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Abstract

Due to the complex manufacturing process of therapeutic monoclonal antibodies, it is hardly possible to produce an identical
copy of the original product (originator). Consequently, follow-on products (biosimilars) must demonstrate their efficacy
being similar to the originator in terms of structure and function. During this process, a variety of analytical methods are
required for this purpose. This study focuses on three particularly relevant analytical techniques: high-resolution mass
spectrometry, fragment crystallisable (Fc) affinity chromatography, and two-dimensional peptide mapping. Each analytical
method proved able to identify specific differences between originator and biosimilar. High-resolution mass spectrometry
was used to characterize the glycan pattern. It was shown that a trastuzumab biosimilar did not have the GO:GOF sugar
modification identified in the originator. The application of affinity chromatography to rituximab showed that originator and
biosimilar interacted differently with the immobilized Fc receptor. Furthermore, 2D-HPLC peptide mapping demonstrated
the influence of orthogonality of separation dimensions, leading to differentiation of a rituximab originator and biosimilar.

Keywords Monoclonal antibody (mAb) - Biosimilar - 2D-HPLC - High-resolution mass spectrometry (HRMS) - FcR
affinity chromatography

Abbreviations Introduction

mAbs Monoclonal antibodies

CHO Chinese hamster ovary cells Therapeutic monoclonal antibodies (mAbs) represent a

EMA European Medicines Agency group of drugs with significant market growth [1]. They

API Active pharmaceutical ingredient are proteins with a molecular weight of about 150,000 Da.

HRMS High-resolution mass spectrometry Each antibody is divided into two light (25,000 Da) and two

2D-HPLC Two-dimensional liquid chromatography heavy chains (50,000 Da) [2, 3]. Their production is usually

ADCC Antibody-dependent cell-mediated carried out in animal cell cultures such as Chinese ham-

cytotoxicity ster ovary cells (CHO) or mouse myeloma cells (NSO and

Fc Fragment crystallisable SP2/0) [1, 3]. These mammalian expression systems lead to
a characteristic glycosylation pattern ensuring therapeutic
efficacy [1].

The highly complex production process also has an
impact on the generation of post-translational modifications,
which is the reason for it being impossible to produce an
exact copy of the original substance (originator). The follow-
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and clinical studies is recommended. Step 1 of the non-
clinical studies includes in vitro assays such as determina-
tion of binding to antigens or to the respective isoforms of
the relevant fragment crystallisable (Fc) gamma receptors.
In step 2, it is to be assessed whether additional in vivo
studies are necessary. Among other things, the presence of
additional quality attributes (e.g., new post-translational
modifications) that were not present in the originator must
be taken into account. On the basis of the analytical evalu-
ation, a decision must be made whether in vivo studies are
required or clinical trials should be initiated. The scope of
the clinical studies needed will depend on the results of
the non-clinical studies, and a stepwise approach will be
taken for these as well [4].

However, the characterization of monoclonal antibodies
does not end with the approval of the drug, as a continuous
quality monitoring of the active pharmaceutical ingredient
(API) has to be performed. This is because fluctuations in
the production process or up-scaling can lead to modifica-
tions such as an altered glycosylation pattern [5-7].

Modern analytical methods are required for the detection
of biosimilarity and subsequent analytical quality control.
An elegant approach is the characterization of the glycosyla-
tion pattern by high-resolution mass spectrometry (HRMS).
The glycosylation pattern of mAbs has an impact on safety
and efficacy, so that its characterization is mandatory [8].
The determination of molecular weight (MW) by LC-HRMS
is useful for this purpose, which has the advantage that no
additional sample preparation steps are required [3, 9]. How-
ever, it should be noted that it is not the MW that is deter-
mined, but rather the most frequent isotopic mass, which
nevertheless approximates the MW in the case of large mac-
romolecules such as mAbs [10]. However, ionization in the
mass spectrometer of intact monoclonal antibodies results in
a charge pattern which is superimposed by the isotope pat-
tern. Such superposition exists for all glycosylation species.
These complex patterns can be converted by deconvolution
algorithms into the most frequent isotope mass or, approxi-
mately, the MW [9].

