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Trastuzumab is a humanized monoclonal antibody (mAb) employed for the treatment of HER2 Positive
Breast Cancer. A HER2 overexpressing tumor cell binds to Trastuzumab and attracts immune cells which
lead to induction of Antibody Dependent Cellular Cytotoxicity (ADCC) by binding to Fc receptors (CD16a
or FcgRIIIa) on an effector cell, such as natural killer (NK) cells.

The most commonly expressed receptor on NK cell is CD16a which binds to the Fc portion of Tras-
tuzumab. The ligand-independent HER2eHER3 dimerization is the most potent stimulator of down-
stream pathways for regulation of cell growth and survival. An attempt has been made in this study to
understand the impact of charge heterogeneity on the binding kinetics and potency of the monoclonal
antibody. Trastuzumab has a pI range of 8.7e8.9 and is composed of mixture of acidic and basic variants
beside the main peak. Ion exchange chromatography was used to isolate the acidic, basic, and main peak
fractions from in-house proposed biosimilar to Trastuzumab and their activities were compared to the
Innovator Trastuzumab Herclon®. Data from the mass analysis confirmed the potential modifications in
both acidic and basic variant. Binding activity studies performed using Surface Plasmon Resonance (SPR)
revealed that acidic variants had lesser binding to HER2 in comparison to the basic variants. Both acidic
and basic variant showed no significant changes in their binding to soluble CD16a receptors. In vitro assay
studies using a breast cancer cell line (BT-474) confirmed the binding potency of acidic variant to be
lesser than basic variant, along with reduced anti-proliferative activity for the acidic variant of Trastu-
zumab. Overall, these data has provided meaningful insights to the impact of antibody charge variants on
in vitro potency and CD16 binding affinity of trastuzumab.
© 2016 International Alliance for Biological Standardization. Published by Elsevier Ltd. All rights reserved.
1. Introduction

There were 14.1 million new cancer cases, 8.2 million cancer
deaths and 32.6 million people living with cancer (within 5 years of
diagnosis) in 2012 worldwide [1]. The high mortality rate of cancer
serves as a reminder of the need for more effective therapies. Over
the last few decades, monoclonal antibodies have made a major
impact with respect to human therapeutics for cancer. There are
currently several mAb-based products which have been approved
by the regulatory agencies for the treatment of a wide range of
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human cancers [2,3]. Beside cancer, mAbs are also being used for
treatment of several other diseases including autoimmunity, organ
transplant rejection, inflammation and infection etc. [4].

Monoclonal antibodies are Immunoglobulin G (IgG) type of
proteins (approximately 150 kDa), comprising a pair of heavy and
light chains connected by disulfide bonds. The heavy chains
constitute of a variable domain (VH), a hinge and three constant
(CH1, CH2 and CH3) regions. The light chains contain one variable (VL)
and one constant (CL) region. Immunoglobulin structure can also be
subdivided into Fragment antigen binding (Fab) and the Fragment
crystallizable (Fc) domain. The specificity of Antibodies (Abs) is
represented by the Fab region where the interaction between an-
tigen and antibody takes place. Fc domain is responsible for effector
function of the immunoglobulins [2]. The specificity and affinity of
antibody-antigen interactions are essential for elucidating the
biological activity of monoclonal antibodies. In general, Monoclonal
sevier Ltd. All rights reserved.
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antibodies function through three different mechanisms (a) by
inducing Antibody-Dependent Cellular Cytotoxicity (ADCC) and
Complement-Dependent Cytotoxicity (CDC), (ii) they directly target
antigen present on tumor cells and (iii) can be conjugated to a lethal
drug, toxin or radioisotope for enhanced specificity towards tumor
cells [2].

In spite of their defined biological activities, heterogeneity has
been observed very commonly in monoclonal antibodies. The
heterogeneity of monoclonal antibodies can be introduced either
by intracellular or extracellular process. Heterogeneity can also be
introduced by incubation with buffers, during purification process
and also during storage. Both enzymatic and non-enzymatic
modifications including formation of disulfide bonds, glycosyla-
tion, N-terminal glutamine cyclization, C-terminal lysine process-
ing, deamidation, oxidation, glycation, and peptide bond cleavage
will contribute towards heterogeneity [5]. Chemical and enzymatic
modifications such as deamidation and sialylation, respectively,
result in an increase in the net negative charge on the mAbs and
cause a decrease in their pI values, thereby leading to the formation
of acidic variants. C-terminal lysine cleavage results in the loss of
net positive charge and also leads to acidic variant formation [6].
Another mechanism for generating acidic variants is the formation
of various types of covalent adducts, e.g., glycation, where glucose
or lactose can react with the primary amine of a lysine residue
during manufacturing process (in glucose-rich culture media) or
during storage if a reducing sugar is present in the formulation.
Formation of the basic variants can result from the presence of C-
terminal lysine or glycine amidation, succinimide formation, amino
acid oxidation or removal of sialic acid, which introduce additional
positive charges or removal of negative charges; both types of
modification cause an increase in pI values [5].

These variations in composition occur in many types of protein
and can impact the activity and stability of biotherapeutics. As
mentioned earlier, these variations are introduced either enzy-
matically during antibody expression or by spontaneous degrada-
tion during manufacturing and storage of the formulated material.
Most degradation pathways occurring in proteins were also
involved in charge-related heterogeneity of monoclonal antibodies.
As more and more antibodies are characterized, the knowledge of
modifications responsible for charge-related heterogeneity in an-
tibodies will also increase. Therefore, the current challenge is to
understand the effects that mAb micro-heterogeneity on the effi-
cacy, potency, immunogenicity and clearance in patients [7e9].
Several articles have been published with respect to the charge
variants of monoclonal antibodies which can be generated during
the process [10e14]. In this paper, we decided to look at the acidic
and basic variants of Trastuzumab and their effects on binding and
potency.

