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Abstract
To address concerns that a flavivirus vaccine/wild-type recombinant virus might have a high
mosquito infectivity phenotype, the yellow fever virus (YFV) 17D backbone of the ChimeriVax–
dengue 4 virus was replaced with the corresponding gene sequences of the virulent YFV Asibi strain.
Field-collected and laboratory-colonized Aedes aegypti mosquitoes were fed on blood containing
each of the viruses under investigation and held for 14 days after infection. Infection and
dissemination rates were based on antigen detection in titrated body or head triturates. Our data
indicate that, even in the highly unlikely event of recombination or substantial backbone reversion,
virulent sequences do not enhance the transmissibility of ChimeriVax viruses. In light of the low-
level viremias that have been observed after vaccination in human volunteers coupled with low
mosquito infectivity, it is predicted that the risk of mosquito infection and transmission of
ChimeriVax vaccine recombinant/revertant viruses in nature is minimal.

Dengue (DEN; genus, Flavivirus; family, Flaviviridae) is the most significant emerging
arboviral disease [1,2]. Because of increased travel to tropical locals and expansion of vector
distribution, the incidence of DEN fever and DEN hemorrhagic fever/DEN shock syndrome
have increased dramatically in many regions of the world, with an estimated 2.5 billion people
at risk [3]. Classic vector control has been the primary strategy to combat mosquitoborne
diseases; however, population expansion of Aedes aegypti, the predominant peridomestic
vector of the DEN viruses (DENV), emphasizes the urgent need for a DEN vaccine [3,4]. DEN
hemorrhagic fever is commonly associated with secondary exposure of an individual with
preexisting antibody to a heterologous serotype. Therefore, because there are 4 serotypes of
DENV (DENV1–4), an efficacious DEN vaccine must confer long-lasting tetravalent humoral
and cellular immunity [5].

The yellow fever virus (YFV) 17D live attenuated vaccine (LAV) has been regarded as one of
the safest and most efficacious vaccines [6]. The ChimeriVax platform developed by Acambis,
Inc., has resulted in the generation of chimeric flavivirus vaccines with the highly attenuated
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17D LAV backbone and structural genes of heterologous flaviviruses, including St. Louis
encephalitis virus, West Nile virus, Japanese encephalitis virus, and the DENV [7–10]. It has
long been known that, although wild-type (WT) YFV Asibi can infect and disseminate in A.
aegypti, the predominant peridomestic vector, 17D can only occasionally infect these
mosquitoes and cannot be transmitted by them [11]. Additionally, experimental observations
of ChimeriVax vaccine candidate virus-vector interactions have demonstrated corresponding
attenuation in mosquito transmissibility [12–15].

Although >400 million doses of YFV 17D have been administered worldwide to date—
frequently in situations in which vaccinees may be infected with WT YFV—Seligman and
Gould have recommended caution in the use of LAV, because of the hypothetical risk of
recombination-driven reversion to a virulent phenotype [16]. Although recombination events
have been documented for flaviviruses [17], there is neither experimental nor field data to
suggest that recombination between vaccine and WT flaviviruses has ever occurred. As such,
the incidence of, and potential for, such events may have been overestimated [18–21]. Because
of the relatively long and benign interaction between the virus and mosquito vector, it is
hypothesized that a recombination event is more likely to occur in the arthropod than in the
vertebrate host. For such a recombination to occur and have a significant impact on public
health, a mosquito host would have to be infected with both a WT and vaccine virus, either
simultaneously or sequentially, and survive long enough to allow for viral replication,
dissemination, and subsequent transmission.

