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Abstract
Natural reservoir hosts can sustain infection of pathogens without succumbing to overt disease. Multiple bat species host 
a plethora of viruses, pathogenic to other mammals, without clinical symptoms. Here, we detail infection of bat primary 
cells, immune cells, and cell lines with Dengue virus. While antibodies and viral RNA were previously detected in wild 
bats, their ability to sustain infection is not conclusive. Old-world fruitbat cells can be infected, producing high titres 
of virus with limited cellular responses. In addition, there is minimal interferon (IFN) response in cells infected with 
MOIs leading to dengue production. The ability to support in vitro replication/production raises the possibility of bats 
as a transient host in the life cycle of dengue or similar flaviviruses. New antibody serology evidence from Asia/Pacific 
highlights the previous exposure and raises awareness that bats may be involved in flavivirus dynamics and infection 
of other hosts.
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Abbreviations
IFN	� Interferon
DENV	� Dengue virus
ZIKV	� Zika virus

JEV	� Japanese encephalitis virus
YFV	� Yellow fever virus
SLEV	� St Louis encephalitis virus
WNV	� West Nile virus
IRG	� Interferon regulated gene
PRR	� Pattern recognition receptor
BMDM	� Bone-marrow-derived macrophage
BMDC	� Bone-marrow-derived dendritic cells
LIPS	� Luciferase immune-precipitation system
SE	� South east

Introduction

In 1952, Reagen and Brueckner infected the Myotis lucifi-
gus cave bat with Dengue virus (DENV)—Hawaii in vivo 
[1]. They successfully passaged the virus intra-cranially 
for six passages intra-bat. The bats displayed central nerv-
ous system defects and the virus produced was infectious 
and neutralised by DENV antibodies. While this was not 
a natural route of infection, it raised the possibility of 
natural infection/susceptibility of bats to DENV infection. 
In 1964, Shepherd and Williams infected the Angolan 
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fruit bat (Rousettus angolensis), African straw-colored 
fruit bat (Eidolon helvum) and Egyptian fruit bat (Rou-
settus aegyptiacus) with Zika virus (ZIKV) [2]. Japanese 
encephalitis (JEV) virus infection has been established 
in Eptesicus fuscus, Myotis lucifugus and Pipistrellus 
subflavus bats, including validation of a sylvatic cycle 
with induced mosquito transmission [3]. Other flavivirus 
infection, such as St Louis encephalitis virus (SLEV), 
has been sustained in Eptesicus fuscus, even throughout 
hibernation [4]. Experimental infections of Yellow fever 
virus (YFV) and West Nile virus (WNV) (NY-99) show 
circulating virus in Eidolon Helvum, Rousettus sp, Ept-
esicus fuscus, and Tadarida brasiliensis. The same study 
also showed circulating Zika infection in Eidilon Hel-
vum and Rousettus sp; however, there were low viremia 
and no clinical signs of disease to any virus [5, 6]. The 
absence of major symptoms in these subsequent infec-
tions is likely due to a more natural route of infection 
compared to intracranial passaging which artificially 
induces high titres across the blood–brain barrier. While 
species-specific factors may come into effect, there are 
also differences between flavivirus neurotropism that may 
play a role with regards to symptoms, [7–10]. Of note, to 
date, there have been 16 different flaviviruses isolated 
from bats in the wild [11].

There have been several studies detecting DENV-specific 
antibodies, neutralising antibodies, and even nucleic acids 
in bats [12–14]. There has been one experimental infec-
tion study of the great fruit-eating bats (Artibeus interme-
dius) with DENV2, and while there were signs of spleen, 
liver, and intestine damage, the virus was difficult to detect 
with limited sero-conversion [15]. The authors concluded 
that this species is not a suitable host for the virus. A 
close neighbour of this neotropical bat species (Artibeus 
jamaicensus) was evaluated at the cellular level along with 
two other related species and all displayed poor infection 
and replication [16]. The authors conclude that neotropical 
bat species may be incidental hosts during DENV trans-
mission cycles and not capable of sustaining infection. 
However, the role of IndoMalayan and Australasian fruit 
bats in the course of DENV sylvatic infection has not been 
investigated.

Here, we report evidence for infection, active replication, 
and production of high titres from various cell lines of several 
bat species from IndoMalaya and Australasia. Different DENV 
strains readily infect and produce high viral titres/shedding. 
Intriguingly, DENV2 elicits a minimal immune response by 
qPCR, NanoString and proteomics in the Pteropus alecto bat 
cell line PakiT03 or primary immune cells. This fits with the 
role of a natural host of the pathogen [17–20]. In addition, we 
provide further serological evidence in bats of three species on 
the presence of DENV antibodies.

