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A recombinant hemagglutinin-neuraminidase (rHN) protein
from Newcastle disease virus (NDV) with hemagglutination
(HA) activity was expressed in Spodoptera frugiperda cells
using a baculovirus expression system. The rHN protein
extracted from infected cells was used as an antigen in a
hemagglutination inhibition (HI) test for the detection and
titration of NDV-specific antibodies present in chicken sera.
The rHN antigen produced high HA titers of 2" per 25 UL,
which were similar to those of the NDV antigen produced
using chicken eggs, and it remained stable without significant
loss of the HA activity for at least 12 weeks at 4°C. The
rHN-based HI assay specifically detected NDV antibodies,
but not the sera of other avian pathogens, with a specificity
and sensitivity of 100% and 98.0 %, respectively, in known
positive and negative chicken sera (n = 430). Compared with
an NDV-based HI assay, the rHN-based HI assay had a
relative sensitivity and specificity of 96.1% and 95.5%,
respectively, when applied to field chicken sera. The HI
titers of the rHN-based HI assay were highly correlated with
those in an NDV-based HI assay (r = 0.927). Overall, these
results indicate that rHN protein provides a useful
alternative to NDV antigen in HI assays.

Keywords: antibody detection, hemagglutinin-neuraminidase
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Introduction

Newcastle disease virus (NDV) is the only avian
paramyxovirus type 1 in the genus Avulavirus of the family
Paramyxoviridae [22]. NDV contains two surface
glycoproteins, hemagglutinin-neuraminidase (HN) and

fusion (F) protein. The HN protein mediates virus
attachment to sialic acid-containing receptor molecules on
host cell surfaces, which promotes fusion activity by F
protein activation, while it also acts as a neuraminidase
during virus budding via its receptor-destroying activity
[6,19,35,37]. Additionally, the HN protein has the ability
to agglutinate chicken red blood cells and it apparently
reverses the elution of agglutinated cells. In addition to its
roles in viral infectivity, the HN protein is critical to the
protective immunity of vaccinated birds [10,28,29].
NDV is the causative agent of Newcastle disease (ND),
which is a highly contagious and fatal viral disease
characterized by respiratory, digestive, reproductive, and
nervous clinical symptoms in chicken. Infection of
non-immunized chickens with the highly virulent NDV
may result in morbidity and mortality rates of up to 100%
following introduction into a chicken flock. ND is endemic
in poultry in many countries throughout Asia, the Middle
East, Africa, the European Union, Central and South
America, and parts of Mexico [2,3,21]. Vaccination is a
control measure used in endemic regions to protect
susceptible chickens from the disease, thereby containing
the spread of the disease. Many diagnostic laboratories
have routinely used serological tests to assess protective
immunity after vaccination or for serological monitoring
of virulent NDV infection among vaccinated birds [1]. The
hemagglutination inhibition (HI) assay is a commonly
used immunoassay for the detection of NDV antibodies in
poultry in many laboratories worldwide. The antigens used
in the HI assay are prepared from live whole viruses or
viruses killed with formalin or beta-propiolactone after the
propagation of NDV in chicken embryonated eggs [1,5].
The HI assay is based on the detection of NDV antibodies
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that block the binding of chicken RBCs to the HN protein
of NDV. The expression of entire or partial recombinant
HN proteins from NDV in a variety of expression systems
might provide diagnostic antigens for use in the detection
of NDV antibodies via enzyme-linked immunosorbent
assays (ELISA) [24,38]. Recent studies also show that
entire HN proteins from NDV can be expressed by
recombinant baculoviruses to agglutinate chicken red
blood cells, and that the hemagglutination (HA) activity
can be inhibited in the presence of NDV antibodies
[16,27,31]. In this study, a recombinant HN (rHN) protein
from NDV was produced in insect cells that were infected
using a recombinant baculovirus containing the open
reading frame (ORF) of the HN protein gene from NDV.
The rHN protein was used as an antigen in a HI assay to
determine whether rHN protein was a suitable alternative to
NDV antigen for the detection of NDV antibodies in sera.

