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Abstract: Although Lloviu virus (LLOV) was discovered in the carcasses of insectivorous Schreiber’s
Bent-winged bats in the caves of Northern Spain in 2002, its infectivity and pathogenicity remain
unclear. We examined the seroprevalence of LLOV in potentially exposed Schreiber’s Bent-winged
bats (n = 60), common serotine bats (n = 10) as controls, and humans (n = 22) using an immunoblot
assay. We found antibodies against LLOV GP; in all of Schreiber’s Bent-winged bats serum pools,
but not in any of the common serotine bats and human pools tested. To confirm this seroreactivity,
52 serums were individually tested using Domain Programmable Arrays (DPA), a phage display
based-system serology technique for profiling filovirus epitopes. A serological signature against
different LLOV proteins was obtained in 19/52 samples tested (36.5%). The immunodominant
response was in the majority specific to LLOV-unique epitopes, confirming that the serological
response detected was to LLOV. To our knowledge, this is the first serological evidence of LLOV
exposure in live captured Schreiber’s Bent-winged bats, dissociating LLOV circulation as the cause of
the previously reported die-offs.
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1. Introduction

The Filoviridae family contains non-segmented RNA viruses that can cause severe haemorrhagic
fever in some primates. This family is composed of five genera, Ebolavirus, Marburguirus, Cuevavirus,
Striavirus and Thamnovirus. The only member of the Cuevavirus genus discovered to date, Lloviu virus
(LLOV), was described in 2011 [1-3]. LLOV is believed to be the first filovirus detected in Europe
that was not imported from an endemic area in Africa or Asia. LLOV RNA was found in the lung,
liver, rectal swab, and/or spleen of several Schreiber’s Bent-winged bats’ carcasses in 2002 [1]. Since
then, hundreds of oral and rectal swabs of live captured Schreiber’s Bent-winged bats from Spain were
screened during 2002 to 2009, and no LLOV RNA was detected. Moreover, other bat species sampled in
the same caves where LLOV was originally detected were also negative for LLOV RNA [1]. In contrast,
fresh carcases of Schreiber’s Bent-winged bats recovered in 2016 from Northeastern Hungary (Biikk
Mountain) were positive for LLOV RNA, demonstrating that LLOV was still circulating in Europe [4].

Bats have been implicated as reservoirs of filoviruses in Africa and Asia after specific antibodies
and nucleic acids were detected in fruit and insectivorous bats [5-14]. Marburg virus (MARV) was
isolated from wild-caught Egyptian rousette bats’ tissues [15,16]. Recently, Towner et al. demonstrated
MARYV transmission from inoculated to naive Egyptian rousette bats [17], establishing Egyptian
rousette bats as a natural reservoir of Marburguvirus (MARV and Ravn virus, RAVV). A seroprevalence
of 20.5% was established in wild-caught Egyptian rousette bats from the Democratic Republic of the
Congo [7]; 43.8% from Zambia [18] and 14.8% and 21.5% from juvenile and adult bats, respectively,
captured in the Python Cave in Uganda [16]. In addition, the complete genome of Bombali virus
(BOMYV), a novel genera, was detected in the faeces of little free-tailed bats (Chaerephon pumilus) and
Angolan free-tailed bats (Mops condylurus), demonstrating that bats, at a minimum, are part of the
filovirus transmission cycle [14]. More recently, in March 2019, another novel filovirus, “Méngla virus”,
has been isolated from Rousettus bats in China [19].

Previous to this study, LLOV had only been detected after Schreiber’s Bent-winged bats’ die-offs.
This is relevant in the debate regarding the filovirus reservoir, since the current paradigm associates
reservoirs with low virulence [20] or tolerance [21]. In that context, the relation between LLOV and
die-offs is a rarity. Thus, the capacity of LLOV to infect animal species different from Schreiber’s
Bent-winged bats, and its potential to cause disease in bats and humans, remains a puzzle.

The biological properties of LLOV remain mostly uncharacterized, since infectious LLOV has not
been isolated yet. LLOV has a genomic organization similar to those of Ebolavirus and Marburguirus
members, with a single-stranded, negative-sense RNA genome, 19 kb in length, that contains 7 open
reading frames (ORF), encoding for the nucleoprotein (NP), viral protein-35 (VP35), VP40, glycoprotein
(GP), VP30, VP24, and RNA-dependent RNA polymerase (L) proteins. The expression of recombinant
LLOV GP had been used to investigate its structural and functional properties. LLOV GP is responsible
for both receptor binding and fusion of the virus envelope with the host cell membrane [22-30].
Filovirus GP undergoes proteolytic cleavage by host proteases such as furin, resulting in two subunits,
GP; and GP,, which are linked by a disulphide bond [26]. GP is highly N- and O-glycosylated in its
middle section, which is thus designated the mucin-like region. Several reports had demonstrated
GP antigenicity making it the target of choice for serological studies that estimate exposure and
prevalence [27-30].

Along those lines, we collected serum from wild-caught Schreiber’s Bent-winged bats and common
serotine bats (Eptesicus serotinus), to be used as negative controls, and from humans with a history
of exposure to bats to establish LLOV seroprevalence. Our study demonstrates LLOV exposure in
live captured Schreiber’s Bent-winged bats, but not in common serotine bats or humans. Our data
confirms that Schreiber’s Bent-winged bats were exposed to LLOV at the two caves where it was
originally discovered. We discuss the significance of this finding regarding the pathogenicity of LLOV,
and compare it to available MARYV seroprevalence data in Egyptian rousette bats.
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2. Materials and Methods

2.1. Human and Bat Serum Samples

Characteristics and origin of the sera used in the study are summarized in Table 1. Group 1 (pools
H1-H4) consisted of 22 human sera from bat handlers with a known history of exposure to Schreibers’
bats from different Spanish caves during 2003 to 2008. Human samples were collected under the
protocol of project SAF2009-09172, approved by the General Research Programme of the Spanish
Government on 20 November 2009. Group 2 was comprised of 60 sera from Schreiber’s Bent-winged
bats, live captured in 2015 from the Asturias (pools A1-A5) and Cantabria (pools C1-C7) caves in
the North of Spain, where the Lloviu Virus (LLOV) was originally detected in deceased Schreiber’s
Bent-winged bats in 2002. Group 3 (pools E1 and E2) included 10 common serotine sera bats live
captured in different locations in Huelva, Andalusia, South of Spain, used as negative controls. All
samples were analysed in pools containing 2-5 sera per pool (Table 1). Sample collection in Cantabria
was approved by “Consejeria de Ganaderia, Pesca y Desarrollo Rural” of the Government of Cantabria”
(EST 702/15 SEP). Bat samples’ collecting was approved in Asturias by “Consejeria de Agroganaderia
y Recursos Autdctonos” of the Government of the Principality of Asturias (dossiers 2015/007804).
Bats were captured with mist-nets near roots, and released at the same collection point after being
identified, measured, sex determined, and sampled. A venous blood sample was collected as described
in Smith et al. [31] and the supernatant was recovered after 24 h and maintained at -20 °C, until it
could be sent to the Spanish National Centre of Microbiology. The serum samples obtained were
not inactivated.

Stool samples of 40 Schreiber’s Bent-winged bats captured in Asturias and 40 Schreiber’s
Bent-winged bats captured in Cantabria in 2015 were collected and homogenized in 1 mL of lysis
buffer. Samples were maintained at -20 °C for 48 h before transport to the Spanish National Centre of
Microbiology, where they were stored at -80 °C until processing.
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Table 1. Description of all sera used in the study. Samples are described according to the pool there were grouped, region of collection, sex, age range, immunoblot
and Domain Programmable Arrays (DPA) results. ND: Not Determined.

