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A neuroadapted strain of yellow fever virus (YFV) 17D derived from a multiply mouse brain-passaged virus
(Porterfield YF17D) was additionally passaged in SCID and normal mice. The virulence properties of this virus
(SPYF) could be distinguished from nonneuroadapted virus (YF5.2iv, 17D infectious clone) by decreased
average survival time in SCID mice after peripheral inoculation, decreased average survival time in normal
adult mice after intracerebral inoculation, and occurrence of neuroinvasiveness in normal mice. SPYF exhib-
ited more efficient growth in peripheral tissues of SCID mice than YF5.2iv, resulting in a more rapid
accumulation of virus burden, but with low-titer viremia, at the time of fatal encephalitis. In cell culture, SPYF
was less efficient in replication than YF5.2iv in all cell lines tested. The complete nucleotide sequence of SPYF
revealed 29 nucleotide substitutions relative to YF5.2iv, and these were distributed throughout the genome.
There were a total of 13 predicted amino acid substitutions, some of which correspond to known differences
among the Asibi, French viscerotropic virus, French neurotropic vaccine, and YF17D vaccine strains. The
envelope (E) protein contained five substitutions, within all three functional domains. Substitutions were also
present in regions encoding the NS1, NS2A, NS4A, and NS5 proteins and in the 3� untranslated region (UTR).
Construction of YFV harboring all of the identified coding nucleotide substitutions and those in the 3� UTR
yielded a virus whose cell culture and pathogenic properties, particularly neurovirulence and neuroinvasive-
ness for SCID mice, generally resembled those of the original SPYF isolate. These findings implicate the E
protein and possibly other regions of the genome as virulence determinants during pathogenesis of neuroad-
apted YF17D virus in mice. The determinants affect replication efficiency in both neural and extraneural
tissues of the mouse and confer some limited host-range differences in cultured cells of nonmurine origin.

Viruses within the Flavivirus genus of the family Flaviviridae
are generally neurotropic, exhibiting various degrees of neu-
rovirulence in rodent and primate hosts (41). Introduction of
virus into the murine central nervous system (CNS) causes an
acute encephalitis, the outcome of which can be influenced by
the dose of virus and the age and strain of the mouse (15).
Different strains of yellow fever virus (YFV) can be distin-
guished by their level of mouse neurovirulence (5, 15, 28,
52–54), and this property can be enhanced by serial passage of
the virus in mouse brain (37, 56, 59). This neuroadaptation has
also been observed with other flaviviruses (7, 11, 25). Genetic
analyses of viruses which differ in their virulence properties
have commonly focused on the envelope (E) protein, for which
a variety of mutations have been shown to modulate neuro-
virulence (reviewed in reference 36). Regarding YFV, nucle-
otide sequence analysis of the partially attenuated French neu-
rotropic virus (FNV) strain of YFV which was derived by
mouse brain passage of the wild French viscerotropic virus
(FVV) strain, revealed that numerous residues within the E
protein, as well as in other regions of the genome, were re-
tained relative to the fully attenuated 17D vaccine (22, 61).
FNV caused encephalitis in humans at a rate higher than that
which occurs with the YF17D vaccine strain (16), and although

the pathophysiologic mechanisms for this phenomenon are not
known, mutations in the E protein are presumed to be impor-
tant. A rare neurovirulent revertant of the YF17D vaccine was
shown to contain novel mutations only within the E protein
(23). The role of these various mutations in altering those
functional properties of the flavivirus E protein which increase
neurovirulence is not well understood. It is assumed that re-
ceptor binding and subsequent events associated with virus
entry, including low-pH-induced conformational changes and
fusion with intracellular membranes, are principally involved
(6, 32, 34, 35, 45, 46, 52, 54). In contrast to the E protein,
neurovirulence determinants in the nonstructural and untrans-
lated regions have been less well studied (8, 14, 25, 31, 38, 43,
47). These are likely to be important in relationship to host
factors that affect enzymatic activities associated with viral
transcription, translation of the viral polyprotein, or virion
assembly or to RNA structures involved in cis-acting regulatory
events and/or interactions with host proteins.

In a previous study, the mouse neurovirulence of a neuro-
adapted strain of YF17D (Porterfield 17D) was initially char-
acterized, and a partial nucleotide sequence including the
prM-through-NS2A region was reported (55). This virus
causes uniform mortality in young adult mice after intracere-
bral (i.c.) inoculation of as little as 1 PFU of virus, replicates in
mouse brain tissue more rapidly than nonneuroadapted virus,
and results in higher peak titers of brain-associated virus and
earlier death. Mutations at five positions in the E protein, as
well as single substitutions in the NS1 and NS2A proteins, were
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identified in that study. However, the importance of these
substitutions for the mouse-neurovirulent phenotype could not
be demonstrated. To further investigate the genetic basis of the
enhanced virulence of neuroadapted YF17D virus, we deter-
mined the complete nucleotide sequence of a plaque-purified
virus (SPYF) after characterization of its virulence properties
in mice. We then determined the phenotype of a correspond-
ing virus engineered from cDNA to contain the predicted
amino acid substitutions specific to the SPYF strain. In this
investigation, adult SCID mice were found to be very sensitive
to differences in virulence between neuroadapted and nonneu-
roadapted virus, developing a fatal encephalitis as early as 8
days after intraperitoneal (i.p.) inoculation of the SPYF strain.
This model offers the chance to investigate the virus-host in-
teractions which lead to neuroinvasion in the absence of virus-
specific immunity. Use of this model to understand the molec-
ular basis for flavivirus neurovirulence might therefore have
implications for engineering live attenuated viral vaccines
based on recombinant DNA technology. For instance, a nom-
inal requirement for such vaccines is an acceptable attenuation
phenotype based on multiple stable genetic determinants
within the viral genome.

MATERIALS AND METHODS

Cells and viruses. SW-13, BHK-21, Vero, and C6/36 cells were used as pre-
viously described (10). The neuroadapted PYF virus, which has undergone more
than 20 passages in suckling mouse brain, has been previously described (55).
YF5.2iv virus generated from a YF17D molecular clone has been previously
described (51). Plaque assays for virus quantitation were routinely done in Vero
cells, since the plaquing efficiency of the PYF virus in SW-13 cells is poor.
Viruses were diluted in phosphate-buffered saline (PBS) plus 10% fetal bovine
serum for injection into mice.

