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c School of Pharmaceutical Sciences, University of Geneva, CMU - Rue Michel Servet 1, 1211 Geneva 4, Switzerland 
d Institute of Pharmaceutical Sciences of Western Switzerland, University of Geneva, CMU - Rue Michel Servet 1, 1211 Geneva 4, Switzerland 
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A B S T R A C T   

Monoclonal antibody (mAb)-based therapies have been a major advance in oncology patient care, even though 
they represent a significant healthcare cost. Biosimilars, launched in Europe in 2004 are an economically 
attractive alternative to expensive originator biological drugs. They also increase the competitiveness of phar
maceutical development. This article focuses on the case of Erbitux® (cetuximab). This anti-EGFR (Epidermal 
Growth Factor Receptor) monoclonal antibody is indicated for metastatic colorectal cancer (2004) and squamous 
cell carcinoma of the head and neck (2006). However, despite the expiration of the patent in Europe in 2014 and 
estimated annual sales of 1.681 million US dollars in 2022, Erbitux® has not yet faced any approved biosimilar 
challenges in the United States or in Europe. Here, we outline the unique structural complexity of this antibody 
highlighted by advanced orthogonal analytical characterization strategies resulting in risks to demonstrate 
biosimilarity, which may explain the lack of Erbitux® biosimilars in the European and US markets to date. The 
development of Erbitux® biobetters are also discussed as alternative strategies to biosimilars. These biologics 
offer expected additional safety and potency benefits over the reference product but require a full pharmaceutical 
and clinical development as for New Molecular Entities.   

1. Introduction 

The success of monoclonal antibody (mAb)-based therapies in 
oncology is inevitably accompanied with a significant increase in 
healthcare costs, which are always difficult to contain. Indeed, there is 
still a strong development momentum and a need for next generation 
antibody-based products [1]. Due to their lower development costs [2, 
3], biosimilars are an interesting alternative to increase patient access to 
treatment, with a proven, significant, and positive impact on public 
health [4]. Biologically similar medicines, commonly referred to as 
biosimilars, were defined by European law in 2004 (Directive 
2004/27/EC amending directive 2001/83/EC), and by US law in 2009 
(Biologics price competition and innovation act, amending the PHS Act 

in 2010). As stated by the consolidated Directive 2001/83/EC (article 
10.4) concerning the EU community code relating to medicinal products 
for human use, if biological medicinal products do not meet the condi
tions in the definition of generic medicinal products, due to differences 
in raw materials or in manufacturing processes, the results of appro
priate pre-clinical tests or clinical trials relating to these conditions must 
be provided. The European Medicines Agency (EMA) ensures that bio
similars are assessed according to the same standards of pharmaceutical 
quality, safety and efficacy that apply to all biological medicines 
approved in the EU. However, the marketing authorization for bio
similars is shortened: it does not require all the clinical trials to be 
repeated. This offers the hope of lower costs for healthcare payers, 
which is particularly attractive given the very high price of biotherapies. 
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They also increase competition in pharmaceutical development [5]. 
The first antibody biosimilar (infliximab) was approved by EMA in 

2013 [6], proactive in the field [7] and by the Food and Drug Admin
istration (FDA) in 2016. In oncology, the first mAbs generation (i.e., 
rituximab, trastuzumab and bevacizumab) now have biosimilars in both 
Europe and in the United States. Patents and data protection period for 
many other mAbs will expire in coming years, and the number of mAb 
biosimilars entering the market is expected to consequently increase 
(Fig. 1). 

Among the mAbs with an oncology indication, cetuximab, marketed 
as Erbitux®, was the first monoclonal antibody (IgG1) targeting the 
epidermal growth factor receptor (EGFR) for the treatment of wild-type 
K-Ras metastatic colorectal cancer (CRC) approved in 2004 [8]. It also 
plays an important role in head and neck cancer, where it has no anti
body competitior. To date, no biosimilar of Erbitux® has been approved 
in either the US [9] or Europe [10], even though its EU patent expired in 
2014 [11]. Interestingly, a WHO committee expert published by the end 
of 2022 a report on a collaborative study for the 1st International 
Standard to assess the in vitro biological activities of cetuximab (inhi
bition of proliferation activity, EGFR binding activity using cell-based 
and non-cell based assays, antibody dependent cell mediated cytotoxic 
activity (ADCC), FcγR binding assays and C1q binding assay) [12]. 

