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Abstract

Background: Vero cell culture-derived whole-virus H5N1 vaccines have been extensively tested in clinical trials and
consistently demonstrated to be safe and immunogenic; however, clinical efficacy is difficult to evaluate in the absence of
wide-spread human disease. A lethal mouse model has been utilized which allows investigation of the protective efficacy of
active vaccination or passive transfer of vaccine induced sera following lethal H5N1 challenge.

Methods: We used passive transfer of immune sera to investigate antibody-mediated protection elicited by a Vero cell-
derived, non-adjuvanted inactivated whole-virus H5N1 vaccine. Mice were injected intravenously with H5N1 vaccine-
induced rodent or human immune sera and subsequently challenged with a lethal dose of wild-type H5N1 virus.

Results: Passive transfer of HSN1 vaccine-induced mouse, guinea pig and human immune sera provided dose-dependent
protection of recipient mice against lethal challenge with wild-type H5N1 virus. Protective dose fifty values for serum H5N1
neutralizing antibody titers were calculated to be =1:11 for all immune sera, independently of source species.

Conclusions: These data underpin the confidence that the Vero cell culture-derived, whole-virus H5N1 vaccine will be
effective in a pandemic situation and support the use of neutralizing serum antibody titers as a correlate of protection for
H5N1 vaccines.
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Introduction

Highly pathogenic avian influenza (HPAI) viruses of subtype A/
H5NI1 continue to circulate in poultry and wild birds throughout
Asia and Africa, causing sporadic human infections with a high
case fatality rate. To date, at least 534 laboratory-confirmed
human cases of HON1 infections in 15 different countries have
been recorded, leading to 316 confirmed deaths [1]. If H5NI
viruses gain the ability to transmit efficiently between humans,
they have the potential to cause pandemics associated with
significant human morbidity and mortality.

As part of pandemic preparedness strategies, vaccines against
H5N1 and other HPAI viruses with pandemic potential are being
developed. Timely evaluation of candidate pandemic vaccines will
enable manufacturers and regulatory authorities to answer critical
questions regarding safety, immunogenicity and efficacy in
advance of large-scale immunization programs. A number of
H5NT1 vaccines have been shown to be safe and immunogenic in
clinical trials and to protect rodents and ferrets from lethal
challenge with wild-type viruses (reviewed in [2]).
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We have developed a Vero cell culture platform which is being
used for the large-scale production of both seasonal and pandemic
influenza vaccines [3,4]. Using the Vero platform, whole,
inactivated pandemic vaccines derived both from clade 1 H5NI
A/Vietnam/1203/2004 and clade 2.1 A/Indonesia/05/2005
wild-type H5N1 virus strains have been developed. These vaccines
have been shown to protect immunized mice from lethal challenge
with both homologous and heterologous wild-type H5N1 viruses
[5,6]. Several clinical trials have also been undertaken in which the
safety and potent immunogenicity of these vaccines has been
consistently demonstrated [7-9]. In a phase I/II trial, 76% of
subjects vaccinated with a non-adjuvanted 7.5 pg formulation
developed neutralizing antibody titers of 1:20 or more [8].
Compared with results from trials of non-adjuvanted split or
subunit vaccines in which doses of 30 to 90 ug HA were required
to induce adequate immune responses [10,11], the whole-virus
vaccine has significant dose-sparing potential, which may be
critical in a pandemic scenario [12].

Cell culture-derived influenza vaccines also have several other
potential advantages when compared to conventional egg-derived

August 2011 | Volume 6 | Issue 8 | 23791



vaccines. Conventional methods for manufacturing influenza
vaccines using embryonated chicken eggs are cumbersome,
especially for highly pathogenic viruses such as H5N1 which
require the generation of reassortant viruses. In contrast, Vero
cells can be grown in modern, large-scale bioreactors, upscaling of
vaccine production can be rapidly and consistently achieved, and
all infectious production steps can be conducted at biosafety level
3, allowing the production of vaccines from highly pathogenic
wild-type strains [7]. Moreover, the growth of influenza in eggs has
been associated with the selection of antigenic variants that may be
suboptimal for inducing protective antibodies to wild-type virus
circulating in humans [13-15], whereas growth exclusively in
mammalian-derived tissue culture was reported to be representa-
tive of the natural virus [16-18].

HO5NT1 infections are severely pathogenic in humans, but, since
such viruses have yet to achieve efficient inter-human transmis-
sion, disease is not widespread and it is therefore difficult to
determine clinical vaccine efficacy. Licensing guidelines for
pandemic influenza vaccines have been developed via bridging
to those established for seasonal influenza vaccines [2]. A better
understanding of the relationship between the human antibody
response elicited following immunization and protection from
disease will facilitate the development of effective H5NI
vaccines.

