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ABSTRACT

By infecting mice with the yellow fever virus vaccine strain 17D (YFV-17D; Stamaril®), the dose dependence and
evolutionary consequences of neurotropic yellow fever infection was assessed. Highly susceptible AG129 mice were
used to allow for a maximal/unlimited expansion of the viral populations. Infected mice uniformly developed
neurotropic disease; the virus was isolated from their brains, plaque purified and sequenced. Viral RNA populations
were overall rather homogenous [Shannon entropies 0—0.15]. The remaining, yet limited intra-host population
diversity (0—11 nucleotide exchanges per genome) appeared to be a consequence of pre-existing clonal
heterogeneities (quasispecies) of Stamaril®. In parallel, mice were infected with a molecular clone of YFV-17D which
was in vivo launched from a plasmid. Such plasmid-launched YFV-17D had a further reduced and almost clonal
evolution. The limited intra-host evolution during unrestricted expansion in a highly susceptible host is relevant for
vaccine and drug development against flaviviruses in general. Firstly, a propensity for limited evolution even upon
infection with a (very) low inoculum suggests that fractional dosing as implemented in current YF-outbreak control
may pose only a limited risk of reversion to pathogenic vaccine-derived virus variants. Secondly, it also largely lowers

the chance of antigenic drift and development of resistance to antivirals.
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Introduction

Yellow fever (YF) is an acute haemorrhagic disease
caused by the yellow fever virus (YFV), an enveloped,
positive-sense RNA virus that belongs to the genus Fla-
vivirus. Other clinically important flaviviruses include
the dengue (DENV), Zika (ZIKV), West Nile
(WNV), tick-borne encephalitis (TBEV) and Japanese
encephalitis (JEV) viruses. Their genome encodes for
a single polyprotein that is co- and post-translationally
processed into 3 structural proteins and 7 non-struc-
tural proteins (NS1-5), the latter responsible for intra-
cellular replication of the viral RNA genome. The open
reading frame (ORF) is flanked by untranslated regions
(UTR) at the 5" and 3’ ends, respectively.

YFV infects humans in Africa and South America
causing an estimated 84000-170000 severe cases and
29000-60000 deaths per year, with 90% of cases occur-
ring in Africa [1], and the potential threat to global
health with introduction into new areas via travellers
is greater than ever [2, 3]. Accurate data about YF bur-
den are difficult to obtain because of underreporting,
limitated passive surveillance, lack of diagnostic capacity

in many regions where YF is endemic [4], and occur-
rence of asymptomatic infection [5, 6]. Given the lack
of effective vector control, the most effective strategy
to prevent and control yellow fever is by active immu-
nization with high population coverage rates [7].
WHO-prequalified yellow fever vaccines include the yel-
low fever virus 17D (YFV-17D) prototype vaccine
strain, or the YFV-17DD substrain derived thereof.
The YFV-17D strain was originally derived from a clini-
cal isolate (Asibi strain) and attenuated by serial passa-
ging in the early 1930s [8, 9]. The live-attenuated
YFV-17D is considered as one of the most efficient vac-
cines ever developed with long immunogenicity [10, 11].
It induces a vigorous, multi-specific and possibly life-
long lasting protective immunity in >95% of the vacci-
nees within 10 days after vaccination [12,13].
YFV-17D has a long-standing historic record and a
favourable safety profile [14-16] (about 850 million
doses deployed since 1937). All six YF vaccines used
today belong to either of the two main sublineages of
the original 17D vaccine, 17D-204 and 17DD [17] of
which four are prequalified by WHO including the
particular 17D-204 vaccine produced in France and
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licensed under the trade name Stamaril® (Sanofi-Pas-
teur). However, it also has several drawbacks that ham-
per its wider use in mass vaccination campaigns,
particularly in remote and poorly developed areas: (i)
its tedious production in embryonated chicken eggs,
(ii) lot-to-lot variabilities posing potential safety con-
cerns of loss of attenuation and reversion to increased
virulence, (iii) the inherent thermal instability requir-
ing a cold chain and (iv) the need for needles for par-
enteral delivery. To circumvent these drawbacks, we
developed a plasmid (W02014174078A1) that allows
the convenient direct launching of the YFV-17D viral
genome (and that of other RNA viruses) upon injection
in the host (WO2014174078A1).

RNA viruses typically replicate to diverse groups of
“quasispecies” populations wherein viral diversity may
correlate with virulence and pathogenicity, as studied
mainly using the poliovirus paradigm [18-22,23]. A
major concern for any live-attenuated RNA virus vac-
cine (such as the YFV-17D) is the emergence of virus
variants that lose their attenuation and revert to high
virulence. YFV-17D has been empirically developed
more than 80 years ago, yet is today still the only vac-
cine platform to control YFV outbreaks [24]. For vac-
cine production YFV-17D is grown in a hard to control
process in embryonated chicken eggs. The entire pro-
cess is strictly regulated by WHO recommendation cri-
teria and needs to follow a historically established seed-
lot system; continuous quality control involves consist-
ency testing to avoid genetic drift, including mandatory
testing for neurovirulence and viscerotropic replication
potential in non-human primates. Rare but severe
adverse effects (SAE) have been reported for YFV-
17D, in particular yellow fever vaccine-associated vis-
cerotropic (YEL-AVD) and neurotropic disease
(YEL-AND) [14,25]. Though poorly understood,
pathogenesis of YEL-AVD is mostly related to a predis-
position of the individual vaccinee, such as functional
thymus deficiencies or haematological disorders, and
likely not to viral factors, in particular not to virus var-
iants emerging from the vaccine virus quasispecies
[25,26]. However, for YEL-AND there is good evidence
that an increased virulence of some minority variants
that emerge after inoculation and start to dominate
the replicating vaccine population may be more
directly linked to neurovirulence [27]. The vaccine
studied here was of the YF17D-204 lineage that had
been reported to be very stable and to accumulate
only very few mutations during large-scale production
[28]. It is further recognized as one of the YFV-17D
vaccines with the lowest reported incidence of SAE
[26]. The primary goal of the current study is to assess
the genetic stability and diversity (mutation rates and
patterns) of YFV-17D during its replication in a ver-
tebrate host. To this end, we used mice deficient in
IFN o/p and y receptors (AG129) that are highly sus-
ceptible to YFV, including YFV-17D, and allow
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maximal expansion of the viral population in the
absence of a protective immune response. The evol-
ution of live-attenuated YFV-17D virus was also mon-
itored when the virus was launched as molecular clone
from a plasmid (herein called PLLAV, plasmid-
launched live-attenuated virus).