Pools 1\?1:11111;2 . Species Year Location Gender Animal Age 13?::11;1; Immplf:(l)blot I:;‘ii:rii%?})t DPA
Female Unknown 1 ND ND

Male Unknown 2 ND ND

H1 4 Human (H. sapiens) 2003 Sevilla Male Unknown 3 Neg ND ND
Male Unknown 4 ND ND

Female Unknown 5 ND ND

Male Unknown 6 ND ND

H2 4 Human (H. sapiens) 2004 Sevilla Male Unknown 7 Neg ND ND
Male Unknown 8 ND ND

Vizcaya Male Unknown 9 ND ND

Navarra Male Unknown 10 ND ND

H3 5 Human (H. sapiens) 2006 La Rioja Male Unknown 11 Neg ND ND
Vizcaya Male Unknown 12 ND ND

Murcia Male Unknown 13 ND ND

Badajoz Female Unknown 14 ND ND

Vizcaya Male Unknown 15 ND ND

H4 5 Human (H. sapiens) 2006 Madrid Male Unknown 16 Neg ND ND
Badajoz Male Unknown 17 ND ND

Vizcaya Male Unknown 18 ND ND
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Table 1. Cont.
Serum . . . Sample Pool Individual
Pools Number Species Year Location Gender Animal Age Number Immunoblot  Immunoblot DPA
) Barcelona Female Unknown 19 ND ND
H5 2 Human (H. sapiens) 2007 Neg
Sevilla Female Unknown 20 ND ND
) Male Unknown 21 ND ND
Hé6 2 Human (H. sapiens) 2008 Sevilla Neg
Female Unknown 22 ND ND
Unknown Unknown 1 ND ND
Unknown Unknown 2 ND ND
E1l 5 Serotine bat (E. serotinus) 2002 Huelva Unknown Unknown 3 Neg ND ND
Unknown Unknown 4 ND ND
Unknown Unknown 5 ND ND
Unknown Unknown 6 ND ND
Unknown Unknown 7 ND ND
E2 5 Serotine bat (E. serotinus) 2000 Huelva Unknown Unknown 8 Neg ND ND
Unknown Unknown 9 ND ND
Unknown Unknown 10 ND ND
Male Young 2 Neg Neg
Male Young 3 Neg Neg
C1 5 Schreibers’ bat 2015 Cantabria Female Young 4 Pos Pos Neg
(M. schreibersii)
Female Adult 1 Neg ND
Female Young 5 Neg Neg
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Table 1. Cont.
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Serum . . . Sample Pool Individual
Pools Number Species Year Location Gender Animal Age Number Immunoblot  Immunoblot DPA
Female Adult 6 Pos Neg
Female Adult 7 Pos Pos
Schreibers’ bat .
C2 5 . 9 2015 Cantabria Female Adult 8 Pos Pos Pos
(M. schreibersii)
Female Young 12 Neg ND
Female Young 11 Pos Pos
Male Young 13 ND Neg
Male Young 14 ND Pos
- 5 SChrEIbeI"S bzfl.t 2015 Cantabria Female Young 15 Pos ND Pos
(M. schreibersii)
Female Adult 16 ND Pos
Female Adult 18 ND Neg
Female Young 19 ND Neg
Male Young 20 ND Pos
C4 5 SChrEIbelfs b?,t 2015 Cantabria Female Adult 21 Pos ND ND
(M. schreibersii)
Male Young 22 ND Neg
Male Young 23 ND Neg
Female Young 24 ND Neg
Female Adult 25 ND Neg
hrei /
5 5 (SAC/I r;ff;;;;it) 2015  Cantabria ~ Female Young 26 Pos ND Neg
Male Young 27 ND Pos
Female Young 32 ND Neg




Viruses 2019, 11, 360

Table 1. Cont.

7 of 21

Serum . . . Sample Pool Individual
Pools Number Species Year Location Gender Animal Age Number Immunoblot  Immunoblot DPA
Male Young 33 ND Neg
Male Young 34 ND Neg
hreibers’
C6 5 (SAC/I rsifr:;ezit) 2015  Cantabria  Female Young 35 Pos ND Neg
Male Young 36 ND Neg
Female Young 37 ND Pos
Female Young 39 ND Neg
Female Young 40 ND Neg
C7 5 Schreibers’ bat 2015  Cantabria Female Young 42 Pos ND Pos
(M. schreibersii)
Male Young 43 ND Pos
Female Young 44 ND Pos
Male Young 01A ND Pos
Male Young 02A ND Neg
Schreibers” bat
i Mal Y 03A ND N
A4 5 (M. schreibersii) 2015 Asturias ale oung Pos eg
Female Young 04A ND Neg
Male Young 05A ND Neg
Male Young 06A ND Pos
Female Young 07A ND Pos
A5 5 Schreibers’ bat 2015  Asturias Male Young 08A Pos ND Pos
(M. schreibersii)
Male Young 26B ND Neg
Male Young 27B ND Neg
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Table 1. Cont.

8 of 21

Pools 1\?311:1;2 , Species Year Location Gender Animal Age 13?1?1’)1; Immplflf(iblo t Izii:iitﬂ) ¢ DPA
Male Young 01B ND Pos

Male Adult 02B ND Pos

Al 5 (S]\C/Ihr;fg;er]ﬁt) 2015  Asturias Female Young 04B Pos ND Neg
Male Adult 06B ND Neg

Female Adult 08B ND Pos

Male Adult 10B ND Neg

Male Adult 12B ND Neg

A2 5 (S]\C/Ihfsifrifzezit) 2015  Asturias Male Young 13B Pos ND Neg
Female Young 15B ND Neg

Male Adult 16B ND Neg

Male Young 18B ND ND

Male Young 22B ND ND

A3 5 (Sj\c/lhrsifrifzerbsit) 2015  Asturias Male Young 23B Pos ND ND
Male Young 24B ND ND

Female Young 25B ND ND
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2.2. Recombinant LLOV GP Antigen

The C-terminal domain of LLOV glycoprotein (GP) (GP,, GenBank AN: JF828358) was utilised as
an antigen for the immunoblot assays and CAT (Chloramphenicol Acetyl Transferase) as the control
protein (Figure 1a,b). The 963 bp amplified GP, fragment was directionally subcloned into a pfastBac
HT B donor plasmid (Invitrogen, cat n°10359-016) with a hexahistidine (6x His) tag sequence before
transposition into a bacmid (Invitrogen, cat n°10359-016) for protein production. Purified recombinant
Bacmid-6xHis-LLOV-GP; viral stocks were used to infect a Spodoptera frugiperda 21 (5£21) insect cell
line (5 x 10° cells/mL). The 40 kDa recombinant 6xHis-LLOV-GP, protein used as the antigen was
obtained from a crude extract of the pellet fraction after treatment with Inclusion Body Solubilisation
reagent (IBS, Thermo Fisher scientific). A detailed summary of the antigen production process is
included in a supplementary text (see supplementary data).

Q)

2 M KDa

75

25

Figure 1. (A) Expression of the recombinant CAT protein (28 KDa) in the pellet (lane 1) and the
supernatant (lane 2) of the crude extracted lysate by Immunoblot, revealed with anti-His antibody
(His Tag Mouse mAb HRP conjugate, dilution 1:2500), and anti-mouse IgG, HRP-link antibody, as
a secondary antibody (dilution 1:2000). A non-related His-recombinant protein, treated in the same
conditions, was loaded as a reaction positive control (lane 3). (B) Expression of the recombinant
Lloviu Virus (LLOV) GP; protein (40 KDa) in the supernatant (lane 1) and pellet (lane 2) of the crude
extracted lysate, revealed with the same antibodies and conditions. M = Molecular weight markers. (C)
Reactivity of one of the 7 positive serum pools from M. schreibersii bats of Cantabria caves (C5, Table 1)
(lane 1) by Immunoblot. An anti-LLOV glycoprotein (GP), polyclonal mouse serum (dilution 1:200)
was used as positive control (C+). As negative control (C-), the same amount of CAT crude extract was
used, revealed with the same antibodies and conditions.

2.3. Detection of LLOV RNA by Real Time PCR

Viral RNA was extracted from the stool of 80 Schreiber’s Bent-winged bats captured in Cantabria
in 2015, using the QIAamp RNA Viral Kit (Qiagen GmbH, Heiden, Germany) according to the
manufacturer’s recommendations. A qRT-PCR to detect LLOV was performed as described by
Negredo et al. [1], using modified primers and a probe for LLOV detection from the method described
by Panning et al. [32]. We used primers pair: FiloAneo: 5-ARG CMT TYC CAN GYA AYA TGA TGG
T-3” and FiloBNeo: 5"-RTG WGG NGG RYT RTA AWA RTC ACT NAC ATG-3" and the probe Lloviu-S:
FAM-5-CCT AGA TTG CCC TGT TCA TGA TGC CA-BHQI1-3". Briefly, cDNA was synthesised in
the presence of an RNase inhibitor (Invitrogen) using the SuperScriptTM III Reverse Transciptase
kit (ThermoFisher, Spain) following manufacturer instructions. The qPCR was carried out using a
commercial kit (LightCycler®TaqMan, Roche, Mannhenn, Germany). For the assay, 5 pL of sample
cDNA was mixed with a 15 uL reaction mix. Amplification conditions consisted of an initial DNA
denaturalisation of 10 min at 95 °C, and 45 cycles of 15 s at 95 °C, and 1 min at 60 °C for annealing, and
72 °C for extension. qPCR was carried out in a Roche LightCycler®2.0. Fluorescence was measured
during the 60 °C step. We also included an internal competitive control to detect false negative results.
It consisted of a DNA insert of 75 bp obtained with the primer pair Upper 5-AGG CAT TCC CGA
GCA ACA TGA TGG TCC AGC ACA CAT GTG TCT ACT-3" and Lower 5-GTG AGG GGG GCT
GTA ATA GTC ACT GAC ATG AGT AGA CAC ATG TGT GCT-GG-3’, cloned in a pCR4-TOPO TA
cloning vector (TOPO TA Cloning Systems, Invitrogen, Spain).
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2.4. Detection of LLOV-Specific Antibodies by Immunoblot

Prior to use, the recombinant 6xHis-LLOV-GP; protein was tested for reactivity in immunoblots
to an anti-LLOV GP polyclonal mouse serum (kindly provided by Dr A. Takada from the Research
Centre for Zoonosis Control of Hokkaido University) [22]. Human samples were grouped into 6 pools
with a maximum of 5 sera from the same year (Table 1). Bat samples were grouped in 14 pools with a
maximum of 5 sera each, according to their species and location of origin. Due to the limited amount
of antigen obtained, only 10 sera from 2 positive pools from Cantabria were analysed individually
(Table 1).

