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An earlier report (M. Sakaguchi et al., Vaccine 16:472-479, 1998) showed that recombinant Marek’s disease
virus type 1 (rMDV1) expressing the fusion (F) protein of Newcastle disease virus (NDV-F) under the control
of the simian virus 40 late promoter [rMDV1-US10L(F)] protected specific pathogen-free chickens from NDV
challenge, but not commercial chickens with maternal antibodies against NDV and MDVI1. In the present
study, we constructed an improved polyvalent vaccine based on MDV1 against MDYV and NDV in commercial
chickens with maternal antibodies. The study can be summarized as follows. (i) We constructed rMDV1
expressing NDV-F under the control of the MDV1 glycoprotein B (gB) promoter [rMDV1-US10P(F)]. (ii)
Much less NDV-F protein was expressed in cells infected with rMDV1-US10P(F) than in those infected with
rMDV1-US10L(F). (iii) The antibody response against NDV-F and MDV1 antigens of commercial chickens
vaccinated with rMDV1-US10P(F) was much stronger and faster than with rMDV1-US10L(F), and a high level
of antibody against NDV-F persisted for over 80 weeks postvaccination. (iv) rMDV1-US10P(F) was readily
reisolated from the vaccinated chickens, and the recovered viruses were found to express NDV-F. (v) Vacci-
nation of commercial chickens having maternal antibodies to rMDV1-US10P(F) completely protected them
from NDV challenge. (vi) rMDV1-US10P(F) offered the same degree of protection against very virulent MDV1
as the parental MDV1 and commercial vaccines. These results indicate that rMDV1-US10P(F) is an effective
and stable polyvalent vaccine against both Marek’s and Newcastle diseases even in the presence of maternal

antibodies.

Marek’s disease virus (MDV) is an etiological agent of
Marek’s disease (MD), a highly contagious malignant T-lym-
phomatosis of chickens caused by MDYV serotype 1 (MDV1)
(10, 32, 52). MD represents the first cancer to be prevented
and controlled by the use of live attenuated or naturally avir-
ulent vaccines (11, 12). MD vaccine viruses are divided into
three categories: attenuated MDV1, naturally apathogenic
MDV?2, and MDV3, also called herpesvirus of turkeys (HVT),
the naturally apathogenic strain (68). The MD vaccine viruses
are considered one of the most potent vectors for polyvalent
live vaccines expressing foreign antigens related to vaccine-
induced immunity against poultry diseases for the following
reasons. (i) The viruses induce lifetime protection against MD
with just one vaccination (39), (ii) the viruses have a natural
host range limited to avian species, and therefore, the vectors
would be safe for other domestic animals and people working
in the poultry industry, and (iii) techniques for generating
recombinant MDVs have been well established (45, 49).
Among the vaccine viruses, HVT has been used worldwide both
as live vaccine and polyvalent vaccine vector (13, 17, 28, 29, 41, 42,
53). However, attenuated MDV1 strains, such as C/R6 (G. F. de
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Boer, J. M. A. Pol, and S. H. M. Jeurissen, Proc. 3rd Int. Symp.
Marek’s Dis., p. 405413, 1988) and R2/23 (67), are clearly supe-
rior to HVT (R. L. Witter, Proc. 19th World’s Poult. Congr., p.
298-304, 1992) because the MDV1 vaccine is more efficient than
the HVT vaccines, especially against very virulent MDV1
(wMDV1). Thus, attenuated MDV1 is suitable for construction
of a recombinant vaccine against avian diseases.

