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ABSTRACT

Infectious laryngotracheitis (ILT) is a highly contagious acute respiratory disease of chickens caused by infectious laryngotra-
cheitis virus (ILTV). The disease is controlled mainly through biosecurity and vaccination with live attenuated strains of ILTV
and vectored vaccines based on turkey herpesvirus (HVT) and fowlpox virus (FPV). The current live attenuated vaccines
(chicken embryo origin [CEO] and tissue culture origin [TCO]), although effective, can regain virulence, whereas HVT- and
FPV-vectored ILTV vaccines are less efficacious than live attenuated vaccines. Therefore, there is a pressing need to develop safer
and more efficacious ILTV vaccines. In the present study, we generated Newcastle disease virus (NDV) recombinants, based on
the LaSota vaccine strain, expressing glycoproteins B (gB) and D (gD) of ILTV using reverse genetics technology. These recombi-
nant viruses, rLS/ILTV-gB and rLS/ILTV-gD, were slightly attenuated in vivo yet retained growth dynamics, stability, and virus
titers in vitro that were similar to those of the parental LaSota virus. Expression of ILTV gB and gD proteins in the recombinant
virus-infected cells was detected by immunofluorescence assay. Vaccination of specific-pathogen-free chickens with these re-
combinant viruses conferred significant protection against virulent ILTV and velogenic NDV challenges. Immunization of com-
mercial broilers with rLS/ILTV-gB provided a level of protection against clinical disease similar to that provided by the live at-
tenuated commercial vaccines, with no decrease in body weight gains. The results of the study suggested that the rLS/ILTV-gB
and -gD viruses are safe, stable, and effective bivalent vaccines that can be mass administered via aerosol or drinking water to
large chicken populations.

IMPORTANCE

This paper describes the development and evaluation of novel bivalent vaccines against chicken infectious laryngotracheitis
(ILT) and Newcastle disease (ND), two of the most economically important infectious diseases of poultry. The current commer-
cial ILT vaccines are either not safe or less effective. Therefore, there is a pressing need to develop safer and more efficacious ILT
vaccines. In the present study, we generated Newcastle disease virus (NDV) recombinants expressing glycoproteins B (gB) and D
(gD) of infectious laryngotracheitis virus (ILTV) using reverse genetics technology. These recombinant viruses were safe, stable,
and immunogenic and replicated efficiently in birds. Vaccination of chickens with these recombinant viruses conferred complete
protection against ILTV and NDV challenge. These novel bivalent vaccines can be mass administered via aerosol or drinking
water to large chicken populations at low cost, which will have a direct impact on poultry health, fitness, and performance.

Infectious laryngotracheitis (ILT) is a highly contagious acute
respiratory disease that has become a major problem in the U.S.

poultry industry in recent years (1). Chickens are vaccinated mul-
tiple times with live infectious laryngotracheitis virus (ILTV)
strains that were attenuated by multiple passages either in embry-
onated eggs (chicken embryo origin [CEO]) or in tissue culture
(tissue culture origin [TCO]) (2, 3). Although these vaccines pro-
tect against clinical disease, they have residual virulence which is
exacerbated by continued infections of naive birds from produc-
tively infected animals and latent carriers (4–6). Moreover, the
CEO vaccine strain has been demonstrated to mutate and become
more virulent simply by bird-to-bird passage (7). In high-density
poultry rearing facilities there is a continuous reservoir of viruses,
both virulent and vaccinal, evolving to higher levels of virulence.
These “revertants” have become the dominant field strains in
poultry populations and are the cause of field outbreaks (8, 9).

To overcome these problems associated with live attenuated
ILTV vaccine strains, inactivated whole-virus vaccines and turkey
herpesvirus (HVT) and fowlpox virus (FPV) vectors encoding

ILTV antigens have been developed (10–15). Although in protec-
tion studies these vaccines are completely safe when administered
at different ages, they induce only partial protection compared
with that induced by live attenuated vaccines (16). Thus, there is a
significant need to revise the ILT control strategies, particularly
regarding the development of next-generation vaccines that are
safe and protective.

Newcastle disease (ND), caused by infection with virulent
Newcastle disease virus (NDV), is one of the most serious infec-
tious diseases in poultry (17). Vaccination combined with strict
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biosecurity practices has been the recommended strategy for con-
trolling NDV outbreaks for over 60 years (18). The NDV LaSota
strain, a naturally occurring low-virulence NDV strain, has been
routinely used as a live vaccine throughout the world (19). This
vaccine strain induces strong immunity both locally and system-
ically and can be readily administered through drinking water
supplies or by direct spray (20). The LaSota vaccine has been
proven to be safe and stable, with no reports of virulence reversion
or recombination with field strains. During the past decade, the
LaSota vaccine and other NDV strains have been developed as
vectors using reverse genetics technology in order to express for-
eign antigens for vaccine or gene therapy purposes (21–25). Pre-
viously our group has generated LaSota strain-based recombinant
viruses expressing avian metapneumovirus (aMPV) G protein
(26, 27) and infectious bronchitis virus (IBV) S2 protein (28) as
vaccines for protection of birds against aMPV and IBV challenge.
In the present study, we further engineered the NDV LaSota vec-
tor to construct bivalent vaccines expressing the immunogenic
proteins of ILTV.

ILTV, an alphaherpesvirus, possesses at least 10 envelope gly-
coprotein genes, including the UL27 and US6 genes, encoding
glycoprotein B (gB) and glycoprotein D (gD), respectively, which
are highly conserved herpesvirus structural glycoproteins (29).
Glycoprotein B is essential for infectivity and is involved in mem-
brane fusion and virus penetration (30, 31). Glycoprotein D is
essential for most herpesviruses and functions as a receptor for
virus binding to susceptible cells (32, 33). In addition, gB in gD
elicits neutralizing antibodies and cell-mediated immune re-
sponses and has been shown to be a candidate antigen for recom-
binant vaccines (34–36). Therefore, both ILTV gB and gD were
selected as putative protective antigens in this study. Using
reverse genetics techniques, we engineered the NDV genome to
contain either the gB or gD open reading frames (ORF) of
ILTV. These recombinant viruses (rLS/ILTV-gB and rLS/
ILTV-gD) were evaluated in vitro and in vivo for levels of pro-
tein expression, stability, safety, and protection against ILTV
and NDV challenge in chickens.

