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Abstract

Mosquitoes are generally considered one of the most important vectors of arboviruses, with Aedes aegypti regarded as the most
important in transmission of yellow fever and dengue viruses. To investigate why there are differences in the incidence of dengue
fever and Zika in different geographical areas and an absence of outbreaks in Ghana in spite of an abundance of A. aegypti
mosquitoes, we established a continuous cell line from embryonic cells of A. aegypti collected in Ghana and assessed its suscep-
tibility to dengue, yellow fever, and Zika viruses. The new cell line (designated AeAe-GH98), having an adhesive spindle-shaped
web-like morphology, was serially subcultured in both VP-12 and Schneider’s medium supplemented with 10% heat-inactivated
fetal bovine serum. AeAe-GHOS cells were found to have a population doubling time of 1.3 d during exponential growth. The
mosquito colony used to establish the cell line was confirmed to have originated from Africa using microsatellite assay. In terms of
susceptibility to Aedes-borne flaviviruses, AeAe-GH98 cells were found to have different degrees of susceptibility to yellow fever,
Zika, and dengue virus infection and propagation. While susceptibility of AeAe-GHO9S cells to yellow fever and Zika viruses was
comparable with that of C6/36 cells, susceptibility to dengue virus was significantly lower. This cell line will serve as a useful tool
for determining molecular factors influencing virus—vector susceptibility in vitro.
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Introduction

Arboviruses of the family Flaviviridae, such as yellow fever
virus (YFV), dengue virus (DENV), and Zika virus (ZIKV),
are mosquito-borne and cause varying degrees of public
health concern across the world. YFV, for example, caused
devastating outbreaks in Africa until the introduction of vac-
cines that have effectively controlled infections i n many
countries, including Ghana (Amoa-Bosompem et al. 2020).
DENYV and ZIKV, on the other hand, are largely considered
emerging or re-emerging diseases across the world. Although
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there have been no reports of ZIKV infection or any DENV
outbreaks in Ghana, there have been reports of possible local
transmission of DENV there. In addition, DENV outbreaks
were reported in Cote d’Ivoire and Burkina Faso in 2015 and
2016, respectively, both of which share borders with Ghana
(Sudeep et al. 2009; Suzuki et al. 2017; Amoako et al. 2018,
Bonney et al. 2018; Tarnagda ef al. 2018; Amoa-Bosompem
et al. 2020). This apparent difference in incidence of arboviral
infections and the significantly greater intensity of outbreaks
in South America and Asia raises questions about the possible
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role of the Aedes aegypti vector in transmission (Messina et al.
2014; Fredericks et al. 2019).

Continuous insect cell lines have proven to be invaluable
tools for entomological research over the years (Barletta ez al.
2012; Kuwata et al. 2012; Hoshino et al. 2015; Weger-
Lucarelli ef al. 2018). The application of cell lines has ranged
from superinfection experiments testing the effect of one virus
on another to the study of immune responses to pathogens and
from the study of virus—vector interactions to that of virus
evolution (Barletta et al. 2012; Weger-Lucarelli et al. 2018).
Furthermore, the increase in the number of insect cell lines
originating from different geographical areas allows for the
detection and measurement of differences in response and
susceptibility to pathogens between regions, and in responses
to different kinds of pathogens (Lynn 1999; Sudeep et al.
2009; Barletta et al. 2012; Walker et al. 2014; Roberts et al.
2017).

The A. albopictus-derived cell line C6/36, owing to its lack
of RNA interference to resist viral infections, remains one of
the most used mosquito cell lines for virus isolation and char-
acterization studies. It has also been employed in determining
the effect of polypeptides or cytokine-like factors produced by
insects on virus infection (Kanthong et al. 2010; Weger-
Lucarelli ez al. 2018). A. aegypti-derived cell lines, however,
remain the most efficient in vitro tool for studying the viruses
transmitted by this mosquito.

This study outlines the establishment and characterization
of a cell line (designated AeAe-GH98) from A. aegypti mos-
quitoes collected from the northern part of Ghana and com-
pares the susceptibility of C6/36 and AeAe-GHO9S cells to two
serotypes of DENV (DENV-1 isolated in Japan and DENV-2
isolated in Ghana), YFV, and ZIKV.

Materials and Methods

Culture media VP-12 medium (Varma and Pudney 1969) sup-
plemented with varying concentrations (20%, 15%, and 10%)
of heat-inactivated fetal bovine serum (FBS, Sigma-Aldrich,
St. Louis, MO) was used in establishing and subculturing the
AeAe-GHO8 cell line. Once established, the medium for
subculturing and maintenance was systematically changed to
Schneider’s medium (Sigma-Aldrich) supplemented with
10% FBS by reducing the proportion of VP-12 in 25%
increments.

