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The yellow fever virus (YFV) 17D strain is one of the most effective live vaccines for human use, but the in
vivo mechanisms for virulence attenuation of the vaccine and the corresponding molecular determinants
remain elusive. The vaccine differs phenotypically from wild-type YFV by the loss of viscerotropism, despite
replicative fitness in cell culture, and genetically by 20 amino acid changes predominantly located in the
envelope (E) protein. We show that three residues in E protein domain III inhibit spread of 17D in extraneural
tissues and attenuate virulence in type I/II interferon-deficient mice. One of these residues (Arg380) is a
dominant glycosaminoglycan-binding determinant, which mainly accounts for more rapid in vivo clearance of
17D from the bloodstream in comparison to 17D-derived variants with wild-type-like E protein. While other
mutations will account for loss of neurotropism and phenotypic stability, the described impact of E protein
domain III changes on virus dissemination and virulence is the first rational explanation for the safety of the
17D vaccine in humans.

The live, attenuated yellow fever virus (YFV) strain 17D
vaccine has been used safely and effectively in over 500 million
individuals over the past 70 years. This excellent safety record
also underpins its potential application as a platform for chi-
meric vaccines against other medically important flaviviruses
(dengue, Japanese encephalitis, and West Nile viruses), which
are currently in clinical trials (reviewed in reference 13). De-
spite knowledge of the complete genome sequences of 17D
(33) and its virulent parent (10), the Asibi strain isolated in
Africa in 1927, the in vivo mechanism(s) and molecular deter-
minants for virulence attenuation of the YFV vaccine are still
not completely resolved. YFV strain 17D was the first human
vaccine derived from repeated passage in tissue culture (re-
viewed in reference 39). More than 230 passages in embryonic
mouse tissue (18 passages), chicken embryo tissue (50 pas-
sages), and chicken embryo tissue from which the head and
spinal chord had been removed (152 passages) separate the
17D from the Asibi strain. The adaptation of 17D to growth in
mouse and chicken embryonal tissues culture has resulted in
loss of viscerotropism, a property which accounts for the major
disease manifestations of yellow fever in primates: high vire-
mia, hepatitis, renal dysfunction, hemorrhagic fever, and cir-
culatory shock (reviewed in reference 28); it also resulted in
reduced neurotropism and loss of tropism for mosquitoes, the
obligatory vector in the natural transmission cycle of YFV. The
complex passage history of YFV strain 17D has given rise to as
many as 68 nucleotide mutations and 32 amino acid changes in
the viral RNA genome (10). However, when the Asibi genome

is compared to the consensus sequence of different 17D vac-
cine strains derived from it, the number of differences poten-
tially contributing to the attenuated virulence phenotype can
be reduced to 20 amino acids and 4 nucleotides in the 3"
untranslated region (8).

The majority of genetic differences separating the 10,862-
nucleotide-long genome of Asibi from that of the 17D vaccine
strains are found in the envelope (E) protein gene (10), con-
sistent with the function of this protein in receptor binding and
entry and the likelihood that changes in receptor usage were,
at least in part, the driving force during host cell adaptation of
the vaccine. The E protein is the major flavivirus transmem-
brane protein and covers most of the surface of the virion in
the form of 90 E protein dimers. X-ray crystallography struc-
tures suggest that the E protein is organized into three do-
mains: a central domain (dI), which is flanked on one side by
an elongated dimerization domain (dII) and on the other by an
immunoglobulin-like domain (dIII) which makes the highest
protrusion from the otherwise smooth particle surface (26, 31).
The receptor-binding site is thought to be located on dIII.
Analyses of neurovirulent variants of YFV-17D, which have
acquired E protein reversions to the Asibi sequence, provide
support for a role of dIII residues 305, 325, and 380 as well as
dI/II hinge region residues 52 and 173 in neurovirulence (6, 29,
34, 35, 37). While the location of the dIII residues is consistent
with their involvement in receptor binding, the dI/II hinge
region changes are speculated to affect fusion based on studies
of other flaviviruses (reviewed in reference 27). However, ex-
perimental proof for these putative mechanisms of neuroviru-
lence attenuation has not yet been provided. It is currently also
not possible to pinpoint which mutations in the E protein, or
elsewhere in the genome, account for the attenuation of vis-
cerotropism of YFV-17D, owing to the absence of an appro-
priate animal model for the viscerotropic disease. Accordingly,
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the contribution of E protein changes, relative to those in the
nonstructural proteins, to virulence attenuation of 17D vac-
cines in the vertebrate host remain elusive, despite the avail-
ability of the full-length cDNA clones of Asibi (25) and 17D
(32) that allows this question to be addressed. This has prac-
tical implications for the suitability of the YFV 17D genome as
a backbone for chimeric flavivirus vaccine, which is based on
the premise that (so-far-unidentified) attenuation markers in
the nonstructural polyprotein region confer the well-estab-
lished safety profile of 17D to the chimeric vaccine candidates
(reviewed in references 13 and 27).

The acquisition of high binding affinity for glycosaminogly-
cans (GAG) following serial propagation in tissue culture ap-
pears to be a common mechanism for virulence attenuation of
flaviviruses (14–16, 18, 21, 23) and members of other virus
families (3, 5, 11, 36). GAG are sulfated polysaccharides ubiq-
uitously expressed on cellular surfaces and extracellular matri-
ces of multicellular organisms (reviewed in reference 30). Vi-
rus binding to GAG involves primarily the electrostatic
interaction of clusters of basic amino acids on the virus with
negatively charged sulfate groups on the polysaccharide. Ac-
cordingly, GAG-binding variants typically display amino acid
substitutions that result in an increase in net positive charge on
the virion surface. The selective advantage associated with a
high GAG-binding affinity for virus growth in cell culture is
frequently accompanied by a reduced efficiency of growth in
the vertebrate host because it prevents efficient virus spread
through the circulation (3, 5, 14, 15, 18). Given that the atten-
uation of YFV-17D is associated with basic amino acid substi-
tutions on the E protein, one at a known GAG-binding deter-
minant of the encephalitic flaviviruses corresponding to YFV
residue 380 (14, 16, 21), and in view of the efficient heparan
sulfate binding property of YFV-17D (9), we speculated that at
least one of the in vivo mechanisms for virulence attenuation
of the 17D vaccine involves the poor ability to spread in the
animal. Here we identify E protein determinants of 17D, ab-
sent in the Asibi strain, which enhance GAG binding and
reduce virus dissemination.

