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1. Introduction 

Ebola virus (EBOV, also known as Zaire EBOV), a member of Ebolavirus genus 

in the Filoviridae family, is the causative agent of Ebola virus disease (EVD, 

formerly Ebola hemorrhagic fever) in humans and nonhuman primates (1, 2). 

EBOV was firstly discovered in 1976 in Democratic Republic of the Congo 

(formerly Zaire), caused 28610 cases and 11308 deaths in the largest outbreak 

in 2014-2016 in West Africa (3). Ebolavirus genus includes five more members, 

Sudan virus (SUDV), Bundibugyo virus (BDBV), Taï Forest virus (TAFV), Reston 

virus (RESTV) and Bombali virus (BOMV) (4). Within Ebolavirus genus, not only 

EBOV but also SUDV and BDBV cause lethal diseases to humans (4, 5). There 

was only one TAFV case in humans reported and shown to be pathogenic but 

non-lethal (4, 6). RESTV infection in humans was asymptomatic and the 

pathogenicity of BOMV infection in humans is unknown (4, 7–9). Within 

Filoviridae family, two members of Marburgvirus genus, Marburg virus (MARV) 

and Ravn virus (RAVV),  are also known to cause lethal disease (Marburg virus 

disease, MVD) to humans (1, 2, 10).  

EVD outbreak mainly occurred in Africa, while few cases were confirmed in US 

and Europe (5). EBOV transmission is mainly through direct contact with body 

fluids and also via the placenta (11–14).  The symptoms of EVD include febrile 

illness (fever, fatigue and muscle pain), gastrointestinal symptoms (anorexia, 

vomiting, abdominal pain and diarrhea), bleeding and multiorgan dysfunction 

(reviewed in (11, 15), (16–19)). A wide range of cell types can be infected by 

EBOV, including macrophages, dendritic cells, hepatocytes, fibroblasts, 

endothelial cells, adrenal cortical cells and epithelial cells (reviewed in (20), (21–

24)). Macrophages as well as dendritic cells are reported to be early and primary 

target cells (20–24) . Despite lymphocytes being refractory to productive EBOV 

infection, lymphopenia is associated with EBOV infection (25–28). So far, four 

viral vector based vaccines carrying EBOV glycoprotein (GP), Ervebo (rVSVΔG-

ZEBOV-GP, US and Europe), Zabdeno/Mvabea (Ad26-ZEBOV/MVA-BN-Filo, 

Europe), Ad5-EBOV (China) and GamEvac-Combi and-Lyo (rVSV/Ad5-EBOV-

GP, Russia), have been licensed for protection from EBOV infection (5, 29–35). 
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The efficacy of Ervebo in humans was 100% (95% confidence interval, 68.9-

100%) (36) while the efficacy of other vaccines in humans is not available.  Two 

monoclonal antibody-based drugs against EBOV glycoprotein, Inmazeb (REGN-

EB3, cocktail of three monoclonal antibodies) and Ebanga (mAb114/ansuvimab, 

single monoclonal antibody), are approved for treatment of EBOV infection (5, 

37, 38). In human, Inmazeb reduced the fatality rate from 51.3% to 33.5% and 

Ebanga reduced the fatality rate from 49.7% to 35.1%. (39). 

1.1 EBOV Genome and Structure 

 

Fig.1 Schematic representation of the EBOV genome. (adapted from (40) and created with 

CorelDraw). 

The EBOV genome is a 19 kb non-segmented negative strand RNA (4). The RNA 

genome contains nontranscribed 3´ leader and 5´ trailer region and seven genes 

NP, VP35, VP40, GP, VP30, VP24 and L, and the genes are separated by 

intergenic region or overlap (4, 40–42). The 3´ leader region (nt 1-55) contains 

the replication promoter element 1 and forms a stem-loop structure (43). The 

EBOV replication promoter is bipartie and the promoter element 2, consisted of 

eight UN5 hexamers, is located within the untranslated region of the NP gene (nt 

81-128) (43).  The 5´ trailer region (nt 18493-18959, 677 nt) contains the 

antigenomic replication promoter (terminal 177 nt) (42, 44, 45). The start and end 

of each gene are conserved transcription start (3′ CUC/ACUUCUAAUU) and stop 

(UAAUUC (U)5/6) signal, respectively (46–48). Among the seven genes, GP gene 

encodes three viral proteins, GP, sGP (secreted GP) and ssGP (second secreted 

GP). GP is the full-length transmembrane glycoprotein and is produced through 

transcriptional editing by adding one non-template adenosine (49–51).  sGP is 
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the main product without editing and ssGP is produced by adding two non-

template adenosines or rarely deleting one adenosine through transcriptional 

editing (49–51). 

Fig. 2 Schematic representation of the EBOV viral particle structure. (adapted from (47), 

created with BioRender). 

EBOV particles are filamentous with a diameter around 90 nm and mean length 

of 1028 nm and 1978 nm in two populations (52). The viral particle is enveloped 

and viral GP is incorporated into the envelope (53). The inner side of the envelope 

is where the viral matrix localized (47). VP40 is the primary matrix protein 

efficiently associated with the plasma membrane, and VP24 is recognized as the 

minor matrix protein slightly associated with the plasma membrane (54–57). The 

core of the EBOV particle is the nucleocapsid, composed of viral RNA genome, 

NP (nucleoprotein), L (RNA-dependent RNA polymerase), VP35 (polymerase 

cofactor), VP30 (transcription factor) and VP24 (47, 58–60). Several studies 

suggest that NP and the RNA genome form the inner nucleocapsid helix that is 

rigidified by outer VP24-VP35 bridges (52, 53, 61). 

1.2 EBOV life cycle 

1.2.1 Entry 

EBOV can bind to numerous host receptors, including C-type lectins (DC-SIGN 

[dendritic cell-specific intercellular adhesion molecule 3-grabbing non-integrin], L-

SIGN [liver/lymph node–specific ICAM-3 grabbing nonintegrin, DC-SIGNR], 
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hMGL [human macrophage galactose- and N-acetylgalactosamine-specific C-

type lectin], LSECTin [Liver Sinusoidal Endothelial Cell Lectin] and MBL 

[mannose-binding lectin]) and phosphatidylserine (PtdSer) receptors (Tim [T-cell 

immunoglobulin and mucin domain]1,Tim4, Tyro3/Dtk, Axl and Mer [TAM]) 

(reviewed in (62), (63–71)). Additionally, glycosaminoglycans and ficolin-1 have 

been identified as EBOV attachment factors (72, 73). The attached viral particles 

are internalized mainly through macropinocytosis and alternatively via clathrin 

mediated endocytosis depending in a cell type specific manner (74–76). 

Macropinocytosis occurs constitutively in macrophages, dendritic cells and many 

cancer cells, and can be induced by growth factors in other cells (reviewed in 

(77), (78–81)). Macropinocytosis is initiated by actin polymerization and 

membrane ruffling to form the macropinosome, and PI3K signaling is involved in 

macropinosome formation (77, 81–84). EBOV and EBOV VLP can activate the 

PI3K/Akt signaling pathway and induce macropinocytosis (76, 85–87). 

Furthermore, the activation of PI3K/Akt by EBOV or EBOV VLP was shown to be 

dependent on the receptor tyrosine kinases (86, 87). Among them, HER2 (human 

epidermal growth factor receptor 2) can interact with EBOV attachment factors, 

the TAM proteins, while the TAM proteins are dispensable for the activation of 

Akt1 by EBOV (86).  

The internalized EBOV particles are further delivered to the NPC1-positive late 

endosome-lysosome/endolysosome compartment through the endocytic 

pathway (75, 88–90). The delivery of EBOV particles to NPC1+ compartments 

requires PIKfyve kinase, HOPS (homotypic fusion and protein sorting) complex 

and UVRAG (UV radiation resistance-associated gene), which are involved in 

endosome maturation process (91, 92). In addition, TPCs (two-pore channels), 

regulating endosomal trafficking, was found to be involved in EBOV trafficking 

(93). In the endosomes and lysosomes, viral surface GP is cleaved by cysteine 

proteases cathepsin B/L and exposes the receptor binding domain (94–96). The 

cleaved GP subsequently interacts with its receptor NPC1, which promotes viral-

host membrane fusion and nucleocapsid release into the cytoplasm (97–99). 

Additionally, cathepsins and cholesterol-GP interaction were demonstrated to be 

involved in the fusion (90, 100).  
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Fig. 3 Schematic representation of EBOV replication cycle. (Adapted from (101), and created 

with BioRender) 

1.2.2 Replication and transcription 

In the cytoplasm, the primary transcription is initiated with the nucleocapsid 

protein NP, L, VP35 and VP30, and dynamic phosphorylation of VP30 was shown 

to play an essential role in this process (47, 102–104). Newly synthesized NP, 

VP35, VP30 and L can form the punctate viral inclusion bodies (IBs) in cytoplasm, 

where viral genome replication and transcription occur (105, 106). NP, VP35 and 

L are sufficient to support EBOV minigenome replication (103). NP, VP35 and L 

are also involved in viral transcription, and additionally VP30 is required for 

transcription initiation and reinitiation (103, 107, 108). VP40 and VP24 also 

localize to the inclusion bodies and were shown to inhibit viral genome replication 

and transcription (45, 109–111). The inclusion bodies are liquid organelles and 

show dynamic features in size and localization during infection (105, 112). The 

sole expression of NP is sufficient to form the punctate IB distribution in the 

cytoplasm, and the oligomerization of NP plays an essential role in IB formation 
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(112, 113). EBOV transcription is thought to occur in a stop-start manner from 3´ 

to 5´ and generates monocistronic mRNAs for each gene, resulting in gradient 

amounts of mRNA synthesized from 3´to 5´ (46, 47, 114, 115). The viral mRNAs 

are 5’ capped and have a polyA tail at 3’ end (107, 114). Within the inclusion 

bodies,  RNA polymerase L can interact with both VP35 and VP30, which are 

also interaction partners of NP (113, 116–119). In addition to NP, L, VP35 and 

VP30 form homo-oligomers as well, and homo-oligomerization of NP and VP30 

were shown to play essential roles in viral replication and transcription (116, 118, 

120–124). 

The transition between EBOV genome replication and transcription is regulated 

by VP30 phosphorylation, which negatively regulates viral transcription and is in 

favor of genome replication (125, 126).  Phosphorylation of VP30 inhibits its 

interaction with the genome RNA and VP35, and enhances its interaction with NP 

(126, 127). The RNA binding capacity of VP30 is strongly correlated with the viral 

transcription activation (127). VP30 is phosphorylated by the host kinase SRPK1 

(Serine-Arginine Protein Kinase 1) and dephosphorylated by B56-PP2A 

phosphatase recruited by NP (128, 129). There are other host proteins involved 

in viral genome replication and transcription. TOP1 (DNA Topoisomerase 1), 

STAU 1 (Staufen1), SMYD3 (SET and MYND domain-containing protein 3), CAD 

(carbamoyl-phosphate synthetase 2, aspartate transcarbamylase, and 

dihydroorotase), AKIP1 (A kinase interacting protein 1) and CREB1 (cAMP-

responsive element-binding protein 1) were found to localize to the IBs and 

facilitate viral genome replication and transcription (reviewed in(130), (131–135). 

Host proteins also negatively regulate EBOV replication. Host ubiquitin ligase 

RBBP6 and NP competitively interact with VP30, and overexpression of RBBP6 

was shown to inhibit viral replication and transcription (136). NXF1 (nuclear RNA 

export factor 1) was identified in the IBs and suggested to be involved in export 

of the viral mRNA for translation (137, 138). Viral infections can induce translation 

arrest and stress granules formation (139). In EBOV infected cells, stress granule 

proteins (eIF4G, eIF3, and PABP) are sequestered within the IBs leading to 

inefficient stress granules induction (140). Moreover, interferon induction and 

response are also counteracted by EBOV VP35 and VP24 (141–147). 
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1.2.3 Assembly and release 

The nucleocapsids are assembled in the IBs and transported to the cell periphery 

in an actin dependent manner (101, 148). There, the incorporation of 

nucleocapsid into filopodia, the budding sites at the plasma membrane, is 

facilitated by VP40 (149). Transport and assembly of VP40 involve several host 

proteins and lipids (reviewed in (150, 151)). The intracellular transport of VP40 to 

the plasma membrane depends on COPII (coat protein complex II) transport 

system, and VP40 was identified to interact with COPII coat protein Sec24C 

(152). The association of VP40 with the plasma membrane leads to VP40 

oligomerization, which is dependent on the presence of PtdSer and PI(4,5)P2 

(54, 151, 153–155). Besides, membrane binding of VP40 leads to PtdSer 

clustering and exposure on the outer leaflet of the plasma membrane (154, 156). 

PtdSer appears on the viral particle surface, which additionally involves Xkr8 (XK-

related protein 8) recruited by GP for externalization of PtdSer (157). GP is 

glycosylated with oligomannosidic N-glycans in the ER (preGPer) and the glycans 

further mature in the Golgi apparatus (preGP) (158). The fully glycosylated GP is 

cleaved by furin into two disulfide-linked subunits, GP1 and GP2 (GP1,2) (158, 

159). The GP heterodimers can oligomerize to trimers and incorporate into viral 

particles (160). VP40 alone is able to induce the filamentous virus like particles 

(VLPs) formation, which can be enhanced by GP and NP (56, 161, 162). 

Moreover, VP40 mediated budding and release of viral particles involve a set of 

host proteins, including actin regulatory proteins (IQGAP1, Angiomotin and 

CAPG), ubiquitin ligases (Nedd4, ITCH, WWP1 and SMURF2) and ESCRT 

(endosomal sorting complexes required for transport) associated proteins 

(TSG101, vps4 and ALIX) (reviewed in (163), (164–173)).  