Trastuzumab (brand name Herceptin®/Herclon®) is a recombi-
nant humanized IgG1k monoclonal antibody glycoprotein that
binds specifically to extracellular domain of human epidermal
growth factor receptor 2 (HER-2) [15e17]. Overexpression of ErbB2
(HER-2), a member of the epidermal growth factor receptor (EGFR)
family of receptor tyrosine kinases, occurs in 20e30% of invasive
breast cancers, is associated with poor prognosis and rapid relapse.
The major mechanisms of action of trastuzumab are believed to be
by interfering with the dimerization of HER2 thus leading to
abrogation of intracellular HER-2 signalling through pathways
including PI3K/Akt and Ras/MAPK leading to cell cycle arrest,
reduction in angiogenesis, inhibition of extracellular domain
cleavage, and antibody-dependent cell-mediated cytotoxicity
(ADCC) [18]. Clynes et al. demonstrated that the activity of Tras-
tuzumab on breast cancer xenografts was attenuated in knock-out
mice lacking activating FcgRIII (CD16) receptor [19]. Once the Fc
receptor CD16 binds to the Fc region of Trastuzumab, the Natural
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Killer cell releases cytokines, thus killing the target cells, The charge
variants for the study were isolated during the development of
proposed biosimilar to Trastuzumab. The goal of this work is to
separate the major charge variants (acidic, basic and main peak
fractions) of the Trastuzumab, characterize some of their biophys-
ical characteristics, their CD16 and HER2 binding activity and also
their potency in an in vitro cell based assay.

2. Materials and methods

Trastuzumab innovator Herclon® (Roche) was procured and
used for comparison in all the analytical assays.

2.1. Purification and isolation of charge variants

Chromatographic runs were performed with GE AKTA PURE
150 M system. All the columns were pre-equilibrated with
respective equilibration buffers prior to loading. Clarified harvest
samplewas loaded onto XK26/40MabSelect Sure Protein-A column
at pH 7.2 and target protein (mAb) was eluted using low pH buffer
(30 mM PBS, pH 3.0) followed by viral inactivation at pH 3.0 for
60 min. Virus inactivated protein-A elute was neutralized to pH 6.0
and then loaded onto XK26/20 AEX Q-Sepharose column in flow
through (FT) mode. FT of AEX was loaded onto XK26/40 CEX
SOURCE 30S column in binding and elute mode, column was re-
equilibrated with loading buffer (50 mM Histidine, pH 6.0, 2 mS/
cm) and washed with wash buffer (50 mM Histidine, pH 6.0, 5 mS/
cm) for 3 column volumes (CVs) prior to elution. Elution was per-
formed in linear gradient mode from 0 to 100% mobile phase B in
80 min where buffer A was 50 mM Histidine, 10 mM NaCl pH 6.0,
5 mS/cm and buffer B was 50 mM Histidine, 200 mM NaCl pH 6.0,
15 mS/cm respectively. Eluted fractions were collected and sub-
jected to further ion-exchange analysis for determining percentage
of acidic variants, main peak and basic variants in each fraction.

2.2. Protein concentration measurement of mAb fraction

The protein concentration of isolated charge variant fractions
were determined by Protein-A affinity chromatography by using
mAbPac Protein-A column (12 mm; 4 � 35 mm) on an Shimadzu
Prominence-i HPLC system. Two mobile phases used were Dul-
becco's Phosphate Buffered Saline (mobile phaseeA) and 3% glacial
acetic acid (mobile phase eB) at a flow rate of 2.5 ml/min. The
gradient involved: 0% B for 0.5 min; a linear increase from 0% to
100% B in 0.25 min, a maintaining 100% B for 0.75 min, a linear
decrease from 100% to 0% B in 0.5 min; and equilibration at 0% B for
1.0 min. The injection volumewas set at 50 mL, column temperature
was maintained at 25 �C and eluted fractions were detected at
280 nm. Chromatograms were integrated using Lab Solution Soft-
ware and the concentration was estimated using Herclon Standard
curve.

2.3. SDS PAGE analysis

Antibody samples were analyzed by SDS-PAGE under reducing
and non-reducing conditions. 8% (v/v) resolving gel was used for
non-reducing condition and 12% (v/v) resolving gel for the reducing
condition. Tris Glycine SDS PAGE was performed on the Mini-
PROTEAN system (Biorad) as per the supplier's protocol [19].

Polyacrylamide gels were prepared from acrylamide and bis-
acrylamide stock solution (29:1), Stacking buffer (1 M Tris-HCl pH
6.8), Resolving buffer (2 M Tris-HCl pH 8.8), 10% SDS, APS and
TEMED as the catalyst. Stacking gel was used at 4% concentration.

Antibody samples were mixed with 5X sample buffer (1 M Tris-
HCl pH 6.8, 10% SDS, b-mercaptoethanol (in case of reducing
t analysis of proposed biosimilar to Trastuzumab, Biologicals (2017),
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condition), 50% glycerol, 2% (w/v) Bromophenol Blue). The sample
mixturewas then heated for 5min before loading on to the gel. 5 mg
of the samples were loaded on to the gel for reduced condition and
0.5 mg for the non-reduced condition. The electrophoresis was
carried out at 150 V for 60min until the tracking dye reaches 80% of
the gel length. This was done to retain all smaller fragments on the
gel. Protein Marker ladder (Biorad) with molecular weight ranged
between 10 and 250 kDa was used as standard. Staining was per-
formed with Coomasie brilliant blue 0.2% (w/v) [20]. The stained
gels were then destained with a mixture of methanol: acetic acid
solution (40%: 10%) and were scanned.