Mouse experiments. Mice used in these experiments included the ICR strain
(Harlan/Sprague-Dawley and Taconic Farms), the SCID/ICR strain (Taconic
Farms), and the SCID C.B.-17 strain (Taconic Farms). Mice were used between
3 and 6 weeks of age for studies of neurovirulence. Mice were inoculated by the
i.p. route for peripheral inoculation or by the i.c. route, after anesthetization.
Mice were observed until the onset of a moribund condition and then sacrificed.
Statistical analyses of differences in mortality were done using Fisher’s exact test.
Differences in survival times were analyzed using Wilcoxon rank-sum tests. For
analysis of virus in tissues of infected mice, tissues were recovered by dissection
after perfusion with PBS and stored at �70°C until used for virus quantitation.
Titration of tissue-associated virus was done by preparing 20% suspensions of
tissue homogenates in a Dounce homogenizer in PBS plus 10% fetal bovine
serum and then performing plaque assays on Vero cells. The plaque assay was
done using serial dilutions of virus plated on cell monolayers under 1.0% ME
agarose (SeaKem) in alpha-minimum essential medium plus 5% fetal bovine
serum. Plaques were visualized by staining after 5 days with 0.05% neutral red in
PBS and then were counted after fixation in 10% formalin and staining with
crystal violet.

Derivation of SPYF. The original Porterfield YF17D strain (55) was used as
the starting material. This virus was inoculated at a dose of approximately one
million PFU into 5-week-old SCID mice (C.B.-17 strain) by the i.p. route, with
onset of encephalitis occurring between 2 and 3 weeks postinoculation. Virus was
obtained from the brain of a moribund mouse and a 20% brain suspension was
prepared for plaque titration and further passage. After a second round of i.p.
inoculation into SCID mice, the brain-associated virus was subjected to three
rounds of plaque purification in SW-13 cells, in conjunction with amplification on
BHK cells. Media from the third rounds of plaque purifications and amplifica-
tions were inoculated into 3-week-old ICR mice by i.c. inoculation, and brains
were harvested at the onset of a moribund condition. One of these brain harvests
was passaged a final time on Vero cells to provide a working stock of virus,
hereafter referred to as SPYF. The nonneuroadapted YF5.2iv virus was derived
by transfection of SW-13 cells with SP6 transcripts from a full-length in vitro-
ligated cDNA template (51). The progeny virus was plaque purified twice in
SW-13 cells, amplified in BHK cells, and passaged once on Vero cells to provide

a working virus stock with a passage history which matched that of the SPYF
virus, except for the mouse passages.

Molecular cloning and nucleotide sequencing. RNA was prepared from virus-
infected SCID mouse brain at the onset of a moribund condition after i.p.
inoculation with the working stock of SPYF virus. RNA was extracted using
TRIzol (Life Technologies). The oligonucleotide primers used for reverse tran-
scription-PCR were as follows: minus-strand primers, 10836-10861 (3�-GGAAA
CCTACTGTTTGTGTTTTGGTGA-5�), 9051-9074 (3�-CGGCACGGTATACC
ATATACACCG-5�), 6947-6965 (3�-GGTAGATCACGAAGTGGGA-5�), 5228-
5250 (3�-GCGAACGCGTGAGAACACAACCG-5�), 2486-2503 (3�-CTCGAG
TTCACGCCTCTA-5�), 773-788 (3�-TTGGTACCAAACTTCT-5�); and plus-
strand primers, 1-22 (5�-AGTAAATCCTGTGTGCTAATTG-3�), 424-440 (5�-
CCATGATGTTCTGACTG-3�), 2482-2503 (5�-GAGAGAGCTCAAGTGCGG
AGAT-3�), 4803-4819 (5�-TTGTCGCCTATGGTGGC-3�), 6954-6975 (5�-GTG
CTTCACCCTGGAGTTGGCC-3�), 9051-9073 (5�-GCCGTGCCATATGGTA
TATGTGG-3�).

RNA was reverse transcribed using Superscript-RT (Gibco/BRL) and the
YF17D-specific minus-strand primers. The cDNA products were subjected to
PCR using Deep Vent DNA polymerase (New England Biolabs) and typical
amplification cycles of 2 min of denaturation, 1 min of annealing (55°C), and
extension for up to 2.5 min. PCR products were isolated by agarose gel electro-
phoresis, purified using Wizard PCR preps (Promega), and cloned into Zero-
blunt-TOPO plasmids (Invitrogen). At least duplicate reactions were cloned for
each sample. Clones containing correctly sized inserts were used for nucleotide
sequencing. Nucleotide sequencing was done using Big Dye chain terminator
reactions and was analyzed on an Applied Biosystems DNA sequencer. Chro-
matograms were read manually for detection and verification of all nucleotide
substitutions.

Reconstruction of virus. A molecular clone of the SPYF virus, hereafter
referred to as SPYF-MN, was constructed as follows. Construction of YFV
plasmids pYF5�3�IV and pYFM5.2 harboring the SPYF substitutions was done
using standard cloning techniques to exchange regions from the Zeroblunt-
TOPO plasmids into either of these two plasmids. pYF5�3�IV contains YFV
nucleotides (nt) 1 to 2271 and 8275 to 10862 (YFV numbering) downstream of
an SP6 promoter. pYFM5.2 contains the YFV sequence from nt 1363 to 8704.
Construction of pYF5�3�IV(SPYF) was done by incorporation of the SPYF
sequence of nt 536 to 1655 and 9058 to 10708 in five steps. An AvaI/NsiI fragment
(containing SPYF nt 536 to 1655) was ligated into pYF5�3�(del)-XhoI/SalI, from
which an XhoI/SalI fragment (nt 9423 to 10861) had been excised. The deleted
XhoI/SalI fragment was then replaced with a NotI/NsiI fragment (nt 6675v to
1655) from pYF5�3�IV (where 6675v identifies the nucleotide position within the
vector portion of the plasmid). An NdeI/XbaI fragment containing the SPYF
sequence from nt 9058 to 10708 was ligated into pYF5�3�IV(del)-BsmI, from
which a BsmI fragment (nt 459 to 1514) had been deleted. The deleted BsmI
fragment was then replaced with a NotI/EcoRI fragment (nt 6675v to 2271) from
pYF5�3�IV. The EcoRI site in YF5�3�IV lies at the junction of YFV nt 2271 and
8275. The NotI/EcoRI fragment from the plasmid containing the SPYF sequence
from nt 536 to 1655 was then ligated to the nt 2271-to-6675v NotI/EcoRI frag-
ment from the plasmid harboring the SPYF sequence from nt 9058 to 10708 to
generate the final plasmid pYF5�3�IV(SPYF).