Establishment of a continuous cell line Embryos from fertil-
ized A. aegypti eggs were used to initiate the primary culture
following the protocol described by Kuwata ez al. (2012), with
modifications. Briefly, an A. aegypti colony established from
mosquito larvae collected in Ghana (GH98 strain) (Amoa-
Bosompem et al. 2020) were blood-fed and the eggs harvest-
ed. The harvested eggs were treated with 10% hypochlorite

solution for 2 min to sterilize their surface. With the aid of a
head-mounted magnifier (Mega View Pro LED, Terasaki
Industries, Tokyo, Japan), 100—150 surface-sterilized eggs
were cut with a stainless-steel blade (Feather® Disposable
Scalpel No. 15, FEATHER Safety Razor, Osaka, Japan) in a
35-mm surface-modified tissue culture dish (Primeria Easy
Grip; Corning Inc., Corning, NY) containing VP-12 medium
supplemented with 20% FBS, sealed with parafilm and incu-
bated at 28°C. The medium was replaced regularly, and mi-
gration and division of cells were observed under an inverted
microscope.

Confluent cells were detached from the surface of the cul-
ture dish by scraping and subcultured in a 12.5 cm?® culture
flask. The length of time needed for cells to reach confluency
and the concentration of FBS in VP-12 medium reduced over
time leading to the establishment of an AeAe-GHOS cell line
adapted to VP-12 medium supplemented with 10% FBS. Over
time, the AeAe-GH98 cells could be detached by pipetting
alone. Once AeAe-GHO98 cells had reached stable growth,
VP-12 medium was gradually replaced with Schneider’s me-
dium supplemented with 10% FBS for all subsequent tests.

Karyotyping analysis Karyotyping was performed using a pre-
viously described method (Freshney 2005; Kuwata et al.
2012; Hoshino et al. 2015) with modifications. Briefly, cells
(that had gone through 40 rounds of passages) were seeded in
a 75 cm? flask at a concentration of 1 x 10° cells/mL and
incubated at 28°C for 3 d before treatment with 10 M col-
chicine overnight. Cells were collected by centrifugation at
100xg for 5 min and resuspended in hypotonic solution. Ice-
cold Carnoy’s fixative reagent was added at a ratio of 1:1.
Cells were again collected by low speed centrifugation and
resuspended in Carnoy’s fixative reagent. The fixation step
was repeated once. Finally, cells were resuspended in
200 pL of Carnoy’s fixative reagent, mounted on a slide,
and stained with Giemsa solution.

Cell growth rate AeAe-GHI8 cells were seeded at a concen-
tration of 1 x 10* cells/mL in a 6-well culture plate and incu-
bated at 28°C in a polyethylene bag. A number of cells were
counted in triplicate on days 2, 4, 5, 6, 7, and 8 using a
Countess Cell Counting Chamber Slide and a Countess II
FL Automated Cell Counter (Thermo Fisher Scientific,
Waltham, MA). The cell concentrations were used to con-
struct a growth curve by plotting a graph of cell concentration
against day and an additional inset graph of rate of cell divi-
sions per hour [(Cg-Cy)/time (hr.)] against day.

Population assignment of the AeAe-GH98 cell line and screen-
ing for persistently infecting viruses Microsatellite loci were
genotyped to determine the origin of the A. aegypti colony
used in establishing the AeAe-GHIS cell line. Briefly, geno-
mic DNA was extracted from individual mosquitoes using the
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MagExtractor-Genome (TOYOBO, Osaka, Japan) following
the manufacturer’s protocol. The microsatellite markers and
primers used were trinucleotide repeats Al, B2, B3, and A9
and dinucleotide repeats AC2, CT2, AG2, AC4, AC1, ACS,
AGI, and AGS5, developed by Slotman et al. (2007) and
Brown et al. (2011). Multiplex pairings and primer/
fluorophore combinations were as previously described by
Itokawa et al. (2020). Polymerase chain reactions (PCRs)
were performed using a Type-it Microsatellite PCR Kit
(Qiagen, Hilden, Germany). Each 10-uL reaction was com-
posed of 5 pL of 2 x Type-it Multiplex PCR master mix,
0.8 uL (2.5 um) of primer, 0.8 puL (2.5 um) of fluorescent-
labeled M13 primer, 1 pL of genomic DNA, and 2.4 uL of
Milli-Q water. The thermocycler conditions were: 95°C for
2 min; 35 cycles of 98°C for 5 s, 55°C for 90 s, and 72°C
for 20 s; and 72°C for 10 min. The PCR product was purified
with Agencourt AMPure XP (Beckman Coulter, Brea, CA)
and electrophoresed using an ABI 3130 sequencer in the pres-
ence of the 500 LIZ size standard (GeneScan, Thermo Fisher
Scientific). The sequence reaction mixture was made up of
10 uL Hi-Di™ Formamide, 0.1 uL 500 LIZ size standard,
and 0.5 uL purified PCR product. Analysis of the genotype
data was done by discriminant analysis of principal compo-
nents (DAPC) using the adegenet package (Jombart 2008;
Jombart et al. 2010) in R 3.6 (R Core Team 2019).

