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Yellow  fever  is an  acute  infectious  disease  caused  by prototype  virus  of  the genus  Flavivirus.  It is  endemic
in  Africa  and South  America  where  it represents  a serious  public  health  problem  causing  epidemics  of
hemorrhagic  fever  with  mortality  rates  ranging  from  20%  to 50%.  There  is no  available  antiviral  therapy
and  vaccination  is the  primary  method  of  disease  control.  Although  the attenuated  vaccines  for  yellow
fever  show  safety  and efficacy  it became  necessary  to develop  a new  yellow  fever  vaccine  due  to  the
occurrence  of  rare  serious  adverse  events,  which  include  visceral  and  neurotropic  diseases.  The  new
inactivated  vaccine  should  be safer  and  effective  as  the  existing  attenuated  one.  In the  present  study,  the
immunogenicity  of  an  inactivated  17DD  vaccine  in  C57BL/6  mice  was  evaluated.  The  yellow  fever  virus
was produced  by  cultivation  of  Vero cells  in  bioreactors,  inactivated  with  �-propiolactone,  and  adsorbed
to  aluminum  hydroxide  (alum).  Mice  were  inoculated  with  inactivated  17DD  vaccine  containing  alum

adjuvant  and  followed  by intracerebral  challenge  with  17DD  virus.  The  results  showed  that  animals
receiving  3 doses  of  the  inactivated  vaccine  (2 �g/dose)  with  alum  adjuvant  had  neutralizing  antibody
titers  above  the  cut-off  of  PRNT50 (Plaque  Reduction  Neutralization  Test).  In addition,  animals  immunized
with  inactivated  vaccine  showed  survival  rate  of 100%  after  the challenge  as  well  as animals  immunized
with  commercial  attenuated  17DD vaccine.

© 2015  Elsevier  Ltd. All  rights  reserved.
. Introduction

Yellow fever is a non-contagious acute infectious disease caused
y the yellow fever virus, genus Flavivirus,  family Flaviviridae [1,2].
t is a serious public health problem in the Americas [3] with
linical symptoms that may  vary from mild to severe disease
haracterized by sudden onset of fever and jaundice. The most
evere forms also include hepatorenal syndrome, bleeding, shock
nd eventually evolve to death [2,4,5]. Approximately 15% of
nfected people develop moderate or severe clinical disease [6].
here is no specific treatment and vaccination is the most effective
ethod of preventing yellow fever [7,8].
The attenuated vaccine was developed in 1936 by Theiler &
mith by attenuating yellow fever virus Asibi strain through serial
assages in tissue culture and animals, originating the 17D attenu-
ted vaccine. Nowadays, there are two licensed vaccines available

∗ Corresponding author.
E-mail address: lgaspar@bio.fiocruz.br (L.P. Gaspar).

ttp://dx.doi.org/10.1016/j.vaccine.2015.03.077
264-410X/© 2015 Elsevier Ltd. All rights reserved.
in the international market, the first vaccine uses the 17D-214
strain and the second uses the 17DD strain [9]. Bio-Manguinhos
has been producing yellow fever attenuated 17DD vaccine for more
than 6 decades being the world largest producer. The attenuated
vaccine is administered in a single subcutaneous dose and confers
immunity for at least 10 years [10].

Despite the good records of efficacy and safety, rare cases of seri-
ous adverse events (SAEs) have been reported in every yellow fever
attenuated strains employed in vaccine production worldwide.
The SAEs include the yellow fever vaccine-associated viscerotropic
disease (YEL-AVD) and the yellow fever vaccine-associated neu-
rotropic disease (YEL-AND). The YEL-AVD is a fulminant infection
in the liver and other vital organs with 60% of case fatality rate.
The YEL-AND is caused by the vaccine virus neuroinvasion and has
1–2% of case fatality rate [8,9,11].