Hence, the purpose of this review paper is to examine and discuss the 
reasons that could explain the lack of Erbitux® biosimilars in the Eu
ropean and US markets, including the unique complexity of the antibody 
structure resulting in higher risk of failure of biosimilarity exercise as for 
other IgGs. 

2. Structural complexity of cetuximab – need for advanced 
analytical strategies 

2.1. Structural complexity of cetuximab and main CQAs 

The process of biosimilarity assessment involves amino acid 

sequence confirmation [13] and comparison of the critical quality at
tributes (CQAs) in reference to the originator molecule [14]. Cetuximab 
is a chimeric mouse/human recombinant IgG1 monoclonal antibody 
produced in mouse myeloma SP2/0 cells. An important number of 
proteoforms and isoforms have been identified, showing an higher 
structural heterogeneity than other IgGs [15]. Beyond the canonical 
post-translational modifications (PTMs) that characterize mAbs (dea
midations, oxidations, C-terminal lysines, etc.), the main reason for 
cetuximab structural heterogeneity is related to a second N-glycosyla
tion consensus site located within the framework 3 of the variable 
domain of the heavy chain (Asn88, Fab portion) in addition to the CH2 
domain (Asn299, Fc portion). In the case of cetuximab, the variable 
domain from the mouse parent antibody 225 was kept for the clinical 
chimeric candidate (C225). In the case of trastuzumab, the second 
N-glycosylation site in the Fab of the parent 4D5 mouse antibody site 
was removed during the humanization step resulting in a much more 
homogeneous clinical candidate [16]. In addition in mouse SP2/0 
derived cell lines, N-glycolyl neuraminic acid (NGNA), the hydroxylated 
form of the N-acetyl neuraminic acid (NANA) expressed in humans, is 
preferentially expressed, together with a fraction of bisecting glycans, 
not present with Chinese Hamster Ovary (CHO) cell produced antibodies 
[17,18]. As shown in Fig. 2, the glycan composition of the Fc region 
mainly consists of typical core fucosylated biantennary glycans bearing 
variable galactosylation (mostly 0, 1 or 2 β-galactose residues). On the 
contrary, the Fab region is characterized by murine type glycans, such as 
α1–6 fucosylated structures terminating with alpha 1 − 3 galactose 
motifs, and a high content of sialic acids mainly due to the presence of 
NGNA. 

Considering the presence of 4 glycosylation sites in total (2 for each 
heavy chain), it is easy to understand the great variability that the N- 
glycosylation profile of cetuximab can have. More generally, the glycan 
heterogeneities of mAbs might have an impact on safety/immunoge
nicity, biologic activity/efficacy and clearance (PK/PD). 

Specifically, Reusch and Tejada [19] reported a comprehensive study 

Fig. 1. Dates of patent expiry of the main mAbs used in oncology in European Union (a) and in the United States (b).  
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on this aspect highlighting how specific glycan species might have 
negative impacts, e.g. N-glycans terminated with α1,3-Galactose or 
NGNA might affect safety/immunogenicity, high mannose species the 
clearance, and NANA/NGNA the biologic activity/efficacy [19]. 

As concerns cetuximab, about 30% of the N-glycans of the Fab 
domain, terminated with one or two α1,3-Galactose, have been recog
nized as epitopes associated with severe, sometimes fatal, hypersensi
tivity reactions in some patients with various reported incidences 
typically within minutes after first exposure and compatible with IgE- 
mediated anaphylaxis resulting in a FDA Black Box Warning [20]. 
However, changing the expression cell lines to prefer the use of 
mammalian cells, such as CHO of human cell line, would have a 
remarkable impact on the N-glycosylation profile as the expression of 
NGNA would be replaced by the human-like sialic acids (NANA) 
together with lower levels of galactose-α-1,3-galactose motifs expres
sion. But the resulting mAb would not be any more a highly similar 
version of the originator because of the very different glyco-profile, 
although it can be expected to show the same efficacy and a better 
safety profile [17,21]. 

Given the critical importance of the glycosylation profile, on top of 
other PTMs, several analytical strategies have been reported in the 
literature to ensure accurate monitoring of the N-glycan profile together 
with the possibility of using valid analytical tools in case of compara
bility assessment [13,15,17,22–25]. Of note, during the manufacture of 
a mAb product, lot-to-lot variability is also observed in the isoform 
content. Most often, isolated isoforms indicate that this variability is 
caused by sialic acid content, as well as truncation of C-terminal lysine of 
the individual isoforms, although the set specifications for lot release are 
generally met [26]. 