Although an HRMS approach can provide information
about the presence or absence of post-translational modifica-
tions, it is difficult to link them to a therapeutic effect. For
the correlation, appropriate binding assays or affinity chro-
matography need to be used. For example, retention time in
affinity chromatography can be correlated with antibody-
dependent cell-mediated cytotoxicity (ADCC). Furthermore,
affinity chromatography offers the possibility to use low-cost
spectroscopic detection methods without the need for HRMS
measurements. Despite the use of low-cost detection tech-
niques, the robustness of the method is not compromised
since other matrix components interact only slightly with the
stationary phase and can therefore be chromatographically
separated from the analyte [11].
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In addition to the analysis of intact monoclonal antibod-
ies, peptide mapping needs to be performed for complete
characterization, as some modifications would otherwise
remain undetected. An example of this is deamidation,
which leads to a mass shift of only 1 Da [2]. However, one-
dimensional liquid chromatography usually does not have
the necessary peak capacity to allow complete sequence
recovery [12]. To increase peak capacity, comprehensive
two-dimensional liquid chromatography (LC X LC) can be
used. Here, a sample mixture is first chromatographically
separated and the eluate of the column is continuously trans-
ferred to a second separation phase with a different sepa-
ration mechanism. How much the separation mechanisms
differ with respect to the analyte can be indicated by calcula-
tion of the orthogonality [13-16]. In simplified terms, this
describes how well the substances are distributed across the
two-dimensional separation space.

The aim of this study therefore was to demonstrate that
different analytical methods can be used for the characteriza-
tion of the originator and biosimilar. Specifically, the advan-
tages and disadvantages of glycan analysis by LC-HRMS,
Fc chromatography, and 2D-HPLC will be discussed and
demonstrated using analysis examples of originator and
biosimilar.

Materials and methods
Chemicals and reagents

The monoclonal antibodies bevacizumab, cetuximab, dara-
tumumab, omalizumab, rituximab, and trastuzumab were
sourced as originator, which includes the drugs Avastin
(Hoffmann-La Roche, Basel, Switzerland), Erbitux (Merck
KGaA, Darmstadt, Germany), Darzalex (Janssen-Cilag
GmbH, Neuss, Germany), Xolair (Novartis Pharma, Basel,
Switzerland), MabThera (Hoffmann-La Roche, Basel, Swit-
zerland), and Herceptin (Hoffmann-La Roche, Basel, Swit-
zerland). Furthermore, the biosimilars Truxima (Celltrion
Healthcare Hungary Kft., Budapest, Hungary), Rixathon
(Sandoz, Holzkirchen, Germany), and Herzuma (Celltrion
Healthcare Hungary Kft., Budapest, Hungary) were used.
In addition, a rituximab research sample was provided by
Tosoh Bioscience GmbH, Darmstadt, Germany. Water, ace-
tonitrile, and sodium chloride were purchased from Merck
KGaA (Darmstadt, Germany). Formic acid (FA), PBS buffer,
sodium acetate, guanidine hydrochloride (GuHCl), dithi-
othreitol (DTT), ammonium bicarbonate (NH,HCO;), and
tris(hydroxymethyl)aminomethane hydrochloride (TrisHCI)
were purchased from Sigma-Aldrich (St. Louis, USA).
Sequencing grade modified trypsin was purchased from
Promega (Madison, USA). Isopropanol (IPA) was obtained
from Th. Geyer (Renningen, Germany), hydrochloric acid



Comparison of originator and biosimilar monoclonal antibodies using HRMS, Fc affinity... 6763

from Fluka (St. Louis, USA), and sodium hydroxide and
ammonia from AppliChem (Darmstadt, Germany).

Analysis conditions and detector settings
for the determination of the glycan pattern
by LC-HRMS

