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a b s t r a c t

Rabbit hemorrhagic disease virus (RHDV) VP60 capsid protein was recently expressed at approximately
1.5 g L−1 associated with the disruption pellet of Pichia pastoris, thus requiring an additional process of
extraction by solubilization. Consequently, the expression of a soluble variant of VP60 was undertaken in
order to attain an easier approach for vaccine production. The VP60 gene was cloned without secretion
signal under the transcriptional control of the AOX1 yeast promoter. The antigen obtained was intracellular
and soluble at approximately 480 mg L−1. Its characterization by size-exclusion HPLC, ultracentrifugation,
and electron microscopy, showed the presence of high molecular weight structures similar in mass, size
and buoyant density to native RHDV. The antigenic profile was similar to that from authentic virions as
determined with monoclonal antibodies directed against RHDV conformational epitopes. These analyses,
conducted on VP60 obtained insoluble in P. pastoris revealed the formation of protein aggregates rather
than the presence of ordered multimeric structures. An immunization trial was conducted in which the
soluble VP60 was employed by subcutaneous (s.c.) injection either purified by a single chromatographic
step or contained within raw disruption supernatant, emulsified in Montanide 888. The insoluble variant
was administered as a yeast extract powder by oral and s.c. routes. The earliest IgG response, titers and per-

sistence of antibodies were studied by competition ELISA and hemagglutination inhibition (HI) assays. All
rabbits immunized with the yeast-derived antigens developed a strong RHDV-specific response (includ-
ing the “RHDVa” subtype) that lasted over one year after the primary immunization. Early HI titers up to
1/40 960 were generated. The immune response was similar to that induced by VP60 from Sf9 cells and
superior to the response elicited with inactivated RHDV. Overall it was found that the soluble VP60 mul-

roduc
unit v
timers, safely and easily p
of a low-cost, scalable sub
. Introduction

Following its emergence in China in 1984 (Liu et al., 1984), rabbit
emorrhagic disease (RHD) has been responsible for the death or
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ed in P. pastoris, are a valuable candidate for the rational implementation
accine against RHDV.

© 2008 Elsevier B.V. All rights reserved.

he slaughtering of millions of free-living and domestic rabbits from
any countries in the world. At present, the disease remains as an

mportant cause involved in the decline of wild rabbit populations
hroughout certain regions of Europe and Asia (Calvete, 2006; van

e Bildt et al., 2006; Yang et al., 2008). Moreover, in recent years var-

ous outbreaks have been recorded from diverse and rather unusual
eographical areas, including domestic rabbits in countries from
he American region (Farnós et al., 2007; McIntosh et al., 2007). The
isease has also become endemic in those areas in which eradica-
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ion of its viral aetiological agent has been unfeasible. Some other
ssues make difficult the control of the disease such as the possible
xistence of non-pathogenic modes of transmission of the virus,
he description of strange variants that include a phylogenetically
istant subtype and recombination events influencing RHDV evo-

ution and epidemiology (Capucci et al., 1996, 1998; Moss et al.,
002; White et al., 2004; Marchandeau et al., 2005; Forrester et al.,
007, 2008; Tian et al., 2007).

RHD provokes high mortality and a large number of pathologies
n adult rabbits (Parra and Prieto, 1990; Tunon et al., 2003; Ferreira
t al., 2006). The causative agent is the rabbit hemorrhagic disease
irus (RHDV), a non-enveloped and icosahedral calicivirus with a
apsid composed of a structural protein (VP60) of approximately
0 kDa (Parra et al., 1993). The virus is highly resistant to the envi-
onment, contagious and infects rabbits by nasal, conjunctival and
ral routes (Xu and Chen, 1989).

RHDV does not propagate in cell culture systems in vitro. There-
ore, aiming to produce a scalable recombinant vaccine, several
pproaches have been conducted in which the VP60 capsid pro-
ein has been expressed in heterologous hosts as Escherichia coli
Boga et al., 1994), insect cultured cells (Laurent et al., 1994; Sibilia
t al., 1995; Marín et al., 1995; Gromadzka et al., 2006), Saccha-
omyces cerevisiae (Boga et al., 1997), plants (Castañón et al., 1999;
ernández-Fernández et al., 2001; Gil et al., 2006), recombinant
nimal-derived viruses (Bertagnoli et al., 1996a,b; Fischer et al.,
997; Bárcena et al., 2000) and larvae of Trichoplusia nt (Pérez-
ilgueira et al., 2007). The protein has shown its capacity to induce
rotective immune responses in vaccinated rabbits. As part of these
fforts, the VP60 capsid protein from the Spanish isolate AST/89
as recently expressed at approximately 1.5 g L−1 in Pichia pastoris
P36 mutant-transformed cells (Farnós et al., 2005). The recom-

inant protein was antigenically similar to the native protein and
apable to induce a potent RHDV-specific immune response in
rally or parenterally immunized rabbits. The antigen was able
o elicit a specific lymphoproliferative response, a mixed Th1/Th2
ytokine expression profile and both local (IgA) and systemic (IgG)
umoral immune responses to RHDV (Farnós et al., 2006). However,
potential limitation for this antigen is the fact of being produced

nsoluble, associated to the yeast membranous system. Although
ral vaccination employing the cell debris fraction or the whole
ransformed yeast appeared as an effective immunization method,
he use of a formulation to be administered by the parenteral route
nexorably implies the laborious solubilization process of the anti-
en. Therefore, the expression of a soluble form of VP60 in this P.
astoris mutant was undertaken, aiming to facilitate the recovery
f the protein, the obtainment of high expression levels, a superior
esemblance to RHDV and an easier approach for the production of
cost-effective subunit vaccine.

In this study, a soluble VP60 variant from RHDV was obtained
t high levels in P. pastoris followed by the characterization of its
tructural, biochemical and antigenic features. A comparative study
ith the insoluble VP60 obtained associated with the cell debris of

. pastoris was accomplished, in order to gain clarity on the advan-
ages and limitations of each protein for vaccination of rabbits. An
mmunization trial was conducted using different preparations and
dministration routes to study the generation of the earliest IgG
pecific response, the time course of antibody titers and their per-
istence during one year. The measurement of titers by ELISA or HI
as developed using a representative isolate of the virus or a strain

ecently isolated in the American region (Farnós et al., 2007) iden-

ified as an antigenic variant, previously designated as “RHDVa”
Capucci et al., 1998). The humoral immune response was com-
ared with the response generated by inactivated-RHDV and with
P60 expressed by the baculovirus/Sf9 system. Finally, we analyzed

he impact of these results in vaccine production issues and in the

t
(
w
i
m

earch 81 (2009) 25–36

esign of rational immunization strategies. We also discussed the
ractical value of these antigens based on the experience of human
nd veterinary vaccines currently produced employing this yeast
train.

. Materials and methods

.1. Yeast and virus strains

E. coli XL-1 Blue (Bullock et al., 1987) was used for propaga-
ion of the expression vectors. P. pastoris MP36 (his3) strain (Yong
t al., 1992) was used as host for the yeast expression vectors
PSVP60 and pNAOVP60. P. pastoris PVP11 (Farnós et al., 2005)
nd PVP12 strains were the clones transformed with plasmids
PSVP60 and pNAOVP60, respectively. Both strains were selected
o produce the recombinant variants of VP60. RHDV CUB5-04
train (DQ841708) was isolated in Havana, Cuba, during the epi-
ootic occurred between years 2004 and 2005 and was used as
n alternative to RHDV Bs.89 (X87607) (Italian Reference strain) in
ompetition enzyme-linked immunosorbent assay (ELISA) and in
emagglutination inhibition experiments. CUB5-04 has been iden-
ified as a member of the distinct “RHDVa” subtype while Bs.89
onstitutes a “classical” representative isolate of the virus.