Materials and methods

Viruses and cells

Dengue virus stocks (DENV1 EDEN 2402, DENV2 New 
Guinea C, DENV2 Strain Thailand 16681, DENV3 EDEN 
853, DENV4 SL2544) were propagated in C6/36 mosquito 
cells and clarified by centrifugation to remove cell debris. 
Nelson bay virus (p2) (NBV/PRV1NB) or Melaka virus 
(MelV/PRV3M) as a control was propagated in Vero E6 
cells and clarified as previous. Viral titres were calculated 
upon infectivity in BHK and Vero E6 cells, respectively, 
by plaque assay. Pteropus alecto cell lines PakiT03 and 
PaLu have been published previously [21]. Eonycteris 
spelaea primary lung cell lines (EsLu) were generated by 
collagenase-type IV-digested lung tissue, grown out for 
selection of fibroblasts/epithelia and treated with SV40T 
antigen to attempt immortalisation (passages 2–10 were 
used so immortalisation status is not certain). Pteropus 
alecto primary lung was prepared similarly, but the initial 
p1 mixed cell suspension (including immune cells) was 
used. Pteropus alecto and Cynopterus brachyotis primary 
spleen cells were prepared by cutting and grinding the 
spleen through a 100 μm sieve and then resuspending in 
RPMI/10% FBS after RBC lysis (eBioScience, Thermo 
Scientific). The remaining adherent cells following growth 
from P. alecto were treated with SV40-T retrovirus for 
immortalisation of the PaSpT.01 spleen-derived fibroblast 
cell line. P. alecto bone-marrow-derived macrophage and 
dendritic cells were prepared as described previously [22].

Viral infection assays

Cells were plated onto 13 mm round glass coverslips #1.5 
and allowed to adhere prior to infection. Infection was 
performed in 1% FBS in Fluorobrite-DMEM or phenol 
Red Free RPMI 1640 (Gibco, Thermo Scientific) for 2 h 
followed by rinsing with DPBS and fixing (viral entry) 
or incubating in 1% FBS/DMEM or RPMI for 24–72 h 
(replication) prior to either fixation or RNA extraction. 
Cells were fixed in 3.7% paraformaldehyde/1% glutaral-
dehyde (Sigma). RNA extraction was performed using the 
E.Z.N.A.® Total RNA Kit I (Omega Bio-Tek) and cDNA 
conversion/gDNA digestion with QuantiTect Reverse 
Transcription Kit (Qiagen) as per the manufacturer’s 
instructions. Samples for microscopy were permeabilised 
and labelled as previously described using anti 3H5/4G2 
hybridoma TC supernatant (1:700), Alexa-647 Phalloi-
din (2 μl/200 ul), Hoechst 3342 (Thermo Scientific), anti 
β-actin (Sigma, #A2228), CellBrite membrane DiO (Bio-
tium), or anti J2-dsRNA (1:1000) (SciCons) and labelled 
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with anti-alexa 488/568/594/647 secondary antibodies 
(1:1000) or conjugated with Biotin/Alexa 488/568/647 
Zenon labelling kits (Life Technologies). Tyramide signal 
amplification was performed with the TSA-594 or TSA-
biotin labelling kits (Thermo Scientific) as per the manu-
facturer’s instruction followed by streptavidin-Northern 
Lights-637 (1:1000) (R&D systems). qPCR was performed 
using the SensiFAST SYBR no-ROX kit (BioLine) on a 
BioRad CFX96 machine. Primer sequences are available 
in the extended methods.

Innate immune stimulation

Virus infection was performed as previous at an MOI of 
0.1  pfu/cell for 24  h in complete DMEM. Media were 
replaced with 1% FBS and cells were transfected with 
Fugene 6 (Promega): polyIC (InvivoGen) or 5′-ppp-dsRNA 
(InvivoGen) at a ratio of 3:1 (μl/μg) in OptiMEM (Gibco, 
ThermoFisher) to a final concentration on cells of 1 μg/ml 
for 6 h. RNA was collected as previous. The same trans-
fection method was used for the stimulation of ligands in 
primary splenocytes (5 h treatment).

Viral plaque assays

Viral plaque assays were performed as previously described 
using a 2 h infection followed by rinsing and then adding a 
1% methyl-cellulose (Sigma) overlay on BHK/PakiT03 cells 
in 2% FBS/DMEM for 4 days in triplicate in a 24-well plate 
with a tenfold dilution series.

Viral infection for label‑free proteomics

Infections were performed as per previous in a T75 flask 
in biological triplicate and incubated for 48 h in 2% FBS/
DMEM. Prior to harvesting cells were rinsed 3× in ice-cold 
Ca2+, Mg2+-free DPBS (Thermo Scientific) and harvested 
in 1.5 ml RIPA buffer (Pierce, Thermo Scientific). Details of 
the proteomics pipeline are in the extended methods section. 
The positive control sample was transfected with polyI:C 
(1 μg/ml, Roche) using Fugene 6 for 24 h and harvested at 
the same time.

