N-terminal sequencing Yes No No
Sequence confirmation LC_MS/MS Yo Vor Yoe

Intact mass MALDI-ToF MS Yes No Yes

ESI-ToF MS Yes Yes No
Post-translational modifications Peptide mapping with LC-MS/MS | Yes Yes Yes

DNA sequencing Yes No No

Primary structure Amino acid analysis No Yes Yes
N-linked NA Yes Yes

Glycosylation O-H?ked. NA L L,

Sialic acid NA Yes Yes

Monosaccharide NA Yes No

GRiaT RP-HPLC Yes No No
LC-MS/MS Yes Yes Yes
Disulfide mapping LC-MS/MS Yes Yes Yes

Pot Receptor binding Yes Yes Yes
R Cell based bioassay Yes Yes Yes
Protein content A280 No Yes Yes
(strength) RP-HPLC Yes No No
Far and near UV CD Yes Yes Yes

FTIR No Yes Yes

DSC No Yes Yes

ITF No No No

. ETF No No No
High-order structure antibody array ﬁ No Yes No
H/D exchange MS No No Yes

1D NMR Yes No Yes

2D NMR Yes No No

X-ray crystallography No No Yes

SEC Yes Yes Yes

Aggregates/high molecular A o Yes Yes

Qyregaes/nt FFF No No Yes

weight species SDS-PAGE Yes No No

It CE-SDS No Yes No
CE-SDS No Yes Yes

S— — SDS-PAGE Yes No No
e [T b o i

LC-MS No No No

IEF Yes Yes No

. cIEF No No No

Charge variants oZE No o Yes
IEX Yes Yes No
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the folded polypeptide chains.
As the reporter moieties are not
often associated with specific loca-
tions in the protein structure, the
obtained information is a spatial
average. By combining methods
that rely on different reporters
and different modes of measure-
ment, it is possible to build an
integrated picture of the protein
structural motifs and establish
biosimilarity. An example of CD
results from side-by-side compari-
son of seven biosimilar lots with
seven originator lots is provided
in Figure 4.

CD spectroscopy of proteins is
quite sensitive to the three-dimen-
sional orientation of the peptide-
bond group (far-UV CD; 190 to
250 nm), disulfide bonds (near-
UV CD; 250 to 320 nm), and aro-
matic side chains (near-UV CD;
250 to 290 nm). Deconvolution
of CD spectra in the far-UV can
be used to quantitatively estimate
the types of secondary structure,
whereas near-UV CD spectra can
provide useful information on
the local folding environment
surrounding aromatic residues.
Separately, Fourier transform
infrared spectroscopy (FTIR)
should also be included in the
study of protein secondary struc-
ture. The absorption bands from
stretching vibrations of the C=0
(amide I) and C-N (amide II)
groups of the protein backbone
are useful for quantifying differ-
ent types of secondary structure;
notably, FTIR is more sensitive
than CD for beta-derived second-
ary structural conformations,
which is useful in the character-
ization of beta-rich proteins like
monoclonal antibodies.

CALORIMETRIC TECHNIQUES

Besides spectroscopic methods,
calorimetric techniques such as
differential scanning calorimetry
(DSC) should also be applied for
the characterization of biosimi-

Biosimilars Analysis

Figure 4. Comparison of N-linked glycan profiles between originator and

biosimilar antiquies.
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lars and comparability studies.
DSC provides information on the
structural stability of the folded
polypeptide, given that the tem-
perature (Tm) at which denatur-
ation occurs is characteristic of
the protein stability. Because the
denaturation transitions should be
the same for a protein drug prod-
uct and its biosimilar, one can use
the DSC thermograms to demon-
strate that two products derived
from different manufacturing pro-
cesses are structurally comparable.

ALTERNATIVE TECHNIQUES

Other techniques that would
complement optical spectroscopic
methods include hydrogen/deute-
rium exchange mass spectrome-
try, antibody array mapping, and
ion-mobility mass spectrometry.
Unlike the spectroscopic methods,
these alternatives require greater

expertise, are likely to be more
time consuming, and require sig-
nificantly costlier instrumentation.
However, they are expected to be
much more informative than opti-
cal spectroscopy alone.

Protein aggregation is an
undesired type of impurity that
can result in enhanced product
immunogenicity (4). Structural
assays that have sufficient accu-
racy and precision to quantify
such aggregates in protein drug
products represent an important
component in biosimilar com-
parability. Determination of the
soluble aggregate levels in pro-
tein pharmaceuticals has his-
torically relied on size-exclusion
chromatography (SEC).