The role of antibodies in protection from disease can be
investigated using passive transfer of immune sera to animal
models followed by challenge with lethal doses of wild-type
virus. Passive transfer of vaccine-induced immune sera has been
used to study the mechanisms of antibody-mediated protection
against several highly pathogenic viruses including Nipah Virus
[19], Andes virus [20], Japanese Encephalitis virus [21],
Chikungunya virus [22] and Enterovirus 71 [23]. Passive
transfer has also been used to evaluate the protective efficacy of
human gammaglobulin or human monoclonal antibodies
against West Nile virus [24,25], Ebola virus [26,27], and
Dengue Fever virus [28]. In addition, passive transfer of
vaccine-induced immune sera between mice was used to
demonstrate the protective efficacy of a licensed pandemic
HINlv vaccine [29], and several studies have revealed the
potential of monoclonal antibodies to protect animals from
lethal challenge with wild-type H5N1 virus [30-40]. To date,
however, investigations into the efficacy of HS5NI vaccine-
induced human immune sera to protect against lethal challenge
with wild-type virus have not been reported.

In the present study, we have evaluated the possibility of
utilizing passive transfer of HSN1 vaccine-induced immune sera
to bridge the data gap between vaccine Immunogenicity
observed in humans and protection from disease observed in
animal models. Our results demonstrate that a Vero cell-
derived, inactivated whole-virus H5N1 vaccine elicits potent
humoral immune responses which following passive transfer
protect mice against lethal challenge with wild-type H5N1 virus,
and that protection correlates with serum neutralizing antibody
titers.

Materials and Methods

Ethics Statement

Human immune sera were obtained as part of a registered
clinical trial (ClinicalTrials.gov Identifier: NCT00462215) from
volunteers who agreed to and understood the clinical study
procedures and provided written consent to participation in the
study. All participants signed an informed consent form prior to
study entry permitting retained blood samples to be used for
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immunological testing, provided that this is for the further
development of the vaccine. Clinical studies were conducted in
compliance with Good Clinical Practice guidelines and the
provisions of the Declaration of Helsinki. Ethics approval for
clinical studies was obtained from the ethics committees of all
institutions that participated in the study. Ethics approval was
obtained from the Ethics Committee of the Medical Department
of the Vienna General Hospital for clinical studies at the
University Clinic for Clinical Pharmacology, Vienna General
Hospital, Vienna, Austria, and the Centre for Travel Medicine,
Vienna, Austria. Ethics approval was obtained from the Ethics
Committee of Lower Austria for studies at the clinic of Dr.
Reinhard Lober, Wiener Neustadt, Niederosterreich, Austria.
Ethics approval was obtained from the Ethics Committee of the
city of Vienna for clinical studies at the Vaccination centre
Impfzentrum Nord, Vienna, Austria, and Sozialmedizinisches
Zentrum Siid, Kaiser Franz Josef Hospital, Vienna, Austria. Ethics
approval was obtained from the the Ethics Committee of the
Medical Association of Rheinland-Pfalz for clinical studies at the
Hautklinik, Mainz University Clinic, Germany and the practice of
Dr. Schmitt and Dr. Regner, Mainz, Germany. Ethics approval
was obtained from the Ethics Committee of Berlin for clinical
studies at the Charité Research Organisation GmbH, Berlin,
Germany.

All animal experiments were reviewed by the Baxter Institu-
tional Animal Care and Use Committee and approved by the
Austrian regulatory authorities. All animal experiments were
conducted in accordance with Austrian laws on animal experi-
mentation and guidelines set out by the Association for Assessment
and Accreditation of Laboratory Animal Care International
(AAALAC) and the US Department of Health and Human
Services Office of Laboratory Animal Welfare (OLAW). Animals
were housed according to OLAW and AAALAC guidelines, in
housing facilities accredited by the AAALAC. The permit number
granted by the Lower Austrian provincial government for the
animal experiments performed during these studies is TVG-25/
043-2006.

Virus and vaccine

Wild-type A/H5N1/Vietnam/1203/04 virus (CDC#2004706280),
obtained from the Centers for Disease Control and Prevention
(CDC, Atlanta, USA) was propagated in serum-free Vero cell
cultures. The formalin and UV light double-inactivated whole-
virus vaccine was manufactured in an enhanced BSL-3 facility
and has been previously described [8].

Immune sera

Pooled sera were used for the majority of experiments since
mice and guinea pigs are too small to allow serum from individual
animals to be used to passively immunize groups of mice. Pools of
immune sera were obtained from CDI1 mice or guinea pigs by
cardiac puncture 3 weeks following two immunizations, 3 weeks
apart with 3.75 ug of non-adjuvanted vaccine. Mouse and guinea
pig H5N1 antibody titers were determined by virus microneu-
tralization (MN) assay, hemagglutination inhibition (HI) assay and
ELISA. Pre-immune sera were collected for use as negative
controls.

Human immune sera were collected 3 weeks following two
immunizations, 3 weeks apart with 7.5 ug of vaccine, as part of a
phase III HON1 vaccine safety and immunogenicity clinical trial
(Clinical Trials.gov Identifier: NCT00462215). This trial recruited
583 participants, 561 of whom received at least one vaccination.
Blood was obtained by arm venipuncture. Serum was obtained by
letting blood rest at room temperature for 30 mins to 6 hours,
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followed by separation of serum from whole blood by centrifuga-
tion for 10 mins at 1100 to 1300 x g at room temperature. Serum
was then frozen at =—20°C. All individual human immune sera
collected as part of this trial were tested by MN assay, single radial
hemolysis (SRH) assay and HI assay, as requested by both
European and US regulatory agencies. Of these, antisera from 25
individuals were chosen for pooling, based on MN titers in
individual sera. Pools consisted of sera from between 2 and 12
individuals.