Materials and methods
Plasmids

Plasmid  pShuttle/YFV-17D  (WO02014174078A1)
[29,30] is a derivative of pBeloBAC11 that carries a
YFV-17D c¢DNA copy (17D-204 strain from ATCC,
Genbank Genbank X03700.1) flanked at the 5 by a
SV40 promoter, and at the 3" end by a hepatitis delta
virus ribozyme. A second conditional origin allows
for increased plasmid yields in E. coli EPI300-T (Epi-
centre) [31]. When used for immunization, pShuttle/
YFV-17D is dubbed Plasmid-Launched Live-Attenu-
ated Virus Vaccine (PLLAV). PLLAV was formulated
for i.p. injection in 33% v/v 1,2-propanediol containing
17% w/v calcium carbonate microflowers as previously
described [32].

Virus stocks

YFV-17D was derived from the commercial YFV-17D
vaccine (Stamaril®, Sanofi-Pasteur MSD, Brussels, lot
H5105). For the generation of virus stocks, 10° BHK-
21]J cells [33] were inoculated with 100 pL of Stamaril®
diluted into 20 mL MEM/2% FBS, incubated for 1 h at
room temperature, and incubated with 40 mL fresh
medium at 37 °C, 5% CO, for viral growth. After 7
days, virus-containing supernatant was harvested by
centrifugation at 400xg for 10 min and stored at
—80 °C for further use. The infectious content was
determined by plaque assay (see infra) with one pla-
que-forming unit (PFU) equalling 10-100 median
cell culture infectious doses (CCIDsg), The infectious
content was determined by plaque assay (see infra)
with one plaque-forming unit (PFU) equalling 10-
100 median cell culture infectious doses (CCID50)
[approximately 10 International Units (IU) [34]
although virus stocks were not back-titrated against
the WHO potency standard (NIBSC Code 99/616)].

Mice and tissue samples

Brains sections of AG129 mice [35] that had been
inoculated intraperitoneally with either 10* PFU
(Brains 2, 3, and 4), 10™' PFU (Brains 9 and 10),
107> PFU (Brain 11) of YFV-17D derived from Sta-
maril®, or 20 pg of PLLAV-YFV-17D (Brains 5, 6, 8,
12, 13, 14, and 15) were stored frozen at —80 °C.
Mice were euthanized as soon as overt signs of viral
encephalitis (sudden weight loss, hindlimb paralysis,
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hunched posture) were observed. YEV-17D RNA was
detected by quantitative RT-PCR using primers and
probes (Table S3) as decribed [36].

Genome amplification

Viral genomes extracted from cell culture supernatants
(NucleoSpin RNA, Macherey-Nagel) and brain sec-
tions (RNeasy Mini, Qiagen) were amplified by RT-
PCR (qScript One-Step RT-PCR, Quanta Bioscience)
as overlapping 2 kb amplicons using primers (Table
S1) as described [37]. RT-PCR conditions were as fol-
lows: RT at 48°C for 20, 3 min at 95°C, and 40 cycles of
at 94°C for 30 s, at 60°C for 30 s, and at 72°C for 2 min,
and final extension at 72°C for 10 min. Amplicons were
gel purified and subjected to direct Sanger sequencing
(BigDye v3.1).

Sequence analysis

For de novo assembly of viral genomes, sequences were
submitted to SeqScape v2.6, trimmed from both ends
and aligned to the reference YFV-17D genome (Gen-
bank X03700.1) (Supplementary Table S6), excluding
reads with low quality and/or few nucleotides (less
than 200 bp). Final alignments were corrected manu-
ally. Mega X [38] was used for phylogenetic analysis
and to construct phylogenetic trees.

Full-length consensus genomes generated for (i) Sta-
maril® (lot H5105), (ii) for the vaccine passaged once
and twice on BHK-21J cell (reflecting viral amplification
and adaptation during plaque purification), and (iii) of
representative clones of major bona fide variants present
in Stamaril® were submitted to NCBI-Genbank
with accession numbers MN708488 - MN708497
(Supplementary Table S7).

Measurement of absolute diversity

Viral diversity was measured by (i) the mutation fre-
quency (mutant clones divided by the total number
of clones analyzed) (ii) the Shannon entropy [39-41],
(iii) the Simpson index of diversity (1-D) [42] and
(iv) the Hamming distances [43-45]. Shannon entropy
of each brain was calculated using the following for-
mula [40]:

Y
e N
Where 7 is the number of different species identified, fi
is the observed frequency of a particular variant in the
quasispecies, and N is the total number of clones ana-
lyzed [40,41,46]. The Simpson index of diversity was
calculated as:

> n(n—1)
- NN-1)

Where n is the total number of variants of a particular
species, and N the total number of variants in the
population.

Plaque assay and plaque purification

Serial dilutions (1/50-1/31250) of brain homogenates
(in MEM/ 2% FBS) were added to 10° cells/well of
BHK-21] cells grown in 6-well plates. Virus was
removed after 1 h at 37°C, cells washed 3 times with
PBS, and overlaid with 3 ml of 0.5% low melting agar-
ose (Invitrogen) in MEM/2% FBS. After 7 days at 37°C
for, cells were stained with 1% MTT (3-[4,5-
Dimethylthiazol-2-yl]-2,5-Diphenyltetrazolium Bro-
mide) at room temperature for up to 1 h. Agar from
visible plaques were punched out randomly, disregard-
ing any differences in plaque phenotype (size or colour-
ing), dissolved in 1 mL of MEM/2% FBS by vortexing,
followed by centrifugation at 2000xg for 5 min. For
virus amplification, 500 ul of plaque supernatant was
used to infect 10° BHK-21] cells in 6-well plates. At
day 4 post infection, virus supernatants were harvested
and stored at —80°C for RNA isolation.

Statistical analysis

All data were analyzed using GraphPadPrism v7 or R
[45] and results expressed as mean values + standard
error of mean (SEM). Comparison between groups
was performed using Mann-Whitney test with Bonfer-
roni’s correction, and p-values <0.05 were considered
statistically significant. *P=0.05; **P<0.01; **P<
0.001; ****P < 0.0001, ns = not significant.