MATERIALS AND METHODS
Cells, viruses, and nucleic acid isolation. The HEp-2 (CCL-81; ATCC)
and DF-1 (CRL-12203; ATCC) cell lines were grown in Dulbecco’s mod-
ified Eagle medium (DMEM) (Life Technologies, Carlsbad, CA) supple-
mented with 10% fetal bovine serum (FBS) (Life Technologies, Carlsbad,
CA) and antibiotics (100 U/ml penicillin, 100 �g/ml streptomycin, and
0.25 �g/ml amphotericin B; Thermo Scientific, Suwanee, GA) at 37°C in a
5% CO2 atmosphere. DF-1 cells were maintained in DMEM supple-
mented with 10% allantoic fluid (AF) from 10-day-old specific-pathogen-
free (SPF) chicken embryos for all subsequent infections unless otherwise
indicated. The NDV LaSota strain was obtained from ATCC (Manassas,
VA) and propagated in 9-day-old SPF chicken embryos. The velogenic
strain of NDV, California 2002 [NDV/CA02; game chicken/US(CA)/
S0212676/02], was obtained from the pathogen repository bank at the
Southeast Poultry Research Laboratory (SEPRL), USDA-ARS, Athens,
GA, USA. The ILTV strain (63140/C/08/BR) was obtained from the
pathogen repository bank at the Poultry Diagnostic and Research Center
(PDRC), University of Georgia, Athens, GA (37). The modified vaccinia
Ankara/T7 recombinant virus (MVA/T7) used during virus rescue to pro-
vide the bacteriophage T7 RNA polymerase was a kind gift from B. Moss,
National Institutes of Health (38). The commercial live attenuated ILTV
vaccines, Trachivax (CEO) and LT-Ivax (TCO), were purchased from
Merck Animal Health (Summit, NJ).

Viral RNA was isolated from the allantoic fluid of NDV-infected

chicken embryos and infected DF-1 cells using the TRIzol-LS reagent
according to the manufacturer’s instructions (Life Technologies, Carls-
bad, CA). Viral DNA extraction from tracheal and ocular swab samples
was performed using the MagaZorbH DNA Miniprep 96-well kit (Pro-
mega, Madison, WI) as described previously (12).

Construction of a recombinant LaSota cDNA clone containing the
GFP gene. The LaSota infectious clone, pFLC-LaSota (26), was used to
generate a recombinant LaSota cDNA clone with the green fluorescent
protein (GFP) gene inserted between the phosphoprotein (P) and matrix
(M) genes as an additional transcription unit (Fig. 1). To facilitate this, a
two-step approach was initiated using infusion cloning of PCR products
that were generated using Pfu Ultra II Fusion HS DNA polymerase (Agi-
lent Technologies, La Jolla, CA). First, a cDNA fragment spanning the
LaSota P and M gene junction region was amplified by PCR from the
pFLC-LaSota clone with a pair of primers (C5-M F and C5-M R [Table 1])
and cloned into the TOPO TA Cloning vector (Life Technologies, Carls-
bad, CA) to generate pT-LS-M. The LaSota M coding sequences were then
replaced with the ORF of the GFP gene using the In-Fusion PCR cloning
kit (Clontech, Mountain View, CA) with PCR products generated in am-
plification reactions using paired vector-specific primers (Insert vec Up
and Insert vec Down [Table 1]) and PCR products generated in amplifi-
cation reactions using the GFP F and GFP R primers (Table 1) with pAAV-
hrGFP plasmid (Agilent Technologies, La Jolla, CA) as a template. To
enhance GFP expression, a Kozak consensus sequence was added to the
forward primer (GFP F) at a position upstream of the GFP gene transla-
tion start codon. Second, the GFP ORF along with the NDV trans-acting
signal sequences, including the gene end (GE), intergenic (IG), and gene
start (GS) sequences, was amplified using the resulting recombinant sub-
clone, pT-LS-GFP, as a template with the C5-M F and C5-M R primers
(Table 1), and the vector sequences of pFLC-LaSota were amplified using
C5 M vec Up and LS M vec Down primers (Table 1). Subsequently, the
PCR product containing the GFP ORF along with the NDV trans-acting
signal sequences was cloned into the noncoding region downstream of the
P gene of the pFLC-LaSota vector using the In-Fusion PCR cloning kit
(Clontech, Mountain View, CA). The resulting recombinant, designated
pLS-GFP, was propagated in Stbl2 cells at 30°C for 24 h and purified using
a QIAprep Spin Miniprep kit (Qiagen, Valencia, CA).

Construction of recombinant LaSota cDNA clones containing the
gB and gD genes of ILTV. The recombinant LaSota cDNA clones contain-
ing the gB and gD genes of ILTV were constructed by swapping the GFP
ORF in the pLS-GFP vector with that of either the ILTV gB or gD ORF
(Fig. 1). In brief, vector-specific primers (Insert vec Up and Insert vec
Down [Table 1]) which flank the GFP ORF were used in an amplification
reaction with Pfu Ultra II Fusion HS DNA polymerase (Agilent Technol-
ogies, La Jolla, CA) and the pLS-GFP plasmid. The open reading frames of
the ILTV gB and gD genes were amplified using the same polymerase with
genomic DNA of ILTV strain 63140/C/08/BR (37) and gene-specific
primers (Plant-gB/GFP F and Plant-gB/GFP R for gB and Plant-gD/GFP F
and Plant-gD/GFP R for gD) and subsequently cloned together with am-
plified pLS-vector sequences using the In-Fusion PCR cloning kit (Clon-
tech, Mountain View, CA). The resulting recombinant cDNA clones, des-
ignated pLS/ILTV-gB and pLS/ILTV-gD, were propagated and purified as
described above.

