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Introduction

In vitro molecular engineering aims at modifying the biochemi-
cal and biophysical characteristics or the functional properties 
of peptides and proteins to render them more suitable for use 
in research, clinical science or industry. These modifications are 
often subtle and target a small subset of the amino acids that 
form the protein of interest. There are two strategies of molecular 
engineering: targeted vs. random. The first (structure-guided) is 
based on structural knowledge derived from X-ray crystallogra-
phy, NMR and in silico molecular modeling or docking of the 
molecule alone or in interaction with its partner. Such knowl-
edge is of great help in identifying the amino acid residues that 
are appropriate to modify and in predicting the nature of the 
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During the past ten years, monoclonal antibodies (mAbs) 
have taken center stage in the field of targeted therapy and 
diagnosis. This increased interest in mAbs is due to their 
binding accuracy (affinity and specificity) together with the 
original molecular and structural rules that govern interactions 
with their cognate antigen. In addition, the effector properties 
of antibodies constitute a second major advantage associated 
with their clinical use. The development of molecular and 
structural engineering and more recently of in vitro evolution 
of antibodies has opened up new perspectives in the de novo 
design of antibodies more adapted to clinical and diagnostic 
use. Thus, efforts are regularly made by researchers to improve 
or modulate antibody recognition properties, to adapt their 
pharmacokinetics, engineer their stability and control their 
immunogenicity. This review presents the latest molecular 
engineering results on mAbs with therapeutic and diagnostic 
applications.
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substitutions to make. Different strategies of mutagenesis are 
possible. Site-directed mutagenesis enables accurate amino acid 
substitutions at particular positions. Alternatively, or in addition 
to site-directed mutagenesis, there is semirational engineering, 
which involves the design of multiple amino acid substitutions 
at contiguous or non-contiguous positions, yielding libraries of 
mutants that are recombinantly expressed and then screened to 
identify the best variants. Based on the degeneracy of the genetic 
code, a large part of the natural repertoire of amino acids can be 
explored.1,2

In the absence of structural information or as a complement to 
it, random mutagenesis can be performed. In this case, the DNA 
encoding the whole protein, a structural domain or a restricted 
region thereof, is amplified by error-prone PCR (ep-PCR).3,4 The 
randomly mutated DNA is then sub-cloned into an appropriate 
recombinant expression vector before selection or screening. It is 
noteworthy that mutagenesis by ep-PCR does not allow explo-
ration of the whole repertoire of natural amino acids. Indeed, 
ep-PCR induces individual base substitutions that, owing to the 
start codon and the position of the substitution within the codon, 
will only result in a limited number of amino acid mutations.5 
Despite this limitation, random mutagenesis is very useful in 
identifying relevant amino acid positions associated with func-
tion, activity or biochemistry of the protein of interest. Such key 
positions can then be explored more exhaustively by site-directed 
mutagenesis. Also, ep-PCR identifies “long-distance” key resi-
dues that contribute indirectly to the catalytic activity of enzymes 
or to the recognition properties of antibodies (Abs).6,7

Strategies vary according to the number of variants to be 
expressed and then selected in vivo or screened in vitro. All are 
designed to determine the amino acid sequence of the selected 
variants and thus to establish the precise nature of the substi-
tutions responsible for their selection. In the case of limited 
molecular diversity (< 102–103), each mutant can be individually 
expressed, tested and characterized. However in many instances, 
larger libraries of mutants are designed (103–109 variants). They 
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of labeled Abs for in vivo imaging. The most frequent aim of 
molecular engineering of Abs is to reduce the immunogenicity of 
therapeutic Abs of murine origin to reduce or avoid the human 
anti-mouse antibody (HAMA) response when injected into 
human subjects.15 Different strategies have been developed to 
attenuate the human immune response, resulting in mAbs with 
reduced levels of murine sequences. One consists in the fusion of 
the murine variable domains to human constant regions result-
ing in chimeric Abs. About 15% of FDA-approved and Phase 
3 therapeutic mAbs are chimeric.14 Grafting of mouse comple-
mentarity-determining residues (CDRs) onto human accep-
tor Ab frameworks yields to the so-called “humanized” mAbs, 
which to date constitute the largest group of therapeutic mAbs 
used and developed (about 45% of FDA-approved and Phase 3 
mAbs). However, humanization is more difficult to manage since 
there are often subtle structural relationships between CDRs and 
framework regions (FRs) that may result in humanized Abs with 
modified binding properties.16 To overcome this problem in vitro 
molecular engineering is often used.17 Finally, fully human Abs 
have recently been obtained. They are obtained from natural or 
synthetic recombinant repertoires18 or directly from transgenic 
mice whose murine immune repertoire has been replaced by the 
human one.19 This new generation of Abs currently accounts for 
about 40% of FDA-approved and Phase 3 therapeutic mAbs.

Here we review the latest original results on in vitro molecular 
engineering of Abs for diagnostic or therapeutic purposes.

Immunogenicity Engineering:  
Humanization, De-Immunization

Most therapeutic proteins that are clinically approved or under-
going clinical trials are, to a variable extent, immunogenic. 
Immunogenicity of therapeutic proteins in general and of Abs in 
particular has various causes.20-24 Extrinsic and intrinsic factors 

need large-scale expression and screening strategies mostly via 
display technologies that ensure a physical link between the 
recombinant mutated protein and its coding information (DNA 
or RNA).8,9

Molecular engineering is commonly applied to monoclonal 
antibodies (mAbs). Different types of mAbs of various origins 
or structures can be generated, including murine, chimeric, 
humanized or human mAbs. Recently mAbs from immunized 
non-human primates were also described in references 10 and 
11. Despite ethic constrains regarding the use of chimpanzees 
in routine toxicology studies, this alternative strategy appears 
promising especially in obtaining high affinity neutralizing 
mAbs against microbial toxins. For in vitro diagnosis and in vivo 
imaging, murine mAbs produced by the fusion cell strategy are 
classically used.12,13 On the other hand, for therapeutic purposes, 
a larger spectrum of Abs is used. Of the ~30 mAbs approved 
to date, as well as the hundreds under clinical investigation, 
most are humanized, followed by human and chimeric mAbs.14 
Although the first therapeutic mAb approved (1986) was murine 
(Orthoclone OKT3®/muromomab anti-CD3), few such mAbs 
are now used or developed.

Whatever their use, mAbs often need to be engineered at the 
molecular level to modulate, decrease or increase aspects of their 
properties. These modifications are designed to circumvent some 
limitations of non-engineered (natural) mAbs (Table 1).