Materials and Methods

NDYV antigen

NDYV antigen was prepared from allantoic fluid according
to the method described by Beard et al. [5]. Briefly, the
NDV La Sota strain was grown in specific pathogen-free
(SPF) embryonated chicken eggs, which were incubated at
37°C for 4 days. The allantoic fluids from infected eggs
were then pooled and clarified by centrifugation at 1,500 x g
for 30 min. Next, the virus was inactivated overnight at
37°C with 0.1% (v/v) formalin, aggregated with 10% (w/v)
polyethylene glycol 6,000 for 2 h at 4°C, and then
precipitated by centrifugation at 8,000 x g for 30 min. The

pellet was subsequently resuspended in 1/20 volume of
0.01 M phosphate buffered saline (PBS), pH 7.4, after
which the inactivated NDV antigen was titrated using a
microtiter hemagglutination (HA) test with chicken RBCs
and stored at —70°C until use as an NDV antigen in an HI
test.

Baculovirus expression of the HN protein

Viral RNA was extracted from embryonic allantoic fluid
containing the NDV La Sota strain using an RNeasy
Extraction Mini Kit (Qiagen, Germany). The complementary
DNA of the full-length NDV HN gene was amplified using a
one-step RT-PCR kit (Qiagen). The PCR primers were
designed to amplify a DNA fragment measuring 1754 bp that
contained the entire HN ORF of 1734 bp, i.e., Xbal/HNf
(5"-GCTCTAGAGCATGGACCGCGCCGTTAGCC-3")
and HindIII/HNr (5"-CCA4AGCTTGGCTAGCCAGACCT
GGCTTCTC-3"). As shown in Fig. 1, the amplified DNA
fragment was cloned into the pCR-Blunt vector (Invitrogen,
USA) and inserted into the Xbal and HindlIll restriction
enzyme sites of the pFastBacl vector (Invitrogen). The
recombinant plasmid containing the entire HN ORF from
NDV (pFB/NDVHN) was transformed into E. coli
DH10Bac cells (Invitrogen), which contained Bacmid (a
baculovirus shuttle vector). The recombinant baculoviruses
were generated by transfection of recombinant Bacmid
DNA into Spodoptera frugiperda 9 (S19) cells and then
plaque-purified in Sf9 cells. The expression of the HN
protein from NDV by the recombinant baculovirus was
confirmed using an HI assay and western immunoblotting
with hyperimmune chicken anti-NDV serum.

HN

Xba1/HNf
—

HindIll/HNr
<—

Xba |

PCR primers

Xba1/HNf: 5'-GCTCTAGAGCATGGACCGCGCCGTTAGCC-3'

HindllI/HNr: 5-CCTAAGCTTGGCTAGCCAGACCTGGCTTCTC-3'

Fig. 1. Construction of an expression vector containing the entire open reading frame of the hemagglutinin-neuraminidase (HN) gene

from Newcastle disease virus (NDV).



Large-scale production of the rHN protein

The rHN was prepared from Sf9 cells infected with
rBac/NDV-HN. Briefly, S cells were cultured in a 175-cm’
tissue culture flask and infected with rBac/NDVHN virus at
a multiplicity of infection of 0.1 before incubating for 90 min
at 27°C. Infected cells were harvested and added to 200 mL
of Sf9 cells at a concentration of 2 x 10° cells mL™ in a
spinner flask, after which they were incubated for 4 days at
27°C and then harvested and precipitated by centrifugation
at 500 x g for 20 min at 4°C. Next, the cell pellet was
resuspended in 1/20 volume of 0.01 M PBS containing a
protease inhibitor cocktail (Roche Molecular Biochemicals,
Germany). Cells were lysed by briefly sonicating, before
clarification by centrifugation at 500 x g for 20 min. The
rHN protein extracted from the cell lysate was maintained
at —70°C prior to use as an antigen in the HI assay.

