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A. Specific Aims
The family Filoviridae, which includes Marburg virus and several distinct strains of Ebola virus, is responsible for severe hemorrhagic fever with extremely high mortality rates in humans and non-human primates. Because of the requirement for biosafety level 4 containment, research on these viruses has been significantly limited. While tools such as virus-like particles and retrovirus pseudotyping have allowed some progress to be made in understanding the viral life cycle and pathogenesis of the filoviruses
, much remains unclear.

The overall goal of this proposal is to understand how the Ebola virus glycoprotein interacts with host cellular proteins at the plasma membrane to cause endocytosis of the virus and to interfere with host cell-surface protein expression. The specific aims are:
1: Clarify the mechanism of endocytosis of Ebola virus, particularly the role of caveolae. Filoviruses are believed to enter target cells by an endocytic pathway which is pH dependent
, 
; however, the precise mechanisms of entry are currently not clear. Studies have implicated the cholesterol-rich membrane structures known as lipid rafts in filovirus entry
; consistent with this, there is also some evidence indicating a possible role for caveolae, which are lipid-raft-associated, in entry
. However, these findings are controversial
, and the question of what pathway or pathways are used by filoviruses to enter cells has not yet been addressed definitively. This aim will use definitive methods to examine the involvement of caveolae and other proteins in filovirus entry into target cells. 
2: Understand how Ebola virus glycoprotein specifically down-regulates host cell surface proteins involved in immune function. Fatal filovirus infection causes major damage to the vasculature, loss of endothelial integrity, and systemic coagulopathy1. This seems to be due in part to massive release of pro-inflammatory cytokines by infected macrophages, the primary target of filoviruses; indeed, high levels of TNF-α are positively associated with filovirus mortality
, 
. However, cytokine damage seems insufficient to explain the level of pathology. Recent studies have shown that the Ebola glycoprotein itself is cytotoxic in endothelial cells
; this effect appears to depend on its ability to specifically down-regulate the expression of host cell surface proteins, but the mechanism for this is not known. This aim seeks to gain insight into this mechanism of cytotoxicity.
B. Background and Significance

Impact of filoviruses: The filoviridae, whose natural animal host is suspected to be fruit bats but has not been definitely identified, cause sporadic outbreaks in sub-Saharan Africa; mortality rates are extremely high, approaching 90% in the case of the most lethal strain of Ebola1. In natural outbreaks, transmission occurs by direct blood-to-blood contact, usually in health care settings; generally, the implementation of proper barrier methods in treating patients is sufficient to stop outbreaks. However, many people, especially health care workers, may succumb to infection before interventions are successful. Furthermore, in light of the fact that the virus can be artificially aerosolized in infectious form
, it is considered a serious bioterrorism threat; therefore, while the number of humans affected by natural filovirus infection is small, the number potentially at risk in the event of a terrorist attack is much greater. Finally, the viruses are a threat not only to humans: filoviruses are also highly lethal in non-human primates, and it is feared that filovirus infection poses a significant threat to the continued survival of some great apes in the wild
. No vaccine or effective antiviral therapy exists; the only treatment for filovirus infection is supportive.
Filovirus entry: Filoviruses are able to infect a very wide range of host cells, suggesting that their entry into target cells is mediated by a widely-expressed and highly-conserved receptor, or alternatively by the ability of the filovirus glycoprotein to bind non-specifically to a wide range of different host receptors, such as lectins
. The folate receptor α has been identified as a cofactor in filovirus infection; it is a plausible candidate because it is highly conserved and widely expressed, but is not expressed on T and B lymphocytes, which are not susceptible to filovirus infection. FR-α is a GPI-anchored cell surface protein which localizes to lipid rafts and which is thought to be endocytosed in caveolae, then released by acidification of the vesicle
. A role of FR-α is therefore consistent with studies implicating lipid rafts and caveolae in filovirus endocytosis4, 5, and with studies indicating that filovirus entry is dependent on acidification of endosomes3, 
. However, FR-α is not expressed on a number of cell types which are susceptible to filovirus infection, indicating that alternate receptors must exist
; similarly, filoviruses are able to infect a number of cell lines which fail to express functional caveolae6. For these reasons, the mechanism of filovirus entry into target cells remains controversial. Further work is needed to clarify the role of caveolae in filovirus infection of target cells possessing this endocytic pathway, and also to clarify the alternative routes of endocytosis operating in these and other target cells. 