2.2. Innovative strategies to assess glycosylation of cetuximab 

The N-glycosylation profile is usually characterized by performing an 
enzymatic release of the glycans from the protein by using the PNGase F 

enzyme, followed by chemical derivatization of the glycans with 2-ami
nobenzamide (2-AB) label, to add a chromophore to the carbohydrate 
structure. The labelled glycans can then be analyzed by hydrophilic 
interaction chromatography (HILIC) with either fluorescence detection 
(FLD) or mass spectrometry (MS) [27,28]. However, for bio
pharmaceuticals with a highly heterogeneous glycosylation profile, such 
as cetuximab, alternative methods may be useful. In this section, we 
have described several advanced/innovative analytical strategies that 
allow a detailed characterization of cetuximab glycoforms. 

2.2.1. New labelling agents for released glycans analysis 
First of all, it is important to mention that the reference 2-AB 

labelling has a number of drawbacks, such as i) long and laborious 
labelling procedure, ii) poor ionization efficiency in ESI-MS, iii) possible 
desialylation due to the acidic reductive amination reaction (the char
acterization of sialic acids is particularly critical for cetuximab) [29]. 
Fortunately, it is now possible to use new labelling agents, such as 
Waters RapiFluor-MS (RFMS) or Agilent InstantPC which have been 
developed to avoid the abovementioned problems. For example, in a 
5-minute reaction, enzymatically released N-glycans are labelled with 
RFMS, which contains a quinoline fluorophore, and a tertiary amine to 
enhance ESI-MS detection. A rapid PNGase F deglycosylation procedure 
was also incorporated to achieve the complete deglycosylation in only 
10 min. This approach has already been applied to cetuximab, allowing 
an accurate and rapid identification and confirmation of a wide range of 
glycans [30,31]. 

2.2.2. HILIC analysis at the subunits level of analysis 
As an alternative strategy, it is also possible to characterize cetux

imab glycoforms at the protein subunit level, using HILIC-FLD or HILIC- 
MS. Protein subunits can be obtained after enzymatic digestion with a 
specific protease (IdeS), and chemical reduction with DTT or TCEP. The 
whole procedure is fast, easily automated and takes less than 1 h. At the 
chromatographic level, it is essential to use a HILIC column packed with 

Fig. 2. Three-dimensional model of an IgG1 molecule (A) showing an N-glycosylation site at Asn88 (Fab portion) in addition to Asn299 (Fc portion). The kappa light 
and gamma heavy chains are in blue and grey, respectively. Fc- and Fab-associated biantennary N-glycans located on Asn299 and Asn88 are shown in orange. 
Terminal α3Gal residues of the Fab-associated N-glycans have been highlighted in purple. Image created with Chimera software from PDB 1IGY (IgG1) and 1YY9 
(cetuximab Fab). Detailed glycosylation profile of cetuximab (B). List of cetuximab Fc and Fab N-glycans shown in order of decreasing fractional abundance from top 
to bottom. Comparative elucidation of cetuximab heterogeneity on the Intact protein level by cation exchange chromatography and capillary electrophoresis coupled 
to mass spectrometry, Anal. Chem. 2020, 92, 5431–5438 [15]. 
Reprinted with permission from Füssl, Trappe, Carillo, Jakes, Bones. Copyright 2020 American Chemical Society. 
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sub-2 µm particles and large pore sizes (ideally 300 Å) to analyse mAb 
subunits of around 25 kDa [32]. Such an approach has already been 
used for the characterization of cetuximab and a biosimilar candidate 
[23]. Fig. 3 shows the comparison of RPLC and HILIC-MS for the two 
samples at the subunit level. As highlighted, the RPLC separation does 
not provide any selectivity between the different glycoforms, whereas 
HILIC can achieve a partial separation of the glycoforms, allowing a 
more direct visualization of the glycol-heterogeneity and an easier 
deconvolution of the MS signals. In the HILIC chromatogram, the LC 
subunit was eluted as the first peak, followed by the Fc/2 and its gly
coforms shortly thereafter, and Fd’ together with its various glycoforms. 
Not surprisingly, the elution order of the different Fc/2 and Fd′glyco
forms seemed to be related to the number of glycan residues involved in 
the formation of the biantennary/triantennary complex oligosaccharide 
structures. This elution order was confirmed by MS. Interestingly, the 
Erbitux® Fd′fragment was found to be populated with larger, 
hyper-galactosylated glycans and structures containing NGNA. The 
presence of bisecting N-acetylglucosamines forming triantennary com
plex oligosaccharides was also detected. The biosimilar candidate 
product was identical in terms of amino acid sequence for the LC and HC 
but showed a different glycosylation pattern due to its expression from a 
CHO cell line instead of SP2/0 murine myeloma cells. In fact, the Fc/2 
region was more abundant in fucosylated glycans, whereas the Fd’ re
gion was more heterogeneously populated with fucosylated glycans and 
few sialylated glycans containing NANA. Besides glycans, it is important 
to mention that the middle-up LC-MS approach described above can 
simultaneously assess the presence of additional PTMs, such as oxida
tion, C-terminal lysine truncation and others. 