.2. Construction of the expression plasmids and growth
onditions

The P. pastoris strain MP36 transformed with plasmid pPSVP60,
ncoding the entire VP60 capsid protein gene from RHDV AST/89
as been previously described (Farnós et al., 2005). In the result-

ng strain (PVP11), the recombinant VP60 was expressed under
he P. pastoris AOX1 promoter regulation and the sucrose-invertase
ignal peptide from S. cerevisiae. It was obtained associated to
he cell debris fraction after cell disruption and centrifugation.
n this work, the VP60 coding region from RHDV AST/89 strain
as cloned into the pNAO P. pastoris expression vector, which

ontains the alcohol oxidase (AOX) promoter from P. pastoris fol-
owed by two gene fragments from Saccharomyces cerevisiae; the
lyceraldehyde 3-phosphate dehydrogenase transcription termi-
ator (GAPt) and the histidine 3 (HIS3) gene as selection marker.

t also contains the 3′ region of the AOX1 gene. The vector carries
bacterial replication origin and the ampicillin resistant marker.

he vector pNAO was designed without the use of a secretion
ignal in order to express recombinant proteins in the intracel-
ular medium. For cloning, the VP60 gene was amplified from
he expression plasmid pAcyMIVP60 (Marín et al., 1995) using
he oligonucleotide primers that carry NcoI and EcoRI restric-
ion sites (underlined) 5′CCATGGAGGGCAAAGCCCGCACAGCG3′

nd 5′ATGAATTCTCAGACATAAGAAAAGCCATTG3′, complementary
o the 5′ and 3′ regions of the gene sequence, respectively. The
ransformant PVP12 was obtained after electroporation of P. pas-
oris MP36 strain, conducted as previously described (Becker and
uarente, 1991), using 0.2 cm electroporation cuvettes at 1500 V,
5 �F, 200 � and a BioRad Gene Pulser with Pulse Controller
BioRad, USA). All the His+ transformants were selected in Yeast
itrogen Base (YNB) minimal medium (Difco Laboratories, USA)

upplemented with 2% glucose. Genomic DNA from yeast cells was
urified (Rothstein, 1985) and transformant genotypes were ana-

yzed by Southern blot (Southern, 1975; Sambrook et al., 1989).
VP11 and PVP12 P. pastoris strains were cultured in a 5-L bioreac-

or (Marubishi, Japan) containing the supplemented saline medium
Rodríguez et al., 1994). In both cases the media were inoculated
ith transformed cells at OD530 = 0.2 and cells were grown dur-

ng 16 h to an OD530 = 5. The bioreactor was operated in a fed-batch
ode at 30 ◦C, pH 5.5, rotational speed of 700 rpm and aeration rate
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f 1 vvm. Upon depletion of glycerol as the carbon source (20 h), 1%
v/v) methanol was added to the culture to induce the AOX1 pro-

oter and production of recombinant VP60. After 4 h, methanol
as added continuously to maintain 0.5% within the culture. After
6 h, the cultures were harvested.

.3. Characterization of recombinant VP60 variants

.3.1. Western blot and protein quantification
Samples from both induction processes were resolved in 10%

odium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
AGE) (Laemmli, 1970) under reducing (1% glycerol, 0.4% SDS, 0.1%
-mercaptoethanol, 12.5 mM Tris–HCl, pH 6.6) and non-reducing

1% glycerol, 0.4% SDS, 12.5 mM Tris–HCl, pH 6.6) conditions and
ere electrotransferred onto nitrocellulose membranes (Amer-

ham, UK) using a TransBlotTM transfer semi-dry (BioRad, USA).
mmune detection was achieved with a 1:200 dilution of a poly-
lonal anti-RHDV hyperimmune serum obtained from rabbits
mmunized with VP60 purified from native virions (AST/89 strain).
he nitrocellulose membrane was blocked for 1 h with 5% skimmed
ilk (Oxoid, UK) at 37 ◦C, incubated with the hyperimmune serum

iluted in phosphate buffered saline (PBS) for 1 h and washed with
BS-0.1% Tween-20 (PBST). The membrane was incubated with
goat anti-rabbit IgG-horseradish peroxidase conjugate (Amer-

ham, UK) for 1 h, subsequently washed, and diaminobenzidine was
sed for visualization of protein bands. The High-Range Rainbow
olecular Weight Markers (Amersham, UK) was used for visual-

zation of markers on Western blot membranes. The expression
evels of soluble VP60 were measured by sandwich ELISA using
yperimmune serum anti-RHDV at a dilution of 1:3500 as capture
ntibody, the monoclonal antibody 6H6 (dilution 1:500) for antigen
etection, and a curve of different concentrations of standard VP60
Marín et al., 1995) expressed in the baculovirus/Sf9 system. Reac-
ions were developed for 3–5 min in the dark using 0.4 mg mL−1

rthophenylenediamine (OPD) (Sigma, St. Louis, USA) diluted in
.005 M citric acid/0.1 M Na2HPO4 containing 0.015% H2O2 (BDH,
K). The reaction was stopped with 50 �L per well of 2.5 M H2SO4.
easurements were performed at 492 nm in a SensIdent Scan ELISA

eader (Merck, Germany).

.3.2. Enzymatic deglycosylation
The recombinant VP60 obtained in PVP11 strain (expressed

nder the ssSUC2) was denatured at 100 ◦C for 10 min in 1% SDS
nd 5% �-mercaptoethanol and was cooled to 25 ◦C. Nonidet P-40
etergent (NP-40) was added to a final concentration of 1% before
NGase F addition. PNGase F digestion was carried out in 20 mM
odium phosphate buffer, pH 8.6, at a ratio of 5 U mg−1 protein,
nd incubated at 37 ◦C during 16 h. Enzymatic deglycosylation was
erified by Western blot.

.3.3. Antigenic profile
The antigenic characterization of recombinant VP60 variants

as conducted by sandwich ELISA, using a panel of horseradish
eroxidase-conjugated monoclonal antibodies directed against
onformational epitopes, provided by the O.I.E. (Office Interna-
ionale des Epizootes) reference laboratory for the disease (Brescia,
taly). Hyperimmune serum obtained from one animal vaccinated

ith RHDV AST/89 strain was used at 1:500 in the assay for the
oating of plates. The characteristics of mAbs employed for the
andwich are as follows: mAb 1H8 recognizes an external con-

ormational epitope from correctly assembled RHDV or virus-like
articles. mAb 6H6 recognizes an epitope present in both assem-
led and unassembled particles while mAb 6G2 is directed against
buried epitope located at the N-terminal part of VP60 protein.

he assay was performed in duplicate for each sample analyzed. In
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ddition, mAb 3B12, which recognizes an epitope present only in
RHDVa” was used for the assessment of immune responses against
his distinct subtype as described further in Section 2.11.1.

