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FROM the GUEST EDITOR
Advancing Biopharmaceutical Analysis

Cinzia Stella Senior Scientist, Genentech

ver the past few years, complex

and novel format biotherapeutics,

such as fusion products, bispecific
antibodies, protein—polymer conjugates,
and coformulations have been increasingly
populating the pipeline of many biotech
companies. At the same time, the grow-
ing demand to reduce the time it takes
to develop and bring new medicines to
patients has shed light on the limitations
of current analytical tools and standard
technical development considerations with
next-generation biologics. In this increas-
ingly competitive landscape, analytical
methods that can provide improvements
in speed, resolving power, and overall sepa-
ration efficiency are highly desirable and
critical to ensure that sufficient product
characterization is performed at each stage
of development.

This special issue was assembled to show-
case recent advances in the development of
analytical workflows and characterization
strategies that are currently used for prod-
uct quality control (QC) testing, monitor-
ing of undesired variants, and identification
of critical quality attributes (CQAs). This
issue also highlights key considerations to
be taken into account throughout the devel-
opment of novel and unique formats and is
aimed to provide valuable insight into how
to overcome challenges that might be asso-
ciated with next-generation biotherapeutics.
Some of the articles are the result of key
collaborations between industry and aca-
demic leaders, highlighting the necessity of
synergistic efforts for the development and
implementation of novel analytical work-
flows and strategies.

Jennifer Rea and her coauthors provide
an overview of the increased complexity of
characterization and quality control by size-
exclusion chromatography (SEC) of com-
plex biotherapeutics compared to standard
monoclonal antibody formats. SEC is typi-
cally used to separate and quantify product
variants and to monitor in particular the
level of aggregates, which often represent
a safety concern. Examples of SEC analy-
sis of bispecific, antibody—drug conjugate
(ADC), and coformulated products are

described, as well as unique considerations
for achieving desired peak separation.

Further insight into technical consider-
ations for a product-specific SEC method for
QC s provided by Lu Dai and coauthors. To
increase the halflife of a therapeutic protein,
a complex multi-arm polyethylene glycol
(PEG) scaffold was coupled to the protein as
a means to increase the size and therefore the
halfife of the product in the eye. In this case,
given the major impact of size on the desired
halflife, the challenge was to develop a suit-
able SEC method to be used for QC for the
separation and quantification of the product
size variants, covering a much wider range
(from 50 to >1000 kDa) than for standard
monoclonal antibodies (mAbs).

In a demonstration of a growing trend
in biotherapeutics to design molecules
with a high degree of valency, Whitney
Shatz and coauthors describe an alterna-
tive approach to polymer-based scaffolds.
Multivalent, self-assembling scaffolds such
as ferritin can be effectively used for such
purpose in drug delivery. This study, like
the others presented in this special issue,
provides valuable insight into analytical
methods that are needed to support both
optimization of the manufacturing process
and QC of the final product. In this work,
SEC in-line with a multi-angle light scat-
tering detector (MALS) and quasi-elastic
light scattering detector (QELS) were
crucial to assess the molecular size under
native conditions and inform the optimi-
zation of the conjugation process.

Ming Lei and Tao Chen offer an overview
of considerations and recent developments for
the quantification of product-related variants
of bispecific antibodies, another approach to
achieve simultaneous binding to two targets
with high specificity. This article highlights
the crucial need of having an analytical assay
that can detect the presence of the undesired
homodimer variant, both during the develop-
ment of the manufacturing process to facili-
tate the removal and during final product
QC. Given that the undesired homodimer
has very similar physico-chemical properties
to the desired heterodimer, the limits of stan-
dard analytical methods (such as SEC), as

www.chromatographyonline.com

described by Rea et al., become apparent in
this situation. An alternate approach is there-
fore provided by Lei and Chen, where the
bispecific product is reduced to its subunits
using hinge-specific enzymes, prior to chro-
matographic separation. The authors also
presented the method qualification strategy
and results of an ion-exchange chromatog-
raphy (IEX)-based homodimer quantitation
method in anticipation of a charge patch on
a bispecific antibody.

Another critical analytical method for
the characterization of biotherapeutics is
peptide mapping by liquid chromatogra-
phy—tandem mass spectrometry (LC-MS/
MS). This tool is routinely used for the
identification and quantification of post-
translational modifications (PTMs) such as
oxidation, deamidation, and isomerization.
Given that some PTMs can be CQAs, it is
crucial to provide reproducible and accurate
quantitative information when using this
method. Michael Melhgj and his coauthors
share their findings on how oxidative arti-
facts can affect the quantitation of inherent
product heterogeneities and therefore gen-
erate misleading information. They offer
a valuable approach to mitigate the effect
of on-column oxidation when performing
peptide mapping.

Julien Camperi and Arthur Schick offer
an overview of how multidimensional on-
line peptide mapping can streamline the
post-labeling workflow of hydroxyl radical
footprinting—mass spectrometry (HRE-
MS) analysis. This work highlights how
automated on-line peptide mapping can
significantly reduce sample handling and
operator time compared to standard off-line
procedures.

Opverall, this special issue highlights chal-
lenges and opportunities for the characteriza-
tion of complex and unique format molecules
entering the pipeline and describes examples
of analytical workflows and control strategies
when standard QC platform methods and
approaches are not applicable. The analytical
workflows and strategies are evolving along
with biotherapeutic pipelines to enable faster
development of promising and novel medi-
cines to fulfill unmet medical needs.
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Monitoring of On-column Methionine
Oxidation as Part of a System Suitability
Test During UHPLC-MS/MS Peptide Mapping

Q !

Bjorn Mautz*, Vincent
Larraillet*, Maximiliane
Kénig, and Michael Molhgj

* Both authors contributed
equally to this work.

Peptide mapping by liquid chromatography-tandem mass spectrometry
(LC-MS/MS) is an essential analytical tool for the characterization of
biotherapeutics, such as for the identification and quantification of
post-translational modifications, including oxidation. Therefore, is it
crucial that the LC-MS system is performing under optimal conditions,
ensuring reproducible and accurate quantitative information. A
system suitability test is usually performed prior to sample analysis
to confirm that the sample preparation and instrument performance
are adequate and running as expected. Induced in-source oxidation
is a known phenomenon associated with the electrospray process,
and can be discriminated from relevant sample oxidation. On-column
methionine oxidation can also take place during LC-MS/MS peptide
mapping analysis of antibody-based biotherapeutics over long-term
column use. This article describes how the monitoring of on-column
methionine oxidation as part of system suitability testing can be
used to control unintended on-column methionine oxidation of
biotherapeutics. This approach minimizes the risk of measuring
oxidative artifacts, and helps generate high quality data to provide
reliable quantitative information about product-related heterogeneities.

eptide mapping by ultrahigh-

pressure liquid chromatogra-

phy—tandem mass spectrome-
try (UHPLC-MS/MS) is extensively
used for various purposes, such
as identity testing, disulfide bond
analysis, host cell protein analysis,
sequence variant analysis, assessment
of potential critical quality attributes,
and multiple-attribute methodology
(MAM) workflows for biotherapeu-
tics, including the evaluation of post-
translation modifications (PTMs).
PTMs occur at distinct amino acid
side chains or peptide linkages, and
are added shortly after translation is
completed, after folding during pas-
sage through the Golgi apparatus,
upon bioprocessing, storage, stress,
or after administration. In thera-
peutic proteins, PTMs are especially
critical if they negatively influence
drug potency or safety. It is therefore

essential to ensure reproducibility in
the manufacturing process of thera-
peutic proteins so that there is no
significant difference in the effective
dose, and to prevent unexpected side
effects. Consequently, PTMs need
to be monitored and controlled to
demonstrate batch consistency and
comparability of manufactured clini-
cal material. It is essential that the
sample preparation method, the lig-
uid chromatography system, and the
mass spectrometer are performing
optimally to ensure reliable data. For
example, suitable endoproteolytic
digestion methods at mildly acidic
conditions (pH 6.0) have been devel-
oped to keep to a minimum artificial
deamidation and succinimide forma-
tion (1-2).

Oxidation is a source of protein
variability and one of the major deg-
radation pathways for protein ther-
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Table I: Relative abundance of the six most oxidized bsAb1 tryptic peptides using the aged reversed-phase chromatography col-
umn (~1500 column runs) and the expected levels of oxidation based on historical data.

DTLMISR CH, domain 30 2

QAPGQGLEWMGR VH framework region 15 0.1
XXXMXXXXe LC-CDR1 13 0.8
SQVVLTMTNMDPVDTATYYCAR | VH framework region 10 0.8
SLSLSPG(G,S) X, CH,-Linker-Fusion 8 0.1
VTITADTSTSTAYMELSSLR VH framework region 3 0.3

(a) Oxidized peptide as determined by LC-MS. (b) Evaluation by extracted ion current chromatograms. (c) Sum of in-sample,
on-column and in-source oxidations. (d) In-sample oxidation only (no on-column oxidation detected). (e) Undisclosed amino

acid sequence.

apeutics in vitro and in vivo. The
sulfur-containing cysteine (unpaired)
and methionine residues are par-
ticularly susceptible to oxidation (3),
and are often monitored during for-
mulation development, batch char-
acterization, and long-term stability
studies. Protein oxidation can lead
to diverse functional consequences,
such as lower activity or potency,
increased susceptibility to aggrega-
tion, and altered immunogenicity
(4-10). Methionine residues are read-
ily oxidized to methionine sulfoxide
(MetO) S- and R-diastereomers by
many reactive species adding oxygen
to the sulfur atom (11-13), and the
reaction is essentially pH indepen-
dent (14). Given that MetO is more
hydrophilic relative to methionine, it
will elute earlier on a reversed-phase
column (15). The level of sample oxi-
dation can be easily quantified by
comparing the peak area of the MetO
with the methionine peak. In addi-
tion to the sample oxidation, a redox
reaction in the electrospray ionization
(ESI) source can also occur, caus-
ing artificial in-source oxidations
(16-17). Usually, in-source oxidation
can be easily detected based on the
identical elution profile of modified
and unmodified peptides, allowing
in-source oxidation to easily be dis-
criminated from in-sample oxidation
(15). MetO can be further oxidized to
methionine sulfone (MetO,). Other
commonly oxidized residues include
tryptophan and histidine (18-19).

A system suitability test (SST) is
typically part of an analytical method

to confirm that the sample prepara-
tion and the entire instrument perfor-
mance are adequate to ensure repro-
ducible and accurate results (20-21).
Lack of an adequate SST may gener-
ate poor quality data and mislead-
ing information. Here, we report the
observation of unexpected on-column
methionine oxidation during LC-

MS/MS peptide mapping analysis
and its impact on the SST sample.
This study shows how the quantita-
tive evaluation of methionine oxida-
tion was found to be susceptible to
significant variability over long-term
reversed-phase column use, and how a
suitable SST may mitigate the effects
of on-column oxidation.

(a) DTLMISR (b) QAPGQGLEWMGR (c) XXXMXXXX
Unmod. Unmod.
Unmod. . In-So.
In-Sa. e
On-Co.
URP
On-Co. In-So. In-Sa. On-Co.
(d) DTLMISR (e) QAPGQGLEWMGR (f) XXXMXXXX
In-Sa. Unmod. Unmod.
Unmod.
In-So. In-So.
In-Sa.
URP
InSo. In-Sa.
(g) SQWLTMTNMDPVDTATYYCAR (h) SLSLSPG(GsSliXsy (@i VTITADTSTSTAYMELSSLR
URP Unmod. Unmod. OnCo.  Unmod.
In-So.
On-Co. s,
In-So.
In-Sa. In-Sa
On-Co
(j) SQWLTMTNMDPVDTATYYCAR (k) SLSLSPG(GiSliXsy (U] VTITADTSTSTAYMELSSLR
Unmod. Unmod. In-Sa. Unmod.
In-So.
. URP In-So.
In-So.
In-Sa.
In-Sa

Figure 1: Extracted ion current chromatograms of unmodified (black) and oxidized
(red) bsAb1 tryptic peptides (amino acid sequence indicated, see also Table 1) using
an aged (~1500 column runs) (a-c and g-i) and a new (d-f and j-I) reversed-phase
C18 column. (c and f) The amino acid sequence of the LC-CDR1 covering peptide
indicated by XXXMXXXX is undisclosed. (j) Two in-sample oxidation peaks observed
likely due to the peptide (amino acid sequence: SQVVLTMTNMDPVDTATY YCAR)
containing two methionine residues. In-Sa, in-sample oxidation; On-Co., on-column
oxidation; In-So., in-source oxidation; URP, unrelated peptide.
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Table 1. System suitability acceptance criteria for the system suitability test sample

www.chromatographyonline.com

Description Aged Column? | New Column
| mADb2 sequence coverage >70% of 20 unique peptides®? 81 86
Il | Recovery rate for mAb2 peptides: >15 of 20 unique findable peptides 18/20 19/20

Consistent retention times between relevant SST sample runs for three mAb2 tryptic peptides

) i Approximate . ) )
Peptide Mass (Da) lon extraction (m/z) i . ) Consistent retention time
retention time (min)¢
1
A 706.365 354.190 +0.003 ~13 Passed Passed
B 1880.996 941.505 +0.008 ~48 Passed Passed
Cce 4656.031 1165.015 +0.009 ~69 Passed Passed

System suitability test sample is mAb1 spiked with 0.5% (w/w) mAb2. (a) ~1500 column runs. (b) Covering complementarity-
determining regions and the kappa light chain. (c) Cys alkylated using '3C iodoacetic acid. (d) Retention times may vary slightly
between different batches of the reversed-phase column.

Materials and Methods

Enzymes and Antibodies

Trypsin was purchased from Pro-
The
(bsAbl) sample was stably expressed
in Chinese hamster ovary (CHO)
cells, and purified from a platform
fed batch fermentation. The SST
sample consisting of a monoclonal
antibody (mAbl, lambda light chain)
spiked with 0.5% (w/w) of a second
monoclonal antibody (mAb2, kappa

mega. bispecific antibody

light chain) was stored as ready-to-
use 25 pL aliquots (concentration is
10 mg/mL) at -80 °C.