Virus rescue and propagation. Rescue of the recombinant viruses was
performed by transfection of the full-length cDNA clone, pLS/ILTV-gB,
pLS/ILTV-gD, or pLS-GFP, and supporting plasmids that express the
NDV NP, P, and L proteins into HEp-2 cells as described previously (39).
The rescued viruses rLS/ILTV-gB, rLS/ILTV-gD, and rLS-GFP were
screened using hemagglutination assay (HA) (40). HA-positive viruses
were diluted in phosphate-buffered saline (PBS) and inoculated into
chicken embryos. Stocks were then prepared from harvested allantoic
fluids, aliquoted, and stored at �80°C. The complete genomic sequences
of the rescued viruses were determined by direct sequencing of the reverse
transcription-PCR (RT-PCR) products amplified from the viral genomic
RNA as described previously (26).
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Virus titration and pathogenicity assessment. Recombinant viruses
were characterized using the standard HA and the 50% tissue infectious
dose (TCID50) assay on DF-1 cells in 96-well formats and the 50% egg
infective dose (EID50) assay in 9-day-old SPF chicken embryos (40).
Pathogenicity of the recombinant viruses was assessed by performing the
standard mean death time (MDT) and intracerebral pathogenicity index
(ICPI) tests (40).

IFA. Expression of the gB and gD glycoproteins from DF-1 cells in-
fected with the rLS/ILTV-gB and rLS/ILTV-gD viruses, respectively, was
examined by immunofluorescence assay (IFA) with anti-ILTV chicken
serum (M. Garcia, PDRC, University of Georgia, Athens, GA) and an
NDV-specific monoclonal antibody (MAb) against the HN protein (a gift
from Ron Iorio, University of Massachusetts Medical School). Briefly,
confluent monolayers of DF-1 cells were infected with recombinant vi-
ruses at a multiplicity of infection (MOI) of 0.01. After 24 h, the infected
cells and control cells were washed with phosphate-buffered saline (PBS)
and fixed with 10% zinc formalin (Fisher Scientific, Pittsburgh, PA) for 15
min at room temperature, followed by addition of 0.5% Triton X-100
(Sigma, St. Louis, MO) to permeabilize the cells at room temperature for
10 min. The permeabilized cells were blocked with 5% goat serum (South-
ern Biotech, Birmingham, AL) for 30 min at 37°C. After blocking, the cells

FIG 1 Scheme of pLS-GFP, pLS/ILTV-gB, and pLS/ILTV-gD clone construction. The open reading frame (ORF) of the GFP gene was amplified from plasmid
pAAV-hrGFP (Agilent Technologies, La Jolla, CA) and cloned into the pT-LS-M vector to replace the NDV M gene coding sequences. Subsequently, the GFP
ORF along with the NDV trans-acting signal sequences was amplified from pT-LS-GFP and inserted into the pFLC-LaSota vector in the noncoding region
downstream of the P gene using the In-Fusion PCR cloning kit (Clontech, Mountain View, CA), resulting in the pLS-GFP clone. The ORFs of the ILTV gB and
gD genes were amplified from ILTV genomic DNA and cloned into the pLS-GFP vector to replace the GFP ORF, resulting in the pLS/ILTV-gB and -gD clones.
The direction of the T7 promoter is indicated by a bold black arrow. HDVRz and T7� represent the sites of the hepatitis delta virus ribozyme and the T7
terminator sequences, respectively. The NDV gene start and gene end signal sequences, Kozak sequences, and ILTV-gB and -gD ORFs are boxed.

TABLE 1 Primer sequences used

Primera Sequenceb Name

1 5=CAACTCTCCAAGCGGCAATC C5-M F
2 5=AGCGAGAGAGGTAACGATTAGTTTTTTGTGTC C5-M R
3 5=atagttgtagccaccATGGTGAGCAAGCAGA GFP F
4 5=acggtagttacacacTCACACCCACTCGTG GFP R
5 5=CCGCTTGGAGAGTTGGACCTTG C5 M vec Up
6 5=GTTACCTCTCTCGCTTCCTCAG LS M vec Down
7 5=GGTGGCTACAACTATCAACTAAACT Insert vec Up
8 5=GTGTGTAACTACCGTGTACTAAGC Insert vec Down
9 5=atagttgtagccaccATGCAATCCTACATCG Plant-gB/GFP F
10 5=gtagttacacacagcTTATTCGTCTTCGCTTTC Plant-gB/GFP R
11 5=atagttgtagccaccATGCACCGTCCTCATC Plant-gD/GFP F
12 5=gtagttacacacagcTTAGCTACGCGCGCAT Plant-gD/GFP R
a Primers 1 and 2 were used to PCR amplify a cDNA fragment spanning the LaSota P
and M gene junction region, primers 3 and 4 were used to PCR amplify a cDNA
fragment containing the GFP gene ORF, primers 5 and 6 were used to PCR amplify or
linearize the pFLC-LaSota vector in the noncoding region of the M gene end region,
primers 7 and 8 were used to amplify or linearize the pT-LS-M, pT-LS-GFP, and pLS-
GFP vectors, primers 9 and 10 were used to amplify a cDNA fragment containing the
ILTV gB gene ORF, and primers 11 and 12 were used to amplify a cDNA fragment
containing the ILTV gD gene ORF.
b Nucleotides shown in lowercase letters represent homology sequences with a vector
backbone, which were used to facilitate the restriction endonuclease site (RE)-
independent cloning using the In-Fusion PCR cloning kit (Clontech).
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were incubated for 1 h with a mixture of anti-ILTV serum (1:100 dilution)
and mouse anti-NDV HN MAb (1:100 dilution). Cells were washed with
PBS and incubated with a mixture of fluorescein isothiocyanate (FITC)-
labeled goat anti-chicken IgG(H�L) (Southern Biotech, 1:1,000 dilution)
and Alexa Fluor 568-conjugated goat anti-mouse IgG (Life Technologies,
1:1,000 dilution) for 1 h at 37°C. Fluorescence images (Fig. 2) were mon-
itored and photographed using an inverted fluorescence microscope at a
magnification of �100 with matching excitation/emission filters for FITC
or Alexa Fluor 568 (Eclipse Ti; Nikon, Melville, NY).