We are beginning to understand how sequence differences between YFV 17D and Asibi strains
may influence vector infection [22,23], but it is unknown whether any phenotypic effects would
result from a recombination/reversion event occuring while replicating in the vector. If a change
in the ChimeriVax-YFV 17D platform did occur, virus would have to replicate in the vertebrate
host after transmission to a sufficient titer to infect subsequently feeding mosquitoes. Large
sequence changes are less probable than events leading to single mutations. With a total of 33
amino acid differences between the 17D vaccine and Asibi WT strains of YFV, a recombination
event or multiple mutational events that change the attenuated phenotype to one of virulence
and simultaneously enhance the capacity of the virus to replicate, disseminate, and be
transmitted by the mosquito seems highly unlikely. Furthermore, some of these mechanisms
are apparently under multigenic control [22,23], and chimerization typically compromises
replication competence [24,25], underscoring the low probability that a vaccine/WT
recombinant would possess a high mosquito infectivity phenotype.

Although recombination in this vaccine strategy is theoretically unlikely, it is important to test
the consequences of recombination in a laboratory setting. ChimeriVax-DEN4 was selected
for these experiments, because, although it is highly attenuated, it may be marginally more
infectious than the other ChimeriVax-DEN vaccine candidates for Aedes mosquitoes [12].
Here, we modeled the worst-case scenario, in which the YFV 17D backbone of the well-
characterized attenuated ChimeriVax-DEN4 virus was wholly replaced with sequences of the
virulent YFV Asibi strain. To produce this virus, we constructed a parental YFV infectious
clone (IC) based on the Asibi WT [26] and used this clone to generate a chimeric virus encoding
the nonstructural gene sequences of YFV Asibi and the structural gene sequences of
ChimeriVax-DEN4 (Asibi/DEN4 M-E). To evaluate the mosquito infectivity phenotype of this
virus, A. aegypti mosquitoes were presented with infected blood meals and analyzed to
determine infection and dissemination rates. The vertebrate pathogenicity of this virus was also
evaluated in nonhuman primates (see the accompanying report [27]).
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MATERIALS AND METHODS
Construction of YFV Ics

Construction and characterization of the YFV Asibi IC and structural YFV Asibi/17D chimeric
variant clones (Asibi/17D M-E and 17D/Asibi M-E [backbone/structural insertion]) were done
as described elsewhere [22,23,26]. All plasmid constructs were generated using standard
polymerase chain reaction (PCR)–based mutagenesis and cloning methods [28]. Briefly,
cDNA was generated using random hexanucleotide primers (Promega) and SuperScript II
(Invitrogen), followed by PCR amplification of target sequences using Pfu DNA polymerase
(Stratagene) under standard conditions.

The construction of a YFV variant IC expressing the DEN4 structural proteins membrane (M)
and envelope (E) in the virulent YFV Asibi backbone was facilitated via the generation of an
intermediate construct, designated plasmid 69.2 (p69.2); p69.2 was made by simultaneous
ligation and cloning of 3 DNA fragments via PCR amplification of YFV and DEN4 sequences
of interest from plasmids pAsibi 5 IC (Higgs laboratory), pYFM5,2DEN4 (Acambis), and
pYFM5′3′DEN4 (Acambis), using unique restriction sites as indicated in figure 1A. The IC
pYF-As-DEN4 M-E (figure 1B) was then produced via sequential replacement of heterologous
p69.2 sequences with PCR amplicons of pYF-As IC. Fragments for all cloning constructs were
ligated using the T4 DNA ligase (Invitrogen) and amplified in Escherichia coli MC1061 cells,
and intermediate and final constructs were sequenced to verify that no mutations had resulted
during cloning. Plasmid and primer sequences are available on request.

Cells and viruses
African green monkey kidney (Vero), baby hamster kidney (BHK-21), and Aedes albopictus
(C6/36) cells were grown in Leibovitz L-15 medium supplemented with 10% fetal bovine
serum (FBS), 1% penicillin-streptomycin, and 1% glutamine (cellgro; Mediatech), with
vertebrate and invertebrate cell lines maintained at 37°C and 28°C, respectively. ChimeriVax-
DEN4 virus was obtained as frozen stocks from Acambis, thawed once to prepare aliquots,
and then stored at −80°C. The WT parent virus used for construction of ChimeriVax-DEN4
virus was DENV4 (strain 1288). Infectious Asibi, Asibi/17D M-E, 17D/Asibi M-E, and Asibi
DEN4 M-E (figure 2) virus stocks were generated from respective ICs, as described elsewhere
[26]. Briefly, plasmids were linearized, purified using phenol/chloroform, and transcribed in
vitro using the mMESSAGE mMACHINE Kit (Ambion), in accordance with the
manufacturer’s protocols. RNA was electroporated into BHK-21 cells as described elsewhere
[26,29], and cell culture supernatant aliquots containing virus were harvested 3–5 days after
electroporation on the basis of visualization of cytopathic effect and stored at −80°C. Stock
titers were determined by virus titration [29].

