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Grass carp (Ctenopharyngodon idella) is an important species of freshwater aquaculture fish in China. However, grass carp
reovirus (GCRV) can cause fatal hemorrhagic disease in yearling populations. Until now, a strategy to define the antigenic ca-
pacity of the virus’s structural proteins for preparing an effective vaccine has not been available. In this study, some sin-
gle-chain variable fragment antibodies (scFv), which could specifically recognize grass carp IgM, were selected from a con-
structed mouse naive antibody phage display cDNA library. The identified scFv C1B3 clone was shown to possess relatively
higher specific binding activity to grass carp I[gM. Furthermore, ELISA analysis indicated that the IgM level in serum from vi-
rus-infected grass carp was more than two times higher than that of the control group at 5-7 days post infection. Moreover,
Western blot analysis demonstrated that the outer capsid protein VP7 has a specific immuno-binding-reaction with the serum
IgM from virus-infected grass carp. Our results suggest that VP7 can induce a stronger immune response in grass carp than the
other GCRYV structural proteins, which implies that VP7 protein could be used as a preferred immunogen for vaccine design.
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Grass carp (Ctenopharyngodon idella) is one of the most
important freshwater aquatic animals in China. However,
grass carp reovirus (GCRV), a fatal pathogen to aquatic
animals, can provoke severe hemorrhagic disease in finger-
ling and yearling populations of grass carp, and cause a
mortality rate of up to 85% during an outbreak [1-4]. Due
to the high virulence of GCRYV, the production of grass carp
is severely affected and large economic losses in freshwater
aquaculture in China have occurred since the 1980s [5].
GCRYV also infects black carp (Mylopharyngodon piceus),
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topmouth gudgeon (Pseudorasbora parva) and rare minnow
(Gobiocypris rarus) [6,7]. Notably, GCRV was recognized
to be the most virulent agent amongst all of the identified
aquareovirus isolates in the genus Aquareovirus of the Reo-
viridae family [8]. In an attempt to control the spread of the
disease, several inactive vaccines have been developed over
the years. However, epidemic outbreaks of the hemorrhagic
disease have still occurred in many freshwater culture areas
in recent years. To better mitigate the disease, it is necessary
to characterize the antigenicity of GCRV in grass carp to
develop a novel vaccine against it.

GCRYV has been assigned to the genus Aquareovirus in
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the family Reoviridae. Similar to other reoviruses, GCRYV is
a non-enveloped icosahedral particle about 80 nm in diam-
eter. It consists of an eleven segmented double-stranded
RNA genome enclosed by two concentric icosahedral pro-
tein capsids, which consist of seven structural proteins
VP1-VP7. The inner core layer is arranged with T=1 sym-
metry, is composed of five proteins, and possesses the en-
zymatic activities necessary for viral transcription and rep-
lication [9-12]. The remaining VP5 and VP7 proteins are
outer capsid proteins arranged on an incomplete T=13 ico-
sahedral lattice, which contains 200 trimers formed by
VP5-VP7 heterodimers. Recently, antibodies against the
outer-capsid VP5 and VP7 proteins were produced from
mammalian animals and evaluated in vitro by a plaque re-
duction neutralization assay [13-15]. To understand which
protein of GCRYV is highly immunogenic, the antigenic ca-
pacity of the virus structural proteins needs to be investi-
gated in grass carp.

In lower vertebrates, immunoglobulins (Igs) have been
identified and characterized in all jawed fish species, in-
cluding teleost fish. Several fish Ig isotypes have been re-
ported in teleost fish, namely IgM, IgD, IgZ, IgT, the
IgM-IgD chimera and the IgM-IgZ chimera [16-19], of
which IgM is the major isotype. Similar to mammalian IgM,
each monomer of teleost IgM is composed of two heavy
chains and two light chains linked by disulfide bridges. IgM
is commonly a tetrameric molecule with a molecular weight
between 610-900 kD. The heavy chain varies between
70-81 kD, and the light chain between 22-32 kD in teleosts.
Noncovalent bonding is a frequent feature of the association
of monomers to form a complete tetramer [20]. As one of
the most important antibodies against pathogens in teleost
fishes, including grass carp, IgM is the primary immuno-
globulin mediating humoral adaptive immunity in fish [21].
Thus, IgM can be used as a marker for humoral immune
responses in fish and can also be used as a tool to identify
and select specific antigens for vaccines.

