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a b s t r a c t

Infectious Bovine Rhinothracheitis (IBR) caused by bovine herpesvirus 1 (BoHV-1) infection is distributed
worldwide. BoHV-1 either alone or in association with other respiratory cattle pathogens causes signifi-
cant economic losses to the livestock industry. The aim of this work was to validate a guinea pig model as
an alternative method to the current BoHV-1 vaccine potency testing in calves. Guinea pigs were immu-
nized with two doses of vaccine, 21 days apart and sampled at 30 days post vaccination (dpv). BoHV-1
antibody (Ab) response to vaccination in guinea pigs, measured by ELISA and virus neutralization (VN),
was statistically compared to the Ab response in cattle. The guinea pig model showed a dose–response
relationship to the BoVH-1 antigen concentration in the vaccine and it was able to discriminate among
vaccines containing 1 log10 difference in its BoHV-1 concentration with very good repeatability and repro-
ducibility (CV ≤ 20%). A regression analysis of the Ab titers obtained in guinea pigs and bovines at 30 and
60 dpv, respectively, allowed us to classify vaccines in three potency categories: “very satisfactory”, “sat-
isfactory” and “unsatisfactory”. Bovines immunized with vaccines corresponding to each of these three
categories were experimentally challenged with BoVH-1 virus, the level of protection, as measured by
reduction of virus shedding and disease severity, correlated well with the vaccine category used. Data
eighted kappa
generated by 85 experiments, which included vaccination of calves and guinea pigs with 18 reference
vaccines of known potency, 8 placebos and 18 commercial vaccines, was subjected to statistical analysis.
Concordance analysis indicated almost perfect agreement between the model and the target species for
Ab titers measured by ELISA and almost perfect to substantial agreement when Ab titers were measured
by VN. Taken together these results indicate that the developed guinea pig model represents a novel

ate b
and reliable tool to estim
veterinary vaccines.

. Introduction

Infectious bovine rhinothracheitis (IBR) and pustular vul-
ovaginitis (IPV) are respiratory and reproductive diseases of

omestic and wild cattle caused by bovine herpesvirus 1 (BoHV-1)
1–3]. The disease presents a respiratory form, including coughing,
asal discharge and conjunctivitis. Signs can range from mild to
evere, depending on the presence of secondary bacterial pneumo-
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nia, with the development of dyspnea. In the absence of bacterial
pneumonia, recovery generally occurs 4–5 days after the onset of
signs. Because virus latency is a normal sequel to BoHV-1 infection,
and antibody (Ab) response after infection seems to be life-lasting,
any seropositive animal should be considered as a potential carrier
and intermittent shedder of the virus, with the exception of young
calves with passive maternal Ab and non-infected cattle vaccinated
with killed vaccines [1].

BoHV-1 infection is distributed worldwide affecting domestic

and wild ruminants [2–7]. BoHV-1 either alone or in association
with other respiratory cattle pathogens is the cause of signifi-
cant economic losses in the livestock industry. However, after
the implementation of strict control programs, the disease has
been eradicated from Nordic European countries (Norway, Finland

http://www.sciencedirect.com/science/journal/0264410X
http://www.elsevier.com/locate/vaccine
mailto:vparreno@cnia.inta.gov.ar
dx.doi.org/10.1016/j.vaccine.2010.01.035
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nd Sweden), Austria, Denmark, and part of Italy. Currently, other
uropean countries are under compulsory or voluntary eradica-
ion programs, all involving the application of inactivated or live
marker” vaccines, based on the deletion of BoHV-1 gE or gD viral
lyproteins. In the rest of the world, classical attenuated and killed
oHV-1 vaccines are commonly applied [1,8].

In South American countries like Argentina, Brazil and Uruguay
oHV-1 infection is endemic [7,9,10] and vaccination is not
andatory. In Argentina, due to regulatory restrictions, only

illed vaccines can be used to prevent viral diseases in cattle.
everal conventional combined inactivated vaccines containing
oHV-1 together with other viruses (bovine viral diarrhea virus,
ovine parainfluenza type 3 virus and bovine respiratory syncytial
irus) and bacterial pathogens (Pasteurella multocida, Mannheimia
aemolytica, Histophilus sommi, Moraxella bovis, Moraxella ovis,
ampylobacter fetus-fetus, Campylobacter fetus-venerealis and Lep-
ospira sp.) have been used for many decades in routine vaccination
rotocols to prevent bovine respiratory and reproductive diseases

n cattle. These multivalent vaccines were designed to control a
anitary problem of complex etiology. However, the potency and
fficacy against each antigen contained in some of these combined
ormulations is unclear and further studies need to be carried out
o properly address this issue.

Specifically for BoHV-1 vaccine approval, international reg-
latory policies recommend to evaluate vaccine quality in a
otency test conducted in seronegative calves [1,11]. A BoHV-
vaccine must prevent the development of severe clinical signs

nd markedly reduce virus shedding after experimental challenge.
ovine trials are cumbersome, expensive and time consuming, par-
icularly, in countries like Argentina, where BoHV-1, as well as other
iral infections are endemic [10,12,13]. The difficulty in finding
eronegative bovines, from BoHV-1 free herds, to be used in vaccine
otency tests, pose the need for the developing standardized and
armonized tests in laboratory animals. The availability of a lab-
ratory animal model would enable the regulatory authority and
accine manufacturers to carry out batch-to-batch release tests on
routine basis in a less time consuming and less expensive way.

Although some vaccine manufactures have reported the use of
uinea pigs as internal quality test to evaluate their vaccines [14] a
alidated method for vaccine potency testing in laboratory animals
ossessing a demonstrated concordance with the target species, is
ot yet available [15–17]. Such a properly validated vaccine potency
est especially designed for combined vaccines including inacti-
ated viruses is also required in the US and the European Union and
ould be globally used to control viral vaccines applied in cattle.

Although several ELISA tests were developed to determine
oHV-1 Ab and probed to be more sensitive and specific than the
iral neutralization (VN) test [1,18], the latter is still considered the
old standard technique used for vaccine potency testing [1,11].

The general aim of this project is the development and statistical
alidation of a guinea pig model to be used for veterinary vaccine
otency testing. The model has been specifically designed to eval-
ate the immunogenicity against the viruses currently included in
ombined vaccines for cattle (BoHV-1, bovine parainfluenza type 3,
ovine viral diarrhea virus, bovine sincitial virus, bovine rotavirus
nd bovine coronavirus).

In the present paper we report the statistical in-house validation
f a guinea pig model as a method for potency testing of inactivated
BR vaccines. The validation involved the study of the kinetic of the
b response in the animal model and the target species, a regression
nalysis applied to the dose–response curve to define categories for

accines qualification, a concordance analysis between the labora-
ory animal model and the natural host confirmed with a BoHV-1
xperimental challenge in the latter. Results obtained indicted that
he Ab titers of immunized guinea pig constitute a useful predictive
ool of vaccine efficacy in cattle.
8 (2010) 2539–2549

2. Material and methods

2.1. Bovine: vaccination and sampling

A total of 553 male and female beef calves (Aberdeen Angus,
Hereford, and their crossbreeds), 6–12-month-old, were included
in the study. Vaccination trials were conducted in 12 beef farms
located in Buenos Aires, Argentina. Herds without previous his-
tory of vaccination against BoHV-1 were selected. As BoHV-1
infection is endemic in Argentina, vaccines were evaluated in
BoHV-1 seronegative animals from BoHV-1 free herds, and also
in seronegative and seropositive calves from BoHV-1 endemic
herds, in order to consider the variability of the real target pop-
ulation [1,19]. In the trials conducted in BoHV-1 endemic farms,
the number of positive and negative animals was randomly dis-
tributed in each treatment group so as to initiate the study with
statistically similar pre-vaccination mean Ab titers and variances
among groups. In every trial, bovines were vaccinated with two
doses of vaccine, 30 days apart, as recommended in the label
of each of the 22 commercial vaccines tested. Vaccines were
administered by the subcutaneal route with doses of 5 or 3 ml
according to manufacturersı̌ recommendations. Vaccine formu-
lated for model validation and named as “reference vaccines”
were applied following same time intervals and dose volumes as
commercial vaccines. Blood samples for serum extraction were
collected by puncture of the jugular or coccygeal vein. Ani-
mals were sampled at 0, 30 and 60 days post-vaccination (dpv).
Control groups included placebo and non-vaccinated animals.
Groups of calves that received two doses of placebo formulated
with culture media (without virus) emulsified in oil-adjuvant
were assayed in eight occasions including the dose–response
trials in which the animals were sampled until 90 dpv. In addi-
tion, in order to have vaccinated and non-vaccinated groups
exposed to similar natural conditions, a group of non-vaccinated
calves was included in every bovine trial conducted in each
of the 12 farms that participated in this study. A bovine trial
was only considered valid and included in the statistical anal-
ysis if no seroconversion was detected in the non-vaccinated
and placebo control groups. Most experiments were carried out
blinded (veterinarian, laboratory technician). Seroconversion was
defined as a 4-fold increase in antibody titer for both ELISA
and VN.