Briefly, the immunoblot LLOV procedure was conducted as follows: 10 ul of the recombinant
GP; crude extract was used as the antigen, loaded in single-well SDS-PAGE 12.5% gels, run and
electro-transferred to nitrocellulose membranes, following standard procedures. Human sera (10 pL)
were diluted 1:50, and detected with an anti-human polyclonal antibody conjugated with peroxidase
diluted 1:4000 (anti-human IgG Fc-HRP, cat. 9040-05, southern Biotech). Bat sera (5 pL) were diluted
1:100 and detected with a peroxidase conjugated goat anti-bat IgG (cat. A140-118P, Bethyl). Wells were
blocked with non-fat milk powder (2.5% solution) and the colour reaction was developed using the
CN/DAB substrate kit, (Thermo scientific, cat. 34000).

An anti-LLOV GP polyclonal mouse serum provided by Dr A. Takada was used as the positive
control. The antibody was diluted 1:2000, and detected with an anti-mouse polyclonal IgG HRP-link
as secondary antibody (cat. 7076; Cell Signaling Technology). CAT crude extracted was included in
each assay as the negative control and was detected using the same conditions and conjugates for
each species.

2.5. Detection of LLOV-Specific Antibodies by Domain Programmable Arrays

Sera from 52 wild-caught Schreiber’s Bent-winged bats were analysed using DPA, as described [33].
A phage library displaying peptides from all open reading frames (ORFs) of every published filovirus
[Ebola (EBOV), Sudan (SUDV), Tai Forest (TAFV), Bundibugyo (BDBV), Reston (RESTV), Marburg
(MARV), Ravn (RAVV) and LLOV], was used for the serological assessment of the humoral response.
The phage library was generated using 36 amino acid oligonucleotides designed to tile all ORFs every
7 amino acids. IgG antibodies from individual Schreiber’s Bent-winged bats sera were captured in
the solid phase using goat anti-Bat IgG (Novus Biologicals, Catalogue number NB7237, 1 mg/mL).
All samples were processed in triplicates. As a positive control, a hyperimmune polyclonal serum
against EBOV was used. The original filovirus phage library, or the recovered phages after panning
(bound fraction), were lysed, cloned, and PCR-amplified [33]. Triplicates were index coded and
pooled, before a dual index Illumina preparation was performed using the Apollo 324 robot [Wafergen].
Individual libraries were pooled together at a final concentration of 2nM, and sequenced using a
MiSeq DNA sequencer instrument employing a 600 cycle kit (2 X 250 cycles) with 20% of PhiX.
A minimum target sequence depth of approximately 500 K reads per library was pursued. The
process of identifying clusters of enriched displayed peptides after panning (using their encoding
oligonucleotide information) has been described [33]. Sequencing reads were then run through the
in-house bioinformatics pipeline that includes: Array Description, Input Randomisation, Removal of
Duplicates and Read Mate Correction, Read Cleaning, and Expression Analysis. The pipeline for DPA
analysis can be downloaded from github: https://github.com/kygarcia/DPA_Analysis_Pipeline [33].
The oligo clusters identified in multiple individuals were separated into 8 amino acid peptides, ordered
with long-chain biotin attached after a glycine linker to the N-terminal end, and tested via western blot
to identify immunodominant epitopes. EXP is a value calculated based on cumulative counts and
expression, to provide an adjusted counts and expression for each oligonucleotide
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2.6. Protein Modelling and Surface Epitope Visualization

The crystal structures of EBOV proteins have been defined for some strains, but not all proteins of
interest existed within one EBOV strain. Further, LLOV protein crystal structures have not been created.
For consistency the amino acids of each protein (EBOV GP: APT69657.1, EBOV NP: AXE75587.1,
EBOV VP35: AXE75588.1, LLOV GP1: YP_004928138.1, LLOV GP2: YP_004928139.1, LLOV NP:
YP_004928135.1, LLOV VP35: AER23672.1) were used to generate a probable monomer model for each
protein using Phyre2 to predict folding [34]. Models were overlaid and labelled to show any surface
exposure of epitopes using PyMOL Molecular Graphics System (version 2.0, Schrodinger, LLC).

3. Results

3.1. Absence of LLOV RNA in the Schreiber’s Bent-Winged Bats

No LLOV RNA was detected in any of the stool samples from Schreiber’s Bent-winged bats
captured in 2015 in the same caves where LLOV was found in 2002 [1]. Also, in contrast with the
Schreiber’s Bent-winged bats from 2002, all Schreiber’s Bent-winged bats surveyed in 2015 presented
no overt signs of disease.

The inability to find LLOV RNA in the Schreiber’s Bent-winged bats stool samples that were
analysed, could indicate that either LLOV does not normally circulate in this bat species, and the
die-off episode was an oddity, or that the prevalence of active LLOV infection, with viremia and virus
shedding, is normally low in Schreiber’s Bent-winged bats, requiring a higher number of surveyed
animals to increase the chances of detection. However, to prove this likelihood, further analysis of
other tissues from the same bat population is required.

3.2. No Detectable Antibodies against LLOV GP, Protein Were Found in the Human Samples by Immunoblot

Since the glycoprotein (GP) of filoviruses has been shown to be one of the main antigens during
infection [27-30], we developed an immunoblot assay to detect specific humoral responses against
LLOV GP. We attempted to express and purify both LLOV GP; and GP, subunits, but only GP;
production was successful (Figure 1b). A total of 22 human sera, collected between 2003 and 2008 from
bat handlers working in Spanish caves where Schreiber’s Bent-winged bats inhabit, were analysed
with this assay. None of the human sera pools analysed presented detectable reactivity against the
recombinant LLOV GP, subunit (LLOV-rGP,) (Table 1).

3.3. Absence of Antibodies against LLOV GP; Protein in Common Serotine Bats by Immunoblot

A total of 10 sera from common serotine bats captured from caves within the province of Huelva,
Andalusia, were grouped into 2 pools, and humoral response to LLOV was analysed by Immunoblot.
We used the sera from unaffected bat populations with a completely different ecology from Schreiber’s
Bent-winged bats, as negative controls to identify possible unspecific results. None of the pools
analysed presented detectable reactivity against LLOV-rGP; by Immunoblot (Table 1), indicating the
absence of antibodies against this subunit, and suggesting no LLOV exposure in the common serotine
bats surveyed.

3.4. Presence of Antibodies against LLOV GP, Protein in Schreiber’s Bent-Winged Bats by Immunoblot

A total of 60 serum samples from 2015 cave-caught (Cantabria or Asturias) Schreiber’s Bent-winged
bats were analysed. Strikingly, all 7 pools from the Cantabria cave, and 5 from the Asturias cave (Cueva
del Lloviu) had detectable reactivity against LLOV-rGP, by Immunoblot (Table 1; Figure 1c). Sera from
2 of the pools were further tested individually. Four of the sera from the C2 pool, and one serum from
the C1 pool were reactive against LLOV-rGP; by immunoblot. Unfortunately, the limited amount of
LLOV-rGP; antigen prevented further analysis of individual sera by immunoblot.
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3.5. Presence of Antibodies against LLOV Proteins in Schreiber’s Bent-Winged Bats Were Confirmed
Using DPA

To confirm and expand the results obtained by immunoblot, we evaluated the presence of specific
antibodies against filoviruses using the DPA assay [33]. We tested 52 sera overall; 12 of 32 (37.5%) and
7 of 20 (35.0%) individual Schreiber’s Bent-winged bats serum from the Cantabria and Asturias caves,
respectively, presented strong evidence of LLOV exposure (Table 1) against multiple LLOV proteins
(Table 2). The remaining samples tested from both caves were negative by this assay.

Although generally in agreement, some discordances were observed between immunoblot and
DPA. Only 8 individual samples were analysed both by DPA and immunoblot (Table 1). Two of
them were positive by immunoblot (samples 4 and 6 from Cantabria Cave) but negative by DPA. All
other individual serum results were concordant. When the DPA results from individual serum was
compared with the immunoblot results of the associated pools, 2 of 12 pools were also found to be
discordant (Table 1). As mentioned above, the only individual positive serum by immunoblot in pool
C1 (sample 4) was negative by DPA, while all five individual sera from pool A2 were negative by
DPA (sample 10B, 12B, 13B, 15B and 16B). Nonetheless, to estimate the seroprevalence of LLOV in
Schreiber’s Bent-winged bats, we only considered the results in which both assays correlated.

