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Abstract
Background and Objective: Overexpression of the EGFR, from the ErbB receptor family, has been observed
in several cancers and causes resistance to therapeutic antibodies, such as Herceptin. In this study, we
produced a recombinant single-chain variable fragment (scFv) antibody against the EGFR dimerization
domain.

Methods: The recombinant scFv was generated using a cell-based subtractive panning strategy.
 Subtractive panning was performed on genetically engineered VERO/EGFR cells and cancerous MDA-
MB-468 cells. Phage cell-ELISA was used to monitor the binding of the selected scFvs to the dimerization
domain of EGFR. Inhibition of EGFR and HER2 dimerization by the produced scFvs were �nally evaluated
using the dimerization inhibition test.

Results: PCR �ngerprinting results showed a uniform digestion pattern following the third round of
panning that con�rmed the success of subtractive panning. Moreover, cell-ELISA validated the reactivity
of the produced scFvs to EGFR after stimulation with EGF. The dimerization inhibition test showed the
capacity of the scFvs to inhibit EGFR and HER2 dimerization.

Conclusions: Directed HER2 targeting showed to be more effective to target the functional domain of the
cell receptor for the complete blockade of the intracellular signaling pathway. The subtractive panning
strategy used in this study could control the process of directed selection of speci�c antibodies against
the dimerization domain of EGFR. The selected antibodies might then be functionally tested for antitumor
effects in both in vitro and in vivo studies. 

Introduction
Resistance to monoclonal antibody (mAb) therapy is known as a major problem in ErbB family-
expressing tumors. Trastuzumab, a humanized recombinant anti-HER2 antibody, was the �rst FDA-
approved mAb for the treatment in HER2 positive breast cancers; however, about 70% of patients do not
respond to the treatment, and some others develop resistance within a year (1, 2). ErbB receptors (EGFR,
HER2, HER3 and HER4) are structurally composed of three parts: an extracellular domain that binds to
the ligand, a transmembrane domain, and an intracellular domain that also has tyrosine kinase
properties. The extracellular part of the ErbB receptors consists of four domains (I, II, III & IV). While EGFR
is inactive, its domain II (dimerization domain) is hidden; after activation with the ligand, the dimerization
domain is exposed which leads to homodimerization or heterodimerization (3, 4).

EGFR activates important signaling pathways, such as Ras/MAPK and PI3K/AKT pathways, and
signaling cascade of phospholipase C (PLC)/protein kinase C (PKC) (5, 6). ErbB family signaling
pathways, especially EGFR signaling, have been dysregulated in a wide range of cancers (7).
Dysregulated EGFR expression could induce homo/hetrodimerization, notably with HER2. HER2 is unique
in the ErbB family, because it is an orphan receptor, which is shown to be the preferred dimerization
partner for EGFR (8).
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Current strategy for the treatment for EGFR positive cancers is blockade of EGFR signaling pathway by
using recombinant antibodies against the extracellular domain, as well as other drugs to block the
intracellular domain tyrosine kinase activity (9, 10). In this regard, Cetuximab and Panitumumab have
been developed against the EGFR receptor in colorectal cancer, but neither of them could bind to the
dimerization domain of the receptor and does not hinder heterodimerization (11, 12).

Single-chain fragment variables (scFvs) have been introduced for several advantages, such as fast
clearance from the blood, rapid penetration in tumor microenvironment due to their small size, the
potential of carrying drugs and toxins, and binding to the epitope with a high a�nity (13). Moreover, the
production of scFv is rather easy; it can be expressed by several expression systems, such as yeast, plant,
and bacteria, where the bacterial expression systems have been used more than the others (14).

In this study, using the phage display technique, we produced a recombinant scFv against the EGFR
dimerization domain, in addition to targeting EGFR, it can hinder its dimerization with other ErbB family
receptors, especially HER2, and block signal pathways resulting in tumor cell apoptosis.