Western immunoblotting

The rHN protein was electrophoretically separated
through NuPAGE Novex Bis-Tris Gels using an Xcell
SureLock Mini-cell (Invitrogen) according to the
manufacturer’s instructions. The separated polypeptides
were then transferred from the gels onto nitrocellulose
membranes using an Xcell II Blot Module (Invitrogen) in
accordance with the manufacturer's protocols. Next,
standard immunoblotting was performed using anti-NDV
hyperimmune chicken serum (1 : 100 dilution) and specific
antigen-antibody reactions were visualized on each
membrane by applying anti-chicken IgG (H+L) conjugated
with alkaline phosphatase (1 : 1,000 dilution), followed by
BCIP/NBT substrate solution (Kirkegaard-Perry Laboratories,
USA).

Serum samples

The HI assay used 1,221 chicken sera that were maintained
at the OIE Reference Laboratory for Newcastle Disease of
the Animal, Plant and Fisheries Quarantine and Inspection
Agency (QIA), Korea. These sera include experimental
chicken sera (n = 430) and field chicken sera (n = 791).
Experimental chicken sera include experimentally vaccinated
chicken sera (known positive, n = 314) and SPF chicken sera
(known negative, n = 116). During 2008 ~2009, field
chicken sera were collected from commercial broiler farms
in which NDV vaccination programs had been routinely
implemented. This study also used hyperimmune chicken
sera to NDV, avian paramyxovirus type 2 (APMV-2),
infectious bronchitis virus (IBV) and avian influenza virus
(AIV), which were maintained at the OIE Reference
Laboratory for Newcastle Disease at QIA, Korea.

HA and HI tests

The HA and HI tests were performed on sera in
V-bottomed microwell plates according to the OIE Manual
of Standard Diagnostic Tests [1]. Four HA units of NDV or
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rHN antigen were used and Anti-La Sota chicken serum
(HI titer of 64) and SPF chicken serum were included with
each test as positive and negative control sera, respectively.
Back-titration of each antigen used was performed on each
occasion to confirm that four HA units per well were
present. Before accepting the test results, the control sera
were required to be within a two-fold dilution range of their
known HI titer. The HI titer was determined as the
reciprocal of the highest dilution of serum that caused total
inhibition of HA activity with 4 HA units of antigen. All
tests were repeated in duplicate. The HI titers were
expressed as the reciprocal of logs in this study. Sera with
HI titers = 4 were considered as positive according to the
OIE criteria [1].

Statistical analysis

The sensitivity and specificity of the rHN-based HI assay
was determined relative to the NDV-based HI assay, where
the degree of agreement between tests was estimated based
on the kappa (k) value and the correlation coefficient (7), as
previously described [24,25].

Results

Expression of the entire HN protein using a
recombinant baculovirus

As expected, a DNA fragment of 1754 bp that contained
1734 bp of the entire HN ORF from NDV (La Sota strain)
was successfully amplified by RT-PCR and cloned into the
pCR-Blunt vector. The expression vector pFB/NDVHN
was constructed by insertion of the DNA fragment, which
was digested with Xbal and Hindlll restriction enzymes,
into the pFastBacl vector. A recombinant baculovirus
rBac/NDVHN expressing the entire HN ORF (1734 bp)
was generated using Bac-to-Bac baculovirus expression
systems. The rBac/NDVHN produced cytopathic effects in
infected Sf9 cells. Infected cell lysates agglutinated 0.5%
(v/v) chicken red blood cells strongly, while the HA activity
was inhibited in the presence of hyperimmune anti-NDV
serum, and no HA activity was observed in uninfected cell
lysates. SDS-PAGE analysis detected a distinct protein
band with an apparent molecular mass of approximately 63
kDa in the infected cell lysates, but not in the uninfected cell
lysates. Western blotting showed that the protein band from
infected cell lysates bound strongly to hyperimmune
anti-NDV serum (Fig. 2A). These findings indicated that
the band at approximately 63 kDa corresponded to the
unglycosylated form of the HN protein from NDV [34].