Filovirus pathogenesis:  Filovirus infection causes extensive damage to the vasculature, loss of endothelial barrier function, and disseminated intravascular coagulopathy
. These dysfunctions appear to be due in part to damage by pro-inflammatory cytokines, which cause increased permeability of the endothelium; indeed, high levels of TNF-α have been positively associated with fatal outcome of filovirus infection, while high levels of anti-inflammatory cytokines are associated with recovery7, 8. Furthermore, TNF-α has been shown to increase the susceptibility of endothelial cells to filovirus entry in vitro22. However, cytokine damage alone seems insufficient to explain the extreme vascular pathology of filovirus infection. It has been demonstrated experimentally that Ebola virus glycoprotein alone can cause severe cytotoxicity in endothelial cells, inducing cell rounding, detachment and death9 and impairing the barrier function of the endothelium
. This effect was originally believed to be caused by a global down-regulation of the expression of cell surface proteins
, including adhesion molecules and proteins involved in immune function. However, later experiments implied that glycoprotein altered trafficking of cell surface proteins specifically, not globally
. It remains to be elucidated mechanistically how glycoprotein accomplishes this cell surface protein down-regulation and thus causes such severe cytotoxicity in endothelial cells.
Significance: Because of the necessity for biosafety level 4 containment in studying live filovirus, this family of deadly pathogens is not well understood in its biology, and no effective vaccines or therapies exist. In designing such interventions, viral entry is an excellent target because of its proximal position in the viral life cycle; it is therefore crucial to understand mechanistically how filoviruses infect cells in order to design interventions to prevent it. Likewise, in order to design therapeutics aimed at ameliorating the severe pathology caused by viral infection, it is necessary to understand how this pathology occurs. This research will therefore provide greater understanding of potential interventions to treat filovirus infection. This work also has implications for gene therapy: Ebola glycoprotein is a potential means to pseudotype lentiviruses and thereby target gene-therapy vectors to the epithelium of the airway15, but the mechanism of Ebola glycoprotein binding and entry to target cells must be understood in greater detail. Additionally, of course, the cytotoxic effects of the Ebola virus glycoprotein must also be understood before this molecule can be used in developing gene-therapy vectors. 
C. Research Plan

In pursuing this research plan, because of the requirement for biosafety level 4 containment in working with live filovirus, a pseudotyping system using retroviral virions (murine leukemia virus, MLV) expressing filovirus glycoprotein will be used, as previously described14. Both Ebola and Marburg glycoproteins will be tested, as there is evidence that they differ in their entry pathways
. Additionally, because of the differences which have previously been observed in filovirus entry in distinct cell lines20, all experiments will be conducted in several different cell lines: HOS (human osteosarcoma), 293T, HeLa, HUVEC (human umbilical vein endothelial cells), U87 T cells, and monocyte-derived macrophages. 
Aim 1: Clarify the mechanism of endocytosis of filoviruses, particularly the role of caveolae. There appear to be five distinct pathways through which viruses are endocytosed into membrane-bound vesicles; these pathways differ in their dependence upon various coat proteins, membrane constituents, and energy sources. Their properties are summarized in Table 1
. There is substantial evidence that filovirus entry is dependent upon membrane cholesterol and acidification of the endosomes3, 4, 5, 
, but the roles of coat proteins and of the GTPase dynamin have never been studied definitively. This aim seeks to define those roles and thus to define the endocytic pathways taken by filoviruses. This aim also seeks to resolve an apparent contradiction: filovirus entry is dependent upon membrane cholesterol, and all three cholesterol-dependent pathways traffic to the caveosome and subsequently to the ER. However, filovirus entry is also dependent upon the acidification of the endosomes, suggesting that viruses traffic not to the pH-neutral caveosome but to the endosomes. It has been observed that some caveolae are diverted to the endosomes, dependent on the small GTPase Rab5, and that overexpression or constitutive activation of Rab5 can increase the diversion of caveolae to the endosomes
. This raises the possibility that filovirus entry depends upon Rab5 to mediate the trafficking of viral vesicles to the endosomes, and their subsequent pH-dependent release, rather than to the neutral caveosome, the default destination of vesicles endocytosed by cholesterol-dependent pathways. 