2.2.3. Multidimensional LC for in-depth characterization 
To further improve the characterization of biopharmaceuticals hav

ing complex glycosylation patterns and numerous PTMs, it is possible to 
combine multiple chromatographic dimensions to achieve unique 
selectivity and high peak capacity. In recent years, there have been 
numerous demonstrations of two-dimensional LC (2D-LC) for the 
detailed characterization of therapeutic monoclonal antibodies, using 
either ion exchange (IEX), reversed phase (RP), hydrophobic interaction 
(HIC), hydrophilic interaction (HILIC) or size exclusion (SEC) chroma
tography in the two dimensions, in combination with MS [33,34]. In 
addition, depending on the application, such 2D-LC separations have 
been demonstrated using a heart cutting, multiple heart cutting, selec
tive comprehensive or full comprehensive mode of operation [35,36]. 
Finally, both intact and subunit samples have been analyzed under such 
conditions. 

Interestingly, 2D-LC-MS has already been used to characterize 
cetuximab and its biosimilar candidate [33,37]. A fully comprehensive 
2D-LC-MS strategy using either CEX or HILIC in the first dimension, 
followed by RPLC in the second dimension, was developed. As shown in  
Fig. 4, for the CEX x RPLC setup, CEX was found to be particularly 
powerful in resolving charge variants (i.e. the variants containing sialic 
acid as part of their glycan composition generally eluted before those 
that did not contain such moieties, due to their negative charges), while 
RPLC provided separation primarily by hydrophobicity (elution of Fc/2, 
followed by LC and Fd). This pattern in the 2D chromatograms can be 
very helpful in identifying unknown modifications of mAb fragments. 
On the other hand, the combination of HILIC with RPLC proved to be 
more challenging, as the high proportion of acetonitrile in the HILIC 
mobile phase causes severe broadening and peak distortion in the 
second-dimension separation. This challenge was overcome by 

Fig. 3. Middle-up RPLC-MS analysis of (a) cetuximab (Erbitux) and (b) cetuximab biosimilar candidate. Total ion chromatograms (i, v) and associated deconvoluted 
mass spectra of Fc/2 (ii, vi), LC (iii, vii), and Fd′ (iv, viii) fragments. Middle-up HILIC-MS analysis of Erbitux (c) and cetuximab biosimilar candidate (d). For 
experimental conditions and peak annotations, the reader is referred to the original article. Hydrophilic Interaction Chromatography Hyphenated with Mass 
Spectrometry: A Powerful Analytical Tool for the Comparison of Originator and Biosimilar Therapeutic Monoclonal Antibodies at the Middle-up Level of Analysis. 
Anal. Chem. 2017, 89, 2086–2092 [23]. 
Reprinted with permission from D’Atri, Fekete, Beck, Lauber, Guillarme. Copyright 2017 American Chemical Society. 
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implementing a valve-based approach, called active solvent modulation 
(ASM) to dilute the weak solvent fractions of the 1D effluent. As shown in 
Fig. 4, the improvement in resolution offered by the 1D in the case of 
HILIC x RPLC over CEX x RPLC was quite striking. Many peaks that 
coeluted in the Cx.4 region using the CEX dimension are now clearly 
resolved with the HILIC separation. 

Finally, a significant number of fragments were identified using the 
approach described above, provided that the 2D-LC separation was 
sufficiently optimized. This confirms that conventional MS instrumen
tation (such as Time of Flight (ToF)-MS) can be used for in-depth 
characterization of cetuximab, without the need for much more 
expensive high-resolution MS instrumentation. 

