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Abstract

Background Despite spectacular successes in hepatitis B and C therapies,
severe hepatic impairment is still a major treatment problem. The clinically
tested infectious bursal disease virus (IBDV) superinfection therapy promises
an innovative, interferon-free solution to this great unmet need, provided that
a consistent manufacturing process preventing mutations or reversions to
virulent strains is obtained.

Methods To address safety concerns, a tissue culture adapted IBDV vaccine
strain V903/78 was cloned into cDNA plasmids ensuring reproducible produc-
tion of a reverse engineered virus R903/78. The therapeutic drug candidate
was characterized by immunocytochemistry assay, virus particle determination
and immunoblot analysis. The biodistribution and potential immunogenicity of
the IBDV agent was determined in mice, which is not a natural host of this
virus, by quantitative detection of IBDV RNA by a quantitative reverse
transcriptase-polymerase chain reaction and virus neutralization test, respectively.

Results Several human cell lines supported IBDV propagation in the absence
of visible cytopathic effect. The virus was stable from pH8 to pH6 and
demonstrated significant resistance to low pH and also proved to be highly
resistant to high temperatures. No pathological effects were observed in mice.
Single and multiple oral administration of IBDV elicited antibodies with
neutralizing activities in vitro.

Conclusions Repeat oral administration of R903/78 was successful despite
the presence of neutralizing antibodies. Single oral and intravenous adminis-
tration indicated that IBDV does not replicate in mammalian liver alleviating
some safety related concerns. These data supports the development of an
orally delivered anti-hepatitis B virus/ anti-hepatitis C virus viral agent for
human use. Copyright © 2015 John Wiley & Sons, Ltd.

Keywords IBDV; immune response; infectious bursal disease virus; oral dosing;
replication; superinfection therapy

Introduction

Infectious bursal disease virus (IBDV) belongs to the genus Avibirnavirus and is
a member of the family Birnaviridae. It is the causative agent of a highly
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immunosuppressive disease in young chickens [1]. Infec-
tious bursal disease (IBD) or Gumboro disease is charac-
terized by the destruction of lymphoid follicles in the
bursa of Fabricius. Because of its major economic impor-
tance to the world’s poultry industries, attenuated IBDV
strains are used as commercial vaccines, and some of
them are propagated in Vero cells. These vaccines have
an excellent safety record [2]. IBDV is not known to be a
hazard with respect to transmission to other species de-
spite its worldwide distribution in the domestic fowl [1,3].

The genome of IBDV consists of two segments of
double-stranded (ds)RNA that are packaged in a non-
enveloped icosahedral shell of 60 nm in diameter [4].
The capsid of the IBDV virion consists of several structural
proteins. The larger segment A is 3261 nucleotides long
for the vaccine strain D78 [5] and it encodes a 110-kDa
precursor protein in a single large open reading frame
(ORF), which is cleaved by viral protease, VP4, to yield
mature VP2, VP3 and VP4 proteins. In addition, segment
A encodes a 17-kDa nonstructural protein, also known as
VP5, from a small ORF partly preceding and overlapping
the polyprotein ORF. VP2 is the major host-protective
immunogen of IBDV. The smaller segment B is 2827
nucleotides long, and it encodes VP1, a 97-kDa protein
with RNA-dependent RNA polymerase activity [6,7].
IBDV infects the precursors of antibody-producing B cells
in the bursa of Fabricius. Studies have shown that virulent
strains of IBDV lose their virulent potential after serial
passage in non-B lymphoid chicken cells. Comparison of
the deduced amino acid sequences of the virulent and
attenuated strains show specific amino acid substitution
within the hypervariable region of the VP2 protein [8].

Procedures developed during the 1990s to genetically
manipulate the genomes of negative-strand RNA viruses
and to rescue infectious viruses entirely from cloned
cDNAs, commonly referred to as reverse genetics, have
revolutionized the analyses of viral gene expression, viral
replication and pathogenesis. They have also paved the
road for the engineering of these viruses for vaccine and
gene therapy development [9]. It has been also shown
that segmented dsRNA virus, such as IBDV, can be recov-
ered from cloned-derived transcripts of its genomic seg-
ments A and B [10–12].

Over a decade ago, clinical trials were set up to use a
conventionally produced IBDV as a therapeutic agent with
patients suffering from acute and chronic hepatitis C virus
(HCV) and hepatitis B virus (HBV) infections [13,14].
IBDV was chosen because of the nonpathological profile
in humans and no toxicity was seen in these patients.
The strategy behind these clinical trials was to exploit
viral competition for the treatment of persistent viral
infections. This idea is based on the clinical observation
that unrelated viruses might interact in co-infected pa-
tients. Hepatitis infection by one type of virus is often

abolished after accidental infection by a second hepatitis
virus [15,16]. Apparently, replication of two different
viruses may interact in co-infected patients such that the
dominant virus terminates the replication of the other
virus [17–19]. Nevertheless, in cases when both viruses
are pathogenic, the disease persists and hepatitis remains.
However, the patient may benefit from superinfection
with a nonpathogenic dsRNA virus such as IBDV [20].
Our unpublished preclinical data indicates that R903/78
is a potent activator of the interferon-dependent innate
antiviral gene program, which could explain its strong
interference with unrelated viruses. Therefore, it is not
essential for IBDV to infect the same cells that are infected
by HCV or HBV in vivo as the interference is probably
mediated through secreted cytokines. In such a way, and
with the aim of resolving persistent HBV or HCV infec-
tions, viral competition can be exploited by a nonpatho-
genic, attenuated vaccine strain of IBDV.

The results of a phase II clinical trial of IBDV superinfec-
tion therapy in 42 acute hepatitis patients showed the
safety and efficacy of IBDV therapy [21]. Despite being
an extensively used vaccine, information about its physi-
cal characteristics remains scarce [22,23]. The use of
IBDV as an agent against a human disease requires a well
characterized drug candidate. Therefore, in the present
study, we have cloned the V903/78 vaccine strain and
assembled it into cDNA plasmids allowing reproducible
viral production. Phylogenic relations to other IBDV
strains placed this virus within the tissue adapted vaccine
strains with the closest relationship to D78. We have also
thoroughly characterized this therapeutic drug candidate
by determining its temperature and pH resistance, as well
as by evaluating its immunogenicity, biodistribution and
replicating potential in mice after single and multiple
dosing.

Materials and methods

Cell lines used

Vero (African green monkey, kidney), HepG2 (human
hepatocellular carcinoma, liver), HEK293 (human, kidney),
A549 (human carcinoma, lung), U937 (human, histiocytic
lymphoma, monocyte) and THP1 (human acute monocytic
leukemia, monocyte) cells were purchased from ATCC
(Manassas, VA, USA). All cell lines were maintained as
advised by the ATCC.