.4. Purification of soluble VP60

The method to purify the recombinant VP60 obtained asso-
iated to the disruption pellet of PVP11 strain was previously
escribed (Farnós et al., 2005). To purify the soluble VP60 pro-
ein intracellularly expressed from PVP12 strain, yeast cells were
ollected from the bioreactor and centrifuged at 10,600 × g. The
ellet was resuspended at 350–450 g L−1 (wet-weight) in disrup-
ion buffer (50 mM phosphate buffer pH 7 containing 0.3 M NaCl)
nd disrupted in a glass bead Dynomill KDL disintegrator (Willy
. Bechofen Maschinenfabrik, Basel, Switzerland) equipped with
cold water-cooling jacket at a flow rate of 20 mL min−1. Twenty
illilitres of raw disruption supernatant containing the soluble
P60 were applied to a chromatography column (2.6 cm × 100 cm)
f Sephacryl S300 HR (Pharmacia, Sweden) equilibrated with PBS.
he sample was run at a flow rate of 5 mL min−1. Fractions were ana-

yzed by immunodot and Western blot. Highly purified VP60 was
lso obtained by size-exclusion chromatography-HPLC as described
elow.

.5. Ultrafiltration experiments

Ultrafiltration experiments with soluble VP60 were carried
ut using membranes of 100,000 (YM-100) and 300,000 (XM-
00) kDa cut-off in a concentration apparatus (AMICON, USA).
revious to ultrafiltration, samples were subjected to centrifugation
t 10,000 × g for 30 min and filtrated through 0.2 �m filters. Con-
entrated samples were further analyzed by immunodot, SDS-PAGE
nd Western blot.

.6. Equilibrium and rate-zonal sucrose density gradients
entrifugation

For the study of recombinant VP60 protein in equilibrium
ucrose density gradients, five hundred microliters of either VP60
rom PVP11 or PVP12 strains were applied to a linear 20–70% (w/v)
ucrose density gradient in PBS, and centrifuged at 30,000 rpm for
4 h in a HIMAC centrifuge (Hitachi, model SCP70H, Japan). Five
undred microliter aliquots of each fraction were collected from
he tube, until a total of 20 aliquots. For rate-zonal sucrose den-
ity gradients, five hundred microliters of samples containing VP60
rom P. pastoris PVP12 strain were applied to a linear 10–30% (w/v)
ucrose density gradient and centrifuged at 30,000 rpm for 90 min.
he refractive index of each fraction was measured using an Abbe-
L refractometer. To detect the recombinant VP60, fractions were
ssayed by immunodot with mAb 1H8 and quantified by sand-
ich ELISA as described. Sedimentation coefficient was estimated
sing the previous known value of RHDV as a pattern in a parallel
un.

.7. Analysis in size-exclusion chromatography

The recombinant VP60 obtained in the soluble fraction of
isrupted PVP12 as well as the recombinant protein solubilized
rom PVP11 strain were characterized by high performance size-
xclusion chromatography (sec-HPLC). Samples were run in a TSK

5000 PW column (600 mm × 7.5 mm) system. Fifty microliters of
isruption supernatant or purified VP60 solution were injected
o the column and the elution was performed in PBS at a flow
ate of 0.2 mL min−1, at 280 nm. A chromatography lot of HBsAg
>1500 kDa) and sodium azide samples were used as controls.
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.8. Electron microscopy

The yeast cells were fixed in 1% glutaraldehyde and 4%
araformaldehyde at 4 ◦C for 1 h, rinsed in 0.1 M sodium cacody-

ate pH 7.4, post-fixed in 1% OsO4 at 4 ◦C for 1 h and dehydrated
n increasing concentration of ethanol. The embedding was done
s described by Spurr (1969) with minor modifications. Ultrathin
ections, made with an ultramicrotome (NOVA, LKB) were placed
n 400 mesh grids, stained with 2% uranylacetate and Reynold’s
ead citrate, and examined with a JEOL/JEM 2000 EX transmission
lectron microscope.

.9. Spray-drying process for powder production from the cell
ebris fraction of PVP11 strain

A laboratory-scale spray drier device was employed to atomize
he initial aqueous material containing the cellular debris obtained
fter mechanical disruption of PVP11 yeast cells. The starting mate-
ial was converted into powder particles that were collected at the
ottom portion of the dryer.

.10. Immunogenic capacity

To asses the immunogenic capacity of VP60 antigens using
ifferent routes, schemes and formulations, an experiment was
onducted employing thirty-one New Zealand female rabbits of 8
eeks age and 2 kg, seronegative to RHDV, which were randomly
istributed into seven groups of 5 animals each, respectively, with
wo of these groups comprising three animals each. The first group
f 5 animals was immunized at day 0 by subcutaneous (s.c.) injec-
ion at five points on the back with 50 �g of VP60 from PVP12
train purified by size-exclusion chromatography, emulsified in
he oil-based adjuvant Montanide 888 (SEPPIC, France). These ani-

als were boosted at day 21 of the experiment. The second group
as immunized with untreated disruption supernatant from PVP12

train containing the same VP60 concentration, employing an iden-
ical scheme. The third group was orally immunized at days 0, 21
nd 40 with the yeast-based powder containing the whole cell
ebris fraction (with about 0.5 mg of VP60 per dose) obtained after
isruption and spray drier treatment. The same powder resus-
ended in PBS, containing 50 �g of VP60 per dose, was utilized to

mmunize the fourth group of rabbits employing the same scheme
nd adjuvant as in the first two groups. The fifth (composed of three
nimals) and the sixth groups were included as positive controls
nd were immunized with 50 �g of VP60 expressed in Sf9 cells
nd with the RHDV inactivated vaccine Cunipravac-RHDTM follow-
ng the manufacturer’s instructions, respectively. A negative control
roup of three animals was simultaneously injected with Mon-
anide 888 as placebo. The formulations were prepared in 1 mL of
nal volume. Blood samples were extracted from the marginal ear
ein at days 0, 14, 40, 60, 90 and monthly until one year in order
o analyze the level, specificity and time-course of the antibody
esponse against RHDV.

.11. Assessment of specific immune responses against RHDV

.11.1. Competition enzyme-linked immunosorbent assay
Serum samples from each day collected were evaluated in dupli-

ate at a single dilution (1:10) with a serological test for RHD
anufactured at the OIE-Reference Laboratory, Brescia, Italy, fol-
owing the manufacturer’s directions. MaxiSorp F96 immunoplates
Nunc, Denmark) were coated with anti-RHDV hyperimmune rab-
it serum at a dilution 1:400 in 50 �L of 0.1 M carbonate buffer,
H 9.6, for 16 h at 4 ◦C. The plates were washed twice with PBST,
locked for 1 h at 25 ◦C with 100 �L per well of 5% skimmed milk
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earch 81 (2009) 25–36

Oxoid, UK), and test and control sera were added in duplicate to
ach well, followed by the addition of RHDV (Bs.89 reference strain)
iluted 1:200. After incubation with shaking at 37 ◦C, and washes,
he horseradish peroxidase-conjugated mAb 1H8 was added at a
ilution 1:400. Reactions were developed for 3 min in the dark
sing 0.4 mg mL−1 of orthophenylenediamine (OPD) (Sigma, St.
ouis, USA) diluted in 0.005 M citric acid/0.1 M Na2HPO4 containing
.015% H2O2 (BDH, UK). The reaction was stopped with 50 �L per
ell of 2.5 M H2SO4. Measurements were performed at 492 nm in a

ensIdent Scan ELISA reader (Merck, Germany). The assay measures
he ability of antibodies in the test serum to compete with binding
f RHDV to the polyclonal serum absorbed onto the solid phase. Sera
ere considered negative when the absorbance value at 492 nm
ecreased by less than 15% of the reference value (negative serum).
hey were considered positive when decreased by more than 25%.
hen “RHDVa” CUB5-04 isolate (diluted 1:20) was used instead

f RHDV Bs.89 strain, the horseradish peroxidase-conjugated mAb
B12 was added at a dilution 1:500. When titration experiments
ere performed, test and control sera from days 0, 60 and 365 were
sed at a starting dilution of 1:80 for day 60, and 1:10 for days 0 and
65. Titers were expressed as the reciprocal of the highest dilution

n which the absorbance value decreased by more than 25% with
espect to the equivalent dilution in the placebo group.

