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Development of Locked Nucleic Acid Antisense
Oligonucleotides Targeting Ebola Viral Proteins

and Host Factor Niemann-Pick C1

Jessica Chery,1,2,* Andreas Petri,3 Alexandre Wagschal,1,2 Sun-Young Lim,4,5 James Cunningham,4,5

Shobha Vasudevan,1,6 Sakari Kauppinen,3 and Anders M. Näär1,2

The Ebola virus is a zoonotic pathogen that can cause severe hemorrhagic fever in humans, with up to 90%
lethality. The deadly 2014 Ebola outbreak quickly made an unprecedented impact on human lives. While
several vaccines and therapeutics are under development, current approaches contain several limitations, such
as virus mutational escape, need for formulation or refrigeration, poor scalability, long lead-time, and high cost.
To address these challenges, we developed locked nucleic acid (LNA)-modified antisense oligonucleotides
(ASOs) to target critical Ebola viral proteins and the human intracellular host protein Niemann-Pick C1
(NPC1), required for viral entry into infected cells. We generated noninfectious viral luciferase reporter assays to
identify LNA ASOs that inhibit translation of Ebola viral proteins in vitro and in human cells. We demonstrated
specific inhibition of key Ebola genes VP24 and nucleoprotein, which inhibit a proper immune response and
promote Ebola virus replication, respectively. We also identified LNA ASOs targeting human host factor NPC1
and demonstrated reduced infection by chimeric vesicular stomatitis virus harboring the Ebola glycoprotein,
which directly binds to NPC1 for viral infection. These results support further in vivo testing of LNA ASOs in
infectious Ebola virus disease animal models as potential therapeutic modalities for treatment of Ebola.
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Introduction

The Ebola virus is one of the deadliest human patho-
gens, with a case fatality rate of 25%–90% depending on

the strain and outbreak [1]. The virus is transmitted through
direct contact with blood or other body fluids such as saliva,
mucus, feces, sweat, tears, urine, and vomit [1]. The outbreak
that began in West Africa in 2014 infected more than 28,000
people and led to over 11,000 deaths. This is the largest
outbreak since the Ebola virus was first identified in 1976;
more humans have died in this single outbreak than all other
outbreaks combined (World Health Organization, Ebola
Situation Reports 2016).a Ebola virus disease (EVD) sur-

vivors frequently suffer from a number of complications due
to the persistence of viral infection, including impaired vi-
sion, hearing loss, troubled sleep, memory loss, confusion,
and joint pain (World Health Organization, Ebola Situation
Reports 2016)b [2,3]. In addition, an emerging concern with
more than 10,000 survivors is viral resurgence. When pa-
tients are in the last stages of the disease, viral loads can
increase to billions of copies per/mL of blood, facilitating
detection. However, during recovery the Ebola virus re-
mains in survivors in what are known as immune-privileged
sites such as the eye (ocular aqueous humor), breast milk,
and semen, months after Ebola RNA is no longer detectable
in blood [4–8].
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In one documented case, a male EVD survivor sexually
transmitted the virus to a partner 155 days after testing neg-
ative for circulating Ebola virus [4]. The partner later de-
veloped and died from EVD [4]. In another survivor case, the
Ebola virus relapsed leading to hospitalization [9], and in yet
another case, Ebola virus RNA was found in the fetal blood,
amniotic fluid, placenta, and stool of a stillborn child from a
pregnant woman who survived EVD and whose blood tested
negative for Ebola RNA 8 days after symptoms started [10].
These cases and others suggest that Ebola virus can persist for
months in tissue reservoirs and new outbreaks from trans-
mitted infectious virus are still a dangerous possibility, eli-
citing a need for effective therapeutics targeting Ebola.
Currently, there are no approved treatments or licensed
vaccines.

Recent responses to the Ebola epidemic have largely relied
on public health strategies for surveillance of affected areas,
tracing exposure, containing confirmed cases of Ebola at
treatment centers, testing suspected cases at mobile labs, and
preventing confirmed cases or contacts of cases from
spreading to densely populated areas/cities. There is an un-
licensed vaccine being used on an exploratory basis for ring
vaccination of those who have been in contact with confirmed
cases of Ebola, and a few ‘‘investigational therapeutics being
used on a compassionate use basis’’ (World Health Organi-
zation, Ebola Reports 2018).c However, the recent and un-
expected resurgence of the Ebola virus in Congo (May 2018),
with a rising death toll, reminds us how quickly and easily
this virus can spread and kill (World Health Organization,
Ebola Reports 2018),d and highlights the urgent need for
novel therapeutic strategies.

There are four identified subtypes of Ebola virus according
to the four outbreaks: Zaire, Sudan, Ivory Coast, and Reston
strains [1]. Ebola virus is a member of the filovirus family,
which are single strand negative RNA viruses [1]. Ebola virus
exhibits a 19 kb long genome that encodes seven proteins:
glycoprotein (GP), which produces small soluble GP and
soluble GP through transcriptional editing [11,12], nucleo-
protein (NP), VP35, VP40, VP30, VP24, and the viral poly-
merase L. NP coats the viral genome and forms a complex
with VP30, VP35, and L to modulate transcription of the viral
RNA. Phosphorylation of VP30 displaces VP30 from this
complex allowing it to participate in viral replication, which
is facilitated by NP, VP24, and VP35 [13]. VP40, a matrix
protein, then associates with L for viral particle assembly,
budding, and delivery. VP40 along with VP24 also play a role
in inhibiting antiviral type I and II interferon response/sig-
naling [14]. Additional details of the interaction between
virus infection and innate or adaptive immune responses are
further reviewed elsewhere [14–16].

