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Abstract

Noroviruses (NoVs) are a leading cause of epidemic acute gastroenteritis affecting millions of
people worldwide. Understanding of NoV remains limited due to the lack of a cell culture system
and small animal models. Currently, there are no available vaccines or antivirals against NoVs. In
this study, an approach for large-scale production of anti-NoV antibodies for use as a potential
treatment for NoV disease using passive immunization was evaluated. NoV-specific
immunoglobulins (IgY) were produced by immunizing chickens with NoV P particles. The birds
continuously produced high titers of antibodies in their eggs for at least 3 months, in which NoV-
specific antibody levels reached 4.7-9.2 mg/egg yolk. The egg yolk antibodies strongly reacted
with NoV P particles by both ELISA and Western blot and blocked NoV virus-like particle (VLP)
and P particle binding to the histo-blood group antigen (HBGA) receptors with a BTsq of about
1:800. The blocking activity of the chicken IgY remained after an incubation at 70°C for 30 min
or treatment at pH 4 to 9 for 3 h. These data suggested that chicken IgY could be a practical
strategy for large-scale production of anti-NoV antibodies for potential use as passive
immunization against NoV infection, as well as for diagnostic purposes.
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1. Introduction

Noroviruses (NoVs) are important pathogens, responsible for more than 90% of outbreaks of
non-bacterial acute gastroenteritis. NoV outbreaks occur in a wide variety of settings
including nursing homes, hospitals, day-care centers, cruise ships, restaurants, and catered
events (Glass et al, 2009). Although NoV infection is usually mild and self-limited, severe
cases have been observed in immunocompromised patients and the elderly (Schwartz et al.,
2011). NoVs also result in over a million hospital admissions; with ~900,000 clinic visits
and ~200,000 deaths of children under 5 years of age in developing countries (Patel et al.,
2008). Unfortunately, there are no vaccines or antivirals available currently against NoVs
(Tan and Jiang, 2010).

NoVs are non-enveloped RNA viruses that contain a single-stranded, positive sense RNA
genome. The genome is encompassed by a protein capsid that is formed by a single major
structural protein, the capsid protein (VP1) and a minor structural protein (VP2). The VP1
capsid protein can be divided into two major domains, the N-terminal shell (S) domain and
the C-terminal protrusion (P) domain. The P domain can form dimers (Tan, Hegde, and
Jiang, 2004), 12-mer small P particles (Tan et al., 2011a), and 24-mer P particles (Tan et al.,
2008; Tan and Jiang, 2005) when it is expressed in £. coli. While all three of these P
complexes are immunogenic and recognize HBGAS, the 24-mer P particle is particularly
useful as a candidate vaccine because of its high immunogenicity, stability, and low cost of
production (Tan et al., 2011b).

Passive immunization remains an effective strategy to prevent and treat infectious diseases.
Oral administration of antibodies derived from mammalian serum has been described
previously (Cooper and Paterson, 2009). However, the high cost of large-scale antibody
production in mammals has limited its application. Passive immunization with monoclonal
antibodies has also been shown to have lower levels of protection compared to polyclonal
antibodies. The recently developed chicken 1gY approach provides a useful alternative for
large-scale production of polyclonal antibodies at a lower cost. Chicken IgY's are made in
the blood and transferred to the egg yolk during embryo development (Xu et al., 2011).
Since egg yolks are easily harvested, the IgY technology became a promising strategy to
prevent and control infectious diseases, especially for gastrointestinal infections (Amaral et
al., 2002; Liou et al., 2010; Vega et al., 2011).

This manuscript describes the production of NoV-specific IgY in the egg yolks of chickens
immunized with NoV P particles. A large amount of high titer anti-NoV antibodies was
obtained. These IgY's were stable at a wide range of temperatures and pHs, reacted strongly
to NoV virus-like particles (VLPs) and P particles in both ELISA and Western blot
techniques, and were capable of blocking NoV-HBGA receptor interactions. These data
support the notion that NoV-specific IgY may be a useful option for large-scale production
of NoV-specific antibodies for therapeutic use against NoVs.