Construction of pYFM5.2(SPYF) required eight steps. The NsiI/SacI frag-
ment containing SPYF nt 1655 to 2486 was ligated into pYFM5.2(del)-SacI, from
which two SacI fragments (from nt 2486 to 5108) had been excised. The deleted
SacI fragments were then replaced with a partial SacI digestion product con-
taining SPYF nt 2486 to 5108. An NheI/AvaI fragment containing SPYF nt 5459
to 6797 was separately ligated into pYFM5.2(del)-SacI and the SacI deletion was
restored with the partial SacI digestion fragment from pYFM5.2. In a third
construct pYFM5.2 was digested with SphI and religated to excise the 1684-to-
6897 SphI fragment and to produce pYFM5.2(del)-SphI, and the BsgI/EcoRV
fragment containing SPYF nt 7444 to 8027 was ligated into this plasmid. A fourth
plasmid was produced by partial digestion of pYFM5.2 with BanII to generate
pYFM(del)-partial BanII lacking the YFV sequence between nt 1599 and 6330.
Into this plasmid an SphI/XbaI fragment containing nt 6897 to 7365v from
pYFM5.2(del)-SphI (containing the SPYF sequence from nt 7444 to 8027) was
ligated. This resulted in incorporation of the SPYF sequence from 7444 to 8027
into pYFM5.2(del)-partial BanII. Both this plasmid and the pYFM5.2 plasmid
containing the SPYF sequence from nt 5459 to 6797 were digested with NgoMIV
and XbaI and the 6701-to-7365v fragment from pYFM5.2(del)-partial BanII was
ligated into pYFM5.2 containing the SPYF sequence from nt 5459 to 6797,
thereby incorporating the SPYF sequences from nt 5459 to 6701 and nt 7444 to
8027 into pYFM5.2. This ligation resulted in the loss of the nonsynonymous
SPYF substitution at nt 6758 from this construct. The SPYF sequence from nt
1655 to 5108 was then introduced from pYFM5.2 harboring this SPYF sequence
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via a common NsiI/NheI fragment (nt 1655 to 5459). The deleted SPYF 6758
substitution was then restored by a three-piece ligation in which both pYFM5.2
containing the SPYF sequences from nt 1655 to 5108, 5459 to 6701, and 7444 to
8027 and the pYFM5.2 plasmid containing the SPYF sequence from nt 5459 to
6797 were digested with NgoMIV and AvaI. The 6701-to-6797 bp fragment from
the latter plasmid was ligated into the corresponding site in the first plasmid to
produce pYFM5.2 containing the SPYF sequences from nt 1655 to 5108, 5459 to
6797, and 7444 to 8027. This final pYFM5.2 plasmid lacks two synonymous SPYF
substitutions at nt 5338 and 8212 which do not alter the predicted amino acid
sequence of the SPYF virus. The nt 8212 substitution was omitted since it
otherwise restores an intentionally deleted XhoI site in pYFM5.2 which is
needed for linearization of full-length templates (51).

The full-length template for synthesis of RNA transcripts was assembled by in
vitro ligation of appropriate restriction enzyme fragments as described previously
(55). RNA transcription was carried out in the presence of 5�-methyl G-cap
analog, SP6 RNA polymerase (New England Biolabs), and 50 to 100 ng of
full-length DNA template. RNA was transfected onto Vero cell monolayers
using Lipofectamine (Gibco/BRL), and media were harvested between 72 and
120 h postinfection in various experiments. Virus yields were quantitated by
plaque assay on Vero cells as described above.

Virus growth curves. Viruses were inoculated onto monolayers of SW-13,
BHK, or Vero cells at 37°C or onto C6/36 cells at 30°C in triplicate wells at low
multiplicities of infection (see legends to Fig. 4 and 6), and media were harvested
at 24-h intervals, followed by replacement with fresh media. Virus yields were
determined by plaque assay on Vero cells.

RESULTS

Properties of the neuroadapted SPYF virus. Serial passage
of YF17D virus in mouse brain is known to result in enhanced
neurovirulence for young adult mice relative to nonpassaged
virus. In a previous study, when such neuroadapted virus was
tested by inoculation of the olfactory bulb, it replicated more
rapidly, generated a higher CNS virus burden, and caused
earlier death than the nonadapted virus (55). In that study it
was shown that there was genetic heterogeneity in the E pro-
tein of the neuroadapted strain, from which clones were de-
rived directly from the original suckling mouse brain virus
preparation. Hence we subsequently generated plaque-puri-
fied virus isolates from this stock and verified the neuroviru-
lence properties prior to molecular cloning of the full-length
SPYF genome. The original PYF virus (55) was passaged in
adult SCID mice, followed by plaque purification of the brain-

associated virus, amplification in mouse brain, and final growth
in cell culture to provide a working virus stock free of mouse
brain substances. This preparation, referred to as SPYF virus,
was tested for virulence in SCID/ICR mice using YF5.2iv virus
(derived from YF17D infectious clone), which had undergone
the same plaque purification steps except for the passages in
mice, as a control. Previous studies with YF5.2iv virus de-
rived from this clone indicate that it has properties which
generally resemble the YF17D vaccine (17, 33, 43, 55), al-
though there are a few sequence differences between the two
viruses (see below). Figure 1 shows the survival data for SCID/
ICR mice subjected to i.p. inoculation with the SPYF and
YF5.2iv viruses. SPYF caused a fatal encephalitis with an av-
erage incubation period of approximately 11 days (range, 8 to
21 days), whereas death associated with the YF5.2iv virus re-
quired considerably longer (average survival time, 20 weeks;
minimum survival time, 46 days; range, 46 to 259 days [12 mice
analyzed]). In some cases, YF5.2iv-inoculated mice have sur-
vived for prolonged periods (beyond 1 year) and no virus was
recovered from the CNS at the time of death. In Fig. 1,
SPYF-MN refers to the engineered cDNA clone of SPYF
which is discussed below.

Virus distribution in tissues of SCID mice. Experiments
were next done to determine the distribution and content of
SPYF virus in the SCID/ICR mice at the time of fatal enceph-
alitis using plaque titration of tissue homogenates. This
method was found to be sensitive for detection of even low
levels of infectious virus (approximately 1 log PFU/g of tissue)
from these animals. Results are shown in Fig. 2. High levels of
SPYF virus were measured in the brains. The average content
was approximately 8.2 log PFU/g at the time of onset of a
moribund condition in such animals. A range of peripheral
tissues was also tested for virus content. Almost all tissues

FIG. 1. Mortality data for SCID/ICR mice inoculated with 106

PFU of SPYF, YF5.2iv, or SPYF-MN viruses by the i.p. route. Exper-
imental procedures were carried out as described in Materials and
Methods. The mortality curves were constructed using data from three
separate experiments in which similar survival times were recorded
within groups of mice inoculated with the same viruses.

