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a b s t r a c t

Rotavirus (RV) and norovirus (NoV) are the two most important causes of viral gastroenteritis. While vac-
cine remains an effective prophylactic strategy, development of other approaches, such as passive immu-
nization to control and treat clinical infection and illness of these two pathogens, is necessary. Previously
we demonstrated that high titers of NoV-specific IgY were readily developed by immunization of chick-
ens with the NoV P particles. In this study, we developed a dual IgY against both RV and NoV through
immunization of chickens with a divalent vaccine comprising neutralizing antigens of both RV and
NoV. This divalent vaccine, named P-VP8⁄ particle, is made of the NoV P particle as a carrier with the
RV spike protein VP8⁄ as a surface insertion. Approximately 45 mg of IgY were readily obtained from each
yolk with high titers of anti-P particle and anti-VP8⁄ antibodies detected by ELISA, Western blot, HBGA
blocking (NoV and RV) and neutralization (RV) assays. Reductions of RV replication were observed with
viruses treated with the IgY before and after inoculation into cells, suggesting an application of the IgY as
both prophylactic and therapeutic treatment. Collectively, our data suggested that the P-VP8⁄ based IgY
could serve as a practical approach against both NoV and RV.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Acute gastroenteritis is an important disease with high morbid-
ity and mortality in children and the elderly. Each year approxi-
mately 1.76 million children die from gastroenteritis in the
developing countries (Glass et al., 2001). In developed countries,
while deaths from diarrhea are less common, severe illness often
leads to hospitalization or doctor visits. Among different bacterial
and viral pathogens causing acute gastroenteritis, rotaviruses
(RVs) and noroviruses (NoVs) are the two most important ones.
RVs cause severe diarrhea in infants and young children under
5 years of age leading to �453,000 deaths every year (Parashar
et al., 2003; Tate et al., 2012). On the other hand, NoVs usually lead
to large outbreaks of acute gastroenteritis in all age groups in both
developing and developed countries (Glass et al., 2009).

Currently there is no antiviral or vaccine available for NoVs.
While the two recently introduced RV vaccines (RotaTeq�, Merck
& Co., Inc. and Rotarix�, GSK Biologicals) are effective, low
protection efficacy to children in the African and Asian countries
were reported (Patel et al., 2009; Widdowson et al., 2009). In addi-
tion, both RVs and NoVs cause severe illnesses in children and/or
the elderly and infect persistently immune compromised patients
(Patel et al., 2010; Schwartz et al., 2011). Thus, additional strate-
gies to control and prevent clinical infection of these two viruses
are highly demanded.

Antibody-based passive immunization is effective in prevention
and treatment of infectious diseases (Keller and Stiehm, 2000), in
which the availability of large amount of specific antibodies is
the key. Immunoglobulin Y (IgY), the egg yolk antibodies generated
as a passive immunity to embryos and baby chicks (Patterson et al.,
1962), can be a good source of such antibody. IgY can be easily pro-
duced and purified with high yields from egg yolks of immunized
hens by variable methods, which has been used as a safe and inex-
pensive strategy to control and prevent bacterial and viral infec-
tions in domestic farm animals (Chalghoumi et al., 2009b; Vega
et al., 2011). However, the possibility of using IgY to fight against
RV and NoV infection in humans has not yet been studied.

We started to explore this option by producing a large amount
of NoV specific IgY by using the NoV P particles as the antigens (Dai
et al., 2012). This approach takes advantage of the high immunoge-
nicity and high efficient and low cost production of the P particles
(Tan et al., 2008), which resulted in production of high titers of IgY

http://crossmark.dyndns.org/dialog/?doi=10.1016/j.antiviral.2012.12.011&domain=pdf
http://dx.doi.org/10.1016/j.antiviral.2012.12.011
mailto:jason.jiang@cchmc.org
http://dx.doi.org/10.1016/j.antiviral.2012.12.011
http://www.sciencedirect.com/science/journal/01663542
http://www.elsevier.com/locate/antiviral