3.6. Detection of Significant Prevalence of LLOV in Schreiber’s Bent-Winged Bats

The resulting LLOV prevalence in Schreiber’s Bent-winged bats was 36.5% (19/52). We did not
detect a significant difference from animals collected in different regions (37.5% in Cantabria; 35% in
Asturias), neither in association with gender (males: 33% (9/27); females 40% (10/25). The prevalence
of LLOV was slightly higher in adults (41.6%, 5/12) than in juveniles (35%, 14/40) as was also reported
for MARYV seroprevalence in Egyptian rousette bats in the Python cave [16] and in the Kitaka cave [15].
These reflect what we expect is the seroprevalence in this population, however, more samples are
needed to avoid a batch effect bias.

3.7. Immunodominance Epitope Analysis in Schreiber’s Bent-Winged Bats

We previously reported the immunodominant epitopes of Ebola virus (EBOV) GP recognised
by the humoral response in non-humans primates (NHPs) after vaccination [33]. Utilising the same
approach, we analysed the DPA results to determine the LLOV epitope pattern of recognition in
Schreiber’s Bent-winged bats. Several epitopes were detected among distinct LLOV proteins, mainly in
GP, nucleoprotein (NP) and viral protein (VP) 35, and to a less significant degree in VP40, VP24 and L
ORFs (Table 2). The most prevalent epitopes detected were named with the following notation: Name
of the protein they belong to, followed by a number that represents the N-terminal amino acid position
of the epitope (i.e., “GP2.28”, is an epitope at the GP, subunit, starting at amino acid 28) (Figure 2).
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Table 2. Inferred epitopes detected by Domain Programmable Arrays (DPA) in the Schreiber’s Bent-winged bats samples with evidence of Lloviu (LLOV) exposure.

Epitopes are described based on the protein they belong to, amino acid sequence, enrichment value (EXP), position of the first and last amino acid in the sequence

(Start and End), and epitopes found in more than one animal (Shared).

Cantabria Cave Epitopes
Sample Number  DPA Protein Inferred Epitope EXP Start End Shared
7 Pos GP, KPMTDHQEFILQPHS 94 329 343
8 Pos GP, ETSSKSAT >100 28 35 - GP2.28
11 Pos NP QTQESSDRSDYSRRP 58 511 525 - NP511
VP40 ASPDKIKS >100 231 238 VP40.231
14 Pos GP, LLGSVSNNSSIQELETSSKSAT >100 14 35 - GP2.28
L GASFVTDLEKYNLAFRFEFTRPFIEYC 28 622 648 L.620

15 Pos NP QTQESSDRSDYSRRP >100 511 525 - NP511

NP GDRPHTTQ >100 532 539 NP.532
16 Pos NP WKQPTSPLSTIPEEE >100 630 644 - NP630
20 Pos VP35 DSPQCALIQITKRIPIFGETPP 36 243 271 - VP35.243
GP, LLGSVSNNSSIQELETSSKSAT 33 14 35 - GP2.28
27 Pos VP35 TERTFGKP 49 189 196 ~ VP35.189
NP QTQESSDRSDYSRRP 15 511 525 - NP511

NP RTLPLISFDDNEGEI 4 567 581 NP.567
37 Pos VP35 DSPQCALIQITKRIPIFGETPP 243 271  VP35.243
NP QTQESSDRSDYSRRP 9 511 525 - NP511

NP RTLPLISFDDNEGEI 5 567 581 NP.567
42 Pos GP, ETSSKSAT 32 28 35 - GP2.28
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Table 2. Cont.

Cantabria Cave Epitopes
Sample Number DPA Protein Inferred Epitope EXP Start End Shared
43 Pos VP35 PLIEPKTSANKSTQTENIYQSDQVLREIK 23 42 70 VP35.42
NP QTQESSDRSDYSRRP 13 511 525 - NP511
NP RTLPLISFDDNEGEI 22 567 581 NP.567
44 Pos VP35 VREAFDRLEKTEEVTE 7 175 190 VP35.175
GP, HNATTTSK >100 98 105 GP2.98
GP, KTRRRRQVNPVPPTITQQTSTSINTSHHP >100 105 133 GP2.105
Asturia Cave Epitopes
Sample DPA Protein Inferred Epitope EXP Start End
01A Pos VP30 NSRITPGDWQCQPCDYPKARFK 12.5 77 98
VP35 LEKTEEVTERTFGKP 20 182 196  VP35.189
NP RTLPLISFDDNEGEILDDKSD 3 567 583 NP.567
06A Pos NP SQDPNNRQKQSDTQQTQESSDRSDYSRRP 4.2 497 525 - NP511
NP RTLPLISFDDNEGEILDDKSDLPAPDTHS 14 567 595 NP.567
GP, ETSSKSATELTTPINHSQSLQL 9.6 28 49 - GP2.28
VP40 LVPRLMSKDDLGGRDLVMSTKGSCENCYYPGASPTQ 72 287 322
07A Pos GPy TTTLDYDV 20 224 231 - GP1.224
VP35 VREAFDRLE 44 175 183
NP LNVDHTIVRKKSIPLFEIGNSDQVCNWIIQIEAGV 7.1 28 63
NP WKQPTSPLSTIPEEEGGHEANNDNSESDL 76.8 630 658 - NP630
L QVLGGLSFLNPEKCF >100 903 917

14 of 21
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Table 2. Cont.

Cantabria Cave Epitopes
Sample Number DPA Protein Inferred Epitope EXP Start End Shared
08A Pos VP30 YQQHNQES 20 175 182
VP35 QSDQVLREIK 134 63 70
L AEDIIRPFCEARINLPVQELFKLLPSHYSGNIVHRY 12.9 1232 1267
01B Pos VP24 VKHDLCNFLVTTTITGWDVYWAGHLFHVPNKGIALL 72 196 231
GPy TTTLDYDV >100 224 231 - GP1.224
VP35 VREAFDRLEKTEEVTERTFGKP 6.9 175 196 - VP35.189
NP STKESSSYTASRTEEDRNNYNS 60 441 462 NP.441
NP RTLPLISFDDNEGEILDDKSDLPAPDTHS 8.8 567 595 NP.567
NP WKQPTSPLS 4.2 630 638 - NP630
L ANTVMTSLLADMNNA 19.6 1421 1435
02B Pos VP35 LEKTEEVTERTFGKP 3.1 182 196 ~ VP35.189
NP NVDHITDLLGVGSRDKSLRKTLSALEFEP 12,5 112 140
08B Pos VP35 VREAFDRLEKTEEVTERTFGKP 36 175 196 - VP35.189
NP STKESSSYTASRTEEDRNNYNS >100 441 462
GP, ETSSKSAT 57 28 35 - GP2.28
GP, LASVINTPTP 287 49 56
L DHVQVRGASFVTDLEK 53.7 616 637

15 of 21



Viruses 2019, 11, 360

A) Animal ID: Cantabria cave, sample 7

16 of 21

OLIGO EXP  AMINO ACID ALIGMENT

GP1-AER23674-LLOV_309_344 308 _343_3 13.3 QTIRLRNPSPASGSTKDKTGQKPMTDHQEFILOPHS
GP1-AER23674-LLOV_316_351_315_350_3 191.1 PSPASGSTKDKTGQKPMTDHQEFILQPHSAVGQPCL

GP1-AER23674-LLOV_323_358 322 357_3 31.7 TKDKTGOKPMTDHOEFILOPHSAVGOPCLWNILRTP
GP1-AER23674-LLOV_330_365_329_364_3 166.5 KPMTDHQEFILOPHSAVGOPCLWNILRTPGRNPARR

B) Animal ID: Cantabria cave, sample 8

0oLGO EXP | AMINO ACID ALIGMENT GF2.25 epitope
GP2-AER23675-LLOV_1_36_0_35_3 130.4| MPLGGSSACVSSIPLLGSVSNNSSIQELETSSKSAT

GP2-AER23675-LLOV 8 43 7 42 3 586.9 ACVSSIPLLGSVSNNSSIQELETSSKSATELTTPIN
GP2-AER23675-LLOV_15_50_14_49_3 4231 LLGSVSNNSSIQELETSSKSATELTTPINHSQSLQL
GP2-ER23675-LLOV_22 57 21 56_3 717 NSSIQELETSSKSATELTTPINHSQSLQLASVTNTP
GP2-AER23675-LLOV_29_64_28 63_3 48.1 ETSSKSATELTTPINHSQSLOLASVTNT PTPTTQSK
C) Animal ID: Cantabria cave, sample 11

oLIGO EXP | AMINO ACID ALIGMENT NP511 epitope
Nuc_AER23671-LLOV_504_539_490_525_2 39 | DDDGDTNSQDPNNROKQSDTQQTQESSDRSDYSRRP