Tryptic Digests

Both bsAbl and the SST sample were
denatured and reduced in 0.3 M tris-
HCI pH 8, 6 M guanidine-HCI and
20 mM dithiothreitol (DTT) at 37
°C for 1 h, and alkylated by adding
40 mM iodoacetic acid (13C: 99%)
(Sigma-Aldrich) at room temperature
and in the dark for 15 min. Excess
iodoacetic acid was inactivated by
adding DTT to a total of 40 mM.
The alkylated proteins were buffer
exchanged using NAP5 gel filcra-
tion columns (GE Healthcare), and
digested with trypsin in 50 mM tris-

1004
i (a) NL: 2.41E9
804 New column
o 605 3
g 1
C 401
% ]
5 2
2 o]
< 100]
¢ 5
£ ] Aged column 4 NL: 4.06E9
< 601 (~1500 injections)
x ]
407
] 7
207
b 1 6
OATTTTTTTTTTTTTT\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\TTTTT
0 10 20 30 40 50 60 70 80 90 100
Time (min)

Figure 2: Total ion current chromatograms of the tryptic digested system suitability
test sample (surrogate mAb1 spiked with 0.5% (w/w) mAb2), using (a) a new
column (two injections), and (b) an aged reversed-phase C18 column. The apparent
differences (numbered peaks) were identified as the following mAb1 peptides: 1)
heavy chain AA349-359 without missed cleavages, 2) heavy chain AA349-364 with
one missed cleavage, 3) heavy chain AA223-252 with two missed cleavages, 4) heavy
chain AA306-321 without missed cleavages, 5) heavy chain AA227-252 with one
missed cleavage (increased levels with the aged column) and heavy chain AA20-38
without missed cleavages (similar levels with both columns), 6) unassigned peptides
likely containing missed cleavages, and 7) light chain AA131-150 without missed

cleavages. NL, normalized intensity level.

HCI, pH 7.5 at 37° C for 16 h. The
reactions were stopped by adding for-
mic acid to 0.4% (v/v). Digested samples
were stored at —80 °C until analysis.

UHPLC-MS/MS Analysis

The tryptic digests were analyzed by
UHPLC-MS/MS using a Vanquish
UHPLC system (Thermo Fisher Sci-
entific) and an Orbitrap Fusion Lum-
osmass spectrometer (Thermo Fisher
Scientific). For each analyzed sam-
ple, 2.5 pg of digested protein were
injected onto the UHPLC system.
Chromatographic separation was
performed by reversed-phase LC on
a BEH300 C18 column (1 mm x 150
mm, 1.7-pm) (Waters) using mobile
phase A and B containing 0.1% for-
mic acid (v/v) in UHPLC grade water
and acetonitrile, respectively (Optima
LC-MS quality; Fisher Chemical). A
60 pL/min flow rate, a 50 °C column
temperature, and the following gra-
dient were used: 1% mobile phase B
(0-3 min), 1% to 40% mobile phase
B (3-93 min), 40% to 99% mobile
phase B (93-94 min), 99% mobile
phase B (94-96 min), 99% to 1%
mobile phase B (96-97 min), and 1%
mobile phase B (97-105 min). Two
blank injections of mobile phase A,
using a 50 min gradient up to 99%
mobile phase B, were performed
between sample injections to reduce
carry-over. The SST sample was run
at the beginning and the end of each
sequence to ensure suitability of the
system for the entire sequence. The
column was stored in 80% (v/v) ace-
tonitrile after usage.
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Figure 3: Extracted ion current chromatograms of the single protonated, unmodified
(black) and oxidized (red) system suitability test sample peptide DTLMISR using (a)
the aged (~1500 column runs) reversed-phase C18 column, and (b) a new reversed-
phase C18 column. For the aged column, approximate relative numbers are indicated
as the oxidized peptides were not baseline separated. In-Sa, in-sample oxidation;
On-Co., on-column oxidation; In-So., in-source oxidation.

MS/MS Data Acquisition

High-resolution MS/MS spectra
were acquired with the orbital trap
mass analyzer, and detection of
higher-energy collisional dissociation
(HCD) fragment ion spectra with
dynamic exclusion enabled (repeat
count of 1, exclusion duration of 15 s
[£10 ppm]). The orbital trap Fusion
Lumos was used in the data-depen-
dent mode. HCD essential settings
were: full MS (automatic gain con-
trol (AGC): 4 x 105, resolution: 1.2 x
105, m/z range: 300-2000, maximum
injection time: 50 ms), MS/MS OT
(AGC: 5.0 x 104, maximum injection
time: 500 ms, isolation window: 2),

orbital trap resolution was 15 x 103,
MS/MS IT (AGC: 1.0 x 104, maxi-
mum injection time: 100 ms, isola-
tion window: 2), normalized collision
energy was set to 28%.

Data Processing

Analysis of the MS/MS data was per-
formed using the Byos/Byologic v3.3
software (Protein Metrics). Manual
data interpretation and quantifica-
tion was performed using the Xcali-
bur Qual Browser v.4.0 (Thermo
Fisher Scientific). Extracted ion
current chromatograms were gener-
ated with the most intense isotope
masses.

NOVEMBER 2019 ADVANCES IN BIOPHARMACEUTICAL ANALYSIS 11

Results and Discussion

During the peptide mapping analy-
sis of the unstressed bsAbl sample,
unexpected high levels of oxida-
tions were observed using a quali-
fied UHPLC-MS/MS based method
and a reversed-phase column that at
the time of this analysis had been
used for ~1500 column runs. The
observed oxidation affected several
methionine-containing tryptic pep-
tides from complementarity-deter-
mining, variable framework, and the
fragment crystallizable (Fc) regions.
The six mostly oxidized peptides are
listed in Table I. Relative oxidation
levels ranging from 0.1% to 2% were
expected for all oxidized peptides
based on historical data. However,
using the aged column, the oxida-
tion levels of the six peptides ranged
between 3% and 30% (Table I).
When the same samples were reana-
lyzed on a new column under the
same conditions, the observed oxi-
dation levels were comparable to the
expected values (historical data) for
all oxidized peptides (Table I).

A closer inspection of the extracted
ion current (EIC) chromatograms of
the oxidized peptides using the aged
column demonstrated that the chro-
matograms exhibited unusual elution
profiles. Using the aged column, the
oxidized peptides eluted continuously
over ~5-9 min, giving rise to dis-
torted and broadened peaks (Figure
la—c, 1g—i). Using a new column, the
oxidized peptides eluted as distinc-
tive peaks (Figure 1d-f, 1j-1). Given
that this kind of continuous elution
profile for oxidized peptides (on the
aged column) had not been observed
previously, the initial hypothesis was
that either the eluents or the chroma-
tography column could be the poten-
tial root cause. Given that the same
mobile phases were used with both
the aged and new column runs, the
broadened oxidation peaks could only
be explained by an on-column oxida-
tion reaction taking place on the sta-
tionary phase surface of the UHPLC
column during the peptides’ elution.
Using the new column, the in-sam-
ple and in-source induced oxidized
peptides were baseline separated and
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Figure 4: Orbital trap MS/MS spectra obtained by higher-energy collisional
dissociation of the single protonated and (a) unmodified DTLMISR peptide, (b) in-
sample oxidized, (c) on-column oxidized (28.0 min), (d) on-column oxidized (29.4
min), and (e) in-source oxidized DTLMISR peptides of the system suitability test
sample using the aged column (see Figure 3a). Mass differences between the y4*+ (m/z
506.28) and y5* (m/z 619.36) fragment ions of the unmodified DTLMISR peptide, and
the y4* (m/z 522.27) and y5* (m/z 635.35) fragments ions of the modified peptides
demonstrate the methionine residues to be modified by +16 Da. In addition, the
presence of neutral losses of 64 Da corresponding to methane sulfenic acid (CH;SOH)
of the y4+ and y5* fragment ions resulting in y4*-64 Da (m/z 458.27) and y5*-64 Da
(m/z 571.36) further prove the modified peptides to be methionine oxidized.

typical profiles were observed in the
course of the chromatographic sepa-
ration (Figure 1d-f, 1j-1). In-sample
oxidized peptides had earlier reten-
tion times than the in-source oxi-
dized peptides due to the interaction
with the reversed-phase column by
the in-sample oxidized peptides. On-
column oxidation was defined by oxi-
dation that was only observed with
the aged reversed-phase column. No
increased methionine di-oxidation or
tryptophan oxidation were observed
in any bsAbl peptides.

The unusually high levels of pep-
tide oxidation using the aged col-
umn compelled us have a deeper
look at the SST data, and the system
performance in general. The SST
selected for this study was a sample
consisting of a monoclonal antibody
mAbl spiked with 0.5% (w/w) of a
second monoclonal antibody mAb2.
The SST sample was digested with
the same procedure and at the same
time as the other samples, and then
run at the beginning and at the
end of each sequence. The sample
preparation and LC-MS system are
considered suitable if three accep-
tance criteria are met, namely 1) the

mAb2 sequence coverage (positive
identification by MS/MS of >70%
of 20 unique peptides covering
the complementarity-determining
regions and the kappa light chain),
2) the mAb2 peptide recovery rate
(215 of the 20 unique peptides), and
3) consistent retention times within
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acceptable ranges for three mAb2
tryptic peptides (A, B, and C) for
all SST samples within a sequence.
Further evaluations included visual
inspections of the total ion current
(TIC) chromatograms of the blank
and the sample runs.

In the present study, the SST sam-
ple was used on both the aged and the
new columns. Although the mAb2
sequence coverage and peptide recov-
ery rate of the 20 unique peptides
were slightly reduced on the aged col-
umn compared to the new column,
all three SST criteria were met using
the aged column (Table II). How-
ever, a visual inspection of the TIC
chromatograms revealed some differ-
ences between the new and the aged
columns in the intensities of a few
peaks (peaks 1-7, Figure 2), which
were attributed to the presence or
absence of missed trypsin cleavages
(Figure 2). These data suggested that
the differences between the aged and
new column TIC profiles could also
be related to the sample preparation
(tryptic digest efficiency) in addition
to the column aging.

Using the aged column, the pep-
tide with the amino acid sequence
DTLMISR was determined to be the
most oxidized amongst the tryptic

bsAbl peptides (Table I). This pep-

30
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20

Relative methionine oxidation [%)]
I3

0 200 400 600

Oxidation monitoring: DTLMISR

800

Number of column runs

1000 1200 1400 1600

Figure 5: Relative abundance of methionine oxidized DTLMISR peptide (sum of
in-sample, on-column, and in-source oxidation) of the SST sample dependent on
the number of reversed-phase column runs as determined by extracted ion current
chromatograms. With increasing on-column oxidation, the in-sample, on-column,
and in-source oxidized peptides were not base-line separated.
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tide is common to the Fc region of all
four subclasses of immunoglobulins
(IgG1-4), and the methionine residue
Met252 is known to be susceptible
to oxidation in intact immunoglobu-
lins (22-23). Similarly to the bsAbl
sample, the DTLMISR peptide of the
SST sample was also determined to be
the most oxidized with approximately
5% in-sample, 24% on-column, and
1% in-source oxidation on the aged
column (Figure 3a). As the oxidized
DTLMISR peptides were not baseline
separated, a more exact quantification
is difficult with the aged column.
Besides, the in-sample and in-source
oxidation peaks may contain some
on-column oxidation. Using the new
column, the same peptide was deter-
mined to be 2% in-sample and 0.4%
in-source oxidized, and no on-column
oxidation was detected (Figure 3b).
An inspection of the MS/MS spec-
tra of the SST sample using the aged
column confirmed that the in-sample
(elution time: 26.7 min), on-column
(at 28.0 min and 29.4 min), and in-
source (31.0 min) modified peptides
(Figure 3a) all contained an oxidized
methionine residue in the same posi-
tion (DTLMISR) (Figure 4).
Following these observations, we
investigated the correlation between
the on-column methionine oxidation
and the long-term column usage. By
looking at the historical SST data
generated on the aged column, the
relative abundance of the methio-
nine oxidized DTLMISR peptide was
found to be dependent on the num-
ber of column runs (Figure 5). Until
about 700—-800 columns runs, the
level of in-sample oxidation was con-
stant at ~2% relative abundance. After
~1500 column runs, the oxidation of
the DTLMISR peptide gradually
increased to a total oxidation level of
30% (sum of in-sample, on-column,
and in-source oxidation). Following
these observations, monitoring of
MetO has been included as part of the
SST while quantifying protein oxida-
tion by peptide mapping. This control
minimizes the risk of oxidative arti-
facts and helps generate high quality
data to provide reliable quantitative
information on protein oxidation.

On-column oxidation occurring on
LC columns has been previously reported
(24-25), and, in those studies, it was con-
cluded that the oxidation reaction was due
to metal catalysis of the column frits caused
by trace levels of residual metal ions, most
likely introduced from any surface in con-
tact with the sample (25). A chelating agent
ethylenediaminetetraacetic acid (EDTA)
may be helpful to prevent or minimize the
on-column oxidations and consequently
extend the column lifetime. Also, the addi-
tion of antioxidants like methionine to the
eluents could help protect the methionine
containing peptides from oxidative damage.