294 Y.-C. Dai et al. / Antiviral Research 97 (2013) 293–300
against NoVs (Dai et al., 2012). In this study, we further produced
IgY with dual effects against both RVs and NoVs by using the novel
NoV/RV P-VP8⁄ chimeric particle (Tan et al., 2011) as antigens. We
were successful in demonstrating high titers of specific IgY in egg
yolks of immunized chickens and showing neutralization on RVs
and NoVs. Our results laid a solid foundation for future prophylac-
tic and therapeutic treatments against both NoVs and RVs.
2. Material and methods

2.1. Antigen preparation

Recombinant chimeric P-VP8⁄ particles (Tan et al., 2011), VP8⁄

(BM13851 core VP8⁄) (Huang et al., 2012) and the P particle of
VA387 were expressed in Escherichia coli (BL21, DE3) with an
induction of 0.6 mM isopropyl-b-D-thiogalactopyranoside (IPTG)
at room temperature (22 �C) overnight as described previously
(Huang et al., 2012; Tan et al., 2008, 2011). Purification of the re-
combinant GST fusion proteins was carried out by using resin of
Glutathione Sepharose 4 Fast Flow (GE Healthcare life Sciences,
NJ, USA) according to the manufacturer’s instruction. GST was re-
moved from the target proteins by thrombin (GE Healthcare life
Sciences, NJ, USA) cleavage on bead at room temperature
overnight.

2.2. Chickens and immunization

Six-week old pathogen free white leghorn chicks were pur-
chased from Charles River Vendor, Wilmington, MA, USA. Chicks
were housed in separate cages in the pathogen free animal facili-
ties at the Veterinary service Department of Cincinnati Children’s
Hospital Medical Center under a regimen of 12 h of light and
12 h of darkness, at room temperature (23 ± 2 �C) and humidity
of 75 ± 5%. Water and commercial chicken food were offered daily.
The chickens were immunized with three different viral antigens
(P-VP8⁄, VP8⁄ and P particle) at 21 weeks old with two animals
per antigen group. For the first dose of immunization, 300 lg of
purified P-VP8⁄ particles with Imject Alum Adjuvant (Invitrogen
Life Technologies Carlsbad, CA, USA) (3:1, volume:volume) were
administered intramuscularly on multiple locations of pectoral
muscles. Estimated equal molar amounts of 100 lg of VP8⁄ and
200 lg of P particles were used as controls. The 2nd and 3rd immu-
nizations used half amounts of antigens as that of the first doses for
each antigen at a 2-week interval. Animals were bled from the
wing vein before and after each immunization to determine anti-
body responses to the viral antigens. Eggs were collected daily
and stored at 4 �C before being processed for IgY. Chickens were
euthanized at 31 weeks-old, 11 weeks after the first immunization.
This study was carried out in accordance with the recommenda-
tions in the Guide for the Care and Use of Laboratory Animals of
the National Institutes of Health. The protocols were approved by
the Institutional Animal Care and Use Committee (IACUC) of the
Cincinnati Children’s Hospital Research Foundation (Animal Wel-
fare Assurance No. 1D06055).

2.3. Concentration of IgY from chicken eggs

Egg yolks were processed to concentrate IgY using polyethylene
glycol 8000 (PEG 8000, Sigma, St. Louis, MO, USA) precipitation
method (Pauly et al., 2011) with modifications. Briefly, egg yolks
were mixed with three volumes of PBS (pH 7.4) before adding
PEG 8000 to a final concentration of 3.5%. After vortex and
20 min of rolling on a rolling mixer, the sample mixtures were cen-
trifuged at 13,000g for 20 min at 4 �C to remove the precipitated
debris. The supernatant was then adjusted to 8.5% PEG 8000 and
centrifuged again after incubation for 15 min at room temperature.
The precipitated pellets that contained IgY were dissolved in 10 ml
PBS and then precipitated again with 12% of PEG 8000 and pelleted
using the same procedures described above. The final precipitated
pellets was dissolved in 2.0 ml PBS and filtered through a 0.45 lm
filter and stored at �20 �C. The purity of the IgY preps was deter-
mined by sodium dodecyl sulfate–polyacrylamide gel electropho-
resis (SDS–PAGE) followed by Coomassie blue staining. Total IgY
in each yolk were calculated based on a procedure described in
our previous study (Dai et al., 2012).
2.4. Detection of NoV and RV specific IgY in sera and yolks by enzyme-
linked immunosorbent assay (ELISA)