Immunization and challenge experiments. To evaluate the protec-
tive efficacy conferred by the NDV/ILTV recombinant viruses against
virulent ILTV and NDV challenges, three animal experiments were initi-
ated. Experiments 1 and 2 were conducted using specific-pathogen-free
(SPF) Leghorn chickens and commercial broiler chickens in the biosafety
level 2E (BSL2E) animal facilities at the Southeast Poultry Research Lab-
oratory (SEPRL) for the evaluation of protection against virulent ILTV
challenge. Experiment 3 was conducted with SPF chickens in the BSL3E
animal facilities at SEPRL for the evaluation of protection against lethal
NDV challenge. Birds were housed in Horsfal isolators (Federal Designs,
Inc., Comer, GA) with ad libitum access to feed and water. At the termi-
nation of the experiments, all birds were humanely euthanized in accor-
dance with an SEPRL’s Institutional Animal Care and Use Committee-
approved animal use protocol.

(i) Experiment 1. One hundred five 1-day-old SPF Leghorn chickens
were randomly divided into seven groups of 15 birds. Each bird in group
1 was inoculated with 100 �l of phosphate-buffered saline (PBS) via the
intranasal (i.n.) and intraocular (i.o.) routes, and these served as unvac-
cinated controls. Birds in groups 2 and 3 were vaccinated with 100 �l of
rLS-GFP (1.0 � 107 TCID50/ml) and served as LaSota vector controls,
birds in groups 4 and 5 were vaccinated with 100 �l of rLS/ILTV-gB (1.0 �
107 TCID50/ml), and birds in groups 6 and 7 were vaccinated with 100 �l
of rLS/ILTV-gD (1.0 � 107 TCID50/ml) per bird via i.n./i.o. routes. At 21

days postvaccination (dpv), the birds in groups 1, 2, 4, and 6 were chal-
lenged with the virulent ILTV (strain 63140/C/08/BR) at a dose of 104

TCID50/per bird. At 28 dpv, birds in groups 3, 5, and 7 were challenged
with the virulent ILTV at the same dose. After challenge, clinical signs of
ILT were recorded daily for 9 days as previously described (16). Briefly,
breathing patterns, conjunctivitis, and level of depression were scored on
a scale of 0 to 3: normal (0), mild (1), moderate (2), and severe (3).
Mortality was given a total score of nine. The median clinical sign score
per group per day was calculated, and differences among groups were
analyzed statistically. Blood samples were collected from each bird prior
to challenge for detecting NDV-specific antibody by the hemagglutina-
tion inhibition (HI) test (40) and ILTV-specific antibody by the enzyme-
linked immunosorbent assay (ELISA) using a fowl laryngotracheitis virus
antibody test kit (BioChek, London, United Kingdom). Tracheal and oc-
ular swabs were collected from each bird at 4 days postchallenge (dpc) and
stored in brain heart infusion (BHI) medium (Becton, Dickinson and
Company, Sparks, MD) at �80°C until needed to measure the amount of
virus shed using a quantitative real-time PCR (qPCR) assay.

(ii) Experiment 2. One hundred twenty 3-week-old commercial broil-
ers, obtained from Moyer’s Chicks, Inc. (Quakertown, PA), were ran-
domly divided into six groups of 20 birds. Each bird was inoculated via the
i.n./i.o. routes with 100 �l of PBS (group 1), rLS-GFP (1.0 � 107 TCID50/
ml) (group 2), or rLS/ILTV-gB (1.0 � 107 TCID50/ml) (group 3). Birds in
groups 4 and 5 were vaccinated with one dose of commercial ILTV vac-
cine, either CEO (2.8 log10 TCID50/dose) or TCO (3.0 log10 TCID50/
dose), per bird via the eye drop route. Birds in group 6 were untreated and
served as body weight gain controls. At 21 dpv, the birds in groups 1 to 5
were challenged with the virulent ILTV (strain 63140/C/08/BR) at a dose
of 104 TCID50 per bird. Clinical signs were observed daily for 9 days. Body
weights were measured prior to challenge and at 9 dpc. Serum samples
were collected prior to vaccination and prior to challenge for use in HI and

FIG 2 Detection of ILTV gB and gD protein expression by IFA. DF-1 cells were infected with the recombinant LaSota, LS/ILTV-gB, and LS/ILTV-gD viruses at
a multiplicity of infection (MOI) of 0.01. At 24 h postinfection, the cells were fixed and stained with a mixture of chicken anti-ILTV serum and mouse anti-NDV
HN MAb, followed by a mixture of the FITC-labeled goat anti-chicken IgG and Alexa Fluor 568-labeled goat anti-mouse IgG. Fluorescence was monitored and
photographed using an inverted fluorescence microscope at a magnification of �100 under UV light with matching excitation/emission filters for FITC or Alexa
Fluor 568 (Eclipse Ti; Nikon, Melville, NY). Green and Reagan red fluorescent images that were photographed from the same field of the rLaSota (a and b),
rLS-ILTV-gB (d and e), and rLS-ILTV-gD (g and h) virus-infected cells were merged into single images (c, f, and i).
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ELISA testing. Tracheal and ocular swab samples were collected at 4 dpc,
stored and tested as described for experiment 1.

(iii) Experiment 3. Forty 1-day-old SPF chickens were randomly di-
vided into four groups of 10 birds. Birds were inoculated with 100 �l of
PBS (group 1), the LaSota vaccine (1.0 � 107 TCID50/ml) (group 2),
rLS/ILTV-gB (1.0 � 107 TCID50/ml) (group 3), and rLS/ILTV-gD (1.0 �
107 TCID50/ml) (group 4), via the i.n./i.o. routes. At 14 days dpv, the birds
were challenged with a lethal dose of the NDV/CA02 virus as described
previously (41). The serum samples were collected immediately before
challenge for NDV antibody detection using the HI test. After challenge,
the birds were monitored daily for clinical signs and mortality for 2 weeks.