Mosquitoes
Two strains of A. aegypti mosquitoes were used for infectious feeds to allow for investigation
and comparison of the infection and dissemination of YFV variants in colonized and wild-
caught potential vectors. The A. aegypti Rex-D white-eye (WE) Higgs strain was derived from
a spontaneous mutation in the Rex-D strain, originally isolated from Rexville, Puerto Rico
[30], with mosquitoes used for infectious feeds being >30 filial generations (F). Wild-caught
A. aegypti eggs were collected in the spring of 2004 from Mae Sot Province, Thailand (16°45′
N, 98°33′ E) and reared for several generations, and F5 eggs were collected and stored for use
in these experiments [12].
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Mosquito infection
To elucidate the appropriate conditions to obtain maximum blood meal titers for infectious
feeds, 10-day growth curves for all viruses were generated in duplicate using Vero and C6/36
cells infected at an MOI of 0.001 (data not shown). Fresh virus for artificial blood meals was
generated by propagation of virus stocks in cell culture or direct harvesting from
electroporation. Virus inocula prepared in Vero cell culture included 17D/Asibi M-E and
ChimeriVax-DEN4, those propagated in C6/36 cells included Asibi/17D M-E and Asibi/DEN4
M-E, and YFV Asibi was harvested directly from electroporated BHK-21 cells. Virus, cells,
and supernatant were harvested in accordance with predicted maximal titer after infection and
combined 1:1 with defibrinated sheep blood (Colorado Serum). Adenosine triphosphate was
added as a phagostimulant, to a final concentration of 2–3 mmol/L. Oral infection of A.
aegypti mosquitoes was performed as described elsewhere [22,23]. After the feeding period,
mosquitoes were chilled, and engorged females (⩾stage 4+ [31]) were transferred to new
cartons and maintained as described elsewhere [23]. A 1-mL aliquot of infectious meal was
stored at −80°C for virus titration. Positive control mosquitoes for all viruses were generated
via intrathoracic inoculation of virus stocks diluted 1:3 in Leibovitz L-15 medium.

Determination of virus titer
Mosquitoes were harvested at 0 and 14 days after infection and assayed for virus by titration,
as described elsewhere [12,29]. Whole individual mosquitoes (0 days after infection) were
triturated in 1 mL of L-15 medium (10% FBS, 10% tryptose phosphate broth, 100 U/mL
penicillin, 100 μg/mL streptomycin, and 1 μg/mL fungizone) and titrated as 10-fold serial
dilutions on Vero cell culture. At 14 days after infection, mosquito bodies and heads were
assayed for infectious virus separately to determine infection and dissemination rates,
respectively. Mosquito bodies were triturated in 1 mL and heads in 300 μL of L-15 medium
(supplemented as described above). For each body homogenate, 100 μL was loaded in duplicate
and then titrated in serial 10-fold dilutions in the first 8 wells of a 96-well plate, with head
homogenates in the last 4 wells of the same rows as corresponding bodies. Titration plates were
incubated at 37°C for 10 days, then fixed with 1:1 acetone-methanol and stored at −20°C for
at least 30 min, dried, and analyzed by immunohistochemistry.

Immunohistochemical assay
Viruses varied in their capacity to produce cytopathic effect in Vero cells, so we tested all
titration plates for virus by immunohistochemical assay to determine the highest dilution at
which antigen was present. Selection of the antibody and optimal dilution was based on visual
evaluation of signal intensity using Vero cells infected with each of the viruses, grown on glass
coverslips [32]. For all YFV variants, it was determined that MA93, a hyperimmune mouse
serum raised against YFV Asibi and 17D (produced by S.H. in 1993), at a concentration of
1:500 provided optimal detection.

