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Genetically Engineered Resistance to Dengue-2
Virus Transmission in Mosquitoes

K. E. Olson, S. Higgs, P. J. Gaines, A. M. Powers, B. S. Davis,
K. I. Kamrud, J. O. Carlson, C. D. Blair, B. J. Beaty

The control of arthropod-borne virus diseases such as dengue may ultimately require the
genetic manipulation of mosquito vectors to disrupt virus transmission to human pop-
ulations. To reduce the ability of mosquitoes to transmit dengue viruses, a recombinant
Sindbis virus was used to transduce female Aedes aegypti with a 567-base antisense RNA
targeted to the premembrane coding region of dengue type 2 (DEN-2) virus. The trans-
duced mosquitoes were unable to support replication of DEN-2 virus in their salivary
glands and therefore were not able to transmit the virus. ’

DEN viruses (serotypes 1 to 4; Flaviviridae)
contain a positive sense RNA genome (11
kb) that encodes three structural and.seven
nonstructural proteins (1). The viral genome
is the only viral mRNA found in infected
cells and is translated as a single polyprotein
(350 kD), which is cleaved by both host cell
and virus-encoded proteases to generate in-
dividual proteins (2). The natural cycle in-
volves only mosquitoes, which develop a
lifelong, persistent, noncytocidal infection,
and humans, who may manifest either DEN
fever (DF), an acute, debilitating illness, or
DEN hemorrhagic fever (DHF), a severe
disease that usually results from sequential
infections by different viral serotypes (3, 4).
Female Aec. aegypti acquire DEN viruses by
biting and taking a bloodmeal from an in-
fected human. The virus enters the midgut,
replicates, and disseminates to other mosqui-
to organs, including the salivary glands. Af-
ter further replication of the virus in salivary
glands, the virus in mosquito saliva can be
transmitted to humans during the ingestion
of the next bloodmeal (5).

DEN viruses are a major health concern
to urban populations throughout tropical
regions of the world (3, 4, 6). Conventional
measures to limit the proliferation of the
disease have failed in part because of the
lack of effective vaccines and the collapse
of health care and mosquito control infra-
stuctures in many developing countries (4,
6). Novel control strategies are now being
considered, including the genetic alteration
of mosquito vectors, to control the rapid
proliferation of arthropod-borne pathogens.

A potentially powerful control strategy is
to prevent replication of DEN viruses in the
midgut or salivary glands of the mosquito by
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expressing part of the virus's own genetic ma-
terial in those organs and establishing intra-
cellular immunity to the virus (7). Engineer-
ing pathogen refractoriness into arthropod
vectors has been difficult because of a lack of
efficient DNA expression systems (8). Viral
transducing systems derived from infectious
complementary DNA (cDNA) clones of the
mosquito-borne RNA virus Sindbis (SIN; To-
gaviridae) have recently been developed that
achieve efficient, long-term gene expression
in mosquitoes and can be used to rapidly assess
promising gene-based approaches for patho-
gen control (9). The TE/3'2] double sub-
genomic SIN (dsSIN) transducing viruses
contain a second subgenomic promoter, be-
tween the end of the structural protein coding
region and the viral 3’ noncoding region.
These dsSIN viruses transcribe one genomic
and two subgenomic mRNAs in infected cells,
and heterologous proteins may be translated
from the second subgenomic mRNA (9). The
dsSIN viruses replicate in the cytoplasm of
infected mosquito cells, which obviates po-
tential problems such as mRNA splicing,
mRNA transport, and poorly characterized
DNA promoters in mosquitoes. We have
demonstrated that dsSIN viruses can effi-
ciently express heterologous proteins and an-
tisense RNAs in the head and salivary gland
tissues of infected Ae. triseriatus mosquitoes
more than 20 days after infection (10).
Previous studies also have demonstrated
that dsSIN viruses can transduce cultured
mosquito cells with RNAs complementary
to specific RNA sequences of unrelated
arthropod-borne viruses, such as La Crosse
(Bunyaviridae) and DEN-2 viruses, and can
establish intracellular immunity to those
viruses (11-13).

