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Abstract 
Camelids have a unique immune system capable of producing single-domain heavy-chain atibodies. In this study, we 
report the isolation and characterization of several binders against the epidermal growth factor receptor (EGFR) vIII 
retrieved from immune library of camels (Camelus bactrianus and Camelus dromedarius).The EGFRvIII is a ligand-
independent, constitutively active, mutated form of the wild-type EGFR. The expression of EGFRvIII has been 
demonstrated in a wide range of human malignancies, including gliomas, and breast, prostate, ovarian and lung 
cancer. Camels were immunized with a synthetic peptide corresponding to a mutated sequence and tissue 
homogenates. Single-domain antibodies (VHH) were directly selected by panning a phage display library on 
successively decreasing amounts of synthetic peptide immobilized on magnetic beads. The anti-EGFRvIII camel 
single-domain antibodies selectively bound to the EGFRvIII peptide and reacted specifically with the 
immunoaffinity-purified antigen from a non-small cell lung cancer patient. These antibodies with affinities in the 
nanomolar range recognized the EGFRvIII peptide and affinity-purified mutated receptor. We concluded that using 
the phage display technique, antigen-specific VHH antibody fragments are readily accessible from the camelids. 
These antibodies may be good candidates for tumor-diagnostic and therapeutic 
applications. 
Introduction 
In the past 25 years, a number of monoclonal antibodies (MAbs) or antibody fragments have 
been applied clinically in the therapy and diagnosis of human cancers . One of the basic goals of 
antibody engineering is to minimize the size of the antigen-binding units, in order to improve its 
production, stability, tissue penetration, blood clearance and to reduce its immunogenicity in 
vivo .  Following the recent advances in genetic engineering techniques, there have been major 
efforts in the development of smaller binding fragments of the antibodies that retained the 
specificity and affinity of classical antibodies. In other cases, the immunogenicity of the murine 
antibodies was reduced by producing the chimeric or humanized version of such antibodies or 
by the development of fully human antibodies(1,2,3,4). The continuous search for improving the 
antibody penetration of solid tumors has led to the development of Fab, single chain Fvs (scFv), 
and more recently single-domain antibodies (VHH) (5,6).The naturally occurring heavy-chain 
antibodies devoid of light chain and CH1 domain were discovered in camelids .These heavy-
chain antibodies provided a natural solution for size reduction of an antibody fragment. In 
contrast to VH fragments of conventional antibodies, these small molecules (VHH) are well 
expressed and were shown to overcome, to a large extent, the stability, aggregation and 
degradation problems often encountered with scFvs. In addition, VHH have a close homology 
to human VH fragments, which may result in less or no immunogenicity of VHH molecules in 
patients. In recent years, phage display technology is found to be one of the most powerful tools 
for generating new antibody-based structures (Fab, scFv and VHH) against various surface 
antigens. The major potential of this technology is the isolation of specific antibodies from 
available phage antibody libraries, which may allow the selection and amplification of phage 
clones with specific binding activities. The recent advances in our understanding of the 
molecular basis of human cancers have made it possible to develop therapeutic strategies with 
increased efficacy and reduced toxicity . The EGFRvIII is characterized by deletion of amino 
acids 6–273 from the extracellular domain of the EGFR and creation of unique glycine residues 
at the fusion junction . While the EGFRvIII fails to bind the EGFR ligands,it contains a 
constitutively activate tyrosine kinase domain,and is highly transforming . Apart from glioma, 
EGFRvIII expression has also been identified in breast, non-small cell lung (NSCLC), ovarian 
and prostate cancer(7,8,9,10) . In this study, for the first time, we report the production of a 
novel recombinant single-domain VHH antibody fragment against EGFRVIII in camelids  

www.SID.ir



 

 