Serology assays for DENV

Luciferase-based immunoprecipitation assays (LIPS) were 
performed as described previously for DENV2 NS1 pro-
tein fused to Renilla luciferase. The input was normalised 
to 1 million light units and 0.8 μl of neat bat sera was incu-
bated with each antigen, prior to protein A/G capture and 
analysis using the single Renilla luciferase kit (Promega). 
Geometric mean of the samples ± 3 SD was used as the cut-
off for baseline signal. DENV ELISA was performed using 

the cross-reactive DENV2 NS1 antigen as described previ-
ously [23]. 4 μl of 1:2 diluted bat sera was used for capture 
with the commercial bat IgG HRP (Novus Bio) antibody 
as detection and TMB substrate for visualisation (Thermo 
Scientific). VirScan was performed as previously described, 
see supplemental methods for further detail.

Results

Infection of PaKiT03 with minimal immune 
responses

To examine the infectivity of Pteropus alecto cells for 
DENV, we studied viral entry (2 h) with DENV2 (NGC) in 
PakiT03 cells using a high MOI of 10 (Fig. 1a, S1a). Virus 
particles were detected by DENV antibodies (3H5, anti-
PreM-E) with TSA signal amplification (~ 20×). Confocal 
microscopy was used to eliminate any surface-bound virus 
particles and example Z-slices are shown to indicate entry. 
To establish if active viral replication was underway, cells 
were labelled for cellular dsRNA (mab J2, anti-dsRNA) and 
virus (4G2) from viral replication (24 h) at several MOIs 
(Fig. 1b). The distinct localisation of dsRNA after infection 
correlates with previously published literature on replicat-
ing bodies [24–26]. As a measure of the complete replica-
tion cycle and production of infectious virus, supernatant 
from cells infected at an MOI of 1 (72 h) with two differ-
ent DENV2 strains was plaqued onto BHK cells for 5 days 
(Fig. 1c, S1b). Matched confocal images of the infected cells 
are presented to show active replication (dsRNA staining). 
Confirmation of viral replication was performed by qPCR 
for DENV2 (NGC) NS2a across MOIs of 0.1, 1, 2 (Fig. 1d). 
Intriguingly, prolonged replication was observed (96 h) in 
PakiT03 cells with an MOI of 0.1, an MOI commonly used 
in the flavivirus field [27–31], showing active cytoplasmic 
dsRNA (J2), 3H5 staining, 4G2 staining (anti-E, intact), 
and yet, there was no observable CPE (DiC-imaging) at this 
dosage (Fig.  S1c). Taken together, these data indicate that 
DENV2 can infect, replicate, produce infectious virus, and 
yet have minimal impact on the health of PakiT03 cells.

To more closely examine bat cells’ ability to produce 
infectious viral particles, we examined supernatant from 
cells infected for 24 h with an MOI of either 0.1 or 1 and 
titrated onto BHK cells (Fig. 2a). The short time frame 
was used to indicate a rapid production of virus particles. 
To calculate whether virus infection led to “productive” 
infection, supernatant collected after 72 h of infection 
in PakiT03 cells with an MOI of 0.1 was titrated onto 
BHK cells yielding a titre of 3.5 × 108 pfu/ml (Fig. S1d). 
The initial infection was approximately 4.98 × 105 pfu/
ml which is approximately 3 × log lower than the output, 
indicating active production of virus particles to a level 
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(in vitro) easily high enough for mosquito transmission 
[32, 33]. Active virus production was also observed for 
DENV 3 (EDEN 853), DENV1 (EDEN 2402) and DENV4 
(SL2544) (Fig. 2b), indicating their potential to be ampli-
fying hosts for multiple Dengue serotypes, although a 
slightly lower titre (106 pfu/ml) was observed compared 
to DENV2 with DENV4 failing to produce defined plaques 
in PakiT03 cells. The overall infectivity of PakiT03 cells 
compared to BHK-21, standard cells for Dengue titra-
tion, was titred side-by-side with DENV2 NGC and ST 
(Fig. 2c). The results indicate a similar infection capacity 
for these bat cells compared to BHK-21 cells, showing a 
high permissiveness for infection, in conjunction to pro-
duction of high viral yields. Interestingly, strain ST yields 
“small” plaques in PakiT03 cells, though all other DENV 
strains tested produce much larger plaques.

Confirmation across cell types of multiple bat 
species

To ensure that infection was not cell line specific, we evalu-
ated multiple cell lines from different species for their sus-
ceptibility to infection. Pteropus alecto lung cells (PaLu) 
and Eonycteris spelaea lung cells (EsLu) were infected as 
previously described for 48 h with an MOI of 1 (Fig. 3a, 
S2a, b). Active replication of DENV2 was observed as per 
PakiT03. Similarly, Cynopterus brachyotis and Pteropus 
alecto primary splenocytes were extracted and cultured 
overnight with DENV2 NGC at an MOI of 0.1 (Fig. 3b). 
Antibody labelling revealed active dsRNA replication along 
with DENV2 antibody staining in the majority of adherent 
splenocytes with 16 h of incubation. P. alecto FLT3-bone-
marrow-derived dendritic cells showed active replication of 