The analytical system consists of a 1260 Infinity II (Agilent
Technologies, Waldbronn, Germany) liquid chromatog-
raphy system coupled to a 6560 Ion Mobility LC/Q-TOF
(Agilent Technologies, Waldbronn, Germany). The liquid
chromatography system includes a pump, autosampler, col-
umn thermostat, and diode array detector. The whole sys-
tem was controlled via Masshunter Workstation software
(Build 9.0.9044.1 SP1) from Agilent Technologies (Wald-
bronn, Germany). Separation was performed at 80 °C. The
mobile phase consisted of water +0.1% formic acid (mobile
phase A) and acetonitrile/isopropanol/water (70:20:10
v/v/v)+0.1% formic acid (mobile phase B). A Zorbax
300 SB-C8 2.1 x 150 mm, 5 um (Agilent Technologies,
Waldbronn, Germany) stationary phase was installed. A Zor-
bax 300 SB-C8 2.1 X 12.5 mm, 5 um (Agilent Technologies,
Waldbronn, Germany) was used as precolumn. The injection
volume was 0.1 uL and the flow rate was set to 0.5 mL min~".
The concentration of the API was 2.5 mg mL~!. The gra-
dient program was as follows: 0.0-2.0 min 5-5% B;
2.0-3.0 min 5-50% B; 3.0-6.0 min 50-50% B; 6.0-6.5 min
50-90% B; 6.5-9.5 min 90-90% B; 9.5-10.5 min 90-5% B;
10.0-14.0 min 5-5% B. The mass spectrometer recorded
all signals in the range of m/z 500-5000. ESI positive was
selected as ionization mode. The other settings were as fol-
lows: 350 °C gas temperature, 12 L min~! gas flow, 60 psig
nebulizer gas, 400 °C sheath gas temperature, 11 L min™!
sheath gas flow, 5500 V capillary voltage (VCap), 2000 V
nozzle voltage, 380 V fragmentor voltage, 750 V octopole
rod repel voltage (OctopoleRPPeak).

The signals of the antibody were evaluated using Mass-
hunter BioConfirm (Build 10.0.10136.0) from Agilent Tech-
nologies (Waldbronn, Germany). For deconvolution using
the Maximum Entropy (MaxEnt) algorithm, the signals from
m/z 2000 to 3500 with a retention time of 5.1-5.8 min are
used, which have a signal-to-noise ratio of at least 30. The
baseline is adjusted by a factor of 7. The mass range to be
calculated is 140,000-160,000 Da with a mass resolution
of 0.05 Da. The charge states are considered to be proton
adducts.

2D-HPLC and the Fc affinity chromatographic
method

A 1290 Infinity II 2D-LC system (Agilent Technologies,
Waldbronn, Germany) was used. It consisted of two HPLC
pumps, two column ovens, two diode array detectors, a

multisampler, and three valve drives, yet only the flow
path of the first dimension was used. The system was
controlled via OpenLab CDS Chemstation Edition Rev.
C.01.09 144 (Agilent Technologies, Waldbronn, Ger-
many). A TSKgel FcR-3A-NPR 4.6 X 75 mm stationary
phase (Tosoh Bioscience GmbH, Darmstadt, Germany) at
15 °C was selected for analysis. A 50 mM citrate buffer
was used as mobile phase. Mobile phase A was adjusted
to a pH of 5.9 and mobile phase B to 4.3. The flow rate
was set to 0.5 mL min~' and the injection volume to 5 uL.
The concentration of the API was 5 mg mL~!. The gra-
dient program was 0-20 min 0-62.5% B, 20-20.1 min
62.5-100% B, 20.1-40 min 100-100% B, 40-40.1 min
100-0% B, and 40.1-50 min 0-0% B. Detection was per-
formed at 280 nm.

Selectivity screening for 2D-HPLC

Selectivity screening was performed using the 2D-HPLC
system described above. However, the injection volume
was increased to 20 uL. The preparation of the samples,
as well as their concentration, is described below. The
modulation time was 1 min for RPC methods (pH 2.7)
in the second dimension and 1.5 min for HILIC methods.
An active solvent modulation (ASM) factor of 3 was used.
The importance and use of an ASM valve is explained in
the Supplementary Part. The combinations of stationary
phases and pH tested were RP(pH 10)/RP(pH 2.7), RP(pH
10)/HILIC, RP(pH 2.7)/HILIC, SCX/RP(pH 2.7), SEC/
RP(pH 2.7), HIC/RP(pH 2.7), SCX/HILIC, SEC/HILIC,
and HIC/HILIC. The detailed analysis conditions can be
found in Table 1.