We have been developing recombinant polyvalent vaccines
based on attenuated MDV1 strains. We previously examined
22 sites for insertion of a foreign gene (the Escherichia coli
lacZ gene) into the MDV1 genome by homologous recombi-
nation and identified several stable sites for expression of the
gene in cultured cells (K. Hirai, M. Sakaguchi, H. Maeda, Y.
Kino, H. Nakamura, G. S. Zhu, and M. Yamamoto, Proc. 19th
World’s Poult. Congr., p. 150-155, 1992). Of these sites, those
of the US3 and US10 genes and the junction region between
the unique short (Ug) and short inverted repeats were nones-
sential not only for viral growth in culture but also for vaccine-
induced immunity (45, 49, 54). In addition, other groups re-
ported several nonessential sites within Ug repeat for viral
growth in culture (9, 37, 38). Among genes at these insertion
sites, the US10 gene appears to be the most stable and not to
be connected with vaccinal immunogenicity (45). Based on the
information obtained above, we constructed recombinant
MDV1 (rtMDV1) expressing the fusion (F) protein of the New-
castle disease virus (NDV-F) gene under the control of the
simian virus 40 (SV40) late promoter inserted within the US10
gene of MDV1 [rMDV1-US10L(F)] and tested the efficiency
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of the polyvalent vaccine by using vaccinated chickens chal-
lenged with NDV and MDV1 (47). tMDV1 showed almost
100% protective efficacy against NDV and MDV1 challenge in
specific-pathogen-free (SPF) chickens lacking maternal anti-
bodies from ND and MD by one-time inoculation, whereas the
protective efficacy varied among experiments and decreased on
average to 70% in chickens with maternal antibodies even
though the challenge experiments were performed at a time
when the maternal antibodies would not affect an evaluation of
the protective efficacy. In the other systems using tHVT ex-
pressing NDV-F under the control of a strong promoter from
the Rous sarcoma virus long terminal repeat and several re-
combinant fowl poxviruses (rFPV) expressing the NDV-F or
hemagglutinin-neuraminidase gene, a similar problem with the
maternal antibodies was also reported (14, 25, 28, 29, 35, 57,
58). Although it is not known why the recombinant polyvalent
vaccines are not completely effective against the avian diseases
in the presence of maternal antibodies, it is conceivable that
the strong expression of these foreign genes induces a strong
host immune reaction against the recombinant vaccines, which
results in inhibition of the growth of the recombinant viruses in
chickens. The suppression of the growth of vaccine viruses
would reduce or redirect the efficiency of the recombinant
vaccines in chickens. Therefore, it is hypothesized that the use
of an appropriate promoter that regulates the expression of
foreign genes would improve the efficiency of the recombinant
viruses in chickens with maternal antibodies. In the present
study, we attempted to develop a novel recombinant polyvalent
vaccine based on the MDV1 background by using the MDV1
glycoprotein B (gB) promoter for expression of NDV-F pro-
tein and demonstrated the following. (i) In cell culture, the
recombinant rtMDV1, in which NDV-F expression is con-
trolled by the MDV1 gB promoter [TMDV1-US10P(F)], ex-
pressed less NDV-F than did tMDV1-US10L(F), in which
NDV-F cDNA expression is driven by the SV40 late promoter.
(ii) In chickens immunized with rMDV1-US10P(F), the im-
mune response against NDV-F and MDV1 was much faster
and stronger than that with rMDV1-US10L(F). (iii) As we
previously reported (47), the immunization of commercial
chickens possessing maternal antibodies against NDV and
MDV1 with rMDV1-US10L(F) resulted in only approximately
70% protection against NDV challenge, whereas rMDV1-
US10P(F) provided complete protection against NDV chal-
lenge in commercial chickens. (iv) The protection efficacy with
rMDV1-US10P(F) against wMDV1 is as good as that with the
parent attenuated MDV1. These results indicate that rMDV1-
US10P(F) is an effective polyvalent vaccine against ND and
MD even in the presence of maternal antibodies to these
viruses.

MATERIALS AND METHODS

Viruses and cells. The avirulent MDV1 CVI988 strain, recombinant viruses,
and the virulent MDV1 Alabama strain were propagated in monolayers of
primary chicken embryo fibroblasts (CEFs), which were cultured in Eagle’s
minimum essential medium supplemented with 5% fetal calf serum and antibi-
otics. The number of passages of parent CVI988 was 26 and those of recombi-
nant viruses used in animal experiments were 13. The RB1B strain of vvMDV1
was propagated in monolayers of primary chicken kidney cells, which were
cultured in the same medium as the CEFs. The virulent NDV strain Sato was
propagated in growing eggs from SPF chickens.

Construction of plasmids and rMDV1s. The BamHI-I3 fragment of the
MDV1 CVI988 strain containing the gB promoter region was cloned into
pUC119 (7, 15, 43). The nucleotide sequence of the gB promoter region was
determined by Sawady Technology Sequencing Service (Tokyo, Japan). Accord-
ing to the nucleotide sequence, a PCR primer pair to which the EcoRI site was
added at each 5" end was designed to amplify 550 bp of the MDV1 gB promoter
region (Fig. 1B). The PCR product was digested with EcoRI and SspI or with
EcoRI and Ndel, and the resulting 500- or 230-bp subfragment was named P or
N fragment, respectively (Fig. 1B). A 770-bp subfragment of SfaNI-SfaNI was
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FIG. 1. MDV1 gB promoter region. (A) Location of the gB ORF in the U
region of the MDV1 genome. (B) Locations of the fragments F, P, and N
upstream of the gB ORF. (C) Sequence upstream of the MDV1 gB ORF.
Nucleotide positions are numbered with reference to the translation initiation
codon ATG (underlined, designated +1). Predicted CAT and TATA boxes are
boxed. The 5" end of NDV-F mRNA determined by the RACE method is
marked by asterisks.