MATERIALS AND METHODS

Viruses and cells. African green monkey kidney (Vero), baby hamster kidney
(BHK-21), and Aedes albopictus mosquito (C6/36) cells were grown as described
elsewhere (14, 18). The 17D-204 substrain of YFV was from the American Type
Culture Collection and was plaque purified twice; working stocks for YFV-17D
and 17D variants were BHK-21 cell supernatants.

Plasmid constructs. The plasmid pACNR/FLYF, which contains the full-
length genome of YFV-17D (204 substrain) downstream of an SP6 RNA poly-
merase promoter (4), was used for generating mutant viruses. For ease of
manipulation, pACNR/FLYF was digested with KpnI and XbaI to remove a 7-kb
fragment from nucleotides 3262 to 10708, flush ended with T4 DNA polymerase
(New England Biolabs), and religated with T4 DNA ligase (Roche) to generate
the shuttle plasmid pYFdel. For introduction of mutations at E protein residues
52, 173, and 200 in domains I/II and residues 305, 326, and 380 in domain III,
fusion-PCR was performed using upstream primers p347 (5"-GGC TTG GCT
GTT CTA AGG-3") or p1562 (P5"-GAG ATG GAA ACA GAG AGC TG-3")
and downstream primers p1989 (5"-TAT TGA TTG CCG CTG TAA GAT-3")
or p2567 (5"-CAC TAT TGA TGC AAG CTT CAC AGG-3"), respectively.
First-round PCR was performed using Pfu Ultra DNA polymerase (Stratagene),
pACNR/FLYF plasmid, and the mutagenesis primers (sequences provided by
upon request) along with the appropriate domain I/II or domain III upstream
and downstream primers in a volume of 25 #l in accordance with the manufac-
turer’s recommendations. PCR mixtures were incubated for 1 cycle of 5 min at
94°C, 5 cycles of 30 s at 94°C, 30 s at 48°C, and 90 s at 70°C, 25 cycles of 30 s at
94°C, 30 s at 54°C, and 90 s at 70°C, and held at 70°C for 5 min before

electrophoresis on a 1% agarose gel to isolate fragments of 0.8 kb and 0.9 kb for
R52G, 1.2 kb and 0.5 kb for I173T and T200K, 0.3 kb and 0.7 kb for F305S, 0.4
kb and 0.6 kb for S325P, and 0.5 kb and 0.5 kb for R380T changes using the
Wizard SV gel and PCR cleanup system (Promega). Second-round fusion-PCR
was performed using gel-isolated pairs of fragments for each mutation, either
domain I/II or domain III upstream and downstream primer pairs, the Pfu Ultra
enzyme, and the conditions for thermal cycling described above. The domain I/II
mutagenized fragments of 1.7 kb were digested with NdeI and ApaI, while the
domain III mutagenized fragments of 1.0 kb were digested with ApaI and SacI,
gel isolated as above, and inserted into appropriately restriction enzyme-digested
pYFdel DNA. Domain I/II and domain III mutations were combined by ligations
of three fragments: the NdeI-ApaI and ApaI-SacI mutagenized fragments with
the NdeI-SacI fragment from pYFdel. Ligation mixtures were transformed into
Escherichia coli MC1061.1 cells, and the prM and E gene sequences in the
mutagenized pYFdel plasmids were verified by sequence analysis using BigDye
v. 3 (Applied Biosystems) at the ACRF Biomolecular Resources Facility in the
John Curtin School of Medical Research, Canberra, Australia, in accordance
with the manufacturer’s protocol. Plasmids with the expected mutations and no
additional changes in prM and E were digested with NotI and MluI, and frag-
ments of 3.2 kb were ligated into appropriately digested pACNR/FLYF to
generate full-length mutant plasmids for SP6 RNA transcription. Incorporation
of multiple mutations in domain I/II or domain III was achieved by use of
mutated versions of pYFdel plasmids with confirmed single or double changes as
templates in the first round of fusion-PCR.

RNA transcription and electroporation of BHK-21 cells. Plasmids containing
the full-length YFV cDNAs were digested with XhoI and transcribed using SP6
RNA polymerase, and full-length RNA transcripts were electroporated into
BHK-21 cells as described elsewhere (18), but with the following modifications.
For determination of electroporation efficiency, 200 #l, 20 #l, or 2 #l of elec-
troporated cells (25 ml at 4 $ 105 cells/ml) was plated onto BHK-21 and Vero
cell monolayers in six-well trays (3.5 $ 105 cells/well; Nunc) and incubated for
1 h, and agar overlay medium (M199 medium plus 1% agar and 2% fetal calf
serum) was added. Vero cells were stained by addition of neutral red (0.02%) at
4 days postinfection (p.i.), and plaques were counted after overnight incubation.
BHK-21 cells were stained at 5 days p.i. by addition of crystal violet (0.2%
[wt/vol] in 20% ethanol) after removal of agar. Plaque-purified stocks were
prepared from plaques derived from electroporated BHK-21 cells and amplified
once in BHK-21 cells.