Passive immunization

CD1 mice were chosen for passive immunization experiments
since they are outbred, thus better reflecting the human genetic
situation. For single-injection experiments, groups of seven or ten
6-8 week old female CD1 mice were intravenously injected via the
tail vein with 200 pl of a range of dilutions of pooled, non-heat-
mactivated immune sera collected from mice, guinea pigs or
humans. Antisera were diluted in naive serum derived from the
homologous species. Dilution factors were calculated to achieve
desired final concentrations of serum neutralizing antibodies based
on an estimated total blood volume of 1.5 ml [41]. For experi-
ments which used 3 successive immunizations, groups of five or ten
6-8 week old female CD1 mice were injected intraperitoneally
with 400 pl of undiluted human serum since, in our experience,
this route is more convenient and reproducible for larger volumes
of serum. Mice were bled 22 hours following passive immuniza-
tion and sera from individual mice in each group were pooled to
determine circulating H5N1 neutralizing antibody titers by MN
assay.

Virus challenge

Mice were challenged intranasally with 10* tissue culture
infectious dose fifty (TCIDs5), corresponding to 133 lethal dose
fifty (LD5) of HON1 wild-type virus (A/Vietnam/1203/2004), 24
h post-passive transfer. Mice were monitored for a period of 14
days for disease signs and death as a result of H5N1 challenge.
Animals that survived 14 days post challenge were considered
protected.

CPE-based MN assay

H5N1 neutralizing antibody titers in pooled immune sera were
determined via a cytopathic effect (CPE)-based MN assay as
previously described [8]. Briefly, serum samples were heat
inactivated at 56°C for 30 mins, then serially diluted with cell
culture medium in two-fold steps. Dilutions were mixed 1:1 with
wild-type A/Vietnam/1203/2004 virus (100 TCID5, per well),
incubated for 1 h at RT and eight-fold replicates per dilution were
transferred to a microtiter plate with a Vero cell monolayer
(1x10* cells per well).. After 5-7 days incubation at 37°C, the
cultures were inspected for CPE. The neutralizing titer, expressed
as the reciprocal of antiserum dilution at which virus growth is
50% inhibited (i.e. where 50% of wells show no CPE), was
calculated by the number of virus negative wells and the serum
dilution.

Determination of PDsq values for immune serum
neutralizing antibodies

The protective dose fifty (PD5), that is, the titer of anti-H5N1
serum neutralizing antibodies required to protect 50% of the
challenged animals from death following challenge with wild-type
virus, was calculated using an in-house software program [42]. To
allow the PDj5q to be calculated when this was below the limit of
detection of the MN assay, measured MN titers in each
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experiment were compared with corresponding calculated values
based on the original MN titer of the immunizing serum. This
comparison was then used as the basis of linear regression analysis
to extrapolate low dose serum antibody titers from the corre-
sponding calculated titer.

Results

Passive transfer of H5N1 vaccine-induced immune sera
provides dose-dependent protection of CD1 mice
against wild-type H5N1 virus challenge

To evaluate the protective efficacy of immune sera elicited by
a Vero cell culture-derived, whole-virus H5N1 vaccine, CD1
mice were passively immunized and subsequently challenged
with a severe lethal dose of wild-type H5N1 virus. Pooled
immune sera used for passive transfer experiments were
obtained from immunized CD! mice or guinea pigs, and
human immune sera were collected during a H5N1 phase III
clinical trial. H5N1 neutralizing antibody titers of undiluted
pooled immune sera used for passive transfer experiments were
1:465 (mouse sera), 1:1347 (guinea pig) and 1:147 to 1:830
(human). Groups of ten 6-8-week old, female CD1 mice were
passively immunized with a range of dilutions of immune sera
calculated to achieve the desired circulating serum neutralizing
antibody titers based on a total blood volume of 1.5 ml in
recipient mice. Twenty-four hours following passive transfer,
passively immunized mice were challenged intranasally with 10*
TCIDs5, (corresponding to 133 LDs5() of wild-type A/Vietnam/
1203/2004 H5N1 virus.

Passive immunization provided dose-dependent protection
against lethal H5N1 virus challenge. The data shown in Figure 1
indicate that even very low serum titers of neutralizing H5NI
antibodies were able to substantially delay the onset of death
following lethal H5N1 challenge. More than half of passively
immunized mice survived for at least 14 days following lethal
challenge when circulating serum neutralizing antibody titers were
calculated to be only 1:8, 1:11 and 1:15 for mouse (Figure 1A),
guinea pig (Figure 1B) and human (Figure 1C) whole-virus H5N1
vaccine-induced immune sera, respectively.