designated F fragment (Fig. 1B). To construct transfer plasmids for generating
rMDV1s, pKA4L(F) (47), which contains NDV-F ¢cDNA (52) under the control
of the SV40 late promoter, was used. A HindIII-Xhol fragment of pKA4L(F) was
substituted for the F, P, or N fragment, and the resulting plasmids were desig-
nated pKA4F(F), pKA4P(F), and pKA4N(F), respectively. rMDV1 was con-
structed essentially as described previously (45, 49). Briefly, CEFs infected with
CVI988 was transfected with a transfer plasmid, pKA4F(F), pKA4P(F), or
pKA4N(F), by electroporation. At 7 days after transfection, the plaques were
stained with the monoclonal antibody to NDV-F protein 313 (63, 64) and goat
anti-mouse immunoglobulin G (IgG) horseradish peroxidase (HRP) conjugate
(Bio-Rad Laboratories, Hercules, Calif.) as described previously (47). The pos-
itive plaques were collected and plated on fresh CEFs. The cloning procedure
was repeated until all of the plaques were stained positively for NDV-F expres-
sion. The conditions used for DNA extraction and Southern blot hybridization
were essentially as described previously (20).

Detection of antigens and antibodies. To confirm that the transfer plasmids
express NDV-F protein, each transfer plasmid was transfected into CEFs by
using Lipofectin (GIBCO-BRL, Life Technologies, Inc., Gaithersburg, Md.).
Two days after transfection, the cells were fixed with acetone and subjected to an
immunofluorescence (IF) test using the monoclonal antibody against NDV-F
and anti-mouse IgG labeled with fluorescein isothiocyanate.

To quantitate the expression of NDV-F protein, CEFs transfected with each
transfer plasmid were harvested, washed with phosphate-buffered saline (PBS),
and added to the wells of 96-well microtiter plates at identical cell concentra-
tions. These plates were dried overnight at 37°C. Then, monoclonal antibody
diluted 1:3,000 in PBS containing 5% fetal bovine serum was added to each well,
and the plates were incubated overnight at 4°C. After extensive washing of the
plates with PBS containing 0.05% Tween 20, anti-mouse IgG labeled with HRP
(Bio-Rad Laboratories) at a 1:300 dilution in the same buffer was added, and
incubation continued for 1 h at 37°C. After another wash as before, the wells
were developed by adding 0.1 ml of the ABTS (2,2'-azino-bis-[3-ethylbenzthia-
zoline-6-sulfonic acid]; Sigma Chemical Co., St. Louis, Mo.) solution (0.5 mg/ml)
and incubating for 30 min at room temperature. The absorbance at 405 and 490
nm was read with a spectrophotometer.

To quantitate the expression of MDV1 antigens, CEFs infected with each virus
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were harvested, washed with PBS, and added to the wells of 96-well microtiter
plates at various cell concentrations. These plates were treated as described
above with the serum from an SPF chicken infected with CVI988 (1:300) and
anti-chicken IgG labeled with HRP (1:300).

To quantitate the titer of antibody against NDV-F protein in sera from vac-
cinated chickens, 0.1 ml of the sera from chickens was assayed by the enzyme-
linked immunosorbent assay (ELISA) system as described previously (46). An-
tibodies against MDV1 antigens were detected by ELISA as reported previously
(47).

Southern and Northern blot hybridization. The procedures used for DNA
extraction and Southern blot hybridization were essentially as described previ-
ously (20, 21). poly(A) " mRNA was isolated from infected cells by RNA extrac-
tion and with mRNA preparation kits (Amersham Pharmacia Biotech, Uppsala,
Sweden). RNAs were electrophoretically separated in a denaturing agarose gel
containing formaldehyde, transferred to nylon membrane (Boehringer Mann-
heim, Mannheim, Germany), and hybridized to appropriate DNA probes by
using Rapid-hyb buffer (Amersham Pharmacia Biotech). The DNA probes were
labeled with *°P by using a DNA labeling system (Amersham Pharmacia Bio-
tech) and purified for removal of unincorporated nucleotides by using NICK
Spin Columns (Amersham Pharmacia Biotech).

Determination of the 5’ end of the mRNA. To determine the 5" end of NDV-F
mRNA from rtMDV1-US10P(F), rapid amplification of cDNA ends (RACE) was
carried out with 5'-Full RACE Core Set (TaKaRa, Shiga, Japan) according to
the manufacturer’s instructions. A phosphorylated 15-mer oligonucleotide, 5'-
PAAGTAGTCAATGTCC-3', based on the nucleotide sequence of NDV-F
c¢DNA was used for the synthesis of the first strand of cDNA. The cDNA of the
5" region of the mRNA was amplified by nested PCR using two pairs of NDV-
F-specific primers and cloned into pUCI18. For the first PCR, 5'-CAGGGTCA
ATCATAATCAAGTT-3" and 5'-CTGCTTTGTCTCCTGTTCC-3' were used.
For the second PCR, 5-AAGGATAAAGAGGCGTGTGC-3" and 5'-TTCGG
ACGGTCAGCATCAG-3' were used. All primers were synthesized by Amer-
sham Pharmacia custom oligo DNA service (OligoExpress PCR; Amersham
Pharmacia Biotech, Tokyo, Japan). Then, the nucleotides of the PCR products
were sequenced by the TaKaRa sequencing service.