Engineering may target variable domains (V
H
 or V

L
) or mod-

ify the constant domains, including the crystallizable fragment 
(Fc). Engineering of the variable domains is mainly used to mod-
ulate the antigen-binding properties of the antibody (Ab): affin-
ity and specificity, and in some instances stabilization of the Ab 
in different denaturation or proteolytic conditions. Modulation 
of Ab binding properties has in vitro applications in develop-
ing more sensitive and specific EIAs. It also allows the design of 
more potent and specific therapeutic tools, and the production 

Table 1. mAb properties and functions that can be modified by molecular engineering

Optimization of mAb properties and functions

Type of modification Therapeutic purposes Diagnostic purposes: In vitro diagnosis and in vivo imaging

Immunogenicity Yes No

Binding properties: 
affinity or specificity for antigen

Yes Yes

Binding properties: 
affinity or specificity for FcγR

Yes No

Effector functions: 
ADCC, ADCP, CDC

Yes No

Biophysical characteristics: 
solubility, chemical stability

Yes Yes

Pharmacokinetics: 
serum half-life

Yes Yes (imaging)

Biochemical properties: 
glycosylation, isoelectric point

Yes Yes

Labeling No Yes

“Diagnostic purposes” includes both in vitro diagnosis (EIA) and in vivo imaging.
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As mentioned previously, humanization of mAbs has been 
widely developed and several companies offer this service. 
However, there are different strategies possible. One of the diffi-
culties stems from the choice of the method, which should be the 
most adapted and efficient for obtaining a functional humanized 
form of the Ab of interest. It is also noteworthy that, in many 
cases some “hidden” structural or functional key residues within 
the variable domains may be omitted during the humanization 
process. In this case an additional step of random mutagenesis 
of the variable domains coupled to appropriate screening may be 
necessary to recover a fully active humanized mAb.

De-immunization. There are many methods that allow iden-
tification of CD4+ T cell epitopes present within the amino acid 
sequences of proteins. Over the last decade, several algorithms 
have been constructed that map and identify HLA class II bind-
ing motifs within the molecule of interest. These in silico pre-
dictive methods tend to over-predict the number of epitopes in 
a given sequence, and subsequent in vitro confirmation of their 
activity is needed.43 Particular attention has been paid to the 
study of the immunogenic potential of therapeutic proteins in 
general and Abs in particular. Thus, and as already noted, engi-
neered forms of therapeutic Abs are designed to minimize their 
immunogenicity, using methods including humanization and 
selection of fully human Abs. It is noteworthy, however, that 
owing to their intrinsic sequence variability within the variable 
domains, even fully human Ab therapeutics can be immunogenic 
and thus can induce a marked immune response.44-46

A very interesting study of the immunogenicity of humanized 
Abs was recently published by Harding FA et al.24 These authors 
analyzed the CD4+ helper T cell epitope contents of a set of 8 
humanized Abs representing different V

H
 and V

L
 regions from 

different genomic segments and affinity maturation processes. 
They clearly establish that prominent CD4+ T cell epitopes are 
found only in CDR sequence-containing regions and never in 
FRs. This limited distribution strongly suggests that the former 
could be removed by appropriate engineering, hopefully with-
out major if any effect upon the binding properties of the Ab of 

may cause or influence the immunogenicity of Abs. The pres-
ence of aggregates, adjuvant-like contaminants, co-medication 
of the patient, immunological status of the patient, but also in 
some instances cytokine release are known as extrinsic factors. 
Major intrinsic factors that affect or induce an immune response 
against therapeutic Abs include the presence via glycosylation 
sites of particular carbohydrate side chains both in variable and 
constant regions. Immunogenicity is also affected by other post-
translational modifications of Abs such as glycation, deamidation 
and oxidation of amino acid side chains. Finally, the presence of 
CD4+ T helper cell epitopes within an injected molecule is one 
of the factors correlated with the raising of immune responses to 
therapeutic proteins.25 T cell epitopes are linear sequential pep-
tide fragments derived from the injected protein that are pro-
cessed by antigen-presenting cells (APCs). These T cell epitopes 
are presented in the context of the donor’s HLA class II molecules 
and are recognized by their corresponding T cell receptor present 
at the surface of CD4+ T helper cells.

Thus, one major set of engineering actions performed on Ab 
molecules aims to limit their immunogenicity by reduction of 
their non-human sequence content (chimerization and human-
ization) or by de-immunization, which consists in identifying 
and then removing T cell epitopes.

Humanization. Historically, chimerization26 then human-
ization27 were the first two molecular engineering processes 
described and applied to mAbs intended for therapeutic pur-
poses. Although they were developed in the 1980s, these tech-
niques are still used14 because they reduce the potential for a 
HAMA response by the host organism toward non-human 
injected Abs, which greatly reduces therapeutic efficacy.28 Despite 
the reduction in immunogenicity compared with their murine 
equivalents, chimeric and to a lesser extent humanized mAbs 
are still associated with a risk of eliciting an immune response.29 
To address this problem, in addition to murine complementar-
ity-determining residues (CDR) grafting onto acceptor human 
frameworks, a variety of other humanization methods (Table 2) 
have been reported that ensure more accurate grafting of the 
residues associated with the binding properties and also respect 
of the structural and functional relationships that exist between 
CDR and FR residues.16

Recently, Bernett et al. developed a novel and sophisticated 
method of humanization that results in fully human mAbs from 
parent murine sequences.42 Three mAbs targeting three different 
human antigens (CD25, VEGF and TNFα) were used to validate 
their molecular engineering, resulting in the introduction of 59, 
46 and 45 substitutions in the parent murine sequences, respec-
tively. The crucial and central point of their strategy is the rational 
molecular engineering of residues within and proximal to CDRs, 
together with the optimization of the variable domain interface. 
This was achieved by successive and iterative explorations of the 
human germline repertoire using semi-automated computational 
methods, to progressively select functional humanized mAbs 
with the highest level of humanness. The resulting fully human 
Abs retain the potency of the corresponding chimeric mAbs and 
have in vitro activity comparable to that of their respective mar-
keted drugs, i.e., daclizumab, bevacizumab and infliximab.

Table 2. Strategies for humanization of therapeutic antibodies

Humanization strategies References

Variable domain resurfacing via  
solvent-exposed residue exchange

Roguska et al.30 
Graff et al.31

Specificity-determining residue (SDR) grafting
Tamura et al.32 

Gonzales et al.33 
Kashmiri et al.34

Coupled framework shuffling
Dall’Acqua et al.35 

Damschroder et al.36

Human string content optimization (HSC) Lazar et al.37

Superhumanization Hwang et al.38

Phage-display strategies
Huse et al.39 
Rosok et al.40 
Rader et al.41

Engineering of fully human monoclonal  
antibodies

Bernett et al.42
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the antibody-antigen complex, provides an accurate knowledge 
of the paratope-epitope interface opening up two engineering 
approaches: site-specific random mutagenesis49 or structure-
based computational design.52 Structure-based design techniques 
sample in silico a large number of molecular designs whose prop-
erties would be tested. With these structure-guided approaches, 
site-specific or random mutagenesis is used to experimentally 
validate the predicted variants. Alternatively, in the absence of 
a crystallographic structure, given the large number of antibody 
coordinates currently available, a three-dimensional model of the 
paratope can be constructed relatively easily.53 While such model 
can provide a good guide for mutagenesis, without detailed 
knowledge of the paratope-epitope interface, the mutagenesis 
approach will result in exploring a larger number of positions.

