Haemorrhagic fever

A disease that is characterized
by fever and in severe cases
associated with bleeding
manifestations as a result of
dysregulated coagulation
and/or damage to the blood
vessels.
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REVIEWS I

Therapeutic strategies to target the
Ebola virus life cycle

Thomas Hoenen

Filoviruses are a family of viruses that contains the genera
Ebolavirus, Marburgvirus, Dianlovirus, Striavirus and
Thamnovirus and the proposed genus Cuevavirus'’.
Ebolaviruses currently encompass six species: Zaire
ebolavirus (Ebola virus (EBOV)), Sudan ebolavirus
(Sudan virus), Bundibugyo ebolavirus (Bundibugyo
virus), Tai Forest ebolavirus (Tai Forest virus), Reston
ebolavirus (Reston virus (RESTV)) and the putative
species Bombali ebolavirus (Bombali virus). In con-
trast, all other genera each contain only a single spe-
cies: Marburg marburgvirus (Marburg virus (MARV)
and Ravn virus), Mengla dianlovirus (Méngla virus),
Xilang striavirus (Xilang virus), Huangjiao thamnovirus
(Huéngjiao virus) and Lloviu cuevavirus (Lloviu virus),
respectively. Many filoviruses cause haemorrhagic fever
in humans, with case fatality rates of 34-81%, although
there are also filoviruses such as RESTV that seem to be
apathogenic in humans’. Bats are considered to be the
natural hosts for filoviruses®, and outbreaks are initiated
either by transmission directly from bats to humans or
through an intermediate host such as non-human pri-
mates (NHPs), with human-to-human transmission
then occurring via close and direct physical contact with
patients or infected bodily fluids (reviewed in REFS*®).
Other animal species such as pigs are also susceptible to
infection, but whether they have any role in transmis-
sion remains unclear’. Infection with pathogenic filo-
viruses results in a severe acute disease characterized by
the rapid onset of generalized symptoms such as fever,
headache and myalgia, as well as frequent gastrointes-
tinal symptoms, which in severe cases progresses to a
systemic infection that results in multiorgan failure and
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Abstract | Following the Ebola virus disease epidemic in west Africa, there has been increased
awareness of the need for improved therapies for emerging diseases, including viral haemorrhagic
fevers such as those caused by Ebola virus and other filoviruses. Our continually improving
understanding of the virus life cycle coupled with the increased availability of ‘omics’ analyses and
high-throughput screening technologies has enhanced our ability to identify potential viral

and host factors and aspects involved in the infection process that might be intervention targets.
In this Review we address compounds that have shown promise to various degrees in interfering
with the filovirus life cycle, including monoclonal antibodies such as ZMapp, mAb114 and
REGN-EB3 and inhibitors of viral RNA synthesis such as remdesivir and TKM-Ebola. Furthermore,
we discuss the general potential of targeting aspects of the virus life cycle such as the entry
process, viral RNA synthesis and gene expression, as well as morphogenesis and budding.

in many cases death®. The pathogenesis associated with
filovirus disease is complex and seems to be the result
of a combination of immune suppression and cytokine
dysregulation (cytokine storm), as well as coagulation
abnormalities and vascular dysfunction (reviewed in
REFS”'?). Human pathogenic filoviruses were believed
to exclusively occur in central Africa, with cases else-
where being due to exportation of infected animals or
travel of people from these endemic areas. However, the
recent Ebola virus disease (EVD) epidemic from 2013
to 2016 has shown that human pathogenic filoviruses
also occur in west Africa. Similarly, serological studies
suggest that filoviruses could also be much more widely
distributed in Asia than initially thought, as filovirus-
specific antibodies have been detected in animals in
Indonesia’, Singapore'* and China'. In addition, recent
genetic evidence indicates that previously unknown
filovirus species exist. Full-length or nearly full-length
sequences for novel filoviruses (Lloviu virus, Bombali
virus and Méngla virus) have recently been found in
bats in Europe'®"’, west Africa’® and China’, respectively,
although no infectious viruses have yet been isolated.
Therefore, the pathogenic potential of these viruses, if
they exist in nature, is unknown. Furthermore, partial
sequences of filovirus genomes have been reported in
bat and fish samples from China'**’, which suggests
that the genetic diversity of filoviruses might be greater
than previously appreciated. This presents a challenging
situation for the development of classic virus-targeting
prophylactic and therapeutic approaches.

In general, therapeutic approaches for viral dis-
eases can be divided into directly or indirectly acting
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Box 1 | Towards a filovirus vaccine

Despite progress in the development of candidate therapeutic strategies, treatment
options are limited. Vaccinations are considered to be an important strategy to control
filovirus outbreaks. Currently, several vaccine candidates against Ebola virus disease are
under development (reviewed in REFS'*"'%°). Candidate vaccines include non-vectored
vaccines such as DNA vaccines, subunit vaccines and virus-like particle vaccines, but
also vectored vaccines such as recombinant human and chimpanzee-derived
adenoviruses, respiroviruses and rhabdoviruses expressing the Ebola virus (EBOV)
surface glycoprotein (GP; which is one of the major antigenic determinants of the virus),
as well as a modified vaccinia Ankara virus that expresses three different filovirus GPs
and one nucleoprotein. The vaccine candidate that has advanced the furthest in testing
is based on a recombinant vesicular stomatitis virus (r'VSV) expressing GP (r'VSV-EBOV;
also known as rVSVAG-EBOV GP or rVSV-ZEBOV) (reviewed in REF.'"°). This vaccine
was tested in high-risk individuals during the final stages of the 2013-2016 west African
Ebola virus disease epidemic as part of a ring trial (that is, contacts and contacts of
contacts of an infected patient have been vaccinated). No new cases were reported
when the vaccine was delivered to close contacts of a person in whom the disease had
been diagnosed®. As a consequence, this vaccine was used experimentally during two
subsequent outbreaks, and more than 154,000 people have been vaccinated in the
latest outbreak in the Democratic Republic of the Congo as of July 2019, with
preliminary data indicating a protective efficacy of 97%**. The use of rVSV-EBOV for
postexposure prophylaxis is controversially discussed. Even though some data show
preliminary efficacy in non-human primate models'’*'”?, further studies still have to
confirm the benefit of the vaccine in postexposure prophylaxis.