A dsSIN virus, designated D2prMa, has
been generated that expresses a 567-base an-
tisense RNA targeted to the premembrane
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Fig. 1. Plasmid map showing construction of
pD2prMa from the parent dsSIN construct
pTE/3'2J. To insert the antisense sequence into
pTE/3'2J, we synthesized primers to amplify
DEN-2 prM cDNA by polymerase chain reaction
from p30-VD2 (24), which contained cDNA of the
structural coding region of DEN-2 (Jamaica) virus.
Amplified prM cDNA was TA-cloned (25) into a
modified Bluescript Il SK+ plasmid (Stratagene)
that contained an Nhe | site in the polylinker. The
prM cDNA was excised with Nhe | and Xba | re-
striction endonucleases and inserted at the Xba |
site downstream of the second RNA promoter of
pTE/3'2J. Insert orientation was confirmed by se-
quence analysis. The dsSIN DNA templates were
linearized at the Xho | site and transcribed in vitro
from the bacteriophage SP6 promoter (26). RNA

Nhe |
=pD2prMa (14,400 bp)

Xhmoter
Plasmid

* SIN 3' noncoding
region

“SIN Internal Initiation  PpTE/3'2J

site (RNA promoter) 13,822 bp

SIN structural genes /

(C,E2,E1)  gN nonstructural genes
/ (nsP1, nsP2, nsP3, nsP4)

SIN internal Initiation
site (RNA promoter)

products were electroporated (BTX, San Diego, CA) into BHK-21 cells at 500 V, 100 wF, and 720 ohms
for a duration of approximately 0.8 ms. The dsSIN viruses were harvested from the medium 20 hours later
and titrated in BHK-21 cells with the use of an end-point assay (27).

(ptM) coding region of the DEN-2 virus ge-
nome (Fig. 1). The ptM coding region was
targeted for two reasons. The prM gene prod-
uct is an essential component of DEN virion
assembly (2, 14); also, because the prM cod-
ing region is near the 5’ end of the DEN virus
genome, antisense RNA inhibition of trans-
lation would affect the synthesis of the eight
viral proteins downstream of the prM. The
expression of prM antisense RNA was char-
acterized by Northern (RNA) blot analysis of
viral RNAs isolated from Ae. albopictus (C6/
36) cells infected with either D2prMa virus or
a control dsSIN virus (TE/3'2]) lacking the
antisense insert. The size of the virus genomic
and two subgenomic mRNAs in cells infected
with D2prMa virus was larger than the TE/
3'2] RNAs by the size of the inserted DEN-2
sequence (15) (Fig. 2). ,

To test if D2prMa virus could establish
intracellular immunity, we intrathoracically
co-injected into Ae. aegypti mosquitoes 10>°
median tissue culture infectious doses
(TCIDsy’s) of D2ptMa or TE/3'2] and 103©
TCIDsy's of DEN-2 (strain 16681, Thai-
land) virus (16). Intrathoracic inoculations
ensured that all of the mosquitoes were in-
fected. Eleven days later, their salivary
glands and midguts were dissected for immu-
nofluorescence analysis. Tissues were as-
sayed for SIN envelope (E1) and DEN-2

envelope (E) proteins.

Fig. 2. Northern blot analysis 1
of D2prMa virus RNA in C6/

36 cells. The blot was hybrid- -5
ized with a TE/3'2J-specific,
32P- |abeled oligonucleotide.
The lanes show profiles of 5 4
dsSIN RNA from C6/36 cells
infected with no virus (lane 1),
TE/3'2J virus (lane 2), or
D2prMa virus (lane 3). Abbre-
viations are as follows: G,
genomic RNA; S1, first sub-
genomic RNA; and S2, second subgenomic RNA.
Size markers in kilobases are on the left.