Materials And Methods
1. Cell Culture

Cell lines used in this study were as follows VERO, MDA-MB-468, VERO expressing EGFR (VERO/EGFR),
VERO expressing HER2 (VERO/HER2), and VERO expressing both EGFR and HER2 (VERO/EGFR/HER2).
VERO and MDA-MB-468 were obtained from the Pasteur Institute of Iran (Tehran, Iran) and maintained in
the appropriate media recommended by the provider. VERO/HER2 cell line has been established
previously (15-17).

VERO/EGFR cells were generated from transfected VERO cells using the linearized plasmid pCMV-
encoding full-length EGFR. VERO/EGFR/HER2 was also generated through transfection of VERO/EGFR
cells with pCVN-encoding full-length HER2. The selection of the cells was carried out via culture in the
presence of 500 µg/ml hygromycin for VERO/EGFR, and 500 µg/ml hygromycin and 500 µg/ml G418 for
VERO/EGFR/HER2. Both cell lines were cultured in an appropriate medium in 250 µg/ml maintenance
dose of hygromycin and G418.

2. Library preparation

The Tomlinson J and I phage display antibody libraries (Source BioScience, UK) were used to select
antibody fragments against the extracellular subdomain II (dimerization arm) of EGFR expressed on the
surface of VERO/EGFR cells. These are semisynthetic phage libraries based on a single human
framework with side-chain diversity incorporated at positions in the antigen-binding site. Stocks of
recombinant M13 phages displaying pIII-scFv fusion on their surface were prepared, according to the
recommended protocol (16). Brie�y, aliquots of each library were cultured in 200 ml of 2xTY medium
supplemented with 1% glucose and 100 μg/ml ampicillin at OD600 = 0.4. Approximately 2 ´ 1011 of
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M13K07 helper phages were added to 50 ml of the culture medium and incubated at 37°C in a water bath
for 30 min. Bacterial pellets were collected by centrifugation at 3300 ´ g for 30 min and the pellets were
then resuspended in 100 ml of 2X TY medium supplemented with 0.1% glucose, 100 μg/ml ampicillin,
and 50 μg/ml kanamycin. Recombinant phages were precipitated from the overnight culture with
PEG/NaCl solution (20% Polyethylene glycol 6000, 2.5 M NaCl).

3. Subtractive panning on the cells

The �rst round of panning was performed on MDA-MB-468, a cancer cell line overexpressing EGFR, to
reduce non-speci�c bindings. The process of antibody selection is schematically shown in Figure 1.

Each library (~1012 pfu/ml) was incubated with the MDA-MB-468 cell line for 2 hours at room
temperature with gently rotating. The cells were then pelleted by centrifugation at 140 ´ g for 20 min, and
the supernatant was moved to a new tube. The next round was performed on EGF-stimulated (60 ng/ml)
and then –non-stimulated VERO/EGFR cells (19). The cells were pelleted and washed twice with HEPES
washing buffer. The bound phages were then eluted with 1 ml glycine buffer (pH=2.2) and then used for
reinoculation of exponentially growing TG1 bacteria. Next, 20 ml of 2xTY-Amp-Glu medium was
inoculated with 10 to 20 μl bacterial suspension to yield an OD600 = 0.1, and grown at 37°C and 140 ´ g at
OD600 = 0.5. The bacteria were then inoculated with M13K07 helper phage in a multiplicity of infection
(MOI: phage/bacteria) of 10 to 20 for 30 min at 37°C in a water bath. Bacteria were pelleted and
resuspended in 100 ml 2XTY containing 100 mg/ml ampicillin and 50 mg/ml kanamycin culture medium
and incubated overnight at 30°C on a shaker. The same procedure was performed for the VERO/EGFR cell
line for two more rounds of panning.

4. PCR and �ngerprinting

To evaluate the results of the selection process of single-chain antibodies, variety in selected clones was
examined by PCR and �ngerprinting at the end of the last round of panning. PCR was carried out on
several clones using two primers, LMB3: CAGGAAACAGCTATGAC and pHEN: CTATGCGGCCCCATTCA.
Positive samples were digested by BstNI restriction enzyme overnight at 37°C and loaded on a 2%
agarose gel.