Complete protection of 100% of challenged mice for at least 14
days post-virus challenge was provided by mean serum H5N1
neutralizing antibody titers of 1:16 or 1:43 following passive
transfer of mouse (Figure 1A) and guinea pig (Figure 1B) sera,
respectively. Complete protection was also observed in all
experiments where higher titers were used (Table 1). In initial
experiments, complete protection was not provided by passive
transfer of human immune sera at doses expected to achieve
serum antibody titers of up to 1:80. However, the maximum
mean serum titer of H5N1 neutralizing antibodies detectable 22h
after passive transfer of this dose of human immune sera was only
1:29, representing a 64% reduction in titer. This rapid decrease
in neutralizing antibody titer was only observed with human sera;
neutralizing antibody titers measured in animals which were
passively immunized with mouse or guinea pig sera were very
similar to the calculated titers (Table 1). We next investigated
whether full protection of mice might be attained by increasing
the dose of human immune sera used for passive transfer. This
was done by injecting mice with high titer human immune serum
every day for three consecutive days, followed by lethal challenge
with wild-type H5N1 virus 24 h after the third serum transfer. In
four independent experiments, human immune sera calculated to
result in circulating H5N1 antibody titers of between 1:91 and
1:159 were used to immunize a total of 35 mice. Actual serum
neutralizing antibody titers of between 1:22 and 1:104 were
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Figure 1. Prolongation of survival of passively immunized mice
following challenge with wild-type H5N1 virus. Groups of 7 or 10
CD1 mice received immune sera from (A) CD1 mice, (B) guinea pigs or
(€) humans and survival was monitored for 14 days. Shown are the
mean % of surviving animals each day following lethal challenge.
Reciprocal neutralizing antibody titers shown are the means extrapo-
lated from titers measured immediately prior to challenge. N = Naive
serum. All mice receiving mouse immune sera of mean titer =1:16 and
guinea pig immune sera of mean titer = 1:43 were protected.
doi:10.1371/journal.pone.0023791.g001

measured 22 h following the third serum transfer. The increased
serum neutralizing antibody titers achieved by injecting immune
sera on three consecutive days were sufficient to protect 32 out of
the total of 35 challenged mice, demonstrating that passive
transfer of vaccine-induced human immune sera also has the
potential to provide complete protection against H5N1 disease
(Table 1).
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Serum neutralizing antibody titers correlate with
protection from H5N1 disease

Due to the lack of wide-spread H5N1 circulation, immune
correlates of vaccine-induced protection have not been established
for H5N1 vaccines. We therefore investigated the relationship
between MN titer and death/survival in the mouse passive transfer
model to determine whether MN titers could be used as an
immune correlate of protection against H5N1 disease. The data in
Figure 2 demonstrate that the titer of H5N1 whole-virus vaccine-
induced serum neutralizing antibodies derived from immunized
mice, guinea pigs and humans all correlated strongly with
protection from severe H5N1 challenge upon passive transfer into
mice.

The correlate of protection currently used for influenza
vaccines is the vaccine-induced hemagglutinin (HA)-specific
antibody titer, as measured by the HI assay. An HI titer of
1:40, corresponding to prevention of disease in 50% of
individuals, is used as a threshold for licensing purposes. To
determine a threshold MN titer which corresponds to 50%
protection against H5N1 disease, PDs( values were calculated for
vaccine-induced mouse, guinea pig and human immune sera in
the passive transfer model (Figure 2 A, B, C, respectively). The
titer of serum neutralizing antibodies derived from all species
correlated with protection from severe H5N1 challenge. The
correlation co-efficient (r%) for mouse, guinea pig and human
H5N1 immune sera was 0.85, 0.68 and 0.72, respectively.
Moreover, PDs, values were similarly low regardless of serum
source. Mouse, guinea pig or human immune sera were able to
protect half of the challenged animals with neutralizing antibody
titers of 1:5, 1:7 and 1:11, respectively. These data indicate that a
MN titer threshold of 1:20 may be a conservative threshold
appropriate for licensing purposes.

Discussion

These studies were designed to investigate the ability of a Vero
cell-derived, inactivated whole-virus H5N1 vaccine to induce
antibodies which protect against highly pathogenic wild-type virus.
This vaccine was previously demonstrated to protect immunized
mice from challenge with lethal doses of wild-type virus [5,6] and
to be safe and immunogenic in human clinical trials [8,9].

Due to the severity but current low incidence of human H5N1
disease, however, it is neither ethical nor feasible to demonstrate
the clinical efficacy of H5NI vaccines in placebo-controlled
clinical trials. Here, we used a mouse passive transfer model to
determine the protective efficacy of H5NI vaccine-induced
immune sera against wild-type H5NT virus.

The data shown in Figure 1 demonstrate that immune sera from
mice, guinea pigs or humans vaccinated with the whole-virus
H5N1 vaccine provided dose-dependent protection following
challenge with a severe lethal dose of wild-type HONI1 wvirus.
Complete protection of recipient CD1 mice was provided by
serum neutralizing antibody titers at or above 1:16 and 1:43 for
mouse and guinea pig immune sera, respectively. However, a
single transfer of human immune sera was insufficient to provide
complete protection against virus challenge, probably due to the
observed rapid decrease in human H5N1 neutralizing antibodies
in the CD1 mouse model. However, complete protection could be
achieved by repeated injections of human immune sera to increase
circulating antibody titers.