antivirals, and host-directed therapies. Antiviral thera-
pies either directly target viral components or processes,
for example the viral polymerase (and thus virus genome
replication and transcription), or inhibit virus infection
indirectly by impairing host factor activity or the inter-
action of viral factors with these host factors. Ideally,
directly acting antivirals affect only the virus without
impairing host processes, which reduces adverse effects.
However, directly acting antivirals are more susceptible
to the development of resistance, as mutations in viral
target sites can sometimes arise rapidly, particularly in
the case of RNA viruses with high polymerase error
rates®’. By contrast, if proviral host factors are targeted,
viral mutations will usually not affect the interaction
of the drug with its host target; however, there is an
increased chance of adverse effects, as impairment of
many host processes is detrimental for the cell itself.
In the context of acute EBOV infections such effects are
potentially mitigated by the relatively short timeframe
required for treatment, as the acute phase of filovirus
infections lasts only about 2 weeks, although the virus
seems to be able to persist much longer in immune privi-
leged sites''. In contrast to antivirals, host-directed thera-
pies specifically modulate the host response to the virus
in a beneficial way, either by aiding the host in combat-
ing the virus (for example by immune stimulation) or by
ameliorating disease processes in the host without inter-
fering with the virus™. As classic host-directed thera-
pies do not target the viral life cycle, we will not further
discuss those approaches in this Review. However, it is
worth noting that as many viruses themselves modulate
the host response to benefit viral replication, the line
between indirect antivirals and host-directed therapies
is not always clear-cut.

Numerous antiviral therapies have been approved.
However, these antiviral therapies target only a very lim-
ited range of viral pathogens, with the majority being

directed against HIV or hepatitis C virus (reviewed in
REF.**). For negative-sense RNA viruses, approved thera-
pies are currently available only for rabies virus, respira-
tory syncytial virus and influenza virus***. Evidently,
a disconnect exists between the number and variety of
compounds that are being studied in the laboratory and
those that have advanced to clinical testing and licensure.
However, exploring the viral processes targeted by suc-
cessfully approved therapies thus far can provide some
insights into the viability of the different steps of the life
cycle as antiviral targets for other viruses. Inhibitors
of viral nucleic acid synthesis are the best represented
class of antiviral drugs. Viral protease inhibitors have
also been successful for HIV and hepatitis C virus®,
but they are unlikely to be applicable to the inhibition
of filoviruses as these viruses lack a protease. However,
individual instances of approved inhibitors of virus entry
(targeting HIV, rabies virus and respiratory syncytial virus)
as well as uncoating inhibitors (targeting influenza
virus) and inhibitors of virus particle morphogenesis
(targeting variola virus) or release (targeting influenza
virus) suggest the potential to successfully target viral pro-
cesses other than nucleic acid synthesis and viral protein
cleavage. Furthermore, the increasing success of combi-
nation therapies, as indicated by their prevalence among
recent drug approvals**, suggests that such approaches
also need to be considered for other viruses, including
filoviruses, not only to combat issues of escape but also
to increase treatment efficacy.

Prompted by the devastating EVD epidemic in west
Africa, which caused more than 11,000 deaths among
the approximately 28,500 cases and had a crippling effect
on everyday life and the economy in the affected coun-
tries, there has been a surge in research efforts to com-
bat filovirus infections*>*. This has included research
aimed at postexposure treatments (reviewed in REF?’).
Nevertheless, despite notable efforts and the promise
shown by some candidate therapeutic compounds,
treatment options are still limited and focus mainly on
supportive measures. In outbreak settings these include
fluid and electrolyte management and symptomatic
treatment (for example, for fever, pain and gastrointesti-
nal complications) as well as antimalarials and antibio-
tics?®. However, during the west African EVD epidemic
a number of experimental therapies were also tested
(reviewed in REFS**), and in the two most recent EVD
outbreaks in the Democratic Republic of the Congo con-
tinuing efforts have focused on monoclonal antibodies
(ZMapp, mAb114 and REGN-EB3) and remdesivir
(GS-5734)"*2. Nevertheless, evidence for efficacy of
these approaches is still lacking. In addition, preventive
vaccinations have been assessed and proved effective as
a containment measure when used in a ring vaccination
strategy’>** (BOX 1).

Concurrent with the surge in filovirus research pre-
cipitated by the west African EVD epidemic, there has
also been progress in the number and variety of tools
available to study filoviruses, including those of relevance
for the identification and characterization of therapeu-
tic approaches (BOX 2). Many of these tools are based
on reverse genetics, which forms the basis for life cycle
modelling systems used as screening tools for both host
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Box 2 | Overview of in vitro model systems

The discovery and testing of new antiviral approaches relies on the
availability of tools to facilitate both initial screening (often on a large
scale) and studies exploring the underlying mechanism of action.

For filoviruses the establishment of various life cycle modelling systems
over the past two decades has provided a robust set of tools for the initial
steps of compound screening and mechanistic studies (reviewed in
REFS'*'73), These systems use genome analogues (called ‘minigenomes’)
in which viral genes have been removed and replaced by an easily
assayable reporter gene, and recapitulate some or all of the stepsin

the virus life cycle, depending on which viral proteins are supplied to
reconstitute these activities. If only the ribonucleoprotein (RNP) complex
components are supplied (that is, in a minigenome assay; see the figure,
part a), only viral RNA synthesis (transcription and replication) occurs.

By contrast, if the RNP complex proteins as well as the viral proteins VP40,

GP,, and VP24 are supplied (that is, in a transcription- and replication-
competent virus-like particle assay; see the figure, part b), then virus-like
particles containing minigenomes in place of the viral genome can be
produced and used to infect new cells, thereby modelling the complete
virus life cycle. The most advanced of these systems uses a tetracistronic
minigenome encoding not only the reporter gene but also the viral genes
necessary for morphogenesis and budding of infectious virions or virus-like
particles, and allows modelling of multiple infectious cycles’"'’*. Other
approaches to model entry include the use of pseudotyped retroviral

or rhabdoviral particles carrying the filovirus glycoprotein GP, ,, or
recombinant vesicular stomatitis virus encoding a filovirus glycoprotein
in place of its own glycoprotein'’>'’® (see the figure, part c). All these
approaches have in common that they can be used without the need
for a maximum containment laboratory.

b Transcription- and replication-competent
virus-like particle system

a Minigenome system

¢ Pseudotyped retroviral vectors

Helper plasmids for production of

Minigenome: [[Z_] Minigenome: [[20 [ 40 | e [24] | reporter-expressing retroviral vectors
RNP complex\ RNP complex 7 . \
plasmids plasmids \ GP,, plasmid Py
RNP complex %% %%
plasmids
p0 (producer) cells
Reporter activity Reporter activity
Replication and Replication and
transcription transcription
p1 (target) cells

Reporter activity

Replication, transcription,

budding and entry

cRNA, antigenomic RNA; rep, reporter gene; vVRNA, viral genomic RNA.

