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Abstract 

A novelty in antibody field has recently been introduced after the discovery of the 

presence of heavy chain immunoglobulins G, lacking light chains molecules, in camelids 

blood. The potentiality of the variable domain of these heavy chain antibodies (called 

VHH or nanobody) was immediately exploited. These variable domains, singularly 

expressed, maintain a target affinity comparable to an entire antibody, are very soluble 

because of the absence of exposed hydrophobic amino acid residues and they are very 

small (~15 kDa), if compared to conventional antibodies (~150 kDa). All these features, 

combined with their easy expression as recombinant proteins in bacteria, determined 

their enrollment as new biotechnologial tools. 

During my Ph.D., I produced and validated a novel scaffold suitable for nanobody 

expression and selection: the scaffold consists of four framework regions (FRs, conserved 

in sequence) derived from the alignment of more than 750 llama nanobodies. Within this 

scaffold, complementary determining regions (CDRs) of natural VHH or artificial random 

sequences can be grafted. The scaffold leads to an improvement of solubility and stability 

of the nanobodies and is the potential basis for antibody libraries construction. 

I exploited the consensus framework scaffold (CFW) in the development of a platform for 

new nanobodies selection and for their improvement in order to render them diagnostic 

and therapeutic tools. Two artificial nanobody libraries are the basis of the platform. One, 

composed by the CFW and bearing semi-random artificial CDRs, presents a complexity of 

1012 different nanobody clones (comparable to the natural llama VHH repertoire) and is 

selectable through ribosome display technique. I validated this library by selecting new 

Maltose binding protein (MBP) binders. 

The second library is a humanized version of the previous one in which I introduced 12 

point mutations in order to render CFW scaffold identical to human IgG VH III FRs. I 

confirmed the solubilizing and stabilizing effects of the humanized CFW scaffold and the 

library is now ready to be clone in a novel phage vector that I created to speed up phage 

display selection. From this humanized library potential directly human applicable 

nanobodies will be selected, avoiding any post-selection humanization which usually can 

lead to antibody target affinity alteration. 

Additionally, I developed methods to improve nanobodies for diagnostic applications. 

Since nanobodies are not detectable through secondary antibodies, I applied an in vitro 

peptide ligation system to conjugate them to immunoglobulins Fc regions. With this 

modular and stable conjugation approach, I demonstrated the possibility to combine any 

purified VHHs to any expressed Fc regions, obtaining antibodies that mimic monoclonal 

antibodies activity. 
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In collaboration with Preclincs company, I further exploited my scaffold for the 

production of new in vivo imaging probes. Fusing nanobodies to a luciferase, a probe 

working for GFP imaging in mice has been validated, while other probes remain to be 

tested. 
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Introduction 

Since the development of hybridoma technology in 1970s by Köhler and Milstein1 the 

world of monoclonal antibodies (mAb) and derivatives is exponentially growing: the 

development of a quicker and cheaper way to produce monoclonal antibodies 

determined their irruption in biomedical applications. With a global sales revenue near $ 

75 billion for therapeutic2 and 7.5 billion for diagnostic applications3 they are currently 

the biggest piece of the market and continuous increase in pharmaceutical investments is 

expected (Figure 1). 

In 1985 the first monoclonal antibody anti-CD3 was approved by Food and Drug 

Administration (OKT3®) and now 74 antibody-based molecules are available on the 

market, of which Rituximab (used in cancer treatment) is the best example of a 

tremendous medical and commercial success, being the fourth best-selling innovative 

drug of any kind4. 

The reasons for the diffusion of mAbs can be easily understood by noting their 

applications and advantages: they are specific, have a high affinity for their targets, can 

recruit immune response and can be easily detected. All these features make mAb 

suitable for in vivo and in vitro unlimited applications5. 

Furthermore, with the progress of scientific research, today not only naked mouse / 

humane / chimeric / humanized antibodies are available, but also derivatives like bivalent 

antibodies, conjugation to cytotoxic compound or immunomodulators are present6,7. 

 

Figure 1 Monoclonal antibodies market by source type, 2013-2024 (USD Billion) (Monoclonal Antibodies 
Market Analysis, 2016. https://www.grandviewresearch.com/industry-analysis/monoclonal-antibodies-
market). 

https://www.grandviewresearch.com/industry-analysis/monoclonal-antibodies-market
https://www.grandviewresearch.com/industry-analysis/monoclonal-antibodies-market
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1. Heavy chain antibodies 

In such a fast-moving field in 1993 a revolutionary and serendipitous discovery was made. 

During a lesson in which students did not want to analyse their own blood for HIV risk of 

infection and they did not want to kill a mouse, Hamers-Casterman and colleagues 

observed in the serum of camel (the only one ready-to-use present in the laboratory) the 

presence of naturally occurring antibodies devoid of light chains. In a short and concise 

article, they made a simple observation: two camel IgG subclasses did not show 

separation between heavy and light chains in presence of reducing agents (Figure 2). 

 

 
 
Figure 2 (modified by

8
) A) Adsorption of C. dromedarius serum on protein A (lane c) evidence the presence of 

three IgG subclasses (50, 46 and 43 kDa). B) The previous three subclasses are analysed separately on SDS-
page. C) The same three subclasses are analysed on SDS-page after treatment with dithiothreitol. 

They were also able to demonstrate that these peculiar subclasses of IgG generate an 

extensive repertoire of antibodies contributing to the immune response of the camel8. 

They called these antibodies heavy chain antibodies (hcAb) and they gave the starting 

point of a further proliferating pool of discoveries. 

1.1. Generation of heavy chain antibodies in camelids 

Today the generation, structure and features of hcAb are well known. Heavy chain 

antibodies can be found in the biological family of Camelidae that comprises camels 

(Camelus dromedaries and Camelus bactrianus), llama (Lama glama and Lama guanicoe) 

A B 

C 



15 
 

and vicugna (Vicugna vicugna and Vicugna pacos). The percentage of hcAb if compared to 

the whole immunoglobulins repertoire in the serum of these animals is variable with the 

maximum ratio observed in camels (between 50-80%) and the minimum ratio observed in 

South American camelids (10-25%)9. 

They belong to the immunoglobulin γ antibody class (IgG) and in particular to IgG2 and 

IgG3 subclasses for their ability to bind protein A and protein G respectively10; in IgG2 

subclass it is possible to identify with pH-controlled elution fractions of IgG2a and 

IgG2b11. 

The presence of heavy chain IgG subtype can be easily explained by their origin: a single-

nucleotide G-to-A point mutation occurred in IGHG gene encoding IgGs heavy chains 

determining the loss of consensus splicing site (GT) at 5’ end of the intron between the 

CH1–hinge exons; thus CH1 domain is eliminated during splicing12. This mutation explains 

contemporary the CH1 domains and light chains absence in mature hcAb: heavy and light 

chains of antibodies are expressed in endoplasmic reticulum (ER) and the heavy chains 

are retained in ER by the bind of BiP protein (heavy chain binding protein) to CH1 domain. 

BiP is the major ER protein involved in translocation, secretion, quality control and 

degradation of secreted proteins13 and only when the light chains replace BiP in the 

binding to heavy chains, the mature Ab can be secreted. In absence of CH1 domain, hcAbs 

are not able to recruit BiP and they are secreted without light chains14 (Figure 3). 

 

 
Figure 3

15
 Schematic representation of antibody’s expression in endoplasmic reticulum (ER). A) Physiological 

expression of antibodies in presence of CH1 domain. B) Expression of heavy chain antibodies in absence of 
CH1 domain. 

Then it is possible to deduce that the elements that produce the heavy chain of hcAb are 

specific for them and present this typical point mutation even if they are located in the 

same locus of conventional antibodies in camelids genome. 

Also, the variable domains of hcAb originate from dedicated germ line genes called 

IGHVH, probably derived from mutated IGHV genes (encoding for variable regions of 

A B 



16 
 

conventional Ab)16. The ratio of IGHVH comparing to IGHV genes varies between species 

ranging from 40% of IGHVH in dromedary to 20% in alpaca17. During B-cell lymphopoiesis 

both IGHVH and IGHV genes are involved in V-D-J recombination (i.e. the process during 

B-cell development in which one variable (V), one diversity (D) and one joining (J) 

segments are randomly rearranged from a gene cluster for the formation of the VH 

domain) and D and J gene pool are the same for both variable domains; then the principal 

differences between the variable domains of canonical IgGs and heavy chain IgGs reside 

in nucleotide sequence of V genes. The structure and sequence of the variable domain of 

hcAb will be discussed in depth in the next paragraph but it is interesting to note that the 

presence of peculiar sequences (i.e. palindromes) that are unstable, may lead to a faster 

gene evolution and consequently a faster expansion of IGHVH repertoire, promoting their 

maintenance during evolution18. 

1.2. Structure of heavy chain antibodies and their variable domains 

The structure of IgGs is well known and highly conserved trough mammals: two identical 

heavy chains and two identical light chains join by hydrophobic interactions and 

disulphide bonds. After papain digestion, three fragments of IgG are obtained: two Fabs 

(antigen-binding fragments) and one Fc (fragment crystallizable)19. 

The structure of hcAb Fc region is the same of 
conventional IgG (Figure 4): every chain of the 
Fc is composed by two domain conserved in 
sequence and structure: constant heavy 3 and 
2 domains (i.e. CH3 and CH2 respectively). 
Both domains fold in a constant structure of 3-
strand/4-strand β sheet pinned together by an 
intrachain disulphide bond and are responsible 
for the effector function of the entire 
antibody20. 
HcAb lacks the CH1 domain so they are smaller 

than conventional IgG (~90 kDa compared to 

~150 kDa) and the variable domain is directly 

connected to the constant domains through a 

hinge region. The hinge region of IgG2 fraction 

is longer than that of IgG3 subclass and 

contains Pro-Gln repeats which probably 

replace the CH1 domain21. 

HcAbs are also devoid of light chains thus their 

variable region consists of a single domain called VHH (variable heavy domain of heavy 

Figure 4 (modified by
21

) Schematic 
representation of IgG2 and IgG3 subclasses of 
hcAb. 
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chain antibody) or nanobody (Nb) that thanks to a set of characteristics renders the 

binding of hcAb to the antigen comparable to that of conventional antibodies (Figure 5)22. 

The folded variable domain comprises nine β strands (A-B-C-C’-C’’-D-E-F-G) organized in a 

4-strand/5-strand β sheet connected by loops and by a disulphide bond between Cys23 

and Cys94. The sequence within β sheet is conserved and can be divided into 4 conserved 

and structural regions called framework (FR). FRs surround three hypervariable regions 

that represent loops and are called complementary determining regions (CDRs) primarily 

responsible for antigen binding23. 

What differs VHHs from canonical VH domains are notable differences mainly in FR2 (i.e. 

the second conserved region 

starting from the N-terminus) 

and in CDRs. A VH FR2 

presents four conserved 

hydrophobic amino acids 

(Val47, Gly49, Leu50, Trp52) 

that interact with the VL 

(variable domain of the light 

chain) creating a hydrophobic 

core; in VHHs these four amino 

acids are replaced by 

hydrophilic or smaller ones 

(mostly Phe42, Glu49, Arg50, 

Gly52) probably for a more 

stable exposure to the solvent 

in absence of light chains24. 

In order to contrast the lack of 

a VL domain and then of three 

CDRs that contact the antigen, 

VHHs have longer CDR1 and 

CDR3 that create an antigen-contacting surface of 600-800 Å2 25 comparable to classical 

VH-VL interacting surface (600-900 Å2 26). While a longest CDR1 loop can be explained by 

the germline gene architecture, a longer CDR3, with an average length of 16 amino acids 

compared to 12 of a canonical CDR3, is probably selected during B cells maturation 

because contributes to a high affine and specific target binding21. 

Rather than sequence variability or length, for CDR1 and CDR2, high flexibility and 

structure variations are probably responsible for the high-affinity recruitment of the 

target27,28. 

Figure 5 (modified by
21

) Schematic representation of a VHH with 

CDRs and FRs. FR are represented in grey and the disulphide bond in 

yellow. Peculiar amino acids of VHH are highlighted. 
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An extended and flexible CDR3 loop (which position is probably determined by the first 

amino acid of FR429) implies a counterproductive entropy; that is the reason why camel 

VHH often present an extra pair of cysteine that forms a disulphide bond in which CDR3 is 

involved30. The presence and the position of this extra S-S bridge vary between species: in 

llama, it is less frequent probably due to a shorter on average CDR3, in dromedary, it is 

frequently present between CDR1 and CDR3 and rarely between CDR3 and FR231. In rare 

cases of short CDR3 the disulphide bridge is absent and the loop assumes a stretched 

twisted turn conformation similarly to VH domain to stabilize its structure32. 

VH domains of canonical immunoglobulins can be classified into three clans (I, II and III), 

which are defined as clusters containing an overall 80% DNA sequence identity33. Analysis 

of rearranged VHH clones classified them in clan III with a high identity with human IgG 

VH domain24. VHHs can also be classified in at least four subfamilies (1, 2, 3 and 4) based 

on five key residues (i.e. 4, 6, 7 and 10) and the additional disulphide bond position that 

characterise each subclass regardless of species origin31. 

1.3. Heavy chain antibodies in other species 

Heavy chain antibodies are present in human and supposedly in other animals in case of 

aberrant conditions34, but surprisingly the Camelidae family is not the only one that 

possesses heavy chain antibodies in its natural immune repertoire: in 1995 Greenberg 

and colleagues observed the presence of a new antigen receptor (NAR) in nurse shark 

(Ginglymostoma cirratum)35. Subsequent analysis revealed that NARs possess a structure 

similar to hcAb: they are composed by two covalently associated heavy chains that lack 

light chains and CH1 domains; the heavy chains are composed by six domains, of which 

five are constant and one variable36. Following studies demonstrated that after 

immunization an IgNAR response is elicited (i.e. they share some functional features with 

immunoglobulins) with a similar kinetic as IgM response37, even if they probably 

originated from IgW subtype, a primordial immunoglobulin class presents in sharks38. 

Now the presence of IgNAR has been observed in many cartilaginous fishes (i.e. nurse 

sharks, wobbegong shark, spiny dogfish, banded houndshark, bamboo shark, rays and 

holocephalins)39 and the presence of similar and peculiar antibodies in such diverse 

species arises a series of questions to which scientists are trying to answer. 

Phylogenetic studies underline that heavy chain antibodies in camelids emerged and 

diverged from immunoglobulin-γ ~25 million years ago after Tylopoda split from other 

mammals and before the camel and llama speciation40. IgNAR is found in all 

elasmobranchs, thus emerged at least 220 million years ago, probably from IgW subtype 

even if it is impossible to exclude their classification as primordial immunoglobulins41. 

These data support a convergent evolution of heavy chain antibodies in different 
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species18 that should involve different steps: the first constant domain (CH1) of the heavy 

chain should be absent or extensively modified, a repertoire of single V domain must be 

generated and the single V domain should be soluble. The concomitance of these events 

can be explained by a positive selective 

pressure that can be clarified by an advantage 

of the immune system to develop antibodies 

with a smaller antigen-binding site42. A 

minimal-size V domain has a smaller binding 

site on the antigen and provides access to 

cryptic and concave epitopes, like catalytic 

cleft of enzymes, that are inaccessible to 

classical antibodies25. 

This functional explanation may be the reason 

why evolution promoted heavy chain 

antibody maintenance and this theory is 

supported by the fact that also other animals 

like cows and human produce 

immunoglobulins that compensate the flat 

antigen interaction of VH/VL paratope. In case 

of HIV type 1 infection in some humans, a broad and potent immune response occurs and 

recent studies identified the genes encoding for peculiar long CDR3 Abs as the 

responsibles43,44. In bovine unusual long CDR3 Abs naturally appeared: they can make up 

to 10-15% of the immune repertoire and their CDR3 can reach 60-70 amino acid length 

with a typical “mushroom” shaped domain (Figure 6)45. 

  

Figure 6 (modified by
45

) Representation of long 

CDR3 bovine antibodies, CDR3 is indicated in red 

and presents the “mushroom” shaped domain. 
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2. The debut of new immune-like biotechnological tools 

The use of polyclonal and monoclonal antibodies in therapy and diagnosis is very spread 

and useful but it presents some limitations. It takes between six months and a year to 

develop ready-to-use antibodies and often the process involves animal vaccination. Their 

large size (~150 kDa) renders hard the penetration in small blood vessels like capillaries 

and they do not enter in cells where reducing intracellular environment, not appropriate 

for disulphide bonds formation, contributes to their lack of function46. Furthermore, in 

recent years a reproducibility crisis is the center of attention underlining that a lot of 

published antibodies present cross-reactivity, loss of structural integrity and batch-to-

batch variances47,48. 

In order to overcome a part of these issues in the last decades a lot of antibodies 

derivatives have been developed: antibody Fab and F(ab)2, which derive from IgGs 

proteolysis and lack of the Fc region, and single-chain Fvs, which consist only of 

interacting VH and VL domain connected by a flexible polypeptide linker49 (Figure 7). 

These fragments conserve the VH-VL interface, thus maintain the target affinity of the 

entire antibody, but their reduced size permits better tissues penetration; nevertheless, 

Figure 7 (modified by
49

) Schematic representation of IgG antibody, principal antibody fragments and 

antibody mimics. 
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shortcomings like a low level of expression, instability and a flat paratope still are 

present50. Trying to minimize the dimension of the binding domain, studies in which only 

the human VH domain is solubilized and modified are present, but without the respective 

VL domain the high risk of reducing target affinity is evident51,52. 

In parallel to antibody fragments, antibody mimics were developed: soluble scaffolds are 

exploited in order to introduce paratopes in loops mimicking variable domains of 

immunoglobulins. They can be usually produced in Escherichia coli, are cysteine-free, are 

immune-independent and offer more modularity and reproducibility compared to 

antibodies and antibody fragments53. 

Good illustrations of antibody-like molecules are Affibodies and Designed Ankyrin Repeat 

Proteins (DARPins), both currently studied for therapeutic and diagnostic applications 

(Figure 7). Affibody molecules are small (~7 kDa) and derived from alpha-helical Z-domain 

of Staphylococcal protein A; they are very soluble, stable and their loops can be 

engineered in order to simulate CDRs of antibodies54. Different Affibodies are now 

available, i.e. the Affibody that binds EGFR is an interesting example55. 

DARPins are synthetic binding proteins that present engineered loops in a stable scaffold 

composed of ankyrins alpha-helical structural motifs repeated in tandem56. They can 

reach picomolar affinity for their target and are very robust57; it is interesting to note that 

an anti-HER2 DARPin reached a similar sensibility to FDA-approved antibodies for the in 

situ identification of HER2 expression status in breast cancer tissue58. 

2.1. Nanobodies as a new biotechnological tool 

During the research of smaller and smarter antibody-like molecules, the accidental 

discovery of heavy chain antibodies appeared like an interesting opportunity59. They bind 

the target with a single variable domain which if expressed alone is soluble and maintains 

the same binding affinity of the entire immunoglobulin60; it should not surprise that 

Muylerdmans and colleagues after their finding decided to open a university spin-off 

called Ablynx, specialized in the development and production of Nbs (name coined by 

them) as new immune biotechnological tolls61. Now the society has a turnover of € 55.5 

million per year and has 8 product in clinical development62. 

What distinguishes Nbs from other antibody-like molecules is that they underwent 

selective pressure to be naturally soluble and they are subject to in vivo affinity 

maturation; thus despite the presence of only three CDRs their antigen specificity and 

affinity are of a good quality, routinely in a low nanomolar or picomolar equilibrium 

dissociation constant range. Their small size (~ 15 kDa) allows them to penetrate in the 

tissue where vascularisation is small or irregular (i.e. tumor tissues)63 and to pass blood-

brain barrier64. 
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Nbs are encoded by only one small gene that can be easily manipulated and cloned in 

every expression vector of interest, furthermore in vitro affinity maturation (i.e. error-

prone PCR, DNA shuffling) can be quickly performed65. For protein expression commonly 

a simple bacterial expression system is chosen (like Escherichia coli), in which a secretion 

signal exports the antibody fragment in periplasm where the oxidizing environment 

permits disulphide bonds proper fromation66. Usually, a single flask of bacterial culture 

allows obtaining several milligrams of protein. In addition, Nbs can be expressed in 

different microorganisms like yeast67,68, mammalian cell lines69, plants70 or, if necessary, 

they can be easily recovered from inclusion bodies71. 

The VHH domain is very stable, can be conserved also high-concentrated and can be 

stored for a long time without losing its binding capacity. It resists under stringent 

conditions and thermal denaturation, showing in some cases the ability to renaturate: a 

VHH usually denatures in 2-3 M guanidinium solutions and at 60-80°C72, though some 

VHHs can resist up to 90°C73. Different studies tried to explain the role of disulphide 

bonds in Nbs thermoresistance and refolding: disparate modifications were introduced 

(point mutation, disulphide bridge addiction) in order to enhance their intrinsic stability74 

but discordant results were obtained75,76; thus Nbs stability is probably a multifactorial 

phenomenon. 

Nbs are low immunogenic due to 

their small size and rapid renal 

clearance from the blood77, 

furthermore, they share a high 

sequence identity with human VH 

III family78, indeed no immune 

response was observed when VHH 

where injected in mice or 

humans79,80. 

The unique convex paratope 

conformation of VHHs renders 

them particularly suitable to bind 

cryptic epitopes or to stabilize proteins in peculiar conformations81,82 (Figure 8). For these 

reasons different Nbs were used during crystallisation experiments83 or to inhibit/activate 

enzymatic activity84,85. 

Despite these undeniable advantages, Nbs have also shortcomings of which the mains are 

a complete lack of effector function (except for a possible steric encumbrance86) and a 

too quick clearance from the blood for therapeutic applications. Different solutions are 

reported in the literature to overcome these disadvantages: polyethylene glycol (PEG)-

Figure 8 (modified by
82

) Pymol images: A) A VHH interacting with 

egg chicken lysozyme active site; B) A VH/VL fragment 

interacting with egg chicken lysozyme. 

A B 



23 
 

ylation, coupling to abundant serum proteins, such albumin, for enhancing their retention 

in the body87,88 or conjugation to Fc regions or enzymes to enhance their effector 

activity89,90. 

2.1.1. Production of nanobodies 

The first and still most widespread way to obtain Nbs with a low nanomolar affinity 

against a target is to immunize a member of a Camelidae family with the antigen of 

interest, exploiting the natural immune response of the animal for in vivo affinity 

maturation. After 6-8 weeks immunization scheme with a purified protein or DNA91,92 (i.e. 

when a purified antigen is difficult to obtain), 50 ml of anti-coagulated camelids blood are 

collected and mRNA is extracted. After reverse transcription, cDNA that codifies for Nbs 

can be cloned in any vector of interest and a size of 106 individual transformants for 

immune libraries is usually enough to obtain high-affinity binders93. Since llamas and 

camels are bulky and difficult to maintain, transgenic mice that express heavy-chain-only 

antibodies are available94. 

When antigens are pathogenic, toxic or in the case of small non-immunogenic molecules, 

immunization is not always feasible. In these cases, non-immune naïve libraries can be 

built using usually more than 1 liter of blood samples from different not immunized 

individuals95. A large size of the library is necessary (up to 109 different Nbs) in order to 

compensate the lack of antibodies somatic maturation and additional in vitro maturation 

techniques, such as DNA shuffling or error-prone PCR, are often requested96–98. 

In order to avoid animal care duties also in vitro production of antibodies, incubating 

peripheral blood mononuclear cells in presence of the antigen, were performed but often 

low affinity (μM) binders were obtained99. 

Also semisynthetic/synthetic libraries can be built bypassing the need of camelids blood; 

in these cases, a stable VHH (i.e. natural or synthetic) is chosen as a scaffold and its CDRs 

are randomized in order to mimic the in vivo diversification of natural Nbs. Thus 

semisynthetic/synthetic libraries have higher CDR3 diversity than the naturally occurring 

naïve VHH domains and are easily manipulable in their sequence, but also for these 

libraries a large diversity of different clones is needed to compensate the lack of 

antibodies somatic maturation100,101. 

The most interesting example of synthetic Nb library is the one described by Moutel and 

colleagues in 2016. Basing on a robust scaffold, they introduced synthetic diversity in 

CDRs controlling each position of CDR1 and CDR2 determined by statistical analysis of the 

diversity found in more than 200 natural VHHs; instead every position of CDR3, that could 

be of four variable lengths (9, 12, 15 and 18 amino acids), was randomized. A high-

complexity library was obtained (109 different individual Nbs) and after phage display 
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analysis high-affinity binders (i.e. with dissociation constants from 10 nM to 50 pM) were 

found102. 

A plethora of techniques are available for the analysis of Nb libraries but the most robust 

and diffuse method is the phage display. First described in 1985103, it exploits the fusion 

of peptides or proteins to coat proteins on phages surface. The library is cloned in a 

phagemid vector in frame with phage proteins (gIIIp or gVIIIp in case of the most common 

M13K07 phage) and transformed in appropriate E. coli strains. To generate phages that 

display Nbs on their surface, an infection with helper phage on E. coli is performed and 

displaying phages are used for biopanning. Usually the antigen of interest is adsorbed on 

microtiter plates wells and phages are added, only the ones that display binding Nbs on 

their surface will resist to successive washing step and will be recovered for analysis or 

further pannings (Figure 9)15; usually 2-3 rounds of panning are enough to obtain high-

affinity binders for the most 

of biomedical applications. In 

the end single displaying 

phages (and then Nbs) are 

often analysed with an 

enzyme-linked 

immunosorbent assay (ELISA) 

and Nbs of interest subcloned 

in expression vectors for 

further analysis104. 

The first Nb obtained by 

phage display was published 

by Arbabi Ghahroudi and 

colleagues in 1997105 and 

since then myriads of new 

Nbs were identified with this 

technique106,107. 

Many alternatives to phage 

display method were developed in the last decades. Cell surface display permits the 

localisation of antibodies on the surface of yeast or bacteria, which are sufficiently large 

to be detected in flow cytometry. This approach enables fluorescence-based analysis (i.e. 

fluorescence-activated cell sorting (FACS)) and permits to directly quantify the target 

affinity of each displayed antibodies avoiding subcloning of the candidates. Furthermore, 

yeast has a secretory pathway similar to that of higher eukaryotes ensuring the secretion 

of only properly folded proteins67,108–110. 

Figure 9
15

 Schematic representation of biopanning with M13 phage. 
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The most interesting example of a Nb yeast display library is the one described by 

McMahon and colleagues. They produced a synthetic Nb scaffold based on a consensus 

sequence derived from the alignment of the VHHs present in Protein Data Bank and 

randomized four high variable position in CDR1 and CDR2 (in order to maintain a 

homogenous solubility and stability) and seven, eleven or fifteen positions in CDR3. The 

possible amino acids introduced in randomization were chosen analysing the frequency of 

each amino acid in every position of the previously mentioned alignment and they refined 

and speeded up the yeast display technique raising high-affinity binders against G 

protein-coupled β2 adrenergic receptor111,112. 

Cloning a gene library in a vector of interest implicates the library complexity decrease 

due to molecular cloning and transformation procedures limitations. Thus different 

techniques to screen antibody libraries avoiding cloning procedures, like ribosome display 

(RD) and CIS display, were established. 

In RD the coupling of genotype and phenotype (necessary in every screening procedure) 

is accomplished during in vitro translation by stabilizing the complex consisting of the 

ribosome, mRNA and the nascent Nb polypeptide. The DNA library is fused to a spacer 

sequence lacking the stop codon, which after in vitro translation occupies the ribosomal 

tunnel and thus allows the protein of interest to protrude out of the ribosome and fold. 

