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Abstract

Bats constitute a large and diverse group of mammals with unique characteristics. One of these is 

the ability of bats to maintain various pathogens, particularly viruses, without evidence of disease. 

The innate immune system has been implicated as one of the important components involved in 

this process. However, in contrast to the human innate immune system, little data is available for 

bats. In the present study we generated 23 fusion constructs of innate immune genes of Egyptian 

fruit bat (Rousettus aegyptiacus) with mCherry as a fluorescent reporter. We evaluated the effects 

of overexpressing these genes on the replication of Marburg and Ebola viruses in the Egyptian 

fruit bat cell line R06EJ. Both viruses were substantially inhibited by overexpression of type I, 

II and III interferons, as well as by DDX58 (RIG-I), IFIH1, and IRF1. Our observations suggest 

that the broad antiviral activity of these genes reported previously in human cells is conserved in 

Egyptian fruit bats and these possess anti-filovirus activities that may contribute to the efficient 

virus clearance.
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INTRODUCTION

Marburg virus (MARV) and Ebola virus (EBOV), members of the family Filoviridae, cause 

severe disease with high case fatality rates in humans (1). Egyptian fruit bats (Rousettus 
aegyptiacus) have been identified as natural reservoir hosts of MARV (2–4). Several other 

divergent filoviruses were detected in bats of other species, including Lloviu virus (5), 

Reston virus (6), Bombali virus (7), Mengla virus (8). Although anecdotal findings of EBOV 

genetic material in bats was reported (9), this has not been corroborated despite the extensive 

surveillance. Egyptian fruit bats survive infection with MARV and EBOV without apparent 

clinical signs (4, 10, 11). Bats of other species exhibit subclinical infections and survive 

infections with henipaviruses and coronaviruses that cause severe diseases in humans (12–

14). Many factors have been suggested to play a role in the resistance to disease in bats, with 

major attention given to their immune system and relatively reduced inflammatory responses 

(15–18).

Indeed, bats are very diverse with more than 1,400 species described, and the same great 

diversity might be expected to be seen in their adaptation to pathogens, many of which 

are species-specific. Nevertheless, the Egyptian fruit bat represents one of a few useful 

models for studying bat-pathogen interactions. These bats are easy to maintain and breed in 

captivity, they have relatively large body size (120–180 g) which makes them convenient for 

manipulations and for non-destructive sampling of excretions, cells, and tissues. Parts of the 

genome and transcriptome of the Egyptian fruit bat have been annotated (19–21), but more 

efforts are required to fully understand bat-pathogen interactions.

Among the components of mammalian immune system, type I interferon (IFN) response 

represent the first barrier to virus infection. Triggered by cellular pathogen-sensing 

receptors, it leads to activation of hundreds of so-called interferon-stimulated genes (ISGs) 

which engage in various mechanisms of virus elimination (22–24). Type II IFN is an 

important activator of macrophages and inducer of class I major histocompatibility complex 

(25, 26) which also plays a role in antiviral response, in part via cross-talk with the type 

I IFN pathway (26, 27). Type III IFNs are distributed unevenly in tissues and organs of 

different animals, and their roles in bat immunity have been studied minimally (28, 29). 

A few studies addressing antiviral response of Egyptian fruit bats to filoviruses provided 

diverse results (30–32) suggesting that more work in this area is required.

During the recent years, substantial efforts have been undertaken to decipher the role 

of human ISGs in response to different viruses via screening of large panels of ISGs 

overexpressed in human cells (33–36). In the present study we attempted to adapt one of 

these approaches to screening of a subset of IFNs and ISGs of the Egyptian fruit bat which 

demonstrated a differential expression in response to MARV and EBOV infections in our 

previous study (31).
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METHODS

Cells and Viruses

Immortalized fetal cells of Egyptian fruit bats, R06EJ (37), kindly provided by Dr. Ingo 

Jordan (ProBioGen, Berlin, Germany) were maintained in DMEM F-12 GlutaMAX medium 

supplemented with 10% fetal bovine serum and antibiotic/antimycotic mix (Thermo Fisher 

Scientific).

The recombinant Marburg virus (MARV) of bat origin (38) expressing enhanced green 

fluorescent protein (eGFP) was recovered using the MARV reverse genetics systems 

provided by Drs. Jonathan Towner, Cesar Albarino, and Stuart Nichol (CDC). The 

recombinant Ebola virus (EBOV) strain Mayinga (39) expressing eGFP was recovered using 

the EBOV reverse genetics system including the full-length clone provided by Drs. Jonathan 

Towner and Stuart Nichol and the EBOV NP, VP35, L, VP30, and T7 polymerase plasmids 

provided by Drs. Yoshihiro Kawaoka (University of Wisconsin) and Heinz Feldmann (NIH). 