Aiming to produce a vaccine with an improved safety profile,

Bio-Manguinhos is developing an inactivated vaccine for yellow
fever from the 17DD virus strain. The aim of this work was  to eval-
uate the humoral immune response of an inactivated yellow fever
17DD vaccine in C57BL/6 mice.

dx.doi.org/10.1016/j.vaccine.2015.03.077
http://www.sciencedirect.com/science/journal/0264410X
http://www.elsevier.com/locate/vaccine
http://crossmark.crossref.org/dialog/?doi=10.1016/j.vaccine.2015.03.077&domain=pdf
mailto:lgaspar@bio.fiocruz.br
dx.doi.org/10.1016/j.vaccine.2015.03.077
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. Materials and methods

.1. 17DD virus production in bioreactor

Yellow fever 17DD virus derived from the vaccine batch
35VFA035P, Fiocruz, Brazil, was produced through cultivation in
ero (African green monkey kidney) cells in a 3 L bioreactor Bioflo
odel 110 (New Brunswick Scientific, USA) operated in batch mode

sing a commercial serum-free medium VP-SFM (Gibco, USA) and
 g/L Cytodex microcarriers (GE Healthcare, USA).

.2. Virus clarification and purification

Clarification was performed by filtration through 8 �m,
–0.8 �m and 0.45–0.22 �m (Sartorius, USA) series of cellulose
cetate membranes. Virus purification was performed by ion
xchange chromatography (Äkta Purifier, Amersham Bioscience)
ielding a purified batch named VINFLAP001/2010. Under operat-
ng conditions, the purifications steps are quite efficient, showing
igh product recovery and efficient DNA clearance as described
efore [12]. The level of host cell protein (HCP) was considered high

ndicating the need for targeting HCP in a subsequent step. Quan-
ification of total proteins was carried out using the BCA protein
ssay kit (Pierce®) according to manufacturer’s instructions.

.3. Virus inactivation

For viral inactivation the batch was previously filtered through a
.22 �m membrane and the pH was adjusted to 8.5 using 1 N NaOH.
he �-propiolactone inactivating agent, 1:3000 dilution (Natalex,
7% purity), was added to the suspension, followed by incubation
t 4 ◦C under constant agitation of 100 rpm for 24 h. For hydrolysis
f the �-propiolactone after the inactivation procedure, the sus-
ension was maintained at 37 ◦C for 2 h. The inactivation process
esulted in the batch, purified and inactivated VINFLAPI001/2010
irus sample which was used in the immunogenicity assay. Kinetics
f yellow fever 17DD virus inactivation process in the range of 10 to
00 mL  show that after 4 h of virus incubation with �-propiolactone
o infectious particle is detected (data not shown).

.4. Testing of residual live virus

Virus inactivation was confirmed through different methodolo-
ies: virus titration (plaque assay), immunofocus and passages in
ell culture (cytopathic effect analysis). The sample was  considered
nactivated only when approved in the three trials. The same refer-
nce virus titer 8.46 Log10 PFU/mL was used as positive control in
ll inactivation tests.

.4.1. Virus titration
To perform a plaque assay, ten-fold dilutions of the inactivated

iral suspension were prepared, and 200 �L aliquots were inocu-
ated onto Vero susceptible cell monolayers (6 well plates) with a
ensity of 1.0 × 105 cells/cm2, in a total of 18 replicates. After 7 days
f incubation (37 ◦C/5% CO2), the monolayer was observed for the
resence or absence of lysis plaques.

.4.2. Immunofocus

In order to perform the immunofocus assay, Vero cell mono-

ayers with 1.0 × 105 cells/cm2 density were prepared 24 h in
dvance in 6 well plates. Each well plate was inoculated with 200 �L
f viral suspension, accounting a total of 12 replicates. After 7 days
f incubation (37 ◦C/5% CO2) revelation was performed using a spe-
ific monoclonal antibody for yellow fever (2D12).
3 (2015) 4261–4268

2.4.3. Serial passage in cell culture
In the cell-based assay, 5 mL  of the inactivated viral suspen-

sion were initially inoculated into five 175 cm2 cell culture flasks
containing 1.0 × 105 cells/cm2 each. The flasks were incubated at
37 ◦C/5% CO2 and the cell monolayer was  assessed daily using an
inverted microscope to verify the occurrence of cytopathic effect
(CPE). Every 7 days, 5 mL  of the viral supernatant was removed from
each bottle and inoculated in new flasks. Three propagations into
cell cultures were performed. Thereby, the suspension was evalu-
ated for a total period of 21 days, the absence of CPEs during this
period confirmed that the viral inactivation had been successful.