35,36 36-40

factors important for filoviruses®** and antivirals**-* and
recombinant reporter-expressing viruses, which allow
faster and easier quantification of the efficacy of anti-
virals*~*. Similar progress has been made in the develop-
ment of animal models, which are a prerequisite for the
preclinical stages of therapeutic development. The pre-
dictive power of these animal models relies on the ability
to authentically recapitulate important features of human
disease, with mice being a good initial screening model
with limited predictive power, and NHPs being the gold
standard animal model (reviewed in REFS*~¢) (BOX 3).
In this Review, we first provide an overview of the
EBOV life cycle and then explore existing therapeutic
approaches and novel concepts for targeting EBOV
infections. In particular, we address key stages of the
virus life cycle (that is, entry, viral RNA synthesis, and
morphogenesis and budding) and discuss how both viral
and host components involved in these processes can
be exploited as potential antiviral targets, for example
by antibodies interfering with the viral entry process,
or small-molecule inhibitors of viral RNA synthesis.
Importantly, although most of our knowledge regard-
ing filovirus molecular biology comes from studies on
EBOV, and to some extent MARYV, it is generally thought
that most findings can be transferred to other family
members, although subtle differences almost certainly

Reporter activity

Entry

exist, particularly with respect to the potential human-
apathogenic filoviruses. Thus, most of the concepts
discussed should be applicable to other filoviruses.

The filovirus life cycle

Filoviruses are non-segmented negative-sense RNA
viruses with seven genes' (FIC. 1a). In virions, the
genome is found in nucleocapsids and is encapsidated
by the nucleoprotein NP, and is further associated with
the polymerase L, the polymerase cofactor VP35 and the
transcriptional activator VP30 (REF"). Together these
nucleocapsid components are also called the ‘ribonu-
cleoprotein (RNP) complex components. Nucleocapsids
further interact with the nucleocapsid-associated
protein VP24 (REF*), and they are surrounded by the
matrix space with the sole matrix protein VP40, which
drives virus particle morphogenesis and budding®.
Finally, the viral glycoprotein GP , is embedded in the
host cell-derived envelope and consists of two subunits
GP, and GP, that are proteolytically produced from a
precursor molecule™.

Filoviruses follow a life cycle (FIC. 1b) typical for
cytoplasmically replicating negative-sense RNA
viruses. Attachment (FIC. 2) to the target host cell can
be facilitated by various attachment host factors,
including the asialoglycoprotein receptor®’, lectins
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Apoptotic mimicry

Exposure of
phosphatidylserine on the
surface of a pathogen, thereby
allowing its interaction with
phosphatidylserine receptors
on phagocytes to promote
uptake and infection.

Macropinocytosis

An actin-driven endocytic
process by which large,
uncoated and fluid-filled
vesicles are formed, thereby
allowing the uptake of
extracellular material
(including viruses) into the cell.

Box 3 | Overview of in vivo model systems

in humans.

RIX, recombinant interbred intercrossed.

(DC-SIGN, L-SIGN, human macrophage galactose-
and N-acetylgalactosamine-specific C-type lectin)**~,
B1 integrins®, human folate receptor-a’*, members of
the TYRO3 receptor tyrosine kinase family’” and TIM1
(REF™), although none of them are essential in all relevant
cell types. Although in most cases attachment is medi-
ated by GP, ,, in the case of TIM1 phosphatidylserines in
the virus envelope rather than GP , interact with the host
attachment factor, giving rise to the idea that filoviruses
use apoptotic mimicry for their entry to at least some
extent™. After attachment, virions are taken up mainly
by macropinocytosis into endolysosomes®"*2. Following
acidification of the endolysosome the filovirus surface
glycoprotein GP , is cleaved by host cathepsins into the
fusion-active form GP (REF.%), which interacts with
the obligate host receptor NPC1 to trigger fusion of the viral
and endolysosomal membranes®-*. Recently, the two-
pore channel TPC2 has also been shown to be impor-
tant for the entry process, although its exact role remains
a matter of debate®®*. Fusion facilitates release of the
nucleocapsids into the cytoplasm. Although details of
the uncoating process are not well studied, it has
been proposed that dissociation of the RNP complex-
associated protein VP24 following fusion allows the
relaxation of rigid nucleocapsids into transcription- and
replication-competent RNP complex structures’®”".
Primary transcription occurs in the cytoplasm of
infected cells, resulting in the production of a first wave
of all viral mRNAs, which are translated and supplement

Validation of in vitro results for prospective therapeutic approaches relies on the availability of a range of animal models
(reviewed in REFS***%). The laboratory mouse'’’*’® remains the first-line model for testing of therapeutics, given its
convenience, its low cost and the array of molecular tools available (see the table). However, its predictive power for success
in non-human primates or humans is low, and it requires the use of rodent-adapted virus variants. In recent years, mouse
models have been substantially advanced. For example, both Collaborative Cross and humanized mice (reviewed in REF.**)
better recapitulate the coagulation abnormalities associated with human disease following infection with wild-type
(non-adapted) virus variants. However, their availability is limited and the reliability of these mouse strains for therapeutic
testing remains to be experimentally demonstrated. Secondary small and medium-sized animal models for drug evaluation
were until recently limited to the guinea pig'’®, but now also include both the hamster model'***** and the ferret model'*

(of note, ferrets do not seem to be suitable disease models for Marburg virus infection'®). Unlike the guinea pig model,

the hamster and ferret models demonstrate coagulopathy, and ferrets also exhibit coagulopathy after infection with the
wild-type virus. The non-human primate model'*, based on infection of either rhesus or cynomolgus macaques, remains
the gold standard for the demonstration of both safety and efficacy of antivirals at the preclinical stage as both authentically
model human disease after infection with wild-type viruses. In particular, the rhesus macaque model may be preferred

for therapeutic evaluation as the disease progression is delayed, providing a therapeutic window more similar to that