2.2. Guinea pigs: vaccination and sampling

The laboratory animal model for BoHV-1 vaccine potency test-
ing was developed using a total of 497 guinea pigs (Cavia porcellus),
SiS Al, around 350–400 g weight. After various preliminary assays,
using different vaccination routes, dose volume and intervals
between doses (data not shown), the immunization protocol was
standardized as follows: a minimum of 5 guinea pigs were vacci-
nated with two doses of vaccine, 21 days apart, by the intramuscular
route, in the hind-leg. The volume of the dose administered to the
guinea pigs, corresponded to 1/5 of the volume of the dose given
to bovines [20]. For the dose–response study serum samples were
obtained at 0, 30 and 60 dpv in order to obtain the kinetic of the Ab
response in the lab animal model. For concordance studies guinea
pigs were sampled at 0 and 30 dpv. Blood extraction was conducted
by cardiac puncture under anesthesia, following ECVAM recom-
mendations for animal welfare [21]. The protocol was approved by

the CICV y A, INTA Ethical Committee (CICUAE). In each immuniza-
tion assay, at least three negative control animals (non-vaccinated
or vaccinated with placebo) were included. Guinea pigs experi-
mental groups were coded and serologic analyses were carried out
blinded.
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.3. Serologic assay methods

.3.1. Virus neutralization (gold standard technique)
The virus neutralization assay used in this study, considered as

he “Gold standard” or “Traditional test”, was performed as previ-
usly described [22,23] and adjusted to meet the recommendations
iven by the OIE and CFR [1,11]. Briefly, bovine and guinea pig
erum samples were heat inactivated at 56 ◦C for 30 min. Four
eplicates of serial 4-fold dilutions of each sample (1:4 to 1:1024)
repared in 96 well plates were mixed with an equal volume of
he BoHV-1 reference strain Los Angeles, containing tissue culture
nfectious doses 50% (TCID50), and leading to a final neutralization
tage 1:8 to 1:2048 [9]. An extra sample replicate without virus
as used to evaluate the potential toxicity of the serum on the

ells. Positive and negative control sera of known Ab titer to BoHV-
were also included in each assay as internal reference controls.

ovine reference samples were derived from naturally infected,
accinated and experimentally challenged calves, as previously
escribed [22,23]. Guinea pig reference samples were obtained
rom naturally seronegative and vaccined animals, as detailed else-
here [24]. Serum–virus mixtures were incubated during 1 h at

7 ◦C, and then, 100 �l of Madin Darby bovine kidney (MDBK) cell
uspension containing between 200,000 ± 50,000 cells was added.
fter 3 days incubation at 37 ◦C, plates were read microscopi-
ally for cyto-pathogenic effect (CPE). The test was considered
alid if checking back titration of virus gave an infectious titer
f 100 (TCID50) with an acceptance range of 50–200 TCID50. The
ositive control should give its expected titer ± 1SD, the negative
erum should give no neutralization (monolayer with CPE) and
he monolayer of control cells (cells plus culture medium, without
erum and without virus) should be intact. Virus neutralizing Ab
iters were calculated by Reed and Muench method [25]. Negative
erum samples received the arbitrary value of 0.30 for calculation
urposes.

.3.2. Enzyme linked immunosorbent assay (ELISA) for the
uantification of total antibody to BoHV-1 in bovine and guinea
igs

Total antibodies against BoHV-1 in bovine serum were deter-
ined using an indirect ELISA previously described [22,23]. Briefly,

LISA 96-well plates were coated with 50 �l of positive (con-
entrated and semi-purified BoHV-1 containing 109 TCID50/ml) or
ock infected MDBK cells and blocked with PBS-tween20/1% ovoal-

umin buffer. Serial 4-fold dilutions of the serum samples were
dded and the assay was developed with a peroxidase labeled goat
nti bovine IgG affinity purified antibody (Kirkegaard & Perry Lab-
ratories, KPL). The ELISA assay was adapted to detect antibodies
o BoHV-1 in guinea pig sera following the same procedure cited
bove but using a goat affinity purified anti guinea pig IgG (H + L),
eroxidase labeled antibody (Kirkegaard & Perry Laboratories, KPL),

n a 1:4000 dilution as conjugate. The antibody titer of each sample
as expressed as the log10 of the reciprocal of the highest serum
ilution with a corrected optical density OD405c (OD405 in the posi-
ive coated wells minus OD405 in the negative coated wells) greater
han the cut off values of the assay (40% PP for both species). ELISA
esults were normalized by expressing the corrected OD values
s the percentage of a single high-positive control serum (PP%)
ncluded in each plate, in every ELISA run. The validation of the
ssays fulfilling ISO/IEC 17025 requirements [1,19] is detailed else-
here [24].
.4. Experimental design, vaccines and statistical analysis

The validation of the Method for Vaccine Potency testing
n guinea pigs was conducted following the recommendation
f the EMEA Committee for Veterinary Medical Products and
8 (2010) 2539–2549 2541

European Committee of Alternative Method Validation (ECVAM)
[16,17,26–28].

2.4.1. Dose–response experiment in guinea pigs and bovines
Three sets of vaccines consisting of combined water-in-oil vac-

cines containing increasing concentration of BoHV-1 covering a
range from 105 to 107 TCID50/dose, and two vaccines with 108

TCID50/dose, together with fixed concentrations of parainfluenza
type 3 bovine virus and bovine viral diarrhea virus were formulated.
Viral antigens were inactivated using binary ethylenimine (BEI)
[29] and vaccines were formulated using a pilot scale equipment.
The adjuvant used in the formulation consisted in a mix of 0.67%
Polisorbate 80, 2.1% Sorbitan 80 Monooleate and 57.9% mineral oil,
in a 60:40 oil:water proportion. Each vaccine set was formulated
with a different dilution of the same bulk of antigen that was pre-
viously diluted or concentrated in order to obtain the desired Ag
concentration and the vaccine was formulated thereafter. These
vaccines of known antigen concentration are referred to as “ref-
erence vaccines” and were used to estimate the dose–response
calibration curve in bovine calves and guinea pigs. Each set of refer-
ence vaccines was tested in two independent experiments in guinea
pigs and two independent trials in bovine calves (Table 1). Anti-
body responses were determined by VN, and the validated ELISAs.
In the initial stage of development, samples were taken at different
time points and the kinetic of the antibody response (mean ELISA
and VN antibody titers) induced by these first set of reference vac-
cines (calibration vaccines) were evaluated until 60 dpv in guinea
pigs and 90 dpv in calves. In all cases vaccines were administered
in parallel, in groups of a minimum of 5 guinea pigs and 5 bovines.
The minimum number of repetitions (animals per group; n = 5) was
calculated to achieve a statistical power of at least 83% to discrimi-
nate between vaccines containing BoHV-1 concentrations differing
in 1 log10 [30,31].