2. Materials and methods

2.1 Preparation of Strain VA387 P Particles

Recombinant 24-mer P particles (P-CDCRGDCEFC) of strain VA387 (Gl1.4) were expressed
in £. coli (BL21, DE3) with an induction of 0.5 mM isopropyl-p-D-thiogalactopyranoside
(IPTG) at room temperature (22 °C) overnight as described previously (Tan and Jiang, 2005;
Tan et al., 2008). Purification of the glutathione S-transferase (GST)-P fusion protein was
performed using resin of Glutathione Sepharose 4 Fast Flow (GE Healthcare life Sciences,
NJ, USA) according to the manufacturer’s instructions. GST was removed from the target
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proteins by thrombin (GE Healthcare life Sciences, NJ, USA) cleavage either on beads or in
solution (phosphate buffer saline, PBS, pH 7.4) at room temperature for 16 h.

2.2 Chickens and immunization

Ten, 20-week-old, healthy White Leghorn chickens were provided by the Guangdong bird
breeding company (Guangzhou, China) and were randomly divided into two groups. Four
chickens (immunization group) were immunized by injecting 50 g of P particle antigen
into different spots of the pectoral muscle three times in two week intervals. The first
immunization included complete Freund’s adjuvant (Sigma, F5881, St Louis, USA), while
the second and third boosters were administrated with incomplete Freund’s adjuvant (Sigma,
F5506, St Louis, USA). The control group (n=6) was injected with PBS plus the
corresponding adjuvant. Blood (1 ml) was collected from the wing vein before and after
each immunization. Eggs were collected one week before immunization and every day after
the first immunization for 16 weeks. The experimental protocol was reviewed and approved
by the Ethics Commission for the Use of Animals of School of Public Health and Tropical
Medicine, Southern Medical University.

2.3 Detection of NoV-specific IgY antibodies in serum by ELISA

2.4 Isolation

Sera were collected from blood after an overnight incubation at 4 °C and centrifugation at
7000 x g for 10 min at 4°C. The serum was stored at —20°C until use. The NoV-specific IgY
antibody titers of sera were measured by standard ELISAs. Briefly, ninety-six well
microtiter plates (Dynex Immulon; Dynatech, Franklin, MA, USA) were coated with 100 pl
of purified NoV P particle antigen (200 ng/well) and incubated overnight at 4°C. After
blocking with 5% nonfat milk, serially diluted chicken sera were added to the antigen-coated
wells and incubated at 37°C for 1 h. After washing, goat anti-chicken 1gY-HRP (1:5000)
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) was added. The bound HRP was
colorized by adding substrate reagent (BD OptEIA TMB Substrate Reagent Set, BD
Biosciences, San Jose, CA, USA). The signal intensity was measured at 450 nm using a
micro-plate reader (DTX 880 Multimode Reader, Beckman Coulter, Krefeld, Germany).
Pre-immunized chicken sera and chicken sera after immunization with PBS were used as
controls. Antigen-specific antibody titers were defined as the end-point dilutions with a
cutoff signal intensity of 0.15.

and purification of yolk IgY

Eqggs were stored at 4°C before IgY extraction. A water dilution method for IgY extraction
from egg yolk (Akita and Nakai, 1992; Akita and Nakai, 1993) was used with some
modifications. Briefly, egg yolks were separated from egg whites by egg separators and
washed with deionized water. The egg yolk was diluted 10 times with PBS and then the
suspension was adjusted to a final pH of 5 with 0.1 N HCI and kept overnight at 4°C. The
supernatant containing the IgY was collected after centrifugation (10000 x g for 30 min at
4°C). Solid ammonium sulfate was added to the supernatant to reach 55% saturation and the
mixture was kept at 4°C for 2 h. The precipitate was collected by centrifugation (10000 x g
for 15 min at 4°C) and dissolved in 2-4 ml cold PBS, before addition of 50-100 ml (25 x
volume of PBS) 33% saturated ammonium sulfate (SAS) solution to give a final 31.7% of
SAS. The mixture was kept at 4°C for 2 h. Protein precipitate was collected again by
centrifugation (10000 x g for 15 min at 4°C) and was then dissolved in 6-7 ml PBS (pH 7.4).
After pasteurization at 60°C for 30 minutes, the IgY solution was stored at 4°C. The purity
of the IgY was determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) followed by Coomassie blue staining.
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2.5 Determination of NoV-specific IgY titers in egg yolk