ELISA was used to determine antibody titers against P particle
and VP8⁄ in sera and yolks of the chickens after immunization with
individual antigens described above. Purified VA387 P particle and
free VP8⁄ were used as the capture antigens in the assays (Tan
et al., 2011). In brief, 96-well microtiter plates (Dynex Immulon;
Dynatech, Franklin, MA, USA) were coated with 100 ll antigens
(1 lg/ml) at 4 �C overnight. After blocking with 5% nonfat milk in
PBS (pH 7.4), serial dilutions of chicken serum samples and con-
centrated IgY samples were added to the plates. The bound anti-
body was then detected by goat anti-chicken IgY–HRP (1:5000)
(Santa Cruz Biotechnology, Santa Cruz, CA, USA). The signal inten-
sity was measured at 450 nm using a micro-plate reader (DTX 880
Multimode Reader, Beckman Coulter, GmbH, Krefeld, Germany)
after adding substrate reagent (BD OptEIA TMB Substrate Reagent
Set, BD Biosciences, San Jose, CA, USA). Pre-immunized chicken
sera and yolk IgY were used as negative controls. Antigen-specific
antibody titers were defined as the endpoint dilution with a cut off
signal intensity of OD450 value at 0.2.
2.5. Characterization of IgY by Western-blot analysis

Specific reactions of the chicken IgY with NoV capsid protein
and RV VP8⁄ protein were examined by Western-blot analysis. Fol-
lowing SDS–PAGE, VA387 NoV virus-like particles (VLPs) and RV
VP8⁄ in the gels were transferred onto a nitrocellulose before being
detected by IgY from different chickens immunized with P-VP8⁄,
VP8⁄ and P particle respectively (2000-fold dilution in 1% nonfat
dry milk in PBS). The bound IgY antibodies were then detected
by a peroxidase-conjugate goat anti-chicken IgY (5000-fold dilu-
tion in 1% nonfat dry milk in PBS) followed by detection with en-
hanced chemiluminescence (ECL) Western blotting detection
reagents (GE Healthcare Life Sciences, Buckinghamshire, England).
The ECL signals were captured by Hyper film ECL (GE Healthcare
Life Sciences, Buckinghamshire, England).
2.6. Blocking of binding of NoV P particles to type A and type B saliva

The saliva-based binding and blocking assays were performed
as described previously (Huang et al., 2003, 2005; Zhang et al.,
2012). Briefly, boiled human type A or type B saliva were diluted
1000-fold and coated on 96-well microtiter plates. After blocking
with 5% nonfat milk in PBS, P particle (125 ng/ml) of the VA387
NoV was added. For the blocking effects of IgY, a pre-incubation
of P particle with IgY in serial dilution for 1 h at 37 �C was per-
formed before the P particle was added to the saliva coated plates.
Bound P particles were then detected by a guinea pig anti-VA387
antiserum (1:3333) followed by the addition of HRP-conjugated
goat anti-guinea pig IgG (1:5000). The blocking rates were calcu-
lated by comparing the optical densities (ODs) measured with
and without blocking by chicken IgYs.
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2.7. Blocking of binding of RV VP8⁄ to Leb saliva and oligosaccharide
H type 1

The blocking assay on RV VP8⁄ binding to HBGA was performed
based on procedures described in previous studies (Huang et al.,
2012). In brief, boiled saliva from Leb positive donors were diluted
1,000-fold and coated onto 96-well plates at 4 �C overnight. The test-
ing IgY were pre-incubated with BM 13851 full-VP8⁄ at 37 �C for 1 h
before being transferred to the coated plates. The bound VP8⁄ pro-
teins were then detected using a guinea pig anti-BM151 VP8⁄ anti-
body at 1:3,000, followed by an addition of horseradish peroxidase
(HRP)-conjugated goat anti-guinea pig IgG at 1:5000 (ICN, Aurora,
OH). The blocking rate (%) was calculated by comparing the OD450

values between wells with or without incubation with IgY.
The blocking of RV VP8⁄ binding to H type 1 oligosaccharides by

IgY antibodies were performed by using the same protocol de-
scribed above except a H type 1-PAA-biotin conjugate (2 lg/ml,
GlycoTech, Rockville, MD) with streptavidin (5 lg/ml) was used
as the capture antigens (Huang et al., 2012).