FIG. 2. Content of SPYF virus in tissues of SCID/ICR mice which
had been inoculated by the i.p. route as for Fig. 1. Procedures were
performed as described in Materials and Methods. Virus content is
shown as mean PFU per gram of infected tissue, plus or minus the
standard deviation, based on titrations done on three to five mice for
each group, except for lung tissue content (average of two samples).
Plaque assays were performed on Vero cells. Tissues were harvested
on days 9, 10, 11, 12, and 15 after inoculation, when individual mice
showed signs of encephalitis.
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tested from several individual mice contained measurable
amounts of virus; however, there was variability in the levels
detected. Moderate levels were found in lungs and adrenal
glands (approximately 4 log PFU/g). Somewhat lower levels of
virus were found in the hindlimb muscle, the kidneys, and the
peritoneal membrane at the site of virus inoculation. The low-
est levels were found in the livers and spleens (approximately
1 log PFU/g). Virus was detectable in the blood of these mice
at approximately 2 log PFU/ml. Some of the tissues that did
not yield direct plaque titers were found to contain infectious
virus by culture of the tissue extract in liquid medium on Vero
cells and plaque titration of the medium from the subculture,
indicating that they harbored virus below the limit detectable
by plaque assay.

Virulence properties of SPYF in normal mice. As described
in a previous investigation (55), the parental PYF virus exhibits
high neurovirulence in normal mice by i.c. inoculation, relative
to nonneuroadapted YF5.2iv virus. To determine if SPYF ex-
hibited a similar increased virulence for normal mice, a graded
dose i.c. challenge was conducted in comparison to the YF5.2iv
virus. Five-week-old ICR mice (Harlan) were used in this ex-
periment. Both viruses caused mortality in all mice tested of
this age, even at a dose of 1.0 PFU (Fig. 3A). However, average
survival times for the SPYF virus were significantly shorter

than for YF5.2iv for all doses tested (P � 0.05; two-sided
Wilcoxon test). This suggested more rapid replication of the
SPYF strain in the brains of these mice, which is consistent
with the studies of neuroadapted virus production in infected
mouse brain (55). To determine if any fatal neuroinvasiveness
occured with the SPYF virus, normal ICR mice (Taconic; same
ICR background as the SCID/ICR lineage) were tested by i.p.
inoculation. In experiments with weanling mice inoculated
with the same doses of virus used for the SCID/ICR experi-
ments, six of eight of these mice succumbed to peripheral
inoculation with SPYF (average survival time, 9.33 days),
whereas zero of eight succumbed after inoculation with
YF5.2iv (P � 0.05) (Table 1). To determine if the susceptibility
to SPYF was age dependent, 5-week-old mice were also tested.
In this case, SPYF still caused substantial mortality (4 of 10
mice; average survival time, 10.5 days) (Table 1). The quanti-
ties of SPYF virus in the brains were 7.18 and 7.32 log PFU/g
(two mice in the 3-week-old group) and 6.9 and 7.32 log PFU/g
(two mice in the 5-week-old group). These results were some-
what surprising because the original PYF virus preparation
does not exhibit this degree of neuroinvasiveness in adult mice
(data not shown). More subtle measures of increased viru-
lence, such as the occurrence of subclinical neuroinvasion with
either SPYF or the YF5.2iv virus in mice which did not suc-
cumb to infection, were not analyzed in these experiments. The
ICR mice which succumbed to infection with SPYF virus in
these experiments were also tested for viremia using a direct
plaque assay as shown in Fig. 2. No viremia was detectable in
these samples, despite the progression to lethal encephalitis in
these animals.

Growth efficiency of SPYF in cell culture. To determine if
the neurovirulence phenotypes of the SPYF and YF5.2iv vi-
ruses correlated with any differences in replication in cell cul-
ture, the two viruses were compared for growth efficiency in
several different cell lines (Fig. 4). In all mammalian cell lines
tested, SPYF exhibited less efficient replication, as indicated by
the rate of virus production over the first 24 to 48 h. This was
most pronounced in BHK cells (panel A), where virus yields at
24 h differed by approximately 2 logs. Differences of 0.5 to 1.0
log were observed in the other cell lines at 24 h (panels B, C,
and D). Peak titers of virus occurred between 48 and 72 h for
both viruses in BHK and Vero cells, reaching approximately 6
log of virus per ml. On SW-13 and C6/36 cells, SPYF exhibited
lower titers than YF5.2iv over the interval examined. The
plaque efficiency of the two viruses also differed. SPYF formed
more distinct plaques on Vero cells than YF5.2iv did, but they
were slightly smaller in size (0.9 versus 0.8 mm). In contrast, on
SW-13 cells, SPYF formed small indistinct plaques of �0.5

FIG. 3. Average survival times of ICR mice (Harlan) subjected to
graded dose i.c. inoculations. (A) SPYF compared to YF5.2iv virus.
(B) SPYF-MN compared to YF5.2iv virus. Groups of five to six mice
at 5 weeks of age were used for these experiments. Average survival
times in days (means � standard deviations) are shown. Differences
between SPYF and YF5.2iv were significant for all doses (see text).
Differences between SPYF-MN and YF5.2iv were significant for both
doses (see text).

TABLE 1. i.p. inoculation of ICR mice

Virus Age
(wks)

Dose
(log10 PFU)

Mortality (no. of
deaths/total [%])a

Average survival
time (days)

SPYF 3 6 6/8 (75) 9.33
5 6 4/10 (40) 10.5

SPYF-MN 3 6 0/8 (0) NAb

YF5.2iv 3 6 0/8 (0) NA

a P value � 0.003 for comparison of mortality rates of 3-week-old SPYF mice
to the other viruses.

b NA, not applicable.
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mm, whereas YF5.2iv formed larger distinct plaques (2 to 3
mm) (data not shown).

Nucleotide sequence analysis of the SPYF virus. In order to
define the extent of nucleotide substitutions which differenti-
ated the genome of the SPYF virus from nonneuroadapted
YF5.2iv, the entire SPYF genome was sequenced for duplicate
reverse transcription-PCR-derived clones from the plaque-pu-
rified virus isolate described above. A total of 29 nucleotide
substitutions were identified in the SPYF sequence relative to

that of YF5.2iv. The differences were distributed throughout
many regions of the viral genome (Fig. 5 and Table 2). One of
the two clones contained a silent substitution (an A-to-T trans-
version at nt 4150), but otherwise all nucleotide and predicted
amino acid substitutions were the same for the two clones. The
E protein contained the most amino acid differences of all the
proteins. These occurred at amino acid positions 52, 173, 305,
326, and 380 (numbering relative to the amino terminus of E).
A single amino acid substitution was present in the NS1 pro-

FIG. 4. Growth curves of SPYF and YF5.2iv viruses in cell culture. Experiments were conducted as described in Materials and Methods, using
multiplicities of infection of 0.03 PFU/cell. Samples were obtained in triplicate and titrated on Vero cells, and values indicate mean log PFU/ml �
standard deviation. (A) BHK cells. (B) SW-13 cells. (C) Vero cells. (D) C6/36 cells.