Results

Genetic stability of YFV-17D and plasmid-
launched YFV-17D following inoculation of
AG129 mice.

To investigate the evolution of YFV-17D and plasmid-
launched YFV-17D in mice, six to eight weeks old
AGI129 mice were inoculated intraperitoneally with
either 1072 (corresponding to ~1 CCIDs), 107! or
10* PFU (> 10°> CCIDs,) of YFV-17D, or with 20 g
of the PLLAV-YFV-17D plasmid (n=2, 1, 3, and 7,
respectively); infectious titres and viral RNA loads in
mouse brains at the time point of euthanasia (when
mice presented with signs of encephalitis, such as
hunched posture, limping and paralysis) were deter-
mined by plaque assay and qRT-PCR, respectively
(Supplementary Figure S1). One out of 2 mice inocu-
lated with 1072 (corresponding to ~1 CCIDs) did
not develop any overt signs of disease, had no detect-
able viruses in the brain, nor seroconverted (data not
shown), and was excluded from further analysis. For
each brain at least n=6 (6-15) individual plaques
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Figure 1. Mutation spectrum of YFV-17D and PLLAV following infection in AG129 mice. (A) Schematic presentation of study design.
AG129 mice were inoculated i.p. with either a range of inocula of YFV-17D; 107>-10~" PFU, or 10* PFU of YFV-17D (n = 3/group) or
with 20 pg of PLLAV (n = 7). Mice brains were harvested and homogenized for plaque purification prior to sequencing. (B) Mutation
frequencies in brain-derived YFV-17D and PLLAV following neurotropic infection in AG129 mice.

(Supplementary Table S1) independently
expanded and subjected to direct Sanger sequencing
(Figure 1A). In total, 73 full virus genomes from the
brains of six mice that had been inoculated with
YFV-17D were analysed, each comprising in total
10862 nucleotides and collectively resulting in the
identification of 46 distinct nucleotide changes as com-
pared to the consensus sequence of Stamaril® that had
been used as the virus inoculum (Supplementary Table
S$4). Generally, the nucleotide variants observed in the
individual plaque-purified virus clones were scattered
along the E, NSI, NS2A, NS3, NS4B, NS5 and 3
UTR genomic regions (Figure 1B, Table 1). No
mutations were observed in the 5 UTR and capsid
genes of one YFV-17D variants (Figure 1B, Table 1).
This equal distribution suggests that there are no hot-
spots for mutations in the YFV-17D genome during
replication and neuroinvasion in mice: the observed
mutation rate per gene was comparable (between
10™* and 107> substitutions per gene; Table 1) with
no significant differences among all condition neither
for Shannon nor Simpson entropies (p-values >0.05,
Mann-Whitney), and hence no evidence for the selec-
tion of mutations that could be linked to neurotropism
or neurovirulence [48]. The overall nucleotide substi-
tution rate per viral genome was between 10~ and
107>, in support of the relatively low mutation rates
reported for yellow fever vaccine virus [36,49] as com-
pared to other RNA viruses [50,51], especially consid-
ering the prolonged time between inoculation and

were

euthanasia (13-18 days, median =16 days) available
for expansion of the virus populations.

No mutations were observed in 12% (9/73) of brain-
derived YFV-17D clones, while the remaining 88%
(64/73) carried at least one mutation (Figure 2).
Viruses with no mutations in their genomes were
exclusively isolated from a mouse that was injected
with the high(est) inoculum, 10* PFU (Figure 2A,
Brain 2). In the brain of mice that had been injected
with a low titre of the vaccine virus, increased mutation
rates were noted (Figure 3A,B); the highest number of
mutations were recorded in a mouse that had been
inoculated with 107> PFU of Stamaril®-derived YFV-
17D (Figure 2A, Brain 11).

As was the case for the YFV-17D infected mice, in
mice that had been inoculated with PLLAV-YFV-
17D, nucleotide changes observed in brain-derived
viruses were scattered throughout the E, NS1, NS2A,
NS3, NS4A and NS5 regions (Figure 1B, Table 1).
Forty-two percent (42%) (36/86) of virus clones that
were plaque-purified from the brain of mice that had
been inoculated with PLLAV-YFV-17D had no
mutations (Figure 2B) (in contrast to 12% observed
in YFV-17D inoculated mice, Figure 2A) whereas the
remaining 58% (50/86) had either only 1 or 2
mutations (median =1) per genome. Hence the inci-
dence of nucleotide variants in the PLLAV-YFV-17D
derived viruses was markedly lower compared to the
frequency of variant clones that were obtained from
mice that had been injected with YFV-17D (Stamaril®);
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Table 1. Nucleotide substitutions per genomic region of YFV-17D versus PLLAV

Mutation rate

Mutation rate

Gene # of Nucleotide changes* YFV-17D # of Nucleotide changes PLLAV

5' UTR 0 1 847Ex 1073
Capsid protein 0 1 2.75Ex 1073
prM/M 1 406x107° 1 4.06E x 1073
E 7 473x1073 1 6.8Ex 107>
NS1 4 334x1073 5 40Ex 1073
NS2A 3 6.0%x1072 2 40Ex 1073
NS2B 1 2561073 0 0

NS3 8 4811073 3 1.16x 1073
NS4A 3 348x 1073 2 2321073
NS4B 3 893x 1073 0 0

NS5 14 5.15%x 1073 4 147x1073
3' UTR 3 5.89x 1073 1 1.96 %1073

*Sum total of all nucleotide changes observed in the virus population regardless of YFV-17D dose administered. Mutation rates were calculated by dividing
the number of mutations observed in each genomic region by the number of nucleotides that constitute the genomic region. Pairwise comparison of the
Shannon and Simpson entropy per genome region for each of the conditions (Stamaril® low and high, PLLAV) revealed no significant differences in entropy

between regions (p-values >0.05, Mann-Whitney test).

where 0-11 mutations per genome (median = 5) were
observed (Figure 2B).

