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Antibody fragments for which the sequence is available are suitable for straightforward engineering and ex-
pression in both eukaryotic and prokaryotic systems. When produced as fusions with convenient tags, they
become reagents which pair their selective binding capacity to an orthogonal function. Several kinds of im-
munoreagents composed by nanobodies and either large proteins or short sequences have been designed for
providing inexpensive ready-to-use biological tools. The possibility to choose among alternative expression
strategies is critical because the fusion moieties might require specific conditions for correct folding or post-
translational modifications. In the case of nanobody production, the trend is towards simpler but reliable
(bacterial) methods that can substitute for more cumbersome processes requiring the use of eukaryotic systems.
The use of these will not disappear, but will be restricted to those cases in which the final immunoconstructs
must have features that cannot be obtained in prokaryotic cells. At the same time, bacterial expression has
evolved from the conventional procedure which considered exclusively the nanobody and nanobody-fusion
accumulation in the periplasm. Several reports show the advantage of cytoplasmic expression, surface-display
and secretion for at least some applications. Finally, there is an increasing interest to use as a model the short
nanobody sequence for the development of in silico methodologies aimed at optimizing the yields, stability and

affinity of recombinant antibodies.

1. Introduction

Nanobodies (VHHS) correspond to the heavy-chain variable domain
of 1gG2 and IgG3 expressed in Camelidae that are devoid of the CH1
domain as well as of the light chain (Fig. 1). They represent the smallest
antibody fragments (14 kDa) able to preserve the binding affinity and
specificity of the original whole antibody and they are appreciated for
their structural stability and their simple engineering into reagents
suitable for in vitro and in vivo applications [1]. With respect to con-
ventional IgGs (150 kDa), the tiny dimension of nanobody confers the
exclusive capacity to bind to cryptic epitopes of viruses [2], a char-
acteristic that at the present could be particularly useful to produce
reagents suitable for coronavirus studies. Over the years, it emerged
that VHHs are effective crystallography chaperones and molecular tools
for protein structural characterization [3-5], convenient carriers for
radioisotopes with extremely short half-life to use for in vivo PET/
SPECT imaging [6-10], valid immunoreagents for the controlled and
oriented functionalization of nanoparticles, nanogels and biosensors
[11-14] and that they can be even internalized by mammalian cells
when provided with a suitable leader peptide [15]. More recently, their
minimal dimension has been particularly appreciated by scientists
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looking for binders suitable to optimize the performance of super re-
solution microscopy [16-18] and to create tandem chimeric antigen
receptors (CARs) that show higher target specificity due to the possi-
bility of binding simultaneously multiple antigens [19]. Finally, their
short sequence makes them the simplest antibody-derived candidate for
rational mutagenesis and in silico improvement of biophysical features
[20-23]. In parallel to the interest for their technical advantages, the
attention for nanobodies has grown exponentially after the expiration
of the patents which restricted their use. The consequence has been that
lately many new groups explored the field and contributed to its de-
velopment. The nanobody-related publications, that were only few/
year 20 years ago, became tens/year in 2010 and arose to several
hundred in 2019, as evidenced by PubMed statistics. This has meant a
wider spectrum of VHH applications and the proposal of methodolo-
gical alternatives at any step of the process that starts from nanobody
isolation and proceeds to their production, engineering and develop-
ment into mature immunoreagents with features useful for their final
application [24-27]. For instance, it is the case of nanobodies chosen
according to their resistance to physical and chemical conditions or
because specific for determined antigen epitopes [28]. Once selected,
such clonable molecules can be directly produced as (fusion)
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immunoreagents with selected functional characteristics, different for-
mats and domain combinations, such as for instance the chromobody
with nuclear localization signal used for actin identification by corre-
lative light and electron microscopy [29]. Fusion immunoreagents are
either ready-to-use or suitable for controlled custom functionalization
with modular chemical partners (Fig. 1) [30-32]. For instance, a tag
such as SNAP allows the 1:1 nanobody derivatization with any mole-
cule presenting an O°-benzylguanine group. Advantages and short-
comings of nanobody-based reagents with different structural config-
urations, binding selectivity and valence have been largely investigated
in terms of potency, efficacy and toxicity [33-37]. A paradigmatic ex-
ample is offered by ALX-0171, an anti-viral therapeutic trimeric na-
nobody. The reduced mass of the single domain and its recombinant
nature enabled the straightforward production of the trivalent reagent
which has significantly smaller mass but striking higher neutralization
capacity than the monovalent molecule and the commercial humanized
monoclonal antibody palivizumab [38]. At the present a large array of
vectors is available to produce customized VHHs in both prokaryotic
and eukaryotic systems, according to the functional characteristics that
they must have to serve their final application. Finally, recombinant
nanobodies directed towards different IgG epitopes have been made
available recently, providing a valid clonal and simple-to-functionalize
alternative to the commercial polyclonal secondary antibodies [39,40].