Ebola virus infection has been shown to require the host
factor Niemann-Pick C1 (NPC1) [17–19]. NPC1 is a 1,278
amino acid protein essential for cholesterol transport to the
trans-Golgi and plasma membrane caveolae and is localized
primarily in the late endosomal/lysosomal membrane com-
partment [20]. The structure of NPC1 includes 13 trans-
membrane domains, a cytoplasmic loop at the C-terminal

end, 6 small loops in the cytoplasm, and 3 large and 4 small
luminal loops. NPC1 has been demonstrated to facilitate vi-
rus entry into the host cell by direct binding of the EboV GP
to one of the NPC1 luminal domains [21–23]. In fact, cells
from species normally not susceptible to EVD were rendered
permissive for infectivity by the expression of human NPC1
[24]. Indeed, mice heterozygous for NPC1 are completely
protected from Ebola virus infection. Small molecules tar-
geting NPC1 also offer protection from infection [25]. Stu-
dies have found that upon cell endocytosis, the Ebola virus
GP is proteolyzed by the endosomal Cathepsin B protease,
which then allows the N-terminal portion of GP to associate
specifically with NPC1, permitting virus entry into the cy-
tosolic compartment and viral replication [23,26–28]. To-
gether, these findings suggest that NPC1 might represent an
interesting therapeutic target to prevent Ebola virus infection.

While there are currently no vaccines or therapeutics ap-
proved for the prevention or treatment of EVD, a number of
experimental strategies are at various stages of development
[29,30]. These include several vaccines and therapeutic
strategies aimed at directly targeting the Ebola virus. A
monoclonal antibody cocktail (ZMapp) directed against the
virus appears to exhibit efficacy in nonhuman primate (NHP)
EVD models [31] and has been used to treat an EVD patient.
In addition, a siRNA-based approach that targets the viral
RNA-dependent RNA polymerase (L protein), VP24, and
VP35 appears to exhibit some efficacy in animal models [32].
Peptide-conjugated and chemically modified morpholino
antisense oligonucleotides (ASOs) directed to block trans-
lation of VP24 and VP35 have also been shown to be quite
efficacious in rodent and NHP models [33]. Several compa-
nies have also tested nucleoside analogs originally designed
to target other RNA viruses such as influenza virus, which
may have activity against the Ebola virus RNA-dependent
RNA polymerase (eg, favipiravir/Avigan) [34]. Although
these strategies have shown promise to counter Ebola virus
infection or transmission, they exhibit a number of limita-
tions, such as the need for refrigeration, requirement for drug
formulation, inability to scale production, lack of versatility
beyond the current Ebola virus strain, and unknown off-target
effects.

Locked nucleic acid (LNA)-modified phosphorothioate
(PS) ASOs offer distinct advantages due to their properties
that have been optimized over the years [35–38]. Large-scale
manufacture of therapeutic LNA ASOs is well established,
and LNA ASOs are very stable and therefore do not require
refrigeration like biologic drugs, such as antibodies and
vaccines. This is particularly useful given that most Ebola
outbreaks originate in sub-Saharan Africa where regular
temperatures are high. LNA ASOs can be stored lyophilized
and are easily suspended in solution before injection. In ad-
dition, PS backbone modifications increase the biostability of
LNA ASOs in the blood stream and tissues, and enhance their
pharmacokinetic properties, thereby facilitating delivery to
many peripheral tissues in vivo [35,37,39]. LNA-modified
ASOs exhibit increased binding affinity and specificity to-
ward their cognate target sequences in comparison with other
ASO chemistries such as morpholinos, leading to improved
potency and fewer off-target effects. Furthermore, LNA
ASOs tend to accumulate in the liver, which is a primary
target organ for EVD once it infected monocytes, dendrites,
and macrophages [40,41]. LNA ASOs also accumulate in the

chttp://apps.who.int/iris/bitstream/handle/10665/273088/SITREP_
EVD_DRC_20180712-eng.pdf?ua=1

dhttp://apps.who.int/iris/bitstream/handle/10665/273088/SITREP_
EVD_DRC_20180712-eng.pdf?ua=1
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kidney—another key organ targeted by Ebola virus—in ad-
dition to other tissues such as bone marrow, adipocytes, and
lymph nodes [39,40].

We have devised a two-pronged approach for targeting
Ebola virus infections using LNA ASOs targeting Ebola virus
protein translation, and blocking production of the NPC1 host
gene product required for virus cell entry. Translational
blocking has previously been achieved using morpholino
ASOs [33], however, this ASO chemistry is difficult to scale
up for large-scale production. Using the sequence of the most
virulent strain of Ebola virus from the recent outbreak [42],
we designed LNA ASO mixmers harboring a PS backbone
that target the mRNA sequence of key Ebola virus proteins.
We also employed LNA gapmer ASOs to target the NPC1
mRNA. Mixmers have LNA modifications interspersed with
DNA in the ASO sequence, while gapmers exhibit a central
stretch of DNA sequence flanked by LNA wings, where the
RNA in the DNA–RNA duplex formed after target engage-
ment is subjected to RNase H cleavage [37].