2.4.1.1. Kinetic of the antibody response: selection of the sampling
time point and detection limit for comparison between the model
and the target species. The curves of the kinetic of the antibody
response to BoHV-1 after vaccination in both species were ana-
lyzed using a mixed model for repeated measures and Bonferroni
method for multiple comparisons [31]. This analysis allowed deter-
mining the earliest time point, for animal sampling, corresponding
to the peak or plateau Ab titer that also showed acceptable discrim-
inatory capacity. In a second stage of validation, at the time points
selected in the previous stage, the ability of the laboratory animal
model and bovine calves to significantly discriminate among vac-
cines formulated with antigen concentrations of 1 log10 difference
was evaluated. At this stage the minimal antigen concentration
inducing a detectable Ab response by ELISA and VN was determined
(detection limit or minimal immunogenicity dose). Each individual
assay/trial using a group of 5 animals was analyzed by one-way
analysis of variance (ANOVA) followed by DGC multiple compari-
son test [32]. Kruskal Wallis non-parametric rank sum test [33] was
used when the assumptions of normality and/or homoscedastic-
ity were not met. The control groups (non-vaccinated and placebo
groups) were not considered in the analysis when all the animals
of these groups remained seronegatives throughout the experience
(variance equal zero). In all cases significance level was established
at 5%.

2.4.1.2. Repeatability and reproducibility. Statistical analysis for the
vaccines tested for each antigen concentration, considering all the

experiments and trials involved in the dose–response study was
performed as a nested analysis of variance (nested ANOVA). The
applied model allowed quantifying the relative contribution of
the different sources of variation associated to the repeatability
and reproducibility of the host species and the guinea pig model
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Table 1
Vaccines tested in parallel in bovines and guinea pigs included in the concordance analysis.

Type of vaccine Syndrome Vaccine
composition viral
antigens

BoHV-1
concentration
(TCID50/dose)

Number of
vaccines tested
[1]

Number of
vaccinated
bovines

Number of
vaccinated
guinea pigs

Number of
comparative
assaysc

Calibration vaccines for
the dose–response
curve a (11 vaccines; 20
comparative assays) d

Respiratory IBR-BVDV-PI-3

1 × 108 2 20 20 4
1 × 107 3 30 30 6
1 × 106 3 30 36 6
1 × 105 3 30 30 4

Reference vaccines for
concordance analysisb

(n = 7 vaccines; 12
assays)d

Reproductive
IBR-BVDV 107 3 70 51 8
DIVA gE- 107 1 5 5 1

Respiratory
IBR-BVDV-PI-3 108 1 5 5 1

107.5 1 5 5 1
107 1 5 5 1

Commercial vaccinesc

(n = 18 vaccines; 22
assays)d

Respiratory
IBR-BVDV-PI-3-BRSV

Unknown

3 30 30 5
IBR-BVDV-PI-3 5 29 40 6

Reproductive IBR-BVDV 4 35 19 4
Conjunctivitis IBR 2 15 11 2
Multi-purpose IBR-BVDV-PI-3-RV 4 35 35 5

Placebo 8 58 44 8
Total vaccinated 44 402 366 62
Non-vaccinated 151 131 23
Total 44 553 497 85

a Three sets of water-in-oil vaccines with decreasing concentrations of BEI-inactivated BoHV-1 emulsified oil adjuvant were prepared, except for 1 × 108 TCID50/dose of
which only two vaccine were tested. Each vaccine set was evaluated in two independent experiments in guinea pigs and two independent field trials in bovines. Each group
included 5 guinea pigs and 5 bovines, except for vaccine with 1 × 106, where 6 animals were added to increase the number of replicates in the concentration considered, under
these conditions, the detection limit of the model. Groups of 3–5 animals, vaccinated with placebo and non-vaccinated, were included in each assay as negative controls.
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b Reference vaccines: Second set of vaccines of known antigen concentration (p
ater-in-oil emulsions.
c Oil commercial vaccines included water-in-oil and double water-oil-water emu
d Some vaccines were tested in more than one occasion to evaluate stability thro

o evaluate vaccine potency. The repeatability was expressed as
he coefficient of variation (CV) or the overall relative variation
etween individual bovine calves and guinea pigs within a group
nd the reproducibility was expressed as the CV or overall rela-
ive variation between different groups vaccinated with vaccine
ontaining the same BoHV-1 concentration [30,34].

.4.1.3. Regression analysis to establish the cut-off for vaccine classi-
cation. The VN and ELISA mean Ab titers of the groups of bovine
alves and guinea pigs immunized with the calibration vaccines
ormulated for the dose–response assay, at the previously selected
ime points, were analyzed by regression analysis. The lower limits
f the 90% prediction intervals were used as classification crite-
ion to establish a range of vaccine quality acceptance in terms
f immunogenicity (Potency), in both species. The calculated split
oints were further used for vaccine classification in three cate-
ories: “unsatisfactory”, “satisfactory” and “very satisfactory”. The
rotection rate of vaccines representing these categories was eval-
ated by BoHV-1 experimental challenge in the natural host.

.5. Concordance analysis

To evaluate the performance of the selected split point for vac-
ine classification (described in Section 2.4.1.3) and the agreement
etween the guinea pig model and the target species two con-
ordance analyses were carried out. In a first analysis a total of
3 pairs of groups of vaccinated calves and guinea pigs, were
ested. This first analysis used data generated from 20 groups
f animals vaccinated with the calibration vaccines used to esti-
ate the dose–response curve (described in Section 2.4.1) and

nother 12 assays including a second set of 7 combined water-

n-oil immunogens elaborated following the industrial outline of
roduction (≥107 TCID50/dose). These vaccines of known antigen
oncentration, consequently of known potency, were also assigned
s reference vaccines and included three inactivated IBR-BVDV oil
accines used for prevention of bovine reproductive syndrome, a
y) prepared under industrial conditions used for concordance analysis included

.
me, generating a higher number of comparison lines.

gE-DIVA vaccine developed in Argentina [35] and three multivalent
respiratory vaccines all emulsified oil adjuvant (0.67% Polisor-
bate80, 2.1% Sorbitan80 Monooleate and 57.9% mineral oil; 60:40
oil:water proportion). Eight placebo groups and 23 non-vaccinated
groups, were considered the negative reference groups.

To avoid bias, in a second analysis the calibration vaccines used
to set the split points (n = 20) and most of the non-vaccinated
groups were subtracted (n = 16) and commercial vaccines were
added instead. Thus, 41 pairs of groups were included: the 12 assays
with reference vaccines, 22 commercial vaccines and their corre-
sponding negative control groups (n = 7). The commercial vaccines
included in this analysis are products marketed for the preven-
tion of viral conjunctivitis, respiratory and reproductive disease of
cattle, from various manufacturers and contain unknown titers of
inactivated BoHV-1 (Table 1).

In all cases vaccines were administered in parallel, to 5–10
guinea pigs and bovines calves per group (Table 1). Concordance
between the vaccine quality predicted by the guinea pig model
and the one obtained in the natural host was estimated by the
weighted kappa coefficient. The weighted kappa gives different
weights to disagreements according to the magnitude of the dis-
crepancy avoiding the weakness of the kappa statistic that takes no
account of the degree of disagreement. Values of weighted kappa
from 0.41 to 0.60 indicate moderate agreement; values from 0.61
to 0.80 substantial agreement and values from 0.81 to 0.99 almost
perfect agreement [36].