This is the first report detailing the efficacy of immune sera
elicited by vaccination of humans to protect against lethal H5N1
disease, thus it is not possible to make direct comparisons with
other studies. However, a similar passive protection model in
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PMeasured titer

“Extrapolated titer 9Protection; n/n (%)

33 20/20 (100)
16 20/20 (100)
8 13/20 (65)
4 9/20 (45)
n.a. 3/20 (15)
171 20/20 (100)
86 20/20 (100)
43 20/20 (100)
21 19/20 (95)
1 11/20 (55)
5 5/20 (25)

3 8/20 (40)
na. 3/20 (15)
29 7/10 (70)
15 20/30 (67)
10 3/7 (43)

8 11/30 (37)
6 7/20 (35)

4 7/40 (18)

2 6/40 (15)

1 6/20 (30)
n.a. 6/40 (15)
n.a. 9/10 (90)
n.a. 9/10 (90)
na. 5/5 (100)
n.a. 9/10 (90)

C57BL/6 mice was used to demonstrate the potential of human
immune sera elicited by an inactivated 2009 pandemic HINIv
vaccine to protect against challenge with the 1918 Spanish
influenza virus [43]. In this study, mice passively immunized with
100 pl undiluted human immune sera survived for at least 14 days
following challenge with 50 LD5q of 1918 virus, whereas all mice
which received pre-vaccination sera died. We recently used a
SCID mouse passive transfer model to evaluate the efficacy of
antibody-mediated protection elicited by a Vero cell-derived, non-
adjuvanted inactivated whole-virus 2009 pandemic HINIv
vaccine [29]. Passive transfer of 200 ul undiluted immune serum
from CD1 mice or guinea pigs was found to protect 100% of
SCID mice for at least 30 days, whereas all control animals died
following challenge with a dose of 10° TCID5o wild-type HIN1v
virus.

Several groups have used mouse passive transfer models to
demonstrate the protective efficacy of monoclonal antibodies
against lethal H5N1 virus challenge [30-40]. It is difficult to
compare the majority of such studies with the present work since
neutralizing antibody titers are not commonly reported. One
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4Mice were challenged intranasally with 10% TCIDso wild-type H5N1 virus. Animals surviving for =14 days are considered protected.

Table 1. Dose-dependent protective efficacy of H5N1 vaccine-induced immune sera in mice.
“Expected titer

Mouse immune sera 40 31
20 19
10 <94
5 <94
naive <94

Guinea Pig immune sera 160 170
80 86
40 45
20 20
10 1
5 <94
25 <94
naive <94

Human immune sera 80 28
50 17
38 10
30 8
21 <7.1
14 <7.1
7 <741
4 <7.1
naive <7.1
159¢ 104
140° 48
113¢ 31
91¢ 22

Shown are reciprocal MN titers:

®expected titer based on the volume and titer of injected immune sera;

Pmeasured circulating titer 2 h prior to challenge;

“extrapolated from titers measured 2 h prior to challengea.

€Immune serum administered on 3 successive days. n.a., not applicable.

doi:10.1371/journal.pone.0023791.t001

report [38] of passive protection studies using human monoclonal
H5N1 antibodies from IgG* memory B cells isolated from
individuals who had recovered from H5N1 infection did however
measure the neutralizing antibody titer of each antibody
preparation against the same A/Vietnam/1203/2004 H5NI1
virus used in the present study. From the data presented it can be
calculated (assuming a recipient animal body weight of 20 g, total
blood volume of 1.5 ml and 100% antibody recovery) that serum
neutralizing antibody titers of approximately 1:6 of the most
potent monoclonal antibody protected 100% of Balb/c mice for
at least 14 days following challenge with 10> TCIDs,. A second
monoclonal antibody clone derived from the same individual
required titers of approximately 1:60 to protect 80% of
challenged mice. Thus, taking the different challenge doses into
consideration, lower titers of some highly potent monoclonal
H5N1 antibodies may provide full protection compared to
vaccine-induced sera. This is to be expected since the polyclonal
antibody response generated against vaccination with whole-virus
H5NI1 vaccine will consist of a mixture of high and lower potency
neutralizing antibodies. However, whole-virus vaccine-induced
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Figure 2. Correlation of survival of passively immunized mice
with neutralizing antibody titer following challenge with wild-
type H5N1 virus. Data points represent the mean % of surviving
animals 14 days following lethal challenge of CD1 mice which had
received immune sera from (A) CD1 mice, (B) guinea pigs or (C)
humans. Reciprocal neutralizing antibody titers shown are extrapolated
from titers measured 2 h prior to challenge. All individual mice
receiving mouse immune sera of titer =1:18 or guinea pig immune
sera of titer =1:37 were protected from disease; these animals are
omitted from the figure to allow better resolution of lower titers.
doi:10.1371/journal.pone.0023791.g002