1.3 EBOV GP and VP40 

1.3.1 GP 

EBOV full-length GP is a type 1 transmembrane protein (676 aa, ZEBOV 

Mayinga-76) containing a signal peptide (1-32 aa) at the N terminus, which plays 

a role in GP glycosylation and is cleaved in mature GP (160, 174). The remaining 

region (33-676 aa) is consisted of the extracellular GP1 subunit (33-501 aa) and 

the transmembrane GP2 subunit (502-676 aa) (158). The GP1 subunit is required 
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for viral receptor binding and contains the receptor binding domain (RBD, 54-201 

aa),  the glycan cap (227-310 aa) and the mucin-like domain (313-501 aa) (175–

177). The GP2 subunit, including the fusion peptide (FP, 524-539 aa) and the 

transmembrane domain (TMD, 650-672 aa), is indispensable for viral-host 

membrane fusion (41, 160, 178, 179). Additionally, the GP2 subunit contains a 

TACE (tumor necrosis factor α-converting enzyme) shedding site at D637, which 

results in the release of the GP ectodomain (33-637) from the cell surface (180). 

EBOV GP is also released in a membrane-bound manner with microvesicles 

(181, 182).  

Apart from the role in viral entry, EBOV GP plays roles in EBOV pathogenicity 

and immune evasion. Expression of GP leads to cell rounding and detachment, 

which involves the downregulation of cell surface adhesion molecule integrins 

(183–185). The downregulation of αV integrin by GP engages dynamin-

dependent trafficking and Erk signaling, while the downregulation of β1 integrin 

is due to steric shielding by GP glycans (185–187). Similarly, MHC class I on the 

cell surface is masked by GP glycans and CD8 T cell recognition is impeded 

(187). The ligands of NK cell activation receptor NKG2D and NKp30 are also 

shielded by the GP ectodomain (SUDV), resulting in impaired NK cell function 

(188). In addition, EBOV GP is an antagonist of tetherin, an interferon induced 

antiviral protein known to restrict viruses release (189). EBOV GP can interact 

with tetherin through the GP2 subunit and interfere with the interaction between 

tetherin and VP40 (190, 191). Additionally, intact RBD is required for EBOV GP 

to antagonize tetherin (192). Gustin et al. demonstrated GP mucin domain masks 

tetherin on the cell surface while is dispensable for tetherin antagonization (191). 

Other studies indicate GP has no effect on tetherin surface expression or slightly 

downregulates it (190, 193). This discrepancy could result from the different 

epitopes recognized by the tetherin antibodies. Moreover, GP and VP40, together 

with tetherin, can activate NF-κB signaling (194). GP containing microvesicles 

and shed GP are also known to modulate immune responses (182, 195). 

The functional involvement of various GP amino acids has been studied with GP 

mutants. Mutations in the RBD of GP, F88A, L111A as well as L122A but not 
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W104A, fail to mediate efficient viral entry and tetherin antagonization (196, 197, 

192).  Mutations in GP FP, 531A, 532A, 533A, 535A, 536A and 537A but not 

528A, show reduced infectivity (179, 196). Mutations in TMD of GP, 670A672A, 

are deficient in palmitoylation and localizing to lipid rafts while having no effect on 

infectivity (159, 196, 198, 199).   

 

Fig. 4 Schematic representation of EBOV GP domains. 

1.3.2 VP40 

The EBOV matrix protein VP40 is a membrane and RNA binding protein (326 aa, 

Mayinga-76) and can oligomerize to dimers, hexamers and octamers (54, 200, 

201). VP40 forms dimers in solution and is oligomerized to hexamers when 

associated with the membrane, which is a key step in virus assembly (153, 200). 

VP40 octamers, with binding RNA capacity, are essential in the EBOV viral life 

cycle but not VLP formation (201, 202). Structure studies indicate that VP40 

contains two domains, the N terminal domain (44-194 aa) and the C terminal 

domain (201-321 aa), connected by a flexible loop (195-200 aa) (200, 203). The 

N terminal disordered region (1-43 aa) contains the late domain (L domain) 

comprised of PTAP/PSAP (7-10 aa), PPXY (10-13 aa) and YPX(n)L/I (18-26 aa) 

motifs, which is engaged in recruiting TSG101, ALIX and WW domain containing 

ubiquitin ligases (Nedd4, ITCH, WWP1 and SMURF2) for budding (163, 165–

169, 171, 203). Ubiquitin ligases (Nedd4, ITCH and WWP1) were shown to 

ubiquitinate VP40 while they have no effect on VP40 stability (166, 167, 204). L 

domain also recruits WW domain containing proteins (BAG3 and WWOX) 

negatively regulating virus budding (163, 205–208).  Residues essential for 

dimerization (112T and 117L) and RNA binding (125F and 134R) locate within 

the N terminal domain (163, 200, 202). Residues required for dimers 

oligomerization (95W, 160E, 241M and 307I) are distributed in both N- and C- 

terminal domains (163, 200, 209). Multiple residues identified in the C terminal 

domain are essential for VP40 plasma membrane localization (163). Bornholdt et 
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al. and Vecchio et al. demonstrate a basic patch of VP40 (essentially 224KK225 

and 274KK275) is important for membrane interaction (163, 200, 210).  Residues 

(303L, 306V and 307I) interacting with Sec24C for VP40 intracellular transport 

are expectedly required for plasma membrane localization (152). Additionally, 

mutation or deletion of residues (212KLR214, 309QDCDTCHSP317, 283P and 

286P) mainly forming high-molecular-weight oligomers is correlated with 

impaired membrane localization or association (163, 211, 212). P53 and several 

hydrophobic residues, I293, L295 and V298, are also important for VP40 

localization to the plasma membrane (163, 213, 214). At the C terminal 

disordered region (322-326 aa), SUMOylation was identified at residue 326 and 

shown to improve VP40 stability (203, 215).  Apart from incorporation into VLPs, 

VP40 is released into exosomes, which induce apoptosis in the recipient immune 

cells (216, 217). VP40 was also shown to regulate extracellular vesicle formation 

and cell cycle (217). 

 

Fig. 5 Schematic representation of EBOV VP40 domains. 

1.4 Tetraspanins CD81, CD63 and CD9 

CD81, CD63 and CD9 belong to the tetraspanin (TSP) superfamily with 33 

members in humans, which are four-transmembrane proteins with a small and a 

large extracellular loop (218, 219). The crystal structures of CD81 and CD9 have 

been revealed and shown to be similar (220, 221). Tetraspanins were also 

identified in other organisms, such as zebrafish (Danio rerio, dr), fruit fly 

(Drosophila melanogaster, dm), nematode (C. elegans, ce) and clawed frogs 

(Xenopus tropicalis, xt) (219). CD81, CD63 and CD9 are ubiquitously expressed 

in a wide range of cell types and known to form tetraspanin enriched microdomain 

(TEM) with various host proteins (218, 222). CD81, CD63 and CD9 were found 

to associate with each other in melanoma cell lines (223). The tetraspanins are 
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involved in multiple cellular processes and have common and distinct roles in 

these processes.  

1.4.1 CD81 

CD81 (TAPA-1) was initially identified as the target of an antiproliferative antibody 

(5A6) and further observed to engage in cell fusion, adhesion, motility/migration 

and T cell as well as B cell activation (224–237). Involved in these processes, 

CD81 has numerous interaction partners associated with various signaling 

pathways. CD81 was shown to associate with transmembrane integrins 

(αvβ1/VLA-5, αvβ5, α4β1/VLA-4, α6Aβ1 and α3β1), FGFR (fibroblast growth 

factor receptor) and JAM-A (junctional adhesion molecule A) regulating cell 

proliferation, motility, adhesion and integrin dependent particle binding (229, 

238–245). Apart from integrins, CD81 interacts with small GTPase Rac and 

modulates its activation to regulate cell motility/migration (232).  

Ig superfamily proteins EWI-2 and EWI-F/FPRP were identified to be the major 

partners of CD81 and CD9. (246, 247). Accordingly, CD81 was shown to regulate 

EWI-2 maturation and surface expression (248). EWI-2 and -F were found in 

complexes containing CD81 and other CD81 associated proteins. EWI-2 is linked 

to integrin α3β1 by CD81 and CD9 and can modulate cell migration (248). EWI-

2 also associates with integrin α4β1 and promotes CD81-α4β1 complex formation 

(249). Moreover, EWI-2/F and CD81 interact with actin binding ezrin-radixin-

moesin (ERM) proteins, and EWI-2 was shown to regulate ERM phosphorylation 

and cell motility (250). EWI-2 also plays a role in TGF-β signaling through 

modulating TGF-β receptor complex formation in a CD81 and CD9 dependent 

manner (251).  

Required for proper T cell activation, CD81 is associated with T cell coreceptor 

CD3, CD4 and CD8, and was shown to control the immune synapse maturation 

(236, 252). In B cells, CD81 was found to associate with B cell receptor CD19 

and is required for CD19 surface expression regulating B cell activation (237, 

253–255).  Likewise, CD81 was shown to increase αvβ5 surface expression 

(241). In addition to improving protein surface expression, CD81 promotes 

associated protein (TfR2) degradation (256). Moreover, CD81 can induce protein 
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(MT1-MMP) expression on a transcriptional level through the Akt signaling 

pathway (233). Last, CD81 is present in extracellular microvesicles and 

exosomes (257, 182, 258). Alix and ESCRT-III are involved in recruiting CD81, 

as well as CD63 and CD9, to exosomes, and a set of CD81 interaction partners 

are sorted into exosomes by CD81 (259, 260). 

CD81 is involved in the life cycle of several viruses. CD81 is well-known as a 

coreceptor of HCV for entry (261, 262). HCMV entry into host cells also involves 

CD81 and two other tetraspanins, CD9 and CD151 (263). Additionally, CD81 is 

required for influenza virus entry and budding (264) and engaged in different 

steps of the HIV-1 life cycle. CD81 and CD9 were shown to restrict HIV-1 entry 

and Env mediated syncytia formation, and CD81 additionally was shown to  inhibit 

HIV-1 transmission through cell to cell fusion (265, 266). On the other hand, CD81 

supports HIV-1 reverse transcription (267). Last, HIV-1 is assembled at the 

tetraspanin enriched domains containing CD81, CD63, CD9, CD82 and CD53, 

and the infectivity of HIV-1 is negatively regulated by CD81 (268–271). In 

addition, CD81 is required for HSV-1 and CHIKV genome replication (272, 273).  

1.4.2 CD63 

CD63, also known as platelet activation marker (Pltgp40) and stage specific 

melanoma-associated antigen (ME491), is involved in cell fusion, proliferation, 

adhesion and migration (274, 227, 275, 276). CD63 is a receptor of tissue 

inhibitor of metalloproteinases 1 (TIMP-1), which can activate the 

PI3K/Akt/CycD1 signaling pathway to promote cell proliferation in a CD63 

dependent manner (275, 277). CD63 is also required for TIMP-1 induced cell 

adhesion and migration through the β1 integrin signaling (276). Besides, CD63 is 

involved in VEGFR2 (vascular endothelial growth factor receptor 2) signaling by 

forming complex with β1 integrin and VEGFR2 (278). CD63 was described as a 

host factor for several viruses. HPV and Lujo virus involve CD63 in viral entry into 

host cells (279, 280). CD63 also supports HSV-2 infection (281). CD63 plays a 

positive role in early and late step of HIV-1 infection, and is involved in viral 

synapse formation for cell to cell spread (282–284). Moreover, CD63 is engaged 

in HBV assembly to produce infectious HBV particles (285).   
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1.4.3 CD9 

CD9 (motility-related protein, MRP-1), known to be a key player in egg-sperm 

fusion, is also a regulator of cell adhesion, migration, proliferation and T cell 

activation (231, 242, 286–292). CD9 negatively regulates integrin α5β1 mediated 

cell adhesion by enhancing α5β1-ADAM17 (TACE) interaction (288). Besides, 

CD9 interacts with ADAM17 and inhibits shedding activity of ADAM17, which 

attributes to a negative role of CD9 in keratinocyte migration (289). CD9 also 

regulates E-cadherin/PI3K/Akt signaling and metalloproteinase MMP9 

expression via JNK signaling to modulate keratinocyte motility/migration (290, 

291). By modulating ADAM17 shedding activity and Erk signaling, CD9 plays a 

role in HPV16 entry (293). Moreover, CD9 is essential for MERS-CoV entry by 

scaffolding host receptor DPP4 and protease TMPRSS2 (294). CD9 was also 

found to support HHV-6A/6B CD46 dependent infection at early stage (295). 

1.5 Aims 

EBOV is highly pathogenic to humans. To date, highly efficacious vaccine against 

EBOV has been developed and approved, while treatment licensed for EBOV 

infection only reduced the case fatality rate to around 30% (36, 39). Numerous 

host proteins have been identified to be involved in the EBOV life cycle, which 

are potential targets for antiviral treatment development. Host plasma membrane 

is the attachment and release site of EBOV and contains various signaling 

molecules potentially involved in the EBOV life cycle (296). EBOV GP, the only 

membrane protein, is responsible for viral entry and also known to regulate 

membrane receptors involved in immune evasion. Our group decided to 

comprehensively study how EBOV GP modulates host cell plasma membrane 

receptors and to characterize the role of the modulated receptors in the EBOV 

life cycle. Julia Nehls, a former PhD student in the lab, analyzed the effect of 

EBOV GP on 332 plasma membrane receptors expression via a flow-cytometry 

based screen.  

