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ABSTRACT

Objective(s) Nanobodies, the single domain antigen binding fragments of heavy chain-only antibodies
occurring naturally in camelid sera, are the smallest intact antigen binding entities. Their minimal size
assists in reaching otherwise largely inaccessible regions of antigens. However, their camelid origin
raisesa possibleconcernofimmunogenicity whenused for humantherapy.Humanizationis apromising
approach to overcome the problem.

Materials and MethodsHere, we designed a humanized version of previously developed nanobody (anti
vascular endothelial growth factor nanobody), evaluated and compared its predicted 3D structure,
affinity and biological activity with its original wild type nanobody.

Results:Our in silico results revealed an identical 3D structure of the humanized nanobody as compare
to original nanobody. In vitro studies also demonstrated that the humanization had no significant visible
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Humanization effect on the nanobody affinity or on its biological activity.
Nanobody Conclusion: The humanized nanobody could be developed and proposed as a promisinglead to target
VEGF

pathologic angiogenesis.
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Nanobodies or Variable domain of heavy chain
antibodies are the smallest intact, natural antigen-
binding fragments (about 11-15 kDa). They have
several advantages over other antibody fragments
such as Fab, Fv and single-chain variable fragment
(scFv) (6-9). Nanobodies are able to withstand
destructive effects of heat and chemicals, much better

There are currently three drugs on the market
that target pathologic angiogenesis. Bevacizumab
(Avastin®) is the first anti-angiogenic drug that was
approved in 2004 by the Food and Drug Administra-
tion (FDA) for the treatment of metastatic colorectal

cancer (1, 2). Despite the high specificity and affinity
of full-length antibodies to their target, some
problems such as their large MW (about 150 kDa) and
reduced penetration in tumor tissues, may limit their
use in the clinical practice (3). Such problems and
progress in the field of antibody engineering have led
to the emergence of a new generation of therapeutic
molecules that combine the advantages of small
molecules as well as of antibodies. In fact, one of
the major goals of antibody engineering is the
development of various antibody derivatives with
improved performance (4). Hence, Ranibizumab
(Lucentis), a recombinant humanized Fab fragment of
a monoclonal antibody, has been introduced (5).
Ranibizumab was approved in 2006 by FDA for the
treatment of age-related macular degeneration (5).

than other antibodies. Therefore, they can be used in
harsh conditions (10, 11). The main advantage of
Nanobodies is related to their simple structure that
leads to high levels of properly folded material after
bacterial or yeast expression. Such production
method is more economical than mammalian
expression systems (12-14). Nanobodies have also on
average a longer complementarity-determining region
3 (CDR3) loop and four hallmark amino acid
substitutions in their framework region-2. The large
CDR3 loop often enables the nanobody to recognize
different epitopes, such as grooves or concave surfaces
that are much less antigenic for conventional antibodies.
These unique properties make nanobodies suitable
for drug developmentas an alternatives to mouse
or human full-length antibodies (15-17). We have
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previously developed and characterized various
nanobodies to different targets (18-22). So far, there
are various nanobodies in different phases of clinical
trials, and nearly all of them are humanized (www.
ablynx.com). However, the humanization activity of
Nanobodies and their effect on the folding, expression
and biological activity is poorly reported (23). The main
aim of such humanization of camelid nanobodies is to
reduce their possible immunogenicity. Several nano-
body targeting vascular endothelial growth factors
(VEGF) have been produced in a previous study and
their in vitro (24) and in vivo (19) biological activity
have been evaluated. In this study, we decided to
develop the humanized format of the nanobody
targeting VEGF and evaluate its function in inhibiting
the proliferation of human endothelia cells relative to
the original wild type nanobody.

Materials

Human endothelial primary cells were isolated from
umbilical cord (25). For all in vitro assays, the
endothelial cells were between passages 2-4.
Bevacizumab was from Roche (Basel, Switzerland). The
plasmid of pHEN-6¢ (26) was our standard vector to
express Nanobodies under control oflac promotor. The
PHEN-6c vector and WK6 Escherichia coli (E. coli) cells
were gifted by Serge Muyldermans( Laboratory of
Cellular and Molecular Immunology, Vrije University
Brussels, Brussels, Belgium). The nanobody was
expressed in the periplasm space of bacteria and
comprises a His6 tag for purification purposes. The
anti-VEGF nanobody used inthis study (referred to as
Nb42) originated from a previous report (27).
Design, modeling and construction of the
Humanized Nanobody