2.6. BoHV-1 challenge

Challenge experiments were conducted at CICV y A NBS2 facil-
ities, as previously described [23]. Briefly, seronegative calves

vaccinated with two vaccines classified by the guinea pig model
and bovine calves as having “very satisfactory” or “satisfactory”
potency were evaluated. Animals receiving placebo were used as
controls and represented an “unsatisfactory” vaccine. Groups of 6
calves were vaccinated with two doses of each vaccine, 30 days



V. Parreño et al. / Vaccine 28 (2010) 2539–2549 2543

F er im
b respo
3 mean
m

a
w
w
t
n
o
s
t
b
p
[
s

w
v
t

2

i
a
(
f

ig. 1. Kinetic of the BoHV-1 antibody responses determined by VN and ELISA aft
ars and lines represent mean VN and ELISA antibody titers induced by the dose–
0 dpv, with different upper/lower case letters indicate statistical differences among
easures and Bonferroni method for multiple comparison, p < 0.05) [32].

part. At 90 dpv, animals were challenged by the intranasal route
ith BoHV-1 virus LA at a concentration of 107.5 TCID50/ml. Calves
ere monitored for infection and disease development. Virus infec-

ion was measured by the duration and peak titer of virus shed in
asal swabs [23] and also represented by the “area under the curve
f infection” (AUCi) obtained by plotting the infectious titer of virus
hed for 14 days after challenge. Disease was measured by the dura-
ion and the severity of clinical signs of IBR and also represented
y the “area under the curve of clinical signs” (AUCs) obtained by
lotting the presence of clinical signs for 14 days after challenge
37]. Both AUC were calculated using MedCalc® version 11.1.1.0
tatistical software.

A second challenge experiment – that was not initially planned –
as carried out in calves from field trial 3 receiving set 2 calibration

accines because of the unexpected low Ab response developed by
hese animals.

.7. Laboratory 9001–2000 ISO standards certification
As part of the validation of the present method for vaccine test-
ng, the laboratory section of the Virology Institute INTA certified

management system to fulfil the 9001–2000 ISO requirements
resolution no. AR QS 1970, 8/2006), and has initiated a program
or ISO/IEC 17025 accreditation.
munization in: (a) guinea pigs; (b) seronegative bovines from BoHV-1 free herds;
nse vaccines tested, respectively. Arrows indicate vaccination time. Bars/lines, at
VN/ELISA antibody titers induced by the vaccine tested (mixed model for repeated

3. Results

3.1. Dose–response experiments: controlled assays in guinea pigs
and field trials in calves

The three sets of reference vaccines formulated with increas-
ing concentrations of BoHV-1 per dose (Table 1) were used to
estimate the calibration curve and were tested in two indepen-
dent assays in guinea pigs and two independent trials in bovine
calves giving a total of 6 points for each BoHV-1 concentration. Only
two sets of vaccines containing the highest concentration (1 × 108

TICD50/dose) were tested, giving a total of four replicates.
The kinetics of the Ab response followed up to 60 dpv is depicted

in Fig. 1a. The mean ELISA and VN Ab titers of the immunized guinea
pigs obtained in each experiment at 30 dpv and the statistical anal-
ysis (ANOVA) is detailed in Supplementary data Table 1. All the
experiments carried out in guinea pigs were considered valid and
were included in the analysis giving a total of 22 groups to estimate
the regression curve.
The dose–response experiments in bovine calves were con-
ducted in six different herds, using a total of five calves per
treatment group. A first set of vaccines was tested in two inde-
pendent trials involving seronegative calves from two BoHV-1 free
farms, without history of previous vaccination or epidemiological
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Table 2
Repeatability and reproducibility of the guinea pig model vs. the target specie expressed as CV.

BoHV-1 concentration (TCID50/dose) Bovine Guinea pig

Repeatability Reproducibility Repeatability Reproducibility

ELIS
1 × 108 14.3% 14.6% 8.9% 1.6%
1 × 107 13.8% 18.4% 20.6% →0a%
1 × 106 15.3% 21.5% 18.4% 9.9%
1 × 105 na na

VN
1 × 108 18.0% 11.7% 8.8% 7.0%
1 × 107 18.8% 16.9% 17.9% 9.8%
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1 × 106 25.4%
1 × 105 na

a The CV tended to zero, indicating that the variation among assays was irrelevan

vidence of BoHV-1 infection (Fig. 1b). A 2nd set of vaccines was
lso evaluated in two bovine trials. The first experiment was carried
ut using selected seronegative calves from an endemic herd and
he second in a non-vaccinated herd but with history of natural
nfection with BoHV-1 and included seronegative and seroposi-
ive calves (pre-vaccination Ab titer VN: 0.3–1.5; ELISA: 0.3–2.8).
inally, a 3rd set of vaccines was tested in another two BoHV-1 free
arms. The mean ELISA and VN antibody titers of each indepen-
ent trial, at 0 and 60 dpv and the statistical analysis are detailed

n Supplementary data Table 2.
The trials conducted in bovine calves were only considered valid

hen the negative control groups (calves receiving placebo and
on-vaccinated calves) showed no seroconversion at the end of
he experiment: calves from free herds should remain seronega-
ive and calves from endemic herds should maintain their initial
b titers. A huge variation in the Ab response to BoHV-1 vacci-
ation was observed in the different bovine trials. The ELISA Ab
esponse of the calves from the endemic herd (Trial 4) was the high-
st, as expected for primed animals; the Ab response of negative
alves from BoHV-1 free farms (Trials 1, 2, 5 and 6) were inter-
ediate to high; in contrast, the Ab response in the seronegative

alves selected from the other endemic herd (Trial 3) was remark-
bly lower than that registered in the calves derived from BoHV-1
ree herds. After this unexpected result, trial 3 was excluded for the
egression analysis. However in order to evaluate the protection
onferred by a low Ab response, in comparison to the one obtained
ith an optimal Ab response, animals from trial 3 were chal-

enged with BoHV-1 under controlled conditions (Supplementary
ig. 1 and Table 3). The exclusion of bovine trial 3 meant that only
0 groups were finally used to estimate the bovinesı̌ calibration
urves.

.2. Selection of a sampling time point for the guinea pig model
nd the target species

Preliminary studies showed that the laboratory animal model
nd the host species could not discriminate among vaccines for-
ulated with an antigen concentration within the same order of
agnitude. For example, vaccines containing 5 × 107 and 1 × 107

CID50 of BoHV-1 per dose induced similar Ab responses, vaccines
ith 5 × 106 and 1 × 106 TCID50 induced a detectable and statisti-

ally similar Ab responses, while vaccine formulated with 5 × 105

nd 1 × 105 TCID50 induced responses in some guinea pigs but did
ot induce detectable response in bovines (data not shown). Based
n these results it was decided to estimate the calibration curve

sing vaccines differing in 1 log10 antigen concentration, which is
lso the recommended dilution rate used for virus titration assays
38].

At 30 dpv, after receiving two doses of vaccine, the guinea pigs
eveloped a strong Ab response to BoHV-1. A clear dose-dependent
9.3% 14.3% 11.9%
a

behavior according to the Ag concentration of the vaccine was
observed. The antibody titers remained high and constant until
60 dpv. For the laboratory animal model 30 dpv, corresponded to
the peak Ab titer and the earliest time point of maximum dis-
crimination among vaccines differing in 1 log10 in their antigen
concentration (Fig. 1a).

After vaccination, all groups of bovines developed Ab response
to BoHV-1 and 60 dpv was the time point corresponding to the peak
of BoHV-1 Ab titers. At 90 dpv, the response remained in a plateau
or started to decrease (Fig. 1b).

The shape of the kinetic curves of the Ab response for both
species was similar. The Ab titers detected in guinea pigs at 30 dpv
were comparable to those detected in bovines at 60 dpv. Thus, those
time points were selected as the optimal moments for sampling
and were used as the unique bleeding point for further concor-
dance studies and for future routine use of the guinea pig model as
a method for vaccine potency testing.

3.3. Detection limit and discriminatory ability of the guinea pig
model and the target species to differentiate among vaccines
formulated with BoHV-1 concentrations differing in 1 log10

At 30 dpv, the guinea pig model was able to discriminate
between vaccines formulated with 107 TCID50/dose of BoHV-
1 or higher from vaccines containing 106 TCID50/dose and 105

TCID50/dose, by ELISA. In all the experiments, vaccines with 107

TCID50/dose of BoHV-1 induced mean Ab titers higher than 3.00,
while vaccines containing 106 TCID50/dose of BoHV-1 induced
mean Ab titers lower than 3.00. Vaccines formulated with 105

TCID50/dose did not induce Ab response, indicating that, under the
conditions used; this concentration was below the detection limit
of model and the serology test used. The global analysis consider-
ing the total number of guinea pigs vaccinated with each Ag dose
showed that the guinea pig model was able to significantly differ-
entiate among vaccines formulated with BoHV-1 concentrations
differing in 1 log10 (Fig. 1a).

