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The present study describes the generation of a new Orf virus (ORFV) recombinant, D1701-V-RabG, expressing the rabies virus
(RABYV) glycoprotein that is correctly presented on the surface of infected cells without the need of replication or production of
infectious recombinant virus. One single immunization with recombinant ORFV can stimulate high RABV-specific virus-neu-
tralizing antibody (VNA) titers in mice, cats, and dogs, representing all nonpermissive hosts for the ORFV vector. The protective
immune response against severe lethal challenge infection was analyzed in detail in mice using different dosages, numbers, and
routes for immunization with the ORFV recombinant. Long-term levels of VNA could be elicited that remained greater than 0.5
IU per ml serum, indicative for the protective status. Single applications of higher doses (10’ PFU) can be sufficient to confer
complete protection against intracranial (i.c.) challenge, whereas booster immunization was needed for protection by the appli-
cation of lower dosages. Anamnestic immune responses were achieved by each of the seven tested routes of inoculation, includ-
ing oral application. Finally, in vivo antibody-mediated depletion of CD4-positive and/or CD8-posititve T cell subpopulations
during immunization and/or challenge infection attested the importance of CD4 T cells for the induction of protective immunity
by D1701-V-RabG. This report demonstrates another example of the potential of the ORFV vector and also indicates the capabil-

ity of the new recombinant for vaccination of animals.

Rabies is a highly prevalent zoonotic disease and a public health
threat worldwide, leading to 55,000 human deaths annually.
Most of them occur in Asia and Africa and are primarily elicited by
rabid domestic dogs or other canids (1). The majority of rabies
cases is found in wild animals, like raccoons, skunks, bats, and
foxes. The causative agent of rabies is the neurotropic Rabies virus
(RABV) belonging to the genus Lyssavirus of Rhabdoviridae. After
peripheral infection, RABV invades the central nervous system,
resulting in progressive fatal encephalomyelitis in almost all cases
(2). The single-stranded, negative-sense RNA genome of RABV
encodes five structural proteins designated N (nucleoprotein), P
(phosphoprotein), M (matrix protein), G (glycoprotein), and L
(RNA-dependent RNA polymerase) (reviewed in reference 3).
The glycoprotein, here referred to as RabG, represents the major
antigen of RABV and is responsible mainly for the induction of
protective immunity (4-7). RabG is expressed as a trimer trans-
membrane protein forming projections on the surface of RABV or
of the infected cells and is the target for binding virus-neutralizing
antibodies (VNA). Protection against rabies correlates with the
presence of VNA, which persists for many years, and VNA titers
greater than 0.5 IU per ml serum are accepted for protection.
Accordingly, rabies can be considered a T-helper type 2 cell re-
sponsive disease, and the help of CD4-positive T cells to activate B
cells is crucial for protection (8).

Controling rabies mass vaccination of wildlife, and especially
of dogs and cats, is considered to be the most effective strategy (1).
To achieve that goal, various vaccines have been developed during
the last years. However, there is still a need for the improvement of
rabies vaccines, which ideally should combine attributes such as
(i) effectiveness in all important target animals transmitting
RABYV, (ii) induction of long-lasting immunity after single admin-
istration, (iii) efficacy after oral application, (iv) innocuousness in
all RABV-susceptible animals, (v) stability and convenient han-
dling of the vaccine, and (vi) low costs. Available vaccines do not
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comprise all those properties and, therefore, fail to successfully
control rabies. For instance, vaccination with avirulent RABV
strains almost completely eradicated vulpine rabies in Europe (9)
or coyote and raccoon rabies in North America (10) but failed to
protect dogs, skunks, and other animals by a single oral immuni-
zation (11). In addition, the risk of possible reversion to virulence
cannot be completely excluded with these vaccines.

Since the recent introduction of “reverse genetics” technology
(12, 13), new live attenuated RABV can be designed, for instance,
by gene mutations (see reference 14), duplication or triplication of
the RabG gene (15, 16), or simultaneous expression of inserted
cytokine genes to stimulate the innate immune response (17, 18).
Some of them are promising candidates of rabies vaccines due to
their apathogenicity and improved immunogenicity in animal
models. DNA vaccines have several advantages, such as stability,
low production costs, and ease of construction (reviewed in refer-
ence 19). DNA-based rabies vaccines can induce adequate RABV-
specific immune responses in small rodents when optimally for-
mulated (20). However, multiple immunizations using high DNA
doses are required to achieve modest immunity against RABV in
mammals, which is accompanied by the risk of tolerance. In ad-
dition, most DNA vaccines need adjuvants to improve efficacy,
which raises several safety concerns (21).
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Live recombinant vectors represent the most promising vac-
cine candidates, not only as rabies vaccines for companion ani-
mals. Various recombinant rabies vaccines have been generated
using different viral vector systems, such as Newcastle disease vi-
rus (22), Sindbis virus (23), herpesvirus (24), adenovirus (for a
review, see reference 14), or baculovirus (25). Moreover, numer-
ous poxvirus-vectored vaccines expressing RabG have been con-
structed, as reviewed recently (26). Despite inducing excellent hu-
moral and cellular immunity, tolerating the insertion of large
foreign genes, and having a stable genome and technologies for the
construction of recombinants that are well established, these vac-
cines also have certain weaknesses. The first licensed recombinant
vaccinia virus (VACV) V-RG expressing RabG (27, 28) was suc-
cessfully used for oral immunization of raccoons, red and gray
foxes, and coyotes in North America and Western Europe (10, 29),
but V-RG failed to induce complete protection in skunks (30) and
dogs (11) by single oral administration. Moreover, V-RG has been
associated with severe skin inflammation, at least in one case, and
the possibility to cause systemic VACV infection in human has
been reported (31). Another drawback of VACV-vectored vac-
cines, similar to adenovirus-vectored vaccines, represents preex-
isting or vaccination-induced vector immunity, which can inhibit
uptake of the recombinant and prevent the generation of suffi-
cient anti-RABV immunity or boosting anamnestic response (32).
A safer, attenuated, and replication-deficient variant of VACV
vector is represented by the modified vaccinia virus Ankara
(MVA) strain. The RabG-expressing MVA recombinant, how-
ever, was found to be less immunogenic than V-RG and did not
mediate complete protection against RABV, and dogs were not
protected by oral administration (14, 33). Other poxviral vectors
have been used to generate host-restricted recombinant live vac-
cines against rabies, such as raccoon poxvirus (34), canary poxvi-
rus (35), fowl poxvirus (36), or capripoxvirus (37). Still, these
vaccines have their limitations, particularly regarding efficacy re-
stricted to certain species, safety concerns, and utility for pre- and
postexposure vaccination.

Recently, we reported the successful use of the Parapoxvirus
Orf virus (ORFV) as a novel virus vector system for expressing
different foreign antigens. Its key benefits are the very restricted
host range (sheep and goats), the skin tropism, and the absence of
systemic virus spread even in immunocompromised individuals
or after intravenous injection of high virus dose (38, 39). The
short-term vector-specific immunity and the lack of serum anti-
bodies efficiently neutralizing ORFV (38, 40) enable repeated im-
munizations with the same or with different ORFV recombinants.
Unique immune-modulating properties of ORFV strongly stim-
ulate the innate immunity (40—43) and rapidly generate foreign
antigen-specific immune responses (44—47). The apathogenic,
Vero cell culture-adapted ORFV strain D1701-V is used to gener-
ate recombinants by substituting the viral vegf-e gene with a for-
eign gene, which thereby removes an ORFV virulence gene and
leads to further attenuation (38, 44, 48). D1701-V recombinants
have been reported to mediate protective immunity against a
number of different viral infections, such as rabbit hemorrhagic
disease virus (49), classical swine fever (50), Borna disease virus
(51), or pseudorabies virus (44, 52, 53).