2. Nanobody production alternatives
2.1. How to choose between mammalian and bacterial expression systems?

Since VHHs can be usually expressed functional and at high yields in
bacteria, their expression in more expensive and demanding systems
such as mammalian cells must be justified. It is for instance the case
when nanobodies are produced as Fc-fusions to restore the ADCC and
CDC effector functions in vivo and to increase their apparent binding
affinity by the avidity effect provided by the resulting bivalent mole-
cule. Anti-CXCR4 nanobodies fused to human IgGl Fc that were ex-
pressed and purified from HEK293T cells in suspension specifically
induced the ADCC- and CDC-mediate cell death of leukemia cells that
overexpressed such receptor but did not affect CXCR4 negative cells
[41]. Expi293F cells were used for producing the reconstituted anti-

Camelid 1gG VHH
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Fig. 1. Characteristics of nanobodies and nanobody
constructs.

Both heavy- and light-chain variable domains con-
tribute to the antigen-selective binding surface of
conventional IgGs, whereas the heavy-chain variable
domain of Camelidae IgGs provides alone the com-
plete epitope for the antigen specific recognition.
Therefore, the minimal antibody fragments still able
to recognize their antigen are the scFv and the VHH,
respectively. More exactly, the contact surface of the
VHH (paratope) is mostly formed by the amino acids
belonging to the three CDRs, whereas the framework
residues constitute the conserved structure of the
domain, organized in 3-sheets. The nanobody single-
domain is a recombinant protein that can be fused to
minimal (cysteine) or larger tags (SNAP) for con-
trolled, 1:1 functionalization as well as to proteins
with their own function, such as fluorescent proteins
or enzymes. Such fusion immunoreagents can be
coupled to targeting sequences for their selective
delivery to desired sub-cellular compartments.
Furthermore, nanobodies can be arranged into bi- or
multivalent homo- or heteromolecules with other
VHHs or other proteins to improve some of their
characteristics, such as cell-type specificity, avidity
or circulation time, or for combining the target-se-
lectivity of the nanobody with the effector activity of
the partners.

paratope/framework

HER1 nanobody-Fc constructs necessary for the fabrication of im-
munotoxins by means of intein-mediated splicing and assembling with
gelonin [42]. Fusions of nanobodies and human IgG1-derived Fc do-
main have been produced also in CHO cells as immunoreagents suitable
for botulinum neurotoxin A protection in vivo. Such constructs were
designed to extend the circulation time of the immunoreagents and
indeed treated mice remained protected even 14 days after VHH-Fc
administration [43]. However, if the fusion of nanobodies with Fc is
performed only to provide a tag suitable for in vitro applications, such as
binding to Protein A or secondary antibodies, it is possible to produce
(not-glycosylated) VHH-Fcs with totally preserved binding capacity in
bacteria [44].

A protein that is very often used in combination with antibodies but
which is commonly difficult to produce in bacteria is (horseradish)
peroxidase. A nanobody-peroxidase fusion would be directly suitable
for colorimetric or electrochemical diagnostics. The expression in
mammalian cells of such a construct allowed obtaining a chimera in
which both moieties were functional and that was successfully used in
competitive ELISA [45]. Recently, the search for the production of
equivalent immunoreagents in bacteria moved to two promising alter-
natives. In the first case, an evolved version of soybean ascorbate per-
oxidase has been fused to nanobodies and the constructs folded suc-
cessfully into bi-functional reagents when secreted in the bacterial
periplasm [46]. In the second, nanobodies preserved their antigen se-
lectivity after being produced in the bacterial cytoplasm fused to the
mVirD2 tag. Such tag was then used for binding covalently to a G-
quadruplex DNAzyme with peroxidase activity [47].