Animal experiments. One-day-old conventional chickens, Babcock B-300 with
maternal antibodies to MDV1 and NDV, were obtained from Tsuboi Farm
(Kumamoto, Japan). Maternal antibodies against NDV were detected by a
hemagglutination inhibition (HI) assay according to the method of Hitcher et al.
(22). The HI titers of maternal antibodies against NDV chickens used in this
study ranged from 4 to 640 (geometric mean = 58.5), and the ELISA value
against maternal MDV antibodies ranged from 0.17 to 1.03 (average = 0.60).
Vaccinations of 1-day-old conventional chickens with rMDV1s, the parental
CVI988 strain, or the NDV Bl strain (The Chemo-Sero-Therapeutic Research
Institute, Kumamoto, Japan) and challenge experiments using virulent NDV
strain Sato or vwMDV1 strain RB1B were performed as described previously
(47). Briefly, 20 1-day-old chickens in each group were vaccinated with 10,000
PFU of the indicated viruses and then challenged with 10,000 minimum lethal
doses of the NDV Sato strain at 6 weeks postvaccination. The chickens were
examined for the onset of ND daily, 2 weeks after the challenge. For MDV1
challenge experiments, 1-day-old chickens were vaccinated with 10,000 PFU of
virus and then challenged with 500 PFU of the vwMDV1 RBI1B strain at 7 days
postvaccination. Ten weeks after the challenge, the chickens were examined
grossly and histopathologically for the presence of MD lesions in the peripheral
nerves, brains, and visceral organs. Titers of antibody against NDV-F and MDV1
antigens were chased as described above. The recovery of rMDV1 from vacci-
nated chickens was examined at 7 weeks after immunization as previously de-
scribed (45).

RESULTS

MDV1 gB promoter activity for expression of NDV-F cDNA.
Ross et al. have determined the sequence of the putative pro-
moter region (positions —1 to —360 relative to the first nucle-
otide of the MDV1 gB open reading frame [ORF]) of the
MDV1 gB gene of strain RB1B (43). We determined the
nucleotide sequence of the region upstream of the gB ORF
(—1 to —621) of the MDV1 CVI988 strain and found that the
sequence from —1 to —360 was identical to that of RB1B (Fig.
1C). The region includes putative promoter elements and
TATA and CAT boxes (CAAT), as suggested by Ross et al.
Furthermore, a homologue of herpes simplex virus ICP18.5
was found in the upstream region, as reported for other alpha-
herpesviruses (4, 26, 27, 40).

Next, we examined whether the region upstream of the
MDV1 gB gene in fact possesses promoter activity by a tran-
sient-transfection assay. We selected three putative gB pro-
moter regions, including the putative TATA and CAT boxes:
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an F fragment of an SfaNI-SfaNI subfragment of 770 bp, a P
fragment of an SspI-EcoRI subfragment of 500 bp and an N
fragment of an SfaNI-Ndel subfragment of 230 bp (Fig. 1B).
The expression cassettes in which NDV-F cDNA is driven by
these putative promoter regions were inserted into the US10
region of the transfer vector. CEFs were transfected with the
transfer vectors and subjected to an IF test 72 h later. NDV-F
expression was detected in the cytoplasm of cells transfected
with the transfer vectors driven by the putative gB promoter
regions (Fig. 2A to C), whereas no IF was detected in cells
transfected with the control transfer vectors in which the pu-
tative promoter sequences were inserted in the opposite ori-
entation (Fig. 2D to F). These results indicate that the up-
stream region of the gB gene has promoter activity and the
activity is enough to express NDV-F protein.

Next, we investigated the promoter activity for NDV-F ex-
pression in these transfer vectors by ELISA. Although a con-
sistent level of NDV-F expression controlled by the sequences
within the F, P, and N fragments was detected, the level was
much lower than that controlled by the SV40 late and chicken
B-actin promoters (Fig. 2G). Therefore, the gB promoter ac-
tivity to express NDV-F is very weak, compared with those of
SV40 late and chicken B-actin promoters.