FIG. 5. Schematic of the YFV genome with its open reading frame, 5� and 3� untranslated regions, and positions of nucleotide and amino acid
substitutions between SPYF and YF5.2iv viruses. Amino acid substitutions are shown above the genome. Silent nucleotide changes and those in
the 3� untranslated region are shown below the genome. Residues or nucleotides which are common to SPYF, Asibi, FNV, and/or FVV are marked
with dark shading. Open circles and squares indicate changes unique to SPYF. Diagonal shading indicates the position where differences occur
among YF5.2iv, SPYF, and the virulent YFV strains (Asibi, FNV, and FVV). Horizontal shading indicates identity with FNV (residue 17; NS2A)
or with Asibi and FVV (nucleotide 1432).
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tein. The NS2A protein contained three substitutions, the
NS4A and NS4B proteins each contained one substitution, and
the NS5 protein contained two predicted substitutions. Two
substitutions were identified in the 3� untranslated region. To
gain insight into whether any of the SPYF substitutions were
likely to represent virulence determinants, the sequence of
SPYF was compared with those of other YFV strains known to
exhibit a high level of virulence (Table 2). Comparison of these
nucleotide and amino acid substitutions revealed that nine of
the nucleotide substitutions of SPYF were identical to those of
the Asibi, FNV, and FVV viruses, resulting in seven amino
acid identities (positions 52, 173, and 380 of the E protein,
position 173 of NS2A, position 107 of NS4A, position 232 of
NS4B, and position 657 of NS5). Two other SPYF substitu-
tions occurred at positions where the virulent strains differ
from YF5.2iv, but these involved replacement with a different
residue (position 305 of E and position 169 of NS2A). At one
position (NS2A residue 17), SPYF contained the residue
found in the FNV strain. Nucleotide sequence changes previ-
ously reported in the prM-through-NS2A region of the original
PYF viral genome (55) were also identified in the SPYF se-
quence. It is important to point out that the sequence of the
YF5.2iv virus differs from the consensus sequence of YF17D
(17D-204) (50) at three nucleotide positions (nt 8212, C to T
[silent]; nt 4025, G to A [methionine to valine at NS2A residue
173]; and nt 5641, G to A [silent]) (51). Although SPYF con-
tains valine at NS2A residue 173, a subclone of the YF17D-204

strain also contains this residue (50), suggesting that it is not a
critical virulence determinant.

Taken together, these results suggest that the identified sub-
stitutions in SPYF most likely represent consensus sequence
elements among virulent YF viruses and not random errors
introduced by the cloning procedures during derivation of
SPYF. However, residue 326 of the E protein may represent a
clonal substitution unique to the plaque isolate of SPYF de-
rived in these experiments, since it is not present in the other
virulent YFV strains. The glutamate substitution is also not
found in the parental PYF preparation, which has a lysine
residue at this position (55). Silent nucleotide changes between
SPYF and YF5.2iv were found at 14 positions and were of two
types. Nine of these were unique to SPYF, and five were
common to Asibi and other virulent strains. The two mutations
in the 3� terminus of the genome were unique to the SPYF
virus.

Construction and properties of the SPYF-MN infectious
clone. To assess the importance of the multiple nucleotide
substitutions identified in the SPYF virus for the neuroviru-
lence phenotype, they were introduced into the YF5.2iv infec-
tious clone to evaluate whether the resulting virus would ex-
hibit the properties of the parental SPYF virus. All nucleotide
substitutions except for two silent changes (nt 5338 and 8212)
were introduced. Transfection of Vero cell monolayers with
RNA transcripts derived from the template yielded infectious

FIG. 6. Growth curve analysis of SPYF, SPYF-MN and YF5.2iv
viruses in BHK and SW-13 cells. Experimental procedures were as for
Fig. 4, except that the multiplicity of infection in this experiment was
0.003 PFU per cell. (A) BHK cells. (B) SW-13 cells.

TABLE 2. Comparison of YFV genomes

Name of
region

Position of
substitution

Substitution (nucleotide/amino acid)
in indicated virus

Nucleo-
tide

Amino
acid YF5.2iva SPYF Asibib FNVc FVVc

E 1127 52 a/Arg g/Gly g/Gly g/Gly g/Gly
1432 153 u/Asn c/Asn c/Asn a/Lys c/Asn
1491 173 u/Ile c/Thr c/Thr c/Thr c/Thr
1886 305 u/Phe g/Val u/Ser u/Ser u/Ser
1949 326 a/Lys g/Glu a/Lys a/Lys a/Lys
2112 380 g/Arg c/Thr c/Thr c/Thr c/Thr
2431 486 u/Phe c/Phe u/Phe u/Phe u/Phe

NS1 2554 34 c/Tyr u/Tyr c/Tyr c/Tyr c/Tyr
3135 228 u/Leu a/Gln u/Leu u/Leu c/Pro

NS2A 3557 17 a/Met u/Leu a/Met c/Leu a/Met
4014 169 u/Phe c/Ser u/Leu u/Leu u/Phe
4025 173 a/Met g/Val g/Val g/Val g/Val
4054 182 u/Asn c/Asn c/Asn c/Asn c/Asn
4150 214 a/Ala u/Ala a/Ala a/Ala a/Ala

NS3 5338 256 c/Gly u/Gly c/Gly c/Gly c/Gly
5554 328 u/Asp c/Asp u/Asp u/Asp u/Asp

NS4A 6529 30 c/Phe u/Phe u/Phe u/Leu u/Phe
6664 75 a/Lys g/Lys a/Lys a/Lys a/Lys
6758 107 g/Val a/Ile a/Ile a/Ile a/Ile

NS4B 7492 202 u/Ala c/Ala u/Ala u/Ala u/Ala
7580 232 c/His u/Tyr u/Tyr u/Tyr u/Tyr

NS5 7993 119 g/Leu a/Leu g/Leu g/Leu g/Leu
8212 192 u/Leu c/Leu c/Leu c/Leu c/Leu
9151 505 a/Gly g/Gly a/Gly a/Gly a/Gly
9605 657 g/Asp a/Asn a/Asn a/Asn a/Asn
9719 695 a/Ile c/Leu a/Ile a/Ile a/Ile

10243 869 a/Leu g/Leu g/Leu g/Leu g/Leu
3� untranslated

region
10555 a g a a a
10631 t c t t t

a See references 50 and 51.
b See reference 18.
c See references 22 and 61.
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virus within approximately 5 days. The plaque size of this virus
(hereafter referred to as SPYF-MN) on SW-13 cells was small
(1 mm), resembling that of the parental SPYF virus, but was
larger in size (2.5 mm) and more distinct on Vero cells. This
presumably reflected the clonal nature of the virus derived
from the neuroadapted PYF strain, which does exhibit some
heterogeneity in plaque size. Further characterization of the
SPYF-MN virus included growth curve studies in BHK and
SW-13 cells in comparison to the YF5.2iv and SPYF viruses
(Fig. 6). These experiments revealed that SPYF-MN was im-
paired in replication efficiency in both cell lines relative to
YF5.2iv, particularly in BHK cells. However, it replicated more
efficiently than the parental SPYF virus, with levels of virus
production intermediate between SPYF and YF5.2iv.