5. Polyclonal phage cell ELISA

To con�rm binding of the pool of isolated phages to their ligands on the cells, a phage ELISA was
performed with EGF-stimulated and –non-stimulated VERO/EGFR cells, using phages from all three
rounds of panning. Approximately 7 ´ 103 VERO/EGFR cells were seeded in each well of 96-well culture
plates (SPL, South Korea) one day before the experiment. The experiment was performed in triplicate.
Cells were washed twice with cold phosphate-buffered saline (PBS) and blocked with 200 μl 2% bovine
serum albumin (BSA) for 1 hour at room temperature. Then, 100 μl of the polyclonal phage particles from
each round of selection was added to each well and incubated for 2 hours at room temperature. The
wells were washed three times with 200 μl tris-buffered saline, 0.1% tween 20 (TBST), then incubated with
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100 μl of 1:5000 dilutions of HRP-conjugated anti-M13 antibody (Amersham Pharmacia, US) in 2%
blocking buffer for 1 hour at room temperature. Finally, the wells were washed three times with TTBS and
incubated with tetramethylbenzidine (TMB) solution (Sigma-Aldrich) for 15 min at room temperature. The
reactions were stopped by 3N HCl, and the absorbance was read at 450 nm on an ELISA plate reader
(Organon-Teknika, The Netherlands).

�. Dimerization inhibition test

Dimerization inhibition test was performed with phages obtained from each round of selection. The
VERO/EGFR/HER2 cell line was serum-starved for 24 hours, and then cells were detached by a cell
scraper and washed with PBS. The cells were stimulated with 60 ng/ml of EGF for 30 min on ice,
following by incubation with selected phages from each round of panning for 30 min. Crosslinking of
HER2 and EGFR was performed with a cell membrane-impermeable protein crosslinking agent,
sulfosuccinimidyl (bis) substrate, (Thermo Fisher Scienti�c, Inc., MA, USA), according to the
manufacturer’s instructions. Brie�y, the cells were washed twice with ice-cold PBS and incubated with
freshly prepared bis substrate at room temperature for 30 min. Cells were lysed using a
radioimmunoprecipitation assay (RIPA) buffer (Santa Cruz Biotechnology, Santa Cruz, CA, USA)
containing 2 mM phenylmethylsulfonyl �uoride (PMSF), 10 mL of protease inhibitor cocktail, and 1 mM
sodium orthovanadate.

The total cell lysate was immunoprecipitated, using mouse anti-EGFR (Clone D8, Santa Cruz
Biotechnology) antibody. Brie�y, 500 µg of total cell lysate was incubated with protein A/G plus agarose
in the presence of 5 µg of anti-EGFR antibody overnight at 4 °C with gentle shaking. The antigen-antibody
complexes were then pelleted and washed 4 times. The complex was detached using loading buffer (62.5
mM Tris·Cl, pH 6.8, 2% w/v SDS, 2% v/v glycerol 0.1% w/v bromphenol blue, and 300 mM 2-
mercaptoethanol) and heated at 75°C for 10 min.

To show the ability of selected scFv to inhibit EGFR homodimerization and EGFR/HER2
heterodimerization, the anti-EGFR immunoprecipitated proteins were separated under a denaturing and
reducing SDS-PAGE and then transferred to Polyvinylidene di�uoride (PVDF) membranes (Santa Cruz
Biotechnology) in a tank transfer system (Bio-Rad, CA, USA) at 100 V for 60 min. Membranes were then
separately probed with anti-EGFR and anti-HER2 as the primary antibodies, and the goat anti-mouse
conjugated HRP as the secondary antibody. The blots were developed with the ECL kit (Parstous Biotec,
Mashhad, Iran) for 5 min and imaged by the G:BOX imaging system (Syngene, Cambridge, UK).