Conclusions

In this study, we describe the impact of long-
term column usage on the artificial increase
of methionine oxidation during LC-MS/
MS peptide mapping. Qualitative evidence
for the on-column oxidation reaction was
obtained by examination of the EIC chro-
matograms. The extent of the on-column
oxidation significantly increased beyond
700-800 column runs, and the likely root
cause is the presence of trace level metal ions
on the chromatographic column. As a prac-
tical measure, we now visually/qualitatively
monitor the level of on-column methionine
oxidation of the SST sample tryptic pep-
tide DTLMISR, which was oxidized to the
highest level in this study.
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Considerations and Advances

in Developing Analytical Assays for
Measuring Product-Related Variants
in Bispecific Antibodies

Bispecific antibodies open new opportunities in drug development
and have become a desirable drug formatin cancerimmunotherapy.
In this type of application, one arm of the bispecific antibody
binds to a cancer-specific receptor, while the other arm binds
to a T-cell specific receptor to induce cancer cell elimination.
Because up to four different polypeptide chains are involved in
the assembly of a full-length bispecific antibody, many strategies
have been developed to maximize the yield of the desired product
(heterodimer) and facilitate the removal of undesired variants,
such as homodimers. The successful adaptation of each strategy
requires the development of suitable analytical methods to
detect and measure the levels of undesired variants. Because the
physicochemical properties of the undesired variants can be very
similar to those of the desired heterodimer, it is paramount to
magnify the minor differences as part of method development.
In addition, given that the facilitation of heterodimerization
of bispecific antibodies often relies on specific mutations that
may impact the physicochemical properties, additional method
assessments may need to be considered to ensure their suitability,
such as interference from desired product to undesired variants. In
the first half of this article, a summary of the common strategies
employed in the production of full-length bispecific antibodies is
provided. Then two case studies are presented in the second half.
In the first case study, the proof-of-concept results are shared
for a novel analytical method for variant detection using hinge-
specific proteases that cleave at defined sites above or below the
disulfide bonds in the hinge region. In the second case study, the
method qualification experiments are described for a homodimer
quantitation method to address the potential charge-charge
interaction between a homodimer and the desired heterodimer.

ispecific molecules are mol-
ecules that can simultaneously
bind to two targets with high
specificity, and are now emerging as a
growing class of cancer immunothera-
pies (1-3). They include full-length
bispecific antibodies, Fc-less bispecific
molecules, fusion proteins, and many
other forms of engineered proteins

Ming Lei and Tao Chen

(3). Bispecific antibodies have many
desired properties that are made pos-

sible by simultaneous binding to two
targets. This class of therapeutic pro-
teins (4) has been applied or is being
tested for a wide range of applications,
such as 1) inducing cancer cell kill-
ing by T-cells or natural killer (NK)
cells through simultancous binding
to a cancer cell surface marker and an
immune cell surface antigen, such as
CD3; 2) activating or inhibiting a spe-
cific cellular pathway through simul-
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Scheme 1: Potential variants produced during the assembly of a full-length bispecific
antibody. LC = light chain. HC = heavy chain.

taneous binding to two cell-surface
targets; and 3) bridging IX and X fac-
tors in the coagulation cascade for the
treatment of hemophilia A (1,3,5).

The concept of bispecific antibod-
ies dates back to the last century (6,7).
However, clinical success and large-
scale production only became a real-
ity in the past few years (2), coincid-
ing with growing interest in the vast
potential of this class of molecules
among both the medical and scien-
tific communities (3). That passionate
interest spurred tremendous techni-
cal advancements in the development,
engineering, and production of bispe-
cific molecules. This article focuses on
full-length bispecific antibodies and
the analytical strategies required to
ensure a successful product outcome.
An understanding of the potential
variants and manufacturing options to
reduce their presence is also discussed.
In general, there are two strategies to
maximize the yield and purity of the
desired product: to encourage het-
erodimerization (increasing the level
of desired product), or to facilitate
homodimer removal (8).

Strategies to Encourage
Correct Chain Pairing

To achieve high yield and purity of
the desired product when producing a
bispecific antibody, the most effective
strategy is to minimize the genera-
tion of undesired product variants by
encouraging correct chain pairing (8).
For a full-length bispecific antibody,
there are typically four different poly-
peptide chains, light chain 1 (LC1),
light chain 2 (LC2), heavy chain 1
(HC1), and heavy chain 2 (HC2).
When all four polypeptide chains
are produced from a single cell, each
chain has an equal opportunity to
form disulfide bonds with the others.
In such a case, one could theoretically
generate 10 different products with
only one of them being the desired
product (1/10) (Scheme 1). One strat-
egy to simplify manufacturing is to
reduce the number of possible chains,
such as using the common LC or com-
mon HC. By reducing the total num-
ber of different polypeptide chains to
three (common LC, HCI, and HC2;
or LC1, LC2 and common HCQC), the
theoretical number of different prod-

www.chromatographyonline.com

ucts reduces to only three. Such a
strategy can significantly reduce the
possible number of undesired prod-
ucts from nine to two, but may not
always be possible due to other con-
siderations, such as desired affinity to
target or patent-related considerations.

Another strategy to encourage the
formation of the desired product
is achieved by introducing specifi-
cally designed mutations in the C,3
domain of the Fc or hinge region of
the HCs; these mutations introduce
additional features in each HC to
encourage heterodimerization and dis-
courage homodimerization. Although
the theoretical number of different
products in this case is still 10 (9 of
which are undesired), the likelihood
of forming the desired product is sig-
nificantly increased. To date, more
than a dozen different mutations have
been engineered and demonstrated as
effective in maximizing the yield of
the desired product (9-16). These fea-
tures include mutations with increased
side chain size and hydrophobicity
(“knobs”) in one HC, matched with
another HC with mutations that
form hydrophobic “holes” (10). These
mutations encourage the desired HC
pairing through hydrophobic interac-
tions and discourage the formation of
knob—knob homodimers by steric hin-
drance. This strategy has been used in
both single-cell format or two-cell for-
mat. For the two-cell format, the two
halves of the antibody (LC1 + HC1
and LC2 + HC2) are produced sepa-
rately in two different cell lines before
annealing under a mild in vitro reduc-
tion condition (17).

Another example of Fc mutation-
driven chain pairing involves the intro-
duction of amino acid mutations con-
taining charged side chains that can
form salt bridges between two differ-
ent HCs (15). Similarly, desired chain
pairing between the HC and LC can
be facilitated using this strategy (18).

An additional strategy specifi-
cally aimed at reducing LC mispair-
ing is the “CrossMab” format, where
the HC and LC domains in Fab are
swapped (19). This domain swap
maintains antigen-binding affin-
ity while reducing the possibility of
LC mispairing by making the two
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LCs very different. The main advan-
tage of this strategy is that it can
be applied to any two existing full-
length antibodies to generate bispe-
cific antibodies without screening for
new complementarity-determining
region (CDR) sequences.

Currently, these strategies have
been employed in several clinical-
stage bispecific antibodies.

Strategies to Facilitate the
Removal of Homodimers

The undesired products are removed
through the purification process as
much as possible. If certain forms
of the undesired products share
many similar characteristics with the
desired product, the robust removal
of these undesired products during
the purification process becomes a
challenge. Therefore, it can be ideal
to engineer the polypeptide chains in
a bispecific molecule to create dis-
tinct characteristics, such as hydro-
phobicity and isoelectric point (pl),
so that the undesired products can
be more easily separated from the
desired product (8).

The purification process of full-
length antibodies typically involves
three columns (10,11,20). The first is
a protein A affinity capture column to
extract the antibodies from host cell
proteins (HCPs) and other cell culture
impurities; noting that full-length
antibodies bind to protein A via the Fc

region with high specificity. The sec-
ond and the third columns are called
“polishing” columns; their purpose is
to further remove HCPs and product-
related variants, such as aggregates
and fragments. These columns are
typically ion-exchange or mixed-mode
chromatography columns.

The first affinity capture column
can be used to differentiate het-
erodimer products from the homodi-
mer variants (11). Mutations in the
protein A binding region of the Fc
domain can be introduced to modu-
late the binding affinity of bispecific
antibody products to the protein A
column. As a result, the homodimers
have either strong or weak affinity
to the protein A column, while the
binding affinity of the heterodimer
is at an intermediate level.

The latter columns in the purifica-
tion process have also been exploited
to separate desired product from
the homodimers (9). One interest-
ing technique introduces mutations
in the C,;3 domain of both HCs, so
that the pl values of both homodi-
mers are significantly different from
that of the heterodimer. The differ-
ent pl values allow for the complete
removal of homodimers through the
commonly used ion-exchange col-
umn in the purification process. The
different pI values are achieved by
introducing mutations with charged
side-chains (such as lysine or aspar-
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tic acid) so that the homodimers bear
a different net charge from either
homodimer. In large-scale purifica-
tion processes where bind-and-elute
mode is often used, the net charge dif-
ference between the desired product
and the homodimers should be large
enough to allow sufficient removal
of the homodimers. When the com-
plete removal of both homodimers by
one column step is not possible, other
factors, such as the expected safety
impact of the homodimers, needs to
be considered to achieve optimum
purification conditions. For example,
if one homodimer is assumed to pos-
sess a higher safety risk than the other
homodimer, the removal of the for-
mer should be prioritized. Meanwhile,
the assessment of safety and efficacy
impact of both homodimers should be
continued as the drug candidate pro-
gresses through clinical phases.

Analytical Challenges

to Identify and Quantitate
Product-Related Variants

Even with advanced manufacturing
and purification techniques, identifi-
cation and quantitation of undesired
product variants remains a necessity
but can be a difficult challenge for a
bispecific antibody, especially in cases
where mutations have been intro-
duced (21-23). Mass spectrometry
(MS) has been the most capable tool
for identifying and quantitating these
variants, especially during the early
stages of development (23-27). For
methods developed to monitor prod-
uct variants, purified analytes, such
as homodimers, are usually required
as standards to obtain quantitative
results through a standard curve gen-
erated by serial dilution or standard
addition. Whenever possible, a low
quantitation limit and wide dynamic
range have been demonstrated using
these approaches.

the

product-related variants in bispecific

As depicted in Scheme 1,

antibodies include homodimers and
the undesired chain-pairing variants
(mismatched LC, common LC, and
other chain-pairing variants). The
undesired chain-pairing variants can
be very challenging to detect and
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Figure 1: Overlay of deconvoluted mass spectra showing the masses of bispecific
antibody A heterodimer with two different common LC variants. Other unlabeled
masses are due to expected PTMs of the heterodimer.

quantitate for several reasons. They
are usually present at much lower lev-
els relative to the desired product, and
may present in a mass region crowded
by the expected variants (such as post-
translational modifications or PTMs)
of the desired product. In such a
case, an orthogonal approach such as
MS analysis of the subunits is valu-
able to confirm the presence of the
undesired chain-pairing variants. The
LC mismatched species (LCIHC2 +
LC2HC1) have the added challenge of
being structural isomers to the desired
product, and cannot be distinguished
at the intact or reduced level by MS.

Recent methods that employ hinge-
specific proteases (such as IgdE, Kgp,
or IdeS) that allow subunit analysis by
MS have demonstrated strong poten-
tial for the detection and potential
quantitation of LC chain-pairing vari-
ants (22,24) and a proof-of-concept
example will be presented later.

In addition to MS-based methods,
chromatography and capillary electro-
phoresis (CE)-based methods are also
widely used for the detection and quanti-
tation of product variants. In the second
case study presented here, the homodi-
mers have pl values different from that
of the heterodimer, due to the mutations
that were introduced to facilitate the
removal of homodimers by ion-exchange
chromatography. However, the het-
erodimer is presumed to contain a posi-
tive charge patch, thus it is important
to consider potential charge-to-charge

interactions between the heterodimer
and the negatively charged homodimer
(homodimer 1). In this case study, we
presented the experiments to confirm
the linearity of homodimer 1 quantita-
tion that supported a successful quali-
fication of this chromatography-based
method for homodimer quantitation.

Case Studies

Detection of Chain-Pairing
Variants in Bispecific Antibody A
by MS Analysis of Subunits

As discussed in the previous section
of this article, the mismatched LC
variants and the common LC vari-
ants (Scheme 1) can pose a significant
challenge in analytical method devel-
opment. To detect these LC-pairing
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variants, MS-based analytical assays
for bispecific antibody A that involve
two different hinge-specific enzymes
were developed. As depicted in Scheme
2, the desired product (heterodimer)
is isobaric to the mismatched LC vari-
ant at both intact and reduced levels.

Upon enzyme treatment, a ~100
kDa subunit of F(ab)’,containing both
LCs and two HC fragments (Fd’) is
generated. Given that Fd' fragments
usually bear the majority of the com-
mon PTMs, such as N-glycosylation,
glycation, and oxidation, the MS
spectra in the mass range of the F(ab),
subunits can be significantly simpli-
fied, allowing the sensitive detection
of common LC variants.

Both common LC species (Figure 1)
in bispecific antibody A were detected
by MS analysis of the subunits, and
the results informed the further devel-
opment of the purification process to
successfully remove both common
LC species. This assay is suitable for
in-process pool and drug substance
samples from bispecific antibody A.
Mass spectrometry—based relative
quantitation can also be performed
by comparing the sample to an assay
control that contains a known level of
the mismatched LC variant.

Method Qualification for an Ion-
Exchange Chromatography—Based
Assay for Homodimer Quantitation
To facilitate homodimer removal,
bispecific antibody B was specifically

mAU
Heterodimer
50.0
Q
£
© 400 Homodimer 1 Heterodimer 2
£
o
8 300
© Protein A pool
E 20.0
c UFDF pool
<
N 10.0 Analytical standard
> .
) Formulation buffer
0.0
min|
-10.0
0.4 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0
Retention time (min)

Figure 2: Overlaid chromatograms of bispecific antibody B in (a) protein A process
pool, (b) UF/DF pool, (c) analytical standard, and (d) formulation buffer.
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engineered so that the two homodimers have different pl
values. As a result, an ion exchange chromatography (IEC)—
based method employing a pH gradient was developed to
monitor homodimers.

This IEC method is suitable for monitoring in-process
pool and drug substance samples (Figure 2). Specificity,
sensitivity, linearity, precision, accuracy, and autosampler
stability were successfully assessed during method quali-
fication. The specificity of the method was demonstrated
with no interference was observed by comparing the sample
spiked with purified homodimer 1 with formulation buf-
fer. The limit of detection (LOD) of the method is 2% with
a wide linear range up to 10% (w/w, relative to the het
erodimer). The precision of the method was evaluated by
two analysts, each making triplicate sample preparations
and then running on two instruments using two column
batches. The relative standard deviation (RSD) value was
2.0% for the measurement of homodimer 1 concentration
relative to the heterodimer. The accuracy of the method
was assessed by preparing bispecific antibody B at three
concentration levels (50%), 100%, and 150% of target con-
centration) and spiking homodimer 1 at five concentration
levels in formulation buffer (0, 1%, 2%, 5%, and 10%)
before injecting each in triplicate. The recoveries for bispe-
cific antibody B and spiked homodimer 1 were observed at
94.9-106.2% and 95.9-99.1%, respectively. In addition,
24 h autosampler stability was demonstrated as no differ-
ence in the chromatograms were observed for the initial
time-point compared to the 24 h time-point samples.

During the development of the charge heterogeneity
method for heterodimer, we observed strong binding of
the heterodimer to the cation-exchange chromatography
resin. These data indicated the possibility of a positive
charge patch on the surface of bispecific antibody B het-
erodimer. Given that homodimer 1 contains two muta-
tions with negatively charged amino acid residues, a poten-
tial range of linearity for homodimer 1 in the presence of
the heterodimer was explored. Because homodimer 2 was
fully removed by the purification process (determined by
a CE-based assay [data not shown]), a similar assessment
was not pursued.