Quantitation of ILTV load in tracheal and ocular swabs. The ILTV
viral load in each tracheal and ocular swab sample was quantified using a
relative quantitative real-time PCR (qPCR) assay with the host �2-colla-
gen gene as a reference (42, 43). The real-time PCR assays were carried out
on an Applied Biosystems 7500 Fast real-time PCR system (Life Technol-
ogies, Carlsbad, CA). The multiplex reaction mixture contained specific
primers and probes for the detection of the UL44 gene of ILTV (encoding
glycoprotein C) and the endogenous control gene (avian �2-collagen
gene) (43). The UL44 forward primer and UL44 reverse primer generated
a 103-bp amplicon. The �2-collagen forward primer and �2-collagen
reverse primer generated a 96-bp amplicon. Duplex PCRs were set up in a
final volume of 25 �l as follows: 1� Universal TaqMan master mix with
uracil-DNA glycosylase (UDG) (Life Technologies), 500 nM UL44 for-
ward primer, 500 nM UL44 reverse primer, 500 nM �2-collagen forward
primer, 500 nM �2-collagen reverse primer, 100 nM UL44 – 6-carboxy-
fluorescein (FAM)– 6-carboxytetramethylrhodamine (TAMRA) probe,
100 nM �2-collagen-VIC-TAMRA probe, and 5.0 �l of DNA template
(approximately 10 to 300 ng). The reactions were carried out in a thermal
cyclical program with the following parameters: 50°C for 2 min followed
by 95°C for 10 min followed by a two-step PCR with 40 cycles of denatur-
ation at 95°C for 15 s and annealing/extension at 60°C for 1 min. A thresh-
old value of 0.05 was used for consistent evaluation of different 96-well
plates. Samples with any recorded threshold cycle number (CT) value were
considered positive, and samples with no recorded CT value were consid-
ered negative.

Statistical analysis. The percentage of body weight gain in each of the
vaccinated/challenged bird groups was compared with that in the control
(unvaccinated/nonchallenged) group using the Student t test with a 5%
level of significance (Microsoft Excel). For clinical score analysis, the
Kruskal-Wallis test was independently used to compare the median clin-
ical scores for each day postchallenge, and then multiple pairwise com-
parisons were performed for post hoc comparisons. The relative reduction
in virus load in DNA isolated from swabs of the rLS-GFP versus vaccinat-
ed/challenged groups was measured using one-way analysis of variance
(ANOVA) at a 5% level of significance.

RESULTS
Generation of the rLS-GFP and rLS/ILTV-gB and -gD viruses.
Three full-length cDNA clones carrying the complete antisense
genome of the NDV LaSota vaccine strain with the ILTV gB, gD,
and GFP ORFs were constructed using PCR and In-Fusion PCR
cloning (Fig. 1). The insertion of the transcription “cassettes” con-
taining NDV trans-acting elements and the ORF of the GFP,
ILTV-gD, and ILTV-gB increased the length of the recombinant
clones by 948, 1,536, and 2,880 nucleotides (nt), respectively.
Thus, the total lengths of cDNA clones in the pLS-GFP, pLS/
ILTV-gD, and pLS/ILTV-gB plasmids are 16,104, 16,692, and
18,036 nt, respectively, and are divisible by 6, abiding by the “rule
of six” (44). After cotransfection of these full-length cDNA clones
and supporting plasmids into HEp-2 cells and subsequent propa-
gation in SPF chicken embryonated eggs, the LaSota strain-based
recombinant viruses vectoring the GFP, ILTV gB, or ILTV gD
gene were successfully generated. The nucleotide sequence analy-

sis of the RT-PCR products of the viral genome confirmed the
fidelity of the rescued viruses.

Biological characterization of the rLS/ILTV-gB and -gD vi-
ruses. To determine whether the insertion of the GFP, gB, and gD
ORFs into the NDV LaSota genome affects the biological proper-
ties of the recombinant viruses, the pathogenicities and growth
abilities of the rLS-GFP and rLS/ILTV-gB and -gD viruses were
examined in vitro and in vivo by conducting titration assays and
MDT and ICPI tests. As shown in Table 2, the recombinant viruses
were slightly more attenuated, with a lower ICPI (0.0) than the
parental LaSota virus. The titers of the recombinant viruses grown
either in embryonated eggs or in DF-1 cells, as measured by EID50,
TCID50, and HA, were comparable to the titers of the parental
LaSota strain (Table 2). The recombinant viruses appeared to be
stable, with no apparent changes in MDT and virus titers after 10
passages in SPF chicken embryos.

Expression of the ILTV gB and gD proteins in cells infected
with the rLS/ILTV-gB and rLS/ILTV-gD viruses. Expression of
the ILTV gB and gD proteins from the recombinant-virus-in-
fected DF-1 cells was examined by IFA using chicken anti-ILTV
serum and FITC-labeled goat anti-chicken IgG. Reactivities to
mouse anti-NDV HN monoclonal antibody (MAb) and Alexa
Fluor 568-conjugated goat anti-mouse IgG were also tested. As
shown in Fig. 2, NDV LaSota-infected cells were stained with
mouse anti-NDV HN MAb and Alexa conjugates (Fig. 2b) but not
with chicken anti-ILTV serum and FITC conjugate (Fig. 2a), dem-
onstrating the specificity of the antibodies and conjugates. When
examining rLS/ILTV-gB- and rLS/ILTV-gD-infected DF-1 cells
stained with a mixture of anti-ILTV/FITC and anti-NDV HN/
Alexa 568 antibodies, both green (Fig. 2d and g) and red (Fig. 2e
and h) fluorescences were observed by fluorescence microscopy,
respectively. After merging both fluorescent images, green and red
fluorescence colocalized to the same cells (Fig. 2f and i). These
results confirm that the ILTV gB and gD proteins were coex-
pressed with the NDV HN protein from the rLS/ILTV-gB and
rLS/ILTV-gD recombinant-infected cells.