polyclonal immune sera is likely to prevent the selection of escape

mutants which may be associated with monoclonal antibodies

[35].
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A second goal of our mouse study described here was to
determine the correlation between protective efficacy afforded by
passive transfer of H5NI vaccine-induced immune sera and
associated H5N1 neutralizing antibody titers. Clinical correlates
of vaccine-induced protection can only be calculated in human
studies; however, since such studies cannot be carried out in the
absence of widespread disease, passive transfer studies such as
those reported here may provide a useful surrogate correlate of
protection indicative of serum titers required to protect against
clinical disease. Licensing guidelines for H5N1 vaccines are
currently based on those established for seasonal influenza
vaccines [2]. A reciprocal HI titer of 40 is generally accepted
as being predictive of a 50% reduction in disease, and this
threshold 1is used for licensing purposes [44]. However, the HI
assay lacks sensitivity for the evaluation of H5N1 vaccines, and
thus the more sensitive MN assay is commonly used for such
studies [45]. In contrast to the HI assay, which only detects
antibodies capable of preventing binding of influenza virus to
erythrocytes, the MN assay detects all functional antibodies that
interfere with infection. Hence, for H5N1 vaccines, MN titers
may provide a better correlate of protection than HI titers. In the
present study, MN titers were found to correlate strongly with
protection from H5N1 disease (Figure 2). We thus used the MN
assay to calculate the PDsg of serum neutralizing antibody titers
associated with protection from lethal challenge with wild-type
H5NT1 virus. The titers of neutralizing serum antibodies required
to protect 50% of animals from challenge with 10* TCIDs, (133
LDs5o) wild-type virus, regardless of serum source, was =1:11
(Figure 2). A MN titer of 1:20, as measured using the assay
described here, has also been demonstrated to correlate well with
a SRH seroprotective measurement of 25 mm” in sera from
human clinical trials [8].

Taken together, these findings support the confidence that the
Vero-derived whole-virus H5N1 vaccine will be clinically
protective in a pandemic situation. This conclusion is significant
in that non-adjuvanted HON1 vaccines have generally been
reported to induce lower antibody titers than vaccines which
include novel adjuvants [10,11,46,47]. Also head-to-head
studies with pandemic HIN1v vaccines have demonstrated that
a novel adjuvanted HINIlv egg-derived vaccine induced
significantly higher antibody titers than a non-adjuvanted Vero
cell-derived HIN1v vaccine [48]. The studies reported here
support the conclusion that lower neutralizing antibody titers
are sufficient to confer protection, at least in a sensitive mouse
model of lethal infection. These findings are also supported by
the reports from an efficacy study with a seasonal influenza
vaccine that demonstrated no additional protective efficacy was
provided by HI antibody titers >1:30 [49]. It also indicates that
a MN titer of 1:20 as determined by the assay described here
could be used as a threshold for licensing purposes for HON1
vaccines.

Acknowledgments

We would like to thank Bianca Hube, Nina Riedel, Nadja Rosenthal,
Cherry Abraham, Nicole Hetzelt, Heherson Michael Albances and Mandy
Reinhardt for their excellent technical support.

Author Contributions

Conception and design of the experiments: MKH NS HS-D OK TRK
PNB. Acquisition of data: NS HS-D. Analysis and interpretation of data:
MKH NS HS-D DP OK TRK HJE PNB. Drafting and critical revision of
article: MKH NS HS-D DP OK TRK HJE PNB. Final approval of the
version to be published: MKH NS HS-D DP OK TRK HJE PNB.

August 2011 | Volume 6 | Issue 8 | 23791



References

1.

20.

21.

22.

26.

27.

WHO (2011) Cumulative Number of Confirmed Human Cases of Avian
Influenza A/(H5N1) Reported to WHO. http://www.who.int/csr/disease/

avian_influenza/country/en/.

Leroux-Roels I, Leroux-Roels G (2009) Current status and progress of

prepandemic and pandemic influenza vaccine development. Expert Rev
Vaccines 8: 401-423.

. Kistner O, Barrett PN, Mundt W, Reiter M, Schober-Bendixen S, et al. (1998)

Development of a mammalian cell (Vero) derived candidate influenza virus

vaccine. Vaccine 16: 960-968.

. Kistner O, Barrett PN, Mundt W, Reiter M, Schober-Bendixen S, et al. (1999)

Development of a Vero cell-derived influenza whole virus vaccine. Dev Biol
Stand 98: 101-110.

. Howard MK, Kistner O, Barrett PN (2008) Pre-clinical development of cell

culture (Vero)-derived H5N1 pandemic vaccines. Biol Chem 389: 569-577.

. Kistner O, Howard MK, Spruth M, Wodal W, Bruhl P, et al. (2007) Cell culture

(Vero) derived whole virus (H5N1) vaccine based on wild-type virus strain
induces cross-protective immune responses. Vaccine 25: 6028-6036.

. Barrett PN, Portsmouth D, Ehrlich HJ (2010) Developing cell culture-derived

pandemic vaccines. Curr Opin Mol Ther 12: 21-30.

. Ehrlich HJ, Muller M, Oh HM, Tambyah PA, Joukhadar C, et al. (2008) A

clinical trial of a whole-virus H5N1 vaccine derived from cell culture.

N Engl ] Med 358: 2573-2584.