In this experiment, we compared the signal-concentra-
tion response curves of the purified homodimer 1 spiked
from 0 to 10% (w/w) into two samples: formulation buffer
and a bispecific antibody B analytical standard. The peak
area versus homodimer 1 concentration plots are shown in
Figure 3. The coefficient of determination (R?) was greater
than 0.999 and the recovery was between 90 and 110%
for all levels of homodimer 1 spiked in both formulation
buffer and analytical standard. Specificity was further
demonstrated by showing that the heterodimer does not
interfere with the measurement of homodimer 1 within the
studied range. The presumed positive charge patch on the
heterodimer does not appear to result in specific charge—
charge interactions between the heterodimer and homodi-
mer 1. Therefore, the IEC method is suitable to quantify
the homodimer 1 of the engineered bispecific antibody B.
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Conclusions

Bispecific antibodies provide new possibilities for drug
development along with unique challenges in analyti-
cal method development. None of the current manu-
facturing and purification strategies can ensure 100%
heterodimerization, thus analytical methods to detect
and measure the levels of undesired product variants
are required for the development of bispecific antibod-
ies. Given the unique properties of the product vari-
ants, such as chain-pairing variants, product specific
analytical methods are often needed. The MS analysis
of subunits presented in this article is one of the many
possible assay designs. Continued effort from the com-
munity is needed to realize further advances in this area.
One of the possible directions is to improve the chro-
matographic resolution of the subunits to allow more
accurate quantitation of the variants. Different modes
of separation and multidimensional separation can also
be explored for this purpose.

On the other hand, the design of bispecific antibod-
ies often involves careful protein engineering. Such
engineering requires scientists who are involved in the
drug development process to carefully consider the pos-
sible impact on the physicochemical properties of the
molecule. To ensure the suitability of an assay, assay
developers need to anticipate the potential impacts to all
aspects of assay performance, and design qualification
plans accordingly.
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Size-Exclusion Chromatography for
the Analysis of Complex and Novel
Biotherapeutic Products

Jennifer Rea, David Fulchiron,
Yun Lou, and Luda Darer

Recombinant biotherapeutics have been produced and marketed for
several decades, providing life-changing medicines for a variety of
indications. With the maturation of the biotherapeutic market over
recent years, novel protein products such as conjugates, bispecifics,
fusion proteins, and coformulations are being developed. The detailed
characterization and quality control of complex biopharmaceuticals
has proven to be more challenging than the typical two-light-chain/
two-heavy-chain monoclonal antibody products. This study presents
applications of size-exclusion chromatography (SEC) for characterization
and quality control of novel biotherapeutic products, including antibody-
drug conjugates, hydrophobic proteins, and coformulations. Examples
of modifying SEC mobile-phase composition and running conditions
to modulate the separation are discussed, as well as approaches and
strategies for analyzing atypical protein products such as coformulations.

odern biological drug devel-

opment stems mostly from

using recombinant DNA
technology in living microorganisms
such as Escherichia coli or Chinese
hamster ovary (CHO) cells to pro-
duce therapeutic agents (1). These
recombinant biotherapeutics have
been produced and marketed for sev-
eral decades, providing life-changing
medicines for a variety of indications
(2). With the maturation of the bio-
therapeutic market over recent years,
novel protein products are now being
developed, including antibody—drug
conjugates (ADCs) (3), bispecific
antibodies (4), and coformulations
(5). Although detailed characteriza-
tion and quality control of biophar-
maceuticals are expected for regula-
tory approval, the physicochemical
analysis of novel biotherapeutics with
their more complex formats is prov-
ing to be more challenging than the
more traditional protein products,
such as typical two-light-chain/two-
heavy-chain recombinant monoclo-
nal antibodies (mAbs).

There are several categories of com-
plex biotherapeutics, and only a few
are described in this article. Two-
light-chain/two-heavy-chain mAbs
are commonly developed as thera-
peutics because of their specificity
to a chosen biological target. ADCs
leverage this specificity by having
small-molecule drugs attached to a
mADb, such that when the mAb binds
to a specific target cell, the entire
complex is internalized and subse-
quently releases its small-molecule
drug payload into the target cells (3).
This approach reduces the chance of
off-target side effects, because the
potent small-molecule drug is mostly
released into target cells. Bispecific
mAbs, in turn, simultaneously bind
to two targets as a result of differ-
ent amino acid sequences in each Fab
arm—for example, different com-
plementarity determining regions
(CDRs) in each antigen-binding
fragment (Fab) arm—whereas stan-
dard mAbs have the same CDRs in
each Fab arm (4). Coformulations
are mixtures of two or more differ-
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Figure 1: Expanded SE-HPLC and SE-UHPLC profiles of mADb1. Operating conditions
for SE-HPLC are similar to those listed in Table I, with the following exceptions:
protein load (50 pyL of 1 mg/mL mAb1 was injected instead of 200 pg), column
temperature (30 °C instead of ambient), and mobile phase (added 10% isopropanol
to the mobile phase in Table I). A Tosoh TSKgel G3000SWXL column (7.8 mm x 300
mm, 5-um) was used for SE-HPLC. Operating conditions for SE-UHPLC are similar to
those used in Graf, et al. (11), with the following exceptions: injection volume (10
pL instead of 5 pL), protein concentration (5 mg/mL instead of 10 mg/mL), column
temperature (30 °C instead of 25 °C) and mobile phase (added 10% isopropanol to
the mobile phase). A Tosoh TSKgel UP-SW3000 column (4.6 mm x 300 mm, 2-pm)
was used for SE-UHPLC. High molecular weight forms (HMW), main peak, and low
molecular weight forms (LMW) are denoted.

ent active pharmaceutical ingredients
(APIs) in the same drug product, thus
allowing for simultaneous dosing

volume (6). Consequently, larger

of multiple drugs and offering both
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molecules are eluted from the col-
umn earlier and smaller molecules
are eluted later, effectively separat-
ing the molecules by hydrodynamic
radius, which generally correlates to
molecular weight for mAbs.

Size exclusion-high performance
liquid chromatography (SE-HPLC)
has been the gold standard for size
variant analysis for decades (6). SE-
HPLC is routinely used in quality
control (QC) and development labo-
ratories to quantify protein aggre-
gates, which are of particular concern
to health authorities because of their
potential to elicit an immunogenic
response (7,8). Aggregates and pro-
tein fragments may also affect the
potency and pharmacokinetics (PK)
of the drug product (9). A generic
SEC method has been published in
the U.S. Pharmacopeia (USP) General
Chapter <129>, “Analytical Proce-
dures for Recombinant Therapeutic
Monoclonal Antibodies,” and the rec-
ommended conditions are shown in
Table I. A major advance in the field
of SEC has been the development of

increased convenience to the patient
and potential synergistic effects (5). 404
Other complex biotherapeutic for-
mats, such as Fc-fusion proteins, are
in clinical development, but are not 304
addressed by this article.

This report covers several applica-

SE-UHPLC with 15% Isopropanol

tions using size-exclusion chromatog-
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raphy (SEC) to characterize challeng-

ing or complex mAb products. SEC HMW
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the column, and smaller dissolved
molecules flow more slowly through
the column, because they penetrate
into the pores of the stationary
phase, whereas large molecules flow
more quickly through the column
because they are more excluded from
the pores and are eluted in the void

Figure 2: Expanded SE-UHPLC profiles of mAb2 using SEC mobile phase from USP
<129> with and without 15% isoproponol in the mobile phase. Operating conditions
for SE-UHPLC are similar to those used in Graf, et al. (11), with the following
exceptions: injection volume (10 pL instead of 5 pL), protein concentration (5 mg/
mL instead of 10 mg/mL), column temperature (30 °C instead of 25 °C) and mobile
phase (added 15% isopropanol to the mobile phase, where stated). A Tosoh TSKgel
UP-SW3000 column (4.6 mm x 300 mm, 2-um) was used for SE-UHPLC. High molecular
weight forms (HMW), main peak, low molecular weight forms (LMW), and excipient
region are denoted, where applicable.
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Figure 3: Expanded SE-UHPLC profiles of an ADC (mAb3) using SEC mobile phase
from USP <129> with 10% isopropanol. Operating conditions for SE-UHPLC are
similar to those used in Graf, et al. (11), with the following exceptions: injection
volume (10 pL instead of 5 pL), protein concentration (5 mg/mL instead of 10
mg/mL), and mobile phase (added 10% isopropanol to the mobile phase). A
Tosoh TSKgel UP-SW3000 column (4.6 mm x 300 mm, 2-uym) was used for SE-
UHPLC. High molecular weight forms (HMW), main peak, and low molecular
weight forms (LMW) are denoted. Peak identities (monomer, dimer, higher
order aggregates, Fab/c (desFab), and Fab) are denoted in parentheses. Due to
lack of adequate resolution, that is, no clear valley between peaks, the Fab/c
peak is grouped with main peak for the control.

size exclusion—ultrahigh-pressure lig-  be more accurate than a continuous

uid chromatography (SE-UHPLC),

which utilizes instrumentation fea-

flat baseline). In Figure 1, note that
the SE-UHPLC fragment peak after
turing decreased system volume and  the main peak is grouped with the
higher allowable backpressures com- main peak. This grouping is done to
pared to typical HPLC instruments.
SE-UHPLC has been demonstrated

for high-throughput, high-resolution
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obtain similar relative peak area quan-
tification with the SE-HPLC method,
which does not resolve this fragment
peak from the main peak.

Although the SE-HPLC method
in USP Chapter <129> is suitable
for many mAbs, the examples in this
article will demonstrate that the USP
<129> method may not be optimal for
every biotherapeutic product. In these
cases, a variety of strategies may be
employed to improve the SEC sepa-
ration, such as changing the mobile-
phase composition or switching from
the HPLC version (the USP <129>
method) to the UHPLC version to
increase the resolution between size
variant peaks. Detailed method devel-
opment and troubleshooting of SEC
methods are not covered in this arti-
cle; rather, this article focuses on vari-
ous complex and novel protein prod-
ucts (ADCs, hydrophobic proteins,
bispecific antibodies, and coformu-
lations) that benefit from advanced
understanding of SEC separations
and improved column and instrument
technologies to enable better resolu-
tion and improved quantitation of
protein size variants.

Materials and Methods
Columns and Chemicals

SE-HPLC experiments were performed
using a Tosoh TSKgel G3000SWXL

applications (10), and has been vali-
dated for use in QC laboratories (11).
Figure 1 demonstrates the improve-
ments in speed and resolution of a Injection 1
monoclonal antibody (mAbl) sepa-
rated by SE-UHPLC relative to SE-
HPLC. HMW forms are eluted before
the main peak and low molecular

weight forms (LMW) are eluted after -2

Injection 2

Injection 3 (extended run time)

Injection 4 (extended run time)

Absorbance (mAU)

Extending the run time shows that the early-eluting peak is actually a late-eluting peak from the previous injection.

the main peak. Note that peak integra-
. 0 10
tion strategy may vary from product to

Retention Time (min)

30 40

product (for example, continuous flat

baseline versus continuous valley-to-
valley baseline versus discontinuous
peak-to-peak baseline), but different
integration strategies may be accept-
able as long as they are adequately jus-
tified (for example, a slanted baseline
may cause a discontinuous baseline to

Figure 4: Expanded SE-HPLC chromatograms of mAb4 showing an early-eluted
peak visible in second injection using a 25-min isocratic SEC method with organic
solvent in the mobile phase. A late-eluted peak become evident in third injection
after extending the run time. The fourth injection no longer shows an early-eluted
peak. Peak was identified as a leachable from plastic storage containers. Operating
conditions are similar to those listed in Table I, with the exception of protein load (50
pg of mAb was injected instead of 200 pg) and mobile phase (added 15% isopropanol
to the mobile phase). A Tosoh TSKgel G3000SWXL column (7.8 mm x 300 mm, 5-pum)
was used for SE-HPLC.
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Figure 5: Expanded SE-UHPLC profiles of mAb5 (standard mAb) and mAb6 (bispecific
mAb). Operating conditions for SE-UHPLC are similar to those used in Graf, et al. (11),
with the following exceptions: injection volume (10 pL instead of 5 pL) and protein
concentration (5 mg/mL instead of 10 mg/mL). A Tosoh TSKgel UP-SW3000 column
(4.6 mm x 300 mm, 2-pm) was used for SE-UHPLC. High molecular weight forms
(HMW), main peak, and low molecular weight forms (LMW) are denoted. Antibody
fragments eluting immediately after the main peak are illustrated.

column, 7.8 mm x 300 mm, 5-um. SE-
UHPLC experiments were performed
using either a Waters Acquity BEH200
SEC column, 4.6 mm x 300 mm, 1.7-
pm, or a Tosoh TSKgel UP-SW3000
column, 4.6 mm x 300 mm, 2-pm.

Monoclonal antibodies were pro-
duced in-house at Genentech. The
thermally stressed sample for mAb3
was produced by incubating mAb3 at
40 °C for 14 d. The oxidation stressed
sample for mAb3 was produced by
incubating mAb3 with 1.6 mM AAPH
(2,2’-azobis(2-amidinopropane) dihy-
drochloride) for 24 h at 40 °C. The
light-stressed sample for mAb3 was
produced by subjecting mAb3 to 1.36
million lux hours (M lux h) for a dura-
tion of 24 h. The thermally stressed
sample for mAb5 was produced by
incubating mAb5 at 40 °C for four
weeks. Common buffers, salts and sol-
vents were procured from Fisher Scien-
tific or VWR.

Equipment

SE-HPLC chromatographic experi-
ments were performed on either an
Agilent 1100/1200/1260 HPLC
instrument or a Waters 2695(e)
HPLC system. SE-UHPLC chro-
matographic experiments were per-
formed on either a Waters Acquity

H-Class UPLC or a ThermoScien-
tific UltiMate 3000 RSLC system.
Components of the system included a
high-pressure gradient binary pump
(ThermoScientific RSLC) or a low-
pressure gradient quaternary pump
(Waters UPLC), a column compart-
ment capable of temperature control,
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an autosampler with sample tempera-
ture control capability, and a tunable
UV-vis detector. Instrument control,
data acquisition, and compilation of
results were performed using Ther-
moScientific Chromeleon software.