Mixmer LNA ASOs were designed to target sequences
overlapping with or downstream of the start codons of NP,
VP24, VP35, and L to interfere with translation of these Ebola
virus genes. Previous work suggested that these regions
around the start codons, including parts of the 5¢UTR, mod-
ulate the translation of Ebola virus proteins [43,44]. These
Ebola virus genes were chosen for a number of reasons. NP
has been noted as a high quality target for EVD therapeutics
due to its crucial role in Ebola viral replication and tran-
scription [45]. VP35 and VP30 decoy the host’s immune
response to EVD by blocking the normal RNAi response
against viral gene expression [15]. VP24 along with VP40
play a role in inhibiting the type I and II interferon responses/
signaling [14,15]. In addition, recent findings indicate that
VP24 may be key to the ability of the virus to mutate [46].
NPC1 was targeted due to its vital role in facilitating Ebola
virus infection through direct interaction with the Ebola virus
GP protein as previously mentioned. Our studies revealed
effective LNA ASO targeting of two Ebola viral genes, NP
and VP24, and also demonstrated prevention of Ebola virus
GP-dependent infectivity via NPC1 inhibition in human and
mouse cells. Our approach thus attacks core components of
all phases of virus replication and infection.

Materials and Methods

ASO design

ASOs capable of downregulating NPC1 were designed as
LNA-modified DNA gapmer ASOs with a PS backbone.
Three ASOs were designed with a perfect match to NPC1 in
primates (human, chimpanzee, rhesus macaque, and African
green monkey), and additional three ASOs with a perfect
match to NPC1 in primates and mouse (see Supplementary
Table S1; Supplementary Data are available online at
www.liebertpub.com/nat). None of the ASOs had any pre-
dicted perfect match off-targets in any of the tested species
when checked against the most recent version of the Ensembl
database as of October 2017 (release 90), except LNA23,
which had a single perfect match off-target in rhesus ma-
caque. Furthermore, a random sequence LNA/DNA gapmer
with no perfect match or 1-mismatched hits in any of the five
species served as a negative control (LNA24, Supplementary
Table S1).

ASOs capable of translational inhibition of Ebola virus
transcripts were designed as LNA/DNA mixmer oligonu-
cleotides with a PS backbone. Alignment of 101 Ebola virus
genomes published by Gire et al. [42] (Supplementary ma-
terial, File S1 in Gire et al. [42]) were used to extract se-
quences corresponding to 20 bases upstream and 35 bases
downstream of the start codons of virus genes NP, VP35,
VP24, and L. LNA ASOs were designed to target sites in
these regions that are conserved across all Ebola variants
from the 2014 outbreak and some also conserved across
strains isolated earlier (1976, 1977, 1994, 1995, 1996, 2002,
and 2008). ASOs were designed with a low propensity for
secondary structure and self-hybridization, and a high LNA
load to achieve high affinity. ASOs containing cg or cG
(lowercase = DNA, uppercase = LNA) motifs were synthe-
sized with methylated cytosine to mask the immuno-
stimulatory motif and all LNA ASOs were obtained from
Exiqon (Vedbaek, Denmark).

Ebola viral gene-luciferase fusion reporters

Luciferase reporters were designed as follows. The open
reading frame (ORF) for each of the four Ebola virus genes
used in this study was fused to the luciferase gene in the pSP-
lucNF fusion vector (Promega). Reporters included 98 bp
covering a portion of the 5¢UTR plus mRNA sequence of the
four Ebola virus genes fused to luciferase. Ninety-eight base
pairs of ORF in frame with the proximal ATG (pATG) for
each Ebola virus gene was used. Constructs were designed to
ensure that the pATG of the 98 bp ORF was in frame with the
luciferase gene. The ATG of the Luciferase gene was mutated
to alanine to ensure that translation initiated only at the pATG
of Ebola virus gene ORFs. While the 98 bp ORF used for L
protein did include an upstream ATG (uATG), this uATG
was not in frame and produced a truncated protein due to a
premature stop codon. An uATG is also included in the VP35
sequence, however, this is immediately followed by a stop
codon ensuring that no functional protein is made. Reporter
sequences are provided in Supplementary Table S1.

VP24: 57 bp of protein (19 amino acids) +41 bp upstream
of pORF region

NP: 39 bp of protein (13 amino acids) +59 bp upstream of
uATG

VP35: 60 bp of protein (20 amino acids) +38 bp upstream
of uATG

L: 60 bp of protein (20 amino acids) +38 bp upstream of
uATG

Complementary single-stranded oligonucleotides were
mixed at equal volume and annealed. Annealed oligonucle-
otides were cooled gradually: first at room temperature
(23�C) for 1 h then at 4�C for up to 2 h and finally 1 h at
-20�C. Double-stranded oligonucleotides were digested with
Mung Bean nuclease to remove single-stranded overhangs as
follows: double-stranded DNA was suspended in 1 · Mung
Bean nuclease buffer and 1 mL Mung Bean Nuclease (NEB)
and incubated at 30�C for 30 min. The enzyme was in-
activated by addition of 0.01% sodium dodecyl sulfate and
the reaction cleaned with PCR Clean-up Kit (Qiagen). Pri-
mers (see Supplementary Table S1 for sequences) were de-
signed to add NheI and HindIII restriction enzyme sites to the
double-stranded sequences by PCR and confirmed with
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agarose gel diagnostics. Primers were synthesized by In-
tegrated DNA Technologies.