For determination of the presence or absence of persistently
infecting viruses, both the mosquito colony and the
established cell line were subjected to next-generation se-
quencing assays following a previously described method
(Kobayashi et al. 2017; Amoa-Bosompem et al. 2020).
Reads were assembled and analyzed on the NCBI Blast data-
base, Blastn and Blastx.

Flavivirus susceptibility In determining the susceptibility of
mosquitoes from northern Ghana to DENV, YFV, and
ZIKV, AeAe-GH98 cells were inoculated with all three
flaviviruses following a previously reported protocol
(Kuwata et al. 2012) with modifications. Briefly, AcAe-
GHO8 cells were seeded in a 6-well culture flask at a
concentration of 1x 10> cells/mL, placed in a polyethyl-
ene bag, and incubated at 28°C overnight. The cells were
inoculated with DENV-1 (D1/Hu/Saitama/NIID100/
2014), DENV-2 (DENV-2/GH/NMIMR-BC-UG-F299/
2017), YFV (live vaccine strain 17D-204), or ZIKV
(MR766/UGANDA/1985) with a multiplicity of infection
(MOI) value of 0.1. Cell supernatants were harvested on
days 0, 2, 3, 4, and 5. The virus titer was determined by
the focus-forming assay on Vero cells (Japanese
Collection of Research Bioresources Cell Bank) as previ-
ously described by Amoa-Bosompem et al. (2020). A
graph of virus titer against time was plotted. All samples
were run in triplicate with C6/36 cells (European
Collection of Authenticated Cell Culture) as controls.

Results

Primary cell culture and morphology The initial cell cultures
were composed of cells with different shapes and sizes and
with some web-like properties (Fig. la,b). Continuous
subculturing resulted in a mesh-like cylindrical cell population
arising by the 12th passage (Fig. l¢). By the 42nd passage,
however, the population constituted a single layer of web-like
spindle-shaped adhesive cells (Fig. le,f) with an average cell
length of 80 um (Fig. 1f). At present, this AeAe-GH98 con-
tinuous cell line has undergone > 50 passages and has been
maintained for over 3 years by subculturing, with a split ratio
of 1:8-1:9 at 10-14-d intervals.

Karyotyping analysis The chromosomes of AeAe-GH98 cells
were examined under the microscope after staining with
Giemsa (Fig. 2). The diploid AeAe-GH98 cells had a chromo-
some number of 6 consisting of 3 pairs of unevenly sized
chromosomes (2n = 6). The observed difference in size is con-
sistent with A. aegypti chromosomes, with the smallest, larg-
est, and intermediate reported to be chromosomes 1, 2, and 3,
respectively (Clements 1992; Timoshevskiy et al. 2014).

Cell growth rate To determine the AeAe-GH98 cell growth
rate, cell concentration was measured on days 2—7 post
seeding. The cells reached the log phase of growth at least
3 days post seeding. The population doubling time at the start
of the log phase (days 4-5) was calculated to be 1.93 d, re-
ducing to ~1.3 d during the peak period of cell growth
(Fig. 3).

Population assignment and screening for persistently infect-
ing viruses Genetic characterization of the A. aegypti colony
was performed to establish the AeAe-GH98 cell line. DAPC
was conducted to genotype the 12 microsatellite loci followed
by comparison with previously reported genotypes of global
A. aegypti populations (Gloria-Soria et al. 2016). DAPC split
the individual genotypes into two distinct populations, wild
A. aegypti mosquitoes of African origin (Fig. 4, right-hand
side, dark gray) and those originating outside Africa (Fig. 4,
left-hand side, pale gray) as previously reported (Gloria-Soria
et al. 2016). The genotypes of individuals in the colony from
which the cell line was established (population 40) was found
to cluster with the wild A. aegypti mosquitoes of African or-
igin (Fig. 4). The AeAe-GH98 cell line was found to be virus-
free. RNA-seq analysis did not find any nucleotide acid se-
quence similar to known RNA virus genomes.