Fig. 1   Productive DENV infection in bat cells. a Single confo-
cal z-plane images of Dengue virus (NGC) entry into PakiT03 cells 
after 2 h at a MOI of 10 (washed, then fixed). Cells were stained with 
biotinylated 3H5 antibody (PreM-E) followed by TSA-Alexa594 
amplification, Alexa-488 conjugated 4G2 antibody (Env) (green) 
and Hoechst3342 (blue). Membrane stain (Phalloidin-647) was visu-
alised to ensure internalisation of virus particles but not included 
in the image. b J2 (dsRNA) replication after 24 h was visualised at 
various MOI’s (as indicated) with the J2-dsRNA antibody-alexa 594 
conjugated (red), Alexa-488 conjugated 4G2 antibody (Env) (green) 
and counterstained with Hoechst 3342 (blue), as previously. c Pro-

ductive infection was measured by titrating viral supernatant from 
PakiT03 cells after 48  h of infection with an MOI of 1 for either 
DENV2 (NGC) or DENV2 (ST2), infected cells were labelled with 
4G2 (green), anti-βactin (blue), J2 (dsRNA) (red) or membrane DiO 
label (magenta)—right panel, as previously. Supernatant was titrated 
onto BHK cells for 5  days in 1% methyl-cellulose overlays. Exam-
ple images are shown for MOI of 0.1, 1 and n = 3, d qPCR valida-
tion of viral replication at various MOI’s after 48  h of infection in 
PakiT03 cells using primers for NS2a, normalised to housekeeping 
gene expression (SNRPD3). One representative experiment is shown 
for n = 3
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DENV2 after 24 h of infection with an MOI of 0.1 (Fig. 3c). 
Distinct replicating centres can be observed with co-local-
isation of 3H5, 4G2, and J2 staining. Similarly, primary P. 
alecto lung cell suspensions indicated successful infection. 
Finally, P. alecto spleen-derived fibroblasts cells PaSpT.01 
were infected for 48 h with an MOI of 0.1 (Fig. 3d) indicat-
ing a wide range of cell tropism that included fibroblast, 
epithelial, and stromal primary cells and cell lines, along 
with primary and in vitro-derived immune cells across three 
different species of bats.

Cellular responses to DENV infection

To evaluate potential cellular response to Dengue viruses, 
qPCR was performed on PakiT03 cells after 48 h with 

infection of DENV2 NGC at an MOI of 0.1 or 1, along 
with another RNA virus Nelson Bay Virus (NBV/Ptero-
pus Orthoreovirus 1 NB/PRV1NB) or a positive control 
of dsRNA (transfected PolyI:C) (Fig. 4a). Levels of IFIT1 
or IFNβ were quantified to examine the Interferon type I 
(IFN) response. Neither dose of DENV2 had a significant 
impact on gene expression compared to NBV or polyI:C. 
Matched RNA samples to Fig. 1b were examined for IFN-
Regulated Gene (IRG) induction or cytokine gene induc-
tion, including IFIT1, BST2, IFNα, MX1, MX2, IL1β, 
TNF, and CCL4 (Fig. 4b) indicating, at most twofold gene 
induction, despite significant replication. This matched 
the lack of IFNα induction in BMDCs by Western Blot 
(Fig. S3a). This result seemed highly unusual as DENV 
was expected to trigger a strong immune response in 

Fig. 2   High production of Den-
gue virus and infectivity with 
multiple strains. a Viral super-
natant from PakiT03 cells post-
infection (48 h) with DENV2 
NGC as per Fig. 1c titrated onto 
BHK cells for 4 days with a 
methyl-cellulose overlay show-
ing infective particles being 
produced from PakiT03 cells at 
24 h with an MOI of 0.1 or 1. b 
Supernatant from DENV1,3,4 
infected PakiT03 cells after 72 h 
with an MOI of 1, titrated onto 
BHK cells and left for 5 days 
in 1% methyl-cellulose as 
described previously. c DENV2 
NGC and ST strains produced in 
PakiT03 cells for 96 h (Fig. 1c) 
after an initial MOI of 0.1 and 
then titrated onto both BHK 
cells and PakiT03 cells showing 
Paki cells are highly productive 
for DENV
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PakiT03 cells, compared to a strong response triggered by 
other RNA stimulants or the response to DENV in in vitro 
cell culture of other mammals. The potential response of 
PakiT03 cells was confirmed at longer timepoints with 
IFNβ, IFNα, and IFIT1 expression at a DENV2 MOI of 0.1 
or 1 compared to NBV infection with an MOI of 1 at 48 h 
(Fig. 4c). Only IFIT1 seemed to be induced by DENV2 at 
higher MOIs at this timepoint (Fig. S3b–f).