Protection against virulent ILTV challenge. To examine
whether the rLS/ILTV-gB and rLS/ILTV-gD viruses induce pro-
tective immunity against virulent ILTV challenge, two animal ex-
periments were carried out with SPF 1-day-old chickens and
3-week-old commercial broiler chickens. After vaccination with
the recombinant viruses, the chickens appeared healthy, with no
signs of vaccine-induced side effects. Chicken sera collected im-
mediately before challenge were analyzed for NDV antibodies by
the HI test (Table 3). NDV HI titers ranging around 3.8 log2, 3.3
log2, and 3.47 log2 were determined in sera from chickens inocu-
lated with rLS/ILTV-GFP, rLS/ILTV-gB, and rLS/ILTV-gD, re-
spectively. Thus, all vaccinated birds seroconverted and developed
an antibody response to NDV with titers similar to those detected

TABLE 2 Biological assessments of the recombinant virusesa

Virus MDT (h) ICPI HA EID50 TCID50

rLaSota 110 0.15 1,024 6.8 � 108 3.5 � 107

rLS-GFP 120 0.00 2,048 3.1 � 108 9.8 � 107

rLS/ILTV-gB 120 0.00 2,048 3.8 � 108 1.6 � 107

rLS/ILTV-gD 112 0.01 2,048 6.8 � 108 3.8 � 107

a Abbreviations: MDT, mean death time in embryonated eggs; ICPI, intracerebral
pathogenicity index in 1-day-old chickens; HA, hemagglutination titer; EID50, 50% egg
infectious dose in embryonated eggs; TCID50, 50% tissue infectious dose on DF-1 cells.
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in sera of rLS-GFP-vaccinated birds. However, no ILTV antibody
was detected in the recombinant-virus-vaccinated birds by ELISA
(data not shown).

After challenge with the virulent ILTV, the chickens were ex-
amined daily in two experiments for clinical signs. In experiment
1, SPF chickens in the nonvaccinated (PBS) and the LaSota vac-
cine vector control (rLS-GFP) groups exhibited typical clinical
signs of the disease from 3 dpc onward (Fig. 3a and b), showing
depression, conjunctivitis, or respiratory signs, which were scored
1 to 3 depending on the severity of disease signs. The infected birds
showed peak clinical signs between 4 and 6 dpc, with 10 to 20%
mortality, and the signs gradually decreased in severity thereafter. In
contrast, more than 90% of the rLS/ILTV-gB or -gD-vaccinated
chickens showed no disease signs, and only 2 to 5 birds displayed very
mild clinical signs at 4 to 7 dpc in the recombinant vaccine groups.

In experiment 2, all birds vaccinated with the recombinant
NDV expressing gB and the “gold standard” ILTV vaccines, CEO
and TCO, appeared healthy, without any signs of vaccine side
effects. Detection of antibody responses from the sera collected
immediately before challenge showed that all of the LaSota vector-
and rLS/ILTV-gB-immunized birds became NDV seropositive
(Table 3). As expected, the unvaccinated (PBS control) and the
ILTV CEO- and TCO-vaccinated birds did not have NDV-specific
antibodies. Unexpectedly, low percentages of TCO-vaccinated
(15%) and CEO-vaccinated (55%) birds became ILTV seroposi-
tive, and none of the rLS/ILTV-gB-vaccinated birds had detect-

able ILTV antibody by ELISA (data not shown). As shown in Fig.
4 the commercial broiler chickens in the nonvaccinated (PBS) and
the vaccine vector control (rLS-GFP) groups exhibited typical
clinical signs of the disease from 3 dpc. The total scores of clinical
signs peaked at 5 dpc and gradually decreased thereafter. There
were 50% mortality in birds within the PBS group and 5% mor-
tality in the LaSota vector group. Very mild clinical signs were
observed only in two birds from the CEO vaccinated group and
only one bird from the rLS/ILTV-gB vaccinated group, whereas
the TCO vaccinated broiler chickens did not show any clinical
signs of the disease. In addition to typical clinical signs, ILTV
infection also causes a decrease in body-weight gains (1). This was
determined by measuring the weight of the broiler chickens prior
to challenge (42 days of age) and at the termination of the exper-
iment at 51 days of age. As shown in Table 4, the rate of body
weight gain of the birds within the rLS/ILTV-gB-vaccinated group
(22%) was similar to those of unvaccinated/unchallenged birds
(21.8%) and the birds vaccinated with either TCO or CEO (aver-
age, 21.85%) (P � 0.05) but significantly higher than those within
the PBS and LaSota vector groups (P 	 0.05).

Reduction in shedding of the challenge ILTV in vaccinated
birds. Reduction of challenge virus loads or shedding in vacci-

TABLE 3 Serum NDV-specific antibody responses of chickens following
vaccination

Expt Treatment
No. of seropositive
birds/total NDV HI titera

1 PBS 0/15 0
rLS-GFP 30/30 3.83 
 0.95
rLS/ILTV-gB 30/30 3.33 
 0.66
rLS/ILTV-gD 30/30 3.47 
 1.25

2 PBS 0/20 0
rLS-GFP 20/20 3.85 
 0.93
rLS/ILTV-gB 20/20 3.05 
 0.83
CEO 0/20 0
TCO 0/20 0

a The hemagglutination inhibition (HI) titer is expressed as log2 mean 
 standard
deviation.

FIG 3 Daily total clinical sign scores of chickens postchallenge. One-day-old SPF chickens were vaccinated with rLS/ILTV-gB, rLS/ILTV-gD, rLS-GFP, or PBS
and challenged with the virulent ILTV strain 63140/C/08/BR at 21 (a) or 28 (b) days postvaccination. The birds were examined daily for clinical signs, and the total
scores from each group of birds were plotted.