Characteristic Standard  Collaborative Humanized Guineapig Hamster Ferret Macaque
laboratory Cross (RIX) mouse
mouse mouse
Cost Low Low Moderate Low to Low to Moderate Very high
moderate moderate
Availability High Low Low High High High Low
Coagulation No Yes (strain Yes No Yes Yes Yes
abnormalities dependent)
Virus strain Adapted Wild-type Wild-type Adapted Adapted  Wild-type Wild-type
(mouse) (guinea pig)  (mouse or
hamster)
Predictive Low Unknown Unknown Moderate Unknown Unknown High
power

the RNP complex components brought into the cell
within the virus particles during infection, thereby sup-
porting further secondary transcription of viral mRNAs
as well as genome replication (FIC. 3). In ebolavirus spe-
cies, genome transcription is facilitated by the RNP
complex proteins NP, VP35, VP30 and L™ By contrast,
VP30 has been shown to be dispensable for transcrip-
tion of short templates in MARV (that is, minigenomes;
see BOX 2), although the protein remains necessary for
rescue of recombinant virus from full-length genomic
templates’’*. Production of viral proteins, particularly
of NP, leads to the formation of inclusion bodies, which
are the sites of genome replication and presumably also
transcription’>’®. In the case of ebolaviruses and most
likely also cuevaviruses, several mRNA species that
encode different forms of the glycoprotein are gener-
ated by transcriptional editing by L, which results in the
production of both the virion-associated GP, , and two
soluble glycoproteins, sGP and ssGP”"’%. A number of
host factors have a role in replication and transcription.
In particular, DNA topoisomerase 1 (TOP1) supports
EBOV RNA synthesis and has been shown to directly
interact with the viral polymerase, and it was also pro-
posed that TOPI interacts with viral RNA structures”.
Similarly, the RNA-binding protein Staufen 1 has been
shown to interact with the viral RNA termini as well as
NP, VP35 and VP30, and has been proposed to have an
important role in both initiation and termination of RNA
synthesis®. Recently, a genome-wide small interfering
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Fig. 1| Ebola virus genome structure and life cycle. a | Ebola viruses are non-segmented negative-sense RNA viruses.
The proteins encoded in the genome are the nucleoprotein NP, the polymerase cofactor VP35, the matrix protein VP40,
the non-structural soluble glycoprotein sGP, the structural glycoprotein GP, ,, the transcriptional activator VP30, the
nucleocapsid-associated protein VP24 and the polymerase L. Intergenic and terminal non-coding regions are indicated by
black lines, and the offset steps indicate gene overlaps. b | The viral genome is encapsidated by NP and associated with L,
VP35 and VP30 (forming the ribonucleoprotein (RNP) complex). Nucleocapsids are further associated with VP24, and they
are surrounded by VP40. The glycoprotein GP, , is embedded in the host cell-derived envelope. Attachment of virions at
the cell surface is followed by uptake via macropinocytosis into endolysosomes. Subsequently, the virus envelope fuses
with the endolysosomal membrane and RNP complexes are released into the cytoplasm, where they relax and become
transcriptionally active. Primary transcription is facilitated by viral RNP complex proteins brought into the cell, and viral
mRNAs are translated into proteins by host ribosomes. The newly synthesized viral proteins facilitate secondary
transcription and genome replication, copying the viral genomic RNA (VRNA) through an antigenomic intermediate
(cRNA). Newly formed RNP complexes condense into a packaging-competent form and are transported to budding sites,
where morphogenesis and budding occurs in a process mediated by VP40. Part b is adapted with permission from REF.***,

Springer Nature Limited.

RNA (siRNA) screen identified the RNA splicing and
export factors NXF1 and DDX39B in promoting EBOV
replication and/or transcription and/or viral RNA trans-
lation, although the underlying mechanisms remain
unclear®. Host factors also have an important role in
regulating the balance of replication and transcription
by modulating the phosphorylation status of VP30

(REF*"), which in its phosphorylated state is inactive in
supporting transcription but becomes rapidly dephos-
phorylated and thus activated on entering inclusion
bodies’. Dephosphorylation of VP30 is regulated
through its interaction with protein phosphatase 2A
(PP2A)*, a host cell phosphatase that is recruited to RNP
complexes by EBOV NP®. A recent study identified the

NATURE REVIEWS | MICROBIOLOGY

VOLUME 17 | OCTOBER 2019 | 597




REVIEWS

for example MLS000078751

Attachment inhibitors, }
{for example MLS000394177

Attachment factors:
DC-SIGN, L-SIGN, hMGL,

B1integrins, TYRO3 receptor

kinases, TIM1, etc.

Fusion

Fusion inhibitors,

for example
clomiphene,
toremifene,

ZMapp (c2G4, c4G7)

Secretory pathway

A pathway composed of the
endoplasmic reticulum, Golgi
apparatus, lysosome and cell
membrane (as well as the
vesicles that transit between
them) and responsible for the
secretion of proteins into the
extracellular environment.

Multivesicular bodies

A specialized type of late
endosomes that contain
internal membrane-bound
vesicles formed by budding of
the endosomal membranes
into their lumen.

Macropinocytosis inhibitors,}

Maturation inhibitors, for
example sunitinib, erlotinib

Cathepsin B,
cathepsin L

11§ ¢
KX X O

/ Protease cleavage

Cathepsin inhibitors,
for example AMS36

NPC1 blockers,
for example 3.47

ONP ® VP35 < VP40 TGP, & VP30 4 VP24 OL

Fig. 2 | Inhibitors of the viral entry process. Attachment at the cell surface can be mediated by interaction of virions with
anumber of cellular attachment factors, such as asialoglycoprotein receptor, various lectins (DC-SIGN, L-SIGN or human
macrophage galactose- and N-acetylgalactosamine-specific C-type lectin (\MGL)), B1 integrins, human folate receptor-a,
members of the TYRO3 receptor tyrosine kinases and TIM1. This interaction is mostly mediated by the viral surface
glycoprotein GP, ,, or in the case of TIM1 via phosphatidylserine in the virus envelope. Virions are taken up by macropinocytosis
into endolysosomes. Maturation of endolysosomes results in a drop in pH and the activation of cathepsins, which cleave
GP_, into the fusion-active form GP. GP, is able to interact with the cellular receptor NPC1, which results in fusion of
the viral and endolysosomal membranes, and release of ribonucleoprotein complexes into the cytoplasm. Attachment,
macropinocytosis, endolysosome maturation, cathepsin-mediated cleavage, NPC1 binding and fusion can be inhibited by
antivirals, examples of which are indicated in red boxes. Of note, ZMapp (highlighted in bold) is currently in clinical trials.
Adapted with permission from REF.***, Springer Nature Limited.

cellular protein RBBP6, which inhibits the PP2A-NP
interaction by mimicking the binding interface on NP,
and peptides corresponding to this region were able to
impair EBOV in vitro by suppressing viral RNA syn-
thesis*. These findings highlight that this interaction is
a potential antiviral target. Furthermore, VP30 is also
dephosphorylated by the host protein phosphatase 1,
although the molecular mechanism underlying this
interaction remains unclear®.