The present study describes the generation of the ORFV re-
combinant D1701-V-RabG expressing the RABV glycoprotein
and its successful use for mounting protective immunity against
lethal RABV challenge infection of mice. Notably, even a single
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immunization was sufficient to induce high RABV-specific VNA
titers in mice, cats, and dogs by different routes of application.
Finally, in vivo antibody-mediated depletion of CD4-positive
and/or CD8-posititve T cells of mice during immunization and
challenge infection attested the importance of CD4-positive T
cells for the induction of protective immunity by D1701-V-RabG.
This report demonstrates the potential use of this new ORFV re-
combinant to vaccinate companion animals against rabies.

MATERIALS AND METHODS

Cells and viruses. The ORFV recombinants were propagated, plaque pu-
rified, and titrated in Vero cells as described recently (44, 49). Rabies
challenge virus standard strain CVS-11 (Friedrich-Loeffler-Institut, Ger-
many) was titrated by fluorescence focus assay. ORFV gene expression
was arrested in the early phase by cytosine arabinoside treatment (AraC;
40 pg/ml; Sigma, Germany).

Generation of D1701-V-RabG recombinant. The RabG gene of strain
PV11 (accession no. AF233275) exhibiting 97 to 98% identity to various
other RABV strains, including CVS, was chemically synthesized and pro-
vided as pUC plasmid (Blue Heron Biotech). The complete G gene was
isolated as an EcoRI-BamHI DNA fragment (1,582 bp) by agarose gel
electrophoresis and Qiaex II gel extraction (Qiagen, Germany) followed
by ligation (fast ligation kit, Promega, Germany) into EcoRI-BamHI-di-
gested plasmid pdV-Recl (44). The resulting transfer plasmid pdV-RabG
was DNA sequenced to verify correct insertion of the RabG gene (data not
shown). Using plasmid pdV-RabG (2 pg) for nucleofection (Nucleofector
kit V; Lonza, Germany) of Vero cells infected with the LacZ gene-positive
recombinant D1701-VrV with a multiplicity of infection (MOI) 0f 0.2, the
new ORFV recombinant D1701-V-RabG was selected by plaque PCR
screening and produced as described previously (49). The PCR primers
were purchased from Metabion (Martinsried, Germany) with the nucle-
otide sequences for the LacZ gene as 5'-CGA TAC TGT CGT CGT CCC
CTC AA-3’ (foward) and 3'-TCA AGT CAT CAC GCC GCT CAA C-5'
(reverse), resulting in a 433-bp-sized amplicon, and for the RabG gene as
5'-GGA GTC TCT CGT TAT CAT ATC TC-3' (forward) and 3'-GCT
TTA ACT CGT GGA ACA ACA TC-5' (reverse) to amplify a 508-bp
fragment.

Antibodies. RabG-specific antibodies, polyclonal rabbit antiserum
G154-3, G-specific antipeptide antiserum, and monoclonal antibody
E559 were generously provided by K. K. Conzelmann (Ludwig-Maximil-
ians University, Munich, Germany) and by Stefan Finke (Friedrich-Loef-
fler-Institut, Germany).

IPMA. Successful expression of the inserted foreign gene was first
assayed by immunoperoxidase monolayer assay (IPMA), an immunohis-
tochemical staining of recombinant virus plaques titrated in Vero cells.
After the appearance of virus plaques, the medium was aspirated and the
cells were dried at room temperature (RT) for 10 min. Thereafter, cells
were fixed with abs. methanol at —20°C for 15 min, washed twice with
ice-cold 1% (vol/vol) fetal calf serum (FCS) in phosphate-buffered saline
(PBS), blocked with PBS containing 10% (vol/vol) FCS for 90 min, and
incubated for 60 min at RT with the RabG-specific monoclonal antibody
E559 (diluted 1:200 in 1% FCS in PBS). After being washed 3 times with
PBS-T (PBS containing 0.05% [vol/vol] Tween 20), a peroxidase-coupled
anti-mouse secondary antibody (1:2,000; DIANOVA, Germany) was
added and slowly agitated for 60 min at RT. After being thoroughly
washed with PBS-T and PBS, substrate (Vector Nova Red; Vector Labo-
ratories, Axxora, Germany) was added as recommended by the manufac-
turer until red-brown positive staining became visible.

Western blot analysis was performed as described previously (49). The
RabG-specific rabbit antiserum G154-3 was used diluted 1:50,000, and the
peroxidase-coupled anti-rabbit secondary antibody (Jackson Immu-
noResearch, Dianova, Germany) was used in a 1:20,000 dilution. Detec-
tion by enhanced chemiluminescence (ECL) was accomplished with the
substrate Immobilon Western horseradish peroxidase (HRP) (Millipore,
Germany) and ECL X-ray films (Pierce, Fisher Scientific, Germany).
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Immunofluorescence was performed as published recently (49). In-
tracellular staining was achieved by permeabilization with 0.2% (vol/vol)
Triton X-100 in PBS for 5 min at RT. The E559 monoclonal antibody (54)
was diluted 1:1,000 and incubated for 1 h at 37°C followed by extensive
washing in PBS. Secondary Alexa-555-coupled anti-mouse antibody
(Fisher Scientific, Invitrogen, Germany) was diluted 1:1,000, and after 30
min at 37°C the slides were washed with PBS.

Actin staining was achieved with phalloidin CF-647 according to the
instructions of the manufacturer (Biotium, Germany) followed by stain-
ing of the nucleus with 1 pwg/ml DAPI (4',6-diamidin-2’-phenylindol-
dihydrochlorid; Sigma-Aldrich, Germany) for 20 to 30 min at RT in the
dark. Finally, slides were thoroughly washed and embedded in Mowiol-
DABCO (1,4-diazabicyclo[2.2.2]octan; Carl Roth, Germany). Fluores-
cence images were recorded with an Axiovert 200 microscope using Ax-
iovision software (Zeiss, Germany).

RABV-neutralizing antibody assay. VNA titers were determined us-
ing the rapid fluorescent focus inhibition test (RFFIT) as described previ-
ously (4) and modified for 96-well cell culture plates. The obtained VNA
titers were transformed to IU using a standard human anti-rabies immu-
noglobulin containing known IU per ml (NIBSC, United Kingdom). The
fluorescein isothiocyanate (FITC)-labeled rabies conjugate was pur-
chased from Fujire Diagnostics (IBL, Germany). The VNA titers are rep-
resented as geometric mean titers (GMT), and mouse preimmune serum
was used as a negative control.

Mouse immunization and challenge infection experiments.
C57BL/6 and BALB/c mice were bred at Friedrich-Loeffler-Institut, Insti-
tute of Immunology, Tuebingen, Germany. B-cell-deficient mice,
B6.129S2-Ighm"™!“€"/], were purchased from Charles River Laboratories
and kept in the specific pathogen-free facility at the FLI.

The indicated amounts of D1701-V-RabG were administered in 50-.l
volumes intramuscularly (i.m.) into the quadriceps muscle, intravenously
(i.v.), intraperitoneally (i.p.), subcutaneously (s.c.); in 20-pl volumes in-
tranasally (i.n.) or intradermally (i.d.), or orally by instillation of 0.1 ml
with an intragastric gavage. Multiple immunizations were done in 2- or
3-week intervals, and challenge infection was performed 2 to 3 weeks after
the last immunization. In addition, groups of mice were i.m. immunized
with 0.1 ml of the commercial human rabies vaccine Rabipur (Novartis
Vaccines, Germany) or animal rabies vaccine Nobivac (Intervet, Ger-
many) as reported (23).