Sequencing of the V903/78 virus

The viral RNA was extracted and purified from Vero cells
as described previously [4]. Briefly, sodium dodecyl
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sulfate (final concentration, 2% w/v) and proteinase K
(final concentration, 250μg/μl) was added to the infected
cell culture and the mixture was incubated for 5min at
55 °C. Viral RNA was extracted with acid phenol:
chloroform (5:1, pH4.7) (Ambion/Life Technologies,
Carlsbad, CA, USA) and chloroform:isoamyl alcohol
(49:1) and further purified using the RNaid kit (BIO101,
Carlsbad, CA, USA). Finally, the RNA was resuspended
in diethylpyrocarbonate (DEPC) treated water and stored
at –80 °C until used in the reverse transcriptase (RT) reac-
tion, which was performed as described previously [4].
Denaturation of the dsRNA was performed by boiling the
samples for 5min and rapid chilling to 0 °C before the
reverse transcription. Next, 5μl denatured RNA was used
as template for the reverse transcription using Moloney
murine leukemia virus (MMLV)-reverse transcriptase and
random hexamer primers. The reaction was made using
the mixture: 5μl of 5×RT buffer, 4μl of 2.5mM dNTP,
1μl of 50μg/ml random hexamer, 40 U of RNase inhibitor,
200 U of MMLV enzyme and DEPC-treated water to a final
volume of 25μl. The reaction mixture was incubated for
1.5h at 37 °C. The polymerase chain reaction (PCR)
reaction mixture contained: 5μl of 10×PCR buffer, 5μl of
25mM MgCl2, 0.5μl of 10mg/ml bovine serum albumin
(BSA), 1.5μl of 2.5mMdNTP,1.0μl of 10μMof each primer,
0.4μl of 5 U/μl Taq polymerase and water to a 50-μl final
reaction volume. Overlapping primers were used to amplify
genomic segments A and B of V903/78 IBDV strain. Primers
used for segment A were: 1-GGATACGATCGGTCTGA; 2-
CCTTGGACGCTTGTTTG; 3-GTGGGGTAACAATCACACTG;
4-TGTGCACCGCGGAGTA; 5-TACGAGGTAGTCGCGAATCT;
6-GACTTGCTGCCTGCTTGT; 7-TGTGGCTGGAAGAGAATG;
8-AGGGGACCCGCGAAC. Primers used for segment B were:
1-GGATACGATGGGTCTGAC; 4-CAATTGAGTACCACGTGTT;
5-TAACCTGGCCCGTGATGTCC; 6-CCTACCAACCTCAACGC
CTC; 7-ACAGCCAGGGTACCTGAGTG; 8-GGGGGCCCCCGC
AGG. After denaturing the template DNA for 2min at 94 °C,
amplification consisted of 30cycles of denaturation (30s at
94 °C), primer annealing (30s at 55 °C) and primer extension
(1min at 72 °C)with a single extension step of 10min at 72 °C.
The results of the PCR products were visualized on 1.5% aga-
rose gels with ethidium bromide staining and thesewere puri-
fied using a QIAquick PCR purification kit (Qiagen, Hilden,
Germany). The purified PCRproductswere sequenced in both
directions using a BigDye Terminator Cycle sequencing kit
(Applied Biosystems/Life Technologies, Carlsbad, CA, USA)
in accordance with the manufacturer’s instructions.

Sequencing of the reverse genetically
created R903/78 virus

Sequencing of the reverse engineered R903/78 vi-
ruses were performed in accordance with methods

described by Costa et al. [24] using overlapping
primers for both segments. The 5’- and 3’-ends of
the segments were also sequenced by rapid amplifica-
tion of cDNA ends (RACE) with the appropriate
primers.

For determination of the 5’- and 3’-ends of the
segments, the viral RNA was extracted and purified from
Vero cells with QIAamp Viral RNA Mini kit (Qiagen), as
well as the MagMAX Viral RNA Isolation Kit (Ambion).
Viral RNA was used as template for RT-PCR using the
OmniScript RT kit from Qiagen. RT-PCR, poly (A) tailing
and cDNA synthesis was performed according to
Ammayappan et al. [25]. Reactions were carried out in ac-
cordance with the manufacturer’s instructions. To identify
the 3’-terminal region of the genomic RNA, poly (A) tail
was added to the 3’-end with poly (A) polymerase enzyme
in accordance with the manufacturer’s instructions (Ap-
plied Biosystems). The tailing reaction was carried out in
a tube containing 30μl of RNA, 26μl of nuclease free water,
20μl of 5×poly (A) polymerase buffer, 10μl of 25mM
MnCl2, 10μl of 10mM ATP and 4μl of Escherichia coli poly
(A) polymerase. The reaction mixture was incubated at 37 °
C for 1h and then RNA was purified using a Qiagen
RNAeasy kit in accordance with the manufacturer’s instruc-
tions. The cDNA synthesis and polymerase chain reaction
were conducted as described above, using an oligo (dT)
primer (5’-GCGGCCGCTTTTTTTTTTTTTTTTTTTTT-3’) for
the first-strand synthesis, followed by PCR with the IBDV
specific primers. The 5’-terminal of genomic RNA was
identified by rapid amplification of the 5’-end, using a 5’
RACE kit (Invitrogen/Life Technologies, Carlsbad, CA,
USA) in accordance with the manufacturer’s instructions.
Internal sequences were amplifiedwith RT-PCR as described
above and sequenced.

The complete nucleotide sequence of the reverse
genetically created R903/78 virus was assembled and
was found to be identical to the parental V903/78 virus
sequence previously reported and published in GenBank.
The nucleotide sequence of IBDV V903/78 was deposited
in GenBank. Segment A is available under accession num-
ber JQ411012 and segment B under accession number
JQ411013.

Phylogenetic tree analysis

Sequences of V903/78 and sequences of the relevant
IBDV strains obtained from the GenBank database were
aligned by ClustalW multiple alignment method using
the Bioedit sequence alignment editor (http://www.
mbio.ncsu.edu/BioEdit/bioedit.html). Sequence differ-
ences were calculated by Kimura’s two-parameter
method. A phylogenetic tree was constructed using the
neighbor-joining method with TREECON [26]. Australian
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IBDV strain 000273/AU was used as the outgroup.
Bootstrap analysis was performed using 1000 bootstrap
samples with TREECON.

Virus propagation

Viruses were propagated in Vero cells essentially as
described by Kibenge et al. [1]. Vero cells (ATCC) were
grown to complete confluency in Dulbecco’s modified
Eagle’s medium (DMEM) (Life Technologies) containing
5% serum and antibiotics. Cells were infected with virus
stocks at a multiplicity of infection (MOI) of 0.1–0.2 infec-
tious units (IU)/cell and grown in DMEM containing 2%
serum and incubated at 37 °C in a CO2 incubator. Virus
stocks were prepared as clarified lysates (10 000 g for
15min at 4 °C) and harvested at day 4 post-infection
(PI). Viral supernatants were stored at –80 °C. Appar-
ently, this virus strain did not produce a cytopathic effect
(CPE) on Vero cells and the great majority of virus
(approximately 90%) was detected in the supernatant
at 4 days PI by virus titration. Therefore, there was no
need to disrupt the cells.

Virus titration using immunocytochem-
istry assay (ICC) and virus particle
determination

Infectious virus titer (IU) was determined by the ICC
assay in 24-well plates. Monolayers of Vero cells were
infected with serial dilutions of the virus. After incubation
for approximately 24h, the viral solution was aspirated
and cells were fixed in cold 90% methanol for 10min at
room temperature. Wells were washed with Ca2+- and
Mg2+-free phosphate-buffered saline (PBS)/1% BSA and
then probed with a chicken anti-IBDV antibody (Charles
River Laboratories, Wilmington, MA, USA) in PBS/1%
BSA for 60min (1:600 dilution; 250μl/well). The primary
antibody was removed, plates were washed again three
times and cells probed with a secondary rabbit anti-IgY
peroxidase antibody (Sigma-Aldrich, St Louis, MO, USA)
in PBS/1% BSA for 35min (1:1000 dilution; 250μl/well).
Plates were washed and then Trueblue solution (KPL,
Gaithersburg, MD, USA) was added (250μl/well) and
incubated for 10min. Trueblue solution was then removed
and cells were washed once with dH2O and air dried. To
determine the infectious titer, the stained and infected cells
were counted. Digital photos were taken from each well of
the stained 24-well plates using an Eclipse TS100 micro-
scope in conjunction with NIS Elements software (Nikon,
Tokyo, Japan). Digital images were subsequently printed
for counting. Titer was calculated on the basis of the
number of stained cells per field (an average of 10 fields

was counted) and the optical properties of the microscope
were taken into account.