Plates were dried and incubated for 10 min at room temperature in PBS (cellgro) supplemented
with 1% normal horse serum (Sigma-Aldrich) before the application of primary antibody
(MA93) for 30 min. Plates were then rinsed twice in PBS followed by application of secondary
antibody, an anti–mouse IgG–horseradish peroxidase conjugate raised in goats (Southern
Biotech), at 1:500 for 30 min at room temperature. Plates were subsequently rinsed twice in
PBS, followed by visualization using the Vector VIP peroxidase substrate kit (Vector
Laboratories) for 7.5 min, and reactions were quenched in distilled water. Blood meal and
mosquito titers were calculated as log10 TCID50 per milliliter or mosquito, respectively.
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Statistical analysis
Differences in infection and dissemination rates among species were tested for significance by
Fisher’s exact test, and differences in average mosquito titers at 0 and 14 days after infection
were tested by Student’s t test, using SPSS software (version 14.0; SPSS).

RESULTS
Whole-body titers of mosquito triturates were measured at 0 and 14 days after infection for all
YFV variants. For each group, mean ± SD titers were calculated for the mosquitoes from which
infectious virus was recovered (table 1). Whole-body titers on day 0 confirmed the ingestion
of infectious virions during blood feeding for all groups. Infection and dissemination were
measured by individual titration of mosquito bodies and heads [12], because previous studies
have indicated that DENV detected in mosquito head tissue is representative of a disseminated
infection of salivary gland tissue [33]. Infection and dissemination rates were calculated as the
percentage of positive mosquitoes from the total number tested. Positive and negative control
A. aegypti were included in all virus titration assays.

Rex-D WE A. aegypti
High levels of infection (7/8) and dissemination (7/8) (figure 3) were observed in those
mosquitoes infected with virus derived from our Asibi IC (prototypical WT YFV), despite
relatively low titers noted in the infectious blood meal and day 0 mosquitoes (3.95 log10
TCID50/mL and 1.69 ± 0.72 log10 TCID50/mosquito, respectively). Substitution of the YFV
17D structural genes in the YFV Asibi backbone resulted in a significant decrease in mosquito
infection (1/8; P = .01) and prevented viral dissemination (0/8), whereas the reverse
substitution, YFV Asibi M-E in the 17D backbone, was associated with an intermediate
infection rate (4/8). Substitution of the DEN4 structural genes into the virulent YFV Asibi
backbone (Asibi/DEN4 M-E) (figure 3) also resulted in a significant decrease in mosquito
infection (0/8; P ≤ .01) compared with YFV Asibi WT (7/8). Asibi/DEN4 M-E did not have
significantly higher mosquito infectivity (0/8) compared with ChimeriVax-DEN4, which was
not observed to infect (0/8) or disseminate (0/8) in Rex-D WE A. aegypti.

Thailand F5 A. aegypti
Generally, observations of infection and dissemination kinetics in YFV variants were similar
in both strains of A. aegypti (Rex-D WE and Thailand F5), with no significant differences in
infection observed between the 2 strains for any of the viruses. YFV Asibi infected (6/8) and
disseminated (5/8) at a high rate, but substitution of the DEN4 or YFV 17D structural genes
M-E significantly decreased (P < .05) mosquito infectivity (Asibi/DEN4 M-E [1/8] and Asibi/
17D M-E [1/8]) (figure 3). The 17D/Asibi M-E variant again displayed an intermediate
phenotype characterized by significantly increased (P = .007) mosquito infectivity (6/8)
compared with ChimeriVax-DEN4 (0/8) but decreased dissemination (1/8) compared with
YFV Asibi (5/8) (figure 3). Despite the significantly higher average titer observed in
mosquitoes on day 0 (P = .003) (table 1), Asibi/DEN4 M-E did not differ significantly in
mosquito infectivity (1/8) compared with ChimeriVax-DEN4, which did not infect (0/8) or
disseminate (0/8) in a near-wild Thai strain of A. aegypti.