The prM and E protein genes of plaque-purified, recombinant virus stocks
were completely sequenced as follows: total cellular RNA from infected BHK-21
cells was extracted and reverse transcription-PCR (RT-PCR) was performed as
described elsewhere (18) using random hexamers in the RT step, the YFV-
specific primer pair p347 and p2567 for PCR, and additional primers P992
(5"-ACT GAC AGG GAT TTC ATT GAG"), P1562, and P1989 for sequencing
of YFV prM and E genes.

Heparin inhibition and heparin-Sepharose binding assays. Virus binding to
heparin-Sepharose was determined as described previously (14). Inhibition of
infectivity of YFV-17D and variant stocks by heparin was examined by incubating
virus (1 $ 106 to 5 $ 106 PFU) with heparin (0.2, 2, 20, or 200 #g/ml) for 15 min
prior to its addition to BHK-21 cell monolayers (4 $ 105 cells/well in six-well
plates) treated with similar concentrations of heparin (Sigma) as described else-
where (17). Mock-treated controls were performed by preincubation of the same
amount of virus in Hanks’ balanced salt solution-bovine serum albumin (HBSS-
BSA; 0.25% [wt/vol]) in the absence of heparin. Cells were harvested at 20 h p.i.
using trypsin, and the percentage of infected cells was determined by flow
cytometry following staining for nonstructural protein NS1 expression with the
monoclonal antibody 4G4 (20).

Analysis of fusion-related properties. Fusion-from-within (FFWI) assays were
performed in C6/36 cells infected in replicates of 10 in 48-well plates at a
multiplicity of infection (MOI) of 0.5 and incubated in growth medium with the
pH held at !7.6. At 4 days p.i., cells were washed once in phosphate-buffered
saline; a series of 0.3-ml aliquots of fusion medium comprising minimal essential
medium lacking serum, buffered at pH 6.0, 6.2, 6.4, 6.6, 6.8, 7.0, 7.2, 7.4, 7.6, and
7.8 using 20 mM 2-(N-morpholino)ethanesulfonic acid (MES; pH % 6.8) or
HEPES (pH ! 6.8) was then added to each replicate series and incubated at
40°C for 1 h. After removal of fusion medium, cells were fixed and stained using
Quick Dip solutions (Fronine) and examined by light microscopy. The fusion
index was determined using the following formula: 1& (number of cytoplasts/
number of nuclei), based on counting five fields of 200 cells. Acid inactivation
assays were performed by addition of 90 #l of HBSS-BSA, adjusted to pH 5.5, 5.75,
6.0, 6.25, 6.5, 6.75, 7.0, and 8.0 with 20 mM MES (pH % 6.8) or HEPES (pH ! 6.8),
to a replicate series of 10-#l virus samples, incubation at 37°C for 15 min,
followed by the addition of 900 #l of HBSS-BSA adjusted to pH 8.0. Titration of
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treated virus samples was performed by plaque formation on Vero cell mono-
layers. Assays for sensitivity to ammonium chloride, NH4Cl, were performed by
pretreating BHK-21 cell monolayers in six-well plates (4 $ 105 cells per well) for
30 min with growth medium containing 0 or 10 mM NH4Cl and addition of virus
samples in duplicates at an MOI of '0.5 for 1 h. After removal of virus inocula,
cells were washed once with PBS and then incubated under 0.5 ml HBSS-BSA
adjusted to pH 5.5 for 3 min to remove all extracellular residual infectivity.
Growth medium was added and cells incubated for 21 h before harvesting using
trypsin and detection of infected cells by fluorescence-activated cell sorter
(FACS) analysis.

Mouse virulence and pathogenesis assays. All mice were obtained from the
Animal Breeding Facility at the John Curtin School of Medical Research, Can-
berra, Australia. For virulence determinations, 6-week-old IFN-(/)-R&/& mice
(40) were used. Virus inocula were diluted in HBSS-BSA and injected intrave-
nously (100 #l) or by the footpad route (20 #l) into mice anesthetized with
ketamine-xylazol. Mortality and morbidity were monitored over a period of 28
days. Clearance of virus from the circulation was assayed as described elsewhere
(14). Titration of virus content in blood, spleen, liver, popliteal lymph nodes, and
brain was performed by plaque assay on Vero cells as described previously (20)
and by quantitative RT-PCR (qRT-PCR).

Virion RNA quantitation by RT-PCR. For determination of viral genome
content of mouse tissue samples, total RNA in clarified tissue homogenates (50
#l; 10% [wt/vol] for spleen, liver, and brain; 0.1% [wt/vol] for lymph node
suspension) was extracted using Trizol (18), and virion RNA content was deter-
mined by qRT-PCR. Standard curves were generated from RNA transcripts
derived from XhoI-linearized pACNR/FLYF DNA, using SP6 RNA polymerase
followed by digestion with DNase I (1 unit; Roche) for 30 min at 37°C, extraction
with phenol, phenol-chloroform, and chloroform, precipitation with sodium ac-
etate and ethanol, one wash with 70% ethanol, and resuspension in nuclease-free
water at 109 copies/#l (6 ng/#l). Serial dilutions of the in vitro-transcribed YFV
RNA were performed to yield standards of 106, 105, 104, and 103 RNA copies/#l.
Reverse transcription was performed at 43°C for 90 min in a 10-#l mixture
containing 1 #l sample RNA, Expand reverse transcriptase (Roche), 10 mM
deoxynucleoside triphosphates, 10 pmol primer (YFVqPCRP2; 5"-CTC CTC
CTT TCC TTC TTC CTT CAC-3"), 10 mM dithiothreitol, and the manufactur-
er’s recommended buffer conditions. Real-time PCR was performed using Taq-
Man qPCR mixtures (Bio-Rad), 0.2 nM concentrations of YFVqPCRP2 and
YFVqPCRP1 (5"-GTG GCA CTT CAG GAT CTC CTA TTG-3"), and 0.1 nM
TaqMan probe primer (5"-ATG GCA TCC TTG TCG GTG ACA ACT CCT
TCG TGT-3"), under cycling conditions of 95°C for 3 min for 1 cycle and 40
cycles of 95°C for 30 s, 63°C for 30 s, and 72°C for 60 s. Each RNA sample was
tested in duplicate, and virion RNA content was determined by extrapolation
from the standard curves generated within each experiment.