To compare multiple genes and viruses, NanoString 
with a custom Bat Panel was performed on RNA from 
PakiT03 cells infected with an MOI of 1 for 24 h with 
either DENV2 (NGC), DENV2 (ST) and another dsRNA 
Orthoreovirus, MelV, as a positive control (Fig.  4d). 
While MelV is a potent inducer of the innate immune 
response, both flaviviruses barely induced an immune 
response, even with an MOI of 1. To examine the effects 

Fig. 3   Infectivity of multiple cell types, species and immune cells 
by Dengue virus. a Single-plane confocal images of PaLu (Pteropus 
alecto lung epithelial cells, left panel) and EsLu (Eonycteris spelaea 
lung epithelial cells) cells after 48 h infection with an MOI of 1 and 
labelled with Actin (blue), dsRNA (magenta), 3H5-594 (red) and 4G2 
(green), as previously. b Primary splenocytes infected with DENV2 
(NGC) at an MOI of 0.1 overnight for ~ 16 h, fixed and stained as pre-
vious (antibodies as indicated) for Cynopterus brachyotis (left panel) 
and Pteropus alecto (right panel). c Bone-marrow-derived dendritic 

cells from Pteropus alecto (FLT3-ligand, as previously published, 
left) infected with DENV2 (NGC) for 24 h with an MOI of 0.1 and 
labelled as per Fig.  2 (direct labelling without TSA amplification). 
Image includes DiC brightfield images and merged image as last pic-
ture. Similarly, for primary Pteropus alecto lung (mixed) cell suspen-
sion (right). d as per c for 48  h in PaSPT.01 (SV40T-immortalised 
spleen-derived fibroblast cells). Example images for one experiment 
are shown for n = 3 in a–d 
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Fig. 4   Limited immune response triggered by Dengue virus. a RT-
qPCR of Paki cells infected with DENV2 NGC at an MOI of 0.1 or 
1 (as indicated), NBV MOI of 1 or transfected with polyI:C (1  µg/
ml) for 24 h. Relative expression is shown for IFIT1 and IFNβ rela-
tive to uninfected and normalised against SNRPD3 housekeeping 
gene. b RT-qPCR of several genes for DENV2 NGC infection at 24 h 
with an MOI of 0.1, as per 1D. Relative expression to control, nor-
malised against SNRPD3 is shown for IFIT1, BST2, IFNα3, MX1, 
MX2, IL-1β, TNF and CCL4. c Relative expression as per a but at 
48 h for IFNβ, IFNα3 and IFIT1 with DENV2 NGC at MOI of 0.1 

or 1 and NBV MOI of 1. A representative experiment is shown for 
each, n = 3. d NanoString expression data from 200  ng RNA on a 
custom bat panel (expressed as average fold change relative to unin-
fected PakiT03 control cells) is shown as averages (n = 3) for a 24 h 
infection at an MOI of 1 for DENV2 (NGC), DENV2 (ST), or Mel-
aka virus (MelV). Scale is from 0–10-fold change, as indicated. N = 4 
each. e As for d from E. spelaea primary splenocytes infected with 
DENV2 NGC for 16 h or treated with ODN2216 (TLR9 agonist) or 
polyIC (TLR3/RIG-I) for 5 h. Data expressed as fold change (Log10) 
with 1.5× cutoff (red line)
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of DENV on innate immune stimulation, PakiT03 cells 
were infected for 24 h with an MOI of 0.1 (shown pre-
viously to exhibit replication at 24  h) prior to treat-
ment with either polyIC or 5′ppp-dsRNA (RIG-I stimu-
lant, PPP′) for 6 h to induce innate immune activation 
(Fig. S3g, h). The presence of DENV clearly decreases 
the gene expression in response to ligands, as well as 
basal expression of many IRGs and known anti-viral 
genes. Strong suppression of the transcription of BST2, 
OAS2, CXCL10, RSAD2, and IFIT3, all known to exhibit 
anti-viral activity against Dengue virus, was observed 
[34–38]. This also included downregulation of DHX58 
(RIG-I) and IFIH1 (MDA5) themselves, known sensors of 
dsRNA from DENV [39–41]. This effect is partially alle-
viated by polyIC, suggesting that activation of multiple 
pattern recognition receptors (PRRs) by polyIC is better 
than solely activating RIG-I. There is minor activation of 
some NFκB-inducible genes, and this does not appear to 
be affected by the presence of DENV. These data corre-
late with the qPCR results (Fig. S3b–f) and suggest that 
this level of replication for DENV (in PakiT03) can pro-
duce virus particles yet successfully evade the bat innate 
immune response. As seen from the qPCR, an MOI of 
2 has no visible suppression of MX-1, IFIT1, or IFNα, 
though there is still only limited gene induction. This sug-
gests that there is a threshold of activation/suppression.

Similar results were observed with primary E. spelaea 
splenocytes infected with DENV2 NGC (as per Fig. 3) when 
compared to common stimuli for monocyte/macrophage/
DCs; either ODN2216 (TLR9) or polyIC (TLR3/RIG-I). 
While immune stimuli triggered potent induction of mul-
tiple genes, only limited gene induction was induced by 
DENV2 infection. BMDMs from P. alecto (as previously 
described) also exhibited limited gene induction to DENV2 
NGC in culture, though these cells were previously shown to 
respond strongly to immune ligands (Fig. S4a) [22]. Unex-
pectedly, these cells also exhibited limited response to the 
same MOI of NBV, though NBV infection and its kinetics 
in macrophages are poorly characterised and this result may 
reflect only partial infectivity.