For determination of the total particle titer (VP) virus
solutions were analysed with NanoSight NS300 equip-
ment (Malvern Instruments, Malvern, Worcestershire,
UK). The total particle number and active titer ratio
(VP/IU) was in the approximate range 500–1000 for
different IBDV productions.

Immunoblot analysis of IBDV proteins

Vero cells were co-transfected with pIBDV segment A and
pIBDV segment B. At 5 days post-transfection, virus was
harvested by three cycles of freeze–thaw. The lysed pro-
teins were separated on 12.5% sodiun dodecylsulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), blotted
onto nitrocellulose and reacted with polyclonal anti-IBDV
rabbit serum P2D78 (a gift from Dr Vikram Vakharia,
UMBC, Baltimore, MD, USA).

Evaluation of thermostability

For accelerated thermostability evaluation, the R903/78
virus was diluted into PBS and incubated at 22 °C and
48 °C for 0, 5, 15, 30, 60, 120 and 240min. The ‘0’ point
was quick frozen on dry ice before the start of incubations.
At the time points, 100-μl aliquots of virus were pipetted
into 1.9ml of pre-cooled PBS, vortexed and then quick
frozen on dry ice. The tubes were stored at –80 °C until
assayed for virus infectivity using the ICC assay.

For long-term thermostability evaluation, the bulk har-
vest was purified using depth filtration (SUPRAcap50
PDH4; Pall Corp, Port Washington, NY, USA) and concen-
trated with a Sartoflow Slice 200 bench top system
(Sartorius, Gottingen, Germany) with a 300-kDa molecular
weight cut-off polyethersulfone ultrafiltration cassette.
Subsequently, the concentrated virus suspension was
washed with five discontinuous diafiltration steps in the
same unit and formulated into 10mM Tris base, pH7.8,
at room temperature, 75mM NaCl, 1mM MgCl2,
0.0025% polysorbate 80 containing (A) 15% (w/v) su-
crose or (B) 10% (w/v) sucrose and 5% (w/v) trehalose.
After washing a filtration step with a pore size of 0.2μm
(Pall Supor EKV) was performed to sterilize the final-
formulated drug substance.

Evaluation of pH stability

Virus was diluted 1:20 into pH2.0, 3.0, 4.0, 6.0, 7.0, 8.0
and 10.0 buffered saline solutions (VWR, Radnor, PA,
USA). The virus was incubated at 37 °C for 60min and,
at the end of incubation, 200μl of virus was immediately
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pipetted into labeled microcentrifuge tubes containing
800μl of Opti-MEM media (Life Technologies) and quick
frozen on dry ice (1:5 dilution). The tubes were stored
at –80 °C until assayed for virus infectivity with the ICC
assay in accordance with the ICC protocol.

Single-step growth kinetics

Single-step growth kinetics were performed according to
Kibenge et al. [1]. Cells were grown in 24-well plates at 37 °C
in a humidified 5% CO2-in-air atmosphere to 80–100%
confluence. Virus stocks V903/78 (titer=1.0×108 IU/ml)
and R903/78 (titer=8.5×106 IU/ml) were appropriately
diluted to achieve an MOI=0.2 IU/cell in 200μl of
medium without fetal bovine serum in duplicate. After a
2-h incubation at 37 °C, cell monolayers were washed once
with warm PBS to reduce residual seed virus levels and
0.5ml of DMEMwith 5% fetal calf serum (FCS) was added
and incubated at 37 °C in 5% CO2 (suspension cells were
gently spun down and re-suspended in media). At inter-
vals after infection (relative to the end of the adsorption
period), at 12, 24, 48, 72 and 96h, supernatants from
the appropriate wells were transferred to labeled tubes,
briefly centrifuged and frozen at –80 °C. The tubes were
stored at –80 °C until assayed for virus infectivity using
the ICC assay.

Animals and immunizations

Six- to 8-week-old female and male Balb/C mice were pur-
chased from Charles River Laboratories. Upon arrival, the
mice were placed in quarantine for 7 days. Each mouse
was examined closely during the quarantine period for
health status. Each mouse was allowed ad libitum access
to certified rodent diet and drinking water during the
quarantine and study periods.

Mice (n=56) were randomized into four groups.
Group 1 (n=4) comprised non-infected control, group 2
(n=16) was single oral administration (SO) on day 0,
group 3 (n=16) was injected intravenously (IV) on day
0, and group 4 (n=20) was multiple oral administrations
(MO) five times on days 0, 3, 7, 13 and 20. Mice in three
groups (SO, IV and MO) were administered 50-μl aliquots
of 1.7×106 IU virus. Blood was taken for neutralization
assays and necropsy performed for biodistribution on
day 21 for group 1 (n=4), on days 4, 8, 14 and 21 for
groups 2 and 3 (n=4 at each time point) and on days 1,
4, 8, 14 and 21 for group 4 (n=4 at each time point).
All mouse studies were carried out under a protocol ap-
proved by the Institutional Animal Care and Use Commit-
tees (Permission no. 33/2013).

Virus neutralization test (VNT)

VNT was carried out in flat-bottom 96-well micro titer
plates. Vero cells were seeded at approximately 1.0×104

cells per well in 100μl of DMEM+5% FCS. Cells were in-
cubated overnight at 37 °C in a humidified 5% CO2-in-air
atmosphere until they reached approximately 80–100%
confluence on the next day. Serum samples were
inactivated for 30min at 56 °C. Next, 2μl of serially
diluted serum was pre-incubated with 25μl of virus
solute at 37 °C for 2 h to allow neutralization of the virus.
Virus was diluted by 104 to produce approximately
100 IU/well prior to adding any serum. Thereafter, the
serum/virus mixture was transferred to the Vero cell
containing plates and plates were incubated for 24 h at
37 °C under 5% CO2. Next, a standard ICC assay, as
described above, was performed and the number of blue
plaques was counted. Chicken IBDV antiserum was used
as a positive control (Charles River Laboratories). Data
were analyzed by end-point dilution. The end-point
(serum titer) is expressed as the reciprocal of the
highest serum dilution that completely inhibited plaque
formation.