Nuc_AER23671-LLOV_511_549_497 532 2 36.6 SQDPNNRQKQSDTQQTQESSDRSDYSRRPAYDWPPG
Nuc_AER23671-LLOV_518_556_504_539_2 123.7 QKQSDTQQTQESSDRSDYSRRPAYDWPPGDRPHTTQ
Nuc_AER23671-LLOV_525_566_511_546_2 24.5 QTQESSDRSDYSRRPAYDWPPGDRPHTTQATDEHTD
VP40_AGL73452-BDBV_208 243 203 238 8 374 RPGISFHPKLRPILLPGKTGKRGSSSDLTSPDKIQA
VP40_YP-004928137-LLOV_236_271_231_266_2 118.5 ASPDKIKSVANYIKELKLVTLDATKGVYALEIPEPL
VP40_ACT22786-RESTV_236_271_231_266_7 9.1 TSPDKIQTIMNAIPDLKIVPIDPTKNIVGIEVPELL
D) Animal ID: Cantabria cave, sample 16

oLIGO EXP | AMINO ACID ALIGMENT NP.630 epitope
Nuc_AER23671-LLOV_633_669_609_644 2 641.4| EELLPPAPKYNTKTSEQEPGDWKQPTSPLSTIPEEE

Nuc_AER23671-LLOV_647_690_623_658_2 411.7 SEQEPGDWKQPTSPLSTIPEEEGGHEANNDNSESDL
Nuc_AER23671-LLOV_654_697_630_665_2 624.6 WKQPTSPLSTIPEEEGGHEANNDNSESDLIDQMYQH

E) Animal ID: Asturias cave, sample 8B

oLIGO EXP | AMINO ACID ALIGMENT VP35.189 epitope
VP35_YP-004928136-LLOV_196_231_161_196_2 20.6 | KARIQENPKSVPTDVREAFDRLEKTEEVTERTFGKP
VP35_YP-004928136-LLOV_203_238 168 _203_2 49.1 PKSVPTDVREAFDRLEKTEEVTERTFGKPTISAKLL
VP35_YP-004928136-LLOV_210_245_175_210_2 384 VREAFDRLEKTEEVTERTFGKPT I SAKLLKELLYDH
Nuc_AER23671-LLOV_432_476_427_462_2 210.1 DWSPENRGIRSNKGSTKESSSYTASRTEEDRNNYNS

Nuc_AER23671-LLOV_452_490_441_476_2 85.7 STKESSSYTASRTEEDRNNYNSKDDHLSGKEQMSTQ

GP2-AER23675-LLOV_1 36 0 35 3 116.7| MPLGGSSACVSSIPLLGSVSNNS STQELETSSKSAT GP2.28 epitope
GP2-AER23675-LLOV_8_43_7_42_3 109.4 ACVSSIPLLGSVSNNSSIQELETSSKSATELTTPIN
GP2-AER23675-LLOV_15_50_14_49_3 3.7 LLGSVSNNSSIQELETSSKSATELTTPINHSQSLQL
GP2-AER23675-LLOV_22_57_21_56_3 19.9 NSSIQELETSSKSATELTTPINHSQSLQLASVTNTP
GP2-AER23675-LLOV_29_64_28_63_3 36.7 ETSSKSATELTTPINHSQSLQLASVINTPTPTTQSK
GP2-AER23675-LLOV_22 57 21 _56_3 19.9 NSSIQELETSSKSATELTTPINHSQSLQLASVTNTP

GP2-AER23675-LLOV_29_64_28_63_3 36.7 ETSSKSATELTTPINHSQSLOLASVTNTPTPTTQSK
GP2-AER23675-LLOV_36_71_35_70_3 7.6 TELTTPINHSQSLQLASVTNTPTPTTQSKSWIVDYN
GP2-AER23675-LLOV_43 78 42 77 3 38.1 NHSQSLOLASVTNTPT PTTQSKSWTVDYNNTTPTMD
GP2-AER23675-LLOV_50_85_49_84_3 41.5 LASVTNTPTPTTQSKSWIVDYNNTTPTMDPTTILTT
L_AGL73477-BDBV_636_671_630_665_8 4.2 TDLEKYNLAFRYEFTAPFIEYCNRCYGVKNLENWMH
L_AlZ48768-EBOVmak_631_666_28 63_1 2.2 GSSFVTDLEKYNLAFRYEFTAPFIEYCNRCYGVKNV
L_AER23679-LLOV_625_660_616_651_2 53.7 DHVOVRGASFVTDLEKYNLAFRFEFTRPFIEYCNHC
L_AIL25246-MARV_605_640_602_637 67 26,7 EQKEALLHQASWHHNSASIGENAIVRGASEVTDLEK

L_AIL25246-MARV_619_654 616_651_67 3.7 NSASIGENAIVRGASFVIDLEKYNLAFRYEFTRHFT
L_AIL25246-MARV_626_661_623_658 32 4.4 NAIVRGASFVTDLEKYNLAFRYEFTRHFIDYCNRCY
L_ABE27081-MARV_626_661_623_658_35 6.7 NAIVRGASFVTD YNLAFRYEFTRHFINYCNRCY
L_AGL73428-SUDV_621_656_616_651_15 5.8 DDFGEHATVRGSSFVTDLEKYNLAFRYEFTAPFIKY
L_AGL73428-SUDV_628 663_623_658 15 43 TVRGSSEFVTDLEKYNLAFRYEFTAPFIKYCNQCYGV

Figure 2. Representative examples of clusters of enrichment found in different Schreiber’s Bent-winged

bats. In bold are the regions in common, within the cluster of enrichment (putative epitope). Some

animals presented only one cluster, in GP, GP;, or the nucleoprotein (NP); for animal (A, B, D)

respectively. Other bats presented several clusters, in different proteins, NP and VP40, and viral

protein-35 (VP35), NP, GP; and L; for animal (C) and (E), respectively. In the squares are represented
immunodominant epitopes, GP2.28, NP511, NP 630 and VP35.189. Note: Due to the similarity on the L
protein in this region within filoviruses, the last cluster of E) is a hybrid cluster, with phages encoding
proteins from LLOV, BDBV, EBOV, MARV and SUDV. “Nuc” corresponds to the nucleocapsid protein
(NP), “OLIGO” to the oligonucleotides forming the cluster of enrichment.

4. Discussion

During the last few decades, an intensive search to identify filovirus reservoir hosts in wildlife
populations has resulted in the detection of antibodies against Ebola and Marburg viruses in several
species of bats [6-8,10-13]. While seroprevalence was somehow widespread, direct virus detection

‘was scarce.
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MARYV and RAVV have been isolated from Egyptian rousette bats in Africa [7,8,17], but only
limited detection of filovirus RNA in certain species of African and Asian bats [5,7,8,15] has been
reported. Indeed, neither EBOV nor MARV have been associated with bat mortality. In contrast,
LLOV was the suspected cause of massive bat mortality in caves from northern Spain affecting a single
bat species, Schreiber’s Bent-winged bats, in 2002 [1,35], but the pathogenicity of this virus in bats
remains unclear. In this study we aimed to clarify this, and searched for the presence of the virus in
live-captured Schreiber’s Bent-winged bats from the same caves where the LLOV was discovered.
However, we do not have any data to demonstrate the bats captured in 2015 belong to the same colony
that was affected in 2002. It is possible, or even likely, that the original colony had dispersed or perished
and another sub-population then filled the roost site. On the other hand, despite testing hundreds of
samples from Schreiber’s Bent-winged bats since 2002, including from the same caves, LLOV RNA
was not detected again until 2016, when fresh carcases were recovered from Northeastern Hungary [4].
The explanation for this could be the fact that Schreiber’s Bent-winged bats populations are declining
across Europe, mainly because of human disturbance. Most of their summer or winter roosting sites
are unknown, or if known, they are protected habitats, and rarely reached by specialists.

In this context, serological surveys constitute a valuable resource in the search for evidence of
circulation of LLOV. A GP-based enzyme-linked immunosorbent assay (ELISA) for the detection of
antibodies against LLOV has been developed, demonstrating the antigenicity and specificity of the
target [22,23]. Therefore, we used the C-terminal domain of the LLOV GP (LLOV-rGP,) as an antigen
in an immunoblot assay. The assay was used to measure LLOV-specific antibodies in live-captured
Schreiber’s Bent-winged bats from the same caves affected by the die-off in 2002. We further confirmed
these results using an independent assay, DPA [33]. We observed some discrepancies in the results
of both assays that could be due to the higher immunoblot sensitivity compared with DPA, since
we are utilising a very conservative threshold in the DPA enrichment factor (Material and Methods).
Combining both assays, we were able to show strong evidence of LLOV exposure in 19 of 52 Schreiber’s
Bent-winged bats samples tested (36.5%). This seroprevalence level is similar to that previously
described for EBOV in other bat species [6,12] and MARYV in Egyptian rousette bats [7,16,18], and
suggests that Schreiber’s Bent-winged bats were exposed to LLOV without associated mass-mortality.
In addition, our study excluded performing neutralisation tests with the sera of bats, since a recent
study demonstrated that antibody-mediated virus neutralisation does not contribute significantly to
the control and clearance of Marburg virus, Ebola virus or Sosuga virus infection in Egyptian rousette
bats [36].

