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Abstract

The highly virulent nature of Ebola virus, evident from the 2014 West African pandemic, 

highlights the need to develop vaccines or therapeutic agents that limit the pathogenesis and 

spread of this virus. While vaccines represent an obvious approach, targeting virus interactions 

with host proteins that critically regulate the virus lifecycle also represent important therapeutic 

strategies. Among Ebola virus proteins at this critical interface is its matrix protein, VP40, which 

is abundantly expressed during infection and plays a number of critical roles in the viral lifecycle. 

In addition to regulating viral transcription, VP40 coordinates virion assembly and budding from 

infected cells. Details of the molecular mechanisms underpinning these essential functions are 

currently being elucidated, with a particular emphasis on its interactions with host proteins that 

control virion assembly and egress. This review focuses on the strategies geared toward 

developing novel therapeutic agents that target VP40-specific control of host functions critical to 

virion transcription, assembly and egress.
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The Filoviridae family is composed of the genera Ebola virus and Marburgvirus. The genus 

Marburgvirus includes one species, Marburg marburgvirus, populated by two viral strains: 

Marburg virus (MARV) and Ravn virus. There are five recognized species of the genus 

Ebola virus: Zaire Ebola virus (EBOV – previously known as ZEBOV), Sudan Ebola virus, 

Reston Ebola virus (RESTV), Taï Forest Ebola virus and Bundibugyo Ebola virus. A third 

genus, Cuevavirus, containing the species Lloviu cuevavirus and the virus Lloviu virus has 
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been proposed and approved and awaits ratification by the International Committee on 

Taxonomy of Viruses [1].

With the exception of RESTV, human infection by the various Ebola virus and 

Marburgvirus species can lead to a syndrome with reported mortality rates as high as 90% 

[2]. This syndrome is characterized initially by malaise, body temperatures greater than 

38.3°C (100.9°F), vomiting, and diarrhea. The virus can infect many organ systems and the 

adrenal gland, and the disease can progress to include respiratory distress and hypotension 

[3]. In many cases, viremia triggers an overwhelming inflammatory response that leads to 

profound hypovolemic shock, although death can sometimes be mitigated by intensive 

supportive therapy [4,5].

The ongoing West African EBOV pandemic, which has a reported case–fatality rate of 49% 

as of 19 October 2014 [6], highlights the global significance of this zoonotic pathogen. The 

current outbreak has devastated local healthcare communities and infrastructure [7] and the 

global community is now grappling with the consequences of living in an extensively 

interconnected world, where local outbreaks of disease may not remain scattered and 

isolated. Effective containment and control of the pandemic have been notably hindered in 

part by a lack of US FDA-approved vaccines and antifiloviral therapeutic agents. Given the 

many logistical constraints on the implementation of effective vaccination campaigns in 

underdeveloped countries, and the propensity for viruses to rapidly evade vaccine-induced 

immunity, it is critical that efforts also focus on developing therapeutic agents for 

postexposure and postinfection control of spread as a critical component of any global 

filoviral containment strategy [8]. As with any pathogen, our ability to devise vaccines or 

therapeutic agents hinges on first developing a fundamental understanding of the biology of 

the pathogen.

Indeed, we have learned much in recent years about the structure and biology of filoviruses. 

EBOV is an enveloped, negative-sense RNA virus which encodes seven structural proteins 

within its 19kb linear genome including nucleoprotein (NP), VP24, VP30, VP35, VP40, 

polymerase (L) and membrane-anchored glycoprotein (GP) as well as the nonstructural 

secreted glycoprotein (sGP) and small secreted glycoprotein (ssGP) [9]. Nucleoprotein, 

VP30, VP35 and L are constituents of the viral nucleocapsid and are essential for 

transcription and viral replication [10]. The VP24 protein has varied documented roles, 

including interferon antagonism, transcriptional and replication control during infection, and 

minor matrix protein function [11–16]. GP coordinates viral entry into host cells, in part, 

through the Niemann–Pick C1 internal receptor [17,18]. As the sole protein located on the 

viral membrane, GP is visible to the host immune system and has therefore been the target 

of many current vaccine efforts and antifiloviral therapeutic strategies. Viral proteins, in 

addition to GP, have been shown to enhance immune responses to EBOV, and thus may be 

important components of future vaccines [19,20]. Some of these efforts have shown promise 

in nonhuman primate models [21–32]; however, to date none have definitively demonstrated 

any preventative or therapeutic efficacy in humans.