Materials and Methods 
Immunogen and Camelid Immunization 
The peptide sequence LEEKKGNYVVTDHSGGK was synthesized and conjugated to biotin 
and KLH by Qbiogene (Illkirch,France). The protocol of immunization has been described in a 
previous report . The blood of immunized animals was collected,and the peripheral blood 
lymphocytes were obtained with Ficoll cushion (Pharmacia, Uppsala, Sweden). Lymphocytes 
were counted under the microscope, and aliquots of 107 cells were pelleted and stored at –70°C 
until further use. 
RNA Isolation and PCR Amplification 
Total RNA was isolated from about 107 lymphocytes. mRNA was purified using the Nucleotrap 
mRNA kit (Macherey-Nagel GmbH, Düren, Germany). One microgram mRNA was used for 
preparing first-strand cDNA after an oligo(dt) priming using enzymes from Fermentas. DNA 
fragments encoding VHH fragments and hinge regions were amplified by two round of PCR in 
a 50-Ìl reaction mixture. . The PCR product of the VHH gene was further reamplified using 100 
ng of appropriate primary PCR product in conjunction with the VHBACKA4 and VHFOR36 
and CAMEL 37 nested primers annealing at the framework 1 and framework 4 regions . These 
oligonucleotide primers have the SfiI and NotI cloning sites incorporated into the sequence for 
subsequent cloning into the phagemid vector. Products (350–450 bp) were size selected and 
purified for restriction endonuclease digestion. 
Library Construction 
A VHH library was constructed in the vector PCANTAB5E (Pharmacia). Finally ,library 
ligations were carried out using 1000ng of purified vector (molar ratio of insert to vector: almost 
3.5:1), 200 ng for VHH fragments, 10 Ìl of 5! ligase buffer, 7 Ìl(1 U/Ìl) T4 DNA ligase 
(Fermentas), and water to a final volume of 50 Ìl. The ligation mixture was incubated overnight 
at 4° C, ethanol precipitated overnight at –70° C, and then resuspended in 10 Ìlof water. The 
product (PCANTAB5E vector containing the anti-EGFRvIII VHH fragment genes) was 
electroporated into competent TG1 Escherichia coli cells . 
Selection of Phage-Displayed Antibody Library 
The library ligation was transformed into 200 Ìl of electrocompetent TG1 cells and incubated in 
a 37° C shaker incubator in a total volume of 3 ml SOC medium. The culture volume was 
increased to 10 ml with pre-warmed LB medium, and ampicillin was added to a final 
concentration of 40 Ìg/ml. Library size was determined by plating 
1 and 10 Ìl of TG1 bacteria on LB/ampicillin plates. Ampicillin (final concentration 80 Ìg/ml) 
and M13KO7 helper phage (11 ! 1012 plaque-forming units) were then added, and the culture 
was grown for 61 h. To this solution, 100 ml LB medium containing 80 Ìg/ml ampicillin and 50 
Ìg/ml kanamycin were added. The culture was then incubated overnight while shaking at 37° C. 
Phages were concentrated and purified from the culture supernatant by precipitation with 4% 
polyethylene glycol in 3% NaCl solution followed by centrifugation. The phages were 
resuspended in 1% bovine serum albumin (BSA) in phosphate-buffered saline (PBS, 10 mM, 
pH 7.2) 
supplemented with 0.1% NaN3, titered and stored at –70°C until panning [30].Phages were 
subjected to five rounds of affinity selection on successively decreasing amounts of synthetic 
peptide immobilized on 
magnetic beads. Pooled phages from each round of panning were screened by ELISA for 
positive binding, 
as described below . 
Phage and VHH ELISA 
The specificity and reactivity of the VHH toward the natural and synthetic peptide was  
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determined using  ELISA. 
In this type of assay, microtiter plates were coated with streptavidin at a concentration of 1 
Ìg/well overnight at 37° C. The following day, the plates were blocked with PBS containing 5% 
skim milk (blocking buffer) for 1 h at 37°C and washed with 0.05% Tween 20 in 
PBS.EGFRvIII peptide-biotin (300 nM) in PBS was added to pooled 
phages or purified VHH in blocking buffer and incubated at room temperature for 1 h while 
being rotated. The mixture from a previous section (100 Ìl) was added to the wells and was 
incubated at 37°C for 1 h. Following several washes with PBS, wells were treated with 100 Ìl of 
HRP-linked goat anti-camel IgG2 and IgG3 antibodies (the preparation of which was reported 
elsewhere  for 1 h at 37° C. At the end of incubation, wells were washed, the enzyme activity 
was detected by adding 100 Ìl of tetramethylbenzidine and H2O2 solutions as substrate and 
stopped by adding HCl (0.5 N, 50 Ìl). The absorbance was detected in an ELISA plate reader at 
450 nm. 
Preparation and Screening of Soluble VHH Fragments 
ELISA-positive pooled phages from the fourth and fifth round of panning of the two VHH 
libraries were used to infect a new bacterial strain (HB 2151) and subsequently plated for 
separation of individual clones. The HB 2151 strain is a non-suppressor one that recognizes the 
amber codon as a stop codon for soluble protein production. Individual clones from a positive 
phage pool were screened for binding to EGFRvIII peptide by different immunochemical 