Current data suggest that at late stages of RNA
synthesis VP24 facilitates condensation of the RNP
complexes into replication- and transcription-inactive
but packaging-competent nucleocapsids through its
physical association with the RNP complex’”". These
nucleocapsids are then transported to the cell surface
in an actin-dependent manner® (FIC. 4). The filovirus
matrix protein VP40 is also transported to the cell sur-
face, and has been reported to interact with a number

of cellular trafficking components such as actin®*,
microtubules””’, IQGAP1 (REF*) and COPII”. By con-
trast, the filovirus glycoprotein is transported to the
cell surface through the secretory pathway, where it is
post-translationally modified by the addition of both
O-linked and N-linked glycans®™, as well as furin-
mediated cleavage into the mature GP, and GP, subu-
nits*. Unlike for many other viruses, this cleavage is not
essential for biological activity of the glycoprotein®*.
Virion assembly occurs at the plasma membrane and
is coordinated by VP40. Again, a number of host factors
have an important role in this process, particularly those
of the endosomal sorting complex required for transport
(ESCRT), which usually is involved in the generation of
multivesicular bodies. VP40 directly interacts with ESCRT
components such as TSG101 (REFS?”*) and various ubi-
quitin ligases”' through its late-domain motifs, and
these host proteins play an important part in the budding
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[Nucleotide synthesis inhibitors, for } {example LxxIxE peptides, C31}

example brequinar, teriflunomide

RNP complex
relaxation

complex formation,

for example MCCB4
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Polymerase inhibitors,
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mRNA-targeting siRNAs,
for example TKM-Ebola

Inhibitors of host factors

required for RNA synthesis,
for example irinotecan
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Fig. 3 | Targeting viral RNA transcription and replication. Once in the cytoplasm, ribonucleoprotein (RNP) complexes
relax and primary transcription ensues. The generated viral mRNAs are translated into viral proteins by host ribosomes.
Newly synthesized viral proteins facilitate secondary transcription, as well as genome replication, which occurs in
inclusion bodies. Replicated genomes in the form of RNP complexes condense and are transported to budding sites.

Multiple classes of drugs can impair viral RNA synthesis, particularly nucleoside analogues, nucleotide synthesis inhibitors
and polymerase inhibitors. During genome replication nascent viral genomic RNAs (VRNAs) and antigenomic RNAs
(cRNAs) are encapsidated by NP, a process that can be impaired by inhibitors of RNP complex formation. Finally, mMRNAs
as well as VRNAs or cRNAs can function as targets for small interfering RNAs (siRNAs), and translation of viralmRNAs can
be blocked by phosphorodiamidate morpholino oligonucleotides (PMOs). Of note, although most of the strategies aimed
at targeting viral RNA transcription and translation remain in the experimental and developmental stages, the nucleoside
analogues favipiravir and remdesivir and the siRNA TKM-Ebola (highlighted in bold) are currently in clinical trials or have

been experimentally used in humans.

process. For MARV VP40, tyrosine phosphorylation
of VP40 by host kinases has been shown to be important
for packaging of RNP complexes into budding virions'”'.
Finally, interaction of EBOV GP , with host scram-
blases enhances exposure of phosphatidylserine on the
outer envelope of virions, which is a prerequisite for
binding to phosphatidylserine receptors such as TIM1
during entry'®.

Antiviral strategies

Targeting the entry process. Targeting the entry process
(FIG. 2) is the furthest developed avenue of development
of antivirals against filoviruses. Most importantly, several
glycoprotein-targeting antibodies (particularly ZMapp,
mAbl114 and REGN-EB3) are currently in clinical trials
and are being used during outbreaks’. This is some-
what surprising as early attempts at antibody therapy in
NHP models (for an overview of the different animal

models see BOX 3) were mostly unsuccessful, even when
neutralizing antibodies were used (reviewed in REF.'”?).
However, whole IgG purified from convalescent serum
of macaques that survived EBOV challenge following
vaccination proved protective, despite limited neutral-
ization in vitro'*. Subsequent work thus focused on
antibody cocktails rather than individual antibodies, and
eventually gave rise to ZMapp, which consists of three
mouse-human chimeric antibodies and is protective in
the NHP model even if therapy is started after onset of
symptoms'”. In a human clinical trial towards the end
of the west African EVD epidemic, ZMapp showed a pos-
terior probability of 91.2% to be superior to the current
standard of care alone'®. Considerable work has since
been done to better understand the mechanism of action
of these antibody cocktails and what features predict the
ability of antibodies to confer protection'””. The results of
these studies show that ZMapp contains two antibodies
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Fig. 4 | Theoretical targets in the morphogenesis and budding process. Viral
components are transported to budding sites through various mechanisms, including
interactions with the actin cytoskeleton. At budding sites, morphogenesis and

budding is coordinated by the viral protein VP40. This process is dependent on both
oligomerization of VP40 and its interaction with host cell factors of the endosomal
sorting complex required for transport (ESCRT), such as the ESCRT component TSG101.
The viral glycoprotein GP, , antagonizes the host factor tetherin, which allows budded
viral particles to be released from the cell. To date, no inhibitors of individual processes
have been described; however, all these steps represent theoretical targets for antivirals.

