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bstract

The major concern for severe acute respiratory syndrome (SARS), caused by the SARS-associated coronavirus (SARS-CoV), is the lack of
iagnostic and therapeutic agents. Using a phage display technology in a chicken system, high-affinity monoclonal antibody fragments against the
ARS-CoV spike protein were characterized. Ten truncated spike protein gene fragments were expressed in Escherichia coli cells. Following the

mmunization of chickens with these recombinant spike proteins, two single-chain variable fragment (scFv) antibody libraries were established
ith short or long linkers to contain 5 × 107 and 9 × 106 transformants, respectively. After four rounds of panning selection, the scFv antibodies
f randomly chosen clones were demonstrated by Coomassie blue staining, and verified by western blot analysis. In a comparison of nucleotide
equences with the chicken germline gene, we found that all clones varied in the complementarity-determining regions, that two scFv antibodies

eacted significantly with SARS-CoV-infected Vero cells, and that those two specific scFv antibodies recognized the same region of the spike
rotein spanning amino acid residues 750–1000. In conclusion, the results suggest that the chicken scFv phage display system can be a potential
odel for mass production of high-affinity antibodies against the SARS-CoV spike protein.
2007 Elsevier B.V. All rights reserved.
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. Introduction
The severe acute respiratory syndrome (SARS) is a newly
merging disease caused by a SARS-associated coronavirus
SARS-CoV) (Drosten et al., 2003; Ksiazek et al., 2003; Peiris

Abbreviations: SARS-CoV, severe acute respiratory syndrome-associated
oronavirus; S, spike; scFv, single-chain variable fragment; E. coli,
scherichia coli; RT-PCR, reverse-transcription polymerase chain reaction;
DR, complementarity-determining region; FR, framework region; VH, heavy-
hain variable region; VL, light-chain variable region
∗ Corresponding author. Tel.: +886 2 27361661x3325; fax: +886 2 27324510.

E-mail address: yangyuan@tmu.edu.tw (Y.-Y. Yang).
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t al., 2003). The virion consists of the following four major
tructural proteins: spike (S), membrane (M), envelope (E), and
ucleocapsid (N) (Marra et al., 2003; Rota et al., 2003). The
protein has two functional domains (S1 and S2) based on

he predicted localization of their amino acid residues: 17–680
nd 681–1255, respectively (He et al., 2004). A region located
etween amino acids 300 and 510 on the S1 domain serves as a
eceptor-binding site (Dimitrov, 2003; Li et al., 2003; Wang et
l., 2004). The C-terminal S2 domain has been shown to medi-

te membrane fusion during SARS-CoV infection (Tripet et al.,
004). Further, immunization of mice with recombinant S pro-
ein can protect them from SARS-CoV infection (Bisht et al.,
004; Yang et al., 2004). The results suggested that the S pro-
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ein is a good candidate for developing vaccines and antiviral
rugs, and that generating monoclonal antibodies to recognize
pecifically the S protein would be valuable.

Although monoclonal antibodies with high specificities have
een favored for both research and clinical applications in recent
ears, using the traditional hybridoma approach to generate
uman monoclonal antibodies for therapeutic purposes is still
ifficult because it is a tedious and expensive process (Groves
nd Morris, 2000; Lillehoj and Malik, 1993). In contrast, the
hage display system is a safe and effective procedure because
he process involves the in vitro cloning of antibody repertoires,
nd subsequent isolation of monoclonal antibodies from com-
inatorial antibody libraries (Barbas et al., 1991; Winter et al.,
994). Of many recombinant antibody forms, the single-chain
ariable fragment (scFv) is a small protein entity retaining the
ariable regions of both heavy and light chains of an entire anti-
ody molecule (Bird et al., 1988; Huston et al., 1988) which can
e efficiently generated in a phage display system (Chi et al.,
002; Pavoni et al., 2006; Wang et al., 2006).