Affinity maturation. In numerous cases natural (e.g., murine, 
human) mAbs do not display the binding properties most appro-
priate to their use in diagnosis or therapy. Thus, many mAbs 
suffer from a lack of affinity for their antigen (low picomolar 
affinity), a characteristic that may greatly hamper their develop-
ment in therapy or their use in immunoassays. This appears to be 
a consequence of the affinity ceiling that characterizes the mam-
malian immune system and B cell responses.54,55 Also, the chemi-
cal and structural nature of the targeted antigens such as haptens, 
peptides or proteins with complex three-dimensional structure 
(receptor), may affect the affinity improvement. Finally, com-
pounds that display an intrinsic structural flexibility result in a 
heterogeneous mixture of immunogens unfavorable to the raising 
of high-affinity Abs. Increasing the affinity of an Ab can lead 
to: (1) a reduction in the amount needed for treatment; (2) an 
increase in therapeutic efficacy (diminution of the minimum 
effective plasma concentration, reduction of the dose or dosing 
intervals during the treatment, greater pharmacological activity 
in the case of antagonist Abs); (3) stronger indirect Fc-mediated 
effector-response; or (4), in the field of in vitro diagnosis, devel-
opment of highly sensitive assays. Different approaches, tools and 
strategies are available and have been validated through engineer-
ing of Abs directed against various antigens.

Considerable effort has been made to produce Abs specific 
for small molecules to enable development of sensitive and high-
throughput immunosensing.2 Despite the difficulties associated 
with the assay of small molecules, successful affinity maturation 
of several anti-hapten Abs has been achieved.56 The greatest affin-
ity improvement described to date was by Boder and colleagues.7 
These authors selected by yeast display, after four rounds of affin-
ity mutagenesis and screening, an anti-fluorescein variant with 
a 10,000-fold affinity increase compared with the starting Ab. 
Ten consensus mutations were retained, among which 6 were in 
CDRs and 4 in FRs. Interestingly, only one of them was in direct 
contact with fluorescein, indicating that long-distance effects 
can affect affinity. We noted a similar effect in the case of the 
engineering of the specificity of an anti-steroid Ab.57 This result 
emphasizes the potential difficulty of predicting the key residues 
associated with the binding properties of an Ab, an identifica-
tion that only random mutagenesis can allow. Again using yeast 
display, the same group engineered both the affinity and the ther-
mal stability of an Ab fragment specific for the carcinoembryonic 

interest. Thus, they reduced the immunogenic potential while 
maintaining native-like binding properties by incorporating up 
to two amino acid substitutions in a single epitope. Together, 
these observations and results indicate that in humanized Abs 
but also in fully human Abs, (1) CDRs are the only segments 
likely to contain CD4+ T cell epitopes, (2) most of the CDRs 
are not immunogenic and (3) immunogenic CDRs can be de-
immunized by site-directed engineering while retaining full bio-
logical function.

Clearly, there are various strategies to select and design appro-
priate forms of potent and low immunogenic therapeutic Abs, 
some of which involve a step of targeted molecular engineering 
of the molecule of interest. Thus, different mAbs specifically 
termed ‘deimmunized’ mAbs have been evaluated in clinical 
studies. ETI-204 is a therapeutic humanized and de-immunized 
monoclonal antibody specific for the protective antigen (PA) from 
Bacillus anthracis (Anthin®/Elusys Therapeutics).47 Therapeutic 
assays have been performed with MLN2704 (Millennium 
Pharmaceuticals Inc.,), a de-immunized mAb conjugated to drug 
maytansinoid 1 (DM1) specific for the prostate-specific mem-
brane antigen (PSMA).48 Also, PanGenetics B.V. as recently initi-
ated two clinical trials. The first one consists in a double blind, 
placebo controlled study using a humanized anti-NGF antibody 
(PG110) in patients with chronic pain. The second study con-
cerns their anti-CD40 antibody (PG102) in a phase 1 study in 
psoriatic arthritis patients.

Variable Domain Engineering

Variable domains in Abs contain the totality of the antigen-bind-
ing site whose molecular determinants are mainly located within 
the CDRs (3 CDRs in the V

H
 and 3 in the V

L
). Each CDR is sur-

rounded by two FRs, called FR
1
, FR

2
, FR

3
 or FR

4
. Although in 

some instances residues belonging to FRs participate directly in 
antigen recognition and interaction, the main role of FRs is struc-
tural—to ensure the correctness of the three-dimensional func-
tional topography of CDRs. FRs are responsible for the stability 
of the Fv region of Abs through the V

H
/V

L
 interface contacts that 

they establish. Consequently, molecular engineering of the vari-
able domains is likely to modulate the binding parameters (affin-
ity or specificity), the overall stability of the Fv region, and also 
the pharmacokinetics of IgGs. Classically, libraries of variants are 
generated by targeted or random mutagenesis, V

H
/V

L
 or CDR 

shuffling, prior expression and in vitro screening using display 
technologies.49-51 Finally, it is important to keep in mind that the 
molecular engineering processes described below, are susceptible 
to induce immunogenicity modulation of the resulting antibod-
ies. In consequence and accordingly to the strategies described 
above, CD4+ T cell epitopes identification will be performed on 
the de novo engineered antibodies.

Molecular engineering of antigen-binding properties. If in 
antibodies the residues involved in antigen recognition are mainly 
found within the CDRs, blanket targeting of these areas would 
require the construction of huge and multiple libraries. However, 
the screened sequence space can be reduced using several alterna-
tive strategies. X-ray crystallographic structure determination of 
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aromatic, acidic, amine and basic) was systematically introduced 
at all the CDR positions, which is a total of 57 positions along the 
six CDRs. This gave 41 different libraries: 6 single CDR mutated 
libraries (only one CDR of the 6 is mutated each time), 15 dou-
ble (two CDRs simultaneously mutated) and 20 triple libraries 
(three CDRs simultaneously mutated). Following a first step of 
expression and screening (positive binding selection) by yeast dis-
play, 38 mutations spread over 21 CDR positions were selected 
since they resulted in higher affinity for TNFα. These beneficial 
mutations located in V

H
 or V

L
 domains were then combined to 

design a new combinatorial library, which after a second round of 
expression led to the selection of variants with a 500- to 870-fold 
affinity increase.

Simultaneous mutagenesis of the 6 hypervariable loops of a 
non-human primate Fab that neutralizes anthrax toxin was also 
successfully performed using phage-display technology.71 A 5 x 
108 variant library was built, with each variant containing an 
average of four mutations and screened in vitro by combining the 
progressive lowering of the biotinylated antigen with an increase 
in elution times (off-rate selection criteria). The best variant thus 
selected displays an affinity enhanced 19-fold (180 pM) and an 
IC

50
 value decreased by 40%.