(c2G4 and c4G7) with strong neutralizing activity'*'®.
These antibodies bind close to the GP,-GP, interface in a
region that is not removed during cathepsin cleavage, and
are thought to cause neutralization by blocking struc-
tural changes in GP_, necessary for the fusion process. In
addition, ZMapp contains a non-neutralizing antibody
(c13C6), which binds both sGP and GP, ,, and is thought
to facilitate antibody-dependent cell-mediated cyto-
toxicity''’. In contrast to ZMapp, mAb114, the second
antibody-based treatment currently being used during
outbreaks, is a single monoclonal antibody with strong
neutralizing activity that binds both GP, , and sGP"'"''>,
It was cloned from memory B cells of a patient who sur-
vived EVD and binds to an epitope spanning both the
glycan cap (similar to the binding site of c13C6, with
which mAb114 competes for glycoprotein binding) and
the GP, core''?. However, in contrast to c13C6 it remains
able to bind cathepsin-cleaved GP;, and thus exerts neu-
tralizing activity by blocking interaction with NPCI. In
addition, it also elicits substantial antibody-dependent
cell-mediated cytotoxicity, and thus it seems to combine
properties of the three different antibodies in ZMapp.
The final antibody cocktail currently being tested
in the Democratic Republic of the Congo, REGN-3B
(also known as REGN3470-3471-3479), contains
three monoclonal antibodies with different properties:

neutralizing with immune effector function (such as
inducing antibody-dependent phagocytosis or antibody-
dependent cell-mediated cytotoxicity) but no sGP bind-
ing; non-neutralizing with immune effector function and
sGP binding; and neutralizing without immune effector
function and no sGP binding'". Thus, it seems that anti-
bodies (or antibody cocktails) have to combine several
different properties to be protective, and a recent system-
atic study of 171 monoclonal antibodies revealed that at
least both neutralization and immune effector function
are requirements for protection'"*. Current efforts focus
on the development of cross-protective antibodies target-
ing multiple filovirus species, which would be beneficial
not only because it would reduce the number of thera-
pies that would have to be developed for use in humans
but also because it would potentially allow deployment
against novel pathogenic filoviruses''>"'®. Furthermore,
production and cost issues for therapeutic antibodies
are being addressed'"”. One issue that might also have
to be considered with respect to glycoprotein-targeting
antibodies is the possibility of escape mutations, which
were observed during treatment of NHPs with an
anti-EBOV antibody cocktail'*.

Small-molecule entry inhibitors have also been
extensively investigated, and the vast majority of can-
didate therapeutic compounds are directed against
this process (Supplementary Table 1). This might be
because high-throughput screening-compatible sys-
tems to model virus entry have been readily available
for more than a decade in the form of recombinant or
pseudotyped viruses bearing filovirus glycoproteins,
and more recently also in the form of transcription- and
replication-competent virus-like particle systems (BOX 2).
Furthermore, even in screens that assess effects on the
whole virus life cycle there seems to be a bias towards
the identification of entry inhibitors. For example, dur-
ing a screen of ~2600 FDA-approved drugs using infec-
tious EBOV, 25 of the 30 hits targeted the entry process®.
However, the use of life cycle modelling systems (BOX 2)
that model steps in the virus life cycle other than entry
can help circumvent this issue’”'"’.

Given the large number of compounds that have been
identified, it is not surprising that virtually every aspect
of the entry process has been targeted. Targeting the first
steps of virus uptake, two inhibitors of cell surface attach-
ment (MLS000078751 and MLS000534476) and two
inhibitors of macropinocytosis (MLS000394177 and
MLS000733230) have recently been identified on the
basis of a screen of 319,855 small molecules and show
in vitro efficacy against EBOV'*’. However, data on
their in vivo efficacy have not yet been reported (for
information regarding the efficacy in tissue culture
and in various animal models for all small compounds
mentioned in this Review, see Supplementary Table 1).
Compounds such as apilimod and the FDA-approved
drugs colchicine, sunitinib and erlotinib (among others)
have been reported to impair trafficking and matura-
tion of the endolysosome, thus preventing entry'>"'?!.
Although sunitinib and erlotinib alone showed no
significant protection in a mouse model, combinations
of these drugs seem to function in a synergistic fashion
and show modest protection'*”. Tetrandrine, an inhibitor
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of TPC2 that blocks EBOV entry and is partially protec-
tive in vivo in a lethal mouse model, has also been sug-
gested to inhibit endolysosome maturation®, although
another report suggested that it functions after glycopro-
tein cleavage and NPC1 interaction®, and thus its exact
mechanism of action is still a matter of debate. Cleavage
of the glycoprotein in the endolysosome by cathepsins
can be blocked by several cathepsin inhibitors, for exam-
ple AMS36 and its derivatives, which have been shown
to be highly efficient in in vitro studies and are currently
under investigation in animal models'*. The subsequent
interaction of GP, with NPCI can also be impaired,
and indeed one of the first reports of NPC1 as a receptor
for EBOV was due to its identification as the target of the
EBOV inhibitor 3.47 during a small-molecule screen®.
Although this inhibitor has unfavourable properties for
in vivo application, derivatives have now been developed
that will allow future in vivo testing'**. Finally, a number
of compounds inhibit fusion by destabilizing the prefu-
sion conformation of GP, . The most prominent of these
compounds are the FDA-approved selective oestrogen
receptor modulators toremifene and clomiphene'*>'*,
although for clomiphene an inhibition of Ca?* influx into
the endolysosome has also been proposed as an alterna-
tive mechanism of action'”’. The protective in vivo effect
of these drugs alone was good for clomiphene (90% sur-
vival in the mouse model) but only modest in the case of
toremifene (50% survival), and they seem to have strong
synergistic effects with other drugs'*-'**'*. However,
further testing in more stringent animal models and
clinical studies is lacking, and thus there is insufficient
evidence regarding the potential therapeutic benefit of
single entry inhibitor-based approaches.

Finally, although not directly functioning as entry
inhibitors, statins also seem to affect the viral glyco-
protein. A recent study showed that they inhibit GP,
maturation and thus reduce the levels of GP, in virions,
and in vitro a wide range of statins have shown efficacy
against EBOV"*". However, there is no reliable informa-
tion regarding the efficacy of statins in animal models
or humans.

Targeting the viral RNA synthesis machinery. Strategies
to target viral RNA synthesis (FIC. 3) include both repre-
sentatives that directly target viral components of the
RNA synthesis machinery and those that target cel-
lular contributors to the RNA synthetic process. Both
approaches have shown considerable potential, and
indeed the viral replication machinery can be consid-
ered to be a very promising target, although our lack of
knowledge regarding the cellular factors that contribute
to viral RNA synthesis in EBOV continues to hamper
progress.