The CDR and framework region of the camel
nanobody are numbered according to the international
ImMunoGeneTics information system® (IMGT )and the
nanobody humanization protocol was according to
published methods (28, 29). Briefly, the amino acid
sequence of our camel nanobody was aligned with the
humanized nanobodies (23, 30) to determine the
sequence differences in framework regions. Hallmark
amino acids in framework region 2 (amino acids at
position 42, 49, 50 and 52) were not substituted
because of their critical role. To find protein regions
that are possibly antigenic, we used a program that
predicts T-cell epitopes. The MHCII peptide binding
predictions were made using the Immune Epitope
Data Base (IEDB) analysis resource Consensus tool
(31, 32). The analysis was made on only 8 common
alleles of MHC class Il (Because they are present in
more general societies as well as in the majority of
populations): HLA-DRB1 * 0101, HLA-DRB1 * 0301,
HLA-DRB1 * 0401, HLA-DRB1 * 0701, HLA-DRB1 *
0801, HLA-DRB1 * 1101, HLA-DRB1 * 1301, HLA-
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DRB1 * 1501. The primary structure of camel and
humanized nanobody was analyzed with ExPASy
ProtParam tool (online version) (http://web.expasy.
org/protparam /). The 3D structure of the camel and
humanized nanobody were modeled by the online
version of I-TASSER - the protein structure and
function prediction server (33, 34). The quality of the
predicted models was examined by ProSA-the Protein
Structure Analysis server (35, 36) and RAMPAGE-
Ramachandran plot assessment program (37). The
nanobody nucleotide sequence was codon optimized
for expression in an E. coli host and then synthesized
into pBSK-G standard vector by GENERAY.

Sub-cloning, expression and purification

The nanobody gene was amplified by PCR using
forward and reverse primers: A6E (5-GATGTGCAG
CTGCAGGAGTCTGGAGGAGG-3’) and p38 (5’-GGACTAGT
GCGGCCGCTGGAGACGGTGACCTGGGT-3’) containing
Pstl and BstEIl restriction enzyme sites (underlined).
The standard vector, pBSK-G, containing the syn-
thesized nanobody sequence was used as template.
The humanized nanobody gene was sub-cloned into
pHENG6c expression vector. The condition of ligation
was as follows: 7 pl of amplified nanobody gene (50
ng), 6 ul of pHEN6¢c vector (50 ng), 1 pl of T4-DNA
ligase (Fermentas, Canada) and 6 ul of H20. The
recombinant construct transformed by heat shock
into WK6 E. coli competent cells .The obtained clones
were verified by colony-PCR, double digestion (with
Pstl and BstEIl) as well as by nucleotide sequencing.
The colony-PCR was performed by universal reverse
primer (5 TCACACAGGAAACAGCTATGAC 3’) as well as
universal forward primer (5° CGCCAGGGTTTTCC-
CAGTCACGAC 3’). Expression of humanized nanobody
was induced by Isopropyl f-D-1-thiogalactopyranoside
(IPTG) 1 mM in TB medium containing 50 pg/ml
ampicillinat28 °Cfor 16 hr (shackingat250 rpm). Due
to the presence of PelB leader sequence in pHENG6c
vector, the nanobody was expressed in the periplasm
of bacterial cells. Therefore, the expressed periplasmic
proteins were extracted using an osmotic shock and
then further purified by nickel affinity chromate-graphy
according to the manufacturer protocol (Qiagen,
Germany). The purified nanobody was identified by
15% SDS-PAGE (under reducing condi-tions) and
western blot analysis (with anti-His-HRP conjugate
(final concentration: 0.5 pg/ml)). The amount of
purified protein was evaluated using the Bradford
assay (18).

Enzymelinked immunosorbent assay

The recognition of human VEGF by our humanized
nanobody was evaluated using enzyme-linked
immunosorbent assay (ELISA). A 96-well was coated
with various concentrations (0-1000 ng/ml) of VEGF
(R&D, Canada) at 4 °C for 16 hr. The next day, residual
protein binding sites in the wells were blocked with
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Figure 1. Numbering and humanization of the amino acid sequences of the nanobody. Camel nanobody (black color), Humanized nanobody

(red color). The changed amino acids showed as highlighted

A

Figure 2. Predicted 3D structures of the nanobody by I-TASSER
server. A) Camel nanobody modeled by I-TASSER server. The
parameters of prediction: C-score=0.98, Estimated TM-score =
0.85+0.08, Estimated RMSD = 2.5+1.9A. B) Humanized nanobody
modeled by I-TASSER server. The parameters of prediction: C-
score=0.95, Estimated TM-score = 0.84+0.08, Estimated RMSD =
2.6+1.9A. The complementarity-determining region (CDR) regions
are shown with different colors: CDR1 (red color), CDR2 (green
color) and CDR3 (yellow color)

2% bovine serum albumin (BSA) for 2 hr at room
temperature. Then 1000 ng/ml of humanized nanobody
or Bevacizumab (as control) were added to the wells and
incubation was continued for 1 hr at RT. Subsequently,
after rinsing the wells, VEGF-associated nanobody and
Bevacizumab were detected by anti-His-HRP (final
concentration: 0.5 pg/ml) and anti-human IgG1 Fc-HRP
(final concentration: 0.5 ug/ml), respectively. Finally,
the rate of absorbance and signal intensity was
measured at 450 nm (20). The affinity of camel and
humanized nanobody was measured according to the
method of Beatty (38). Bevacizumab was used as control
antibody in affinity analysis (24).