7. Production and puri�cation of phage free scFv

Soluble scFv was produced to evaluate the function of the selected antibody pools. To do this, 100 µl of
the eluted phages from each round of selection were incubated with 2 ml of exponentially growing
HB2151 bacteria (OD600 = 0.4) for 30 min at 37°C in a water bath. Then, the bacteria were pelleted and
plated on the TYE-Amp-Glu medium. Bacterial colonies were then scraped by a spatula. Then, 50 µl of
each phage pool was inoculated in 50 ml 2XTY-Amp and incubated with shaking at 37°C for
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approximately 6 hours until OD600 reached 0.8 to 1. Isopropyl β-D-1-thiogalactopyranoside (IPTG) was
added to a �nal concentration of 1 mM and incubated with shaking at 30°C overnight. Bacterial were then
pelleted and dissolved in 2 ml of hyper-osmotic lysis solution containing 50 mM Tris, 20% saccharose,
and 1 mM EDTA at pH 8. Cell debris was pelleted by centrifugation at 20,000 ´ g for 30 min at 4°C, and
the supernatant containing the desired antibodies were collected and stored at -20 °C for subsequent use.

Soluble scFvs were separated from the protein mixture using HisTrap HP a�nity chromatography with an
ÄKTA puri�er. Brie�y, the HisTrapTM HP column was equilibrated with the binding buffer, containing 50
mM Tris, 1M NaCl, and 40 mM Imidazole, and then the protein mixture was injected into the column. The
His-tagged recombinant protein was eluted with the elution buffer, containing 50 mM Tris, 500 mM NaCl,
and 500 mM imidazole at pH 8, fractions containing eluted proteins were collected and analyzed using
SDS-PAGE. The concentration of the collected antibodies was measured using the Bradford assay (19).
To con�rm the presence of soluble scFvs, the �nal products of puri�cation were subjected to
immunoblotting. The puri�ed proteins were immunoblotted as described earlier using HRP-conjugated
anti-His tag antibody (Clone H-3, Santa Cruz Biotechnology).

Results
1. Production of scFv against EGFR dimerization domain

To evaluate the success of panning procedure, scFv coding sequences were ampli�ed and enzymatically
digested, by BstNI restriction enzyme, in a number of randomly selected bacterial colonies at the end of
each round of panning. The results of PCR on a number of colonies from each round of panning
indicated the success of panning enrichment and the selection of the colonies containing the insert.
Fingerprinting results showed a uniform pattern from round one to three (Fig.2).

Cell-ELISA was performed to con�rm the reactivity of the produced scFv to the dimerization domain of
EGFR. The results showed an increased OD after stimulation of EGFR with EGF, indicating that speci�c
phages against the EGFR increased along with panning rounds (Fig.3).

2. In vitro inhibition of EGFR/HER2 dimerization by the scFv

To test whether the produced scFvs can inhibit the dimerization of EGFR and HER2, dimerization
inhibition test was performed. Following cell lysis, immunoblotting showed two bands of 180 and 360
kDa, corresponding to the monomeric and dimeric receptors, respectively. Over subsequent rounds of
panning, the intensity of monomer band was increased compared to that of the dimer band, indicating
the ability of the selected scFv to inhibit receptor homodimerization. In the third round, the intensity of the
monomer band signi�cantly increased, indicating the proper function of scFvs. Also, no dimer band was
observed in unstimulated samples, showing the importance of receptor stimulation and the exposure of
the dimerization domain (Fig.4a). The same test was performed to show the ability the selected scFv to
inhibit EGFR/HER2 heterodimerization; the results showed a minimal amount of EGFR/HER2
heterodimerization (Fig.4b) when compared with EGFR homodimerization state. Similarly, in this test the
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intensity of dimeric bands decreased, as the number of speci�c scFvs accumulated in the subsequent
rounds of panning. It should also be noted that the selected scFvs were more effective to disrupt
EGFR/HER2 heterodimerization than EGFR homodimerization

3. Production and puri�cation of phage free scFv

To test whether phage-bound scFvs selected from the last round of panning could be e�ciently secreted
into the bacterial periplasmic space, in a phage-free from, E. coli strain HB2151 was transduced with the
phages from the third round of panning. Following induction of the bacteria with IPTG at 30°C, a
signi�cant expression of phage-free scFv was detected on SDS-PAGE (Fig.5A). The periplasmic fraction
was then his-tag puri�ed (Fig.5B) and con�rmed via immunoblotting (Fig.5C).