IBDV biodistribution of multiple oral
dosing in mice

Biodistribution was performed on blood, feces, liver,
spleen, intestine, heart, lung, kidney and gonads using
quantitative detection of IBDV RNA with a quantitative
(q)RT-PCR that indicated the presence of IBDV in tissue
samples. Organs were homogenised for 30 s with a Qiagen
Tissuelyser Retsch homogenisator (Qiagen). Organ sus-
pension was centrifuged at 6000 g for 5min and viral
RNA was extracted using QIAamp Viral RNA Mini Kit
(Qiagen) in accordance with the manufacturer’s instruc-
tions. SuperScript Platinum III one-step QRT-PCR Kit
(Invitrogen) was used for qRT-PCR. IBDV_A_3031F
(5’-GACTGCGATGGAGATGAAGCA-3’) and IBDV_A_3092R
(5’-GTTTTGGCTTGGGCTTTGGT-3’) primers and probe
IBDV_A_3054P (FAM-GCAATCCCAGGCGGGCTC-TAMRA)
were used in a 25-μl reaction in accordance with the man-
ufacturer’s instructions. Reverse transcription at 50 °C for
15min was followed by polymerase activation at 95 °C for
2min and 45 cycles of denaturation at 95 °C for 15 s and
annealing/extension at 60 °C for 30 s. A fluorescent signal
was detected in the annealing/extension steps. All runs
included positive and negative controls. The positive
control comprised undiluted R903/78 sample, whereas
the negative control was AVL buffer of the QIAamp Viral
RNA Mini Kit. The detection limit of the assay was calcu-
lated at between approximately one and 10 genomic
particles.
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Results

The IBDV V903/78 strain is closely
related to the attenuated D78 vaccine
strain

Strain V903/78 of IBDV was obtained from domestic poul-
try in Hungary in 1978. The virus strain was isolated from
the bursal tissues of a 3-week-old healthy broiler chicken
by inoculation of 11-day-old embryonated specified
pathogen-free (SPF) eggs. The virus grown in the embry-
onated eggs was adapted to Vero cell culture. After 16
passages in the cell line, the strain was plaque-purified
in chicken embryo fibroblast primary culture on which it
causes CPE. The stock of virus designated as V903/78 pas-
sage 19 was produced for genomic characterization. This
strain does not induce disease in SPF chickens after artifi-
cial infection and therefore it was considered to be atten-
uated. This is supported by sequence analysis data of the
VP2 gene of the V903/78 strain, which shows the closest
relationship with other tissue adapted, nonvirulent vac-
cine strains (Figure 1). Initially, a nested PCR method
was used to amplify a 414-bp product spanning from
750 to 1163 nucleotides, as numbered by Bayliss et al.
[27], which encompasses the hypervariable region of the
VP2 gene. The nucleotide and deduced amino acid se-
quences of the hypervariable region of the VP2 gene of
strain V903/78 were determined and compared with pub-
lished sequences of known IBDV strains. Based on the

nucleotide and deduced amino acid sequence compari-
sons, strain V903/78 was shown to have a unique nucleo-
tide and amino acid sequences, and could clearly be
differentiated from other known IBDV strains. Phyloge-
netic analysis was performed according to Ammayappan
et al. [25] and is presented in Figure 1. It is deduced that
IBDV strain D78 is the most closely related strain to
V903/78.

To compare the sequence divergence of V908/78 from
the D78 strain, the entire nucleotide sequence of the
V908/78 strain was sequenced as described in the Mate-
rials and methods. The nucleotide sequence of IBDV
903/78 deposited in GenBank under accession numbers
JQ411012 for segment A and JQ411013 for segment B
was aligned with sequences of D78 listed under accession
number EU162087 [5] for segment A and EU162090
[5,28] for segment B. Comparing strain D78 with
V903/78 segment A, there were eight point mutations
and one deletion. Two mutations and one deletion are in
the noncoding regions, which might be significant be-
cause these regions are involved in RNA polymerase bind-
ing and could significantly change the growth
characteristics of the virus. Two further mutations did
not result in amino acid changes and four mutations re-
sulted in five amino acid changes. One nucleotide change
resulted in two amino acid changes because VP5 and VP2
have overlapping reading frames. Therefore, there is one
amino acid change in VP5 and one amino acid change in
the VP4 regions. There are three amino acid changes in
the VP2 protein region, although the amino acids
determining cell tropism and virulence (amino acids
253H, 279N and 284T) are identical between D78 and
V903/78 [8,29,30]. These changes are listed in Table 1.
Comparing segment B, there were nine point mutations
and, of the six in the coding region, none resulted in
amino acid changes. These mutations are listed in
Table 2.

Cloning of the V903/78 genome and
recovery of the R903/78 virus

Construction of full-length cDNA clones of IBDV segments
A and B of strain D78 has been described previously [10]
and the clones were used as templates to generate pIBDVA
(D78) and pIBDVB (D78) plasmids. The genome frag-
ments were amplified using their respective primers, as
reported in Upadhyay et al. [12], and the segments were
fused to a cytomegalovirus (CMV) promoter transcription
start site of the pCI vector (Promega, Madison, WI, USA)
at their 5’-end and hepatitis delta ribozyme (HDR) se-
quence at their 3’-end, as described in Ben Abdeljelil
et al. [11]. Both plasmids were sequenced to confirm the
identity of segment A and segment B.

Figure 1. The phylogenetic tree of V903/78 isolate. Strain V903/
78 has the closest relationship with other tissue adapted vaccine
strains. IBDV vaccine strain D78 is the most closely related strain
to V903/78. Phylogenetic tree analysis was conducted by neigh-
bor-joining method using 1000 bootstrap replications. The scale
indicates the number of substitution events and bootstrap confi-
dence values are shown at branch nodes.
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Mutational analysis between strains D78 and V903/78
was performed as described above. Oligonucleotide
primers were designed that incorporated the V903/78 nu-
cleotide changes and the correct PCR fragments were gen-
erated using the D78 plasmids as templates. The new
V903/78 fragments were exchanged with the original
D78 fragments in the expression plasmids creating
pCMV-903/78-SegA and pCMV-903/78-SegB plasmids
illustrated in Figure 2. To generate the new R903/78 vi-
rus, both segment A and B (1μg of each) were transfected
into Vero cells. Virus production was monitored by

immunoblotting. Successful virus recovery was achieved
only when both segments were co-transfected. The recov-
ered virus was characterized by western blotting [12].
Western blot analysis of infected Vero cell lysates with
anti-IBDV polyclonal antibody P2D78 (a gift from Dr
Vikram Vakharia, UMBC) confirmed the presence of the
recovered R903/78 virus only in the Superfect (Qiagen)
but not in the Dotap (Roche, Basel, Switzerland)
transfected cells (Figure 3).

Several virus clones were isolated and sequencing of
the viruses were performed according to methods de-
scribed by Costa et al. [24] using overlapping primers for
both segments. The 5’- and 3’-ends of the segments were
sequenced by RACE with specific primers (see Materials
and methods).

All viruses isolated had identical sequence to the origi-
nal V903/78 virus, except for one isolate, which had only
four ‘C’ instead of five at the 3’-end of segment B. Al-
though several comparisons of viral production did not in-
dicate any statistical difference between the two different
virus isolates, the so-called four ‘C’ virus was not used in
any further experiments.

To determine the genetic stability of the reverse genet-
ically engineered R903/78 virus, the virus was propa-
gated in Vero cells (up to five passages), total RNA was
isolated and a portion of VP5 gene was amplified by RT-
PCR. Sequence analysis of the RT-PCR product confirmed
the expected sequence of the VP5 gene of the recovered
virus. The stability of the rescued virus was further con-
firmed by western blot analysis of the cell lysates (data
not shown).