VP40 (viral protein 40 kDa) is the most abundantly expressed filoviral protein and 

coordinates virion assembly at the plasma membrane (PM) through interactions with both 
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viral and cellular components [10,33–34]. Indeed, exogenous expression of VP40 alone is 

sufficient to induce the formation of filamentous virus-like particles (VLPs) in mammalian 

cells (Figure 1) [35–38]. As EBOV is an NIAID Category A pathogen which must be 

studied under BSL-4 conditions, VP40-mediated VLP expression systems have become an 

essential tool for interrogating mechanisms of both EBOV and MARV virion formation 

under BSL-2 conditions. Indeed, by studying the mechanisms of VP40-mediated VLP 

formation, we have made important progress toward unraveling the molecular mechanisms 

of filovirus virion assembly and budding. While many similarities exist between EBOV 

VP40 and MARV VP40 [39–44], differences in amino acid sequence do exist [45,46] that 

could impact the approach to VP40-specific therapeutics. For example, EBOV VP40 has 

two overlapping L-domain motifs, 7PTAPPEY13, whereas MARV VP40 has one, 16PPPY19. 

Consequently, this review will focus on mechanisms by which EBOV VP40 controls 

important functions in the viral life cycle and current therapeutic strategies aimed at 

disrupting these functions.

VP40 structure & virion/VLP assembly

VP40 is a 326 amino acid protein (Figure 2A), and is the major matrix protein of EBOV that 

coordinates virion assembly and budding [33,35,37,47–50]. Crystallographic studies have 

identified two distinct domains within VP40, including an N-terminal domain (NTD) and a 

C-terminal domain (CTD) [48] (Figure 2B). NTD interactions are responsible for VP40 

dimer formation in the cytoplasm, and CTD interactions are responsible for subsequent 

trafficking to and interaction with the PM [10,38]. Structural elements in VP40 relevant for 

therapeutic targeting are highlighted in Table 1. VP40 localization to the PM inner leaflet is 

important for VLP assembly and budding [10,51–52], and occurs at least in part by 

trafficking along actin filaments [53,54]. Deep penetration into the PM inner leaflet by a 

hydrophobic region of the VP40 CTD that includes residues L213, L295 and V298 is 

essential for appropriate localization, VLP assembly and VLP egress [10,38,55]. At the PM, 

VP40 forms butterfly-shaped dimers [10,34,38,52,56,57], which reorganize into linear 

hexamers [38]. These hexamers are essential building blocks of the viral matrix [38] and are 

critically important for virion assembly and budding.

In addition to the hydrophobic CTD region, a recently identified basic CTD region 

composed of lysine residues (K221, K224, K225, K270, K274 and K275) has also been 

implicated in VP40-PM association. Some of these positively charged lysines are essential 

for electrostatic VP40–PM interactions and subsequent matrix assembly and VLP egress 

[38]. In fact, mutations of K224 and K225 abolish matrix assembly and subsequent VLP 

egress without disrupting VP40 localization to the PM [38], highlighting the nuanced role of 

these distinct CTD motifs. Surprisingly, an NTD loop adjacent to the PM-penetrating CTD 

hydrophobic loop, comprising residues K127, T129 and N130, has also recently been shown 

to interact with the PM, demonstrating a previously unrecognized role for NTD–PM 

interactions in efficient VP40-PM localization, oligomerization, matrix assembly and egress 

[62]. This intriguing development further establishes the critical nature of VP40-PM 

interactions and underscores how a wide array of functionality can be encoded within this 

single viral gene product.

Madara et al. Page 3

Future Virol. Author manuscript; available in PMC 2015 June 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The critical role for CTD-dependent VP40 localization and PM interactions in VLP 

assembly and egress [38,55] establishes these interactions as attractive therapeutic targets 

that could be targeted to disrupt virus assembly and budding. Indeed, as mutations in the 

VP40 CTD that inhibit its insertion into the PM significantly reduces VLP formation [55], 

small molecules that prevent membrane insertion would also be expected to block budding. 