The groups of calves vaccinated with decreasing doses of
BoHV-1 also showed a dose–response effect. In all cases vaccines
formulated with 106 TCID50/dose or higher induced Ab response,
while vaccines formulated with 105 TCID50/dose did not induce a
detectable Ab response during the entire period of the trial (Fig. 1b,
Supplementary data, Table 2). Notably, animals from trials 1 and
2 were followed up to 90 dpv and no seroconversion was detected
either (Fig. 1b).

The Ab response measured by VN, the traditional technique,

consistently yielded lower Ab titers than those obtained by ELISA
for both species. No neutralizing Ab responses were detected in the
groups of animals vaccinated with 105 TCID50 of BoHV-1/dose indi-
cating that the limit of detection was similar for both techniques
(Fig. 3; Supplementary data Tables 1 and 2).
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igs vaccinated with 2 doses of vaccine, 21 days apart, corresponding to 1/5 of the
accinated with 2 doses of vaccine, 30 days apart. Sample collection: 60 dpv.

.4. Repeatability and reproducibility

The guinea pig model gave highly consistent results of Ab titers
y both, ELISA and VN, among different assays for the same Ag
oncentrations in the range from 106 to 108 TCID50/dose, giving
cceptable repeatability and reproducibility. The CV associated
ith the reproducibility of the test was less than 10% for all the

ntigen concentrations tested and tended to zero (the variation
mong different assays was irrelevant) for vaccines formulated
ith 107 TCID50/dose. The target species also gave consistent

esults for testing the potency of vaccines containing 107 and
08 TCID50/dose (CV associated to the reproducibility < 20%) for
oth techniques (Table 2).

.5. Dose–response curve

Since all the dose–response experiments conducted in guinea
igs and only five out of six trials in calves were considered valid,

total of 22 groups for the laboratory animal model and 20 groups

or the host species were included in the regression analysis. As
epicted in Figs. 2 and 3, the mean antibody titers, determined by
LISA and VN were directly related to the BoHV-1 concentration
n the vaccines. For both species and techniques the mathematical
guinea pigs and bovines by ELISA. x̄ = mean ELISA Ab titer to BoHV-1 of 5 guinea
e dose. Sample collection: 30 dpv. X̄ = mean ELISA Ab titer to BoHV-1 of 5 bovines

model that best fit to the data was a polynomic linear model of
second order of magnitude. The mathematical model was able to
predict ELISA Ab titers with R2 = 96% for guinea pigs and R2 = 90%
for bovines (Fig. 2). In the case of VN, the model was able to predict
VN Ab titers for guinea pigs with R2 = 90% and R2 = 93% for bovines
(Fig. 3).

The 90% prediction intervals were calculated, using the lower
limit of Ab titer induced for vaccines formulated with 106 and
107 TCID50/dose of BoHV-1 as quality split points. These limits rep-
resent the minimum mean Ab titer that must be induced in a group
of a minimum of 5 guinea pigs and 5 calves after vaccination with
water-in-oil vaccines containing those Ag concentrations with 95%
coverage. As detailed in Figs. 2 and 3, the estimated split points
allowed the classification of the vaccines in the guinea pig model
and the target species by the two techniques as having “unsatisfac-
tory”, “satisfactory” or “very satisfactory” potency.

3.6. Concordance analysis
Concordance between the vaccine quality predicted by the
guinea pig model and the one obtained in the natural host by ELISA
and VN is shown in Tables 3 and 4. The initial analysis including
63 groups of animals immunized with vaccines of known antigen
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ig. 3. Regression analysis and estimation of “split points” for vaccine classificati
accinated with 2 doses of vaccine, 21 days apart, corresponding to 1/5 of the bovine
ith 2 doses of vaccine, 30 days apart. Sample collection: 60 dpv.

oncentration, placebo or non-vaccinated control groups assigned
s “reference groups” gave an almost perfect agreement in vaccine
lassification between the model and the target species by both
echniques (Table 3a and b).

When excluding the pairs of groups used in the model estima-

ion (20 vaccines used to estimate to calibration curve, 8 placebos
nd 18 out of 23 non-vaccinated control groups) and adding instead
2 commercial vaccines of unknown potency, the weighted kappa
alues were lower (Table 4). Nevertheless, the agreement remained
lmost perfect for ELISA and substantial for VN, according to the

able 3
oncordance between the guinea pig model and bovine, analyzed by ELISA (a) and VN (b

Guinea pig/Bovine Unsatisfactory x̄ < 1.69

(a) ELISA; n = 63
Unsatisfactory x̄ < 1.93 36
Satisfactory 1.93 ≤ x̄ < 3.02 0
Very satisfactory 3.02 ≤ x̄ 0

Guinea pig/Bovine Unsatisfactory x̄ < 1. 27

(b) VN; n = 63
Unsatisfactory x̄ < 1.31 37
Satisfactory 1.31 ≤ x̄ < 2.05 1
Very satisfactory 2.05 ≤ x̄ 0

LISA Weighted Kappa: 0.894; ASE = 0.041; 95%CI 0.813–0.974; p < 0.0001; almost perfect
N Weighted Kappa: 0.876; ASE = 0.050; 95%CI 0.777–0.971; p < 0.0001; almost perfect ag
a The analysis included the 20 assays corresponding to the calibration vaccines used to

ssays including vaccines of known potency or reference vaccines.
guinea pigs and bovines by VN. x̄ = Mean VN Ab titer to BoHV-1 of 5 guinea pigs
. Sample collection: 30 dpv. X̄ = mean VN Ab titer to BoHV-1 of 5 bovines vaccinated

criteria established by Viera et al. [36]. Finally, when only the 22
commercial vaccines are analyzed, the concordance between the
guinea pig model and the host species was almost perfect for both
techniques (Supplementary data Table 4).
3.7. Protection against BoHV-1 challenge

In a first challenge experiment (Table 5), all placebo animals
became infected, shed high titers of virus in the nasal secretions
(mean peak BoHV-1 titer: 1 × 106.9 TCID50/ml) for 7 days after virus

).a.

Satisfactory 1.69 ≤ x̄ < 2.72 Very satisfactory 2.72 ≤ x̄

2 0
5 3
1 16

Satisfactory 1.27 ≤ x̄ < 1.96 Very satisfactory 1.96 ≤ x̄

0 1
4 1
3 16

agreement.
reement.
estimate the doses response curve; 8 placebos, 23 non-vaccinated groups and 12
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Table 4
Concordance between the guinea pig model and bovine for the analysis of vaccine of known potency and commercial vaccines of unknown potency.a.

Guinea pig/Bovine Unsatisfactory x̄ < 1.69 Satisfactory 1.69 ≤ x̄ < 2.72 Very satisfactory 2.72 ≤ x̄

(a) ELISA; n = 41
Unsatisfactory x̄ < 1.93 12 0 0
Satisfactory 1.93 ≤ x̄ < 3.02 0 3 3
Very satisfactory 3.02 ≤ x̄ 0 2 21

Guinea pig/Bovine Unsatisfactory x̄ < 1.27 Satisfactory 1.27 ≤ x̄ < 1.96 Very satisfactory 1.96 ≤ x̄

(b) VN; n = 41
Unsatisfactory x̄ < 1.31 12 0 1
Satisfactory 1.31 ≤ x̄ < 2.05 2 10 1
Very satisfactory 2.05 ≤ x̄ 0 4 11

ELISA Weighted Kappa: 0.865; ASE = 0.060; 95%CI 0.748–0.982; p < 0.0001; almost perfect agreement.
VN Weighted Kappa: 0.761; ASE = 0.082; 95%CI 0.601–0.921; p < 0.0001; substantial agreement.

a The analysis included 12 assays including vaccines of known antigen concentration (known potency) referred and “reference vaccines” and 22 assays including commercial
vaccines of unknown potency and their corresponding negative control groups (n = 7).