2.2.4. Capillary zone electrophoresis coupled with mass spectrometry 
In addition to chromatography, capillary electrophoresis (CE) can 

also be successfully coupled to MS detection. A systematic comparison 
has recently been carried out for Erbitux® at the protein level, using pH 
gradient CEX-MS and CZE-MS (using the ZipChip microfluidic CE-MS 
technology) [15]. These two separation modes are able to characterize 
the charge variants of complex products such as cetuximab. The high 
content of sialic acid (mostly NGNA) present on the Fab region of 
cetuximab is responsible for acidic forms, whereas the basic variants are 
due to the incomplete enzymatic lysine truncation. 

As shown in Fig. 5, eight well-resolved charge variant peaks of 
varying abundance were identified in both cases, each giving access to 
native mass spectra without any sign of protein denaturation, allowing 
the annotation of the proteoforms corresponding to each peak. 

Fig. 4. Comparison of glycan analysis of cetuximab subunits using (A) CEX × RP and (B) HILIC × RP. It was demonstrated that using HILIC in the first dimension, 
instead of 1D-CEX, could resolve several co-eluting glycoforms (Cx.4) on the heavy chain portion of the antigen binding fraction (Fd) of cetuximab. Chromatograms 
are based on UV absorbance at 280 nm, peak identification was based on TOF-MS detection. For experimental conditions and peak annotations, the reader is referred 
to the original article. Development of Comprehensive Online Two-Dimensional Liquid Chromatography/Mass Spectrometry Using Hydrophilic Interaction and 
Reversed-Phase Separations for Rapid and Deep Profiling of Therapeutic Antibodies. Anal. Chem. 2018, 90, 5923–5929 [33]. 
Reprinted with permission from Stoll, Harmes, Staples, Potter, Dammann, Guillarme, Beck. Copyright 2018 American Chemical Society. 

Fig. 5. Comparison of the separations obtained in CEX-MS and CZE-MS (left panel). Comparison of the charge envelopes obtained by the two orthogonal analytical 
approaches (right panel). For experimental conditions and peak annotations, the reader is referred to the original article. Comparative Elucidation of Cetuximab 
Heterogeneity on the Intact Protein Level by Cation Exchange Chromatography and Capillary Electrophoresis Coupled to Mass Spectrometry. Anal. Chem. 2020, 92, 
5431–5438 [15]. 
Reprinted with permission from Fussl, Trappe, Carillo, Jakes and Bones. Copyright 2020 American Chemical Society. 
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However, the selectivity was found to be different between the two 
modes of separation, as were the charge states (mainly due to differences 
in the separation mechanism, but also to the presence of different ad
ditives in the mobile phase and background electrolyte). In addition to 
charge variant separation, CE-MS also allowed hydrodynamic radius- 
dependent separation of species based on different glycoform 
complexity within individual charge variant peaks. In this study, 109 
and 218 isoforms were found by CEX-MS and CZE-MS, respectively. The 
main advantages of the technique were that CZE-MS was found to be 
fully generic (similar conditions can be used regardless of the mAb under 
investigation), sample consumption was very low (only 1 ng) and MS 
sensitivity was enhanced due to the operational flow rate in the low nL 
range. 

Interestingly, the potential of CEX and CZE was also combined in a 
single workflow. Charge fractionation was first performed using pH 
gradient CEX conditions and 8 different fractions were collected. All 
these individual fractions were then re-analysed using CZE-MS. This 
strategy allowed the simultaneous characterization of the heterogeneity 
resulting from N-glycosylation bearing sialylation, and also additional 
modifications such as C-terminal lysine residues [38]. 

Finally, CZE-MS has also been successfully applied in another work, 
where cetuximab was successfully analysed at the subunit level of 
analysis (after IdeS digestion), highlighting the interest of CZE-MS for 
the analysis of mAb samples with a high degree of sialylation [25]. 

2.2.5. Innovative MS-based approaches 
MS-based approaches are becoming increasingly popular for the 

characterization of mAb products. Cetuximab and a biosimilar candidate 
were thoroughly characterized at the intact level using denaturing MS, 
native MS and ion mobility MS (IM-MS) [24]. The experiments were 
performed using matrix assisted laser desorption/ionization (MALDI) 
and electrospray ionization (ESI). As reported in Fig. 6, analysis at the 
intact level in denaturing MS or native MS allowed easy measurement of 
intact mAb masses and differentiation of batch-to-batch heterogeneity. 
However, it was not possible to assess the glycosylation heterogeneity. 
Combining ion mobility with native MS, additional information on 
disulphide bridge pairing heterogeneity of the mAb were obtained. As 
for the biosimilar candidate, the driftscope plot (Fig. 6) was found to be 

equivalent to the cetuximab originator. Based on these experiments, it 
appeared that the evaluation of the glycosylation pattern of cetuximab 
at the intact level of analysis was very limited when using either dena
turing or native MS alone. Therefore, as highlighted in the previous 
sections, the combination of state-of-the-art MS methods with high 
resolution separation methods (LC, CZE) it is therefore recommended to 
clearly demonstrate the similarity between the reference product and 
the biosimilar candidate. 