To evaluate the antigenicity of GCRV in grass carp, a
mouse naive antibody (in scFv format) library displayed on
phage was successfully constructed and applied for affinity
selection of an scFv antibody against IgM in this study.
Based on its specific binding activity to IgM in grass carp,
the scFv C1B3 antibody was used to detect serum IgM level
changes in GCRV-infected grass carp. Moreover, an im-
munoblotting assay demonstrated that the outer capsid pro-
tein VP7 has stronger antigenicity to elicit specific IgM
production than the other structural proteins, VP1 to VP6.
The results of this study indicate that VP7 is the most anti-
genic viral protein in grass carp.

1 Materials and methods

1.1 Isolation and purification of IgM from grass carp

IgM was isolated and purified from grass carp according to
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the method reported by Chen et al. [22]. Briefly, grass carp
bought from a local market were bled from the tail vessel.
After being clotted, the blood was centrifuged at 2000xg for
15 min at 4°C to separate the serum. Afterwards, all super-
natant was taken and precipitated with 30%—-50% saturated
ammonium sulfate solution, and the pellet was redissolved
in 50 mmol L™ Tris-HCI (pH 8.0) and dialyzed against 20
mmol L™ Tris-HCI (pH 8.0) for 36 h. An affinity chroma-
tography column with 1.4 mL Protein A-Sepharose 4B Fast
Flow (Sigma-Aldrich, St. Louis, MO, USA) was used for
affinity purification of IgM following the manufacturer’s
instructions. The protein concentration of purified IgM was
estimated by the Bradford method [23] and analyzed by
SDS-PAGE.

1.2 Construction of mouse naive antibody phage dis-
play cDNA library

To construct a mouse naive antibody phage display cDNA
library, total RNA was extracted from bone marrow stem
cells, peripheral blood lymphocytes and spleens of 100
six-week-old SPF BALB/c mice using Trizol reagent (No-
vagen, Darmstadt, Germany). The mRNA was purified and
first strand cDNA was synthesized using a First Strand
cDNA Synthesis Kit (Promega, Madison, USA). The VH
and VL genes were then amplified from the cDNA and as-
sembled into the scFv format using a flexible linker, cloned
into the phagemid vector pPCANTAB 5 E (Pharmacia, UK),
and further transformed into E. coli NM522 cells as previ-
ously reported [24]. Colonies were then collected, mixed
with glycerol, and stored at —80°C for further use.

1.3 Panning and identifying specific scFv antibodies
against grass carp IgM

The phage display library with scFv phagemid constructed
above was rescued by superinfection with M13K07 helper
phage. Three rounds of panning against purified IgM coated
on Nunc immuno test tubes (Inter Med) were performed.
According to the procedure described by Amersham Bio-
sciences Expression Module (Amersham Biosciences Inc,
UK), the bound phages were eluted, infected into E. coli
TG1 cells and rescued for the next round of panning. Posi-
tive clones were then identified and induced to express sol-
uble scFv for specific binding assays. Each expressed scFv
from the phage display system had an E-tag for detection.

1.4 SDS-PAGE, Western blot and ELISA

All samples used for protein analysis in this study were
subjected to 10% or 12% sodium dodecylsulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) following an
established method [15]. The protein samples were detected
either by staining with Coomassie brilliant blue R-250



Chen CL, et al.

(Sigma-Aldrich, St. Louis, MO, USA) or by transferring
them to a polyvinylidene fluoride (PVDF) transfer mem-
brane using a semi-dry transfer cell (Bio-Rad, California,
USA) and visualizing by Western blotting. For the Western
blotting, the membrane was blocked with 4% PBSM (4%
skim milk in PBS) and incubated at 30°C for 1 h with grass
carp serum (1:500 dilution in 4% PBSM) either from
GCRV-infected grass carp or uninfected controls. Soluble
scFv C1B3 (1:8 dilution in 4% PBSM) against grass carp
IgM was used as the secondary antibody. After the mem-
brane was washed three times with PBST (0.1% Tween 20
in PBS) and three times with PBS, the bound scFv was de-
tected by anti-E-tag mouse monoclonal antibody conjugated
with HRP (1:10000 dilution in 4% PBSM, Amersham Bio-
sciences, UK) at 30°C for 1 h. The color reaction was de-
veloped in substrate buffer with the 3,3-diaminobenzidine
(DAB, Amresco, USA).