2.4. Immunoblotting

Antibody samples resolved in SDS-polyacrylamide gels (under
non-reducing condition), were then transferred to a PVDF mem-
brane as reported by Matsudaira [21]. After blocking with 1% (w/v)
BSA in 0.05% Tween/PBS (PBST) for 30 min, the membrane was
washed with PBST for 10 min and incubated further with a 1:10000
dilution of Goat anti-human IgG Fc secondary antibody conjugated
with HRP (Bethyl Laboratories Inc., USA) for 30 min at RT and the
bands were later detected using DAB substrate.

2.5. Isoelectric focusing (IEF)

All samples were diluted to 1 mg/ml (WFI was used as sample
diluent) and 15 mg protein samples were loaded on to IEF sample
applicator. 1 M sodium hydroxide and 1 M ortho-phosphoric acid
were used as the cathode and anode buffer respectively. 5% (v/v) gel
mixture used in this study. After the run, gels were fixed with 2%
trichloroacetic acid for 30 min. Protein bands were stained with
coomassie brilliant blue R250 for visualization of the bands.

2.6. Ion exchange chromatography

Charge variants were separated on a Dionex ProPac cation ex-
change (IEC) column WCX-10. 10 mM MES buffer pH 6.8 was used
asmobile phase-A and 10mMMES buffer pH 6.8with 250mMNaCl
was used as mobile phase-B. The mobile phase gradient was pro-
grammed for a total run-time of 21 min as follows: the initial
condition was set at 80% A and 20% B, and then the % B was raised
with linear gradient from 20% to 42% in 17 min. Finally the % B was
brought to 20% in 0.5 min with linear gradient; this condition was
maintained for 3.5 min to equilibrate the column for the next in-
jection. The column temperature was set at 30 �C, detection was at
280 nm and 10 mg of sample was loaded on column for each sample
analysis. Chromatograms were integrated using Lab Solution Soft-
ware and relative percent peak areas were calculated [22e24].

2.7. Intact & reduced monoclonal antibody analysis by reverse
phase chromatography

The structural hydrophobic heterogeneity of intact and reduced
monoclonal antibody was determined by reverse phase chroma-
tography (RPC) using an Agilent Zorbax C8 column (2.1 � 100 mm,
1.8 mm, 300 Å) on aWaters Acquity™ UPLC H-Class instrument. The
mobile phase consisted of 0.1% TFA in MilliQ Water (Mobile Phase -
A) and 0.1% TFA in (80% Isopropyl alcohol: 10% Acetonitrile: 10%
MilliQ Water) (Mobile Phase - B). For intact analysis, the sample
was diluted to 0.5 mg/mL and for reduced condition 0.5 mg/mL of
sample was incubated with 10 mM dithiothreitol (DTT) at 60 �C for
30 min [25].

The injection volume was 5 mL and the mobile phase gradient
was programmed for a total run-time of 7 min as follows: the initial
conditionwas set at 80% A and 20% B, and then the % Bwas raised in
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a linear gradient fashion from 20% to 35% in 3 min, 35%e40% in
1 min, 40% was maintained for 1 min and raised to 90% in 0.5 min.
Finally the % B was brought to 20% in 0.5 min with linear gradient;
this condition was maintained for 1 min to equilibrate the column
for the next injection. Absorbance was monitored at 225 nm and
the data analysis was performed using Empower® software
(Waters).

2.8. Size exclusion chromatography

Size variant distribution was determined by size exclusion
chromatography (SEC) using a MabPac SEC-1 column (4� 300 mm,
5 mm, 300 Å) at 30 �C on a Shimadzu Prominence-i HPLC system.
The sample loaded on the columnwas 20 mg and eluted over 35min
with 0.2 mL/min flow rate of 0.2 M potassium phosphate, 0.25 M
potassium chloride, pH 6.5 mobile phase monitored using a UV
detector at 214 nm. Chromatograms were integrated using Lab
Solution Software and relative percent peak areas calculated
[26e29].

2.9. Enzymatic N-glycan release and labeling by GlycoWorks
RapiFluor-MS N-Glycan Kit

The sample preparation for N-Glycan profiling was performed
using GlycoWorks RapiFluor-MSN-Glycan Kit (Waters, Milford, MA,
USA) according to manufacturer's protocol [30].

2.9.1. UPLC-fluorescence HILIC N-glycan profiling
The labeled N-glycans were separated using Ultra-Performance

Liquid Chromatography (UPLC) with fluorescence detection on a
Waters Acquity™ UPLC H-Class instrument consisting of a Qua-
ternary solvent manager, sample manager and fluorescence de-
tector under the control of Empower 3 chromatography
workstation software (Waters, Milford, MA, USA). TheMobile phase
A was 50 mM Ammonium Formate Solution pH 4.4 and mobile
phase B was Acetonitrile. The HILIC separations were performed
using Waters BEH Amide column (1.7 mm; 2.1 � 150 mm), using a
linear gradient of 70e54% acetonitrile at 0.35 mL/min in 30 min.
The injection volume of the sample was 20 mL and the column
temperature was maintained at 60 �C. The fluorescence was
measured at 265/425 nm wavelength. (Excitation/emission wave-
lengths were ex ¼ 265 nm and em ¼ 425 nm respectively).