The first goal of this project was to validate the identified modulations from the 

screen. The modulation of 21 receptors of interest was analyzed in EBOV GP 

expressing cells, and three receptors CD81, CD63 and CD9 from the same 
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protein family, tetraspanin superfamily, downregulated by EBOV GP were 

selected for further investigations. The capability of GP from other filoviruses, 

EBOV GP subunits and mutants to modulate the TSPs was evaluated as well to 

determine whether the modulation is conserved among the filoviruses and the 

GP domains involved in the modulation. The second goal was to study whether 

the TSPs play a role in EBOV life cycle. EBOV entry, replication and release were 

investigated in the tetraspanin KO cells with EBOV transcription and replication 

competent VLP (trVLP) assay. CD81, shown to be involved in EBOV trVLP 

infection and replication, was further characterized in which stage it plays a role. 

The third goal was to study CD81 downregulation mechanism by EBOV. Whether 

other EBOV proteins modulate CD81 expression was determined and the effect 

of proteasomal and lysosomal protein degradation inhibitor on CD81 

downregulation was analyzed. Furthermore, whether CD81 interacts with the 

EBOV proteins involved in the downregulation was investigated. Last, the effect 

of a CD81 antibody on trVLP infection was determined to characterize the 

potential of CD81 to serve as a druggable target for the treatment of EBOV 

infection. 

  



 
 Materials and methods  

15 

 

2. Materials and methods 

2.1 Materials 

2.1.1 Cells 

Table 1 Mammalian cell lines 

Name Description Source 

293T Human embryonic kidney 293 cells containing SV40 T 

antigen 

AG Schindler 

293T control 293T cells stably expressing Cas9  AG Schindler 

293T CD81 KO 293T cells stably expressing Cas9 and gRNA  

targeting CD81 (5’-CATCGGCATTGCTGCCATCG-3’)  

This project 

293T CD81 KO 

(sorted) 

Sorted 293T CD81 KO cells via FACS This project 

293T CD63 KO 293T cells stably expressing Cas9 and gRNA targeting 

CD63 (5’-GAGGTGGCCGCAGCCATTGC-3’)  

AG Schindler 

293T CD9 KO 293T cells stably expressing Cas9 and gRNA targeting 

CD9 (5’-GCCCTCACCATGCCGGTCAA-3’) 

AG Schindler 

Huh7.5 Human hepatoma cell line AG Schindler 

Huh7.5 control Huh7.5 cells stably expressing Cas9 AG Schindler 

Huh7.5 CD81 KO Huh7.5 cells stably expressing Cas9 and gRNA  

targeting CD81 (5’-CATCGGCATTGCTGCCATCG-3’) 

AG Schindler 

Huh7.5 CD63 KO Huh7.5 cells stably expressing Cas9 and gRNA 

targeting CD63 (5’-GAGGTGGCCGCAGCCATTGC-3’) 

AG Schindler 

Huh7.5 CD9 KO Huh7.5 cells stably expressing Cas9 and gRNA 

targeting CD9 (5’-GCCCTCACCATGCCGGTCAA-3’) 

AG Schindler 

Hela Human cervical adenocarcinoma cell line AG Schindler 

Hela control Hela cells stably expressing Cas9 This project 

Hela CD81 KO Hela cells stably expressing Cas9 and gRNA  

targeting CD81 (5’-CATCGGCATTGCTGCCATCG-3’) 

This project 

Hela CD63 KO Hela cells stably expressing Cas9 and gRNA targeting 

CD63 (5’-GAGGTGGCCGCAGCCATTGC-3’) 

This project 

Hela CD9 KO Hela cells stably expressing Cas9 and gRNA targeting 

CD9 (5’-GCCCTCACCATGCCGGTCAA-3’) 

This project 
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2.1.2 Plasmids and primers 

Table 2 pCG-IRES-GFP plasmids. The plasmids express GFP only or co-express GFP and viral 

protein via the internal ribosome entry site (IRES). 

Name Protein Source 

pCG-NL43nef 3*-IRES-eGFP GFP only (297) 

pCG-GPwt-IRES-GFP EBOV GP and GFP  (182) 

pCG-IRES-EGFP SEBOV-GP SUDV GP and GFP  S. Pöhlmann 

pCG-IRES-EGFP REBOV-GP RESTV GP and GFP  S. Pöhlmann 

pCG-IRES-EGFP CIEBOV-GP TAFV GP and GFP  S. Pöhlmann 

pCG-IRES-EGFP MARV-GP MARV GP and GFP  S. Pöhlmann 

pCG-IRES-EGFP Lassa-GP LASV GP and GFP  S. Pöhlmann 

pCG-IRES-EGFP NL4-3 Env HIV-1 Env and GFP  S. Pöhlmann 

pCG-ZEBOV_GP1 -IRES-GFP EBOV GP1 and GFP  AG Schindler 

pCG-ZEBOV_GP2 -IRES-GFP EBOV GP2 and GFP  AG Schindler 

pCG-IRES-EGFP SEBOV-GP1  SUDV GP1 and GFP  S. Pöhlmann 

pCG-IRES-EGFP SEBOV-GP2 SUDV GP2 and GFP  S. Pöhlmann 

pCG-GP F88A-IRES-GFP EBOV GP F88A and GFP (182) 

pCG-GP W104A-IRES-GFP EBOV GP W104A and GFP (182) 

pCG-GP L111A-IRES-GFP EBOV GP L111A and GFP (182) 

pCG-GP L122A-IRES-GFP EBOV GP L122A and GFP (182) 

pCG ZEBOV GP 526I 528A-

IRES-EGFP 

EBOV GP 526I 528A and GFP S. Pöhlmann 

pCG ZEBOV GP 531A 532A 

533A-IRES-EGFP 

EBOV GP 531A 532A 533A and GFP S. Pöhlmann 

pCG ZEBOV GP 535A 536A 

537A-IRES-EGFP 

EBOV GP 535A 536A 537A and GFP S. Pöhlmann 

pCG ZEBOV GP 655A 656A-

IRES-EGFP 

EBOV GP 655A 656A and GFP S. Pöhlmann 

pCG ZEBOV GP 666A 667I 

668A-IRES-EGFP 

EBOV GP 666A 667I 668A and GFP S. Pöhlmann 

pCG ZEBOV GP 670A 672I-

IRES-EGFP 

EBOV GP 670A 672I and GFP S. Pöhlmann 

pCG-GP LxxxL-IRES-GFP EBOV GP LxxxL and GFP (182) 

pCG-IRES-GFP ZLZ GP EBOV GP replaced with LASV TMD 

and GFP 

(182) 

pCG-IRES-GFP GP losh mut EBOV GP low shedding mutant AG Schindler 

pCG-IRES-GFP GP hish mut EBOV GP high shedding mutant AG Schindler 

pCG-IRES-GFP GPwt 2014 EBOV GP circulated in 2014 and GFP AG Schindler 
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pCG-IRES-GFP GP V82A 2014 EBOV GP V82A circulated in 2014 and 

GFP 

AG Schindler 

pCG-L-IRES-GFP EBOV L and GFP This project 

pCG-NP-IRES-GFP EBOV NP and GFP This project 

pCG-VP35-IRES-GFP EBOV VP35 and GFP This project 

pCG-VP30-IRES-GFP EBOV VP30 and GFP This project 

pCG-VP40-IRES-GFP EBOV VP40 and GFP This project 

pCG-VP24-IRES-GFP EBOV VP24 and GFP This project 

Table 3 Plasmids for EBOV trVLP assay 

Name Feature Source 

pCAGGS-NP-v1.1 EBOV NP T. Hoenen 

pCAGGS-VP35-v1.1 EBOV VP35 T. Hoenen 

pCAGGS-VP30-v1.1 EBOV VP30 T. Hoenen 

pCAGGS-L-v1.1 EBOV L T. Hoenen 

pCAGGS-T7opt T7 RNA polymerase T. Hoenen 

pT7.1-4cis-vRNA-EBOV GP-

nLuc 

EBOV 4-cistonic minigenome T. Hoenen 

pT7.1-4cis-vRNA-dGP-nluc EBOV GP deficient ‘tricistronic’ minigenome  T. Hoenen 

pPol II-4cis-vRNA-EBOV GP-

GFP 

EBOV 4-cistonic minigenome T. Hoenen 

pPol II-4cis-vRNA-dGP-GFP EBOV GP deficient ‘tricistronic’ minigenome  This project 

pCAGGS-Tim1-v1.2 Tim1 T. Hoenen 

pCAGGS-MCS - S. Pöhlmann 

pCAGGS ZEBOV GP wt EBOV GP S. Pöhlmann 

pVSV-G VSV G (297) 

pWPI GFP (298) 

pWPI_BLR - (299) 

pWPI-hCD81-HAHA-BLR CD81-HA (299) 

pCAGGS-luc2 Firefly luciferase T. Hoenen 

mCherry-C1 mCherry J. Schmid 

pmtagBFP-C1 BFP AG Schindler 

 

Table 4 Plasmids for lentivirus pseudotypes production 

Name Feature Source 

pMD2G VSV G Addgene #12259 

psPAX2 Lentiviral packaging plasmid Addgene #12260 

lentiCRISPRv2 Lentiviral CRISPR/Cas9 expression 

plasmid 

Addgene #52961 
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lentiCRISPRv2-CD81.2 Lentiviral CRISPR/Cas9 expression 

plasmid targeting CD81  

(5’- CATCGGCATTGCTGCCATCG-3’) 

AG Schindler 

lentiCRISPRv2-CD63_oligo3 Lentiviral CRISPR/Cas9 expression 

plasmid targeting CD63 

(5’- GAGGTGGCCGCAGCCATTGC-3’) 

AG Schindler 

lentiCRISPRv2-CD9_oligo1 Lentiviral CRISPR/Cas9 expression 

plasmid targeting CD9 

(5’- GCCCTCACCATGCCGGTCAA-3’) 

AG Schinlder 

pSIV-vpr-vpx+ Packaging plasmid to produce Vpx-VLP T. Gramberg 

pWPXLd Lentiviral plasmid expressing GFP Addgene # 12258 

 

Table 5 Plasmids for Kusabira-green (KG) based BiFC assay.  

Name Protein (N=KGN, C=KGC) Source 

phmKGN-MC N MBL life science 

phmKGN-MN N MBL life science 

phmKGC-MN C MBL life science 

pKGN_MC_NP N-EBOV NP This project 

pKGN_MN_NP EBOV NP-N This project 

pKGC_MN_NP EBOV NP-C This project 

pKGN_MC_VP35 N-EBOV VP35 This project 

pKGN_MN_VP35 EBOV VP35-N This project 

pKGC_MN_VP35 EBOV VP35-C This project 

pKGN_MN_GP EBOV GP-N This project 

pKGC_MN_GP EBOV GP-C This project 

pKGN_MC_VP40 N-EBOV VP40 This project 

pKGN_MN_VP40 EBOV VP40-N This project 

pKGC_MN_VP40 EBOV VP40-C This project 

pKGN_MC_CD81 N-CD81 This project 

pKGN_MN_CD81 CD81-N This project 

pKGC_MN_CD81 CD81-C This project 

 

Table 6 Primers for cloning PCR.  

Name Sequence (5’-3’) 

XbaI-EBOV L fw gta TCTAGA ATGGCTACACAACATACC 

EBOV L (XbaI*) rv CCATGTTGA cCTtGA GTTTCCT 

EBOV L (XbaI*) fw AGGAAAC TCaAGg TCAACATGG 

MluI-EBOV L rv cct ACGCGT CTAATCAAACCTGTAGAG 
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XbaI-EBOV NP fw gta TCTAGA ATGGATTCTCGTCCTCAG 

EBOV NP (XbaI*) rv GTCCTCG TCaAGg TCGAATAGG 

EBOV NP (XbaI*) fw CCTATTCGA cCTtGA CGAGGAC 

MluI-EBOV NP rv cct ACGCGT CTACTGATGATGTTGCAG 

XbaI-EBOV VP35 fw gta TCTAGA ATGACAACTAGAACAAAG 

MluI-EBOV VP35 rv cct ACGCGT CTAAATTTTGAGTCCAAG 

XbaI-EBOV VP30 fw gta TCTAGA ATGGAAGCTTCATATGAG 

MluI-EBOV VP30 rv cct ACGCGT CTAAGGGGTACCCTCATC 

XbaI-EBOV VP40 fw gta TCTAGA ATGAGGCGGGTTATATTG 

MluI-EBOV VP40 rv cct ACGCGT TTACTTCTCAATCACAGC 

XbaI-EBOV VP24 fw gta TCTAGA ATGGCTAAAGCTACGGGA 

MluI-EBOV VP24 rv cct ACGCGT TTAGATAGCAAGAGAGCT 

BamHI-EBOV NP fw gta GGATCC ATGGATTCTCGTCCTCAGAAAATC 

NotI-stop-EBOV NP rv cct GCGGCCGC CTACTGATGATGTTGCAGGAT 

NotI-EBOV NP rv cct GCGGCCGC CTGATGATGTTGCAGGATTGC 

BamHI-EBOV VP35 fw gta GGATCC ATGACAACTAGAACAAAGGGC 

NotI-stop-EBOV VP35 rv cct GCGGCCGC CTAAATTTTGAGTCCAAGTGT 

NotI-EBOV VP35 rv cct GCGGCCGC AATTTTGAGTCCAAGTGTTTT 

BamHI-EBOV GP fw gta GGATCC ATGGGCGTTACAGGAATATTG 

NotI-EBOV GP rv cct GCGGCCGC AAAGACAAATTTGCATATACA 

BamHI-EBOV VP40 fw gta GGATCC ATGAGGCGGGTTATATTGCCT 

NotI-stop-EBOV VP40 rv cct GCGGCCGC TTACTTCTCAATCACAGCTGG 

NotI-EBOV VP40 rv cct GCGGCCGC CTTCTCAATCACAGCTGGAAG 

BamHI-CD81 fw gta GGATCC ATGGGAGTGGAGGGCTGC 

NotI-stop-CD81 rv cct GCGGCCGC TTATCAGTACACGGAGCT 

NotI-CD81 rv cct GCGGCCGC GTACACGGAGCTGTTCCG 

 