.11.2. Hemagglutination inhibition assay
Serum hemagglutination inhibition titers were measured prior

o vaccination, and at each time point of the experiment. The HI
ssay was performed using 2% human type O erythrocytes at pH
.8 according to the O.I.E. Manual of Diagnostic Tests and Vaccines
or Terrestrial Animals (2004). Positive controls (sera from rab-
its immunized with inactivated-RHDV isolated from the epizootic
ccurred in Cuba between the years 2004 and 2005) and nega-
ive controls (sera collected from seronegative rabbits at day 0 of
he experiment) were included in the assay. Briefly, round-bottom

icrotiter plates were used for making double serum dilutions
nto wells starting from 1:20, in PBS. Afterwards, 25 �L of RHDV
nactivated antigen-containing 8 HA units were added to each well
ollowed by incubation at 25 ◦C for 45 min. Human red blood cells
ere added and were allowed to settle at 25 ◦C for 45 min. The HI

iters of each sample were expressed as the reciprocal of the highest
ilution at which no hemagglutination was observed.

.12. Statistical analysis

Mean antibody titers were determined from serum of individ-
al animals in each group using a competition ELISA. An analysis
f variance was employed for each time point selected. Mean titers
ere compared using the Bonferroni’s Multiple Comparison test.

nhibition percents from day 0 to 365 were also calculated using a
ompetition ELISA. Values were compared with the Kruskal–Wallis
nd Dunns tests. All tests were conducted using the statistical soft-
are GraphPad Prism v4.0.

. Results

.1. Expression of the recombinant VP60 capsid protein in P.
astoris MP36-derived strains

RHDV VP60 capsid protein from the Spanish isolate AST/89
as recently expressed at approximately 1.5 g L−1 in P. pastoris
VP11 strain. In this construction, the recombinant protein was pro-
uced under the P. pastoris AOX1 promoter regulation employing
he sucrose-invertase signal peptide from S. cerevisiae. The protein
btained was insoluble, associated with the cell debris fraction of
he transformed yeast after mechanical disruption (Farnós et al.,
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005). In the current design, the VP60 coding region was cloned
nder the transcriptional control of the P. pastoris AOX1 promoter
nd the glyceraldehyde 3′-phosphate dehydrogenase terminator
GAPt) from S. cerevisiae, though lacking a secretion signal with
he aim to produce a soluble, intracellular form of the protein.
he gene was amplified by PCR using the pAcyMIVP60 vector as
emplate and the amplification product was cloned to produce the
NAOVP60 expression plasmid. The expression cassette obtained
y pNAOVP60 SalI digestion was used to transform by electropora-
ion the His− P. pastoris MP36 strain. Eighty His+ transformants were
elected on minimal medium and chromosomal DNA from selected
lones was analyzed by Southern blot to confirm the integration
f the cassette into the yeast genome. Ten recombinant clones
ere methanol-induced in a 200 mL shake flask culture experiment

or 96 h. One recombinant that preliminarily showed the high-
st expression levels was selected and designated as PVP12. The
nalysis of this clone showed a methanol utilization slow (Muts)
henotype that was achieved by a double crossover event at the
ndogenous AOX1 structural gene of the yeast.

Culture of PVP12 strain was conducted in a 5 L bioreactor. The
nduction phase lasted over 100 h employing a gradual increase
n the methanol-feeding rate. The biomass increased from about
5 to approximately 290 wet-weight g L−1 during this phase. Sam-
les from the induction process were analyzed at periodic intervals
evealing the expression of the recombinant protein only in the
iquid phase after yeast cells disruption and separation. The char-
cterization of the intracellular/soluble VP60 was conducted using
he raw disruption supernatant or the protein purified by high per-
ormance size-exclusion chromatography. The protein proved to be
ntigenically similar to the native capsid protein as determined
y Western blot with rabbit polyclonal antibodies raised against
P60 purified from homologous RHDV. The protein detected under
educing conditions showed the expected size of about 60 kDa and
as obtained at approximately 480 mg L−1 as quantified by sand-
ich ELISA using VP60 expressed in the baculovirus/Sf9 system as

tandard. The study under non-reducing conditions did not show a
etectable band, thus suggesting the formation of high molecular

eight structures which were incapable to enter the gel (Fig. 1).

he latter differed with the putative protein aggregates of about
00 kDa observed for VP60 expressed under the SUC2 signal pep-
ide studied under non-reducing conditions. This insoluble antigen
as solubilized from the cell debris fraction as described else-

ig. 1. Expression of the recombinant VP60 in P. pastoris PVP12 strain studied by
estern blot using a hyperimmune anti-RHDV serum. Lane 1 corresponds to VP60

btained insoluble associated to the cell debris fraction of PVP11 strain, studied
nder reducing conditions. Lanes 2, 3 and 4 correspond to cell lysates, disruption
ellet and disruption supernatant of PVP12-induced cells, respectively, analyzed
nder reducing conditions. The protein showed the expected size of about 60 kDa.
ane 5 corresponds to PVP12 disruption supernatant run under non-reducing con-
itions, in which no band could be detected. MW and numbers in the left indicate
he migration of standard molecular weight markers.
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here (Farnós et al., 2005) and used for comparative purposes in
he experiments designed. It was obtained with a final purity in
he range of 65–70% after a combination of washed pellet proce-
ures, extraction with urea, renaturalization and acid precipitation
f contaminants.

.2. Characterization of structural and antigenic differences in
P60 variants produced in P. pastoris

The recombinant VP60 expressed in PVP12 strain was found
nly in the soluble fraction after cell disruption. No recombinant
rotein was detected in the pellet fraction. In order to char-
cterize the released antigen, raw disruption supernatant was
nalyzed by sec-HPLC in a TSK G5000 PW column. As a control the
ighly particulated HBsAg, which was also expressed in P. pastoris
P36-transformed cells (Hardy et al., 2000), was analyzed under

quivalent conditions. The analysis by immunodot of all fractions
rom the disruption supernatant confirmed the presence of the pro-
ein as a putative multimer only in the first maximum collected
ith a retention time (RT) of approximately 33 min. The chromato-

raphic pattern revealed that the protein eluted as a uniform peak
lose to the particulate form of HBsAg, which corresponds to a
nown molecular mass of about 2 × 106 Da and a RT of 32 min
Fig. 2A–C). The pattern obtained pointed as well to the homo-
eneity of the self-assembled multimers. The recombinant VP60
olubilized from the disruption pellet of PVP11 strain exhibited a
imilar pattern after the analysis in the same column. This protein
luted with a RT of 31 min, slightly inferior to that of HBsAg, thus
lso indicating the formation of high molecular weight structures
Fig. 2D). In the same run, the monomeric VP60 from PVP11 was
ollected with a RT of approximately 53 min.