2.10. LC/MS analysis

The intact LC/MS analysis was performed using Agilent 1290
Infinity LC System coupled to an Agilent 6530 Accurate-Mass Q-
TOF. The LC/MS method was developed using isopropanol/water/
acetonitrile with formic acid as the solvent systemwith a Poroshell
300SB-C8 column. The LC-MS was operated under positive mode
with scan range from 2000 to 5000 m/z. The data were analyzed
using Agilent MassHunter Bioconfirm Software.

2.11. Flow-cytometric analysis

Specific binding of the mAb samples to HER2 antigen was
investigated using indirect flow cytometry method [31] with slight
modifications. BT-474 cell line that expresses high levels of HER2
receptors were obtained from ATCC. These cells were then main-
tained in DMEM/F12 Growth medium supplemented with 1% So-
dium pyruvate (Gibco) and 10% Fetal Bovine Serum (Moregate).

Cells were trypsinized with 0.25% Trypsin-EDTA. After centri-
fugation at 1000 rpm for 3min, pellet was suspended in 2% BSA in
DPBS buffer to achieve a desired concentration of 0.1 million cells/
ml. Cells were treated with varying concentration viz., 0.05 mg/ml,
t analysis of proposed biosimilar to Trastuzumab, Biologicals (2017),
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0.025 mg/ml and 0.00125 mg/ml of biotin labeled Innovator, main,
Acidic and Basic fractions. Biotinylation of these antibody samples
were carried out using EZ Sulfo-Link Biotinylation kit (Thermo
Scientific). Volume of the antibody samples and cells were main-
tained at ratio of 1:1 and incubated at RT for 1 h. 20 ml of 0.1 mg/ml
Strep-FITC was added to the reaction mixture and incubated on ice
bath for 30 min. All the treated samples were analyzed with BD
Accuri Flow Cytometer (BD Biosciences).

2.12. SPR binding kinetics

Binding kinetics studies for different charge variants were per-
formed using SPR using a Biacore 3000 instrument. Variants and
main species were analyzed for HER-2 binding kinetics and Fc
gamma RIII (CD16a) binding kinetics. HER2 and CD16a ligands were
immobilized on CM5 chip (GE Healthcare) using standard amine
coupling procedure as described by the manufacturer. Analysis was
performed in duplicates.

2.12.1. HER2 binding kinetics
HER2 ecto-domain receptor (Acro bio systems, USA) was diluted

in acetate buffer (pH 5.0) to 2 mg/mL and immobilized on CM5 chip.
All anti-HER2mAbs were diluted with the running buffer (HBS EPþ
1X buffer from GE Healthcare) in different concentrations from
100 nM to 6.25 nM (2 fold). These individual concentrations were
injected for 4 min (association time) and thereafter running buffer
was passed for 9 min (dissociation time). The surface was regen-
erated with 30 s injection of 10 mM glycine buffer pH 2.0. Kinetics
were determined using the Langmuir binding kinetics (1:1 binding
model).

2.12.2. CD16a binding kinetics
CD16a Valine 158 receptor (Acro bio systems, USA) was used in

the study. All anti-HER2mAbs were diluted with the running buffer
(HBS EPþ 1X buffer fromGE Healthcare) in different concentrations
from 0.83 mM to 0.05 mM. Samples were injected for 3 min (asso-
ciation time) and thereafter running buffer was passed for 4 min
(dissociation time). The surface was regenerated with 30 s injection
of 10 mM glycine buffer pH 2.0. Kinetics were determined using the
Langmuir binding kinetics (1:1 binding model).

2.13. Cell based ELISA

In vitro cell based ELISA using BT-474 cell line was performed to
determine the HER2 binding affinity. BT-474 cells were plated at a
density of 5000 cells per well (100 mL) in 96well plate (delta treated
surface) and allowed to adhere overnight at 37 �C and 5% CO2.
Following day, cells were washed with 2 � 200 mL cold PBS to
remove the non-adherent particles. Thereafter, cells were fixed
with 10% formalin and incubated for 10 min at room temperature.
Blocking (200 mL of PBS þ 0.1% BSA) was carried out at room
temperature for 1 h and washed afterwards with 2� 200 mL of cold
PBS. 100 mL of sample/standard was added in each well and incu-
bated for 30 min on a plate shaker. Anti-human Fc IgG1 HRP con-
jugated antibody (1:5000) was used as secondary and incubated for
1 h. At the end of incubation, 100 mL of TMB substrate was added
and reaction was stopped with 1 N H2SO4 before the color satura-
tion reached. The plate was read at 450 nm with 620 nm as back-
ground. All the samples/standards were analyzed in duplicates. PBS
was used to dilute the standard/samples and the concentration
range was kept from 200 mg/mL to 0.000191 mg/mL. The plate
readout values were determined using the four parameter
nonlinear regression curve fitting program (Gen 5 software) to
generate the binding curve data. Samples were measured against
the standard for binding comparison.
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2.14. Anti-proliferation assay