Indeed, small molecule inhibitors that generally interfere with membrane binding of proteins 

via lipid-binding domains have been identified [63] and these may represent useful 

therapeutics [8]. For example, Soni and Stahelin [64] have recently reported that plasma 

membrane phosphatidylserine (PS) may be an important component of EBOV budding, and 

that VP40 selectively induces vesiculation of membranes rich in PS such as the inner leaflet 

of the PM. In addition to targeted inhibition of the hydrophobic VP40–PM interactions, 

targeting the electrostatic interactions between the CTD and the PM [38] would also likely 

lead to significant reductions in EBOV matrix assembly and subsequent VLP formation and 

egress. Finally, small molecules that disrupt functions of the recently identified NTD 

interacting loop [62] may also inhibit EBOV assembly and egress and warrant additional 

attention. Taken together, strategies that target hydrophobic and electrostatic CTD (and 

NTD) VP40 interactions, both between VP40 and the PM and within VP40 oligomers, 

represent an important avenue for antifiloviral therapeutic research.

Role of VP40 oligomerization in viral transcription via ring formation

One important aspect of VP40 that has profound biological implications is its oligomeric 

state, as distinct protein conformations control different essential functions during the viral 

life cycle [38,47,65]. Bornholdt et al. [38] elegantly demonstrated that VP40 exists in a wide 

range of oligomeric conformations at distinct intracellular locations and, for example, that in 

addition to plasma membrane-localized VP40 hexamers, there are perinuclear octameric ring 

conformations [38,41,50,57]. Recent work from a number of groups has established that this 

octameric form controls virion replication [41,50,57]. NTD interactions alone appear to be 

sufficient to orchestrate the formation of perinuclear octameric rings as their formation is not 

affected by deletion of the CTD-domain of VP40 [38,66].

In contrast to the role established for the NTD, it is not clear that CTD plays any role in 

VP40-mediated control of viral transcription, as a point mutation in the CTD domain 

(R134A) abrogating VP40 RNA binding does not prevent VP40 dimerization, PM 

localization or VLP formation and egress [38,57]. Moreover, a distinct mutation (I307R) 

buried in the CTD interface abrogates PM localization and promotes the formation of 

perinuclear octameric rings [38]. Thus, while these studies demonstrate that the formation of 

VP40 octameric ring structures is not absolutely dependent on RNA binding [38], the 

formation of VP40 octamers is essential for production of replication competent virus in 

vitro [57]. These findings highlight the need for further efforts focused on how the octameric 

VP40 controls viral replication.

Importantly, the involvement or requirement for VP40 ring octamers in transcriptional 

control is distinct from the role of hexamers in matrix assembly and VLP budding functions 

[38,57]. This relationship between oligomeric structure and function prompts additional 

questions. For example, although mutations of the RNA-binding site do not abrogate VP40 
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ring formation, the RNA-binding site in the VP40 ring structure may nonetheless represent 

an attractive drug target for inhibition of EBOV replication. Indeed, small molecules 

targeting RNA-binding by HIV-1 Gag matrix protein have been shown to inhibit viral 

replication [67]. Further exploration of the mechanism that controls formation of the 

octameric VP40 ring structure will help us better understand how VP40 regulates EBOV 

replication and these may illuminate the best direction to pursue in our efforts to develop 

antifiloviral therapeutics that target steps of VP40 oligomerization that critically control 

virus transcription.

Given that VP40 oligomerization is controlled by complex intermolecular interactions and 

interactions with cellular membranes, and the fact that different oligomeric forms participate 

in distinct steps in the EBOV life cycle, small molecules designed to inhibit or modify the 

formation of oligomeric forms may be useful therapeutics. For example, as the VP40 NTDs 

coordinate formation of dimers, which are precursors of higher order oligomers, inhibiting 

NTD-mediated dimerization might effectively halt formation of higher order oligomers. 

Another strategy, that has not yet been explored, would be to limit VP40 oligomerization by 

preferentially destabilizing higher order conformations, or conversely stabilizing the dimeric 

or monomeric form to prevent formation of higher order structures [38]. Although it has 

been suggested that EBOV may be able to circumvent these strategies by simply increasing 

VP40 protein production [8], they nonetheless represent an important direction for 

antifiloviral agent research and may be useful in concert with other therapeutic modalities 

that target sequential or overlapping functions of VP40.

