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Introduction

Yellow fever is a mosquito-borne viral disease that is endem-
icin several African and South American countries. Yellow Fever
Virus (YFV) causes subclinical infections with mild and non-spe-
cific symptoms, to severe, potentially lethal illness with jaun-
dice, hemorrhage, renal failure [1-3]. Despite the existence of
safe and efficient vaccines, epidemics continue to occur, mostly
in Africa and South America where the burden of YF is estimat-
ed to represent 84,000 to 170,000 severe cases and 29,000 to
60,000 related deaths per year, according to the World Health

Organization (WHO) [4].
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This high burden is mostly due to a vaccine coverage that
greatly varies between African regions and that is low in many
areas including certain endemic countries [5]. There are four
licensed YF vaccines manufactured by the (i) Institut Pasteur de
Dakar, Senegal, (ii) Sanofi Pasteur, France, (iii) Bio Manguinhos,
Brazil and (iv) the Institute of Poliomyelitis and Viral Encepha-
litidis, Russia. These vaccines are all derivatives of a live attenu-
ated strain that was first developed in 1937 [6,7]. They are cur-
rently being used in vaccination programs in endemic countries
and for travelers visiting these regions. They provide a protec-
tive immunity against all known genotypes of YFV despite very
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rare cases of serious adverse effects [8]. The management of YF
is becoming an issue of high importance. After a relatively long
period of good control of the disease thanks to vaccination and
efficient vector control programs, YF is today in a state of re-
emergence, with recent large outbreaks and appearance of the
disease in new, previously unaffected areas, because of the in-
troduction of mosquito vectors into these lands [9]. The devel-
opment of large, densely populated cities in endemic countries
favors the possibility of spillover and of spread of the disease in
cases of epidemics. This concern is compounded by an incerti-
tude regarding the YF vaccine-induced protection. This protec-
tion was believed for long to be long-lasting, possibly lifelong, in
all individuals [10] resulting in a position paper from the WHO
recommending a single immunization without the need of a
boost [11]. However, several recent evaluations showed that YF
vaccine-induced protection starts to decrease after a few years
and could vary between individuals [12-14]. Additionally, there
are significant differences between individuals living in endem-
ic regions compared to those from unaffected areas, with the
formers showing an impaired response to YF vaccination [11].
Following these new findings, many experts in the field advice
boosting immunization to be administered with YF vaccination
at least every 10 years [15].

The recommendation of YF boosting immunization signifi-
cantly increases the demand for YF vaccine. However, the cur-
rent production method of the available vaccines cannot satisfy
this demand. Licensed YF vaccines are produced from culture
on embryonated eggs, a fastidious and lengthy process that lim-
its the capacity to yield large doses of vaccine stocks needed
to respond to recurring outbreaks, and to prepare for potential
major epidemics. The shortage of YF vaccine is a pressing issue.
The WHO recommends the use of fractional doses as a short-
term response in cases of outbreak [16]. Several studies have
evaluated the ability of doses lower than those currently used
to provide immune protection. A recent clinical trial in Brazil
showed that a 1/5 fraction of the 17DD vaccine provided a sero
conversion rate and a seropositivity after eight years similar to
those conferred by the reference full dose [13,17]. Currently,
two ongoing non-inferiority clinical trials are testing the effi-
cacy of fractional doses of the four licensed YFV in children and
adults. In these trials, the responses of different branches of the
immune system are compared among individuals who received
full and fractional doses including the induction of IgG and of
neutralizing antibodies, and the cellular immune response [18].
The re-emerging status of YF calls for sustained researches that
will better elucidate the pathogenesis of wild type YFV. Actually,
most of what is known on the pathogenesis of YFV has been ob-
tained from vaccine strains that are attenuated. Studying wild
type lineages could yield new knowledge that can be used to
generate control tools including therapeutics and vaccines.

Materials and Methods
Virus Strains

Virus strains analyzed in this study (Table 1) were provided
by the WHO Collaborating Center for arboviruses and viral hem-
orrhagic viruses at the Institut Pasteur de Dakar (IPD), Senegal.
These strains were isolated from mosquito (Table 1).