The effect of mAb charge variants on proliferation of BT-474, a
breast cancer cell line was determined using Alamar blue based
assay as reported [32]. Alamar blue used in the assay was procured
from Invitrogen, USA. The BT-474 cells were diluted to a concen-
tration of 0.1 million cells/ml in DMEM/F12 (1:1) (Gibco, USA) assay
media supplemented with 2% FBS and 1% Pen-Strep solution
(10000 units/ml).2000 cells/100 ml were added to each well in a 96
microwell plate. 100 ml of antibody samples with concentration
ranging from 2.5mg/ml- 3.9 ng/ml was added to the respective
wells. All the standard and the samples were also prepared in assay
media. After the addition, the plates were incubated for 5 days in
CO2 incubator at 37 �C to check the anti-proliferative effects of the
antibody charge variant samples. After 5 days of incubation, 30 ml of
Alamar blue was added to the each well and further incubated for
6e7 h in CO2 incubator at 37 �C. Fluorescence signals were
measured at an excitation wavelength of 530e560 nm and an
emission wavelength at 590 nm using Synergy HT Microplate
Reader. These fluorescent signals were represented as RFU (Relative
Fluorescence Unit). The data obtained from the experiment was
used to create 4-parametric inhibitory dose response curve using
Graph Pad Prism software and the IC50 values were recorded for
each of the antibody samples.

3. Results

3.1. Purification and isolation of charge variants

Purification steps and conditions involved in the isolation of
charge variants from the harvest material shall be described in a
separate manuscript which is already in preparation. CEX (Cation
Exchange) chromatography was employed for the separation of
charge variants. The CEX elution was collected as fractions and
subjected to analysis using ProPac WCX-10 column. Based on the
results, the fractions were pooled to isolate the different variants.
The peaks of the ion exchange profiles were typically identified as
three distinct variants. Early and late-eluting peaks were called
acidic and basic variants, respectively. The most abundant peak was
designated as the main peak and the CEX load has been taken as
unfractionated material (Fig. 1a).

Acidic, Basic and Main peaks were resolved in a run time of
21 min and the percentage of each variant along with main peak is
tabulated in Table 1 which depicts the charge distribution of tras-
tuzumab as determined by WCX-LC method.

The relative abundance of acidic isoforms is attributed to
oxidation, deamidation, and glycation process within the mAb [7]
which in turn affects the distribution and clearance of the mAb
when administrated intravenously (IV). On the other hand, the
presence of C-terminal Lysine and occurrence of amidation are
mainly responsible for forming basic isoforms in the mAbs that
could affect their clearance and tissue uptake; however, the pre-
existing endogenous carboxypeptidases in the human blood-
stream cleave the C-terminal Lysine from mAbs within the first 2 h
of administration [6,22]; therefore, basic isoforms are not expected
to alter the PK of trastuzumab whose half-life is approximately 28
days [6,33]. The role of these charge variants on the potency and
binding affinity is the primary interest of this paper.

3.2. Identification and characterization of the charge variants

Analysis of the separated fractions from the CEX column was
first carried out by IEF. IEF analysis revealed that the in-house
produced trastuzumab main fraction has a comparable principal
band pattern as that of Innovator, Herclon®. These principal bands
t analysis of proposed biosimilar to Trastuzumab, Biologicals (2017),



Table 1
Analytical Results of anti-HER2 mAb charge variant fractions.

Test material Protein concentration (mg/mL) Ion exchange chromatography (IEC) Size exclusion chromatography (SEC)

% acidic % main % basic % aggregate % monomer % fragment

Herclon® 21.78 30.90 56.69 12.41 0.38 99.49 0.13
Anti HER2 mAb unfractionated 0.53 20.74 42.70 36.57 1.56 97.05 1.39
Anti HER2 mAb main fraction 2.77 11.58 80.77 7.66 0.01 99.89 0.10
Anti HER2 mAb basic species 1.13 e 1.44 98.56 0.94 98.97 0.10
Anti HER2 mAb acidic species 0.77 77.21 20.24 2.55 0.00 99.86 0.14
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were not observed for acidic and basic variants. There were clear
differences observed between the acidic and basic variants band
pattern (Fig. 1b). For acidic variant, only 3 bands were visible
whereas four bands were observed for the basic variants. These
extra bands could be due to the presence of two lysine variants (K1
and K2) as visible in the lane 4. Both WCX and IEF analysis
confirmed that isolated peaks were made of acidic, basic and main
variants.

Thereafter, protein concentration was measured for all the
fractions. The prototype Protein A columnwas used to measure the
mAb titer. The first peak which eluted in the initial portion of the
method represents unbound material (data not shown). The mAb
was released by passing 3% Glacial acetic acid of low pH. The mAb
titer of individual fractionwas determined using a calibration curve
previously generated with Herclon. The protein concentrations in
the fractions were tabulated in Table 1.

In order to confirm the identity of isolated fractions, SDS PAGE
was carried out under both reducing and non-reducing conditions.
Fig. 1. (a) shows the chromatogram of WCX-LC method for charge heterogeneity (b) shows
sample loaded in all lanes was 20 mg each. Lane 1: Herclon, lane 2: main fraction, lane 3: A

Please cite this article in press as: Dakshinamurthy P, et al., Charge varian
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Under non-reducing condition a single major band corresponding
to a molecular weight (MW) of 150 kDa was observed for all the
samples indicating the intactness of the antibody (Fig. 2a). While
under reducing conditions, two bands were evident at 25 kDa and
50 kDa which were associated with light chain and heavy chains of
the antibody (Fig. 2b). The band pattern observed for the samples
resembles the band pattern of the Innovator. These results indicate
that the presence of charge variants did not induce any alteration in
the size of the molecule in both acidic and basic fractions.