Although no significant differences were observed between the infection and dissemination
rates of our hypothetical recombinant (Asibi/DEN4 M-E) and parental vaccine ChimeriVax-
DEN4, Asibi/DEN4 M-E infected (1/8) and disseminated (1/8) in a single mosquito exposed
to a relatively high-titer infectious blood meal (4.95 log10 TCID50/mL). The infection rate was
significantly lower (5/8; P < .05) than that observed for mosquitoes exposed to a lower-titer
infectious blood meal (3.95 log10 TCID50/mL) of YFV Asibi. Because Asibi/DEN4 M-E is a
chimera of sequences derived from 2 viruses with high mosquito infectivity phenotypes (YFV
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Asibi and DEN4 strain 1228; see Materials and Methods), this finding was not entirely
unexpected. However, when we consider the low levels of infectious viremia and dramatically
attenuated phenotype in nonhuman primates infected with Asibi/DEN4 M-E (see
accompanying report [27]), compared with the generation of maximal blood meal titers using
cell-culture systems, we must conclude that a mosquito is extremely unlikely to become
infected while feeding on an animal infected with this recombinant.

DISCUSSION
Recent experimental observations of YFV IC chimeras have identified some of the molecular
determinants of infection and dissemination in mosquito vectors [22,23]. Investigations of the
relative contributions of structural and nonstructural genes to the mosquito infection phenotype
of YFV Asibi have identified major determinants of dissemination in the structural genes,
specifically E, with nonstructural genes (NS2A and NS4B) also contributing, albeit to a lesser
extent [22,23]. Substitution of the corresponding virulent YFV Asibi sequences into the 17D
backbone does not necessarily restore high infectivity for A. aegypti mosquitoes [22,23]. These
observations support the conclusion that multiple attenuating mutations, distributed throughout
the 17D backbone, contribute to decreased mosquito infectivity, therefore supporting its use
as a safe platform for the development of heterologous flavivirus vaccines.

In vivo vector-competence studies with ChimeriVax-DEN vaccine candidates have
consistently demonstrated decreased mosquito infectivity. Analysis of ChimeriVax-DEN2 in
A. aegypti and A. albopictus found mosquito infectivity comparable to that of the approved
parental 17D vaccine and identified no dissemination at 14 days after infection despite exposure
to high blood meal titers of 6.3–7.7 log10 pfu/mL [15]. Additionally, significant decreases in
ChimeriVax-DEN2 mosquito infection, associated with a loss in dissemination, were observed
in a DENV2-susceptible wild isolate of A. aegypti collected in Puerto Rico. Real-time reverse-
transcriptase PCR analysis of ChimeriVax-DEN1–4 in A. aegypti identified attenuated oral
infectivity [15]. Significant decreases have been identified in the infection and dissemination
rates of ChimeriVax-DEN viruses when fed to near-wild strains of A. aegypti and A.
albopictus isolated in Thailand, both individually and as a tetravalent mixture [12].

A. aegypti mosquitoes experimentally infected with YFV Asibi can fatally infect monkeys for
up to 168 days after infection [34]. This long-term infectivity, coupled with the opportunity
for multiple exposures, indicates that if recombination were to occur, the mosquito would be
the most likely organism to facilitate it. Vector-competence studies are therefore a critical
component of the evaluation of potential LAV candidates, even though, in regions of extreme
and continuous YFV activity, productive recombination in the mosquito vector is highly
unlikely for many reasons. Viremias of YFV 17D produced in vaccinees are relatively low and
of short duration, and this attenuated strain of virus is poorly infectious to mosquitoes [11,
22,23,35]. Because YFV 17D does not disseminate from the midgut [22,23], recombination
would have to occur here after coinfection of cells with both vaccine and WT viruses. Although
the mechanism of superinfection resistance—the inability of cells to be sequentially infected
by antigenically related viruses [36]—is not fully understood, it has been documented for
flaviviruses [37,38] and may further restrict the potential for recombination. Interestingly,
repeated isolations of an E protein stop-codon-mutant DENV have led investigators to conclude
that persistence was achieved via superinfection complementation by replication-competent
viruses [39]. The tendency for A. aegypti to breed in close proximity to humans, coupled with
its high propensity for feeding on humans [40], may also restrict opportunities to feed on
multiple different viremic hosts and therefore further reduce the likelihood of dual infection.
It seems highly unlikely for these multiple potential hurdles to recombination to be overcome
in a vector with a relatively short average life span, perhaps 15 days [41].