Cells lines

We used three cell lines for virus cultivation and titration.
C6-36 cells from Aedes albopictus were grown in L15 (Leibovitz)
medium supplemented with 10% fetal bovin serum (FBS), 1%

penicillin-streptomycin, 1% glutamine, 10% tryptose phosphate
and 0.05% amphotericin B, and incubated at 28°C without CO,
Vero cells (African green monkey kidney epithelial cells) were
grown in medium 199 supplemented with 10% FBS, 1% penicil-
lin-streptomycin, 1% glutamine and 25 mMHepes 25, and incu-
bated at 37°C in the presence of 5% CO, PS (Porcine Stable kid-
ney) cells (American Type Culture Collection, Manassas, USA)
were grown at 37°C without C02 in L15 medium supplemented
with 10% of FBS.

Preparation of Virus Stocks from Cells Lines

Viral stocks were prepared from C6-36 and Vero cell-lines as
previously described [19]. Briefly, cells were grown in cell cul-
ture flask (T75 cm?) until they reached 70% of confluence. The
medium was removed and the cells infected with 500 pl of viral
suspension. The flasks were gently rocked every 15mn during
incubation to enhance viral infection. After 1h, appropriate me-
dium was added and the incubation continued up to 7 days,
until a Cytopathic Effect (CPE) was observable. The supernatant
was harvested, aliquoted and stored at -80°Cuntil needed.

Preparation of Virus Stocks from Brain Homogenates

For preparation of brain homogenates, 2-day old newborn
Swiss Webster (SW) mice were infected by intracranial inocula-
tion of 20 pL of virus suspension and followed for eight days.
The brains of ill mice were recovered, homogenized in phos-
phate buffer saline containing 0.2% endotoxin-free Bovine Se-
rum Albumin (BSA) and aliquots stored at -80°C until used.

Virus Titration

The viral stocks were titrated on PS cells by using a modi-
fied version of the assay previously described by De Madrid and
Porterfield [20]. Briefly, 4.10° PS cells were seeded in each well
of a 24-well plate (Corning/Costar). Ten-fold serial were done
and 200 pL of each dilution were tested in duplicate. After an
incubation period of 4h at 37 °C, an overlay medium (1.6% car-
boxymethyl cellulose in L15-3% FBS) was added to all the wells
and the plates were incubated for 4 days at 37°C. Cells were ob-
served daily and once a cytopathic effect is detected, the wells
were washed with PBS. Afterwards, the wells were stained with
Amido Black dye (Sigma-Aldrich, Germany) for 30 minutes at
room temperature. The Plaque Forming Units (pfu) caused by
lysis of infected cells were counted and the titers calculated ac-
cording to the Reed and Munch method [21].

Mouse Experiments

SW mice were bred at the Pasteur Institute farm. Experimen-
tal infections were carried out at the animal facility of the WHO
Collaborating Centre for Arboviruses and Hemorrhagic Fever
that is accredited for routine diagnostic, surveillance and ani-
mal research, according to IACUC [22]. Upon arrival at the ani-
mal facility, mice were kept during one week for acclimatization.
For infection, groups of 5-8-week old mice were administered
with different doses of virus in PBS supplemented with 0.2%
BSA by the intraperitoneal route. Infected animals were moni-
tored daily for first symptoms of encephalitis (hunching, lethar-
gy, eye closure, or hind legs paralysis) and death throughout the
follow-up period. Terminally ill mice were humanly euthanized
by chloroform inhalation and considered as killed by the infec-
tion. For secondary infection of survivors, a second viral admin-
istration was performed four weeks after the first one and the
mice followed as described above. For testing of YF human vac-
cine, each mouse was immunized with a dose corresponding to
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86,536 pfu of 17D IPD vaccine. Vaccinated mice were followed
for four weeks, at which time point they were infected with a
lethal dose of ArMT7 and then monitored as described above.

