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Abstract 

In 1986, as the initial monoclonal antibody was accepted by the United States Food and Drug 

Administration (US FDA), and this time antibody engineering has intensely evolved. Among 

rapidly emerging therapeutic techniques, antibody engineering based treatment is the best one 

which is being used to cure human disorders. Antibodies are antigen identifying immunoglobulins 

which have various repertoire domain capable of antigen specificity. This diverse antibody 

response is more increased by modifications including somatic recombination, hyper-mutation and 

post-translational modifications like Fc glycosylation may further upsurge the diversity of effector 

functions. However, variations in glycan structures effectively helps to the antibody’s functional 

capabilities. Glycosylation is the modification in protein after the translational process during 

antibodies synthesis. Glycosylated antibodies play a major role in improving efficiency, 

pharmacokinetics and safety of curative antibodies. In the pharmacological industries, the 

regulation and adjustment of therapeutic antibodies is the key point in antibodies engineering. In 

this review article the recent approaches and novel antibody C-terminals and N-terminals 

modifications, and their impact on half-life, immunogenicity and effector functions have been 

discussed. Moreover, the recent progresses in the glycosylation and glycosylation control along 

with the risk assessments have also been described here. 
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Introduction 

There are many forms of recombinant 

antibodies which have been developed for the 

therapeutic purpose. A class of 

immunoglobulin antibodies known as IgG 

most widely used for the preparation of 

recombinant IgG antibodies in different 

vector expression systems. The structure of 

IgG has two light chains and two heavy 

chains. It also has two regions one called as 

constant region and other is called variable 

region based on its amino acids composition 

and sequence. These regions further 

differentiated into fragment antigen binding 
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(Fab) region (which bind and recognize 

specific antigen) and fragment crystallizable 

(Fc) region (which help to control activity of 

defense cells). In the constant area of heavy 

chain, IgG antibodies have N-glycans in the 

Fc domain and their N-glycosylation patterns 

differ during various cell expression systems. 

Among main therapeutic agent monoclonal 

antibodies (Mabs) play a key role for several 

fatal diseases like AIDS (acquired immune 

deficiency syndrome), cancer and infectious 

diseases [1]. There is a unique site within the 

Fc region to which N-glycans are linked. 

These N-glycans are important for IgG 

effector function. The structural study with 

NMR (nuclear magnetic resonance) and X-

ray crystallographic shown that Fc N-glycans 

are present within CH2-domain of each heavy 

chain. This study also reveal that Fc N-

glycans contain several noncovalent bonds 

with Fc domain for the maintenance of its 

conformational flexibility. Therefore, in the 

transgenic cell systems and 

biopharmaceutical industry, glycosylation is 

the chief concern. For the remodeling of 

antibodies yeast, insect and plant cells are 

most commonly used. For engineering these 

antibodies specific core fucose are truncated, 

and also sialylated and galactosylated 

branches are declined. A very dangerous 

thing is that these cell lines produce antigenic 

glycoproteins (terminal Galα1-3Gal, NeuGc 

epitope, etc) which are different to human 

glycoproteins. These antigenic glycoproteins 

badly affect immune system. However, by 

the interference of several endogenous glyco-

linked molecules (nucleotide sugar, 

glycosidase, glycosyltransferase and protein 

trafficking) and remodeling of mAbs 

(monoclonal antibodies) with homogeneous 

glycans is not easy while using a cell 

expression system.  

Currently, curative mAbs capable to 

represent specific Fc N-glycan have been 

engineered by using site-specific gene 

knockout approaches in various cell 

expression systems [2, 3]. For their effective 

treatment against bacterial and viral diseases 

the use of monoclonal antibodies (mAbs) is 

emerging technique in medicinal industries 

[4]. In recent years USA and Europe over 60 

mAbs were accepted having some great 

commercial success in the pharmaceutical 

market [5, 6]. Usually recombinant mAbs are 

formed with the combination of 

immunoglobulin G and glycans linked to 

asparagine’s amide in the Fc region [7]. The 

different glycoforms can give antibodies 

some peculiar storage and physicochemical 

stabilities. Glycans play structural role as 

they link CH2 domains with detailed weak 

connections. Such interactions reduce the 

CH2 flexibility and facilitate its folding. 

Structural features, explain the decreased 

chemical as well as thermal stability [8, 9].  