Interestingly, there are already some commercial biosimilar versions 
of etanercept [39] and epoetin alfa (EPO), although these two products 
are much more difficult to characterize than cetuximab in terms of 
glycosylation complexity. In the case of etanercept, the detailed char
acterization of the glycoforms was achieved by a combination of 
different and complementary enzymatic digestion procedures (i.e. 
glycosidase, sialidase, and protease). After the enzymatic treatment, two 
different strategies can be applied, namely an HILIC-MS analysis using a 
simple QTOF/MS instrument [40] or a native MS using a high resolution 
Orbitrap MS instrument (high spatial resolution at lower charge state) 
[41]. Using these enzymes, it was possible to support the MS spectra 
deconvolution and assess (i) the major PTMs (mainly C-terminal lysine 
clipping), (ii) the subunit-specific distribution of glycans, and (iii) the 
overall N/O-glycan composition and sialylation profiles of each subunit. 
For EPO, to the best of our knowledge, the most powerful analytical 
strategy for glycoform characterization combines anion exchange 
chromatography (AEX) and Fourier transform ion cyclotron resonance 
mass spectrometry (FT-ICR-MS) [42]. In a single experiment, assessment 
of critical quality attributes, such as charge heterogeneity, sialic acid 
content and number of N-acetyllactosamine units could be assessed, 
while providing additional information on other modifications such as 
O-acetylation and deamidation. Based on these data, it is therefore clear 
that the analytical complexity of cetuximab is not the main reason why a 
biosimilar is not available yet. 

3. Regulatory aspects 

In 2009, the EMA “Guideline on Evaluation of Similar Biopharma
ceutical Products” reported that additional studies such as receptor ac
tivity or preclinical studies (both in vitro and in vivo) are required when 

Fig. 6. Denaturing MS, native MS and native IM-MS of cetuximab and a biosimilar candidate. For experimental conditions and peak annotations, the reader is 
referred to the original article. Cutting-edge mass spectrometry characterization of originator, biosimilar and biobetter antibodies. J. Mass Spec. 2015, 50, 285–297 
[24]. 
Reprinted with permission from beck, Debaene, Diemer, Wgner-Rousset, Colas, Van Dorsselaer and Cianferani. 
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there are changes in the glycosylation pattern [43]. Within the EU, 
guidelines for similar biological medicinal products do not exclude 
variations in structure. Thus, it is possible to obtain a biosimilar with 
glycosylation structures different from the reference, but this must be 
adequately justified [44]. For example, infliximab biosimilars have been 
approved by the EMA despite some analytical glycosylation differences 
related to CHO cell line expression. Furthermore, if intended changes to 
improve efficacy, such as glyco-optimisation, are not compatible with 
the biosimilarity approach, differences that may have a safety benefit in 
terms of reduced immunogenicity or allergenicity should be addressed 
but may not preclude biosimilarity [44]. For example, it is possible to 
imagine a modified cetuximab (designed to prevent adverse reactions) 
being approved as biosimilar. 

The FDA guidelines (first published in 2009) appear to be more 
flexible than the European guidelines, being based on a “case-by-case 
totality-of-evidence” and a risk-based approach [45], even though this 
form of regulation may discourage companies from submitting bio
similar candidates, due to the uncertainty of the approval process. In 
addition, Van de Wiele et al. identified two barriers to biosimilar entry in 
the US: the high number of patents and the non-compliance with the 
complex legislative process created by the “Biologics Price Competition 
and Innovation Act” of 2010 [46]. Thanks to all innovative strategies 
described in previous paragraph, more chances of approval process 
could be expected for modified cetuximab showing a different glycan 
profile but purposely designed to prevent fatal adverse reaction linked to 
α3 Gal residues. 