Table 5
Protection against BoHV-1 challenge of calves vaccinated with Gold standard vaccines of different quality.

Vaccinea n ELISA Ab titer at 60 dpv Bovines Guinea pig

Virus shedding Clinical signs ELISA ab titer at 30 dpv

Peak of infectious
virus titer
(TCID50/ml)

Duration of virus
shedding (days)

AUCib Rhinitys
severity

Duration (days) AUCsc

1 6 3.76Ad 2.4C 2.3B 6.2C 1.5B 11A 15.7A 3.1A
2 6 2.6B 5.0B 6.7A 22.2B 1.9AB 12A 20. 6A 2.7A
Placebo 9 0.3C 6.9A 7.1A 34.7A 2.5A 14A 33.8B 0.3B
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Vaccines previously classified by the guinea pig model and the host species as “
b AUCi area under the curve obtained by plotting the virus titer shed during 14 d
c AUCs area under the curve obtained by plotting the severity of the disease regis
d Mean in the same column with different uppercase letters, indicates significant

hallenge. These animals presented an AUCi of 34.7 and developed
ypical signs of IBR, characterized by severe bilateral rhinitis (AUCs:
3.8). In contrast, all vaccinated animals challenged at 90 dpv were
rotected as they shed significantly less virus and developed a
ignificantly less severe disease compared to the placebo group.
nimals vaccinated with vaccine 1 showed significantly higher pro-

ection against IBR infection and disease than those vaccinated
ith vaccine 2, based on all the variables measured (Table 5). Sig-
ificantly different protection rates observed in vaccine 1 and 2
nimals was associated to the significantly different mean ELISA
b titers of each group at 60 dpv.

In a second challenge experiment a significant difference
etween vaccinated and placebo groups, in terms of infection
nd clinical signs, was observed. No statistical differences were
etected among vaccinated groups. However, only the group of
alves with a mean ELISA Ab titer (2.8) higher than the established
plit point (2.72) showed a reduction of three days in the duration
f virus shedding (Supplementary data, Fig. 1 and Table 3).

. Discussion

Potency is defined as the relative activity of a biological product
s determined by a test method conducted on the final product as
escribed and approved by the regulatory agencies [16,17,26–28].
otency testing of vaccines batches is an important component of
he control tests conducted on the final product to confirm con-
istency of manufacturing and to ensure batch-to-batch quality
39].
Specifically for BoHV-1 killed vaccines, international regulatory
olicies [1,11] recommend to evaluate vaccine quality in a potency
est conducted in seronegative bovine calves. Briefly, the first batch
f virus inactivated BoHV-1 vaccine should be tested in five calves
usceptible to IBR infection (negative for neutralizing antibodies
atisfactory” (1) and “satisfactory” (2).
er challenge.
during 14 days after challenge.
ences as determined by one-way ANOVA, p < 0.05.

to BoHV-1). Calves are vaccinated following the manufacturer’s
recommendations (typically 2 doses, 30 days apart), while three
animals should be left as non-vaccinated controls. Fourteen days
after the second dose of vaccine at least 4 out of 5 vaccinated
calves should develop virus neutralizing Ab titers of 1:8 or higher.
Vaccines not reaching this potency requirement should undergo a
challenge test by intranasal route. Two out of three control calves
should develop hyperthermia and clinical signs of IBR, while only
one of the vaccinated calves may develop clinical signs, otherwise
the vaccine batch is considered of poor quality [11]. After experi-
mental challenge, the OIE also requests the vaccine to reduce nasal
virus shedding at least 100 times and virus excretion period in 3
days compared to control calves [1]. Thus, for the release to the
market, a BoHV-1 vaccine must prevent the development of severe
clinical signs and markedly reduce virus shedding after experimen-
tal challenge. Tests conducted in calves are expensive and time
consuming to be used as a routine test for vaccine batch release,
more so in countries like Argentina and other South American coun-
tries like Brazil and Uruguay where BoHV-1 and 5 infections are
endemic [4,6,7,10,12]. In such regions finding seronegative bovines
from BoHV-1 free herds, is becoming increasingly difficult. The use
of a serologic test in guinea pigs, naturally seronegative for the
BoHV-1 and 5, represents a convenient alternative method to eval-
uate batch-to-batch vaccine potency, which is in alignment with
the 3R initiative of refining, reducing and replacing animal experi-
mentation [15,16].

The BoHV-1 Ab response in guinea pigs and bovines showed a
dose-dependent pattern to the antigen dose. Under the conditions

use, the minimum dose of antigen capable to induce detectable Ab
response (detection limit or minimum immunogenicity dose) was
in the order of 106 TCID50/dose of inactivated BoHV-1 in water-
in-oil formulation, in both species as measured by VN and ELISA.
The quadratic term of the mathematical equation obtained by lin-
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ar regression analysis reflected the kinetic of antibody response,
ndicating that above certain Ab titer the Ab response can not be
mproved by the addition of higher doses of antigen [40]. The guinea
ig model was able to significantly discriminate between vaccines
ormulated with Ag concentrations differing in 1 log10 and showed
ery good repeatability and reproducibility as recommended by
he international guidelines [19]. It is important to highlight that
he choice to test vaccines formulated with BoHV-1 antigen con-
entrations differing in 10-fold scale was based on preliminary data
hich indicated that no discrimination was observed between vac-

ine formulations having antigen concentrations within the same
rder of magnitude. This observation might be related to the fact
hat the infectious titer of the virus antigens used in the vaccine
ormulation as well as the virus used in the VN assay are conducted
sing 10-fold dilutions [38].

The experimental design of the trials conducted in bovine calves
ttempted to include all the possible sources of variation that can
e found in the field (seronegative animals from BoHV-1 free or

nfected herds and seropositives animals from endemic herds).
espite this high variation, the precision of the target species for

esting vaccines containing 107 and 108 TCID50/dose showed CV
ower than 20%, indicating that repeatability and reproducibility of
accine classification in the natural host by both techniques, VN
nd ELISA, was quite acceptable.

The sampling time points for comparison between the guinea
ig model and the target species was 30 and 60 dpv, respectively,
epresenting the peak or plateau of BoHV-1 Ab response to vaccina-
ion with a BoHV-1 inactivated vaccine and the earliest time point
f high discrimination capacity.

The determination of split points to generate classification cri-
eria is one of the steps in the development of a laboratory animal

odel, as well as, the verification of its predictive ability on the tar-
et species. The agreement in the classification of vaccine potency
etween the two animal species (the laboratory animal model and
he natural host) based on these split points was excellent for ELISA
nd very good by VN [36] indicating that the developed guinea pig
odel represents a very good tool to predict vaccine immunogenic-

ty in bovines.
In the concordance analysis conducted to evaluate the agree-

ent between the laboratory animal model and the host species
or vaccine classification there are different degrees of misclassi-
cations affecting the vaccine manufacturers or farmers. In this
egard, the use of the two techniques (ELISA and VN) for vaccine
lassification is recommended as an optimal method to reduce clas-
ification discrepancies between the model and the target species.
or example, in the first concordance analysis, the classification of
wo vaccines by ELISA as “unsatisfactory” by the guinea pig model
hile they were classified as “satisfactory” by the natural host, may

onstitute an economical harm for the vaccine manufacturer if only
ne technique is considered. One of these cases corresponded to a
alibration vaccine containing 106 TCID50/dose of BoHV-1, misclas-
ified by guinea pig by ELISA and properly classified by the model
nd the host species by VN. The other one was a non-vaccinated
ontrol group with pre-existent ELISA antibodies. In this case the
uinea pig properly classified the group as “unsatisfactory” by both
echniques, while bovine misclassified it by ELISA.