0.24 N

Mosquitoes injected with TE/3'2] virus
supported DEN-2 virus replication in the sal-
ivary glands (Fig. 3, A and B), and 10?8
TCIDsy’s of virus was detected per salivary
gland pair. Mosquitoes injected with D2ptMa
virus did not permit DEN-2 virus replication
in salivary glands, and no DEN-2 virus could
be detected either by immunofluorescence
(Fig. 3, C and D) or by titration analysis.
Densitometric analysis of slot blots of RNA
isolated from salivary gland pairs of individual
Ae. aegypti inoculated with 10>° TCIDs’s of
D2prMa virus showed that approximately 4 X
10® copies of the antisense sequence were
present 14 days after infection (17). The mid-
gut was not resistant to DEN-2 virus because
dsSIN and DEN-2 viruses exhibited different
tropisms when delivered intrathoracically,
with dsSIN viruses infecting midgut-associat-
ed nerve and muscle tissues and DEN-2 in-
fecting midgut epithelial cells (Fig. 3, E and
F). The dsSIN viruses displayed a similar tro-
pism in the midguts of Ae. triseriatus 11 days

Fig. 3. Detection of SIN E1 and DEN-2 E proteins
in Ae. aegypti by an indirect immunofluorescence
assay (IFA) 11 days after infection. Salivary glands
from mosquitoes co-injected with TE/3'2J and
DEN-2 virus were analyzed for the presence of
SIN (A) (20X magnification) and DEN-2 (B) (40X
magnification) antigens. (C and D) Salivary glands
from mosquitoes co-injected with D2prMa and
DEN-2 virus analyzed for the presence of SIN (C)
(20X magnification) and DEN-2 (D) (40X magnifi-
cation) antigens. (E and F) Midguts from mosqui-
toes co-injected with D2prMa and DEN-2 virus
analyzed for the presence of SIN (E) (20X magni-
fication) and DEN-2 (F) (20X magnification) anti-
gens. Mosquitoes were co-injected with either TE/
3'2J or D2prMa virus and DEN-2 (16681) virus and
incubated at 28°C for 11 days. Tissues were sub-
jected to IFA with the use of either monoclonal
antibodies 30.11 (anti-SIN E1) (28) or 813 (anti-

REPORTS

Table 1. Interference of transmission of DEN-2
virus in Ae. aegypti by transduction of mosquitoes
with an antisense RNA targeted to the prM coding
region of DEN-2 virus. The number of saliva sam-
ples positive for DEN-2 virus after injection of sa-
liva into mosquitoes is indicated as the first num-
ber in the second column; the total number of
saliva samples injected into mosquitoes, by the
second number. In trial 1, one mosquito injected
with saliva from a mosquito transduced with prM
antisense RNA in trial 1 was weakly positive for
DEN-2 virus (fourth column); ND, not done. The
total number of saliva samples assayed was pro-
duced from three separate trials. Mosquitoes
were injected with L-15 medium and DEN-2 virus
or co-injected with D2prMa or TE/3'2J virus and
DEN-2 virus as described (76). Fourteen days af-
ter infection, saliva samples were collected from
mosquitoes for detection of DEN-2 virus.

Saliva samples from mosquitoes
infected with

Trial DEN-2 DEN-2 DEN-2
virus + +
+ L-15 TE/3'2J D2prMa
medium viruses viruses
1 8/8 7/9 1/8
2 ND 7/10 0/10 -
3 ND 6/7 0/8
Total 8/8 20/26 1/26

after intrathoracic inoculation (10).