RESULTS

GAG-binding property of YFV-17D. Acquisition of GAG-
binding determinants often accompanies virulence attenuation
of laboratory-adapted virus strains generated by serial passage
in cultured cells or tissues from nonnatural hosts (3, 14, 18, 23,
36). The YFV-17D vaccine was generated through extensive
adaptation to mouse and chick embryonal tissues and has been
shown to exhibit sensitivity toward inhibition by heparin, a
representative GAG (9). To explore a putative role of GAG-
binding adaptations in virulence attenuation of the YFV vac-
cine, we first confirmed its high GAG-binding affinity. Using
the YFV-17D 204 strain, heparin-mediated inhibition of virus
infectivity in BHK-21 and Vero cells and of virus binding to
heparin-Sepharose beads was tested in comparison to the
mouse brain-adapted dengue 2 virus (DEN-2; NGC strain),
which exhibits high-affinity GAG interactions (7, 18). The in-
fectivity of YFV-17D in Vero and BHK-21 cells was signifi-
cantly inhibited by heparin, with 50% effective concentration
values of "2 #g/ml (Fig. 1A). This susceptibility to inhibition
was comparable to that of DEN-2 in Vero cells at high doses of
heparin and greater in the low-dose range, while in BHK cells
the DEN-2 strain was more susceptible to the antiviral effect of
heparin at high doses (also see reference 17) than YFV-17D.

In addition, both YFV-17D and DEN-2 NGC strains displayed
strong binding to heparin-Sepharose (99.8% and 99.7%, re-
spectively) in an in vitro assay which distinguishes high-affinity
GAG-binding viruses from those that bind poorly (14, 18).

Molecular determinants for GAG interaction in the YFV E
protein. To assess whether 17D differs from wild-type (wt)
YFV in GAG-binding affinity and to identify the molecular
determinants responsible, nonconservative amino acid differ-
ences distinguishing the E proteins of the 17D and Asibi strains
of YFV were reverted to the wt sequence in the 17D back-
ground. Given that the E protein constitutes most of the sur-
face of the flavivirus particle and that flavivirus GAG-binding
determinants have so far only been mapped to the E protein
(14, 16, 18, 23), we speculated that putative differences in
GAG-binding between wt and 17D YFV would result from
one or more of these nonconservative amino acid differences.
Of the 12 amino acid differences in the E protein between 17D
(204 substrain) and Asibi (10), 7 are nonconservative changes
(Table 1). Among these, residues 52, 173, and 200 in domains
I/II and 305, 325, and 380 in domain III of the YFV E protein
are predicted to be localized to the top layer of the virion
envelope by analogy with the crystal structures of tick-borne
encephalitis and dengue viruses (12, 26, 31) and may therefore
influence GAG interaction individually or in combination. We
introduced reversal changes by site-directed mutagenesis using
the YFV-17D full-length infectious cDNA clone at the six sites
individually as well as in combinations of domain I/II clusters,
domain III cluster, or domain I/II/III clusters combined. The
nine mutant rYFV-17D viruses (r17D-R52G, r17D-I173T,
r17D-T200K, r17D-F305S, r17D-S325P, r17D-R380T, r17D-
dI/II, r17D-dIII, and r17D-dI/II/III) showed similar electropo-
ration efficiencies in BHK cells (1 $ 104 to 3 $ 104 PFU/#g
RNA) and formed plaques of comparable sizes on Vero (1 to
2 mm), BHK (2 to 3 mm), and SW13 (1 to 2 mm) cell mono-
layers in comparison to each other and infectious clone-de-
rived 17D.

Comparison of the sensitivity to heparin inhibition of recom-
binant 17D (r17D) and r17D-dI/II/III at concentrations of 0.2,
2, 20, and 200 #g/ml showed *50% inhibition of r17D at '2
#g/ml heparin and above and no inhibition of r17D-dI/II/III at
any of the concentrations tested (Fig. 1B). This result clearly
shows that 17D with an Asibi-like E protein displays markedly
poorer interaction with GAG than the 17D vaccine. The re-
maining r17D variants were tested in parallel with r17D using
20 #g/ml heparin (Fig. 1C): the S325P and R380T substitutions
gave rise to significantly reduced sensitivity to heparin inhibi-
tion (13% and 3% inhibition, respectively), while changes at
residues 52, 173, 200, and 305 did not show a marked impact
relative to r17D. Consistent with this result, r17D-dI/II also did
not differ from r17D in heparin sensitivity, while r17D-dIII,
which is altered at amino acids 305, 325, and 380, showed no
inhibition by heparin. These results suggest that the domain III
differences at residues 325 and 380 contribute predominantly
to the heparin-sensitive phenotype of 17D.

The sole contribution of E protein residues S325 and R380
to the high GAG-binding affinity of the 17D vaccine was con-
firmed by using the converse approach of reverting the two
residues singly in the context of an Asibi-like E protein (r17D-
dI/II/III). An Arg at residue 380 almost completely restored
heparin sensitivity to that of the 17D phenotype (42% inhibi-
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tion), while a Ser at residue 325 had only a minor influence
(5% inhibition). Residues 52 (r17D-dI/II/III-52R) and 173
(r17D-dI/II/III-173I) were tested in a similar fashion in parallel
but did not impact on heparin sensitivity (Fig. 1C).