2.8. Inhibition of RV replication in cell culture by IgY antibodies

The abilities of IgY in inhibition of RV replication in MA104 cells
were studied by incubation of RV with IgY before (prophylactic) or
Fig. 1. Production and analysis of IgY induced by chimeric NoV P particle containing RV
production. Recombinant proteins were expressed and purified from E. coli. Lane 1: P p
particle containing RV VP8⁄ (P-VP8⁄); lane 4: molecular weight marker. (B) SDS–PAGE ge
PEG precipitation followed with filtered through a 0.45 lM filter. Two major protein ban
represent the heavy and light chains of IgY (arrows). Lane 1: molecular weight marker; la
by P-VP8⁄. (C) Specificity of IgY by Western-blot analysis. NoV VLPs and RV VP8⁄ were
nitrocellulose membrane in triplicates. The proteins on the membrane were probed with
IgYs were diluted at 1:2000.
after (therapeutic) inoculation of the viruses to the host cells. For
prophylactic treatment, trypsin treated RVs (MOI 0.01) were pre-
incubated with IgY at variable dilutions for 1 h before being inoc-
ulated to the cells. For therapeutic treatment, IgY was added to
the culture after two hours of incubation with RV at a 0.01 MOI
on 80–90% confluent MA104 cells. Viral replications in the IgY trea-
ted and untreated cells were then monitored by immunofluores-
cent staining, plaque assay and CPE.

MA104 cells were grown in Dulbecco’s Modified Eagle Medium
(DMEM, Gibco) supplemented with 5% fetal bovine serum (FBS),
100 U/ml penicillin and 100 lg/ml streptomycin. A cell culture-
adapted P [8] Wa RV was used as the testing virus.

For immunofluorescent staining, the cells were washed three
times with PBS (pH 7.4), and fixed with 4% paraformaldehyde for
15 min, permeabilized with 0.2% Triton X-100 for 10 min and incu-
bated in PBS containing 3% bovine serum albumin for 30 min. Then
cells were incubated at 37 �C for 1 h with guinea pig antibody
against rotavirus VP8⁄ protein diluted at 1:300. Then, cells were
incubated at 37 �C for 1 h with FITC-conjugated goat anti-guinea
pig IgG antibody (Santa Cruz) diluted at 1:300 in PBS. Between
each step, cells were washed three times with PBST (PBS contain-
ing 0.05% Tween). Finally, nuclei were counter stained with Vecta-
shield mounting medium containing DAPI. The fluorescent signals
were visualized under a fluorescence microscope.
VP8⁄ (P-VP8⁄), P particle and free VP8⁄. (A) SDS–PAGE gel of antigens used for IgY
articles of NoV (VA387 strain); lane 2: core VP8⁄ of RV BM13851 strain; lane 3: P
l of purified IgY from egg yolks. IgY was concentrated from egg yolks using a 3-step
ds with molecular weights of 68 kDa and 27KDa, respectively, were detected which
ne 2: IgY induced by P particle; lane 3: IgY induced by free VP8⁄; lane 4: IgY induced
electrophoresed on SDS–PAGE under reducing conditions before transferred onto a
IgYs induced by P-VP8⁄ (lane 2, 3), P particle (lane 4, 5), and free VP8⁄ (lane 6, 7). All
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For plaque assay, the plates were washed and then overlaid
with DMEM containing 0.75% Seaplaque� agarose with 5 lg/ml
trypsin. After 4 days incubation at 37 �C, the plaques in each well
were stained with crystal violet and counted. IgY induced by P par-
ticles was set as control. The 50% inhibitory concentration (IC50) of
IgY induced by P-VP8⁄ or free VP8⁄ against rotavirus was calculated
by using probit regression analysis by using SPSS statistical soft-
ware version 13.0 (SPSS, Chicago, IL, USA).