Table 7 Primers for sequencing 

Name Sequence (5’-3’) Reference 

pCG fw CCATAGAAGACACCGGGACC This project 

IRES rv CTCACATTGCCAAAAGACG AG Schindler 

EBOV L 704-721 fw ACGTCTTGATAATGTGCA This project 

EBOV L 1700-1717 fw CTTATCCGACTCGCAATG This project 

EBOV L 2657-2723 fw GACAGTTAACACTCGGC This project 

EBOV L 3514-3532 fw CATATTGTTAGTGCATGGC This project 

EBOV L 4430-4447 fw GCAATACAATTCTTCGGA This project 

EBOV L 5327-5344 fw CGTCATCCAATGAGTCAC This project 

EBOV GP 585-604 fw CTCACACCCCTTGAGAGAGC AG Schindler 
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KGN-MC fw GAGGAGAAGATCACCGCC This project 

MC rv GCTGCAATAAACAAGTTAACAACAAC This project 

MN fw CGCCCCATTGACGCAAAT MBL life science 

KGN-MN rv CTCATGCCCATTGACGGAG This project 

KGC-MN rv CCAGGATCTCCTTGGCGG This project 

 

Table 8 Primers for RT-qPCR 

Name Sequence (3’-5’) Reference 

vRNA primer ATTGAAGATTCAACAACCCTAAAG Transcription of vRNA (133) 

cRNA primer AATATGAGCCCAGACCTTTCG Transcription of cRNA (133) 

Oligo(dT)12-18 - Thermo Fisher 

hGAPDH fw TGCACCACCAACTGCTTAGC (300) 

hGAPDH rv GGCATGGACTGTGGTCATGAG (300) 

Fluc fw CAGTCGTCGTGCTGGAACAC (137) 

Fluc rv GTCCAACTTGCCGGTCAGTC (137) 

EBOV VP40 fw TCCCGGATCATCCCCTCAGGC (301) 

EBOV VP40 rv GCAGCAGGCAGTGGTTGGGT (301) 

 

Primers used in this project were synthesized by Metabion. 

2.1.3 Antibodies and kits 

Table 9 Antibodies. FC= Flow Cytometry, WB= Western Blot 

Name Usage Dilution Source 

PE anti-human CD357 Antibody FC 1/50 Biolegend, Cat. # 371203 

PE anti-human CD79b Antibody FC 1/50 Biolegend, Cat. # 341404 

PE anti-human HLA-A, B, C 

Antibody 

FC 1/50 Biolegend, Cat. # 311406 

PE anti-human CD59 Antibody FC 1/50 Biolegend, Cat. # 304707 

PE anti-human CD257 Antibody FC 1/50 Biolegend, Cat. # 366505 

PE anti-human CD9 Antibody FC 1/50, 

1/100 

Biolegend, Cat. # 312105 

PE anti-human CD276 Antibody FC 1/50 Biolegend, Cat. # 331605 

PE anti-human CD24 Antibody FC 1/50 Biolegend, Cat. # 311105 

PE anti-human CD81 Antibody 

(5A6) 

FC 1/50, 

1/100 

Biolegend, Cat. # 349506 

CD277 Antibody, anti-human, PE FC 1/50 Miltenyi Biotec, Cat. # 130-

101-805 
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PE anti-human CD137L Antibody FC 1/50 Biolegend, Cat. # 311503 

PE anti-human CD201 Antibody FC 1/50 Biolegend, Cat. # 351903 

PE anti-human CD146 Antibody FC 1/50 Biolegend, Cat. # 342003 

PE anti-human CD63 Antibody FC 1/50, 

1/100 

Biolegend, Cat. # 353003 

PE anti-human CD338 Antibody FC 1/50 Biolegend, Cat. # 332007 

PE anti-human CD317 Antibody FC 1/50 Biolegend, Cat. # 348406 

PE anti-human CD116 Antibody FC 1/50 Biolegend, Cat. # 305908 

PE anti-human CD184 Antibody FC 1/50 Biolegend, Cat. # 306505 

PE anti-human CD49c Antibody FC 1/50 Biolegend, Cat. # 343803 

PE Mouse Anti-Human CD107a FC 1/25 BD Biosciences, 

Cat. # 555801 

CD55 (DAF) Antibody, anti-human FC 1/100 Miltenyi Biotec, Cat. # 130-

101-805 

PE Mouse IgG1, κ Isotype Ctrl 

Antibody 

FC 1/20 

(sorting) 

Biolegend, Cat. # 400113 

Mouse anti-EBOV VP40 mAb (3G5) WB 1/2000, 

1/4000 

IBT Bioservices, 

Cat. # 0201-016 

Rabbit anti-EBOV GP1 WB 1/2000 (182) 

CD81 Antibody (B-11) WB 1/200 Santa Cruz, Cat. # sc-166029  

α-Tubulin Polyclonal Antibody WB 1/1000 Thermo Fisher, Cat. # PA5-

29444 

Anti-GAPDH Antibody WB 1/1000 Biolegend, Cat. # 607902 

IRDye 680RD Goat-anti-Mouse IgG WB 1/15000 LI-COR, Cat. # 926-68070 

IRDye 800CW Goat anti-Rabbit IgG WB 1/15000 LI-COR, Cat. # 926-32211 

IRDye 800CW Goat anti-Rat IgG WB 1/15000 LI-COR, Cat. # 926-32219 

Anti-human CD81 Antibody (5A6) Cell 

treatment 

5 µg/ml, 

1 µg/ml 

Biolegend, Cat. # 349502 

Mouse IgG1, κ Isotype Ctrl 

Antibody 

Cell 

treatment 

5 µg/ml, 

1 µg/ml 

Biolegend, Cat. # 400102 

 

Table 10 Kits 

Name Source 

NucleoSpin Gel and PCR cleanup Kit Macherey-Nagel 

GeneJET Plasmid Miniprep System Thermo Fisher 

PureYield Plasmid Midiprep System Promega 

RNeasy Mini Kit Qiagen 

QuantiTect Reverse Transcription kit Qiagen 
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Luna Universal qPCR Master Mix New England Biolabs 

Nano-Glo Luciferase Assay System Promega 

 

2.1.4 Buffers and reagents 

Table 11 Buffers 

Buffer Composition 

10× HBS 1.4 M NaCl, 250 mM HEPES, 14 mM Na2HPO4 in H2O 

2× HBS Dilute from 10× HBS, pH7.23 

FACS buffer 1% (v/v) FCS in PBS  

4% PFA 4% (w/v) PFA in PBS  

0.2% Saponin 0.2% (w/v) Saponin in PBS  

RIPA lysis buffer 140 mM NaCl, 10 mM Tris-HCl, 1 mM EDTA, 0.5 mM EGTA, 0.1% 

(w/v) Na-Deoxycholate, 0.1% (w/v) SDS, 1% (v/v) TritonX-100 in H2O, 

pH7.4 

5× Laemmli  250 mM Tris-HCl, 10% SDS, 10% 2-mercaptoethanol, 7.5% glycerol, 

0.05% bromophenol blue in H2O 

10% SDS 10% (w/v) SDS in H2O  

10% APS 10% (w/v) APS in H2O 

Separating gel 

(15%). 

4.6 ml H2O, 5 ml Tris (1.5 M, pH 8.8), 10 ml Acrylamide (30%), 200 μl 

SDS (10%), 200 μl APS (10%), 10 μl TEMED 

Separating gel 

(12%) 

6.69 ml H2O, 5 ml Tris (1.5 M, pH 8.8), 8 ml Acrylamide (30%), 200 μl 

SDS (10%), 200 μl APS (10%), 10 μl TEMED 

Stacking gel (5%) 3.02 ml H2O, 1.25 ml Tris-HCl (0.5 M, pH 6.8), 650 μl Acrylamide 

(30%), 50 μl SDS (10%), 50 μl APS (10%), 5 μl TEMED 

10× SDS-PAGE 

running buffer (1 L) 

30 g Tris base (250 mM), 144 g glycine (1.92 M), pH8.3, 10 g SDS 

(1%) in H2O 

1× SDS-PAGE 

running buffer 

100 ml 10× SDS-PAGE running buffer, 900 ml H2O 

10x Transfer buffer 

(1 L) 

250 mM Tris base (30.3 g), 1.92 M glycine (144.1 g) in H2O 

1x Transfer buffer  

(1 L) 

100 ml 10x transfer buffer, 700 ml H2O, 200 ml Methanol 

 

10x TBS (1 L) 78.8 g Tris-HCl (500 mM), 87.66 g NaCl (1.5 M), pH7.5 

1x TBS (1 L) 100 ml 10x TBS, 900 ml H2O 

1x TBS-T 0.1% (v/v) Tween 20 in 1x TBS 

Luciferase lysis 

buffer 

25 mM glycylglycine (pH 7.8), 15 mM MgSO4, 4 mM EGTA, 

10% (v/v) glycerol, 1% (v/v) Triton X-100, 1 mM DTT (before use) in 

H2O 
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Fluc assay buffer 0.1 M KH2PO4 /K2HPO4 pH 7.8, 15 mM MgSO4, 5 mM ATP in H2O 

50x D-Luciferin 50 mg D-Luciferin in 3.6 ml Fluc assay buffer 

Fluc substrate 

buffer 

1× D-Luciferin in Fluc assay buffer 

LB (1 L) 20 g LB-Medium (Lennox) in H2O 

LB agar (1 L) 20 g LB-Medium (Lennox), 20g agar in H2O 

P1 50 mM Tris-HCl, pH8.0, 10 mM EDTA, 100 μg/ml RNase A in H2O 

P2 200 mM NaOH, 1 % SDS in H2O 

P3 3 M Potassium acetate in H2O, pH 5.5 

50× TAE (1 L) 241 g Tris Base (2 M), 57.1 ml acetic acid, 50 mM EDTA in H2O 

1×TAE (1 L) 20 ml 50× TAE, 980 ml H2O 

 

Table 12 Reagents 

Name Source 

DMEM Thermo Fisher 

RPMI 1640 Thermo Fisher 

FCS Thermo Fisher 

Human AB serum Sigma-Aldrich 

Penicillin/streptomycin Life Technologies 

Non-Essential Amino Acids Life Technologies 

Sodium Pyruvate Life Technologies 

MEM vitamins Sigma-Aldrich 

Poly-L-lysine hydrobromide Sigma-Aldrich 

Puromycin Sigma-Aldrich 

PBS Thermo Fisher 

Trypsin Sigma-Aldrich 

Accutase Sigma-Aldrich 

DMSO Sigma-Aldrich 

Ficoll-Paque PLUS VWR 

PEI Polysciences 

jetPRIME Polyplus 

Opti-MEM Thermo Fisher 

DharmaFECT 4 Transfection Reagent Horizon Discovery Ltd. 

ON-TARGETplus Human CD81 siRNA - SMARTPool Horizon Discovery Ltd. 

ON-TARGETplus Non-targeting Control siRNA #2 Horizon Discovery Ltd. 

Protease Inhibitor Sigma-Aldrich 

PageRuler Prestained Protein Ladder Thermo Fisher 

Nonfat dried milk powder AppliChem 
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Q5 High-Fidelity DNA Polymerase New England Biolabs 

dNTPs Thermo Fisher 

Agarose Lonza 

Ethidium bromide VWR 

GeneRuler 1 kb Plus DNA Ladder Thermo Fisher 

Gel Loading Dye, Purple (6X) New England Biolabs 

FastDigest EcoRI Thermo Fisher 

FastDigest Eco81I Thermo Fisher 

FastDigest XbaI Thermo Fisher 

FastDigest MluI Thermo Fisher 

FastDigest BamHI Thermo Fisher 

FastDigest NotI Thermo Fisher 

FastAP Phosphatase Thermo Fisher 

T4 DNA Ligase Thermo Fisher 

RNase-Free DNase Set Qiagen 

MG132 AdipoGen Life Sciences 

Bafilomycin A1 AdipoGen Life Sciences 

PMA Sigma-Aldrich 

Dextran, Alexa Fluor 555; 10,000 MW Thermo Fisher 

CaCl2 Merck 

NaCl VWR 

HEPES 1 M Gibco 

Na2HPO4 Merck 

PFA Roth 

Saponin AppliChem 

Tris-HCl AppliChem 

EDTA Sigma-Aldrich 

EGTA Roth 

Na-Deoxycholate Sigma-Aldrich 

SDS Sigma-Aldrich 

TritonX-100 Sigma-Aldrich 

2-mercaptoethanol Sigma-Aldrich 

Glycerol AppliChem 

Bromophenol blue AppliChem 

APS Bio-Rad 

Tris base Sigma-Aldrich 

Acrylamide (30%) AppliChem 

TEMED Roth 
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glycine Sigma-Aldrich 

Methanol AppliChem 

Tween 20 AppliChem 

Glycylglycine  Roth 

MgSO4 Roth 

DTT AppliChem 

KH2PO4  Roth 

K2HPO4 Roth 

ATP AppliChem 

D-Luciferin PJK Biotech 

LB-Medium (Lennox) Roth 

RNase A Macherey-Nagel 

NaOH Merck 

Potassium acetate Roth 

Acetic acid Merck 

 

2.1.5 Equipment and software 

Table 13 Equipment 

Name Company Usage 

NanoDrop Thermo Fisher DNA, RNA concentration 

measurement 

MACSquant VYB Miltenyi Biotec Flow cytometry 

Mini-PROTEAN Tetra Handcast System Bio-Rad WB running gel 

Mini Trans-Blot Cell System Bio-Rad WB transfer 

Odyssey Fc Imaging System LI-COR WB imaging 

Cytation3 Cell Imaging Multi-Mode Reader BioTek Luciferase assay 

Incucyte S3 Live-Cell Analysis System Sartorius Live cell imaging 

LightCycler 480 System Roche qRT-PCR 

 

Table 14 Software 

Name Company Usage 

Serial Cloner Serial Basics Cloning design and sequence alignment 

FlowLogic Inivai Flow cytometry data analysis 

Image Studio LI-COR WB image quantification 

Incucyte Sartorius Microscopy image quantification 

Microsoft Office Microsoft Calculations and writing 

GraphPad Prism 9.4.1 GraphPad Statistics analysis and create graph 
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CorelDraw Corel Arrange and create figures 

BioRender BioRender Create Graphs 

Zotero Corporation for Digital 

Scholarship 

Citation and reference 

 

2.2 Methods 

2.2.1 Cell culture 

The cell lines were cultured with the medium listed in Table 15. 