Growth kinetics of the rescued R903/78
virus is equivalent to the native V903/78
strain

The replication kinetics of the virus R903/78 recovered by
reverse genetics was compared to the originally isolated
native V903/78 virus [1,12]. It was previously determined
that the great majority of virus (approximately 90%) was

Table 2. Mutational analysis of segment B between IBDV
strains D78 and V903/78

Location D78 nucleotides V903/78 nucleotides Notes

14 C T Noncoding
23 T A Noncoding
41 G A Noncoding
942 A C Coding
1095 T C Coding
1158 C T Coding
1627 T C Coding
1938 G A Coding
2511 C T Coding

Table 1. Mutational analysis of segment A between IBDV strains D78 and V903/78

Location D78 nucleotides V903/78 nucleotides D78 amino acids V903/78 amino acids Notes

54 C T Noncoding
69 G A Noncoding
102 T C Coding
356 G A G E VP5 amino acids 87

G S VP2 amino acids 76
893 C A L I VP2 amino acids 255
938 A G T A VP2 amino acids 270
1453 A C Coding
2235 C A T K VP4 amino acids 190
3231 ATC Δ Noncoding – deletion

Figure 2. Construction of the IBDV R903/78 strain. Depicted are
the relevant restriction sites used in the exchange of restriction
fragments between D78 and R903/78. The SacI site is in the
CMV promoter of the expression plasmid. Numbers indicate the
nucleotide positions according to Bayliss et al. [19].
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secreted from cells and detected in the supernatant. The
goal was to assess virus growth at maximum productivity
at the lowest MOI. Therefore, the final virus titer was de-
termined in a preliminary experiment at wide ranges of
MOIs. It was found that, at a MOI of 0.2, the virus titer
reached maximum at day 3 and higher MOIs did not in-
crease virus yields. Although this result was counterintui-
tive from Poisson distribution of cell infection, it can be
explained by rapid secretion of virus from cells. Therefore,
virus stocks were appropriately diluted and Vero cells
were infected with the viruses at a MOI of 0.2 for all
growth curve experiments. Infected cell cultures were
harvested at different time intervals and the titer of infec-
tious virus present in the culture was determined by the
ICC assay. The plot presented in Figure 4 represents the
mean of triplicate independent experiments. The
R903/78 and V903/78 viruses shared very similar overall
patterns of replication, reaching virus titers of approxi-
mately 4.0×106 IU/ml after 4 days of infection. Although

the replication of R903/78 virus was slightly delayed
compared to V903/78 reaching a plateau, the delay was
within an SD error range. Taken together, these data con-
firm equivalence of growth properties of the two viruses
in cell culture on Vero cells (Student’s t-test; p=0.62).
By contrast to some other IBDV serotypes [31], neither
V903/78, nor R903/78 virus produced CPE on Vero cells
and the great majority of virus was detected in the super-
natant (data not shown).

The rescued R903/78 virus strain grows
well on several human cell lines

Growth characteristics on other cell lines were compared
to green monkey kidney Vero cells. The R903/78 virus ti-
ter increased in logarithmic fashion for 2 days, reaching
virus titers of approximately 4.0×106 IU/ml after 3 days.
This titer was maintained on day 4 as well without caus-
ing any observable CPE (Figure 4).

The growth kinetics was very similar in the human lung
A549 cell line, although the final titer was somewhat
lower than on Vero cells (Figure 5). In the human kidney
cell line, HEK293, the titer increased very rapidly and
reached 1.0×106 IU/ml after only 2days. However, after
that time point, the titer started to decline, resulting in a
final titer of only 1.0×105 IU/ml at day 4. This decline co-
incided with a visible CPE and probable cell deterioration.
It is possible that the adenovirus E1A and/or E1B se-
quences in this cell line caused interference with the IBDV
virus, resulting in cell apoptosis. This hypothesis might be
supported by evaluating other cell lines that were immor-
talized with adenovirus sequences such as the human

Figure 3. Immunoblot analysis of IBDV proteins synthesized in
virus-infected Vero cells. Vero cells were co-transfected with
pIBDV segment A and pIBDV segment B. At 5 days post-transfec-
tion, virus was harvested by three cycles of freeze–thaw. The
lysed proteins were separated on 12.5% SDS-PAGE, blotted onto
nitrocellulose and reacted with polyclonal anti-IBDV rabbit se-
rum P2D78. Lane 1, 1 μl of Vero cell lysate (250 μl total) from
60mm plate transfected with Superfect. Lane 2, 13 μl of Vero cell
lysate (250 μl in total) from a 60-mm plate transfected with
Superfect. Lane 3, 1 μl of Vero cell lysate (250 μl in total) from a
60-mm plate transfected with Dotap. Lane 4, 13 μl of Vero cell ly-
sate (250 μl in total) from a 60-mm plate transfected with Dotap.
Lane 5, 13 μl of Vero cell lysate (250 μl in total) from a 60-mm
plate (nontransfected). Lane 6, 1.6× 105 IU of the purified stock
of IBDV serotype D78 (gift from Dr Vikram Vakharia, UMBC).
The position of VP1, pVP2, VP2, VP3 and marker proteins (M)
(kDa) is indicated.

Figure 4. Growth kinetic comparisons of V903/78 and R903/78
viruses. Growth kinetics of viruses were analyzed in Vero cells.
Vero cells were infected with the viruses at a MOI of 0.2 IU/cell.
Virus yields were measured at the times indicated by the ICC as-
say on Vero cells. The symbols that represent the individual vi-
ruses are indicated adjacent to the growth curves. The results
represent the averages of three independent experiments. Error
bars indicate the SEM (n=3). Student’s t-test indicates no statis-
tical difference between curves (p=0.62).
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Per.C6 and 911 cell lines. In the human liver cell line,
HepG2, titers increased in logarithmic manner for the
4-day duration of the experiment, reaching a final titer
of 1.4×106 IU/ml at day 4. However, the slope of the
Vero cell curve was much steeper than the HepG2 curve,
which did not reach a plateau until day 4. Therefore, it is
possible that HepG2 cells would have produced more virus
if the experiment would have been extended (e.g. 6days)
(Figure 5). Previous experiments indicated that the IBDV
replication was not associated with CPE or detrimental
growth characteristics in HepG2 cells. This observation
was confirmed in the present study as well. The U937 hu-
man lymphoma cell line and the THP1 human monocytic
leukemia cell line did not provide any virus growth. These
were the only cell lines grown in suspension culture,
which may have affected virus propagation.

IBDV R903/78 shows extensive stability
at a wide temperature range

To evaluate the thermostability of the R903/78 strain, the
IBDV particles were analyzed in accelerated stability test-
ing at room temperature (22 °C) and 48 °C [32,33]. The
viral stock was diluted into PBS and incubated for various
time periods. Residual infectivity was determined by the
ICC assay on Vero cells and is expressed as a proportion
of initial infectivity plotted on a logarithmic scale. The
values shown are the mean of two separate determina-
tions (Figure 6). Storage for 4 h at room temperature
caused 40% loss of virus activity. A similar loss was ob-
served at 48 °C in 30min. Further incubation at 48 °C for

4 h caused a rapid drop of activity, resulting in approxi-
mately 0.4% of the original virus titer.

Previous experiments indicated that IBDV virus parti-
cles are very stable for long periods 4 °C (data not shown).
IBDV thermostability appeared to be similar to the stabil-
ity determined for the very stable wild type adenoviruses
that can withstand short periods of temperature fluctua-
tions. Therefore, long-term thermostability was evaluated
under different temperature and formulation conditions.
Initially, trehalose 5% (w/v) comprised of other formula-
tion components was used, although some internally gen-
erated data suggested that higher concentrations of sugar
might be beneficial for long-term storage. Also, trehalose
is quite expensive. Therefore, the commonly used and
much cheaper sugar sucrose was evaluated in parallel.
The bulk harvest was purified using depth filtration and
cross-flow filtration (CFF). During CFF, the concentrated
virus suspension was washed with five discontinuous
diafiltration steps and formulated with (A) 15% (w/v) su-
crose or (B) 10% (w/v) sucrose and 5% (w/v) trehalose
among other formulation components as described in
the Materials and methods. Long-term storage was tested
at 5±3 °C and –70 °C. The stability study was carried out
over a period of 6months, with samples taken at 0, 1, 2, 3,
4, 5 and 6months and evaluated for infectious titer with
the ICC assay on Vero cells (Figure 7). Both formulations
and storage temperatures indicated very good stability
up to 6months. At the 6-month time point, an apparent
significant decrease of the titer is recognizable for the
samples at 5±3 °C, where both formulations at –70 °C
are still very stable. However, formulation A at –70 °C
shows a similar decrease in infectivity at 2months, which
can be explained by assay variability. Limited Student’s t-
test analysis would indicate that there is no statistical

Figure 5. Growth kinetic of R903/78 on different cell lines.
Growth kinetics of R903/78 was analyzed in A549, HEK293,
HepG2, U937 and THP1 cells with Vero cell kinetics included
from Figure 4 for comparison. Cells were infected with the
R903/78 at a MOI of 0.2 IU/cell. Virus yields were measured at
the times indicated by the ICC assay on Vero cells. The symbols
that represent the individual cell lines are indicated adjacent to
the growth curves. The results represent a single experiment.
Analysis of variance between Vero, A549, HEK293 and HepG2
curves indicates that there might be a statistical difference be-
tween these curves (p< 0.05).