Mass production of rHN protein

The rHN protein antigen was produced in a spinner
culture with a 200-mL culture volume of Sf9 cells at a
concentration of 2 x 10° cells mL™. A 10-mL volume of
rHN protein antigen was finally prepared from the infected
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Fig. 2. Western blot analysis (A) and hemagglutination (HA) titer (B) of cell lysates from recombinant baculovirus-infected cells. The
arrow in Fig. 1A indicates recombinant hemagglutinin-neuraminidase (rHN) proteins binding to NDV antibodies. The HA titer was
determined as the reciprocal of the highest dilution with HA activity. M: protein molecular weight marker; Lane 1: infected cell lysate;

Lane 2; normal cell lysate.
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Fig. 3. Correlation between serum hemagglutination inhibition
(HI) titers obtained using the rHN-based HI and NDV-based HI
assays. Test sera were from healthy commercial chickens (n =
791) in broiler farms where vaccination was performed routinely.

cells. When titrated using the HI assay, the antigen
concentration was 2" HA units per 25-uL (Fig. 2B),
indicating that the antigen could yield 20,480 mL of
working solution, containing four HA units per 25-uL to be
used as an HI antigen. However, lysates from normal cells
exhibited no HA activity with chicken red blood cells. The
same volume of inactivated NDV antigen prepared using
chicken eggs contained 2'> HAU per 25 uL.

The stability of the rHN protein, which was prepared for
use as an HI antigen, was tested with a microtiter HA test
using chicken RBCs. Formalin-inactivated NDV antigen
was tested under the same conditions as the control. Fig. 3
shows the HA titers of different types of HI antigen
preparations during 6 months of storage at 4°C. After
storage, the HA titers were compared to those obtained
soon after preparation of the antigens. The rHN antigen

maintained a stable HA activity for up to 6 months at 4°C,
although the HA titer decreased slightly from 2" to 2'". The
stability of the rHN antigen was similar to that of the
inactivated NDV antigen (from 2'* to 2'%).

Diagnostic performance of rHN-based HI assay

The rHN-based HI assay was tested with field serum
samples (n =791) from commercial chickens that had been
vaccinated using commercial live NDV vaccines and the
results were compared with those obtained using an HI
assay based on inactivated NDV antigen. Of the sera tested,
95.7% (757/791) were consistent with both HI assays,
whereas the remaining sera (4.3%) produced results that did
not agree between the rHN-based HI and the conventional
NDV-based HI assay. All sera that produced differences in
the two tests had HI titers of 4 when using either rHN-based
HI (n = 25) or conventional NDV-based HI (n =9). Thus,
the relative sensitivity and specificity of the rHN-based HI
assay were 96.1% and 95.5%, respectively, when compared
with the conventional NDV-based HI assay (Table 1). The
kappa value when comparing both tests was 0.90 (Table 1).
The logy-based HI titers for all sera in HI assays with rHN
antigens were linearly correlated with the log,-based HI
titers obtained using the NDV antigen, while the
correlation coefficient () of NDV versus the rHN antigen
was 0.927 (Fig. 3).

Specific detection of anti-NDV antibodies using the
rHN-based HI assay

To determine whether the rHN protein could be
recognized by anti-NDV antibodies using the HI assay,
experimental chicken sera were tested by HI assay based
on rHN protein including known positive and negative
chicken sera (n = 430). Known positive sera (n = 314)
comprising experimentally vaccinated chicken sera were



tested using an rHN-based HI assay. In the rHN-based HI
assay, 98.7% (310/314) of known positive sera were
positive (i.e., sensitivity of 98.7%). All known negative
sera (n = 116) from unvaccinated SPF chickens were also
negative based on the rHN-based HI assay (specificity of
100%). Among known positive sera, 80 randomly selected
samples were titrated using the rHN-based HI assay and
the results were compared with the conventional HI test
(Table 2). The correlation coefficient ( value) for the four
groups of strains (Ulster 2C, La Sota, KJW/49 and Kr005)
were 0.930, 0.956, 0.960 and 0.969, respectively, upon
comparison of titers using both HI tests. rHN protein was
tested using the HI assay to determine whether there was
any cross-reactivity with anti-sera for other pathogens,
including avian paramyxovirus type 2, infectious
bronchitis virus, and AIV HIN2. The HA activity of the
rHN protein was not inhibited in the presence of these sera,
indicating no cross-reactivity with other viral pathogens.