Finally, affinity maturation of Abs can also be achieved by 
structure-based computational design.52,72,73 The procedure 
described was applied to several Abs recognizing antigens of 
different natures: hapten, globular and soluble macro-protein, 
receptor and receptor ligand. Thus, the binding affinity of an 
antibody to the I-domain of the integrin VLA1 was increased by 
an order of magnitude.52 More than 80 variants were designed 
targeting mainly antigen-contacting residues using suggestions 
from computational methods. Single and combined mutants 
were expressed and tested. The highest-affinity variant was a 
combination of four mutations: two in the light chain and two in 
the heavy chain. Alternatively, Lippow and colleagues have devel-
oped a method based on an iterative computational design that 
focuses on electrostatic binding contributions and the design of 
single mutants.72,73 By combining multiple designed mutations, 
affinity of antibodies specific for various antigens was improved: 
10-fold for the anti-epidermal growth factor receptor, cetuximab 
(Erbitux®) and 140-fold in the case of an anti-lysozyme Ab.

Based on these successes, it is likely that computational design 
methods will occupy in the next future an increasing importance 
for the optimization of antibody binding affinity properties. One 
of the advantages of computational design approaches is the pos-
sibility to design a small set of mutations through exploration 
of a larger space than is possible experimentally. The following 
experimental phases: mutagenesis, expression and functional 
assays, being made faster and thus less expensively.

Specificity modulation. Alteration of the specificity of recogni-
tion of Abs constitutes another important issue both in diagnosis 
and therapy. It can be achieved by random or targeted mutagen-
esis strategies using expression (via display technologies) similar 
to that in the case of affinity maturation. The main differences 
concern the choice and design of an appropriate screening strat-
egy to eliminate the variants that still have undesirable cross-
reactivity and to keep those that display the desired specificity of 

antigen.31 In both examples the affinity increase was the result of 
the improvement of the off-rate (dissociation half-time), which 
lasts several days (4–7 d) at 37°C vs. a few minutes for the parent 
Abs, a parameter that may increase the retention time of the Ab 
in the tumor.58,59

Using ribosome display, Andreas Plückthun and colleagues60 
have improved 500 times the affinity of a peptide-binding scFv 
via error-prone PCR, DNA shuffling and an off-rate selection pro-
cedure. Very few mutations were necessary, and mainly affected 
pre-existing interactions via subtle changes in the FRs rather 
than through creation of de novo contacts in CDRs. Also, DNA 
shuffling was performed during the evolution process, allowing 
identification of beneficial combinations. This result confirms 
the additivity and independence of particular point mutations, 
which is a way to improve affinity further by looking for positive 
synergistic effects.61-64 Here again only one mutation of the four 
finally selected made direct contact with the targeted peptide; 
the others were close together at the V

H
/V

L
 interface, a location 

that indirectly modulates affinity, probably by affecting domain 
orientation and spacing as well as CDR loop flexibility.

An alternative to increasing Ab affinity is mimicking of the 
in vivo somatic hypermutation of Ab genes by targeting and ran-
domizing only certain CDR codons.65 These codons are tagged 
with short base sequence motifs, referred to as natural DNA 
mutational hot spots, which are the preferred sites naturally 
mutated at high frequency during in vivo somatic hypermutation 
events.66 This targeted hot-spot strategy has been successfully 
used to increase the affinity of three distinct conventional Abs 
engineered as immunotoxins for cancer therapy purposes61,62,67 
and one single-domain lama-derived V

HH
 Ab.63

Recently, we affinity engineered a murine mAb specific for 
human prostate-specific antigen (PSA).68,69 In this work, we devel-
oped in parallel two distinct strategies based on hot-spot muta-
tions and structure-guided molecular engineering. Interestingly, 
we selected in both cases differently mutated scFvs with improved 
affinity for human PSA that we were unable to combine. This 
indicates that, despite the fact that they concern different CDRs, 
mutations from the two strategies provide alternative but non-
complementary solutions for affinity enhancement of the parent 
Ab. Structural analysis of the complex formed between the Ab 
and PSA suggests that this incompatibility might reflect the diffi-
culty of preserving the sophisticated structural relationships that 
exist between the different CDRs in the Ab, and its capacity to 
recognize a structurally flexible antigen. The gain of sensitivity 
associated with the affinity increase allowed the clinical assay (63 
patients) of a particular molecular form of PSA present in serum 
that allowed successful discrimination between prostate cancer 
and benign prostatic hyperplasia.

Alternatively, Ab affinity can also be greatly improved by using 
combinatorial libraries. Rajpal et al.50 developed and applied a 
new and powerful method called look-through mutagenesis to 
optimize the affinity of an anti-TNFα Ab. This multidimen-
sional exploring mutagenesis method simultaneously assesses 
and optimizes combinatorial mutations of selected amino acids. 
Thus, a subset of nine different amino acids representative of the 
major chemical functionalities (small, nucleophilic, hydrophobic, 
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and combined with the previously selected best triple-mutants. 
Finally, a penta-mutant was selected that combined a sub-nano-
molar affinity for progesterone (K

D
 = 75 pM) with a double 

improvement of specificity: 54- and 85-fold decrease in affinity 
for 5α and 5β-progesterone, respectively. This constitutes the 
first description of such discriminating engineering of an Ab vs. 
three structurally different ligands that establish contacts via two 
alternative binding sites.

For diagnosis or neutralization of compounds it can be use-
ful to broaden the specificity of recognition of an Ab. Random 
mutagenesis, DNA-shuffling and phage display were therefore 
used to produce Abs able to recognize sulphonamides, so-called 
sulpha antibiotics, which are widely used in veterinary medi-
cine.76 The cross-reaction profile of the best mutant revealed a 
capacity to recognize 10 different sulphonamides within a nar-
row concentration range, which is useful for identification of 
animals contaminated with sulpha residues. Interestingly, the 
authors of this study predicted, using molecular modeling, that 
most of the amino acid changes are located on the surface of the 
Ab, and not in proximity to the binding cavity. Another example 
of enlargement of cross-reactivity was described in the case of the 
neutralization of two subtypes of type A botulinum neurotoxin.77 
Starting from an Ab fragment that binds BoNT/A1 subtype with 
high affinity (K

D
 = 136 pM) and the A2 subtype with a lower 

affinity (K
D
 = 109 nM), A2 affinity was increased 1250-fold (K

D
 

= 87 pM) while maintaining a subnanomolar affinity for the A1 
subtype (K

D
 = 115 pM). To reach that goal, different and succes-

sive yeast display libraries were built, expressed and co-screened 
for both neurotoxin A1 and A2 subtypes. The targeted amino 
acid residues selected for mutagenesis were all solvent-accessible 
and located in CDR1H, 2H, 3H or in CDR1L. Finally, the best 
variant contains six mutations all located in the V

H
 domain, 

with three mutations in solvent-accessible residues of CDR1H. 
Surprisingly, the three other important mutations were located 
in FRs; these mutations were not anticipated because they were 
fortuitously introduced during the PCR amplification of the 
targeted mutated CDRs. Finally, a 14-fold improvement of the 
affinity for the mouse ortholog (epithin) of the cancer-associated 
human serine protease MT-SP1 was achieved.78 To this goal, the 
authors used a computational design strategy that resulted in sev-
eral in silico predictions. Six positions were chosen owing to their 
proximity to any atom of the three residues that differ between 
MT-SP1 and epithin. Following optimization of side chain rota-
mers, energy minimization and free energy calculations, eight 
amino-acid substitutions were tested experimentally. Substitution 
Thr98Arg in CDR3H displayed the greatest effect on protease 
inhibition. Based on the MT-SP1/Ab complex crystal structure, 
it was shown that the arginine side chain make two additional 
hydrogen bounds: one intramolecular within CDR3H (with the 
backbone carbonyl oxygen of Val

H
100h), and one intermolecular 

contact with the carboxylate group of Glu217 on the protease.
Fragment variable overall stability. Natural Abs are highly sol-

uble and stable molecules, characteristics that are well-suited to 
their development and use as biopharmaceuticals. However, the 
design of new Ab formats as well as the results of the different 
engineering processes used to confer on Abs novel activities or to 

recognition. Screening strategies based on competition are often 
used. Reduction of cross-reactivity with different antigens, exten-
sion of the specificity of recognition to related allo-antigens and 
enlargement of the cross-reactivity toward xeno-antigens have 
been achieved.