Samples from raw disruption supernatant of PVP12 cells were
ubjected to ultrafiltration experiments using membranes of 105

nd 3 × 105 Da cut-off. The VP60 antigen solubilized from the cell
ebris fraction of P. pastoris PVP11 strain was included in the exper-

ment. Quantification by sandwich ELISA showed that 100% and
pproximately 80% of the soluble VP60 expressed without the sig-
al peptide was effectively retained by the membranes of 105 and
× 105 Da cut-off, respectively. On the contrary, the antigen solu-
ilized from PVP11 strain was retained only by the 105 Da cut-off
embrane, while no significant quantities of the protein were

etained by the second filter. This could be in agreement with the
act that protein aggregates rather than ordered capsid-like struc-
ures were expressed in P. pastoris PVP11 strain. Such aggregates,
ith an apparent molecular weight of 250–300 kDa, were easily

bserved in SDS-PAGE or Western blot under non-reducing con-
itions, before or after solubilization of VP60 from the cell debris
raction (not shown). They were separated from the monomeric
raction by using membranes of 100,000 Da cut-off.

The VP60 antigen purified from the disruption supernatant of
VP12 strain was analyzed by equilibrium (20–70% [w/v]) and rate-
onal (10–30% [w/v]) sucrose density gradients ultracentrifugation.
n both cases, the sucrose gradient was fractionated after centrifu-
ation and the individual fractions were assayed by immunodot
or the detection of VP60, which was quantified by ELISA. In the
quilibrium sucrose gradient, one fraction was collected containing
ost of the recombinant antigen that migrated to a position cor-

esponding to a buoyant density in the range of 1.29–1.32 g mL−1

Fig. 3). The RHDV sample run under similar conditions migrated
o a higher buoyant density of approximately 1.35 g mL−1, which

as expectable due to its nucleic acids content. The sedimentation

oefficient for VP60, calculated from the 10–30% [w/v] sucrose gra-
ient experiment and the use of RHDV as a control of 153S, was
stimated in about 120S. The latter indicated that soluble particles
imilar in size and shape, but with a slight difference in buoyant
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ig. 2. Analysis by sec-HPLC in a TSK G5000 PW column of VP60 from P. pastoris PV
as detected by mAb 1H8 with a retention time (RT) of approximately 33 min. The
isruption supernatant from wild-type yeast. (B) Purified VP60 protein. (C) The par
f about 2 × 106 Da, RT = 32 min) was analyzed under the same conditions to confirm
astoris PVP11 strain. As determined by immunodot, this protein eluted with a RT = 3
ensity to RHDV were intracellularly produced by P. pastoris PVP12
train.

The study of the antigenic profile displayed by both the soluble
nd insoluble VP60 recombinant variants was also conducted with

ig. 3. Analysis of VP60 from P. pastoris PVP12 strain in equilibrium sucrose (20–70%
w/v]) density gradient ultracentrifugation experiments. After centrifugation, the
ucrose gradient was fractionated and the individual fractions were assayed by
mmunodot for the detection of VP60, which was quantified by ELISA. Most of the
ecombinant protein migrated to a position corresponding to a buoyant density in
he range of 1.29–1.32 g mL−1.
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d PVP11 strains. (A) Raw disruption supernatant from PVP12 strain, in which VP60
box shows VP60 detection in the first of the maximums collected. c- indicates raw
te form of HBsAg expressed in P. pastoris MP36-transformed cells (molecular mass
multimeric structure of VP60. (D) VP60 solubilized from the disruption pellet of P.
. Monomeric VP60 was detected in the same run with a RT of approximately 53 min.

he use of mAbs 1H8, 6H6 and 6G2 that recognize conformational
pitopes in the RHDV Bs.89 strain. The recombinant VP60 expressed
n PVP11 strain under the ssSUC2 was specifically recognized in
mmunodot by mAbs 6H6 and 6G2, and was recognized only by

Ab 6H6 in a sandwich ELISA. An identical result was obtained
fter enzymatic deglycosylation of this protein with PNGase F, sug-
esting that N-glycosylation was not responsible for the apparent
ack of the epitope recognized by mAb 1H8. In addition to the fact
hat N-glycans were added to the amino acid structure of VP60 from
VP11 strain, O-glycans should be also present as the deglycosyla-
ion assay produced a recombinant protein size of about 63–65 kDa
Fig. 4). On the other hand, the soluble VP60 released after P. pastoris
VP12 cells disruption was detected in immunodot by all the cor-
esponding mAbs and was recognized in sandwich ELISA by mAbs
H8 and 6H6 (Fig. 5). A further experiment was conducted to ana-

yze the recognition of the above-mentioned epitopes on VP60 after
pray-drier treatment of the pellet fraction from PVP11. Both mAbs
H6 and 6G2 reacted against the recombinant protein in immun-
dot or ELISA when assayed immediately after drying or three years
ater, in which case the powder was maintained at 4 ◦C. The multi-
eric VP60 obtained from PVP12 strain also retained the antigenic
roperties after ultrafiltration and chromatographic experiments.

Both the soluble form of VP60 obtained from P. pastoris PVP12
ells and VP60 solubilized from PVP11 disruption pellet were sub-
ected to electron microscopy. The analysis of yeast cells from
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Fig. 4. Western blot after deglycosylation to determine the presence of N-glycans in
the amino acid structure of VP60 obtained from PVP11 strain. The pattern obtained
before (lane 1) and after (lane 2) deglycosylation suggested that O-glycans could
be also present since an unexpected protein size of about 63–64 kDa was obtained.
Lane 3 shows the 60-kDa recombinant VP60 from PVP12. MW and numbers in the
left indicate the migration of standard molecular weight markers.

Fig. 5. Detection by sandwich ELISA (A and B) and immunodot (C) of RHDV con-
formational epitopes in the recombinant VP60 variants produced in P. pastoris.
Equivalent quantities of the proteins were analyzed using the monoclonal antibodies
1H8 (A and C), 6H6 (B and C) or 6G2 (C), directed against the reference RHDV Bs.89
strain. As capture antibody, a polyclonal anti-RHDV serum was used. ELISA deter-
minations were performed in duplicate and standard deviation bars are indicated.
The sample numbers in each panel indicate the following: 1. RHDV (Bs.89 strain).
2. Raw disruption supernatant from P. pastoris PVP12 strain. 3. Same sample as 2,
subjected to filtration through a 300,000 Da cut-off membrane. 4. VP60 expressed
by the baculovirus/Sf9 system. 5. Cell lysates from MP36 P. pastoris strain. No sig-
nificant differences were found in the absorbance values among samples 1 to 4 in
ELISA. Sample 6 was included only in the immunodot and corresponds to insoluble
disruption pellet from PVP11 strain.