McGee et al. Page 6

J Infect Dis. Author manuscript; available in PMC 2009 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Multiple analyses have indicated that ChimeriVax-DEN viruses are highly attenuated with
respect to mosquito infectivity. However, the consequences of a recombination-driven virulent
reversion of a chimeric flavivirus vaccine have been much speculated on but were hitherto
unknown. Here, we have addressed directly the concerns of Seligman and Gould [16] and
report the effects of substituting the 17D nonstructural backbone sequences with the
corresponding sequences of virulent YFV Asibi on mosquito infectivity phenotype.

As observed for 17D (data not shown), when an artificial intrathoracic inoculation method was
used, A. aegypti became infected with all chimeric viruses. No significant differences were
observed in the infection and dissemination profiles of the 2 strains of A. aegypti, although the
near-wild Thailand mosquitoes appeared to be slightly more susceptible to infection.
Substitution of the WT virulent YFV Asibi sequences into ChimeriVax-DEN4 virus did not
produce a virus with an Asibi-like phenotype with respect to mosquito infectivity. Additionally,
the mosquito infectivity of Asibi/DEN4 M-E was similar to that of ChimeriVax-DEN4 virus
for Aedes mosquitoes collected from Thailand, as reported elsewhere [12]. Although Asibi/
DEN4 M-E did disseminate in A. aegypti Thailand F5, dissemination occurred at a low rate
despite exposure to relatively high viral titer in the blood meals (4.95 log10 TCID50/mL),
especially considering the significantly higher infection rates observed for those mosquitoes
exposed to a lower-titer infectious blood meal of YFV Asibi. In light of (1) the short duration
of viremia (1.2 ± 1.42 to 1.9 ± 1.23 days) and low circulating titers of vaccine virus expected
in vaccinees (33–68 pfu/mL) [42], (2) the relative refractoriness of Aedes mosquitoes to oral
infection with ChimeriVax-DEN virus, (3) the low mosquito infectivity of Asibi/DEN4 M-E,
and (4) the dramatically attenuated phenotype of Asibi/DEN4 M-E in nonhuman primates (see
the accompanying report [27]), we therefore conclude that, even in the incredibly unlikely
event of a complete “virulent” backbone reversion, the risk of mosquito transmission is
minimal.
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Figure 1.
Cloning strategy for construction of yellow fever virus (YFV) Asibi dengue 4 (DEN4) chimeric
virus. A, Construction of intermediate cloning vector plasmid 69.2 (p69.2) from pYFV-As
infectious clone (IC), pYFM5,2DEN4 (Acambis), and pYFM5′3′DEN4 (Acambis) sequences.
C, capsid; E, envelope; M, membrane; NS, nonstructural; RT-PCR, reverse-transcriptase
polymerase chain reaction; prM, premembrane; UTR, untranslated region. B, Construction of
pYFV-As-DEN4 M-E IC. Nucleotide positions and unique restriction sites used for cloning
are indicated.
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Figure 2.
Graphic depiction of parental and chimeric viruses used in mosquito experiments. Shading
indicates source of viral coding sequences. C, capsid; DEN, dengue; E, envelope; M,
membrane; NS1–5, nonstructural genes.
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Figure 3.
Infection and dissemination rates for chimeric yellow fever viruses. A, Aedes aegypti Rex-D
white-eye (WE) strain. B, A. aegypti Thailand F5 strain. DEN, dengue; E, envelope; M,
membrane. †P ≤ .01; ‡P ≤ .05.
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