N-glycan may affects the PK of IgG by 

regulating the modulation of IgG sensitivity 

to serum protease. Glycosylated IgGs have 

increased resistant than the aglycosylated 

IgGs [10].  Susceptibility of IgGs to 

proteolysis depends upon three factors like 

length, branching, and charge on sugar 

subunits. Hepatocytes have special 

asialoglycoprotein receptors that can bind 

and clear IgG with terminal galactose residue 

[11]. Moreover, mAbs glycosylation is also 

found to be correlated with immunogenicity 

and safety in humans. There are some 

approaches by which therapeutic monoclonal 

antibodies are developed shown in (Fig. 1). 

N-terminal modifications 

N-terminal of mAb can be modified by two 

ways.  

1. Pyroglutamate (pyroGlu) amino acid at the 

first position of the mature light or heavy 

chain. 

2. Unprocessed leader sequences.  

Spontaneous cyclization of side chains of 

glutamine and glutamate amino residues onto 

α-amines produces Pyroglutamate [12]. Cell 

culture provides neutral pH with high 

temperatures, which favour such reactions 
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[13].  Cyclization of glutamate can also be 

done but this reaction proceed at a much 

slower rate [14, 15]. Genome of the host 

organism has mAb transgenes, which 

contains sequence that guides the protein in 

secretion procedure. Mostly this leader 

sequence is removed by proteolysis when 

recombinant mAbs is secreted into the cell 

culture broth. But sometimes, this 10-15 

amino acids are not processed completely, 

resulted in altered leader sequence antibodies 

[16]. Rarely, miscleavages culminates in 

truncation [17, 18]. Immunogenicity 

concerns or this modification are minimized 

as N-terminal glutamine is mostly 

transformed to pyroGlu when it comes to 

human endogenous immunoglobulin (IgG) 

[19]. Both modifications actually produce 

polar molecules resulted in accumulation and 

mis-cleavage causes product heterogeneity 

and so must avoided.

 

Figure 1. Different Methods to develop mAb antibodies. a is a mouse hybridoma technique 

that trigger immunity against specific antigens. b Phage display method: here phage library 

is prepared for the selection of desired antigen, c Transgenic mouse; it is identical to single 

B cell approach, d  B cell method in which vaccinated donors are designed for the separation 

of B cells [12] 

 

C-terminal modification 

There are two major C-terminal 

modifications one is the removal of lysine on 

C-terminal and the other is Amidation at C-

terminal. There is a terminal lysine residue in 

heavy gamma chain of IgG genes. But 

terminal lysine is removed by the application 

of enzymes and human IgG in the blood does 
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not have it [20]. Almost all recombinant 

genes include a terminal lysine that is 

separated during cell culture [21] and it can 

be partial with zero to multiple lysine 

residues. Lysine residues impart positive 

charge and can be detected by charge based 

biochemical techniques [22]. One more 

common modification of recombinant mAbs 

is the amide modification of antepenultimate 

residue. Glycine, proline and leucine 

modifications also results with all others [23-

25]. Because of the act that C-terminal amino 

acids of IgG2s and IgG3s are the same as that 

of IgG1s, amide modification is more prone 

to occur on the C-terminal of heavy chain. 

Charge based methods can also be used to 

detect C-terminal alpha amidation [24]. 

These modifications do not affect physical 

properties and Fc receptors and receptor 

binding sites. No structural diversity was 

observed in antibody by hydrogen-deuterium 

exchange [26] and differential scanning 

calorimetry [27]. It is also observed that the 

lysine amino acid at carboxy terminal has no 

effect on the binding of antigen and was also 

depicted that the efficiency is not affected by 

C-terminal Lys [28]. However, a study 

concluded that this removal is necessary for 

efficient binding of C1q and cytotoxicity 

[29]. In another detailed study it was 

demonstrated that efficiency and kinetics is 

not affected by the removal of C-terminal 

Lys, along with preceding glycine (Gly). 

However, thermal stability can be decreased 

depending on the specific [29]. Interestingly, 

antibodies showed decreased expression, 

slower synthesis and faster degradation, 

when constructed from C-terminal Lys 

lacking codon [30]. The whole In vivo IgGs 

processing are always without Lysine 20 

terminal but still such an amide modification 

has not been demonstrated in humans [25] 

although it is usually present in hormonal 

peptides [31]. Here in (Fig. 2) is a detailed 

summary of antibodies development and 

progression with successful therapeutic 

applications.