Constructs of rMDV1 expressing NDV-F under the control
of MDV1 gB promoter. To generate rMDV1 in which NDV-F
expression is controlled by MDV1 gB promoter regions, the
transfer vectors (Fig. 3A) were transfected into CEFs infected
with CVI988. Then, the plaques were immunostained with the
monoclonal antibody to NDV-F protein, and the positive
plaques were recloned until 100% of the plaques became pos-
itive. We successfully isolated three different rMDVls:
rMDV1-US10P(F) with the P fragment, rMDV1-US10N(F)
with the N fragment, and rtMDV1-US10F(F) with the F
fragment. However, we used only rMDV1-US10P(F) since
rMDV1-US10F(F) became unstable for expression of NDV-F
after the sixth passage (data not shown) and rMDVI-
US10N(F) induced very little antibody against NDV-F in sera
from inoculated chickens, as described later. rMDV1-
US10P(F) expressed NDV-F stably over 10 passages (data not
shown). Next, to confirm the insertion of the expression cas-
sette at the predicted site in rMDV1-US10P(F), DNAs ex-
tracted from CEFs infected with CVI988 or rMDVI1-
US10P(F) were digested with PstI and subjected to Southern
blot hybridization with the P fragment and US10 ORF se-
quences as probes (Fig. 3B). Insertion of the sequence of the
NDV-F gene with the gB promoter P fragment into the US10
gene was expected to yield one PstI site (Fig. 3A). Therefore,
in rMDV1-US10P(F), the P fragment hybridized to a 2.47-kb
fragment in addition to an approximately 20-kb fragment that
is derived from the gB promoter region located within the
unique long (U, ) sequence of the MDV1 DNA and also de-
tected in CVI988 (Fig. 3B). The US10 ORF probe hybridized
to two PstI fragments of 2.47 and 4.51 kb, but only to the
4.50-kb fragment in CVI988 (Fig. 3B). The possibility of con-
tamination of parental CVI988 with rtMDV1-US10P(F) was
eliminated by Northern blot analysis, the results of which are
shown in Fig. 4. In rtMDV1-US10P(F)-infected cells, any tran-
scripts from the US10 gene region that are specific to parental
CVI988 were not detectable. Furthermore, that rMDV1-
US10P(F) is free from the parental virus was confirmed by
PCR analysis of the US10 region in rMDV1-US10P(F) (data
not shown). These results indicated that the NDV-F gene
controlled by the MDV1-gB promoter was correctly integrated
into the MDV1 DNA at the predicted sites by homologous
recombination and the recombinant virus was purified.
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FIG. 2. Expression of the NDV-F gene under the control of putative gB promoters in CEFs. (A to F) IF patterns of CEF cells transfected with insertion vectors.
The insertion vector plasmids containing fragments F (A and D), P (B and E), and N (C and F) in the right (A to C) and opposite (D to F) directions were transfected
into CEFs. After 72 h, the cells were fixed and subjected to an IF test using anti-NDV-F monoclonal antibody. (G) ELISA analysis of CEF cells transfected with
insertion vector plasmids containing various promoters. Four independent experiments were performed.

Analysis of transcripts from the inserted NDV-F gene in
cells infected with rMDV1-US10P(F). To demonstrate that the
expression of NDV-F ¢cDNA in cells infected with rtMDV1-
USI10P(F) is in fact controlled by the MDV1 gB promoter
within the P fragment, we carried out a RACE with NDV-F-
specific primers. As shown in Fig. 5, an approximately 240-bp
fragment was amplified mainly by using RNA from rMDV1-
US10P(F)-infected cells and not by using those from mock- or
CVI988-infected cells. By cloning and sequencing seven

cDNAs obtained from independent PCR amplifications, the
transcription initiation sites of the NDV-F expression cassette
were mapped as two clusters in the MDV1 gB promoter, ap-
proximately 25 and 45 bp downstream of the putative TATA
motif (Fig. 1C). The distance between the TATA motif and the
transcription initiation sites is similar to that in other eucary-
otic genes (6), and the CAAT box is located upstream of the
TATA motif. These results indicate that a specific transcript(s)
of NDV-F is initiated from the MDV1 gB promoter and the
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FIG. 3. Construction of rMDV1-US10(F). (A) The predicted genomic struc-
tures of parental strain CVI988 and rMDV1-US10P(F). (B) Southern hybrid-
ization blots. DNA from CEFs infected with parental CVI988 and rMDV1-
USI10P(F) were digested with PstI and then subjected to Southern blot
hybridization. The length (in kilobase pairs) of each hybridized fragment is
shown on both sides of the panel for the PstI fragments.