Results

Yellow Fever Virus Strains from Brain Homogenates But Not
From Cell-Lines Cause Lethal Infection in Swiss Webster Mice

To develop a mouse model of YFV infection, we tested four
strains available at the WHO Collaborating Centre for Arbovi-
rus and Haemorrhagic Fever, IPD (Table 1). Repetitive infec-
tions with viral stocks prepared from VERO and C6-36 cell lines
failed to cause mortality in SW mice after intraperitoneal ad-
ministration (Table 2). Since in our laboratory we also use viral
stocks prepared from infected brain of newborn mice, we asked
whether viral particles from brain homogenates could cause a
lethal infection. Intraperitoneal administration of brain homog-
enates showed one strain, DakArAmt7 [22] (will be referred to
as ArMT7 thereafter), which killed all mice at a dose of 2,500
pfu while all the other strains failed to cause lethality at doses
of 2,000 or 5,000 pfu (Table 2). Additionally, brain homogenates
from another strain, ArD 114989, killed mice at high doses of 2
X 10° pfu or 10° pfu (Table 2). We could not test higher doses
of the two other strains because we could not prepare stocks
above 5,000 pfu per ml of these viruses. As a control for these
experiments, we administered virus-free brain homogenates
to mice and, as expected, all these rodents survived without
developing any sign of illness. Strain ArMT7 was isolated from
Aedes africanus mosquito in 1973 in Ivory Coast [23]. To inves-
tigate its pathogenicity in SW mice further, we infected groups
of six rodents with various doses of this virus. As a control, we
infected similar groups of mice with various doses of strain ArD
114989. The results showed that ArMT7 could kill mice after ip
infection of doses as low as 10 pfu (Figure 1). In contrast, only
one mouse out of 24 succumbed to a dose of 2,000 pfu of ArD
114989 with the possibility of this being an unspecific death
since it occurred after 20 days following the infection and we
did not observe death at this dose in previous experiments with
this strain. Overall, these results show that YFV from brain ho-
mogenate can cause lethal infection in SW mice and this could
be used as a model to study the pathogenicity of this virus.

Survivors of Non-Lethal YFV Infection Are Not Protected
Against ArMT7 Strain

Since brain homogenate of strain ArD114989 killed mice
only at high dose, we asked whether prior administration of
a non-lethal dose of this strain could protect rodents against
a subsequent infection by ArMT7. Mice that survived ip infec-
tion with ArD 114989 from brain homogenates were challenged
with a single dose of 1,000 pfu of ArMT7 four weeks later. After
a month of follow up, 14 of 23 mice succumbed to infection
by ArMT7 corresponding to a survival rate of 39.1% (Table 3).
These results suggest that prior exposition to other YFV viruses
could provide partial protection against a lethal infection by
ArTM7.

Yellow Fever Vaccine Provides a Partial Protection against
Strain Armt7

YF control is mediated by licensed vaccines that are deriva-
tives of a live attenuated strain developed in 1937. Our institute
being one of four WHO-prequalified YF vaccine manufactur-

ers [18], we conducted two experiments to test whether our
YF vaccine can protect SW mice against ArMT7 infection. In the
first experiment, a group of 10 mice was immunized with 86,536
pfu of 17D IPD vaccine corresponding to a dose used for hu-
man vaccination. In the second experiment, we immunized two
groups of six mice with two doses corresponding to the human
dose (86,536 pfu) and its 1/10 dilution (8,653 pfu) respectively.
After four weeks, the mice were challenged with a single dose
of 1,000 pfu of strain ArMT7. In both experiments, we included
a group of six non-immunized control mice. The results show
that 20% (Figure 2A) and 50% (Figure 2B) of the mice survived
ArMT7 infection. As expected, all the control mice succumbed
to the ArMT7 challenge. These results show that YF 17D vac-
cine used in humans provides only a partial protection against
ArMT7 in SW mice.
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Figure 1: Virulence of strain ArMT7 in Swiss Webster mice. Mice
were infected by the intraperitoneal route with the shown doses
of ArMT7 particles prepared from brain homogenates and survival
was recorded for the following four weeks.
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Figure 2: Vaccine-mediated protection of mice against ArMT7. Mice
were immunized by the intraperitoneal route of with a human dose
(86,536 pfu) of 17D vaccine (Figures. 2A and 2B) or 1/10 of this
dose (Figure 2B), and challenged with lethal dose of ArMT7 virus
prepared from brain homogenates. Mouse survival was recorded
for the following four weeks.
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Table 1: YFV isolates analyzed in this study.