For ELISA, 96-well plates were coated with 200 ng of
the purified IgM in 100 pLL PBS per well at 4°C overnight
for selection of positive scFv clones, or coated with 1 pL of
serum from grass carp in 100 uL. PBS for detection of IgM
level changes in response to GCRYV infection. After all of
the coated wells were blocked with 4% PBSM, soluble scFv
antibody was loaded into the plate wells and incubated at
30°C for 1 h. Anti-E-tag mouse monoclonal antibody with
HRP conjugate (1:10000 dilution in 4% PBSM, Amersham
Biosciences) was then added and incubated at 30°C for 1 h.
Finally, 3,3',5,5'-tetramethylbenzidine (Serva, Heidelberg,
Germany) was used for the color reaction, which was
stopped with H,SO,. The absorbance was determined at 450
nm using a spectrophotometer (BioTek, Seattle, WA, USA).

1.5 DNA sequencing

The genes of positive scFv clones were sequenced by the
Huada Company, Shanghai, China. The primers S1 (5'-
CAACGTGAAAAAATTATTATTCGC-3') or S6 (5'-GTA-
AATGAATTTTCTGTATGAGG-3") were used for DNA

sequencing.

1.6 GCRY infection and IgM detection of immune re-
sponse in grass carp

The GCRV samples used in this study were collected and
isolated with typical hemorrhagic diseased grass carp from
the freshwater aquaculture farm of the Zhongbo Biological
Technology Company, Wuhan, Hubei, China. The diseased
fish tissues were excised, ground with three times their
volume of physiological saline (0.7% NaCl) to make a ho-
mogeneous suspension at 4°C and centrifuged for 30 min at
2000xg. The supernatant was prepared for further detection
as diseased fish tissue homogenate virus stock.

To test the changes in IgM level in response to GCRV
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infection, 50 yearling grass carp (from the company above)
were artificially infected with 1 mL of GCRV homogenate
supernatant per 100 g of weight by injection into muscle
tissue and 50 yearling carp were injected with 0.7% NaCl as
a control group; both injections contained 100 U mL™" dou-
ble antibiotic (penicillin and streptomycin), as described by
Wang et al. [7]. Three infected and three uninfected control
fingerling carp were tail bled every day post infection (dpi)
until 7 dpi; The IgM level from both the infected group and
the uninfected control group were detected using scFv anti-
body against IgM from grass carp by ELISA and western
blot assays as described above. Photographs were taken of
the hemorrhagic diseased grass carp from the GCRV in-
fected group and the normal grass carp from the uninfected
control group.

1.7 Purification of GCRY virions and TEM

GCRV nparticles were purified as described previously [25].
Briefly, GCRV particles were primarily extracted from dis-
eased fish tissue or cell cultured virus supernatant by dif-
ferent centrifugations. A low speed centrifugation at 8000xg
for 20 min at 4°C was used to remove cell pellets, followed
by ultracentrifugation at 80000xg in a SW28 rotor (Beck-
man, Massachusetts, USA) for 2 h at 4°C to pellet the virus.
Further purification was conducted using cesium chloride
(CsCl) gradients with a SW40 Ti rotor (Beckman, Massa-
chusetts, USA) spun at 105000xg for 4 h at 4°C. The intact
virion band was harvested and extensively dialyzed against
PBS. The purified virions were negative stained and ob-
served with a transmission electron microscope (Hitachi
7000-FA, Tokyo, Japan).