It is noteworthy that most specificity improvements concern 
Abs directed against small molecules, especially haptens. This 
probably reflects the challenge of generating high-quality anti-
hapten Abs useful for the development of sensitive and specific 
immunoassays. Among haptens, steroid hormones are involved in 
many normal cellular processes (e.g., reproduction, metabolism), 
but they are also markers of diseases whose clinical symptoms are 
reflected by steroid level variations. Thus, accurate determination 
of their concentration in blood or urine is of great importance 
for clinical diagnosis and for monitoring the efficacy of a thera-
peutic process. Several metabolites, chemically and structurally 
related to the targeted steroid, may co-exist in the analyzed fluid, 
emphasizing the importance of designing highly specific Abs.

Owing to the peculiar mode of recognition of small molecules 
by Abs—classically haptens interact with Abs in cavities rich in 
aromatic and hydrophobic residues formed at the interface of the 
variable domains—it can be difficult to engineer only the speci-
ficity of recognition without modulation of the affinity. Thus, by 
combining phage display technology with molecular modeling 
and site-specific randomization of an anti-cortisol Ab, Chames et 
al. increased affinity and specificity 8- and 5-fold, respectively.74 
A second example of double engineering concerned an anti-17β-
estradiol mAb.75 Based on the potential additivity of mutations, 
Lamminmaki and colleagues systematically explored the bind-
ing properties of all the possible combinations between three 
light-chain point mutations and a four-amino acid heavy-chain 
insertion previously selected by phage display. They selected one 
triple combined mutant that displayed a 17-fold affinity increase 
together with 400-fold reduced cross-reactivity with testosterone. 
Interestingly, some of these beneficial mutations do not directly 
contact the antigen, confirming that long-distance structural or 
functional modulators exist. Also, some previously identified 
beneficial point mutations appear to be neutral or deleterious 
when combined, indicating that variations in binding properties 
are likely to occur depending on their structural environment.

We have improved the specificity of recognition of an anti-
progesterone mAb by combining site-directed saturation muta-
genesis and error-prone PCR.57 The starting anti-progesterone 
displayed a subnanomolar affinity (K

D
 = 20 pM) for progester-

one, together with strong cross-reactivity for two hepatic and 
structurally different metabolites 5α and 5β-progesterone. Based 
on an accurate molecular model, we identified five first sphere 
amino acids that were mutated by saturation and combined, 
forming a 3.2 x 106 mutant library expressed and screened by 
phage display. Following a competitive screening procedure, we 
selected only triple-mutated, more specific variants with two of 
the five pre-selected positions being systematically excluded from 
that selection. With the objective of further improving the speci-
ficity of recognition of our Ab, we randomized the V

H
 domain, 

keeping the light chain unchanged. Three point mutations found 
transversally in different selected variants were thus identified 
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immunogenicity. A recent study compared and mutated the 
sequences of two related Ab domains—one aggregation-prone 
and its aggregation-resistant counterpart—to identify “aggrega-
tion hotspots.”90 By swapping and mutagenesis analysis of CDR 
loops, these authors were able to convert an aggregation-prone 
human V

H
 Ab into an aggregation-resistant one. Only CDR1 

in the V
H
 segment appeared crucial since it contained the only 

hotspot identified as regulating the reversible folding of V
H
 vari-

ants via the presence or not of charged residues: a triad of charged 
mutations was thus identified. This result clearly emphasizes the 
importance of developing Ab selection methods based on both 
affinity and solubility criteria, a strategy that will allow a pos-
teriori identification of new aggregation-resistant Abs and also 
improve our understanding of the role played by charged residues 
within CDRs on binding to antigens with high affinity. Finally, 
it was demonstrated that aggregation resistance was decoupled 
from the conformational stability of the Abs studied. This 
addresses the question of the sophisticated equilibrium that exists 
between the high affinity, conformational stability and solubility 
of Abs, and thus of the prediction and engineering strategies used 
to design Abs in a more rational and controlled manner.91

Fragment variable antibody pH engineering. It was recently 
demonstrated that engineering of the Ab variable region can 
improve the half-life of an Ab by lowering its isoelectric point 
(pI).92,93 Classically, reduction of the elimination of IgG Abs 
is mediated by engineering of the Fc to increase their binding 
affinity to FcRn. A similar result, however, can be obtained by 
non-FcRn dependent engineering of the variable domains. Igawa 
et al. have studied the pharmacokinetic properties of an anti-
human IL6 receptor IgG4 humanized Ab.92 The pI of this Ab 
was modified by site-directed mutagenesis of specific residues at 
the surface of the variable heavy chain domain while maintaining 
unchanged both the variable light chain and the constant region. 
Thus, they designed four variants with pIs ranging from 7.2 to 
9.2 and established that the pharmacokinetic parameters (half-
life and clearance) correlate with the pI, suggesting that lowering 
the pI will reduce the elimination rates of Abs. In a second phase 
of this work, the authors extended and applied their results to a 
humanized anti-IL6 receptor IgG1 Ab that had an initial pI of 
9.3. Based on a molecular model of this Ab, they selected mul-
tiple substitutions within the surface of its variable domains in 
both CDRs and FRs. Two multiple variants with 23 (pI 6.9) and 
35 mutations (pI 5.5) were selected, a large majority of the substi-
tutions being located within the frameworks. The two mutated 
Abs had unchanged affinities for human soluble IL-6 receptor 
and an overall progressive reduction in clearance of 2.0- and 3.1-
fold in cynomolgus monkey for the Abs with a pI of 6.9 and 5.5, 
respectively.