Flavivirus susceptibility To determine susceptibility to
flaviviruses, AeAe-GHO98 cells were inoculated with DENV,
YFV, or ZIKV exhibiting a MOI value of 0.1, and viral con-
centration was monitored over time. YFV and ZIKV were
observed to replicate efficiently in AeAe-GHIS8 cells with
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Figure 1.
remaining 3 images show the cell population at the 42nd passage under x 40 (d), x 100 (e), and x 200 ( /) magnification. Scale bar: 100 um.

titers in the region of 10° focus-forming units (FFU)/mL at
5 days post inoculation (dpi) (Fig. 5). There was no observable
cytopathic effect (CPE) on the new cell line as a result of YFV
or ZIKV infection, nor any effect on replication (data not
shown). In contrast, both serotypes of DENV replicated poor-
ly in the new cell line. Only DENV-1 was observed to have
established infection at 3 dpi with a concentration of 673 FFU/
mL, but it did not replicate effectively to increase viral titer

Figure 2. Micrograph of Giemsa-stained chromosomes (arrow) of the
AeAe-GHI8 cell line, showing 3 pairs of chromosomes, each pair a
different size. Scale bar: 20 pm.

3

Monolayer of Aedes aegypti-derived AeAe-GHI8 cells. (a),(b),(c) Cell population at the 2nd, 3rd, and 12th passages, respectively. The

(Fig. 5 and Fig. S1A). All viruses were observed to replicate
significantly better but with different degrees of efficiency in
C6/36 cells (Fig. SIB). Neither DENV serotype caused an
observable CPE in AeAe-GHI8 cells.
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Figure 3. Growth rate of AeAe-GH98 cultured in Schneider’s medium
supplemented with 10% FBS at 28°C. The main graph is a graph of cell
concentration against day showing the rate of increase in cell concentra-
tion over time. The inset graph is a graph of rate of cell division per hour
against day showing the number of dividing cells and rate of increase in
cell division over time. Plotted values are mean + standard deviation.

@ Springer



796 AMOA-BOSOMPEM ET AL.

Figure 4. Results of discriminant
analysis of principal components
using 12 microsatellite genotypes.
Population 40 indicates
genotypes of individuals sampled
from the colony from which the
AeAe-GHIS8 cell line was
established. Other genotypes
(dark gray, right-hand side (from
African countries); pale gray, left-
hand side (from non-African
countries)) are those reported by
Gloria-Soria et al. (2016). 1,
Argentina; 2, Australia; 3, Brazil;
4, Cameroon; 5, Colombia; 6,
Costa Rica; 7, Dominican
Republic; 8, French Polynesia; 9,
Gabon; 10, Grenada; 11, Guinea
Bissau; 13, Indonesia; 14, Kenya;
15, Madeira; 16, Mauritius; 17,
Mexico; 25, Hawaii; 26, Pakistan;
27, Puerto Rico; 28, Saudi
Arabia; 29, Senegal; 30, South
Africa; 31, Sri Lanka; 32,
Thailand; 33, Philippines; 34,
Trinidad; 35, Uganda; 36, USA;
37, Venezuela; 38, Vietnam (Ho
Chi Minh); 39, Vietnam (Hanoi);
40, Laboratory strain GH98.

DA eigenvalues

Discussion

Mosquitoes remain one of the most important vectors of ar-
bovirus transmission. While there are hundreds of mosquitoes
capable of transmitting at least one of the mosquito-borne
arboviruses, mosquitoes of the genus Aedes are some of the

Log virus conc. (FFU/ml) at 5dpi
O P N W b U1 OO N

C6/36
AeAe-GHI8
C6/36
AeAe-GHI8
C6/36
AeAe-GHI8
C6/36
AeAe-GHI8

DENV-1 DENV-2 YFV ZIKV

Virus

Figure 5. Concentration of DENV, YFV, and ZIKV in C6/36 and

AeAe-GHI8 cells at 5 d post inoculation (dpi). Virus concentrations were
determined using the focus-forming assay on Vero cells. AeAe-GH98
was observed to be susceptible to YFV and ZIKV infection and replica-
tion. Each point denotes the mean =+ standard deviation of assays run in
triplicate.