Indeed the ribosomal complexes that expose different Nbs are allowed to bind to the 

surface-immobilized target and to perform biopannings. In the end mRNAs of the 

complexes displaying a binding polypeptide can be recovered and sequences are available 

for further analysis113. 

CIS display (CD) exploits the ability of the DNA replication initiator protein RepA to bind 

exclusively to the template DNA from which it has been expressed. A peptide library can 

be fused to a DNA fragment that encodes RepA and after in vitro transcription and 

translation, a pool of protein–DNA complexes is formed where each protein is stably 

associated with the DNA that encodes for it. These complexes are able to be used for 

library screening114. Both techniques (RD and CD) were successfully used for Nb library 

screening providing new Nbs for biotechnological applications115,116. 

Ingenious methods can also be found in literature in order to speed up the final steps of a 

library screening: directly subcloning all the VHHs obtained from the third panning in a 

biotin acceptor peptide providing vector permits to obtain a pool of biotinylated Nbs 

suitable for flow cytometry and mass spectrometry final analysis. This technique is 

applicable to changeling and complex antigens located on whole cells, indeed antibodies 

against MHC II and mouse CD45 receptors were isolated117. 

One least to mention approach was developed in order to identify Nbs that work in 

reducing conditions (like intracellular environment) miming the yeast-two-hybrid system. 
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The antigen of interest is fused to the α-subunit of RNA polymerase and the VHH library is 

fused to λcI (that binds the phage λ operator). Both constructs are transformed in E. coli 

strains that present a reporter gene (i.e. aadA that confers streptomycin resistance) 

under the control of λ operator; thus clones, in which Nbs and antigen interact, can be 

easily identified because reporter gene transcription is permitted. This approach led to 

the isolation of VHH against HIV-1 integrase and GFP118. 

2.1.2. Applications of nanobodies 

Despite some sharks VNAR tools were developed39, the burst of Nbs application in the last 

years is much more appreciable, probably because of the much easier ways they can be 

obtained. Nbs are now commonly used in research, diagnosis and soon in therapy; here 

some examples will be reported. 

2.1.2.1. Nanobodies as research tools 

The first interesting to mention Nbs application is their tremendous and unexpected 

success as crystallisation chaperones119. Some hundreds crystal structure of Nbs are 

currently in Protein Data Bank and the majority of them are performed to solve the 

antigen structure93,121–135. Their success is probably due to their stability and their capacity 

to fix conformational variants of the target135–138. An example of crystallisation 

chaperones Nbs are the one against G-coupled receptors; since Rasmussen and 

colleagues identified the first VHH that fixed a receptor conformation, a lot of different 

crystal structure of β2 adrenergic and other G-coupled receptors (notably difficult to 

crystallise) are available137,139–142. 

Nbs can also be adsorbed on solid matrixes in order to extract their antigen from 

heterogeneous solutions or to analyse its post-transcriptional modification when VHHs 

can discriminate between their modified or not modified target143–146. The small size of 

Nbs permits a high-density coverage of the matrix and the absence of Fc region decreases 

unspecific binding on it; for these applications, a relative high dissociation constant for 

VHHs is requested in order to permit the antigen elution in mild conditions147. Also Nbs 

expressed in direct fusion with magnetic particles produced in Magnetospirillum 

gryphiswaldense are reported148; thanks to these features Nbs can be used for chromatin 

immune-precipitation149. 

Because of their stability in reducing environment Nbs can be used intracellularly as 

intrabodies150,151. They can interfere with the target activity or trace its movements in the 

cell; if conjugated to fluorescent proteins they are also known as chromobodies. Their 

capacity to trace the antigen was widely demonstrated conjugating different VHHs to the 

red fluorescent protein (RFP) and visualizing their antigen-coupled translocations by 
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confocal microscopy152. In order to reduce background signal a scaffold for the production 

of unstable VHHs is available, so the antibody is visible only if bound to its target, 

otherwise it is degraded by cell proteasome machinery153. 

Other nice and smart examples of the use of intrabodies are represented by the work of 

Bothma and colleagues and Tang and colleagues. Bothma and his team fused an anti-

enhanced GFP (eGFP) Nb to transcription factors (TFs) involved in fruit fly development 

and induced constitutive expression of eGFP in the Drosophila melanogaster embryo. 

When TFs are naturally expressed during maturation, the Nbs bind immediately eGFP 

enhancing its fluorescence and co-importing it in the nucleus; so following the 

fluorescence variation in single nuclei with confocal microscopy a real-time pattern of the 

TFs expression is visible154. 

Tang and colleagues exploited GFP endogenous expression for other purposes. Different 

constitutive GFP-expressing cell/mouse/zebrafish lines are commercially available and 

they demonstrated that GFP can be used as a scaffold suitable for gene manipulation. 

Different non-overlapping GFP Nb binders were selected and fused to DNA binding 

domain (DBD) or activation domain (AD) of various TFs and the correspondent expressing 

constructs were co-electroporated in GFP expressing cells (also in mouse retina or 

zebrafish embryo) with an additional vector bearing a reporter gene under the control of 

the selected TF. They demonstrated that the expression of the reporter gene was 

detected only in GFP expressing cell and in the case of effector reporter genes a GFP 

dependent effect was observed155 (Figure 10). 

Anti-GFP Nbs were used for a plethora of other creative applications like the degradation 

of endogenous proteins. The fusion of the Nb to the F-box of the ubiquitination 

machinery leads to  GFP-tagged proteins enrolment in proteasomal degradation156. The 

system turned out to be functional in vivo in fruit flies, zebrafish, plants and human cell 

lines157,158 and is applicable to other Nbs or degradation machinery domains159,160. 

It is also possible to use GFP binding VHHs to analyse protein-protein interactions (PPI). A 

versatile fluorescent-three-hybrid strategy was developed: fusing the Nb to a specific-

located protein it is possible to observe the recruitment of GFP-tagged proteins at that 

level. Only if GFP-tagged protein of interest interacts with a second protein bound to RFP 

a co-localisation near the Nb can be observed161. To analyse PPI anti-GFP Nb can be also 

used as a delivery system for one element involved in the energy transfer in resonance 

energy transfer assays (i.e. Fluorescence Resonance Energy Transfer)162. 
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If attached to a transmembrane portion and exposed on the surface of the cell, anti-GFP 

VHH can trap secreted GFP-tagged proteins preventing their spreading into tissue in order 

to investigate the effect of secreted proteins163. Alternatively, GFP can be fused to 

synapsis membrane protein and the GFP binder can be loaded with quantum dots (a 

semiconductor material) in order to analyse cell communication164. 

Anti-GFP Nbs were further involved in optogenetic studies where the antibody was 

included in a light-activated reversible inhibition by the assembled trap (LARIAT). In 

presence of light, the complex assembles enclosing the GFP-tagged protein which is 

trapped and its function inhibited165. 

Nbs can be used to modify cellular localisation of the target protein: if fused to signal 

peptides they co-transport their target in the selected localisation166, or if bound to 

Figure 10 (modified by
155

) Schematic representation of the performed experiment: A) Three plasmids were 

electroporated in mouse retina, one bears the reporter gene, one the AD fused to an anti-GFP Nb and one the 

DBD fused to a second anti-GFP Nb; B) Only in presence of GFP the TF is complete and can activate the 

transcription of the reporter gene; C) Explanation of the single elements in the representation. 

A 

B 

C 
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membrane and fuse to mCherry proteins retrograde transport to Golgi can be 

visualized167. 

When VHHs are exposed to the surface of the cell and their target is expressed on the 

surface of another cell, Nbs can also be used to induce cell-cell adhesion: Glass and 

colleagues demonstrated that a general and tunable cell-cell adhesion toolbox can be 

generated168. 

Taken together all these features strongly demonstrated the high stability and versatility 

of Nbs, which are going to be involved in more and more biotechnological applications. 

2.1.2.2. Nanobodies in diagnosis 

Nbs are perfect devices for diagnosis: they display high affinity and specificity like 

conventional antibodies but present lower unspecific binding and are easy to tailor169. 

Different Nb variants were developed for their use in diagnostic tests: if combined with 

different tags (i.e. c-myc tag, Fc region) or enzymes (i.e. horseradish peroxidase (HRP) or 

luciferase) they can be directly used for the their antigen detection in in vitro assays (i.e. 

ELISA, Western Blot or flow cytometry) or through microscopy170–173. More broadly 

applicable Nbs are the ones 

directed against tags 

suitable for immune-

capturing or in situ 

detection of the antigen as 

primary or secondary 

antibodies174,175. 

Disparate biosensors with 

amperometric178 or 

chemiluminescence179 

detection strategies that 

includes VHH have been 

produced176,177; one 

interesting example is the development of an electrochemiluminescent immunosensor 

with Nbs that bind human procalcitonin, a biomarker of sepsis180,181. Dipstick devices182 

and agglutination183 tests with an immediate read-out for non-specialists in remote places 

are available. 

Because of their small binding sites, VHHs are also able to bind small protein-like toxins 

and can be used for the detection of mycotoxin in food184. 

Nevertheless, the most surprising results for the application of Nbs in diagnostic were 

obtained for in vivo imaging. When injected intravenously the labelled Nbs extravasate 

Figure 11
202

 PET/CT images of nu/nu female rats bearing SK-OV-3 (HER2-

positive) (left) or MDA-MB-435D (HER2-negative) (right) tumor 

xenografts at 1 h after injection of 68Ga-NOTA-2Rs15d. 
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rapidly in tissues and localize specifically in the target tissue. Unspecific signal is visible in 

kidneys and bladder because the size of VHHs is below the renal cut-off, but at the same 

time, the rapid clearance of Nbs permits a perfect noise/signal ratio after short post-

injection time compared to conventional antibodies. Furthermore, the short half-life in 

vivo reduces the side effects of labelled antibodies185–190 and examples in which VHHs 

crossed blood-brain barrier (BBB) are reported, opening unexpected possibilities for brain 

imaging191–193. The most interesting field in which this application has been explored is the 

identification of cancer biomarkers (i.e. CEA, EGFR, HER2) for PET/SPECT imaging194–198 or 

for image-guided surgey199,200. The most successful Nb probe is a VHH anti-HER2 

conjugated to 68Ga for PET imaging, which after preclinical experiments (Figure 11) in 

2016 came to clinical phase I trial201–203. 

2.1.2.3. Nanobodies as therapeutics 

Like immunoglobulins, Nbs have wide potentials for therapeutic applications. Despite 

their lack of effector function, they can be potent drugs, as demonstrated by the success 

that Caplacizumab (developed by Ablynx) had in the treatment of thrombotic 

thrombocytopenic purpura (TTP): the Nb completed Phase III studies and is expected to 

be launched on the market in 201880,204. 

A shortcoming that inhibits the use of Nbs as therapeutics is a feature that renders them 

perfect diagnostic tools: their short half-life in vivo. A rapid renal clearance leads to a 

short permanence of the drug in the bloodstream and frequent administration steps are 

needed. Different strategies have been developed in order to enhance the permanence of 

Nbs in the blood: PEG-ylation inhibits renal clearance; conjugation to Fc domain of 

conventional antibodies or to nanoparticles increase the dimension of Nbs and enhance 

the interactions performed in the bloodstream; coupling the Nb to human abundant 

serum proteins (i.e. albumin) or to an another VHH that binds them, also boosts blood 

permanence increasing interactions with blood elements205. Namely, conjugation to an 

anti-albumin VHH leads to the accumulation of the complex in inflamed areas where 

albumin is abundant206. With these implementations, Nbs are currently studied as 

therapeutic molecules. 

One of the branches in which antibody-based treatments are successful is cancer therapy, 

so also new Nb-based drugs are in active research207,208. Lacking of effector functions, Nbs 

can have a direct antagonist effect, suppressing for example signal transduction: their 

target should be preferentially extracellular, overexpressed in tumor cells (i.e. HER2, 

EGFR, HGF) and the Nb binding should interfere with receptor-ligand interaction. 

Different Nbs showed a successful inhibition of solid tumor growth in vitro and in vivo209–

212 and others show enhance anti-tumor activity when fused to cell-internalizing 
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peptides213. VHHs can also inhibit metastasis acting against cytoskeleton protiens214 or 

proteins involved in angiogenesis215–217. 

Nbs can also act as agonist in cancer treatment as reported by Rozan and colleagues. In 

this case, a Nb against carcinoembryonic antigen (CEA) was fused to an anti-Fc-γ-RIIIa Nb. 

Fc-γ-RIIIa is a receptor exposed on natural killer cells (NK), mononuclear phagocytes and 

neutrophils and upon Nb binding to it, an agonistic reaction occurred boosting interferon-

γ response218,219. 

To enhance effector activity of Nbs they can be conjugated to anti-tumor moieties like 

Pseudomonas exotoxin A220,221, cytotoxic TRAIL protein222, urase223 or β-lactamase (which 

activates the cephalosporin nitrogen mustard prodrug90). 

Nbs can also be used to engineer immune T cells with chimeric anti-tumor receptors: 

after patients administration, 

modified T cells accumulate 

on cancer cells. Furthermore, 

surface Nbs, linked to 

intracellular signal 

transduction domain through 

a hinge region, co-stimulate 

endodomains and immune 

response224–226. 

Likewise VHHs can be used to 

functionalize drug delivery 

systems in order to reduce 

the side effects of the drug 

and to enhance the 

circulating time of the 

antibody227,228 (Figure 12). 

Examples of decorated 

liposomes are present in 

literature as well as cross-

linked albumin 

nanoparticles229 or PEG-liposomes. In the latter case, an interesting study demonstrated 

that loading a PEG-liposome with anti-EGFR Nbs and IGF-1R kinase inhibitor, induced 

accumulation of the nanoparticles on tumor cells and inhibited activities of both target 

receptors230. A new interesting class of carrier systems are polymerisomes, which are 

stabilized liposomes that can carry a large amount of drug231,232; also extracellular vesicles 

Figure 12 (modified by
205

) Schematic representation of nanoparticles 

that can be decorated with Nbs. 
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are rising as new drug delivery system because they are rapidly taken up by cells although 

with low specificity and they are rapidly cleared from bloodstream233,234. 

Linking radionuclides to Nbs can deliver a high dose of radiations directly to the tumor 

inducing cancer regression, indeed different radioisotopes were conjugated to VHHs235–

237. However, the Nb high renal retention can lead to unwanted radiation damage, so 

D’Huyvetter and colleagues generated an anti-HER2 Nb linked to 177Lu radionuclide and to 

overcome renal accumulation they co-infused the construct in mice with Gelofusin, a 

plasma expander. The research team demonstrated that Nbs could still reduce tumor 

growth and renal retention was significantly reduced238. 

An alternative to radionuclide treatment is photodynamic therapy (PDT) in which cell 

death is induced by activating a Nb-conjugated photosensitizer by light exposure63,239,240 

or photothermal gold nanoparticles after laser irradiation241. 

Cancer is strongly correlated with inflammation in which tumor necrosis factor (TNF) is 

the major key player, so it is not surprising that different VHHs against TNF have been 

developed242–244. A recent and interesting analysed construct is a trivalent biparatopic 

VHH linked to an anti-albumin Nb which competes with TNF on binding TNF receptor 1 

(TNFR1); this complex is efficient in vivo and is a candidate for the treatment of 

autoimmune diseases that now are approached with anti-TNF blocker245. However, the 

most successful humanized, trivalent, bispecific Nb anti-TNF is ATN-103 or ozoralizumab 

developed by Ablynx which terminated with success the Phase IIa trial for the treatment 

of rheumatoid arthritis246. 

Nbs can also be used to interfere with T cells function: ADP-ribosyltransferase C2 

(ARTC2.2) is an ectoenzyme expressed on the surface of T lymphocytes and, when 

activated by NAD+ inflammation response, can lead to natural killer (NK) cell death. A VHH 

against ARTC2.2 restored NK cell population in diabetogenic mice, in which are naturally 

depleted, decreasing the development of type I diabetes mellitus247. 

Also interleukins (ILs) play an important role in immune response, indeed two anti-ILs 

Nbs, developed by Ablynx, are currently in clinical studies: ALX-0061 or vobarilizumab, 

that blocks IL-6 receptor, completed Phase II study for rheumatoid arthritis (RA) and 

systemic lupus erythematosus (SLE)248,249 and ALX-0761 against IL-17A and IL-17F 

completed Phase Ib stage in patient with psoriasis250. 

Nbs can interfere at different levels with virus/bacterial infection, the simplest of which is 

to prevent pathogen attachment251. Intranasally administrated neutralising Nbs against 

influenza virus (i.e. H5N1 or H5N2) prevent viral attachment252,253 and an anti-hepatitis C 

virus VHH inhibits virus cell entrance and virus transmission254. 

A Nb that can act intracellularly can interfere with further infection steps: different 

intracellularly expressed Nbs demonstrated their preventive activity255–257 but 
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“tranbodies” that can penetrate in cells are more suitable for patient administration. The 

fusion of VHHs to cell-penetrating peptides or the use of penetrating positive 

scaffold258,259 are exploited inducing Nbs anti-viral effects260. 

It is interesting to mention two peculiar approaches in the development of anti-viral Nbs: 

expression of Nbs against rotavirus (RV) on the surface of lactobacilli leads to lactobodies, 

which, when orally administrated, might be prophylactic against RV-induced diarrhea261. 

When the administration of live vaccines is contraindicated, exploiting a rice-based 

expression system for the expression of anti-RV VHHs may be useful262. In both cases, the 

high stability of Nbs permits their oral administration because they resist to proteolytical 

degradation in the upper gastrointestinal tract263,264. 

Also anti-viral Nbs reached clinical trials: an anti-RV Nb showed good results in Phase II/III 

for the treatment of 

diarrhea in India and further 

development are 

expected265,266. ALX-0171 Nb, 

when inhaled, block the 

uptake of respiratory 

syncytial virus (RSV) at the 

pulmonary level and is 

currently in Phase llb 

trial267,268. 

In order to enhance the 

prevention of enteric 

infections, Virdi and 

colleagues linked an anti-

enterotoxigenic Escherichia 

coli (ETEC) Nb to a porcine IgA Fc region and expressed the fusion protein in Arabidopsis 

thaliana seeds. After administration of engineered seeds, the cumulative action of the 

antibody and of the mucosal immune response stimulated by the Fc region leads to the 

reduction of infection pressure in piglets269 (Figure 13). 

Furthermore, in order to overcome antibiotic resistance, Nbs against bacterial enzymes 

can be elicited: VHHs against β-lactamase (that confers antibiotic resistance) of Bacillus 

cereus84 and UreC (a subunit of urease, fundamental for acidic resistance) of Helicobacter 

pylori270 are reported. 

Even if less described, Nbs can be generated also against parasite and fungi. The most 

interesting study is about the discovery of a potent VHH against Africa trypanosome 

parasite: the antibody is active in vivo and when bound to β-lactamase, which activates a 

Figure 13 (modified by
205

) Schematic representation of the action of 

anti-ETEC Nb linked to IgA Fc region. 
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prodrug, leads to parasite kill86,271. Instead, when conjugated to truncated apolipoprotein 

L-I, that lysis Africa trypanosomes, or exposed on PEG-ylated polylactic-co-glycolic acid 

nanoparticles the Nb presents full curative activity in mice79,272. 

Highlighting their versatility, Nbs can also be found in medical shampoo. A Nb against a 

surface protein of Malassezia furfur fungi, implicated in the formation of dandruff, 

inhibits its epidermal adhesion273. 

Last but not least as conventional antibodies, Nbs can be used as detoxifying agents with 

a good tissue penetration potential; successful antidote were created against 

scorpions274,275 and cobra276 venoms. Also, VHHs against LPS of Neisseria meningitidis277, 

cholera toxin278, toxin of Bacillus anthracis279 and botulinum neurotoxins68,280 have been 

reported, even if it is not yet clear if they can be used in humans. 

In conclusion, Nbs represent a new potent and promising tool that brought a breath of 

fresh air in research, diagnosis and therapy. Now remains to be seen how camelids will 

inspire new researches in the future. 
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Aim of the project 

Since nanobodies (Nb) are taking powerfully their place in biological and medical fields, 

the development of new technologies for their expression and discovery are growing 

exponentially1. 

In this evolving context, my Ph.D. project is located and has the aim of developing a novel 

platform for Nb expression, selection and improvement to render them appropriate for 

future applications. The platform is based on a scaffold used for Nb expression and 

selection. Among known camelid VHHs, 783 non-redundant llama sequences were 

selected from ABVDDB database (http://swift.cmbi.ru.nl/mcsis /systems/ABVDDB/) 

because were the most abundant and had the predominant presence of only one S-S 

bridge2. The alignment of the aforesaid sequences allowed me to obtain a consensus 

scaffold consisting of the conserved regions (framework regions, FRs) in which every 

position is occupied by the most represented amino acid in the alignment. 

The use of this consensus framework scaffold (CFW) as universal acceptor of natural or 

artificial Nbs complementary determining regions (CDRs) is expected to permit bacterial 

expression of soluble and stable antibodies. Comparing to expression and selection of 

natural VHHs, these new Nbs with homogenous FRs should permit the standardization of 

their production and application protocols3. 

Starting from these assumptions, once established the possibility to obtain high-

expressed, soluble and functional Nbs after CDRs grafting in the consensus scaffold, I set 

different goals to develop a functional platform for new Nbs selection and for their 

improvement for diagnostic and therapeutic applications: 

1. By keeping the CFW as constant scaffold if artificial semi-random sequences, 

corresponding to the hypervariable CDRs, are grafted into it, a library of different 

artificial potential binders can be obtained. Thus I decided to build a semi-random 

artificial Nb library from which potential binders against any target of interest can 

be selected. I chose Ribosome Display as selection method because allows 

reaching a very high library complexity simulating the natural llama Nb repertoire 

so as to increase the possibility to select new binders4 (Chapter 1). 

2. To reduce the risk of immune rejection before their application on patients 

antibodies need to be humanized (i.e. render their sequence as similar as possible 

to human antibodies). For this reason, I decided to humanize the sequence of the 

CFW scaffold (hCFW) to render it suitable for human applications. Altering the 

sequence of functional antibodies can modify their solubility and activity5; thus 

after hCFW validation, I decided to build a humanized version of the semi-random 

http://swift.cmbi.ru.nl/mcsis%20/systems/ABVDDB/
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artificial Nb library to select already humanized new Nbs. I have chosen to use 

Phage Display as a selection method because is the easiest and most widespread 

technique and can be applied in almost every laboratory exploiting simple 

methodologies6. I also established to develop a new vector suitable for speeding 

up Phage Display selection (Chapter 2). 

3. The low immunogenicity of Nbs can be an advantage in the therapeutic field but 

is a limitation for diagnostic applications because secondary antibodies against 

VHHs cannot be elicited7. In order to solve this problem, I decided to develop a 

quick and cheap method to conjugate Nbs to a part of immunoglobulin constant 

region (Fc region) for rendering them detectable through secondary antibodies. 

Since the direct fusion of Nbs to immunoglobulins Fc regions usually leads to 

difficult-to-express proteins8, I introduced an in vitro protein ligation system (i.e. 

SpyTag - SpyCatcher9) for building conjugated VHH-Fc starting from already 

expressed modular peptides (Chapter 3). 

4. In collaboration with the company Preclinics (Potsdam, Germany), I chose to 

develop a new method for the production of novel imaging probes suitable for 

preclinical studies. Fusing a CFW-derivative Nb to a small novel luciferase 

(NanoLuc)10, a small antibody detectable through luminescence might be 

obtained. The novel probes are expected to be small, cheap, easily detectable and 

safe for the operator, unlike radionuclides labelled ones. Their potential 

commercialization will boost the nascent application of luciferases in preclinical in 

vivo imaging11 (Chapter 4). 

Therefore, exploiting CFW and hCFW scaffold features, selection of new Nbs for 

diagnostic or therapeutic purposes will be possible. All these goals taken together will 

provide my laboratory of complete novel platforms for the selection and the production 

of soluble and stable new Nbs. 
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Chapter 1: A synthetic ribosome display-selectable 

nanobody library matching the complexity of the 

natural camelid heavy-chain antibody repertoire 

1. Introduction 

Since the discovery of camelid heavy-chain antibodies1, their single-domain antigen-

binding fragments, known as VHHs or nanobodies (Nb), have received great interest as 

robust bio-reagents for a variety of diagnostic (including basic research) and therapeutic 

applications. 

Nbs usually display binding affinities similar to those of conventional antibodies but with 

a number of unique favorable features compared, for example, to monoclonal antibodies. 

These include: i) an extremely small size of ~15 kDa, which is considerably lower than that 

of conventional antibodies (~150 kDa) and their Fab (~50 kDa) and scFv (~25 kDa) 

derivatives as well2–4; ii) a generally higher thermal stability and ease of expression in 

bacterial hosts, afforded by their single-domain nature and strict monomeric behavior5; 

iii) an intrinsically high degree of humanization and a concomitantly reduced 

reactogenicity in humans due to the high amino acid sequence identity shared with the 

human type III VH domain (VH3)
3; iv) the ability, due to their small size and preference for 

concave-shaped epitopes (e.g., the catalytic sites of enzymes), to recognize and interact 

with antigen surfaces that are largely inaccessible to conventional antibodies6,7. 

Nbs are being increasingly employed for various in vivo imaging applications as 

radionuclide-labeled, optical or ultrasound probes. Thanks to their high binding specificity 

and small size, Nb-based probes can produce very high-contrast images of target antigen 

expressing tissues in various disease models8. Cytotoxic compound- (or otherwise) 

conjugated Nb derivatives are also being employed as anti-cancer therapeutics by 

exploiting their ability to bind tumor antigens with high affinity and specificity, coupled to 

the rapid clearance of the unbound species via renal elimination2,3,8,9. Similar to 

monoclonal antibodies, several VHHs are indeed being developed as new magic bullets 

for cancer therapy and some of them are currently being evaluated in phase I and II 

clinical trials10. Nbs are also being increasingly utilized as key reagents for basic research. 

For example, in assisting the crystallization of difficult proteins by limiting domain/loop 

mobility, by stabilizing protein-conjugated polysaccharides and/or increasing protein 

solubility as well as by providing crystallization-promoting intermolecular contacts to 

otherwise difficult to handle membrane proteins11. 
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Nb isolation and production normally starts from immunization of a camelid, most often 

small camelids such as llamas (Lama glama) due to their relatively small size, ease of 

breeding and vaccination. Immunization usually requires two months of weekly antigen 

administrations, followed by blood sample collection and lymphocyte isolation. 

Lymphocyte total RNA is then extracted, reverse-transcribed, and the resulting cDNA, 

amplified by PCR, is cloned into a phage display vector, typically leading to a Nb library 

complexity of approximately 107-109 independent clones12. Three to four rounds of phage 

display are usually sufficient to isolate tens of individual candidate clones which are then 

randomly analyzed (and scored) by ELISA and other techniques with regard to their target 

binding affinity and specificity. The whole selection process thus takes approximately 3-4 

months altogether and is usually quite expensive. In some extreme cases, this kind of in 

vivo-generated immune Nb library cannot be obtained, for instance when animal 

immunization is precluded by strong antigen toxicity or pathogenicity12–15. 

Animal immunization can be avoided through the implementation of naïve or synthetic 

libraries. However, with the most common selection techniques such as phage display, 

library size is almost always limited by transformation efficiency (no more than ~109 

independent transformants), thus leading to a final complexity about three orders of 

magnitude lower than the estimated natural Nb diversity (~1012)16–18. Due to this limited 

library size, the target affinity of the Nbs retrieved from multiple panning steps may be 

insufficient for some applications, and additional time-consuming steps, such as the 

creation of sub-libraries via CDR codon randomization, have to be performed in order to 

improve binding affinity19. 