methods. For each library, 15 clones were selected at random and used to inoculate a 
5-milliliter culture of TB with 80 Ìg/ml of ampicillin supplemented with 0.1% glucose. The 
culture was grown in a shaker incubator and supplemented with 1 mM isopropyl-BD-
thiogalactopyranoside (IPTG) overnight to induce protein expression. Before adding IPTG to 
the cultures, a portion was spotted on an LB/ampicillin plate for future analysis of the clones. 
The culture was then centrifuged at 4,000 rpm for 15 min to pellet the bacterial cells. The 
spotted plates were grown overnight at 37° C and used to prepare phagemid DNA using the 
Qiagen miniprep spin kit. The culture supernatants were then screened by ELISA and Western 
blot (NSCLC )for antigen-specific binding . 
Results 
Humoral Response of the Camelids 
Two camels were immunized using the protocol described previously [11]. From the sera, the 
IgG subclasses were fractionated into the conventional immunoglobulins IgG1 and the heavy-
chain immunoglobulins IgG2 and IgG3. The activity of the antibody eluted in two camels was 
similar as assessed by ELISA against free peptide [11]. 
PCR Amplification of Camel VHHs 
Peripheral blood lymphocytes (107) from the camels immunized simultaneously with EGFRvIII 
peptide and tissue homogenates were used to extract mRNA from which cDNA was synthesized. 
The VHH regions were amplified by nested PCR. In the first PCR, two gene-specific primers, 
VHBACKA6 and CH2FORTA4, were used for amplification of camel IgG-encoding DNA. The 
resulting PCR fragments have distinct sizes around 600,700 and 900 bp (fig. 1a). In a second 
PCR, the VHH part of these fragments was reamplified with a VHBACKA4 primer containing 
an SfiI and VHFOR36 and CAMEL 37 primers containing an NotI site for cloning purposes. 
This nested PCR generated a single broad band between 350 and 450 bp in length (fig. 1b). 
VHH Library Construction and Selection of Specific Binders 
After SfiI and NotI digestion of VHH genes, the PCR fragments were ligated into a PCANTAB 
phagemid vector and transformed in E. coli TG1 cells. In this way, two VHH libraries for C. 
bactrianus and C. dromedarius of about 2 ! 106 and 5 ! 106 transformants were 
obtained,respectively.  The VHH repertoires of both VHH libraries were expressed on phages 
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after infection with helper phages, and panning of phage particles was performed in solution to 
avoid problems with selection on the basis of avidity that have been reported to occur with other 
libraries .A total of approximately 5 ! 1011 phages were used in each round of panning 
specifically interacting with EGFRvIII peptide after the first, second, third, fourth and fifth 
rounds of panning, respectively, were eluted.  After three rounds of selection on magnetic beads, 
a clearly enriched library for two camels against EGFRVIII peptide was obtained. Selection of 
EGFRvIII peptide-specific antibodies was confirmed by ELISA. Two libraries, C. bactrianus 
and C.dromedarius,showed weak reactivity in the unselected library with increasing specificity 
in a subsequent round of selection. 
Screening of Soluble Camel VHHs 
IPTG-induced supernatants were screened by ELISA for binding to a variety of antigens. After 
the fourth and fifth round of selection using synthetic peptide coating onto magnetic beads for 
two camels, 30 colonies were randomly chosen for further experiments in which expression of 
their VHH as soluble protein was targeted. In the first step, the supernatant was tested in an 
ELISA in which peptide penicillinase was used as tracer. The supernatant of 15 of the 30 clones 
were shown to react specifically towards EGFRvIII. However, only two clones from the 
C.bactrianus library were found to be highly reactive and were chosen for further 
experiments.Figure 2 shows the reactivity of positive clones with the 14-amino-acid EGFRvIII 
peptide conjugated to the  penicillinase  We also examined the ability of the anti-EGFRvIII 
peptide antibody, VHH antibodies  and anti-EGFR MAb F4 toreact with the EGFRvIII proteins 
from NSCLC ascetic fluid in Western blot. The results demonstrate that VHH antibodies (fig.3, 
lanes 2 and 3) recognized just one band around 145 kDa and another protein band around 100 
kDa. In the case of anti-EGFR MAb F4, which was used as a positive control, a broad band at 
145 kDa starting from 100 kDa was observed (fig. 3, lane 4). A similar effect was observed in 
case of peptide and purified polyclonal anti-EGFRvIII. In this case, in addition to a broad band 
starting from 100 kDa and ending at 145 kDa, bands in lower- and higher-molecular-weight 
regions were also observed.Peptide and purified antigens from ascitic fluid were calculated to be 
2 ! 108 M–1 for clone OR1-83 and 3 !108 M–1 for clone OR2-83 by affinity chromatography. 
Discussion 
In this study, we have presented the results of the library construction and selection of phage-
displayed single-domain antibodies from the peripheral blood lymphocytes of camels 
immunized with the 14-amino-acid EGFRvIII peptide conjugated with KLH and tissue 