Impact of the YFV-17D inoculum size on
evolution of the virus in AG129 mice

It was next investigated whether the YFV-17D popu-
lation diversity may be a function of inoculum size
and differed in mice that were infected with a
(very) low inoculum of the vaccine virus instead of
a high viral dose. Importantly, the pathogenesis
induced by YFV-17D was highly similar and inde-
pendent of the inoculum size, as confirmed by similar
viral brain RNA loads at euthanasia (Supplementary
Figure S1) and no obvious changes in plaque pheno-
type in viruses isolated from respective mouse brains
(not shown). Nevertheless, neuroinvasion and pro-
gression to neurotropic disease took longer in mice
in the low inoculum group; surviving on average
longer (16-18 days to euthanasia) compared to the
high inoculum group (13-16 days to euthanasia; no
significant difference). As a very low inoculum may
allow the maximal expansion of the populations
and thus a maximal likelihood to accumulate
mutations, data from mice injected with either a
high (10* PFU) or low (107! or 107 PFU) inoculum
of YFV-17D were directly compared. Data from mice
inoculated with 20 ug of PLLAV-YFV-17D and using
a molecular clone of YFV-17D were included as
benchmark. Diversity was measured by Hamming
distance, Shannon entropy and Simpson diversity
index (Figure 3A-D).

The Hamming distance [43-45] (Figure 3A,B)
measures the number of nucleotide substitutions in
viral genomes and group variants based on the number
of substitutions when compared with the reference
sequence (GenBank X03700). Clones with the same
number of mutations are grouped together. The type
of mutation or its position in the genome is not
taken into consideration in this analysis. A significant
difference in Hamming distances between the high

and low titre YFV-17D inocula were noted (p<
0.001). The highest individual diversity was observed
in one particular mouse injected with as little as 10>
PFU (~1 CCIDs,). For further analysis, the clones
obtained from the brain of this mouse (n=15) were
grouped with those retrieved from two mice that had
been inoculated with 10~" PFU of the vaccine virus
(together collectively named the “low inoculum?”).
Clones from the low inoculum group had between 1
and 11 nucleotide substitutions per genome (Figure
3A). Supportive, though not significantly different,
there was a consistent trend for a greater diversity in
the low inoculum group also regarding Shannon
entropy (Figure 3C) and Simpson diversity index
(Figure 3D). A higher mutation rate in the low inocu-
lum group could most likely be attributed to the
increased number of replication cycles of the inocu-
lated virus. Regardless of the titre of the inoculum,
the mutation rates of the virus clones did not exceed
10~* substitutions per genome, underscoring the stab-
ility of the YFV-17D genome.

YFV-17D passes through a bottleneck during
neuroinvasion in AG129 mice

For the poliovirus, it has been demonstrated that bottle-
necks restrict the spread of viral variants from the injec-
tion site to the brain [18, 19]. We set out to explore
whether a similar bottleneck exists for YFV-17D. To
that end, the infection model in AG129 mice is ideally
suited because it allows for sufficient replication and
trafficking of the virus from the injection site (i.p.) to
(also) the brain. Prior to inoculation in AG129 mice,
the initial YFV-17D (Stamaril®) virus stock was
characterized by Sanger sequencing (Supplementary
Figure S2). In addition, virus clones (1 =20) were pla-
que-purified from BHK-21]J cells that had been infected
with Stamaril® and were amplified once on BHK-21]
cells prior to whole viral genome sequencing
(Figure 4A). Both plaque-purified Stamaril® clones (Sup-
plementary Table S4) and plaque-purified YFV-17D
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Figure 2. Mutation patterns observed in YFV-17D infected mice. (A) Graphical presentation of genomes of 73 brain-derived, plaque-
purified virus clones of YFV-17D following i.p. inoculation and neuroinvasion in AG129 mice (n = 6). (B) Graphical presentation of 86
similar virus clones following i.p. injection of 20 pg of PLLAV-YFV17D and neuroinvasion in AG129 mice (n = 7). Horizontal blue lines
represent individual YFV-17D genomes with blue circles as 5" and 3’ UTRs, respectively. Red, green and orange diamonds represent

missense, silent and mixed mutations, respectively (mixed = parental + mutant nucleotide). For a full list of mutations see Sup-
plementary Tables S4 and S5.
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clones from mouse brains (Figure 5A, B, Supplementary
Figure S3) appear to be highly heterogeneous (different
variants) (Supplementary Table S5). By comparing the
sequences of 20 different randomly picked YFV-17D
clones plaque-purified from Stamaril® directly in vitro
(Figure 4A), we hypothesize that Stamaril® comprises at
least 5 (major) virus variants, and the dominant virus
variants isolated subsequently from infected mouse
brains seem to an large extent to pre-exist in the hetero-
geneous Stamaril® population (Figure 4B, Supplementary
Tables S7 and 8). The clonal diversity in the particular
Stamaril® lot analysed in this study translated into a
Simpson I1-D index of about 0.042, in line with an
obvious diversity previously observed by others when
either comparing molecularly cloned cDNA fragments
of Stamaril® [52], or deep sequencing of another 17D-

204 vaccine [20], that yet escapes detection in consensus
sequences [28]. In each of the brains, one species
appeared to dominate. Only in the brain of one mouse
(that had been inoculated with 1072 PFU) (Figure 2,
Brain 11) 2 major variants were detectable (Figure 4B
and Supplementary Figure S3). By contrast, in mice
that had been injected with 20 pg of plasmid encoding
a molecular clone of YFV-17D, the virus replicates to
low diversity and clustered as one homogenous virus
species, with no separate clonal linages of YFV-17D aris-
ing when comparing individual brains (Figure 5, Sup-
plementary Figure S4). Importantly, no obvious
selection for more aggressively growing virus variants
could be observed neither in vivo, nor regarding plaque
phenotype in vitro of the individual virus variants iso-
lated from mouse brains after neurotropic replication
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Figure 4. Evolutionary analysis and diversity of YFV-17D before and after inoculation in AG129 mice. (A) Diversity in plaque-purified
virus clones (n = 20) of Stamaril® (lot H5105) prior to injection in mice. A consensus sequence (Stamaril® P0) was generated from 20
plaque-purified virus clones. Evolutionary analysis in MEGA X [36] using Maximum Likelihood method and Kimura 2-parameter
model [51]. Tree by Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances (Maximum Composite Likelihood esti-
mates), selecting the topology with superior log likelihood value (—15353.23). Branch lengths drawn to scale (scale bar: 0.0020
substitutions per site). The analysis involved n=21 nucleotide sequences, including GenBank X03700 as reference genome,
with a total of 10862 positions in the final dataset. (B) Graphical visualization of genetic diversity and segregation observed in
YFV-17D populations following neurotropic infection in AG129 mice.
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Figure 5. Phylogenetic tree of Stamaril® and PLLAV-derived YFV-17D clones from AG129 mice. Coloured dots represent the differ-
ent inocula. Green: PLLAV 20 pg; blue dots: 10* PFU Stamaril; yellow: 10~" PFU Stamaril; red: 1072 PFU Stamaril: purple: consensus
sequence (P0) of Stamaril®. Evolutionary history inferred using the Neighbor-Joining method [52]. The optimal tree (sum of branch
length = 0.00785397) drawn to scale. Evolutionary distances (in number of base substitutions/site) computed using the Kimura 2-
parameter method [17], involving n = 162 nucleotide sequences (n = 10862 positions in the final dataset after pairwise deletion of

ambiguous positions).