The Ebola virus sequences with NheI and HindIII restric-
tion sites were inserted into a pcDNA3.1 vector that had the
full luciferase gene encoded for expression under a CMV
promoter. The start codon AUG (methionine) in the lucifer-
ase gene was mutated to GCT (alanine) using the Quick
Change Site-Directed Mutagenesis Kit (Agilent Technolo-
gies). Mutagenic primers were designed to perform this
codon substitution and to ensure that Ebola virus gene-
luciferase fusion did not generate a frameshift. Primers for
mutagenesis were synthesized by Invitrogen Life Technolo-
gies and purified by high performance liquid chromatogra-
phy. Ebola virus gene ORF insertions and luciferase gene
ATG to GCT substitution were confirmed by sequencing
analysis (Genewiz).

In vitro transcription/translation assay

The in vitro transcription and translation assay was per-
formed with the TNT T7 Quick Coupled Transcription/
Translation System Catalog (Promega) according to manu-
facturer’s guidelines. Concentrations of Ebola virus gene-
luciferase fusion reporters and LNA ASOs to add to the
TNT reaction were optimized by titration and LNA
ASO:DNA molar ratio calculations. Ten microliter reactions
of TNT Quick mix + DNA + 1 mM methionine – LNA ASO in
nuclease-free water was prepared for each reporter. Reactions
were incubated at 30�C for 90 min, and the samples were placed
at room temperature (23�C) for 30 min before addition of lu-
ciferase assay reagent. The luciferase assay reagent was thawed
on ice *45 min and then warmed to 23�C for 30 min. About
2.5mL of in vitro lysate was mixed with 50mL of luciferase
assay reagent, and luminescence immediately read (<30 s) in
the luminometer, and then recorded and analyzed with Excel
(Microsoft).

Cell culture

HeLa, HepG2, and 293T cells (ATCC) were maintained
in Minimum Essential Media (MEM) with 5% penicillin
streptomycin, 5% sodium pyruvate, and 10% fetal bovine
serum (FBS). J774A.1 cells (ATCC T1B-67) were cultured
per ATCC guidelines in Dulbecco’s modified Eagle me-
dium (DMEM) media supplemented with 10% FBS. Cell
culture products were purchased from Thermo Fisher
Scientific.

Transfection of HEK293T cells with Ebola-luciferase
vectors and antiviral LNA ASOs

Transfections were performed with Opti-MEM media
(ThermoFisher Scientific). On day 1, 293T cells were plated
with Opti-MEM at 50,000 cells/mL in 24-well plates and
incubated at 37�C for 24 h. On day 2, LNA ASOs were
transfected with Lipofectamine RNAiMAX (Invitrogen).
Cells transfected with LNA ASOs were incubated at 37�C for
4–6 h. Ebola virus-luciferase and b-galactosidase vectors
were then transfected with Lipofectamine2000 (Invitrogen)
using manufacturer’s protocol and cells were incubated at
37�C. Cells were harvested 24 h later.

Cells were lysed with Glo-Lysis reagent (Promega) at
room temperature. Luminescence was measured using Dual-

Glo Reagent (Promega) and read with Centro LB 960 plate
reader (Berthold Technologies). b-Galactosidase expression
was measured using Assay 2 · Buffer (Promega) and read
with SpectraMax M5 (Molecular Devices).

Transfection of HeLa cells with Ebola virus-luciferase
vectors and antiviral LNA ASOs

Cells were plated at 60,000 cells/mL with MEM supple-
mented as described above in 24-well plates and incubated at
37�C for 24 h. Ebola virus-luciferase and b-galactosidase
vectors and LNA ASOs were transfected with Opti-MEM
using Lipofectamine2000 with EXIQON Co-Transfection
Protocol. Cells were incubated at 37�C for 24 h. Cells were
harvested and luminescence and b-galactosidase expression
measured as previously described.

Transfection of HeLa and HepG2 cells
with NPC1-targeting LNA ASOs for RNA extraction

HepG2 cells were transfected with NPC1 LNA ASOs at 50
and 100 nM in six-well plates with Lipofectamine RNAiMax
(Invitrogen) as per manufacturer’s instructions. RNA was
harvested 48 h later with TRIzol Reagent (Invitrogen). HeLa
cells were transfected with LNA ASOs at 50 and 100 nM by
forward transfection with Lipofectamine RNAiMax. RNA
was harvested 48 h later with TRIzol Reagent.

Transfection of mouse J774A.1 macrophages
with NPC1-targeting LNA ASOs

J774A.1 cells (ATCC T1B-67) were cultured per ATCC
guidelines in DMEM media supplemented with 10% FBS.
NPC1 LNA ASOs and siRNAs were transfected with
TransIT-TKO Transfection Reagent (Mirus Bio). NPC1,
Accell Mouse Npc1 (18145) siRNA SMARTpool and non-
targeting siRNA, ON-TARGETplus Nontargeting pool, were
obtained commercially from GE Healthcare Dharmacon.

Cells were counted and plated at 100,000 cells/mL with
complete media in six-well plates and incubated at 37�C on
day 1. On day 2, transIT-TKO Reagent was warmed to room
temperature for 30 min. and gently vortexed. Opti-MEM me-
dia were warmed at 37�C. Ten microliter of TransIT-TKO
Reagent was added to 250mL Opti-MEM per sample in sep-
arate tubes. Then siRNAs and LNA ASOs were added to final
concentration of 100 nM and allowed to incubate at room
temperature 15–30 min for complex formation. Cells plated on
day 1 were removed from 37�C incubator and half the volume
of media removed in each well. Trans-IT TKO Reagent and
LNA ASO/siRNA complex mixture in media were added
drop-wise to different areas of the wells and incubated at 37�C.
RNA and protein were extracted 72 h later.