NoV-specific IgY titer in egg yolk was determined by the aforementioned ELISA (2.3), in
which IgY samples were serially diluted to determine the end-point dilution. To calculate
the amount of total 19 and P particle-specific 1gY, a standard curve was set up as follows:
wells were coated with 100 w1 serially diluted pure chicken IgY (Promega, G116A,
Madison, WI, USA) at a concentration from 0.0075 pg/ml to 1 pwg/ml. After washing with
PBST (PBS containing 0.05% Tween), 100 | of goat anti-chicken IgY-HRP (1:5000)
(Santa Cruz Biotechnology, CA, USA) were added (37°C for 1 h). The bound HRP was
colorized by substrate reagent (BD OptEIA TMB Substrate Reagent Set; BD Biosciences
San Diego, CA, USA), followed by a reading of the signal intensity at 450 nm (DTX 880
Multimode Reader, Beckman Coulter, GmbH, Krefeld, Germany). The resulting standard
curve of absorbance was used to quantify the relative concentration of total 1gY and P
particle specific IgY from the chickens by coating plates with either P particles or rabbit
anti-chicken IgY antibodies (10 pg/ml, Sigma C2288, USA) to capture the total 1gY or P
particle-specific IgY. Alternatively, to compare the reactivity of 1gY induced by NoV P
particles to VLPs of strain VA387, plates were coated with either 100 .l NoV VLP (200 ng/
well) or P particles in different dilutions, as described above.

2.6 Characterization of IgY by SDS-PAGE and Western blot analysis

NoV P particles were separated by conventional SDS-PAGE and visualized with Coomassie
Blue stain. For Western analysis, proteins were transferred to nitrocellulose membranes.
After blocking with 5% nonfat milk, the membrane was incubated with anti-NoV-specific
IgY or non-specific IgY (1:2000) in 1% nonfat milk-PBS at 4°C overnight. After washing
with PBST, the membrane was incubated with goat anti-IgY (Sigma, Steinhein, Germany,
1:5000) at 37°C for 1h. The bound HRP was detected by enhanced 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).

2.7 HBGA binding and blocking assays

The saliva-based binding and blocking assays were carried out as described elsewhere
(Huang et al., 2003, 2005; Feng and Jiang, 2007). Briefly, boiled human saliva samples with
known HBGA phenotypes were diluted 1000-fold and coated on 96-well microtiter plates
(Dynex Immulon; Dynatech, Franklin, MA, USA). After blocking with 5% nonfat milk in
PBS, NoV P particles (250 ng/ml; VA387, Gl1l.4) were added. The bound P particles were
detected using serially diluted IgY (from 1:250~1:128,000), followed by the addition of
HRP-conjugated goat anti-chicken 1gY (1:5000). Guinea pig antibodies against NoV VLPs
were also used in this HBGA binding assay, followed by the addition of HRP-conjugated
goat anti-guinea pig 1gG (1:5000).

The blocking effects of IgY on P particle binding to saliva samples were measured after pre-
incubation of P particles with diluted IgY for 1 hour at 37°C before addition to the saliva-
coated wells. Then a guinea pig anti-VA387 VLP antiserum (1:3333) was added, followed
by the addition of HRP-conjugated goat anti-guinea pig 1gG (1:5000). The blocking rates
were calculated by comparing the optical densities (ODs) measured with and without
blocking by the chicken IgYs. The IgY's from chickens immunized with PBS were used as
negative controls (Huang et al., 2005).