Discussion
The ErbB family receptors take part in cell growth, survival, and differentiation; also, they have a leading
role in the pathogenesis and metastasis of a variety of cancers (18). Activation of these receptors
basically depends on dimerization (19) with binding of the receptor to its ligand activates the tyrosine
kinase and then dimers with the same receptor, so-called homodimerization, or with another member of
the family, so-called heterodimerization.

HER2, as an orphan receptor, could be activated via homodimerization, alternatively, heterodimerization
with EGFR or HER3, although no tyrosine kinase activity has been recognized for HER3 (20). Once the
receptor is inactive or ligand-free, the dimerization arm is hidden by intramolecular interactions, so-called
“tethered con�guration” (21). Mutation in both the extracellular region and the kinase domain of the EGFR
can lead to its activation and dimerization (22). Several ligands have been found for EGFR, such as EGF,
transforming growth factor α, amphiregulin, betacellulin, epiregulin, and heparin binding-EGF (23).

In this study, we produced scFvs against the domain II (dimerization domain) of EGFR to block its homo-
and also hetero-dimerization with HER2. We used EGFR expressing cell lines to select scFvs from a phage
display library. When using a cell line as a source of antigen to select phages from a library, non-speci�c
bindings could increase the background, since cell lines express many unrelated antigens (24). To reduce
the background, panning was performed in two steps, �rst with MDA-MD-468, and then with VERO/EGFR
cells.

So far, several mAbs have been developed against EGFR and HER2 receptors. Cetuximab is a
murine/human chimeric antibody against the extracellular domain of EGFR, which blocks EGF binding
and its downstream signaling pathway. Despite its bene�cial effects, it showed resistance in some
cancers, such as triple-negative breast cancer, due to its partial agonistic effect

on EGFR (25). Later on, panitumumab, a fully human mAb against the extracellular domain of EGFR, was
developed and approved by the FDA for the treatment of colorectal cancer. Panitumumab could bind to a
different epitope from the receptor to solve the problem of resistance. However, as an antagonist for EGF,
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it induces EGFR internalization (12). Pertuzumab, a humanized antibody against dimerization domain of
HER2, speci�cally inhibits both HER2 homodimerization and its heterodimerizarion with EGFR and
preferentially with HER3 (20, 26). Unlike mAbs mentioned above, the scFv produced in our study has been
developed against the EGFR dimerization domain which can signi�cantly reduce the problem of drug
resistance in breast cancer.

It has been shown that HER2 positive tumors, such as breast tumors, had poorer prognosis when
coexpress EGFR or when express a phosphorylated form of HER2 (27). The phosphorylated form of EGFR
has also been found in breast tumors (28). The prognostic value of EGFR has been remarkable in both  
HER2 positive and estrogen and progesterone receptor-negative breast tumors (29). Therefore, targeting
EGFR could be helpful in treating cancers overexpressing HER2. The scFv produced in our study could
inhibit EGFR dimerization which makes it bene�cial to treat triple-negative breast cancers that do not
express HER2.