2.5. Formulation of inactivated vaccine with alum adjuvant

For the immunogenicity assay, the viral batch was formulated
with 0.2% aluminum hydroxide (Alhydrogel; Brenntag, EUA) on
the day prior to immunization. Samples containing 17DD virus
in the absence of adjuvant and a vial containing only adjuvant in
HEPES buffer were used as controls. Samples were left for 2 h in
constant agitation at 4 ◦C, after this period 500 �L were collected
from each vial for process control by enzyme immunoassay (ELISA).
After agitation vials were kept at 4 ◦C until use in immunogenicity
assay. Sample was  immediately storage under −70 ◦C after har-
vest, clarification, purification by ion exchange chromatography
and inactivation by �-propiolactone. Under these operating con-
ditions, no modification on virus stability was observed.

2.6. Animals

C57BL/6 mice (female, 4 weeks old) were provided by the Lab-
oratory Animals Breeding Center (CECAL-FIOCRUZ), the supply
was carried out using a protocol approved by the Institutional
Committee of Animal Care and Experimentation (CEUA-FIOCRUZ:
LW-28/11).

2.7. Mouse immunization studies

For humoral immune response and challenge study, a total of
one hundred forty four mice (9 groups, 16 animals each) were
inoculated as follows; groups 1 and 2 received three doses of
100 �L of HEPES buffer and alum respectively. Groups 3–8 were
immunized using 100 �L of purified inactivated vaccine (batch
VINFLAPI001/2010) in the presence or absence of alum adjuvant
at a concentration of 2 �g/dose. A positive control group (group
9) was  immunized with a single dose of 2.33 Log10 PFU/100 �L
of the commercial live attenuated yellow fever 17DD vaccine
(Bio-Manguinhos-FIOCRUZ, Brazil) at day 0. Immunizations were
performed at days 0, 14 and 28 by the subcutaneous route.

2.7.1. Neutralization assay
Serum samples were collected before the first immunization

(pre-immune sera) and on 12, 26 and 40 days post infection (DPI)
to analyze the humoral response. Initially, samples were treated for
30 min  at 56 ◦C, subsequently antibody titers were determined by
50% PRNT50 on Vero cells, considering the cut-off of 794 mIU/mL or
2.9 Log10 mIU/mL as described by Simões. PRNT50 was  conducted
in serial four-fold dilutions starting at 1:16 in 6 well tissue culture
plates, as described elsewhere [13]. Seroconversion was  considered
by a four-fold increase in serum neutralizing antibody titers.

2.8. Protection against lethal challenge
Lethal challenge by intracerebral injection occurred at 42 DPI.
Fourteen days after the last immunization with purified inactiv-
ated vaccine, one hundred eight animals (4 animals in each group
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Table  1
Geometric mean titers of neutralizing antibodies of the groups after immunization with batch VINFLAPI001/2010.

Groups GMT  (mIU/mL) (CI95%)

Immunization Preimmune 12 DPI 26 DPI 40 DPI

1 HEPES buffer (3 doses) 242 (169–345) 101 (74–138) 265 (218–322) 159 (112–225)
2  Al(OH)3 (3 doses) 842 (574–1233) 263 (168–409) 294 (187–461) 283 (209–382)
3  Inactivated 17DD (1 dose) 592 (332–1054) 209 (129–338) 548 (331–905) 348 (207–586)
4  Inactivated 17DD + Al(OH)3 (1 dose) 443 (314–622) 213 (125–363) 614 (466–809) 278 (177–436)
5  Inactivated 17DD (2 doses) 270 (183–397) 130 (87–194) 367 (251–537) 293 (211–407)
6  Inactivated 17DD + Al(OH)3 (2 doses) 371 (285–483) 160 (105–244) 517 (368–722) 338 (229–498)
7  Inactivated 17DD (3 doses) 613 (398–944) 189 (115–310) 386 (309–480) 433 (308–608)
8  Inactivated 17DD + Al(OH)3 (3 doses) 292 (179–477) 204 (128–324) 805 (579–1116) 922 (666–1276)
9  Attenuated vaccine (1 dose) 180 (125–257) 3794 (2046–5420) 2082 (1479–2924) 2259 (1531–3326)
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ere submitted to analysis of cellular response by ELISPOT, leav-
ng 12 mice for lethal challenge) were challenged by intracerebral
njection of 100 LD50 of 17DD virus (13Z secondary seed lot). Subse-
uently, the animals were monitored for 21 days for observation of
ymptoms such as weight loss, prostration, paralysis or death. After
his period, the surviving animals were euthanized by an overdose
f sodium thiopental.