P
t
a
u
P
s
t
s
a
t
t
e
G

3
i

e
i
i
t
R
A
w
P
9
o
f
d
i
f
m
d
t
i
v
s
o
o
t
g
g
i
f
w
t
c
s
s
t
t
i
o
o
t
d
d
o
f
V
o
T
i
m

arch 81 (2009) 25–36 31

VP12 showed a homogeneous population of high-density struc-
ures resembling multimers or particles of VP60 with a diameter
verage of approximately 30 nm. These structures, with relative
niformity in size and shape, were observed only in cells from
VP12 and localized in vacuoles or inside autophagic bodies. Such
tructures were not detected in cells from P. pastoris MP36 wild-
ype strain (Fig. 6). On the other hand, the recombinant VP60
olubilized from the disruption pellet of P. pastoris PVP11 strain
ppeared to form protein aggregates (Fig. 6C) that were similar to
hose found for Bm86 and Bm95 vaccine antigens from the cat-
le tick Rhipicephalus (Boophilus) microplus, which were previously
xpressed in the same P. pastoris MP36 strain (Rodríguez et al., 1994;
arcía-García et al., 2000).

.3. Immunization experiments and assessment of RHDV-specific
mmune responses

To investigate the immunogenicity of the soluble variant of VP60
xpressed in P. pastoris PVP12 strain, New Zealand rabbits were
mmunized as previously detailed. The anti-RHDV specific antibod-
es were first assayed using a single-dilution inhibition ELISA, which
est their ability to compete in the liquid phase with binding of
HDV to specific polyclonal antibodies bound to the solid phase.
s shown in Table 1, all the animals from the group immunized
ith the soluble VP60 purified from the disruption supernatant of

VP12 cells developed antibody levels with inhibition values over
0% at 14 days post immunization. At this point, similar levels were
btained in 3 of 5 animals injected with raw disruption supernatant
rom PVP12 strain; in 2 of 5 injected with VP60 contained in the
isruption pellet of PVP11 strain; and in all animals from the group

mmunized with VP60 from Sf9 cells. Table 2 shows a long-term
ollow up analysis expressed as the mean of inhibition values deter-

ined from serum of individual animals in each group, starting at
ay 0 of the experiment until one year after the primary immuniza-
ion. Except for the group immunized by the oral route with the
nsoluble VP60 variant contained within the cell debris fraction, all
accinated animals maintained a long-lasting and homogeneous
pecific humoral immune response with inhibition levels superior
r close to 90%. The group immunized by the oral route devel-
ped lower levels, which were maintained for a shorter period of
ime. This group received three doses, in contrast with the other
roups, taking into account the possible antigen degradation in
astrointestinal associated lymphoid tissues, and aiming to max-
mize systemic immune responses, as supported by data obtained
rom previous assessments (Farnós et al., 2005). The antibody titers
ere also determined at days 0, 60 and 365 in all the experimen-

al groups using RHDV and competition ELISA (Fig. 7). The results
oincided with data previously obtained in the one-year follow-up
urvey. At day 60, the groups immunized with the soluble VP60
howed the higher titers that ranged from 1/544 to 1/1312. These
iters were comparable with titers from the animals injected with
he baculovirus-derived VP60. At this time point, statistical signif-
cant differences (p < 0.05) were only found between the animals
rally immunized with VP60 or with inactivated RHDV and the rest
f the groups that received the recombinant proteins. Animals from
he placebo group remained seronegative. At day 365, although a
ecline in specific titers was noticed, the higher levels were also
etected in animals vaccinated with the soluble VP60 variant (titers
ver 1/100) and with VP60 from Sf9 cells. Statistical significant dif-
erences were found between the animals orally immunized with

P60 and the rest of the immunized groups. Finally, the specificity
f antibodies against the distinct “RHDVa” subtype was determined.
his pathogenic variant was employed instead of “classical” RHDV
n a similar competition enzymatic assay. With the exception of ani-

als immunized with the RHDV-inactivated vaccine, all the rabbits
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Fig. 6. Analysis by electron microscopy of recombinant PVP12 yeast cells. (A) The study showed high-density structures resembling multimers or particles of VP60 with a
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iameter of approximately 30 nm. These structures, signalled with arrows, were re
tructures were not detected in cells from P. pastoris wild-type MP36 strain. Panel
raction of PVP11 disrupted cells.

mmunized with the recombinant VP60 variants produced in P. pas-
oris or in Sf9 cells developed high levels of specific anti-“RHDVa”
ntibodies from days 14 to 365 (Table 3). Rabbits injected with the
HDV-inactivated vaccine developed antibodies with a diminished
apacity to compete in the liquid phase of the ELISA for binding

o “RHDVa”. This result was later confirmed by their complete lack
f hemagglutination inhibition activity in vitro against “RHDVa”
Table 4). On the contrary, all the animals immunized with the
ecombinant variants of VP60 by using the oral or subcutaneous

o
c
o
V

able 1
ntibody levels in individual animals against RHDV measured 14 days after the primary im
LISA.

abbit
umber

Group 1
(VP60-PVP12/purified,
via s.c.)

Group 2 (VP60-
PVP12/disruption
supernatant, via s.c.)

Group 3 (VP60-PVP11
disruption pellet, via
oral)

G
d
s

93.3 89.5 0.8 9
92.9 92.9 0.0 7
93.2 93.1 0.2 8
93.3 39.6 0.0 7
93.1 40.2 0.0 9

he result is expressed as the inhibition value for each animal, calculated as follows: %
erum). RHDV from the reference strain Bs.89 was used in the experiment. Sera were con
f the negative control serum. They were considered positive when decreased by more th
ly uniform in size and shape and were observed only in PVP12 cells. (B) The latter
ows the formation of protein aggregates in VP60 solubilized from the cell debris

pproaches developed early HI titers that increased until levels
anging from 1/160 to 1/40 960 in the last determination prac-
iced. Positive controls in the HI assay reached HI values of 1/2560.
he variations observed between animals in the same group sug-
ested that such differences were independent of the formulation

r the route employed. In summary, the highest HI titers, which
orrelate with the in vivo protective capacity against RHDV, were
btained in the groups of rabbits subcutaneously immunized with
P60 produced in P. pastoris and with VP60 obtained in Sf9 cells.

munization and expressed as percents (%) of inhibition determined in a competition

roup 4 (VP60-PVP11
isruption pellet, via
.c.)

Group 5 (VP60
baculovirus/Sf9,
via s.c.)

Group 6
(RHDV-inactivated
vaccine, via s.c.)

Group 7
(Placebo)

1.1 93.7 90.6 0
3.1 93.9 43.0 0
3.2 93.8 63.4 0
8.3 28.4
1.5 61.4

inhibition = [OD(neg. control serum) − OD(serum sample)] × 100/OD(neg. control
sidered negative when the absorbance value at 492 nm decreased by less than 15%
an 25%.
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Table 2
Long-term follow up (from day 0 of the experiment to one year after the primary immunization) of antibody levels against RHDV measured as percent (%) of inhibition in a
competition ELISA.

Days ELISA inhibition percent (anti-RHDV)

Group 1
(VP60-PVP12/purified,
via s.c.)

Group 2 (VP60-
PVP12/disruption
supernatant, via s.c.)

Group 3 (VP60-PVP11
disruption pellet, via
oral)

Group 4 (VP60-PVP11
disruption pellet, via
s.c.)