Nanobodies might require their expression in mammalian cells also
when they must act as intrabodies, namely as binders that preserve
their functionality even when produced in the reducing environment of
the cytoplasm. In this case, intrabody expression in vivo is temporally
controlled to induce the binder accumulation at a very specific moment.
The applications are multiple. For instance, fluorescent nanobodies can
be expressed at a determined physiological phase of the host cells to
follow the fate of the corresponding antigens without interfering with
their activity and by such a way specifically labeling distinct antigens
and subcellular regions [48]. The clear advantage of nanobodies over
conventional antibodies is their structural simplicity with a single dis-
ulfide bond that in several cases is not obligatory for reaching stable
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and functional folding. As a consequence, a large share of them can
correct fold in the cytoplasm [49] and is not bound to pass through the
cellular secretion pathway to achieve their native conformation. This
condition has been exploited to design intrabodies that compete for the
binding to a specific epitope of their antigens with other molecules
present in the cells [50] or immunoprecipitate their target to impair
pathological processes of aggregation [51]. The possibility to use in-
trabodies to selectively modify the activity of a target protein for
studying its function in vivo in eukaryotic cells has been achieved by
tagging the target proteins and using them in combination with nano-
bodies that recognize the tag [52]. Anti-tag nanobodies with intrabody
features have been successfully exploited to induce visualization, de-
gradation, relocalization, trapping and modification of the protein of
interest [53]. The deGradFP system exploits an anti-GFP-Fbox fusion
nanobody that promotes the ubiquitination of the bound antigen and its
consequent degradation mediated by the proteasome machinery. It was
initially optimized for flies [54] but the concept has been recently
adapted and extended to other model organisms such as C. elegans and
zebrafish and to perform ultrastructural localization of protein inter-
actions [55-58]. It is expected that in the future protein-specific na-
nobodies will substitute the anti-tag binders because in such a way
more flexible multi-dimensional analyses will be possible. However,
despite the fact that there is an increasing number of nanobodies spe-
cific for human proteins, the community waits for similar reagents
suitable for relevant proteins of C. elegans and zebrafish.

Cytoplasmic nanobody expression in mammalian cells has been also
exploited for understanding what epitope specificity an antibody must
have to neutralize a virus in its physiological environment. Specifically,
a nanobody against the Rev protein of HIV was stably expressed in
mammalian cell lines and its capacity to block the virus replication was
evaluated in the presence of different natural Rev variants [59]. It was
therefore possible to map the critical residues involved in the nano-
body-antigen contact and predict the potential efficacy of the nanobody
for the major HIV-1 subtypes. Recombinant expression of eukaryotic
proteins in mammalian cells is also meaningful when it is necessary to
obtain optimally folded molecules which underwent all the physiolo-
gically relevant post-translational modifications. To monitor their ex-
pression and simplify their purification, such proteins were fused to the
dual-function tag YFP and then immunopurified by means of anti-YFP
nanobodies [60]. Immunopurification of recombinant antigens was
successfully performed also by co-expression of their specific nano-
bodies in the same cells in both, bacterial cytoplasm and periplasm,
followed by purification of the complex [61]. There is no report de-
monstrating the possibility to apply this strategy to mammalian cells
but mammalian antigens were purified by immunoaffinity chromato-
graphy using nanobodies [62]. Mammalian expression was also in-
strumental for producing recombinant extracellular vesicles displaying
nanobodies specific for tumor biomarkers [63,64]. Such modified ve-
sicles could enable the selective delivery of therapeutic cargos to target
cells expressing nanobody-recognized antigens [65].

2.2. Other eukaryotic systems

Pichia pastoris and several plants have been proposed as alternative
eukaryotic biofactories for the production of recombinant nanobodies
[66,67]. Despite the feasibility demonstration, these efforts did not
succeed in convincing the community about the advantage of using
such organisms instead of the conventional ones. Apart from the ne-
cessity of setting new ad hoc infrastructures, new approaches require
protocol optimization and troubleshooting capacity, as underlined by
the report indicating that P. pastoris strains are prone to mis-incorporate
amino acids under specific fermentation conditions [68]. Pichia has
been successfully used to produce a nanobody and its corresponding
human Fc-fusion that target the Middle East Respiratory Syndrome
Coronavirus (MERS-CoV) receptor-binding domain [69]. Both con-
structs are characterized by a strong neutralizing activity but,
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unluckily, the authors’ claim concerning the economic reason for
choosing this expression system was not supported by experimental
data and comparison with alternative methods. A more relevant ex-
ample was offered by the recombinant production of the structurally
complex hybrid antibody composed by camelid VHH and IgA-Fc do-
main. Authors looked for alternative to bacteria and Pichia was pre-
ferred to plant-based expression as more reliable to yield reagents with
good protective effect against gastrointestinal infections in piglets [70].
Innovative strategies exploit nanobodies for modifying in vivo con-
ditions in plants. As already mentioned above, the same therapeutic
efficacy would be difficult to obtain by using conventional antibodies
that are larger and more prone to fold incorrectly. A nanobody directed
against the grapevine fanleaf virus and stably expressed in N. ben-
thamiana and grapevine rootstock, was able to neutralize its target,
conferring resistance to the virus-induced degenerative disease [71].