Growth of 17D E protein variants in BHK and Vero cells. A
comparison of the growth properties of r17D-dI/II, -dIII, and
-dI/II/III with those of r17D was performed in BHK and Vero
cells to determine if the altered heparin sensitivity impacted
viral replication. In previous studies on Murray Valley enceph-
alitis, Japanese encephalitis, West Nile, and DEN-2 viruses,
heparin sensitivity correlated with increased specific infectivity
for BHK and a second cell line (SW13), but not for Vero cells
(14, 15, 18). Single-step growth curves in Vero cells showed
that r17D and r17D-dI/II gave the best and poorest replication
kinetics, respectively, with a '5-fold difference throughout,
and that the growth of r17D-dIII and r17D-dI/II/III was inter-
mediate (Fig. 2A). Single-step growth curves in BHK cells
showed that r17D and r17D-dI/II grew to similarly high titers,
while r17D-dIII and r17D-dI/II/III variants gave '5- to 10-

FIG. 1. Inhibition by heparin of infectivity of YFV-17D and r17D variants with wt E protein changes. A. The percent inhibition of infectivity
of DEN-2 NGC and YFV 17D strains in BHK-21 and Vero cells at heparin concentrations of 2 to 200 #g/ml was determined by FACS analysis
at 21 h p.i. Error bars show the standard errors determined from two independent experiments. B. Percent inhibition of infectivity of r17D and
r17D-dI/II/III in BHK-21 cells using 0.2 to 200 #g/ml heparin. C. Percent inhibition of infectivity of r17D variants in BHK-21 cells using 20 #g/ml
heparin. Error bars show the standard errors determined from two independent experiments.

TABLE 1. Amino acid differences between YFV 17D-204 and
Asibi strains

E residuea

Amino acid at
indicated E residue

in strain Localization Presence in all
17D substrainsd

Asibi 17D-204

52b Gly Argc dII !
56 Ala Val dII &
170 Ala Val dI !
173b Thr Ilec dI !
200b Lys Thrc dII !
299 Met Ile dIII !
305b Ser Phec dIII !
325b Pro Serc dIII &
331 Lys Arg dIII !
380b Thr Argc dIII !
407 Ala Val Stem-anchor !
416 Ala Thrc Stem-anchor &

a Residue numbering is from the amino terminus of E.
b Changes analyzed in this study.
c Nonconservative change.
d Changes common to 17D-204, 17D-213, and 17DD substrains are indicated

by a !, while those absent from one or more or the three are indicated by a &.
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fold-lower titers (Fig. 2B), consistent with the beneficial effect
of high GAG-binding affinity on growth in that cell line noted
for other viruses.

Analysis of fusion-related properties. Domain I and II E
protein differences between Asibi and 17D strains of YFV
have been proposed to alter acid-induced fusion properties
required for virus uptake by receptor-mediated endocytosis
based on the location of residues 52, 173, and 200 in a hinge
region undergoing conformational change during fusion, but
there is an absence of supporting experimental data (reviewed
in reference 27). Here we have tested for the first time fusion-
related properties of 17D and wt-like E proteins of YFV in
assays examining low-pH-induced syncytium formation in in-
fected mosquito cells (C6/36) (FFWI), acid-induced inactiva-
tion of virus infectivity, and sensitivity of virus infectivity to the
acidotropic agent NH4Cl. Comparison between r17D and
r17D-dI/II/III in FFWI assays showed that the threshold for
induction of syncytium formation in C6/36 cells occurred be-
tween pH 6.6 and 6.8 for both viruses (Fig. 3A). Both viruses
showed no inactivation of infectivity at pH 5.9 and 97 to 99%
inactivation at pH 5.5; at pH 5.75, r17D and r17D-dI/II/III
showed 82% and 97% inactivation, respectively (Fig. 3B).
Treatment of BHK cells with 10 mM NH4Cl, which neutralizes
the endosomal pH, caused a similarly dramatic inhibition of
infectivity of r17D and the three variants tested (r17D-dI/II,
r17D-dIII, and r17D-dI/II/III), ranging from 82 to 93% (Fig.
3C). Given the lack of marked difference between r17D and
r17D-dI/II/III in the three assays, it is unlikely that the E
protein changes at residues 52, 173, 200, 305, 325, and 380
exerted an impact on virus fusion with cellular membranes of
sufficient magnitude to influence in vivo virulence.

Contribution of E protein changes to attenuation of viru-
lence of YFV-17D vaccine. The pathogenesis of YFV in hu-
mans and other primates is predominantly a consequence of
efficient virus replication in visceral organs. Neurological man-
ifestations are rare in human infections with YFV (28). In
contrast, both wt and 17D strains of YFV are neurotropic in
laboratory mice but lack viscerotropism and are hence lethal
for mice only by direct CNS infection (2). We show here that
mice defective in type I and type II interferon (IFN) responses
(IFN-(/)-R&/&) are uniformly susceptible to YFV inoculation
into the footpad at a low dose (103 Vero PFU), and we make

FIG. 2. Growth assays of r17D, r17D-dI/II, r17D-dIII, and r17D-dI/II/III in Vero and BHK-21 cells. Virus titers from supernatant harvests over 3-h
intervals at 21, 24, and 27 h p.i. (Vero) or 18, 21, and 24 h p.i. (BHK-21) were determined by plaque assays on Vero or BHK-21cells, respectively.