Experiment 1: Test the dynamin dependence of filovirus entry. As a first step in identifying which of these pathways mediate filovirus endocytosis, the dynamin dependence of filovirus entry will be examined. Dynamin function will be blocked in target cells by overexpression of the dominant-negative K44E mutant, which fails to hydrolyze GTP; control cells will overexpress empty vector. If filovirus entry into target cells is mediated by one of the three dynamin-dependent pathways, a significant reduction in endocytosis of pseudotyped retrovirus is expected in cells expressing K44E dynamin. If a significant reduction in endocytosis is not observed, this would imply either that a dynamin-dependent pathway is not involved, or that an alternative pathway exists which is not dynamin-dependent and which can completely compensate for the loss of the dynamin-dependent pathway. This experiment requires the use of a control which is known to enter target cells by a dynamin-dependent pathway (vesicular stomatitis virus, VSV, whose entry is clathrin-dependent
) to confirm the successful inhibition of dynamin, as well as the use of a control known to enter target cells by a pathway independent of dynamin (murine polyomavirus
 and cholera toxin
).   
Experiment 2: Test the clathrin and caveolin dependence of filovirus entry. Prior studies of entry to target cells by retroviruses pseudotyped with filovirus glycoprotein have found contradictory results regarding the involvement of caveolin5, 6, but these studies have failed to address the question using definitive methods; the involvement of clathrin has not been studied at all. This experiment will definitively address the question of the role of these proteins in filovirus endocytosis. Clathrin-mediated endocytosis will be addressed by treating target cells either with siRNA to knock down expression of clathrin or with an irrelevant control siRNA, then comparing the target cells’ susceptibility both to infection by filovirus pseudotypes and to infection by control pseudotypes whose entry is known to be mediated by clathrin-dependent (VSV) or clathrin-independent (polyomavirus) pathways. It will also be independently addressed by overexpression of either dominant-negative clathrin or empty vector in cells. Caveolin dependence will be similarly addressed using siRNA knockdown and dominant-negative mutants of caveolin-1, using control pseudotypes expressing envelopes of viruses known to be caveolin-independent (VSV) or caveolin-dependent (SV40). If the results of Experiment 1 are negative, indicating dynamin independence, then a positive result in Experiment 2 will be surprising since both clathrin-mediated and caveolin-mediated endocytosis are believed to be dynamin-dependent. Such a result may imply the existence of a novel endocytic pathway, not previously characterized.
In combination, these experiments will define the endocytic pathway or pathways taken by filoviruses to enter host cells. A potential complication is that functional redundancy may exist between endocytic pathways in some or all cell lines, making it difficult to detect the effect of eliminating a single pathway. If this complication is encountered, immunofluorescence microscopy will be used to track the endocytosis of pseudotypes and their co-localization with specific coat proteins. 
Experiment 3: Describe the post-endocytic trafficking of filovirus. This experiment will first describe the sub-cellular localization of endocytosed viral particles by immunofluorescence microscopy, using antibodies against filovirus glycoprotein and against markers for the early endosome (EEA-1) and the caveosome (β-COP
) to determine to which compartments filovirus-pseudotyped particles traffic. It is expected that particles will be observed co-localizing with endosomal markers, since filovirus entry has been previously shown to be dependent on endosomal acidification. If this result is not observed, this would imply that filoviruses can use a pathway independent of the pH-dependent one, a conclusion which should be confirmed by treatment with bafilomycin A to block endosomal acidification. 