Methods

SE-HPLC was performed using the
SEC method conditions published
in the USP Chapter <129>, “Ana-
lytical Procedures for Recombinant
Therapeutic Monoclonal Antibodies,”
(Table I), unless otherwise indicated.
SE-UHPLC was performed using the
SE-UHPLC method conditions pub-
lished by Graf and associates (11),
unless otherwise indicated.

MADb samples were diluted with
mobile phase and kept at a temperature
of 5 °C + 3 °C in the autosampler. The
column effluent was monitored at 280
nm. A blank injection was performed
with each sequence prior to sample
injection. After the installation of a
new column, conditioning runs were
performed until consistent profiles were
achieved. Each chromatogram was care-
fully integrated to ensure that only peaks
not present in the associated blank were
considered to be protein (ThermoScien-
tific Chromeleon software).
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Figure 6: Expanded dual-column SE-UHPLC profiles of a mAb/Fab co-formulation
(mAb7 + Fab1). Operating conditions for SE-UHPLC are as follows: flow rate = 0.2 mL/
min, run time = 40 min, column temperature = 40 °C, protein concentration = 14 mg/
mL mAb 7 and 5 mg/mL Fab1. Two Waters Acquity BEH200 SEC columns (4.6 mm x
300 mm, 1.7-uym) connected in series were used for SE-UHPLC. High molecular weight
forms (HMW), main peak, and low molecular weight forms (LMW) are denoted for
each molecule. Monoclonal antibody size variants are illustrated.
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Table I: Recommended SEC operating conditions from USP <129>

Parameter

Operating Conditions

Column dimensions

300 mm x 7.8 mm; 5-pym

Column temperature Ambient

Injection volume 20 pL

Run time 30 min
Autosampler temperature Maintain at 2-8 °C.
Detection wavelength UV 280 nm

Flow rate 0.5 mL/min

Mobile phase composition

Prepare by mixing 10.5 g of dibasic potassium
phosphate, 19.1 g of monobasic potassium
phosphate, and 18.6 g of potassium chloride
per L of water. Verify that the pH is 6.2 + 0.1.
Pass through a membrane filter of < 0.45-um
or smaller pore size.

Sample solution

Dilute the sample to 10 mg/mL in mobile phase if
dilution is required. Similarly, a blank should be

prepared using an equivalent dilution of
formulation buffer in the mobile phase.

System suitability solution

Prepare a 10 mg/mL USP Monoclonal IgG System
Suitability RS solution in mobile phase by
reconstituting the contents of one vial with

200 mL of mobile phase. Reconstituted system
suitability solution should be used within 24 h
after reconstitution, and should be stored at
2-8 °C if not used immediately.

System suitability blank

Use mobile phase.

ADCs and Hydrophobic Proteins
Although SEC serves as a primarily
size-based separation method, SEC
has also been demonstrated to separate
species based on hydrophobicity due
to the interaction of the analytes with
the stationary phase (12). These sec-
ondary interactions sometimes result
in undesired increases in elution time
and peak rtailing, which may be miti-
gated by mobile phase additives. For
example, the addition of organic modi-
fiers has been shown to reduce hydro-
phobic interactions between the pro-
tein analytes and the stationary phase
(13). Figure 2 shows a hydrophobic
mAb analyzed by SE-HPLC with and
without the use of an organic modi-
fier (15% isopropanol). The addition
of the organic modifier decreases the
main peak elution time and alters the
peak profile. It should also be noted
that the main peak width decreased
with the addition of organic solvent to
the mobile phase. Therefore, organic
modifier in the mobile phase may be
explored if peak broadening or peak
tailing is significant for the main peak.

ADCs generally have increased

hydrophobicity compared to a stan-
dard mAb as a result of the hydro-
phobic linker drugs attached to the
mAb. Thus, an SE-UHPLC method
with 10% isopropanol in the mobile
phase was developed to mitigate the
hydrophobic interactions between
the ADC and the stationary phase
(Figure 3). Upon different degrada-
tive stresses, the relative peak area of
the HMW forms increase compared
to the control. Peaks representing
higher order aggregates (in other
words, larger than dimer) increase
significantly upon different degrada-
tive stress conditions and elute earlier
than the main HMW forms (dimer).

While the use of an organic modi-
fier in the SEC mobile phase can be
helpful for improving resolution for
hydrophobic analytes, addition of
organic solvent may cause leachables
from plastic containers to be eluted
off the column and subsequently
appear in the SEC chromatograms as
new peaks. Given that leachables are
small, they are eluted well after the
analytes of interest, and a method that
is too short would cause the leachables
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to appear in subsequent runs (Figure
4). In this instance, further character-
ization determined that the peak was
a leachable generated from prolonged
storage of sample in polypropylene
tubes, and that organic solvent in the
mobile phase caused the leachable
to be eluted off the column. Indeed,
organic solvents such as isopropanol
are also used as extraction solvents
during extractable studies (14). There-
fore, careful consideration of sample
container materials may be needed to
avoid new, undesired peaks resulting
from leachables.

Bispecific Antibodies

As described previously, bispecific
antibodies are designed to simultane-
ously bind to two different epitope
targets due to the different amino
acid sequences in each Fab arm.
In some cases, one Fab arm of the
bispecific antibody may be longer
than the other Fab arm (11). Unlike
standard mAbs, bispecific antibody
products have unique but undesirable
product variants such as homodimer
(both Fab arms bind to the same tar-
get), mispaired or scrambled light
chain, and single arm half-antibodies
(15). Some of these variants may be
resolved using SEC, with SE-UHPLC
resulting in better resolution of these
bispecific variants compared to SE-
HPLC (11).

In one study, SEC directly coupled
to native mass spectrometry (SEC—
MS) was developed to rapidly char-
acterize a bispecific antibody and its
variants (15). Generally, SEC meth-
ods do not have sufficient resolving
power to resolve size variants of simi-
lar masses; however coupling MS to
native SEC (SEC-MS) can be used
to identify noncovalent and cova-
lent size variants with similar elu-
tion times. This tool is of particular
importance for bispecific antibodies,
because bispecific aggregates and
fragments often have similar SEC
elution times as their homologous
homodimer variants, thus requiring
an orthogonal technique (in this case,
MS) to identify the peaks of interest.

Because bispecific molecules have
different types of size variants than
traditional mAbs as a result of their
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asymmetrical structure (two differ-
ent antibody halves in one mAb),
their SEC profiles tend to have dif-
ferent peak profiles than traditional
mAbs. The arrows in Figure 5 show
fragment peaks eluted at different
times for the standard mAb and the
bispecific mAb. These differences
result from the fact that the fragment
in the mAb profile is Fab/c (other-
wise known as a desFab or one-armed
antibody), whereas the fragment in
the bispecific mAb profile is primar-
ily half antibody, which has a lower
molecular weight and later elution
time than the Fab/c fragment. Ther-
mally stressing the bispecific mAb
produces more Fab/c fragment, and
the Fab/c and half-antibody peaks
in the stressed sample profile can
be partially resolved by SE-UHPLC
(Figure 5).

Coformulation of

Multiple Protein Products

With an increasingly diverse selection
of mAb products in development and
on the market, combination thera-
pies of multiple biotherapeutics are
being developed, further leveraging
the wide selection of biotherapeutics
available to treat complex diseases.
Combination mAb therapies can
be sequentially administered at the
clinic (one drug after another) or
co-administered (two drugs in the
same IV bag). For increased patient
convenience, some manufacturers
are moving toward coformulated
drug products where two or more
biotherapeutics are combined in the
same vial and released by the manu-
facturer for shipment to the clinic
(5). While the coformulated drug
product is more convenient for the
patient, it can be challenging for the
manufacturer to develop analytical
methods and specifications to ensure
acceptable product quality of each
individual drug in the comixed prod-
uct (16).

A typical SEC method, such as the
USP <129> SE-HPLC method, can
be used to analyze coformulated or
comixed biotherapeutics (16). How-
ever, the resolution of the USP <129>
method may not be adequate for
product quality assessment in a cofor-

mulation, particularly for two drugs
having similar molecular weights. In
these cases, various strategies may
be employed to further increase the
resolution to enable quantitation of
the size variants in the coformulated
drug product. For instance, an analyst
may switch to SE-UHPLC or multi-
ple SE-UHPLC columns in series to
further improve the separation (17).
Figure 6 shows the chromatograms
obtained from a mAb + Fab (anti-
body fragment) coformulation using
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dual-column or tandem SE-UHPLC
(for example, two columns connected
in series). Although not all peaks are
fully resolved, tandem SE-UHPLC
provides better resolution than sin-
gle-column SE-HPLC. For degraded
mAb + Fab samples (not shown), it
may be difficult to determine by SEC
which product variant from either
mAb7 or Fabl has increased in the
overlapping peak regions. SEC-MS
(15) or SEC with multi-angle light
scattering (SEC-MALS) (16) can be
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employed to elucidate the identities
of the product variants in degraded
coformulation samples, and SEC-MS
may provide relative quantities of the
product variants in the overlapping
peak regions. With this information,
the likely degradation pathway of the
coformulated product may be pre-
dicted, and the tandem SE-UHPLC
method may be used to monitor the
size variants of the coformulated
product based on the predicted deg-
radation pathway. In other words,
although the tandem SE-UHPLC
method may not resolve all size vari-
ants, the improved resolution and
knowledge of the degradation path-
way may be leveraged to interpret
results from accelerated stress studies
or real-time stability studies.

Discussion and Conclusion

This article presents examples of
SEC analysis of novel biotherapeutic
products, which are generally more
complex than traditional mAbs. Spe-
cifically, we covered hydrophobic
molecules, ADCs, bispecific mAbs,
and coformulations, all which have
unique considerations when devel-
oping and performing SEC meth-
ods. For hydrophobic molecules and
ADCs, we demonstrated that adding
organic modifier in the mobile phase
reduced elution time of the main
peak because of the disruption of
the hydrophobic interaction between
the protein and the stationary phase.
We also showed that the addition of
organic modifier can alter the peak
pattern of the SEC separation. There-
fore, one must use caution when add-
ing organic solvent to the mobile
phase, as unwanted changes to the
peak pattern may occur in addition
to the desired improvements in elu-
tion time and resolution.

Bispecific molecules and coformu-
lations generally have more size vari-
ants than standard mAbs. Bispecific
molecules may have unwanted half-
antibody in the sample that SEC can
resolve from Fab/c (desFab) and Fab.
Coformulated drug product samples
have roughly twice as many product
variants as a single API drug prod-

uct. Because bispecific antibodies
and coformulations have more vari-
ants to resolve, improved resolution
in SEC analyses may be required for
thorough physicochemical character-
ization of the product. In addition to
the strategies presented here, other
techniques, such as multidimensional
LC (18), may be developed to achieve
improved peak separation.

The rapid development of biother-
apeutics has resulted in increasingly
complex products, including ADCs,
bispecific mAbs, and coformulations.
Size-exclusion chromatography tech-
niques have also improved to allow
for better resolution, faster run
times, and improved characteriza-
tion of these analytically-challenging
formats. Here we presented examples
of SEC approaches for the analysis of
ADCs, hydrophobic mAbs, bispecific
mAbs, and coformulations. These
examples demonstrate that although
a generic SEC method has been pub-
lished in the pharmacopeia, addi-
tional SEC method development may
be required for the analysis of com-
plex biotherapeutics.
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Ferritin as a Natural Protein Scaffold:
Building a Multivalent Ferritin-Fab

Conjugate

Whitney Shatz, Craig
Blanchette, Patrick Holder,
Robert F. Kelley, Remo Perozzo,
and Yogeshvar N. Kalia

The design of molecules with a high degree of valency can be useful
for receptor clustering, T-cell recruiting, agonist activation, and half-life
extension. Although this is traditionally accomplished using polymer-
based molecular scaffolds, biocompatibility and the fate of polymer
by-products are often of concern. Multivalent, self-assembling scaffolds
such as ferritin, a ubiquitous protein found in most human cell types
in addition to invertebrates, higher plants, fungi and bacteria, offer an
attractive “natural” alternative to polymer-based scaffolds. In mammals,
ferritins are composed of 24 subunits that form an icosahedron with
an external hydrodynamic radius of 6 nm, and an overall molar mass
of approximately 474 kDa, depending on the biological tissue from
which it is derived. The utility of molecular cages, such as ferritin and
its derivatives for applications in drug delivery, is well-known. Here, we
describe the design, production, and characterization of a multimeric
ferritin—antibody fragment conjugate. Following optimization of the
conjugation strategy using LC-MS, in-depth characterization was
performed using SEC-MALS-QELS. The combined results of this study

confirmed that Ferritin—Fab conjugates were successfully generated.

here is a growing trend within the

field of biotherapeutics to develop

molecules with a high degree of
valency (1,2). Ferritin family proteins,
found ubiquitously in nature, possess
many attractive features for the deliv-
ery of biotherapeutics (3—6). Ferritin is
made up of 24 subunits held together by
non-covalent interactions, arranged in
an icosahedral cage with 2, 3, and 4-fold
axes of symmetry around a central cavity
(7,8). While, in nature, the ferritin cavity
is used to store and enucleate iron, it can
also be repurposed for the encapsulation
of drugs or dyes (9). Below pH 3, the fer-
ritin assembly may then be dissociated
and reconstituted (10), enabling drugs
to be trapped inside the protein “cage”
(11). Encapsulation of molecules such as
cisplatin (12,13), carboplatin (14), oxali-
platin (15), ruthenium (16,17), and gold
(18,19) has been achieved using various
ferritin cage disassembly or reassembly
procedures. More recently, it was used

for the delivery of cisplatin, but without
the use of an encapsulation protocol (20).
In this case, the interaction was attained
through ligand-metal chemistry (21,22),
with the preparation of a 1:1 complex
between cisplatin and the monomeric
subunits of the human ferritin cage (11).
Thus, ferritin proteins are attractive vec-
tors for the delivery of drug molecules,
either through encapsulation in the cen-
tral cavity, or through display of drug
molecules on the external surface (23).
The latter can be achieved using molecu-
lar engineering techniques, including the
addition of a peptide or protein tag (24).