Quantitative proteomics post‑infection with DENV

As antibodies to examine bat IFN responses at the protein 
level are lacking, we used quantitative whole-cell mass spec-
troscopy to examine en-bulk immune responses in PakiT03 
cells. Table S1 contains the unique peptide count, MS count 
and normalised LFQ quantification for the 3721 proteins 
identified in 2 out of 3 replicates. DENV2 NGC samples 
were compared to either polyI:C transfected samples (24 h) 
or NBV-infected cells (matched MOI of 0.1 for 48 h). The 
significant pathways activated in PakiT03 cells by polyI:C 
include IFN activation, IFN signalling, immune signalling, 
cytokine signalling induction as expected, along with NFκB 
induction and RIG-I/MDA5 induction (Fig. 5a). NBV infec-
tion yielded similar results including negative regulation of 
RIG-I signalling, caspase/cell-death pathways (shown pre-
viously for Orthoreovirus infection [42]) and the unfolded 
protein response (Fig. 5b). Starkly, DENV2 infection did 
not yield any significant proteins, and the combination of 
mildly modified proteins indicated only one significant path-
way, that of p63 transcription factor activation (Fig. 5c). The 
main transcription factors activated by polyIC treatment 
of PakiT03 cells included IRF1, NR4A2, and DMBX1 
(Fig.  5d), while NBV activated IRF1, T, and NR1H4 
(Fig. 5e), indicating minimal overlap with DENV2 infec-
tion but similarity between NBV and polyI:C. To confirm 
that infection was not impacted by DENV2-strain, the entire 
proteomics set was repeated for PakiT03 cells infected with 
DENV2 ST 16681 (a strain with a reliable protein reference 
in the database). Despite the entire DENV2 genome being 
covered by detected peptides for DENV2 (Table S2), there 
were only 6 significantly changed proteins with reliable cov-
erage and unique peptide identities. This was not sufficient 
for pathway analysis, but indicated a possible involvement of 
endosomal re-assortment and Golgi recycling. This indicates 
a trend, whereby cells fully capable of an immune response 
were tolerant of DENV2 infection to such a degree that there 
was no visible cell death (at this MOI), no activation of an 
immune response or triggering of cell-death pathways and 
yet still producing large amounts of virus. Albeit at the cellu-
lar level, this result appears to be indicative of robust DENV 
production in P. alecto.

Serological investigation of DENV infection 
in different bats

To evaluate any potential for DENV distribution/transmis-
sion by bats in the IndoMalaya region, heavily endemic 
for DENV, we performed luciferase immunoprecipitation 
system (LIPS)-serology for DENV2 NS1 antibodies in 

Fig. 5   Quantitative proteomics of dengue infection reveals limited 
immune activation. a Pathway analysis (via reactome.org) of normal-
ised LFQ protein counts from PakiT03 cells treated with polyI:C for 
24  h (transfected) in biological triplicate. Graph overlay shows the 
percentage of genes from the pathway detected, the Z score p value 
as Log10 and the p = 0.05 threshold line (as indicated in the legend). b 
As per a for treatment with NBV at an MOI of 0.1 for 48 h. c As per 
a with DENV2 NGC at 48 h with an MOI of 0.1 d Transcription fac-
tor enrichment for pathways in a and e Transcription factors enriched 
for pathways in b 
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sera from E. spelaea and C. brachyotis bats in the region 
(Fig. 6a). The average body weight of bats used for this study 
was 45 g with all pregnant females excluded. A 53.9 g aver-
age was previously documented for the species [43], Blood 
collection from the wing yielded ~ 20–40 μl of sera. Due to 
limited serum availability, LIPS-based serology was used 
with only 2.4 μl of sera (for all replicates). 14/106 bats 
were sero-positive by LIPS. As this assay is mildly cross 
reactive with ZIKV, endemic to Singapore, samples were 
run concurrently with ZIKV NS1 (Fig. S5a). The relative 
ratio of DENV2 to ZIKV (normalised to positive control) 
signal was plotted accordingly (Fig. S5b). This indicated 
that most antibodies were against DENV2 with only two 
bats displaying stronger results for ZIKV NS1 over DENV. 
ZIKV NS1 in this assay produces a stronger signal (by RLU 
from equimolar protein) and has less signal to noise (lower 
values for mean +  4 SD), so further testing on these two 
samples would be required for confirmation. The data were, 
therefore, combined with the results for DENV2 NS1 IgG 
ELISA (mildly cross reactive with other Dengue Types but 
not other flaviviruses). The ELISA positive-IndoMalayan 
bats were additionally tested for all antibodies in their 
virome using VirScan phage-display peptide libraries cov-
ering linear epitopes of all viruses known to infect humans 
[44, 45] (combined bat/serology information in Supplement 
Table S3). Along with seven additional E. spelaea colony 
bat sera samples run on VirScan, these data for positive, 
unique, DENV-type specific peptides were mapped against 
the protein sequence to show coverage of antibodies detected 
against DENV1 (Fig. 6b), DENV2 (Fig. 6c), and DENV4 
(Fig. 6d). Very few DENV3-specific peptides were detected. 
Conserved peptides covering multiple DENV-Types or fla-
viviruses were excluded. NS3 and NS5 were represented by 
the greatest peptide coverage with only a partially conserved 
region of NS5 detected with the same peptide in multiple 
bats (2/6). As ZIKV is not in this version of phage-display 
library, positive peptides were blasted against the ZIKV 
genome (Singapore SG-001) and while no peptides had 