homogenate.In contrast to cytotoxic drugs, MAbs are new generation antigen-specific molecules 
with great potential for use in cancer therapy. Since 1997, seven MAbs directed against CD20, 
HER-2, CD33, CD52, VEGF or EGF receptor have been approved by the United States Food 
and Drug Administration for the treatment of human cancers (3,4).  Conventional antibodies are 
composed of paired heavy and light polypeptide chains. However, few reports in the past 10 
years marked the discovery of natural antibodies devoid of light chains from the sera of 
camelids, nurse shark, wobbegong shark and possibly ratfish (5,6). The success of any cancer 
therapy depends on generating a ligand that specifically binds to a receptor which is either 
tumor specific or sufficiently overexpressed in tumors to provide targeting specificity (1,4). The 
EGFRvIII is the most common form of mutated EGFR that is ligand independent and highly 
transforming in vivo(7,8) .In this work we immunized two camels (C. bactrianus for the first 
time) with a synthetic peptide corresponding to the mutated sequence of EGFR and tissue 
homogenate of breast and brain tumors. Our results showed that single-domain camel antibody 
that is specific for the human EGFRvIII was successfully produced. Using multiple approaches, 
we have shown that purified antibodies from clone OR1-83 and clone OR2-83 of C. bactrianus 
are specific for the human EGFRvIII(11,12 )..In this study, we obtained the heavy-chain 
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antibodies (VHH) with average affinities in the range 108 M–1, which compared favorably with 
those of murine anti-EGFRvIII peptide MAbs or mouse scFv and various polyclonal 
antibodies .The results of Western blotting of ascitic fluid from an NSCLC patient with the three 
types (MAb F4, purified polyclonal peptide and VHH) of antibodies clearly indicated that a 
protein of 145 kDa and a protein of 100 kDa with VHH antibodies. In the case of onoclonal 
antibody against EGFR and polyclonal antibody purified by peptide column, however, a broad 
range of proteins from 100 to 145 kDa could be observed.  A similar effect has been observed in 
polyclonal antibodies purified with peptide-affinity column (fig. 3). However, for the 
monoclonal recombinant VHH antibody (two clones) developed in this study,the results of 
Western blotting showed the presence of two sharp bands with no tailing in the region of 100–
145 kDa.These interesting phenomena may be due to the higher specificity and homogeneity of 
VHH antibody compared to anti-EGFR MAb and polyclonal antibody, and this aspect warrants 
further investigation.To the best our knowledge, this is the first report on the use of synthetic 
peptide and tissue homogenate as immunogens for the production of single-domain antibodies 
against the EGFRvIII peptide and the first report on the production of single-domain antibodies 
in the two humped camel (C. bactrianus) (12). 
References 
1Hemmink A: From molecular changes to customized therapy. Eur J Cancer 2002;38:333–338. 
2 Gura T: Magic bullets hit the target. Nature 2002;417:584–586. 
3 Hudson PJ, Souriau C: Engineering antibodies.Nat Med 2003;9:129–134. 
4 Funaro A, Horenstein AL, Santoro P, Cinti C,Gregorini A, Malavasi F: Monoclonal antibodies and therapy of 
human cancers. Biotechnol Adv 2000;18:385–401. 
5 Muyldermans S: Single domain antibodies:Current status. Mol Biotechnol 2001;74:277–302. 
6 Conrath KE, Wernery U, Muyldermans S,Nguyen VK: Emergence and evolution of functional heavy-chain 
antibodies in camelidae.Dev Comp Immunol 2003;27:87–103. 
7 Lorimer IA, Keppler-Hafkemeyer A, Beers RA,Pegram CN, Bigner DD, Pastan I: Recombinant immunotoxins 
specific for a mutant epidermal growth factor receptor: Targeting with a single chain antibody variable domain 
isolated by phage display. Proc Natl Acad Sci USA 1996;93:14815–18120. 
8 Beers R, Ghowdhury P, Bigner D, Pastan I:Immunotoxins with increased activity against epidermal growth factor 
receptor VIII expressing cells produced by antibody phage display.Clin Cancer Res 2000;6:2835–2843. 
9 Humphrey PA, Wong AJ, Vogelstein B, Zalutsky MR, Fuller GN, Archer GE, Friedman HS,Kwatra MM, Bigner 
SH, Bigner DD: Anti-synthetic peptide antibody reacting at the fusion junction of deletion-mutant epidermal growth 
factor receptors in human glioblastoma. Proc Natl Acad Sci USA1990;87:4207–4211. 
10 Wikstrand CJ, Hale LP, Batra SK, Hill ML,Humphrey PA, Kurpad SN, McLendon RE,Moscatello D, Pegram CN, 
Reist CJ, Traweek ST, Wong AJ, Zalutsky MR, Bigner DD:Monoclonal antibodies against EGFRvIII are tumor 
specific and react with breast and lung carcinomas and malignant gliomas. Cancer Res 1995;55:3140–3148. 
11 Omidfar K, Rasaee MJ, Mojtahedi H, Forozandeh M, Taghikhani M, Bakhtiari A, Paknejad M, Kashanian S: 
Production and characterization of a new antibody specific for the mutant EGF receptor, EGFRvIII in Camelus 
bactrianus.Tumor Biol 2004;25:179–189 
12 Omidfar K, Rasaee MJ, , Mojtahedi H, Forozandeh M, Taghikhani M, Golmakani N: Production of a Novel 
Camel Single-Domain Antibody Specific for the Type III Mutant EGFR.Tumor Biol 2004,26, 
 