FIG 4 Total clinical sign scores of broiler chickens recorded daily postchal-
lenge. Three-week-old commercial broiler chickens were vaccinated with rLS/
ILTV-gB, commercial ILTV vaccines CEO and TCO, rLS-GFP, and PBS and
challenged with the virulent ILTV strain 63140/C/08/BR at 21 dpv. The birds
were examined daily for clinical signs, and the total scores from each group of
birds were plotted.
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nated birds after challenge was another important criterion to
evaluate the efficacy of the vaccine. Detection of the presence of
the ILTV DNA in the tracheal lumen and tears of chickens was
measured by relative qPCR using the 2���CT method. The fold
reduction in virus load was measured relative to CT values of sam-
ples from chickens vaccinated with rLS-GFP. The fold reduction
in virus load in tear samples from rLS/ILTV-gB-vaccinated SPF
birds (experiment 1) was greater at 28 dpv (37-fold reduction; P 	
0.01) than the reduction measured at 21 dpv (6.6-fold reduction)
(Fig. 5a). Similarly a greater fold reduction in virus load in ocular
samples from rLS/ILTV-gD-vaccinated birds was also noted at the
later time point. This was in contrast to the shedding pattern from
tracheal swabs. A greater fold reduction in virus load occurred at
the earlier time point (21 dpv), as measured from tracheal swabs
of rLS/ILTV-gB- and rLS/ILTV-gD-vaccinated birds.

In experiment 2, commercial broiler chickens vaccinated with
the rLS/ILTV-gB virus shed a level of the challenge virus compa-
rable to that for the birds in the CEO-vaccinated groups when
ocular samples were assayed (fold reduction, 18.65 versus 17.89)
(Fig. 5b). However, in tracheal samples (Fig. 5c), there was a log
fold reduction between rLS/ILTV-gB and CEO (16.84 versus
155.64). Although the fold reduction in birds vaccinated with the
attenuated live ILTV vaccines (CEO and TCO) was significantly
greater than the average 16.84-fold reduction with rLS/ILTV-gB
tracheal samples, all vaccinated and challenged birds showed few
clinical signs, without any loss in weight gains (Table 4).

Immune response and protection against velogenic NDV
challenge. To evaluate the protective efficacy conferred by the
NDV/ILTV recombinant viruses against Newcastle disease,
groups of SPF chickens in experiment 3 were inoculated by i.n./i.o.
routes with rLS/ILTV-gB, rLS/ILTV-gD, LaSota vaccine, or PBS
and challenged with a lethal dose of the NDV/CA02 virus at 14
dpv. As shown in Table 5, all of the chickens that had been immu-
nized with the LaSota vector or the recombinant viruses were
completely protected against NDV challenge, showing no signs of
disease. In contrast, all of the birds in the unvaccinated control group
(inoculated with PBS) displayed disease signs, with conjunctivitis and
severe depression from 2 to 4 dpc and 100% mortality at 5 dpc. The
HI assay using sera collected immediately before challenge indicated
that chickens immunized with recombinant viruses and the parental
LaSota vaccine induced NDV-specific humoral immunity.

DISCUSSION

This study describes the development of live, mucosally delivered
NDV-vectored vaccines containing glycoproteins gB and gD of
ILTV and their evaluation for pathogenicity, immunogenicity,

and protective efficacy against virulent ILTV and lethal NDV
challenges in SPF and commercial broiler chickens. To control
infectious laryngotracheitis in poultry, there is a need to im-
prove the current attenuated live and vectored vaccines and to
develop highly efficacious vaccines that are incapable of viru-
lence reversion in order to provide broad and effective protec-
tion against ILT.

TABLE 4 Percentage of body weight gained from 42 to 51 days of age

Treatment group Mean % body wt gaina

PBS 5.1 (2.2E�08) A
rLS-GFP 12.8 (8.7E�05) B
rLS/ILTV-gB 22.0 (0.91) C
CEO 24.6 (0.14) C
TCO 19.1 (0.18) C
Control (nonvaccinated, nonchallenged) 21.8 (1.00) C
a (Mean body weight postchallenge [51 days of age] � mean body weight prechallenge
[42 days of age]/mean body weight prechallenge) � 100. The numbers in parentheses
indicate the P value. The values with same letters were not statistically significantly
different (P � 0.05).

FIG 5 Fold reduction in the amount of challenge infectious laryngotracheitis
virus shed in tracheal and ocular samples. The relative 2���CT method was
used to calculate the fold reduction in virus shedding between ITLV vaccines
(rLS/ILTV-gB, rLS/ILTV-gD, CEO, and TCO) relative to rLS-GFP. �CT values
were calculated from CT values measured for the gC amplicon minus those of
the endogenous control (collagen amplicon). (a) Results from tracheal and
ocular samples from SPF birds vaccinated with rLS/ILTV-gB and rLS/
ILTV-gD relative to rLS-GFP. Samples were collected at 21 dpv and 28 dpv. (b)
Fold reduction in the amount of challenge virus shed in ocular samples from
broiler chickens vaccinated with rLS/ILTV-gB and the commercial ILTV vac-
cines CEO and TCO. Ocular samples were collected at 21 dpv. (c) Fold reduc-
tion in the amount of challenge virus shed in tracheal samples from broiler
chickens vaccinated with rLS/ILTV-gB and the commercial ILTV vaccines
CEO and TCO. Tracheal samples were collected at 21 dpv.
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One vector that has shown promising results with its ability to
infect birds efficiently via the intranasal route and induce innate
immunity and mucosal immunity with local IgA and systemic IgG
antibodies and to elicit cell-mediated immune responses, charac-
teristics of importance for protection of animals against respira-
tory viral diseases, is Newcastle disease virus (17). In contrast to
virus vectors that encode a large number of proteins, such as Tur-
key herpesvirus and fowlpox virus, NDV encodes only 8 proteins;
therefore, there is less competition for immune responses between
vector proteins and the expressed foreign antigen (45). Moreover,
development of an efficacious live bivalent vaccine against ILTV
and NDV has several advantages, including price per dose, growth
to high titers in chicken embryos, stability, ability to be lyophi-
lized, ease of administration, and ability to differentiate infected
from vaccinated animals (DIVA).