Antibody production in the chicken is efficient (Abouzid
t al., 2006; LeClaire et al., 2002). It has been reported that
onstructing chicken antibody libraries using the phage dis-
lay technology can generate high-affinity scFvs for diagnostic
pplications (Fehrsen et al., 2005; Finlay et al., 2006; Park et
l., 2005). Performing reverse-transcription polymerase chain
eaction (RT-PCR) to amplify the entire V region repertoire
sing one set of primers is simple and convenient because all
vian immunoglobulin genes are derived from single light- and
eavy-chain variable (VL and VH) germline sequences (Andris-
idhopf et al., 2000; McCormack et al., 1993; Yamanaka et

l., 1996). Using the phage display technology, monospecific
cFv and Fab antibodies neutralizing the SARS-CoV infec-
ion have been generated from non-immunized individuals and
onvalescent SARS patients (Kang et al., 2006; Sui et al.,
004). The current study aimed to show that monoclonal IgY
cFv antibodies which bind specifically to the S protein and
ARS-CoV-infected Vero cells can be isolated from chickens

mmunized with Escherichia coli-derived S proteins.

. Materials and methods

.1. Truncated S fragment preparation

Ten sets of primers were synthesized to amplify S gene
ragments using the SARS-CoV RNA genome as a template
GenBank accession no. NC 004718). The entire procedure
as performed using a one-step RT-PCR kit as described by

he manufacturer (Qiagen, Valencia, CA, USA). The ampli-
ed S gene products of 300–750 bp in length were individually
igested with BamHI and XbaI restriction enzymes and ligated
nto the pET-21 expression vector (Novagen, Darmstadt, Ger-

any). The resultant plasmids were transformed into the E.
oli BL-21 (DE3) strain for protein expression. Clones were

rown in 5 ml LB medium containing ampicillin (100 �g/ml)
t 37 ◦C overnight. The bacterial culture was then diluted 10-
old in the same LB medium and further grown until the OD600
eached 0.6. For His-fused S protein expression, iso-propyl-�-d-

a
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r
c
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hiogalactopyranoside (IPTG) was added to a final concentration
f 0.5 mM in the culture for induction. The cell pellet was resus-
ended in 2 ml of binding buffer (100 mM NaCl, 10 mM Tris–Cl,
nd 8 M urea; pH 8.0) and lysed by three cycles of freezing
−70 ◦C) and thawing (37 ◦C). After centrifugation, the result-
ng cellular lysate was loaded onto a Ni2+-charged resin column
or protein purification according to the manufacturer (Amer-
ham Biosciences, Uppsala, Sweden).

.2. Chicken immunization and phage display scFv library
onstruction

Female white leghorn (Gallus domesticus) chickens were
mmunized with mixed S protein fragments (10 �g/each) in
n equal volume of Freund’s complete adjuvant by intramus-
ular injection. Three additional immunizations were carried
ut in intervals of 7 days. After each immunization, blood
as obtained and titrated by an enzyme-linked immunosorbent

ssay (ELISA) to determine the presence of an antigen-specific
mmune response. The spleens of these chickens were harvested
or RNA isolation. Phage libraries displaying scFv antibodies
ere constructed according to published protocols with minor
odifications (Andris-Widhopf et al., 2000; Barbas et al., 2001).
After PCR amplification with chicken-specific primers, gene

roducts of heavy-chain (VH) and light-chain variable (VL)
egions were subjected to a second round of PCR with a short or
ong linker to form full-length scFvs, which were cloned further
nto the pComb3H vector. To increase the cloning efficiency,
�g of pComb3H and 3.5 �g of the full-length scFv product
ere applied in the ligation reaction. The recombinant DNAs
ere transformed into the E. coli XL-1 blue strain by electro-
oration, recombinant phage production was initiated by the
ddition of the helper phage, VCS-M13, and were precipitated
ith 4% polyethylglycol 8000 and 3% NaCl (w/v) and finally

esuspended in phosphate-buffered saline (PBS) containing 1%
ovine serum albumin (BSA) and stored at 4 ◦C.