2.8 Reactivity of IgY after treatments with various pHs and temperatures

Egg yolk IgY solution (1 ml, 1:4000, pH 7.4) in a test tube was heated to a given
temperature (50 to 80°C) for up to 30 min. The heated mixtures were then cooled on ice. To
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determine pH stability, egg yolk IgY solution (1 ml, 1:40, pH 7.4) was diluted with 10 mM
phosphate buffer containing 0.15 M NaCl. The pH of the solutions was adjusted with HCI or
NaOH to a final pH of 2 to 11. The solution was incubated at 37°C for 3h, and then the pH
of the solution was neutralized by adding 100 x PBS. The activity of the treated IgY was
measured by HBGA blocking assay.

3.1 Characterization of specific anti-NoV IgY in chicken sera and egg yolk

The serum and egg yolk NoV-specific IgYs of individual chickens were measured by
ELISA. Steady increases in serum NoV-specific IgY titers were observed after the first
immunization and reached a peak at the 6" week. The serum IgY titers remained high for at
least 10 weeks after the peak. Sera of chickens immunized with the PBS-adjuvant control
did not have any reactivity to NoV P particles (Fig. 1a). The anti-NoV antibody titers in the
eggs were not detected until the third week after immunization and then continued to
increase, reaching a peak during the 7t week after the first immunization. All four birds
continued making high titers of NoV-specific antibodies in their eggs (200,000~500,000),
with little variation for at least 13 weeks (4-16 weeks after immunization) (Fig. 1b). These
antibody titers were similar to the 1gG (400,000) from guinea pigs immunized with VVLPs of
strain VA387. The chicken 1gY reacted strongly with the VA387 VLPs (Fig. 1c).

The concentration of total IgY was determined by SDS-PAGE with standard BSA (bovine
serum albumin standard 1, Bio-rad) and verified by ELISA using an IgY standard. The
concentration of specific anti-NoV 1gY was also determined by ELISA. After comparison
with the 1gY standard curve, the total 1gY level in each yolk was estimated to be 186 + 21
mg. The specific anti-NoV 1gY levels increased gradually from the third week after the first
immunization with an average of 4.7 - 9.2 mg/yolk from the fourth to sixteenth week,
accounting for about 2.5-5.0% of the total IgY (Fig. 1b). Analysis of the concentrated egg
IgY by SDS-PAGE revealed a major band of ~68 kDa heavy chain and a minor band of ~28
kDa light chain and an unknown protein band of ~40 kDa (Fig. 2a). NoV-specific IgY also
reacted with NoV P particles in a Western blot analysis (Fig. 2c).

3.2 1gY antibodies block NoV binding to HBGA receptors

The egg yolk IgY antibodies induced by P particles can be used in an ELISA as a detection
antibody to measure NoV/receptor interaction. Partially purified IgY reacted strongly with
both NoV VLPs or P particles in saliva-based HBGA binding assays, similar to guinea pig
IgG after immunization with VVLPs of strain VA387 (Fig. 3a). In addition, the egg yolk IgY
antibodies were able to block NoV VLP and P particle binding to HBGA receptors (Fig. 3b)
with a BTsg (a serum dilution with 50% blocking activity) of about 1:800.

3.3 Reactivity of specific anti-NoV IgY after treatment with various pHs and temperatures

IgY remained reactive to NoV P particles after heat treatment at 70°C or below for 30 min,
as shown by its blocking capability (Fig. 4a). 1gY also retained blocking ability after an
incubation at pH 4-9 at 37°C for 3 h (Fig. 4b).

4. Discussion

IgY has been successfully used to treat and prevent infectious diseases in humans and
domestic animals (Dias da Silva and Tambourgi, 2010; Vega et al., 2011). White leghorn
chickens are easily raised and have high egg productivity. After immunization with a small
dose of antigen, a chicken can continuously produce eggs containing antigen-specific
antibodies in their yolks (Xu et al., 2011). A chicken usually lays 280 eggs/year and an egg
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yolk (12-15 ml) usually contains 150-200 mg IgY, of which 2 to 10% are specific antibodies
(Nguyen et al., 2010). Thus, a chicken is referred as a small “factory” for antibody
production.