. Ehrlich HJ, Muller M, Fritsch S, Zeitlinger M, Berezuk G, et al. (2009) A Cell

Culture (Vero)-Derived H5N1 Whole-Virus Vaccine Induces Cross-Reactive
Memory Responses. J Infect Dis 200: 1113-1118.

. Bresson JL, Perronne C, Launay O, Gerdil C, Saville M, et al. (2006) Safety and

immunogenicity of an inactivated split-virion influenza A/Vietnam/1194/2004
(H5NT) vaccine: phase I randomised trial. Lancet 367: 1657-1664.

. Treanor JJ, Campbell JD, Zangwill KM, Rowe T, Wolff M (2006) Safety and

immunogenicity of an inactivated subvirion influenza A (H5NI) vaccine.
N Engl ] Med 354: 1343-1351.

Stephenson I (2006) H5N1 vaccines: how prepared are we for a pandemic?
Lancet 368: 965-966.

. Hardy CT, Young SA, Webster RG, Naeve CW, Owens R]J (1995) Egg fluids

and cells of the chorioallantoic membrane of embryonated chicken eggs can
select different variants of influenza A (H3N2) viruses. Virology 211: 302-306.

. Robertson JS, Bootman JS, Newman R, Oxford JS, Daniels RS, et al. (1987)
Structural changes in the haemagglutinin which accompany egg adaptation of

an influenza A(HINI) virus. Virology 160: 31-37.

Schild GC, Oxford JS, de Jong JC, Webster RG (1983) Evidence for host-cell
selection of influenza virus antigenic variants. Nature 303: 706-709.
Govorkova EA, Kodihalli S, Alymova IV, Fanget B, Webster RG (1999) Growth
and immunogenicity of influenza viruses cultivated in Vero or MDCK cells and
in embryonated chicken eggs. Dev Biol Stand 98: 39-51.

. Katz JM, Webster RG (1989) Efficacy of inactivated influenza A virus (H3N2)

vaccines grown in mammalian cells or embryonated eggs. J Infect Dis 160:
191-198.

. Robertson JS, Nicolson C, Major D, Robertson EW, Wood JM (1993) The role

of amniotic passage in the egg-adaptation of human influenza virus is revealed
by haemagglutinin sequence analyses. ] Gen Virol 74(Pt 10): 2047-2051.

. Guillaume V, Contamin H, Loth P, Georges-Courbot MC, Lefeuvre A, et al.

(2004) Nipah virus: vaccination and passive protection studies in a hamster
model. ] Virol 78: 834-840.

Hooper JW, Ferro AM, Wahl-Jensen V (2008) Immune serum produced by
DNA vaccination protects hamsters against lethal respiratory challenge with
Andes virus. J Virol 82: 1332-1338.

Beasley DW, Li L, Suderman MT, Guirakhoo F, Trent DW, et al. (2004)
Protection against Japanese encephalitis virus strains representing four genotypes
by passive transfer of sera raised against ChimeriVax-JE experimental vaccine.
Vaccine 22: 3722-3726.

Akahata W, Yang ZY, Andersen H, Sun S, Holdaway HA, et al. (2010) A virus-
like particle vaccine for epidemic Chikungunya virus protects nonhuman
primates against infection. Nat Med 16: 334-338.

. Foo DG, Alonso S, Chow VT, Poh CL (2007) Passive protection against lethal

enterovirus 71 infection in newborn mice by neutralizing antibodies elicited by a
synthetic peptide. Microbes Infect 9: 1299-1306.

. Engle M]J, Diamond MS (2003) Antibody prophylaxis and therapy against West

Nile virus infection in wild-type and immunodeficient mice. J Virol 77:
12941-12949.

. Planitzer CB, Modrof J, Kreil TR (2007) West Nile virus neutralization by US

plasma-derived immunoglobulin products. J Infect Dis 196: 435-440.

Parren PW, Geisbert TW, Maruyama T, Jahrling PB, Burton DR (2002) Pre-
and postexposure prophylaxis of Ebola virus infection in an animal model by
passive transfer of a neutralizing human antibody. J Virol 76: 6408-6412.
Takada A, Ebihara H, Jones S, Feldmann H, Kawaoka Y (2007) Protective
efficacy of neutralizing antibodies against Ebola virus infection. Vaccine 25:

993-999.

@ PLoS ONE | www.plosone.org

28.

29.

30.

31.

33.

34.

36.

37.

38.

40.

41.

42.

43.

44.

46.

47.

48.

49.

H5N1 Passive Transfer

Lai CJ, Goncalvez AP, Men R, Wernly C, Donau O, et al. (2007) Epitope
determinants of a chimpanzee dengue virus type 4 (DENV-4)-neutralizing
antibody and protection against DENV-4 challenge in mice and rhesus monkeys
by passively transferred humanized antibody. J Virol 81: 12766-12774.
Kistner O, Crowe BA, Wodal W, Kerschbaum A, Savidis-Dacho H, et al. (2010)
A whole virus pandemic influenza HINI vaccine is highly immunogenic and
protective in active immunization and passive protection mouse models. PLoS
One 5: €9349.