At variance with the above in vivo selection approaches, ribosome display (RD) is a 

potent, completely in vitro technique, capable of selecting (and evolving) 

proteins/peptides from naïve libraries of very high complexity based on their ability to 

bind to any target of interest20,21. The starting library can thus contain more than 1012 

different DNA molecules in the form of PCR fragments, but what further distinguishes RD 

from other selection technologies is that it includes a PCR amplification step, thus 

allowing for additional sequence variation and a further increase of the actual size of the 

library22. This additional randomization step can be achieved at each selection cycle via 

DNA shuffling and/or error-prone PCR, in a process that resembles antibody affinity 

maturation. Another advantage of RD-based selection is that by relying on a linear DNA 

library generated by PCR, it avoids the time-consuming and often not fully efficient vector 

ligation and bacterial transformation steps. Accordingly, a complete RD selection (3-4 

cycles) can be performed in 2-3 weeks compared to the 3-4 months required by 

conventional selection approaches starting from animal immunization. 
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Here, we report the design, construction and validation of a large DNA library (>1012 

individual members) suitable for ribosome display, based on consensus Nb framework 

sequence as scaffold. Chimeric Nbs obtained by grafting CDRs from natural Nbs into the 

designed framework are well expressed in E. coli as soluble intracellular proteins with a 

target-binding affinity nearly identical to that of the donor Nbs. The constructed 

combinatorial library has the expected complexity and is suitable for RD selection, as 

highlighted by the identification of new maltose binding protein (MBP) binders. 

2. Materials and methods 

2.1 Molecular biology reagents 

Standard protocols23 were used for all basic recombinant DNA procedures. Enzymes were 

from Takara Bio Europe (Saint-Germain-en Laye, France), New England Biolabs (Ipswich, 

MA, USA) and Fermentas (Thermo Fisher Scientific, Waltham, MA, USA). Molecular 

cloning and recombinant protein expression were carried out in XL1-Blue and BL21 E. coli 

strains (Stratagene; La Jolla, CA, USA), using the pRDV (GenBank accession code 

AY327136), pET28 (Merck Millipore, Darmstadt, Germany) and pGEX-4T-2 (GenBank 

accession code U13854.1) plasmids. Following appropriate design (see below), synthesis 

of the GFPwt, Gcons and Lcons Nbs-encoding sequences was performed by Eurofins 

Genomicss (Ebersberg, Germany), all protein-encoding sequences were optimized with 

respect to the E. coli codon usage. An NcoI site at the 5’ end and a HindIII site at the 3’ 

end were introduced in both pRDV and pET28 in order to achieve directional cloning (see 

Table 1). 

Name Sequence1 
Gwt QVQLVESGGALVQPGGSLRLSCAASGFPVNRYSMRWYRQAP

GKEREWVAGMSSAGDRSSYEDSVKGRFTISRDDARNTVYLQ

MNSLKPEDTAVYYCNVNVGFEYWGQGTQVTVSS 

Gcons QVQLQESGGGLVQAGGSLRLSCAASGFPVNRYSMRWYRQAP

GKEREFVAGMSSAGDRSSYADSVKGRFTISRDNAKNTVYLQ

MNSLKPEDTAVYYCAANVGFEYWGQGTQVTVSS 

Lcons
2
 QVQLQESGGGLVQAGGSLRLSCAASGYIASINYLGWFRQAP

GKEREFVAAVSPAGGTPYYADSVKGRFTISRDNAKNTVYLQ

MNSLKPEDTAVYYCAAARQGWYIPLNSYGYNYWGQGTQVTV

SS 

 
Table 1 Amino acid sequences of the synthetic chimeric Nbs produced and characterized in this chapter. 
1 

CDR sequences are shown in blue.  
2 

Structurally critical amino acid residue 47 is shown in red.  Phe47 was mutated to Gly in the LconsBM 

construct. 
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Maltose binding protein sequence was PCR-amplified from pMAL (New England Biolabs, 

Ipswich, MA, USA) plasmid introducing EcoRI sites at 5’ and 3’ ends (see Table 2).  

Name Sequence1,2 
MBP-plus tccgcgtggatccccagGAATTCcaATGAAAATAAAAACAGGTGCA

C 

MBP-minus cgctcgagtcgacccggGAATTCTCAAGTCTGCGCGTCTTTCA 

 
Table 2 Primers used for amplification of maltose binding protein (MBP) nucleotide sequence from pMAL 

plasmid. 
1
 EcoRI sites are shown in blue, stop codon is shown in red 

2
 Uppercase letters indicate pMAL annealing sites 

PCR was performed with 1 unit Phusion DNA Polymerase (New England Biolabs, Ipswich, 

MA, USA) in presence of the oligonucleotides (4 nM each), plus dNTPs (0.8 mM), 1x PCR 

buffer and 10 ng pMAL in a final volume of 50 μl: initial denaturation 98°C, 1 min; 25 

cycles of 10 s at 98°C, 30 s at 58°C, and 90 s at 72°C; additional extension 72°C, 7 min. 

Ligation of MBP encoding sequence in the pGEX plasmid was performed following 

standard protocols23. 

2.2 Bioinformatic analysis 

Llama Nb sequences, retrieved from the ABVDDB database 

(http://swift.cmbi.ru.nl/mcsis/systems/ABVDDB/), were aligned with MEGA 

(http://www.megasoftware.net/) and amino acid frequencies at any given position were 

determined and visualized with the GeneDoc software 

(http://genedoc.software.informer.com/2.7/). Logo representation of the amino acid 

consensus sequence was made with the WebLogo 3 software 

(http://weblogo.berkeley.edu/logo.cgi). Statistical significance of amino acid distributions 

at randomized positions of individual library members was assessed with the χ2-test. 

2.3 Recombinant protein expression and purification 

Standard procedures were used for recombinant Nb expression. Briefly, 10 ml of 

stationary overnight cultures (LB, 100 mg/l of ampicillin or 50 mg/l of kanamycin at 37 °C) 

were inoculated into 1 l cultures of the same media. After reaching an A600 value of 0.5-

0.7, cultures were induced with 1 mM IPTG and further incubated for 3-4 hours at 37°C, 

except for library-derived Nbs whose expression was performed at 20°C overnight. 

Following centrifugation (8000 g, 15 min), bacterial cell pellets were recovered, 

resuspended in 100 ml of Tris-buffered saline (TBS, pH 9.0, freshly supplemented with 

protease inhibitors), and lysed by sonication (20 min total sonication time performed with 

http://www.megasoftware.net/
http://genedoc.software.informer.com/2.7/
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3 sec bursts alternated with 6 sec resting on ice) carried out at constant power (4W/cm2; 

Sonicator 3000, Misonix). Lysates were then centrifuged (10000 g, 20 min) and the 

resulting supernatants were used as starting material for metal-affinity purification using 

a built-in 6xHis-tag and a His-select cobalt affinity resin (Sigma-Aldrich, Saint Louis, MO, 

USA) as per manufacturer’s instructions. Bacterial lysates and individual metal-affinity 

chromatography fractions were analyzed by SDS-PAGE on 14% polyacrylamide gels.  

Recombinant GST-MBP used in this work was expressed following the protocol described 

above for library-derived Nbs and purified using MBPTrap HP (GE Healthcare, Little 

Chalfont, UK) as per manufacturer’s instructions. Bacterial lysates and individual eluted 

fractions were analyzed by SDS-PAGE on 11% polyacrylamide gels. 

Recombinant green fluorescent protein (GFP) used in this work is enhanced GFP24. 

Biotinylated GFP, maltose binding protein (MBP) and thioredoxin (Trx) for RD tests were 

produced in vivo by cloning the corresponding genes into the pAT222 vector (GenBan 

accession number AY327138)25, followed by co-transformation with the biotinylating 

enzyme (BirA)-encoding plasmid pBirAcm (Avidity) and metal-affinity purification of the 

resulting proteins as above. Chicken egg white lysozyme was biotinylated in vitro with the 

biotin-N-hydroxysuccinimide ester reagent (Sigma-Aldrich) as per manufacturer’s 

instructions. 

2.4 Synthesis of the RD-selectable nanobody library 

The Nb library was generated by multiple steps of assembly PCR using the PAGE-purified 

oligonucleotides (Microsynth, Balgach, Switzerland) listed in Table 3 and the Phusion DNA 

polymerase New England Biolabs (Ipswich, MA, USA); individual PCR products were 

agarose gel-purified using a Macherey-Nagel kit (Düren, Germany).  

PCR1: the oligonucleotides T7b and FR1-RE were used to amplify the pRDV-cloned Gcons 

gene (Initial denaturation 98°C, 20 s; 28 cycles of 10 s at 98°C, 30 s at 55°C, and 30 s at 

72°C; additional extension 72°C, 5 min), to generate a final product containing FR1 

preceded by a T7 promoter and a RBS. 

 

 

 

 

 

http://www.ncbi.nlm.nih.gov/nuccore/AY327138
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Name Sequence1 
T7B ATACGAAATTAATACGACTCACTATAGGGAGACCACAACGG 

FR1-RE ACCTGACGCTGCACATGAC 

CDR1-FW
2
 GTCATGTGCAGCGTCAGGTMGTAYTTTTTCGRDTWATRCTATKGSTTGGTWTCGTCAAG

CACCAGGGAAAG 

FR2-RE AATGGCGGCCACAAACTCGCGTTCTTTCCCTGGTGCTTGACG 

CDR2-FW
2
 CGAGTTTGTGGCCGCCATTAVTWSGRGTGRTGRTAVKACCTATTATGCGGATTCCGTGA

AAGGA 

FR3-RE CGCAGCGCAATAGTAGACAG 

CDR3-FW
2
 CTGTCTACTATTGCGCTGCGSVTMSTVGTNHYNHYVGTNHYNHYYHTWMTVNTBCTVNT

RVKTWTRRTTATTGGGGCCAGGGTACTC 

tolAkurz CCGCACACCAGTAAGGTGTGCGGTTTCAGTTGCCGCTTTCTTTCT 

pRDV_NcoI_for GTTTAACTTTAAGAAGGAGATATATCCATGG 

JSCRDir2 ATCTGCTTCGGCCTTCGCTTTAGCATCTGCCGCCGCTTTCG 

 
Table 3 Oligonucleotides utilized in this chapter.  
1
Sequences are shown in a standard 5’-3’ orientation. 

2
The standard one-letter abbreviation nomenclature for specific subsets of nucleotides is used, where: M 

represents A, or C; Y represents C or T; R represents A, or G; D represents A, G or T; W represents A, or T; K 

represents G or T; S represents C or G; V represents A, C or G; H represents A, C or T; B represents C, G or T; 

and N represents any of the four nucleotides. 

PCR2: the oligonucleotides CDR1 and FR2-RE (4 nM each), plus dNTPs (0.8 mM), 1x PCR 

buffer and 1 unit of Phusion DNA polymerase in a final volume of 50 μl, were fused 

together by PCR (condition as PCR1 except 20 cycles and no additional extension). The 

purified PCR1 product (100 ng) was then added, together with DNA polymerase (0.5 

units) and dNTPs (0.4 mM), and another 20 cycles of PCR amplification were performed. 

This was followed by the addition of oligonucleotides T7b and FR2-RE (0.5 μM each) plus 

DNA polymerase and dNTPs as above, and a further round of PCR amplification (condition 

as PCR1) to generate a final product containing FR1, CDR1 and FR2, flanked by a T7 

promoter and RBS. 

PCR3: the oligonucleotides CDR2-FW and FR3-RE were used to PCR-amplify the pRDV-

cloned Gcons gene (condition as PCR1) and to generate an amplicon bearing the CDR2 

and the FR3. 

PCR4: the oligonucleotides CDR3-FW and tolAkurz were used to amplify the pRDV-cloned 

Gcons gene (condition as PCR1) and to generate a final product containing the CDR3, FR4 

and spacer present in the RD construct. 

PCR5: 40 ng and 30 ng of the purified PCR2 and PCR3 products, respectively, were fused 

together by PCR (condition as PCR1 except for 20 cycles and no additional extension) 

carried out in the presence of dNTPs (0.8 mM), 1x PCR buffer, and 1 unit of DNA 

polymerase in a final volume of 50 μl. The fused product upon supplementation of 

oligonucleotides T7b and FR3-RE (0.5 μM each), dNTPs (0.4 mM) and 0.5 units of DNA 
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polymerase was PCR amplified (condition as PCR1 except 60 s of the cycle extension 

time). The final product contains FR1, CDR1, FR2, CDR2 and FR3, flanked by a T7 promoter 

and RBS. 

PCR6: the purified PCR4 and PCR5 products (50 ng each) were fused together by 25 cycles 

of PCR amplification (condition as PCR1 except 60 s of the cycle extension time and no 

additional extension) carried out in the presence of dNTPs (0.8 mM), 1x PCR buffer, and 1 

unit of DNA polymerase in a final volume of 50 μl. This was followed by addition of 

oligonucleotides T7b and tolAkurz (0.5 μM each), dNTPs (0.4 mM) and DNA polymerase 

(0.5 units), and amplification of the fused product (condition as PCR1 except 60 s of the 

cycle extension time) to generate the complete RD-library. PCR6 was repeated 12 times in 

order reach a library complexity of approximately 1012. 

2.5 Ribosome display 

The synthetic Nb genes were amplified by PCR using oligonucleotides T7b and tolAkurz as 

primers (oligonucleotides (4 nM each), plus dNTPs (0.8 mM), 1x PCR buffer, 1 unit Vent 

DNA polymerase (New England Biolabs, Ipswich, MA, USA) 100 ng of library in a final 

volume of 50 μl: initial denaturation 95°C, 3 min; 25 cycles of 30 s at 95°C, 30 s at 55°C, 

and 45 s at 72°C; additional extension 72°C, 5 min). The amplified DNA was transcribed 

and RD selection was performed as described previously26–28. For each round of ribosome 

display, polystyrene 96 wells microtiter plates (SpectraPlate-96 HB; Perkin Elmer, 

Waltham, MA, USA) were coated with 66 nM neutravidin (Pierce, Waltham, MA, USA; 100 

μl/well) dissolved in TBS for 1 hr at room temperature; the wells were then blocked with 

0.5% (w/v) BSA in TBS for 1 hr at 4°C shaking the plate at 600 rpm, followed by the 

addition and immobilization of the biotinylated target (500 nM) by incubation for 1 hour 

at 4°C shaking the plate at 600 rpm. The Nb transcripts generated above were used as 

templates to assemble an in vitro translation reaction, which after 20 minutes at 37°C, 

was stopped by the addition of stop solution28, transferred to the microtiter plate wells 

and incubated for another 1 hr at 4°C shaking the plate at 600 rpm. The in vitro 

translation reaction mixture solution was then removed and the wells were washed 6 

times with washing buffer28. After elution of the bound complexes with elution buffer28, 

the mRNA was reverse transcribed (Affinity Script reverse transcriptase; Stratagene), 

using the JSCRDir2 oligonucleotide as primer. The resulting cDNA was amplified by PCR as 

above using the pRDV_NcoI_for and JSCRDir2 oligonucleotide primers (see Table 3), 

which anneal on the pRDV vector at external positions with respect to the NcoI and 

HindIII restriction sites, located, respectively, upstream and downstream to the Nb coding 

sequence. The PCR-amplified fragments codifying for library Nbs were digested with NcoI 

and HindIII enzymes and ligated in pRDV vector. Second round and third rounds of 
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panning were performed following the protocol described above but increasing selection 

stringency: 66 nM of streptavidin or magnetic streptavidin beads (New England Biolabs, 

Ipswich, MA, USA) were used as target-capturing agents; 100/50 nM of target proteins 

were bound to streptavidin, and volume and extent of washing steps were increased. 

Furthermore, pre-panning steps were carried out as follow: translation stopped reactions 

were incubated for 1h at 4°C shaking the plate at 600 rpm in only-streptavidin coated 

wells/beads before incubation of the ternary complexes with the target protein. 

2.6 Analysis of RD-selected single clones 

Nucleotide sequences codifying for putative Nb binders obtained after the third round of 

panning were digested with NcoI and HindIII enzymes and cloned in pET28 vector 

following standard procedures23. 192 clones were analyzed for target binding using the 

following protocol: 10 μl of stationary overnight cultures (LB, 50 mg/l of kanamycin at 37 

°C) were inoculated into 1 ml cultures of the same media in 96-well deep well plates 

(Radnor, PA, USA). After reaching an A600 value of 0.5-0.7, cultures were induced with 1 

mM IPTG and further incubated overnight at 20°C. Following centrifugation (400 g, 10 

min), bacterial cell pellets were recovered, suspended in 900 ml of Tris-buffered saline 

(TBS, pH 8.0, freshly supplemented with protease inhibitors), and lysed adding 100 μl of 

FastBreak detergent (Promega, Fitchburg, US) and shaking the plate for 30 min at 500 pm. 

Lysates were then centrifuged (400 g, 10 min) and the resulting supernatants were used 

as starting material for ELISA tests. 

Polystyrene 96-wells microtiter plates were coated overnight at 4°C with casein-

glutathione (prepared and used as previously described29) dissolved in carbonate buffer 

(1 vol. 0.5 M Na2CO3 : 4 vol. 0.5 M NaHCO3 pH 9.6). Blocking was performed by incubation 

for 1 hr at room temperature with PBSC (Phosphate-buffered saline (PBS) pH 7.4 + 0.2% 

casein), followed by a 1 hr incubation at room temperature with the purified GST-tagged 

proteins in PBSC (800 nM each). The supernatants deriving from cell lysis were then 

added and incubated for 1 hr at RT. After incubation with an anti-histidine-tagged protein 

mouse mAb (Merck Millipore) diluted 1:1000 in PBSC, for 1 hr, a peroxidase-conjugated 

anti-mouse IgG (whole molecule) goat antibody (Sigma-Aldrich) diluted 1:5000 in PBSC 

was added. Following an additional 1 hr incubation at RT, wells were filled with the 2,2’-

azino-di-[3-ethylbenzthiazoline sulfonate (ABTS) substrate (KPL, Gaithersburg, MD, USA) 

and absorbance was measured at 415 nm with a microplate reader (iMark, Biorad). Wells 

were washed with PBS containing 0.3% (v/v) Tween20 after each incubation step. 
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2.7 Surface plasmon resonance  

All experiments were performed on a ProteOn XPR 36 instrument (Biorad, Hercules, 

California, U.S.A) in phosphate buffer saline (PBS) containing 0.005% Tween 20. Four 

hundred (for Gcons) and 150 (for Gwt) response units (RU) of in vivo biotinylated GFP 

were immobilized on two lanes of a neutravidin sensor chip, the sensor surface for the 

Gwt Nb was additionally blocked with Amine-PEG2-biotin (Thermo Scientific). 16, 4, 1, 

0.25 and 0.063 nM of Gcons and 9, 3, 1, 0.33 and 0.11 nM of the Gwt Nb were injected 

for 300s. Biotinylated lysozyme was immobilized at a surface density of 290 RU, and 300, 

100, 33, 11, 3.7 and 1.2 nM of Lcons was injected for 300s. Dissociation times were varied 

depending on the off-rates between 300 s and 2200s. All data were double-referenced 

and fit to a 1:1 Langmuir model using the ProteOn Manger software (http://www.bio-

rad.com/en-us/product/proteon-manager-software). 

2.8 Other procedures  

The Ellman reagent [5,5-dithiobis-(2-nitrobenzoic acid), DTNB; Sigma Aldrich; ε(412 nm) = 

14150 M-1 cm-1] was used to quantify free SH groups. The assay was conducted in a final 

volume of 150 µl containing 0.1 mM DTNB and 2% SDS in 50 mM PBS (pH 8.0); a 

calibration curve was constructed with increasing concentrations of N-acetylcysteine 

(Sigma-Aldrich). The number of free cysteine residues/protein molecule was determined 

by dividing the concentration of DTNB-reactive SH groups by the concentration of protein 

utilized for the assay. 

Biotinylated Lysozyme and GFP (see above) were used as capture proteins for ELISAs. 

Polystyrene 96-wells microtiter plates were coated overnight at 4°C with 66 nM 

neutravidin dissolved in TBS pH 7.5. Blocking was performed by incubation for 1 hr at 

room temperature with 0.5% BSA in TBS, followed by a 1 hr incubation at 4°C with the 

purified biotinylated proteins in TBS (1 μM each). The Nbs (1 μM each) dissolved in TBS 

were then added and incubated for 1 hr. After incubation with an anti-histidine-tagged 

protein mouse mAb (Merck Millipore) diluted 1:50 in PBS for 45 min., a peroxidase-

conjugated anti-mouse IgG (whole molecule) goat antibody (Sigma-Aldrich) diluted 

1:2000 in PBS was added. Following an additional 45 min. incubation at RT, wells were 

filled with the 2,2’-azino-di-[3-ethylbenzthiazoline sulfonate (ABTS) substrate (KPL, 

Gaithersburg, MD, USA) and absorbance was measured at 415 nm with a microplate 

reader (iMark, Biorad). Wells were washed with TBS containing 0.5% (v/v) Tween20 after 

each incubation step. 

After single clones analysis, investigation of putative binders was performed through 

ELISA test using positive Nbs purified as described above. Following the protocol 
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described in 2.6 section, 800 nM of purified Nbs were used in place of bacterial crude 

extracts. 

Reverse ELISA was performed using the following protocol: polystyrene 96-wells 

microtiter plates were coated overnight at 4°C with 800 nM of purified Nbs dissolved in 

PBS pH 7.4. Blocking was performed by incubation for 1 hr at RT with PBSC, followed by a 

1 hr incubation at 4°C with serial 1:2 dilution of purified GST-tagged proteins in PBSC 

(starting from 800 nM each). After incubation with an anti-GST protein rabbit mAb (kindly 

provided by Dr. Barbara Montanini) diluted 1:2000 in PBSC for 1hr., a peroxidase-

conjugated anti-rabbit IgG (whole molecule) goat antibody (Sigma-Aldrich) diluted 

1:20000 in PBSC was added. Following an additional 1hr incubation at RT, wells were 

filled with the 2,2’-azino-di-[3-ethylbenzthiazoline sulfonate (ABTS) substrate (KPL, 

Gaithersburg, MD, USA) and absorbance was measured at 415 nm with a microplate 

reader (iMark, Biorad). Wells were washed with PBS containing 0.3% (v/v) Tween20 after 

each incubation step. ELISA tests were triplicated and analyzed with Student’s T test (two-

tailed, heteroscedastic).  

3. Results 

3.1 Consensus sequence library design 

The first step in the design of our Nb consensus sequence library relied on the ABVDDB 

database (http://swift.cmbi.ru.nl/mcsis/systems/ABVDDB/), a well-annotated and 

extensive dataset that provides a large number of proprietary and public Nb sequences 

from camel (424), llama (1152) and other camelid species (92 sequences). Because of its 

larger size and the predominant presence of only one S-S bridge30, the llama sequence 

dataset was chosen as primary reference, and following manual filtration to remove 

redundant and truncated entries, it was reduced to a final size of 783 unique sequences. 

As shown by the logo representation in Figure 1A, the alignment of this Nb sequence 

dataset with ClustalW revealed the presence of four conserved framework regions (FR1-

4) and three hypervariable regions (CDR1-3) resulting from somatic DNA recombination of 

different gene segments (V, D and J) as well as somatic hypermutation at some restricted 

sites. Using a consensus criterion, the most represented amino acids at individual FR 

positions (see Figure 1B) were selected as constituents of the invariable portion of the 

artificial polypeptide (designated as “consensus framework”, CFW) to be used as scaffold 

for our synthetic Nb library. 
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Figure 1 A: Logo representation of amino acid multiple sequence alignment of Llama VHH from the ABVDDB 
database. The height of symbols indicates the relative frequency of each amino acid at that position. B: Llama 
VHH consensus sequence, with framework regions and CDRs written in black and red, respectively. Within the 
CDRs, all amino acids with a frequency of occurrence higher than 10% are shown. 

3.2 Consensus framework validation 

To test the reliability and ease of recombinant production afforded by the CFW scaffold, 

we first determined the E. coli expression levels and solubility of two ad hoc generated 

chimeric Nbs bearing the CFW sequence grafted with complementarity determining 

regions (CDRs) of two natural Nbs of known 3D structure, recognizing, respectively, GFP 

(31; pdb ID: 3K1K) and lysozyme (7; pdb ID: 1ZVH). These particular CDRs were chosen 

because of the very different lengths of their CDR3 regions (5 and 15 residues, 

respectively, for the GFP- and the lysozyme-binding VHHs) and the broad availability of 

their targets. A total of nine amino acid substitutions distinguish the wild-type GFP-

binding Nb (hereafter designated as Gwt) from the consensus GFP binding Nb (Gcons), 

whereas the wild-type lysozyme-binding Nb (Lwt) differs from its consensus counterpart 

(Lcons) at seven positions. Despite the lower overall deviation of Lcons from the Lwt 

sequence, we note that a non-conservative (Gly→Phe) substitution is present within the 

structurally critical framework region 2 of the Lcons Nb at position 47, whereas a 

conservative (Trp→Phe) replacement occurs at the same position of the Gcons Nb (see 

Table 1). 
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Chemically synthesized DNA sequences coding for Gcons and Lcons were cloned into the 

pET28 vector for bacterial expression and the resulting recombinant proteins were 

purified by metal-affinity chromatography using the vector-provided poly-histidine tag 

(see ‘Material and methods’ for details). Both Gcons and Lcons polypeptides were well 

expressed (Figure 2) with a final yield of approximately 15 and 10 mg of pure protein/L of 

bacterial culture for Gcons and Lcons, respectively. The lower yield of the Lcons Nb was 

likely due to its lower (~60%) solubility compared to the nearly complete solubility of 

Gcons. In contrast, no more than 3-4 mg of pure protein/L of bacterial culture were 

obtained with the wild type versions of 

the two Nbs, even when expressed in 

the bacterial periplasm7,31. For a closer 

comparison (i.e., both Gcons and Gwt 

expressed intracellularly), a synthetic 

version of the Gwt gene was cloned into 

the intracellular expression vector 

pET28, but also under these conditions 

the yield of pure protein was 5-fold 

lower than that obtained with the 

Gcons Nb (Figure 2). 

Since the CFW sequence harbors two 

disulfide-bondable cysteines, we 

titrated the purified Gcons and Lcons 

proteins with DTNB in order to examine 

the oxidation (S-S) state of these amino acids. No free SH-group was detected, thus 

suggesting a properly folded and disulfide-bonded state of the two synthetic Nbs despite 

expression in the reducing conditions of the bacterial intracellular environment (data not 

shown). 

Although it was not the main purpose of framework validation, we also wished to assess 

the target-binding affinity of the two chimeric consensus Nbs. As noted above, one of the 

amino acid substitutions that distinguish Lcons from its Lwt counterpart is the 

replacement of Gly47 by a Phe residue within FR2 (see Table 1), and the non-conservative 

replacement of this residue in long CDR3 Nbs such as the anti-lysozyme Nb has previously 

been shown to cause a disproportionate increase of the off-rate binding constant, thus 

ultimately impairing target-binding affinity32. To gain direct insight on the functional 

consequences of this particular amino acid substitution, a back-mutated derivative of the 

Lcons Nb (hereafter designated as LconsBM), bearing a Gly residue at position 47 as in the 

natural Lwt donor Nb, was also produced. 