Tryptic digest

In order to generate the peptides for selectivity screen-
ing, a mixture of the monoclonal antibodies bevacizumab,
cetuximab, daratumumab, omalizumab, rituximab, and
trastuzumab at a concentration of 1 mg mL~! was trypti-
cally digested. For this purpose, 50 pL of sample was mixed
with 50 uL of denaturation buffer. The denaturation buffer
consisted of 3 M GuHCI, 100 mM TrisHCI, and 8 mM
DTT. The mixture was heated to 95 °C for 20 min using
a WiseTherm HB-48P heating block (Witteg Labortechnik
GmbH, Wertheim, Germany). After cooling to room tem-
perature, 575 pL of a 50 mM NH,HCO; solution was added
first, followed by 50 uL of trypsin solution (1 pg absolute).
Tryptic digestion was performed after mixing for 21 h at
37 °C in an IPP55 Plus incubator (Memmert GmbH + Co.
KG, Biichenbach, Germany). The reaction was quenched by
adding 25 pL of formic acid.
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Results and discussion

Intact analysis performed on mAbs: innovator
and biosimilar

Before the evaluation of the mass spectrum of a mAb can
be performed, the charge distribution obtained must be
deconvoluted. The result of such a deconvolution is shown
in Fig. 1 for trastuzumab, where the drug product Hercep-
tin is the originator and Herzuma the biosimilar. Further-
more, results for the monoclonal antibody rituximab can be
obtained from the Supplementary Part.

----- Trastuzumab as Herceptin Lot 1
--------- Trastuzumab as Herceptin Lot 2
Trastuzumab as Herzuma

GOF : G1F
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Fig.1 Deconvolved mass spectra of trastuzumab as Herceptin (green
dotted and blue dashed) and Herzuma (orange solid). The sugar
modifications were assigned to individual signals. Furthermore, the
GO0:GOF modification is highlighted by a red box

The data in Fig. 1 show the glycan pattern of trastuzumab,
with the originator giving rise to five signals. The biosimilar,
in contrast, had only four clearly prominent signals. This is
because the GO:GOF modification could not be detected in
the biosimilar. A more detailed evaluation of the signals can
be found in Table 2.

The deconvolved masses of the individual signals are con-
sistent with theory and analyses of other research groups
[2, 17]. The masses for Herceptin and Herzuma were
found identical, which was to be expected since the latter
is an approved biosimilar. For the GO:GOF modification, it
should be noted that it is the sugar modification with the
lowest intensity. Although the GO:GOF modification was
not detected, Lee et al. demonstrated that the GO glycan is
present in Herzuma to a similar extent as in Herceptin [18].
Since the proportion of the individual sugar modifications
are known to vary with the production batch, these varia-
tions can be recognized using LC-HRMS [19]. This means
that it is difficult to determine the cause of such differences,
as molecular differences can be masked by batch variations.
In order for the differences to be traceable to the analyte,
various batches must be examined.

Regardless of the reason for the absence of the modifica-
tion, these minor differences between originator and bio-
similar could be successfully detected. Hence, LC-HRMS
of intact mAbs is a suitable tool to characterize the glyco-
sylation pattern.

Quantification of affinity for an Fc gamma receptor
llIA ligand

Although HRMS proved well suited for glycan analysis, it
is difficult to predict the effects to the API from the sugar
modifications detected. Thereby, the glycan structure has an
influence on the binding affinity to the Fc receptor, which is
involved in antibody-dependent cell-mediated cytotoxicity
(ADCC). Using affinity chromatography with an immobi-
lized Fc receptor, it is thus possible to generate a correlation
to ADCC and at the same time make a statement about the
sugar modifications responsible for this [7, 11].

Figure 2 shows the application of Fc affinity chromatog-
raphy to different rituximab drugs, where MabThera is the
originator and Truxima and Rixathon are the biosimilars.