.3. Biopanning and expression of specific scFv binders

Microtiter plates precoated with mixed S protein fragments
0.5 �g/well) at 4 ◦C overnight were blocked with 3% BSA for
h at 37 ◦C. Then, 1011 plaque-forming units (pfu) of recom-
inant phages from the library preparation was added to each
ell, and the plates were incubated at 37 ◦C for 2 h. Unbound
hages were removed, and the wells were washed vigorously
ith TBST (TBS with 0.05% Tween 20) buffer. Bound phages
ere eluted with 0.1 M HCl/glycine (pH 2.2)/0.1% BSA and
eutralized with 2 M Tris–base buffer. Eluted phages were used
o infect the E. coli XL-1 strain in the log phase for amplifi-
ation, and they were recovered with 4% polyethylglycol 8000
nd 3% NaCl for the next round of selection. The panning proce-
ure was repeated in the wells four times. Phagemid DNA from
he final enriched phage was prepared and digested with NheI

nd SpeI to remove the phage protein III gene. The digested
NA with compatible cohesive ends was self-ligated, and the

esultant phagemid was electroporated into E. coli. Individual
lones were grown in the presence of 0.5 mM IPTG for protein
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VL and VH genes were joined with a short (GGSSRSS) or long
linker (GGSSRSSSSGGGGSGGGG) to form a full-length scFv
gene conformation (data not shown). Two libraries, Ssc (with the
short linker) and Lsc (with the long linker), containing 5 × 107

Table 1
Residual locations and predicted molecular weights of truncated fragments of S
protein

S fragment Location (bp) MW (kDa)

S1 451–1200 29
S2 1051–1368 13
S3 1201–1500 12
S4 1369–1950 23
S5 1801–2400 23
S6 2251–3000 29
S7 2629–3000 15
06 Y.-C. Lee et al. / Journal of Viro

nduction. Cells were pelleted and lysed by three cycles of freez-
ng and thawing. After the final thawing, the supernatants were
arvested by centrifugation for subsequent assays.

.4. Western blotting and ELISA

The scFv-expressing lysates were subjected to sodium dode-
ylsulfate polyacrylamide gel electrophoresis (SDS-PAGE).
he proteins were transferred onto nitrocellulose membranes

Amersham Biosciences, Little Chalfont, UK), which were then
locked with 5% skim milk in TBST for 1 h. Polyclonal goat
nti-chicken IgY antibodies (Bethyl Laboratories, Montgomery,
X, USA) were added and incubated for an additional hour.
he membranes were washed with TBST three times for 5 min
ach. The bound antibodies were detected by adding horseradish
eroxidase (HRP)-conjugated donkey anti-goat immunoglobu-
in (Ig) antibodies (Sigma, St. Louis, MO, USA). After three
ashings, the membranes were developed with diaminoben-

idine (DAB) substrate until the desired intensity was
chieved.

To examine the binding ability of the scFv-expressing
ysate against the S protein, microtiter plates precoated with
ARS-CoV-infected Vero cell lysates (Euroimmun, Lueberk,
ermany) were used for the ELISA. After rinsing with PBST

PBS with 0.05% Tween 20), test lysates were distributed
o wells in duplicate and incubated at 37 ◦C for 1 h. The
ound scFvs were detected with enzyme-labeled antibodies as
escribed above.

.5. Sequence analysis

The nucleotide sequences of heavy- and light-chain genes
rom chosen clones were determined by an auto-sequencer
achine (ABI PRISM 377; Perkin-Elmer, National Health
esearch Institute). The sequencing primer, ompseq (5′-
AGACAGCTATCGCGATTGCAGTG-3′) as described by
ndris-Widhopf et al. (2000), was used for the VL and VH gene

nalyses.

.6. Immunocytochemical staining analysis

Biochip slides (Euroimmun) were used to test the binding
eactivities of antibodies in sera or scFv-expressing lysates to
ative S protein in SARS-CoV-infected Vero cells. Slides were
ncubated with either sera or lysates at room temperature (RT)
or 1 h. After washing with TBST, the bound antibodies or scFvs
ere incubated with mouse anti-human (Sigma) or goat anti-

hicken antibodies (Bethyl Laboratories) at RT for 1 h. After 3
ashings, slides were incubated for 1 h at RT with corresponding
uorescein isothiocyanate (FITC)-labeled antibodies (Sigma).
inally, slides were coated with mounting oil and examined with
n immunofluorescent microscope.
.7. Epitopic mapping and competitive inhibition assays

Epitopes were mapped with specific scFvs by detecting their
eactivities with truncated S protein fragments by western blot

S
S
S

A
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nalysis. Ten purified His-fused S fragments were transferred
nto a nitrocellulose membrane after electrophoresis. Following
locking with 5% skim milk, membranes were incubated with
cFv-expressing lysates for 2 h at RT. Then, the bound scFv
ntibodies were detected as described above.