YFV isolates Hosts Year Location

ArM T7 Aedes africanus 1973 Ivory Coast
ArD 114989* Stegomya metallicus 1995 Koungheul, Senegal
ArD 114988* Diceromyia furcifer 1995 Koungheul, Senegal
ArD 114891* Stegomya aegypti 1995 Koungheul, Senegal

YFV, yellow fever virus; *, virus isolated during an outbreak in Koung-
heul, Senegal in 1995.

Table 2: Mice survival after infection with YFV stocks prepared from
cell lines or brain homogenate.

VERO C6-36 Brain homogenate
YFV isolates
Dose (pfu) Survival Dose (pfu)  Survival | Dose (pfu) | Survival
5X10° 6/6 5X10° 6/6 5X10? 2/6
Ar MT7
2.5X10° 6/6 2.5X10° 6/6 2.5X10° 0/6
3 X10° 6/6 3X10° 6/6 2X10° 4/6
ArD 114989
1.5 X 10° 6/6 1.5X10° 6/6 1X10° 3/6
ArD 114988 | 2X10° 6/6 2 X10° 6/6 5X10° 3/6
ArD 114891 2X10° 6/6 2 X10° 6/6 2 X10° 6/6
YFV, yellow fever virus; pfu, plague-forming unit

Table 3: Mice survival to ArMT7 challenge following prior administra-
tive of sub-lethal doses of ArD 114989.

First infection = ArD 114989 Second infectio(:;[;:ohia)lfl‘tje)nge with ArMT7
Dose (pfu) Survival Survival
200,000 6/6 2/6 (33%)
20,000 6/6 3/6 (50%)
2,000 5/6 1/5 (20%)
200 6/6 3/6 (50%)
Discussion

In this study, we tested four strains of YFV with the goal of
developing a mouse model of YF infection. We identified two
strains, one of which, ArMT7, killed outbred SW mice at rela-
tively low doses while the other displayed a mild virulence.
Interestingly, these viruses kill mice only when prepared from
newborn mouse brain and not from cell lines. Additionally, 17D
YF vaccine that is used for human vaccination provide only a
partial protection against strain ArMT7. The differing virulence
of the tested strains demonstrates the involvement of intrin-
sic genetic determinants. In contrast, we do not know the basis
for the virulence of viruses prepared from brain homogenates
compared to stocks prepared from cell lines. It is possible that
growth in mouse brain makes the virus more fit to develop in
the tissue of subsequent host. This may be related to the de-
velopment of immune escape strategies or to the ability to use
metabolites present in mouse organs. Additional studies are
needed to elucidate the genetic determinants behind the viru-
lence of strain ArMT7 and the difference of the same virus pre-
pared from cell lines or from brain homogenates.

Our results show that, despite not having the relevance of
NHP model, SW mice can be a valuable tool for studying YFV in-
fection and developing vaccines and therapies against this virus.
Indeed, the availability of an efficient vaccine and its absence in
many regions of the world have limited interest in studying YFV
pathogenesis [24,25]. Today the threat of YF is increasing [26]
and with it, the needs to better understand the mechanisms of
YF development [27]. SW mice can be used to rapidly screen
for collection of YFV strains and identify isolates best suited to

study YF in mice and other animal models. Furthermore, the SW
model can serve to develop novel types of YF vaccine that can
be produce at high scales in order to fulfill the current needs.
Candidate vaccines can be tested in preclinical studies with SW
and the most promising ones moved to further investigations.
The Covid crisis has shown that available scientific tools can be
rapidly harnessed to respond to a major outbreak by devel-
oping vaccines based on different methods [28]. Such an ap-
proach could be applied for YF and with the availability of many
reagents for dissecting immune response in mouse [29,30] SW
model can serve this purpose.
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