2.3. Bacterial periplasm

The most conventional method for producing recombinant nano-
bodies is promoting their secretion in the E. coli periplasm. The oxi-
dizing conditions of this sub-cellular compartment favor the formation
of the disulfide bond(s) that stabilize(s) the nanobody structure. The
folded binders are then usually recovered in the supernatant after a step
of osmotic shock performed to permeabilize the bacterial outer mem-
brane. Heat incubation of the supernatant has been successfully applied
to purify the relatively thermal-resistant VHHs after precipitation of the
more temperature-sensitive E. coli proteins [72] but otherwise affinity
purification represents the standard [73]. Classical metal affinity
chromatography was paired to maltose binding affinity purification to
improve the purity of the recovered nanobodies [74] and streptavidin-
mutein affinity chromatography was applied to recover anti-EGFR
VHH-Avi tag fusions biotinylated in vivo [75]. This approach enabled
also to obtain both mono and tetravalent nanobodies by coupling the
mono-biotinylated VHH with wild type streptavidin. The comparison of
the functional effect of such binders demonstrated that the tetravalent
form was more effective in controlling tumor cell proliferation. Peri-
plasmic produced biotinylated nanobodies were exploited for the
functionalization of microbubbles to use as ultrasound contrast agent
[76], for the diagnostic of H3N2 and swine influenza, and for the
identification of ochratoxin A contaminations in cereals [77-80].
Periplasmic expression was also successfully exploited to produce na-
nobodies suitable for reacting with maleimide fluorophores [81], fu-
sions between VHHs and nanoluciferase to use as bioluminescent im-
munoreagents [82], for recovering correct-folded nanobody-intein
fusion proteins suitable for thioester reactions and finally for the fab-
rication of immunomicelles [83]. This expression route was also pre-
ferred for producing a hybrid molecule in which an anti-lysozyme na-
nobody was inserted into a solvent-exposed loop of -lactamase [84].
Both moieties conserved their function after purification.

Periplasmic accumulation of recombinant proteins has two major
drawbacks that can lead to protein aggregation and low yields. The first
is due to the presence of incomplete chaperone machinery that can
impair correct folding at high expression rate and the second is the
consequence of the limited volume of the compartment which can lead
to overcrowding. Alternative production of nanobodies and nanobody-
fusion constructs has been successfully demonstrated in bacterial cy-
toplasm [85] and by using secretion routs [86,87] (see sections 5 and
6).

2.4. Cell display

Nanobodies fold into their native and functional structure once se-
creted at the surface of bacterial or yeast cells and nanobody display
have been used for both screening purposes and for preparing whole-
cell biosensors [88-91]. The advantages represented by displaying
functional macromolecules on cell surface are multiple and have been



A. de Marco

largely exploited for several classes of proteins, in particular enzymes
[92]. There is no necessity to purify the recombinant binders, no en-
gineering is required to link them to the surface and they are already
oriented outwards. The bacteria can be directly spotted on a surface and
be used as immunocapture elements of biosensors or as both the cap-
ture and detection regents of an ELISA test [87,93]. As an alternative,
their capacity of agglutinating in solution can be exploited to quantify
the antigens present in liquid samples [94]. The system is therefore
faster, less expensive and simpler to implement than the conventional
protocol that foresees protein purification and functionalization before
immobilization. Despite the impossibility to quantify exactly the na-
nobody concentration in an E. coli sample, the binder amount can be
tuned by controlling the level of VHH expression [94]. Nanobody dis-
playing bacteria can co-express cytoplasmic fluorescent proteins for
obtaining colored living immunoreagents suitable for light microscopy
and flow cytometry applications [87].