transcript was expressed under the control of the gB promoter.
Next, to analyze the transcripts from the inserted NDV-F gene
in the rMDV1-US10P(F) DNA, RNAs extracted from cells
infected with rtMDV1-US10P(F) or the CVI988 strain were
subjected to Northern blot hybridization (Fig. 4). The US10
ORF probe hybridized to three transcripts of 2.5, 1.7, and 0.9
kb in RNA extracted from cells infected with CVI988. Consis-
tent with our previous report (48), the probe did not detect any
transcripts in cells infected with rMDV1-US10P(F), indicating
that no US10 gene product is expressed in cells infected with
the virus. The NDV-F ¢cDNA probe hybridized to four tran-
scripts of 4.2, 3.4, 2.6, and 2.1 kb in RNAs extracted from cells
infected with rMDV1-US10P(F), but not from cells infected
with CVI988. Although we do not know at present which
transcripts detected by the NDV-F ¢cDNA probe are driven by
the MDV1 gB promoter, these results suggested that a specific
transcript(s) encoding the NDV-F OREF is expressed and con-
trolled by the gB promoter because (i) the specific transcript(s)
of NDV-F initiated from the gB promoter is detected by
RACE as described above and (ii) NDV-F protein is in fact
expressed in cells infected with rMDV1-US10P(F) (Table 1).
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FIG. 4. Northern blot hybridization of RNA extracted from CEFs infected
with parental CVI988 and rMDV1-US10P(F). The length (in kilobase pairs) of
each hybridized fragment is shown on both sides.

Expression of NDV-F protein in CEF cells infected with
rMDV1-US10P(F). To examine the expression of NDV-F and
MDV1 antigens in cells infected with rMDV1-US10P(F) and
compare it with the expression of other rMDVIs in which
NDV-F is driven by other promoters, ELISAs were performed.
The results (Table 1) show that rMDV1-US10L(F) with the
SV40 late promoter expressed NDV-F well in proportion to
MDV1 antigen. In cells infected with rMDV1-US10P(F) and
rMDV1-USI0N(F), the level of NDV-F protein expression
was consistent with that in CVI988-infected cells. However,
rMDV1-US10P(F) and rMDV1-US10N(F) expressed much
less NDV-F than rtMDV1-US10L(F). These results indicate
that gB promoter activity to express NDV-F in the context of
the MDV1 genome is less than SV40 late promoter activity,
but the capability to express NDV-F protein remains.

Immune responses and virus recovery in commercial chick-
ens immunized with rMDV1-US10P(F). To investigate the im-
mune responses against NDV-F and MDV1 antigens in com-
mercial chickens vaccinated with rMDV1-US10P(F), the sera
of chickens were examined weekly for the presence of anti-
NDV-F antibody and anti-MDV1 antibodies by ELISA from 4
weeks after inoculation. As shown in Fig. 6A, the titers of

bp
=297
=210
- 162

FIG. 5. Amplification of the 5’ cDNA of the NDV-F transcript in CEFs
infected with rMDV1-US10P(F) by the RACE method. The 5" cDNA ends of
NDV-F mRNAs were amplified by using RNA isolated from mock-infected
CEFs (lane 1) or CEFs infected with CVI988 (lane 2) or rMDV1-US10P(F)
(lane 3). The sizes of molecular weight markers are shown at the right.
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TABLE 1. Comparison of the amount of NDV-F and MDYV antigens expressed by the respective recombinant viruses

vi ELISA value Ratio of NDV/
1rus MDV
NDV MDV1
rMDV1-US10L(F) 1.309 = 0.117 1.406 = 0.046 0.933 = 0.103
rMDV1-US10P(F) 0.263 = 0.030 1.543 = 0.070 0.171 = 0.026
rMDV1-US10N(F) 0.275 = 0.044 1.948 = 0.169 0.140 = 0.013
CVI1988 0.026 = 0.004 0.935 += 0.068 0.028 = 0.006

antibody against NDV-F in chickens vaccinated with rMDV1-
US10P(F) increased from 5 weeks after inoculation, much
earlier than with rMDV1-US10L(F). The ELISA values were
much higher than the minimum ELISA value of 0.6, which
provides 100% protection against NDV challenge (47). Fur-
thermore, the high level of antibody against NDV-F persisted
for over 80 weeks (data not shown). By contrast, rMDV1-
US10N(F) showed the lowest antibody titer, providing no pro-
tection from NDV challenge as described later (data not
shown). The antibodies against MDV1 antigens were also ex-
amined in sera from commercial chickens vaccinated with
rMDV1-US10P(F) from 4 to 12 weeks after immunization. As
shown in Fig. 6B, rMDV1-US10P(F) induced higher titers of
MDV1 antibodies than rMDV1-US10L(F).