To further demonstrate specificity, we compared the immunodominance pattern between
Schreiber’s Bent-winged bats and primates, with the assumption that a bona-fide response in this bat
species should overlap (at least partially) with the known response in primates. The domain that
contains most of the LLOV NP epitope targets recognised by the humoral immunity of Schreiber’s
Bent-winged bats (LLOV NP.511-525, NP567-581 and NP.630-638) overlaps with what was previously
reported in other mammals, including humans (Figure 3). Numerous EBOV NP epitopes were
described within this region (EBOV NP 521-540, 561-580, and 632-645), despite a low residue identity
(22.2%-33.3%) in the area. This trend is conserved in the response against BDBV, RESTV, SUDV, TAFV
or EBOV [37]. Likewise, most of the 54 epitopes described in humans against EBOV GP fall within
the glycan cap [38], and most immunodominant epitopes in NHPs are directed against the glycan
cap and mucin-like domain [33]. Further, epitope prediction performed using the BepiPred server
(www.cbs.dtu.dk/services/BepiPred/) identified the glycan cap of EBOV, TAFV, SUDV, RESTV, and
MARYV as highly immunogenic and immunodominant, despite being highly divergent [38]. Two
epitopes were widely detected by the Schreiber’s Bent-winged bats: GP1.224, within the GP glycan
cap, which overlays with epitopes detected in EBOV GP (Figure 3); and GP2.28, which lies 3 amino
acids upstream of the predicted region of antigenicity [39].
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Figure 3. Structural modelling of Ebola (EBOV) (left), Lloviu (LLOV) (middle) and EBOV/LLOV overlay
proteins (right). EBOV epitopes are in yellow, gold, and orange (GP: 217-231,393-407; NP: 261-275,
457-471, 473-487; VP35:197-211, 266-280) while LLOV epitopes described are in pink, salmon, and red
(GP: 225-231, GP2 28-36, NP: 511-525, 567-581, 630638, VP35: 189-196, 242-271). LLOV epitopes
detected by Schreiber’s Bent-winged bats are in similar regions to the ones described in humans, even
when the amino acid sequence of the proteins are dissimilar.

Interestingly, although we did not identify any immunodominant epitopes within LLOV VP40
in apparent conflict with the immunodominance of this ORF in EBOV and SUDV studies [40,41],
we found several epitopes in LLOV VP35. EBOV VP35 is immunogenic in humans [41]; in fact, 83
epitopes have been identified in EBOV VP35. The LLOV epitopes VP35.189 and VP35.243 directly
overlap with those seen in EBOV VP35 (Figure 3). In summary, there is a clear correlation between
the areas of immunodominance of the serological response against LLOV in Schreiber’s Bent-winged
bats with the response against filovirus in primates. Although we cannot completely rule out that
the humoral response observed in Schreiber’s Bent-winged bats could have originated from a still
unknown, closely-related Cuevavirus, the immunogenic correlation observed, and the fact that most
of the Schreiber’s Bent-winged bats scored as “positive” for LLOV, detected several LLOV specific
epitopes (Table 2), the most likely scenario is that the Miniopterus schrebersii bats from Spain have been
exposed to LLOV.

On the other hand, the absence of RNA in faecal specimens of the same bat populations
where LLOV-antibodies were detected, is reminiscent of similar findings described for EBOV and
MARV [6,7,10-13], suggesting that virus exposure in younglings promotes seroconversion, and protects
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the animals from future LLOV infection and viral shedding. An alternative explanation would imply a
very rapid host-virus adaptation, with the selection of naturally resistant individuals after the die-off.
In that scenario, less plausible in our opinion, repeated exposure to LLOV in resistant animals would
lead to a decrease in the circulation of the virus, with an increase in herd immunity. Both the high
viral loads observed in the carcasses [1], and the presence of significant seroprevalence of anti-LLOV
antibodies in live-captured Schreiber’s Bent-winged bats, appear to support both scenarios.

In conclusion, we demonstrated the presence of anti-LLOV antibodies in live-captured Schreiber’s
Bent-winged bats taken in the same caves were LLOV was originally discovered. Consequently, survival
of Schreiber’s Bent-winged bats after exposure to LLOV seems to be a frequent event, suggesting that
LLOV might not be highly pathogenic for Schreiber’s Bent-winged bats. Conversely, LLOV may be
highly pathogenic for Schreiber’s Bent-winged bats, and thus this study may be the first evidence of
immunity in the surviving animals after initial LLOV exposure. As many scenarios are possible, more
extensive serosurveys, including other geographical locations, as well as other ecologically related bats
(Myotis genus), are needed to conclusively confirm which of these occurred.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/11/4/360/s1,
supplementary data S1: Production of LLOV Antigen for the Immunoblot assay

Author Contributions: Conceptualization, E.R.d.A., AN., AT, M.PS.-S,, J. E.E., M.5.-L.,and G.P,; Methodology,
E.Rd.A., AN, AT, MO, MJ.P, PC,, AH. M.R.,, M.B. and ]J.G.; Software, M.B. and K.G.; Validation, K.G.;
Formal Analysis, ER.d.A., AN, J.EE, M.J.P, M.S.-L. and G.P; Investigation, E.R.d.A., AN., AT, M.PS.-S,, JEE,;
Resources, EG.; Data Curation, ER.d.A., A.N,, and K.G.; Writing-Original Draft Preparation, ER.d.A., AN.,
J.E.E., M.B,, and M.S.-L.; Writing-Review & Editing, E.R.d.A., AN., M.PS.-S,, J. E.E.M.J.P,, M.J.-C., M.S.-L. and
G.P; Visualization, X.X.; Supervision,. A.N., J.E.E., and G.P.;”, please turn to the CRediT taxonomy for the term
explanation. Authorship must be limited to those who have contributed substantially to the work reported.

Funding: This work was conducted at the facilities of the ISCIII and financially supported by the project VIROBAT3
(SAF2013-47194-P) of the General Research Program of the Spanish, projects RD12/0018/0006, RD12/0018/0011 and
RD16CIII/0003/0003, RD16CIII/0003/0004, from RICET (Red de Enfermedades Tropicales), Subprogram RETICS
Plan Estatal de I+D+I 2013-2016, and co-funded by FEDER “A way to do Europe”. The first author of this study
was contracted by Sara Borrell program funded by FIS (Fondo de Investigacion Sanitaria) with expedient number
CD10/00009 -MPY1434/10. The analyses done by Maggie Bartlett is supported by work funded by the National
Science Foundation under Grant No. (1757346).

Acknowledgments: We are grateful to Ayato Takada from the Research Centre for Zoonosis Control of Hokkaido
University, who provided us with the anti-LLOV GP antibody used as a positive control in the Immunoblot assays,
and to Felisa Aguilera from the National Centre of Microbiology for her technical help and to Ana Isabel Diaz,
Paloma Vazquez and Ana Belén Casais for their help in collecting bat samples at the Asturias and Cantabria caves.

Conflicts of Interest: The authors declare no conflict of interest. The founding sponsors had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the
decision to publish the results. Authors have disclosed any conflicts of interest related to this article.

References

1.  Negredo, A.; Palacios, G.; Vazquez-Morén, S.; Gonzalez, F.; Dopazo, H.; Molero, E; Juste, J.; Quetglas, J.;
Saviji, N.; de la Cruz Martinez, M.; et al. Discovery of an ebolavirus-like filovirus in Europe. PLoS Pathog
2011, 7, €1002304. [CrossRef] [PubMed]

2. Kuhn, ].H.; Becker, S.; Ebihara, H.; Geisbert, TW.; Johnson, K.M.; Kawaoka, Y.; Lipkin, W.I.; Negredo, A.L;
Netesov, S.V.; Nichol, S.T.; et al. Proposal for a revised taxonomy of the family Filoviridae: Classification,
names of taxa and viruses, and virus abbreviations. Arch. Virol. 2010, 155, 2083-2103. [CrossRef] [PubMed]

3.  Yiming, B.; Gaya, K.A.; Christopher, EB.; Bavari, S.; Bukreyev, A.; Chandran, K.; Dolnik, O.; Dye, ].M.;
Ebihara, H.; Formenty, P; et al. Implementation of Objective PASC-Derived Taxon Demarcation Criteria for
Official Classification of Filoviruses. Viruses 2017, 9, 106. [CrossRef]

4. Kemenesi, G.; Kurucz, K.; Dallos, B.; Zana, B.; Foldes, F; Boldogh, S.; Gorfol, T.; Carroll, M.W.; Jakab, F.
Re-emergence of Lloviu virus in Miniopterus schreibersii bats, Hungary, 2016. Emerg. Microbes Infect. 2018, 7,
66. [CrossRef]