Role of VP40 in ESCRT protein recruitment for viral assembly & egress

Broadly, RNA viruses are challenging pathogens to control as their error-prone polymerases 

generate mutations that enable them to evade virus-targeted agents. The development of 

‘host-oriented’ therapeutics that target, in part, conserved host as opposed to specific viral 

functions may therefore represent a more effective antiviral strategy. Among the host 

mechanisms used by EBOV and other enveloped RNA viruses is the host Endosomal 

Sorting Complex Required for Transport (ESCRT) pathway [68–70]. The ESCRT pathway 

is normally involved in protein trafficking and recycling through endosomes, as well as in 

regulating cytokinesis. However, VP40 hijacks these ESCRT functions, primarily via 

interactions involving two overlapping N-terminal tetra-peptide motifs known as ‘L-domain’ 

motifs to efficiently assemble and bud at the PM [35,40]. Specifically, a PTAP motif 

mapping to VP40 amino acids 7–10 interacts with the host protein Tsg101 to recruit the 

ESCRT-1 complex, and an overlapping PPEY motif mapping to amino acids 10–13 of VP40 

interacts with WW domains of host Nedd4 ubiquitin ligase [40,58,60]. These well-

characterized interactions between VP40 and ESCRT proteins are important for efficient 

VLP and virion formation as each EBOV VP40 L-domain functions independently in virion 

assembly and egress. Indeed, nonfunctional mutations of both the EBOV VP40 L-domain 

motifs reduces budding of VSV pseudotypes with EBOV L-domains and live recombinant 

EBOV by approximately tenfold [59,71].

While abrogation of these virus–host interactions does not fully disrupt virion assembly and 

egress, small molecules have been identified that inhibit VP40 PTAP-dependent interactions 
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with host ESCRT proteins that are effective blockers of EBOV VP40 VLP egress in vitro 

[72]. Interestingly, as PPxY domains are more ubiquitously distributed among enveloped 

RNA virus matrix proteins, small molecules that disrupt PPxY interaction appear to be 

effective broad-spectrum antiviral agents that block both MARV and EBOV VP40-mediated 

VLP formation, but also broadly inhibit formation of arenavirus VLPs and budding of live 

rhabdoviruses in vitro [73]. Most importantly, both the PTAP and PPxY series of budding 

inhibitors specifically interfere with EBOV VP40–host interactions and exhibit little if any 

cytotoxicity [72,73]. Together, studies of L-domain mutants and small molecule inhibitors 

of L-domain interactions validate the idea of targeting L-domain-mediated VP40-ESCRT 

protein interactions to block EBOV budding and spread.

Given these important roles established for VP40–Tsg101 and VP40–Nedd4 interactions in 

efficient viral egress, studies with inhibitors and mutants outlined above also demonstrate 

that other mechanisms play some role in productive viral replication in vitro [71]. Consistent 

with this idea, a PTAP L-domain VP40 mutant recruits the ESCRT proteins VPS4, VPS28 

and VPS37B in vitro [61]. In fact, a distinct L-domain motif (YPx(n)L) identified in other 

enveloped virus matrix proteins, such as HIV-1 Gag [68,74–81], plays a key role in their 

assembly and budding. Thus, additional VP40–ESCRT interactions may regulate this 

residual budding observed for EBOV double L-domain mutants, and these may be important 

additional therapeutic targets. Ultimately, we may discover that cocktails containing 

multiple L-domain blockers provide a synergistic clinical benefit, even if individual 

inhibitors do not fully abrogate EBOV budding alone.

In summary, the development of host-oriented therapeutics has the potential benefit of 

inhibiting essential pathways required by viruses, as these pathways also control critical 

cellular functions that viruses have been unable to circumvent. While care must be taken to 

address issues of cytotoxicity with this class of inhibitors as they may also have some impact 

on host functions, preliminary efforts suggest that these are effective therapeutic strategies. 