Sex-matched 6- to 8-week-old mice (before immunization) were chal-
lenge infected under anesthesia intracerebrally (i.c.) into the left hemi-
sphere with the indicated 50% lethal dose (LDs,) in a 20-pl volume.
Intracerebral challenge infection was chosen to test the protective potency
under very stringent conditions basically according to the NIH potency
test (20, 23). The animals were inspected three times daily and scored for
the appearance of slight neurological signs as beginning ataxia and slightly
reduced motility (level 1); for increased neurological signs, such as trem-
bling and/or disorientation after tail spinning (level 2); and for severe
signs of disease (level 3) showing ruffled fur, hunched position, and com-
plete paralysis. Animals scored twice at level 3 were immediately sacri-
ficed. The experiment was terminated 28 days after virus challenge. All
mice experiments were approved by the local authorities according to the
German Animal Protection law.

In vivo depletion of T cell subpopulations. Monoclonal antibodies
used for depletion analysis directed against murine CD4 (monoclonal
antibody [mAB] YTS 191.1) or CD8 (mAB YTS 169.4) (55) were kindly
provided by L. Stitz, (Friedrich-Loeffler-Institut, Germany). The antibod-
ies were diluted 1:25 in PBS, and 0.2 ml was administered i.p. per mouse at
the indicated times as described in the legend to Fig. 7. For simultaneous
depletion of CD4- and CD8-positive T cells, the 1:25 diluted antibodies
were combined in 0.2 ml. Absence of the T cell subsets and their reconsti-
tution after 10 to 14 days has been reported earlier (56) and was controlled
by fluorescence-activated cell sorting (FACS) analysis (data not shown).

Vaccination of dogs. Beagles (6 months of age) were randomized into
three groups: group 1 (n = 5 dogs) received D1701-V-RabG s.c. between
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the shoulder blades, group 2 (n = 5 dogs) received D1701-V-RabG i.m.
into semimembranous muscle, and group 3 (n = 2 dogs) was the PBS-
vaccinated control group (1 animal s.c. and 1 animal i.m. immunized).
Booster immunization was performed 4 weeks after prime immunization.
The administered amount of D1701-V-RabG was 10”7 50% tissue cul-
ture infective dose (TCIDs,). Blood samples for rabies serology were col-
lected on day 0 prevaccination and thereafter weekly over a period of 7
weeks post-prime immunization. Serum samples were tested for RABV-
specific VNA by RIFFT (Biobest Laboratories Ltd., Edinburgh, United
Kingdom). The general health of the animals was observed daily, focused
on the injection site for visible, palpable, or painful reactions and on rectal
temperatures.

Immunization of cats. Forty-five domestic short-hair, specific patho-
gen-free cats (11 weeks of age at day 0) were randomized into six groups
and were immunized s.c. either with serial 10-fold dilutions of D1701-V-
RabG (10® to 10° TCIDs), with the commerecial live canarypox vector
PureVax feline rabies (Merial Animal Health Inc., Duluth, MN) according
to the manufacturer’s recommendation, which corresponds to 10°% 50%
fluorescent assay infectious dose (FAID.), or with PBS as the control.
Blood samples for rabies serology were collected on day —1 (prevaccina-
tion) and thereafter weekly over a period of 7 weeks postimmunization.
Serum samples were tested for RABV-specific VNA by RFFIT and by
enzyme-linked immunosorbent assay (ELISA) (Platelia Rabies II; Bio-
Rad Laboratories, Hercules, CA). Nasal swab samples were collected on
days 1 to 7 postvaccination and analyzed for the presence of infectious
D1701-V-RabG by virus isolation. The general health of the animals was
observed daily, focusing on the injection site for hair loss, swelling, pain,
self-trauma (licking, biting, rubbing), hyperthermia, and depression.

RESULTS
In vitro characterization of D1701-V-RabG. Recombinant vi-
ruses were selected, plaque purified, and propagated as described
in Materials and Methods and published recently (44, 49). Virus
plaque isolates negative for the LacZ gene were subjected to 4
additional rounds of plaque purification to receive genetically ho-
mogenous RabG-containing recombinant D1701-V-RabG.
Expression of RabG protein in individual recombinant virus
plaques was confirmed using immunoperoxidase monolayer as-
say (IPMA) as described in Materials and Methods. A representa-
tive result is shown in Fig. 1A and B, demonstrating the specific
brownish staining of individual virus plaques positive for the
RABYV glycoprotein. Control staining of parental virus-infected or
noninfected cells remained negative (not shown). In vitro expres-
sion of the RABV glycoprotein was demonstrated by Western blot
analysis (Fig. 1C). Protein lysates were prepared 6, 12,24, and 48 h
after infection (hpi) of Vero cells with the parental D1701-V or
with the recombinant D1701-V-RabG. The RabG with an appar-
ent molecular weight of approximately 62 kDa could be detected
already 6 hpi, with increasing amounts at later time points, but not
in parental D1701-V-infected or noninfected cell lysates (Fig. 1C).
The major virion protein of ORFV was detectable in all infected
cells, whereas noninfected (NI) cells remained negative at the
same time points. Comparison of in vitro single-step growth
curves showed no significant differences in burst size or growth
kinetics between D1701-V and the recombinant D1701-V-RabG
(data not shown). Correct insertion of the RabG gene into the
vegf-e gene locus of ORFV was verified by Southern blot hybrid-
ization (not shown). Specific RabG gene transcription controlled
by the strong early vegf-e promoter of ORFV (Pyqp) was also
ascertained by Northern blot hybridization (data not shown).
Finally, RabG expression was studied by immunofluorescence
in D1701-V-RabG-infected cells by the use of the G-specific
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FIG 1 Expression of RABV G protein in D1701-V-RabG-infected Vero cells.
Panels A and B demonstrate IPMA staining of recombinant ORFV plaques
expressing RABV glycoprotein. Two days after infection, IPMA shows dark
(brownish)-stained positive virus plaques expressing RabG (A). Cells express-
ing RabG can be easily discriminated from negative cells (panel B, 40-fold
microscopic magnification). (C) Western blot analysis to detect the expressed
RabG. Protein lysates were prepared at the indicated time points after infection
with D1701-V as negative controls, with D1701-V-RabG (MOI of 1.0), or from
noninfected cells (ni). The RabG protein 62 kDa in size (arrow) was specifically
detected with the polyclonal antiserum G154-3 (1:10,000 diluted).

monoclonal antibody E559. Already at 4 hpi, specific intracellular
(Fig. 2A) and surface expression (Fig. 2B and C) of RabG was
detectable, prolonging until at least 24 h after infection (Fig. 2D).
Noninfected (Fig. 2E) or D1701-V-infected (data not shown) con-
trol cells remained negative. Strong early expression of RabG was
also found in the presence of AraC, which inhibits the replication
of ORFV (Fig. 2F). The RabG expression in ORFV recombinant-
infected cells was very similar to that seen in RABV-infected cells
(54), constituting RabG spikes that project from the cell surface
(Fig. 2C, arrows) and are responsible for in vivo binding of VNA.
Collectively, these results show the successful generation of a new
ORFV recombinant expressing the RABV glycoprotein correctly
on the surface of infected cells without the need of replication or
production of infectious recombinant ORFV.