Table 15 Cell culture medium 

Medium Cells 

DMEM + 10% FCS + 1% P/S 293T, Hela 

DMEM + 10% FCS + 1% P/S + 1 µg/ml puromycin 293T and Hela control, CD81 KO, 

CD63 KO and CD9 KO  

 DMEM + 10% FCS + 1% NEAA + 1% Sodium Pyruvate 

 + 1% P/S 

Huh7.5  

DMEM + 10% FCS + 1% NEAA + 1% Sodium Pyruvate  

+ 1% P/S + 1 µg/ml puromycin 

Huh7.5 control, CD81 KO, CD63 

KO and CD9 KO 

 

Cells maintenance 

The cells were cultured at 37 °C with 5% CO2 and 90% relative humidity, and 

passaged 2 to 3 times every week. To passage 293T cells, the cells were washed 

with PBS and suspended with fresh medium by tapping and pipetting, 1/5 to 1/10 

cells were transferred to new flask filled with fresh medium.  To passage Huh7.5 

and Hela cells, the cells were washed with PBS and added with trypsin to detach 

the cells. After 2-3 minutes incubation at 37 °C, fresh medium was added and the 

cells were suspended by pipetting, 1/6 to 1/10 cells were transferred to a new 

flask filled with fresh medium. For cell seeding, medium without puromycin was 

used. To seed 293T cells in 96-well plates, the plates were coated with 0.01 

mg/ml poly-L-lysine for 1 hour at 37°C and washed with PBS twice. 

 

Freezing and thawing cells 

To freeze the cells, the suspended cells were centrifuged at 300 g for 5 minutes, 

and the cells were resuspended with freezing medium (fresh medium+ 10% 

DMSO) and transferred to cryotubes. The tubes wrapped with tissue papers in 
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foam box were firstly freezed at -80 °C freezer and transferred to liquid nitrogen. 

To thaw the cells, the cryotubes were putted in 37 °C water bath. After thawing, 

the cells were immediately transferred to a flask filled with fresh medium for 

culture, and the medium was changed to fresh medium next day. Alternatively, 

the thawed cells were immediately transferred to a 15 ml tube filled with fresh 

medium and centrifuged at 300 g for 5 minutes to remove the DMSO. The cells 

were then suspended with fresh medium and transferred to a new flask for 

culture. 

 

Human primary macrophages preparation  

Human primary macrophages were prepared by Georgios Vavouras Syrigos, a 

PhD student in the group. Firstly, PBMC were isolated from the buffy coats of 

blood samples (Zentrum für Klinische Transfusionsmedizin, Tübingen) using 

Ficoll-Paque PLUS. The blood samples were mixed with the same volume of PBS 

and carefully top layered on 20 ml Ficoll-Paque in a 50 ml tube for centrifugation. 

The centrifugation was done at 2000 rpm (5810R) for 45 minutes at RT without 

deceleration. After centrifugation, the PBMC layer was took and transferred to a 

new tube filled with PBS, and the cells were centrifuged at 300 g for 5 minutes. 

The cells were washed with PBS for extra two times and suspended in 

macrophage medium (RPMI + 4% human AB serum + 1% NEAA + 1% Sodium 

Pyruvate + 1% P/S + 0.4% MEM vitamins). To differentiate into macrophages, 

15× 106 PBMC were transferred to petri dish in macrophage medium and cultured 

for 5 days, followed by wash with PBS and medium change. The cells were 

cultured for extra 2 days before use. 

 

2.2.2 Molecular cloning 

Polymerase chain reaction 

Polymerase chain reaction (PCR) was performed as the manufacture’s protocol 

of Q5 High-Fidelity DNA Polymerase to amplify the insert gene for cloning. The 

PCR products were analyzed by agarose gel (0.8% or 1% in 1× TAE buffer) 

electrophoresis (100 V, 30-45 min) and extracted from the gel with NucleoSpin 

Gel and PCR cleanup Kit.  
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Overlap extension PCR 

Overlap extension PCR was done to mutate the XbaI site within EBOV NP and L 

gene. The mutation of XbaI site did not change the protein sequence of EBOV 

NP and L. The overlap extension PCR was designed according to the established 

protocols (302, 303). As Fig. 6 shown, step1 PCR was done with the standard 

protocol of Q5 High-Fidelity DNA Polymerase to amplify the two fragments with 

mutated XbaI site (XbaI*). After agarose gel electrophoresis, the fragments were 

purified with the gel cleanup kit. The two fragments were used for step2 PCR 

(Table 16) to generate full-length NP and L with mutated XbaI site. The Step2 

PCR products were directly used as template for step3 PCR (Table 17, standard 

condition) to amplify the mutated full-length NP and L, the products were 

analyzed via agarose gel electrophoresis and purified with the gel cleanup kit.  

 

 

Fig. 6 Overlap extension PCR. Adapted from (302) and (303) and created with CorelDRAW. 

 

Table 16 Step2 PCR 

Reaction Condition 

Component Volume (µl) Step T (°C) Time 

5X Q5 Reaction Buffer 10 Initial denaturation 98 30 s 

10 mM dNTPs 2 9 cycles 98 15 s 

Q5 High-Fidelity DNA Polymerase 0.5 70 30 s/kb 

5X Q5 High GC Enhancer 10 5 cycles 98 15 s 

Fragment 1 (100 ng/kb) x 65 15 s 

Fragment 2 (100 ng/kb) y 72 30 s/kb 

Nuclease-Free Water 27.5-x-y Final extension 72 2 min 

Total 50 Hold 8  
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Table 17 Step3 PCR reaction.  

Component Volume (µl) 

5X Q5 Reaction Buffer 10 

10 mM dNTPs 2 

Q5 High-Fidelity DNA Polymerase 0.5 

5X Q5 High GC Enhancer 10 

Primer fw (2 µM) 1 

Primer rv (2 µM) 1 

Step2 PCR reaction 4 

Nuclease-Free Water 21.5 

Total 50 

 

Restriction enzyme digestion 

Plasmid vectors (around 2 µg) and purified PCR products were digested with 

FastDigest restriction enzymes to generate complementary overhangs for 

ligation. The enzyme digestion reaction was set up as the manufacture’s protocol 

and was incubated at 37 °C for 30 min to 1h. FastAP phosphatase was 

occasionally added in plasmid digestion reaction. The digested products were 

analyzed via agarose gel electrophoresis and purified with the gel cleanup kit. To 

generate pPol II-4cis-vRNA-dGP-GFP, pPol II-4cis-vRNA-EBOV GP-GFP and 

pT7.1-4cis-vRNA-dGP-nluc were digested with EcoRI and EcoR81I, and the 

backbone of pPol II-4cis-vRNA-EBOV GP-GFP and insert of pT7.1-4cis-vRNA-

dGP-nluc were cut from the gel and purified. The concentration of the purified 

DNA was measured by Nanodrop.  

 

Ligation 

Restriction enzyme digested plasmid vector (30 -100 ng) and insert DNA were 

ligated with T4 DNA ligase. The molar ratio between vector and insert was 1:3 to 

1:6. 1 µl T4 DNA ligase and 2 µl 10× T4 DNA ligase buffer were used for the 

ligation reaction with total volume of 20 µl. The ligation reaction mixture was 

incubated at RT for 15 to 30 min before transformation. 
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Transformation 

The E. coli competent cells NEB 10-beta (New England Biolabs) were thawed on 

ice. 20 to 50 µl of competent cells were added to 10 or 20 µl ligation reaction 

mixtures. After gentle mixing by tapping, the E. coli were incubated on ice for 30 

min, followed by a heat shock at 42 °C for 45 s. The E. coli were put back on ice 

for 3-5 min and added with 200 µl LB medium. The E. coli were then incubated 

at 37 °C for 1 h with shaking and plated on LB agar plate with 100 µg/ml Ampicillin. 

The plate was incubated at 37 °C o/n. 

 

Plasmid preparation 

Single colonies were picked and inoculated into 3 ml LB medium with 100 µg/ml 

ampicillin. After incubation at 37 °C with shaking o/n, the E. coli were pelleted via 

centrifugation at 3300 g for 10 min. The plasmid DNA was prepared using either 

GeneJET Plasmid Miniprep System or lab established miniprep method. The 

latter procedure is following. The E. coli were suspended with 250 µl P1 buffer 

and lysed with 250 µl P2 buffer. 350 µl P3 buffer was added for neutralization, 

followed by centrifugation at 14000 rpm for 10 min. 700 µl supernatant were 

transferred to a new tube and added with 700 µl isopropanol for precipitation of 

the plasmid DNA. After incubation on ice for 15 min, the plasmid DNA was 

pelleted by centrifugation at 14000 rpm for 30 min at 4 °C. The supernatant was 

removed and the pellet was washed twice with 500 µl 70% Ethanol. After airdry, 

the plasmid DNA was dissolved in 30 µl HPLC grade H2O. After confirmation by 

restriction enzyme digestion, the plasmids were prepared for sequencing by 

Eurofins. To prepare medium amount of plasmid, E. coli were inoculated in 50 ml 

LB medium with ampicillin or kanamycin. After incubation at 37 °C o/n, plasmids 

were prepared with PureYield Plasmid Midiprep System. 

 

2.2.3 Transfection 

 

Calcium Phosphate 

293T cells were seeded one day before transfection. In a 6-well plate format, 5 

µg plasmids and 13 µl 2 M CaCl2 were mixed with H2O in a total volume of 100 
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µl. The DNA mixture was dropwise added to 100 µl cold 2× HBS while vortexing. 

After vortexing for extra 10 s, the transfection mixture was incubated on ice for 

15 min and dropwise added to the cells. 6 hours later, the medium was changed 

to fresh medium. 

 

PEI 

PEI was used for 293T cells transfection. In a 12-well plate format, 1 µg plasmids 

were mixed with 50 µl Opti-MEM, and 3 µl of 1 µg/µl PEI was mixed with 50 µl 

Opti-MEM. The PEI mixture was added to the plasmid mixture and mixed by 

pipetting. After incubation at RT for 15 min, the transfection mixture was dropwise 

added to the cells. 16h (o/n) later, the medium was changed to fresh medium. 

Transfection of other formats, the amount of plasmid was changed accordingly 

and the ratio between plasmid and PEI was 1:3.  

 

jetPRIME 

jetPRIME was used for 293T, Huh7.5 and Hela cells transfection. The cells were 

seeded 1 day before the transfection. The transfections were performed 

according to manufacturer’s protocol. 

 

DharmaFECT 4 Transfection Reagent 

DharmaFECT 4 was used for human primary macrophages transfection with 

siRNA. Macrophages were seeded 1 day before transfection. 25 nM (final 

concentration) siRNA were transfected as the manufacture’s protocol.  

 

2.2.4 Generation of KO cells 

293T CD81 KO cells and Hela control, CD81 KO, CD63 KO and CD9 KO cells 

were generated by transduction of lentiviruses expressing Cas9 only (control) or 

co-expressing Cas9 and gRNA targeting CD81, CD63 and CD9. In a 6-well plate 

format, 293T cells were transfected with 0.45 µg pMD2G/pVSV-G, 1.125 µg 

psPAX2 and 1.5 µg lentiviral CRISPR/Cas9 expression plasmid (Table 4) using 

PEI to produce lentiviruses. In parallel, 293T cells were transfected with 2.5 µg 

pSIV-vpr-vpx+ and 0.25 µg pVSV-G to produce Vpx-VLPs, which were used to 
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knock down SAMHD1 in target cells to improve lentivirus transduction efficiency 

(304).  24 h later, the supernatants containing lentiviruses and Vpx-VLPs were 

collected and centrifuged at 3200 g for 10 min to remove dead cells and cell 

debris. The cleared supernatants were collected for transduction. 293T and Hela 

cells seeded in 6-well plates were treated with Vpx-VLPs for 2 h and infected with 

lentiviruses for 24 h, followed by medium change. 24 h later, the cells were 

cultured in medium with 1 µg/ml puromycin for selection of successfully 

transduced cells. After around 2 weeks of selection, the KO efficiency of the cells 

was analyzed by flow cytometry. 293T CD81 KO cells stained with PE anti-human 

CD81 Antibody were subjected for fluorescence-activated cell sorting (FACS) at 

the FACS Core Facility (Tübingen university hospital). PE Mouse IgG1, κ Isotype 

Ctrl Antibody stained 293T CD81 KO cells were used for gating. Collected 293T 

CD81 KO cells from FACS are termed as 293T CD81 KO cells (sorted). 