Ascione A, Capecchi B, Campitelli L, Imperiale V, Flego M, et al. (2009)
Human monoclonal antibodies in single chain fragment variable format with
potent neutralization activity against influenza virus HSNI1. Antiviral Res 83:
238-244.

Friesen RH, Koudstaal W, Koldijk MH, Weverling GJ, Brakenhoff JP, et al.
(2010) New class of monoclonal antibodies against severe influenza: prophylactic
and therapeutic efficacy in ferrets. PLoS One 5: ¢9106.

Grandea AG, III, Olsen OA, Cox TC, Renshaw M, Hammond PW, et al.
(2010) Human antibodies reveal a protective epitope that is highly conserved
among human and nonhuman influenza A viruses. Proc Natl Acad Sci U S A
107: 12658-12663.

Koudstaal W, Koldijk MH, Brakenhoff JP, Cornelissen LA, Weverling G]J, et al.
(2009) Pre- and postexposure use of human monoclonal antibody against H5N1
and HINT influenza virus in mice: viable alternative to oseltamivir. J Infect Dis
200: 1870-1873.

LuJ, Guo Z, Pan X, Wang G, Zhang D, et al. (2006) Passive immunotherapy for
influenza A H5N1 virus infection with equine hyperimmune globulin F(ab’)2 in
mice. Respir Res 7: 43.

. Prabakaran M, Prabhu N, He F, Hongliang Q, Ho HT, et al. (2009)

Combination therapy using chimeric monoclonal antibodies protects mice from
lethal H5N1 infection and prevents formation of escape mutants. PLoS One 4:
e5672.

Prabhu N, Prabakaran M, Hongliang Q, He F, Ho HT, et al. (2009)
Prophylactic and therapeutic efficacy of a chimeric monoclonal antibody specific
for H5 haemagglutinin against lethal H5N1 influenza. Antivir Ther 14:
911-921.

Prabhu N, Prabakaran M, Ho HT, Velumani S, Qiang J, et al. (2009)
Monoclonal antibodies against the fusion peptide of hemagglutinin protect mice
from lethal influenza A virus H3N1 infection. ] Virol 83: 2553-2562.
Simmons CP, Bernasconi NL, Suguitan AL, Mills K, Ward JM, et al. (2007)
Prophylactic and therapeutic efficacy of human monoclonal antibodies against
H5NI influenza. PLoS Med 4: ¢178.

Sun L, Lu X, Li C, Wang M, Liu Q, et al. (2009) Generation, characterization
and epitope mapping of two neutralizing and protective human recombinant
antibodies against influenza A H5N1 viruses. PLoS One 4: ¢5476.

Throsby M, van den BE, Jongeneelen M, Poon LL, Alard P, et al. (2008)
Heterosubtypic neutralizing monoclonal antibodies cross-protective against
H5N1 and HINI recovered from human IgM+ memory B cells. PLoS One
3: 3942,

NIH (2010) Guidelines for Survival Bleeding of Mice and Rats. http://oacu.od.
nih.gov/ ARAC/Bleeding.pdf.

Kundi M (1999) One-hit models for virus inactivation studies. Antiviral Res 41:
145-152.

Medina RA, Manicassamy B, Stertz S, Seibert CW, Hai R et al (2010) Pandemic
2009 HINI vaccine protects against 1918 Spanish influenza virus. Nat
Commun 1: 28.

FDA (2007) Guidance for Industry: Clinical Data Needed to Support the
Licensure of Seasonal Inactivated Influenza Vaccines 24. http://www.fda.gov/
downloads/BiologicsBloodVaccines/ GuidanceComplianceRegulatoryInforma-
tion/Guidances/Vaccines/ucm091990.pdf.

. Rowe T, Abernathy RA, Hu-Primmer J, Thompson WW, Lu X, et al. (1999)

Detection of antibody to avian influenza A (H5N1) virus in human serum by
using a combination of serologic assays. J Clin Microbiol 37: 937-943.

Keitel W, Groth N, Lattanzi M, Praus M, Hilbert AK, et al. (2010) Dose ranging
of adjuvant and antigen in a cell culture H5N1 influenza vaccine: safety and
immunogenicity of a phase 1/2 clinical trial. Vaccine 28: 840-848.
Leroux-Roels I, Borkowski A, Vanwolleghem T, Drame M, Clement F, et al.
(2007) Antigen sparing and cross-reactive immunity with an adjuvanted rH5N1
prototype pandemic influenza vaccine: a randomised controlled trial. Lancet
370: 580-589.

Nicholson KG, Abrams KR, Batham S, Clark TW, Hoschler K, et al. (2011)
Immunogenicity and safety of a two-dose schedule of whole-virion and ASO3A-
adjuvanted 2009 influenza A (HIN1) vaccines: a randomised, multicentre, age-
stratified, head-to-head trial. Lancet Infect Dis 11: 91-101.

Barrett PN, Berezuk G, Fritsch S, Aichinger G, Hart MK, et al. (2011) Efficacy,
safety, and immunogenicity of a Vero-cell-culture-derived trivalent influenza
vaccine: a multicentre, double-blind, randomised, placebo-controlled trial.
Lancet 377: 751-759.

August 2011 | Volume 6 | Issue 8 | 23791