Western blot analysis

Protein was extracted with RIPA Buffer as follows.
Briefly, cells were washed with 1 · phosphate-buffered saline
(PBS), scraped, and spun down in 1 · PBS 610 g for 10 min.
PBS was removed and cells resuspended in RIPA Buffer on
ice *30 min. Lysates were sonicated for 30 s and then spun
down 14,000 g for 15 min at 4�C, and protein quantified with
Pierce BCA Protein Assay Kit No. 23227 and stored.

NPC1 antibody Anti-NPC1 (Catalog No. MABS739) was
procured from Millipore. Secondary antibody (Catalog No.
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NA934V) was purchased from GE Healthcare. For human
cell samples, monoclonal Anti-b-tubulin antibody (Catalog
No. T7 B16) from Sigma Aldrich was used as loading control
for western blot analysis. Actin antibody, b-actin (13E5)
Rabbit mAb (Catalog No. 4970P) from Cell Signaling was
used as a loading control for western blot analysis of mouse
samples.

Quantitative reverse transcription-polymerase
chair reaction analysis

RNA extraction was performed following TRIzol Reagent
(Catalog No. 15596026) guidelines and quantified by
Nanodrop. cDNA was synthesized with Roche Transcriptor
First Strand cDNA synthesis Kit (Catalog No. 04379012001).
qPCRs were performed using Roche LightCycler 480 SYBR
Green I Master (Catalog No. 04707516001). The primers
used for qPCR are listed in Supplementary Table S1.

Infection with vesicular stomatitis virus harboring
EBOV-GP

NPC1 LNA ASOs along with siRNA and LNA ASO
controls were added to HeLa cells at 100 nM by reverse
transfection using Lipofectamine RNAiMax (Invitrogen).
After 48 h, RNA and protein were purified from one group of
transfected cells using TRIzol Reagent and RIPA Buffer and
analyzed for expression of NPC1 mRNA by RT-PCR and
NPC1 protein by western blotting. A second group of treated
cells was incubated with vesicular stomatitis virus (VSV)
encoding luciferase and pseudotyped with Ebola Zaire GP
(VSVluc-EboV GP) [18]. Twenty-four hours later, expres-
sion of virus-encoded luciferase was measured (Promega).

Results

LNA ASOs significantly reduce translation of Ebola
virus genes in vitro and in human cells

Using the Ebola virus sequences from the 2014 outbreak,
LNA ASOs were designed to target conserved regions close
to the translation start sites for the following Ebola viral
proteins: NP, VP24, VP35, and L. One or two LNAs were
designed per Ebola virus gene (Supplementary Table S1).
The lengths of the LNA ASOs ranged from 16 to 20 nucle-
otides and targeted different regions near the translation start
site of each gene (Fig. 1 and Supplementary Fig. S1; Sup-
plementary Table S1). A control LNA ASO designed not to
target any particular sequence in the Ebola virus genome
served as a negative control. Six LNA ASOs targeting dif-
ferent sites in the human NPC1 mRNA sequence were also
designed (Supplementary Fig. S2).

Due to the requirement for a BL-4 facility to work with
Ebola virus, we developed a noninfectious viral reporter
system to study the effectiveness of the LNA ASOs in vitro
and in mammalian cells in a BL-2+ setting. Previous work
has established viral-like reporter systems as a valid method
to investigate viral transcription, replication, and infection
[14,15,34,39,43,47]. Reporters with 98 nucleotides covering
a portion of the 5¢UTR and mRNA sequence of each Ebola
gene fused to luciferase were constructed (Fig. 1). The start
codon of the luciferase gene was mutated to ensure that any
luciferase read-out was due to expression of Ebola virus
genes via usage of the Ebola virus gene start codons.

The reporters incubated with LNA ASOs were tested with
an in vitro-coupled transcription/translation system using
rabbit reticulocyte lysate as a proof-of-concept study for the
efficacy of LNA ASO treatment. Expression of the Ebola virus
gene reporters for NP, VP24, VP35, and L were measured by
analyzing levels of luciferase activity. The optimum DNA
template concentration was determined by dose titration to
avoid variability in expression of the fusion reporters (Sup-
plementary Fig. S3). Dose titration studies were also carried
out to determine the optimal concentration of LNA ASOs for
specific inhibition (Fig. 2 and Supplementary Figs. S4–S6).

All LNA ASOs tested showed significant reduction of the
target Ebola virus protein translation reporters in vitro
(Fig. 1). The negative control LNA ASO (LNA24) did not
reduce expression of the luciferase gene and/or the Ebola
virus reporters, until concentrations were beyond the range
for specific knockdown (Supplementary Fig. S5). In addition,
LNA ASOs were tested on the empty luciferase reporter
cassette as a control at the specific concentrations where
significant and specific reduction of Ebola virus NP, VP24,
VP35, and L expression was observed (Supplementary Fig. S6).
None of the LNA ASOs nonspecifically reduced expression of
luciferase gene alone in the determined range (0.5–2mM), in-
dicating the specificity of the LNA ASOs for the targeted se-
quences within the translation start site of the selected Ebola
virus genes (data not shown).