Table 2 Deconvolved masses at charge z=1 of trastuzumab as Herceptin (originator) and Herzuma (biosimilar). The masses were assigned to
the sugar modifications. Four analyses were performed per sample on three different days (n=12)

Substance GO0:GOF (Da) GOF:GOF (Da) GOF:G1F (Da) GIF:GIF GI1F:G2F (Da)
GOF:G2F (Da)

Herceptin Lot 1 147,914+ 5 148,061 +5 148,222 +5 148,383 +5 148,545+ 5

Herceptin Lot 2 147914 +6 148,061 +5 148,222 +5 148,384 +5 148,544 +5

Herzuma n/a 148,062 +5 148,222 +5 148,384 +5 148,546 +5

@ Springer
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Rituximab as Rixathon
~~~~~~~~ Rituximab as Truxima
----- Rituximab as MabThera
Rituximab as R&D Sample

1

I
0 5 10 15 20
Time / min

Fig.2 Chromatogram of the analysis of rituximab by FcR affinity
chromatography. The originator MabThera (blue dashed) was com-
pared with the biosimilars Truxima (green dotted) and Rixathon
(orange dotted and dashed), as well as a research sample (red solid).
All samples showed three signals, whereby increasing retention time
is associated with increasing affinity for the Fc receptor and thus
increased ADCC activity

Furthermore, a rituximab biosimilar candidate currently in
development (R&D sample) was investigated.

The analysis gives three main signals for all samples,
which is in agreement with the literature [11]. It should
be noted that longer retention leads to increased ADCC
activity. This relationship was confirmed by Chakrabarti
et al. for rituximab by correlating FcR chromatography
analysis results with an ADCC binding assay. They were
able to show that ADCC activity was highest from the
last eluting compound (peak 3) and lowest for the first
eluting compound (peak 1). The activity from the unsepa-
rated monoclonal antibody represented a mixture and is
intermediate between that of peak 1 and peak 2 [11]. The
correlation between ADCC activity and retention time in
FcR chromatography was also shown for other mAbs [7].
A quantitative evaluation of Fig. 2 can be found in Table 3.

The comparison of the R&D sample with MabThera
shows comparable results for all three signals, making this
also a promising biosimilar candidate.

@ Springer

Table 3 Normalized areas of Fc affinity chromatography shown in
Fig. 2. The analyses were performed as duplicate (n=2)

Normalized area (%)

Drug Peak 1 Peak 2 Peak 3

Rixathon 504+0.4 40.4+0.02 9.2+0.3
Truxima 41.8+0.2 43.3+0.3 14.8+0.5
MabThera 38.4+0.2 43.5+0.3 18.1+0.1
R&D sample 38.1+0.4 46.4+0.6 15.5+0.9

Interestingly, the normalized area of peaks 1 and 3 of the
biosimilar Rixathon differed significantly from the originator
MabThera (50.4% vs. 38.4% and 9.2% vs. 18.1%, respec-
tively), suggesting lower ADCC activity. However, studies
demonstrated comparable ADCC activity between Rixathon
and MabThera [20, 21]. Considering the influence of sugar
modifications on the Fc affinity chromatography, it could
be shown that more terminal galactose as well as a higher
proportion of afucosylated glycans led to a higher retention
[11]. Studies have also shown that the glycan structure of
Rixathon was within the range of the batch variability of
MabThera. Nevertheless, small differences were found in
sugar modifications with a low intensity [20, 21]. The results
of our own HRMS analysis are shown in Table 4.

The results of HRMS analysis show that the sugar modi-
fication GOF:GOF has a relative area of 27.6% +2.3% for
the biosimilar Rixathon and 20.1% + 3.5 for the originator
MabThera. Since this modification elutes mainly at peak 1
in affinity chromatography, the increased area of peak 1 for
Rixathon can thus be explained. Similarly, the difference of
peak 3 in affinity chromatography can be explained. This
can be attributed to the lower proportion of modifications
with a higher proportion of terminal galactose (see Table 4).

Fc affinity chromatography can thus be used to character-
ize monoclonal antibodies and estimate their ADCC proper-
ties. Due to its sensitivity to changes in glycan composition,
it is a suitable tool to detect differences in manufacturing
batches and biosimilars. Furthermore, this technique can
be used to quickly check whether a biosimilar candidate is
promising and should be investigated further.

Table 4 Relative areas of sugar modifications of rituximab as
MabThera (originator) and Rixathon (biosimilar) according to HRMS
analysis. The analysis was performed as a quadruple determination
(n=4)

Substance GOF:GOF GOF:G1F GI1F.G1F GI1F:G2F (%)
(%) (%) GOF:G2F
(%)
MabThera 20.1+3.5 28.5+5.0 30.6+5.8 209+3.9
Rixathon 27.6+2.3 30.0+1.2 24.7+0.8 17.8+0.7