The binding affinities of specific scFvs were determined
y competitive inhibition assays. Briefly, 50 �l of each scFv-
xpressing lysate were first incubated with equal volumes of a
eries of two-fold-diluted soluble S fragments (2.5–80 �g/ml) at
T for 2 h. The reactivities of the mixtures with each fragment

ndividually precoated on a microtiter plate (0.5 �g/well) were
easured as described above. The dissociation constant (Kd) of

he scFv binders was calculated according to the Klotz method
Friguet et al., 1985).

. Results

.1. S protein fragment preparation

Ten truncated fragments of the SARS-CoV S gene were
mplified by PCR, cloned into the pET-21 vector, and expressed
s His-fused recombinant proteins. Table 1 lists the locations and
redicted gene lengths of these fragments. After transformation
nd induction, these proteins were expressed successfully in E.
oli BL-21 cells and purified using Ni2+-charged resin. Fig. 5A
hows that these S protein fragments, S1–S10, had the predicted
olecular weights of about 12–30 kDa after being analyzed by
DS-PAGE.

.2. scFv library construction

To construct the scFv libraries, two female white leghorn
hickens were chosen for immunization. After the final immu-
ization step, the chickens were killed, and the RNA was
xtracted from their spleen cells. One set of specific primers
ere designed to amplify the VL and VH regions of the scFv

ragment genes. After a second and consecutive PCR step, the
8 2851–3300 18
9 3136–3600 18
10 3301–3600 12

bbreviation: MW denotes molecular weights of predicted protein.
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Fig. 1. Total cellular lysates seen using Coomassie blue dye (A), while single-
chain variable fragment (scFv) antibodies were shown by the western blotting
technique (B). The recombinant scFv.S (with short linker) and scFv.L (with long
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Fig. 2. Binding activity of randomly selected clones analyzed by ELISA. Cel-
lular lysates containing single-chain variable fragment (scFv) antibodies from
various Ssc (A) and Lsc (B) library clones were examined for their binding
to SARS-CoV-infected cell lysates using a commercially available kit. Nega-
tive control (N) is a cellular lysate lacking scFv expression. Bound scFv was
detected using anti-chicken light-chain antibodies and was measured at 450 nm.
The ELISA data were represented as mean of the duplicated wells ± S.E.M.
using SigmaPlot Statistical Analysis software.

Table 2
Immunocytochemical detection of SARS-infected Vero cells using monoclonal
scFv binder

scFv clone Linker type Flurorescence intensity

Ssc22 Short ++
Ssc26 Short +
Ssc29 Short +
Ssc35 Short ++++
Ssc37 Short +/−
Lsc8 Long +
LscU Long +
Lsc16 Long +
Lsc18 Long ++++
Lsc22 Long −
inker) antibodies were identified as 24 and 28 kDa bands, respectively. Total
ellular lysates from XL-1 bacteria were loaded into lane L. Lane M denotes
restained protein markers.

nd 9 × 106 transformants, respectively, were constructed in this
tudy.

.3. Panning and scFv antibody expression

Fig. 1A shows that scFv antibodies were well amplified
nd expressed. As predicted, the molecular weights of these
xpressed scFv antibodies with short or long linkers were 24
nd 28 kDa, respectively. Their identities were verified further
sing specific anti-chicken IgY antibodies in the western blot
nalysis (Fig. 1B).