Previously we have used NDV as a vector to express the G gene
of avian metapneumovirus (aMPV). In this first-generation NDV
vector, the G gene was inserted between the F and HN genes, and
in clinical trials only partial protection against aMPV challenge
was achieved (26, 27). To improve upon this, we developed a
second-generation NDV vector by inserting the foreign gene, the
gB or gD gene of ILTV as reported in this study, into the noncod-
ing region downstream of the P gene, and we added the Kozak
consensus sequence immediately upstream of the foreign gene’s
translation start codon. These modifications significantly im-
proved the foreign gene’s expression as evidenced by IFA. Vacci-
nation of SPF chickens and commercial broiler chickens with rLS/
ILTV-gB and rLS/ILTV-gD conferred complete protection
against challenge with virulent ILTV, the causative agent of a se-
vere respiratory disease in chickens that has a mortality rate of
70% (46). Other vectored vaccines for ILTV, including fowlpox
viruses expressing glycoprotein B and HVT expressing glycopro-
tein I and D, are commercially available. These viral vector vac-
cines expressing ILTV glycoproteins have proven to be safe, and in
particular the HVT vectored construct can significantly reduce the
clinical disease; however, they are not as effective as live attenuated
vaccines in reducing the shedding of challenge virus (12–16, 47).

Both recombinant viruses, rLS/ILTV-gB and rLS/ILTV-gD,
described in this paper grew at titers similar to those of LaSota
vaccine and induced a comparable antibody response, as strong as
that of the LaSota vaccine, as evidenced by high NDV HI titers and
a level of ILTV antibody response that was undetectable by ELISA.
It is well documented that the ILTV antibody response does not
necessarily correlate with the disease protection (1). Therefore, in
this study the ILTV antibody response was not used as a major
criterion to evaluate the vaccine effectiveness. Importantly, in our
experiments using either 1-day-old SPF or 3-week-old commer-
cial broiler chickens, all birds appeared healthy and without any

signs of vaccine-induced side effects following vaccine inocula-
tion, indicating that these vaccines are completely safe to admin-
ister even early in life.

In the first part of this study to determine the protective nature
of vectored NDV/ILTV recombinants in 1-day-old SPF Leghorn
chickens, clinical signs of ILT were noticed on day 3 postchallenge
in all the control birds in the sham-vaccinated (inoculated with
PBS) and the LaSota vector (rLS-GFP)-vaccinated groups. In con-
trast, birds vaccinated with either the rLS/ILTV-gB or rLS/
ILTV-gD virus and challenged at either 21 or 28 dpv displayed few
or very mild clinical signs. Virus shedding was significantly re-
duced but not totally eliminated in ocular and tracheal samples
from rLS/ILTV-gB- and rLS/ILTV-gD-vaccinated birds, relative
to that in the rLS-GFP- and sham (PBS)-vaccinated birds. Overall,
the rLS/ILTV-gB construct outperformed rLS/ILTV-gD in de-
creasing the amount of virus shed in both ocular and tracheal
samples from SPF birds. Due to the viral shedding reduction pat-
terns and the encouraging protection data, only the rLS/ILTV-gB
vaccine candidate was examined in subsequent protection studies
using maternal antibody-negative 3-week-old commercial broiler
chickens.

While the commercial broiler chickens in the nonvaccinated
(PBS) and the vaccine vector control (rLS-GFP) groups exhibited
typical clinical signs of the disease, only one bird from the rLS/
ILTV-gB-vaccinated broiler group and two from the CEO-vacci-
nated broiler chickens showed very mild clinical signs at 4 to 5 dpc.
Interestingly, there was a higher percent mortality (50%) for birds
in the challenged PBS group than in the challenged LaSota vector
group (5%), suggesting a vector-induced immunomodulating ef-
fect. This is not surprising since it is well known that NDV elicits
an innate immune response (48).

Although rLS/ILTV-gB-, CEO-, and TCO-vaccinated birds
were protected against clinical signs and maintained similar
weight gains relative to unvaccinated/unchallenged controls,
there were notable differences in virus shedding between the
groups. Vaccination with rLS/ILTV-gB was sufficient to cause a
17-fold reduction in virus shedding in the trachea, and 156-fold
and 520-fold reductions in virus shedding were measured in tra-
cheal samples from CEO- and TCO-vaccinated birds, respectively.
It has been reported that challenged CEO- and TCO-vaccinated
birds are unable to infect sentinel birds with the challenge virus;
however, it is unknown whether vaccination with rLS/ILTV-gB,
even at a higher dose than that used in this study, will reduce virus
shedding to a level at which sentinel birds will not become infected
(49).

Because expression of glycoproteins gB and gD from a virulent
strain of ILTV could alter the virulence of the NDV vector, the
pathogenicities of the recombinant viruses were examined using
the MDT and ICPI methods. Our results did not show any in-
crease in the pathogenicities of the recombinants compared to
that of the parental strain LaSota. Chickens that were immunized
with the LaSota vector or the recombinant viruses were com-
pletely protected against NDV challenge, without showing any
signs of disease. Birds vaccinated with rLS/ILTV-gB or rLS/
ILTV-gD developed an NDV-specific serum antibody response,
with slightly lower HI titers than those in serum samples collected
from LaSota-vaccinated birds. This was interesting, since all 3 vi-
ruses had similar replication rates in tissue culture as measured by
TCID50, but might be the result of variable replication rates of
NDV recombinants in vivo.

TABLE 5 Serum antibody responses of chickens following vaccination
and number of survivors after NDV challenge

Treatment group
No. of seropositive
birds/total NDV HI titera

No. of
survivors/total

PBS 0/10 0 0/10
LaSota 10/10 4.8 
 1.4 10/10
rLS/ILTV-gB 10/10 3.4 
 1.3 10/10
rLS/ILTV-gD 10/10 3.8 
 1.2 10/10
a The hemagglutination inhibition (HI) titer is expressed as log2 mean 
 standard
deviation.
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In summary, for the first time we have constructed and evalu-
ated the potential of the NDV LaSota strain as a vaccine vector for
the expression of glycoproteins of ILTV. Our results demon-
strated that the recombinant NDV-vectored gB and gD vaccines
generated in this study could be used as a bivalent vaccines against
NDV and ILTV in chickens. Immunization was performed by the
ocular/nasal route, which mimics the natural route of infection.
Thus, the NDV/ILTV recombinants should be quite effective
when applied en masse via spray or drinking water.
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