To test functionality of LNA ASOs for Ebola virus reporter
inhibition in cultured human cells, LNA ASOs were co-
transfected with Ebola virus gene-luciferase fusion reporters in
HEK293T cells. LNA ASOs were transfected over a concen-
tration range in HEK293T cells to determine the optimal
concentration(s) for specific inhibition of Ebola virus gene
expression. LNA ASOs effectively reduced in a dose-
dependent manner (concentration range of 1–25 nM) target
fusion luciferase reporter expression for Ebola virus genes NP,
VP24, and VP35 (Supplementary Fig. S7). The LNA ASO
designed to target Ebola viral polymerase L was used as a
negative control in these assays. LNA ASOs targeting NP and
VP24 were also shown to be effective in HeLa cells (Fig. 1).

LNA ASOs significantly reduce NPC1 mRNA
and protein expression in human and mouse cells

Six LNA ASOs targeting different sites in the NPC1
mRNA sequence were transfected into HepG2 and HeLa
cells to screen for NPC1 knockdown (Supplementary
Figs. S8 and S9). NPC1 siRNA was used as a positive control.
Scrambled siRNA (labeled nontargeting siRNA) and LNA24
were included as negative controls. The potency of LNA
ASOs in reducing NPC1 mRNA expression was evaluated by
quantitative reverse transcription-polymerase chain reaction
(qRT-PCR) at 50 and 100 nM LNA ASO concentration in
both HeLa and HepG2 cells (Supplementary Figs. S8 and
S9). Of the six LNA ASOs, three (LNA20, LNA21, and
LNA22) showed the greatest (P < 0.001) reduction of NPC1
mRNA by qRT-PCR analysis (Fig. 3). Therefore, these three
LNA ASOs were tested at 100 nM in HeLa cells to assess
NPC1 protein knockdown. LNA20 treatment produced the
greatest reduction in NPC1 protein levels 48 h after trans-
fection (Fig. 3, Supplementary Fig. S10).

LNA20 was further tested in mouse J774A.1 macro-
phages. This is pertinent to the overall goal of using LNA
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FIG. 1. pATG and ORFs of Ebola proteins used to design Ebola luciferase reporters for cellular studies. Ninety-eight base
pairs of ORF sequence that was in frame with the pATG was fused with the luciferase gene in all reporters. In other words,
98 bp encompassing the start codons in the ORF of NP, VP24, VP35, and L were fused to luciferase. The pATG (the start
site of the main ORF of the Ebola protein) is used as the main start site to express the in frame Luciferase-Ebola ORF fusion
reporters. The uATGs and Luciferase ATG are either nonfunctional or mutated in the reporters. The pATG used in the
reporters, their locations in the reporters, and LNA ASO target sites are highlighted in this figure. Regions encompassing
the start codons in the ORF of (a) L, (b) VP24, (c) VP35, and (d) NP were fused to luciferase (98 bp of 5¢UTR—luciferase).
The start codon (ATG) of luciferase was mutated to CTG (alanine). Reporter expression was under the control of the CMV
promoter. (e) LNA ASOs targeting Ebola proteins reduce expression of Ebola reporters in vitro and in HeLa cells.
Schematic of LNA ASOs designed to target translation of Ebola fusion proteins: NP, VP24, VP35, and L. (f) Two
micromolar of each LNA ASOs tested inhibited the translation of Ebola fusion proteins in vitro. (g) Two LNA ASOs
targeting Ebola VP24 protein reduce expression of the Ebola VP24-luciferase fusion in HeLa cells, as determined by
measurement of luminescence 24 h post-transfection. LNA30 targeting Ebola VP35 protein and LNA38 targeting Ebola L
protein were used as negative controls. Neither demonstrated inhibition of Ebola VP24 protein, highlighting the specificity
of LNA ASOs. IC50 values were calculated for LNAs tested in HeLa cells and are provided in Supplementary Table S2. (h)
Two LNA ASOs targeting Ebola NP protein reduce expression of Ebola NP-luciferase fusion in HeLa cells, as determined
by measurement of luminescence 24 h post-transfection. LNA30 targeting Ebola VP25 protein and LNA38 targeting Ebola
L protein were used as negative controls. Neither demonstrated inhibition of Ebola NP protein, indicating specificity of
LNA ASOs. *P < 0.05, **P < 0.01, ***P < 0.001. All experiments were performed in biological triplicates; each biological
replicate was performed in technical triplicates. pATG, proximal ATG; ORF, open reading frame; NP, nucleoprotein;
uATG, upstream ATG; LNA, locked nucleic acid; ASO, antisense oligonucleotide.
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FIG. 2. Titration of optimal concentration of LNA ASOs. A dose-dependent titration of LNA ASOs determined optimal
concentration for specific and significant reduction of target Ebola genes. Individual coupled in vitro transcription/trans-
lation assays with rabbit reticulocyte lysate were performed at varying LNA ASO concentrations and fixed Ebola luciferase
reporter concentrations (90 nM). Ebola luciferase reporter expression was measured and analyzed for each LNA ASO tested.
(a) LNA28 targeting Ebola NP fusion protein dose dependently reduces expression of Ebola NP-luciferase fusion protein
in vitro. (b) LNA29 targeting Ebola NP fusion protein dose dependently reduces expression of Ebola NP-luciferase fusion
protein in vitro. (c) LNA30 targeting Ebola VP35 fusion protein dose dependently reduces expression of Ebola VP35-
luciferase fusion protein in vitro. (d) LNA31 targeting Ebola VP35 fusion protein dose dependently reduces expression of
Ebola VP35-luciferase fusion protein in vitro. Data were measured for LNA37, LNA36, and LNA38 (not reported); >50%
knockdown of target reporters/fusion proteins was not observed until >2mM of LNA ASO. IC50 values were calculated and
are reported with graphs in Supplementary Fig. S4. *P < 0.05, **P < 0.01, ***P < 0.001.
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ASOs in an EVD setting given that one of the first cell types
infected by the Ebola virus are macrophages. LNA20 was
transfected at 100 nM in J774A.1 cells, and lysate harvested
after 72 h to assess Npc1 reduction. Npc1 siRNA and non-
targeting siRNA were used as controls, in addition to the
negative control LNA24. LNA20 significantly (P < 0.001)
knocked down Npc1 mRNA and protein levels in this mouse
cell line as shown by qRT-PCR and western blot analysis
(Fig. 3, Supplementary Fig. S10).