 

2.2.5 Flow cytometry 

 

Surface staining 

Surface staining was performed with 293T, Hela, Huh7.5 cells and human 

primary macrophages. Firstly, the cells were detached from the culture vessels. 

293T cells were directly detached and suspended in PBS or medium by pipetting. 

Hela and Huh7.5 cells were detached by trypsin and suspended with medium. 

Human primary macrophages seeded in non-treated 96-well plate were detached 

by accutase (37 °C, 45-60 min) and suspended with medium.  After detachment, 

the cells were transferred for centrifugation at 600g for 5 min and the 

supernatants were removed, followed by a wash with FACS buffer before 

staining. The cells were stained with PE conjugated antibodies (Table 9) diluted 

in FACS buffer for 30 min at 4 °C in dark. FACS buffer was filled to the cells for 

washing.  The cells were centrifuged at 600 g for 5 min, and the wash step with 

FACS buffer was repeated once. Subsequently, the cells were either suspended 

with FACS buffer for direct measurement or suspended with 2% PFA and stored 

at 4 °C before measurement. Alternatively, the cells were fixed with 2% PFA at 

RT for 15 min and suspended with FACS buffer for measurement. For staining of 
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EBOV infected 293T cells, the cells were fixed as described in EBOV infection 

before staining.  

 

Intracellular staining 

PFA fixed (15 min at RT) surface stained cells were washed with PBS and 

permeabilized with ice-cold 90% methanol (in H2O, stored at -20 °C) at 4 °C for 

20 min. PE of surface stained antibodies were damaged by methanol (305).  After 

the permeabilization, the cells were washed with FACS buffer and blocked with 

10% FCS (in PBS) for 30 min at RT. The cells were then stained with PE 

conjugated antibodies and washed as surface staining. Cells were suspended 

with FACS buffer for measurements.  

 

Total staining 

Fixed (15 min at RT) surface stained cells were washed with PBS and 

permeablised with 0.2% saponin for 10 min at RT. The cells were then blocked 

with 10% FCS in 0.2% saponin for 30 min at RT. After a wash with FACS buffer, 

the cells were stained with PE conjugated antibodies and washed as surface 

staining. The cells were suspended in FACS buffer for measurement. For total 

staining of fixed EBOV infected 293T cells, the cells were permeabilized, blocked, 

stained and washed as intracellular staining. 

 

All flow cytometry measurements were done with MACSquant VYB. 

 

2.2.6 Western blot 

12% or 15 % gel listed in Table 11 were prepared for SDS-PAGE. For detection 

of CD81, 15% gel was used. Gel running was done at 80-130 V for 90-120 min 

in 1× SDS-PAGE running buffer. PVDF membrane was activated by methanol for 

15 s and assembled with the SDS-PAGE gel and filter paper as a sandwich. The 

transfer was done in 1x Transfer buffer at 80 V for 2 h, following by blocking with 

5% milk in TBS for at least 1 h. The membranes were incubated with primary 

antibodies diluted in 5% milk o/n at 4 °C or 2-3 h at RT. The membranes were 

washed with 1x TBS-T 3× 10 min. Secondary antibodies were incubated with the 
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membranes in dark for 1 h at RT, followed by 3× 10 min with TBS-T. Detection 

was done with Odyssey Fc Imaging System.  

 

2.2.7 Luciferase assay 

The cells were lysed with 200 µl luciferase lysis buffer at RT for 15 min. For Fluc 

assay, Fluc assay buffer and substrate buffer was prepared as Table 11. 40 µl 

Fluc assay buffer was added to opaque white 96-well plates and mixed with 40 

µl cell lysates and 40 µl Fluc substrate buffer (duplicates).  For Nluc assay, Nluc 

substrate buffer was prepared by diluting Nluc substrate in Nluc assay buffer at 

ratio of 1/50 as the manufacture’s protocol (Nano-Glo Luciferase Assay System). 

40 µl cell lysates were added to opaque white 96-well plates and mixed with 40 

µl Nluc substrate buffer. The measurements were done with Cytation3 Cell 

Imaging Multi-Mode Reader. 

 

2.2.8 qRT-PCR 

RNAs were extracted from the cells with RNeasy Mini Kit with on-column DNase 

digestion, and the concentration was measured with NanoDrop. 1 µg RNA were 

used for reverse transcription with QuantiTect Reverse Transcription kit. Specific 

primers in Table 8 were used for transcription of EBOV minigenome vRNA and 

cRNA, oligo(dT) was used for reverse transcription of mRNA. After reverse 

transcription, the reaction mixture (20 µl) was diluted with 40 µl RNase free water, 

and 5 µl diluted reverse transcription mixture was used for qPCR. qPCR reaction 

was prepared with Luna Universal qPCR Master Mix and 0.3 µM (final 

concentration) primers. Measurements were done with LightCycler 480 System. 

qPCR result was analyzed with the ΔΔCp method (306). Fluc (luc2) or GAPDH 

was used as reference gene.  

 

2.2.9 BiFC assay 

Kusabira-green (KG) based bimolecular fluorescence complementation (BiFC) 

assay from MBL life science (CoralHue® Fluo-chase Kit, a gift from AG Sauter) 

was used to analyze protein-protein interaction.  293T cells in 96-well plates were 

transfected with 75 ng KGN expression plasmids and 75 ng KGC expression 
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plasmids. In the assay to analyze whether CD81 interacts with NP in the presence 

of VP35, 50 ng KGN expression plasmids and 50 ng KGC expression plasmids 

together with 50 ng pCAGGS-VP35_v1.1 were transfected.  2 days post 

transfection, the cells were harvested and surface stained with PE conjugated 

CD81 antibody for flow cytometry. 

 

2.2.10 Lentivirus pseudotypes production and infection 

To produce EBOV GP or VSV G pseudotyped GFP expressing lentiviruses, 293T 

cells in 6-well plates were transfected with 1.125 µg psPAX2, 1.5 µg pWPXLd 

and 0.125 µg pVSV-G or pCAGGS ZEBOV GP wt using PEI. After incubation o/n, 

the medium was changed and medium containing lentivirus pseudotypes was 

harvested 3 days later. The lentiviruses containing medium was cleared by 

centrifugation at 3200g for 10 min. 0.9 ml cleared medium was used for infection 

with 293T cells in 12-well plates and the medium was changed 1-day post 

infection. 3 days post infection, the cells were harvested and fixed with 2% PFA 

at RT for 15 min. The cells were suspended with FACS buffer for flow cytometry. 

 

2.2.11 EBOV trVLP assay 

The trVLP production and infection assay was performed according to (111), this 

assay allows to model EBOV life cycle under BSL-1 condition. Briefly, a T7 RNA 

polymerase or RNA polymerase II driven plasmid encoding EBOV tetracistronic 

minigenome (4cis-vRNA) consisted of 3’ leader-nluc/GFP-VP40-GP-VP24-5’ 

trailer and plasmids encoding EBOV ribonucleoprotein (RNP: NP, VP35, VP30, 

VP24) responsible for minigenome replication and transcription were used for 

trVLP production. The produced trVLPs containing all EBOV proteins and a 

minigenome can be used for infection of target cells pretransfected with EBOV 

RNP, by which the minigenome can be replicated and transcribed. Tim1 (EBOV 

attachment factor) was also pretransfected to improve infection efficiency. 

 

trVLP production 

The transfection schemes shown in Table 18 were used to produce trVLP-nluc 

and trVLP-dGP-nluc. Cells were seeded in 12-well plates one day before 
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transfection. Transfection scheme 1 was used for transfection of 293T cells with 

PEI, medium was changed to fresh medium after o/n incubation. Transfection 

scheme 2 was used for transfection of Huh7.5 and Hela cells with jetPRIME, 

medium was changed to fresh medium 4 h post transfection. 3 d post transfection, 

the cells and medium were harvested for WB. The medium was transferred to 1.5 

ml tubes and the cells were added with 1 ml PBS. The medium was centrifuged 

at 3200g for 10 min and the supernatants containing VLPs were taken and top 

layered on 200 µl 20% sucrose in a new tube. The VLPs were pelleted by 

centrifugation at 20000 × g at 4 °C for 90 min. The supernatants were removed 

and the pellets were suspended with 20-30 µl 1× Laemmli buffer (5× Laemmli 

buffer diluted with RIPA buffer). The cells were suspended with PBS and 

transferred to 1.5 ml tubes. After centrifugation at 300 g for 5 min, the cells were 

lysed with 50 to 80 µl RIPA buffer (containing protease inhibitor freshly added) > 

20 min at 4 °C. The cell lysates were centrifuged at 12000 rpm for 10 min at 4 °C, 

and supernatants were taken and mixed with 5× Laemmli buffer. After mixing with 

Laemmli buffer, the VLPs and cell lysates were incubated at 95 °C for 10 min. 

The samples were stored at -20 °C before WB. In the CD81 restoration 

experiment, 293T CD81 KO cells in 12-well plates were pretransfected with 

pWPI-hCD81-HAHA-BLR (0, 0.0625, 0.125, 0.25, 0.5 and 1 µg) together with 

pWPI (1, 0.9375, 0.875, 0.75, 0.5 and 0 µg) in total 1 µg plasmids 1 day before 

the transfection to produce VLP, for which Table 18 scheme 2 was used to 

produce VLP-nluc and additionally 0.05 µg pCAGGS-luc2 were cotransfected as 

transfection control. 3 days post transfection, half of the cells were harvested for 

WB, half of the cells were prepared for luciferase assay. For RT-qPCR, 293T cells 

in 12-well plates were transfected as scheme 1 (Table 18 and Table 19) and 

additionally 0.1 µg pCAGGS-luc2 were cotransfected. 3 days post transfection, 

the cells were harvested for RT-qPCR. 

 

Table 18 Transfection schemes to produce trVLP-nluc and trVLP-dGP-nluc 

Plasmid Mass (µg)-scheme 1 Mass (µg)-scheme 2 

pCAGGS-NP-v1.1 0.125 0.0625 

pCAGGS-VP35-v1.1 0.125 0.0625 

pCAGGS-VP30-v1.1 0.075 0.0375 
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pCAGGS-L-v1.1 1 0.5 

pCAGGS-T7opt 0.25 0.125 

pT7.1-4cis-vRNA-EBOV GP-nLuc 

or pT7.1-4cis-vRNA-dGP-nluc 

0.25 

 

0.125 

 

 

The transfection schemes to produce trVLP-GFP and trVLP-dGP-GFP were 

shown in Table 19. Scheme 2 was used to produce VLP-GFP in CD81 restoration 

experiment, the cells were harvested for WB 3 d post transfection. In live cell 

imaging experiment, cells in 96-well plates (triplicates) were transfected with 1/10 

of scheme 2 (Table 19) together with 0.05 µg (10×) mCherry-C1 (transfection 

control). Live cell imaging started 6 h post transfection after medium change. To 

produce trVLP-GFP for infection, 293T cells in 6-well plates were transfected as 

scheme 1 (pPol II-4cis-vRNA-EBOV GP-GFP). After incubation o/n, medium was 

changed and trVLP-GFP containing medium was harvested 3 days later. The 

trVLP containing medium was clarified by centrifugation at 800 g for 5 min and 

supernatants were used for infection. The produced trVLPs were passaged twice 

and used for infection of target cells in the experiments.  To produce trVLP-dGP-

GFP pseudotyped with EBOV GP or VSV G (trVLP-dGP-GFP_EBOV GP or VSV 

G) for infection, 293T cells in 6-well plates were transfected with 2× scheme 1 

(pPol II-4cis-vRNA-dGP-GFP) and 0.125 µg (2×) pCAGGS ZEBOV GP wt or 

pVSV-G. After incubation for 4 h or o/n, the medium was changed and VLP 

containing medium was harvested 3 days later. The VLP containing medium was 

centrifuged at 3200 g for 10 min and supernatants were taken for infection. 

Table 19 Transfection scheme to produce trVLP-GFP and trVLP-dGP-GFP 

Plasmid Mass (µg)-scheme 1 Mass (µg)-scheme 2 

pCAGGS-NP-v1.1 0.125 0.0625 

pCAGGS-VP35-v1.1 0.125 0.0625 

pCAGGS-VP30-v1.1 0.075 0.0375 

pCAGGS-L-v1.1 1 0.5 

pPol II-4cis-vRNA-EBOV GP-GFP 

or pPol II-4cis-vRNA-dGP-GFP 

0.25 0.125 
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trVLP infection 

For trVLP-GFP infection, 293T cells in 12- well plates were pretransfected with 

EBOV RNP and Tim1 as scheme 1 (Table 20) 1 day before infection. 1 ml cleared 

trVLP-GFP containing medium were added to the cells and medium was changed 

1 day later. 3 days post infection, the cells and medium were harvested. 1/5 cells 

were collected for flow cytometry, remaining cells and medium were prepared for 

WB as trVLP production experiment. For flow cytometry, the cells were 

suspended with 2% PFA (0.5% FCS in PBS, ideally PBS) and stored at 4 °C 

before measurements. For infection of trVLP-dGP-GFP_ EBOV GP or VSV G 

(Fig. 15B), 293T cells in 12-well plates were pretransfected with EBOV RNP and 

Tim1 as scheme 1 (Table 20) and 0.1 µg pCAGGS-luc2 (transfection ctrl, 

optionally) was co-transfected 1 day before infection. The cells were infected with 

0.9 ml cleared trVLP-dGP-GFP_EBOV GP or VSV G for 1 day and the medium 

was changed. 3 days post infection, the cells were harvested for flow cytometry. 