Discussion

This study tested whether rHN protein expressed by
recombinant baculovirus was suitable for use as an antigen
in an HI assay for the detection of NDV antibodies. To

Table 1. Comparison between the recombinant hemagglutinin-
neuraminidase (rHN)-based hemagglutination inhibition (HI)
and Newcastle disease virus (NDV)-based HI assays using field
chicken serum samples

rHN-based HI

Conventional HI

Positive Negative Total
Positive 223 9 232
Negative 25 534 559
Total 248 643 791

Relative specificity = 95.5% (534/559); relative sensitivity =
96.1% (223/232); kappa value = 0.90.
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express the entire HN protein, a DNA fragment that
contained the entire ORF of the HN protein gene was
amplified, after which it was cloned into a plasmid and then
incorporated into a baculovirus genome. Western
immunoblotting demonstrated that the recombinant
baculovirus produced an abundance of rHN protein
product with a molecular weight of approximately 63 kDa,
which corresponded to the unglycosylated form of HN
protein from the authentic NDV. In addition, it produced a
low expression level of a tHN protein product with a
molecular weight of approximately 75 kDa, which
corresponded to the glycosylated form of HN protein from
the authentic NDV. These findings are in accordance with
those of previous studies [30,31,34] and suggest that most
of the rHN protein was extracted from infected cells in its
unglycosylated form prior to glycosylation [30] or that the
glycosylated form of rHN protein was expressed at low
levels by the recombinant baculovirus in insect cells.
Further study is needed to investigate how such
glycosylation affects the antigenic structure of the HN
protein; nevertheless, the rHN antigen prepared from
insect cells in this study had high HA unit titers, and the HA
activity was inhibited in the presence of NDV antibodies,
indicating that the rHN protein possessed biological
function (such as HA activity) of HN protein from the
authentic NDV.

The rHN antigen produced in this study had several
advantages over chicken egg-derived NDV antigen when
used in an HI assay. The rHN antigen had a high yield of
HN protein with 2" HA units per 25 uL, which matched the
inactivated NDV antigen prepared using the same volume
of allantoic fluid from chicken eggs. Ong et al. [31]
reported that the rHN protein produced from recombinant
virus-infected cell lysates had HA titers of 2* HA units. The
rHN protein yield reported by Ong et al. [31] was very low
when compared with that in this study, which was probably
due to differences in the virus strain used for expression of
the rHN protein gene, the baculovirus expression system,
or the procedure for rHN protein extraction.

The cell culture-based rHN antigen was readily prepared

Table 2. Comparison of HI antibody titers of sera samples of chicken groups vaccinated with different vaccine strains determined by

the rHN-based assay and the conventional HI test

HI antibody titer (logy)

Vaccine group Number serum tested

Correlation (r)

rHN antigen NDV antigen
Ulster2C (1)* 20 6.5+ 1.64 6.1+1.16 0.930
LaSota (II) 20 6.4+2.76 6.2+2.61 0.956
KJW/49 (11I) 20 44+£2.76 45+2.78 0.960
Kr005 (VII) 20 4.6 +£3.09 49 +2.55 0.969

*Number in parenthesis represents genotype of class Il NDV.
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without the need to handle any biohazards or harmful
chemicals such as formalin or betapropiolactone. In
addition, the unpurified rHN antigen in its crude form had
good stability and there was little effect on its HA activity
after storage for over 12 weeks at 4°C, which was possibly
due to the presence of protease inhibitors that prevented
rapid degradation by cellular proteases. Thus, the method
used for the high yield expression of rHN protein in this
study could be beneficial for the inexpensive and simple
production of cell culture-based antigen. If the supply of
expensive SPF eggs is inadequate or they are not available,
cell culture-based antigen could be the main alternative to
NDV antigen prepared from chicken eggs.