Trastuzumab is known as the �rst line of treatment in breast cancer; however, it could not inhibit signal
transduction of HER2 receptor, because other receptors, particularly EGFR and HER3 can compensate the
signaling leading to drug resistance (30). Pertuzumab is able to alleviate trastuzumab resistance to some
extent, since it binds to a different domain of HER2 and mainly inhibits HER2/HER3 heterodimerization
(31). In addition, EGFR has been shown to play an important role in signaling in breast tumor cells,
especially HER2-positive tumors, makes it a crucial therapeutic target. In this study, we produced an scFv
that can bind the dimerization domain of EGFR and HER2. The ErbB family receptors extracellular
domain consists of four parts (I-IV) with the dimerization domain (II) is hidden (32). For EGFR activation,
�rst the domain II should be exposed, and then binds to its ligand (33). Therefore, the domain II is crucial
for binding to other receptors and EGFR activation, while other domains are needed to stabilize the
dimerization arm and receptor structure (33). In our study, using a phage display library, we developed an
scFv which is able to inhibit the dimerization domain of EGFR and HER2. A big problem with phage
display technique is the proliferation of non-speci�c clones; therefore, we used subtractive panning and
receptor stimulation to select scFvs with the highest speci�city for the dimerization domain of EGFR.
First, we performed a negative selection with MDA-MB-468 cells, and then; we stimulated the genetically
engineered cell line, VERO/HER1/HER2, that only expresses HER1 and HER2 receptors to exposure
dimerization arm and made a positive selection.

Phage display, using large combinatory antibody libraries, is a powerful method for producing
customized antibodies against conformation-speci�c antibodies (34). ScFvs have some advantages over
full-length mAbs. Due to their small size, scFvs could be easily produced and effectively enter the tumor
microenvironment. Moreover, lacking the Fc region allows the scFvs to bind to their targets without
stimulating the host's immune system, although this shortens their lifespan and thus requires a higher
dosage of administration (35). Several scFvs have been tested in clinical trials, and some are FDA-
approved, such as scFv for TNF-a (36) and Brolucizumab, a humanized scFv against vascular endothelial
growth factor A (VEGF-A), which has been FDA-approved for the treatment of wet age-related macular
degeneration (37).
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Conclusions
Up to now, at least 14 mAbs have been developed using the phage display method which approved by the
FDA (38). In this study, we produced a scFv against the dimerization domain of EGFR. Further studies are
needed to evaluate its in vitro and then in vivo functions, via functional assays, to test whether it can be
used in diagnosis and treatment. Moreover, production of a whole mAb against dimerization domain of
EGFR should be considered in the future.
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Figure 1

The process of selecting antibodies schematically. The general process used to produce scFv against the
EGFR receptor dimerization domain. To reduce the background, the �rst panning cycle was performed on
MDA-MB-468 cells and then the other two cycles were performed using VERO/EGFR cells.

Figure 2

Fingerprinting results. Fingerprinting products of the �rst to third panning rounds. PCR products were
cleaved by BstNI restriction enzyme and then loaded on agarose gel. After the third round, the enzymatic
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digestion pattern of the products became uniform.

Figure 3

Polyclonal phage cell-ELISA results. OD of EGF-stimulated cells was increased over the three panning
rounds. However, there was an increase in the third panning cycle in cells not stimulated by EGF due to an
increase in the background.
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Figure 4

Dimerization inhibition test. (A) Incubation of different cycles of phages selection against the EGFR
receptor dimerization domain inhibited the dimerization of EGFR and HER2 receptors. Maximum
inhibition is observed in the third round, which indicates the predominance of speci�c clones against the
dimerization domain. (B) Immunoblotting was performed with anti-HER2. The absence of a dimer band at
number 3 indicates speci�c inhibition of the dimerization of EGFR and HER2 receptors.

Figure 5

Production and puri�cation of phage free scFv. (A) SDS-PAGE of bacterial lysate showing the expression
of scFvs. Induction of antibody expression by IPTG in 3 samples (1 to 3) of panning cycles resulted in
band expression of about 25 kDa. An example of an uninduced bacteria is given in column 4. (B) SDS-
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PAGE of puri�ed antibodies. Sample 1 extracted by His-Trap column and AKTA Puri�er. (C)
Immunoblotting of soluble antibodies produced in HB2151 bacteria. Three samples of antibody induced
in HB2151 were evaluated by anti-His-tag antibody (number 2 to 4). A negative control sample containing
uninduced bacteria has also been investigated (No. 1).