For detection of CPE, the cells were observed by light micros-
copy and scored at 96 h post infection. We also performed Wes-
tern-blot analysis on cells with typical CPE. Briefly, total cell
proteins were extracted (Gauthier et al., 2011), separated by
SDS–PAGE and transferred to nitrocellulose membrane. After
blocking overnight with 5% non-fat milk, the membranes were
incubated with guinea pig anti-BM13851 antibody (1:2000) or rab-
bit anti-b-actin antibody (1:2000) as internal control for 1 h at RT.
Then the membranes were washed and incubated with corre-
sponding HRP-labeled secondary antibody (1:5000) for 1 h. The
bound HRP was detected by enhanced chemiluminescence (ECL)
Western blotting detection reagents and were captured by hyper
film ECL.
2.9. Statistical analysis

Graphs were made using Microsoft Office Excel 2010 and the P-
values were determined by student t test among data groups and
the difference is considered as significant when a P-value was
<0.05, using SPSS software 13.0 (SPSS, Chicago, Illinois).
Fig. 2. Antibody responses of chickens in sera and egg yolks after immunization with d
immunized with P-VP8⁄, P particle and free VP8⁄, respectively, with Alum adjuvant (3:
detection of specific antibodies by EIA. (A) Antibody responses in sera at different times (w
immunization; w2, 4, and 6: 2, 4, 6 weeks after the 1st dose of immunization. (B) Antibo
first dose of immunization were pooled and concentrated for IgY by the three-step PEG
⁄P < 0.05.
3. Results

3.1. Production and purification of chicken IgY against P-VP8⁄

Recombinant NoV P particles (Tan et al., 2008), RV VP8⁄ (Huang
et al., 2012) as well as the chimeric P-VP8⁄ particles (Tan et al.,
2011) were expressed in E. coli at yield >5 mg/L bacteria
(Fig. 1A). The three purified antigens were immunized to Leghorn
chickens. Eggs collected at variable time points post immunization
were examined for total as well as NoV- and RV-specific IgY anti-
bodies following a three-step IgY purification. IgY from each egg
yolk (�15 ml) was concentrated to �2 ml by PEG precipitation
with an estimated yield of 21–27 mg IgY/ml yolk. This means that
40–50 mg of total IgY can be obtained from a single egg. The con-
centrated IgY revealed a major band of �68 kDa (heavy chain) and
a minor band of �28 kDa (light chain) of immunoglobulins in SDS–
PAGE (Fig. 1B).

3.2. Dynamics of anti-RV and anti-NoV IgY antibodies in the sera of
chickens and egg yolks

Steady increases of anti-NoV antibodies were observed in the
sera of chickens from weeks 2–6 after the first immunization, with
peak titers of �250,000 in both chicken groups immunized with
the P-VP8⁄ and P particles, respectively. No anti-NoV antibody
was detected in chickens immunized with the free VP8⁄ antigen.
Similar dynamics of RV VP8⁄-specific IgY titers were also observed,
with peak titers of 12,800 in the P-VP8⁄ immunization group and
ifferent NoV and RV antigens. Three groups of chicken (n = 2 in each group) were
1). NoV VA387 P particle and RV free VP8⁄ were used as the capture antigens for
eeks 0–6) following immunization of the three antigens. w0: before the first dose of
dy titers of PEG concentrated IgY. Egg yolks harvested in 6th–11th weeks after the
precipitation method. The titers of IgY against P particle or VP8⁄ were determined.
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7,200 in the free VP8⁄ immunization group. No VP8⁄ antibody was
seen in the P particle immunization group (Fig. 2A).