In a second article93 the same authors reported the engineering 
of tocilizumab (Actemra®), an Ab that targets the IL-6 receptor 
(Il-6R) and is approved for the treatment of moderate to severe 
rheumatoid arthritis. They aimed to hasten the dissociation of 
the Ab within the acidic compartment of the endosome (pH 
6.0) while keeping unchanged its capacity to bind to IL-6R in 
plasma at pH 7.4. To achieve this they used histidine scanning 
of all the CDR residues as well as some of the FRs important for 

enhance their clinical utility can affect their biophysical proper-
ties, including stability and solubility.79,80 Thus, several Ab frag-
ments e.g., single-chain variable fragments (scFvs), diabody, Ab 
domains and bi-specific Ab-fragments are commonly designed, 
engineered, expressed and used for the discovery of new thera-
peutics and for optimization. However, the absence of the con-
stant domains in such Ab fragments and also the engineering 
of the variable regions (e.g., humanization, modulation of bind-
ing properties), may have detrimental effects on the biophysical 
properties of the resulting molecules.81 Thus, variable regions 
appear involved in the thermal and chemical stability and also 
the solubility of the Ab moiety. For instance, weak thermal sta-
bility can induce aggregation, result in a low expression yield, 
affect biological activity or increase the immunogenicity of the 
molecule of interest. Improvement of the melting temperature of 
Abs can be achieved by optimizing, via rational engineering or 
using a random approach, different Ab structural characteristics, 
e.g., hydrophobic core or surface residues, charged cluster amino 
acids, residues that determine framework subclasses or V

H
/V

L
 

interface residues.
Stability engineering. Andreas Plückthun’s group pioneered the 

development of the molecular engineering of immunoglobulin 
domains or fragments to improve their biophysical properties, 
especially by exploring and analyzing the complex relationship 
that may exist between CDRs and FRs.82,83 By exchanging par-
ticular amino acid residues (6 in total alone or in combination) 
between the V

H
 domains of human germline families 2, 4 and 

6, they improved the stability by 20.9 kJ/mol and the expression 
yield 4-fold of an anti-peptide scFv.84,85 As an alternative to ratio-
nal structure-based strategies, it is possible to stabilize Abs via the 
design of libraries of mutants that will be screened owing to the 
correlation that exists between stability and biological activity.86 
Expression of such libraries can be done by phage or ribosome 
display, and the selection of more stable molecules is achieved 
by using stringent conditions, including high temperature, pres-
ence of denaturing agents such as guanidine hydrochloride, 
addition of proteases or the use of reducing conditions such as 
dithiothreitol.87,88

Improvement of the stability of a bispecific Ab for TNF family 
member receptors, TRAIL-R2 (TNF-related apoptosis-inducing 
ligand receptor-2) and LTβR (lymphotoxin-β receptor), was 
recently reported.89 Focused libraries of mutated scFvs designed 
by combining sequence- and structure-based knowledge, were 
expressed in E. coli and screened via a thermal challenge prior to 
antigen-binding assay. According to criteria such as residue fre-
quency, covariation and computational prediction, small focused 
libraries were designed targeting 4 and 6 V

L
 and V

H
 positions, 

respectively. Fifteen single more stable variants with a superior 
T

50
 (°C) ranging from 53 to 67°C, compared with that of the 

corresponding WT scFv (51°C) were selected. Interestingly, com-
bination of some mutations revealed further thermal stabilization 
with the best combined tetra-variant displaying a T

50
 of 82°C.

Solubility engineering. Among biophysical parameters that 
impair the diagnostic and therapeutic applications of mAbs is 
the propensity to aggregate, which induces both a reduction 
of the active fraction of Abs and a potential increase of their 
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Fc engineering. The biological activities of Abs within the 
immune system of vertebrates reflect the effector properties 
mediated by their Fc.99 The Fc domain is responsible for immune 
cell binding via interaction with different human Fcγ activat-
ing (hFcγRI, RIIA, RIIC and RIIIA) or inhibitory (hFcγRIIB) 
receptors (FcRs).100,101 It also determines binding to comple-
ment factors.102 Fc is also the region of Abs where glycosylation 
occurs. Consequently, Fc engineering aims to improve the effi-
cacy of IgGs by modulating their effector properties, such as 
Ab-dependent cell-mediated toxicity (ADCC), Ab-dependent 
cellular phagocytosis (ADCP), complement-dependent cytotox-
icity (CDC), but also their pharmacokinetics.103-105

Engineering of IgG effector properties. Based on mutagenesis, 
domain swapping and 3D structure studies of Fc/FcRs com-
plexes106 it is possible to modulate the effector functionality of 
Fc-containing molecules (e.g., Abs, Fc-fusion peptides or pro-
teins). Effector properties of Abs depend on amino acid residues 
in the C

H
2 constant domain and the hinge region, and all suc-

cessful modulations of ADCC, ADCP or CDC of therapeutic 
Abs have targeted these two sections of the Fc.103,104 Molecular 
engineering of IgGs (mostly IgG1) results in either an increase 
or a decrease in effector functions, both approaches being moti-
vated by the need for optimization of therapeutic Abs. The main 
examples of Fc engineering have been reviewed in reference 104. 
Effector function increases may be achieved by single substitu-
tions, but more positive and pronounced effects are obtained 
via multiple mutations. In addition, residues outside the Fc/FcR 
binding interface, such as Thr256, Lys290, Glu333, Lys334 and Ala339, 
are also appropriate targets for modulating Fc properties.103-105,107 
Positions that when mutated, alone or in combination, increase 
ADCC, ADCP or CDC are: Gly236, Ser239, Phe243, Pro247, Asp280, 
Lys290, Arg292, Ser298, Thr299, Tyr300, Val305, Lys326, Ala330, Ile332, 
Glu333, Lys334, Ala339 and Pro396.

For reasons of safety, in the special case of therapeutic Abs that 
target cell-surface markers on immune cells, it may be advisable 
in some instances to silence their Fc functionality. Different sin-
gle or multiple mutants have been developed to decrease comple-
ment activation or Fc-mediated cellular responses.104 Strong and 
simultaneous decrease of ADCC and ADCP are possible through 
multiple substitutions in the lower hinge region (229–239), 
when normal ADCC can be maintained together with a strongly 
reduced CDC via mutations within the hinge region (218–229). 
Also, simultaneous decreases of ADCC, ADCP and CDC were 
achieved by designing different multiple variants e.g., a triple 
IgG1 mutant Leu234Phe, Leu235Glu and Pro331Ser (MedImmune); 
a tetra IgG2 variant His268Gln, Val309Leu, Ala330Ser and Pro331Ser 
(Merck); a penta IgG1 mutant Cys226Ser, Cys229Ser, Glu233Pro, 
Leu234Val and Leu235Ala (Seattle Genetics). Also, by combining 
computational design algorithms and high-throughput expres-
sion and screening, the company Xencor has been able to modu-
late the FcγR binding capacity of different therapeutic Abs.108 
Thus, ADCC and ADCP functions were increased via Ser239Asp 
and Ile332Glu, when addition of the mutation Ala330Leu resulted 
in a triple variant with increased ADCC, ADCP and removed 
CDC. On his hand, the triple mutant Gly236Ala, Ser239Asp, 
Ile332Glu results in the increase of ADCP only. Finally, the double 

antigen binding. They identified several individual mutations 
that confer pH-dependent binding on IL-6R. The combination 
of some of these single mutations showed additive effects, lead-
ing to two multiple variants containing 6 and 5 substitutions, 
respectively. Interestingly, these two mutants bind IL-6R 2.3 
and 2.8 times better at pH 7.4 concomitantly with an affinity 
decrease of 3.8 and 3.7 at pH 6.0. Also, they showed that these 
modifications are associated with a reduction of Ab clearance 
owing to back recycling from the acidic endosome to the plasma 
where the Ab can bind another IL-6R molecule. These results 
establish that it is possible to modulate in a controlled manner 
the lifetime in the plasma of Abs by engineering their variable 
domains via modulation of their pH-dependent antigen-bind-
ing properties. From a clinical point of view, this opens up the 
possibility of delivering therapeutic Abs both less frequently and 
at lower doses.