Western Blotting analysis was further performed to detect the
specificity of these antibody fractions. Herclon® was used as a
standard for evaluation and comparison (Fig. 2c). Band pattern
observed for all the antibody samples comprised of a major band at
around 150 kDa accompanied by other smaller antibody fragments
which matches the band pattern observed for the Herclon. Inter-
estingly, we also observed a band at around 75 kDa common to
both unfractionated sample and basic variant, which is likely to be
due to LC þ HC monomeric antibody fragment. Antibodies are
the isoelectric focusing samples for Herclon, main, acidic and basic species. Amount of
cidic, lane 4: Basic fraction.

t analysis of proposed biosimilar to Trastuzumab, Biologicals (2017),



Fig. 2. (a) SDS-PAGE analysis- Non Reducing condition. 0.5 mg of the samples were loaded on to the wells. Lane 2 to Lane 6 (Non-reduced samples): Herclon, Unfractionated, Main
fraction, Acidic variant and Basic variant. (b) SDS-PAGE analysis- Reducing condition. 5 mg of the samples were loaded on to the wells. Lane 2 to Lane 6 (Non-reduced samples):
Herclon, Unfractionated, Main fraction, Acidic variant and Basic variant. (c) Detection of the charge variants samples by Western Blot. Lane 1 to 5 (Non-reduced samples): Basic
Variant, Acidic Variant, Main Fraction, Unfractionated and Herclon. Goat anti-human IgG Fc fragment secondary antibody conjugated with HRP was used for the detection of the
charge variant samples.
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generally around 150 kDa and a 75 kDa band could be an immature
form of the antibody which possibly has a lysine at its C-terminal
end. Therefore, these bands were detected only in the unfractio-
nated and basic variant sample and not in the acidic variant or main
fraction.

It is known that protein aggregation can induce immunoge-
nicity; although a small amount of aggregates is expected, this
amount is likely to increase due to stress conditions that a mAb
might undergo during its manufacturing, purification, formulation,
and shelf-life stage. Aggregation can also induce the production of
anti-drug antibodies (ADAs) which can result in the loss of activity
or cause adverse effects upon administration [34]. The charge
variant samples were analyzed by size exclusion chromatography
(SEC) and typical chromatograms were shown in Fig. 3c. The size
distribution for both acidic and basic variants, as compared to the
unfractionated material, main peak and Innovator appeared to be
comparable. The presence of aggregate in the unfractionated ma-
terial was mostly contributed by the basic variants (Table 1). This is
due to the fact that aggregates will form basic variant and binds
strongly in the cation-exchange chromatography and elute in the
basic region [35].

Differences in hydrophobicity of acidic, basic variants, and main
peak were analyzed under intact and reduced condition using
Reverse Phase HPLC. The eluotropic property of the mobile phase
was augmented by the addition of iso-propanol to Solvent B to
obtain better resolution of the charge variant fractions. Chro-
matogram reveals that the intact profile has post peak apart from
Please cite this article in press as: Dakshinamurthy P, et al., Charge varian
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main peak which was comparable between main fraction and
innovator (Fig. 3a). It was observed that there was shift in retention
time in the case of basic variant profile when compared to the
innovator. Similar analysis carried out under reduced condition to
show comparability of heavy chain and light chain profile between
main fraction and innovator also demonstrated that heavy chain
and light chain profile of unfractionated, main and acid variant
were comparable to the innovator (Fig. 3b). Unlike the heavy
chains which has split peak, it was also observed that light chain in
the basic variant showed comparable retention time as that of
innovator. This is due to presence of polar lysine amino acid resi-
dues in the basic variant of heavy chain which reduces the hy-
drophobicity was reduced and gets eluted earlier. This was further
confirmed by Carboxypeptidase-B treatment of basic variant (data
not shown).

One of the important quality attribute for therapeutic mono-
clonal antibodies is their glycosylation profile. To check the glycan
distributions in acidic, main and basic variant groups in comparison
to unfractionated material, the samples were analyzed by HILIC N-
glycan profilingmethod. Themajor glycan such as G0F, G1F, G1F0 and
G2F were listed in Table 2 for acidic, basic andmain peak along with
unfractionated starting material. Other minor glycan entities were
below 1% and are not shown here. Overall, the glycan distribution
for the acidic, basic and main peak variants were comparable to
each other indicating that glycan heterogeneity is mostly inde-
pendent of charge heterogeneity as defined by the Cation-exchange
HPLC assay (Fig. 4).
t analysis of proposed biosimilar to Trastuzumab, Biologicals (2017),



Fig. 3. (a) shows the chromatogram of RP-UPLC method for hydrophobic heterogeneity under intact condition (b) shows the chromatogram of RP-UPLC method for hydrophobic
heterogeneity under reduced condition where all the RP chromatograms were overlay with innovator (c) shows the chromatogram of SE-LC method for size heterogeneity.

Table 2
Glycan Results of anti-HER2 mAb charge variant fractions.

Test material Major glycan variants

% G0F % G1F % G1F0 % G2F

Herclon® 47.90 32.37 12.29 7.44
Anti HER2 mAb unfractionated 48.58 32.91 11.32 7.19
Anti HER2 mAb main fraction 49.64 30.75 12.22 7.39
Anti HER2 mAb basic species 47.59 33.40 11.47 7.55
Anti HER2 mAb acidic species 51.01 31.75 10.83 6.41
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To further confirm the differences in charge variants, LC/MS
analysis was carried out on isolated fractions. Multiple mass peaks
(de-convoluted spectrum) were observed for different glycoforms
of Trastuzumab. Herclon has four major mass peaks which repre-
sents glycan heterogeneity. The acidic fraction showed approxi-
mately 1 Da difference in the deconvoluted mass spectrum when
compared to Herclon with respect to different glycoforms. It was
found that 35.5% of the acidic fraction contributed to deamidation.
The deamidation sites present at Asn 30 in LC of CDR1 and Asn 55
in HC of CDR2 in Trastuzumab affects its binding affinity to HER2/
Please cite this article in press as: Dakshinamurthy P, et al., Charge variant analysis of proposed biosimilar to Trastuzumab, Biologicals (2017),
http://dx.doi.org/10.1016/j.biologicals.2016.12.006



Fig. 4. Shows the chromatogram of HILIC UPLC method for glycan heterogeneity.