.9. Isotyping of immunoglobulins

To determine the isotype profiles of immunoglobulins involved
n the humoral response, subtyping was performed by ELISA for
gG1 and IgG2a antibodies in the sera collected 40 days after first
mmunization.

Briefly, the microplates (Maxisorb; Nunc, USA) were coated with
0 �g/mL of whole virus particle obtained in cell culture (yellow
ever 17DD vaccine, first passage in Vero cells) diluted in 100 �L
f carbonate buffer 0.05 M pH 9.6 and incubated overnight at 4 ◦C.
he day after, plates were washed three times with phosphate-
uffered saline containing 0.05% (v/v) of Tween-20 (wash solution)
nd blocked at 37 ◦C for 2 h with blocking solution of PBS con-
aining 5% (w/v) non-fat milk with 1% (w/v) of bovine serum
lbumin (BSA, Sigma Co.). The serum samples were diluted 1/50
n blocking solution, distributed in duplicates for each isotype
nd incubated at room temperature for 1 h. After incubation, half
art of each plate received antimouse-IgG1 conjugated to HRP
r anti IgG2a conjugated to HRP (Southern Biotech, Birmingham-
L), so that each serum sample was measured for a given isotype
t the same time and same plate, followed by incubation for

 h at room temperature. Unlabeled antibodies were removed
y washing five times and the reaction was accomplished with
etramethylbenzidine substrate (Sigma, USA). After 15 min, the
eaction was stopped by addition of 2 M H2SO4 solution and the
lates were read at 450 nm on VERSAmax ELISA reader (Molec-
lar Devices). The results were expressed in optical densities.
he absorbance for immunized mice were found to be consis-
ently lower than 0.100 and results were considered positive when
bove 0.300.

.10. Statistical analyzes

Statistical analysis was performed using SPSS software (Statis-
ical Package for Social Sciences), version 17.0. The assessment
f normality was done previously in all groups by the fre-
uency histogram and the Shapiro–Wilk test. Groups with normal
istribution were compared by One Way  ANOVA and Tukey

ests. The non-normal groups were analyzed by Mann–Whitney
r Kruskal–Wallis tests. In all cases, differences were consid-
red significant when P values were less than or equal to 0.05
P ≤ 0.05).
3. Results

3.1. Immunogenicity of the purified inactivated vaccine in mice

A total of 4.400 mL  of 17DD virus with a titer of
8.08 Log10 PFU/mL was  produced in bioreactors using Vero
cells in presence of microcarriers, using serum-free medium. This
virus generated the batch VINFLAPI001/2010 that after addition of
alum adjuvant was used in the immunogenicity assay.

Sera collected from animals were analyzed by PRNT50 and geo-
metric mean titers of neutralizing antibodies are presented in
Table 1. The results showed that with 12 DPI, the animals had
not developed neutralizing antibodies above the cut-off, except for
group 9, which was immunized with one dose of the commercial
attenuated yellow fever vaccine that has elicited broadly neutral-
izing antibodies titers (3794 mIU/mL). At 26 DPI, only groups 8
and 9 showed to have high antibody titers. The group immunized
under three doses of the vaccine with alum (group 8) showed sig-
nificant increase in Geometric Mean Titer (GMT) (805 mIU/mL),
with statistically significant difference compared to the group 7
(P < 0.05; Mann–Whitney), that was immunized with the vaccine
without adjuvant and not achieved the cut-off value (386 mIU/mL).
However, this value is significantly lower than group 9 (P < 0.05;
Mann–Whitney), which was immunized with attenuated vaccine
(2082 mIU/mL). At 40 DPI, the response profile was  similar to day
26 when only groups 8 and 9 were above the cut-off. Group 8
(922 mIU/mL) was  still significantly different (P < 0.05 seroconver-
sion Mann–Whitney) from group 7 (433 mIU/mL) and group 9
(2259 mIU/mL).