Some of the earliest reported approaches to show suc-
cess in targeting the viral replication machinery involved
the use of RNA interference to achieve either siRNA-
mediated degradation of viral mRNAs (TKM-Ebola)"*!
or phosphorodiamidate morpholino oligomer (PMO)-
mediated translational blocking of viral protein produc-
tion"*%. Whereas TKM-Ebola was developed on the basis
of targeting of a combination of three viral gene prod-
ucts (VP35, VP24 and L), PMO-based approaches were
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found to be most successful in animal models, including
NHPs, when targeting VP24 (AVI-6002 and AVI-7537).
Although this is not necessarily intuitive, recent evidence
indicating an important role for VP24 in nucleocapsid
condensation’””' suggests that in addition to targeting
critical RNP complex components (for example, VP35
and L) this step in the virus life cycle also may be a target
for intervention. Alternatively, interfering with the roles
of both VP35 and VP24 in interferon antagonism'* has
to be considered as an additional possible mechanism of
action of those compounds. In principle, in vitro work has
suggested that direct siRNA-mediated targeting of some
regions of the viral genome may also be possible'*>'**, but
this approach has so far not been advanced further.

More recently, direct targeting of the viral polymerase
complex with small compounds has also shown great
promise in vitro. For instance, on the basis of a screen
of vesicular stomatitis virus polymerase inhibitors, the
indoline alkaloid-type compound CMLDBU3402 was
identified and shown to inhibit EBOV transcription'*,
although it remains unclear if the compound interacts
with the viral polymerase complex directly or through
a cellular host factor. Also, a small-molecular inhibi-
tor (MCCB4) was recently developed on the basis of
structure-guided chemistry using the crystal structure
of NP, which is an essential component of the RNP com-
plex'*. This compound inhibits viral RNA synthesis by
blocking a hydrophobic pocket on NP that is capable
of forming intramolecular contacts with either a flex-
ible arm of NP or VP35. Similarly, compounds that
inhibit EBOV RNA synthesis by preventing activating
dephosphorylation of the viral transcriptional activator
VP30 by host cell phosphatases have also recently been
developed. These include an LxxIXxE motif-containing
peptide inhibitor that blocks recruitment of PP2A to
VP30 by NP¥, as well as the cyclopentane quinolone-
derivative C31, which inhibits dephosphorylation of
VP30 by protein phosphatase 1 (REF.*’). However, all
of these approaches that directly target the polymerase
or other RNP complex components have so far been
assessed only in vitro.

One approach to targeting the RNA synthetic
machinery that has been comparatively well explored
involves the use of nucleoside analogues (for example,
favipiravir (T-705), remdesivir (GS-5734), BCX4430,
B-p-N*-hydroxycytidine or balapiravir)'**-'*° and inhibi-
tors of host cell nucleotide synthetic pathways (for example,
merimepodib, mycophenolate, SW835, brequinar or
teriflunomide)®**!*>1*!, specifically those controlling
synthesis of GTP, UTP and CTP. Depletion of the nucleo-
tide pools that supply the essential building blocks of
new RNA synthesis and the incorporation of potentially
mutagenic analogues with the resulting potential for
error catastrophe are likely to be mechanisms of action
of these compounds. Furthermore, for GTP inhibitors
such as merimepodib and mycophenolic acid one must
consider possible effects on the many GTP-dependent
host cell processes and enzymes, some of which may
function as proviral factors. For some viruses these
nucleoside analogue compounds have also shown evi-
dence of direct inhibition of the viral polymerase'**-'**
and, indeed, remdesivir functions as a nucleoside
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analogue that leads to delayed chain termination of
the nascent RNA'*. Importantly, remdesivir, which is
one of the compounds currently in clinical trials in the
Democratic Republic of the Congo, shows selectivity for
viral polymerases over mammalian polymerases that is
determined by two defined ten-amino acid motifs in
the polymerase, and this compound has broad activity
against a number of viruses'*>'*.

Unfortunately, with the exception of the aforemen-
tioned examples, only a few studies have focused specif-
ically on targeting the (mostly unidentified) host factors
involved in supporting viral RNA synthesis. However,
the involvement of host cell proteins both in the forma-
tion of inclusion bodies'”** and in the RNP complexes
themselves® and evidence that EBOV RNA synthesis
relies on a number of components of the host cell repli-
cation and mRNA processing and export machinery*”
suggest a number of potentially attractive targets. For
example, the anticancer drug irinotecan impairs EBOV
propagation, presumably through its ability to inhibit
TOP1, which interacts with the EBOV L protein and
supports viral RNA synthesis through its phosphodiester
bridge-cleaving and recombination activities”.

Although most of the strategies aimed at targeting
viral RNA synthesis remain in the experimental or
developmental stages, a few have progressed to clinical
evaluation, and in particular, TKM-Ebola and favipiravir
were examined as part of phase II clinical trials during
the west African EVD epidemic'*~'*". For favipiravir the
study outcomes were not unanimous, with one study
showing no benefit for severe cases of EVD and no
clear conclusion for mild to moderate cases of EVD™,
whereas another study suggested a benefit for all patients
but acknowledged some limitations to study design and
execution'”". These included imbalances in the baseline
characteristics of groups (for example, age or viral load
at onset of treatment), the fact that the study was non-
randomized and non-blinded, and the fact that 72% of
the participants opted to be transferred to different treat-
ment facilities within 2 days of the start of treatment,
resulting in changes in the therapeutics they received.
Therefore, further randomized controlled trials will be
necessary to reach a conclusion as to the efficacy of favi-
piravir in patients. For TKM-Ebola, only patients with
very high viral loads participated in the study, and for
these patients no benefit could be shown, but no infor-
mation regarding effects in mild to moderate cases of
EVD is available. Remdesivir is also beginning to be eval-
uated clinically, including during the recent outbreak in
the Democratic Republic of the Congo in 2018; however,
no peer-reviewed results from this trial are currently
available’. Finally, the adenosine nucleoside analogue
BCX4430 is now being advanced to phase I testing'®’.