  

Figure 2. History of effective antibodies developed from 1975 to 2019 in which line height is 

representing commercial value in billion dollars. Top ten most selling therapeutic antibodies 

are shown in red color [18] 
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Effect of modifications on antibodies 

effector functions 

 Glycoforms having crystallizable fragments, 

these fragments affect the activities of the 

antibodies by changing detailed structure of 

Fc receptors. In this way, brings alteration in 

the interactions of Fc receptor–ligands. The 

details of structure justifying that how 

antibody Fc plays a role in effecting the 

functions, these details have been obtained by 

different techniques like NMR (nuclear 

magnetic resonance) spectroscopy. The basic 

structures of GlcNAc2Man3 (N-acytyl 

glucosamine derivative) can be seen more 

clearly and distinguished in the forms of 

crystals due to protein-sugars stabilization 

effects. These two arms acquire peculiar 

orientations in CH2 dimer the 1,3 arm is 

placed towards the inner space and 1,6 arm 

hangs over the hydrophobic (water repelling) 

face [32]. The oligosaccharide is spans over 

500 Å2 on the surface of CH2 domain and is 

well conserved. They form several 

hydrophobic as well as non-covalent and 

polar bonds with the internal surface of CH2 

domain. Strong bonds are D265 hydrogen 

bonding with the internal face of GlcNAc and 

α-1,6 arm forming strong CH-π folding with 

Phe241 and 243, which concludes  in 

restricted movement of glycans. Such intra-

molecular interactions hinder the CH2 

conformation by modulating the Asn297 

containing C′E loop, by which N-glycans 

modulate the ligands binding surface on Fc 

receptors [33].  

Moreover, carbohydrate–carbohydrate 

interactions also play an important role to 

organize the Fc configuration. The 

corresponding mannoses with two different 

heavy chains form important sp–sp 

connections, which necessary for Fc 

conformation and thus, receptor-ligand are 

binding. Terminal sugars have a diversity of 

impacts in on the antibody effector function. 

The end chain of sialic acid lowers ADCC 

(antibody- dependent cellular cytotoxicity) of 

IgG and lows fucose, highs mannose, 

bisecting GlcNAc highers ADCC because of 

the high FcγRIIIa binding [34]. End of 

galactose residues increase CDC 

(complement-dependent cytotoxicity) 

functioning by enhancing C1q binding, 

whereas terminal sialic acid and GlcNAc 

decrease it [35]. Among effects as mentioned 

above, decrease in fucose (hexose 

deoxysugar found on N-linked glycan of 

mammalian, insect or plant cell surface) and 

end chain of galactose which improves 

ADCC and CDC, is highly demanding in 

antibody [36].  

Effect of modifications on antibodies half-

life 
Full-length IgG antibodies mostly have 

longer half-lives extending to weeks, than 

half lives of small-molecular cytokines [37]. 

One of the reasons behind this fact is that 

vascular endothelial cells and macrophages 

express neonatal Fc receptor (FcRn) which 

binds IgGs. Receptor FcRn binds IgG 

antibodies through endosomal compartment 

pH-dependent interactions which prevent 

antibodies from enzymatic degradation, 

brings antibodies to the periphery of the cell 

and regulate it. Another point to be noted is 

that sometimes modifications as N-

glycosylation affect half-life [38]. Antibodies 

with sialic acid at end have showed a 

relatively longer half-life than that of 

antibodies without sialic acid. A decrease in 

half-life is seen due to the endocytosis-

regulated degradation of the glycoprotein. 

The sialic acid at the terminal end protect 

antibodies from the rapid clearance covering 

up the galactose [39]. In glycoengineered P. 

pastoris strains, Liu et al. produced 

recombinantly modified Fc fusion proteins 

also known as TNFR2. There was found a 

relation between content of sialic acid (an 

acidic sugar with a nine carbon backbone) 

and the kinetics of the rat’s proteins [28]. 

Antibodies having high degree of mannose at 

ends show quicker blood clearance. The 
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mannose receptor, an endocytic glycan 

receptor is expressed in many tissues. The 

receptor binds different monosaccharides 

including mannose, fucose, and N-acetyl 

glucosamine (GlcNAc, derivative of glucose) 

and has a total of 10 extracellular domains 

including a repeat domain, cysteine 

containing domain and carbohydrate 

identification domains [40]. A study showed 

that presence of mannose content in Fc region 

lowers the half-life. Yu et al. produced high 

degree of mannose content antibodies 

through inhibitor targeting mannosidase. The 

scientists found out the relation that having 

high-mannose antibodies clear 

comparatively faster than those having a 

complex glycoform specifically fucosylated. 

Moreover, the pharmacokinetics of 

antibodies with Man8/9 glycoform show 

similarity to those of Man5 antibodies. 

Mouse serum having mannosidase converts 

most Man8/9 to Man6 after 24 h [41]. 

However, Yang et al. showed that antibodies 

having “2-imino-2-methoxyethyl-1-

thiomannoside”, to maintain glycosidic bond 

clear faster than anti bodies having mannose. 