The analysis of GMTs over time showed a significant increase in
neutralizing antibody titers in group 8 (P < 0.05; Kruskal–Wallis)
and although there was  a decline in the titers of group 9 with
26 DPI and 40 DPI, this decrease was not statistically significant
(P > 0.05; Kruskal–Wallis). Boxplot is a data visualization in Log,
which allows to observe the dispersion of the titers obtained in
each group (Fig. 1).

The overall seroconversion rate (Table 2) was also consistently
greater in the adjuvant group with three doses of the inactivated
vaccine (group 8) when compared with the non-adjuvant group 7,
where 43.75% (7/16) and 6.25% (1/16) individuals seroconverted,
respectively. As expected, the group immunized with the live atten-
uated vaccine (group 9) showed 100% of seroconversion twelve
days after inoculation.

3.1.1. Protection against lethal challenge
Fourteen days after the last immunization (42 DPI), animals
were challenged by intracerebral route with 100 LD50 of 17DD
virus. Rates of protection (Table 3) showed that groups receiving
a single dose of inactivated vaccine with and without adjuvant
presented 0% survival. The analysis among groups receiving two
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ig. 1. Analysis of the humoral immune response after immunization with purifi
ntibody titers of each group. (A) Preimmune, (B) 12 DPI, (C) 26 DPI and (D) 40 DPI. T
he  outliers.

nd three doses of inactivated vaccine with and without adjuvant
groups 5–8), highlighted the importance of the adjuvant in pro-
ecting response. Survival rate was higher in animals belonging to
roups that received inactivated vaccine in the presence of alum
djuvant. It was also observed that animals immunized with two

oses of vaccine formulated with adjuvant showed higher survival
ates than those immunized with three doses of inactivated vac-
ine, but without adjuvant. The group immunized with one dose of
ttenuated vaccine, as well as the group that received three doses

able 2
nalysis of sera by PRNT50, which defined the seroconversiona rate of the groups immun

Groups % Seroconversion PRNT50 (no of animals seroconverted/total)

Immunization 12 

1 HEPES buffer (3 doses) 0
2  Al(OH)3 (3 doses) 0
3  Inactivated 17DD (1 dose) 6
4  Inactivated 17DD + Al(OH)3 (1 dose) 0
5  Inactivated 17DD (2 doses) 6
6  Inactivated 17DD + Al(OH)3 (2 doses) 0
7  Inactivated 17DD (3 doses) 0
8  Inactivated 17DD + Al(OH)3 (3 doses) 6
9  Attenuated vaccine (1 dose) 100

a Seroconversion is a four-fold increase or more in neutralizing antibody titers compar
activated vaccine. Boxplot developed in SPSS program, showing the neutralizing
lid line represents the cut-off of the test (2.9 Log10 mIU/mL) and circles and asterisk

of inactivated vaccine containing adjuvant showed a survival rate
of 100%.

3.1.2. Evaluation of the immunoglobulin isotype profile
To determine the immunoglobulin isotype involved in humoral
responses, sera collected 40 days after immunization with the
purified inactivated vaccine was  subjected to ELISA for IgG1 and
IgG2a subtyping. Sera from animals immunized with inactivated
vaccine (groups 3 to 8), as well as the groups vaccinated with the

ized with the purified inactivated vaccine.

DPI 26 DPI 40 DPI

% (0/16) 0% (0/16) 0% (0/16)
% (0/16) 0% (0/16) 0% (0/16)
.70% (1/15) 20% (3/15) 6.70% (1/15)
% (0/16) 6.25% (1/16) 0% (0/16)
.70% (1/15) 20% (3/15) 13.33% (2/15)
% (0/16) 0% (0/16) 6.25% (1/16)
% (0/16) 6.25% (1/16) 6.25% (1/16)
.25% (1/16) 43.75% (7/16) 43.75% (7/16)
% (16/16) 87.50% (14/16) 93.75% (15/16)

ed to pre-immune sera.
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Table  3
Survival rate of C57BL/6 mice immunized with purified inactivated vaccine and challenged on day 42 with 17DD virus.