The P domain- and VP8⁄-specific antibodies in the egg yolks also
increased steadily starting at week 3 after the first immunization,
and maintained at a high level toward 11th week (data not shown),
which is in accordance with our previous study (Dai et al., 2012).
Similar high titers of anti-P domain IgY antibodies (750,000–
800,000) were observed in the egg yolks of both P-VP8⁄- and P par-
ticle-immunization groups. However, the anti-VP8⁄ antibody titers
(�80,000) in egg yolks of P-VP8⁄-immunized chickens were signif-
icantly higher than those of egg yolks of chickens receiving the free
VP8⁄ (�48,000) (Fig. 2B). Hence, the chimeric P-VP8⁄ particle is
capable of inducing high titers of IgY against both NoVs and RVs.

The specificities of anti-NoV and anti-RV IgY antibodies were
also confirmed by Western blotting analysis. The IgY induced by
the P-VP8⁄ chimera reacted to both NoV VLP and RV VP8⁄, while
IgY induced by P particles reacted to NoV VLP only and IgY induced
by VP8⁄ reacted to RV VP8⁄ only (Fig. 1C).
3.3. IgY induced by chimeric P-VP8⁄ particle blocked NoVs and RVs
binding to HBGAs

To evaluate the usefulness of the chicken IgY as a potential ther-
apeutic and/or prophylactic treatments against NoV and RV dis-
eases, we performed neutralization assays against NoVs and RVs.
Since NoVs still cannot be cultivated in vitro, we performed a HBGA
blocking assay as a surrogate neutralization test. As demonstrated
in Fig. 3A and 3B, the P-VP8⁄-induced IgY strongly blocked the
VA387 P particles binding to the type A saliva with a BT50 of
Fig. 3. Blocking of IgY against NoV P particle and RV VP8⁄ binding to specific HBGAs. The a
and RV VP8⁄ binding to the Leb saliva (C) and H type 1 oligosaccharide (D) were measured
B saliva, while IgY induced by free VP8⁄ did not show this blockade. IgY induced by P-VP8
while IgY induced by P particle did not show this blockade. Asterisks indicate statistical P
free VP8⁄), ⁄P < 0.05, ⁄⁄P < 0.01, ⁄⁄⁄P < 0.001.
1:1,300 and a BT50 of 1:1,200 to type B saliva. These blockages
were similar to that of the P particle-induced IgY. As expected,
no detectable blockage was found from the VP8⁄ induced IgY.

We recently discovered that human RVs also recognize human
HBGAs like the human NoVs (Huang et al., 2012). RV VP8⁄-HBGA
blocking assay showed that the P-VP8⁄ induced IgY blocked the
RV VP8⁄ binding to Leb positive saliva with a BT50 of �1:80 and
to H type 1 oligosaccharide with a BT50 of �1:240. This was signif-
icantly higher than that of the free VP8⁄-induced IgY (P < 0.05). No
detectable blockage was found from IgY induced by P particles
(Fig. 3C and D). These results suggested that the anti-P-VP8⁄ IgY
could influence RV attaching to host cells by blocking RV binding
to its HBGA ligands.
3.4. Neutralization of RV replication by IgY

The usefulness of IgYs was further evaluated by RV neutraliza-
tion assays mimicking pre- and post-infection treatments of RV
by IgY. A treatment of RVs with P-VP8⁄-induced IgY (1 mg/ml) be-
fore inoculating the cells blocked RV replication in MA104 cells
completely. In contrast, a treatment of IgY induced by the free
VP8⁄ resulted in only partial block of RV replication, while IgY in-
duced by P particles did not show neutralization effect (Fig. 4A).
These results were confirmed by plaque reduction assay, in which
the IgY induced by P-VP8⁄ and VP8⁄ inhibited Wa replication in a
dose-dependent manner (Fig. 4B). The inhibition effects of IgY in-
duced by P-VP8⁄ were significantly stronger (with an IC50 of
0.304 mg/ml) than that of IgY induced by the free VP8⁄ (with an
IC50 of 0.734 mg/ml) (P < 0.05). Interestingly, a post inoculation
bilities of IgY blocking NoV P particle binding to the types A (A) and type B (B) saliva
. IgY induced by P-VP8⁄ or P particle blocked binding of NoV P particle to types A and
⁄ or free VP8⁄ blocked binding of RV VP8⁄ to Leb saliva and H type 1 oligosaccharide,
values between blocking levels of IgY induced by the two forms of VP8⁄ (P-VP8⁄ vs.