Nanobodies were also displayed on bacteria with the aim of facil-
itating the cell targeting in vivo. Specifically, anti-CD20 nanobodies
exposed on Salmonella cells increased their selective accumulation in
CD-20 positive tumors [95] with consequent decreased growth of such
solid tumors. In a proof-of-principle experiment, nanobodies were an-
chored on E. coli by means of the SpyTag/SpyCatcher ligation system.
In this case bacteria displayed the SpyTag that was available for binding
to SpyCatcher-fused anti-GFP antibodies [96]. Of course, the method
can be expanded by selecting nanobodies specific for other antigens and
could be for instance used to decorate Virus Like-Particles with nano-
bodies suitable for improving their targeted delivery [97]. Nanobody
display was exploited also for preparing Escherichia coli modified as
tunable modular platforms for studying cell-cell adhesion and multi-
cellular self-assembly [98]. The approach enabled the inducible and
selective adhesion of orthogonal antigen libraries and to design well-
defined morphologies useful to study the organization of multicellular
structures.

Yeast surface display has been largely used also for panning anti-
body fragment libraries because enables the sorting of all the selected
clones by flow-cytometry. This represents a huge advantage over phage
display that requires manual screening of the clones recovered after
panning. An interesting recent proposal couples nanobody selection to
the possibility to release them directly from the yeast cells after re-
duction, induced by DTT addition, of the disulfide bond that links the
displaying proteins to VHHs. Since in this system nanobodies are ex-
pressed fused to a tag compatible with multiple alternative labeling,
they can be first biotinylated and then directly adsorbed on strepta-
vidin, for instance for SPR analysis, without necessity to subclone, ex-
press and purify them [99].

Also mammalian cell display of nanobodies has found interesting
applications, such as their use for the modification of T cells with chi-
meric antigen receptors (CARs) suitable for cancer immunotherapy.
VHHs are preferred to scFvs because are considered less immunogenic,
more stable and compact (nanoCARs) [19,100,101].

2.5. Bacterial cytoplasm

The bacterial cytoplasm is a reducing environment that impairs the
formation of the nanobody internal disulfide bond(s). However, several
VHHs can fold into a functional structure independently on the pre-
sence of such disulfide bond(s) [49,102,103] and disulfide bond-in-
dependent nanobodies (intrabodies) were successfully produced in E.
coli cytoplasm even when fused to large partners such cucurmosin toxin
[104]. Since the preliminary results indicated that their anti-Bacilus
anthracis nanobodies were stable and functional intrabodies, Anderson
et al. [103] expressed them fused to beta galactosidase directly in the
cytoplasm of Tuner (DE3) E. coli. Shibuya et al. [105] managed to co-
express in bacterial cytoplasm nanobodies fused to complementary split
intein moieties for obtaining bispecific VHH constructs by in-cell trans-
splicing whereas nanobodies engineered with extra cysteines or
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ascorbate peroxidase were functionally recovered after production in
NEB express F’ cells [39]. Another nanobody with intrabody features
has been generated to bind to the ALFA-tag and was effectively used to
detect in vivo interactions and pull-down experiments [106]. In-
trabodies were also systematically searched to develop therapeutics
reagents with the capacity to recognize and block the processes of
protein aggregation involved in the progression of neurodegenerative
disorders and VHHs with such characteristics and specificity for a-sy-
nuclein and prion proteins were identified [107]. For the selective
identification of a-synuclein intrabodies, the ability of the E. coli twin-
arginine translocation (Tat) system was also exploited to non-covalently
secrete protein complexes to the periplasm (FLI-TRAP - functional li-
gand-binding identification by Tat-based recognition of associating
proteins). The resulting nanobodies could be expressed as functional
binders in cell cytoplasm [108].

However, the reducing cytoplasmic conditions remain a limiting
factor for the folding of the majority of VHHs [109]. An approach to
overcome the shortcoming is to express the nanobodies in the cyto-
plasm of mutant E. coli strains that provide an oxidizing environment.
This strategy became available 30 years ago, applied to different re-
combinant proteins which require disulfide bonds to fold into their
native structure and progressively improved with the introduction of
more efficient strains such as Rosetta-gami B (DE3) or SHuffle T7 cells.
These have been used for the cytoplasmic production of naked nano-
bodies [110,111] and of their fusion variants containing at their C-
terminus an intein-chitin domain suitable for site-specific alkyne func-
tionalization that requires reducing conditions for its functionality
[109,112,113]. In one case it was confirmed that the binding properties
of the non-modified nanobodies produced in the periplasm were pre-
served when the same binders were expressed as fusion reagents in the
cytoplasm of Shuffle T7 cells [109]. A different approach relies on the
use of wild type bacteria with reducing cytoplasm but the parallel
overexpression, together with the nanobody of interest, of a sulthydryl
oxidase and DsbC isomerase. Such procedure enabled to produce not
only unmodified nanobodies but also more demanding molecules, such
as nanobody fusions with GFP and Fc-domains, with no decrease of the
binding capacity [44,85].