LNA ASO targeting NPC1 reduces VSVluc-Ebov GP
in human cells

Since the NPC1 ASO LNA20 caused the greatest decrease
in NPC1 mRNA and protein expression in both human and

mouse cells, this LNA ASO was tested for its effects on virus
infection. The NPC1 ASO LNA20 and the negative control
LNA24 were transfected at a range of concentrations into
HeLa cells and 48 h later challenged with VSVluc-EboV GP, a
defective VSV encoding luciferase and pseudotyped with
Ebola virus GP [22]. Transfection of NPC1 LNA20 was
specifically correlated with markedly decreased VSVluc-
EboV GP infection as measured by expression of virus-
encoded luciferase activity (Fig. 4). In contrast, NPC1
LNA20 had no effect on infection by VSVluc pseudotyped
with GP from Lassa fever virus (data not shown). The de-
crease in infection conferred by NPC1 LNA20 was compara-
ble to the effect of NPC1-directed siRNA. To our knowledge,
this represents the first successful use of ASOs to target the
NPC1 host factor as a means to reduce or prevent Ebola virus

FIG. 3. LNA ASOs targeting NPC1 reduce expression of NPC1 mRNA in HeLa cells. (a) Six LNA ASOs targeting NPC1
were transfected into HeLa cells and RNA harvested 48 h later to measure mRNA levels. The negative control LNA ASO,
siRNAs targeting NPC1, and nontargeting siRNAs were included as controls. LNA20, LNA21, and LNA22 demonstrated
greatest reduction in NPC1 mRNA levels. (b) LNA ASOs targeting NPC1 reduce NPC1 protein levels in HeLa cells. One
hundred nanomolar of LNA ASOs targeting NPC1 (LNA20, 21, and 22) were transfected into HeLa cells, and protein
harvested 48 h later and NPC1 levels measured by immunoblotting. Tubulin was used as loading control. (c) LNA20
targeting NPC1 reduces expression of NPC1 mRNA in mouse macrophages. NPC1 siRNA was used as positive control. The
negative control LNA24 and nontargeting siRNA were used as negative controls. (d) LNA20 targeting Npc1 reduces Npc1
protein levels in mouse macrophages as assessed by immunoblotting. b-Tubulin was used as loading control. Npc1 siRNA
was used as positive control for Npc1 knockdown. Negative control LNA ASO and nontargeting siRNA controls did not
reduce Npc1 levels. ***P < 0.001. Experiments were performed in biological triplicates; each biological replicate was
performed in technical triplicates. NPC1, Niemann-Pick C1.
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GP-dependent viral infection of mammalian cells. Thus, in
addition to viral targets, the host gene that encodes the essential
Ebola virus host factor NPC1 is also a candidate target for
therapeutic LNA ASOs.

Discussion

Although several therapeutic strategies have been at-
tempted for EVD treatment [29,30], LNA ASOs offer distinct
advantages due to properties that have been optimized over
the years [35–39].

We are proposing a combinatorial therapeutic approach of
using LNA ASOs to target key Ebola virus proteins NP and
VP24, and host protein NPC1. We have shown that LNA
ASOs can be used to decrease expression of the host factor
NPC1 that is required to interact with Ebola virus GP, and
demonstrated that LNA ASOs targeting NPC1 are effective
for disrupting virus infection via GP. Inhibition of NPC1 as a
means of preventing Ebola virus infection is a promising
therapeutic approach. First, NPC1 has been documented to be
required for filoviruses infection [19,48]. Moreover, small
reductions in NPC1 can have a profound effect on the effi-
cacy of Ebola virus infection, which is dependent on multi-
valent GP-NPC1 contacts. Thus, our approach of targeting
NPC1 provides a powerful tool to bypass mutagenic adap-
tation of the Ebola virus, which represents a challenge for
antibody-based therapeutic approaches that target Ebola vi-
rus GP [49–56].

We propose to also target multiple Ebola virus proteins
with LNA ASOs as to increase therapeutic efficacy and de-

crease the emergence of viral escape mutations. Here, we
have focused on Ebola virus NP as one of the key targets for
therapeutics. We have demonstrated that we can use LNA
ASOs to successfully inhibit NP expression as a means to
prevent viral protein translation. Previous work has indicated
that NP may not only be a suitable target for EVD treatment
strategies, but also in other viruses within the same filovirus
family. For example, recently a morpholino ASO targeting
NP was shown to be protective against Marburg virus
(MARV) in non-human primates [57]. This successful tar-
geting of the MARV NP with morpholino ASOs provides
strong support for the use of LNA ASOs to target not only
Ebola virus NP, but also NPs of other viruses. However,
morpholino ASOs lack some of the advantages of LNA
ASOs, such as high affinity and specificity for target se-
quences. Another study reported the use of chemical ligands
to disrupt the interaction of Ebola virus and MARV NPs with
viral single-stranded RNA [45]. However, this approach is
limited by the use of small molecules that lack the high af-
finity, specificity, and stability of LNA ASOs.