Figure 6. Thermostability evaluation of R903/78 virus. Dupli-
cate aliquots of R903/78 were incubated at 22 °C and 48 °C for
0, 15, 30, 60, 120 and 240min, and the titer of the virus was de-
termined at the end of the assay. The plot represents the mean of
two independent experiments. Error bars indicate the SD. Stu-
dent’s t-test indicates statistical significance between the two
temperature curves (p< 0.001).
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difference between these formulations (p=0.72) and
storage temperatures (p=0.66). Therefore, it is crucial
to follow-up the stability assays to confirm whether the
drops for storage at 5±3 °C are true and robust results.
However, even if the stability at 5±3 °C is not sufficient,
alternative storage at≤ –70 °C is possible.

IBDV R903/78 shows very extensive
stability at low pH

To evaluate the pH stability of the R903/78 virus, the
IBDV particles were tested over a wide range of pH condi-
tions [34,35]. The pH stability was determined at 37 °C
because it is assumed that the drug will be delivered
orally and will pass through the stomach at body temper-
ature. The viral stock was diluted into the appropriate
buffer solution (VWR) at a ratio of 1:20 and incubated
for 60min at 37 °C assuming that this is a reasonable time
to pass through the stomach. Residual infectivity was de-
termined by the ICC assay on Vero cells and is expressed
as a proportion of initial infectivity, plotted on a logarith-
mic scale (Figure 8). The values shown are the mean±SD
of two or three (pH6 and 7) separate experiments. There
was no significant change in virus titer from pH6 to pH8.
At pH10, the virus was rapidly inactivated because only
0.2% of the original virus activity was detected. At low
pH, the virus was much more stable because, at pH4,
60%, at pH3, 16% and, at pH2, 3% of the virus was still
active. The virus stability was also determined at parallel
incubations for 60min in pH6 and pH7 solutions at 4 °C
and 37 °C (data at 4 °C are not shown). The results of this
experiment indicated that there was no significant change
in virus titer under this condition as previously deter-
mined at 37 °C.

Multiple oral IBDV administrations in
mice generate high levels of
neutralizing antibodies

Neutralizing antibody response to oral and IV delivery of
the IBDV clinical candidate vector R903/78 was measured
with a virus neutralization test. Single administration of
IBDV by the IV route generated the highest antibody re-
sponse as expected (Figure 9). Both SO and MO delivery

Figure 7. Long-term thermostability evaluation of R903/78 vi-
rus. Stability study of R903/78 on storage at 5±3 °C and ≤ –70 °
C in two different liquid formulations: (A) in 15% (w/v) sucrose
or (B) 10% (w/v) sucrose and 5% (w/v) trehalose. Each formula-
tion contained additional components as listed in the Materials
and methods. Analysis of variance between the four curves indi-
cates that there is no statistical difference between these curves
(p> 0.80).

Figure 8. pH stability evaluation of R903/78 virus. Aliquots of
R903/78 were incubated at the specified pH at 37 °C for 1 h. The
aliquots were neutralized and the virus titer was determined at
the end of the assay. The plot represents the percentage of resid-
ual infectivity values of themean of the independent experiments
at pH 6 and 7 and duplicate analysis at other points. Error bars in-
dicate the SD. The amounts of residual infectivity values are com-
pared with pH6 to pH 8 (100%). At pH10, 0.2%; pH 4, 60%; pH 3,
16% and pH 2, 3% of the virus was still active, respectively.

Figure 9. Kinetics of IBDV-specific neutralizing antibodies using
end-point dilution data. Balb/C mice were immunized with IV,
SO and MO delivery of 1.7× 106 IU of R903/78 virus at day 0.
MO mice also received the same amount of dose on days 3, 7,
13 and 20, respectively (indicated with arrows). At the indicated
times, after administration, serum IBDV neutralizing antibodies
were measured. Error bars indicate the SEM (n=4). Student’s
t-test does not indicate statistical significance between MO and
SO curves (p=0.35), although a Z-test at day 21 shows a statisti-
cal difference (p=0.015).
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also elicited a rapid neutralizing antibody response in
Balb/C mice. Surprisingly, it was difficult to distinguish
between SO and MO responses within the error range.
Statistical analysis between the MO and SO dosing
curves indicated no statistical significance between
curves (p=0.35), although there is some indication for
an increased titer at and beyond 21days with MO adminis-
tration (p=0.015). Both end-point dilution (Figure 9) and
50% dilution curves (data not shown) are similar, although
we expect the first one to be more precise. Antibody
responses appear to peak between 14 and 21days, as with
other viruses; however, to determine more precisely the
induced neutralizing antibody kinetics, it will be necessary
to perform additional experiments. Initial observations
indicated that MO delivery appeared to boost neutralizing
antibody levels compared to SO delivery.

Effective repeat oral IBDVadministration
is possible inmice in the presence of high
levels of IBDV neutralizing antibodies

To estimate the level of in vivo inhibition of IBDV virus
delivery by neutralizing antibodies, the biodistribution of
R903/78 was assessed in multiple organs using qRT-
PCR. After MO delivery of the virus, tissue distribution
of IBDV RNA was evaluated in blood, feces, liver, spleen,
intestine, heart, lung, kidney and gonads using qRT-PCR
[36]. The same quantity of 50μl (1.7×106 IU) of
R903/78 IBD virus was dosed in multiple oral deliveries.
Within this project, a real-time qRT-PCR assay was
developed for the specific and sensitive detection of the
RNA of IBDV 903/78 strain. Based on the complete nucle-
otide sequence information (GenBank accession numbers

JQ411012 and JQ411013), oligonucleotide primers and
TaqMan probe were designed for the amplification of
genetic regions of the A and B segments of IBDV. The
primer-probe system was tested with extracted RNA from
the V903/78 and R903/78 strains. Sensitivity of the assay
was determined to detect approximately one to 10
genomic particles. All of the PCR results reported were
performed with properly working positive standards and
a negative control. All samples from untreated mice
proved to be negative by qRT-PCR. A considerable amount
of virus was detected in the organs subsequent to multiple
oral deliveries. The results indicate a wide range of
R903/78 tissue distribution with MO delivery that
appears to produce a consistent presence of the virus in
the liver, which is assumed to be the target tissue
(Figure 10). All blood samples were negative, indicating
fast clearance from the circulatory system.