4. Side effects of cetuximab – towards a biobetter product? 

The frequency (around 1.5%) and severity of the anaphylactic re
actions reported with cetuximab may hamper the development of 
Erbitux® biosimilars. This was not the case during the development of 
Erbitux® more than a decade ago, as the drug was already approved by 
the time the problem was identified, but it will undoubtedly affect the 
development of biosimilars. To date, no other monoclonal antibody 
causes so much severe hypersensitivity reactions, which may be life 
threatening [47]. Developing copies of a molecule that is known to have 
flaws can pose ethical problems. It makes no sense from the point of view 
of pharmaceutical and medical ethics to market which we know the 
reference drug poses safety problems. European medicinal product 
regulations have only one aim: to ensure the quality, efficacy, and safety 
of the molecule to act in the interests of the patient. This seems ethically 
unacceptable given that European regulations allow slight modifications 
of the biosimilar structure in order to improve its safety profile. This 
possibility remains only theoretical, for this reason, instead of bio
similars, it might be more reassuring for a company to develop biobetter 
versions of Erbitux®. 

Biobetter is a term introduced by biotech companies, probably 
Reddy’s Laboratories in 2007 [48,49]. Biobetters are copies that have 
been structurally and/or functionally altered to improve the activity or 
risk-benefit ratio compared to the originator [12,50]. A biobetter 
product is very often associated with an improvement of mAb properties 
such as affinity and selectivity for the target epitope, Fc effector func
tions improvement and/or stability against degradation, but in this 
context the desired biobetter would be an antibody with increased 
safety. Biobetters are treated by regulatory authorities as original 
products and are evaluated as new drugs in a standard approval process. 
Of course, the risk of failure in clinical trials is higher than for bio
similars [51]. Eliminating α3 Gal residues and making cetuximab safer 
fits very well with the biobetter concept. 

There are two main issues to consider regarding the existence of a 
serious adverse event regarding this medication: i) A biological test is 
available to detect anti-alpha Gal IgE and prevent anaphylactic shock, 
thereby reducing morbidity/mortality. Despite its availability, this test 
is rarely performed prior to cetuximab administration. (ii) There is no 
biosimilar or biobetter without alphaGal. One of the possible solutions 

to reduce this problem of anaphylactic reaction would be to change the 
recommendations and the SPC (summary of product characteristics) to 
make the measurement of anti-alpha IgE mandatory before the first 
administration. Unfortunately, this solution does not encourage the 
development of the biosimilar and therefore has a negative impact on 
the pharmacoeconomic of the biological product. 

As reported in Table 1, at least four cetuximab-related molecules are 
still in preclinical development: ABP-494, CT-P15, MabioEGFR, and 
APZ001. So far, none of them has been sufficiently described to know 
whether they could be considered as true biosimilars by regulatory au
thorities in Europe and the US. Five other products have entered clinical 
development: HLX05 and HLX07, A140, CMAB009 (also known as STI- 
001) and tomozotuximab (see Table 1). Structural details are only 
available for the last two products. CMAB009 is produced in CHO cells, 
which do not add terminal α3 Gal residues [52]. An editorial in the 
journal Generics and Biosimilars Initiative journal (GaBi) suggests that 
CMAB009 could not be approved as a biosimilar to Erbitux® in Europe, 
unless rigorous preclinical and clinical comparability is performed in the 
Shi et al. study [53]. A decrease in hypersensitivity reactions was 
observed compared to the incidence reported with Erbitux® (2%) in 
phase III [53], but this is not a fair comparison. Interestingly, ASCO 
considers CMAB009 to be a biosimilar of Erbitux® [54], demonstrating 
that the medical community is not sufficiently familiar with the 
distinction between a biosimilar and a biobetter. Tomuzotuximab 
(CetuGEX, WHO RL 78 2017) is a glycoengineered second generation 
antibody of cetuximab produced in the human GlycoExpress expression 
system (Glycotope GmbH, Berlin, Germany). It is an IgG1 glyco
engineered mAb of cetuximab with the same binding properties to 
epidermal growth factor receptor (EGFR) as cetuximab but with 
enhanced ADCC [55]. 

Produced in a glyco-engineered cell line derived from a human 
erythroleukemia (K562). Glycans are mostly biantennary complex gly
cans with 5% sialylated glycans, 10% bisecting N-acetylglucosamine 
bearing glycans and no N-glycolylneuraminic acid (WHO INN RL 78, 
2017). It is also based on the same Erbitux® amino-acid sequence but 
combines two major changes in the glycosylation profile, the absence of 
the terminal α3 Gal residues mentioned above, and the absence of core 
fucosylation to trigger higher ADCC. A different INN (tomuzotuximab) 
has been attributed to this antibody showing clearly that it is not a 
biosimilar of cetuximab. 