We next investigated the effect of prM
antisense RNA expression on DEN-2 virus
transmission. Female Ae. aegypti mosquitoes
were co-injected with D2prMa and DEN-2
viruses as described above. Saliva was col-
lected from each of 26 mosquitoes 14 days
after infection (18). Each saliva sample was
treated with an SIN polyclonal antibody to
neutralize the D2prMa virus (19); each sa-
liva sample was then intrathoracically inoc-
ulated into groups of five Ae. aegypti (20).
This inoculation was done because it is the

flavivirus E) (29) as the primary antibodies and a biotinylated sheep antibody to mouse (Amersham,
Arlington Heights, IL) as the secondary antibody. Fluorescence produced by bound fluorescein-strepta-
vidin (Amersham) was viewed with an Olympus BH-2 epifluorescence microscope. Tissues positive for
DEN-2 E antigen were considered positive for DEN-2 virus replication.
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most sensitive technique for detecting in-
fectious DEN viruses (16). After 7 days,
mosquito heads were examined by immuno-
fluorescence for the presence of DEN-2 vi-
rus. Expression of D2prMa virus efficiently
inhibited the biological transmission of
DEN-2 virus because, of the 26 saliva sam-
ples tested, only one was weakly positive for
DEN-2 infection (Table 1). In contrast, 20
of 26 saliva samples obtained from mosqui-
toes co-infected with TE/3'2] and DEN-2
viruses were positive for DEN-2 virus when
inoculated into mosquiitoes (Table 1). Sali-
va samples were scored positive for the pres-
ence of virus if at least one of the five
saliva-injected mosquitoes was positive for
DEN-2 antigen by immunofluorescence.

Both DEN-2-derived sense and anti-
sense prM RNA have been shown to inter-
fere with DEN-2 virus replication in mos-
quito cells. This interference is specific be-
cause there is no inhibition of replication of
DEN-3 and DEN-4 viruses (13). Future
work will focus on using dsSIN viruses to
transduce mosquito cells with antisense
RNAs that will target the genomes of all
four DEN virus serotypes. The dsSIN trans-
ducing viruses are well suited for delivering
anti-virus molecules to mosquito tissues
where arbovirus replication occurs. These
results show that antisense RNA can be
used to ablate flavivirus transmission from
Aedes aegypti. Ultimately, mosquito ge-
nomes will need to be manipulated with
DNA-based transformation techniques to
ensure both heritability and transcriptional
control of the desired anti-virus agent in
the mosquito (21).
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Two Genetically‘SeparabIe Steps in the
Differentiation of Thymic Epithelium
Michael Nehls,” Bruno Kyewski, Martin Messerle,
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The development of the thymus depends initially on epithelial-mesenchymal and sub-
sequently on reciprocal lympho-stromal interactions. The genetic steps governing de-
velopment and differentiation of the thymic microenvironment are unknown. With the use
of atargeted disruption of the whn gene, which recapitulates the phenotype of the athymic
nude mouse, the WHN transcription factor was shown to be the product of the nude locus.
Formation of the thymic epithelial primordium before the entry of lymphocyte progenitors
did not require the activity of WHN. However, subsequent differentiation of primitive
precursor cells into subcapsular, cortical, and medullary epithelial cells of the postnatal
thymus did depend on activity of the whn gene. These results define the first genetically
separable steps during thymic epithelial differentiation.

The primary function of the thymus is to
generate and select a highly diverse reper-
toire of T cells that exhibit self tolerance
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and restriction to self major histocompati-
bility complex (1). The importance of the
thymic microenvironment in shaping the T
cell repertoire has long been recognized (2).
Development of a functionally competent
thymus depends on a series of epithelial-
mesenchymal and subsequent lympho-stro-
mal interactions (3), which implies the ex-
istence of developmentally restricted con-
trol points in the differentiation of thymic
epithelium (4). Here, we have taken a ge-
netic approach to identify the WHN tran-
scription factor as an early regulator of thy-
mic epithelial differentiation.

The whn gene (5) is mutated on mouse
and rat nude alleles (5, 6), which suggests
that the WHN transcription factor is en-
coded by the nude locus. We used a targeted