Group 5 (VP60
baculovirus/Sf9,
via s.c.)

Group 6 (RHDV-
inactivated
vaccine, via s.c.)

Group 7
(Placebo)

0 0a 0a 0a 0a 0a 0a 0a

14 93.1 ± 0.1a 71.0 ± 25.4a 0.1 ± 0.3b 83.4 ± 12.4a 93.7 ± 0.1a 57.3 ± 19.4c 0d

40 93.9 ± 0.3a 93.5 ± 1.3a 72.9 ± 18.3b 93.2 ± 0.6a 95.0 ± 0.8a 80.7 ± 17.2a 0c

60 91.6 ± 1.4a 92.5 ± 0.5a 82.2 ± 15.7a 92.3 ± 1.4a 91.9 ± 1.2a 85.3 ± 10.0a 0b

90 92.2 ± 0.4a 92.1 ± 0.9a 53.1 ± 31.5b 91.7 ± 1.3a 91.2 ± 1.2a 88.1 ± 5.2a 0c

180 92.5 ± 0.3a 92.9 ± 0.2a 58.9 ± 9.5b 90.5 ± 0.6a 93.5 ± 1.7a 90.8 ± 1.4a 0c

270 92.8 ± 0.4a 91.8 ± 3.1a 60.8 ± 14.3b 93.8 ± 1.2a 93.6 ± 0.3a 92.7 ± 3.5a 0c

365 91.6 ± 1.7a 91.4 ± 0.6a 55.8 ± 12.5b 90.8 ± 3.1a 92.1 ± 0.3a 89.8 ± 3.9a 0c

The result is expressed as the mean ± S.D. of inhibition values from determinations in individual animals. The reference RHDV strain Bs.89 was used in the experiment. All
groups receiving the recombinant proteins were immunized at days 0 and 21, except Group 3 that received an additional dose at day 40. Different letters within a row indicate
statistical significant differences for p < 0.05, according to the Kruskal–Wallis and Dunns tests.

Fig. 7. Mean antibody titers to RHDV in rabbits immunized with the recombinant variants of VP60. Titers were determined using a competition ELISA and sera from days
0 hest
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, 60 and 365 of the experiment. Titers were expressed as the reciprocal of the hig
o the equivalent dilution in the placebo group. Positive standard deviations bars a
0 and 365 between rabbits orally immunized with VP60 or injected with inactiva
eronegative. An analysis of variance and a Bonferroni’s Multiple Comparison test w

. Discussion
An important number of approaches have been developed to
ate aiming to obtain a novel vaccine against RHDV unlike the
raditional preparations produced from organs of infected rabbits.
he capsid protein expressed in the systems assayed has been
rotective in most cases, including the capability to protect at

a
F
a
f
a

able 3
ntibody levels against the distinct “RHDVa” subtype measured as percent (%) of inhibitio

ays ELISA inhibition percent (anti-“RHDVa”)

Group 1
(VP60-PVP12/purified,
via s.c.)

Group 2 (VP60-
PVP12/disruption
supernatant, via s.c.)

Group 3 (VP60-PVP11
disruption pellet, via
oral)

Grou
disr
s.c.)

0 0a 0a 0a 0a

14 71.8 ± 5.8a 52.4 ± 24.8a 10.7 ± 9.8b 29.6
40 75.7 ± 2.7a 73.1 ± 6.3a 17.7 ± 11.2b 69.8
60 85.4 ± 5.2a 84.8 ± 2.0a 55.0 ± 14.1b 79.8
90 84.4 ± 1.6a 83.8 ± 1.5a 52.2 ± 6.3b 80.4

180 86.7 ± 0.9a 84.2 ± 1.5a 38.8 ± 16.8b 83.8
70 89.2 ± 0.8a 85.5 ± 4.6a 40.7 ± 7.9b 84.9
65 88.5 ± 1.8a 81.5 ± 3.7a 39.0 ± 11.4b 84.6

he results are shown from day 0 to one year after the primary immunization.
he result is expressed as the mean ± S.D. of inhibition values from individual animals. Th
he recombinant proteins were immunized at days 0 and 21, except Group 3 that receiv
ignificant differences for p < 0.05, according to the Kruskal–Wallis and Dunns tests.
dilution in which the absorbance value decreased by more than 25% with respect
icated in the figure. Statistical significant differences (p < 0.05) were found at days
DV and the rest of immunized groups. Animals from the placebo group remained

sed.

ery low doses, in the absence of adjuvants and by alternative
pproaches as administration by the oral route (Plana-Durán et

l., 1996; Bárcena et al., 2000; Martín-Alonso et al., 2003; Pérez-
ilgueira et al., 2007). Recently, the VP60 gene was expressed at
bout 1.5 g/L of culture in P. pastoris (Farnós et al., 2005) in a
urther attempt to produce a scalable vaccine against RHDV. The
ntigen obtained induced a potent RHDV-specific humoral and cell-

n in a competition ELISA.

p 4 (VP60-PVP11
uption pellet, via

Group 5 (VP60
baculovirus/Sf9, via
s.c.)

Group 6
(RHDV-inactivated
vaccine, via s.c.)

Group 7
(Placebo)

0a 0a 0a

± 7.0b 78.1 ± 9.7a 12.0 ± 8.3b 0c

± 6.3a 73.4 ± 1.9a 30.7 ± 16.5c 0d

± 4.4a 89.2 ± 1.4a 57.4 ± 14.1c 0d

± 5.7a 85.5 ± 2.7a 61.5 ± 19.7c 0d

± 1.0a 82.2 ± 1.2a 60.4 ± 27.6c 0d

± 2.9a 83.5 ± 4.7a 60.9 ± 24.4c 0d

± 7.7a 88.8 ± 0.3a 59.4 ± 26.3c 0d

e Cuban “RHDVa” strain CUB5-04 was used in the experiment. All groups receiving
ed an additional dose at day 40. Different letters within a row indicate statistical
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Table 4
Hemagglutination inhibition titers detected in sera of rabbits immunized with the recombinant VP60 capsid protein variants obtained in P. pastoris, in Sf9 cells or vaccinated
with inactivated RHDV.

Days Hemagglutination inhibition titers against “RHDVa”

Group 1
(VP60-PVP12/purified,
via s.c.)

Group 2
(VP60-PVP12/disruption
supernatant, via s.c.)

Group 3 (VP60-PVP11
disruption pellet, via
oral)

Group 4 (VP60-PVP11
disruption pellet, via
s.c.)

Group 5 (VP60
bac-
ulovirus/Sf9,
via s.c.)

Group 6
(RHDV-inactivated
vaccine, via s.c.)