Fig. 5. (a) Flow Cytometric analysis of the charge variant samples. HER2 expression
levels in BT-474 cells were evaluated with biotinylated antibody samples of 3 different
concentrations 0.0012, 0.025 and 0.05 mg/ml. Expression of HER2 level was measured
by the intensity of FITC fluorescence. Data shown here is for 0.0012 mg/ml only. (b)
shows the cell based binding ELISA for all isolated fractions using BT-474 cells.
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neu receptor. The basic fraction showed mass difference of 128 and
256 Da approximately in the intact mass analysis. This difference in
mass confirms the presence of heavy chain C-terminal Lysine
variants (K1 and K2) in the basic fraction. Of the total sample, 91.2%
of the basic fraction corresponded to lysine variants (data not
shown).

Asmentioned earlier, the functional role of Trastuzumab is to act
against HER2-positive breast cancer tumors by several different
mechanisms, including receptor internalization, receptor 'shed-
ding', direct anti-proliferative activity and antibody-dependent
cell-mediated cytotoxicity (ADCC). ADCC depends upon the inter-
action of the Fc domain of trastuzumab with Fc-gamma receptors
(FcgRs, specifically FcgRIIIA or CD16a) expressed by immune
effector populations, such as natural killer (NK) cells or mono-
nuclear phagocytes [35]. In order to understand the binding ki-
netics exhibited by these charge variants, binding of these isolated
charge variants to both HER2 and CD16a were studied using
different orthogonal techniques.

The first method employed for studying the binding affinity was
Flow cytometry based assay. FACS analysis provides a means of
measuring the ligand binding affinity of HER2 receptors expressed
on BT-474. The level of receptor binding by the biotinylated anti-
body samples were assessed by probing with FITC tagged Strepta-
vidin, which binds to the biotinylated antibody and gives out a
fluorescence signal resulting in the displacement of the antibody
bound peak. As expected, the tested antibody samples (charge
variants and main peak) showed a clear shift in their peak towards
right side in comparison with ‘cells only’ control indicating the
specificity of these samples towards HER2 receptors (Fig. 5a). This
preliminary data from FACS analysis suggests that different charge
variants have proper folding and correct assembly of the Fab region
and does not exhibit any alteration in binding to the HER2
receptors.

As flow cytometry based assays do not provide an accurate
measure of the binding kinetics exhibited by the charge variants,
ELISA and SPR based binding assay were also carried out to sub-
stantiate the findings observed in FACS assay. Cell based ELISA was
carried out using BT-474 cells. From Fig. 5b it is clearly evident that
the basic variants have equivalent binding with respect to the
Herclon®, as the potency values falls between 75 and 125% which is
Please cite this article in press as: Dakshinamurthy P, et al., Charge varian
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within the acceptable potency range, while, Acidic variant showed
reduced binding with respect to the Herclon. Interaction in a cell
based ELISA takes place between Fab part of the monoclonal anti-
body and HER2 receptors expressed on the surface of breast cancer
cells. Any alteration in the region could alter the binding to the
receptors resulting in poor potency. As reported previously [36,37],
deamidation of light chain asparagine 30 to aspartate in one or both
light chains is responsible for two acidic forms. This could be the
reason for loss in potency in the acidic variants. Whereas in the case
of basic variants, the most common basic variants: lysine variants
(K1, K2) are present in the C-terminal of the heavy chain and they
do not have a role in binding to the HER2 and therefore there is no
impact on the binding potency.

The SPR binding kinetics data were also found to be in agree-
ment with Cell based ELISA data. The basic fraction had equimolar
binding with respect to Herclon and main fraction (Fig. 6a and 6b);
however the acidic fraction had less binding as determined from
the KD value (see Table 3).

Finally, Anti-proliferation assay was carried out to determine
the effect of different antibody fractions on the proliferation of BT-
474 target cell, which is also one of the mechanism of action of
Trastuzumab as discussed in the earlier sections. The BT-474 cells
were treated with varying concentrations of the antibody samples
in a time and dose dependent manner. At the end of 5 days of in-
cubation, alamar blue was added to check the anti-proliferative
activity of these fractions. The IC50 values for Herclon, Unfractio-
nated sample, Main fraction, Acidic variant and Basic variant were
calculated as 0.075 mg/ml, 0.074 mg/ml, 0.066 mg/ml, 0.167 mg/ml
and 0.076 mg/ml respectively. From the data (see Fig. 7), it can be
inferred that unfractionated sample, main fraction and basic
variant all have a similar anti-proliferative activity in comparison to
t analysis of proposed biosimilar to Trastuzumab, Biologicals (2017),



Fig. 6. SPR sensorgram of (a) HER2 binding and (b) CD16a binding (V158) of Herclon, main, unfractionated, acidic and basic species.

Table 3
Comparison of anti-HER2 mAb charge variant fractions to evaluate their kinetics of binding to HER2 & CD16a (V158) binding responses (in response unit).