Therefore, scientists have contradictory 

conclusion that may be glycosylation isn’t 

related to the clearance of therapeutic 

proteins [42]. Thus, the role of mannose in 

pharmacokinetics (PK) of antibodies and its 

mechanism is still to be verified and 

elucidated. 

Effect of modifications on antibodies 

immunogenicity 

Post translational modifications of antibodies 

affect its features like function, structure, 

interaction and immunogenicity [43]. This 

antigenicity is caused by oligosaccharide 

subunits linked with antibodies trigger 

immune reactions [44, 45]. In case of 

medicinal glycoproteins with antigenic 

nature limits its efficiency and uses [46]. In 

this scenario when therapeutic antibodies are 

present in the body if anti-drug antibodies are 

developed neutralize these therapeutic 

antibodies and consequently the efficacy of 

therapeutic antibodies decreases [47, 48]. 

However, glycosylation makes protein 

aggregation which affects the engineered 

antibodies stability. This formed protein 

clump is a main cause of antigenicity [49]. 

Antibodies expressed in non-human source 

have glycoforms which initiate immune 

responses in human bodies for example N-

glycolylneuraminic acid (Neu5Gc) [50-52].  

Control of antibody glycosylation 

This procedure of antibody glycosylation is a 

post- translational protein engineering which 

is occurred in host’s cell [53]. Therefore, by 

using various hosts (human, animal or yeast 

cells), therapeutic antibodies can be designed 

[54-59]. For the generation of unique 

characteristics glycans, genome edited hosts 

with their certain glycosylation pattern are 

used [60]. Various host cells have ability to 

synthesis numerous glycoprotein patterns for 

example, α and gla, are produced by mouse 

SP2/0 cells (standard murine myeloma cell 

lines) and Neu-5Gc glycoproteins are 

produced by NS0 (non-secreting murine 

myeloma) [61]. For the advancement of 

clinical therapeutics properties of antibodies, 

cell lines modified for production of 

immunogenic glycoforms to attain target 

products. Now a days CHO (Chinese hamster 

ovary) cells are main targets to exhibit 

therapeutic antibodies, on other side in cell 

lines, production of biopharmaceutical 

proteins are near to 70% by recombinant 

techniques [62].  

CRISPR/CAS9 is an emerging genome 

editing technique which is also used in a 

successful manner to modify the CHO cells 

recently by attenuate α-sialylation and over-

express of α-sialylated glycans to help the 

ADCC (antibody-dependent cellular 

toxicity) and anti-inflammatory capacities of 

antibodies [63]. Humanized glycosylation 

path and against human epidermal 

development factor receptor used to produce 

monoclonal antibodies by P. pastoris which 
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had been engineered and results showed 

better ADCC bioactivity than trastuzumab 

[64].  

Many research teams stated about FUT8 

(fucosyltransferase 8) cells as an ideal host in 

CHO-DG44 cell line for production of stable, 

efficient defucosylated, high-ADCC 

antibodies for therapeutic use by homologous 

recombination [65-67]. Moreover different 

physiochemical conditions as like 

temperature, liquefied oxygen, nutritional 

level and pH, also ensure significant effect on 

glycosylation of antibodies [68, 69]. The 

human cell line rF2N78 can take as an 

example for production of anti-bodies which 

are not glycosylated, enhanced in presence of 

glucose and this phenomenon can be avoided 

by feeding glucose [70]. So Glucose is 

essential for glycosylated antibodies 

production and the glycan pattern can be 

changed due to fluctuation in pH [71]. The 

production batch must be climatic to make 

sure the biochemical character and biological 

activity of antibodies because patterns of 

glycans can be distressed by the articulate 

system and conditions of culture. 

Glycoformic antibodies which made in host 

cells of mammals are not same with human 

serum immunoglobulin G glycoforms and 

some of them are immunogenic to humans.  

Authentic analytical methods must be 

designed for evaluating the glycan patterns of 

antibodies. Half-lives of antibodies can be 

stabilized by glycans and the glycoform 

approach can also act as modulator of some 

satisfying properties of antibodies. For that 

reason, glyco-engineering is a rising 

technique for development of therapeutic 

antibodies. But the exertion of N-linked 

glycans and glycosylation positions still 

make it difficult to apply. There is more 

research required to understand mechanisms 

related with the glycosylation of therapeutic 

antibodies. The consequences of laboratory 

studies must apply in medicinal industry to 

emerge the glyco-engineering. 

Progresses in glycosylation  

Different techniques can be used for the 

identification of glycans like with HPLC 

(high performance liquid chromatography) 

glycan not also identify by their retention 

time but can also quantify by their peak areas. 

But in case of database values it is necessary 

to compare retention time to the data [72]. 