Virulence properties of the SPYF-MN virus. To determine if
the virulence properties of the engineered SPYF-MN virus
resembled those of its parental SPYF virus, SCID/ICR mice
were tested for their susceptibility using the experimental de-
sign shown in Fig. 1. The average time to fatal encephalitis
caused by the SPYF-MN virus in SCID/ICR mice was 20 days
(range, 11 to 35 days). This was similar to the average survival
time of 11 days for the SPYF parent, but the difference was
significant (Fig. 1) (P � 0.05; Wilcoxon test). However, the
difference in average survival time between SPYF-MN and the
YF5.2iv virus (20 weeks) was highly significant (P � 0.01).
Thus, the SPYF-MN virus was not exactly identical to the
parental SPYF virus in its virulence properties for SCID/ICR
mice but could be classified as highly virulent relative to the
YF5.2iv virus. To determine if the neuroinvasiveness of SPYF-
MN was restricted to SCID/ICR mice, normal ICR mice (Tac-
onic) at 3 weeks of age received the same i.p. dose as was used
in the SCID/ICR experiments. In this case, SPYF-MN did not
exhibit any apparent neuroinvasiveness, with all mice appear-
ing healthy during the observation period (Table 1). This was
in contrast to the results with the SPYF virus, which as stated

earlier was neuroinvasive in both 3- and 5-week-old mice, with
mortalities of 75 and 40% in these respective groups.

To further compare the virulence properties of the SPYF-
MN virus with its SPYF parent, tissue titration studies were
performed on the SCID/ICR mice which had succumbed to
infection in order to determine the distribution and extent of
virus burden at the time of fatal encephalitis (Fig. 7). The virus
content in tissues of these mice was distributed similarly to that
in mice infected with SPYF (Fig. 2), but in some cases the
magnitude differed. Titers of brain-associated virus were es-
sentially the same as those observed with SPYF (8.2 log PFU/
g). Virus was isolated in similar amounts from adrenal glands
(approximately 4.0 log PFU/g). Most other tissues contained
quantities of titratable virus similar to those seen with the
SPYF virus, except lower levels were found in the lungs, and
the viremia was between 0.5 and 1.0 log PFU/ml lower than
with the SPYF virus. Taken together, these results suggest that
some or all of the genetic determinants introduced into the
SPYF-MN virus govern replication efficiency in the peripheral
tissues of SCID mice, in conjunction with their effects on in-
ducing fatal encephalitis in this host.

To further investigate the relationship between replication
of YFV in peripheral tissues and the occurrence of encepha-
litis, experiments were done to see if the YF5.2iv virus gener-
ated a virus burden in SCID mouse tissues similar to those
seen with the SPYF and SPYF-MN viruses. Three SCID/ICR
mice infected with YF5.2iv were sacrificed at the same time
that mice inoculated with SPYF-MN were succumbing to en-
cephalitis (between 2 and 3 weeks postinfection), and virus
contents were determined in the tissue homogenates as for Fig.
2 and 7. The peripheral tissues and brains of these mice were
devoid of any detectable virus based on plaque assay, except
for a single sample of peritoneal membrane from one mouse
which yielded 2 log PFU/g. Thus, a lower virus burden is
present in mice infected with the YF5.2iv virus at the time that
mice infected with SPYF-MN have accumulated their peak
virus burdens, despite similar doses of the two viruses being
administered. This suggests that YF5.2iv is either less infec-
tious or replicates less efficiently in mouse tissues than SPYF
and SPYF-MN.

Because of the large difference in survival time between
SCID/ICR mice infected with YF5.2iv virus by the i.p. route

FIG. 7. Content of SPYF-MN virus in tissues recovered from
SCID/ICR mice after i.p. inoculation as in Fig. 1. Experimental pro-
cedures were as described for Fig. 2. Values (mean log PFU/g �
standard deviation) were determined from between four and seven
mice in these experiments. Tissues were harvested on days 15 (two
mice), 17, 20, 23, 24, and 33, when individual mice showed signs of
encephalitis.

TABLE 3. i.c. inoculation of SCID/ICR mice

Virus Dose
(PFU)

Mortality (no. of
deaths/total [%])

Average survival
time (days)

SPYF 100 NT NAe

5 6/6 (100)a 9.6c

0.5 0/5 (0)a NA
SPYF-MN 100 6/6 (100)b 11d

5 3/5 (60) 10.66a

0.5 1/5 (20)b 11
YF5.2iv 100 6/6 (100) 23d

5 3/5 (60) 12.33c

0.5 0/5 (0) NA

a P value for comparison of mortality rates and average survival times among
groups is 0.002.

b P � 0.017.
c P � 0.025 (one-sided).
d P � 0.025 (one-sided).
e NA, not applicable.
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and those infected with the SPYF and SPYF-MN viruses, ex-
periments were done to determine if the incubation time for
fatal encephalitis after i.c. inoculation differed among the three
viruses. Although this seemed an unlikely possibility, it was not
known how the absence of an immune system in SCID mice
would influence the behavior of virus after entry into the CNS.
For these experiments, dose ranging was done at low doses (0.5
to 100 PFU per mouse), which was predicted to mimic the
amount of virus entering the brain during neuroinvasion fol-
lowing peripheral infection (based on the viremia data shown
in Fig. 2 and 7). As shown in Table 3, 100% mortality was
observed with as little as 5 PFU of SPYF virus, but this dose
was sublethal for both SPYF-MN and YF5.2iv. Differences
between the average survival times for SPYF and either SPYF-
MN or YF5.2iv at this dose were significant (P � 0.025), but
the difference between SPYF-MN and YF5.2iv was not. A dose
of 100 PFU caused 100% mortality with both the SPYF-MN
and YF5.2iv viruses; however, the difference between the av-
erage survival times at this dose was significant (11 versus 23
days; range, 10 to 12 days versus 10 to 56 days, respectively).
Although the average survival time appeared longer for mice
receiving 100 PFU of YF5.2iv virus than for those receiving 5
PFU, it is important to note that only three of five mice died in
the latter group. All mice inoculated with 0.5 PFU of virus
survived, except for one recipient of SPYF-MN which died 11
days postinoculation. The brain content of virus at the time of
onset of the moribund condition was determined for mice re-
ceiving the SPYF-MN and YF5.2iv viruses. Values of 7.64 and
8.14 log PFU/g were obtained for SPYF-MN (two mice tested).
Values of 7.19, 7.43, and 7.27 log PFU/g were obtained for
YF5.2iv (three mice tested).