The cells were fixed with 2% PFA at RT for 15 min and suspended with FACS 

buffer for flow cytometry. For infection of trVLP-dGP-GFP_EBOV GP with 293T 

wt cells (Fig. 15D), the cells in 96-well plates (triplicates) were pretransfected with 

1/10 scheme 2 (Table 20) + 0.05 µg (10×) pmtagBFP-C1 (transfection control) + 

0.5 µg (10×) pWPI-hCD81-HAHA-BLR or pWPI_BLR. In case of Tim1-, 

pCAGGS-MCS instead of pCAGGS-Tim1-v1.2 was transfected. 1 day later, the 

cells were infected with 100 µl clarified trVLP-dGP-GFP_EBOV GP for 1 day, 

followed by medium change. 2 days post infection, the cells were harvested and 

surface stained with PE conjugated CD81 antibody for flow cytometry.  In the 

CD81 antibody treatment experiment, 293T cells seeded in 96-well plates 

(triplicates) were pretransfected 1/10 of scheme 2 (Table 20) and 0.05 µg (10×) 

mCherry-C1. 1 day later, the medium was removed from the cells and 60 µl 

medium containing no antibody, 10 or 2 µg/ml Anti-human CD81 Antibody (5A6) 

or Mouse IgG1, κ Isotype Ctrl Antibody was added. 1 h later, the cells were added 

with 60 µl cleared trVLP-dGP-GFP, trVLP-dGP-GFP_EBOV GP or VSV G. 2 days 

post infection, the cells were harvested and suspended in FACS buffer for flow 

cytometry. 
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Table 20 Pretransfection scheme for trVLP infection 

Plasmid Mass (µg)-scheme 1 Mass (µg)-scheme 2 

pCAGGS-NP-v1.1 0.125 0.0625 

pCAGGS-VP35-v1.1 0.125 0.0625 

pCAGGS-VP30-v1.1 0.075 0.0375 

pCAGGS-L-v1.1 1 0.5 

pCAGGS-Tim1-v1.2 0.25 0.125 

 

2.2.12 EBOV infection 

rgEBOV-iluc2 and rgEBOV-eGFP infection were performed by Dr. Thomas 

Hoenen and Dr. Lisa Wendt in Friedrich-Loeffler-Institut. For rgEBOV-iluc2 

infection, 293T cells in 12-wel plates were infected with rgEBOV-iluc2 at MOI 0.5. 

24 h and 48 h post infection, the cells were lysed with 300 µl 1x Glo Lysis buffer 

(Promega) at RT for 10 min. The cell lysates were centrifuged at 10000g for 3 

min and the supernatants were taken for luciferase assay. In 96-well white bottom 

plate, 50 µl cleared cell lysates were mixed with 50 µl Bright Glo or Cell Titer-Glo 

reagent (Promega), and the luminescence was measured. For rgEBOV-eGFP 

infection, 293T cells in 6-well plates were infected with rgEBOV-eGFP at MOI 1. 

24 h and 48 h post infection, the cells were harvested and fixed with 4% PFA at 

4 °C for at least 24 h. Subsequently, the cells were suspended with PBS and 

shipped to Tübingen for flow cytometry analysis. 
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3. Results 

3.1 Downregulation of CD81, CD63 and CD9 by EBOV GP  

3.1.1 Modulation of surface receptors by EBOV GP  

A variety of surface receptors modulated by EBOV GP in Hela cells were 

previously identified via a flow-cytometry based screen (by Julia Nehls). 20 

downregulated receptors more than 2-fold and one upregulated receptor (CD55) 

were selected for validation. Hela and 293T cells were transfected to co-express 

EBOV GP and GFP through the internal ribosomal entry sequence of a bicistronic 

mRNA and stained with PE conjugated antibodies against the receptors for 

surface expression analysis by flow cytometry. In the flow cytometry analysis, the 

cells were gated into three populations according to GP expression level, GP- (no 

expression), GP+ (intermediate expression) and GP++ (high expression) (Fig. 7C 

and 7F).  Receptors expression levels were normalized to the unstained control 

(Fig.7A and 7D). Receptors with expression levels (GP- population) two-fold 

higher than the unstained control were considered detectable. In Hela cells, 16 

receptors, CD79b, HLA, CD59, CD9, CD276, CD24, CD81, CD277, CD137L, 

CD201, CD146, CD63, CD317, CD184, CD49c and CD55, had detectable 

expression (Fig. 7A). To analyze the modulation of the receptors in the presence 

of EBOV GP, receptor expression level of GP+ and GP++ cells were normalized 

to GP- cells (Fig.7B and 7E). In Hela cells, 6 receptors, CD79b, HLA, CD59, CD9, 

CD63 and CD184, were significantly downregulated by EBOV GP (Fig. 7B-7C). 

In 293T cells, 14 receptors, CD79b, HLA, CD59, CD9, CD276, CD81, CD277, 

CD137L, CD201, CD146, CD63, CD184, CD49c and CD55, had detectable 

expression (Fig. 7D).  10 receptors, HLA, CD59, CD9, CD276, CD81, CD201, 

CD146, CD63, CD184 and CD55, were significantly downregulated by GP in 

293T cells (Fig. 7E-7F). Fold of modulation was calculated by dividing the 

receptor expression level (PE MFI) of GP- cells to GP++ cells, value greater than 

1 indicates downregulation and value smaller than 1 indicates upregulation. 7 

receptors, CD63, HLA, CD9, CD81, CD59, CD201(Endothelial protein C 

receptor) and CD184 (C-X-C chemokine receptor type 4), were downregulated 

more than 1,5-fold in both Hela and 293T cells (Fig. 7G). Among them, CD81, 

CD63 and CD9, are members of the tetraspanin superfamily. The downregulation  
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Figure 7 Modulation of surface receptors by EBOV GP. Hela (A-C) and 293T (D-F) cells were 

transfected with plasmids co-expressing EBOV GP and GFP. 2 d.p.t., the cells were harvested 

and stained with PE conjugated antibodies against the surface receptors for flow cytometry 

analysis (n=3). (A) and (D) shows surface receptors expression (PE MFI) normalized to unstained 

controls in Hela and 293T cells, respectively. Shown are mean values +/- SD. (B) and (E) are 

receptor surface expression (PE MFI) of GP+ and GP++ cells normalized to GP- cells in Hela and 

293T cells. Indicated are mean values +/- SD, two-way ANOVA with Dunnett correction was used 

for statistics analysis (GP): 0,1234 (ns), 0,0332 (*), 0,0021 (**), 0,0002 (***), <0,0001 (****). 

Representative density plots of Hela (C) and 293T (F) cells shows GFP/GP and receptor surface 

expression. (G) Fold of modulation of the receptors in Hela and 293T cells is plotted, shown are 

mean values. (H) 293T control cells were infected with rgEBOV-eGFP (MOI=1). 1 d.p.i., the cells 

were harvested, fixed and stained with PE conjugated antibodies against CD81, CD63 and CD9 

to analyze surface and total expression of the receptors via flow cytometry (n=1). Shown are 

density plots. 

of CD81, CD63 and CD9 was also observed in authentic EBOV infection of 293T 

cells (by Thomas Hoenen and Lisa Wendt from Friedrich-Loeffler-Institut, Fig. 

7H). Since several members of this superfamily appears to be downregulated in 

presence of GP, tetraspanins were selected for further investigations. 

3.1.2 Modulation of CD81, CD63 and CD9 by viral GPs 

To determine whether other viral glycoproteins, especially within the filoviridae 

family, modulate the previously identified tetraspanins, 293T cells were 

transfected to express GFP only or co-express viral GP and GFP. Then surface 

CD81, CD63 as well as CD9 expression levels were analyzed by flow cytometry. 

Four filoviral glycoproteins SUDV GP, RESTV GP, TAFV GP and MARV GP 

downregulated CD81, CD63 and CD9 (Fig. 8A-8B). Unlike the filoviral GPs, LASV   
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Figure 8 Modulation of CD81, CD63 and CD9 by viral GPs. (A-B) 293T cells were transfected 

with GFP only expression plasmid or viral GP and GFP co-expression plasmid.  2 d.p.t., the cells 

were harvested and stained with PE conjugated antibodies against CD81, CD63 and CD9 for flow 

cytometry analysis. (A) Fold of modulation was calculated by dividing the PE MFI of GFP- cells to 

GFP+ or GFP++ cells. n=3, shown are mean values +/- SD. Two-way ANOVA with Dunnett 

correction was used for statistics analysis (GP): 0,1234 (ns), 0,0332 (*), 0,0021 (**), 0,0002 (***), 

<0,0001 (****). LASV GP and HIV-1 Env were not included in the statistics analysis due to their 

relative low expression levels. (B) Representative density plots of cells stained with PE conjugated 

antibodies against CD81. 

GP and HIV-1 (NL 4-3) Env were expressed mainly at intermediate level (GFP+) 

and did not modulate CD81, CD63 and CD9 expression (Fig. 8A-8B). 

3.1.3 Modulation of CD81, CD63 and CD9 by EBOV GP subunits and 

mutants 

To characterize the domains and residues of GP involved in the downregulation 

of CD81, CD63 and CD9, the capacity of a set of different GP subunits and
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Figure 9 Modulation of CD81, CD63 and CD9 by EBOV GP subunits and mutants. 293T cells 

were transfected with plasmids expressing GFP only or Co-expressing GFP and GP (WT), GP 

subunits or mutants as indicated. 2 d.p.t., the cells were harvested and stained with PE 

conjugated antibodies against CD81, CD63 and CD9 for flow cytometry analysis (A-C). n=2-3, 

fold of modulation was calculated by dividing PE MFI of GFP- cells to GFP++ cells, shown are 
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mean values +/- SD. (A) Two-way ANOVA with Dunnett correction was used for statistics analysis 

(GP): 0,1234 (ns), 0,0332 (*), 0,0021 (**), 0,0002 (***), <0,0001 (****). This experiment was done 

with figure 8 together and the data of GFP only, EBOV GP (WT) and SUDV GP was plotted in 

both figure 8 and figure 9 as control for comparison.  

mutants to modulate the surface expression of these three tetraspanin was 

investigated with flow cytometry. EBOV GP2 but not GP1 slightly downregulated 

CD81 and CD9, while CD63 was downregulated by both GP1 and GP2 (Fig.9A-

9B). However, neither GP1 nor GP2 of EBOV and SUDV alone was able to 

downregulate surface CD81, CD63 and CD9 as efficient as full-length GP, 

suggesting both GP1 and GP2 are involved in the downregulation (Fig. 9A). 

The GP mutants tested in this study mainly are mutants with characterized 

functions, that are described in the introduction. F88A, W104A, L111A and L122A 

locate within the RBD of GP, and 526I528A, 531A532A533A as well as 

535A536A537A locate within the FP of GP. 655A656A, 666A667I668A, 

670A672I and LxxxL are mutations within the TMD of GP. ZLZ is a chimera, in 

which the TMD is replaced by the TMD of LASV GP.  Losh and Hish are mutants 

with low shedding and high shedding capacity to release the GP ectodomain 

(180).  WT 2014 and V82A 2014 are GP of EBOV circulated during 2014 outbreak 

(307). All the GP tested were able to downregulate surface CD81, CD63 and CD9 

(Fig. 9C). Mutants with the following features in terms of fold of modulation (mean 

value), WT-mutant>1 and mutant+SD<WT, were defined as mutants with 

impaired capacity in downregulation. L111A and L112A within RBD, 

531A532A533A and 535A536A537A within FP and ZLZ with replaced TMD 

showed impaired capacity to downregulate surface CD81, CD63 and CD9 (Fig. 

9C). Additionally, Hish showed impaired capacity to downregulate surface CD9 

(Fig. 9C). The RBD is located in GP1 subunit while FP and TMD are located in 

GP2 subunit, again suggesting that the downregulation of surface CD81, CD63 

and CD9 engages both GP1 and GP2 subunits. 
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3.2 CD81 suppresses EBOV minigenome replication and 

transcription 

3.2.1 The role of CD81, CD63 and CD9 in EBOV trVLP production 

To determine the role of TSP modulation by GP in EBOV replication, the EBOV 

trVLP assay was employed to model the EBOV life cycle (111). 293T control, 

CD81 KO, CD63 KO and CD9 KO cells were transfected with a tetracistronic 

minigenome plasmid encoding Nano-luciferase (nluc), VP40, GP and VP24 of 

EBOV (3’-5’), a T7 RNA polymerase expression plasmid (for initial transcription 

of tetracistronic minigenome plasmid to viral RNA minigenome) and four plasmids 

expressing EBOV NP, VP30, VP35 and L (RNP, for viral minigenome replication 

and transcription) to produce EBOV VLPs. As GP was shown to downregulate 

CD81, CD63 and CD9, the cells were transfected with a GP deficient minigenome 

to produce trVLP-dGP-nluc to see whether there is difference in replication 

between trVLP-nluc and trVLP-dGP-nluc. On the other hand, trVLP-dGP-nluc use 

allows analyzing the roles of the TSPs in EBOV replication and release beyond 

viral entry. The KO efficiency of CD81, CD63 and CD9 in 293T cells were 

analyzed by flow cytometry (Fig. 10A). Control cells were transduced with Cas9 

lentivirus expressing no gRNA. In trVLP producer cells, the matrix protein VP40 

expression in the cells (cell lysates, CL) as well as released trVLP (medium) were 

checked by WB (Fig. 10B). The quantification of the WB results demonstrated 

that CD81 KO, but not CD63 KO and CD9 KO, resulted in higher VP40 expression 

in both trVLP-nluc and trVLP-dGP-nluc producer cells (Fig. 10B). VP40 

expression was generally lower in trVLP-nluc than trVLP-dGP-nluc producer 

cells, while CD81 KO resulted in higher fold of increase in VP40 expression when 

cells were producing trVLP-dGP-nluc (4,19~) as compared to trVLP-nluc (2,87~) 

(Fig. 10B). This result indicates that CD81 restricts trVLP expression. 