Next, to see whether tMDV1-US10P(F) is genetically stable
in commercial chickens upon insertion of the NDV-F expres-
sion cassette into the viral genome, rMDV1s were recovered
from chickens in the seventh week after vaccination and the
expression of the NDV-F protein was examined. tMDV1-
US10L(F) was not recovered from any chickens tested, while
rMDV1-US10P(F) was isolated from all chickens. Further-
more, all the plaques of recovered rMDV1-US10P(F) were
found to express NDV-F.

These results indicate that rMDV1-US10P(F) is stable even
in vivo and infects persistently with expression of the NDV-F
protein in commercial chickens. The difference in frequency
of viral isolation between rMDV1-US10P(F) and rMDV1-
US10L(F) also suggests that rMDV1-US10P(F) replicates bet-
ter in commercial chickens with maternal antibodies than does
rMDV1-US10L(F).

Protective efficacy of rMDV1-US10P(F) against NDV and
MDV1 challenges in commercial chickens. To test the protec-
tive efficacy of rMDV1-US10P(F) against NDV and MDV1,
1-day-old commercial chickens with maternal antibodies
against NDV-F and MDV1 antigens were subcutaneously in-
oculated with rMDV1s once and then challenged with NDV
strain Sato at 6 weeks postvaccination or with vvMDV1 strain
RBI1B at 7 days postvaccination. The results (Tables 2 and 3)
were as follows.

(i) As we reported earlier, the protective efficacy of rMDV1-
USI10L(F) against NDV varied from 60 to 74% in several

experiments (Table 2). In no experiments, however, did we
obtain perfect protection against ND by using rMDVI1-
US10L(F). In contrast, ’IMDV1-US10P(F) provided complete
protection against ND in all series of experiments (Table 2).

(ii) The commercial vaccines Rispens and CVI988, the pa-
rental strain of rMDV1-US10P(F), provided not perfect but
sufficient protection against vwMDV1 in commercial chickens
(Table 3). Similarly, the vaccination of commercial chickens
with rtMDV1-US10P(F) resulted in 90% protection against
vwwMDV1. The protection efficacy was as good as that of the
parental vaccine strain, CVI988, or the commercial vaccine
Rispens (Table 3).

These results indicate that rMDV1-US10P(F) is a reliable
and effective polyvalent vaccine against MD and ND for com-
mercial chickens, even those with maternal antibodies.

NDYV was barely recovered from the tracheae of commercial
chickens vaccinated with rMDV1-US10P(F) after NDV chal-
lenge. Previously reported recombinant vaccines which express
NDV-F protein generally provided systemic protection but
very poor local protection (28). To see whether vaccination of
commercial chickens with rMDV1-US10P(F) induces local im-
munity against NDV, commercial chickens were mock immu-
nized or immunized with tMDV1-US10P(F). At 7 weeks after
vaccination, those chickens were placed with three SPF chick-
ens that had been inoculated with the virulent NDV. The
chickens were examined for onset of ND daily until 3 weeks
passed and for NDV recovery from the trachea at 9 days after
NDV-infected commercial chickens were provided. The results
were as follows.

(i) All of the chickens with no vaccination showed the seri-
ous symptoms of ND immediately. In contrast, vaccination of
chickens with rMDV1-US10(F) provided complete protection
against ND.

(ii) Ten vaccinated chickens were examined for NDV recov-
ery from the trachea. NDV was recovered from only one
chicken but not from nine chickens, while the virus was easily
recovered from all nonvaccinated chickens tested. These re-
sults suggest that vaccination with rMDV1-US10(F) induces
local immunity against NDV.

TABLE 2. Protective efficacy of rMDV1-US10P(F) against virulent NDV challenge in commercial chickens

Virus for vaccination

% Protection (protected/total)

Expt 1 Expt 2 Expt 3 Expt 4
rMDV1-US10P(F) 100 (20/20) 100 (20/20) 100 (20/20) 100 (20/20)
rMDV1-US10L(F) ND“ 70 (14/20) 74 (14/19) 60 (12/20)
rMDV1-US10N(F) ND 0 (0/20) ND ND
CVI988 0 (0/20) ND ND ND
NDV vaccine Bl 100 (20/20) ND ND ND
None 0 (0/20) 0 (0/20) 5 (1/20) 0 (0/20)

“ ND, not done.
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FIG. 6. Antibody responses of commercial chickens vaccinated with rMDV1-US10P(F) and rMDV1-US10L(F). One-day-old commercial chickens were inoculated
with rMDV1-US10P(F) and rMDV1-US10L(F). The sera were tested for the presence of antibodies against NDV-F (A) and MDV1 antigens (B). Data shown are

averages and standard errors (n = 20).