2 Results

2.1 Isolation and characterization of IgM from grass
carp

To characterize the IgM from grass carp, it was first precipi-
tated using 30%—-50% saturated ammonium sulfate solution,
and further purified with a Protein A-Sepharose 4B column.
The purified and unpurified serum samples were analyzed
by SDS-PAGE as shown in Figure 1. The purified IgM
subunits from grass carp serum presented two clear bands at
about 75.8 and 28.2 kD, which corresponded to the heavy
and light chains of IgM, respectively [21]. In a previous
investigation, the molecular weight of the purified IgM
polymer from grass carp was estimated to be approximately
800 kD by non-reducing SDS-PAGE analysis [21]. It was
clear that the molecular weight of the purified IgM polymer
from grass carp was eight times the sum of the heavy chain
and light chain values, which proved that grass carp IgM
was a tetramer.
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2.2 Selection and sequence alignment of anti-IgM scFv
antibodies from the phage display library

To obtain anti-IgM scFv antibodies, a large capacity scFv
antibody phage display library was constructed. According
to the number of ampicillin-resistant colonies, the recombi-
nant mouse naive antibody phage display library was esti-
mated to contain 1.2x10° clones. Purified IgM from grass
carp was immobilized as a target during three rounds of
panning with the mouse naive antibody phage display li-
brary. Some positive clones were identified by ELISA as
shown in Figure 2.

Figure 1 SDS-PAGE of the IgM from grass carp serum. Lane 1, grass
carp serum; lanes 2—4, components of serum precipitated by 30%-50%
saturated ammonium sulfate solution; lanes 5-7, IgM purified by Protein A
affinity chromatography; lane M, protein molecular weight markers.

18
1.6

Figure 2 ELISA of positive clones from the third panning round. A
96-well plate was coated with purified IgM from carp at 200 ng/well, with
skim milk as a control. ScFvs were solubly expressed and diluted 1:2 in the
assay. Values are mean+SD. The asterisks denote significant difference in
paired ¢ tests, n=3, P<0.05.

In addition, the amino acid sequences of the comple-
mentarity determining region (CDR) in the variable regions
of the H and L chains of some specific scFvs were analyzed
as shown in Table 1. Sequence alignment showed that scFvs
from the positive clones C1B3, C2H7, C3F12 were com-
plete, and that the other scFvs from C1F10, C2B3, C2C6
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had lost the variable region of the light chain. We hypothe-
sized that the heavy chain variable region was the main part
of the scFv binding domain to recognize IgM from grass
carp. Comparing the amino acid sequences of the CDRs
showed that the six scFvs were different and may bind dif-
ferent epitopes of IgM.

2.3 Binding specificity assay for anti-IgM scFv anti-
bodies

The binding specificity of the selected scFvs was deter-
mined by ELISA to define the anti-IgM scFv antibodies.
Plates were coated with different concentrations of IgM or
BSA as a control. All scFvs from positive clones could spe-
cifically recognize IgM, but not BSA. The specific binding
curve of one scFv, named C1B3, is shown in Figure 3.
Compared with the other positive clones, C1B3 could stably
express soluble scFv (data not shown) and its binding signal
to IgM was the strongest, so it was used to quantify the IgM
level in carp serum. The lower limit of grass carp IgM
bound by scFv C1B3 was below 25 ng (data not shown).
Notably, no scFv antibodies selected in this study could
bind IgM denatured by SDS-PAGE, which meant that they
could only recognize the spatial epitope, and not the linear
epitope (data not shown).

24 Serum IgM level analysis of grass carp infected
with GCRV

To evaluate the serum IgM levels from both GCRV-infected
and uninfected control grass carp, ELISA tests were per-
formed using scFv C1B3 as the primary antibody. As shown
in Figure 4A, serum IgM stayed at about the same level in
both infected and control grass carp within 3 dpi. However,
the level of serum IgM in virus-infected carp began to in-
crease at 4 dpi, and was about two times higher than in con-
trol carp at 5 and 7 dpi. There was no visible change in se-
rum IgM in control grass carp, indicating that serum IgM
was induced to a higher level by GCRV infection. The dis-
eased grass carp presented the typical systemic hemorrhagic
phenotype in muscle tissue at 6 or 7 dpi (Figure 4B), and
viral factory-like structures and many mature viral particles
were also observed by transmission electron microscopy
(TEM) of ultrathin-sections (data not shown). No hemor-
rhagic symptoms or virions were detected in the control
carp group (Figure 4C).