However, to the authors” knowledge,
there are no examples of adapting ferri-
tin for delivery of multimerized antibody
fragment (Fab) therapeutics via chemical
conjugation. Here, we describe a drug
delivery system using ferritin to multi-
merize a Fab therapeutic. Commercially
available horse spleen ferritin (HSF),
with its iron core removed (Millipore
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Figure 1: Top panel shows the structure of the assembled icosahedral cage (HSF,,)
and the denaturing conditions used for its dissociation into the monomer (HSF, ).
The lower panel compares gradients and corresponding chromatographic traces of
the absorbance at 280 nm for the reversed-phase conditions tested. Note: ACN is
acetonitrile, TFA is trifluoroacetic acid, PLRP is is a rigid macroporous styrene and
divinylbenzene (PS/DVB) HPLC phase, DP represents a diphenyl (DP) bonded phase,
and C4 refers to hydrophobic alkyl chain length of the stationary phase.

Sigma SKU# A3641), was chemically
linked through solvent exposed native

on this analysis, a C4 column (Waters,
Acquity UHPLC Protein BEH C4) with
amino acids to a human Fab. The conju-
gation strategy was optimized based on
analysis, using liquid chromatography
in-line with a mass spectrometry detec-
tor (LC-MS), while characterization of
the resulting conjugates was performed
using size exclusion chromatography
(SEC) in-line with a multi-angle light
scattering detector (MALS) and quasi-
elastic light scattering detector (QELS).
The results of this study confirmed Fab
was successfully conjugated to the HSF
cage via site-specific conjugation of the
C-terminal cysteine (Cys) on the Fab to
solvent exposed lysines on HSF.

Results and Discussion

The first step in developing the con-
jugation protocol was optimization of
the reversed-phase method to enable
monitoring of the conjugation reac-
tions. Three different reversed-phase

columns and four different gradient con-
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a 35%-55% acetonitrile (ACN) gradi-
ent resulted in optimal baseline resolu-
tion of ferritin (around 2.5 min) from
the other impurities in the sample, pre-
dominantly the contaminant at around
1.75 min (Figure 1, bottom right panel).
While chromatographic separation was
achieved, the unambiguous identifica-
tion of the eatlier eluting contaminant
was not accomplished. However, the
deconvoluted mass from the LC-MS
spectrum suggested that it was related to
HSF (data not shown).

HSF and Fab were conjugated using
a two-step procedure: the first involved
attachment of a heterobifunctional linker
to each component, and this was followed
by secondary conjugation using coppet-
free click chemistry. In each reaction,
the reversed-phase method described
above was used to characterize interme-
diate products (Figure 2). All reactions
were incubated at room temperature for
18-24 h. To activate HSF, we chose a
heterobifunctional N-hydroxysuccin-
imide (NHS), trans-cyclooctene (TCO),
PEG4 linker (NHS-TCO, Figure 2)
(BroadPharm, BP-22418). Three differ-
ent molar excesses of linker (3:1, 20:1,
100:1) relative to HSF monomer (HSF, )
were evaluated and monitored by LC-
MS (Figure 3a-3d) to generate the HSF
displaying a TCO functional group
(HSE-TCO).

ditions were scouted (Figure 1). Based

Figure 2: Schematic representation of reactions to form the HSF_-Fab conjugate.
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Figure 3: Reversed-phase-HPLC-MS of HSF-Fab conjugation reactions. Left panels
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Surprisingly, the addition of increas-
ing amounts of the NHS-TCO to HSF
resulted in decreased area (280 nm)
and broadening of the HSF peak (Fig-
ure 3b—3d). Although it is not shown
here, the decrease in signal was accom-
panied by suppression of ionization.
One hypothesis to explain these find-
ings pertains to the modified lysines.
It is possible that the lysines implicated
in the conjugation reaction make sol-
vent contacts that are important for
ionization, and the decrease in signal is
related to increased conjugation of these
lysines. Despite this issue, deconvo-
luted masses were still obtained, which
allowed for characterization of the con-
jugation reaction.

As shown in the deconvoluted mass
analysis in Figure 3b, a mixture of unre-
acted HSF_ and one NHS-TCO addi-
tion was detected at a reaction ratio of
3:1, while 1-2 additions were detected at
a ratio of 20:1 (Figure 3c¢), and 2 addi-
tions were detected at a ratio of 100:1
(Figure 3d). Previously, Zeng and asso-
ciates identified the presence of surface
exposed labile lysines on HSF (25). They
found that when a small NHS-alkyne
molecule was conjugated to HSF, up
to four small linkers were successfully
added. However, when lysine reac-
tivity was investigated using a bulky
fluorescent probe (5-carboxyfluores-
cein N-hydroxysuccinimidyl ester) or
when saturation of the multiple alkyne
moieties was attempted using 3-azido-
7-hydroxycoumarin, only one unit per
monomer could be detected. In their
study, the incomplete modification of
HSEF_ was attributed to steric hinderance
since a 200-fold excess of each linker was
being added in each reaction, which is
consistent with the results reported here.
Based on these combined findings, the
20:1 ratio was chosen because it yielded
the highest conjugation efficiency of one
linker per HSF .

In parallel with HSF-TCO synthesis,
Fab containing a C-terminal Cys was
conjugated under physiological condi-
tions to a heterobifunctional maleimide
(Mal), methyltetrazine (Tet), PEG,
linker (Mal-Tet, Figure 2) (BroadPharm,
BP-22436). The reactivity and lability of
the Fab C-terminal Cys was previously
reported (26); a 3-fold molar excess of
the similar maleimide linkers is suffi-
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Figure 4: Hydrodynamic radius versus time: native analysis using SEC-MALS-QELS.
Chromatogram of absorbance at 280 nm with R, calculated from QELS overlaid
across each peak. In addition, averaged molar mass (MM), polydispersity and R,,
values for HSF and HSF-Fab conjugate are reported.

cient for complete reaction of the Fab
Cys (2,27), which was confirmed for
the Mal-Tet conjugation to generate
the Tet-containing Fab (Fab-Tet) (Fig-
ure 3d). In the left panel, two peaks
are present, where the peak with reten-
tion time around 1.3 min is Fab light
chain that has dissociated under dena-
turing conditions because of a lack of
disulfide pairing with the heavy chain,
while the peak with retention time
around 1.8 min corresponds to the
properly assembled Fab. In the right
panel, the predominant deconvoluted
mass confirms close to complete modi-
fication of the Fab with Mal-Tet linker.
Subsequent to activation of each mol-
ecule, unreacted linker was removed
using SEC purification. (GE Health-
care, Superdex 200).

HSF-TCO was then conjugated to
Tet-Fab (1:3) using strain-promoted
azide-alkyne cycloaddition (SPAAC,
Figure 2, 3¢) (28-30). In the left panel
of Figure 3e, two peaks are observed in
the conjugation reaction, where the first
peak corresponds to the unconjugated
Fab-Tet (1.8 min retention time) and the
second corresponds to the HSF-Fab con-
jugate (2.6 min retention time). In the
right panel, the conjugate peak deconvo-
luted to a mass in-line with expectation.
Additional peaks were also observed
with an increase of 16—18 Da relative to

calculated mass, which are likely water
additions on HSF.

In addition to LC-MS analysis, the
assembled HSF-Fab conjugate was
characterized under native conditions
by SEC-MALS-QELS (Figure 4). As
shown in Figure 4, the SEC-MALS-
QELS data support a well-behaved
soluble conjugate, as confirmed by
the symmetrical peak shape and lack
of detectable aggregation, as well as
an increase in molar mass (MM) and
hydrodynamic radius (Ry) relative to
the unconjugated HSF cage. Although
the desired product was confirmed, the
difference in MM between the HSF-
TCO-Tet-Fab (851.6 kDa) and uncon-
jugated HSF (491.2 kDa) suggests that
not all 24 HSF_-TCO subunits were
saturated with Fab-Tet. The differ-
ence in MM between HSF-Fab and
unconjugated HSF suggests an aver-
age of 7.7 Fabs per HSF cage, which
is consistent with the steric hinderance
issues observed by Zeng and associates
(25). In that study, a 200-fold excess
was used whereas in this work, only
a 3-fold excess of Fab-Tet was added
to the reaction. Perhaps with a greater
excess of Fab-Tet, conjugation to all 24
subunits might be achieved. However,
it is likely that there is too much steric
crowding to allow for conjugation of
24 Fabs using this approach.
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Materials and Methods

LC-MS analysis

Data was acquired as described pre-
viously (31), using an Agilent 1290
Infinity UPLC in tandem with an
Agilent 6230 electrospray ionization
time-of-flight (UPLC-ESI-TOF) mass
spectrometer, operating in positive ion
mode. For all gradients, mobile phase A
consisted of 0.05% trifluoroacetic acid
(TFA) in water while mobile phase B
consisted of 0.05% TFA and 100% ace-
tonitrile (Figure 1).

SEC-MALS/QELS Analysis of

HSF and HSF-Fab Conjugate

Purity, molar mass (MM), and hydro-
dynamic radius (R};) were determined
using an Acclaim SEC-1000 analytical
SEC column run on a Dionex UltiMate
3000 UPLC (Thermo Fisher Scientific),
with isocratic elution in phosphate buff-
ered saline (PBS) spiked with an addi-
tional 150 mM sodium chloride. In line
with ultraviolet (UV) detection, a multi-
angle laser light scattering (MALS)
detector (Wyatt Instruments), was used
to determine molar mass due to Brown-
ian motion, as well as an attached quasi-
elastic light scattering (QELS) detector
(Wyatt Instruments), to capture fluctua-
tions in intensity of laser light scattered,
allowing diffusion coefficients to be
measured. Assuming a spherical shape,
the Stokes-Einstein relationship was
used to calculate Ry, from D.

Conclusions
This work demonstrates the design and
production of a multivalent HSF-Fab
conjugate, which presents many ben-
efits as a nanotechnology platform. As
a discrete entity, it is a simpler system
relative to other delivery technologies
such as large polydisperse polymers or
liposomes. Moreover, since it is found
ubiquitously in living organisms, it is
inherently biocompatible, and is easily
engineered (32-34). In a recombinant
protein format, it has the potential to
provide many quality attributes ben-
eficial for downstream development
and it is compatible with traditional
protein purification techniques to take
advantage of well-established manu-
facturing processes.

This strategy also provides flexibil-
ity in making bioconjugates. By using
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bifunctional click chemistry linkers,
virtually any two biomolecules can be
conjugated together. Furthermore, the
modular approach involving derivatiza-
tion of each component separately,
allows for control of purity at each step
prior to clicking the partners together to
form the final conjugate. In future work,
we hope to explore longer PEG spacers
with the goal of increasing conjugation
efficiency, and engineering the HSF pro-
tein to install site-specific conjugation
handles and avoid heterogeneous lysine
conjugation.
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Research tools that can decipher protein-protein interactions and
binding interface contact points can aid in the successful development
of biotherapeutics. Hydroxyl radical footprinting—mass spectrometry
(HRF-MS) technologies are being developed as tools for deciphering
protein-protein interactions. We have demonstrated the utility of
using fast photochemical oxidation of proteins (FPOP) as an HRF-MS
technology for biotherapeutic protein structural characterization and
analysis of protein—protein interfaces; monoclonal antibody (mAb)
epitope mapping has also been demonstrated using this technique.
However, the postlabeling workflow that utilizes offline protein
digestion and liquid chromatography-tandem mass spectrometry
(LC-MS/MS) analysis is labor intensive and time consuming, and
has significant sample consumption. In the present work, we
demonstrate the potential of multidimensional online peptide
mapping analysis (reduction, tryptic digestion, and separation) as
a strategy for improving our postlabeling workflow for protein-
protein interactions. The proof-of-concept studies were performed

using a Fab antibody fragment and its antigen binding partner.

onoclonal antibody (mAb)

structural characterization and

their epitope mapping are both
important aspects of biotherapeutic dis-
covery to further understand structure-
function relationships, mechanisms of
action, and antibody—antigen binding
interactions (1). The most commonly
used techniques for epitope mapping
are nuclear magnetic resonance (NMR)
and X-ray crystallography, which provide
high-resolution information on bind-
ing interactions at the atomic level (2,3).
However, these techniques may have lim-
ited biological relevance, most notably for
the analysis of structure and dynamics of
proteins in conformation states of interest,
and are especially challenging for large,
complex proteins. On the other hand,
spectroscopy-based approaches such as
Fourier transform—infrared spectroscopy
(FT-IR) (4), analytical ultracentrifugation
(AUC) (5), and fluorescence spectroscopy
(6) can be used for mAb structural char-
acterization, providing residue-specific

information or high-throughput analysis,
or both. However, these methods are not
suitable for localizing specific areas or
regions of structural change in the pro-
teins, and are generally considered as low
resolution techniques.

Alternatively, footprinting based on lig-
uid chromatography—mass spectrometry
(LC-MS) has recently emerged as a pow-
erful approach for the structural charac-
terization and elucidation of protein—pro-
tein interactions (7,8). These techniques
are considered bottom-up MS approaches
to protein analysis in which proteins are
labeled, subsequently digested, and then
analyzed by liquid chromatography—
tandem mass spectrometry (LC-MS/
MS), providing information on solvent
accessibility for specific chains in the
protein structure. Information on the
solvent accessibility of the peptides can
be encoded onto the peptides by means
of cither reversible (hydrogen/deute-
rium exchange [HDX]) or irreversible
(hydroxyl radicals) chemical probes (1).
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Table I: Offline versus online workflows for the peptide mapping analysis of a Fab

molecule. The sequence coverages (Seq. coverage), relative standard deviation
(RSD) values of the retention times (tr) and areas, and the analysis times are given.

Digestion step

LC-MS/MS Analysis Time

Seq. coverage,

RSD,, (n = 3): 0.25-0.32%

Off-li Kl 12-13 h
e WOrktlow | rab~97% | RsD, ., (n =3): 1.62-10.75%
. Seq. coverage, RSD, (n = 3): 0.16-0.76% )
- Kl tr 1
On-line workflow | _gg0s RSD. _ (n =3): 3.73-8.12% 00 min

area

Another growing technology in the
epitope mapping field is hydroxyl radical
footprinting—mass spectrometry (HREF-
MS) (9-11). HRE-MS uses a high pow-
ered laser to photodissociate hydrogen
peroxide into hydroxyl radicals, enabling
the covalent and irreversible labeling of
protein residues. The addition of hydroxyl
groups to protein side chains induces a +16
mass shift, easily detectable by tandem MS
analysis. Because of the irreversible label-
ing reaction, no extra care is needed for
the postlabeling workflow. However, the
conventional approach for the postlabeling
workflow involves time-consuming offline
procedures, with reduction and alkyla-
tion of the protein and buffer exchange,
followed by an offline tryptic digestion
before injection onto an LC-MS instru-
ment. In addition, the tryptic digestion
in solution also suffers from a number of
drawbacks such as low efficiency and auto-
digestion of the enzyme (12).