FIG. 3. Fusion-related properties of r17D and r17D-dI/II/III. A. Fusion-
from-within assays were performed in C6/36 cells, infected at an MOI of '0.1
for 4 days, in a pH range of 6.0 to 7.4. The fusion index was determined using
the following formula: [1& (number of cytoplasts)/(number of nuclei)]. B.
Sensitivity of virus to acid-mediated inactivation in a pH range of pH 5.5 to 7.0
was determined; percent inactivation was calculated by the formula 100 &
[(virus titers of treated samples)/(virus titers of samples held at pH 8.0) $
100]. C. Sensitivity to NH4Cl was determined in BHK-21 cells, pretreated for
30 min with 0 or 10 mM NH4Cl and infected with r17D viruses at an MOI of
'0.5 in the presence of NH4Cl. Nonadsorbed virus was inactivated after 1 h
by addition of medium adjusted to pH 5.0. The assay for infectivity was
performed by FACS, and percent inactivation was calculated by the formula
100 & [(percent infected cells treated with NH4Cl)/(percent infected cells
without NH4Cl treatment) $ 100].
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use of this animal model to examine the impact of E protein
changes on growth properties of 17D. YFV-17D and 17D
variants with E protein changes present in the Asibi strain
mostly gave rise to morbidity and mortality in IFN-(/)-R&/&

mice, albeit with distinct kinetics, and shared signs of illness
suggesting that neuroinvasion and subsequent mortality due to
encephalitis had occurred. The r17D-dI/II/III variant showed
virus entry into the brain in 50% of infected mice by day 7 p.i.
(Fig. 4A) and 100% mortality, with an average survival time
(AST) of 12 days (Table 2). In contrast, r17D was not yet
detectable in the brain at day 7 p.i. (Fig. 4A) and produced
88% mortality with a significantly prolonged AST (18.1 days)
(Table 2). The 17D variants with single amino acid changes in
E at residue 52, 200, 305, 325, or 380 showed little difference in
AST (16.1 to 18.1 days) from r17D, and only r17D-I173T
showed a slight but significant reduction in AST to 15.1 days
(Table 2). However, infection with the r17D-dIII, which dis-
plays reduced GAG binding relative to 17D, resulted in signif-
icantly earlier signs of disease and mortality (AST, 12.9 days).
Increased virulence comparable to that associated with domain
III changes was not found for r17D-dI/II (AST, 17.0 days).

Interestingly, we found that r17D-S325P/R380T, in which
both GAG-binding determinants identified for the 17D vac-
cine strain were reverted to the low-GAG-binding phenotype

of the Asibi E protein, was not lethal following footpad inoc-
ulation into the IFN-deficient mice. The reason for this unex-
pected finding was that the virus had lost neurovirulence,
which became evident in view of the absence of mortality
following intracerebral inoculation (104 PFU) into 4-week-old
BALB/c mice (data not shown). YFV-17D, tested in parallel, is
uniformly lethal in this challenge model (see also reference 2).
However, when the two GAG reversal changes were combined
with the domain I/II changes, as seen in the variant rYFVdI/
II/III-F305, virulence was restored and footpad inoculation of
IFN-(/)-R&/& mice with this recombinant virus gave rise to a
reduced AST (11.5 days) similar to that of the virulent r17D-
dIII and r17D-dI/II/III variants. Therefore, it appears that the
loss of neurovirulence accompanying the GAG reversal
changes could be compensated by either the F305S change or
the domain I/II changes.

Contribution of E protein changes to attenuation of viscer-
otropism of YFV-17D vaccine. To define the events accompa-
nying the earlier mortality of mice infected with r17D-dI/II/II
relative to r17D, virus loads in serum, spleen, and liver of
IFN-(/)-R&/& mice were examined at 3, 5, and 7 days after
infection via the footpad (103 PFU). Mice infected with r17D-
dI/II/III showed viremia and virus titers in the spleen and liver
at 3, 5, and 7 days p.i., with peak levels occurring on day 5 p.i.

FIG. 4. Dissemination of YFV-17D and r17D variants with wt E protein changes in IFN-(/)-R&/& mice. A. Distribution of r17D and
r17D-dI/II/III between 3 and 7 days p.i. in serum, spleen, liver, and brain of 6-week-old IFN-(/)-R&/& mice inoculated with 1,000 PFU via the hind
footpad. B. Distribution of r17D, r17D-dI/II, r17D-dIII, and r17D-dI/II/III at 24, 48, and 72 h p.i. in serum, spleen, and draining popliteal lymph
nodes of 6-week-old IFN-(/)-R&/& mice inoculated with 105 PFU via the hind footpad. Virus content was measured by plaque assay in Vero cells
(A) or qRT-PCR (B). Each symbol corresponds to an individual mouse, and horizontal bars indicate mean titers.
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(Fig. 4A). In contrast, mice infected with r17D showed no
detectable virus in serum and liver, but low virus titers were
found in the spleen on day 7 p.i., suggesting delayed virus
spread (Fig. 4A).

We also compared the spread of YFV-17D, and variants
with wt E protein reversions derived from it, in IFN-(/)-R&/&

mice by qRT-PCR following inoculation of a high virus dose
(105 PFU) into the hind footpad. A comparable and increasing
presence of all virus strains tested (r17D, r17D-dI/II, r17D-
dIII, and r17D-dI/II/III) was found in the draining lymph
nodes at 24, 48, and 72 h p.i. This indicates that transfer of
virus from the inoculation site into the draining lymph node,
mediated most likely by Langerhans and/or dendritic cells, and
virus growth in the lymphatic tissue were not differentially
influenced by the E protein changes. However, the r17D-dIII
and r17D-dI/II/III strains displayed markedly better viscero-
tropic spread, exemplified by viremia titers and presence of
virus in the spleen, than the r17D and r17D-dI/II strains. Mean
viremia titers of r17D-dI/II/III were 50- to 1,000-fold higher
than those of r17D and r17D-dI/II strains during the first 3
days of infection; viremia induced by the r17D-dIII virus was in
the intermediate range. Virus load in the spleen for r17D-dIII
and r17D-dI/II/III was 100-fold higher at 1 and 2 days p.i. than
that of r17D and r17D-dI/II. It is notable that following de-
layed spread of the latter two strains to the spleen (and prob-
ably other visceral organs), virus replication, like in the drain-
ing lymph node, was efficient, given that the day 3 virus titers
in the spleen reached that of the 17D-dIII virus; however, this
relatively efficient growth contrasted with a persistently low
viremia of r17D and r17D-dI/II strains.