Protection mediated by immunization with D1701-V-RabG.
The capacity of the new ORFV recombinant to mediate a protec-
tive immune response was first evaluated in mice. In a pilot exper-
iment (data not shown), groups (n = 5 mice) were i.m. immu-
nized once, twice, or thrice with 107 PFU of D1701-V-RabG in
2-week intervals. Two other groups were vaccinated three times
with 10° PFU either i.m. or s.c. Two weeks after the last immuni-
zation, all mice were i.c. challenged with 3,000 mouse i.c. LD, of
the highly pathogenic RABV CVS-11 strain. The challenged
mock-immunized animals suffered from RABV-specific clinical
symptoms and had to be sacrificed between day 6 and day 8 post-
challenge. All i.m. immunized animals, receiving one, two, or
three inoculations of 10" PFU or three doses of 10° PFU, were
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FIG 2 Detection of the RABV G protein by immunofluorescence. Vero cells
were infected with D17101-V-RabG (MOI of 0.5) in chamber slides and pro-
cessed for immunofluorescence as described in Materials and Methods. RabG
(red staining) was detectable with the monoclonal antibody E559 (diluted
1:1,000) already 4 h after infection within permeabilized cells (A) or on the cell
surface of nonpermeabilized infected cells (B, C) and 24 h after infection (D).
Control staining of noninfected cells is shown in panel E. RabG expression was
also found in AraC-treated cells blocked for early ORFV gene expression and
inhibiting ORFV DNA replication (F).

completely protected, whereas 4 out of the 5 s.c. immunized ani-
mals survived the challenge. The D1701-V-RabG-immunized and
protected mice did not reveal any harmful reaction, loss of body
weight, or RABV-specific clinical signs.

Next we asked the question, which dose of D1701-V-RabG was
needed to protect mice after only a single vaccination (Fig. 3).
Groups of mice (A to D; n = 11 or 12) received one i.m. dose of
serial 10-fold dilutions of D1701-V-RabG ranging from 10’ PFU
to 10* PFU, and control animals (group E) were mock immunized
with PBS. Challenge was performed 17 days later with 1,000 LD,
of RABV strain CVS-11. The results demonstrated that the pro-
tection rate was dependent on the immunization dose (Fig. 3A).
All mice of group A were completely protected against the chal-
lenge, 8 out of 11 mice (73%) of group B survived, whereas 7 out
of 12 mice (58%) of group C and only 3 out of 11 (27%) animals of
group D survived the challenge. All PBS-immunized animals suf-
fering from serious clinical symptoms had to be sacrificed between
days 6 and 8 (Fig. 3A). The mean time to death (MTD) was ex-
tended in allimmunized groups (Fig. 3A). The level of the induced
serum VNA titers correlated with the dosage of the administered
D1701-V-RabG. As seen in Fig. 3B, increasing amounts of the
recombinant stimulated gradually rising serum antibody titers;
however, a distinct correlation between the magnitude of the VNA
titer and protection against challenge could not be found. Con-
clusively, solid protection against i.c. RABV challenge could be
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FIG 3 Immunogenicity induced by a single application of different amounts of D1701-V-RabG. (A) Groups of mice (n = 11/12) were i.m. immunized once with
the indicated amounts (PFU) of D1701-V-RabG or control immunized (PBS) and i.c. challenge infected with 1,000 MICLD5, of RABV CVS strain at day 17. The
Kaplan-Meyer survival curves demonstrate that a single i.m. vaccination with 10” PFU of the RabG recombinant was sufficient to protect all mice from challenge.
In addition, the mean time to death was prolonged in comparison to that of the control-vaccinated animals. (B) The serum VNA levels of the individual animals
of the indicated immunization groups induced 10 days after vaccination are depicted, and lines mark the GMT of VNA. The results imply that the VNA titer levels

correlate with the applied amount of D1701-V-RabG.

achieved by a single i.m. administration of 10’ PFU of D1701-V-
RabG.

Humoral immune response induced by the ORFV recombi-
nant. In order to determine the dose dependency of D1701-V-
RabG on the development of RABV-neutralizing serum antibod-
ies, groups of mice were i.m. immunized with 10-fold dilutions of
the recombinant from 10" PFU up to 10* PFU (groups A to D).
Mice were immunized three times in 2-week intervals, and sera
were collected weekly over a period of 42 days for comparison of
the induced VNA titers. In groups A and B, seroconversion could
be detected in all animals 7 days after prime immunization with
VNA mean titers of 118 IU and 75 IU, respectively. In groups C
and D that received 10°> PFU and 10* PFU, respectively, only 4 out
of 7 or 3 out of 8 animals seroconverted within the first 14 days and
displayed low VNA mean titers of 4 or 0.75 IU (Fig. 4).

Booster immunization (B1) increased the VNA titers in all
cases, demonstrating in group A VNA mean titers of 146 IU and in
group B of 132 IU at day 21 and of 225 IU (group A) and 154 IU
(group B) at day 28. Also all animals of group C and group D
seroconverted to adequate VNA titers 2 weeks after the second
immunization (Fig. 4). A second boost (B2) did no more stimulate
the VNA titers, except of group D. Collectively, these results show
a correlation between the immunization dose of D1701-V-RabG
and thelevel of circulating VNA. The normal antibody decline was
seen after prime and booster immunization, leaving the VNA ti-
ters beyond the protective threshold of 0.5 IU/ml after booster.

Additionally, we compared the immunogenicity of D1701-V-
RabG with that of the commercial inactivated vaccines Rabipur and
Nobivac, respectively. After 3 i.m. inoculations (0.1 ml each), the
induced VNA titers were determined. Mice primed with Nobivac
developed the highest VNA mean titers of 254 IU and 268 IU at days
7 and 14, which, however, after a booster vaccination, decreased con-
tinuously to 104 IU at day 21 and to 92 IU at day 28 and were com-
parable to the titer levels induced by 10> PFU of D1701-V-RabG. The
lowest VNA titers among all groups were stimulated by Rabipur not
only after prime but also after booster immunization (Fig. 4) and
resembled the response induced by 10* PFU of the ORFV recombi-
nant (Fig. 4). Comparing the protective effect, the D1701-V-RabG-
immunized mice showed better survival rates than the animals vac-
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cinated with Rabipur or Nobivac. All animals were protected by
immunization with 10° PFU of D1701-V-RabG, but only 1 of 7 mice
survived, or with Nobivac, protecting only 3 out of 5 animals. The
application of Nobivac seemed to prime a pronounced but short-
lived humoral response in mice, which could not be boosted by an
additional application of the inactivated vaccine. Although only a
limited number of animals per group were available for this experi-

& A 10’ PFU % C: 10°PFU -0+ Rabipur
o+ 8:10°PFU < D: 10*PFU - Nobivac
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FIG 4 VNA response elicited by 3 i.m. immunizations with different dosages.
Groups of mice (n = 7) were three times i.m. immunized with the indicated
amounts (PFU) of D1701-V-RabG or the inactivated commercial vaccines No-
bivac and Rabipur in 2-week intervals (P, prime; B1, boost 1; B2, boost 2; C,
challenge infection). The course of the VNA mean titers calculated as IU per ml
serum is depicted. The bars indicate standard errors of the mean (SEM). It can be
seen that the boost (B1) 14 days after prime immunization (P) stimulated the titer
levels, whereas a second boost (B2) did not substantially increased the VNA titers.
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FIG 5 Duration of immunity mediated by D1701-V-RabG. Mice were i.m.
immunized once (A), twice (B), or (C) thrice in 3-week intervals (P, prime; B1,
boost 1; B2, boost 2) with the indicated amounts (PFU) of D1701-V-RabG. At
the indicated weeks after vaccination, the serum VNA titers were determined
and are depicted as GMT IU per ml serum. Results after immunization with
10° PFU (black columns), 10° PFU (white columns), and 107 PFU (striped
columns) are depicted.

ment, the results indicate good potency of the live ORFV recombi-
nant compared to the two inactivated vaccines.