The day 1 time point is equivalent to a single oral deliv-
ery. This time point indicates no detectable virus in the
gonads and all other tissues showed borderline copy num-
bers, except the feces. The calculations indicate average
data from four mice and, in every tissue, there were mice
with undetectable virus copy numbers (except the feces).
Therefore, the error in these values is large. The day 4 and
day 8 time points also indicate low copy numbers, al-
though virus RNA was detectable in all tissues tested, ex-
cept in blood. The similar profile at day 4 and day 8 might
indicate the effect of increasing amounts of neutralizing
antibodies at the day 8 time point. There was a substantial
increase in virus copy numbers in most organs at the day
14 time point. The highest amounts of virus RNA were de-
tected in the liver, spleen, lung and kidney. At day 21, the
level of virus copy numbers dropped one or more logs, ex-
cept in the intestine, which is the result of a single outlier

Figure 10. Tissue distribution of R903/78 virus following multiple oral administrations in mice. Virus was delivered in a 50-μl volume
(1.7×106 IU) orally on days 0, 3, 7, 13 and 20 (indicated with arrows). Necropsy was performed on days 1, 4, 8, 14 and 21. Tissue RNA
was quantified by quantitative real-time RT-PCR. Transduction efficiency is expressed as IBDV copy numbers per mg of tissue. Each
bar represents the arithmetic mean of four independent experiments, except day 21 where one mouse died. Error bars indicate the
SD (n=4; n=3 for day 21).
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data point. Eliminating this data point would have caused
a substantial drop compared to the day 14 time point
consistent with other tissue distributions.

IBDV does not replicate in mice tissue

R903/78 IBD virus replication in mice cannot be con-
firmed definitively from the MO experiments. The almost
identical level of virus copy numbers at the day 4 and day
8 time points indicates viral stability rather than evidence
of viral replication because the amount of viral RNA does
not appear to increase throughout the time period. The
other possibility is the effect of increasing IBDV specific
antibodies, as discussed above. However, the substantial
increase in viral specific RNA at the day 14 time point
could indicate viral replication regardless of the presence
of neutralizing antibodies. Moreover, the substantial de-
crease of viral RNA at the day 21 time point coincides with
the increase in neutralizing antibodies against the virus
(Figure 9).

To clarify these issues, mice were dosed with a single
delivery of R903/78 IBD virus SO and IV. Virus genomes
were quantified at days 4, 8, 14 and 21 after delivery to
animals. After SO delivery, no virus genomes were detect-
able in any of the treated mice at any time points in the
liver (data not shown). These data were in contrast to
MO delivery where low levels (but detectable) of virus ge-
nome were present in most tissues at day 1 and a large in-
crease of viral genome was observed at day 4 (Figure 10).
These data indicate viral stability and genome accumula-
tion under the multiple dosing scenario and not viral rep-
lication. The view that IBDV does not replicate in mice
liver is further reinforced by the single-dose IV delivery
data (Figure 11). The large amounts of viral genome accu-
mulation at day 4 and its rapid decrease would be difficult
to explain by anti-viral immunity if there was substantial
viral replication.

Discussion

It is close to 20 years since the first IBDV virus was created
using reverse genetics [10–12]. This great achievement
was followed by improvement on the process a decade
later [11,37,38]. The ability to rescue infectious viruses
from cloned cDNAs has been well established already
and allowed systematic studies of viral characteristics.
Several laboratories successfully incorporated foreign epi-
topes at different locations into the viral genome in the
hope of developing vaccines for multiple disease targets
[12,39,40]. Attempts were also made to incorporate exog-
enous genes into the IBDV genome but, until now, these
experiments did not succeed [12]. This is probably a

result of the restricted packaging size of the dsRNA ge-
nome. In any event, reverse genetics allowed us to clone
the IBDV V903/78 serotype genome and recreate it as
the artificial virus R903/78. The two viruses have identi-
cal genomes, although the later can be manufactured
without any concerns of labor intensive re-plaquing in
case of the appearance of contaminant quasispecies [41]
or interfering small plaque mutant viruses [42], which is
especially important if the virus is to be used in human
therapy [20]. Consequently, we investigated several basic
characteristics of the R903/78 virus and so this agent
might be used in a planned human clinical trial to elimi-
nate HBV and HCV viral loads employing superinfection
therapy [20].

Phylogenic analysis indicated that V903/78 is closely
related to the D78 vaccine strain. Although, the 5-
nucleotides difference in the coding region of segment A
resulted in amino acid changes in VP5, VP2 and VP4,
these changes did not appear to influence cell tropism
and virulence. Changes in the coding region of segment
B did not result in amino acid changes. It has been de-
duced that IBDV 5’- and 3’-noncoding regions are very im-
portant [5]. Both segment A and B had three differences
in the noncoding regions between V903/78 and D78. A
3-nucleotides deletion in segment A was present just prox-
imal to the important 3’-untranslated region stem-loop
[43]. However, chimeric viruses constructed by exchang-
ing noncoding regions between the two virus strains
[44] did not indicate significant changes in growth pat-
terns (data not shown).

The evaluation of IBDV R903/78 virus growth charac-
teristics is an important question from both safety and
manufacturing perspectives. In the present study, the

Figure 11. Tissue presence of R903/78 virus following single IV
administrations in mice. Virus was delivered in a 50-μl volume
(1.7×106 IU) IV on days 0. Necropsy was performed on days 4,
8, 14 and 21. Liver RNA was quantified by quantitative real-time
RT-PCR. Transduction efficiency is expressed as IBDV copy
numbers per mg of tissue. Each bar represents the arithmetic
mean of four independent experiments, except day 21 where
one mouse died. Error bars indicate the SEM (n=4; n=3 for
day 21).
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virus growth properties were evaluated in a single-step
growth curve on several cell lines. At the present time,
the virus is manufactured on green monkey kidney Vero
cells and therefore all other growth characteristics were
compared with this cell line.

IBDV vaccine strains grow well on several avian cell
lines such as CEF and DF-1 [1,45]. IBDV strains have also
been shown to grow well on RK13 rabbit kidney cells
without causing any CPE and also grow to high titer on
BHK21 baby hamster kidney cells where no CPE is pro-
duced [46]. In addition, primate cells have also been eval-
uated [47] and IBDV animal vaccines are mostly produced
on Vero cells [1]. However, we found only two human cell
lines, HEK293 [12] and HEK293T [48], that were
assessed for IBDV growth. Apparently, we have observed
very similar kinetics to previous studies on HEK293 cells
where the titer reached a peak on day 2 and then de-
clined, possibly indicating deterioration of the cells. The
ability of IBDV to propagate in HEK293 and primate cells
[49] suggests that IBDV might be capable of limited repli-
cation in mammals, including in humans. Additionally,
replication of IBDV in human cells will establish its poten-
tial to be used as therapeutics for human diseases.

The clinical target of the IBDV-superinfection therapy
for hepatitis is the liver. Therefore, it was important to
show that R903/78 was propagating on HepG2 cells with-
out any detrimental effects. Although with slower kinetics
compared to Vero cells, there was substantial viral replica-
tion on this cell line without any visible CPE or sign of det-
rimental effect to the cells (data not shown). Therefore,
this human cell line could be used for in vitro model stud-
ies of viral interference between IBDV and other liver spe-
cific viruses. A549 cells are used to produce replication
efficient adenovirus for clinical trials [50]. The similar
growth pattern in this cell line compared to Vero cells pro-
vides the possibility for manufacturing R903/78 on A549
cells. IBDV is a lymphothropic virus and it was surprising
that it did not propagate on human lymphoma and mono-
cytic leukemia cell lines. At this point, it is not known
whether these cell lines were infected at all or viral repli-
cation was repressed for some other reason. A likely rea-
son is these cells do not have the proper receptors for
IBDV infection. Further studies should be able to distin-
guish between these propositions.