100% identity to ZIKV as expected, a few peptides with 
partial overlap (> 8 amino acid residues) were present and 
these are highlighted in Fig. 6. This mapping indicates a 
wide range of antibodies detected, covering multiple pro-
teins, with different bats exhibiting antibodies against the 
same peptide region. Full VirScan coverage, including pep-
tide counts for Z score > 10, and protein IDs are listed by bat 
for all flaviviruses in the library (DENV1-4, Kunjin, Kyasa-
nur, Louping-ill, St Louis, Powassan, WNV, YFV, JEV) and 
available in Table S4.

As we show reliable infection and productive infection 
in cells of P. alecto origin, we wanted to examine the poten-
tial exposure of Australasian bats to DENV, another region, 
where dengue is endemic. VirScan was performed on the 
sera of 57 seemingly healthy P. alecto individuals of similar 
age/size (mixed sex) collected in South-East Queensland. As 
there were too many peptides for mapping all bat samples 
to the DENV protein sequence the cumulative Z score of 
DENV2-unique peptides (for peptides, where at least one bat 
had a Z score > 10) are displayed (Fig. 7a). Several individu-
als show multiple DENV peptides with high Z scores. The 
peptide results for one individual bat (PA23) are mapped to 
the DENV2 ST 1688 protein sequence (Fig. 7b). While most 
flavivirus peptides aligned with DENV2, there were other 
DENV-Type specific hits and also other related flaviviruses 
detected (Table S5). These data indicate that these bats were 
exposed to DENV2 and developed an antibody response to 
multiple antigens, hinting at significant enough exposure to 
generate antibodies against multiple proteins.

Discussion

DENV is the most important mosquito-transmitted virus 
across South-East Asia and Northern Australia [46]. The 
modelling of mosquito populations with human overlap can 
facilitate a public health effort to minimize the threat of this 
re-emerging pathogen through vector control [43, 47–49]. 
The sylvatic cycle of DENV, where replication can occur 
in other mammalian hosts such as monkeys and is driven 
by species other than Aedes aegypti, must be an important 
consideration when tracking the disease [50]. Natural syl-
vatic hosts and transient reservoirs of the virus are likely to 
tolerate infection and show only limited response to infec-
tion [51, 52], while at the same time requiring catholic 
vectors, that are not strictly anthropophilic, for transmis-
sion. A reservoir of infection includes all the hosts, either 
intermediate hosts or vectors, required to sustain a pathogen 
[52]. A reservoir host simply allows sustained infection and 
maintenance of the pathogen, although commonly this is 
associated with the absence of overt clinical symptoms or a 
limited immune response. Whether or not bats play a role as 
a sylvatic reservoir requires further investigation. The data 

Fig. 6   Serological results for Dengue Virus in Singaporean bats. a 
DENV2 luciferase immunoprecipitation system (LIPS) results for 
DENV2 NS1 antigen on 106 bat sera from Singapore (Supplemental 
Table S3). Score is colour coded as indicated, colour is recorded for 
all hits above the background threshold on each run (mean + 3 SD). 
Positive control sera were human and macacque positive sera (pro-
tein A/G capture). b Peptide mapping results of peptides identified by 
phage-display library screening (VirScan) with a Z score > 10 from 
sera used in a displaying DENV1 unique peptide results mapped to 
DENV1 amino acid sequence. Colour indicates individual bat num-
ber. c as per b displaying DENV2 unique peptide results mapped to 
DENV2 amino acid sequence. d as per b displaying DENV4 unique 
peptide results mapped to DENV4 amino acid sequence. Each colour 
represents an individual bat (indicated in legend). Arrows represent 
mapped peptides. Asterisk represents peptides partially overlapping 
with ZIKV (not in Virscan 2.0). Protein name as indicated
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presented here show multiple exposures of bats to DENV; 
however, there may yet be a role for bats as a transient host 
for the virus. Indeed, recent evidence shows that there are 
altered STING-induced responses to detecting DENV infec-
tion in both humans and primates [53]. We know from the 
previous work that STING-induced immune responses are 
also altered in the bat [54, 55]. Here, we provide evidence 
that several bat cell types of IndoMalayan and Australasian 
species can be infected with DENV, replicate, and produce 

infectious virus particles to a higher titre then the initial 
infection. In addition, P. alecto cell lines showed minimal 
immune response while tolerating virus infection and sus-
taining replication with minimal immunological effects. The 
lack of cellular immune responses suggests that there may 
be an important difference between these and Neotropical 
bats, which produce a robust response to DENV in vivo and 
rapid apoptosis in cell lines [15, 16]. While suppression of 
IRG activation and regulation of IFN induction are known 