Targeting morphogenesis and budding. In contrast to
entry and viral RNA synthesis, few compounds targeting
morphogenesis or budding (FIG. 4) have been identified,
and no compound is known to be protective in an ani-
mal model. However, in a recent high-content imaging
screen two compounds, D011-2120 and G202-0362,
were identified to inhibit egress of the bunyavirus Rift
Valley fever virus and also to be active against EBOV

and MARY in vitro, although the mechanism has not
yet been established'”. Furthermore, in a recent screen
using the transcription- and replication-competent
virus-like particle system, bisacodyl was identified as
a potential budding inhibitor, but details regarding its
mode of action are lacking™. However, its function as a
laxative likely precludes the use of bisacodyl in patients
with EVD. Finally, nilotinib, an ABL1 tyrosine kinase
inhibitor, was shown to inhibit both EBOV and MARV
by impairing phosphorylation of tyrosine residues in
VP40, and thus potentially inhibiting the packaging of
RNP complexes into budding virions'*"'*.

However, despite the low number of identified
drugs, theoretical considerations suggest a number of
antiviral targets in morphogenesis and budding that
could be exploited for therapy: to reach budding sites,
viral proteins and nucleocapsids have to be transported
to the cell surface. Whereas GP , is transported through
the secretory pathway'**, VP40 and nucleocapsids are
transported in the cytoplasm. In the case of nucleocap-
sids, transport is actin dependent®’, whereas for VP40
the transport mode to the cell surface is less clear, as
components of numerous distinct cellular trafficking
systems have been found to interact with this protein
(see the section ‘The filovirus life cycle’).

Once all viral components have reached the cell
surface, budding is coordinated by VP40. Interactions
with ESCRT proteins are important for this process,
and molecular targets on VP40 that are involved in
those interactions exist in the form of late domains®'".
However, budding can still occur independently of
these late domains, albeit with reduced efficiency®®'*.
Furthermore, there seems to be redundancy between
individual late-domain motifs and access points into the
ESCRT pathway, and hence it is not clear whether inhibi-
ting a single VP40-ESCRT interaction will constitute a
viable antiviral approach. By contrast, oligomerization of
VP40 seems to be essential for budding, and the mole-
cular interfaces necessary for VP40 oligomerization are
very well defined”*'*”. Thus, VP40 oligomerization
might constitute a better target for antivirals that would
have the potential to completely abolish budding.

Finally, tetherin has been identified as a cellular
antiviral factor that anchors budding virions to the
cell surface, and its action is counteracted by EBOV
GP,, (REFS"**'%). Indeed, in the context of infectious
EBOV, little effect of overexpressed tetherin has been
observed'*"'®>, which suggests that EBOV is able to
overcome the block imposed by tetherin. However, the
molecular mechanism for this tetherin antagonism is
not yet clear, although it seems to involve both subu-
nits of the glycoprotein'*>'** and specifically a GxxxA
motif in the transmembrane domain of GP, (REF.'®).
Similarly, whether overcoming glycoprotein-mediated
tetherin antagonism would constitute a viable approach
for filovirus treatment remains unclear as in vivo data
are lacking.

Overall, more detailed knowledge of the mechanisms
of both RNP complex and VP40 transport, as well as VP40
oligomerization and GP-mediated tetherin antagonism,
and particularly a better structural understanding of
the interactions involved in these processes are urgently
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needed. This will help identify appropriate molecular
targets and support the development of therapeutic
approaches aiming at inhibiting budding and morpho-
genesis, and will thus allow targeting of multiple aspects
of the virus life cycle simultaneously, potentially increas-
ing therapy efficiency and reducing the probability of
resistance development.

Conclusions and open questions

Despite many recent advances in the development of
therapeutic strategies for filovirus infections, treatment
needs still remain largely unmet. With the exception of
the monoclonal antibodies, for most of the compounds
discussed in this Review only in vitro data are available
or, in some instances, data based on the mouse model,
which is known to have a low predictive value for effi-
cacy in humans (BOX 3). Nevertheless, the urgency cre-
ated by the EVD epidemic in west Africa resulted in the
use of some of these compounds in patients on a com-
passionate use basis. Unfortunately, many of the clinical
trial and compassionate use data are difficult to interpret
due to underpowered patient numbers, questionable
trial design and poor execution. However, this might
change with the ongoing outbreak in the Democratic
Republic of the Congo, where a randomized controlled
trial is under way in EVD treatment centres in the health
zones with the highest case numbers (Katwa, Beni and
Butembo)'*.

Nevertheless, we now need to thoroughly evaluate
the efficacy of the most promising compounds that have
been identified in vitro over the last few years and pro-
vide missing preclinical data using animal models that
are more predictive of the efficacy in humans (BOX 3),
taking into consideration the data from the currently
ongoing trials. This will allow more informed decision-
making for future clinical trials and deployment of
(experimental) therapies. In parallel, the search for novel
treatment concepts needs to continue with state-of-the
art technologies and tools, and knowledge gaps that
are particularly obvious when it comes to host factors
involved in the virus life cycle need to be addressed.
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Exploring combination therapies that target vari-
ous steps of a single or multiple aspect of the virus life
cycle might also prove to be a viable strategy. Such an
approach might not only allow the use of drugs with
less than optimal efficacy as monotherapies but also has
the potential for the use of lower individual drug doses,
thereby facilitating dose sparing and reducing toxic-
ity, as well as alleviating problems associated with the
development of drug resistance. Of similar importance,
costs and logistical issues such as transport, storage
and administration of drugs have to be addressed. The
availability of an inexpensive small-molecule antiviral
would be of tremendous benefit during an outbreak, and
is probably the most practical solution. Oral availability
of such a drug would be highly desirable, but alternative
effective delivery routes would be beneficial for proper
dosing in the case of gastrointestinal complications,
which are often associated with EVD.

Finally, future outbreaks may be caused by unknown
filoviruses that are refractory to current vaccines and
traditional virus-directed therapeutic strategies, espe-
cially those based on antibodies. Thus, more attention
has to be given to the development of broadly active
intervention strategies. This can be achieved either by
identifying conserved features within filoviruses that can
function as antiviral targets or by targeting host factors
commonly used by all filoviruses, or even a wider range
of viruses. Particularly, perusing the latter strategy might
avoid many of the challenges associated with the classic
‘one-bug-one-drug’ approach, including those posed by
novel virus species and the limited economic viability of
therapies for many viral diseases.

Despite these remaining challenges, the last few years
have seen tremendous progress in the development of
both therapeutics to counter filovirus infections and the
tools necessary to identify and characterize them. Thus,
although a great amount of work still lies ahead of us,
we are getting closer to the development of an effective
treatment for this devastating disease.
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