most efficient and thus medically important vectors of arbo-
viruses (Liang et al. 2015). Differences in the susceptibility of
mosquitoes to arbovirus infection and their efficiency as vec-
tors have led to research into the virus—vector relationship.
Some of this research has focused on the molecular basis of
susceptibility as well as immunological responses to viral in-
fection, with the aim of developing effective strategies for
controlling infections (Conway et al. 2014). While the use
of wild or laboratory bred mosquitoes may be ideal, insect cell
lines provide a very useful alternative for in vitro elucidation
of all these factors, including susceptibility of a mosquito
population to arboviruses (Inoue 1989; Lynn 1999; Kuno
2007; Kanthong et al. 2010; Barletta et al. 2012; Walker et al.
2014; Weger-Lucarelli et al. 2018). This study therefore
established an A. aegypti cell line from Aedes mosquitoes
from Ghana and determined its susceptibility to DENV,
YFV, and ZIKV.

VP-12 medium supplemented with FBS was used in estab-
lishing the cell line, consistent with previous reports that
describe it as ideal for culturing cells from a variety of mos-
quito species (Kuwata et al. 2012; Hoshino et al. 2015).
Schneider’s medium supplemented with FBS was shown to
be equally ideal in maintaining the cell culture once it had
been established. However, it was important to gradually
change the medium from VP-12 to Schneider’s to prevent
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the cultures from crushing due to shock and also to allow the
monitoring of any adverse effect Schneider’s medium may
have had. Schneider’s medium, which is commercially avail-
able, was used for subsequent tests because of its relative ease
in preparation compared with VP-12 which is not commercial.

This is the first report of a successfully established A. aegypti
cell line from mosquitoes originally collected from West Africa
(Ghana). DAPC analysis (Jombart ef al. 2010) clustered the 12
microsatellite genotypes with published genotypes of A. aegypti
from African countries rather than with those from non-African
groups (Fig. 4). Thus, genetically, the AcAe-GH98 cells could be
expected to be a more suitable experimental model for African
A. aegypti than other pre-existing cell lines.

The successful establishment of the A. aegypti cell line
afforded the opportunity to determine the susceptibility of
mosquitoes from northern Ghana to DENV, YFV, and
ZIKV in vitro. The AeAe-GH98 cell line was found to be
generally non-susceptible to DENV, though DENV-1 was
able to successfully colonize the cell but without continuous
replication. The non-susceptibility of the cell line to DENV-2
(isolated from patients in Ghana, and which also happens to be
the dominant strain in the outbreak in Burkina Faso in 2016)
may be an indication of the reason for the absence of an out-
break in the northern part of Ghana, in particular during the
2015/2016 outbreak, despite the relatively higher frequency of
movement of people between Burkina Faso and northern
Ghana and an abundance of the Aedes vector (Appawu et al.
2006; Bonney et al. 2018; Tarnagda et al. 2018; Amoa-
Bosompem et al. 2020).

In contrast, the successful replication of YFV and ZIKV in the
new cell line might indicate sustained competence of Aedes mos-
quitoes in Ghana as vectors of YFV and the possibility of ZIKV
transmission on exposure. The presence of a competent vector
underlines the need for continuous vaccination complemented
with vector control measures (which should include ZIKV as a
focus group) to prevent future YFV and/or ZIKV outbreaks,
especially since the last reported cases of YFV infections, in
2011, were in northern Ghana (Online document: International
Federation of Red Cross and Red Crescent 2011; Online docu-
ment: World Health Organization 2012).

Last but not least, a lot of work is going into determining
the immunological and genetic factors that may influence vec-
tor susceptibility to arbovirus infection in vitro (Kanthong
et al. 2010; Barletta et al.. 2012; Walker et al. 2014). The
successful establishment of a cell line that has different de-
grees of susceptibility to YFV, ZIKV (both of which were
originally detected in Africa), and DENV (all strains original-
ly detected in Asia and the Americas) will allow for in vitro
comparison and possible elucidation of factors key to vector
susceptibility. Steps are therefore being taken to use the
AeAe-GHO8 cell line in determining the immunological and
genetic factors that may influence vector susceptibility and/or
competence.

Conclusion

The establishment of an Aedes mosquito cell line, of African
origin, with different levels of susceptibility to medically im-
portant flaviviruses will be useful in establishing the factors
influencing vector competence in vitro and will allow for
in vitro determination of possible ways of breaking the trans-
mission of medically important flaviviruses.
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