Fig. 4. Neutralization of RV replication by pre-incubation with specific IgY as a prophylactic treatment. (A) Neutralization measured by immunofluorescence assay. MA104
cells 80–90% confluence on 4-well chamber slides were used. RV at 0.01 MOI were incubated with IgY at 1 mg/ml at RT for 1 h before inoculated to the MA104 culture. The cell
monolayers were stained with an anti-VP8⁄ antibody followed by a FITC-conjugated secondary antibody (green). Nuclei were counterstained with DAPI (blue). Significant
reductions of RV replication were observed in RV treated with IgY induced by P-VP8⁄, medium reduction with IgY induced by free VP8⁄, but no reduction with IgY induced by
P particle. (B) Neutralization measured by plaque reduction. MA104 cells were cultivated in 6-well plates and infected with RV at 50–100 PFU/well with a pre-incubation with
IgY for 1 h. The IgY induced by NoV P particle was used as negative control. The plaque reduction results were calculated from three independent experiments. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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treatment of RV by the P-VP8⁄-induced IgY (1 or 0.5 mg/ml) also
inhibited CPE completely (Fig. 5A). As expected the neutralization
effect by the free VP8⁄ induced IgY was slightly weaker, while
P80% CPE was seen in Wa infected cultures without IgY treatment
or treated with IgY induced by NoV P particles.

The viral neutralization results were also confirmed by Western
blot analysis. Viral proteins were detected in group treated with P-
VP8⁄ specific IgY at 1 and 0.5 mg/ml, while less viral proteins were
detected in group treated with VP8⁄ induced IgY at 1 mg/ml
(Fig. 5B), confirming the observation of the CPE experiments.

4. Discussion

In recent years, pathogen-specific IgY has drawn a special atten-
tion in passive immunization of humans against infectious diseases
due to a number of advantages. Firstly, IgY derived from egg yolks
of immunized chickens has shown to be beneficial to animal wel-
fare, safe and no drug resistance issues. Secondly, different meth-
ods are suitable to isolate IgY from egg yolks in large scale. In
this study, we used a new procedure to concentrate IgY from egg
yolks through a three-step PEG precipitation. This improved proce-
dure is simple, efficient and suitable for large-scale production
although the yield may be slightly lower compared with the water
dilution extraction methods. An average of 45 mg of IgY/yolk was
readily obtained in the NoV/RV antibody production period start-
ing at the 6th week following the first immunization. An adult leg-
horn chicken produce normally 280 eggs a year with a total
13,000 mg IgY for an egg production year with continuous antigen
boost every 3–4 months.

Thirdly, IgY is stable at a wide ranges of pHs and temperatures
and resistant to pepsin digestion (Chalghoumi et al., 2009a; Dai
et al., 2012), making IgY an ideal treatment to control infections
of intestinal pathogens. Promising examples of IgY treatment of
infectious diseases have be demonstrated by orally delivering
microcapsule protected IgY (Kovacs-Nolan and Mine, 2005; Li
et al., 2009). While the usefulness of IgY is still underestimated,
several studies showed promising results on the possible prophy-
lactic and therapeutic treatment against different viral infections,
including EV71 (Liou et al., 2010), influenza A and B (Nguyen
et al., 2010; Wallach et al., 2011; Wen et al., 2012), HAV (de Paula
et al., 2011) and RV infection (Kovacs-Nolan et al., 2003). Impor-
tantly, these studies provided evidence on the effectiveness of
chicken IgY against mucosal pathogens, particularly those causing
infection in the intestine.