2.6. Secretion pathway and refolding from inclusion bodies

Secretion of recombinant proteins is a method which enables to
recover the targets from the culture media where the amount of con-
taminants is significantly reduced. While lysis is not necessary, a step of
centrifugation or filtration must be considered and the larger volumes
require longer loading time during chromatography. Hemolysin secre-
tion pathway was successfully exploited to secrete functional nano-
bodies directly in the culture media [86]. However, the low obtained
yields question the overall advantage of the methodology. Another se-
cretion strategy enabled the recovery of biotinylated nanobodies fused
to the AviTag but also in this case the potential advantage of the pro-
cedure was not discussed [114]. In contrast, secretion was clearly
meaningful when used as an effective pathway to deliver in vivo neu-
tralizing nanobodies produced by Lactobacillus that should reach the
target rotavirus in the digestive tract of piglets [115,116].

Inclusion bodies have been recognized for a long time as convenient
sources of relatively homogeneous recombinant proteins. The structural
characteristics of nanobodies would indicate that refolding protocols
should be relatively simple to optimize. Nevertheless, the approach has
not been extensively used for nanobodies, probably because a relevant
part of them fold correctly as intrabodies and most of the others can be
conveniently obtained by means of the procedures described in the
previous sections. Elevated refolding yields have been reported for
nanobodies expressed as inclusion bodies in bacterial cytoplasm and
metal affinity purified after solubilization in urea but their structural
and functional integrity was not assessed [117]. A more accurate work
compared the periplasmic yields of soluble nanobodies with the
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amounts recovered by refolding of the same binders from inclusion
bodies accumulated in the cytoplasm. In terms of functional binders,
the best refolding protocol and the periplasmic expression provided
similar yields [118]. Other authors, who tested a higher number of
refolding combinations, succeeded in increasing significantly the yield
of soluble and functional nanobodies recovered from inclusion bodies
[110]. The binding characteristics of the refolded nanobodies were
confirmed by comparison with those measured using nanobodies re-
covered from the soluble fraction.

2.7. In silico optimization

The short sequence of nanobodies (120-130 residues) critically re-
duces the calculation time necessary for rational in silico optimization of
their biophysical characteristics compared to the effort that would be
necessary to model larger immunomolecules. Furthermore, nanobodies
are suitable for both X-ray crystallography and NMR analyses, therefore
several structures are now available for simulating the 3D conformation
of new candidates. Recently, the structural information has been also
used to understand the specificities of the binding patterns existing
between antigens and VHHs [119,120]. This fortunate combination of
structural data availability and short sequence stimulated the search for
modeling approaches able to suggest mutants performing better than
the nanobodies initially isolated by biopanning [121]. Unluckily, a di-
rect comparison between the results obtained with conventional wet-
lab approaches (based on random mutagenesis of the initial candidates
followed by more stringent in vitro selection steps) and in silico mod-
eling has not yet reported but it would be interesting to evaluate the
necessary efforts, resources and achievements specific of the two al-
ternatives. Considering what has been already accomplished with
conventional antibodies [122], the available data suggest that a smart
conventional approach can still assure results that no in silico system has
provided so far [39] but algorithms become progressively more com-
petitive. The following examples show some encouraging results of in
silico protocols that follow different strategies to anticipate the potential
effect of specific (multiple) single mutations. For instance, a successful
computational affinity maturation strategy was based on the combi-
nation of Rational Mutation Hotspots Design Protocol and Assisted
Design of Antibody and Protein Therapeutics [123] applied to the 3D
homology model of the target VHH [124]. Molecular dynamics simu-
lation provided single mutation candidates and the successive combi-
nations of four single mutations resulted in a mutant with 87.4-fold
affinity improvement. There are two significant particularities in this
result. The first is that the affinity improvement reached the low na-
nomolar range (Kp changed from 278 to 3.2 nM) and the second that
such positive effect was associated with an increase of the thermal
stability of the mutant with respect to the original nanobody
(+7.36 °C), whereas the two parameters were inversely correlated in
other reports dealing with similar projects [123,125]. In another case of
in silico nanobody affinity maturation, Mahajan and al [108]. Identified
a key single mutation by using a combination of replica exchange
molecular dynamics (REMD), umbrella sampling, and weighted histo-
gram method together with numerical techniques. This mutation en-
abled to improve the affinity of the nanobody for its antigen by more
than an order of magnitude despite the absence of high-resolution
structures of the nanobody, of its a-sin antigen, and of their complex.
Simulations could be also exploited to explain the reasons for which
specific mutations resulted in unstable nanobodies and in particular
indicated that colloidal aggregation can develop even originating from
single molecules which fold into stable conformations if their surfaces
promote promiscuous interactions [21].