Test material Kinetic analysis and binding affinity to HER2 at pH 7.4 Kinetic analysis and binding affinity to human CD16a (V158) at pH
7.4

ka (105M�1s�1) kd (10�5s�1) Rmax (RU) KD (10�11M) Chi2 (RU2) ka (104M�1s�1) kd (10�3s�1) Rmax (RU) KD (10�7M) Chi2 (RU2)

Herclon® 5.00 0.94 235 1.88 36.3 3.80 8.64 50.1 2.27 0.742
Anti HER2 mAb unfractionated 3.61 1.53 240 4.24 27.1 1.39 12.5 24.9 8.96 0.0952
Anti HER2 mAb main fraction 3.70 1.26 241 3.42 27 1.16 8.91 21 7.70 0.0729
Anti HER2 mAb basic fraction 4.97 2.06 258 4.14 31.8 1.60 10.7 21.5 6.68 0.128
Anti HER2 mAb acidic fraction 3.26 4.41 238 13.5 20.2 1.05 12.4 30.6 11.9 0.0468

Bold numeric value represents affinity constant.

P. Dakshinamurthy et al. / Biologicals xxx (2017) 1e11 9
the Herclon. On the contrary, acidic variant was found to have an
IC50 value of 0.167 mg/ml which is higher than Herclon or main
fraction indicating reduced anti-proliferative activity and therefore
decreased tumor cell killing. To conclude, it can be stated that anti-
proliferative activity of trastuzumab reduces greatly in the presence
of higher amounts of acidic species.
Please cite this article in press as: Dakshinamurthy P, et al., Charge varian
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4. Discussion

Due to several modifications that takes place at various steps of
development and storage, charge heterogeneity is commonly
observed in monoclonal antibodies developed by recombinant
means. Characterization of these variants sheds new light on the
t analysis of proposed biosimilar to Trastuzumab, Biologicals (2017),



Fig. 7. Anti proliferative activity of unfractionated, main, acidic and basic variant as
compared to the Innovator molecule, where acidic fraction was found to be less potent
than the basic fraction. IC50 value was calculated from standard concentration curve.
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impact of heterogeneity on potency and stability.
In our study using Trastuzumab as a case study, we have found

that the charge variants do play a role in the binding and potency of
the molecule. Although, they did not alter the size and glycan
distribution of Trastuzumab molecule. The separated basic, acidic
and main peak of Trastuzumab has similar profile in SDS PAGE and
Western Blot analysis. However, IEF profile has clearly distinguishes
the charge properties of all these variants. The principal band was
found be faint in both acidic and basic variants in comparison to
Herclon® and main fraction. The extra bands observed in the basic
variants could be due to two lysine variants (K1 and K2).

Data from Size exclusion Chromatography revealed no differ-
ence in the chromatogram profile among different fractions indi-
cating that there were no major changes in aggregate properties,
whereas Reverse Phase Chromatography showed lesser hydro-
phobic property in case of basic variants. This is due to the presence
of lysine amino acid at the C-terminal end of heavy chainwhich has
less hydrophobic index. Our MS data also confirmed that observed
acidic variants were mainly due to deamidation which might take
place in Asn 30 of light chain and Asn 55 of heavy chain. Addition of
C terminal lysine contributes towards basic species formation.

Flow cytometric analysis carried out using different antibody
fractions showed shift in the peak when bound to HER2, these data
were further evaluated using Cell based ELISA and SPR method to
provide a quantitative measure of the binding kinetics for acidic,
main and basic fractions. KD value observed for the unfractionated,
main, basic and acidic fractions were 4.24, 3.42, 4.14 and
13.5(10�11M) respectively (Table 3). This data confirms the lowered
binding affinity of acidic variant to the HER2 receptors. In another
study, effect of these variants on the CD16a binding was evaluated.
It was observed that there were no significant changes in the KD
values indicating that mAb heterogeneity do not affect the CD16a
binding.

Anti-proliferation assay performed using BT-474, a breast cancer
cell line corroborated the data observed in the other binding assays.
From the result, it was clear that basic fraction has comparable
potency as that of main fraction, but the acidic fractionwas found to
be less effective. This might be due to the reduced binding of acidic
fraction to HER2 epitope as discussed earlier.

Khawli et al. (2010) [7] has shown that different fractions of IgG
has no effect on the FcRn binding, potency and pK properties of an
IgG1 in healthy rats. However, this study was carried out using IgG
which is not targeted against a specific receptor nor the effect on
Fab binding has been discussed. In this context, we have observed
that an acidic fraction of Trastuzumab has lower binding affinity to
HER2 when compared to the basic variant andMain fraction. Acidic
Please cite this article in press as: Dakshinamurthy P, et al., Charge varian
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variants are generated due to the possible modification in the Fab
region. Asmentioned earlier, the labile residue of an anti HER2mAb
(Asn30 and Asn55) is present in complementarity-determining
(CDR) regions of light chain and heavy chain respectively. Deami-
dation of this Asn30 and Asn55 residue in the CDR region are re-
ported to have a substantial effect on antigen binding and potency.
This possibly justifies the differences observed in our study with
that of the previous reports. If the previous reports had evaluated
antigen binding properties at Fab region, it would have been
possible to derive different conclusions.

To conclude, data generated from this study indicates that the
charge heterogeneity in trastuzumab monoclonal antibody affects
its binding properties and therefore reduces potency. Care should
be taken to reduce the acidic content in the mAb during develop-
ment or storage condition for improved efficacy. Although phar-
macokinetic analysis was not carried out during the study, the data
from such a study shall provide useful information on the effects of
charge variants on distribution, tissue uptake and clearance of the
monoclonal antibody and needs further investigation.
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