Duration of VNA response. To evaluate the persistence of the
serum VNA response and also the long-term protective immu-
nity, mice (1 = 7 or 8) received up to 3 i.m. immunizations of 10°
PFU, 10° PFU, or 10’ PFU of D1701-V-RabG. Sera were collected
at 2,5, 8,11, 14, 17, 20, and 40 weeks after prime immunization,
and mice were i.c. challenged with 100 LD, at week 43 and ob-
served for an additional 28 days. The development of the antibody
response monitored during 40 weeks is depicted as GMT of VNA
per ml serum in Fig. 5. Two weeks after prime immunization with
10° PFU, the VNA titers ranged between 30 to 39 IU, increasing to
50 to 89 TU and 89 to 115U after immunization with 10° PFU and
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107 PFU, respectively (Fig. 5A). A second immunization 3 weeks
later enhanced the antibody response to VNA titers of 108 to 125
IU (10° PFU), 138 to 146 IU (10° PFU), or 321 to 370 IU (107
PFU). Highest VNA titers were obtained by administration of the
highest dose (10" PFU) of the recombinant ORFV; however, the
most pronounced boosting effect was achieved with the lowest
dose (10° PFU) of D1701-V-RabG (Fig. 5B). Furthermore, previ-
ous results claiming the negligibility of a third vaccination with the
same doses of D1701-V-RabG were confirmed, because the VNA
response was not substantially enhanced, except for the animals
that received the low dose of D1701-V-RabG (10° PFU), which
displayed VNA titers increasing short-term from 108 IU to 184 IU
(Fig. 5C). Inspecting the development of the VNA response, it
became obvious that the VNA titers of mice immunized with 10°
PFU or 10”7 PFU declined and similar titers of approximately 100
IU per ml persisted at later times (weeks 17 to 40) regardless of the
number of immunizations. Interestingly, 8 to 11 weeks after sec-
ond vaccination (Fig. 5B, B1) as well as after third vaccination
(Fig. 5C, B2), a similar decrease of VNA titers was observed. Al-
though a second booster immunization (B2) with the higher dose
of D1701-V-RabG (107 PFU) was not needed to enhance the VNA
titers substantially, the VNA response seemed to sustain at higher
titers. Notably, this effect was not obtained when using the lower
immunization doses, which also did not boost the VNA response
to high titers comparable to those seen after the high immuniza-
tion dose.

All three immunization doses mediated long-lasting protec-
tion against a comparably stringent i.c. challenge infection almost
11 months after the prime vaccination. As detailed in Table 1, the
survival rate was primarily dependent on the injection dose of
D1701-V-RabG, but also the number of immunizations contrib-
uted to the protective immunity. Best protection resulted for the
groups immunized with the highest dose of D1701-V-RabG,
wherein all mice receiving at least one booster immunization sur-
vived and only two of six mice (67%) had to be sacrificed in the
group immunized only once.

Quality of the immune response stimulated by different
routes of application. After demonstrating the potency of i.m.
application, we tested the efficacy of the new recombinant after
different routes of immunization. A first pilot experiment showed
that a single dose of 10° PFU of D1701-V-RabG given to mice i.n.,
i.v., i.p., i.d., s.c., or orally induced only moderate serum VNA
titers and partial protection against i.c. challenge (100 LDs,) 2
weeks later (data not shown). Therefore, we investigated whether

TABLE 1 Long-lasting protective immunity

. o 1U/ml (at wk 40) No. of ‘
1.m. Immunization _ survivors/total Survival
(PFU) GMT Range no. rate (%)
1X10° 51.3 25-125 1/6 17

2 X 10° 56.6 25-125 2/6 33

3 X 10° 74.0 25-125 3/6 50

1 X 10° 83.1 75-125 3/5 60

2 X 10° 96.8 75-125 4/6 67

3 X 10° 125.0 125 4/4 100

1 X107 80.6 25-125 4/6 67

2 %X 107 125.0 125 6/6 100

3 X 107 108.0 75-125 717 100
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FIG 6 VNA response stimulated by different application routes of D1701-V-
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200

the quality and efficacy of the induced immune response could be
improved by 3 injections with a higher dosage of D1701-V-RabG
(107 PFU). Sera from all animals (1 = 7 per group) were collected
weekly for 6 weeks to monitor the development of the serum VNA
titers after the different routes of immunization (Fig. 6).

The 10-fold increased immunization dose resulted 1 week after
prime vaccination in seroconversion of all i.m., i.v., and i.p. im-
munized animals and elicited very good VNA titers (Fig. 6). No-
tably, the i.d. prime injection induced lower VNA GMT than the
im., i.v,, and i.p. immunization (Fig. 6 and Table 2, d14). The
weakest humoral immunity was found after prime immunization
via the s.c., i.n., and oral routes (Fig. 6 and Table 2, d7). Also, only
2 (group s.c.) or 1 (groups i.n. and oral) out of 7 animals serocon-
verted; however, after booster immunization, all animals had se-
roconverted. In addition, the VNA titers of the mice of these
groups were clearly elevated during 2 weeks after the second in-
jection, mountingto GMT 0f 186 (i.n.), 68 (s.c.),and 116 (oral) IU
per ml. Also the i.d. immunized mice now exhibited increased
VNA titers (Fig. 6 and Table 2, d28). An additional slight rise in
VNA GMT was also achieved by a booster immunization using
im., i.v,, and i.p. routes (Fig. 6 and Table 2, d28). Again, a third
immunization did not significantly boost the VNA titers, but
rather slightly reduced VNA titers were found (Fig. 6 and Table 2,
d42).

Finally, we tested the protection mediated by the different ad-
ministration routes of 10’ PFU of D1701-V-RabG using 100 LD,
i.c. challenge 3 weeks after the last immunization. All together, the
protection rate for the different vaccination routes varied between
43% and 100% of the animals (Table 2). Remarkably, all mice
receiving the 3-fold i.n. vaccination were completely protected.
Due to the lack of high levels of serum VNA after priming with 10°
(data not shown) or with 107 (Fig. 6) PFU, we assume that the i.n.
booster vaccination was needed for protection rather than the
higher vaccination dose. The finding of a weaker protective re-
sponse after i.v. administration of D1701-V-RabG was in line with
earlier pilot experiments, which also showed lesser protection
than i.m. application. Considering MTD, our results indicate that
in all cases, the vaccination led to a significant prolongation of the
life span of the challenged mice, although complete protection
could not be achieved in all cases (Table 2). In addition, the be-
ginning of the clinical symptoms of the immunized but not pro-
tected mice was delayed by at least 4 to 6 days compared to the not
immunized mice. Taken together, we could demonstrate that pro-

TABLE 2 Immunogenicity of D1701-V-RabG application by different routes

No. of
seroconverted/
Days after prime immunization® total no. of mice No. f)f
survivors/total MTD

Route d7 di4 d21 d28 d35 d42 d7  di4 d21 no. (%) (days)
im. 116 (75-125) 75 126 (75-375) 171 (75-625) 125 125 717 717 717 6/7 (86) 14.0
in. 1(0.1-15) 1(0.1-15) 34 (15-125) 159 (75-375) 157 (125-625) 184 (125-625) 1/7 1/7  7/7  7/7 (100)
iv. 81 (75-125) 136 (75-375) 108 (75-125) 148 (75-375) 125 80 (25-125) 717 717 717 5/7(71) 15.0
ip. 74 (25-125) 117 (75-375) 148 (75-625) 136 (75-375) 171 (125-375) 116 (75-125) 717 717 717 5/7(71) 13.5
id. 12 (1-75) 30 (5-75) 41 (15-75) 62 (15-375) 51 (25-125) 51 (25-125) 5/6 6/6  6/6  3/6(50) 11.7
s.C. 1(0.1-15) 3(0.1-25) 74 (25-125) 64 (25-75) 59 (25-125) 47 (25-75) 217 517 77 317 (43) 12.5
Oral 0 (0.1-25) 1(0.1-75) 26 (3-75) 81 (15-375) 164 (125-625) 127 (75-375) /7 2/7 717 5/7(71) 14.0
PBS <1 <1 <1 <1 <1 <1 0/7 0/7 0/7 0/7(0) 8.3

@ Prime immunization at day 0, first boost at day 15, second boost at day 28, and challenge at day 49.