Both viruses were passaged 3 times in Vero E6 cells.

Construction of Expression Vectors for Bat Innate Immune Genes

The mRNA sequences of the selected genes were retrieved from GenBank and amplified 

via nested RT-PCR from R06EJ cells or from liver and spleen tissues of healthy 

Egyptian fruit bats, with primer-derived removal of stop codons and ad hoc addition 

of restriction sites. The amplicons were inserted under control of the chicken β-actin 

promoter into pCAGGS/MCS vector expressing mCherry with flexible linker upstream (2 × 

ggtggcggaggtggctca), so that mCherry was expressed in-frame with the inserted bat genes. 

The insertions were created either using NotI and EcoRV restriction sites or, if these sites 

were present in the bat genes, via seamless ligation into blunt-ended backbone using the 

GeneArt Seamless Cloning and Assembly kit (Thermo Fisher Scientific). For each construct, 

5–10 colonies were selected for sequence verification, and clones with correct sequences 

were scaled-up for further studies. The empty pCAGGS/MCS vector expressing mCherry 

connected to the flexible linker was used as negative (mock) control.

Transfection, Infection, and Flow Cytometry

The experimental approach was similar to that described previously (35, 36). Expression 

plasmids were transfected into subconfluent R06EJ cells in 6-well plates using TransIT-

X2 reagent (Mirus Bio LLC, Madison, WI) following manufacturers instructions. Each 

construct was tested in triplicates. Twenty-four h post transfection, the cells were washed 

with phosphate buffered saline (PBS) and infected with MARV (MOI of 1 PFU/cell, as 

determined in Vero E6 cells) or EBOV (MOI of 3 PFU/cell, as determined in Vero E6 cells) 

in the BSL-4 containment of the Galveston National Laboratory. After adsorption for one 

h at 37 °C, the cells were washed twice with PBS, and supplied with fresh medium. Twenty-

four h post infection, the cells were removed from plates with trypsin-EDTA, washed in 

PBS, fixed in 4% paraformaldehyde, and subjected to flow cytometry on an Accuri C6 

(BD Biosciences). From each well, 100,000–150,000 cells were counted. The results were 

analyzed in C6 Plus Analysis software (BD Biosciences) with a 0.1% compensation. Only 

mCherry+ cells were selected for comparative evaluation of the proportions of eGFP+ cells 
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(Figure 1). Whenever transfection of bat genes demonstrated an increase or decrease of 

infected cells compared to mock-transfected control, the experiments were repeated for 

corroboration of results. Statistical differences between sample triplicates were assessed by 

Students two-tailed unpaired t-test. Significance levels were set at p ≤ 0.05.

RESULTS

Selection, Sequencing and Cloning of Egyptian Fruit Bat Innate Immune Genes

We selected a subset of innate immune genes of the Egyptian fruit bat that demonstrated the 

most distinct expression patterns in R06EJ cells infected with MARV and EBOV, compared 

to noninfected cells, in our previous study (31), Table 1. To test the antiviral effect of the 

genes, we attempted to adapt the system developed previously for screening of the antiviral 

effects of human genes in human cells (35, 36). The system we developed was based on 

transfection of cells with plasmids expressing bat genes of interest and a fluorescent protein 

mCherry, and infection of bat cells with MARV or EBOV engineered to express another 

fluorescent protein, eGFP (38, 39) (Figure 1, top). The levels of antiviral activities were 

determined by flow cytometry analysis of cells and calculation of the percentage of eGFP+ 

(infected) cells as a percentage of mCherry+ (plasmid-transfected) cells.

The empty pCAGGS/MCS vector expressing mCherry connected to the flexible linker was 

used as negative (mock) control. After RT-PCR amplification of bat genes, we compared 

all our sequences to those deposited in GenBank, and did not have discrepancies in most 

cases. One exception was the sequence of IFNα which was selected among >20 diverse 

clones obtained from single RT-PCR amplification. This is not surprising given that 46 type 

I IFNs, including 12 IFNα variants, were identified in the Egyptian fruit bat genome (20). 