Figure 2 SDS-PAGE analysis of total E. coli lysates. A: 
uninduced cells; B: migration positions of molecular mass 
markers; C: IPTG-induced Gwt-expressing cells; D: IPTG-
induced Gcons-expressing cells E: IPTG-induced Lcons-
expressing cells. The arrow indicates the expected 
migration position of the three recombinant Nbs. 



71 
 

The affinity of the Gcons Nb for GFP was initially tested spectrophotometrically. As shown 

in Figure 3, upon mixing GFP (4 µM) with the Gcons Nb or its wild type counterpart (Gwt), 

both at a 4 µM final concentration, there was an increase in GFP absorbance and a shift 

toward an absorption maximum at 475 nm, which are both diagnostic of Nb-GFP 

interaction31. Under identical experimental conditions, no spectral change was observed 

after mixing GFP with either the 

Lcons or the LconsBM Nbs (Figure 

3). To further assess the GFP 

binding specificity of Gcons (1 µM), 

we used ELISAs, which yielded a 

signal diagnostic of GFP-Nb 

interaction upon incubation with 

immobilized biotinylated GFP but 

not lysozyme (data not shown). 

When using biotinylated lysozyme 

as target, instead, a specific ELISA 

signal was detected with LconsBM, 

but not Lcons (data not shown). 

The kinetic binding parameters of 

the Gwt, Gcons, Lcons and 

LconsBM Nbs for their respective 

targets were then quantitatively 

evaluated by Surface Plasmon 

Resonance (SPR) (Figure 4). 

Dissociation constants (Kd) of 159 and 35 pM were obtained for the Gcons Nb and its wild-

type counterpart (Gwt), which in our hands yielded a Kd approximately 17-fold lower than 

the published (590 pM) Kd value31. While the latter discrepancy might be explained by 

different instrumentation and experimental set-up, the 4.5-fold lower affinity of Gcons 

compared to Gwt likely reflects framework sequence differences (a total of 9 amino acid 

substitutions) between the two proteins. In contrast, the calculated Kd of the LconsBM Nb 

(66 nM) was very similar to the published 77 nM Kd value of its wild type counterpart. As 

expected, the unmodified Lcons Nb yielded a very high Kd value (~3.5 µM) indicating once 

again the requirement of Gly47 for high-affinity target binding. 

 

 

Figure 3 Nb-induced changes of GFP spectral properties. 
Absorption spectra of GFP only (black line), GFP plus the 
LconsBM Nb (red line), GFP plus the Gwt Nb (blue line), and 
GFP plus the Gcons Nb (green line) are shown. An equimolar 
concentration of GFP and of the indicated Nbs (4 µM each) was 
present in all samples (see ‘Materials and Methods’ for details). 
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3.3 Ribosome display on synthetic chimeric nanobodies 

The DNA sequences coding for the Gcons and LconsBM synthetic Nbs were cloned into 

the pRDV vector, amplified using the T7b and tolAkurz primers28, in vitro transcribed, and 

the resulting RNAs were used for 

a single round of RD selection26,27, 

carried out as described in 

“Materials and Methods”. The RD 

selection targets, GFP and 

lysozyme, were immobilized on 

microtiter plates through a biotin 

tag and utilized as capture 

antigens in parallel with 

biotinylated E. coli maltose 

binding protein (MBP) and 

thioredoxin (Trx), which served as 

further negative controls. The 

purified RNAs were in vitro 

translated in order to form 

ternary complexes comprising the 

ribosome, the RNA and the 

corresponding Nb-containing 

polypeptide. These were added to 

the wells of microtiter plates 

containing the target (GFP or 

Lysozyme) and three control 

proteins: MBP, Trx and GFP when 

lysozyme was the target, or MBP, 

Trx and lysozyme when GFP was 

the target. After a stringent 

washing, the target-bound RNA 

was recovered by elution with a 

high concentration of EDTA and reverse-transcribed into DNA, which was then amplified 

by PCR. 

In the presence of ternary complexes bearing the Gcons mRNA, only GFP-containing wells 

yielded an RT-PCR product of the expected size, while no amplicon was detected in 

parallel wells containing lysozyme as an unrelated target control, thus pointing to a 

specific binding of GFP by the Gcons Nb. Conversely, when the LconsBM mRNA was used 

Figure 4 Surface plasmon resonance analysis of the following Nb-
target interactions: Gcons-GFP (top), Gwt-GFP (middle), 
LconsBM-lysozyme (bottom). For each Nb-target pair, the 
estimated Kd, kon and koff values are indicated; duplicate tracings 
recorded for each Nb are shown in black and fits to a Langmuir 
binding-model in red (see “Materials and Methods” for details). 
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as template for in vitro translation, an amplicon of the expected size was retrieved from 

lysozyme- but not GFP-containing wells. In keeping with the previously documented key 

role of Gly47, no specific binding was detected, also in this case, in the presence of the 

unmodified Lcons mRNA. Similarly, no Nb-coding amplicon was retrieved with neither of 

the two additional control proteins (MBP and Trx) (data not shown). These findings 

indicate that the synthetic anti-GFP and anti-lysozyme CF Nbs are also functional when 

produced in vitro under RD conditions, allowing the recovery of the corresponding 

mRNAs from a full selection cycle. 

3.4 Construction and validation of the nanobody RD-library 

Having demonstrated the robustness of our consensus framework as a potentially 

universal scaffold for the construction of an RD-selectable Nb library, we next designed 

the variable regions (CDR1, 2 and 3) as partially randomized sequences. To reduce the 

complexity of the library to a size compatible with its in vitro assembly and RD selection, 

at any given position within the CDRs we selected amino acids present with a frequency 

higher than 10% in the reference natural Nb sequence dataset (see the multiple sequence 

alignment in Figure 1B). While CDR1 and CDR2 display a nearly constant length due to a 

reduced variability among all possible V genes, the CDR3 regions have a more variable 

length caused by DNA recombination events and range in size from 2 to 16 amino acids. 

Given this size heterogeneity, we decided to use a fixed length of 16 amino acids, which is 

the most frequently represented among the CDR3s of natural llama Nbs (Figure 1B). 

A unique, E. coli codon usage optimized sequence was used for the design of the CFW 

region, whereas partially degenerate codons, used for the CDRs, were based on the 

following restrictions: i) no stop codon should be present; ii) the degenerate nucleotide 

triplets present at any given position should not encode cysteine, which might form 

unwanted disulfide bonds; iii) as mentioned above, the chosen codons must code for 

amino acids with an overall frequency of occurrence in the reference sequence dataset 

higher than 10%. Because of the restrictions imposed by genetic code degeneration, 

these led to the exclusion of glycine at positions 103, 105 and 106, and tyrosine at 

position 109 (even though their frequencies were slightly higher than 10%) and to the 

incorporation of amino acid residues with a frequency lower than 10% at some other 

positions. Based on the above design and associated restrictions, the theoretical amino 

acid composition diversities of the CDR1 and CDR2 sequences are 768 and 576, 

respectively, whereas a much higher diversity of 1.8 x 1013 applies to the CDR3 sequence. 

Altogether, the theoretical overall complexity of the resulting combinatorial library thus 

corresponds to approximately 1018 different polypeptide sequences. 
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As a first step toward library construction, eight oligonucleotides, three of which 

containing partially degenerate nucleotide sequences corresponding to the three CDRs, 

were used to amplify four overlapping PCR products (see “Materials and Methods” for 

details). The resulting amplicons were fused together one by one starting from the 5’ end, 

in order to produce a final 815 bp Nb-encoding DNA fragment. Each member of the RD-

selectable library thus generated contains a T7 RNA polymerase promoter and a 

consensus RBS (AAGGAG) at the 5’-end, followed by the Nb gene and a sequence coding 

for a spacer that is needed to fill the ribosome tunnel upon translational ternary complex 

formation during the RD-selection process28.  

Correct assembly of the RD-library and the presence of the designed constant regions-

encoding sequences were both verified by sequencing a sample of the library-derived 

amplicon. Sequence variability within the CDRs was subsequently evaluated by cloning 

the library Nb-coding sequences into the pET28 vector and sequencing of 96 randomly 

picked clones. Over 75% of the clones turned out to be correct, while the remaining ones 

harbored single or multiple (up to three) nucleotide deletions. The missing nucleotides 

always mapped within the regions corresponding to the partially degenerate 

oligonucleotides used for library construction and likely reflect chemical synthesis errors 

present in a small fraction of the PAGE-purified primers. Sequence analysis of the correct 

clones revealed a redundancy for the CDR1 and CDR2 regions statistically consistent with 

our estimates. In keeping with the much higher complexity expected for the CDR3, no 

sequence recurrence was observed in this region. Also, no statistically significant 

difference emerged from the comparison of the observed and the expected amino acid 

distributions present at each randomized position (see “Materials and Methods”). 

Several randomly picked pET28-Nb clones were tested for Nb expression efficiency and 

solubility in bacterial cells. As expected, approximately 75% of the tested clones led to the 

IPTG-inducible production of well detectable polypeptides of the expected size, most of 

which turned out to be soluble (data not shown). 

For testing the selectable Nb library, an RD selection using biotinylated MBP as target has 

been performed. MBP was chosen for its broad availability, easy expression and despite 

its widespread use as solubilizing/tag protein, no Nb against MBP is currently reported. 

Three rounds of panning were performed gradually increasing stringency in order to 

obtain high-affinity binders. Furthermore, neutravidin and streptavidin were alternated as 

well-coating agents during panning steps in order to avoid selection of off-target binders. 

The cDNA recovered at the end of the third panning was cloned in pET28 and 192 

randomly picked single clones were analysed. After inducing protein expression in 96 

deep well plates and subsequent cell lysis, supernatants containing soluble putative 

binders were used for an ELISA assay as described in “Materials and Methods”. 
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During ELISA further changes in coating (from Streptavidin to Gluthatione-Casein), 

blocking (from BSA to Casein) and target-Tag (from Biotin to GST) components were 

performed to reveal only MBP specific binders and to prevent off-target Nbs detection. 8 

clones showed MBP binding capacity and the corresponding Nbs were expressed and 

purified with a yield of expression ranging from 1 to 24 mg per liter of culture (data not 

shown). 

MBP binding of the 8 positive clones was corroborated carrying out reverse ELISA tests 

with purified Nbs (as described in “Materials and Methods”) and 4 clones confirmed their 

binding ability (Figure 5). 

 

Figure 5 Histograms presenting the results of reverse ELISA tests with purified Nbs: ordinates present the final 
absorbance value at 415 nm and abscissas the serial tested dilutions of the target starting from 800 nM. Nbs 
were tested for their MBP (black columns) and GFP (white columns) binding capacity. A: D1 clone; B: F9 clone; 
C: H10 clone; D: E2 clone. 

In particular, F9 clone showed the highest MBP binding specificity compared to the 

negative control (Figure 6A), in addition to a very high yield of expression (24 mg per liter 

of culture). Thus its sequence was analysed and its belongings to starting Nb library 

confirmed (Figure 6B). 



76 
 

 

Figure 6 Final analysis of F9 clone. A) Histogram presenting the merge of three ELISA analysis results with 
standard errors: ordinates present the final 415 nm absorbance value and abscissas the serial tested dilutions 
of targets starting from 800 nM (MBP in black and GFP in withe). ** indicates p < 0.01, * indicates p < 0.05 of 
the difference between MBP and negative control signals (see “Materials and Methods” for details); B) 
Sequence of F9 clone, CDRs are in red, introduced PCR mutation is in green. 

4. Discussion 

Proper folding of Nbs depends on the formation of at least one disulfide bridge, and for 

this reason they are usually expressed in the oxidizing environment of the bacterial 

periplasm33. Nbs built on our CFW are expressed in good amounts (1-24 mg of pure 

protein/liter of bacterial culture) even intracellularly, thus further corroborating the 

robustness of our designed scaffold. Having been derived from a large set of natural Nb 

sequences, this scaffold corresponds to the most frequently occurring llama VHH 

subfamily polypeptide. 

Grafting of CDR loops from natural Nbs into a CFW sequence may negatively impact on 

Nb function, especially when specific amino acid substitutions are located in structurally 

critical regions such as FR232,34,35. This was the case of our Lcons Nb, which required a 

specific G47F back-mutation in the FR2 (restoring the amino acid residue present in the 

original donor Nb) in order to re-gain target-binding competence. No such problem, and a 

target-binding affinity similar to that of the parent anti-GFP Nb, was observed, instead, 

with the Gcons Nb, which sports a conservative (Trp→Phe)  amino acid substitution at 

position 47 of FR2.  
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This, together with the high complexity achieved with the constructed Nb library and the 

screening power of ribosome display selection, which allowed the identification of new 

MBP binders (even if the Kd of the new Nbs remains to be assessed), makes us believe 

that functionally competent FR-CDR combinations can be isolated for any given target. 

Furthermore, the peculiar single point mutation in FR2 of our scaffold observed in F9 

clone (Figure 6A) underlines the library complexity increase that RD technique enables, 

boosting the possibility of new binders identification. It should also be noted that 

although designed for ribosome display selection, this Nb library is readily transferable to 

more conventional selection formats such as phage display. 

In synthetic antibody combinatorial libraries, a high CDR diversity is usually achieved 

through the use of scrambled codons such as NNK, VNN or MNN, where K, V and M 

represent, respectively, G or T; A, C or G; A or C; and N corresponds to any base36,37. In our 

approach, instead, nucleotide triplet degeneration was restricted to codons 

corresponding to the amino acid residues most represented in the natural llama VHH 

repertoire. Even if a similar approach was reported18, only avoiding cloning procedure a 

high complexity library similar to llama natural repertoire can be archived; in this way we 

generated a sort of naïve library matching the sequence variability that in the natural 

context is achieved via somatic DNA recombination and hypermutation at some specific 

sites. Construction of a library of similar complexity starting from lymphocytes derived 

from naïve animals would be much more labor intensive. 

Although PAGE-purified oligonucleotides have been used for library synthesis, only about 

75% of the synthetic oligo products turned out to be correct. A great improvement in RD-

library quality might be obtained by constructing the three CDRs, or at least CDR3, using 

trinucleotide preassembled oligos as starting material38. This would not only reduce 

deletions caused by unavoidable synthesis errors, but would also afford full control on 

the presence and distribution of the desired amino acids, while avoiding stop codons. 

Given the flexibility inherent to the RD selection platform, which relies on a linear DNA 

library, this improvement as well as other modifications of the CDR3 (e.g., length and/or 

triplet composition) can be introduced with the use of just two assembly PCR steps and a 

single degenerate oligonucleotide (CDR3-FW) coding for a CDR3 bearing the desired 

changes.  
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Chapter 2: A humanized artificial semi-random 

nanobody library suitable for speeded up phage 

display selection 

1. Introduction 

Antibodies are a novel frontier in therapeutic area and their rapid diffusion increases the 

demand for new efficient binders1. During the research of faster and cheaper therapies, 

molecular engineering was applied to antibody production and now modified antibodies 

and antibody-derivatives are available on the market. One of the fundamental goals that 

extended antibody applications was humanization: a lot of strategies (i.e. grafting ectopic 

CDRs in human antibodies, mice that produce human antibodies) were developed to 

render animal antibodies as similar as possible to human ones. Humanization techniques 

decrease the immunogenicity of novel therapeutic molecules, thus humanized mAb, like 

Rituximab and Cetuximab, are now applied during treatments2,3. 

The use of small variable antibody domains (like Fab and scFv fragments) instead of entire 

immunoglobulins reduced treatment immunogenicity and thus the discovery of heavy 

chain only antibodies (hcAb) in camelids sera in 1993 elicited great curiosity4. HcAbs are 

able to bind their target with a single variable heavy domain called VHH or nanobody (Nb) 

which, in addition with a plethora of advantages (i.e. small size, high solubility, specific 

binding capacity), can be singularly expressed maintaining the binding capacity of the 

entire immunoglobulin5. Like every variable domain, Nbs are naturally low immunogenic6 

and furthermore they share a high identity score with human VH III subfamily reducing 

the risk of immune rejection in case of human subministration7. However, despite their 

intrinsic immune tolerance, Nbs differ from human IgG VH III domains in about 10 amino 

acids, and therefore therapeutic Nbs have to be humanized to further reduce the risk of 

immune response elicitation in patients8,9 (as demonstrated by humanized approved Nb 

Caplacizumab10,11). Different Nb humanization strategies are described in the literature 

but most of them reported a loss of Nb affinity after framework regions (FRs) mutation, 

probably because these regions might be involved in target binding or their modification 

could lead to different CDRs exposure12,13. 

The construction of already humanized Nb libraries seems to be an interesting strategy to 

resolve Nb humanization problems because ready-to-use Nbs can be selected avoiding 

post-selection humanization procedures. Contrary to immune or naïve libraries, which are 

built with natural Nbs14–16, artificial ones can derive from validated scaffolds, already 

humanized, randomizing only the CDRs17–19. Compared to immune libraries, these types 
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of libraries, obtained by in vitro assembly20, must have a larger diversity but have the 

advantage that they can be used for selections against toxic or not immunogenic 

targets21,22. 

Despite different selection strategies have been developed through years, phage display 

remains the easiest and most widespread method for the identification of new 

antibodies23. Functional library components are exposed on the surface of M13 phages 

fused in frame to pIII phage protein and binders of interest during panning steps can be 

selected. Engineered pIII surface protein is provided by a phagemid vector which is not 

able to independently produce complete M13 phages because it lacks the necessary 

components for functional phage assembly. Thus after every panning step infection of 

selected phages leads to antibiotic resistant Escherichia coli cells that contain Nbs 

encoding phagemids and in order to produce complete phages for the next panning an 

infection with a helper phage and subsequent phage collection are required. For these 

reasons, a single panning step takes up to 3/4 days24. 

Here we present the humanization of a llama VHH consensus framework to be used as a 

scaffold for Nb production and for the construction of a humanized artificial Nb library in 

a novel vector for phage display selection. Previously we reported the design and 

production of a consensus framework scaffold (CFW) suitable for Nb production (see 

Chapter 1 for details) which derived from the alignment of more than 750 llama Nbs. 

After grafting of CDRs from natural known VHH, the scaffold was able to produce soluble 

and functional Nbs and a high-complex library suitable for ribosome display selection was 

produced. Here we introduced 12 point mutations in the FRs of our scaffold rendering 

them identical to the FRs of a human IgG VH III domain. The ability of this complete 

humanized scaffold (hCFW) to expose correctly CDRs was confirmed and a high-complex 

artificial humanized Nb library was built. 

In order to speed up phage display steps, we produced a novel phage vector: introducing 

engineered pIII protein gene, derived for a phagemid, into the M13 complete genome 

(M13mp8), a novel phage vector suitable for phage display selection was produced (M13-

flash). The vector was able to produce functional phages which exposed Nbs on their 

surface, so that the single selection step took only one day. The humanized artificial Nb 

library is now ready to be cloned in this new vector using among different cloning 

strategies the one that it will allow us to obtain the highest complex library. 
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2. Materials and Methods 

2.1. Molecular biology reagents and cloning procedures 

Standard protocols25 were used for all basic recombinant DNA procedures. Enzymes were 

from Takara Bio Europe (Saint-Germain-en Laye, France) and New England Biolabs 

(Ipswich, MA, USA). Molecular cloning and recombinant protein expression were carried 

out in BL21 codon plus E. coli strains (Stratagene; La Jolla, CA, USA), using pET28 (Merck 

Millipore, Darmstadt, Germany) and pIT2 (http://www.geneservice.co.uk/products/ 

proteomic/datasheets/tomlinsonIJ.pdf) plasmids. Following appropriate design, synthesis 

of hGcons and hG09cons encoding sequences were performed by Eurofins Genomics 

(Ebersberg, Germany), all protein-encoding sequences were optimized with respect to the 

E. coli codon usage (Table 1). 

Name Sequence 
E.coli codon optimized hGcons 
gene 

ccATGGgcGAGgtacagctgCTTgaatcgggtggtggcctggttcaaCCAgg

cggcagtttacgcctgtcatgtgcagcgtcaggtCGCAATGTGGAGAATCAG

GCAATGGGCTGGTTTCGTCAaGCACCAGGgAAAGGCCTGGAGTGGGTGTCGA

CAATCAGCTATAGCGGGGTTACGACCTACtatgcggattccgtgaaaggacg

cttcaccatttctcgggacaatTCGaagaacaccCTGtatttgcagatgaac

tccctgCGTGCGgaagatacggctgtctactattgcgctgcgCATCGTGGTA

CAGCTCTGACCATGAGTCGTGCCTCGCCTGCGGACTTTGGCTCAtggggcca

gggtactCTGgtcaccgtaagcagcAAgCTt 

E.coli codon optimized hG09cons 
gene 

catatgGGTCGTCGTCGTCGCCGTTCATCcatgggccaggtacagctggtag

aatcgggtggtggcctggttcaaccgggcggcagtttacgcctgtcatgtgc

agcgtcaggttttccggtgaatcggtactctatgcgctgggtgcgtcaagca

ccagggaaagggctggagtgggtggccggcatgtctagtgccggtgatcgct

caagctatgcggattccgtgaaaggacgcttcaccatttctcgggacaattc

taagaacaccctgtatttgcagatgaactccctgcgcgcggaagatacggct

gtctactattgcgctgcgaatgtgggcttcgagtattggggccagggtactc

tggtcaccgtaagcagcgcggccgc 

 
Table 1 Nucleotide sequences of the synthetic genes used in this chapter. Sequences are shown in standard 
5’-3’ orientation. 

Ligations of hGcons and hG09cons (using NcoI and HindIII cloning sites) in pET28 plasmids 

were performed following standard protocols25. 

Ligations of Gcons and hG09cons nucleotide sequences (using NcoI and NotI cloning sites) 

in pIT2 plasmid were performed following standard protocols25. 

2.2. Recombinant protein expression and purification 

Standard procedures were used for recombinant hGcons and hG09cons expression. 

Briefly, 10 ml of stationary overnight cultures (LB, 50 mg/l of kanamycin and 34 mg/l of 

chloramphenicol at 37 °C) were inoculated into 1 l cultures of the same media. After 

reaching an A600 value of 0.4-0.6, cultures were induced with 1 mM IPTG and further 

incubated for overnight at 20°C. Following centrifugation (5000 rpm, 15 min), bacterial 

http://www.geneservice.co.uk/products/
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cell pellets were recovered, suspended in 200 ml of Tris 10 mM pH 8.0 and centrifuged in 

the same conditions. Bacterial pellets were suspended in 50 ml of Tris-buffered saline (25 

mM Tris pH 8.0, 0.3 M NaCl, freshly supplemented with protease inhibitors), and lysed by 

sonication (20 min total sonication time performed with 3 sec bursts alternated with 6 sec 

resting on ice) carried out at constant power (4W/cm2; Sonicator 3000, Misonix). Lysates 

were then centrifuged (10000 rpm, 30 min) and the resulting supernatants were used as 

starting material for metal-affinity purification using a built-in 6xHis-tag and a His-select 

cobalt affinity resin (Sigma-Aldrich, Saint Louis, MO, USA) as per manufacturer’s 

instructions. Bacterial lysates and individual metal-affinity chromatography fractions were 

analyzed by SDS-PAGE on 15% polyacrylamide gels. 

Expression of Gcons protein is described in detail in Chapter 1, expression of GconsMuFc 

protein is described in detail in Chapter 3, expression of G09cons protein is described in 

detail in Chapter 4. 

Recombinant green fluorescent protein (GFP) used in this work is enhanced GFP. GST-

GFP, GFP and E2 Crimson were gently provided by collaborators. 

2.3. ELISA tests procedure 

GST-ELISA tests to verify compared Gcons and hGcons activity were carried out using the 

following protocol: polystyrene 96-wells microtiter plates were coated overnight at 4°C 

with casein-glutathione (prepared and used as previously described26) dissolved in 

carbonate buffer (1 vol. 0.5 M Na2CO3 : 4 vol. 0.5 M NaHCO3 pH 9.6). Blocking was 

performed by incubation for 1 hr at room temperature with 0.2% casein in Phosphate-

buffered saline (PBS, pH 7.4), followed by a 1 hr incubation at room temperature with the 

purified GST-tagged protein in PBS (800 nM each). After incubation with serial 1:3 

dilutions of hGcons and Gcons (starting from 800 nM) for 1 hr at room temperature, an 

anti-histidine-tagged protein mouse mAb (Merck Millipore) diluted 1:1000 in PBS+0.2% 

casein was added and incubated for 1 hr. Then a peroxidase-conjugated anti-mouse IgG 

(whole molecule) goat antibody (Sigma-Aldrich) diluted 1:5000 in PBS+0.2% casein was 

added. Following an additional 1 hr incubation at RT, wells were filled with the 2,2’-azino-

di-[3-ethylbenzthiazoline sulfonate (ABTS) substrate (KPL, Gaithersburg, MD, USA) and 

absorbance was measured at 415 nm with a microplate reader (iMark, Biorad). Wells 

were washed with PBS containing 0.3% (v/v) Tween20 after each incubation step. 

ELISA performed with hG09cons and G09cons proteins to compare their activity was 

executed using the following protocol: polystyrene 96-wells microtiter plates were coated 

overnight at 4°C with casein-glutathione dissolved in carbonate buffer (1 vol. 0.5 M 

Na2CO3 : 4 vol. 0.5 M NaHCO3 pH 9.6). Blocking was performed by incubation for 1 hr at 

room temperature with 0.2% casein in Phosphate-buffered saline (PBS, pH 7.4), followed 
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by a 1 hr incubation at room temperature with the purified GST-GFP protein in PBS (800 

nM each). 800 nM of GconsMuFc were then added and incubated for 1 hr at RT. After 

incubation serial 1:3 dilutions of G09cons were added and incubated for 1 hr at room 

temperature. After incubation with an anti-histidine-tagged protein mouse mAb (Merck 

Millipore) diluted 1:1000 in PBS+0.2% casein for 1 hr, a peroxidase-conjugated anti-

mouse IgG (whole molecule) goat antibody (Sigma-Aldrich) diluted 1:5000 in PBS+0.2% 

casein was added. Following an additional 1 hr incubation at RT, wells were filled with the 

2,2’-azino-di-[3-ethylbenzthiazoline sulfonate (ABTS) substrate (KPL, Gaithersburg, MD, 

USA) and absorbance was measured at 415 nm with a microplate reader (iMark, Biorad). 

Wells were washed with PBS containing 0.3% (v/v) Tween20 after each incubation step. 

2.4 Synthesis of the humanized nanobody library 

The Nb library was generated by multiple steps of assembly PCR using the PAGE-purified 

oligonucleotides (Microsynth, Balgach, Switzerland) listed in Table 2 and the Phusion DNA 

polymerase New England Biolabs (Ipswich, MA, USA); individual PCR products were 

agarose gel-purified using a Macherey-Nagel kit (Düren, Germany). 

Name Sequence 
nLMB3 CACAGGAAACAGCTATGACCATG 

pHEN CTATGCGGCCCCATTCA 

FR1-RE ACCTGACGCTGCACATGAC 

FR3-RE CGCAGCGCAATAGTAGACAG 

hCDR1-FW GTCATGTGCAGCGTCAGGTTYCAYTTTTTCGRDTWATRCTATKGSTTGGKWCCGTCAAGCACCAGGGA

AAG 

hFR2-RE AATGGCCGACACCCACTCCAGGCCTTTCCCTGGTGCTTGACG 

hCDR2-FW GGAGTGGGTGTCGGCCATTAVTWSGRGTGRTGRTAVKACCTACTATGCGGATTCCGTGAAAGGA 

hCDR3-FW CTGTCTACTATTGCGCTGCGSVTMSTVGTNHYNHYVGTNHYNHYYHTWMTVNTBCTVNTRVKTWTRRT

TATTGGGGCCAGGGTACTC 

 
Table 2 Oligonucleotides utilized for assembling PCR steps. Sequences are shown in a standard 5’-3’ 
orientation. The standard one-letter abbreviation nomenclature for specific subsets of nucleotides is used, 
where: M represents A, or C; Y represents C or T; R represents A, or G; D represents A, G or T; W represents A, 
or T; K represents G or T; S represents C or G; V represents A, C or G; H represents A, C or T; B represents C, G 
or T; and N represents any of the four nucleotides. 