Y VNA titer in IU/ml: GMT (range).
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FIG 7 Relevance of T cells for D1701-V-RabG-induced protective immunity. CD4-, CD8-, or CD4- and CD8-positive T cell subsets were selectively eliminated
in vivo by antibody-mediated depletion as described in Materials and Methods. At the bottom of the figure, the treatment protocol is schematically depicted,
indicating the days of antibody i.p. injection as black boxes. Immunization with 10’ PFU of D1701-V-RabG was performed at day 0 (arrow), and all animals were
i.c. challenge infected at day 15 (arrow). The most pronounced effects on the survival rate were found by T cell depletion before prime immunization (A) or
depleting the T cell subsets during the entire experiment (C), whereas removal of the T cell populations before the time point of challenge infection had the least

effect on the survival rate (B).

tection can be accomplished with D1701-V-RabG via different
routes of application and, therefore, might be qualified for more
practicable immunization routes of target animals in the field.
Contribution of T cells to the protective immunity mediated
by D1701-V-RabG. To scrutinize the contribution of CD4- and
CD8-positive T cells to the protective immunity of D1701-V-
RabG-vaccinated mice, both T cell subsets were selectively re-
moved on their own or in combination by antibody-mediated
depletion during different stages of immunization. The three dif-
ferent experimental settings outlined in the bottom part of Fig. 7
were chosen to examine (i) the importance of the T cell subsets for
priming the protective anti-RABV response (Depletion-A), (ii)
the necessity of their presence during RABV challenge infection
(Depletion-B), and (iii) the implication of the absence of these T
cell populations during immunization and challenge infection. As
controls, the experiments included groups of nondepleted mice
immunized (immune C) or not immunized (nonimmune C).
The impact of CD4- and/or CD8-positive T cells on the devel-
opment of protective immunity after i.m. vaccination with 107
PFU D1701-V-RabG was analyzed by depleting the T cell subsets
prior to immunization at days —6 and —4 (Fig. 7, Depletion-A).
FACS analyses demonstrated (data not shown) that the depleted T
cell populations remain absent for approximately 14 days after
antibody treatment, before they become recovered, as reported
earlier (55, 56). Accordingly, the mice should have regained their
original immune status before challenge infection at day 15. T cell
depletions prior to the immunization strongly affected the devel-
opment of an adequate immunity against RABV, as demonstrated
in Fig. 7A. Removal of CD4-positive T cells reduced the survival
rate of the immunized mice to only 25% (2 survivors out of 8
animals), whereas the most pronounced effect was found after
simultaneous depletion of CD4- and CD8-positive T cells result-
ing in protection of only 1 out of 8 animals (12.5%). Despite
depletion of CD8-positive T cells, still 50% of the mice were pro-

February 2013 Volume 87 Number 3

tected against the lethal RABV challenge. As expected, all animals
of the nonimmunized controls died between days 7 and 10 post-
challenge, and 9 out of 10 immunized control animals were pro-
tected (90%).

Using the approach Depletion-B (Fig. 7), the direct contribu-
tion of the T cell subsets in protection of previously immunized
animals was assessed. Mice were i.m. inoculated with the ORFV
recombinant (10” PFU), and 13 days later, i.e., 2 days before RABV
challenge infection (day 13), CD4-positive and/or CD8-positive T
cells were depleted. Hence, the D1701-V-RabG-mediated forma-
tion of the RABV-specific immune response was not affected by
the antibody treatment. To prevent restoration of the T cells dur-
ing challenge infection, the antibody treatment was continued at
days 15, 19, and 23 as shown in the bottom part of Fig. 7. Two days
before challenge CD4-positive and/or CD8-positive T cells were
selectively removed. As can be seen in Fig. 7B, the depletion of only
CD8-positive T cells had virtually no influence on the protection
against RABV infection. Elimination of the CD4-positive T cell
subset or of both CD4- and CD8-positive T cells reduced the sur-
vival rate to 78% and 63%, respectively. The data show that in vivo
depletion of the T cell subsets shortly before challenge infection
only marginally influenced the previously established protective
immune response.

To examine the protective efficiency of D1701-V-RabG in mice
deficient for CD4-positive and/or CD8-positive T cells, animals
were antibody treated at the time of vaccination and during chal-
lenge infection for a period of 24 days (Fig. 7, Depletion-C), in
order to avoid the reconstitution of the T cell subsets and to ensure
their absence during the complete experiment. The survival rate of
immunized mice missing CD8-positive T cells was diminished to
56% (5 out of 9), whereas only 33% (3 out of 9) of the immunized
mice depleted for CD4-positive T cells survived the challenge (Fig.
7C). Depletion of both T cell subsets resulted in a more pro-
nounced decline of protection, and only 20% (2 out of 10) of the
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immunized animals endured the challenge (Fig. 7C). In summary,
the presence of CD4-positive T cells at the time of vaccination
with the recombinant D1701-V-RabG was most crucial for elicit-
ing a solid protective immunity against RABV. Although to a
lesser extent, CD8-positive T cells also contribute to protection
against lethal challenge infection. In the three experimental lay-
outs, the lack of both T cell populations impaired the survival rates
most.

Finally, we demonstrated the importance of B cells for protec-
tion of D1701-V-RabG-immunized mice to RABV challenge in-
fection. Mice genetically immune deficient for B cells, uMT mice
(B6.129S2-Ighm™ ! ¢"[]), were immunized three times in 2-week
intervals with 10’ PFU of D1701-V-RabG before i.c. challenge
infection with 500 LDs, of the RABV CVS strain. None of the
animals either immunized or nonimmunized resisted the chal-
lenge infection, so that all had to be sacrificed 9 days after infection
due to RABV-specific clinical symptoms (data not shown). This
supports the need of B cells for protection against RABV also after
D1701-V-RabG immunization.

Antibody response in dogs. Dogs are the main reservoir for
human RABYV infections and have to be vaccinated for controlling
rabies. Therefore, we examined the immunogenic potential of
D1701-V-RabG in dogs after s.c. or i.m. immunization. Dogs (1 =
5) were immunized twice with 10”*” TCIDs,, of the recombinant
ORFYV in 28-day intervals. For detection of VNA, sera were col-
lected weekly from day 0 (prevaccination) until day 49. As con-
trols, one dog was immunized s.c. and another one i.m. with PBS.
Figure 8A shows that all animals of the s.c. immunized group
seroconverted within 7 days, exhibiting VNA titers from 1.6 IU to
19.5 IU (mean, 6.3 IU). After prime immunization, the VNA re-
sponse peaked at day 14, ranging from 2.8 IU to 41.6 IU (mean,
12.1IU). Subsequently, the mean titer slightly decreased to 5.7 IU
at day 21 and to 2.5 IU at day 28, whereby the minimal VNA titer
of 1.6 IU of the animals still exceeded the protective titer of 0.5 TU
per ml serum. Booster immunization at day 28 markedly in-
creased the VNA titers, ranging 1 week later between 10.9 IU to
169.4 IU (mean, 70.51U). At day 42 and 49 postimmunization, the
VNA titers slightly declined to a mean titer of 25.5 IU (6.3 to 32.3
IU) and 15.2 IU (4.8 to 32.3 IU), respectively (Fig. 8A).

Intramuscular injection of D1701-V-RabG elicited approxi-
mately 2- to 3-fold higher VNA GMT titers in the dogs compared
to s.c. application. Seven days after immunization, all animals had
seroconverted, and a VNA mean titer of 16.5 IU was found (Fig.
8A). The VNA response after i.m. application also peaked at day
14, with a mean titer of 19.1 IU, and decreased thereafter to 9.8 IU
and 9.3 U at day 21 and day 28, respectively. The second i.m.
immunization boosted the VNA titers to 80.3 IU at day 35, and
similar to the s.c. immunized animals, a slight reduction was ob-
served at day 42 (mean 71.5 IU) and at day 49 (mean 25.7 IU).