2.5 Antigenic analysis of GCRY structural proteins

To identify which GCRYV structural protein had the strong-
est antigenicity to induce specific IgM against the virus in
grass carp, Western blot assays were performed using anti-
serum from grass carp infected with GCRV as the primary
antibody and scFv C1B3 as the secondary antibody. To
conduct the experiment, GCRV particles were purified by
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Table 1 Amino acid sequences of the CDR of H and L chain variable regions of positive scFvs clones

F H chain L chain
sy CDRI1 CDR2 CDR3 CDRI1 CDR2 CDR3
C1B3 GFDFSRYWMS EINPDSSTINYTPSLDK ETGYYFDY RASQSIYKNLH YASDSIS LQGYSTPYT
C1F10 GFDFSRYWMS EINPDSGTINYTPSLED QGDDYYAMDY
C2B3 GFHFMTYWMS EINPDSGTINYTPSLED QGDDYYAMDY
C2C6 GFDFSRYWMS EINPDSSTINYTPSLKD QDYYAMDY
C2H7 GFTFSSYGMS TISGGGSYTYYPDSVKG YGNYYAMDY KASQNVGTNVA SASYRYS QQYNSYPYT
C3F12 GFTFSDYGMA FISDGGSYTYYPDSVKG GNYYAMDY SASSSVSYMY DTSNLAS LQHGESPLT
1.6 4 A 1.24
] L
1.4 = IgM x 1.04 mmm Control group
: + BSA q§ =Infected group
; | T
1.24 S 0.8
] @
£ 0.6
1.0+ =
4 b
o c &
2 8- 8 0.4
< s
I 2 0.2
0.6
1 0.0- - - T
0.4 4 1 2 3 4 5 6 7
| Days of postinfection
0.0+ "
T T T T T J c ey

T T T
200 300 400
Protein (ng)

[=1=
iy
(=}
o

Figure 3 ELISA for binding specificity of scFv C1B3 to IgM from grass
carp. Microplates were coated with (m) 100400 ng/well of purified IgM,
or (A) the same protein concentration of BSA as a control. Values are
mean+SD. The asterisks denote significant difference in paired ¢ tests, n=3,
P<0.05.

cesium chloride (CsCl) density gradient centrifugation from
infected cell supernatant. The purified intact virions ap-
peared to have an overall double capsid shell about 80 nm
in diameter in TEM, as shown in Figure 5A. The purified
virus sample was then analyzed by SDS-PAGE to verify
whether the viral structural proteins stayed intact. It ap-
peared, as shown in Figure 5B, that the purified virus sam-
ple contained seven capsid proteins VP1-VP7, indicating
that the purified GCRV preparation comprised complete
structural proteins. Western blot assays were then per-
formed with three repeats using scFv C1B3 as a secondary
antibody against IgM. As shown in Figure 5C, the VP7
protein of GCRV, but not the other structural proteins
(VP1-VP6), was recognized by serum IgM from GCRV-
infected grass carp with a specific blotting band at about 34
kD. There was no specific immuno-blotting band detected
at the same position by serum from uninfected control grass
carp. Some large molecular blotting bands were observed in
sera from both infected and uninfected grass carp, indicat-
ing that they were non-specific immuno-cross reaction
bands. These results implied that VP7 was the strongest

Figure 4 Infected and uninfected fish symptoms and ELISA for changes
of IgM level in grass carp serum after GCRV infection. A, A 96-well plate
was coated with 1 pL of serum from grass carp per well and the IgM level
was determined by scFv C1B3 from periplasmic extract with 1:8 dilution.
Values are mean+SD. The asterisks denote significant difference in paired #
tests, n=3, P<0.05. B and C, Photographs of typical hemorrhagic diseased
grass carp from the GCRV infected group (B) and healthy-looking grass
carp from the uninfected control group (C) at 6 dpi.

antigen to induce specific IgM in grass carp serum.