The neurovirulence of the SPYF-MN and YF5.2iv viruses
was also compared in normal ICR mice (Harlan) (Fig. 3B). At
two doses, 10 and 100 PFU delivered by i.c. inoculation, mor-
tality was 100% for both viruses. Average (� standard devia-
tion) survival times were 9.14 � 1.0 and 8.0 � 0.8 days for these
doses of SPYF-MN versus 10.16 � 0.75 and 9.66 � 0.5 days for
YF5.2iv, respectively, and were significantly different between
the two viruses in both cases (P � 0.05). Taken together, the
data from these various experiments indicate that SPYF is the
most virulent of these viruses and that SPYF-MN is more
virulent than YF5.2iv for SCID and normal ICR mice, based
on mortality rates and average survival times. The failure of the
YF5.2iv virus to cause rapidly fatal infection in SCID mice did
not result from an inability to replicate in the CNS of these
mice, since lethal virus burdens could be generated in some
cases if a sufficient quantity of virus was introduced (between 5
and 100 PFU). The average incubation times for fatal enceph-
alitis with the three viruses after i.c. inoculation in SCID mice
ranged from 9 to 23 days and differences were statististically
significant among the groups. It is also notable that the neu-
roadapted viruses were more virulent for ICR mice (Harlan)
than for SCID/ICR mice of the same age, both in terms of dose
required for 100% mortality and average survival time (com-
pare Fig. 3 and Table 3). This could reflect differences in sus-
ceptibility to YFV among outbred mice of different lineages, as
observed previously (4), or some differential effect associated
with the SCID mutation itself on viral pathogenesis.

DISCUSSION

YF17D, similar to other flaviviruses, exhibits a high level of
neurovirulence when introduced into the CNS of mice but
usually does not cause fatal encephalitis following infection of
immunocompetent adult mice by a peripheral route of inocu-
lation. It has been observed that the incubation time for the
encephalitis can be measurably shortened by serial passage of
the virus in mouse brain, and this process is associated with
selection for viruses with enhanced replication efficiency in
neural tissue (37, 56, 59). Direct comparison of the replication
efficiencies and virulence properties in mouse brain of genet-
ically defined strains of neuroadapted and nonneuroadapted
flaviviruses is therefore an approach to defining the virus-
specific factors which govern this process and is a first step
towards understanding the mechanisms involved in the patho-
genesis of encephalitis in this model.

The E protein is a major virulence factor for flaviviruses,
with numerous studies demonstrating that determinants within
this protein affect virulence in the mouse model (reviewed in
reference 36; see also references 10, 32, 45, 46, 52, and 54). It
is becoming evident, however, that other molecular determi-
nants involved in the functions of either nonstructural proteins
or the 5� and 3� untranslated regions also influence the viru-
lence phenotypes of flaviviruses (7, 14, 31, 38, 43, 47). To
gain insight into this process, we determined the genomic se-
quence of a neurovirulent plaque isolate selected from the
mouse-neuroadapted PYF strain. This study differs from var-
ious other investigations using engineered virus mutants be-
cause the substitutions we identified are directly related to the
process of neuroadaptation and their presence in other highly
virulent strains such as Asibi and FVV suggests a strong asso-
ciation with the virulence phenotype. The multiple sequence
differences detected in the SPYF virus compared to nonneu-
roadapted virus were unlikely to represent deleterious muta-
tions accumulated during plaque purification or molecular
cloning, since virus engineered to contain the substitutions
displayed cell culture properties that were generally similar to
the original SPYF virus. In studies of virulence, this SPYF-MN
molecular clone was also similar to the SPYF parent based on
neuroinvasiveness and neurovirulence for SCID/ICR mice. In
normal ICR mice, however, SPYF-MN differed from SPYF in
being nonneuroinvasive but had neurovirulence properties
which were of a higher grade than the YF5.2iv virus (based on
average survival times; Fig. 3B). Thus, the SCID mouse was a
more sensitive model than normal mice to discriminate the
genetic basis for virulence determinants of YFV. This failure
to reconstruct a full virulence phenotype using cDNA-derived
virus clones has been observed with other neurotropic flavi-
viruses (9). In the present case, this may result from clonal
differences in neurovirulence determinants among viruses in
the heterogeneous SPYF pool. Alternatively, mutations intro-
duced by SP6 transcription during synthesis of infectious RNA
transcripts could confer properties on the virus which reduce
the effects of neurovirulence determinants. However, the re-
sults do indicate that one or more of the nucleotide sequence
differences identified between the YF5.2iv and SPYF-MN vi-
ruses largely governs the virulence of SPYF for SCID/ICR
mice. Since some of the substitutions observed in SPYF were
common to the Asibi, FVV, and FNV viruses, it is not likely
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that they are sequence artifacts unrelated to the neuroviru-
lence phenotype.

With respect to the E protein, it is believed that molecular
determinants distributed throughout domains I, II, and III, as
well as the stem-anchor region, are critical for the structural
changes in this protein which are required for virus entry (1, 2,
21, 57). Mutations at numerous positions are in turn capable of
modulating the virulence properties conferred by this protein
(49). This has generally been the case for encephalitic flavivi-
ruses which have been characterized in mice (36). Consistent
with this hypothesis, predicted amino acid substitutions were
found in domains I, II, and III in the E protein of the SPYF
virus. Mutation at residue 52 has been associated with neuro-
virulence differences and alterations of virus-cell interactions
for Japanese encephalitis (JE) virus (20). Position 173 has been
identified as a site which defines a YFV wild-type epitope and
is associated with altered neurovirulence of YF17D virus (52).
Positions 326 and 380 lie within the putative receptor binding
domain at two distinct regions which have been proposed as
critical for the function of this portion of the E protein (6). A
YF17D substrain-specific epitope is known to involve the ad-
jacent residue 325, whose substitution is associated with alter-
ation in mouse neurovirulence (54). Residue 380 is included
within the RGD motif of mosquito-borne flaviviruses, in which
mutations have been shown to affect the efficiency of virus
spread in cell culture and neuroinvasion in mice (29, 60).
Collectively, these observations suggest that the substitutions
in the SPYF E protein are likely to functionally alter its prop-
erties during pathogenesis of encephalitis in the mouse model.
However, unlike cases where as few as two residues govern the
neurovirulence of a flavivirus (23), the presence of five substi-
tutions in the E protein of SPYF suggests that neurovirulence
may depend on multiple genetic determinants, as has been
shown in studies of the JE virus E protein (4). Fine mapping of
these candidate virulence determinants within the SPYF E
protein using the SCID/ICR mouse model will allow identifi-
cation of the critical residues and may give insight into poten-
tial mechanisms underlying the neuroinvasive and neuroviru-
lence properties of this virus. Since the effects of substitutions
in the nonstructural region on neurovirulence have not been
determined, it is premature to conclude that the E protein is
the only protein responsible for the enhanced neurovirulence
of SPYF. Studies on the attenuation of the Asibi strain of YFV
suggest a selection for mutations in the E protein as well as
nonstructural proteins, even after limited passages in cell sub-
strates (14, 18). In particular, substitutions in NS1, NS2A,
NS4B, and NS5 have been noted. It is conceivable that such
substitutions enhance neurovirulence by increasing the effi-
ciency of RNA synthesis, leading to higher virus burdens and
induction of apoptotic cell death (13). In addition, comparison
of the sequences of SPYF-MN, Asibi, FVV, and FNV viruses
reveals that some silent nucleotide substitutions are common
to these viruses. This could reflect selection for RNA struc-
tures which impart higher replication efficiency or confer host
range effects which are important during pathogenesis. Al-
though this is not a well-explored area, it is increasingly being
realized that effects of mutations on RNA structures are likely
to influence flavivirus replication (48).