Nevertheless, ongoing efforts to further characterize filoviral VP40-ESCRT pathway 

interactions should provide additional insights that will facilitate the development of more 

potent, selective and broad-spectrum antifiloviral therapeutic compounds. Moreover, given 

the conserved requirement by EBOV, MARV and a range of other enveloped RNA viruses 

for viral matrix proteins – ESCRT protein interactions, small molecules that target these 

interactions may prove effective against both current strains of filoviruses and strains that 

may emerge as these viruses evolve.

Conclusion & future perspective

The current EBOV outbreak in West Africa and emergence of EBOV in the USA and 

European countries has highlighted the need for effective vaccines and antifiloviral 

therapeutic agents. Wide ranging strategies for developing therapeutics are currently being 

pursued, and some have proven efficacious in nonhuman primate models [21–32]. Among 

these strategies, those outlined in this review that target VP40 are extremely promising as 

they interrupt multiple sequential steps of the filoviral life cycle [8]. Antiviral therapeutics 

directed against these VP40 domains and the functions they orchestrate are proceeding at a 

rapid pace and ongoing efforts will undoubtedly further inform these strategies.
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Recent studies have identified several additional mechanisms of budding that may ultimately 

prove to be useful therapeutic targets. For example, phosphorylation at VP40 amino acid 13 

was recently shown to be regulated by the c-Abl-1 tyrosine kinase, and inhibition of this 

phosphorylation by the small molecule IkT-001 reduces EBOV production in culture [82]. 

Approaches that reduce or prevent VP40 phosphorylation represent yet another new 

therapeutic strategy but, ultimately, combination therapies that target multiple VP40 

functions and interactions may prove more effective.

Also, EBOV has demonstrated a remarkable ability to encode a variety of functions within 

individual gene products [11,13,83–85]. For example, a recent study identified host IQGAP1 

as an EBOV VP40 interacting partner that plays a role in efficient egress of VP40 VLPs 

[86]. As IQGAP1 links EBOV budding to the actin cytoskeleton of the cell, molecules that 

disrupt viral particle transport may represent an additional family of targets for antifiloviral 

therapeutics. Our understanding of the mechanisms by which VP40 interacts with host 

pathways to facilitate EBOV virion assembly and budding have been of tremendous 

importance to efforts geared toward developing effective antifiloviral therapeutics. Given 

the extensive conformational plasticity of the EBOV VP40 protein, it would not be 

surprising to discover additional mechanisms by which VP40 co-opts normal host pathways 

to facilitate viral assembly and egress and these might be revealed by unbiased high-

throughput efforts to define the range of host genes that modulate VLP budding or 

production of live virus.

Additionally, pivotal questions about the functional implications of VP40’s 3D structure 

remain unanswered. For example, though VP40 octamers are essential for productive EBOV 

replication in culture [57], we know little about the mechanisms that control their formation. 

Also, while RNA binding seems dispensable for the formation of these octameric structures, 

RNA binding is critical for regulating viral transcription [38]. Efforts to better understand 

the mechanisms of VP40 octamer formation and their role in productive EBOV replication 

may reveal additional targets or strategies for regulating this virus.

Ultimately, while results from initial in vitro experiments with PTAP and PPxY inhibitors 

have been extremely promising [72,73], animal studies utilizing these inhibitors have not yet 

been performed, so we do not know yet whether these compounds will prevent budding and 

spread of virus in vivo. However, the potential application of L-domain interaction inhibitors 

for more ‘broad-spectrum’ control of enveloped RNA virus infections is tantalizing. Further 

research efforts to refine and optimize these agents for clinical use will be timely, 

particularly in light of the ongoing, and potential future, EBOV pandemics.
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Executive summary

VP40 is a critical target for novel antifiloviral therapeutic agent development

• VP40 is the most abundantly expressed viral protein during filoviral infection.

• Exogenous expression of VP40 alone is sufficient for the formation and budding 

of virus-like particles (VLPs) in vitro under BSL-2 conditions.

• VP40 performs a number of essential functions during EBOV infection, 

including regulation of viral transcription and coordination of virion assembly 

and budding.