We selected the sequence from the clone that most closely resembled the consensus IFNα 
sequence obtained via Sanger sequencing of the RT-PCR product, assuming that this variant 

predominates in the IFNα population. Another interesting finding was the IFIT3 sequence 

contained a stop codon within the expected coding region (amino acid position 346). It was 

present in the RT-PCR product and in all otherwise identical clones. Upon inspection of 

GenBank record XM_016123309, we found the same stop codon and concluded that CDS 

was determined and annotated in GenBank incorrectly. Therefore, we re-amplified and used 

in our studies a truncated version of IFIT3 consisting of 345 codons. We were unable to 

amplify two genes of interest, IFITM3 and IRF7, either from bat cells or organs, likely 

because of limited representation of the mRNA in the samples.

Establishing the System for Screening of Bat Innate Immune Genes for the Antiviral Effect 
in Bat Cells

To screen for the antiviral activity, we selected R06EJ cells because they are derived from 

Egyptian fruit bat, which is the natural reservoir for MARV (4), because they were more 

susceptible to infection with EBOV compared to another available cell line derived from the 

Egyptian fruit bat, RoNi/7, and because they were better transfected in our previous study 

(31). As was observed previously by other investigators (34, 36), overexpression of various 

immune genes was toxic to cells, and that was the reason why we performed the study 

with large numbers of cells in 6-well plates (approximately 1,300,000 R06EJ cells per well), 
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given that over 50% of cells might be lost after transfection. Nevertheless, we had to remove 

from evaluation the TNFSF10 construct which was so toxic that only singular mCherry+ 

cells were attached to the plate 24 h after transfection. The selected transfection reagent 

TransIT-X2 did not demonstrate severe cytotoxicity to R06EJ cells and was reasonably 

efficient such that 15–30% cells were mCherry+ when the empty mCherry vector was used. 

The cells transfected with this vector demonstrated healthy morphology, whereas the cells 

transfected with most of the bat immune genes appeared rounded and in smaller sizes 

(Figure 1) even if they were firmly attached to the plates during all manipulations and the 

following observation period.

Another limiting factor of our study was the susceptibility of cells to EBOV. While the 

Egyptian fruit bat is the natural host of MARV, it is almost refractory to EBOV (4, 11). 

In fact, R06EJ cells were more susceptible to MARV (up to 15% cells were eGFP+ after 

infection at MOI of 1 PFU/cell) than to EBOV (about 10% cells were eGFP+ after infection 

at MOI of 3 PFU/cell). With all these limitations, even using the 6-well format and counting 

100,000–1,500,000 cells per well at flow cytometry, we were able to detect ~1,000–5,000 

mCherry+, eGFP+ cells in mock-control wells (which were considered as 100% infection in 

our quantitation). After optimization of the system, we chose the experimental layout which 

included plasmid transfection, followed by a 24 h-long incubation, infection, a 24 h-long 

incubation, and flow cytometry analysis (Figure 1).

The Impact of Overexpressed Bat Genes Upon Filovirus Infection

The effects of overexpressed bat genes to MARV and EBOV were similar (Figure 2). In the 

cells transfected with plasmids expressing type I and type II IFNs, virus replication (eGFP 

signal) was observed only in a small numbers of cells (Figures 1, 2). This was true not only 

for the mCherry+ cells but for all cells in the sample, in agreement with IFN excretion that 

affects bystander cells as was documented elsewhere (22–24, 26) and in our previous study 

(31). The type III IFN (IFNλ) had a lesser effect on the proportion of eGFP+ cells infected 

with MARV (50–70% reduction) but effectively suppressed replication of EBOV for over 

90% (Figure 2). Overexpression of three other genes, IRF1, DDX58 (RIG-I) and IFIH1 

inhibited MARV and EBOV in the transfected cells (Figure 2). Other genes overexpressed in 

our experiments had either no effect to the proportion of eGFP+ cells or slightly increased 

this proportion (IFIT1 by 6–21%; IFIT5 by 22–53%; MX2 by 11–33%; PSMA3 by 14–46; 

PSMA6 by 8–36%, VAMP5 by 7–34%).

DISCUSSION

The bat immune system attracts increasing scientific attention due to the ability of bats to 

maintain and clear various viral infections without apparent clinical signs (20, 32). Innate 

immune response may be an important component of such effective tolerance of pathogens.

Several large-scale studies of human innate immune genes transiently expressed in human 

cells and their effects to various pathogens have been published in recent years (33–36, 40). 