 

www.SID.ir



 

 

 
Fig. 1. Agarose gel electrophoresis of VHH amplification products with VHBACKA6 and 
VHFORTA4 on camel cDNA (a) and with VHBACKA4 and VHFOR36 and CAMEL 37 on 
DNA (b). Numbers indicate size (bp) markers. 1, 2 = Stained with C.dromedarius and C. 
bactrianus, respectively;3 = representative control (PCR material 
except for the DNA template). 
 
 
 
 

 
 
Fig. 2. ELISA screening of individually selected clones. ELISA-positive pooled phages from 
the fourth and fifth round of panning of the two VHH libraries (C. bactrianus and C. 
dromedarius) were used to infect HB2151 bacteria, and single clones were picked at random for 
IPTG induction of protein expression. Culture supernatants were screened using 
peptideconjugated penicillinase as a tracer. Absorbance was read at 600 nm. Only positive 
clones 
are shown. Non-specific binding (NSB) was shown using supernatant of culture media in which 
non-transfected HB2151 was grown. 
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Fig.3. Western immunoblotting of ascetic fluid using affinity-purified polyclonal anti peptide 
antibody (lane 1), soluble VHH antibody obtained from OR1-83 and OR2-83 (lanes 2 and 3, 
respectively) and MAb F4 (lane 4). 
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