Groups No of animals No of doses Inoculum Percentage of survival (live/total)

1 11a 3 HEPES buffer 18.1% (2/11)
2  12 3 Al(OH)3 16.7% (2/12)
3  12 1 Inactivated 17DD 0% (0/12)
4  12 1 Inactivated 17DD + Al(OH)3 0% (0/12)
5  12 2 Inactivated 17DD 8.3% (1/12)
6  12 2 Inactivated 17DD + Al(OH)3 41.7% (5/12)
7  12 3 Inactivated 17DD 16.7% (2/12)
8  12 3 Inactivated 17DD + Al(OH)3 100% (12/12)
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a One animal died after intracerebral inoculation.

ommercial attenuated vaccine (group 9) had optical density less
han 0.3 when performed the assay for IgG2a isotype. All groups
ere negative for this isotype (Fig. 2A). However, all animals
ere positive for IgG1 isotype (Fig. 2B), with the exception of

hose immunized with attenuated vaccine which were negative
or both immunoglobulin isotypes. The groups immunized with
hree doses of inactivated vaccine (groups 7 and 8) presented the
ighest concentrations of immunoglobulin IgG1 isotype.

. Discussion

Yellow fever is a serious public health problem in Africa and

outh America [3,14]. Bio-Manguinhos is the world largest pro-
ucer of attenuated yellow fever vaccine in embryonated eggs
hich has good efficacy and safety profiles. However, the develop-
ent of a new vaccine would be of extreme importance to reduce

ig. 2. Isotype profile of IgG1 (A) and IgG2a (B) immunoglobulins in C57BL/6 mice immun
450  nm)  > 0.3.
Attenuated vaccine 100% (12/12)

or eliminate serious adverse events reported after vaccination
with virus 17D-based vaccines produced worldwide. Moreover, an
inactivated vaccine could potentially be used in elderly people and
in those with contraindications to the attenuated 17DD vaccine
including infants <9 months of age, immunosuppressed individ-
uals, pregnant and nursing women, people with a background of
thymectomy and people allergic to egg proteins and gelatin [9] and
[8].

The success of inactivated licensed vaccines for other fla-
viviruses such as vaccines for tick-borne encephalitis and Japanese
encephalitis suggests that an effective vaccine also can be devel-
oped for yellow fever [15].
Inactivated vaccines are often preferred for safety reasons. Two
main points should be addressed in the development of these vac-
cines: (i) it is necessary to inactivate completely infectious virus to
ensure the safety of the vaccine and (ii) essential viral epitopes are

ized with purified inactivated vaccine. It was considered positive the optical density
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etained after inactivation process in order to obtain a high-quality
ntigen. For this, it is essential to have an efficient quality control
n the development of inactivated vaccines [16,17].

Problems such as the presence of residual live virus or loss of
mmunogenicity after viral inactivation by phenol and formalde-
yde have been reported during attempts to develop an inactivated
accine for yellow fever using inactivation by heat and ultravio-
et radiation [18,19]. The presence of infectious virus in poliovirus
accine that was  inactivated by formalin generated 250 cases
f paralysis after mass vaccination in California in 1955. Sixteen
atches were retested and live virus was found in the first six
atches demonstrating the importance of an efficient process con-
rol in the production of inactivated vaccines [20,21].

Bio-Manguinhos is developing an inactivated vaccine for yel-
ow fever from the 17DD, a highly attenuated virus, which is a
elevant point considering an improved safety profile for an inactiv-
ted vaccine. Nevertheless, in this work, a rigorous control of live
nfectious particles through different methods was  made after viral
nactivation processes ensuring the absence of residual live virus.

Inactivation procedures can affect the viral protein by denatur-
ng (pH or temperature) or by forming bridges between amino acids
onstituting the protein (formaldehyde or glutaraldehyde) which
ay  modify the viral epitopes that are essential for the induction

f neutralizing antibodies. The use of alkylating agents such as �-
ropiolactone (BPL) acting in the viral genome with little or no
ffect on viral proteins is highly recommended for the generation of
n effective vaccine [17,22]. The use of BPL in rabies and influenza
irus has been widely described and resulted in known commercial
accines [23,24]. The inactivation of the viral genome is also impor-
ant to ensure the safety of the vaccine through the impossibility of
eplication. Gaspar et al. described a methodology for inactivation
f the 17DD virus vaccine by hydrostatic pressure. The preclin-
cal results in mice showed that the inactivated vaccine was able
o induce neutralizing antibody titers and protected animals after
hallenge with the 17DD virus [25]. However, when it was observed
hat viral nucleic acid was able to be infectious when transfected
o Vero cells, this inactivation platform had to be aborted.