5. Market size of cetuximab 

A financial argument can also be used to explain the lack of an 
Erbitux® biosimilar in the therapeutic armamentarium. In 2014, Gra
bowski et al. argued that there are high market entry costs of biosimilars 
compared to generics [62]. Currently, there are seven mAbs/Fc fusion 
protein drugs with approved biosimilars in Europe. All are blockbusters 
(top ten) with significant sales. Despite reported sales of 1.681 million 
USD per year, Erbitux® profits are not included among the top ten 
biopharmaceuticals in the world [63,64]. Among biological drugs, 
Erbitux® ranks forty-second in terms of global sales in 2022 [65]. By 
contrast, the global sales of originators bevacizumab, rituximab and 
trastuzumab in the same year were 2.316 million, 2.265 million and 
2.338 million USD, respectively, making their market more attractive. 
Knowing that these have a reduced turnover because biosimilars are in 
competition with each other. Also, etanercept which is a biological with 
more glycosylation (O-glycosylation…) complexities than cetuximab, 
has biosimilars since 2016 in Europe. 

Of course, pharmaceutical companies think in terms of return on 
investment. Developing a cetuximab biosimilar is a major financial risk 
for manufacturers. In fact, there are many other antibody candidates 
that are more likely to reach the market in terms of biosimilars and sales. 
Panitumumab (Vectibix®) is the direct competitor to cetuximab in 
colorectal cancer. It has similar sales, although it is prescribed less 
frequently than cetuximab. Its patent has also just expired in Europe and 
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the US and there is no biosimilar on the market. 
Furthermore, Moorkens et al. reported that the manufacturing pro

cess could be a financial barrier as well as numerous step protected by 
patents [66], which could discourage companies from developing 
complex biosimilars [64], to the point of abandoning an Erbitux® bio
similar market estimated to be worth more than one million dollars in 
2019 [67]. 

It should also be noted that Erbitux has been granted orphan drug 
status for the treatment of squamous cell carcinoma of the (oro/hypo)- 
larynx only in the US since 2000. But so far like this designation had a 
limited encouragement impact for the development of a cetuximab 
biosimilar in the US. 

6. Conclusion 

To date, no biosimilar of Erbitux® has been approved in Europe or in 
the US, despite patent and data protection expiry. This situation has a 
pharmacoeconomic issue as it maintains high prices for a product that 
has already paid for itself, and it creates unfair competition that could 
favor a putative biobetter. In comparison to all other canonical EMA and 
FDA approved IgGs, one of main limitation of cetuximab is probably the 
unique structural complexity related to the presence of a second N- 
glycosylation in the Fab domain. This increases importantly the risk to 
not show analytical and functional biosimilarity which is the basis of the 
successful approval (totality-of-evidence). 

More complex glycoproteins such as etanercept biosimilars have 
been successfully developed [68,69] but the market of the originator is 
higher (7.217 million USD in 2019). Many more have also failed [70]. 
Certolizumab pegol (Cimzia®) is another off-patent biomedicine 
without a biosimilar. Like for cetuximab, the structural complexity 
related to the PEG moiety maybe the reason of lack of biosimilar. 

The new and upcoming antibody biosimilars that maybe approved in 
the next 5 years are Stelara®/ ustekinumab, Actemra®/ tocilizumab, 
Tysabri®/ natalizumab or Perjeta®/ pertuzumab to name a few [71]. 
All are canonical IgGs less complex than cetuximab and with a higher 
originator market. 

On May 2023, Alkem Oncology has announced the launch of 
Cetuxa®, a biosimilar according to India regulations. It received Drugs 
Controller General of India (DCGI) approval on 16th January 2023 for 
head and neck cancer. This organization modified its recommendations 
in 2016 to align with European and American standards. Nevertheless, 
these probably do not yet correspond to EMA and FDA standards for 
approving a biosimilar [72,73]. According to the Indian Practitioner, the 
production of Cetuxa® on CHO cells (in contrast to SP2/0 with Erbi
tux®) could change all the N-glycosylation profile (removing alpha3Gal) 
and improve its pharmacodynamics/safety [27]. At the time of final
izing the manuscript, no data were available in the literature on this 
biobetter. 
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