The pattern of disease occurring in the SCID mouse sub-
jected to infection with neuroadapted virus is characterized by

a high virus burden in the CNS, together with lower quantities
of virus in extraneural tissues and a relatively low-level viremia.
This level of viremia is typical of that generated by attenuated
virus strains in other rodent models of flavivirus neuropatho-
genesis (40, 44, 58). The presence and magnitude of viremia
has generally been regarded as an important factor for neuro-
invasion (19, 41), but the consequences of a given level may
depend to some extent on the host immune response to circu-
lating virus or the associated virus burden in the peripheral
tissues of infected animals. The low viremia observed in this
SCID/ICR model may result in part from YFV being inher-
ently less efficient than other encephalitic flaviviruses for rep-
lication in mice because of its evolution and adaptation to-
wards lymphoid tissue of primates (42). In addition, clearance
by nonspecific immune defenses such as macrophages and/or
natural killer cells may be a mechanism which reduces circu-
lating virus to relatively low levels in this model (39, 62). The
higher virus burden in SCID/ICR mice inoculated with SPYF-
MN than those inoculated with YF5.2iv at 2 to 3 weeks postin-
fection suggests that genetic determinants within SPYF-MN
promote more efficient replication in peripheral tissues in this
host. YF17D vaccine strains have been observed to be less
infectious for mice than virulent strains, in an age-dependent
fashion (15). The failure of YF5.2iv to generate much virus
burden in SCID/ICR mice may therefore reflect a low effi-
ciency of infection even at the doses used in our experiments.
Alternatively, resistance of SPYF to clearance by the innate
immune response has not been eliminated as an explanation
for the observed differences in virus burden. For instance,
evidence exists from studies of other flavivirus infections in
SCID mice that alpha and beta interferons play important
roles in host defense against this family of viruses (24, 27), but
there is little information available on virus-host interactions at
this level (12).

The difference between SPYF and SPYF-MN with respect
to mortality of normal ICR mice inoculated by the peripheral
route is also notable. This difference could be based on a highly
neuroinvasive quasispecies within the SPYF population which
is not represented by SPYF-MN. Alternatively, if a certain
threshold of viremia is required for neuroinvasion, SPYF may
be more efficient in achieving this prior to induction of suffi-
cient neutralizing antibody activity and/or cytotoxic T lympho-
cytes which then act to eliminate cirtculating virus. In contrast
to what was observed in SCID/ICR mice, the absence of de-
tectable viremia in ICR mice at the time of fatal encephalitis is
consistent with the clearance of circulating virus by such mech-
anisms (41).

The average incubation time to onset of fatal encephalitis
after i.c. inoculation of SCID/ICR mice with YF5.2iv virus was
somewhat longer than for the SPYF and SPYF-MN viruses
(Table 3); however, the time interval between peripheral inoc-
ulation and death was considerably longer (Fig. 1). A differ-
ence was also observed in the amount of virus required to
cause lethal encephalitis after i.c. inoculation of these mice
with the three viruses, with SPYF-MN and YF5.2iv being sub-
lethal at doses at or below 5 PFU (Table 3). These results
suggest that the time required for neuroinvasion is the princi-
ple variable which accounts for the prolonged delay before
onset of encephalitis with YF5.2iv virus. However, entry of
only small amounts of YF5.2iv virus (�5 PFU) may not always
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be sufficient to generate a lethal infection in the CNS. Hence,
differences in neuroinvasiveness and neurovirulence may both
be involved in the virulence properties of SPYF compared to
YF5.2iv in SCID/ICR mice. The long incubation time of the
nonneuroadapted virus presumably reflects a requirement for
accumulation of a virus burden in peripheral tissues. In this
regard, neuroadaptation of YF17D virus may reflect a gener-
alized adaptation to mouse tissue which is the basis for the
more efficient replication of SPYF than of YF5.2iv virus in all
extraneural tissues examined. It is possible that nonspecific
immune defenses may be more efficient in clearing virus from
peripheral tissues than from the CNS, which could also con-
tribute to the long interval needed for accumulation of YF5.2iv
virus prior to neuroinvasion. Clearly, the level of virus burden
appears to be related to the occurrence of neuroinvasion. It is
not known whether neuroinvasion results from a critical level
of circulating virus or requires participation of inflammatory
responses from nonspecific host defenses such as activated
macrophages and natural killer cells, as suggested by other
models (30). In any case, due to the multiple number of nu-
cleotide substitutions between the SPYF-MN and YF5.2iv vi-
ruses, further studies with engineered mutants are needed to
establish whether the determinants which enhance growth of
virus in the periphery and those which promote neuroinvasion
also govern replication efficiency in the CNS. It will also be of
interest to establish whether there is a redundancy in the ef-
fects of multiple independent mutations on the virulence phe-
notype or whether certain residues have dominant effects. The
mechanism of enhanced neurovirulence of neuroadapted YFV
has been proposed to involve the generation of a high virus
burden in the CNS resulting from an enhanced replication
efficiency and leading to death of target cells (55). Other mech-
anisms could also contribute to neuronal death, including del-
eterious effects of the virus-specific inflammatory response. In
the SCID model this is certainly not the case, although a
detailed analysis of the CNS inflammatory response is needed
to determine the role of nonspecific host immune responses,
which have been implicated in the pathogenesis of Murray
Valley encephalitis virus (3).

Finally, it remains undetermined whether any mutations oc-
cur in the YF5.2iv virus during the long incubation period
preceeding the onset of encephalitis which occurs in some mice
infected with this nonneuroadapted virus. If so, this might
reflect emergence of viruses with an increase in neuroviru-
lence. Evolution of virulent viruses during persistent infection
of SCID mice with Sindbis virus has been described as a virus-
specific mechanism of pathogenesis (26). This question is un-
der investigation for YFV using brain-associated virus recov-
ered from mice which have succumbed to infection with
YF5.2iv virus after prolonged time intervals.
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