Constant domain engineering. Within the constant domains 
of Abs, C

H
1 and C

L
 are parts of the Fab or Fab’ fragments that are 

distinguished from the Fc region, which is formed by C
H
2 and 

C
H
3 in IgG. Published data on the engineering of Fab constant 

domains is scarce, despite the fact that antigen binding is con-
trolled by the constant domains.94 Furthermore, it is suggested 
that C

H
1 and C

L
 domains might be involved in the adjustment of 

the Ab binding site by ensuring the stabilization of the variable 
domains.95

Fab constant domain engineering. The first engineering work 
targeting the C

H
1 domain was performed to create new glyco-

sylation sites compatible with CHO expression cells.96 Different 
humanized Ab mutants were designed by introducing an Asn-
linked glycosylation acceptor sequence into the C

H
1 and Cκ 

domains of an anti-CD22 humanized Ab.97 From 10 potential 
glycosylation mutants, two different C

H
1 mutants were finally 

selected after modification of their sequences at position Asn-162 
or Asn-198. This targeted engineering of Fab constant domains 
was performed to validate the possibility of improving the effi-
ciency of site-specific conjugation of drugs to Abs, and to mini-
mize the incidence of immunoreactivity perturbation of the 
resulting immunoconjugates.

The second study of C
H
1/C

L
 engineering aimed to improve 

the intrinsic thermodynamic stability of an anti-testosterone Fab 
fragment.98 Different engineering approaches were explored tar-
geting variable sites within the Fab constant domains. First, the 
mobile loop (residues 128–133) in the C

H
1 domain was subjected 

to rational mutagenesis to restrict its natural mobility, without 
however beneficial stabilizing properties. Second, site-directed 
mutagenesis was used to produce mutations that increase the 
hydrophobic potential of the interface between the C

H
1 and C

L
 

domains. This was achieved by substitution of weakly hydropho-
bic or nucleophilic amino acid residues for more hydrophobic 
ones such as Val, Leu, Ile, Met or Phe, to exclude water molecules 
accommodated in two cavities at the C

H
1/C

L
 interface. Fourteen 

single or combined mutants were thus designed and their stabil-
ity was determined. The highest thermodynamic stability was 
reached by the replacement of the hydrophilic Thr178 in the C

L
 

domain by a valine or an isoleucine.
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crucial role in controlling the persistence of therapeutic Abs in 
the serum.110 Interaction with FcRn appears to be influenced by 
pH.111 In many cases, Abs that bind at pH 6.0 and not at pH 7.4 
exhibit a stronger affinity for the receptor and display a longer 
half-life; IgG molecules that do not bind to FcRns are degraded 
by the lysosomal pathway.112,113 The critical amino acid residues 
that mediate IgG-FcRn complex formation are located at the 
C

H
2-C

H
3 domain interface: Ile253, His310, Gln311, His or Arg435 

and Phe or Tyr436. They are distinct from those involved in the 
FcγRs and C1q binding sites. To increase the half-life of Abs 
and consequently to reduce both the required amount of ther-
apeutics to be produced and the frequency of administration, 
residues surrounding these critical positions will be targeted 
to strengthen the interaction. Most of the variants with longer 
half-lives combine several mutations: IgG1-Met252Tyr, Ser254Thr, 
Thr256Glu which has a 4-fold longer half-life (MedImmune) 
113,114 and IgG1-Thr307Ala, Glu380Ala, Asn434Ala, even if in this 
case the single substitution Asn434Ala was already efficient by 
itself (personal communication, Derry Roopenian, Jackson 
Lab).112

In some cases it may be useful to decrease the half-life of 
Fc-containing molecules. This is in particularly true of IgG 
immunoconjugates, which it may be important to quickly elimi-
nate from the circulation to reduce their side effects. To achieve 
this goal, mutations will target either residues directly involved 
in the formation of the IgG/FcRn complexes,115 such as Ile253Ala, 
His310Ala, His435Gln, His435Arg or His310Ala/His435Gln, or neigh-
boring ones such as Pro257Ile/Asn434His or Asp376Val/Asn434His, 
which will indirectly affect the former.112,116,117

Finally, the Fc region of an IgG1 was submitted to molecular 
engineering to address the importance of glycosylation regard-
ing FcγR engagement. Dane Wittrup and colleagues constructed 
different saturation mutagenesis libraries and screened them 
by yeast display to select tentatively aglycosylated variants still 
able to engage Fc receptors.118 Three distinct libraries were con-
structed between positions 296 and 300 whose wild-type tem-
plate sequence was Tyr296-Asn297-Ser298-Thr299-Tyr300. Screening 
was performed by fluorescence-activated cell sorting (FACS) for 
binding of engineered Fc regions using decreasing concentrations 

variant Ser267Glu, Leu328Phe of an anti-CD19 Ab (Xencor) dis-
plays a selective inhibitory binding capacity of the FcγRIIb 
receptor.

We recently demonstrated that mutation of histidine residues 
310 and 435 at the C

H
2-C

H
3 interface of the Fc portion of an 

anti-Rhesus D human IgG1 has differential long-distance effects 
on its capacity to bind Fcγ receptors and on the functions of these 
receptors.109 We showed that His310 and His435 can coordinate a 
Zn2+ cation which results in control of the C

H
2-C

H
2 interdo-

main opening. Structures obtained in the absence of Zn2+ have a 
reduced interdomain gap that likely hampers FcγR binding. This 
closed conformation of the Fc is stabilized by inter-C

H
2 domain 

sugar contacts. Zinc appears to counteract the sugar-mediated 
constriction, suggesting that zinc could be an important control 
factor in IgG1/FcγR interactions. The results of binding stud-
ies performed in the presence of EDTA on FcγR-expressing 
cells support this hypothesis. When a mutated Fc fragment, in 
which histidines 310 and 435 have been substituted by lysines (Fc 
H/K), was compared with the wild-type Fc in crystallographic 
studies, we found that the mutations leave the interface unaltered 
but have a long-range effect on the C

H
2 interdomain separation. 

Moreover, these substitutions have a differential effect on the 
binding of IgG1 to Fcγ receptors and on the functions of these 
receptors. Interaction with the inhibitory FcγRIIB is strongly 
perturbed (Fig. 1B) by the mutations and mutant IgG1 H/K only 
weakly engages this receptor. By contrast, higher affinity FcγR 
are mostly unaffected (Fig. 1A).

It has not been demonstrated that other metallic cations such 
as Ca2+ or Mg2+ affect FcγR binding, but our results suggest that 
manipulating zinc concentrations in vivo should help to clarify 
the role of this metallic cation in the regulation of Ab functions. 
Together, these results reveal how accurate and sophisticated are 
the molecular and structural rules that govern antibody effector 
functions.