In recent years, some studies have shown that there are still no in
itro tests to replace in vivo immunogenicity and challenge in mice.
he strain chosen for the tests was the C57BL/6 which has emerged
s an excellent model to study immunogenicity of flaviviruses [26].

In the present study, the immunogenicity assay aimed to
etermine the minimum number of doses able to enhance the pro-
uction of neutralizing antibodies and protect C57BL/6 mice after
hallenge of inactivated vaccine for yellow fever (at a concentration
f 2 �g/dose) in the presence of alum. The 2 �g/dose concentration
s within the range used in licensed vaccines for other flaviviruses
ased on inactivated virus, such as Japanese encephalitis and tick-
orne encephalitis, using 6 �g/dose and 2.4 �g/dose, respectively
27,28]. At present, inactivated yellow fever vaccine developed by
cellerex (XRX-001), which is in clinical phase of development,
ses the concentration of 4.8 �g/dose [29]. The use of low con-
entration of antigens in a vaccine is always an important step in
he establishment of preclinical and clinical studies, because it is
ssociated with technical and economic viability of the commercial
roduct [8,30].

Neutralizing antibody titers of mice sera were determined by
RNT50 and among serological tests available for the evaluation
f specific host response is one of the most sensitive and specific
31]. PRNT50 is widely accepted and is used for humoral response
valuation of other vaccines that use yellow fever vaccine virus as

 vector [32], the XRX-001 inactivated vaccine [8] and in trials that

ed to the licensure of inactivated vaccine for Japanese encephalitis
33].

The design of the immunogenicity assay allowed to observe
he importance of the use of an adjuvant to increase neutralizing
3 (2015) 4261–4268

antibodies titers by comparing the GMTs of the groups immunized
with three doses of inactivated vaccine in the absence of alum
adjuvant (group 7: 2 �g/dose) with the result in the presence of
adjuvant (group 8: 2 �g/dose + Al(OH)3). Values of 433 mIU/mL
and 922 mIU/mL were found, respectively, for these groups,
demonstrating that only the group 8 was able to show GMT  above
the cut-off (794 mIU/mL or 2.9 Log10 mIU/mL). Groups immunized
with two or three doses of vaccine with adjuvant also showed
higher survival rates after intracerebral challenge with the 17DD
virus than groups immunized with two or three doses of vaccine
without adjuvant. The inactivated vaccine containing adjuvant,
when administered in three doses (group 8) showed similar pro-
tection profile to the attenuated vaccine in a single dose inducing
protection of 100% of the animals after challenge.

The neutralizing antibody is the main correlate of protection
against infection with the yellow fever virus [34]. Surprisingly,
group 8 showed 43.75% seroconversion and was  still able to induce
protection of all animals. This occurrence was  also observed by
Monath and colleagues who obtained similar results after challenge
with 17D virus of hamsters inoculated with low and medium con-
centration of XRX-001 inactivated yellow fever vaccine, presenting
30% seroconversion/90% survival and 80% seroconversion/100%
survival, respectively [8]. The lack of correlation between neutraliz-
ing antibodies rates and protection indicate that the effectiveness
of this vaccine might have participation of cellular response and
not exclusively humoral response through neutralizing antibodies.
It is well known that attenuated yellow fever vaccine is a potent
inducer of CD4+ and CD8+ T cells [34]. In fact, it has been previ-
ously demonstrated that the attenuated 17DD vaccine is able to
induce an early IFN-� response in monkeys as well as in C57BL/6
immunization, which is related to the excellent neutralizing anti-
bodies and CD8+ T cell responses observed for this vaccine [26,35].
In the present work, the presence of IFN-� by ELISPOT was  not
detected in the splenocytes of animals immunized with the 17DD
inactivated vaccine (data not shown) suggesting that further tests
have to be performed to better characterize the involved cellular
response.