(Supplementary Figure S5). In conclusion, in mice that
had been inoculated with YFV-17D, the diversity

observed in brain-derived YFV-17D clones (Figure 3A-
D and Figure 5) is hence likely the consequence of pre-
existing heterogeneity in the YFV-17D inoculum (i.e.
Stamaril®) prior to injection (Figure 4A, Supplementary
Figure S3). Diversity stays very low if the inoculum con-
sists of a molecular clone of YFV-17D.

Discussion

The primary goal of the study was to assess the genetic
stability and diversity (mutation rates and patterns)

arising during YFV-17D replication in a vertebrate
host. We chose to analyse populations by sampling
and direct sequencing of representative numbers of
plaque-purified full virus genomes. This allowed to
assess and compare clonal sequence variability arising
during error-prone viral replication in vivo of the

licensed YFV-17D vaccine.
The two main substrains of YFV-17D currently

commercialized as vaccines are YF17D-204, and
YF17DD ([17]. The evolution of YFV-17D live-attenu-
ated virus was monitored when it was either injected as
a viral inoculum directly derived from Stamaril® or
when the viral genome was launched as a clonal virus



from a plasmid (PLLAV-YFV-17D, 17D-204 ATCC
strain). As the vertebrate host, we used IFN a/f and
y-receptor deficient AGI129 mice; these animals are
hypersusceptible to infection with either YFV or
YFV-17D [55-57]. Inoculation of these mice with
YFV-17D (equivalent to a fractional dose of Stamaril®)
results, on average after 12 days, in a lethal dissemi-
nated and neuroinvasive infection. When very low
inocula are being used disease onset and mortality is
delayed, the mean day to euthanasia is then on average
16 days [57]. This model thus allows lengthy replica-
tion and expansion of the initial (minimal) inoculum
and is thus ideally suited to study evolution of the
viral population. Hamming distances, Shannon
entropy values and Simpson’s indices of diversity
reveal a relatively low viral diversity in mice inoculated
with a rather high inoculum (10*) PFU of YFV-17D
(Figure 3). The diversity increases with decreasing
titres of the inoculum. We observed the highest diver-
sity in a mouse injected with a very low inoculum (10~>
PFU, corresponding to ~1 CCIDs,) of YFV-17D. Virus
isolates from the brain of this mouse comprised a
mutant spectrum of at least eight different virus var-
iants (out of 15 brain-derived isolates) that arose
from the parental Stamaril®. Virus isolates from the
low titre inoculum had increased Hamming distances
significantly different (p <0.0001) compared with iso-
lates from the higher titre inoculum. In line with this
finding, the Shannon entropy and the Simpson’s
index of diversity were also higher for the low titre
compared to the high titre inoculum. This is unex-
pected considering that YFV is thought to reach the
brain through the blood brain barrier [58] whereby
an increase in the titre of the inoculum may possibly
increase the number of virus variants that would even-
tually reach the brain. A possible explanation may thus
be that the viruses present in the lowest titre inoculum
(< 1 PFU) may have replicated and evolved to generate
highly replication competent viruses; thereby possibly
selecting for variants with increased neuroinvasive
and neurovirulent properties. Though no direct exper-
imental evidence for this hypothesis could be provided
in this study, at least an increased infectious virus yield
(yet not viral RNA load) could be isolated from the
brains of the low versus the high titre infected groups
(Supplementary Figure S1B). The mice that had
received the low inoculum lived on average a couple
of days longer than those that had been injected with
a high titre inoculum [57]. A longer lifespan may also
allow more replication cycles/expansion of the popu-
lation, thereby increasing the likelihood of the acqui-
sition of novel mutations. It is worth noting that
variants that were originally present as minorities in
the heterogeneous Stamaril® population emerged to
be dominant variants orchestrating infection and
viral pathogenesis in some mice. This observation is
further suggestive for a viral bottleneck-mediated
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quasispecies restriction [19] and subsequent evolution
of this variants. It has been reported that YFV does
not experience bottlenecks during its replication in
interferon type I (IFN o/B) deficient mice [59]. How-
ever, as reported here (in an infection model wherein
each variant in the population has the potential of
infecting and causing disease), the population bottle-
neck may be a plausible phenomenon to explain the
neuroinvasion of the mouse brain by a single or at
most a few variants, in particular variants that existed
already in the inoculum as minorities. These findings
may have implications for WHOs recent endorsement
of using fractional dosing to cope with vaccine shortage
during recent large emergency of YF epidemics (see
infra) [60].

To study the evolution of an expanding YFV-17D
population, yet starting from a homogenous inoculum,
we launched the virus as a clonal genome from a plas-
mid using our PLLAV technology [29]. From the low
diversity observed in these mice (Figure 2B), there is
no assumption to believe that launching of YFV-17D
replication from PLLAV-YFV-17D (driven by the cel-
lular RNA polymerase IT) would add extra variability to
the circulating vaccine virus population [61,62]. In our
mouse model, PLLAV-launched YFV-17D had the
lowest diversity indices (Figure 3A,B); in fact, 42% of
the clones derived from the brain had no mutations
in their genomes whereas the remaining 58% carried
only 1-2 (mostly silent) mutations. This is in stark con-
trast to the situation where mice had been injected with
the vaccine virus (quasispecies); in that case, YFV-17D
clones carried up to 11 nucleotide variants per genome
(Figure 2A). Clones obtained from one of the PLLAV-
YFV-17D inoculated mice had a Shannon entropy and
Simpson index of diversity of zero, indicating that
YFV-17D can replicate without errors during broad
expansion in the vertebrate host. This finding is con-
trary to the popular paradigm that virus pathogenesis
increases with increasing viral diversity [21,62]. We
here show that diversity is not strictly necessary for
YFV-17D induced pathogenesis (the mouse without
virus diversity in the brain had equally overt signs of
infection/disease as mice carrying multiple variants).
In addition, clones isolated from another mouse that
had been injected with a low inoculum carried exclu-
sively silent mutations that likely do not change the
phenotype of the viruses (Supplementary Figure S5).
Furthermore, only one dominant virus variant (could
be isolated from each mouse brain (Supplementary
Figure S3; exception Brain 11) despite the high diver-
sity that pre-existed in the original YFV-17D (Sta-
maril®) inoculum, further corroborating that diversity
does not directly correlate with viral pathogenesis.