.4. ELISA and gene sequencing

The binding abilities of 10 clones against the S protein from
ach library were analyzed using ELISA. Fig. 2A shows five
lones obtained from the Ssc library to be strongly positive (with
Ds of 1.1–1.8) for binding activity, while others showed weak
r no reactivity. Fig. 2B illustrates four clones selected from
he Lsc library to have higher activity (with ODs of 0.7–1.0).
he nucleotide sequences of the VL and VH regions of 14 clones

seven each from the Ssc and Lsc libraries) with different binding
bilities were analyzed. The CDRs of the VL region of five of
he 14 clones showed more than 50% variation. From among
hose 14 clones, Ssc20 showed the lowest and Ssc37 the highest

utation rates, of 23% and 57%, respectively. On the other hand,
he VH region analysis showed that ten of the 14 clones showed
ore than 50% CDR variations. Among those 14 clones, Ssc29

howed the lowest and Ssc33 the highest mutation rates, of 44%
nd 63%, respectively (Fig. 3).
.5. Immunocytochemical staining analysis

The binding activities against the S protein expressed by
ARS-CoV-infected cells of 10 clones with OD values greater

PC ++
NC −
Abbreviations: PC denotes convalescent patient serum; NC denotes normal
human serum.
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ig. 3. Sequence analysis of selected single-chain variable fragment (scFv) ge
ere compared with that of the chicken germline gene showing the similarity. S
ramework region (FR) and complementarity-determining region (CDR) bound

han 0.5 from the two constructed libraries (Ssc22, 26, 29, 35,
nd 37 from the Ssc library and Lsc8, 14, 16, 18, and 22 from the
sc library) were assessed (Table 2). As represented in Fig. 4, the

mmunocytochemical staining results showed that clones Ssc22
C), Ssc35 (D), and Lsc18 (E) had better or similar reactivi-

ies compared with that of convalescent serum (A), while clone
sc22 (F) exhibited no significant binding signal. Two negative
ontrols including normal human serum (B) and bacterial cell
ysate without scFv expression (G) exhibited no reactivity at all.

g
o
s

ig. 4. Specific binding of recombinant single-chain variable fragment (scFv) antibodi
n Section 2. Biochips precoated with SARS-CoV-infected cells were immunostaine
sc18 (E), and Lsc22 (F) scFv antibodies. Infected cells probed with bacterial cell ly
ARS-CoV-infected cells under a light microscope before treatment.
ight-chain (VL) (A) and heavy-chain variable (VH) (B) region gene sequences
nce gaps were introduced to maximize alignment as indicated by blank spaces.
are indicated above each germline sequence.

anels H–N were used to demonstrate the total cell numbers,
orphology, and distribution under light microscopy.

.6. Antigenic epitope mapping and competitive ELISA
Clones Ssc35 and Lsc18 were used to identify possible anti-
enic sites on the S protein with western blot analysis. The purity
f the 10 S protein fragments (S1 to S10) was examined and are
hown in Fig. 5A. Fig. 5B and C shows that Ssc35 and Lsc18

es to SARS-CoV-infected Vero E6 cells. The method of detection was described
d with convalescent serum (A), normal serum (B), and Ssc22 (C), Ssc35 (D),
sate lacking scFv (G). Panels (H–N) show the morphology and distribution of
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Fig. 5. Epitopes mapped with specific single-chain variable fragment (scFv)
antibodies using western blot analysis. Panel (A) shows 10 truncated S fragments
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Fig. 6. Competitive inhibition assay of two representative single-chain variable
fragment (scFv) antibodies against the S6 fragment. The amount of bound Ssc35
a
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n a Coomassie blue-stained polyacrylamide gel. Both Ssc35 (B) and Lsc18 (C)
cFv antibodies but not cellular lysate (not shown) recognized a truncated S6
ragment spanning amino acid residues 750–1000.

cFv antibodies recognized mainly the S6 protein, suggesting
hat a potential antigenic epitope is located in the region of amino
cid residues 750–1000 of the intact S protein. Fig. 6 illustrates
he results of the competitive inhibition assays of two repre-
entative scFv antibodies against the S6 fragment. Eighy-three
ercent and 68% inhibitory effects were found on the binding
eactivity of Ssc35 and Lsc18 antibodies, respectively, against
he S6 fragment in the presence of a concentration of 80 �g/ml
f the free S6 fragment. The Kd values calculated using the
lotz plot for scFvs Ssc35 and Lsc18 were 1.17 × 10−6 and
.26 × 10−6 M, respectively.