Biological activity

The activity of humanized nanobody was examined by
MTT assay on human endothelial cells.

About 104 human endothelial cells in DMEM and F12
medium containing 2% fetal bovine serum (FBS) were
seeded in 96-well plates and incubated at 37 °C and 5%

CO:. Different concentrations of humanized, wild type
and irrelevant nanobody (0-10 pg/ml) as well as
Bevacizumab in presence or absence of VEGF (50 ng/ml)
were added to the wells and incubation was continued
for 48 hr under the same conditions. Then, the inhibition
of proliferation of VEGF-stimulated human endothelial
cells by humanized nanobody was evaluated by the MTT
assay. The wells incubated with 50 pl of MTT solution (at
2 mg/ml in PBS) and kept in dark. Then, MTT dye was
solubilized with isopropanol and absorbance was
measured at 570 nm.

Statistical analysis

Statistical analysis carried out using GraphPad
PRISM.v 5.0. Unpaired Student’s t-test was performed
for analysis of each group The difference between
groups were significantin case of P<0.05value.

Analysis of humanized format of the nanobody
After designating CDR and framework regions and
numbering the amino acids of the nanobody according
to IMGT, we aligned the sequence to human
variable domain or VH of family Il and identified those
amino acids that needed to be substituted to obtain the
humanized nanobody (Figure 1). The amino acids to be
substituted are highlighted in this figure. For MHCII
peptide binding prediction, amino acid sequence
stretches of framework regions of wild type as well as
humanized nanobody were considered and the
percentage of possible binding with different HLAs was
examined. According to MHCII binding prediction of
IEDB, the higher percentile rank is indicative for
stronger connections between T-cell epitopes and
MHCII and therefore, those regions are predicted to be
strongly antigenic. Results of MHCII binding prediction
indicated that the humanized nanobody in comparison
with the original dromedary nanobody has a reduced
antigenicity (data not shown). According to ExPASy
ProtParam results, molecular weight and theoretical
isoelectric point (pI) of wild type dromedary and
humanized nanobody changed from 13853.40 and 8.98
to 13807.36 and 9.01, respectively. The instability i ndex
(I1) of camel and humanized nanobody was computed as
32.42 and 31.78, respectively which are therefore both
classified as stable proteins. The 3D structure of camel
and humanized nanobody was modeled using the I-
TASSER server and the models with highest C-score
were selected and shown in Figure 2. The quality of the
predicted models was evaluated using the ProSA server
and the Z-score of each model was obtained (Figure 3).
The lower Z-score is indicative for predicted struc-
tural models that are close to the structure of the native
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Figure 3. Quality assessment ofpredicated models.A) Predicted 3D
model of camel nanobody was evaluated by ProSA server (Z-score:
-5.46). B) Predicted 3D model of humanized nanobody was
evaluated by ProSA server (Z-score: -6.44)

proteins. The Z-score for predicted models of wild
type dromedary and humanized nanobody is -5.46
and -6.44, respectively. The Ramachandran plot
analysis was performed on wild type dromedary and
humanized nanobody using the RAMPAGE program
and results showed that about 4% and 7% of residues
of camel and humanized nanobody are in the outlier
region (Figure 4).

Construction, sub-cloning, expression and purification
results

The humanized sequence of our nanobody was
synthesized by GENERAY and cloned in the pBSK-G
vector. The nanobody gene was amplified using A6E
and p38 primers and PCR amplicon after gel
electrophoresis giving a single band of 400 bp, which
is shown in Figure 5A. Then, this fragment was ligated
into the pHEN6c bacterial expression vector between
Pstl and BstEIl restriction enzyme sites and
transformed into WK6 cells. The accuracy of cloning
was checked by colony-PCR, restriction enzyme
digestion and by nucleotide sequencing. After gel
electrophoresis, for 3 out of the 9 clones tested, the
amplicon was shown to have a size of 550 bp (Figure
5B), which is the proper size for a nanobody between
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Figure 4. Ramachandran plot assessment. A) Ramachandran plot
assessment of predicted model of camel nanobody (about 4% of
residues are in outlier region). B) Ramachandran plot assessment
of predicted model of humanized nanobody (about 7% of residues
arein outlier region)

these primer annealing sites on pHEN6c. The nucleotide
sequence also confirmed the faithful cloning. One clone
was cultured and the Nanobody gene was expressed.
The protein was extracted from the periplasm and
purified by nickel affinity chromatography. An aliquot
separated by SDS-PAGE demonstrated the homogeneity
and purity of humanized nanobody material as eluted
from IMAC (Figure 5C). A western blot analysis on the
same sampleidentified the presence of the recombinant
His tag on our humanized nanobody protein (Figure 5D).
The final yield of purified humanized and wild type Nb
was 5 and 3 mg/liter, respectively.