We have also targeted Ebola virus proteins such as VP24,
which is essential for subverting the host immune response.
The Ebola virus has evolved a decoy mechanism to counter
the response mounted by the host immune system. Ebola
virus VP24 along with VP40 inhibit interferon responses,
facilitating virus replication that is disruptive to macrophages
and dendritic cells [41]. Macrophages normally produce an-
tiviral responses via innate immune system activation,
whereas dendritic cells mount antiviral defense primarily via
the adaptive immune system [41]. After Ebola virus infection

FIG. 4. VSVluc-EboV GP infection is reduced in the presence of LNA ASOs that inhibit NPC1 expression. NPC1 LNA20
and the negative control LNA24 were transfected into HeLa cells, which were then infected with a VSV vector encoding
Ebola-GP (VSVluc-EboV GP) after 48 h. VSVluc-EboV GP luciferase levels were measured after 48 h. VSVluc-EboV GP
luciferase levels decreased significantly in a dose-dependent manner after treatment with 25, 50, and 100 nM of NPC1-
targeting LNA20. LNA20 data are presented relative to LNA24 (control LNA). NPC1 siRNA used as positive control for
NPC1 knockdown also showed significant decrease in VSVluc-EboV GP luciferase levels. Negative control LNA ASO and
nontargeting siRNA controls did not reduce VSVluc-EboV GP luciferase levels. IC50 for LNA20 was calculated and
provided in Supplementary Table S2. **P < 0.01, ***P < 0.001. Experiments were performed in three biological replicates
(triplicate). GP, glycoprotein; VSV, vesicular stomatitis virus.
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the decoy activities of VP24 and VP40 render macrophages
and dendritic cells unable to inhibit virus transmission to
other cells despite their ability to trigger inflammation. This
facilitates viral transmission to other tissues and organs, re-
sulting in massive tissue injury and hemorrhage from Ebola
virus replication, and frequent death of the host [14,15,41].
Given that many viruses act to disrupt the host immune re-
sponse, a similar therapeutic strategy to the one reported here
could possibly be approached with other viruses, using LNA
ASOs designed to target the viral proteins responsible for
interfering with the immune response. This would assist the
host in mounting a proper immune response that can effec-
tively counter the virus.

A combinatorial approach employing LNA ASOs may help
to bypass the high rate of mutagenesis of the Ebola virus, and
may overcome limitations inherent to other therapeutic strat-
egies. For example, unlike vaccines and antibody-based ap-
proaches, LNA ASOs can be quickly designed based on
available sequencing data of current viral strains and synthe-
sized for rapid testing in model organisms and for clinical
studies. LNA ASOs are also extremely stable and can be stored
lyophilized at ambient temperatures and resuspended in saline
solution for subcutaneous injection when needed. Moreover,
LNA ASOs have high affinity for their targets and are highly
stable in the circulation, with adequate pharmacokinetics/
pharmacodynamics (PK/PD) and safety properties [58]. LNA
ASOs have been used successfully in vivo from rodents to
humans to inhibit microRNAs that function in diseases such
as hepatitis C virus infection, cancers (eg, multiple myelo-
ma), and cholesterol deregulation [58–65].

While our efforts have centered on targeting the Ebola vi-
rus, there are a number of additional RNA viruses that could
be targeted using LNA ASOs, including other Ebola family
viruses such as the Reston virus (RESTV), Tai Forest virus
(TAFV), Sudan virus (SUDV), and Bundibogyo virus
(BDBV/BEVD) [66]. Moreover, strains of the related filo-
virus MARV have caused considerable human death [66]. As
further evidence of the broad applicability of targeting a host
factor, Lassa virus, a negative strand RNA virus that also
produces severe hemorrhagic fever like Ebola virus, encodes a
GP that mediates virus entry via a host factor, the lysosome-
associated membrane protein 1, allowing transport of its ge-
nome into the late endosomes [67–70]. GP binds to receptors
on the cell surface facilitating transport of the viral particles to
endosomes and fusion of the viral and host cell membranes.
We propose that the successful inhibition of NPC1 in our
Ebola virus model could be expanded to inhibit host receptors
of other viruses as a means to prevent GP-mediated virus
entry. Additionally, a new filovirus (Lloviu) was recently
discovered in Spain, a country with no documented history of
filovirus infections [71]. Lloviu is genetically different from
Ebola virus and MARV, highlighting once again the need for
new therapeutic strategies that are versatile enough for the
sporadic occurrence of new viruses. LNA ASO-based anti-
viral strategies may thus have broad applicability.
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34. Oestereich L, A Lüdtke, S Wurr, T Rieger, C Muñoz-
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Dopazo, F Molero, J Juste, J Quetglas, N Savji, et al.
(2011). Discovery of an ebolavirus-like filovirus in Europe.
PLoS Pathog 7:e1002304.

Address correspondence to:
Anders M. Näär, PhD

Department of Cell Biology
Harvard Medical School

Boston, MA 02115

E-mail: naar@helix.mgh.harvard.edu

Received for publication February 7, 2018; accepted after
revision June 22, 2018.

284 CHERY ET AL.