Characterization of glycans can be done with 

capillary zone electrophoresis mostly with 

laser as an inducer in fluorescent detection 

[73]. Analysis of high polar compounds is 

commonly done with hydrophilic interaction 

liquid chromatography (HILIC), specifically 

for antibodies with a typical glycan pattern 

[74]. HILIC preferred than others HPLC 

methods due to its high resolution for 

analyzing free glycans [75]. MS (mass 

spectrometry) techniques are very popular for 

exploration of antibody glycosylation 

because of high sensitivity or efficiency but 

stereoisomers can’t be identifying separately 

and non- MS-based techniques are not 

capable to identify unknown compounds. 

High performance anion-exchange 

chromatography is coupled with MS for the 

detection of less plentiful glycan species, for 

example bi-antennary complex-type, hybrid, 

high-mannose and hybrid bisected structures 

[76].  

Therapeutic antibody is digested with a 

protease during glycopeptide analysis. After 

this the glycan is improved by RP-HPLC 

(reverse phase-high performance liquid 

chromatography) and glycopeptide is 

detected by MS afterward separation [77, 

78]. To determine the glycosylation 

summaries of anti-PD-1 antibodies, ultra-

high performance liquid chromatography 

(UHPLC) is coupled with quadrupole time of 

flight MS and consistency of different 

passages of stable CHO cell lines 

authenticated [79]. To find the structure of 

glycoproteins and to site the 

monosaccharaides and their linkage, 

electrospray ionization mass spectrometry 
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(ESI-MS) is suited for all these analysis. 

Molecular weights and their patterns can be 

determine by MS analysis [80]. Efficiency of 

original drugs can determine by comparing 

them with their reference drugs easily. Some 

other techniques of separation also coupled 

with MS for exploration of intact 

glycoproteins. As like Lectin microarrays 

which are coupled with a modified exposure 

system, which give specific plot for 

determination of the particular glycan 

variants by testing intact glycoproteins [39, 

81]. In spite all of these advanced techniques; 

the characterization of N-glycopeptides is 

still a challenge because of their micro 

heterogeneity, various glycoforms bond to 

one glycosylation site as well as different 

sites of the glycoprotein. 

Important quality attributes 

Critical quality attributes are prime parts of 

the quality with design method in ICHQ8 to 

Q10. Q8R (2) stated that CQA is a 

biochemical property that must be remain in 

suitable range to make sure the desired 

product caliber [82]. CQAs of drug 

ingredients can be approached by the effects 

of potency, safety and immunogenicity [83]. 

The annotation and estimation of mAb CQAs 

are not straightly linked with the product of 

the drug. Whether, CQAs of final product can 

be affected by condition or process of 

production. Extraction, leaching and cell 

culture admitting are actually solid CQAs but 

because of process parameters, these have a 

considerable effect on substance of product 

or impurities of product. Drug substance 

CQAs and process of production should be 

thoroughly studied to check association 

between them [84]. To enhance the product 

information, CQAs estimation could be done 

many times from clinical development. CQA 

estimation is targeted at maintaining, in an 

organized way, the effect of variations 

including capability, pharmacokinetic and 

pharmacodynamics.  

 

Risk-assessments 

It is a prime factor during planning process. 

Each CQA is count to check the efficiency of 

process and clinical results during risk 

assessment. Risk is stated as “the 

combination of the probability of occurrence 

of harm and the severity of that harm.” Risk 

assessment is a continue process, defining the 

quality risk management as an organized 

process for estimation, charge, articulation 

and checkup of risks to the quality of the final 

product beyond the product lifecycle [85]. 

The class of risk must be depends upon 

precise knowledge connected to the safety of 

the people. The effect of changes in product 

quantity is integrated on the bases of 

information about final product and process 

found form history and literature about 

desired product or similar products. The close 

association between raw material and process 

parameters may also lead to, risk factors [86].  

Conclusion 

Post-translational glycan modifications 

during the antibody development exert 

noteworthy impact on its function, stability, 

pharmacokinetics, half-life, IgG effector 

function and on its safety. So, this type of 

antibody engineering of curative antibodies 

increases their therapeutic values to combat 

against pathogenic microbial and 

autoimmune diseases.  However, in this 

aspect antibody modeling is also needed for 

further improvement in tools and training 

expertise. In future, innovations and 

advancements in antibody engineering may 

also occur with the use of progressive vaccine 

(a substance stimulate production of 

antibodies and provide immunity against 

diseases) synthesis and genome editing 

techniques including CRISPR (clustered 

regularly interspaced short palindromic 

repeat) to treat various diseases. 
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