DISCUSSION

Virus vectors have been widely studied for efficiency of vac-
cination and for use as a system of gene transfer into the living
body. In the poultry industry, four recombinant viruses (rFPV
[1,5,8, 14, 18, 25, 31, 34, 35, 59], rtHVT [13, 17, 28, 41, 44, 53],
adenovirus [51], and rMDV1 [45, 47, 49, 54, 62]) that express
foreign antigens of other avian pathogens (including NDV [14,

17, 24, 28-30, 35, 47, 53, 58], MDV [31, 33, 42, 44, 69], infec-
tious bursal disease virus [1, 5, 13, 18, 19, 51, 62], avian influ-
enza virus [2, 3, 5, 56, 59, 61, 65, 66], avian leukosis virus [34],
and avian reticuloendotheliosis virus [8]) have been developed,
and these viruses showed significant vaccine efficacy against a
variety of avian diseases. Further, rtHVT, rtMDV1, and rFPV
expressing NDV antigens have been constructed and used to



3224 SONODA ET AL.

TABLE 3. Protection of commercial chickens against the wMDV

RBIB strain
Virus for vaccination % Protection Protective
(protected/total) index?
rMDV1-US10P(F) 90 (18/20) 89
Parental strain (CVI988) 89 (17/19) 88
Commercial vaccine (Rispens) 84 (16/19) 83
Commercial vaccine (HVT) 44 (8/18) 41
None 5(1/20) 0

“The formula is as follows: (% of MD in unvaccinated — % of MD in
vaccinated)/% of MD in unvaccinated X 100.

protect chickens from NDV infection. Although these recom-
binant viruses showed good vaccine efficacy in SPF chickens
without maternal antibody, the vaccine efficacy decreased in
commercial chickens with maternal antibody. Therefore, an
improved recombinant polyvalent vaccine against ND that
overcomes the problem of maternal antibodies has been
awaited. MD live vaccine viruses are known to infect persis-
tently within chickens in spite of the presence of neutralizing
antibodies in sera and induce a high titer of antibody against
MDV. The expression of viral antigens of the vaccines that are
the target of the host immune system is regulated by MDV
promoters, and therefore, the vaccines are able to escape from
the host immune system and establish persistent infection in
chickens. In previous MDV-based polyvalent vaccines against
NDV infection, heterologous promoters, such as SV40 late
promoter and the Rous sarcoma virus long terminal repeat,
were used for the expression of NDV antigens. These promot-
ers are known to show very strong activity in various types of
cells (16, 55, 60), resulting in high expression levels of NDV
antigens in chickens given the vaccines. Conceivably, these
vaccines induce a strong immune response against the products
of vaccines and are unable to establish themselves, unlike MD
vaccines in chickens with maternal antibodies. Therefore, we
hypothesized that a promoter from an immunogenic viral pro-
tein of MD vaccine virus would regulate the expression of
NDV antigens properly and that a vaccine with the promoter
would grow in chickens in the same manner as MD vaccine
viruses and provide protection against NDV infection. Among
MDYV promoters, we chose the gB promoter of MDV because
(i) MDYV gB is one of the viral antigens responsible for virus
neutralization (23) and (ii) chickens immunized with the puri-
fied protein were protected partially against virulent MDV1
challenge (36). As we expected, the new polyvalent vaccine,
rMDV1-US10P(F), showed a more significant and persistent
immunogenicity against the NDV-F protein and had more
protective efficacy against NDV challenge in commercial chick-
ens with maternal antibodies than rMDV1-US10L(F) with the
SV40 late promoter. Although our vaccine is in fact effective
against both NDV and MDYV infection in chickens with ma-
ternal antibodies, the exact mechanism by which rMDVI1-
US10P(F) shows improved efficacy against NDV infection
compared to other MDV-based polyvalent vaccines is unclear
at present. Also, we do not know whether expression of
NDV-F c¢DNA is controlled only by the MDV1 gB promoter,
because four transcripts were detected by Northern blot hy-
bridization with an NDV-F probe (Fig. 4). Further character-
ization of this recombinant virus and studies to reveal why the
use of the gB promoter for the expression of the NDV-F
protein improves vaccine efficacy in the presence of maternal
antibodies would be of interest and provide insight into how to
develop effective recombinant vaccines.

The key findings of the present study are that (i) our newly

J. VIROL.

developed polyvalent vaccine [rMDV1-US10P(F)] afforded
complete protection against NDV challenge even in commer-
cial chickens with maternal antibody following only one vacci-
nation, (ii) the ability of the recombinant vaccine to protect
chickens from MDYV challenge was as good as that of the
parent MDV1 vaccine strain of the recombinant virus, and (iii)
rMDV1-US10P(F) is quite stable for the expression of NDV in
vitro and in vivo. This vaccine will be useful in the poultry
industry, and further, the usage of the gB promoter in the
context of the MDV1 genome will be applicable for vaccine
antigens for other chicken diseases, including viral, bacterial,
and parasitic diseases.
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