On the other hand, when analyzing the agreement between
pecies by VN, there was one vaccine that was classified as “unsat-
sfactory” by guinea pig but “very satisfactory” by bovine calves.
n this case a failure in the guinea pig immunization was verified,
ince the same vaccine re-tested twelve months later was properly

lassified as “satisfactory” by both species and both techniques. On
he basis of this incident it was decided to include a reference vac-
ine in every immunization test as a positive control in every guinea
ig immunization for full validation and transference of the model.
he classification of a vaccine as “satisfactory” or “very satisfac-
8 (2010) 2539–2549

tory” when it is actually unsatisfactory and fails to protect cattle
represents a risk for the livestock producers. This kind of misclas-
sification occurred in two cases only by VN and it was due to a
technical error (a laboratory mistake in a given VN run) Again, for
these special cases the use of both techniques (ELISA and VN) allows
to clarify the source of discrepancy.

Other kind of misclassification does not mean an important
harm for the industry nor the vaccine producer since the quality
of the vaccines classified within both categories, “satisfactory” and
“very satisfactory”, are accepted by the regulatory agencies [1].

Regarding the second concordance analysis, including commer-
cial vaccines, only five out of 22 were classified as “unsatisfactory”
by both species and both techniques, suggesting that some vac-
cine manufacturers should improve the quality of their products in
order to reach the proposed standards.

Vaccines assigned to different immunogenicity categories, by
the proposed statistical model, in guinea pigs and calves, also
showed significant differences in protection against infection and
disease after challenge in the natural host. Despite their differen-
tial immunogenicity and efficacy both, the “very satisfactory” and
“satisfactory” vaccines, were able to pass the OIE requirements for
approval and release [1]. Regarding the evaluation of vaccine effi-
cacy, it is important to highlight that among the different outputs
measured after experimental challenge; the AUCi was the best indi-
cator to evaluate protection against challenge and also agreed with
vaccine categories in terms of immunogenicity or potency.

The second challenge experiment conducted on calves from Set
2. Trial 3 indicated that protection data was in agreement with
the unexpectedly low Ab titers developed by these animals. Calves
with ELISA Ab titers lower to the selected cut off point have a poor
protection against challenge. This bovine trial disqualified vaccines
of good quality. Although bovines selected for the trials showed
good clinical status and body condition, the presence of subclinical
pathologies that might interferes with the immune response can
not be discarded and may affect the outcome of a vaccine efficacy
experiment in the natural host. This fact is commonly observed
during herd vaccination.

Although significant progress has been made in using in vitro
tests to evaluate antigen quality parameters [41,42]. Models to
measure veterinary vaccine potency are still based on immuniza-
tion/challenge assays in the natural host or laboratory animals. The
use of in vivo models for vaccine potency testing and lot-release are
irreplaceable for the moment [15]. From the obtained results we
concluded that the developed guinea pig model is a reliable tool to
estimate batch-to-batch vaccine potency, avoiding the problem of
finding BoHV-1 seronegative bovines in endemic countries, reduc-
ing the variability that can be found in bovines and significantly
reducing the cost and the duration of the test. The model is also
ethically compliant with the refinement, reduction and replace-
ment principle in the use of animals, that can also take part in the
new consistency approach [15,16,43].

The serology results in guinea pigs were statistically validated as
a reliable indicator to predict vaccine immunogenicity and protec-
tion against challenge in the natural host. Further inter-laboratory
studies are under progress to finish a full validation and transfer-
ence of the model to the Argentinean National Health Authorities
(SENASA). A laboratory animal model for veterinary viral vaccine
potency testing such as the one proposed here would be of use to
other regional and international regulatory agencies.

In particular, the proposed model is innovative since it was
designed to evaluated killed combined vaccines [17] and after full

validation it will allow to determine in one immunization assay,
using 5 guinea pigs, the immunogenicity for all the viral anti-
gens included in the vaccines currently imarketed for cattle. In this
regard, the Argentinean National Authorities started to test the use
of the developed model for IBR vaccine potency testing to control
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he vaccines present in the local market. In addition, the valida-
ion of the model for bovine parainfluenza type 3 and rotavirus are
ompleted and the validation for BVDV and BRSV is under progress.

cknowledgments

We are greatly grateful to Nicolás DÁmico, Sebastián Duro and
orena Garaicoechea for technical assistance in the initial steps
f this model. To Claudia Loucim, Marcial Gamelgaard, Juan Bar-
on, Gustavo Combessies and all the owners and personnel of the
eef farms where the bovine trials were carried out. The authors
ish to acknowledge Dr. Maria Jose Dus Santos and Dr. Lorena
araicoeachea for manuscript revision. We are especially grateful

o Dr. Conrad Hendrisken for his comments and suggestions that
elped us to significantly improve this manuscript. Finally, we wish
o acknowledge Dr. Susana Levy for her constructive suggestions
nd English editing. This work was funded by BIOGENESIS-BAGO
.A. CVT 1664.

ppendix A. Supplementary data

Supplementary data associated with this article can be found, in
he online version, at doi:10.1016/j.vaccine.2010.01.035.

eferences

[1] OIE. Infectious Bovine Rhinotracheitis/Infectious Pustular Vulvovaginitis. In:
Manual of diagnostic tests and vaccines for terrestrial animals. Paris, France:
OIE; 2008. p. 752–67.

[2] Thiry J, Dams L, Muylkens B, Thiry E. Isolation of cervid herpesvirus 1
from the genital tract of a farmed red deer in Northern France. Vet J 2009,
doi:10.1016/j.tvjl.2009.11.021.

[3] Thiry J, Saegerman C, Chartier C, Mercier P, Keuser V, Thiry E. Serological evi-
dence of caprine herpesvirus 1 infection in Mediterranean France. Vet Microbiol
2008;128(3–4):261–8.

[4] Campos FS, Franco AC, Hubner SO, Oliveira MT, Silva AD, Esteves PA, et al. High
prevalence of co-infections with bovine herpesvirus 1 and 5 found in cattle in
southern Brazil. Vet Microbiol 2009;139(1–2):67–73.

[5] das Neves CG, Thiry J, Skjerve E, Yoccoz NG, Rimstad E, Thiry E, et al. Alphaher-
pesvirus infections in semidomesticated reindeer: a cross-sectional serological
study. Vet Microbiol 2009;139(3–4):262–9.

[6] Del Medico Zajac MP, Romera SA, Ladelfa MF, Kotsias F, Thiry J, Ziant D, et al.
Characterization of interspecific recombinants generated from closely related
bovine herpesviruses 1 and 5 through multiple PCR sequencing assays. J Virol
Methods 2009;161(1):75–83.

[7] Guarino H, Nunez A, Repiso MV, Gil A, Dargatz DA. Prevalence of serum anti-
bodies to bovine herpesvirus-1 and bovine viral diarrhea virus in beef cattle in
Uruguay. Prevent Vet Med 2008;85(1–2):34–40.

[8] Ackermann M, Engels M. Pro and contra IBR-eradication. Vet Microbiol
2006;113(3–4):293–302.

[9] Varela AP, Holz CL, Cibulski SP, Teixeira TF, Antunes DA, Franco AC, et al. Neu-
tralizing antibodies to bovine herpesvirus types 1 (BoHV-1) and 5 (BoHV-5)
and its subtypes. Vet Microbiol 2009, 10.1016/j.vetmic.2009.10.016.

10] Odeón ACS EJA, Paloma EJ, Leunda MR, Fernández Sainz IJ, Pérez SE, Kaiser
GG, Draghi MG, Cetrá BM, Cano A. Seroprevalencia de la Diarrea Viral Bovina,
Herpesvirus Bovino y Virus Sincicial Respiratorio en Argentina. Rev Med Vet
2001;82(4):216–20.

11] CFR. 113.216. Bovine Rinotracheitis Vaccine, killed virus. Code of Federal Reg-
ulation. US Government printing office; 1985:670–1.