IBDV has been described as a very stable virus [46,51];
however, the amount of data supporting this statement
are quite scarce. Therefore, we have evaluated acceler-
ated and long-term stability studies in different tempera-
tures with purified virus substance without serum to
stabilize the capsids. The accelerated temperatures stabil-
ity study indicated that, at 48 °C, very little infectious vi-
rus survived. This is contrast to previous studies where,
at 55 °C after 3 h of incubation, little loss of activity was
observed [46]. This contradiction could be explained by

the formulation. The liquid formulation in the present
study was derived from the serum and animal free compo-
sition developed for adenovirus gene therapy products
[52]. Furthermore, in contrast to adenovirus, IBDV is
much more stable at low than at high pH. Therefore, in
the future, different formulations will be evaluated and
a buffer with a more neutral pKa value, such as PBS, will
be chosen. Despite the short-term stability results, the
long-term temperature study indicated excellent stability
at both 5 °C and –70 °C for 6months. Tris buffer has a
large negative temperature coefficient and the pH7.8
buffer measured at room temperature could have been
close to pH8.4 at 5 °C, somewhat reducing stability. The
sensitivity of R903/78 to extremely low and especially
high pH ranges might also have been exaggerated by the
use of the particular formulation. In any event, the gener-
ated stability data for the liquid formulation stored at 5 °C
is very promising. The IBDV pH stability is much better
than the similarly heat stable adenovirus serotype 5 that
is inactivated at pH5. However, it appears to be less stable
than some enteroviruses such as HAV that drop in activity
by only approximately one log after 1 h of incubation at
38 °C at pH1 [53]. The significant loss of R903/78 stabil-
ity at pH2 (3% of infectivity, as shown in Figure 8) pre-
dicts poor in vivo recovery of our drug candidate strain
after oral administration. Therefore, the aim is to improve
R903/78 strain stability in stomach acids by administer-
ing our therapeutic drug candidate in enteric coated
capsules.

Evaluation of neutralizing antibody generation by IBDV
is essential for the estimation of efficacy of multiple oral
deliveries planed for the human clinical trials [20].
Serological assays for the assessment of different virus
neutralizing antibodies have been previously developed
for many viruses [54,55]. The amount of neutralizing
antibody generated by multiple oral delivery of IBDV is
critical for the assessment of efficiency in planned clinical
trials [20]. Most viruses cannot be delivered multiple
times because the immune responses to the virus capsids
prevent serial infections. In gene therapy applications,
effective repeat administration of adenovirus vectors
after intranasal or IV delivery is hindered by a strong
neutralizing antibody response to the vector. However,
intramuscular administration of adenovirus vectors elic-
ited a neutralizing antibody response that peaked be-
tween 14 and 21days after infection, although effective
repeat intramuscular administration of adenovirus vec-
tors was not hindered by the presence of neutralizing
antibodies in the serum [56].

IBDV is not pathogenic to mammals, although mice
might be potential carriers of the virus [57]. Also, it has
been proposed that IBDV could be transmitted through
dog hosts [58]. In the present study, we used Balb/C mice
to assess immune responses to the virus and the presence
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of viral genome in different tissues. Based on clinical ex-
perience, we assumed that, by using large virus doses con-
tinuously for a longer period of time, IBDV infection will
be detected despite the presence of anti-IBDV antibodies.
Moreover, we assumed that oral dosing of a stable virus
such as IBDV will survive passage through the acidic envi-
ronment of the stomach and will elicit mucosal immune
responses in the gut. Similar to a previous human clinical
trial [14], multiple oral dosing (MO) was carried out in
mice. We also dosed mice with SO and with IV injection
as a control. Not surprisingly, IV injected mice responded
by the production of large amounts of antibodies. Also as
expected, SO administration elicited a rapid neutralizing
antibody response. MO administration boosted a response
somewhat comparable to SO at day 21 after dosing, al-
though this did not reach a plateau at this point. The
amount of neutralizing antibody in the blood did not pre-
vent virus delivery to the tissues. In the present study, we
did not explore the means of virus delivery to tissues, al-
though it is possible that IBDV is picked up by gut macro-
phages or other lymphoid cells and then dispersed
throughout the body [59,60].

Form the MO delivery experiments, we cannot deci-
sively confirm whether IBDV replicates in mouse tissues
or only accumulates through multiple deliveries. Al-
though there was a very large increase in viral RNA in
all different tissues at the day 14 time point, this could
have been the consequence of the newly delivered virus
at day 13. The diminished amounts of viral genomes de-
tected at day 21 coincide with increasing amounts of neu-
tralizing antibodies.

The undetectable levels of viral genome in SO adminis-
tration at day 4 and all other time points indicate viral sta-
bility rather than viral replication. This observation is
reinforced by the single IV administration data showing
diminishing genome levels throughout the time course
of the experiment.

A very important issue, the in vivo neutralizing effects
of the R903/78 antibodies, is still incompletely an-
swered by our experiments shown in Figures 9 and 10
because the confounding effects of (i) virus stability;
(ii) virus biodistribution/retention in different organs;
(iii) virus replication in different organs and (iv) the
influence of neutralizing antibodies could not be ade-
quately dissected from each other. Accordingly, we aim
to determine the amounts of free virus in the organs
at different time point after a single dosing experiment
simultaneously in immune competent and immune defi-
cient mice, respectively. In this way, putative virus repli-
cation can be separated from the inhibitory effect of
virus neutralization.

Nevertheless, clinical experience demonstrated that the
IBDV superinfection therapy was effective in several de-
compensated chronic hepatitis patients, showing striking

clinical improvement without side effects when large
doses of the viral preparation were administered continu-
ously over a long period to ensure maintenance of
‘artificial viremia’ by IBDV, which is not known to infect
human beings naturally [14,20]. This is consistent with
the observation that repeated intranasal or intravenous
administration of Newcastle disease virus remained effec-
tive in cancer patients despite the presence of neutralizing
antibodies [61].

We are currently completing a chronic GLP toxicol-
ogy study with the R903/78 drug candidate in which
long-term (12weeks) administration of the planned
human clinical study was modelled. One of the objec-
tives of the study was to determine the true peak of
the antibody response. It is, however, still not clear
how the virus in tissues and antibodies in the circula-
tion reach equilibrium during long-term continuing
oral dosing, and this remains to be investigated in ani-
mals that have received passive transfer of ‘neutralizing
antibodies’.

In all of the in vivo experiments, no pathology or un-
usual behavior of mice was observed. Although mice
[57], rats [62] and dogs [58] were proposed as possible
carriers of IBDV, this virus was not shown to be a patho-
gen in mice and its ability to spread in mammals is proba-
bly relatively low. Consistent with this, in our
experiments, the Vero cell line adapted, attenuated
R903/78 IBD virus appears to be safe for mice. The
R903/78 virus was detected in all organs tested, except
for blood, even at day 21 after the initiation of MO admin-
istration. This indicates that the virus is stably retained.
SO and IV administration suggested that IBDV does not
replicate in the liver, despite the fact that it does replicate
in the HepG2 human liver cell line. Because IBDV replica-
tion does not go through a DNA intermediate, it is un-
likely that its genome material is transmitted to
subsequent generations through the gonads, alleviating
some safety related concerns. These biodistribution data
appear to concur with previous observations indicating
that multiple and long-term oral dosing is needed for
any clinical benefit in human disease [14].
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