. Discussion

To face a possible SARS outbreak in the future, it is necessary
o have better diagnostic and therapeutic agents. To overcome
he problems which occur frequently during traditional antibody
roduction, such as obtaining low quantities of monoclonal anti-
odies (mAbs) and the occasional loss of their efficiency due to

ersistent culturing, a phage display system was used to develop
vian anti-SARS-CoV antibodies. The highly conserved 5′ and
′ regions of FR1 and FR4 facilitate the use of a set of oligonu-
leotide primers to amplify the V region repertoire for library

m
B
o
a

nd Ssc18 scFv in the presence of free S6 inhibitor was measured and expressed
s a percentage of the binding of scFv in the absence of an inhibitor. B and B0
re the amounts of bound scFv in the presence and absence of the inhibitor,
espectively.

onstruction (Davies et al., 1995; McCormack and Thompson,
990). Two scFv antibody libraries were established which con-
ained 5 × 107 and 9 × 106 clones showing that construction of
he chicken scFv antibody library was easier compared to the
onstruction of antibody libraries for humans or other mam-
als. Thus, the clinical and scientific aspects of chicken scFv

eneration have received recently much attention (Fehrsen et al.,
005; Finlay et al., 2006; Park et al., 2005).

As shown in Fig. 1A and B, the expression and presence
f scFv antibodies were examined by Coomassie blue stain-
ng and western blot analysis. Using ELISA, it was observed
hat more than half of the selected clones in both the Ssc and
sc libraries could react significantly with SARS-CoV-infected
ell lysates (Fig. 2). Interestingly, the Ssc29 and Lsc8 scFv
ntibodies showed strong reactivity in the ELISA, but weak
inding signals in the subsequent immunocytochemical stain-
ng analyses. This discrepant result may have been due to the
onformational modification of the S protein in the different
reparation processes. Some chosen enriched binders against
arget antigens immobilized on ELISA wells have been found
o react poorly against the same antigens located on the surface
f cells (Parren et al., 1996). Despite this potential problem in
ur study, three clones (Ssc22, Ssc35, and Lsc18) were found to
ind equally or more efficiently to the S protein compared with
he patients’ sera by immunocytochemical staining (Fig. 4).

As shown in Fig. 3, sequence comparison of the 14 clones
seven each from the Ssc and Lsc libraries) with the chicken
ermline revealed that all of the CDRs were dissimilar. Somatic
ypermutations to increase antibody affinity have been found
o occur more frequently in CDRs than FRs of the rearranged

gene (Gearhart and Bogenhagen, 1983). In fact, the Ig genes
f the selected clones from hyperimmunized chickens had more

utations in the CDRs as a result of the affinity selection of
cells. Therefore, this conclusion is in agreement with that

btained by other researches (Finlay et al., 2005, 2006; Sapats et
l., 2006) and suggests that high mutation rates in these variable
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enes indicate an antigen-driven response in the chicken induced
y the S proteins.

The result of the present study showed that three clones
Ssc22, Ssc35, and Lsc18) had significant binding signals to
ntact SARS-CoV-infected Vero cells (Fig. 4). To map the poten-
ial antigenic epitopes with western blotting, it was found that
lones Ssc35 and Lsc18 recognized the purified S6 fragment
Fig. 5B and C), but that clone Ssc22 showed no reactivity (data
ot shown). Conformational folding of the S protein present on
he surface of SARS-CoV-infected cells differs from that of the
runcated S proteins immobilized on nitrocellulose membranes,
hus leading to differential recognition of clone Ssc22’s scFv
ntibody. The western blotting results in the study indicated fur-
her an antigenic epitope that spanned amino acids 750–1000.
revious studies have shown an antigenic domain that spanned
mino acid residues 797–1192 can produce antibodies against
ARS-CoV infection (Chou et al., 2005; Wang et al., 2005).
ased on these results, it is concluded that the Ssc35 and Lsc18

cFv antibodies have specific binding abilities against the S6 pro-
ein and may be able to neutralize the infectivity of SARS-CoV
n susceptible host cells. In conclusion, the identified epitope is a
otential candidate for vaccine development, and these specific
onoclonal scFv antibodies can help in developing valuable

eagents for both scientific and clinical applications.
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