5. Swanepoel, R.; Leman, P.A.; Burt, EJ.; Zachariades, N.A.; Braack, L.E.; Zachariades, N.A.; Ksiazek, T.G.;
Rollin, P.E.; Zaki, S.R.; Peters, C.J. Experimental inoculation of plants and animals with Ebola virus. Emerg.
Infect. Dis. 1996, 2, 321-325. [CrossRef] [PubMed]


http://www.mdpi.com/1999-4915/11/4/360/s1
http://dx.doi.org/10.1371/journal.ppat.1002304
http://www.ncbi.nlm.nih.gov/pubmed/22039362
http://dx.doi.org/10.1007/s00705-010-0814-x
http://www.ncbi.nlm.nih.gov/pubmed/21046175
http://dx.doi.org/10.3390/v9050106
http://dx.doi.org/10.1038/s41426-018-0067-4
http://dx.doi.org/10.3201/eid0204.960407
http://www.ncbi.nlm.nih.gov/pubmed/8969248

Viruses 2019, 11, 360 20 of 21

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Leroy, EM.; Kumulungui, B.; Pourrut, X.; Rouquet, P.; Hassanin, A.; Yaba, P; Délicat, A.; Paweska, J.T.;
Gonzalez, ].P.; Swanepoel, R. Fruit bats as reservoirs of Ebola virus. Nature 2005, 438, 575-576. [CrossRef]
[PubMed]

Swanepoel, R.; Smit, S.B.; Rollin, P.E.; Formenty, P; Leman, P.A.; Kemp, A.; Burt, F].; Grobbelaar, A.A.;
Croft, J.; Bausch, D.G.; et al. Studies of reservoir hosts for Marburg virus. Emerg. Infect. Dis. 2007, 13,
1847-1851. [CrossRef] [PubMed]

Towner, ].S.; Pourrut, X.; Albarifio, C.G.; Nkogue, C.N.; Bird, B.H.; Grard, G.; Ksiazek, T.G.; Gonzalez, ].P;
Nichol, S.T.; Leroy, E.M. Marburg virus infection detected in a common African bat. PLoS ONE 2007, 22, e764.
Leroy, E.M.; Epelboin, A.; Mondonge, V.; Pourrut, X.; Gonzalez, ].P.; Muyembe-Tamfum, J.J.; Formenty, P.
Human Ebola outbreak resulting from direct exposure to fruit bats in Luebo, Democratic Republic of Congo,
2007. Vector Borne Zoonotic Dis. 2009, 9, 723-728. [CrossRef]

Taniguchi, S.; Watanabe, S.; Masangkay, J.S.; Omatsu, T.; Ikegami, T.; Alviola, P.; Ueda, N.; Iha, K.; Fujii, H.;
Ishii, Y. Reston Ebolavirus antibodies in bats, the Philippines. Emerg. Infect. Dis. 2011, 17, 1559-1560.
[CrossRef]

Yuan, J.; Zhang, Y.; Li, J.; Zhang, Y.; Wang, L.E.; Shi, Z. Serological evidence of ebolavirus infection in bats,
China. J. Virol. 2012, 13, 236. [CrossRef] [PubMed]

Hayman, D.T.; Yu, M.; Crameri, G.; Wang, L.F; Suu-Ire, R.; Wood, J.L.; Cunningham, A.A. Ebola virus
antibodies in fruit bats, Ghana, West Africa. Emerg. Infect. Dis. 2012, 18, 1207-1209. [CrossRef]

Olival, K.J.; Islam, A.; Yu, M.; Anthony, S.J.; Epstein, ]. H.; Khan, S.A.; Khan, S.U.; Crameri, G.; Wang, L.F,;
Lipkin, W.I. Ebola virus antibodies in fruit bats, bangladesh. Emerg. Infect. Dis 2013, 19, 270-273. [CrossRef]
[PubMed]

Goldstein, T.1; Anthony, S.; Gbakima, A.; Bird, B.H.; Bangura, J.; Tremeau-Bravard, A.; Belaganahalli, M.N.;
Wells, H.L.; Dhanota, ].K. The discovery of Bombali virus adds further support for bats as hosts of ebolaviruses.
Nat. Microbiol. 2018, 3, 1084-1089. [CrossRef] [PubMed]

Towner, ].S.; Amman, B.R.; Sealy, TK,; Carroll, S.A.; Comer, ].A.; Kemp, A.; Swanepoel, R.; Paddock, C.D.;
Balinandi, S.; Khristova, M.L. Isolation of genetically diverse Marburg viruses from Egyptian fruit bats. PLoS
Pathog. 2009, 5, €1000536. [CrossRef] [PubMed]

Amman, B.R,; Carroll, S.A.; Reed, Z.D.; Sealy, T.K,; Balinandi, S.; Swanepoel, R.; Kemp, A.; Erickson, B.R.;
Comer, J.A.; Campbell, S.; etal. Seasonal pulses of Marburg virus circulation in juvenile Rousettus aegyptiacus
bats coincide with periods of increased risk of human infection. PLoS Pathog. 2012, 8, €1002877. [CrossRef]
Schuh, AJ.; Amman, B.R,; Jones, M.E.; Sealy, TK.; Uebelhoer, L.S.; Spengler, ]R; Martin, B.E,;
Coleman-McCray, J.A.; Nichol, S.T.; Towner, ].S. Modelling filovirus maintenance in nature by experimental
transmission of Marburg virus between Egyptian rousette bats. Nat. Commun. 2017, 8, 14446. [CrossRef]
Changula, K.; Kajihara, M.; Mori-Kajihara, A.; Eto, Y.; Miyamoto, H.; Yoshida, R.; Shigeno, A.; Hang’ombe, B.;
Qiu, Y.; Mwizabi, D.; et al. Seroprevalence of Filovirus Infection of Rousettus aegyptiacus Bats in Zambia. J.
Infect. Dis 2018, 218, S312-5317. [CrossRef]

Yang, X.L.; Tan, C.W.; Anderson, D.E,; Jiang, R.D.; Li, B.; Zhang, W.; Zhu, Y.; Lim, X.E; Zhou, P; Liu, X.L,;
et al. Characterization of a filovirus (Méngla virus) from Rousettus bats in China. Nat. Microbiol. 2019, 4,
390-395. [CrossRef]

Baker, M.L.; Schountz, T.; Wang, L.F. Antiviral immune responses of bats: A review. Zoonoses Public Health
2013, 60, 104-116. [CrossRef]

Pavlovich, S.S.; Lovett, S.P.; Koroleva, G.; Guito, J.C.; Arnold, C.E.; Nagle, E.R.; Kulcsar, K.; Lee, A,;
Thibaud-Nissen, F; Hume, A ].; et al. The Egyptian Rousette Genome Reveals Unexpected Features of Bat
Antiviral. Immunity Cell. 2018, 173, 1098-1110. [CrossRef]

Maruyama, J.; Miyamoto, H.; Kajihara, M.; Ogawa, H.; Maeda, K.; Sakoda, Y.; Yoshida, R.; Takada, A.
Characterization of the envelope glycoprotein of a novel filovirus, lloviu virus. J. Virol. 2014, 88, 99-109.
[CrossRef] [PubMed]

Ng, M.; Ndungo, E.; Jangra, R.K,; Cai, Y.; Postnikova, E.; Radoshitzky, S.R.; Dye, ]. M.; Ramirez de Arellano, E.;
Negredo, A.; Palacios, G.; et al. Cell entry by a novel European filovirus requires host endosomal cysteine
proteases and Niemann-Pick C1. Virology 2014, 468—470, 637-646. [CrossRef]

Feagins, A.R; Basler, C.F. Lloviu virus VP24 and VP35 proteins function as innate immune antagonists in
human and bat cells. Virology 2015, 485, 145-152. [CrossRef]


http://dx.doi.org/10.1038/438575a
http://www.ncbi.nlm.nih.gov/pubmed/16319873
http://dx.doi.org/10.3201/eid1312.071115
http://www.ncbi.nlm.nih.gov/pubmed/18258034
http://dx.doi.org/10.1089/vbz.2008.0167
http://dx.doi.org/10.3201/eid1708.101693
http://dx.doi.org/10.1186/1743-422X-9-236
http://www.ncbi.nlm.nih.gov/pubmed/23062147
http://dx.doi.org/10.3201/eid1807.111654
http://dx.doi.org/10.3201/eid1902.120524
http://www.ncbi.nlm.nih.gov/pubmed/23343532
http://dx.doi.org/10.1038/s41564-018-0227-2
http://www.ncbi.nlm.nih.gov/pubmed/30150734
http://dx.doi.org/10.1371/journal.ppat.1000536
http://www.ncbi.nlm.nih.gov/pubmed/19649327
http://dx.doi.org/10.1371/journal.ppat.1002877
http://dx.doi.org/10.1038/ncomms14446
http://dx.doi.org/10.1093/infdis/jiy266
http://dx.doi.org/10.1038/s41564-018-0328-y
http://dx.doi.org/10.1111/j.1863-2378.2012.01528.x
http://dx.doi.org/10.1016/j.cell.2018.03.070
http://dx.doi.org/10.1128/JVI.02265-13
http://www.ncbi.nlm.nih.gov/pubmed/24131711
http://dx.doi.org/10.1016/j.virol.2014.08.019
http://dx.doi.org/10.1016/j.virol.2015.07.010

Viruses 2019, 11, 360 21 of 21

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Takada, A.; Robison, C.; Goto, H.; Sanchez, A.; Murti, K.G.; Whitt, M.A.; Kawaoka, Y. A system for functional
analysis of Ebola virus glycoprotein. Proc. Natl. Acad. Sci. USA 1997, 94, 14764-14769. [CrossRef]
Wool-Lewis, R.].; Bates, P. Characterization of Ebola virus entry by using pseudotyped viruses: Identification
of receptor-deficient cell lines. J. Virol. 1998, 72, 3155-3160.