The concentration of 2 �g/dose of 17DD inactivated vaccine con-
taining adjuvant (three doses) was able to induced 100% protection
of animals after challenge with the virus 17DD despite the low
concentration of viral antigen. An increase in this concentration
could decrease the number of doses needed for protection and the
use of other adjuvant replacing aluminum hydroxide could drive
for greater humoral and cellular responses, enhancing the immune
response.

The inactivated vaccine under development intended to replace
the attenuated vaccine, at least as a prime boost immuniza-
tion schedule for avoiding adverse events while inducing durable
responses [36]. It is not possible to estimate an annual manufactur-
ing capacity using the current processing conditions.

The reduction of the number of doses is important for emer-
gency vaccination in cases of outbreaks, when immunization by
various doses is not possible. However, Schuller and colleagues
compared the immunogenicity and protection of vaccine for
Japanese encephalitis when administered in two doses of 6 �g
(0 DPI and 28 DPI, which is the standard administration of vacci-
nation for Japanese encephalitis), a single dose of 6 �g and a dose
of 12 �g (which could be used in outbreak situations). The study
indicated that the high dose of antigen (12 �g) resulted in greater
seroconversion than a single lowest dose (6 �g). However, after two
doses of 6 �g, seroconversion was  higher than the induced by a sin-
gle dose of the highest concentration. Thus, two doses of 6 �g were

more immunogenic than a single dose with a high concentration
of antigen. Studies have shown that for inactivated vaccines, two
doses are preferred to guarantee maximal induction of neutralizing
antibodies [27].
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Scientific literature shows that antigens used in inactivated vac-
ines are poorly immunogenic and the achievement of a minimal
ose that provides commercial value only occurs through the use
f adjuvants that can enhance the humoral and cellular response
8,30]. Aluminum hydroxide is widely used in licensed vaccines,
ncluding vaccines for flaviviruses, such as Japanese encephalitis
nd tick-borne encephalitis [27,28]. This adjuvant may  increase
he half-life of the antigen, improve absorption by phagocytes, and
ctivate the inflamassoma/NALP3 route, inducing the production of
nterleukin IL-1� and IL-18 and favoring the differentiation of Th2
ells [37]. It also has the remarkable ability to increase antibody
iters after vaccination, but does not induce Th1 response, which is
mportant for intracellular pathogens control [38].

The 17D virus has the ability to induce IFN-� production, acti-
ating the Th1 subset of helper T cells [26,35]. In mice, Th1 immune
esponse is associated with the production of IgG2a, IgG2b and IgG3
ntibodies, while Th2 subset is associated with the production of
gG1 [39]. While the binding of the antibody to the virus has the
otential to neutralize the infection directly, physiologically these

nteractions occur in the presence of serum proteins capable of
odulating the functions of antibodies. The complement system is

 component of the innate immune response able to recognize the
athogen and eliminate it through a complex cascade of cleavage
vents. The classical complement pathway is activated by the inter-
ction between the C1q complement protein and the Fc portion of
he antibody molecule. The IgG2a antibody, induced by Th1 subset
inds with greater affinity to the C1q protein than IgG1 antibody
roduced by Th2 subset. Thus, in the Th1 subset occurs greater par-
icipation of complement, which has been shown to increase the
eutralizing activity against many viruses, including flaviviruses
40].

Effect of alum adjuvant in direct response to Th2 with pro-
uction of IgG1 could be evidenced in groups 6 and 8, which
fter immunization with inactivated vaccine containing adjuvant
howed high concentrations of IgG1 antibodies. This subclass of
mmunoglobulin was able to protect 100% of mice after three doses
f inactivated vaccine containing Al(OH)3 (group 8). The absence of
mmunoglobulin IgG1 and IgG2a in the group 9 (commercial atten-
ated vaccine) can be explained by the collection time (40 DPI),
here the response can still be IgM or may  be formed by other

ubclasses of immunoglobulins. However, it may  be further inves-
igated.

. Conclusions

In this study, immunization of C57BL/6 mice with three doses
2 �g/dose) of inactivated vaccine containing alum adjuvant was
ble to elicit high neutralizing antibodies titers, mostly of the IgG1
sotype, giving 100% of protection after the lethal challenge. New
tudies are being conducted using other adjuvants, aiming to main-
ain protection with dose sparing and dose ranging.
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