The preparation of the NDV antigen requires the handling
of infectious NDV, which can cause mild symptoms in
humans such as conjunctivitis [4,7,11,13-15,26,32,33,36].
This is particularly true of virulent NDV strains, which
demand virus handling in a laboratory with a biosafety
level II facility. Thus, there are some biohazard risks when
the NDV antigen is prepared in the laboratory. However,
cell culture-based recombinant protein can be produced
safely in a general laboratory without strict biosecurity.

Genotype VII antigenic variants have mainly been
reported in Korea and China, where intensive vaccination
of poultry has been implemented [8,18]. It has also been
reported that there may be differences in measured HI titers
for the same serum samples between the vaccine virus
antigen and the genotype VII variant antigen [9,17], as
observed in other genotypes of NDV. Such antigenic
variation has led to a broad discussion of whether the
vaccines have to be antigenically adjusted or not [12,20,23].
Use of genotype-matched HI antigens instead of currently
available vaccine antigens would be helpful in determination
of a level of protective immunity to match the circulating
field strains. The use of a cell culture system in the study
can facilitate the production of recombinant HN antigens
that are tailor-made, as well as genotype-matched HI
antigens if recombinant viruses expressing the target gene
of interest are available.

The rHN-based HI assay had a specificity and sensitivity
of 100% and 98.0%, respectively, when applied to known
positive and negative chicken sera. The titers of sera
measured by rHN-based HI assay were highly correlated
with conventional HI assay, regardless of the virus
genotype tested, indicating that the rHN antigen could
detect NDV antibodies present in chicken sera. When
compared with the NDV-based HI assay, the rHN-based HI
assay had a relative sensitivity and specificity of 96.1% and
95.5%, respectively, when commercial chicken serum
samples (n = 791) were tested using both HI assays. Thus,
there was an agreement of 90% (kappa value = 0.90)
between the rHN-based HI assay and the NDV-based HI
assay. Many laboratories use HI assays on a herd basis
when evaluating chicken flocks. The rHN-based HI assay

could provide a reliable alternative to the NDV-based HI
assay when assessing the level of humoral immune
response in vaccinated chickens or infected chickens on
farms. According to previous studies [24,38], ELISAs
using recombinant HN antigens are sensitive, specific and
accurate when compared to the standard HI test, suggesting
that rtHN protein used in this study can be applied to ELISA
for detection of NDV-specific antibodies in chicken sera.

Acknowledgments

This work was supported by the Animal and Plant
Quarantine Agency, Ministry of Agriculture, Food and
Rural Affairs, Korea.

References

1. Afonso CL, Miller PJ, Grund C, Koch G, Peeters, B,
Selleck PW, Srinivas GB. Newcastle disease. In: OIE
Manual of Diagnostic Tests and Vaccines for Terrestrial
Aanimals, 2012. 7th ed. pp. 555-573, OIE, Paris, 2012.

2. Alexander DJ. Newcastle disease and other avian
paramyxoviruses. Rev Sci Tech 2000, 19, 443-462.

3. Alexander DJ. Newcastle disease in the European Union
2000 to 2009. Avian Pathol 2011, 40, 547-558.

4. Anderson SC. A note on two laboratory infections with the
virus of Newcastle disease. Med J Aust 1946, 1, 371.

5. Beard CW, Hopkins SR, Hammond J. Preparation of
Newecastle disease virus hemagglutination-inhibition test
antigen. Avian Dis 1975, 19, 692-699.

6. Bose S, Welch BD, Kors CA, Yuan P, Jardetzky TS,
Lamb RA. Structure and mutagenesis of the parainfluenza
virus 5 hemagglutinin-neuraminidase stalk domain reveals a
four-helix bundle and the role of the stalk in fusion
promotion. J Virol 2011, 85, 12855-12866.