In vivo mechanism for loss of viscerotropism of YFV-17D.
One of the key in vivo effects of high GAG-binding affinity
acquired during laboratory adaptation of animal viruses, in-
cluding flaviviruses, is the detrimental impact on virus spread
in the animal host (3, 5, 14, 15, 18). This is thought to be due
to the rapid removal of virus from the bloodstream, most likely
as the result of nonproductive binding of virus to extracellular
matrix components, which are rich in GAG, or readsorption of
progeny virus to infected cells. The kinetics of in vivo virus

clearance from the blood was determined for r17D and vari-
ants with the Asibi E protein changes to assess the effect of the
differential GAG-binding phenotypes (Fig. 5). Mice were in-
jected intravenously with 107 virus particles, and virus genome
content in the serum over 30 min was determined by qRT-
PCR. The YFV-17D vaccine showed significantly more rapid
loss of virus from the bloodstream (150-fold reduction at 30
min) than r17D-dI/II/III (9-fold reduction at 30 min) or r17D-
dIII (7-fold reduction at 30 min). The variant r17D-dI/II was
also cleared rapidly (67-fold reduction at 30 min), consistent
with a GAG-binding phenotype similar to that of r17D. To
assess the impact of single GAG-binding determinants on in
vivo clearance, the variants r17D-dI/II/III-325S and r17D-dI/
II/III-380R were compared with r17D-dI/II/III. The GAG-
binding motif Arg380 was shown to exert a dramatic impact on
virus clearance, with a *200-fold reduction in virus genome
content from circulation after 30 min, whereas E residue 325S
only slightly increased clearance (15-fold versus 5-fold reduc-
tion of r17D-dI/II/III).

DISCUSSION

Insight into the in vivo mechanism(s) for virulence attenua-
tion of the widely used and highly successful YFV-17D vaccine
has remained elusive since its production by Theiler and Smith
70 years ago. Here we have demonstrated that loss of the
ability to efficiently disseminate in the mammalian host ac-
counts, at least in part, for the safety of the live vaccine without
markedly compromising its immunogenicity. Furthermore, we
have defined key residues in the YFV E protein which deter-
mine this attenuation mechanism.

The 17D vaccine diverged from the virulent Asibi strain
during 200 passages in mouse and chicken embryo tissue cul-
ture; of a total of 32 amino acid differences, 6 nonconservative
changes are located in the E protein ectodomain. These
changes were engineered into the 17D 204 vaccine substrain to
generate a 17D variant with a wt-like E protein. A key discov-
ery was the substantially reduced sensitivity of this variant
(r17D-dI/II/III) to inhibition of infectivity by heparin treat-

TABLE 2. Virulence properties of YFV-17D variants in IFN-(/)-R&/& mice

Virus E residue(s) different from
17D Mortalitya AST (days) (SD) P valueb

r17D & 14/16d 18.1 (2.4) &
r17D-R52G 52 10/10 17.7 (1.6) 0.9
r17D-I173T 173 10/10 15.1 (2.3) 0.01
r17D-T200K 200 9/10 16.7 (1.2) 0.2
r17D-F305S 305 8/8 16.3 (2.8) 0.1
r17D-S325P 325 9/10 16.1 (1.5) 0.07
r17D-R380T 380 9/9 18.0 (2.5) 1
r17D-dI/II/III 52, 173, 200, 305, 325, 380 9/9 11.6 (1.3) <0.0001
r17D-dIII 305, 325, 380 9/9 12.9 (2.6) 0.0006
r17D-dI/II 52, 173, 200 8/8 17.0 0.2c

r17D-S325P/R380T 325, 380 0/8 NAe

r17D-dI/II/III-305F 52, 173, 200, 325, 380 10/10 11.5 (2.1) <0.0001
a Mortality over 4 weeks is shown as the fraction of the total number of mice inoculated with 103 Vero PFU via the footpad; the specific infectivity of YFV-17D and

variants corresponds to 2 $ 103 to 5 $ 103 genome equivalents/PFU.
b The P value was calculated using the Mann-Whitney ranking U test on survival times versus r17D; values under 0.05 are shown in bold.
c A P value of 0.001 was calculated when the survival times were tested against those of r17D-dI/II/III using the Mann-Whitney ranking U test.
d Combined data from three virulence determinations are shown.
e NA, not applicable.
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ment, in comparison to the vaccine. We have shown in previ-
ous studies that variants of DEN and encephalitic flaviviruses
that display high GAG-binding affinities are rapidly cleared
from the bloodstream, preventing effective dissemination from
the infection site to target organs and the manifestation of
disease. Supporting the generality of this mechanism of viru-
lence attenuation among flaviviruses, the 17D vaccine was re-
moved from the circulation almost 20 times faster than r17D-
dI/II/III and displayed a markedly poorer ability to spread to
visceral organs following footpad infection; it also showed de-
layed entry into the CNS of infected mice to produce mortality
significantly later than the 17D variants with Asibi E protein
changes. It is notable that three live flavivirus vaccines derived
from repeated passaging in nonnatural host tissues and proven
to be immunogenic and safe in humans, namely, the Sabin
DEN-2 NGC strain (its wider use was prevented by the acqui-
sition of neurotropism), the Japanese encephalitis virus 14-
14-2 vaccine, and the YFV-17D vaccine, are GAG-binding
viruses deficient in dissemination (15, 18). While it is not en-
tirely clear why these live vaccines fail to produce viremia of an
adequate magnitude and duration to infect the target tissues
and produce disease, we speculate that attachment of virus
with high GAG-binding affinity to the extracellular matrix, a
structural entity that is enriched in GAG (30), prevents seeding
of virus from infected cells into the bloodstream as well as
facilitating its clearance.