Engineering of IgG pharmacokinetics. Fc engineering also aims 
to modulate (increase or decrease) the pharmacokinetic param-
eters of therapeutic Abs. The pharmacokinetics of an IgG are 
related to its capacity to bind to the neonatal Fc receptor (FcRn), 
which ensures transport of IgGs across the placenta and plays a 

Figure 1. Differential effects of His310 and His435 mutations on FcgRIIIA and FcgRIIB engagement.
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Antibody labeling. Abs constitute a family of tools that are 
particularly powerful in the biomedical domain. We have dis-
cussed here how any domain of these proteins can be engineered 
to improve, adapt or customize them for better use. As shown in 
many reviews, Abs are also very attractive because of the modu-
lation of structural organization that makes them particularly 
suited to the design of a large number of functional Ab frag-
ments, fusion or chimeric Ab-based compounds.124-127

Despite their natural or engineered binding and biophysical 
properties, full-length Abs, owing to their size, do not appear 
to be particularly well-suited to drug delivery (radionuclides, 
enzymes, drugs, cytokines and toxins) or molecular imaging, 
whereas Ab fragments do.128-130 Labeled Ab fragments, minibod-
ies or nanobodies combine better pharmacokinetics (fast blood 
clearance) together with a high tumor to blood ratio in a shorter 
time, resulting in high-quality contrasting imaging. Clearly, the 
challenge in the years ahead will be to design and improve con-
trol of Ab fragment labeling. Binding properties (affinity, speci-
ficity) of Abs, their valency (scFv vs. diabodies, multivalent scFv 
formats), and their pharmacokinetics can be kept unchanged 
or improved. Thus, a labeled (124I) and engineered (scFv)

2
-Fc 

His310Ala/His435Gln specific for carcinoembryonic antigen gives 
a significantly better molecular image compared with the wild-
type format of the same Fc-Ab fragment fusion protein.131 One 
way to direct and control the labeling is to introduce by site-
directed mutagenesis additional amino acid residues within de 
novo designed Ab fragments or formats, in a region that will not 
interfere with Ab properties.

Conclusion

Ab engineering occupies a central and crucial position in the 
design and development of appropriate and adapted new Ab 
therapeutics, as well as new in vitro diagnostic and in vivo imag-
ing tools. Together with the development of strategies of in vitro 
molecular evolution during the last decade, their field of use and 
application has enlarged. More and more Abs are being approved 
for marketing and hundreds are under clinical evaluation, mak-
ing this category of proteins one of the more promising thera-
peutic molecules. It is thus not surprising to see the efforts made 
by researchers and clinicians both to identify relevant markers to 
target and to improve their properties, in particular by molecular 
engineering.132,133

Furthermore, most of the results obtained with intact immu-
noglobulins are extended and applied to Ab fragments, fusion 
Ab-derived compounds, and also to alternative scaffolds or 
intrabodies, providing researchers and clinicians with a large 
panel of new compounds responding to needs in therapy, diag-
nosis and imaging.

Substantial efforts are, however, still needed to make prog-
ress in our capacity to control the molecular variability of these 
new therapeutic candidates, which appear more heterogeneous 
in solution than expected. Many challenges have to be faced 
to design more accurately defined and affordable therapeutic 
Ab-based compounds. Despite the potential of molecular engi-
neering in developing better therapeutics, this family of proteins 

of fluorophore-labeled tetramers of a soluble form of the activat-
ing hFcγRIIA (50 nM, 2 nM, then 80 pM). Following three 
rounds of screening, the selected sub-library was dominated by 
the double-mutant Ser298Gly/Thr299Ala, which lacks the canoni-
cal Asn-X-Ser/Thr N-linked glycosylation motif. Site-directed 
mutagenesis was then performed revealing a synergistic addi-
tive effect of the corresponding single mutations. Engagement of 
FcγRs was maintained in vitro and in vivo, demonstrating that 
Fc glycosylation is not strictly required to trigger IgG activation 
of immune cells. These results open up new perspectives in terms 
of design and the recombinant strategy of expression of therapeu-
tic Abs especially in bacteria, providing significant bioprocessing 
advantages.119-121

Stabilization of Fc domain. Recent studies of molecular engi-
neering of the IgG1-Fc domain describe two strategies to stabilize 
the Fc moiety122,123 to compensate for the reduced thermal stabil-
ity resulting from the engineering of the C-terminal loops of the 
C

H
3-domains of IgG1-Fc.124,125

In the first strategy,122 two error-prone IgG1-Fc libraries were 
constructed and expressed anchored on the surface of the yeast 
Saccharomyces cerevisiae. Screening was performed by flow sort-
ing (FACS) following a 10 min heat shock at 79°C. Yeast cells 
presenting on their surface stabilized Fc variants were selected 
using either CD64 (Fcγ receptor I) or an anti-human IgG C

H
2-

domain Ab. An average of 2.0 DNA mutations were thus intro-
duced, and most of the selected stabilized Fc clones displayed 
mutations in the C

H
3 domain. Twelve single mutants, four 

double and one triple, were selected, all displaying more stabi-
lized C

H
3-domains compared with Fc-wt. Interestingly, selected 

multiple variants displayed additive effects of the corresponding 
single mutants. Moreover, all these more stable IgG1-Fc variants 
had similar binding kinetics to FcRn, CD16a (FcγRIIIA) and 
protein A, demonstrating the efficacy of that engineering/screen-
ing strategy.

In the second strategy,123 the C
H
3 domain within the Fc moi-

ety was stabilized through structure-based engineering of de 
novo disulfide bonds. Among the 29 disulfide bonds predicted 
by molecular modeling and the analysis of the crystal structure of 
an Fc fragment, five were chosen, designed and expressed in the 
yeast Pichia pastoris, and their thermostability and binding prop-
erties were studied. Only two of these constructs show increased 
thermostability: the disulfides between Pro343 and Ala431 and 
between Ser375 and Pro396, which connect different loops and/or 
strands. These two newly engineered disulfide bonds increased 
the thermostability by 5 or 10°C as compared with the C

H
3 in 

the wild-type Fc region. Furthermore, once combined these two 
disulphide bonds showed an additive thermostabilizing effect of 
15°C of the C

H
3 domain, without affecting the C

H
2 domain. 

Also, it is noteworthy that the binding to the neonatal Fc frag-
ment was not influenced by the introduced mutations. Finally, 
once introduced into the Fc fragment in which the C-terminal 
loop of the C

H
3 domain that was engineered for binding to Her2/

neu, a 19°C increase in thermostability was measured. These two 
articles demonstrate how Fc can be engineered in a stable manner 
to display new binding properties, using two different molecular 
engineering strategies.
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is deeply linked to the recombinant expression system used, mod-
ulations that may impact both on their intrinsic immunogenicity 
and their effector functions.134

will expand further into the clinical market only when the recom-
binant strategies of expression are more controlled and less costly. 
However, it is important to keep in mind that mAb glycosylation 
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