VP40 exists in multiple conformational states during EBOV infection

• Role of VP40 oligomerization in viral transcription via ring formation:

– VP40 exists primarily in a dimeric conformation in the cytoplasm;

– N-terminal domain (NTD) interactions are responsible for coordinating 

dimer formation and perinuclear ring formation;

– C-terminal domain (CTD) interactions are responsible for coordinating 

higher order oligomerization of VP40 dimers;

– Higher order oligomers have different functions in the viral life cycle: 

linear hexamers are responsible for subsequent matrix filament assembly 

and virion formation at the plasma membrane, while octamers form 

perinuclear ring structures and regulate viral transcription;

– Inhibiting VP40 oligomerization represents a viable mechanism for 

antifiloviral therapeutic agent development.

VP40 interacts directly with the plasma membrane to promote virion assembly

• VP40 NTD and CTD hydrophobic loops insert into the plasma membrane, 

positioning VP40 for subsequent VLP assembly.

• VP40 CTD basic residues interact electrostatically with the plasma membrane to 

coordinate matrix filament assembly.

• Inhibiting VP40–PM interactions represents a promising approach for 

antifiloviral therapeutics.

VP40 recruits host Endosomal Sorting Complex Required for Transport family 
members to mediate efficient virion assembly & egress

• Role of VP40 in Endosomal Sorting Complex Required for Transport protein 

recruitment for viral assembly and egress:

– VP40 has two N-terminal overlapping late domain (‘L-domain’) motifs 

which function to recruit host Endosomal Sorting Complex Required for 

Transport proteins to mediate efficient virion assembly and egress;
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– The VP40 PTAP L-domain motif (amino acids 7–10) recruits host 

Tsg101;

– The VP40 PPxY L-domain motif (amino acids 10–13) recruits host 

Nedd4;

– Small molecules that inhibit L-domain-mediated virus–host interactions 

reduce virus assembly and egress.
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Figure 1. Expression of Ebola virus VP40 results in VLP formation and egress
A GFP-VP40 fusion protein expressed inHEK293T cells shows robust virus-like particle 

assembly and egress at the plasma membrane (A). (B) corresponds to inset indicated in (A). 
Upper panel is approximately 21 μm wide. The cytoplasm is stained with HCS CellMask™ 

Deep Red. Images were rendered using Volocity software. This image was generated by the 

Freedman laboratory in the PennVet Imaging Core Facility.
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Figure 2. Ebola virus VP40 with potential therapeutic agent targets highlighted
(A) Schematic diagram of Ebola virus VP40 showing established or potential therapeutic 

targets. (B) The asymmetric butterfly-shaped VP40 dimer shown (PDB ID: 4LDB [38]) is 

adapted from [8] with critical interaction domains highlighted with colors that correspond to 

the matching sequences shown in (A). The N-terminal domain dimerization interface is 

comprised of residues 52–65 and 108–117 and is highlighted in pink. The C-terminal 

domain basic domain, including residues K221, K224, K225, K270, K274 and K275, is 

highlighted in red. Residues L295, and V298 of the C-terminal domain hydrophobic domain 

are highlighted in blue. Residues of the recently identified plasma membrane-interacting N-

terminal domain loop (residues K127, T129, and N130) are highlighted in yellow. A residue 

critical for RNA binding of the octameric conformation of VP40 (R134) is highlighted in 

purple. The crystal structure of the VP40 dimer does not include residues 1–44 and 322–

326, therefore L-domain motifs are not represented in (B).
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Table 1

Functional regions of Ebola virus VP40 as potential targets for inhibition.

VP40 sequence Function Effect of inhibition Ref.

7PTAP10 Interaction with ESCRT Tsg101 Reduce VLP assembly and egress [40,58,59]

10PPEY13 Interaction with ESCRT Nedd4 Reduce VLP assembly and egress [38,40,60,61]

Residues 52–65, 108–117 NTD dimerization interface Block VP40 dimer formation [38]

127KATN130 NTD loop for PM interaction Block VP40 PM localization, VLP 
assembly and egress

[62]

R134 RNA binding of VP40 octamer Block Ebola virus viral replication [38,57]

K221, K224, K225, K270, 
K274, K275

CTD Basic Patch for electrostatic 
interactions with the PM

Block PM interaction, VLP assembly and 
egress

[38]

295LDPV298 CTD Hydrophobic loop for PM insertion Block VP40 PM localization, VLP 
assembly and egress

[10,38,56]

CTD:C-terminal domain; PM: Plasma membrane; NTD: N-terminal domain; VLP: Virus-like particle.
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