Recently, fast, online, and automated
multidimensional LC workflows have
been developed on commercial ultrahigh-
pressure liquid chromatography (UHPLC)
systems for the reduction and digestion of
proteins, bypassing the offline manual
sample pretreatment reduction and diges-
tion of mAbs (13). The use of these instru-
ments for automated and fast digestion
under high pressure with immobilized
trypsin cartridges significantly reduces the
digestion times compared to the standard
offline approach (minutes vs. hours). Using
the multidimensional LC-MS approach
(automated online reduction, digestion,
and separation) for the postlabeling HRE-
MS workflow can significantly reduce
sample handling and operator time com-
pared to standard offline procedures. In
this study, we explore this possibility of
using a multidimensional LC workflow to
analyze the known paratope (the comple-
mentarity determining region, [CDR])
map of a monoclonal Fab fragment against

its antigen, and compare the results against
the conventional offline procedure.

Experimental Method

Reagents and Sample Preparation
Millipore Sigma provided the hydrogen
peroxide (30%), dithiothreitol (DTT),
sodium iodoacetate (IAA), and all MS-
grade solvents (2-propanol and acetoni-
trile). Tris(hydroxymethyl) aminometh-
ane (TRIS) base, potassium phosphate
monobasic, potassium phosphate dibasic,
potassium chloride, MS-grade formic
acid (FA) and trifluoroacetic acid (TFA)
were all purchased from Sigma-Aldrich.
Calcium chloride dihydrate and sodium
chloride were obtained from BeanTown
Chemicals. Water was obtained from a
Milli-Q purification system from Mil-
lipore. MS-grade water, 0.1% FA in
water, 0.1% FA in acetonitrile and tris(2-
carboxyethyl) phosphine hydrochloride
(TCEP-HCI) were all purchased from
Thermo Fisher Scientific.

The antigen and the Fab were pro-
duced in Escherichia coli cells and pre-
pared for labeling by size-exclusion
chromatography. Samples were purified
and buffer exchanged using a TSKgel
UP-SW3000 column (4.6-mm 1.D. x 30
cm, 2-pm) purchased from Tosoh Biosci-
ence and a 0.2 M potassium phosphate,
0.25 M potassium chloride, pH 6.2 buf-
fer. Samples were collected off the col-
umn and diluted to approximately 2 mg/
mL for labeling. The antigen—Fab com-
plex was created by mixing the compo-
nents at a 1:2 antigen—Fab ratio.

Hydroxyl Radical Labeling Procedure
Samples were subjected to labeling as
previously described (14). Briefly, a high
power laser was focused on a glass capil-
lary used to irradiate the sample. Two
syringes, one containing the protein sam-
ples (Fab or antigen—Fab complex) com-
bined with arginine (used to help control
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the amount of hydroxyl labeling), and
the other syringe (containing hydrogen
peroxide), converged on a T-mixer just
before the point of laser irradiation. This
T-mixer allowed the solution to mix at
a 2:1 (protein:hydrogen peroxide) vol-
ume ratio. After irradiation, the samples
are delivered in-line to a sample tube
containing methionine and catalase to
quench the labeling reaction.

Standard Off-line

Peptide Mapping Approach

Hydroxyl radical labeled protein samples
were digested as previously described (14).
Briefly, the proteins were reduced with
guanidine HCI (6 M) and DTT (10 mM,
45 °C for 10 min), and alkylated with IAA
(25 mM, at room temperature for 5 min),
and quenched with DTT (50 mM, room
temperature). The resulting samples were
then desalted using NAP-5 columns (GE
Healthcare), digested with trypsin (5 pg,
37 °C, overnight), and quenched with
100% of FA.

Tryptic peptides (10 pg) separation
was performed using a Waters H-Class
UPLC system with a Waters Acquity
UPLC CSH130 C-18 column (1.7-pum,
2.1 mm x 150 mm). The flow rate was
fixed at 0.3 mL/min and the column
temperature at 77 °C. Mobile phases
consisted of 0.1% FA in water (A) and
acetonitrile (B). The gradient conditions
consisted of 0 to 35% B in 42 min. The
MS analysis was carried out with a Ther-
moFisher QExactive Orbitrap MS oper-
ating in positive mode, performing MS?
scans on the top-10 most abundant peaks
in data-dependent acquisition mode in
the m/z range 350-2000 at a resolving
power of 35,000. MS data treatment
was performed using Byonic and Byo-
logic Footprint Software Suites (Protein
Metrics, Inc.) for peak identification and
quantitation of percent modification for
each peptide, respectively. All samples
were analyzed in triplicate.

On-line Peptide Mapping Analysis
Instrument

All online peptide mapping analyses were
carried out on a biocompatible Thermo-
Scientific Dionex UltiMate 3000 Rapid
Separation (RS) system. It is composed of
two RS dual pump modules, each con-
taining two ternary pumps, two thermo-
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Figure 1: Schematic representation of (a) conventional offline and (b) online peptide
mapping (reduction-reversed-phase LC x tryptic-digestion x reversed-phase LC—-MS)
workflows for hydroxyl radical footprinting analysis.

static RS column compartments, and an
RS auto sampler. The multidimensional
LC setup was coupled to a Q Exactive
Orbitrap MS. For multidimensional LC—
MS analysis, the same MS parameters
for the standard offline peptide mapping
approach were used.

Ist Dimension ('D):

On-column Reduction

Hydroxyl radical labeled proteins were
first loaded and reduced on column using
the BioResolve RP mAb Polyphenyl col-
umn (2.1-mm I.D. x 50 mm, 2.7-pm, 450
A) purchased from Waters. Mobile phases
A and B contained 0.1% FA and 0.05%
TFA in water and acetonitrile, respec-
tively. Mobile phase C contained the
TCEP reducing agent at 25 mM in acidi-
fied water (pH 4.5). The valve located
between the second- and third-dimension
columns was switched at 20 min when
the elution starts to divert the reduced
proteins to the third dimension trypsin
cartridge. Supplemental Table S1 lists the
gradient and valve details.

2nd Dimension (°D): Tryptic Digestion in
Flow-Through Mode

The Poroszyme immobilized trypsin car-
tridge (2.1-mm LD. x 30 mm), supplied
by Thermo Fisher, was equilibrated from
0 to 20 min, then set in-line with the !D
and ®D reversed-phase LC columns from
20 to 50 min, for the online digestion and

subsequent trapping of the peptides on
the ®D reversed-phase LC column. Diges-
tion buffer was composed of 10 mM cal-
cium chloride and 50 mM TRIS pH 8.0,
whereas a 2-propanol/acetonitrile (70:30,
v/v) mixture was used to wash the trypsin
cartridge after each cycle.

3rd Dimension (°D):

Peptide Mapping Analysis

The trapped peptides from 20 to 50 min
were then eluted between 50 min and 100
min from an XSelect CSH C18 column
(2.1-mm LD. x 150 mm, 3.5-pm, 450
A) supplied by Waters. MS grade mobile
phases A and B were composed of 0.1%
FA in water and acetonitrile, respectively.
Table S1 lists the gradient and valve details.
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Results and Discussion

Off-line Versus On-line Workflows
Figure 1 shows the two workflows for the
(a) conventional offline and (b) online
peptide mapping approaches. With the
online peptide mapping workflow, the
Fab sample was injected onto the 'D
reversed-phase LC column, where it was
subsequently trapped at the head of the
column. For the reduction of the Fab
into reduced subunits (heavy chain and
light chain), a 25 mM TCEP solution in
acidified water (pH 4.5) was used. The
reduced Fab chains eluted from the 2D
column and were then digested online on
the immobilized trypsin cartridge, prior
to their separation on the *D reversed-
phase LC coupled to MS.

The precision of the online multi-
dimensional LC digestion workflow
was compared to the standard offline
procedure to assess whether there were
differences between the workflows
and whether the multidimensional LC
approach could be used for hydroxyl radi-
cal footprinting analysis. A Fab molecule
was selected and three consecutive injec-
tions were performed on the online sys-
tem and compared with a conventional
offline procedure (Table I). A sequence
coverage of 88% using the online work-
flow, compared to the offline value of
97%, was achieved, and the sequence
coverage remained consistent for each
experiment. The difference in sequence
coverage results from the absence of a
single peptide with the online approach,
which is discussed in the next section.
The repeatability of the online peptide
mapping method was then assessed by

35 (a) 35 (b)

| Fab

20 I Fab
Antigen: Fab complex

Antigen: Fab complex

2

8

% Oxidation

% Oxidation
3 &
3

LC CORA LC CDR2 LCCDR3

HC CDR-1

HCCDR2 ~ HCCDR3  LCCDR- LCCDR2  LCCDR3 HC CDR-1 HCCDR2  HCCDR3

Figure 2: Hydroxyl radical footprinting results for unbound Fab and antigen:Fab
complex for (a) offline HRS-MS procedure, and (b) online HRS-MS procedure. HRF
analysis was completed on the Fab heavy and light chain CDR-containing peptides.
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performing triplicate analysis. For this
purpose, four unmodified peptides
in common with the offline approach
were selected and compared according
to their retention times and peak areas.
As shown in Table I, the results dem-
onstrated a repeatability of the online
analysis with relative standard devia-
tion (RSD) values lower than 0.8% and
8.2% for the retention times and peaks
areas, respectively.

The leading advantage of the multi-
dimensional LC online peptide map-
ping approach is the short analysis time
with a turnaround of 100 min com-
pared to the conventional offline pro-
cedure, which typically requires several
hours (Table I). The decrease in analysis
time is achieved by the automation of
all the labor-intensive and manual sam-
ple preparation steps associated with the
conventional offline approach, includ-
ing reduction/alkylation, desalting,
digestion, and buffer exchange. Another
advantage of the online approach is the
low amount of sample required (10 pg
per injection for the online peptide
mapping analysis, compared to 100 pg
typically required for the offline diges-
tion), resulting from the low efficiency
of the tryptic digestion in solution.

Off-line versus On-line

HREF-MS Results

The amount of oxidation that occurs
during HRF labeling for a given region
of a protein is proportional to the sol-
vent accessibility of the region. Com-
paring the oxidation of Fab peptides in
the unbound and bound antigen—Fab
complex state allows for paratope map-
ping of the antigen—Fab interaction,
where the regions showing a decrease
in oxidation in the bound state are
possible binding paratopes. The CDR-
containing peptides, the known para-
topes in this interaction, were analyzed
for both offline and online digested
samples to understand if the online
digestion method could be used for the
paratope mapping analysis from HRF
labeling.

Data analysis was conducted simi-
larly between the offline and online
samples (see experimental section).
The offline peptide mapping samples
indicated a decrease in oxidation (pos-

sible binding paratope) in the anti-
gen—Fab complex sample compared to
the Fab sample in peptides containing
the CDRs (Figure 2). The multidi-
mensional LC online peptide mapping
results also indicated a decrease in oxi-
dation in most of the CDR peptides
detected with the offline procedure (4
out of 6 CDR-containing peptides),
showing confidence in the use of the
online automated approach for the
HREF-MS paratope mapping workflow.
Some of the differences between the
online and offline results include the
heavy chain CDR 3 peptide not being
detected by the online digestion proce-
dure, and the light chain CDR 1 pep-
tide showing no significant difference
in oxidation between Fab and anti-
gen—Fab complex after online diges-
tion. These differences are most likely
attributable to the elution gradients in
multidimensional LC—MS, where the
very hydrophobic heavy chain CDR 3
peptide is retained on the 3D reversed-
phase LC column. Further method
optimization of the online workflow is
needed to increase the sequence cov-
erage and recover the CDR 3 peptide.
However, overall this proof of concept
study shows that there is general agree-
ment between the results generated
with the offline and online digestion
procedures, showing that HRE-MS
analysis can be performed using the
multidimensional LC online digestion
procedure to make data acquisition
faster and easier.

Conclusion

In this work, we introduced an inno-
vative multidimensional LC-MS setup
for a fast (100 min per run), auto-
mated, and online peptide mapping
workflow for postlabeling HRF-MS
epitope mapping analysis. Alchough
the heavy chain CDR 3 peptide was
not detected by the online approach,
paratope mapping results were gener-
ally similar between the online and
offline workflows. From these results,
we can conclude that with further opti-
mization, the online multidimensional
LC system can be used for hydroxyl
radical footprinting analysis to reduce
the postlabeling workflow time from
>10 h to 100 min.
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Development of a Size-Exclusion
Chromatography Method to Characterize a
Multimeric PEG-Protein Conjugate

Lu Dai, Joseph Elich, and
Fred Jacobson

Conjugation of poly(ethylene glycol) (PEG) to therapeutic molecules is
a widely used technique to increase in vivo half-life of therapeutics. A
multimeric PEG—protein conjugate, which contains eight antigen-binding
fragments (Fabs) conjugated to an 8-arm PEG core, was developed as
a therapeutic candidate for age-related macular degeneration (AMD).
The increased molecular size of the conjugate, compared to the Fab
alone, produces a significant longer half-life, and requires less frequent
intravitreal (ITV) injections, which can greatly benefit the patient. Due
to the major impact that molecular size has on in vitreous half-life, it
is crucial to have an analytical method to monitor the size attribute
of the conjugate. Here we report a simple and robust size-exclusion
chromatography (SEC) method that was developed for the conjugate.
A wide range of size variants of the conjugate, ranging from 50 kDa to
>1000 kDa, can be resolved and quantitated. The method was evaluated
for precision, accuracy, linearity, and robustness, and was deemed

suitable for routine use in product quality control.

oly(ethylene glycol) (PEG) is a

water-soluble, nontoxic, non-

antigenic, biocompatible poly-
mer that has long been utilized in the
fields of biotechnology and pharmacol-
ogy (1,2). PEGylation of peptides, pro-
teins, and other therapeutic entities can
improve their pharmacological proper-
ties by increasing water solubility (3),
reducing immunogenicity (4), and
increasing half-life (5,6). These advan-
tages have made PEGylation one of
the most attractive and prevalent tech-
niques in drug delivery. More than 10
PEGylated drugs have been approved
by the FDA since the 1990s, and new
PEGylated agents continue to enter and
expand clinical pipelines (7).