However, no such studies were published for bat immune genes at the time of submission 

of this manuscript. Here we amplified and sequenced 23 innate immune genes of Egyptian 

fruit bats, cloned them in expression plasmids, and developed a system for evaluation of 
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their antiviral effect against MARV and EBOV in bat cells. While bat immune system shares 

many key features with humans and other mammals, bats also possess so-called “unique” 

immune characteristics and functional differences in the regulation of their innate immune 

systems (28, 41–43). Therefore, direct assessment of antiviral effects of bat immune genes 

are of immediate importance.

We observed strong antiviral effects of overexpressed and secreted IFNs type I, II, and III 

against MARV and EBOV. We used fusion constructs of IFNs with mCherry, and if they 

are secreted, we would not observe mCherry+ cells. The observed presence of mCherry+ 

cells can be related to ongoing synthesis of the proteins from the transfected plasmids. 

Alternatively, the level of secretion may be reduced due to the fused mCherry, or mCherry 

is released from dead cells. The IFN effects resembled those described in human cells 

and are typical for mammals in general (26, 44). We overexpressed one of the 12 IFNα 
variants detected in the genome of Egyptian fruit bat (20). As the genome of this bat 

demonstrates the presence of 46 type I IFN genes (20), additional studies are required to 

address the effects of each of them against filoviruses and other pathogens. The type III IFN 

demonstrated a lesser activity against MARV than type I and type II IFNs. Type III IFNs 

are represented by several species which have not been annotated and characterized in the 

Egyptian fruit bat yet (32), and each may have its unique role in suppression of filoviruses 

and other pathogens. An antiviral effect of IFNλ was demonstrated, for example, against 

Pulau virus (family Reoviridae) in Pteropus cells (28, 29).

A broad activity of human IRF1, DDX58 (RIG-I) and IFIH1 against diverse viruses, 

including EBOV, was demonstrated previously in human cells (34, 36). Also, the same 

authors did not see substantial antiviral effects from overexpression of ISGs IFIT1–5 and 

MX1–2, although these genes are highly expressed in infected cells, including bat cells 

R06EJ (31). It is likely that these and the majority of other ISGs play their roles in the innate 

immune pathways but do not possess direct antiviral activity.

Interestingly, despite the very different susceptibility of Egyptian fruit bats to MARV and 

EBOV (4) and different mechanisms of antagonism of IFN induction and response by these 

viruses (45), comparison of the antiviral effects of the 23 bat immune genes demonstrated 

very similar profiles with equally strong activity for six of them against the two viruses.

A limitation of our study was that innate immune genes were expressed as fusion proteins, 

which might not function, localize, or be secreted properly. The design of our experiments 

did not allow us to distinguish whether overexpressed bat genes influenced virus entry or 

replication. Furthermore, as the observations were limited to 24 hours, and supernatants of 

the cultures were not tested, we did not address whether the overexpressed genes affected 

virus budding. That was a limitation highlighted, for example, by observations of other 

researchers that BST2 specifically inhibits virus budding from human cells (34, 46). In our 

case, BST2 did not reduce the number of eGFP+ cells, however, we do not know whether the 

viruses were budding efficiently and what were their concentrations in the supernatants.

Further studies are required to more completely assess the bat innate immune system. 

Identification and characterization of additional bat immune genes is essential. For example, 
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our work identified an unexpected stop codon within the proposed IFIT3 coding sequence, 

and some mRNAs are difficult to amplify via conventional RT-PCR which possibly 

suggests a polymorphism. With more data and reagents available, biological effects of 

bat immune system against a broad range of pathogens, and the precise role in bat IFN 

signaling cascades should be elucidated. Ultimately, all these studies will contribute to our 

understating of the protective mechanisms which allow bats to effectively control replication 

of many highly pathogenic viruses without an acute disease.
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FIGURE 1 |. 
Schematic illustration of the experimental workflow. The microphotographs show cells 

transfected by empty mCherry+ plasmid (mock) and inhibitory IFNβ following infection 

with MARV-GFP.
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FIGURE 2 |. 
Antiviral effects of bat immune genes. (A) Flow cytometry histograms showing percentages 

of eGFP+ (infected) cells among mCherry+ (plasmid transfected) cells. (B) Percentages of 

infected (eGFP+) cells among the cells transfected with bat immune genes (mCherry+). The 

100% value corresponds to the proportion of eGFP+ cells in control (mock; mCherry+ 

plasmid with no immune gene). Means of triplicate samples ± SD. Asterisks indicate 

statistical significance at 95% (*) and 99% (**). The study was performed two times which 

results in similar data.
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