PCR1: the oligonucleotides nLMB3 and FR1-RE were used to amplify the pIT2 hG09 gene 

(Initial denaturation 98°C, 20 s; 28 cycles of 10 s at 98°C, 30 s at 65°C, and 30 s at 72°C; 

additional extension 72°C, 5 min), to generate a final product containing FR1 preceded by 

a NcoI cloning site. 

PCR2: the oligonucleotides hCDR1-FW and hFR2-RE (4 nM each), plus dNTPs (0.8 mM), 1x 

PCR buffer and 1 unit of Phusion DNA polymerase in a final volume of 50 μl, were fused 

together by PCR (condition as PCR1 except 20 cycles, 66°C annealing temperature and no 

additional extension). The purified PCR1 product (100 ng) was then added, together with 
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DNA polymerase (0.5 units) and dNTPs (0.4 mM), and another 20 cycles of PCR 

amplification were performed. This was followed by the addition of oligonucleotides 

nLMB3 and hFR2-RE (0.5 μM each) plus DNA polymerase and dNTPs as above, and a 

further round of PCR amplification (condition as PCR1 except 20 cycles, 66°C annealing 

temperature and no additional extension) to generate a final product containing FR1, 

CDR1 and FR2, flanked by a NcoI restriction site. 

PCR3: the oligonucleotides hCDR2-FW and FR3-RE were used to PCR-amplify the pIT2 

hG09 gene (condition as PCR1 except 64°C annealing temperature) and to generate an 

amplicon bearing the CDR2 and the FR3. 

PCR4: the oligonucleotides hCDR3-FW and pHEN were used to amplify the pIT2 hG09 

gene (condition as PCR1 except 62°C annealing temperature) and to generate a final 

product containing the CDR3, FR4 and NotI restriction site. 

PCR5: 40 ng and 30 ng of the purified PCR2 and PCR3 products, respectively, were fused 

together by PCR (condition as PCR1 except for 20 cycles, 70°C annealing temperature and 

no additional extension) carried out in the presence of dNTPs (0.8 mM), 1x PCR buffer, 

and 1 unit of DNA polymerase in a final volume of 50 μl. The fused product upon 

supplementation of oligonucleotides nLMB3 and FR3-RE (0.5 μM each), dNTPs (0.4 mM) 

and 0.5 units of DNA polymerase was PCR amplified (condition as PCR1 except 70°C 

annealing temperature and 60 s of the cycle extension time). The final product contains 

FR1, CDR1, FR2, CDR2 and FR3, flanked by a NcoI restriction site. 

PCR6: the purified PCR4 and PCR5 products (50 ng each) were fused together by 25 cycles 

of PCR amplification (condition as PCR1 except 64°C annealing temperature, 60 s of the 

cycle extension time and no additional extension) carried out in the presence of dNTPs 

(0.8 mM), 1x PCR buffer, and 1 unit of DNA polymerase in a final volume of 50 μl. This was 

followed by addition of oligonucleotides nLMB3 and pHEN (0.5 μM each), dNTPs (0.4 mM) 

and DNA polymerase (0.5 units), and amplification of the fused product (condition as 

PCR1 except 64°C annealing temperature and 60 s of the cycle extension time) to 

generate the complete humanized Nb library. PCR6 was repeated 10 times in order reach 

a library complexity of approximately 1010. 

2.5. Assembly of the novel vector suitable for Phage Display selection 

Trypsin sensitive pIII encoding gene was amplified from KM13 Helper phage genome 

adding at 5’ and 3’ ends sequences overlapping destination vector cloning site. PCR was 

performed with 1 unit Phusion DNA Polymerase (New England Biolabs, Ipswich, MA, USA) 

in presence of the M13-P3(helper)-FW and M13-P3(helper)-RE (see Table 3) 

oligonucleotides (4 nM each), plus dNTPs (0.8 mM), 1x PCR buffer and 75 ng KM13 
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genome in a final volume of 50 μl: initial denaturation 98°C 3 min; 25 cycles of 30 s at 

98°C, 30 s at 60°C, and 60 s at 72°C; additional extension 72°C 7 min. 

M13mp8 phage genome was PCR amplified in order to exclude endogenous pIII protein 

and to introduce at 5’ and 3’ ends sequences overlapping pIII KM13 Helper phage 

amplicon. PCR was performed with 1 unit Phusion DNA Polymerase (New England Biolabs, 

Ipswich, MA, USA) in presence of the M18mp8del-noP3-FW and M18mp8del-noP3-RE 

(see Table 3) oligonucleotides (4 nM each), plus dNTPs (0.8 mM), 1x PCR buffer and 50 ng 

M13mp8 genome in a final volume of 50 μl: initial denaturation 98°C 3 min; 25 cycles of 

30 s at 98°C, 30 s at 60°C, and 4 min at 72°C; additional extension 72°C 7 min. 

pIII KM13 phage amplicon was fused to M12mp8 deleted genome using CPEC ligation 

system27 and using the following protocol: 50 ng of pIII KM13 were mixed with 200 ng of 

deleted M13mp8 genome. PCR was performed with 1 unit Phusion DNA Polymerase (New 

England Biolabs, Ipswich, MA, USA) in presence of dNTPs (0.8 mM), 1x PCR buffer in a 

final volume of 50 μl: initial denaturation 98°C 5 min; 25 cycles of 20 s at 98°C and 4 min 

at 72°C; additional extension 72°C 10 min. This cloning step generated pIII trypsin 

sensitive M13mp8 (tsM13mp8) 

pLac-pIII sequence was PCR amplified from pIT2 vector introducing EcoRI restriction site 

at 5’ end and HindIII restriction site at 3’ end. PCR was performed with 1 unit Phusion 

DNA Polymerase (New England Biolabs, Ipswich, MA, USA) in presence of the pIT2-EcoRI-

FW and pIT2-HindIII-RE (see Table 3) oligonucleotides (4 nM each), plus dNTPs (0.8 mM), 

1x PCR buffer and 100 ng pIT2 vector in a final volume of 50 μl: initial denaturation 98°C 3 

min; 25 cycles of 30 s at 98°C, 30 s at 61°C, and 90 sec at 72°C; additional extension 72°C 

10 min. 

The tsM13mp8 genome was digested with EcoRI and HindIII restriction enzymes following 

standard protocol25 and ligation of pLac-pIII sequence in tsM13mp8 genome was 

performed with InFusion HD cloning kit following user’s manual instructions28. This 

cloning step generated the new M13 vector for phage display (M13-flash). 

2.6. Cloning procedures in M13-flash vector 

Gcons nucleotide sequence was PCR amplified from pIT2 Gcons vector introducing at 5’ 

and 3’ end sequences overlapping M13-flash vector cloning site. PCR was performed with 

1 unit Phusion DNA Polymerase (New England Biolabs, Ipswich, MA, USA) in presence of 

the consNb-GFP-FW and consNb-GFP-RE (see Table 3) oligonucleotides (4 nM each), plus 

dNTPs (0.8 mM), 1x PCR buffer and 100 ng pIT2 Gcons vector in a final volume of 50 μl: 

initial denaturation 98°C 3 min; 25 cycles of 30 s at 98°C, 30 s at 57°C, and 30 sec at 72°C; 

additional extension 72°C 10 min. 
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M13-flash genome was digested with NcoI and NotI restriction enzymes following 

standard protocol25 and ligation of Gcons nucleotide sequence in M13-flash genome was 

performed with InFusion HD cloning kit following user’s manual instructions28. 

Name Sequence 
M13-P3(helper)-FW gtgaaaaaattattattcgcaattcc 

M13-P3(helper)-RE ttaagactccttattacgcagtatg 

M18mp8del-noP3-FW ccacctttatgtatgtattttctacg 

M18mp8del-noP3-RE cggagtgagaatagaaaggaac 

pIT2-EcoRI -FW CCATGATTACGAATTGCTTGCATGCAAATTCTA 

pIT2-HindIII-RE ggccagtgccaagctTTATTAAGACTCCTTATTACGCAGTATG 

consNb-GFP-FW GCCCAGCCGGCCATGggccaggtac 

consNb-GFP-RE TGATGATGTGCGGCCgcgcttacggtgacctgaG 

attR1-pDEST32-FW cccagccggCCATGGcgaatcaaACAAGTTTGTACAAA 

attR2-pDEST32RE tgatgatgtGCGGCCGCccatAaaACCACTTTGTACAAG 

 
Table 3 Oligonucleotides utilized in this chapter. Sequences are shown in a standard 5’-3’ orientation. 

Humanized Nb library was digested with NcoI and NotI restriction enzymes following 

standard protocol25 and ligation of library nucleotide sequence (using NcoI and NotI 

cloning sites) in M13-flash genome was performed following standard protocols25. 

Gateway attP1-2 cassette nucleotide sequence was PCR amplified from pDEST32 vector 

introducing at 5’ and 3’ end sequences overlapping M13-flash vector cloning site. Touch-

down PCR was performed with 1 unit Phusion DNA Polymerase (New England Biolabs, 

Ipswich, MA, USA) in presence of the attR1-pDEST32-FW and attR2-pDEST32RE (see Table 

3) oligonucleotides (4 nM each), plus dNTPs (0.8 mM), 1x PCR buffer and 10 ng pDEST32 

vector in a final volume of 50 μl: initial denaturation 98°C 3 min; 25 cycles of 30 s at 98°C, 

30 s at 57 - 48°C, and 90 sec at 72°C; additional extension 72°C 10 min. 

M13-flash genome was digested with NcoI and NotI restriction enzymes following 

standard protocol25 and ligation of attP1-2 cassette nucleotide sequence in M13-flash 

genome was performed with InFusion HD cloning kit following user’s manual 

instructions28. This cloning step generated a destination M13 vector derivative suitable 

for Gateway cloning system (Invitrogen, Carlsbad, California, USA): M13-flash-DEST. 

2.7. Phage ELISA and phage display procedures 

50 μl of stationary overnight culture of TG1 E. coli strain cells were inoculated into 5 ml of 

LB media and after reaching an A600 value of 0.5 were conserved at 4°C until use. 

Panning steps were performed in polystyrene 96-wells microtiter plates using the 

following protocol: polystyrene 96-wells microtiter plates were coated overnight at 4°C 

with the purified GST-GFP and E2 Crimson protein in PBS (800 nM each). Blocking was 

performed by incubation for 1 hr at room temperature with 0.2% casein in Phosphate-
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buffered saline (PBS, pH 7.4), followed by 2 hr incubation shaking at 700 rpm with 1011 

phages in PBS+0.2% casein buffer. Wells were washed 15 times and 100 μl of prepared 

TG1 cells were added incubating 1 hr shaking at 700 rpm. 50 μl of incubated TG1 cells 

were added to 3 ml of TG1 A600 0.5 cells and infection was performed for 30 min at 37°C. 

To infected TG1 cells, 7 ml of media were added and cells were incubated o/n at 30°C. 

The next day cells were centrifuged (5000 rpm, 15 min), the supernatant was filtered with 

0.2 μm filters and used for subsequent panning step. Wells were washed with PBS 

containing 0.3% (v/v) Tween20 after each incubation step. 

Phage ELISA tests were carried out using the following protocol: polystyrene 96-wells 

microtiter plates were coated overnight at 4°C with the purified GST-GFP and E2 Crimson 

protein in PBS (800 nM each). Blocking was performed by incubation for 1 hr at room 

temperature with 0.2% casein in Phosphate-buffered saline (PBS, pH 7.4), followed by a 1 

hr incubation at room temperature shaking at 700 rpm with 100 μl of 109 phages diluted 

in PBS+0.2% casein. After incubation with an anti-pVIII M13 protein (GE Healthcare, Little 

Chalfont, USA) diluted 1:5000 in PBS+0.2% casein for 1 hr at room temperature, a 

peroxidase-conjugated anti-mouse IgG (whole molecule) goat antibody (Sigma-Aldrich) 

diluted 1:5000 in PBS+0.2% casein was added. Following an additional 1 hr incubation at 

RT, wells were filled with the 2,2’-azino-di-[3-ethylbenzthiazoline sulfonate (ABTS) 

substrate (KPL, Gaithersburg, MD, USA) and absorbance was measured at 415 nm with a 

microplate reader (iMark, Biorad). Wells were washed with PBS containing 0.3% (v/v) 

Tween20 after each incubation step. 

3. Results 

3.1. Humanization of the consensus framework scaffold 

In order to humanize our CFW scaffold (see Chapter 1 for details), a consensus sequence 

of human IgG VH III subfamily was chosen as reference29. Nbs present high identity level 

with the chosen human subfamily, indeed only 12 different amino acids out of CDRs were 

identified (Figure 1A). 

We decided to introduce all the highlighted differences in our sequence obtaining a 

humanized consensus framework (hCFW) scaffold that bears FRs identical to the human 

IgG VH III subfamily. The degree of humanization of hCFW is a bit higher than commercial 

humanized monoclonal antibodies. As an example, by aligning the hCFW scaffold with FRs 

of Trastuzumab (a FDA approved anti-HER2 humanized monoclonal antibody30), only five 

amino acids with different chemical-physical properties were identified (Figure 1B). 

Sharing a higher identity level with human variable domains, Nbs produced with our 

consensus scaffold were expected not to elicit any immune response in humans. 
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Figure 1 ESPript3 alignments (http://espript.ibcp.fr/ESPript/ESPript/). A) CFW amino acid sequence compared 
to human IgG VH III consensus sequence, differential amino acids are indicated by green arrows. B) CFW and 
hCFW amino acid sequences compared to Trastuzumab, amino acids with different chemical-physical 
properties between hCFW and Trastuzumab are highlighted by blue arrows. 

3.2. Validation of the humanized consensus framework scaffold (hCFW) 

3.2.1. Cloning and expression of humanized Gcons and G09cons nanobodies 

To verify if after humanization our CFW scaffold was still able to stabilize and solubilize 

natural Nbs, while maintaining target-specific binding, CDRs of two VHHs were grafted 

into hCFW. As donors of CDRs, the Gcons (anti-GFP Nb, see Chapter 1 for details) and 

G09cons (anti-murine IgGs Nb, see Chapter 4 for details) were chosen for their high level 

of expression in E. coli and specific/strong target binding capacity obtaining humanized 

Gcons (hGcons) and G09cons (hG09cons) Nbs respectively. 
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Artificial synthetized 

hGcons and hG09cons 

nucleotide sequences 

were cloned in pET28 

vector and expressed in 

BL21 E. coli strain. After 

cells lysis both proteins 

were present in soluble 

fractions (Figure 2) and 

were purified by metal-

affinity chromatography 

using the vector-

provided poly-histidine tag (see “Materials and methods” for details) with a final yield of 

approximately 8 mg and 15 mg of pure protein/L of bacterial culture respectively. The 

high levels of expression of both proteins demonstrated that our hCFW is still able to 

produce high-expressing and soluble Nbs. 

3.2.2. Analysis of hGcons and hG09cons target binding capacity 

After CDRs grafting loss of Nbs target-binding capacity may occur because of CDRs 

incorrect exposure. To asses that hGcons and hG09cons were still able to bind their 

targets, ELISA tests comparing the humanized and not humanized Nbs (Figure 3) were 

carried out (see “Materials and Methods” for details). 

 

Figure 3 A) GST-ELISA testing of the hGcons/Gcons Nbs against GFP-GST. B) GST-ELISA testing of the 
hG09cons/G09cons Nbs against GconsMuFc. Bars represent absorbance measured at 415 nm after addition of 
the horseradish peroxidase (HRP) substrate, abscissa indicates the serial tested dilution of hGcons/Gcons and 
hG09cons/G09cons respectively (nM) (see “Materials and Methods” for details). 

Results indicated that hG09cons Nb showed similar binding activity of G09cons, however, 

hGcons showed a decrease in target affinity if compared to the not humanized 

Figure 2 Expression and solubility analysis of hGcons (left) and hG09cons 
(right). NI: non-induced control; I: induced bacterial lysate; S: bacterial lysate 
supernatant; P: bacterial pellet. The arrows mark the polypeptide bands 
corresponding to the Nbs. Molecular size of the marker is indicated next to 
the figures (see “Materials and Methods” for details). 
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counterpart. These outcomes demonstrated that hCFW exposed CDRs correctly although 

in some cases, especially when FRs contribute to target-binding, an alteration of amino 

acids within the framework might lead to a loss of Nb binding capacity. 

3.3. Construction of the humanized artificial semi-random nanobody library 

Once established the functionality of our humanized consensus scaffold, semi-random 

CDRs were introduced and a high-complex artificial Nb gene library was built. CDRs design 

and library assembly were performed as described in Chapter 1 (Figure 4, see ”Materials 

and Methods” for details). Compare to the construction of ribosome display artificial 

library, the only difference was the modification of 12 different codons within CFW in 

order to introduce the 12 humanizing amino acids. The estimated complexity of this 

library was 1018 different Nb genes. 

For verifying the correct assembly of the library, a small aliquot of the amplicon was 

cloned in pIT2 phagemid and 96 randomly picked clones were sequenced: more than 75% 

of the clones were correct, while the remaining Nb genes presented nucleotide deletions 

in the CDRs probably due to synthesis errors in PAGE-purified primers. Analysis of CDRs 

revealed that their amino acid composition at each randomized position corresponded to 

the expected one. Thus, this high complex Nb gene library now is ready to be cloned in a 

vector suitable for phage display selection. 

 

 
Figure 4 Schematic representation of the humanized library construction by assembling PCR. Framework 
regions (grey) and complementarity determining regions (black) are shown. Arrows represent 
oligonucleotides used. See “Materials and Methods” for experimental detail and Table 2 for the sequence of 
each oligonucleotide. 
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3.4. Production of a novel vector suitable for phage display selection 

3.4.1. Assembly of a vector to speed up phage display procedure 

For taking advantage of the phage display technology, usually gene libraries are cloned in 

frame with pIII M13 phage surface protein in expressing phagemid vectors. Since 

phagemids do not encode other phage proteins, for a correct phage assembly the 

presence of a helper vector, bearing all the necessary components, is required. This 

phagemid features render panning steps a long procedure. We decided to construct a 

novel vector for phage display which allowed us to speed up the selection steps. 

Figure 5 Schematic representation of M13mp8 genome, pIT2 phagemid and KM13 Helper phage. A schematic 
representation of M13mp8 genome modifications is also represented; RBS: ribosome binding site; MCS: 
multiple cloning site (see “Materials and Methods” for details). 



96 
 

Starting from an ancient M13 vector (M13mp8), first of all we wanted to modify 

endogenous pIII M13 to render it sensitive to trypsin digestion (necessary feature for 

phage recovery after selection). Exploiting CPEC cloning procedure, trypsin sensitive pIII 

gene from helper phage KM13 was introduced into the M13mp8 genome in place of the 

endogenous one (Figure 5, see “Materials and Methods” for details). This M13 modified 

vector (hereafter designated as tsM13mp8) was then further engineered by introducing 

the Lac-pIII sequence of pIT2 phagemid into its multiple cloning sites. The Lac-pIII 

sequence contains different genetic features such as a Lac inducible promoter, pelB 

secretion peptide encoding sequence, a multiple cloning sites (for cloning Nb sequences), 

His-Tag and Myc-Tag encoding sequences, followed by a wild type pIII gene. The presence 

of a stop codon just before pIII gene allows the expression of Nb-pIII fusion protein only in 

bacterial strain possessing an amber suppressor gene (e.g. TG1 strain) (Figure 5, see 

“Materials and Methods” for details). 

In short, the newly constructed vector (called M13-flash) bears two pIII genes, one is from 

the helper phage KM13, while the other comes from pIT2 together with some phagemid 

features. 

M13–flash vector can be used for the direct cloning of the Nb gene library since it should 

be able to produce complete phages, displaying Nb on their surface without the need of a 

helper phage. 

3.4.2. Validation of M13-flash suitability for phage display selection 

Once M13-flash vector was assembled, in order to validate its functionality during 

panning steps, a small aliquot of the humanized Nb library amplicons and anti-GFP Gcons 

Nb gene (see Chapter 1 for details) were cloned in frame with engineered pIII protein 

obtaining M13-flash Library and M13-flash Gcons vectors. The vectors were transformed 

in TG1 E. coli strain, selected and amplified in liquid medium. With both of them, high 

titers of phages (up to 1012 clones) have been produced, demonstrating the possibility to 

obtain complete phage assembly from M13-flash vector without helper phage infection. 

Before amplification, small aliquots of the transformed bacteria were plated to evaluate 

the library complexity and the rate of non-recombinant clones. The generated small 

humanized Nb library showed a complexity of about 106 independent clones with a 

frequency of less than 0.1 % of non-recombinant phages. 

M13-flash derived phages were expected to expose Nbs on their surface because Nb-pIII 

engineered proteins, under the control of the leaky Lac promoter, might be expressed in 

association with the production of phage-derived pIII protein whose expression is 

controlled by an endogenous M13 promoter31. To demonstrated the correct exposure of 

Nbs on phages surface and to validate M13-flash functionality during phage display, 
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panning steps on an ad hoc pool of phages were performed: phages derived from M13-

flash Gcons and the small M13-flash Library were mixed with a ratio of 1:106 respectively. 

Three panning steps following the protocol described in “Materials and Methods” against 

GFP protein and an unrelated 

protein (E2-Crimson) were 

performed in order to verify the 

selection of specific binders. At the 

end of the procedure, a phage ELISA 

test was performed in which 

phages, collected after every 

panning step, were analysed for 

their exposure of GFP or E2-Crimson 

binders. 

As shown in Figure 6, after every 

panning step performed against GFP 

an increase in GFP binders titer was 

observed; the same result was not 

obtained in case of anti-E2 Crimson 

selection. 96  randomly picked 

clones from the enriched library 

derived from the third panning were individually submitted to phage ELISA test which 

showed the presence of 8 clones expressing GFP specific binders. 

These results indicated that M13-flash phages are able to expose functional Nbs on their 

surface and the possibility to use successfully this vector in a speeded up phage display 

selection procedure. 

3.5. Cloning of the humanized artificial semi-random nanobody library in M13-flash 

vector 

Once established the complete functionality of M13-flash, different attempts to clone 

into this vector the humanized Nb library were performed. In order to obtain a final 

complexity of 109 different Nbs (the maximum complexity allowed by cloning techniques 

which require bacterial transformation) a classical ligation in NcoI-NotI cloning sites was 

accomplished but no more than 107 different clones were isolated. Other cloning 

procedures were followed like CPEC, InFusion HD and assembling PCR, but no one gave a 

library with higher complexity. 

Currently, we are working on modifying M13-flash vector to render it suitable for 

Gateway cloning. This innovative cloning procedure is based on site-specific 

Figure 6 Phage ELISA testing of phages deriving from 1°, 2° 
and 3° panning steps against GFP or E2-Crimson (CRI). Bars 
represent absorbance measured at 415 nm after addition of 
the horseradish peroxidase (HRP) substrate, abscissa 
indicates the tested panning steps (see “Materials and 
Methods” for details). 
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recombination mediated by bacteriophage lambda proteins which guarantees high 

ligation efficiency in library construction. In particular, in a first reaction (BP reaction), the 

library will be transferred in a donor vector (pDONR222, Invitrogen, Carlsbad, California, 

USA) and subsequently, with a second reaction (LR reaction), in the destination vector32. 

M13-flash have been further engineered (see “Materials and methods” for details) in 

order to transform it a destination vector (M13-flash-DEST) and now it is ready to be 

tested in the Gateway cloning procedure. 

4. Discussion 

In order to render antibodies suitable for human applications humanization of their 

sequences is required; indeed rendering therapeutic antibodies as similar as possible to 

human antibodies decreases the risk of treatment immune rejection in patients3. Since 

humanization of a functional antibody can lead to loss of solubility and/or target binding 

capacity12 the construction of humanized antibody library from which to mine new 

antibodies seems the most interesting strategy. 

Here we present the construction of a humanized Nb library to be used in a phage display 

selection. This library is an evolution of a previously reported work in which a complex 

and functional artificial library for ribosome display selection was built (Chapter 1). 

Starting from our consensus framework scaffold (CFW), which derives from the alignment 

of more than 750 Nb llama sequences, we inserted 12 point mutations to generate a 

humanized version (hCFW) with which to construct an artificial humanized Nb library. The 

use of a humanized universal scaffold may bring some advantages: i) it helps in the 

standardisation of subsequent Nbs manipulation since VHHs bearing the same framework 

should present similar immunogenicity and stability33, ii) the selection of already 

humanized Nbs avoids post-selection modification that could lead to loss of target 

affinity12. 

Despite humanized Nb libraries have been reported13,20, our hCFW is the first scaffold, at 

our knowledge, identical to human IgG VH III consensus sequence; this similarity to the 

FRs of human antibody (Figure 1B) might reduce the risk of Nbs rejection in case of 

patients treatment with these molecules. Also the use of single human VH domains as 

binding units and the construction of human VH libraries have been previously 

reported34,35, as well as attempts to solubilize and stabilize selected human VH domains 

through “camelization” of their sequence36, but the lack of their VL domain counterpart13 

limit their binding affinity to some extent. On the contrary, our VHH library, having a 

scaffold identical to a human VH and CDRs which, in sequence and length, resemble those 

found in llama Nbs, should allow selecting human VHs with the binding capacity of Nbs. 
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We first validated our humanization strategy grafting CDRs of two Nbs (which showed 

unchanged binding properties after the previous grafting in the llama-derived CFW) into 

the humanized version of the scaffold: Gcons (anti-GFP Nb, see Chapter 1 for details) and 

G09cons (anti-murine IgGs Nb, see Chapter 4 for details). Both humanized versions of the 

Nbs (hGcons and hG09cons respectively) showed a high level of expression and solubility 

when produced as recombinant proteins in E. coli, highlighting an identical solubilizing 

and stabilizing properties of hCFW if compared with llama version (Figure 2). While 

hG09cons showed unchanged target-binding capacity, an apparent decrease of target 

affinity was visible only in case of hGcons Nb (Figure 3). Since in some Nbs FRs might be 

involved in target binding, we expected that the modification of the scaffold could have 

reduced binding capacity, exactly as antibody humanization could lead to loss of target 

affinity. 

After hCFW scaffold validation, following the same protocol for CDRs randomisation and 

library assembly reported in Chapter 1, a humanized version of the Nb library encoding 

genes was built by assembling PCR (Figure 4). High complexity and quality of the library 

genes were confirmed through sequencing of a sample of about hundred cloned 

amplicons which showed that more than 75% of them were correct with CDRs 

randomisation consistent with expected degeneration. 