Collectively, the results demonstrate that all immunized dogs
seroconverted during the first week after prime vaccination and
displayed VNA titers, which remained beyond the OIE recom-
mendation for a protective response (0.5 IU/ml serum) during the
complete observation period. Additionally, no signs of illness, in-
flammation, increased rectal temperature, or pain were observed,
except of one i.m. immunized dog showing mild pain on palpa-
tion for the duration of 1 day.

Immunogenicity in cats. Vaccination of cats is also important
for controlling spread of RABV. Therefore, we were interested in
testing the immunogenicity of D1701-V-RabG after a single s.c.
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FIG 8 Serum antibody response in vaccinated cats and dogs. (A) Dogs (n = 5)
were vaccinated s.c. (filled squares) or i.m. (open squares) with 107-> TCID5, of
D1701-V-RabG, and the serum VNA response was determined by RIFFT. At
day 28, all animals received a booster immunization with the same dose of
D1701-V-RabG. Control animals were mock immunized with PBS (stars). (B)
VNA GMT titers of cats (n = 7 or 8) s.c. immunized with 10® TCID,,, 10”
TCIDs,, 10° TCID5,, 10° TCID4, D1701-V-RabG, or PureVax feline rabies or
control-immunized with PBS. (C) ELISA titers were obtained from Platelia IT
ELISA as described in Materials and Methods.
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vaccination with several amounts of D1701-V-RabG. For com-
parison, one group of animals received the commercial Canary-
pox-based PureVax feline rabies live vaccine (corresponding to
=10%* FAID,,). After vaccination, sera were collected weekly over
a period of 7 weeks, and RABV antibody responses were deter-
mined by RFFIT (VNA) and by ELISA (Platelia Rabies II). Both
tests proved all animals seronegative to RABV antibodies prior to
vaccination. The level of the induced serum VNA titers clearly
depended on the used immunization dose of D1701-V-RabG (Fig.
8B). All cats receiving the highest dose (10* TCIDs,) developed
RABV-specific serum antibody titers higher than 0.5 IU/ml within
7 days, ranging from 1.3 to 10.0 IU/ml. Peak VNA titers of 84
IU/ml were found in this group at days 20 to 27, which were
approximately 3 to 40 times higher than those obtained after ap-
plication of the lower doses of the ORFV recombinant. Immuni-
zation with 10”7 TCIDs, D1701-V-RabG stimulated very similar
VNA titers compared to the use of the commercial Canarypox-
vectored vaccine. Seroconversion of all animals was found in both
groups just at day 13 after vaccination, and titers ranged from 4.3
to 13.0 IU/ml (10”7 PFU D1701-V-RabG) and from 2.8 to 39.0
IU/ml in PureVax-vaccinated animals. VNA titers above the pro-
tective threshold of 0.5 IU/ml serum were reached in all vaccinated
groups, the latest at day 27, except for one animal after injection of
10° PFU of D1701-V-RabG, and persisted during the whole ob-
servation period (Fig. 8B).

The development of the serum ELISA antibody response
showed comparably high titers using 10° or 10" TCID5, D1701-
V-RabG or the canarypox-vectored vaccine (Fig. 8C). Again, the
vaccination with 10® TCIDs, of the ORFV recombinant elicited
the highest antibody titers already during the first week. Adequate
ELISA titers were also induced after vaccination with the smaller
amounts of the ORFV recombinant (Fig. 8C). Taken together, the
most potent antibody response was achieved by the application of
a single dose of 10* TCID, D1701-V-RabG. In addition, this im-
munization did not lead to any adverse effect in the vaccinated
cats, and excretion of the ORFV recombinant was not detectable
by virus isolation. Very similar immune responses were obtained
by the use of 10" TCID5, D1701-V-RabG and by vaccination with
the commercial vaccine PureVax feline rabies.

DISCUSSION

Rabies is still a global public health threat caused by RABV infec-
tion from rabid canids or felids controllable also by wildlife vacci-
nation (1). To this end, improved efficacious and safe vaccines
against RABV would be desirable. Since ORFV-vectored vaccines
can be regarded as a potent, safe alternative to other poxvirus-
based recombinant vaccines (44, 49, 51, 57), we generated the
novel recombinant D1701-V-RabG containing the RABV glyco-
protein known as the principal correlate of protective immunity
against rabies. The RabG gene was inserted into the vegf-e gene
locus of the genome of the attenuated ORFV strain D1701-V and
was correctly expressed in good amounts, which did not detect-
ably alter the growth characteristics, the plaque phenotype, or the
replication of parental D1701-V, as reported after expression of
RabG in a Newcastle disease virus vector (22). Immunofluores-
cence experiments revealed strong expression of RABV-charac-
teristic RabG surface projections already in the early phase of
D1701-V-RabG replication (Fig. 2). As demonstrated earlier for
other D1701-V recombinants, the regulation of the foreign gene
by the early vegf-e promoter allows its expression without the
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need for a productive ORFV replication (44, 49-51). Therefore,
RabG expression and induction of RABV-specific immunity was
achieved in ORFV nonpermissive hosts as mice, cats, or dogs,
which implies one important prerequisite for the potential usage
of D1701-V-RabG as a safe vaccine.

The protective potential of the novel ORFV recombinant
D1701-V-RabG was first evaluated in mice, as a proof of concept.
The capacity of the mediated immunity was tested on severe in-
fectious conditions by the use of high lethal doses (100 to 3,000
LDs,) for the i.c. challenge infections performed with the virulent
RABV strain CVS-11. One important demand for improved ra-
bies vaccines is the induction of a solid protective immunity after
a single vaccine inoculation, which can be achieved with 10’ PFU
of D1701-V-RabG. Dose-dependent reduction in protection rates
was accompanied by a reduction of VNA titers as reported for
other recombinant rabies vaccines (22, 33, 35, 58). The presented
data, however, do not allow an unambiguous correlation between
protection and magnitude of VNA titers in mice. The absence of a
relationship between VNA titers and mortality rates was reported
earlier (59), albeit the presented results are difficult to compare
with other reported mouse studies because of the use of different
RABYV strains, dosages, or routes for challenge infection. More-
over, RABV-specific antibodies determined by the in vitro virus
neutralization assay did not necessarily correlate with RABV neu-
tralization or protection in vivo, and low titers of VNA with high
avidity can be more effective in protection than high titers of VNA
with low avidity, as reported for influenza virus (60).

Immunization with smaller amounts of D1701-V-RabG (10°
PFU) also mediated complete protection, albeit booster immuni-
zations were necessary. In contrast to other poxvirus or adenovi-
rus vectors (26, 32, 61-64), the ORFV vector allows repeated im-
munizations to enhance protective immunity against the
transgene, which can be explained by the lack of serum antibodies
efficiently neutralizing ORFV as well as by the generally short-
living ORFV immunity (38, 40). Preexisting ORFV immunity in
vaccine candidates is also highly unlikely due to the very restricted
host range. Furthermore, in immunized hosts that are nonpermis-
sive for ORFV, only early ORFV genes are expressed, and thus,
immunogenic ORFV late proteins are not produced and conse-
quently cannot induce efficient ORFV-specific immunity.