The NoV P particle spontaneously forms when the protruding
(P) domain of the NoV capsid protein, the surface antigen of NoV,



Fig. 5. Neutralization of RV replication by post-incubation with IgY as a therapeutic treatment. MA104 cells infected with RV at 0.01 MOI at 80–90% confluence in 6-well
plates. After 2 h of incubation, the virus inoculation was replaced with a medium containing 0.5–1 mg/ml IgY. CPEs were examined at 96 h (A) and the infected cell culture
was harvested for Western-blot assay (PC: with Wa infection but without IgY treatment) (B).
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is expressed in E. coli. The NoV P particle retains the authentic
receptor binding property, is stable and easily purified (Tan and
Jiang, 2005, 2012). Because of these properties, NoV P particle
has been proposed as a candidate vaccine against NoVs. Our previ-
ous study also produced a large amount of NoV specific IgY by
using NoV P particles as the antigens (Dai et al., 2012). Recently
the NoV P particle has been developed as an excellent vaccine plat-
form (Tan and Jiang, 2012; Xia et al., 2011). By inserting the RV sur-
face spike protein VP8⁄ onto a surface loop of the NoV P particle,
we previously showed that the chimeric particle P-VP8⁄ is a prom-
ising dual vaccine against both NoVs and RVs due to its high immu-
nogenicity, high yield and high stability in comparison with free
VP8⁄ (Tan et al., 2011). Free VP8⁄ was unstable for long-term stor-
age (data not shown).

In this study, we successfully produced a large amount of spe-
cific IgY against human NoVs and RVs by immunizing juvenile
chickens with the chimeric P-VP8⁄ particles (Tan et al., 2011). To
examine the dual immunity against NoVs and RVs, we also used
viral antigens of RV (VP8⁄) and NoV (P particle) as controls. The
P-VP8⁄ specific antibody was detected at the 2nd week in sera
and 4th week in yolks after the first immunization, which is similar
to that observed in our previous study using the NoV P particles as
antigen (Dai et al., 2012). In chickens immunized with the P-VP8⁄

particles, the antibody titers specific to the NoV P domain, the
backbone of the P-VP8⁄ particle, were comparable to that of chick-
ens received the NoV P particle alone; but the antibody titers
against the RV VP8⁄ were significantly higher than that of chickens
received the free VP8⁄ antigen alone. These data also supported the
notion that the P-VP8⁄ particle is an effective dual vaccine against
both NoVs and RVs (Tan et al., 2011).

NoVs encode a major capsid protein that is important for host
interaction and immune response. Due to the lack of a cell culture
and an efficient small animal model, a surrogate neutralization as-
say to measure the ability of antibody blocking NoV binding to
HBGA receptors is used (Nurminen et al., 2011; Reeck et al.,
2010). In this study, we demonstrated that the IgY induced by
the P-VP8⁄ particle is able to block NoV binding to HBGA receptors,
suggesting that this IgY may be useful in control of NoV infection.

RVs contain two major surface structural proteins, VP4 and VP7,
which are involved in RV neutralization. The VP4 is cleaved into
two domains by the viral protease, the VP5⁄ and VP8⁄. Recently,
we and others have demonstrated that the spike protein VP8⁄ rec-
ognize the human HBGAs as receptors or attachment ligands, sim-
ilar to that of the P domain of NoVs (Hu et al., 2012; Huang et al.,
2012). In this study, the IgY induced by the P-VP8⁄ particles was
able to block RV binding to specific HBGAs (Leb or H type 1) as well
as neutralize RV replication in cell cultures, supporting the notion
that RVs may recognize human HBGAs. We also confirmed the neu-
tralization by both pre- and post-infection treatments, providing
further evidence that the P-VP8⁄ induced IgY could be used as an
effective prophylactic and therapeutic treatment against NoV and
RV infections.
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A potential usefulness of the P-VP8⁄ based IgY is to control clin-
ical infection of RV and NV in children during the peak seasons as
both RVs and NoVs have a similar spring-fall season. Thus, a readily
available treatment such as oral administration of the dual IgY
antibody could be practical to control the clinical infection of both
NoVs and RVs. In addition, it would be useful for prophylactic
treatment of children and other high-risk populations during the
peak seasons, such as the elderly and immunocompromised pa-
tients, whose immunity may be weakened (Patel et al., 2010; Sch-
wartz et al., 2011). A passive immunization would be particularly
important to control persistent infections with NoVs or RVs in se-
verely immunocompromised patients. Thus, because of the value
of dual functions against both NoVs and RVs, future study for fur-
ther development of the approach is warrant.
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