Our findings may have important public health
implications. The YF outbreaks in recent years
(Angola, DRC, Nigeria, and Brazil) repeatedly depleted
the YFV-17D vaccine stocks [60]. Consequently, WHO
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recommended fractional dosing (1/5) to meet the huge
demands. Studies demonstrate that reducing the dose
(of a sufficiently high tittered) YFV-17D does not
affect immunogenicity and safety, however, the studies
were restricted to adults [63-67]. Because of limited
data in children, WHO expressed potential safety con-
cerns and recommended full doses for children. WHO
highlighted the urgent need for more studies on frac-
tional YF doses in young children. Though our labora-
tory findings suggesting that YFV-17D accumulates
only very few mutations, even after maximal expansion
(following inoculation of an approximately < 1/10°
human dose) in highly permissive mice cannot directly
be translated to the human situation in the field, our
results suggest that the limited (one fifth) fractional
dosing of YFV-17D may also in humans (most likely)
not result in an increased risk of YEL-AND, at least
not (to the experimental evidence provided by us and
others studying the genetic stability during YFV-17D
replication [20,49,68,69]) due to any apparent ten-
dency of the vaccine virus to revert to or select for
pathogenic variants. These results are also reassuring
for the use of fractional-dose YF vaccination in
children. A randomized non-inferiority trial was
recently launched comparing seroconversion after
fractional-dose in children (ClinicalTrials.gov number,
NCT02991495), to provide more data on immunogeni-
city and safety of low inoculum dose vaccination in this
vulnerable age group.

In conclusion, we confirm that the mutation rate of
YFV-17D is very low, comprising between 10™* and
10~ nucleotide substitutions per genome following
long term maximal in vivo replication in the vertebrate
host. We provide evidence that pathogenesis of YFV-
17D (and possibly other flaviviruses), does not necess-
arily correlate with virus diversity. The mutation fre-
quencies, Shannon entropies, Simpson indices of
diversity and the Hamming distances reveal that the
plasmid-launched YFV-17D is at least as stable (but
apparently obviously more stable), in immunodeficient
mice, as the highly heterogeneous Stamaril® derived
virus. We also report that fractional dosing in AG129
mice does not affect the stability and evolution of the
YFV-17D vaccine. Overall, the high genetic stability
of YFV-17D, even following maximal expansion in
the vertebrate host (here immunodeficient mice) may
largely lower the risks of antigenic drift or evolution
of revertant virus vaccines.

Acknowledgements

We are thank Jasmine Paulissen for excellent technical sup-
port and Pierre Fiten, KU Leuven Laboratory for Immunobi-
ology, for sequencing services. We are grateful to Prof. Peter
Bredenbeek, Leiden University Medical Center, for provid-
ing cell lines and to Dr. Dirk Teuwen for insightfully proof-
reading this manuscript.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This project has received funding from the European
Union’s Horizon 2020 research and innovation programme
under grant agreement No 733176 (RABYD-VAX consor-
tium), No 734584 (ZikaPLAN) and No 734548 (ZIKAlli-
ance). B.V. was supported by a postdoctoral grant of the
FWO (Fonds Wetenschappelijk Onderzoek Vlaanderen).

ORCID

Dieudonné Buh Kum
8230

Niraj Mishra (© http://orcid.org/0000-0002-8679-8847
Bram Vrancken (© http://orcid.org/0000-0001-6547-5283
Hendrik Jan Thibaut © http://orcid.org/0000-0001-5785-

http://orcid.org/0000-0001-8251-

8276

Annelies Wilder-Smith (2 http://orcid.org/0000-0003-0362-
5375

Philippe Lemey © http://orcid.org/0000-0003-2826-5353

Johan Neyts
Kai Dallmeier

http://orcid.org/0000-0002-0033-7514
http://orcid.org/0000-0002-8117-9166

References

[1] WHO. Vaccines and vaccination against yellow fever.
WHO position paper. Wkly Epidemiol Rec. 2013;88
(27):269-283.

[2] Gubler DJ. Pandemic yellow fever: a potential threat to
global health via travelers. J Travel Med. 2018;25(1):
tay097.

[3] Wilder-Smith A, Leong WY. Importation of yellow
fever into China: assessing travel patterns. ] Travel
Med. 2017;24(4):tax008.

[4] Leong WY. New diagnostic tools for yellow fever. |
Travel Med. 2018;25(1):tay079.

[5] Barnett ED. Yellow fever: epidemiology and preven-
tion. Clin Infect Dis. 2007;44(6):850-856.

[6] Wilder-Smith A, Gubler DJ, Weaver SC, et al
Epidemic arboviral diseases: priorities for research
and public health. Lancet Infect Dis. 2017;17(3):
el01-el06.

[7] Wilder-Smith A. Yellow fever vaccination: estimating
coverage. Lancet Infect Dis. 2017;17(11):1109-1111.

[8] Theiler M, Smith HH. The effect of prolonged cultiva-
tion In vitro upon the pathogenicity of yellow fever
virus. ] Exp Med. 1937;65(6):767-786.

[9] Theiler M, Smith HH. The use of yellow fever virus
modified by in vitro cultivation for human immuniz-
ation. ] Exp Med. 1937;65(6):787-800.

[10] Pulendran B. Learning immunology from the yellow
fever vaccine: innate immunity to systems vaccinology.
Nat Rev Immunol. 2009;9(10):741-747.

[11] Lindsey NP, Horiuchi KA, Fulton C, et al. Persistence
of yellow fever virus-specific neutralizing antibodies
after vaccination among US travellers. ] Travel Med.
2018;25(1):tay108.