In this study, a continual increase of NoV-specific IgY in egg yolks was observed starting in
the third week after the initial immunization. NoV specific antibody reached 4.7-9.2 mg/egg
yolk between the fourth and the sixteenth weeks, which accounted for 2.5-5% of the total
IgY. During this period, 340 eggs were collected from 4 immunized chickens and thus, a
total of ~2,400 mg specific anti-NoV 1gY was obtained. Producing an equal amount of
antibody would require 100-125 guinea pigs assuming that 15-20 ml sera can be collected
from each animal. Strikingly, high levels of antigen-specific egg yolk IgY can be produced
up to 2 years when the bird is continuously boosted every three months. Furthermore,
collection of yolk antibody is non-invasive without affecting the immunized chickens.
Finally, the NoV-specific IgY showed excellent reactivity at a wide range of temperature
and pHs (this report), an indication of highly stable 1gY, important for clinical use.

As a leading cause of viral gastroenteritis, NoVs remain hard to prevent and control due to
their wide spread nature and lack of effective therapeutic and prophylactic methods. Thus,
passive immunization could be useful for high-risk populations, such as young children, the
elderly, and immunocompromised patients, whose immunity may be immature or weakened.
Administration of NoV-specific IgY antibodies could help to prevent persistent infections
with NoVs.

In this study, the NoV specific IgY's were also able to block the binding of NoV VLPs/P
particles to HBGAs. This is an important indication that the IgY is likely to neutralize, and
therefore prevent, NoV infection and illness. A direct correlation between the ability of an
antibody to block VLP-HBGA binding and protection against NoV infection and illness was
observed in a recent NoV challenge study (Reeck et al., 2010). An additional study also
showed that pre-existing HBGA blocking antibodies protected children from a G11.4
infection (Nurminen et al., 2011). Thus, the IgY's developed in this study are likely to be
effective for prevention and treatment of NoV infection and illness using a passive
immunization approach.
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Kinetics of serum (a) and egg yolk (b) anti-NoV I1gY response of chickens after
immunization with NoV P particles. NoV-specific IgY was determined by ELISA against
Gll.4 (VA387) P particle antigens. The amount of NoV-specific IgY per egg yolk (green
columns) was also determined (b) (right-hand Y-axis). Comparable reactivities of egg yolk
IgY with NoV Gll.4 (VA387) P particles (PP) and virus-like particles (VVLP) were also
observed (c).
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Western blot analysis of anti-NoV chicken IgY against NoV P particle. Partially purified
chicken egg yolk 1gY was analyzed by SDS-PAGE (a). Lane 1: protein standards (Bio-
RAD), lane 2: purified egg yolk 1gY with indications of heavy and light chains. The partially
purified IgY (1:4000 dilution) interacts with G11.4 (VA387) P particles (c) following SDS-
PAGE (b). Lanel: protein standards, lane 2: NoV P particles.
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Fig.3.

Chicken IgY induced by NoV P particles blocked the binding of NoV norovirus P particles
to HBGA receptors. (a) Partially purified IgY induced by NoV P particle (red line) in a wide
range of dilutions can be used as a detection antibody to measure binding of NoV P particles
to various saliva samples in saliva-based HBGA binding assays. The results were similar to
those using guinea pig 1gG induced by VLPs of strain VA387 (green line). Each data point
represents an average value of six binding assays using six different type A salivas. (b) The
IgY induced by NoV P particles blocked binding of norovirus VLPs to HBGA receptors
(blue line). On the other hand, IgY after immunization with PBS neither reacted with P
particles (blue line, a) nor showed detectable blocking (red line, b).
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Fig.4.

Effect of temperature (a) and pH (b) on the ability of IgY to block NoV P particle binding to
HBGAs. The GIl.4 (VA387) P particles and a type A saliva sample were used in the
blocking assay. The chicken 1gY was treated with the indicated range of temperatures for 30
min (a) or with the indicated range of pHs for 3 hours (b) before being tested in the blocking
assay. A percentage (%) of residual blocking activity in comparison with an untreated
sample is shown. Each assay was performed in triplicate and each data point represents the
average of these assays.
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