2.8. Practical advice for nanobody expression and purification

Any lab has probably elaborated the nanobody production strategy
that is optimal for its necessities. In our lab we constantly modify the
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protocols trying to update them according to our new observations and
the ever changing technical options. The reasons of our choices will be
briefly described to serve as a starting point for setting customized
methodologies.

When the sequence of a nanobody is available after panning, its
expression should be planned considering the final application of the
resulting construct. We developed and validated a large array of mod-
ular vectors based on pET vector scaffolds that share: i) a conserved
cloning site for the nanobody sequence (Ncol/Notl); ii) a further cloning
cassette for inserting a “functional tag” such as fluorescent proteins,
Avitag, SNAP, free cysteine, SpyTag ...; iii) a poly-His tag for affinity
purification [13,44,47,62,126-131]. This concept enables to exchange
the modules and adapt existing constructs to design new vector ver-
sions. Large tags such as SNAP or alkaline phosphatase can slightly
affect the binding capacity of the fused nanobodies, whereas small tags
(free cysteine, C-tag) usually do not [44,126,128]. Both subcloning
from the phagemid and the use of synthetic genes are suitable. This last
option is compulsory when the nanobody sequence has been identified
by search in a database but can be useful also for the several sequences
issued from panning that would require mutagenesis because possess
for instance amber codons, as already described elsewhere [132].
However, we noticed that sometimes the yields of the same construct,
from “natural source” (i.e. the phage library) and synthetic, were sig-
nificantly different. In particular, synthetic genes performed worse than
original sequences. Unluckily, this is an observation based on few cases
and to our knowledge there is no publication on the subject. We can
only comment that the codon optimization that the synthesis services
implement for adapting the construct to E. coli expression (we have no
experience with other expression systems) and to synthesis process
could be detrimental for the expression step, maybe because increasing
the translation step to a level overwhelming the folding capacity of the
cell.

The choice of where and how to express the nanobody fusions has
been largely discussed in this review. We opted for the bacterial cyto-
plasmic accumulation in the presence of sulthydryl oxidase and DsbC
co-expression because it demonstrated being suitable also for large
constructs with multiple disulfide bonds such as Fc-VHHs or for pro-
teins that do not fold correctly in the periplasm (several fluorescent
proteins) [44]. However, if the lab setting would allow the option, we
would suggest parallel small-scale expression from different vectors
(also periplasmic) for comparing yields and functionality.

3. Conclusions

The expression of nanobodies and, more and more frequently, na-
nobodies fused to tags offering orthogonal functions, becomes con-
stantly more diversified [32,130]. This is necessary to obtain reagents
that possess the highly differentiated features necessary for fulfilling the
always new final application requirements and consequently their
production relies on alternative expression conditions [47]. Further-
more, there is an increasing awareness that nanobodies are more dif-
ferentiated in their structure than initially thought. Specifically, they do
not possess a single highly uniform paratope shape but rather may build
it combining a large spectrum of different 3D conformations which can
involve also the framework residues and confer them several alternative
surfaces for interacting with the antigens [119,120,133]. Despite the
lack of experimental reports, it can be anticipated that the folding re-
quirements of the different VHH sub-types might be variable as well
and, consequently, reference structures used for modeling must be se-
lected with accuracy. Altogether, it is probable that a larger, rather than
a smaller, number of expression systems will be necessary to achieve
the production of the more and more differentiated nanobody-based
immunoreagents necessary to fulfill the future requirements in terms of
functional reliability.
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