In PEGylation, linear PEGs are the
simplest and most commonly used
conjugate agents. Most of the approved
PEGylated drugs are conjugates with
one or multiple linear PEG chains, such
as PEGylated bovine adenosine deami-
nase (Adagen), PEGylated L-aspar-
aginase (Oncaspar), and PEGylated

a-interferon (PEG-INTRON) (8). On
the other hand, novel PEG geometries
with varied branching, chain length,
and polydispersity have recently been
utilized more in drug PEGylation,
providing improved pharmacological
properties compared to linear PEGs.
One example is multi-armed PEG.
With a star-like structure carrying
multiple conjugation sites, it is shown
to increase the active ingredient ratio,
while simultaneously offering advan-
tages of increased half-life and reduced
immunogenicity (9).

A novel multi-armed PEG-protein
conjugate, which contains eight anti-
gen-binding fragments (Fabs) con-
jugated to an 8-arm PEG core, was
developed as a drug candidate for age-
related macular degeneration (AMD)
(10). With an increased hydrodynamic
radius (Ry;), the multimeric PEG-Fab
conjugate produces a significant longer
vitreal half-life than Fab alone. The
large Fab:PEG ratio also enables more
protein delivery compared to the con-
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Figure 1: Schematic of the expected size variants in the PEG-Fab conjugate sample.

jugate with low Fab:PEG ratio. These
improved properties make the multi-
meric PEG-Fab conjugate a promis-
ing ocular therapeutic with increased
exposure and less dosing frequency,
which can greatly benefit the patients.
As part of drug development, reli-
able qualitative and quantitative
methods are required for product
characterization and quality control.
For the PEG-Fab conjugate, it is cru-
cial to have an analytical method to
monitor the size attribute, which is
proven to be a key determinant of
vitreal half-life (6). Due to the large
molecular size of the PEG-Fab con-
jugate target form, a product spe-
cific size-exclusion chromatography
(SEC) with optimal resolution for
all the product-related size variants
was developed. A qualification study
was further conducted to assess the
method for specificity, precision,
accuracy, linearity, and robustness.

Experimental

Reagents and Samples

Sodium phosphate dibasic, sodium
phosphate monobasic, sodium
chloride, L-arginine monohydro-
chloride, sodium azide, and sodium
sulfate were purchased from
Sigma-Aldrich. Isopropyl alcohol
was purchased from EMD Milli-
pore. Hydrochloric acid standard
solution (5.996 mol/L) and sodium
hydroxide solution (5.0 mol/L)
were purchased from Fluka. Water
was obtained with a Milli-Q Puri-

fication system from Millipore.

Samples

PEG-protein conjugate used in this
study consists of eight Fabs conjugated
to an 8-arm 40 kDa PEG core. The Fab
protein was expressed in E. coli and it
contains an unpaired hinge cysteine on

www.chromatographyonline.com

the C-terminal of the heavy chain. The
PEG molecule used in the conjugation
is an 8-arm PEG with a maleimide
group on the end of each arm. The
PEG-Fab conjugate was formed via
the covalent bondage between the
maleimide of the PEG and the C-ter-
mini cysteine of the Fab.

The stock solution of the PEG—Fab
conjugate had a Fab concentration of
50 mg/mL and was diluted to the target
concentration, 5 mg/mL, with 5 mM
histidine hydrochloride, pH 5.5 buffer

before the injection.

Instrumentation and
Chromatographic Conditions

All measurements were performed
using a Waters Alliance HPLC with
multiple wavelength detector (MWD)
or diode array detector (DAD). A
Wyatt phDAWN multi-angle light scat-
tering (MALS) detector and a Wyatt
Optilab UT-rEX differential refractive

] ~
(@) 4o :
] o
1 £
B ©
b =
2 40.0] £
£ ] S
£ ] o
5 1 ®
g ] 2
% 2007 5
o 4 w o
2 ] 2 2
< 1 = =
2 4 . T =
o ]| PEG-Fab conjugate > |
2 00 ‘ —
< ] “—>
1 Sum of HMWF Sum of LMWF
]| Conjugate buffer blank
-20.01
R T Y Y T
Retention time (min)
b 7.50 73
(b) 3 s E
] @ h
] w £ I
] 2 g H
_5.001] 2 A
> 1 < 3
< 3 | o £
£ ] ‘;’ a
£ ] s 3
S 2.50] w =
2 ] 2 ! :
% 2
o ] . >
e 3| PEG-Fab conjugate | L
§ 0.001 < T > < >
_.g ] Sum of HMWF Sum of LMWF
< ] Conjugate buffer blank
-2.509
oo 50 Y o o o 0.0
Retention time (min)

Figure 2: (a) Full-scale, and (b) enlarged representative SEC chromatogram of the
PEG-Fab conjugate using a Tosoh TSKgel G4000SWXL column.
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Figure 3: SEC-MALS for enriched HMWF sample, PEG-Fab conjugate and Fab, with
measured molecular weight across ultraviolet (UV) trace demonstrates the effective

separation of the size variants.

index (dRI) detector were coupled to
the HPLC sequentially to measure the
molecular weight of the eluting peaks.
Tosoh TSKgel G4000SWXL col-
umn (7.8 mm x 300 mm, 8-pm) was
purchased from Tosoh Bioscience LLC.
All separations were in isocratic mode
at a flow rate of 0.5 mL/min and with
a ultraviolet (UV) detection at 280 nm.
The optimized mobile phase consisted
of 100 mM sodium phosphate, 300
mM arginine, pH 6.2 with 10% IPA.
Injection volume was 10 pL with a Fab
concentration of 5.0 mg/mL.

Results and Discussion

Method Development

Column Screening

Consisting of 8 Fabs of 47 kDa and a
PEG core of 40 kDa, the theoretical
molecular weight (MW) of the PEG-
Fab conjugate is 416 kDa. Due to con-
jugate aggregation, heterogeneity of
PEG core, incomplete conjugation, and
dimerization of Fab, many size variants
can form. As shown in Figure 1, conju-
gate with 6, 7, or 8 Fabs are the target
species. Potential low molecular weight
forms (LMWFs) include free Fab, Fab
dimer, and LMW conjugate that con-
sists of a low number (2 or 3) of Fab and
LMW PEG. Conjugate oligomer and
aggregate can form as high molecular
weight form (HMWF) and very high
molecular weight form (VHMWE).
Effective monitoring of these vari-
ants requires a SEC method capable of

resolving both LMWFs and HMWFs
with a range of MW from -50 kDa to
over 1000 kDa.

After screening a few SEC columns
with the desired mass range (data not
shown), Tosoh TSKgel G4000SWXL
column (7.8 mm x 300 mm, 8-pm)
showed the best

NOVEMBER 2019 ADVANCES IN BIOPHARMACEUTICAL ANALYSIS 43

showed agreement with the theoretical
values, confirming the effective separa-
tion of size variants by the Tosoh TSK-
gel G4000SWXL column.

Mobile Phase Screening

The SEC mobile phase used during
the initial column screening experi-
ment was 20 mM sodium phosphate,
300 mM sodium chloride, pH 6.2.
However, during an extended method
evaluation, the repeatability of the
results for the same sample on differ-
ent columns and during different runs
was not acceptable. More specifically,
in three testing runs on two columns of
different lots, the relative peak area of
the sum of HMWF region has a %RSD
of 29.6% and the relative peak area of
the sum of LMWF has a %RSD of
40.0%. Inconsistent SEC profiles can
often appear as a result of nonspecific
interactions between the sample and
the column resin. Sodium chloride is
commonly used to reduce the electro-
static interaction between the sample
and resin surface, but it cannot sup-
press the hydrophobic interaction. On

resolution of
HMWFs,
peak and vari-

ous LMWFs and
was selected for

main

further optimi-
zation. A repre-
sentative chro-
matogram of the
PEG-Fab
jugate obtained
with the
Tosoh TSKgel
G4000SWXL

column is shown

con-

in Figure 2. To
confirm the iden-
tity of the SEC
peaks, enriched
HMWE and Fab
samples were run
together with
the conjugate
sample by SEC-
MALS  (Fig-
ure 3). Average
molecular weight
of each peak was
determined and
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Figure 4: Comparison of chromatogram
mobile phase (20 MM sodium phosphate

the other hand, arginine is typically
added to the mobile phase to suppress
the hydrophobic interaction between
sample and resin without aggregating
or dissociating proteins (11). To assess
the effect of arginine, the PEG-Fab
conjugate sample was analyzed by SEC
with and without 200 mM arginine
in the mobile phase (Figure 4). With
the presence of arginine, all peaks
eluted earlier and the total peak area
increased, proving the nonspecific
interactions were reduced between the
sample and the column resin.

After screening different arginine
concentrations in the mobile phase,
300 mM arginine was selected because
it resulted in the lowest peak reten-
tion time and the largest peak area,
demonstrating minimal sample-resin
interactions. In addition, 10% (v/v)
IPA was added to the mobile phase
as a microbial inhibitor after bacte-
rial growth observed in the mobile
phase during storage at ambient tem-
perature. This extended the mobile
phase storage time to 2 weeks without
significant impact on the SEC sepa-
ration. The optimized mobile phase
was 100 mM sodium phosphate, 300
mM arginine, pH 6.2 with 10% IPA.

Optimization of Other SEC Parameters

In all modes of chromatography, high
sample load tends to lead to higher
sensitivity but generally reduces the
resolution. For this method, injection

s with and without 200 mM arginine in the
, 300 mM NadCl, pH 6.2).

volume was optimized to 10 pL with
a Fab concentration of 5.0 mg/mL as
a compromise between sensitivity and
resolution.

The impact of column tempera-
ture on method performance was
also tested by changing the column
temperature from 24 °C to 30 °C.
Higher column temperature resulted
in lower column pressure and sharper
peaks compared to the lower tem-
perature. A column temperature of
28 °C was selected to achieve better
performance while accommodating
the column’s recommended maxi-
mum temperature of 30 °C.
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Method Qualification

After the SEC conditions were opti-
mized, a method qualification was con-
ducted to assess the specificity, stability
indicating property, precision, accu-
racy, and linearity. Method robustness
was also evaluated through a design of
experiment (DOE) study.

Specificity and Stability Indicating Property
To assess the specificity and stabil-
ity indicating property, the conjugate
buffer blank, PEG-Fab conjugate (t0),
and the thermally stressed conjugate
sample (4 weeks, 40 °C) were run with
the optimized conditions. As shown
in Figure 5, there was no significant
interference from the matrix com-
ponents for the quantification of the
size variants, demonstrating a suitable
specificity of the method. In compari-
son with the t0 sample, the stressed
sample showed an increase in relative
peak area for both HMWF and LMWF
regions. The increased HMWF is likely
due to the formation of aggregate, and
the increased LMWF can result from
the deconjugation of Fab under the
elevated temperature. These results
demonstrated that the SEC method is
stability indicating.

Precision, Accuracy and Linearity

To assess the precision of the method,
18 injections of the conjugate sample
were made using two HPLC instru-
ments and two columns from different

75.0
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Figure 5: SEC chromatograms of the conjugate buffer blank, PEG-Fab conjugate
(t0), and the stressed conjugate sample (4 weeks at 40 °C).
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Table I: Test conditions for each parameter in the DOE study

Column temperature

26 (28) 30°C

Mobile phase [arginine]

270 (300) 330 mM

Mobile phase pH

6.1(6.2) 6.3

lots. The %RSD of the relative peak
area of the sum of HMWFE, the main
peak and the sum of LMWF is 1.2%,
0.1%, and 2.5%, respectively, demon-
strates suitable precision.

For the linearity and accuracy assess-
ment, five samples were prepared and
injected at the concentrations of 2.5
mg/mL, 3.75 mg/mL, 5.0 mg/mL, 6.25
mg/mL and 7.5 mg/mL, corresponding
to a range of 50% to 150% of the target
protein loading (50 pg). The peak area
of each region in the linearity samples
was plotted against the theoretical
protein loading and linear regression
analysis was performed. The Pearson
correlation coefficient (7) of the sum of
HMWE, the main peak, and the sum
of LMWF was 1.00 for each, and the
percent recovery ranged from 100% to

114% at all loading levels. These results
demonstrated a suitable linearity and
accuracy of the method in the assessed
range of 25 pg to 75 pg of protein
loading.

Robustness by DOE

A DOE study was conducted to assess
the method robustness by multivariate
data analysis. Three parameters were
identified as the potential significant
sources of variation: column tempera-
ture, arginine concentration in the
mobile phase, and the pH of the mobile
phase. These parameters were evaluated
in a full-factorial study design with
eight test conditions and four replicates
of the center point (Table I, Figure 6).
Across all test conditions, the impact of
each factor on the method performance
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was minimal. The resulted chromato-
grams overlaid well, and no significant
changes in retention time and resolu-
tion between peaks of interest could be
observed. The relative peak areas were
further analyzed with a main effect plot
(Figure 7). The parameters with the
most significant impact on the quanti-
tation were the level of arginine for the
sum of HMWF and the column tem-
perature for both the main peak and the
sum of LMWF. However, the observed
differences in the relative peak area
were very close to the standard devia-
tion of the center points; therefore, the
SEC method was deemed robust for
these tested parameters and no changes
were made to the final SEC method.

Conclusion

In this study, we describe the develop-
ment and optimization of a SEC method
for monitoring of the size variants of
a protein-polymer conjugate. Specific
challenges related to the multimeric for-
mat of the conjugate, such as undesired
secondary hydrophobic interactions with
the column resin, were minimized with
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Figure 6: Cube plot showing the experimental conditions tested in the DOE study.

the final optimized method. The opti-
mized method was further tested for
specificity, precision, linearity, accu-
racy, stability indicating properties,

and robustness. This study demon-
strated that the SEC method is suit-
able for monitoring the size variants of
the PEG-Fab conjugate and appropri-
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ate to support the manufacturing of
clinical batches.
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