7. Burnet FM. Human infection with the virus of Newcastle
disease of fowl. Med J Aust 1943, 2, 313-314.

8. Cho SH, Kwon HJ, Kim TE, Kim JH, Yoo HS, Kim SJ.
Variation of a Newcastle disease virus hemagglutinin-
euraminidase linear epitope. J Clin Microbiol 2008, 46,
1541-1544.

9. Cho SH, Kwon HJ, Kim TE, Kim JH, Yoo HS, Park MH,
Park YH, Kim SJ. Characterization of a recombinant
Newcastle disease virus vaccine strain. Clin Vaccine
Immunol 2008, 15, 1572-1579.

10. Cosset FL, Bouquet JF, Drynda A, Chebloune Y,
Rey-Senelonge A, Kohen G, Nigon VM, Desmettre P,
Verdier G. Newcastle disease virus (NDV) vaccine based
on immunization with avian cells expressing the NDV
hemagglutinin-neuraminidase glycoprotein. Virology 1991,
185, 862-866.

11. Dardiri AH, Yates VM, Flanagan TD. The reaction to
infection with the B1 strain of Newcastle disease virus in
man. Am J Vet Res 1962, 23, 918-921.

12. Dortmans JCFM, Peeters BPH, Koch G. Newcastle
disease virus outbreaks: Vaccine mismatch or inadequate
application? Vet Microbiol 2012, 160, 17-22.



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

Freymann MW, Bang FB. Human conjunctivitis due to
Newcastle virus in the U.S.A. Bull Johns Hopkins Hosp
1949, 84, 409-413.

Goebel SJ, Taylor J, Barr BC, Kiehn TE, Castro-
alaspina HR, Hedvat CV, Rush-Wilson KA, Kelly CD,
Davis SW, Samsonoff WA, Hurst KR, Behr MJ, Masters
PS. Isolation of avian paramyxovirus 1 from a patient with a
lethal case of pneumonia. J Virol 2007, 81, 12709-12714.
Gustafson DP, Moses HE. Isolation of Newcastle disease
virus from the eye of a human being. ] Am Vet Assoc 1951,
117, 1-2.

Heckert RA, Nagy E. Evaluation of the hemagglutiniation-
inhibition assay using a baculovirus-expressed hemagglutinin-
neuraminidase protein for detection of Newcastle disease virus
antibodies. J Vet Diagn Invest 1999, 11, 99-102.

Hu S, Ma H, Wu Y, Liu W, Wang X, Liu Y, Liu X. A
vaccine candidate of attenuated genotype VII Newcastle
disease virus generated by reverse genetics. Vaccine 2009,
27,904-910.

Hu S, Wang T, Liu Y, Meng C, Wang X, Wu Y, Liu X.
Identification of a variable epitope on the Newcastle disease
virus hemagglutinin-neuraminidase protein. Vet Microbiol
2010, 140, 92-97.

Huang Z, Panda A, Elankumaran S, Govindarajan D,
Rockemann D, Samal SK. The hemagglutinin-
neuraminidase protein of Newcastle disease virus determines
tropism and virulence. J Virol 2004, 78, 4176-4184.
Kapczynski DR, King DJ. Protection of chickens against
overt clinical disease and determination of viral shedding
following vaccination with commercially available
Newcastle disease virus vaccines upon challenge with highly
virulent virus from the California 2002 exotic Newcastle
disease outbreak. Vaccine 2005, 23, 3424-3433.

Lee YJ, Sung HW, Choi JG, Kim JH, Song CS. Molecular
epidemiology of Newcastle disease viruses isolated in South
Korea using sequencing of the fusion protein cleavage site
region and phylogenetic relationships. Avian Pathol 2004,
33, 482-491.