Prehaud, C.; Hellebrand, E.; Coudrier, D.; Volchkov, V.E.; Volchkova, V.A.; Feldmann, H.; Le Guenno, B.;
Bouloy, M. Recombinant Ebola virus nucleoprotein and glycoprotein (Gabon 94 strain) provide new tools for
the detection of human infections. J. Gen. Virol. 1998, 79, 2565-2572. [CrossRef] [PubMed]
Mellquist-Riemenschneider, J.L.; Garrison, A.R.; Geisbert, J.B.; Saikh, K.U.; Heidebrink, K.D.; Jahrling, P.B.;
Ulrich, R.G.; Schmaljohn, C.S. Comparison of the protective efficacy of DNA and baculovirus-derived protein
vaccines for EBOLA virus in guinea pigs. Virus Res. 2003, 92, 187-193. [CrossRef]

Nakayama, E.; Yokoyama, A.; Miyamoto, H.; Igarashi, M.; Kishida, N.; Matsuno, K.; Marzi, A.; Feldmann, H.;
Ito, K.; Saijo, M.; et al. Enzyme-linked immunosorbent assay for detection of filovirus species-specific
antibodies. Clin. Vaccine Immunol. 2010, 17, 1723-1728. [CrossRef]

Ou, W;; Delisle, J.; Konduru, K.; Bradfute, S.; Radoshitzky, S.R.; Retterer, C.; Kota, K.; Bavari, S.; Kuhn, ].H.;
Jahrling, P.B.; et al. Development and characterization of rabbit and mouse antibodies against ebolavirus
envelope glycoproteins. J. Virol. Methods. 2011, 174, 99-109. [CrossRef]

Smith, C.S.; de Jong, C.E.; Field, H.E. Sampling small quantities of blood from microbats. Acta Chiropterologica
2010, 1, 255-258. [CrossRef]

Panning, M.; Laue, T.; Olschlager, S.; Eickmann, M.; Becker, S.; Raith, S.; Courbot, M.C.; Nilsson, M.; Gopal, R.;
Lundkvist, A.; et al. Diagnostic Reverse-transcription polymerase chain reaction kit for filoviruses based
on the strain collections of all European biosafety level 4 laboratories. J. Infect. Dis. 2007, 196, S199-5204.
[CrossRef]

Sanchez-Lockhart, M.; Reyes, D.S.; Gonzalez, J.C.; Garcia, K.Y,; Villa, E.C.; Pfeffer, B.P; Trefry, J.C,;
Kugelman, J.R.; Pitt, M.L.; Palacios, G.F; et al. Qualitative Profiling of the Humoral Immune Response
Elicited by rVSV-AG-EBOV-GP Using a Systems Serology Assay, Domain Programmable Arrays. Cell. Rep.
2018, 24, 1050-1059. [CrossRef] [PubMed]

Kelley, L.A.; Mezulis, S.; Yates, C.M.; Wass, M.N; Sternberg, M.]. The Phyre2 web portal for protein modeling,
prediction and analysis. Nat. Protocols 2015, 10, 845-858. [CrossRef] [PubMed]

Quetglas, J.; Gonzalez, F; Paz, O. Estudian la extrafia mortandad de miles de murciélago de cuevas. Quercus
2003, 203, 50.

Schuh, A.J.; Amman, B.R,; Sealy, TK.; Kainulainen, M.H.; Chakrabarti, A.K.; Guerrero, L.W.; Nichol, S.T.;
Albarino, C.G.; Towner, ].S. Antibody-mediated virus neutralization is not a universal mechanism of Marburg;
Ebola or Sosuga virus clearance in Egyptian rousette bats. J. Infect. Dis. 2018. [CrossRef]

Changula, K.; Yoshida, R.; Noyori, O.; Marzi, A.; Miyamoto, H.; Ishijima, M.; Yokoyama, A.; Kajihara, M.;
Feldmann, H.; Mweene, A.S.; et al. Mapping of conserved and species-specific antibody epitopes on the
Ebola virus nucleoprotein. Virus Res. 2013, 176, 83-90. [CrossRef] [PubMed]

Vita, R.; Overton, J.A.; Greenbaum, J.A.; Ponomarenko, J.; Clark, J.D.; Cantrell, J.R.; Wheeler, D.K.;
Gabbard, J.L.; Hix, D.; Sette, A.; et al. The immune epitope database (IEDB) 3.0. Nucleic Acids Res 2015, 43,
DA405-12. [CrossRef]

Babirye, P.; Musubika, C.; Kirimunda, S.; Downing, R.; Lutwama, J.J.; Mbidde, E.K.; Weyer, J.; Paweska, ].T.;
Joloba, M.L.; Wayengera, M. Identity and validity of conserved B cell epitopes of filovirus glycoprotein:
Towards rapid diagnostic testing for Ebola and possibly Marburg virus disease. BMC Infect. Dis. 2018, 18,
498. [CrossRef]

Sobarzo, A.; Groseth, A.; Dolnik, O.; Becker, S.; Lutwama, ].J.; Perelman, E.; Yavelsky, V.; Muhammad, M.;
Kuehne, A.L; Marks, R.S.; et al. Profile and persistence of the virus-specific neutralizing humoral immune
response in human survivors of Sudan ebolavirus (Gulu). |. Infect. Dis. 2013, 208, 299-309. [CrossRef]
[PubMed]

Becquart, P.; Mahlakoiv, T.; Nkoghe, D.; Leroy, E.M. Identification of continuous human B-cell epitopes in the
VP35, VP40, nucleoprotein and glycoprotein of Ebola virus. PLoS ONE 2014, 9, €96360. [CrossRef] [PubMed]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1073/pnas.94.26.14764
http://dx.doi.org/10.1099/0022-1317-79-11-2565
http://www.ncbi.nlm.nih.gov/pubmed/9820131
http://dx.doi.org/10.1016/S0168-1702(02)00338-6
http://dx.doi.org/10.1128/CVI.00170-10
http://dx.doi.org/10.1016/j.jviromet.2011.04.003
http://dx.doi.org/10.3161/150811010X504752
http://dx.doi.org/10.1086/520600
http://dx.doi.org/10.1016/j.celrep.2018.06.077
http://www.ncbi.nlm.nih.gov/pubmed/30044972
http://dx.doi.org/10.1038/nprot.2015.053
http://www.ncbi.nlm.nih.gov/pubmed/25950237
http://dx.doi.org/10.1093/infdis/jiy733
http://dx.doi.org/10.1016/j.virusres.2013.05.004
http://www.ncbi.nlm.nih.gov/pubmed/23702199
http://dx.doi.org/10.1093/nar/gku938
http://dx.doi.org/10.1186/s12879-018-3409-x
http://dx.doi.org/10.1093/infdis/jit162
http://www.ncbi.nlm.nih.gov/pubmed/23585686
http://dx.doi.org/10.1371/journal.pone.0096360
http://www.ncbi.nlm.nih.gov/pubmed/24914933
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Human and Bat Serum Samples 
	Recombinant LLOV GP Antigen 
	Detection of LLOV RNA by Real Time PCR 
	Detection of LLOV-Specific Antibodies by Immunoblot 
	Detection of LLOV-Specific Antibodies by Domain Programmable Arrays 
	Protein Modelling and Surface Epitope Visualization 

	Results 
	Absence of LLOV RNA in the Schreiber’s Bent-Winged Bats 
	No Detectable Antibodies against LLOV GP2 Protein Were Found in the Human Samples by Immunoblot 
	Absence of Antibodies against LLOV GP2 Protein in Common Serotine Bats by Immunoblot 
	Presence of Antibodies against LLOV GP2 Protein in Schreiber’s Bent-Winged Bats by Immunoblot 
	Presence of Antibodies against LLOV Proteins in Schreiber’s Bent-Winged Bats Were Confirmed Using DPA 
	Detection of Significant Prevalence of LLOV in Schreiber’s Bent-Winged Bats 
	Immunodominance Epitope Analysis in Schreiber’s Bent-Winged Bats 

	Discussion 
	References