The amplicon library is now ready to be cloned in a vector for rendering it selectable 

through phage display method. We chose phage display because it is the most 

widespread and robust antibodies selection technique, is the easiest one and can be 

applied in almost every laboratory performing in harsh conditions or difficult target 

selections37. Standard phage display which uses phagemid as cloning vector is very time-

consuming since one panning step required 3-4 days: once the selection of Nbs exposing 

phages is performed and E. coli infection is executed, as phagemids are not able to 

produce phages, a pool of E. coli resistant cells are isolated. These cells have to be grown 

and secondarily infected with a helper phage in order to get final Nbs exposing phages for 

the subsequent panning step24. Fusing Nbs directly to endogenous pIII protein of M13 

genome can be an alternative excluding the use of helper phage infection, but fusing 

peptides with more than 50 amino acids to pIII protein leads generally to not infective 

phages. Furthermore, since M13 pIII protein is present in five copies on phage particles, 

the antibody would be pentavalent and a selection against a target could lead to the 

isolation of low-affinity binders38. 

To speed up phage display selection, here we reported the assembly of a novel vector 

suitable for rapid panning steps: we modified the genome of an ancient M13 vector 

introducing in its multiple cloning sites the pIII expressing sequence from pIT2 phagemid 

and substituting M13 endogenous pIII gene with one derived from trypsin sensitive 
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Helper phage protein (Figure 5). These modifications led to a vector (M13-flash) that is 

able to autonomously produce complete phages which bear, on their surface, trypsin 

sensitive version of pIII and, thanks to the leaky activity of pIT2 expressing sequence, no 

more than one copy of Nb-pIII fused peptide. The expected VHH-pIII/pIII protein ratio of 

less than 1/5 has yet to be assessed through a western blot experiment on phage protein 

extract using antibodies against pIII31. We finally demonstrated the functionality of M13-

flash vector during speedy panning procedures simulating a phage display selection 

against GFP with a Gcons-derivative contaminated small phage VHH library. After three 

rounds of panning, which took less than a week, more copies of the correct GFP-binder 

were recovered (Figure 6). 

The vector is now ready to receive the humanized semi-random Nb library amplicons but 

the goal of final library complexity of 109 clones could not be reached yet using 

alternative cloning procedures. For this reason, the vector has been further modified in 

order to render it suitable for Gateway cloning procedure, which, from early tests, 

seemed to guarantee higher ligation efficiency32. 

We speculate that once high-efficient ligation is archived and a high complex library is 

obtained, with a fast selection procedure new Nbs, potentially ready to be used in 

humans, could be acquired. The speedy phage display technique will improve the number 

of selection performed at the same time, increasing the possibility to find new potential 

binders. 
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Chapter 3: A simple and modular method to produce 

monoclonal-like antibodies trough SpyTag – 

SpyCatcher technology 

1. Introduction 

Since their serendipitous discovery in 19931 the variable domains of heavy chain 

antibodies (nanobodies (Nb) or VHHs) are protagonists of an increasing number of 

published articles. Due to the convergence of many characteristics like small size (~15 

kDa), high solubility, high yield of expression in prokaryotic systems and high specific 

binding capacity Nbs are good diagnostic and therapeutic tools2. 

Nbs are known for their intrinsic low immunogenicity due to their small size, rapid 

clearance from the bloodstream3 and high identity level with human IgG VH III subtype4; 

however the impossibility to create secondary antibodies against them is a limitation in 

diagnostic field and their lack of effector function restricts their therapeutic applications. 

In order to render Nbs detectable through secondary antibodies, to increase their 

effector function and target affinity trough dimerization, many fusions of these variable 

domains to immunoglobulins Fc regions are reported in literature5. The immunoglobulin 

fragment crystallisable (Fc), composed of CH2 and CH3 domains dimer, is responsible for 

antibodies effector function throughout Fc-receptor activation on immune cells6,7. Fusing 

this region of immunoglobulins to VHHs leads to variable effects: Nb in vivo half-live and 

avidity can be enhanced increasing the dimension and inducing dimerization of the 

antibody8,9; recruitment of immune response through Fc receptor activation is another 

possible effect10 that can be increased through a rational choice of the fusion partner: 

fusing human IgA Fc region to an anti-enterotoxigenic Escherichia coli Nb increased its 

anti-bacterial activity thanks to canonical IgA Fc interactions in mucosas11. Nb fusion to Fc 

regions can also be used to extend diagnostic applications of the antibody: the fusion of 

an anti-P2X7 VHH to a rabbit Fc region permitted its application in brain staining12. 

However Fc regions are difficult to express and their fusion to Nbs leads usually to 

insoluble proteins that have to be expressed in eukaryotic systems like Pichia pastoris13, 

HEK/NS0/CHO cell lines9,10,14 or plants8,11,12. 

In our laboratory a consensus framework scaffold (CFW) was produced in order to 

enhance Nb expression in bacteria (as described in details in Chapter 1); we attempted to 

fuse our CFW grafted Nbs to immunoglobulin Fc regions and we personally noted the 

difficulty to obtain soluble and active antibodies. 
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Thus we developed a simple and low-cost mechanism to obtain monoclonal-like 

antibodies trough SpyTag and SpyCatcher technology: Nbs and Fc regions were joined 

through an in vitro protein ligation system obtaining molecules which are able to bind 

their target and possess detectable Fc regions. 

SpyTag and SpyCatcher are two part of the same collagen adhesion domain (CnaB2) of 

Streptococcus pyogenes (Spy) fibronectin binding protein (FbaB). CnaB2 domain contains 

an isopeptide bond between Lys31 and Asp117 that spontaneously forms during protein 

assembly. Separating the catalytic domain (SpyCatcher containing Lys31) from the target 

peptide (SpyTag containing Asp117) a rapid in vitro ligation system was developed: cloning 

SpyTag or SpyCatcher in frame to N/C terminus of two fusion partners leads to their rapid 

and directional in vitro ligation15. 

We fused SpyTag and SpyCatcher to C-terminus of different Nbs and to the N-terminus of 

different immunoglobulin Fc regions, after in vitro ligation combinations always fully 

functional monoclonal-like antibodies were obtained. These antibodies maintain Nb 

peculiar binding capacity but, unlike the Nbs alone, are detectable through secondary 

antibodies rendering them useful for diagnostic applications. 

2. Materials and Methods 

2.1. Molecular biology reagents and cloning procedures 

Standard protocols16 were used for all basic recombinant DNA procedures. Enzymes were 

from Takara Bio Europe (Saint-Germain-en Laye, France) and New England Biolabs 

(Ipswich, MA, USA). Molecular cloning and recombinant protein expression were carried 

out in BL21 codon plus E. coli strain (Stratagene; La Jolla, CA, USA) using pET28 (Merck 

Millipore, Darmstadt, Germany) plasmid. Following appropriate design, synthesis of 

murine Fc region and SpyTagRaFc encoding sequences were performed by GenScript 

(New Jersey, United States); all protein-encoding sequences were optimized with respect 

to the E. coli codon usage (Table 1). 

Ligation of murine Fc (using NotI and XhoI cloning sites) in pET28 Gcons plasmid (see 

Chapter 1 for details) and in pET28 Lcons plasmid (using NotI and XhoI cloning sites, see 

Chapter 1 for details) were performed following standard protocols. Subcloning of 

LconsMuFc sequence (using NcoI and XhoI cloning sites) in pET28 Strep-Tag (gently 

provided by Gloria Spagnoli) was performed following standard protocols16. 
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Table 1 Nucleotide sequences of the synthetic genes used in this chapter. Sequences are shown in standard 
5’-3’ orientation. 

SpyCatcher sequence was PCR-amplified from pET28 HTag-SpyCatcPfTrxL2(20-38) (gently 

provided by Gloria Spagnoli) plasmid introducing NcoI site at 5’ end and NotI site at 3’ 

end. PCR was performed with 1 unit Phusion DNA Polymerase (New England Biolabs, 

Ipswich, MA, USA) in presence of the SpyF and SpyR (see Table 2) oligonucleotides (4 nM 

each), plus dNTPs (0.8 mM), 1x PCR buffer and 10 ng pET28 HTag-SpyCatcPfTrxL2(20-38) 

in a final volume of 50 μl: initial denaturation 98°C 1 min; 25 cycles of 10 s at 98°C, 30 s at 

55°C, and 60 s at 72°C; additional extension 72°C, 7 min. Ligation of SpyCatcher sequence 

(using NcoI and NotI cloning sites) and in pET28 murine Fc plasmid was performed 

following standard protocols16. 

Gcons sequence was PCR-amplified from pET28 Gcons plasmid (see Chapter 1 for details) 

introducing NcoI site at 5’ end and NcoI and SpyTag sequence at 3’ end. Three PCR were 

performed with 1 unit Phusion DNA Polymerase (New England Biolabs, Ipswich, MA, USA) 

in presence of the consNb(GFP)-SpyTag-FW/consNb(GFP)-SpyTag-RE1 or consNb(GFP)-

SpyTag-FW/GFPSpyTag_RE2 or consNb(GFP)-SpyTag-FW/consNb(GFP)-SpyTag-RE3 (see 

Table 2) oligonucleotides (4 nM each), plus dNTPs (0.8 mM), 1x PCR buffer and 10 ng of 

template in a final volume of 50 μl. First PCR was performed using pET28 Gcons as 

template obtaining Amplicon1: initial denaturation 98°C 1 min; 25 cycles of 10 s at 98°C, 

30 s at 67°C, and 30 s at 72°C; additional extension 72°C, 5 min. Second PCR was 

performed using Amplicon1 as template obtaining Amplicon2: initial denaturation 98°C 1 

Name Sequence 
E.coli codon optimized murine Fc 
synthetic gene 

CCATGGgcggccgcaagcttGAACCGCGTGGACCGACAATCAAACCATGCCCT

CCGTGCAAATGTCCAGCGCCAAATCTGTTGGGTGGTCCGAGTGTGTTCATCTT

TCCGCCGAAAATCAAAGACGTGCTGATGATTAGCCTGTCACCGATTGTTACCT

GTGTAGTGGTTGACGTCAGTGAAGATGATCCGGATGTACAGATTTCCTGGTTT

GTCAACAATGTTGAGGTGCATACGGCTCAGACGCAAACGCATCGCGAAGATTA

CAATTCTACCCTTCGCGTTGTGAGTGCGTTGCCGATCCAGCATCAGGACTGGA

TGTCGGGTAAAGAGTTCAAATGCAAAGTGAACAACAAAGACTTACCAGCCCCG

ATTGAACGCACCATTAGCAAACCCAAAGGCTCCGTTCGTGCACCGCAAGTGTA

TGTACTGCCTCCACCTGAGGAAGAAATGACCAAGAAACAGGTGACACTGACGT

GCATGGTTACCGATTTTATGCCCGAGGACATTTATGTAGAATGGACGAATAAT

GGCAAAACCGAACTGAACTACAAGAACACAGAACCGGTCTTAGATAGCGATGG

CAGCTACTTCATGTACTCGAAACTCCGCGTCGAAAAGAAGAATTGGGTAGAGC

GGAACTCCTATTCGTGCTCGGTCGTTCATGAAGGGCTGCACAACCACCACACC

ACAAAGTCGTTTTCCCGTACTCCGGGTAAActcgag 

E.coli codon optimized SpyTagRaFc 
synthetic gene 

aagcttGTTGCGCCGAGCACCTGCAGCAAGCCGACCTGCCCGCCGCCGGAACT

GCTGGGTGGCCCGAGCGTTTTCATTTTCCCGCCGAAGCCGAAGGACACCCTGA

TGATCAGCCGTACCCCGGAAGTGACCTGCGTGGTTGTGGATGTGAGCGAGGAC

GATCCGGAAGTTCAGTTCACCTGGTACATTAACAACGAACAGGTTCGTACCGC

GCGTCCGCCGCTGCGTGAACAGCAATTTAACAGCACCATCCGTGTTGTGAGCA

CCCTGCCGATTGCGCACGAGGACTGGCTGCGTGGCAAGGAGTTCAAGTGCAAA

GTTCACAACAAAGCGCTGCCGGCGCCGATCGAGAAGACCATTAGCAAAGCGCG

TGGTCAGCCGCTGGAACCGAAAGTGTATACGATGGGTCCGCCGCGTGAGGAAC

TGAGCAGCCGTAGCGTTAGCCTGACCTGCATGATCAACGGTTTTTACCCGAGC

GACATTAGCGTGGAGTGGGAAAAGAACGGCAAAGCGGAGGATAACTATAAAAC

CACCCCGGCGGTGCTGGACAGCGATGGTAGCTACTTCCTGTATAGCAAACTGA

GCGTTCCGACCAGCGAATGGCAACGTGGCGATGTTTTTACCTGCAGCGTGATG

CACGAGGCGCTGCACAACCATTACACCCAGAAAAGCATTAGCCGTAGCCCGGG

CAAGctcgag 
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min; 25 cycles of 10 s at 98°C, 30 s at 61°C, and 30 s at 72°C; additional extension 72°C, 5 

min. Third PCR was performed using Amplicon2 as template obtaining GconsSpyTag 

sequence: initial denaturation 98°C 1 min; 25 cycles of 10 s at 98°C, 30 s at 60°C, and 30 s 

at 72°C; additional extension 72°C, 5 min. GconsSpyTag sequence was cloned in pET28 

plasmid in NcoI cloning site following standard protocols16. 

 
Table 2 Nucleotide sequences of the primers used in this chapter. Sequences are shown in standard 5’-3’ 
orientation. 

Lcons sequence was PCR-amplified from pET28 Lcons plasmid (see Chapter 1 for details) 

introducing NcoI site at 5’ end and NcoI site + SpyTag encoding sequence at 3’ end. Three 

PCR were performed with 1 unit Phusion DNA Polymerase (New England Biolabs, Ipswich, 

MA, USA) in presence of the consNb(Lys)-SpyTag-FW /consNb(GFP)-SpyTag-RE1 or 

consNb(Lys)-SpyTag-FW /GFPSpyTag_RE2 or consNb(Lys)-SpyTag-FW /consNb(GFP)-

SpyTag-RE3 (see Table 2) oligonucleotides (4 nM each), plus dNTPs (0.8 mM), 1x PCR 

buffer and 10 ng of template in a final volume of 50 μl. First PCR was performed using 

pET28 Lcons as template obtaining Amplicon1: initial denaturation 98°C 1 min; 25 cycles 

of 10 s at 98°C, 30 s at 67°C, and 30 s at 72°C; additional extension 72°C, 5 min. Second 

PCR was performed using Amplicon1 as template obtaining Amplicon2: initial 

denaturation 98°C 1 min; 25 cycles of 10 s at 98°C, 30 s at 61°C, and 30 s at 72°C; 

additional extension 72°C, 5 min. Third PCR was performed using Amplicon2 as template 

obtaining LconsSpyTag sequence: initial denaturation 98°C 1 min; 25 cycles of 10 s at 

98°C, 30 s at 60°C, and 30 s at 72°C; additional extension 72°C, 5 min. LconsSpyTag 

sequence was cloned in pET28 plasmid in NcoI cloning site following standard protocols16. 

Ligation of rabbit Fc (using HindIII and XhoI cloning sites) and in pET28 Gcons plasmid (see 

Chapter 1 for details) and ligation of rabbit Fc (using HindIII and XhoI cloning sites) in 

pET28 SpyCatcher plasmid (gently provided by Gloria Spagnoli) were performed following 

standard protocols16. 

Gcons sequence was PCR-amplified from pET28 Gcons plasmid (see Chapter 1 for details) 

introducing NcoI sites at 5’ and 3’ ends. PCR was performed with 1 unit Phusion DNA 

Polymerase (New England Biolabs, Ipswich, MA, USA) in presence of the cNbGFP-

Name Sequence 
SpyF GTTTAACTTTAAGAAGGAGATATACcatgGATAGTGCTACCCATAT 

SpyR cggttcaagcttgcggccgctAATATGAGCGTCACCTTTAGTTG 

consNb(GFP)-SpyTag-FW aattttgtttaactttaagaaggagatataCCATGGGCCAGGTACAGC 

consNb(GFP)-SpyTag-RE1 ACGATGTGGGCGGAACCGTGGTGGTGGTGGTGGTGC 

GFPSpyTag_RE2 CCTTCGTCGGCTTGTAGGCGTCCACCATCACGATGTGGGCGGA 

consNb(GFP)-SpyTag-RE3 gatgatggctgctgcCCATGGTCAACTACCCTTCGTCGGCTTGTAG 

consNb(Lys)-SpyTag-FW aattttgtttaactttaagaaggagatataCCATGGttacccaggtgcag 

cNbGFP-SpyCatchFW TTGTTTAACTTTAAGAAGGAGATATACCATGGGCCAGGTACA 

cNbGFP-SpyCatchRE ATTTAATATGGGTAGCACTATCCATGGaGCGGCCGCTGCT 
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SpyCatchFW and cNbGFP-SpyCatchRE (see Table 2) oligonucleotides (4 nM each), plus 

dNTPs (0.8 mM), 1x PCR buffer and 10 ng pET28 Gcons in a final volume of 50 μl: initial 

denaturation 98°C 1 min; 25 cycles of 10 s at 98°C, 30 s at 62°C, and 30 s at 72°C; 

additional extension 72°C, 5 min. Ligation of Gcons sequence (using NcoI cloning site) in 

pET28 SpyCatcher plasmid was performed following standard protocols16. 

2.2. Recombinant protein expression and purification 

Standard procedures were used for recombinant proteins expression. Briefly, 10 ml of 

stationary overnight cultures (LB, 50 mg/l of kanamycin and 34 mg/l of chloramphenicol 

at 37 °C) were inoculated into 1 l cultures of the same media. After reaching an A600 value 

of 0.4-0.6, cultures were induced with 1 mM IPTG and further incubated overnight at 

20°C. Following centrifugation (5000 rpm, 15 min), bacterial cell pellets were recovered, 

suspended in 200 ml of Tris 10 mM pH 8.0 and centrifuged in the same conditions. 

Bacterial pellet was suspended in 50 ml of Tris-buffered saline (Tris 25 mM pH 8.0, NaCl 

0.3 M, freshly supplemented with protease inhibitors), and lysed by sonication (20 min 

total sonication time performed with 3 sec bursts alternated with 6 sec resting on ice) 

carried out at constant power (4W/cm2; Sonicator 3000, Misonix). Lysates were then 

centrifuged (10000 rpm, 30 min) and the resulting supernatants were used as starting 

material for metal-affinity purification using a built-in 6xHis-tag and a His-select cobalt 

affinity resin (Sigma-Aldrich, Saint Louis, MO, USA) as per manufacturer’s instructions. 

Bacterial lysates and individual metal-affinity chromatography fractions were analysed by 

SDS-PAGE on 15%-11% polyacrylamide gels. 

SpyCatcherMuFc protein was expressed in presence of pKJE7 plasmid (Takara Bio Europe, 

Saint-Germain-en Laye, France) in BL21 E. coli stain following user’s manual instructions; 

cells lysis and protein purification were performed as described above. 

Recombinant green fluorescent protein (GFP) used in this work is enhanced GFP. GST-

tagged GFP and thioredoxin, biotinylated lysozyme and thioredoxin were gently provided 

by collaborators. 

2.3. SpyTag – SpyCatcher reactions 

All the reactions between SpyTag and SpyCatcher proteins were performed at 20°C for 3 

days in TBS buffer (25 mM Tris HCl, 0.3 M NaCl, pH 8.0) in presence of protease inhibitor 

cocktail (Sigma-Aldrich, Saint Louis, MO, USA) following user’s manual instructions. 70 nM 

of the protein of interest were mixed with 140 nM of the second protein in a final volume 

of 100 μl. After reactions final fusion proteins were analysed by SDS-PAGE on 11% 

polyacrylamide gels. 
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2.4. Gel filtration analysis 

Two samples of every monoclonal-like antibodies produced in this chapter (300 μg each) 

were prepared using the following protocol: one was suspended in 25 mM Tris-HCl (pH 

7.5), 150 mM NaCl and 5 mM β-mercaptoethanol, the other was suspended in 25 mM 

Tris-HCl (pH 7.5), 150 mM NaCl. Both samples were incubated for 1 hr at room 

temperature and used for analysis. Size exclusion chromatography (SEC) was performed 

on a Superdex 200 HR10/30 column (24 ml; GE Healthcare) equilibrated in 25 mM Tris-HCl 

(pH 7.5), 150 mM NaCl, at a flow-rate of 0.7 ml/min, using an ÄKTA Prime Plus 

pump/monitoring (280 nm) system. A calibration curve was built with the use of 

thyroglobulin (670 kDa), human ferritin (440 kDa), yeast alcohol dehydrogenase 

(140 kDa), bovine serum albumin (66 kDa), ovalbumin (44.3 kDa), trypsinogen (24 kDa) 

and lysozyme (14.5 kDa) as molecular mass standards. 

2.5. ELISA tests procedures 

GST-ELISA tests performed to verify monoclonal-like antibodies activity were carried out 

using the following protocol: polystyrene 96-wells microtiter plates were coated 

overnight at 4°C with casein-glutathione (prepared and used as previously described17) 

dissolved in carbonate buffer (1 vol. 0.5 M Na2CO3 : 4 vol. 0.5 M NaHCO3 pH 9.6). Blocking 

was performed by incubation for 1 hr at room temperature with 0.2% casein in 

Phosphate-buffered saline (PBS, pH 7.4), followed by a 1 hr incubation at room 

temperature with the purified GST-tagged proteins in PBS (800 nM each). After 

incubation with serial 1:3 dilutions of monoclonal-like antibodies (starting from 800 nM) 

for 1 hr at room temperature, a peroxidase-conjugated anti-mouse IgG (whole molecule) 

goat antibody (Sigma-Aldrich) diluted 1:5000 in PBS + 0.2% casein was added. Following 

an additional 1 hr incubation at RT, wells were filled with the 2,2’-azino-di-[3-

ethylbenzthiazoline sulfonate (ABTS) substrate (KPL, Gaithersburg, MD, USA) and 

absorbance was measured at 415 nm with a microplate reader (iMark, Biorad). Wells 

were washed with PBS containing 0.3% (v/v) Tween20 after each incubation step. 

ELISA tests on biotinylated lysozyme and thioredoxin were performed following the same 

protocol but polystyrene 96-wells microtiter plates were coated overnight at 4°C with 66 

nM neutravidin dissolved in PBS. All the ELISA tests were triplicated. 

2.6. Western Blot procedures 

3 ml of stationary overnight BL21 pET28 GFP or BL21 pET28 culture (LB, 50 mg/l of 

kanamycin and 34 mg/l of chloramphenicol at 37 °C) were inoculated into 10 ml cultures 

of the same media. After reaching an A600 value of 0.4-0.6, cultures were induced with 1 
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mM IPTG and further incubated for 3 hr at 37°C. Following centrifugation (5000 rpm, 15 

min), bacterial cell pellets were recovered, suspended in 1 ml of Tris 10 mM pH 8.0 and 

centrifuged in the same conditions. Bacterial pellet was suspended in 1 ml of Tris-

buffered saline (Tris 25 mM pH 8.0, NaCl 0.3 M, freshly supplemented with protease 

inhibitors), and lysed by sonication (10 min total sonication time performed with 30 sec 

bursts alternated with 1 min resting on ice) carried out at constant power (4W/cm2; 

Sonicator 3000, Misonix). Lysates were then centrifuged (10000 rpm, 30 min) and the 

resulting supernatants were analysed by SDS-PAGE on 11% polyacrylamide gels. 

Supernatant GFP content was evaluated and the same quantity of chicken lysozyme was 

added in BL21 pET28 supernatant: both supernatants were used as starting material for 

Western Blot analyses. 

Serial 1:2 dilutions of GFP and lysozyme containing E. coli supernatants were analysed by 

SDS-PAGE on 11 and 15% polyacrylamide gels respectively, and were transferred on 

nitrocellulose membranes (GE Healthcare, Little Chalfont, USA) for 2 hr in transferring 

buffer (25 mM Tris HCl, 192 mM glycine, 10% methanol, pH 8.3). Transferred membranes 

were blocked for 2 hr at room temperature with TBS (20 mM Tris HCl, 150 mM NaCl, pH 

7.4) + 5% Skin Milk and then 40 nM of monoclonal-like antibodies in TBS + 5% BSA were 

added. Incubation of the membranes continued o/n at 4°C and the next day anti-rabbit or 

anti-mouse IRDye antibodies (LI-COR, Lincoln, Nebraska, USA) diluted 1:15000 in TBS + 5% 

BSA were added. After 1 hr incubation membranes were analysed with Odyssey 

instrument (LI-COR, Lincoln, Nebraska, USA) at 700 nm. After every incubation three 

washing steps were performed with TBS+0.3% (v/v) Tween20. 

3. Results 

3.1. Direct fusion of CFW grafted nanobodies to murine IgG Fc region 

3.1.1 Cloning and expression of Gcons and Lcons fused to murine IgG 2a Fc region 

To assess the possibility to fuse CFW grafted Nbs to IgG Fc regions we chose murine IgG 

2a Fc as first fusion partner because large amounts of secondary anti-mouse antibodies 

are commercially available. We cloned Gcons and Lcons Nbs encoding genes (anti-GFP 

and anti-chicken lysozyme natural CDRs grafted in our CFW, see Chapter 1 for details) in 

frame at the N-terminus to murine Fc encoding region and exploiting pET expression 

system we obtained GconsMuFc and LconsMuFc proteins respectively. 
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After cell lysis, GconsMuFc protein turned out to 

be soluble and was purified by metal-affinity 

chromatography using the vector-provided poly-

histidine tag (see “Materials and methods” for 

details) with a final yield of approximately 15 mg 

of pure protein/L of bacterial culture (Figure 1A). 

LconsMuFc protein was completely insoluble 

(Figure 1B) and the substitution of the poly-

histidine tail with Strep-peptide as purification 

tag did not enhance protein solubility (Figure 

1C). 

3.1.2. Analysis of GconsMuFc structure and functionality 

Because of the presence of Fc domain, we expected GconsMuFc assume a monoclonal-

like structure (Figure 3) due to dimer formation. Thus, the correct dimerization of the 

protein was verified. 

Size exclusion 

chromatography (SEC) 

was performed and 

two samples of 

GconsMuFc were 

analysed: one sample 

was incubated for 1 

hour in presence of β-

mercaptoethanol and 

the other sample not 

(see “Materials and 

Methods” for details). 

As shown in Figure 2 after treatment with the reducing agent (thus reduction of 

disulphide bonds responsible of dimerization) a delay in the elution time was observed (in 

red), if compared with the elution time of the not treated sample (in black). 

Figure 1 Expression and solubility analysis of GconsMuFc (A) 
and LconsMuFc His-Tag (B) or Strep-Tag (C). I: induced 
bacterial lysate; S: bacterial lysate supernatant; P: bacterial 
pellet; Pur: purified protein. The arrows mark the 
polypeptide bands corresponding to the fusion proteins. 
Molecular size of the marker is indicated on the left of the 
figures (see “Materials and Methods” for details). 

Figure 2 SEC performed on GconsMuFc with Superdex 200 column on ÄKTA 
system. Sample in red was treated with 5 mM β-mercaptoethanol and sample 
in black is the not treated counterpart. Elution time of markers is shown on the 
top (see “Materials and Methods” for details). 
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Figure 3 Schematic representation of all the monoclonal-like antibodies and single proteins produced in this 
chapter. 
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Comparing elution times with those of protein markers, these results indicated that in 

solution and in the absence of reducing agents GconsMuFc protein has a molecular 

weight corresponding to its dimer. 

The functionality of GconsMuFc monoclonal-like antibody was assessed in ELISA test and 

Western Blot. In ELISA, as shown in Figure 4, different dilutions of GconsMuFc were 

tested against its target and an unrelated protein: the antibody was able to recognise 

specifically GFP and was detectable through secondary anti-mouse antibodies until 0.1-

0.03 nM tested concentrations (see “Materials and Methods” for details). 