Although no substantial increase of RABV-specific VNA titers
was obtained after a third immunization with 10° or more PFU of
the recombinant, the protection rate against challenge infection
was improved. Mice challenged 43 weeks after prime immuniza-
tion with 10° PFU were completely protected after a third immu-
nization, whereas a single boost protected only 67% of the mice.
The longevity of the protective immune response might need
booster immunizations with the ORFV recombinant, at least in
mice or as earlier reported in rats (51). The findings that groups of
animals showed different survival rates but comparable VNA ti-
ters indicate that apart from humoral immunity, additional cellu-
lar immune mechanisms contribute to protection, particularly the
induction and activation of T lymphocytes, including their cyto-
kine production (8, 65). The presented in vivo depletion experi-
ments supported the importance of CD4-positive T cells for
protection after application of D1701-V-RabG. Removal of CD4-
positive T-helper cells impedes stimulation and enhancement of B
cells and consequently reduces antibody production (65, 66) and
therefore resulted in decreased survival of mice missing CD4-pos-
itive T cells. This is corroborated by the result that D1701-V-RabG
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immunization did not protect B-cell-knockout mice. The pre-
sented data confirm earlier reports on the importance of CD4-
positive T cells for developing immunity and protection against
rabies (59, 67), which were also induced by the application of the
ORFV recombinant. Removal of the CD4- and the CD8-positive T
cell subsets just before the time point of challenge only marginally
influenced the survival rate of the previously immunized animals.
The presented results show that CD4-positive T cells are needed to
prime protective immunity, but deleting this T cell subset later on,
as for instance shortly before challenge infection, does not sub-
stantially reduce protection. These results confirm earlier studies
that CD4-positive T cell help is no more required for protection
against RABV approximately 10 days after infection or immuni-
zation (67). Our results also support findings by Perry and
Lodmell that CD8-positive T cells play a rather minor role in con-
ferring resistance against rabies (67). When CD8- and CD4-posi-
tive T cell subsets were missing before and during vaccination, the
survival rate was mostly reduced, which indicates some protective
role of CD8-positive T cells. The protective role of CD8-positive
cytolytic T cells was not investigated in the present study, but their
importance to eliminate RABV from the brain by providing anti-
viral cytokines and collaborating in a concerted action with VNA
was reported (68). Recently, it was shown that an induction of the
recruitment of dendritic cells significantly enhanced the protec-
tive immune response against rabies (17). The general property of
ORFV to attract dendritic cells to the virus inoculation site (40)
was also demonstrated recently for the ORFV strain D1701 (46).
This might be one explanation for the excellent immune-stimu-
lating properties of the ORFV recombinants without the need of
adjuvant.

The comparison of mice vaccinated with D1701-V-RabG to
mice vaccinated with Nobivac or Rabipur, two commercial inac-
tivated RABV vaccines, may indicate some superiority of D1701-
V-RabG. Although Nobivac i.m. prime immunization induced
the highest VNA titers, they also rapidly decreased and remained
low even after another booster injection, which indicates the de-
velopment of only short-lived VNA by that inactivated rabies vac-
cine. Also, the vaccinated mice were less protected than those im-
munized with the ORFV recombinant. The failure of Nobivac
booster immunizations to increase the VNA response has not
been reported and cannot be explained. In contrast to Nobivac,
Rabipur immunization resulted in relatively low VNA titers after
prime, but one booster immunization increased the immune re-
sponse to serum VNA titers comparable to the i.m. administration
of 10° PFU of D1701-V-RabG. However, the protective potential
of Rabipur was low (14% survivors), a finding that is in contrast to
other studies that reported efficacy even of a single immunization
(23). We suppose that the different challenge virus and the high
i.c. challenge dose can explain the poor protection efficacy of both
inactivated vaccines in our experiments, which also argue for the
excellent potency of D1701-V-RabG.

Vaccination of wildlife is considered the most effective strategy
for rabies control, but application of effective vaccines requires
more practicable inoculation routes than i.m. injection. There-
fore, we examined the efficacy of D1701-V-RabG immunization
after alternate inoculation routes. In summary, the results dem-
onstrated that in all cases, adequate immunity against RABV
could be stimulated at least after 2 vaccinations. The i.n. and i.m.
immunized mice developed the highest VNA titers among the
different inoculation ways and were protected against RABV chal-
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lenge (Table 2). Only weak VNA responses and partial protection
were found after the i.d. or the s.c. administration of the recom-
binant, which, however, can be explained by technical drawbacks
of the mouse model. The oral application, a favorite route of vac-
cination for wildlife animals, showed promising results for the use
of the ORFV recombinant with superior potential compared with
other RabG-expressing recombinant vaccines. For example, a ca-
nine adenovirus 2-RabG recombinant was not able to protect
mice against RABV challenge (58). VACV vector strain MVA ex-
pressing RabG failed to elicit detectable VNA even after booster
with high doses of this recombinant and consequently did not
protect against RABV challenge infection. Similarly, V-RG or a
recombinant derived from the VACV strain Western Reserve me-
diated only partial protection against mild RABV challenge infec-
tion (33). Nevertheless, those vaccines were found effective in
other animals by oral application, indicating some limitations of
the murine model for evaluating the efficacy of the oral vaccina-
tion and, therefore, encourages testing the oral vaccination effi-
cacy of D1701-V-RabG in wildlife reservoirs. In addition, the
complete protection of i.n. immunized animals indicates the po-
tential of D1701-V-RabG to trigger RABV-specific immunity by
targeting mucosa-associated lymphoid tissue as described for
other poxviruses (for review, see reference 69). The presented re-
sults now demonstrate that ORFV recombinants can be success-
fully used to elicit protective immunity by different routes of in-
oculation, which will be an important practical benefit for field
application if shown for target animals.

Important prerequisites for controlling rabies are effective vac-
cination of dogs and cats, which both represent important reser-
voirs for RABV. As in mice (44), there was no evidence for repli-
cation of D1701-V in these animals (unpublished data). The
success of rabies vaccination is inferred from the induced VNA
response, as VNA titers equal to or higher than 0.5 IU per ml
serum are regarded protective against rabies. In this study, cats
were s.c. vaccinated with different dosages of D1701-V-RabG and
compared to cats vaccinated with the commercial feline rabies
vaccine PureVax, a licensed canarypox virus-vectored rabies live
vaccine. The results showed that cats receiving comparable
amounts of D1701-V-RabG or of the canarypox virus recombi-
nant also develop similar, adequate serum VNA titers, and all
animals had seroconverted during 13 days after immunization. By
increasing the dose of the ORFV recombinant, very high VNA
titers can be elicited during the first 10 days, which could be of
interest for vaccinations needed for rapid induction of high VNA
response. The amount of the applied dosage of D1701-V-RabG
determines the magnitude of the VNA titer, but even after the
inoculation of the lowest dose (10° TCIDs,), all animals serocon-
verted (i.e., VNA higher than 0.5 IU/ml), albeit lasting 35 days.
The potential of D1701-V-RabG was also tested in dogs using i.m.
and s.c. vaccination. Both application routes elicit VNA titers
higher than 0.5 IU/ml within 7 days, peaking around day 14 after
immunization, similar to results after application of inactivated
rabies vaccines (70). Booster s.c. or i.m. immunization strongly
increased the VNA titers, indicating low vector immunity, which,
for instance, was not possible using a recombinant canine adeno-
virus expressing RabG (71). Intramuscular application appeared
to lead to a better and more durable VNA response at later times
after vaccination compared to the s.c. vaccinated animals, which
was reported for other rabies vaccines, too (9).

In conclusion, the presented results are promising for the use
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of D1701-V-RabG as a potent, nonadjuvanted vaccine candidate,
e.g., for companion animals against rabies. The VNA titers re-
maining after the deemed normal decline of serum antibodies
were still above the protective threshold, which has to be shown by
forthcoming challenge studies. This report adds another example
of an ORFV recombinant mediating an effective and sustained
protective immune response in hosts nonpermissive for ORFV, as
replication of the recombinant virus is not required and under-
lines the excellent potential of the Parapoxvirus ORFV strain
D1701-V as an attractive virus vector platform for the develop-
ment of live ORFV-vectored vaccines.
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