Fig. 7   Serology results of DENV2 positive bat sera from Aus-
tralia. a Peptide Z scores for DENV2-unique peptides that have a 
Z scores > 10 in any of the Pteropus alecto bats. The cumulative Z 
scores of each peptide (individual Z scores for overlapping strain-spe-
cific peptides are added) is displayed per bat, bat number as indicated 
(different colour for each bat). Each dot represents one peptide. The Z 

scores cut-off line of 10 is displayed. Graph is in two segments as cer-
tain peptides have a very significant Z scores (multiple counts for the 
same peptide). Too many peptides were detected to map all. b Map-
ping of unique peptides (colored arrows) for one example individual 
bat (PA23) displaying all unique DE–NV2 peptides relevant to the 
amino acid sequence for DENV2
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to occur from various DENV proteins [56–60], this appears 
to be true in P. alecto at least, where DENV actively sup-
presses IFN activation. The active suppression of immune 
activation by DENV2 in PakiT03 cells suggest possible co-
evolution of the virus with Australasian bats as a host or 
in the least, commonalities and conservation between these 
bats, the function of DENV proteins, and suppression of 
immunity in alternative hosts for DENV. While not directly 
showing reservoir-potential of this species, the data for pro-
ductive in vitro infection suggest that further investigation 
is required to examine its role in transmission.

This study supports the exposure of Old-World fruit 
bats to flaviviruses and raises the possibility that they are 
a secondary or transient host, though not necessarily a sus-
tainable sylvatic host. It was recently shown that canines 
can be infected with DENV and may possibly contribute 
to transmission in Thailand [61]. While there is minimal 
risk of a direct bat-to-human transmission, several species 
of mosquitoes (Culex and Aedes sp.) feed on bats [6, 14, 15, 
50, 62]. Indeed, it appears as though bats are playing a role 
in arbovirus maintenance [63]. The volant nature of bats 
could provide a ready dispersal mechanism for these viruses 
when foraging or migrating. The Pteropus alecto flying fox 
is known to travel up to 150 km in a single day, rapidly out-
pacing typical DENV transmission dynamics via mosquitoes 
alone [64]. With respect to closely related flaviviruses, Culex 
annulirostris can transmit JEV to and from Pteropus alecto 
in experimental settings [65], and although there are lim-
ited data on the primary vector of DENV across the region, 
Aedes aegypti, it has been shown to feed on bats and transmit 
arboviruses [6]. There are several other Aedes (Stegomyia) 
vectors in the region that display a proclivity to feed on dif-
ferent mammals and are laboratory competent to transmit 
dengue [66] potentially maintaining sylvatic cycles. The 
titres produced from cell lines are sufficient for this notion, 
though whole-animal studies are needed. The first serology 
data on DENV (and ZIKV) in bats in the region provide 
evidence that bats across SE Asia and Australia have been 
exposed to DENV. Previous studies have focused largely on 
other flaviviruses such as JEV.

Taken together, these data highlight the need for greater 
surveillance and profiling of wildlife hosts and the vectoral 
capacity of mosquito populations, including host preference 
and vector competence. There is increasing evidence for bats 
being exposed to DENV around the world, and while Neo-
tropical bats from South America may not be suitable hosts, 
it appears that there are large differences to the three bat 
species from SE Asia and Australia that were tested here. 
Neotropical bat cell lines showed very poor infectivity and 
generated a strong apoptotic response. One in vivo infection 
experiment suggests that they are not a suitable host; how-
ever, the authors also highlighted a clear subtype-depend-
ency for DENV infection [15, 16]. The differences observed 

in IndoMalayan/Australasian bats may be due to co-evo-
lution of the host and virus, as opposed to the relatively 
recent introduction of Dengue into the Neotropics [67–69]. 
Dengue-like illness is reported in a Chinese medical ency-
clopedia and added somewhere between 265 and 992 AD. 
The virus is believed to have come out of either Africa or 
Asia prior to that [70]. Neotropical bats diverge significantly 
from the old-world fruit bat ancestor of IndoMalayan and 
Australasian fruitbats [71–75]. There is, however, some 
limited movement in between populations that may explain 
transmission of pathogens [76]. Transmission studies in the 
appropriate bat species and more thorough identification of 
blood meals in mosquitoes will elucidate the full capacity of 
bats in transmission of DENV and DENV-like flaviviruses 
and incriminate possible vectors. If bats are indeed playing 
a role in flavivirus maintenance, we must consider how their 
dispersal impacts the introduction of arboviruses into new 
locales, and the subsequent risk of foci to human infections.
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