VEGF binding capacity of the Nanobodies

An ELISA experiment was developed to demonstrate
that the humanized nanobody is able to detect VEGF. The
VEGF was coated at various concentrations on the wells
of the microtiter plate and the nanobody and
Bevacizumab concentrations were 1000 ng/ml. ELISA
showed that both the original wild type and humanized
nanobody like non-humanized nanobody are able to
detect VEGF. The affinity of both, the wild type and
humanized nanobody, was calculated according to the
method of Beatty to be around 60 nM. The calculated
affinity for Bevacizumab was around 40 nM by same
method.
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Figure 5. Sub-cloningand purification results of humanized nanobody. A) PCR results of humanized nanobody. As can be observed, the
sequence of about 400 bp was amplified. B) The colony-PCR results. The existence of band 550 bp indicated the success in cloning process.
C) Purification results. Coomassie brilliantblue stained 15% SDS-PAGE results showed that humanized nanobody was purified using nickel
affinity chromatography. D) Western blots results. Western blot was performed with anti-His-HRP conjugated antibody
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Figure 6. Biological activity results. MT T was performed for biological activity assay of camel and humanized nanobody. As can be observed,
the most inhibitory effect of camel and humanized nanobody was observed at concentration of 10 pg/ml (,* P=0.043). The assay was

performed in triplicate. The error bar represents for mean + SD

Biological assay

To examine the biological activity of the humanized
nanobody and assessingwhether it is capable to inhibit
cell proliferation, we performed an MTT assay on
cultures of human endothelia cells. Results of MTT assay
showed that a concentration of 10 pg/ml of the
humanized nanobody, justlike the wild type dromedary
nanobody, inhibited significantly the proliferation of
human endothelial cells through targeting VEGF (Figure
6). However, irrelevant nanobody did not inhibit
proliferation of human endothelial cells. The highest
inhibition of human endothelial cell proliferation was
noticed at a concentration of 10 pg/ml of the nanobody,

but this level of inhibition was already attained with 1
pg/ml of Bevacizumab.

Due to the increasing rate of resistance of cancer
cells to common treatment, there isa growing need to
research on the discovery of new anticancer agents.
Resistance of cancer cells to the chemotherapeutic
drugs in addition to the side effects of these drugs is
at the origin of the failure of cancer treatment. Thus,
finding more effective drugs with fewer side effects is
very important (39-42). The small size, monomeric
behavior and single domain properties of nanobodies
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provide beneficial characteristics for development of
novel drugs (16). Here, we humanized the framework
regions of the nanobody targeting VEGF referred to as
Nb42 (24) according to the dromedary antibody
humanization protocol (28, 30) to reduce the possible
antigenicity of the original dromedary-derived
nanobody. Nanobodies are naturally single-domain
antibodies with highly identical sequence to human
VH domains. For Nb42, we identified nine positions
where the amino acids needed to be substituted: in
framework region-1 S11L and A14P, in framework
region-2 region V404, in framework region-3 A75S,
M78T, K87R, P88A and 193V and in framework
region-4 Q121L. The VHH hallmark amino acids in
framework region-2 (F42, E49, R50 and A52) were
not modified as it would be detrimental for solubility
of the protein domain and for antigen-recognition
(30). According to the instability index results of
ExPASy ProtParam, both camel and humanized
nanobody are stable proteins, indicating that the
amino acid substitutions in framework regions of the
nanobody have no significant effect on protein
stability. The obtained Z-score for humanized and
wild type dromedary nanobody was in the range of
proteins whose structure has been determined by
NMR. The structure prediction gave an identical
architecture for both proteins, including their antigen
binding loops, which is especially important for the
antigen recognition.

The bacterial protein expression yield of the
humanized (codon optimized) nanobody was very
similarto that of the wild type nanobody (24). Finally,
the affinity and functional analysis data confirmed
that the antigen association and cell proliferation
inhibition remains intact upon humanization of wild
type dromedary nanobody. The investigation on the
effect of amino acid substitutions to humanize
camelid nanobodies is very scarce. This current
report, on the insilico as well as invitro studies can be
taken as a guideline for such tasks that will lead to
nanobody-based therapeutics of potential lower
antigenicity.
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