12] Campero CM, Moore DP, Odeon AC, Cipolla AL, Odriozola E. Aetiology of bovine
abortion in Argentina. Vet Res Commun 2003;27(5):359–69.

13] Moore DP, Campero CM, Odeon AC, Bardon JC, Silva-Paulo P, Paolicchi FA, et
al. Humoral immune response to infectious agents in aborted bovine fetuses in
Argentina. Rev Argent Microbiol 2003;35(3):143–8.
14] Alonzo P, Reolón E, Acuña P, Leaniz R, Puentes R, Lavarello L, et al. Evaluación
de un modelo cobayo (Cavia porcellus) para estudiar la inmunogenicidad de
vacunas comerciales inactivadas contra Herpevirus bovino. Vet Montevideo
2008;44(172):9–15.

15] Hendriksen C. Replacement, reduction and refinement alternatives to animal
use in vaccine potency measurement. Expert Rev Vac 2009:313–22.

[

8 (2010) 2539–2549 2549

16] Hendriksen CF. Validation of tests methods in the quality control of biologicals.
Dev Biol Stand 1999;101:217–21.

17] Taffs RE. Potency tests of combination vaccines. Clin Infect Dis 2001;33(Suppl.
4):S362–6.

18] Kramps JA, Banks M, Beer M, Kerkhofs P, Perrin M, Wellenberg GJ, et al. Evalua-
tion of tests for antibodies against bovine herpesvirus 1 performed in national
reference laboratories in Europe. Vet Microbiol 2004;102(3–4):169–81.

19] OIE. Principles of validation of diagnosis assays for infectious diseases. In: Man-
ual of diagnostic tests and vaccines for terrestrial animals. Paris, France: OIE;
2008. p. 34–45.

20] Kolbe DR, Coe Clough NE. Correlation of Clostridium botulinum type C antitoxin
titers in mink and guinea pigs to protection against type C intoxication in mink.
Anaerobe 2008;14(2):128–30.

21] Leenaars PPAM, Hendriksen Coenraad FM, de Leeuw Wim A, Florina Carat,
Philippe Delahaut, René Fischer, et al. The production of polyclonal antibodies
in laboratory animals. ATLA 1999;27:79–102.

22] Del Medico Zajac MP, Puntel M, Zamorano PI, Sadir AM, Romera SA. BHV-1
vaccine induces cross-protection against BHV-5 disease in cattle. Res Vet Sci
2006;81(3):327–34.

23] Romera SA, Hilgers LA, Puntel M, Zamorano PI, Alcon VL, Dus Santos MJ, et al.
Adjuvant effects of sulfolipo-cyclodextrin in a squalane-in-water and water-in-
mineral oil emulsions for BHV-1 vaccines in cattle. Vaccine 2000;19(1):132–41.

24] Parreño V, Romera A, Makek L, Rodriguez D, Malacari D, Maidana S, et al. Stan-
dardization and statistical validation under ISO 17025 standards of an indirect
ELISA to detect antibodies against BoHV-1 in Bovine and Guinea Pig serum, J
Virol. Method, submitted for publication, december, 2009.

25] Reed LJaM H. A simple method of estimating fifty percent end points. Am J Hyg
1938;27:493–7.

26] EMEA852/99. Note for guidance field trials with veterinary vaccines. In: The
European Agency for the evaluation of medical products VMait, editor; 2001.

27] EMEA/140/97. Position paper on compliance of veterinary vaccines with vet-
erinary vaccine monographs of the European Pharmacopoeia. In: The European
agency for the evaluation of medical products committee for veterinary medical
products; 1999.

28] EMEA/P038/97. Position paper on batch potency testing of immunological vet-
erinary medical products. In: CVMP/IWP VMEU, editor: The European Agency
for the evaluation of medical products; 1998.

29] Bahnemann HG. Inactivation of viral antigens for vaccine preparation with
particular reference to the application of binary ethylenimine. Vaccine
1990;8(4):299–303.

30] Pryseley A, Mintiens K, Knapen K, Van der Stede YaMG. Estimating preci-
sion, repeatability and reproducibility from Gaussian and non-Gaussian data:
a mixed model approach; 1999, http://www.stat.ucl.ac.be/IAP.

31] Westfall PH, Tobias RD, Rom D, Wolfinger RD, Hochberg Y. Multiple compar-
isons and multiple tests using the SAS system. Cary, NC, USA: SAS Institute Inc.;
1999.

32] Di Rienzo J, Guzman J, Casanoves F. A multiple comparison method based on
the distribution of the root node distance of a binary tree obtained by average
linkage of the matrix of Euclidean distances between treatment means. JABES
2002;7(2):1–14.

33] Conover WJ. Practical nonparametric statistics. 2nd edition John Wiley & Sons;
1980.

34] Davies OL. Métodos Estadísticos aplicados a la investigación y a la producción.
In: AGUILAR; 1966.

35] Puntel MR, Sadir A, Borca, M (inventors). P 040102842.Acta N◦ 02 01 04305.
Método para obtener la cepa mutada recombinante del virus Herpes Bovino de
tipo 1, plásmido vector y vacuna. Argentina; 11-2002.

36] Viera AJ, Garrett JM. Understanding interobserver agreement: the kappa statis-
tic. Fam Med 2005;37(5):360–3.

37] Altman DG. Practical statistics for medical research. Chapman & Hall/CRC; 1997.
38] Brian WJ, Hillar Kangro, editors. Virology methods manual. 24-28 Oval Road,

London NWl 7DX: Academic Press Limited; 1996.
39] McVey DS, Galvin JE, Olson SC. A review of the effectiveness of vaccine potency

control testing. Int J Parasitol 2003;33(5–6):507–16.
40] Immunology of cattle.Pastoret, editor. Handbook of vertebrate immunology.

Academic Press Limited; 1998.
41] Claassen I, Maas R, Oei H, Daas A, Milne C. Validation study to evaluate the repro-

ducibility of a candidate in vitro potency assay of newcastle disease vaccines
and to establish the suitability of a candidate biological reference prepa-
ration. Pharmeuropa bio/the Biological Standardisation Programme. EDQM
2004;2004(1):1–15.

42] Pecora A, Perez Aguirreburualde MS, Rodriguez D, Seki C, Levy MS, Bochoeyer

D, et al. Development and validation of an ELISA for quantitation of Bovine
Viral Diarrhea Virus antigen in the critical stages of vaccine production. J Virol
Methods 2009;162(1–2):170–8. Epub 2009 Aug 7.

43] Halder M, Hendriksen C, Cussler K, Balls M. ECVAM’s contributions to the imple-
mentation of the three Rs in the production and quality control of biologicals.
Altern Lab Anim 2002;30(1):93–108.

http://dx.doi.org/10.1016/j.vaccine.2010.01.035
http://www.stat.ucl.ac.be/IAP

	Development and statistical validation of a guinea pig model for vaccine potency testing against Infectious Bovine Rhinoth...
	Introduction
	Material and methods
	Bovine: vaccination and sampling
	Guinea pigs: vaccination and sampling
	Serologic assay methods
	Virus neutralization (gold standard technique)
	Enzyme linked immunosorbent assay (ELISA) for the quantification of total antibody to BoHV-1 in bovine and guinea pigs

	Experimental design, vaccines and statistical analysis
	Dose–response experiment in guinea pigs and bovines
	Kinetic of the antibody response: selection of the sampling time point and detection limit for comparison between the mode...
	Repeatability and reproducibility
	Regression analysis to establish the cut-off for vaccine classification


	Concordance analysis
	BoHV-1 challenge
	Laboratory 9001–2000 ISO standards certification

	Results
	Dose–response experiments: controlled assays in guinea pigs and field trials in calves
	Selection of a sampling time point for the guinea pig model and the target species
	Detection limit and discriminatory ability of the guinea pig model and the target species to differentiate among vaccines ...
	Repeatability and reproducibility
	Dose–response curve
	Concordance analysis
	Protection against BoHV-1 challenge

	Discussion
	Acknowledgments
	Supplementary data
	Supplementary data