This study defines key determinants on the surface of YFV-
17D involved in GAG binding. Of the six nonconservative
amino acid differences in the E proteins of 17D and Asibi, only
two residues, Ser325 and Arg380, both located in E protein
domain III, accounted for the GAG-binding phenotype of
17D. Residue Arg380 clearly exerted the dominant effect,
which is consistent with the previous identification of the cor-
responding region on the lateral edge of domain III of flavivi-
ruses belonging to the Japanese encephalitis virus serocomplex
as a GAG-binding domain (14). Given that the Ser325 ac-
quired by 17D did not alter the E protein net positive charge
thought to enhance GAG-binding affinity, we suggest that
Ser325 exerts its minor effect by orienting the neighboring
basic residue, Arg326, to interact optimally with GAG. Nota-
bly, a 17D variant with an R326E mutation did not show

binding to heparin-Sepharose but was also defective in repli-
cation in Vero cells (data not shown). Given that the P325S
mutation is not present in the 17DD vaccine substrain (8), it is
presumably not essential to the attenuation process.

When Asibi E protein residues distinguishing it from 17D
were substituted into the 17D E protein according to their
location in one of the three E protein domains, we found that
the combination of three domain III changes produced a blood
clearance, viscerotropic spread, and virulence phenotype re-
sembling that of r17D-dI/II/III. The domain III cluster of
changes in r17D-dIII included the two GAG-binding determi-
nants, in addition to a third change (F305S) that contributed to
neurovirulence (see below). Importantly, the combination of
Asibi domain I and II residues substituted into the 17D E
protein (r17D-dI/II) did not alter blood clearance kinetics, in
vivo spread, and virulence markedly from that of 17D. On this
basis we conclude that, at least in the mouse model available
for this study, the mutations in E protein domain III acquired
by the vaccine are vital for reducing viscerotropism and viru-
lence of the vaccine. It should be emphasized that despite the
striking impact of domain III changes on viscerotropism and
virulence found in this study, additional contributions to the
safety of the 17D vaccine may be provided by other mutations
impacting on viral properties such as cell tropism, growth ef-
ficiency, and susceptibility to antiviral defense.

Assessment of virulence of YFV is achieved most reliably
using monkeys, given their susceptibility to viscerotropic dis-
ease (reviewed in reference 28). Viremia is an excellent cor-
relate of viscerotropism of YFV in monkeys (and humans),
since 17D produces very low viremia, in contrast to the high
viremia associated with wt YFV infection of primates. Choice
of a small animal model suitable for analysis of YFV virulence
is hampered by the inefficient extraneural replication of non-
adapted strains (reviewed in reference 28). In contrast, direct
CNS infection of most YFV strains in mice is lethal (2). This
obstacle can be overcome with the use of viscerotropic strains
of YFV in hamsters (24, 38) or of immunodeficient (e.g., scid)
mice with increased sensitivity to YFV by peripheral routes of
infection (6). We show in this study that type I and II inter-
ferons are crucial in restricting viral replication in the mouse
visceral organs, hence adult IFN-(/)-R&/& mice are uniformly

FIG. 5. Virus clearance in vivo. Virus genome content in the serum was determined over 30 min after inoculation of a dose of r17D, r17D-dI/II,
r17D-dIII, r17D-dI/II/III, r17D-dI/II/III-325S, or r17D-dI/II/III-380R equivalent to 107 genome copies. The reduction at each time point was
calculated as (input virus)/(virus content in serum sample), assuming a blood volume of 7% of body weight of each mouse. Standard errors shown
were calculated using results from two mice for each virus sample.
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susceptible to low-dose inoculation of 17D variants into the
footpad and succumb following virus spread into the CNS.
Thus, mortality of IFN-(/)-R&/& mice is influenced by viscer-
otropic properties as well as neurovirulence of a given YFV
strain. Importantly, viremia and extraneural virus growth can
be measured in this mouse strain as correlates of viscerotro-
pism. This has allowed us to identify three residues in E pro-
tein domain III of the 17D vaccine, two of which account for
enhanced GAG binding, as important determinants of viscer-
otropic attenuation. The impact of E protein changes on
mouse neurovirulence, in particular residues 52, 173, and 305,
is also evident from this and other studies (29, 34, 35). Notably,
the Ser305Phe change may exert a dominant effect in attenu-
ating neurovirulence and thus influence virulence in IFN-(/)-
R&/& mice observed for r17D variants with single or double
amino acid substitutions in domain III. Contrary to the sug-
gestion by others (reviewed in reference 27), we found no
effect of these neurovirulence determinants on fusion; thus, the
mechanism by which neurovirulence of YFV is modulated by
these E protein residues remains elusive.

The success of the YFV-17D vaccine is due to a combination
of excellent immunogenicity and safety. Accordingly, loss of
virulence should not substantially impact on the ability of the
vaccine to establish a primary infection following inoculation
and to elicit the broad cellular and humoral immune responses
characteristic of live viral infections. Our results show compa-
rable growth of 17D and 17D variants with Asibi E protein
changes in the lymph node draining the footpad infection site.
Transport of intradermally inoculated virus to the draining
lymph node is thought to be mediated by Langerhans or den-
dritic cells (22) and would therefore not be subject to GAG-
dependent inhibition of spread. We also found better replica-
tion of 17D in Vero and BHK cells as well as in ex vivo mouse
macrophage cells (data not shown), compared with 17D vari-
ants with Asibi E protein changes, while others have reported
more efficient growth of 17D in human liver HepG2 cells than
the Asibi parent, as well as efficient replication of 17D in
immature and mature human dendritic cells (1, 19). Collec-
tively, this demonstrates that the overall replication efficiency
of the vaccine strain in a diverse range of cell types is not
lowered. Importantly, the efficient growth of 17D in lymphoid
tissue, which is specialized in antigen presentation for the
establishment of adaptive immune responses, may explain the
excellent immunogenicity of the vaccine.
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