 

Figure 4 GST-ELISA testing of the GconsMuFc fusion Nb against GFP-GST. An unrelated protein (thioredoxin-
GST) served as negative control. Bars represent absorbance measured at 415 nm after addition of the 
horseradish peroxidase (HRP) substrate, abscissa indicates the serial tested dilution of GconsMuFc (nM) (see 
“Materials and Methods” for details). 

Also in Western Blot (Figure 5) GconsMuFc was able to specifically recognise expressed 

GFP within an Escherichia coli lysate until 100 ng of target protein and, in turn, was 

detected by an secondary anti-mouse antibody (see “Materials and Methods” for details). 

These results indicate that the direct fusion of our grafted “consensus” Nbs to murine IgG 

Fc region is feasible but not always the procedure leads to soluble and functional 

monoclonal-like antibodies, as observed for LconsMuFc. 
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Figure 5 Western Blot performed on serial dilutions of GFP-expressing E. coli lysate. GconsMuFc was used as 
primary antibody and anti-mouse IRDye as secondary antibody. On the top the predicted quantity of GFP in 
bacterial lysate is indicated (ng) and molecular size of the marker is displayed on the left of the figure (see 
“Materials and Methods” for details). 

3.2. SpyTag - SpyCatcher technology for the production of monoclonal-like antibodies 

3.2.1 Cloning and expression of Gcons/Lcons nanobodies fused to SpyTag and 

SpyCatcher fused to murine IgG 2a Fc region 

In order to produce monoclonal-like antibodies avoiding not always successful cloning 

and expression procedures of the 

entire molecules, to both Gcons and 

Lcons Nbs encoding sequence SpyTag 

nucleotide sequence at C-terminus 

was added and the corresponding 

proteins were produced in E. coli 

exploiting the pET28 system. 

GconsSpyTag and LconsSpyTag were 

Figure 6 Expression and solubility analysis of 
GconsSpyTag (A), LconsSpyTag (B) and 
SpyCatcherMuFc (C). NI: non-induced control; I: 
induced bacterial lysate; S: bacterial lysate 
supernatant; P: bacterial pellet. The arrows 
mark the polypeptide bands corresponding to 
the fusion proteins. Molecular size of the 
marker is indicated next to the figures (see 
“Materials and Methods” for details). 
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highly expressed and soluble and they were purified by metal-affinity chromatography 

using the vector-provided poly-histidine tag (see “Materials and methods” for details) 

with a final yield of approximately 12 mg and 10 mg of pure protein/L of bacterial culture 

respectively (Figure 6 A and B). 

SpyCatcher gene was fused in frame to N-terminus of murine IgG 2a Fc encoding 

sequence in pET28 vector and after protein expression, no soluble product was obtained. 

After the co-transformation of this expressing bacteria with pKJE7 plasmid, bearing DnaK, 

DnaJ and GrpE chaperones (see “Materials and Methods” for details), almost 100% 

soluble SpyCatcherMuFc protein was produced and purified by metal-affinity 

chromatography with a final yield of approximately 4 mg of pure protein/L of bacterial 

culture (Figure 6 C). A schematic representation of GconsSpyTag, LconsSpyTag and 

SpyCatcherMuFc proteins is visible in Figure 3. 

3.2.2. Production and analysis of SpyTag – SpyCatcher monoclonal-like murine 

antibodies 

As for GconsMuFc antibody, Fc region of SpyCatcherMuFc protein was expected to allow 

dimerization and thus size exclusion chromatography (SEC) was performed to check this 

hypothesis. As showed in Figure 7 

two samples of SpyCatcherMuFc 

protein were analysed: also in this 

case, a shift in elution time was 

visible after treatment of the 

protein with β-mercaptoethanol 

(from ~76 kDa of the black peak to 

~38 kDa of the red peak). So, we 

concluded that murine IgG 2a Fc 

region fused to SpyCatcher domain 

is still able to dimerize correctly. 

Once the components have been 

produced separately, in soluble 

form, we set up reactions in order to 

assembled a functional monoclonal-

like antibody: GconsSpyTag or LconsSpyTag were mixed with SpyCatcherMuFc in 1:2 

molar ratio (excess of SpyCatcherMuFc) to obtain 100% reaction efficiency and to avoid 

free Nb remainders, which could compete with the reacting monoclonal-like antibody in 

subsequent analyses. SpyTag and SpyCatcher peptides were expected to react in vitro 

providing a covalent bond between Nbs and murine Fc region. As shown in Figure 8, both 

Figure 7 SEC performed on SpyCatcherMuFc with Superdex 
200 column on ÄKTA system. Sample in red was treated with 
β-mercaptoethanol and showed an elution time compatible 
with monomeric state of the protein, instead of not treated 
sample (in black) that showed an elution time compatible 
with a dimeric state. Elution time of markers is shown on the 
top (see “Materials and Methods” for details). 
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reactions reached almost 100% ligation efficiency (Nbs reminders are not visible) and a 

fusion product was obtained. A schematic representation of the produced SpyTag – 

SpyCatcher murine monoclonal-like antibodies is reported in Figure 3. 

After quantification, both GconsSpyTag+SpyCatcherMuFc and 

LconsSpyTag+SpyCatcherMuF

c antibodies were analyzed in 

an ELISA and Western Blot 

experiments. During ELISA 

serial dilutions of 

GconsSpyTag+SpyCatcherMuF

c and 

LconsSpyTag+SpyCatcherMuF

c were tested for the capacity 

to bind their target compared 

to an unrelated protein. Both 

antibodies were able to 

recognise specifically GFP and 

lysozyme respectively and 

both were detectable with anti-mouse secondary antibodies until 0.3-0.1 nM tested 

concentrations (Figure 9 A and B). 

 
Figure 9 ELISA testing of GconsSpyTag+SpyCatcherMuFc (A) and LconsSpyTag+SpyCatcherMuFc (B) reactions 
against GFP-GST and biotinylated lysozyme respectively. An unrelated protein (thioredoxin) served as 
negative control. Bars represent absorbance measured at 415 nm after addition of the horseradish 
peroxidase (HRP) substrate, abscissa indicates the serial tested dilution of monoclonal-like antibodies (nM) 
(see “Materials and Methods” for details). 

Western Blots were performed analysing serial dilutions of E. coli lysates containing GFP 

or lysozyme. During the procedure, GconsSpyTag+SpyCatcherMuFc and 

LconsSpyTag+SpyCatcherMuFc respectively were used as primary antibody and a 

secondary anti-mouse antibody was used for their detection. Both monoclonal-like 

Figure 8 SDS-page analysis of GconsSpyTag (left) and LconsSpyTag 
(right) reactions with SpyCatcherMuFc protein. Gc: GconsSpyTag; R: 
reaction; SpyM: SpyCatcherMuFc: Lc: LconsSpyTag. Black arrow 
indicates the final fusion products. Molecular size of the marker is 
indicated at the center of the figure (see “Materials and Methods” for 
details). 
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antibodies were able to detect their targets (GFP and lysozyme respectively) in cell lysates 

until 100 ng target amount and to be recognised by secondary anti-mouse antibodies 

(Figure 10 A and B). 

 

Figure 10 Western Blots performed on serial dilutions of GFP-expressing E. coli lysate (A) and lysozyme-
containing E. coli lysate (B). GconsSpyTag+SpyCatcherMuFc and LconsSpyTag+SpyCatcherMuFc were used 
respectively as primary antibodies and an anti-mouse IRDye secondary antibody was employed. On the top 
predicted quantity of GFP and lysozyme in bacterial lysate is indicated (ng) and molecular size of the marker is 
displayed on the left of the figures (see “Materials and Methods” for details). 

These results indicated that monoclonal-like anti-GFP antibody obtained through SpyTag 

– SpyCatcher technology showed similar activity to GconsMuFc direct fusion in both ELISA 

tests and Western Blots. Moreover, the SpyTag – SpyCatcher technology proved to be the 

only one able to provide a functional anti-lysozyme murine monoclonal-like antibody 

since the corresponding direct fusion protein (LconsMuFc) was completely insoluble. 

3.2.3. Cloning and expression of Gcons and SpyCatcher fused to rabbit IgG Fc region 

To verify the versatility of SpyTag – SpyCatcher assembly system we decided to assess its 

functionality attempting the fusion of CFW grafted Nbs to another Fc region: we chose 

the rabbit IgG constant region because a plethora of anti-rabbit secondary antibody is 

available. 

In order to perform a comparison of SpyTag - SpyCatcher rabbit monoclonal-like 

antibodies with a Nb – Fc direct fusion, at first we cloned Gcons Nb gene in frame with 

rabbit IgG Fc region encoding sequence and we expressed the protein in BL21 E. coli 

strain in the pET28 vector. A soluble product was obtained (GconsRaFc, Figure 11) and 

the protein was purified by metal-affinity chromatography using the vector-provided 

poly-histidine tag (see “Materials and methods” for details) with a final yield of 

approximately 9 mg of pure protein/L of bacterial culture. 
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Also the fusion protein SpyCatcher rabbit Fc has been expressed as a soluble protein 

(SpyCatcherRaFc, Figure 11) providing, after metal-affinity chromatography, 15 mg of 

pure protein/L of bacterial culture. A schematic representation of the produced proteins 

is visible in Figure 3. 

3.2.4. Production and analysis of monoclonal-like rabbit antibodies 

GconsRaFc and SpyCatcherRaFc were analysed through size exclusion chromatography 

(SEC) in order to verify their monomeric/dimeric state. As previously mentioned, two 

samples of both proteins were examined, one treated with β-mercaptoethanol and the 

other not; results are shown in Figure 12. 

 

Figure 12 SEC performed on GconsRaFc (A) and SpyCatcherRaFc (B) with Superdex 200 column on ÄKTA 
system. Samples in red were treated with β-mercaptoethanol, not treated samples are in black. Elution time 
of markers is shown on the top (see “Materials and Methods” for details). 

Any of the rabbit Fc fusion proteins seemed able to dimerize and for both proteins, in 

presence and absence of a reducing agent, only a peak corresponding to the monomer 

state was detected. These data confirmed previous observation, where a preferential 

monomeric state for rabbit IgGs is reported18. 

Figure 11 Expression and solubility 
analysis of GconsRaFc (left) and 
SpyCatcherRaFc (right). NI: non-
induced control; I: induced bacterial 
lysate; S: bacterial lysate 
supernatant; P: bacterial pellet. The 
arrows mark the polypeptide bands 
corresponding to the fusion proteins. 
Molecular size of the marker is 
indicated next to the figures (see 
“Materials and Methods” for details). 
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In order to obtain rabbit monoclonal-like antibodies two reactions were assembled: 

GconsSpyTag or LconsSpyTag were mixed with SpyCatcherRaFc in 1:2 molar ratio and 

incubated at 20°C for three days. 

After reactions incubation 

products were analysed through 

SDS-pages (Figure 13) confirming 

the formation of the isopeptide 

bond between SpyTag and 

SpyCatcher elements. A 

schematic representation of the 

final monoclonal-like rabbit 

antibodies is reported in Figure 

3. 

All the obtained monoclonal-like 

antibodies (GconsRaFc, 

GconsSpyTag+SpyCatcherRaFc 

and LconsSpyTag+SpyCatcherRaFc) were examined through ELISA tests and Western 

Blots. As shown in Figure 14 serial dilutions of GconsRaFc, GconsSpyTag+SpyCatcherRaFc 

and LconsSpyTag+SpyCatcherRaFc were tested for their target binding capacity in ELISA 

and all the antibodies were able to recognise specifically their targets (GFP and lysozyme 

respectively) and were detectable with commercial secondary anti-rabbit antibodies until 

their lowest tested concentrations. 

Results were confirmed with Western Blot analyses (Figure 15) in which antibodies were 

able to recognise specifically their targets in E. coli cell lysates serial dilutions and their 

presence were detected with secondary anti-rabbit antibodies. 

Figure 13 SDS-page analysis of GconsSpyTag (left) and 
LconsSpyTag (right) reactions with SpyCatcherRaFc. Gc: 
GconsSpyTag; R: reaction; SpyR: SpyCatcherRaFc: Lc: 
LconsSpyTag. Black arrow indicates the final fusion products. 
Molecular size of the marker is indicated on the left of the figure 
(see “Materials and Methods” for details). 
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Figure 14 ELISA testing of GconsRaFc (A),GconsSpyTag+SpyCatcherRaFc (B) and LconsSpyTag+SpyCatcherRaFc 
(C) reactions against GFP-GST and biotinylated lysozyme respectively. An unrelated protein (thioredoxin) 
served as negative control. Bars represent absorbance measured at 415 nm after addition of the horseradish 
peroxidase (HRP) substrate, abscissa indicates the serial tested dilutions of monoclonal-like antibodies (nM) 
(see “Materials and Methods” for details). 

 
Figure 15 Western Blots performed on serial dilutions of GFP-expressing E. coli lysate (A and B) and lysozyme-
containing E. coli lysate (C). GconsRaFc (A), GconsSpyTag+SpyCatcherRaFc (B) and 
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LconsSpyTag+SpyCatcherRaFc (C) were used as primary antibody and anti-rabbit IRDye secondary antibody 
was used for detection. On the top predicted quantities of GFP and lysozyme in bacterial lysate is indicated 
(ng) and molecular size of the marker is displayed on the left of the figures (see “Materials and Methods” for 
details). 

In all these experiments, SpyTag – Spy Catcher antibody derivatives showed similar 

activity if compared to GconsRaFc direct fusion. These results indicated the possibility to 

apply SpyTag – Spy Catcher technology for combining any Nb also to rabbit IgG Fc region 

and, potentially, to any immunoglobulin Fc region of interest, highlighting the potentiality 

and versatility of this novel approach. 

3.2.5. Cloning and expression of Gcons fused to SpyCatcher and SpyTag fused to rabbit 

IgG Fc region 

One last interesting possibility that remained to be explored in the production of 

monoclonal-like antibodies was the inversion of SpyTag and SpyCatcher positions in the 

two joining components. 

To check this alternative approach we cloned in frame Gcons gene to N-terminus of 

SpyCatcher sequence 

and SpyTag gene to N-

terminus of rabbit IgG Fc 

sequence. Both fusion 

genes were cloned in 

pET28 vector, expressed 

in BL21 E. coli strain and, 

after cells lysis, they 

were detected in soluble 

fractions (Figure 16). 

GconsSpyCatcher and 

SpyTagRaFc proteins 

were then purified by 

metal-affinity chromatography using the vector-provided poly-histidine tag (see 

“Materials and methods” for details) with a final yield of approximately 18 mg and 8 mg 

of pure protein/L of bacterial culture respectively. A schematic representation of 

GconsSpyCatcher and SpyTagRaFc proteins is reported in Figure 3. 

 

 

 

Figure 16 Expression and solubility analysis of GconsSpyCatcher (left) and 
SpyTagRaFc (right). NI: non-induced control; I: induced bacterial lysate; S: 
bacterial lysate supernatant; P: bacterial pellet. The arrows mark the 
polypeptide bands corresponding to the fusion proteins. Molecular size of 
the marker is indicated next to the figures (see “Materials and Methods” 
for details). 
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Figure 18 SDS-page analysis of 
GconsSpyCatcher reaction with 
SpyTagRaFc. Gc: GconsSpyCatcher; R: 
reaction; SpyR: SpyTagRaFc. Black arrow 
indicates the final fusion product. 
Molecular size of the marker is indicated 
on the left of the figure (see “Materials and 
Methods” for details). 

3.2.6. Production and analysis of inverted SpyTag - SpyCatcher monoclonal-like rabbit 

antibody 

Also, SpyTagRaFc protein dimerization state was tested: as described above size exclusion 

chromatography (SEC) was performed on 

β-mercaptoethanol treated and not 

treated protein samples. As shown in 

Figure 17 SpyTagRaFc protein was 

present in solution as a monomer 

because elution time of both samples 

corresponded to ~31 kDa molecular size. 

GconsSpyCatcher and SpyTagRaFc single 

elements were ligated using a 1:2 molar 

ratio reaction (with an excess of Fc 

component) and the reaction product 

was visible on SDS-page as a single band 

protein (Figure 18). A schematic 

representation of inverted SpyTag - 

SpyCatcher monoclonal-like rabbit antibody is reported in Figure 3. 

GconsSpyCatcher+SpyTagRaFc antibody was 

examined for its functionality in ELISA tests and 

Western Blot. As shown in Figure 19 A serial 

dilutions of the tested rabbit monoclonal-like 

antibody were able to bind specifically GFP (the 

Nb target) and were detectable with commercial 

secondary anti-rabbit antibodies until their 

lowest tested concentrations. 

In Figure 19 B GconsSpyCatcher+SpyTagRaFc 

monoclonal-like antibody was used as primary 

antibody in Western Blot where different 

dilutions of GFP-expressing E. coli lysate were 

analysed. The activity of the antibody in Western 

Blot is reported: GFP was specifically recognised 

and primary antibody could be detected with 

secondary anti-rabbit antibody. 

Figure 17 SEC performed on SpyTagRaFc with Superdex 
200 column on ÄKTA system. Sample in red was treated 
with β-mercaptoethanol, not treated sample is in black. 
Elution time of markers is shown on the top (see 
“Materials and Methods” for details). 
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Figure 19 A) GST-ELISA testing of GconsSpyCatcher+SpyTagRaFc reaction against GFP-GST. An unrelated 
protein (thioredoxin-GST) served as negative control. Bars represent absorbance measured at 415 nm after 
addition of the horseradish peroxidase (HRP) substrate, abscissa indicates the serial tested dilution of 
monoclonal-like antibodies (nM). B) Western Blot performed on serial dilutions of GFP-expressing E. coli 
lysate. GconsSpyCatcher+SpyTagRaFc was used as primary antibody and an anti-mouse IRDye as secondary 
antibody. On the top predicted quantity of GFP in bacterial lysate is indicated (ng) and molecular size of the 
marker is displayed on the left of the figure (see “Materials and Methods” for details). 

4. Discussion 

Since 1993 Nbs are new interesting therapeutic and diagnostic tools and nowadays they 

are widespread in biology and medicine fields19. One peculiar VHHs characteristic is their 

intrinsic low immunogenicity that determined their success as imaging tools3 but 

prevented the possibility to produce secondary antibody against them (confirmed by our 

unpublished data). These Nbs feature inhibited their potential applications; for this 

reason in literature many direct fusion of Nbs to immunoglobulins Fc regions are 

reported: fusing Nbs to Fc regions increases their avidity through dimerization, adds an 

effector function through Fc receptor recruitment and renders Nbs detectable through 

secondary antibodies5. 

However, fusing VHHs to Fc regions usually leads to difficult-to-express proteins which 

required complex expression systems or eukaryotic cells usage20. Attempts to produce 

monoclonal-like antibodies in Escherichia coli are reported but low expression yields are 

obtained21 and to enhance protein expression mutant E. coli strains or chaperone-

expressing vectors are required22,23. 

We verified the possibility to fuse our “consensus” grafted Nbs to murine IgG 2a Fc region 

to obtain antibodies that maintain Nb binding capacity but that can be detected through 

anti-mouse secondary antibodies. The direct fusion of anti-GFP consensus Nb (Gcons) to 

murine IgG 2a Fc region led to a fully functional monoclonal-like antibody (Figure 4 and 5) 

but on the other hand the fusion of anti-chicken lysozyme consensus Nb (Lcons) to the 
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same region resulted in a completely insoluble protein (Figure 1). These data confirmed 

how by fusing Nbs directly to Fc regions the success is not guaranteed22. 

Here we reported the introduction of SpyTag – SpyCatcher technology in order to obtain 

easy to express single components for the assembly of fully functional monoclonal-like 

antibodies (Figure 3). Splitting CnaB2 S. pyogenes protein into a single domain 

(SpyCatcher) and a peptide (SpyTag) a fast and robust in vitro ligation system was 

developed. SpyCatcher and SpyTag elements are able to form an isopeptide bond 

between them in some hours and in a wide range of different conditions and buffers. The 

formation of the new bond is very specific, can be performed also in cell cytoplasm and 

the ligating elements can also be cloned internally to the fusion partners15. We chose 

SpyTag and SpyCatcher ligation system because is more stable then other non-covalent 

binding such as coiled-coil interactions24, does not require post-transcriptional or 

chemical modifications of fusion partners25 and is not linked to the conjugation to specific 

sites of the proteins26. 

SpyTag – SpyCatcher technology is not traceless and the ligating elements are finally 

included in the products but that permits to avoid purification steps after the reaction. 

For our purpose, we assembled in vitro ligations with an excess of the component which 

remainders will not alter subsequent analyses. 

To be sure that the final fusion product could maintain the same target affinity of the 

original antibody, we decided to fuse SpyTag at the C-terminus of Nbs because is far from 

their target binding site and 

SpyTag is also the smallest ligation 

component. SpyCatcher was fused 

instead to N-terminus of Fc region 

for keeping this Fc domain free 

from structural impediment and 

capable of forming classical dimer. 

With Nbs fused to SpyTag and 

SpyCatcher fused to murine Fc 

region we were able to produce a 

fully functional anti-GFP 

monoclonal-like antibody (Figure 

3) that reacts similarly to the direct fusion GconsMuFc. A small decrease in signal intensity 

is visible during analyses for GconsSpyTag+SpyCatcherMuFc antibody but both proteins 

were able to detect till 100 ng of GFP in Western Blot (Figure 5 and 10) and could be 

detected till 0.3-0.1 nM antibody concentration in ELISA tests (Figure 20). Also, a 

functional anti-lysozyme monoclonal-like antibody could be obtained, bypassing 

Figure 20 Merge of GFP tested columns of Figure 4 and 9A. 
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insolubility problems occurred during the direct fusion of Lcons to murine Fc region 

(Figure 9 and 10). 

We demonstrated the versatility of the system showing its functionality with rabbit IgG Fc 

region as well: anti-GFP and anti-lysozyme functional monoclonal-like rabbit antibodies 

were obtained and they were active 

in ELISA tests (Figure 14) and Western 

Blots (Figure 15). 

We demonstrated also the possibility 

to invert SpyTag and SpyCatcher 

fusion partners fusing SpyCatcher to 

C-terminus of the Nb Gcons and 

SpyTag to N-terminus of the rabbit Fc 

region: after in vitro ligation also in 

this case a functional antibody was 

obtained (Figure 19). All the three 

anti-GFP rabbit monoclonal-like antibody (GconsRaFc, GconsSpyTag+SpyCatcherRaFc, 

GconsSpyCatcher+SpyTagRaFc) showed similar activity in ELISA (Figure 21) and Western 

Blot (Figure 15 and Figure 19). 

While murine Fc derivative seemed to assume dimeric structure, all the produced rabbit 

monoclonal-like antibodies had an apparent monomeric state (Figure 12 and 18). We 

speculate that this could be due to the prevalent monomeric conformation of the native 

rabbit IgGs (usually more than 75%) and their tendency to lose their dimeric structure 

also in native conditions. Additionally, rabbit IgGs share high identity sequence with 

human IgG4 subtype that also presents a monomeric structure18,27. Although the fusion to 

rabbit IgG Fc region did not permit Nb dimerization, the final antibodies could be 

detected efficiently by secondary anti-rabbit antibodies. 

In conclusion, we applied successfully SpyTag – SpyCatcher technology to the production 

of monoclonal-like antibodies that are functional in ELISA tests and Western Blots. What 

remains to be asses is the functionality of these antibodies in immunoprecipitation: if 

they are able to bind protein A and G, they will be functional in most of the diagnostic 

techniques. 

Even if other antibody-like molecules were built with SpyTag - SpyCatcher system28, this is 

the first reported fusion of Nbs to Fc regions through in vitro ligation technologies. The 

final fusion antibodies possess the peculiar and specific binding capacity of Nbs29 and are 

able to be detected with the most widespread secondary antibodies, maintaining a 

smaller size than conventional monoclonal antibodies2. Furthermore the application of 

SpyTag – SpyCatcher technology allows an interesting modularity in which any Nb can be 

Figure 21 Merge of the GFP columns of Figure 14A, B and 
19A. 
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produced with SpyTag tail and can be conjugated with any SpyCatcher-Fc type, avoiding 

cloning procedure to change Fc partner. 

All these features render these simple-to-produce monoclonal-like antibodies perfect 

novel diagnostic tools. 
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Chapter 4: NanoNluc, new probes for in vivo imaging 

1. Introduction 

Antibodies are one of the most important tools in diagnostic field1 and since the discovery 

of camelids heavy chain antibodies in 19932 a new engineered antibody fragment suitable 

for diagnostic purposes is available. Heavy chain antibodies bind the target with a single 

soluble domain called VHH or nanobody (Nb) that if expressed alone in simple organisms 

like Escherichia coli maintains the binding capacity of the entire immunoglobulin. Some 

features like their small size (~15 kDa, compared to ~150 kDa of an immunoglobulin G), 

high solubility, low immunogenicity and rapid clearance from the bloodstream render Nbs 

interesting diagnostic reagents3. 

In vivo imaging is the most direct human application for diagnostic antibodies and a 

continuous innovation and sensitization of techniques is required4. Nbs contributed to the 

implementation of the field: with their small size they can easily penetrate in tissue where 

vascularisation is irregular (i.e. cancer tissues) providing good stratified imagines, they are 

well tolerated after administration because of their high identity with human VH III 

domain and their rapid clearance from the blood enables fast achievement of optimal 

signal-to-noise ratio, decreasing analysis duration and patient drug exposure5. Recent 

studies demonstrated also VHHs ability to penetrate blood-brain barrier and their 

suitability for brain in vivo imaging6. Thus, it should not surprise that an anti-HER2 Nb, 

appropriate for breast cancer detection, is currently in Phase I study for PET analysis7 and 

a plethora of labelled VHH suitable for in vivo imaging are reported in literature8. 

Rather than the common use of radio-labelled antibodies (expensive and toxic for the 

operator), in preclinical in vivo analysis bioluminescence is catching on. Exploiting the 

ability of nature-derived enzymes, called luciferases, to emit photons in presence of their 

substrate (luciferin) a novel in vivo imaging technique was developed for cancer 

imaging9,10, tumor burden evaluation11 and infections progress analysis12,13. With a simple 

substrate injection, luciferase-labelled targets in high resolution and with low background 

could be visualized using sensitive charged-coupled devices (CCD) on nude mice14. 

Firefly (Fluc) and Renilla reniformis (Rluc) luciferases are the most studied and widespread 

enzymes but recently a smaller and brighter luciferase derivative has been produced15: 

NanoLuc (Nluc) was obtained from the smaller and bioluminescent subunit (Oluc-19) of 

the deep sea shrimp Oplophorus gracilirostris luciferase and is an optimized, small (19 

kDa) and high stable reporter enzyme. It shows a strong glow-type luminescence (~150-

fold more than Fluc or Rluc) providing a broader time window for imaging and its specific 

modified substrate (furimazine) does not oxidize in the bloodstream and has lower 
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background activity if compared to common luciferin. Furthermore, Nluc does not require 

post-translational modifications and can be easily obtained with high yield using bacterial 

expression systems (i.e. Escherichia coli). 

Despite its blue light emission (460 nm), which usually does not penetrate mammalian 

tissues, Nluc has been successfully used for imaging in living animals with a limited 

detection only in deep tissues: in vivo Nluc activity reflects directly tumor dimension and 

its presence in serum can be detected as ex vivo biomarker for tumor growth16. 