3 Discussion

The immune system plays a critical role in host defense
against viral infection. As a major immunoglobulin, IgM
mediates humoral adaptive immunity in fish. In this study,
an scFv antibody against IgM was used as a tool to detect
changes in IgM level to measure immune response to
GCRV infection in grass carp. Interestingly, when using
scFv C1B3 to detect which GCRYV viral proteins could be
specifically recognized by IgM from infected carp serum,
only VP7 was recognized by IgM from the antiserum. This
result suggests that the VP7 protein might be a major anti-
gen for GCRV to induce a stronger immune response in
grass carp. In addition, in the Western blot assay some big-
ger viral protein bands were bound equally by IgM from



64 Chen CL, et al.

both antiserum and control serum of grass carp (as shown in
Figure 5C). This means that some viral proteins can
cross-react with some kinds of IgM from grass carp unre-
lated to the immune response. Because only VP7 can induce
higher production of specific IgM, this viral capsid protein
should have stronger antigenicity than the other viral struc-
tural proteins in grass carp. This result is consistent with our
previous investigation [14].

A phage display antibody library provided a plentiful
source of monoclonal recombinant antibodies, and made the
selection of specific antibody against I[gM from grass carp
easier than traditional methods for this type of research.
These results also reveal that the binding site for scFv C1B3
should be on the constant region of IgM because this scFv
can recognize any kind of serum IgM with specific or
non-specific binding. It is not possible for scFv C1B3 to
bind to a variable region of IgM, because these regions are
binding domains for the antigen.

Recent studies on the GCRV genome and 3D structure
have revealed that the VP5 and VP7 proteins comprise the
outer capsid shell of the virus, and resemble the outer capsid
proteins pl and 63 of MRV, respectively, such that VP5
and VP7 in GCRV might play critical roles during virus
entry into cells [25-27]. VP7, located outward at icosahe-
dral positions through its close interactions with underlying
VPS5 subunits, is the major surface protein of GCRYV virions,
and is recognized to provide stability for the virion or VP5
protein [11]. However, GCRV lacks a counterpart to the

A B Proteins (kD)
- TR [ e — VP1-VP3/136-138
. —VP4/T9
“ — VP5/68
~~VP5C/64
—VP6/43

— — VP7/34

o

100-

70-
55~

35-

27-

15-

Figure 5 GCRV nparticles, protein components and Western blotting
assay. A, Purified GCRYV particles observed by TEM. B, SDS-PAGE anal-
ysis of GCRV structural proteins. C, Western blotting assay. Lane M,
protein molecular weight markers; lane 1, GCRV reacted with IgM from
mixed sera of three GCRV-infected grass carp at 6 dpi detected by scFv
C1B3; lane 2, CIK cells as a control group; lane 1’, GCRV reacted with
IgM from mixed sera of three uninfected grass carp detected by scFv C1B3;
lane 2', CIK cells as a control group; the arrowhead indicates the VP7
protein band.

Sci China Life Sci

January (2013) Vol.56 No.1

MRV o1 protein, which functions as the cell attachment
protein situated on each fivefold vertex [11], so the VP7
protein might play a key role in interacting with the host
cell during virus infection. An earlier study indicated that
the complete digestion of VP7 and partial cleavage of VP5
leads to enhanced infectivity, suggesting that VP7 and VP5
may cooperate with each other for cell entry during viral
infection [25]. Moreover, amongst all seven structural pro-
teins of GCRYV, the VP7 capsid protein is the most diver-
gent based on genome sequence and single particle
Cryo-EM image analyses, suggesting that VP7 is a more
specific antigen than the other GCRV proteins.

To evaluate the antigenicity of viral proteins in a fish
system with a view to developing an effective recombinant
vaccine, we investigated serum IgM level changes for im-
mune response against GCRV in grass carp using an scFv
recombinant antibody. Because of the high virulence of
GCRY, it is necessary to find a simple and effective way to
vaccinate grass carp. Inactive vaccines for GCRV have been
developed for many years, but their application is limited
because of the high consumption of purified virions or viral
antigen preparations. Therefore, it is important to develop a
recombinant vaccine to reduce production costs and seek
new ways for effective disease prevention. The fish immune
system is quite different from the mammalian system; its
primary immunoglobulin against pathogens is IgM, not IgG
as in mammals. As such, an scFv antibody against IgM
could be applied as a useful tool to select stronger antigenic
viral proteins in fish for designing a recombinant vaccine
against GCRV or other pathogens.
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