Contin. on page 46
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Contin. from page 43

In recent years, however, there has been an
increased awareness that SEC can yield erroneous
aggregation results (5), due to several factors: possible
adsorption of the aggregates to the SEC stationary
phase; analysis under non-native conditions due to
specific mobile-phase requirements; physical filtra-
tion of large aggregates; and dilution effects resulting
in disruption of weak aggregates (6, 7). To avoid these
SEC shortfalls, two alternate orthogonal methods—
analytical ultracentrifugation (AUC) and field-flow
fractionation (FFF)—have been more widely used.
Both methods employ instrumentation, and more
importantly, separation mechanisms that differ from
SEC. Indeed, in many cases, AUC can provide evi-
dence of large soluble aggregates present in a drug
product that can go undetected by SEC, for reasons
described in the previous paragraphs. Furthermore,
AUC, by contrast to SEC, does not result in analyte
dilution or capture on a stationary phase, and can
often be done directly in the formulation matrix.
With recent improvements in AUC and FFF resulting
in better precision and accuracy, either of these meth-
ods can be used to accurately quantify the aggregate
content in support of biosimilar comparability studies.

COMPARABILITY STRATEGIES

To validate the analytical approaches discussed, a
review of the comparability strategies related to FDA-
approved biosimilar products has been undertaken.
A summary of the comparability approaches used by
Sandoz for filgrastim and etanercept and Celltrion for
infliximab is provided in Tablell.

Briefly, the developers placed significant empha-
sis on the confirmation by LC-MS/MS of the pri-
mary structure and post-translational modifications.
Additionally, extensive effort has gone into the dem-
onstration of biosimilarity by a combination of bind-
ing and cell-based assays. For aggregation and other
high molecular weight species, the developers have
relied on SEC but also with confirmation by either
AUC of FFF. Interestingly, a less uniform strategy is
evident among these three products for determining
higher-order structures. The similarity in secondary/
tertiary structures for filgrastim was conducted mainly
through 2D NMR analysis, while crystallography and
hydrogen/deuterium (H/D) exchange MS were used for
etarnercept, and a combination of CD, FTIR, and anti-
body array mapping was used for infliximab.

CONCLUSION

To date, three biosimilar products have been approved
by FDA. Many other products are currently in review

and are expected to receive approval in 2017. The reg-
ulatory path for getting to market in the US is becom-
ing better defined; indeed, it is anticipated that there
will be an acceleration in biosimilar approvals by FDA
in the next five years.

As described in this paper, a variety of analytical
tools are available to support the development of
these biosimilars, especially with respect to chemical
and biological/functional confirmation and compa-
rability. While the three-dimensional structure of
these molecules does present a significant challenge,
there are several low-resolution methods that can be
readily applied. However, more powerful methods are
becoming available, including H/D exchange MS and
ion-mobility MS, that can help with elucidating the
spatial features of these molecules, and thus estab-
lishing comparability.

REFERENCES

1. Pipeline Report—Biosimilar Drugs, US Specialty Care

(July 2016). '

2. R.A.Rader and E.S. Langer, “Future Manufacturing

Strategies for Biosimilars,” BioProcess Int., May 17, 2016.
. A.M. Goetze et al., Glycobiology. 21 (7) 949-959 (2011).
M.P. Baker et al., Self Nonself. 1 (4) 314-322 (2010).
. J.F. Carpenter et al., J. Pharm. Sci. 99 (5) 2200-2208 (2010)
. T. Arakawa et al., J. Pharm. Sci. 99 (4) 1674-1692 (2010).
. K. Tsumoto et al., J. Pharm. Sci. 96 (7) 1677-1690 (2007). ¢

~ 0 oS W

Ad Index

Company Page
AAPS 31
BIOMERIEUX INC 2
CHARLES RIVER LABS 19
CPHI 35
DISTEK INC 3
EUROFINS LANCASTER LABORATORIES 1
GE HEALTHCARE BIO-SCIENCES AB : . 39
HAMILTON CO 47
KERRY : 7
NOVA BIOMEDICAL 7
NOVO NORDISK PHARMATECH A/S 3
THERMO FISHER SCIENTIFIC 45
TOSOH BIOSCIENCE 5
WUXI APP TEC 48

46  BioPharm International www.biopharminternational.com

August 2017