Group 7
(Placebo)

0 0 0 0 0 0 0 0

14

1/80 0 0 1/80 1/160 0 0
1/160 0 0 1/80 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0
0 0 0 0 0

40

1/320 1/160 0 1/320 1/160 0 0
1/320 1/160 0 1/320 1/320 0 0
1/80 1/80 0 1/80 1/320 0 0
0 0 0 0 0
0 0 0 0 0

60

1/40960 1/5120 1/320 1/640 1/640 0 0
1/5120 1/640 1/160 1/2560 1/20480 0 0
1/5120 1/5120 1/160 1/5120 1/2560 0 0
1/5120 1/2560 0 1/2560 0
1/2560 1/320 0 1/640 0
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he titer was expressed as the maximum dilution capable to completely inhibit the
gainst RHDV or “RHDVa” (with HI titers of 1/2560) were included as positive con
xcept Group 3 that received an additional dose at day 40.

ediated immune response (Farnós et al., 2006) although the scale
p and further implementation of this system is limited by the

act that VP60 is obtained insoluble under the S. cerevisiae SUC2
ecretion signal. Nevertheless, various examples support VP60 pro-
uction in P. pastoris as a medium to advance beyond the laboratory
tages. For instance, the Gavac®plus vaccine against the cattle tick
. microplus consists of the Bm86 antigen expressed and purified
rom the same mutant in a similar number of analogous steps
Canales et al., 1997; de la Fuente et al., 1998, 2007; Valle et al.,
004). Other vaccines or vaccine candidates produced from this
east strain are currently under wide use in human populations
e.g. subunit vaccine against HBV) (Pentón et al., 1994; Hardy et
l., 2000; Jain et al., 2000; Estévez et al., 2007) or will enter phase
clinical trials (e.g. subunit candidates against HCV and dengue
irus) (Muné et al., 2003; Valdés et al., 2007). Having these facts
n mind, and considering that a veterinary vaccine for a species of

oderate economical importance as rabbits should imply a sim-
le process of antigen expression and separation, we produced
he VP60 capsid protein in P. pastoris MP36 strain lacking a secre-
ion signal. Although the expression levels reached were three
imes lower with respect to the insoluble VP60, several advantages
ppeared obvious for this soluble variant. First, the high molecular
eight structures produced in PVP12 strain resembled multimers

r virus-like particles as those of HBV or HCV produced in the same
east (Tleugabulova et al., 1998; Acosta-Rivero et al., 2004). The
apacity of this strain to yield ordered multimeric structures have
een previously demonstrated by the expression of various anti-
ens from human viruses (Hardy et al., 2000; Muné et al., 2003;
costa-Rivero et al., 2004; Valdés et al., 2007). Such ordered struc-

ures were apparently absent in VP60 obtained insoluble in PVP11,
hich seemed to yield protein aggregates of a molecular weight

lose to 250–300 kDa. These aggregates coincided with the event
bserved for particulate antigens from tick gut cells expressed in

. pastoris MP36 strain under the SUC2 secretion signal. These anti-
ens were obtained in a non-secreted form, and associated to the
east membranous system despite the correct processing of the sig-
al peptide (Montesino et al., 1996; García-García et al., 2000). The
resence of glycans N-linked to the insoluble VP60 indicated the

o
I
w
t
a

tination of human type O erythrocytes by RHDV. In the assay, hyperimmune sera
All groups receiving the recombinant proteins were immunized at days 0 and 21,

ignal processing and the translocation of the protein into the endo-
lasmatic reticulum, thus leaving unclear the protein association
o the insoluble cell components. A second advantage of the solu-
le VP60 was its recognition by the three conformational-sensitive
onoclonal antibodies used. On the opposite, VP60 from PVP11 was

ecognized by two of these mAbs. Of particular importance was the
ecognition of the soluble VP60 by mAb 1H8, which reacts against
protective epitope in RHDV (not present in “RHDVa”) that is miss-

ng in unassembled viral particles (Capucci et al., 1995) or aberrant
apsids.

In addition, similarities in shape, mass and buoyant density to
HDV found for VP60 from PVP12 were described by authors that
reviously expressed VP60 VLPs in insect cultured cells (Laurent
t al., 1994; Sibilia et al., 1995; Bárcena et al., 2004; Gromadzka
t al., 2006). Although both antigens from P. pastoris were capable
o elicit high HI titers and anti-RHDV/“RHDVa” specific antibod-
es, the presence of a higher number of protective epitopes makes
he intracellular protein a more universal antigen. Moreover, the
elative small difference found in the IgG response and HI titers
etween the groups vaccinated with the soluble VP60 purified
r contained within the raw disruption supernatant supports the
dea that an extensive purification process (e.g. including a chro-

atographic step) might not be necessary for vaccine use. It
ould be possible to develop a single step of supernatant filtra-
ion through 100,000 or 300,000 Da cut-off membranes to obtain

suitable material for formulation in adjuvant. In this sense,
ecent approaches in the veterinary field consider vaccination
trategies with the use of cellular fractions that do not inter-
ere with the immune response expected (Shin et al., 2007; Xia
t al., 2007). In our experiment, a high number of contaminants
ere present in the immunogen consisting of VP60 within the

ell debris fraction administered to rabbits by subcutaneous injec-
ion. These animals were yet capable of generating high titers

f specific antibodies with hemagglutination inhibition activity.
n a different approach, a formulation consisting of the antigen

ithin the yeast disruption pellet (from PVP11) orally adminis-
ered seemed an interesting strategy for vaccination (Farnós et
l., 2005; Xia et al., 2007) taking into account that VP60 by
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his route has been protective against RHDV (Plana-Durán et al.,
996; Bertagnoli et al., 1996a; Bárcena et al., 2000; Farnós et al.,
005). Moreover, P. pastoris is an FDA-approved additive for animal
ood (http://www.fda.gov/cvm/FOI/food add permitted.htm) thus
he results obtained must not discard its use by this route. Adjuvants
nd release systems for mucosal administration may enhance those
esponses that are stronger when using systemic routes (Lavelle and
’Hagan, 2006). Viral proteins from human pathogens expressed in

his yeast strain have induced both systemic and mucosal immu-
ity in various animal models (Aguilar et al., 1998, 2003; Lobaina
t al., 2003).

The VP60 variant expressed as a soluble multimer was also
apable to develop an early and long-lasting immune response
aintained for one year. Although a decline in specific titers was

oticed at this time, such pattern was also obtained with differ-
nt approaches as the Sf9-expressed VP60 and inactivated RHDV.
he latter is an expectable fact considering that no re-exposure
o the antigen occurred in the whole period. Hence, the immu-
ity achieved provides the opportunity to explore a revaccination
chedule in no less than 12 months. On the other hand, both an
xperiment of minimum protective dose and analyses of costs of
he antigen separation processes, are obligatory steps in a fur-
her developmental phase of this antigen. The specificity found
gainst the “classical” Bs.89 strain and against the antigenic vari-
nt CUB5-04 pointed to a broad spectrum of protective capability
f the multimers expressed in P. pastoris. In this sense, the lack of
emagglutination inhibition titers against “RHDVa” observed in the
nimals immunized with the RHDV-inactivated vaccine might be
xplained by a reduced cross-reactivity between the corresponding
HDV and “RHDVa” strains. This is supported by the fact that the

nactivated vaccine generated similar IgG levels to those elicited
y the rest of the antigens when assayed against the Italian Bs.89
train. Such possible failure in cross-reactivity has been already
escribed (Schirrmeier et al., 1999). In summary, this work presents
he characterization of two different variants of the recombinant
P60 capsid protein from RHDV expressed at high levels in P. pas-

oris. The experiments conducted and the analysis on the suitability
f each antigen for vaccination, lead to the conclusion that VP60
btained as a soluble multimer in PVP12 strain is the most attractive
andidate presented so far for an easy and inexpensive large-scale
roduction and further implementation of a recombinant subunit
accine against RHDV.
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