[12] Coulange Bodilis H, Benabdelmoumen G, Gergely A,
et al. Long term persistence of yellow fever neutralising
antibodies in elderly persons. Bull Soc Pathol Exot.
2011;104(4):260-265.


http://orcid.org/0000-0001-8251-8230
http://orcid.org/0000-0001-8251-8230
http://orcid.org/0000-0002-8679-8847
http://orcid.org/0000-0001-6547-5283
http://orcid.org/0000-0001-5785-8276
http://orcid.org/0000-0001-5785-8276
http://orcid.org/0000-0003-0362-5375
http://orcid.org/0000-0003-0362-5375
http://orcid.org/0000-0003-2826-5353
http://orcid.org/0000-0002-0033-7514
http://orcid.org/0000-0002-8117-9166

(13]

[14]

[22]

(23]

(31]

Poland JD, Calisher CH, Monath TP, et al. Persistence
of neutralizing antibody 30-35 years after immuniz-
ation with 17D vyellow fever vaccine. Bull World
Health Organ. 1981;59(6):895-900.

Barrett AD, Teuwen DE. Yellow fever vaccine - how
does it work and why do rare cases of serious adverse
events take place? Curr Opin Immunol. 2009;21
(3):308-313.

Cottin P, Niedrig M, Domingo C. Safety profile of the
yellow fever vaccine Stamaril®: a 17-year review. Expert
Rev Vaccines. 2013;12(11):1351-1368.

Lindsey NP, Rabe IB, Miller ER, et al. Adverse event
reports following yellow fever vaccination, 2007-13.
] Travel Med. 2016;23(5):taw045.

Stock NK, Boschetti N, Herzog C, et al. The phylogeny
of yellow fever virus 17D vaccines. Vaccine. 2012;30
(6):989-994.

Kuss SK, Etheredge CA, Pfeiffer JK. Multiple host bar-
riers restrict poliovirus trafficking in mice. PLoS
Pathog. 2008;4(6):¢1000082.

Pfeiffer JK, Kirkegaard K. Bottleneck-mediated quasis-
pecies restriction during spread of an RNA virus from
inoculation site to brain. Proc Natl Acad Sci USA.
2006;103(14):5520-5525.

Beck A, Tesh RB, Wood TG, et al. Comparison of the
live attenuated yellow fever vaccine 17D-204 strain to
its virulent parental strain Asibi by deep sequencing.
J Infect Dis. 2014;209(3):334-344.

Vignuzzi M, Stone JK, Arnold JJ, et al. Quasispecies
diversity determines pathogenesis through cooperative
interactions in a viral population. Nature. 2006;439
(7074):344-348.

Holland JJ, De La Torre JC, Steinhauer DA. RNA virus
populations as quasispecies. Curr Top Microbiol
Immunol. 1992;176:1-20.

Pfeiffer JK, Kirkegaard K. Increased fidelity reduces
poliovirus fitness and virulence under selective pressure
in mice. PLoS Pathog. 2005;1(2):el1.

Collins ND, Barrett AD. Live attenuated yellow fever
17D vaccine: A legacy vaccine still controlling outbreaks
in modern day. Curr Infect Dis Rep. 2017;19(3):14.
Monath TP. Review of the risks and benefits of yellow
fever vaccination including some new analyses. Expert
Rev Vaccines. 2012;11(4):427-448.

Seligman SJ. Risk groups for yellow fever vaccine-
associated viscerotropic disease (YEL-AVD). Vaccine.
2014;32(44):5769-5775.

Jennings AD, Gibson CA, Miller BR, et al. Analysis of a
yellow fever virus isolated from a fatal case of vaccine-
associated human encephalitis. ] Infect Dis. 1994;169
(3):512-518.

Barban V, Girerd Y, Aguirre M, et al. High stability of
yellow fever 17D-204 vaccine: a 12-year restrospective
analysis of large-scale production. Vaccine. 2007;25
(15):2941-2950.

Dallmeier K, Neyts J. Bacterial artificial chromosomes.
Patent application 2013 (WO 2014174078A1).
Dallmeier K, Neyts J. Simple and inexpensive three-
step rapid amplification of cDNA 5 ends using 5
phosphorylated primers. Anal Biochem. 2013;434
(1):1-3.

Wild ], Hradecna Z, Szybalski W. Conditionally
amplifiable BACs: switching from single-copy to
high-copy vectors and genomic clones. Genome Res.
2002;12(9):1434-1344.

Fumoto S, Nakajima S, Mine T, et al. Efficient in vivo
gene transfer by intraperitoneal injection of plasmid

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

(41]

(42]

(43]

(44]

(45]

(46]

(47]

(48]

(49]

(50]

(51]

(52]

Emerging Microbes & Infections 1745

DNA and calcium carbonate microflowers in mice.
Mol Pharm. 2012;9(7):1962-1970.

Lindenbach BD. Rice CM. trans-Complementation of
yellow fever virus NS1 reveals a role in early RNA
replication. J Virol. 1997;71(12):9608-9617.

Ferguson M, Heath A. Collaborative study to assess the
suitability of a candidate International standard for yel-
low fever vaccine. Biologicals. 2004;32(4):195-205.
van den Broek MF, Muller U, Huang S, et al. Antiviral
defense in mice lacking both alpha/beta and gamma
interferon receptors. J Virol. 1995;69(8):4792-4796.
Kaptein SJ, De Burghgraeve T, Froeyen M, et al. A deri-
vate of the antibiotic doxorubicin is a selective inhibi-
tor of dengue and yellow fever virus replication in
vitro. Antimicrob Agents Chemother. 2010;54
(12):5269-5280.

Beck A, Tesh RB, Wood TG, et al. Comparison of the
live attenuated yellow fever vaccine 17D-204 strain to
its virulent parental strain Asibi by deep sequencing.
] Infect Dis. 2014;209(3):334-344.

Kumar S, Stecher G, Li M, et al. MEGA x: molecular
evolutionary genetics analysis across computing plat-
forms. Mol Biol Evol. 2018;35(6):1547-1549.

Moreno H, Tejero H, de la Torre JC, et al
Mutagenesis-mediated virus extinction: virus-depen-
dent effect of viral load on sensitivity to lethal defec-
tion. PLoS One. 2012;7(3):e32550.