Taking together all these features the fusion of a small and soluble antibody fragment (i.e. 

a Nb) with an optimized and small luciferase (i.e. Nluc) should lead to a high specific, 

penetrating, soluble and stable molecular construct that enables sensitive CCD in vivo 

imaging. Here we reported preliminary results of small probes (NanoNluc) obtained by 

recombinant fusion of synthetic Nbs to NanoLuc luciferase. Namely, complementary 

determining regions (CDRs) encoding sequence of three natural Nbs (GFP, chicken 

lysozyme and murine IgGs binders) were grafted into a synthetic gene coding for a stable 

and soluble scaffold derived from the alignment of more than 750 llama VHHs (described 

in details in Chapter 1) and fused in frame with Nluc reporter gene. Functional proteins 

were expressed and their potential activity confirmed by ELISA analyses. In vivo imaging 

tests were performed with the anti-GFP probe. 

2. Materials and Methods 

2.4. Molecular biology reagents and cloning procedures 

Standard protocols17 were used for all basic recombinant DNA procedures. Enzymes were 

from Takara Bio Europe (Saint-Germain-en Laye, France) and New England Biolabs 

(Ipswich, MA, USA). Molecular cloning and recombinant protein expression were carried 

out in BL21 codon plus E. coli strains (Stratagene; La Jolla, CA, USA), using pET28 (Merck 

Millipore, Darmstadt, Germany) plasmid. Following appropriate design, synthesis of G09 

and G09cons encoding sequences were performed by Eurofins Genomics (Ebersberg, 

Germany); all protein-encoding sequences were optimized with respect to the E. coli 

codon usage (Table 1). 

NanoNluc sequence was PCR-amplified from pNL3.2.NF-κB-RE plasmid (Promega, 

Fitchburg, Wisconsin, United States) introducing HindIII sites at 5’ and 3’ ends (Table 1). 

PCR was performed with 1 unit Phusion DNA Polymerase (New England Biolabs, Ipswich, 

MA, USA) in presence of the oligonucleotides (4 nM each), plus dNTPs (0.8 mM), 1x PCR 

buffer and 10 ng pNL3.2.NF-κB-RE in a final volume of 50 μl: initial denaturation 98°C 1 

min; 25 cycles of 10 s at 98°C, 30 s at 58°C, and 60 s at 72°C; additional extension 72°C, 7 

min. 
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Ligations of NanoLuc (using HindIII cloning site) in pET28 Nbs and G09/G09cons (using 

NcoI and NotI cloning sites) in pET28 plasmids were performed following standard 

protocols17. 

 

Table 1 Sequences of the synthetic genes and primers utilized in this chapter. Sequences are shown in 
standard 5’-3’ orientation. 

2.5. Recombinant protein expression and purification 

Standard procedures were used for recombinant Nbs and NanoNluc expression. Briefly, 

10 ml of stationary overnight cultures (LB, 50 mg/l of kanamycin and 34 mg/l of 

chloramphenicol at 37 °C) were inoculated into 1 l cultures of the same media. After 

reaching an A600 value of 0.4-0.6, cultures were induced with 1 mM IPTG and further 

incubated for overnight at 20°C. Following centrifugation (5000 rpm, 15 min), bacterial 

cell pellets were recovered, suspended in 200 ml of Tris 10 mM pH 8.0 and centrifuged in 

the same conditions. Bacterial pellets were suspended in 50 ml of Tris-buffered saline 

(Tris 25 mM pH 8.0, NaCl 0.3 M, freshly supplemented with protease inhibitors), and lysed 

by sonication (20 min total sonication time performed with 3 sec bursts alternated with 6 

sec resting on ice) carried out at constant power (4W/cm2; Sonicator 3000, Misonix). 

Lysates were then centrifuged (10000 rpm, 30 min) and the resulting supernatants were 

used as starting material for metal-affinity purification using a built-in 6xHis-tag and a His-

select cobalt affinity resin (Sigma-Aldrich, Saint Louis, MO, USA) as per manufacturer’s 

instructions. Bacterial lysates and individual metal-affinity chromatography fractions were 

analyzed by SDS-PAGE on 15-11% polyacrylamide gels. 

Name Sequence 
 
E.coli codon optimized 
G09 synthetic gene 

 

CCATGGCGCAGGTGCAACTGGTGGAATCGGGAGGTGGCGTGGTTCAACCAGGCGGTTCTCTGCGTCTTT

CCTGTGTTGCGTCAGGTCGGAATGTCGAGAATCAGGCAATGGGCTGGTTTCGCCAGACACCGGGCAAAG

AACGCGAGTTTGTCGGTACGATCAGCTATTCGGGCGTTACCACCTATTATGCCGACTTCGTAGAAGGGC

GTTTCACCATTAGTCGCGATCGCCCGAAAAACGCGCTGTTCCTGCAGATGAACAGCCTCACTCCGGAAG

ATACCGCTGTCTACTACTGCAACGTGCATCGCGGTACTGCCTTGACGATGTCCCGTGCTTCACCTGCCG

ATTTTGGGTCGTGGGGTCAGGGAACGCTGGTAACCGTGAGCAGCGCAGCGTTAGGCTCTGGCAGTAGCA

AGCTTGGAAAACCTATCCCAAACCCTCTCCTAGGACTGGATTCAACGGGCAGCGGTTCTAGTCTAGCGG

CCGC 

 
 
E.coli codon optimized 
G09cons synthetic gene 

 
ccATGGgccaggtacagctgcaggaatcgggtggtggcctggttcaagcaggcggcagtttacgcctgt

catgtgcagcgtcaggtCGCAATGTGGAGAATCAGGCAATGGGCTGGTTTCGTCAaACTCCAGGgAAAG

AACGcGAGTTTGTGGGCACAATCAGCTATAGCGGGGTTACGACCTACtatgcggattccgtgaaaggac

gcttcaccatttctcgggacaatgccaagaacaccgtgtatttgcagatgaactccctgaaaccggaag

atacggctgtctactattgcgctgcgCATCGTGGTACAGCTCTGACCATGAGTCGTGCCTCGCCTGCGG

ACTTTGGCTCAtggggccagggtactcaggtcaccgtaagcagcAAgCTtGGTTCTGGCAGTTCTGGCA

AACCGATTCCCAATCCGCTGTTGGGCCTCGATAGCACTGGGTCGGGgagCTCCCATCACCACCACCATC

ATGGgagctcTGGTGGACTGAACGACATCTTCGAAGCCCAGAAGATTGAATGGCATGAAGGGTCGtgag

cggccgc 
 

Nluc-HindIII-F TAAATATAAAAAGCTTTCGGGAGGCGGTTCTGGTATGGTCTTCACACTCGAAGAT 

Nluc-HindIII-R AATTATTTTAAAGCTTCGCCAGAATGCGTTCGCAC 
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Recombinant green fluorescent protein (GFP) used in this work is enhanced GFP. GST-

tagged GFP and E.coli thioredoxin were gently provided by collaborators. 

Cloning and expression of the GconsMuFc protein are described in details in Chapter 3. 

2.6. ELISA tests procedures 

ELISA tests on GconsNluc were performed using the following protocol: polystyrene 96-

wells microtiter plates were coated overnight at 4°C with casein-glutathione (prepared 

and used as previously described18) dissolved in carbonate buffer (1 vol. 0.5 M Na2CO3 : 4 

vol. 0.5 M NaHCO3 pH 9.6). Blocking was performed by incubation for 1 hr at room 

temperature with 0.2% casein in Phosphate-buffered saline (PBS, pH 7.4), followed by a 1 

hr incubation at room temperature with the purified GST-tagged proteins in PBS (800 nM 

each). After incubation with serial 1:4 or 1:2 dilutions of GconsNluc (starting from 20 μM 

or 2.5 μM) for 1 hr at room temperature, 50 μl of PBS were added to wells and plate was 

read with BertholdTech TriStar2 using 480 nm filter and adding 30 μl of NanoGlo diluted 

1:2000 in PBS. Wells were washed with PBS containing 0.3% (v/v) Tween20 after each 

incubation step. 

ELISA performed with Gcons His-tagged protein was performed following the same 

protocol described above but after Nb incubation an anti-histidine-tagged protein mouse 

mAb (Merck Millipore) diluted 1:1000 in PBS+0.2% casein was added and incubated for 1 

hr. Then a peroxidase-conjugated anti-mouse IgG (whole molecule) goat antibody (Sigma-

Aldrich) diluted 1:5000 in PBS+0.2% casein was added. Following an additional 1 hr 

incubation at RT, wells were filled with the TMB One substrate (Promega, Fitchburg, US) 

and absorbance was measured at 450-620 nm with a microplate reader (iMark, Biorad). 

ELISA performed with G09cons protein in order to evaluate its functionality was carried 

out using the following protocol: polystyrene 96-wells microtiter plates were coated 

overnight at 4°C with casein-glutathione dissolved in carbonate buffer (1 vol. 0.5 M 

Na2CO3 : 4 vol. 0.5 M NaHCO3 pH 9.6). Blocking was performed by incubation for 1 hr at 

room temperature with 0.2% casein in Phosphate-buffered saline (PBS, pH 7.4), followed 

by a 1 hr incubation at room temperature with the purified GST-tagged proteins in PBS 

(800 nM each). 800 nM of GconsMuFc were then added and incubated for 1 hr at RT. 

After incubation serial 1:2 dilutions of G09cons were added and incubated for 1 hr at 

room temperature. After incubation with an anti-histidine-tagged protein mouse mAb 

(Merck Millipore) diluted 1:1000 in PBS+0.2% casein for 1 hr, a peroxidase-conjugated 

anti-mouse IgG (whole molecule) goat antibody (Sigma-Aldrich) diluted 1:5000 in 

PBS+0.2% casein was added. Following an additional 1 hr incubation at RT, wells were 

filled with the 2,2’-azino-di-[3-ethylbenzthiazoline sulfonate (ABTS) substrate (KPL, 

Gaithersburg, MD, USA) and absorbance was measured at 415 nm with a microplate 
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reader (iMark, Biorad). Wells were washed with PBS containing 0.3% (v/v) Tween20 after 

each incubation step. 

2.7. Stability of GconsNluc in plasma and blood samples 

To 1 ml of rat blood and plasma samples (provided by Preclincs, Potsdam, Germany) 

different quantities (0, 0.6, 3, 15 μg) of GFP (Sigma-Aldrich, Saint Louis, MO, USA) were 

added. Samples were incubated for 30 min in presence of 20 μg of GconsNluc probe at 

room temperature in head over rotation. 100 μl of anti-GFP mAb-Magnetic Beads (Mbl 

International Corp, Woburn, MA, USA) were added and after 30 min of head over rotation 

three washing steps with PBS containing 0.3% (v/v) Tween20 were performed. Complexes 

were recovered and suspended with 100 μl of PBS in 96-wells microtiter plate. 30 μl of 

NanoGlo diluted 1:2000 in PBS were added and the plate was immediately imaged with 

an ANDOR Ikon M 934 BV camera for 5 min. 

2.8. In vivo GconsNluc probe experimentation 

To explore pharmacokinetics of GconsNluc probe three female NMRI mice were treated: 

at time point 0, animal 2 received an intravenous administration and animal 3 a 

subcutaneous administration 1 mg/kg BW (administration volume: 5 ml/kg BW) of 

GconsNluc probe. Animal 1 remained untreated. At time point 2 hr, all animals were 

imaged with an ANDOR Ikon M 934 BV camera for 5 min in a darkbox under isofluran 

anesthesia. Directly before imaging, all animals received an intravenous administration of 

NanoGlo substrate diluted 1:2000 with PBS (200 µl per animal and imaging). 

To verify the capacity of GconsNluc probe in recognizing its target in vivo three female of 

SKHR (hairless) mice were treated: at time 0, 50 μl of GFP coated beads (SiMAG-

Glutathione + GFP-GST19) dissolved in PBS were injected in the right, dorsal flank (in the 

area of the pelvis) of mice. At time point 0, animal 1, 2 and 3 were injected with 1, 0.5 and 

0.1 mg/kg BW (administration volume: 5ml/kg BW) of GconsNluc, respectively. At time 

point 3 hr all animals were imaged with an ANDOR Ikon M 934 BV camera for 5 min in a 

darkbox under isofluran anaesthesia. Directly before imaging, all animals received an 

intravenous administration of NanoGlo substrate diluted 1:2000 with PBS (200 µl per 

animal and imaging). 

3. Results 

3.1. Cloning and expression of NanoNluc probes 
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To verify the possibility to obtain a functional Nb fused to a bioluminescent Nluc, the 

encoding sequences of two previously described and functional grafted consensus GFP 

and chicken lysozyme 

binders (Gcons and Lcons 

described in details in 

Chapter 1) were fused at 

C-terminus in frame with 

chemically synthesized 

DNA sequence coding for 

NanoLuc. Obtained 

pET28 vectors were 

transformed in BL21 

codon plus Escherichia 

coli strain and used for 

bacterial expression. 

Both GconsNluc and 

LconsNluc polypeptides 

were well expressed 

(Figure 1) even if LconsNluc was only 10% soluble. After verifying luminescence in 

bacterial lysate (indication of soluble peptides presence), the resulting recombinant 

proteins were purified by metal-affinity chromatography exploiting the vector-provided 

poly-histidine tag (see “Materials and methods” for details) with a final yield of 

approximately 10 and 2 mg of pure protein/L of bacterial culture for GconsNluc and 

LconsNluc respectively. 

A third Nb considered for the construction of a NanoNluc probe was isolated by Isogenica 

after a CIS-Display20 screening performed on a Nb library derived from llamas immunized 

with mouse IgGs (unpublished data). Among 67 promising anti-murine IgGs VHHs, one of 

them (hereafter designated as G09) showed high capacity to bind different murine IgG 

subtypes. 

Figure 1 Expression and solubility analysis of GconsNluc (left) and LconsNluc 
(right). NI: non-induced control; I: induced bacterial lysate;  S: bacterial 
lysate supernatant; P: bacterial pellet. The arrows marks the polypeptide 
bands corresponding to the fusion proteins. Molecular size of the marker is 
indicated in the center of the figure (see “Materials and Methods” for 
details). 
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After optimization of 

G09 DNA sequence for 

E. coli expression and 

its cloning into pET28 

vector, the expression 

of the protein in BL21 

codon plus E. coli 

strain led to low yield 

of protein recovery (3 

mg per liter of culture) 

(Figure 2). So the CDRs 

of the G09 Nb were 

grafted in our 

validated consensus 

scaffold (described in 

Chapter 1) and cloned in pET28 vector rising solubility and recovery of new G09cons till 

10 mg per liter of culture (Figure 2, see “Materials and methods” for details). 

Data from Isogenica indicated that G09 clone should bind murine IgGs through their Fc 

region, so in order to confirm the binding capacity of the grafted G09cons clone an ELISA 

test was performed in which the Nb was used as secondary antibody to reveal the 

presence of GconsMuFc protein (a Nb 

anti-GFP fused to a murine Fc region, 

described in detail in Chapter 3) (Figure 

3). Serial dilution of G09cons were tested 

and all of them were able to recognize 

GconsMuFc protein (see “Materials and 

methods” for details). 

With the aim to obtain an anti-IgGs probe 

G09cons DNA sequence was fused at N-

terminus of codon optimized NanoLuc 

DNA sequence and the obtained pET28 

vector was transformed in BL21 codon 

plus E. coli strain. The final probe was 

soluble and well expressed with an yield 

of expression of 10 mg of protein per liter 

of culture and leaded to visible 

Figure 3 GST-ELISA testing of the G09cons Nb against 
GconsMuFc protein. Bars represent emission intensity 
measured at 415 nm after addition of the ABTS 
substrate, abscissa indicates the serial tested dilution 
of G09cons (see “Materials and Methods” for details). 
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Figure 2 Expression and solubility analysis of G09 (left) and G09cons (right). NI: 
non-induced control; I: induced bacterial lysate; S: bacterial lysate 
supernatant; P: bacterial pellet. The arrow marks the polypeptide band 
corresponding to the expressed Nbs. Molecular size of the marker is indicated 
in the center of the figure (see “Materials and Methods” for details). 
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luminescence if NanoGlo substrate was added to bacterial expressing lysate (see 

“Materials and methods” for details). 

3.2. Evaluation of GconsNluc probe in vitro functionality 

The GconsNluc fusion protein might be able to bind GFP as a target and emit 

bioluminescence in presence of the furimazine substrate (NanoGlo). To asses both 

abilities of the probe an ELISA test was performed (Figure 4), which yielded a signal 

diagnostic of GFP-Nb interaction upon incubation with immobilized GFP-GST but not 

thioredoxin-GST (negative control, see “Materials and methods” for details). 

 

Figure 4 GST-ELISA testing of the GconsNluc fusion Nb against GFP-GST. An unrelated protein (thioredoxin-
GST) served as negative control. Bars represent light emission intensity measured at 480 nm after addition of 
the NanoGlo substrate, abscissa indicates the serial tested dilution of GconsNluc (see “Materials and 
Methods” for details). 

A good light signal, higher than the negative control, was detectable till 19.5 nM 

GconsNluc concentration indicating specific and high sensitive disclosure even in the 

presence of low concentrated probe. It is possible to conclude that Nluc luciferase did not 

alter antibody activity and luminescence is detectable even at low luciferase 

concentration. 

To verify if the observed sensitivity is comparable to a routine ELISA assay in which the 

presence of the target is reviled with primary and secondary antibodies, a second ELISA 

test was performed in which His-tagged Gcons (detected with anti-his-tag antibody) was 

compared to GconsNluc probe (Figure 5, see “Materials and methods” for details). 

Results indicated clearly a more sensitive detection with GconsNluc which signal 

remained appreciable till very low probe concentration if compared to conventional 

colorimetric detection method used for His-tagged Gcons. 
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Necessary features that a probe suitable for in vivo imaging should have are stability and 

target detection in plasma and blood samples. For these reasons different quantities of 

GFP were added to rat blood and plasma simulating clinically relevant protein 

concentrations, followed by the addition of GconsNluc to each samples. Using anti-GFP 

magnetic beads the resulting complexes, consisting of GconsNluc bound to GFP, were 

recovered from samples and visualize, after NanoGlo addition, with CCD imager (Figure 6, 

see “Materials and methods” for details). 

 

Figure 6 CCD image (upper threshold 3500) of wells containing magnetic anti-GFP beads that collected 
GconsNluc-GFP complexes from blood and plasma samples. Starting quantities of GFP in plasma and blood 
are indicated (see “Materials and Methods” for details). 
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Figure 5 GST-ELISA testing of the GconsNluc fusion Nb against GFP-GST compared to His-tagged Gcons 
against GFP-GST. Black diamonds represent light emission intensity measured at 480 nm after addition of 
NanoGlo substrate (left ordinate), white squares represent absorbance at 450-620 nm after addition of TMB 
One substrate (right ordinate). Abscissa indicates the serial tested dilution of GconsNluc and his-tagged Gcons 
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This pool-down experiment showed that GconsNluc is stable and able to bind its target 

even in plasma and blood samples, confirming also the high sensitivity of the probe which 

allowed to detect till 0.6 μg/ml of target protein in both plasma and blood samples. 

3.3 In vivo imaging with GconsNluc probe 

Once established the ability of GconsNluc to bind its target in blood and plasma samples a 

first preliminary in vivo pharmacokinetic test was performed. NanoGlo was intravenously 

administered to female NMRI mice after GconsNluc intravenous or subcutaneous 

injection (Figure 7, see “Materials and methods” for details). 

 

Figure 7 CCD image of intravenous administration of NanoGlo to NMRI mice after no GconsNluc injection (1.), 
intravenous GconsNluc injection (2.) or subcutaneous GconsNluc injection (3.) (see “Materials and Methods” 
for details). 

The test revealed that GconsNluc is functional and can be detected in vivo after 

intravenous or subcutaneous administration, outputting images consistent with the 

administration mode. 

A second in vivo analysis was performed in which GFP (the target of the probe) coated 

beads were intradermally injected in right hip of three SKHR (hairless) mice; each mouse 

received subsequently by intravenous administration a different dose of GconsNluc. After 

three hours of clearance, NanoGlo intravenous injections were performed and CCD 

images were acquired (see “Materials and methods” for details). How showed in Figure 8 

even at 0.1 mg/kg of probe dose a signal in the right hip of mice is visible indicating a local 

accumulation of GconsNluc probe probably due to GFP presence. Taken together these 
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results strongly indicate the possibility to use NanoNluc as a new general system for in 

vivo imaging. 

 

Figure 8 CCD image of SKHR mice after intradermal GFP coated beats injection in the right hip followed by 
intravenous administration of 1 mg/kg (1.), 0.5 mg/kg (2.) and 0.1 mg/kg (3.) GconsNluc. After three hours 
since GconsNluc injection NanoGlo was intravenously administrated and images were collected (see 
“Materials and Methods” for details). 

4. Discussion 

In vivo imaging filed for diagnostic or preclinical applications needs continuous innovation 

and sensitization. Recently the discovery of camelids heavy chain antibodies variable 

domains5 and the introduction of novel luciferases14 leads to a significant improvement in 

imaging technology. Here we created new probes for in vivo imaging fusing Nbs to a small 

and bright luciferase and reported preliminary results of functional tests. 

First, the fusion of Nbs to NanoLuc luciferase was validated exploiting three Nbs: Gcons 

that binds GFP, Lcons that binds chicken lysozyme (both described in Chapter 1) and 

Isogenica selected G09 that binds murine IgGs grafted in our consensus framework 

scaffold. Fusing Nluc luciferase to the C-terminus of the antibodies led to high express 

and soluble proteins using a simple and cheap expression system like E. coli. Interesting to 

note is that the solubility of the fusion proteins probably depended on initial VHH 

stability; this is evident in Figure 1 where LconsNluc fusion protein is only 10% soluble as 

opposed to GconsNluc that is almost 100% soluble, reflecting the stability of sole 

expressed VHHs as described in Chapter 1. 
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The functionality of the obtained probes was investigated for GconsNluc which was used 

as an antibody in ELISA tests. During first analyses the probe binding capacity was 

evaluated against GFP and an unrelated protein as a negative control; the antibody 

presence was revealed using Nluc bioluminescence and activity of the fusion protein was 

confirmed (Figure 4). To validate the high sensitivity of GconsNluc we performed a 

comparative ELISA, in which GconsNluc and Gcons His-tagged proteins were examined. 

Comparison of the two protocols revealed an evident greater sensibility for luciferase 

reporter method: luciferase fusion protein showed a high signal even in presence of small 

amounts of probe (Figure 5). 

The activity of the GconsNluc protein was further evaluated in vitro mixing probe target 

(GFP) with rat blood and plasma samples simulating clinically relevant concentrations of 

plasma and blood proteins (Figure 6). In all tested dilutions GconsNluc was able to pull 

down the target showing stability and activity in the tested samples. Furthermore, even 

low concentration of target protein could be revealed highlighting the possibility to use 

NanoNluc system as a diagnostic tool for the detection of low concentrated target protein 

in blood or plasma samples. 

Finally, GconsNluc probe was tested in vivo: injection of the fusion protein intravenously 

or subcutaneously in mice revealed a detectable signal compatible with administration 

method (Figure 7). Furthermore, GFP subcutaneous administration led to a GconsNluc 

accumulation in the GFP injected area (Figure 8) with a detectable signal even after 

administration of 0.1 mg/kg BW probe concentration. To exclude that GconsNluc 

accumulation in the right hip was due to inflammation response after GFP injection a 

further control has to be performed in which only PBS or an unrelated protein has to be 

injected in the right hip of mice before GconsNluc administration. More experiments to 

assess the optimal lag time for NanoGlo substrate injection time are needed in order to 

identify the moment where Nb is maximally bond to the target and minimally present in 

tissues. 

All the performed analyses have to be repeated with LconsNluc and G09consNluc probes 

in order to validate NanoNluc as general system. Additionally, we speculate a possible in 

vivo G09consNluc application in which accumulation of IgGs in case of immune reaction 

can be detected21,22. Experimentally it will be interesting to inject GFP-immunize mice 

with GFP and verify IgGs accumulation in the injection site through G09consNluc probe. 

In conclusion, despite examples of Nbs-luciferase fusion proteins are described in 

literature23,24, here we reported the development of the first NanoNluc system suitable 

for in vivo imaging. Even if further validation and evaluation have to be made, preliminary 

results encourage the deepening of a general system for the production of new cheap 

and functional imaging probes suitable for preclinical studies. 
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Conclusions and future perspectives 

During my three years of Ph.D. I built and validate a scaffold suitable for nanobody (Nb) 

expression and selection. Deriving a consensus sequence of Nbs framework regions (FRs) 

from the alignment of more than 750 llama Nbs, I demonstrated the possibility to graft 

natural or artificial Nb complementary determining regions (CDRs) in this scaffold 

obtaining soluble, stable and functional antibodies. In some grafted Nbs, a loss of the 

target affinity was observed, since FRs are occasionally involved in target binding as well. 

Thus, when the amino acids involved in target binding are not known, natural Nbs CDRs 

grafting should be evaluated as the possibility of losing target affinity could vary case-by-

case. 

Despite the use of the universal consensus framework scaffold (CFW) to enhance and 

stabilize the expression of natural Nbs is not always the best choice, CFW had proved to 

be an optimal template for libraries construction. Introducing semi-random CDRs in the 

scaffold a complex collection of different Nb genes was produced and a functional library 

suitable for ribosome display (RD) was obtained. The library presented a complexity 

similar to the natural llama Nb repertoire (not achievable with standard cloning 

procedures) and new Nbs against Maltose binding protein (MBP) were successfully 

selected. The constant of dissociation of new anti-MBP Nbs has now to be assessed in 

order to determine the quality of the RD library and the worth of entire selection 

procedure. Anyhow if high-affinity binders will not be obtained after this first selection, 

further steps of affinity maturation can be performed. 

Also after sequence humanization, rendering the scaffold identical to human IgG VH IIII 

FRs, CFW conserved its solubilizing and stabilizing effects; thus a humanized version of 

the previous library was built. The selection of already humanized Nbs will enhance the 

probability to obtain antibodies that, without post-selection modifications, can be directly 

applied for human therapy or diagnosis. The selection technique that I chose for the 

humanized library was phage display because is easier and more robust than ribosome 

display and can be performed in almost every laboratory. However, to enhance the speed 

of selection and thus the probability to find new high-affinity antibodies, I created a novel 

phage vector suitable for phage display procedure. The novel vector was validated and 

now the humanized Nb library is ready to be cloned and screened. 

Furthermore, I demonstrated the possibility to render my CFW grafted Nbs applicable in 

diagnostic field conjugating them to Fc regions of immunoglobulins G, but I occasionally 

obtained insoluble fusion proteins. In order to get quick and soluble Nb-Fc conjugation, I 

successfully applied the in vitro SpyTag – SpyCatcher ligation system to different Nbs and 

Fc IgG regions, obtaining fully functional antibodies which simulated monoclonal 
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antibodies features. Thanks to the modularity of this system the Fc fusion partner can be 

easily exchanged for producing new versions that fit for every specific analysis. If these 

monoclonal-like antibodies will demonstrate their ability to bind protein A and G, they 

will be applicable in almost every diagnostic test. 

In collaboration with Preclincs company, I validated the stability and functionality of my 

CFW scaffold also in in vivo experiments. I created novel probes suitable for in vivo 

imaging conjugating CFW grafted Nbs to NanoLuc luciferase. The anti-GFP probe was 

functional and detectable in mice, while the other probes activity remains to be tested for 

validating the CFW grafted Nbs-NanoLuc conjugation as a general approach. 

In conclusion, I set up a functional platform for new Nbs selection and production which 

will allow soon to isolate and construct novel tools for diagnostic and therapeutic 

applications. 