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' | SEC/HILIC

Retention time of the 2nd dimension / min

Retention time of the 1st dimension / min

Fig.3 Illustration of comprehensive 2D-HPLC chromatograms for
the determination of orthogonality for a peptide mixture. The peptide
mixture was generated by tryptic digestion of a mixture of 1 mg mL™'

Comparison of biosimilar and originator by 2D-HPLC

The use of comprehensive 2D-HPLC, where the two sepa-
ration dimensions are orthogonal, increases peak capacity
and hence chromatographic separation. In this study, we
applied a highly orthogonal method to samples from tryptic

Fig.4 RP (pH 2.7)-HILIC sepa- A
ration of a rituximab biosimilar
(right) with the originator (left).
The enlarged area has been
marked by a black frame

Retention time of the 2nd dimension / min

Originator

Originator - Zoom

each of cetuximab, daratumumab, rituximab, bevacizumab, omali-
zumab, and trastuzumab

digest yielding results that proved equal to mass spectrom-
eter utilization.

Figure 3 shows the determination of orthogonality for a
tryptic digest of a mixture containing six monoclonal anti-
bodies, using different separation mechanisms. Each spot
represents at least one peptide.

Biosimilar

Biosimilar - Zoom

Retention time of the 1st dimension / min

@ Springer



6768

Reinders L. M. H. et al.

The combinations of SEC/HILIC and HIC/HILIC can-
not be recommended due to solvent incompatibilities. The
combination of SEC/RP and HIC/RP did not provide good
orthogonality, which can be seen from the fact that the sub-
stances were not distributed across the separation space, but
rather formed clusters that were not well resolved. The other
five combinations used led to a distribution of the substances
across the separation space.

Although our analytical data show that there are poten-
tially several suitable combinations (RP pH 10/RP pH 2.7;
RP pH 10/HILIC; RP pH 2.7/HILIC; SCX/RP pH 2.7; SCX/
HILIC), in practice it may not be appropriate to use the com-
bination with the highest peak capacity. For example, Van-
hoenacker et al. showed that a combination of RP/RP had a
higher peak capacity, but some oxidative changes of trastu-
zumab could only be detected with the SCX/RP combina-
tion [12]. This means that regardless of the maximum peak
capacity, diverse combinations of separation mechanisms
should be used for complete characterization.

Figure 4 shows an example of the application of a possi-
ble combination (RP pH 2.7/HILIC) to distinguish originator
and biosimilar monoclonal antibodies.

The enlarged areas of Fig. 4 show a different distribution
of the substance spots. Although no mass spectrometer was
used to identify the peptides, a different peak pattern of the
biosimilar peptides indicates that they were peptides that
differed from the originator, which means that biosimilar
and originator can be distinguished by using a UV detector.

Therefore, our data show that it is possible to detect dif-
ferences in mAb samples (innovator vs. biosimilar) with a
UV detector due to the specific peak pattern across the two-
dimensional separation space.

Conclusion

Characterization of monoclonal antibodies and evaluation of
biosimilar and originator similarity make great demands on
analytical techniques. A wide variety of instrumental analyt-
ical techniques was needed to obtain sufficient structural and
functional information. However, by choosing and combin-
ing LC-HRMS, Fc affinity chromatography, and 2D-HPLC,
we could show that analytical techniques are becoming suf-
ficiently sophisticated to greatly reduce sample preparation,
allow structural characterization, distinguish originator and
biosimilar functionally, and offer the possibility to quickly
identify new biosimilar candidates.

Although a large amount of information can be obtained
by combining the above analytical methods, they also have
certain limitations when considered individually. High-
resolution mass spectrometry of intact mAbs is an excel-
lent tool to characterize the glycan structure, but it does not
provide information about its effects on ADCC. Fc affinity

@ Springer

chromatography, on the other hand, can be used to deter-
mine the ADCC properties of a mAb, but cannot be used
to accurately characterize the glycan structure. If additional
information about the primary sequence is required, char-
acterization should be performed at the peptide level. Here,
2D-HPLC coupled to UV detection offers the possibility to
distinguish a biosimilar from its originator if the separation
mechanisms have a high orthogonality.
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