Nishijima N, Marusawa H, Ueda Y, et al. Dynamics of
hepatitis B virus quasispecies in association with
nucleos(t)ide analogue treatment determined by
ultra-deep sequencing. PLoS One. 2012;7(4):e35052.
Domingo E, Gomez J. Quasispecies and its impact on
viral hepatitis. Virus Res. 2007;127(2):131-150.
Hunter PR, Gaston MA. Numerical index of the discri-
minatory ability of typing systems: an application of
Simpson’s index of diversity. J Clin Microbiol.
1988;26(11):2465-2466.

Tsyvina V, Campo DS, Sims §, et al. Fast estimation of
genetic relatedness between members of heterogeneous
populations of closely related genomic variants. BMC
Bioinform. 2018;19(11):360.

RW Hamming. Error detecting and error correcting
codes. Bell Syst Tech J. 1950;29(2):147-160.
Anderson CS, McCall PR, Stern HA, et al. Antigenic
cartography of HINI1 influenza viruses using
sequence-based antigenic distance calculation. BMC
Bioinform. 2018;19(1):51.

Fishman SL, Branch AD. The quasispecies nature and
biological implications of the hepatitis C virus. Infect
Genet Evol. 2009;9(6):1158-1167.

Team R. R. A language and environment for statistical
computing. 2017. https://www.R-project.org/.
Chambers TJ, Nickells M. Neuroadapted yellow fever
virus 17D: genetic and biological characterization of a
highly mouse-neurovirulent virus and its infectious
molecular clone. J Virol. 2001;75(22):10912-10922.
Pugachev KV, Guirakhoo F, Ocran SW, et al. High
fidelity of yellow fever virus RNA polymerase.
J Virol. 2004;78(2):1032-1038.

Domingo E, Escarmis C, Sevilla N, et al. Basic concepts
in RNA virus evolution. Faseb J. 1996;10(8):859-864.
Drake JW, Charlesworth B, Charlesworth D, et al.
Rates of spontaneous mutation. Genetics. 1998;148
(4):1667-1686.

Salmona M, Gazaignes S, Mercier-Delarue S, et al.
Molecular characterization of the 17D-204 vyellow
fever vaccine. Vaccine. 2015;33(41):5432-5436.


https://www.R-project.org/

1746

(53]

[54]

(55]

. D.B.Kum et al.

Kimura M. A simple method for estimating evolution-
ary rates of base substitutions through comparative
studies of nucleotide sequences. ] Mol Evol. 1980;16
(2):111-120.

Saitou N, Nei M. The neighbor-joining method: a new
method for reconstructing phylogenetic trees. Mol Biol
Evol. 1987;4(4):406-425.

Thibodeaux BA, Garbino NC, Liss NM, et al. A small
animal peripheral challenge model of yellow fever
using interferon-receptor deficient mice and the 17D-
204 vaccine strain. Vaccine. 2012;30(21):3180-3187.
Meier KC, Gardner CL, Khoretonenko MV, et al. A
mouse model for studying viscerotropic disease caused
by yellow fever virus infection. PLoS Pathog. 2009;5
(10):e1000614.

Kum DB, Mishra N, Boudewijns R, et al. A yellow
fever-Zika chimeric virus vaccine candidate protects
against Zika infection and congenital malformations
in mice. NPJ Vaccines. 2018;3(1):56.

Mims CA. The invasion of the brain by yellow fever
virus present in the blood of mice. Br ] Exp Pathol.
1957;38(3):329-338.

Erickson AK, Pfeiffer JK. Dynamic viral dissemination
in mice infected with yellow fever virus strain 17D.
] Virol. 2013;87(22):12392-12397.

Vannice K, Wilder-Smith A, Hombach ]J. Fractional-
dose yellow fever vaccination - advancing the evidence
base. N Engl ] Med. 2018;379(7):603-605.

Jeon C, Agarwal K. Fidelity of RNA polymerase II tran-
scription controlled by elongation factor TFIIS. Proc
Natl Acad Sci USA. 1996;93(24):13677-13682.

(62]

(63]

(64]

(65]

(66]

(67]

(68]

[69]

Sydow JF, Cramer P. RNA polymerase fidelity and
transcriptional proofreading. Curr Opin Struct Biol.
2009;19(6):732-739.

Casey RM, Harris JB, Ahuka-Mundeke S, et al.
Immunogenicity of fractional-dose vaccine during a
yellow fever outbreak - final report. N Engl J Med.
2019;381(5):444-454.

Wu JT, Peak CM, Leung GM, et al. Fractional dosing of
yellow fever vaccine to extend supply: a modelling
study. Lancet. 2016;388(10062):2904-2911.

Roukens AH, Vossen AC, Bredenbeek PJ, et al.
Intradermally administered yellow fever vaccine at
reduced dose induces a protective immune response:
a randomized controlled non-inferiority trial. PLoS
One. 2008;3(4):e1993.

Roukens AHE, van Halem K, de Visser AW, et al.
Long-term protection after fractional-dose yellow
fever vaccination: follow-up study of a randomized,
controlled, noninferiority trial. Ann Intern Med.
2018;169(11):761-765.

Martins RM, Maia MdL, Farias RH, et al. 17DD
yellow fever vaccine: a double blind, randomized
clinical trial of immunogenicity and safety on a dose-
response study. Hum Vaccin Immunother. 2013;9
(4):879-888.

Collins ND, Beck AS, Widen SG, et al. Structural and
nonstructural genes contribute to the genetic diversity
of RNA viruses. MBio. 2018;9(5):e01871-18.

Xie H, Cass AR, Barrett AD. Yellow fever 17D vaccine
virus isolated from healthy vaccinees accumulates very
few mutations. Virus Res. 1998;55:93-99.



	Abstract
	Introduction
	Materials and methods
	Plasmids
	Virus stocks
	Mice and tissue samples
	Genome amplification
	Sequence analysis
	Measurement of absolute diversity
	Plaque assay and plaque purification
	Statistical analysis

	Results
	Genetic stability of YFV-17D and plasmid-launched YFV-17D following inoculation of AG129 mice.
	Impact of the YFV-17D inoculum size on evolution of the virus in AG129 mice
	YFV-17D passes through a bottleneck during neuroinvasion in AG129 mice

	Discussion
	Acknowledgements
	Disclosure statement
	ORCID
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.245 841.846]
>> setpagedevice