Mayo MA. A summary of taxonomic changes recently
approved by ICTV. Arch Virol 2002, 147, 1655-1663.
Miller PJ, Estevez C, Yu Q, Suarez DL, King DJ.
Comparison of viral shedding following vaccination with
inactivated and live Newcastle disease vaccines formulated
with wild-type and recombinant viruses. Avian Dis 2009, 53,
39-49.

Mohan CM, Dey S, Rai A, Kataria JM. Recombinant
haemagglutinin neuraminidase antigen-based single serum
dilution ELISA for rapid serological profiling of Newcastle
disease virus. J Virol Methods 2006, 138, 117-122.

Moro de Sousa RL, Montassier HJ, Pinto AA. Detection
and quantification of antibodies to Newcastle disease virus
in ostrich and rhea sera using a liquid phase blocking

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Recombinant HN antigen for HI test for NDV 297

enzyme-linked immunosorbent assay. Clin Diagn Lab
Immunol 2000, 7, 940-944.

Mustaffa-Babjee A, Ibrahima AL, Khim TS. A case of
human infection with Newcastle disease virus. Southeast
Asian J Trop Med Public Health 1976, 7, 622-624.

Nagy E, Derbyshire JB, Dobos P, Krell PJ. Cloning and
expression of NDV hemagglutinin-neuraminidase cDNA in
a baculovirus expression vector system. Virology 1990, 176,
426-438.

Nagy E, Krell PJ, Dulac GC, Derbyshire JB. Vaccination
against Newcastle disease with a recombinant baculovirus
hemagglutinin-neuraminidase subunit vaccine. Avian Dis
1991, 35, 585-590.

Niikura M, Matsuura Y, Hattori M, Onuma M, Mikami
T. Characterization of haemagglutinin-neuraminidase
glycoprotein of Newcastle disease virus expressed by a
recombinant baculovirus. Virus Res 1991, 20, 31-43.

Ong HKA, Ali AM, Omar AR, Tan WS, Yusoff K.
N-linked glycosylated HN protein of NDV strain AF2240
expressed in baculovirus-infected Sf9 cells. J Biochem Mol
Biol Biophys 1999, 3, 147-151.

Ong HKA, Ali AM, Omar AR, Yusoff K. Cloning and
expression of the HN gene from the velogenic viscerotropic
Newcastle disease virus strain AF2240 in Sf9 insect cells.
Cytotechnology 2000, 32, 243-251.

Shimkin NI. Conjunctival haemorrhage due to an infection
of Newcastle virus of fowls in man: laboratory and contact
infection. Br J Ophthmol 1946, 30, 260-264.

Swayne DE, King DJ. Avian influenza and Newcastle
disease. ] Am Vet Med Assoc 2003, 222, 1534-1540.

Tan WS, Lau CH, Ng BK, Ibrahim AL, Yusoff K.
Nucleotide sequence of the haemagglutinin-neuraminidase
(HN) gene of Malaysian heat resistant viscerotropic-
velogenic Newcastle disease virus (NDV) strain AF2240.
DNA Seq 1995, 6, 47-50.

Yan Y, Rout SN, Kim SH, Samal SK. Role of untranslated
regions of hemagglutinin-neuraminidase gene in replication
and pathogenicity of Newcastle disease virus. J Virol 2009,
83, 5943-5946.

Yatom J. An outbreak of conjunctivitis in man associated
with the virus of Newcastle disease. Harefuah 1946, 3,
69-70.

Yuan P, Swanson KA, Leser GP, Paterson RG, Lamb
RA, Jardetzky TS. Structure of the Newcastle disease virus
hemagglutinin-neuraminidase (HN) ectodomain reveals a
four-helix bundle stalk. Proc Natl Acad Sci U S A 2011, 108,
14920-14925.

Zoth SC, Gomez E, Carballeda JM, Carrillo E,
Berinstein A. Expression of a secreted version of the
hemagglutinin-neuraminidase glycoprotein of Newcastle
disease virus: its evaluation as a diagnostic reagent. J Vet
Diagn Invest 2011, 23, 519-523.