If viral particles are seen to co-localize with endosomal markers, this experiment will next test the hypothesis that Rab5 is required to traffic endocytic vesicles to the endosomes rather than to the caveosome, using a dominant negative mutant Rab5 (S34N) and a constitutively active form (Q79L). If this hypothesis is correct, Rab5 knockdown will reduce trafficking of endocytic vesicles to the endosomes and therefore will reduce penetration by the virus into the cytosol, while constitutive activation will increase trafficking to the endosomes and thus increase cytosolic penetration. Viral penetration into the cytosol will be assessed by a previously described fluorescence-based fusion assay22. The alteration in post-endocytosis trafficking will also be assessed by immunofluorescence microscopy, with cells examined for a reduction of viral localization with endosomal markers and possibly a concomitant increase in co-localization with caveosome markers in cells expressing dominant-negative Rab5.
Aim 2: Understand how Ebola virus glycoprotein specifically down-regulates host cell surface proteins involved in immune function. It was demonstrated several years ago that Ebola glycoprotein alone could cause cell detachment and rounding in a wide range of target cells, including those with physiological relevance to Ebola infection such as macrophages and endothelial cells9. A subsequent study found this to be caused by the down-regulation of cell surface expression of a range of host proteins, and concluded that glycoprotein appeared to cause down-regulation of surface expression by a global mechanism18. However, this and other studies have also found some surface proteins to be unaffected. A later study found that the glycoprotein has a specific physical interaction with at least one protein (αV integrin) whose surface expression it down-regulates, and that this down-regulation is brefeldin-sensitive (implying a dependence on trafficking of glycoprotein from the ER to the membrane) and dynamin-dependent (implying an effect of glycoprotein on endocytosis)19. It is unclear precisely what mechanism is employed by glycoprotein to increase the internalization of its target surface proteins. This aim tests the hypothesis that internalization is mediated by monoubiquitination of target proteins by ubiquitin ligases recruited by glycoprotein.
Experiment 1: Determine whether or not endocytosed cell-surface proteins are ubiquitinated. Monoubiquitination of proteins at the plasma membrane can act as a signal for their internalization. This experiment will examine the role of monoubiquitination in internalization of cell surface proteins by Ebola glycoprotein. Since the down-regulation of αV integrin in 293 cells has already been examined in some detail19, this interaction will be the focus of this experiment. First, cell lysate from cells transfected with glycoprotein or empty vector will be subjected to SDS-PAGE; αV integrin expression will then be measured by Western blotting using a commercially available antibody to αV. Unmodified αV is expected to appear as a band at 125 kD for both transfected and control cells; if αV is ubiquitinated by Ebola glycoprotein, then an additional band is expected to appear in lysates from cells expressing this protein, running at 8.5 kD larger than unmodified αV, or 133.5 kD. If this band is seen, ubiquitination will be confirmed by immunoprecipitation: αV will be immunoprecipitated from cell lysate on sepharose beads, and the purified protein will then be subjected to SDS-PAGE and blotted with a monoclonal antibody against ubiquitin. 
Experiment 2: Determine whether endocytosed cell-surface proteins are targeted for degradation, and if so, where this occurs. The classical pathway for ubiquitin-mediated degradation involves polyubiquitination in the ER followed by protein degradation in the proteasome; however, proteins targeted for degradation by monoubiquitination at the plasma membrane may be targeted instead to the endolysosomal pathway and degraded there. Alternatively, they may simply be recycled back to the plasma membrane
. In this experiment, proteasomal and lysosomal proteases will be inhibited pharmacologically (by MG-132 and leupeptin, respectively) in 293 cells transfected with either Ebola glycoprotein or empty vector, and cell surface expression of αV integrin will be measured by flow cytometry using the commercially available monoclonal antibody. If the targeted cell surface protein is degraded by the proteasome, then proteasome inhibition is expected to partly restore αV surface expression compared to untreated cells. Likewise, if degradation occurs in the endolysosomal pathway, inhibition of endosomal acidification is expected to rescue αV surface expression. Another possibility is that αV integrin is not actually degraded, but is simply returned to the cell surface, with the increased rate of recycling causing the decreased surface levels. In this case, no effect of either proteasome or lysosome inhibition is expected.
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