Furthermore, GP seems to counteract the negative effect of CD81 on EBOV 

VP40 expression. Similar to what has been observed in cell lysates, in the 

medium of 293T trVLP producer cells, more VP40 was released from CD81 KO 

cells than control cells, and similar amounts of VP40 were released from control, 

CD63 KO and CD9 KO cells (Fig. 10B). To analyze whether CD81, CD63 and 

CD9 have an effect on EBOV VLP release, released VP40 in medium was 
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Figure 10 The role of CD81, CD63 and CD9 in EBOV trVLP production. (A) 293T (n=1-5), (C) 

Huh7.5 (n=1-3), (E) Hela (n=1-3) control, CD81 KO, CD63 KO and CD9 KO cells were mock 

stained or stained (surface) with PE conjugated antibodies against CD81, CD63 and CD9 for flow 

cytometry analysis. Shown are mean values of normalized PE MFI (to control cells) +/- SD (left) 

and histograms (right). (B) 293T, (D) Huh7.5, (F) Hela control, CD81 KO, CD63 KO and CD9 KO 

cells were mock transfected or transfected to produce EBOV trVLP-nluc or trVLP-dGP-nluc. 3 

d.p.t., the cells and medium were harvested for WB to check EBOV VP40 and tubulin or GAPDH 

expression (n=3-4). (B, D and F) Bar graphs are quantification of WB result from 293T cells (B, 

normalized to control trVLP-dGP-nluc producer cells, n=3-4), Huh7.5 cells (D, normalized to 

control trVLP-nluc producer cells, n=3) and Hela cells (F, normalized to control trVLP-dGP-nluc 

producer cells, n=2-3). Indicated are mean values +/- SD. (B) Two-way ANOVA with Dunnett 

correction was used for statistics analyses (GP): 0,1234 (ns), 0,0332 (*), 0,0021 (**), 0,0002 (***), 

<0,0001 (****). 
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normalized to VP40 expressed in cells (CL). No significant difference was 

observed among the control and KO cells (Fig. 10B). These results suggest that 

CD81, but not CD63 and CD9, plays a negative role in EBOV trVLP production, 

while VLP release remains unaffected by CD81, CD63 and CD9 in 293T cells. 

EBOV trVLP production was also analyzed in Huh7.5 control, CD81 KO, CD63 

KO and CD9 KO cells (Fig. 10C). Similarly, VP40 expression was higher in CD81 

KO cell as compared to CD63 KO, CD9 KO and control cells in both trVLP-nluc 

and trVLP-dGP-nluc producer cells (Fig. 10D). In the medium of Huh7.5 trVLP 

producer cells, VP40 could only be detected from CD81 KO cells (Fig. 10D). The 

result suggests that CD81 also plays a negative role in EBOV trVLP production 

in Huh7.5 cells. The role of the tetraspanins in EBOV trVLP production in Hela 

cells, analyzed with control, CD81 KO, CD63 KO and CD9 KO cells (Fig. 10E), 

was less clear, which was associated with cytotoxicity (reduced tubulin 

expression, Fig. 10F).   

Altogether, CD81, but not CD63 and CD9, reduced EBOV minigenome encoded 

VP40 expression and trVLP production in 293T and Huh7.5 cells. 

3.2.2 CD81 suppresses EBOV minigenome encoded proteins expression 

To further confirm the negative role of CD81 in EBOV minigenome encoded VP40 

expression, 293T CD81 KO cells were transfected with gradient amounts of HA 

tagged CD81 (CD81-HA) to restore CD81 expression and the cells were 

transfected to produce trVLP-nluc and trVLP-dGP-nluc. VP40 expression in the 

trVLP producer cells was analyzed by WB, and the minigenome encoded nluc 

reporter expression was also determined via luciferase assay. In line with 

increased VP40 expression, KO of CD81 increased nluc expression (normalized 

to Fluc transfection ctrl) (Fig. 11A). Furthermore, restoring CD81 in CD81 KO 

cells reduced VP40 and nluc expression in a dose dependent manner (Fig. 11A). 

The suppression of both VP40 and nluc expression by CD81 suggests that CD81 

plays a negative role in EBOV trVLP minigenome replication and/or transcription. 

To clarify that the observed negative effect of CD81 on EBOV minigenome 

encoded proteins expression is not a result of its possible effect on T7 

polymerase mediated initial transcription of the minigenome plasmid, an RNA 
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Figure 11 CD81 suppresses EBOV minigenome encoded proteins expression.  (A) 293T 

control and CD81 KO cells were mock or pre- transfected with gradient amount of CD81-HA 

expression plasmids. Together with pWPI, the total transfected plasmids amount was the same. 

1 day later, the cells were transfected to produce trVLP-nluc or trVLP-dGP-nluc and a Fluc 

expression plasmid was cotransfected as a transfection control. 3 days later, an aliquot of the 

cells was harvested for luciferase assay to analyze nluc and Fluc activities, and the remaining 

cells were harvested for WB to analyze VP40, CD81 and tubulin expression. n=4-5, shown are 

mean values of WB signals quantification (normalized to control cells) +/- SD and mean values of 

nluc activity (normalized to Fluc and further control cells producing trVLP-nluc) +/- SD. (B) 293T 

cells mock or pre- transfected with gradient amount of CD81-HA expression plasmids were 

transfected with EBOV RNP expression plasmids and a tetracistronic minigenome plasmid 

encoding GFP, EBOV VP40, GP and VP24 or a GP deficient minigenome plasmid to produce 

trVLP-GFP or trVLP-dGP-GFP. 3 d.p.t., the cells were harvested for WB to analyze GP, VP40 

and tubulin expression. n=3, shown are mean values of WB signal quantification +/- SD. (A-B) 

Two/One-way ANOVA with Dunnett correction was used for statistics analysis (GP): 0,1234 (ns), 

0,0332 (*), 0,0021 (**), 0,0002 (***), <0,0001 (****). 

polymerase II (for initial transcription of the minigenome plasmid to RNA 

minigenome) driven minigenome plasmid with GFP instead of nluc as reporter 

was used in the trVLP assay. In agreement with previous results, GP and VP40 

expression were higher in CD81 KO cells than control cells and restoring CD81 

in CD81 KO cells reduced GP and VP40 expression (Fig. 11B). 

In summary, CD81 suppresses EBOV minigenome encoded VP40, GP and nluc 

expression, indicating that EBOV minigenome replication and/or transcription are 

negatively regulated by CD81. 

3.2.3 The effect of CD81 on EBOV minigenome encoded GFP expression 

assessed by live cell imaging 

To analyze the effect of CD81 on the dynamics of EBOV minigenome encoded 

protein expression, 293T, Huh7.5 and Hela control and CD81 KO cells were 

transfected for trVLP-GFP and trVLP-dGP-GFP production and the GFP reporter 

expression in the cells was monitored by live cell imaging over time. Transfection 

without viral RNA polymerase L (L-) was included as negative control.  An 

mCherry expression plasmid was cotransfected with the plasmids for trVLP 

assay. GFP expression was normalized to transfection ctrl mCherry expression 

(integrated green intensity / integrated mCherry intensity). Similar to increased 

VP40 expression, deletion of GP from the minigenome drastically increased GFP 

expression (Fig. 12). GFP expression (normalized to mCherry) of trVLP-dGP-

GFP but not trVLP-GFP producer cells was slightly to moderately higher in CD81 

KO cells than in control cells (Fig. 12), indicating limited negative effect of CD81 
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on EBOV minigenome encoded GFP expression and the antagonization of CD81 

by GP. 

 

Figure 12 The effect of CD81 on EBOV minigenome replication and transcription-live cell 

imaging.  293T (n=4), Huh7.5 (n=3) and Hela (n=1) control and CD81KO cells were transfected 

for EBOV trVLP-GFP and trVLP-dGP-GFP production and mCherry expression plasmid was co-

transfected as transfection ctrl. 6 h.p.t., the cells were imaged by Incucyte in green and red 

channel every two hours. Integrated green intensity (GFP expression) normalized to integrated 

red intensity (mCherry expression) was plotted, shown are mean values +/- SEM.  

3.2.4 CD81 reduces EBOV minigenome RNA levels and negatively 

regulates NP oligomerization 

To further elucidate the negative role of CD81 in EBOV minigenome encoded 

protein expression, the effect of CD81 on EBOV VP40 mRNA, vRNA (viral 

genomic RNA) and cRNA (complementary to vRNA) levels was determined by 

RT-qPCR in trVLP producer cells. VP40 mRNA and cRNA levels in trVLP-nluc 

and trVLP-dGP-nluc producer cells were higher in CD81 KO cells than control 

cells and vRNA level was higher in CD81 KO cells in trend as well (Fig. 13A and 

Sup. Fig. 1A). In the trVLP producer cells, vRNA is the only template for mRNA 

and cRNA synthesis, while both minigenome plasmid and cRNA are templates 
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for vRNA synthesis. It suggests a negative role of CD81 in vRNA dependent 

minigenome replication and transcription. Besides, whether the negative role of 

CD81 in EBOV minigenome RNA synthesis is dependent on the transcription 

activator VP30 was analyzed. mRNA and cRNA levels were higher in CD81 KO 

cells than control cells irrespective of VP30 expression, albeit the difference in 

trVLP-dGP-GFP producer cells was less evident than in trVLP-dGP-nluc 

producer cells (n=1-2, Sup. Fig. 1A).  The mRNA and cRNA levels were much 

higher (~10 fold) in trVLP-dGP-GFP producer cells than in trVLP-dGP-nluc 

producer cells, probably due to the higher vRNA level (n=1-2, Sup. Fig. 1A). 

Additionally, luc2 (transfection ctrl, Fluc) mRNA level in trVLP producer cells 

seemed higher in CD81 KO cells than control cells (n=1-3, Sup. Fig. 1A), although 

the transfection efficiency in control and CD81 KO cells was shown to be similar 

(Sup. Fig. 5A).  

Both EBOV genome replication and transcription occur in EBOV IB, and the 

formation of IB is dependent on NP oligomerization (105, 106, 112). Additionally, 

VP35 functions as a chaperone of NP in oligomerization and facilitates IB 

formation  (118–120). VP35 also oligomerize to tetramers associated with EBOV 

RNA polymerase L (122). Therefore, whether CD81 has an effect on NP 

oligomerization, VP35 oligomerization and NP-VP35 interaction was analyzed 

with the Kusabira-green (KG) based BiFC assay by flow cytometry. 293T control 

and CD81 KO (sorted) cells were transfected to express NP and/or VP35 as 

fusion proteins with either N- or C- part of KG, and reconstitution of KG indicates 

protein oligomerization or interaction. KO of CD81 enhanced NP as well as VP35 

oligomerization and NP-VP35 interaction (KG+ MFI, Fig. 13B) while had no effect 

on the percentage of cells showing oligomerization and interaction (KG+%, Sup. 

Fig. 1B). CD81 KO efficiency in CD81 KO (sorted) cells was analyzed by flow 

cytometry (Fig. 13C). To study the mechanism how CD81 regulates NP 

oligomerization, CD81 interaction with NP was assessed, in the absence or 

presence of VP35. No specific interaction between CD81 and NP was observed, 

due to the high background of the controls (Sup. Fig. 1C). 
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Figure 13 CD81 reduces EBOV minigenome RNA levels and negatively regulates NP 

oligomerization. (A) 293T control and CD81KO cells were transfected to produce trVLP. 3 d.p.t., 

the cells were harvested for RNA extraction, the plasmids DNA were removed by DNase. 
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Oligo(dT), for mRNA, and specific primers, for vRNA and cRNA, were used for reverse 

transcription. vRNA, cRNA as well as mRNA level of VP40 and luc2 (Fluc) mRNA level were 

determined by qPCR. n=3, indicated are mean values (normalized to luc2 and further the control 

cells) +/- SD. (B) 293T control and CD81KO (sorted) cells were co-transfected with two plasmids 

expressing N- and C- part of KG only or fused with NP/VP35 as indicated for the BiFC assay. 2 

d.p.t., cells were harvested for flow cytometry analysis. n=1-3, shown are mean values +/- SD. 

(A-B) n=3, Two-way ANOVA with Šidák correction was used for statistics analysis (GP): 0,1234 

(ns), 0,0332 (*), 0,0021 (**), 0,0002 (***), <0,0001 (****). (C) 293T control and CD81 KO (sorted) 

cells were surface stained with PE conjugated CD81 antibody for flow cytometry analysis, 

indicated are mean values of normalized PE MFI (to control cells) +/- SD (n=2). 

3.3 CD81 plays a negative role in early steps of EBOV trVLP 

infection 

3.3.1 The role of CD81, CD63 and CD9 in EBOV trVLP infection 

To determine whether CD81, CD63 and CD9 play a role in EBOV infection 

including entry, 293T control, CD81 KO, CD63 KO and CD9 KO cells 

pretransfected with EBOV RNP and Tim1 (EBOV attachment factor) were 

infected with trVLP-GFP. The infection rate (GFP+ %) and viral proteins 

expression in trVLP infected cells were analyzed by flow cytometry and WB, 

respectively. GP and VP40 expression were higher in CD81 KO cells as 

compared to CD63 KO, CD9 KO and control cells, and more GP and VP40 were 

released from CD81 KO cells (Fig. 14, left and below). In agreement with previous 

results (Fig. 10B), the release step of EBOV trVLP (released VP40/VP40 

expressed in cells) was not affected by CD81, CD63 or CD9 (Fig. 14, below). The 

infection rate was also higher in CD81 KO cells than control cells (Fig. 14, right 

and representative density plots in Sup. Fig. 2). Taken together, these results 

indicate that CD81, but not CD63 and CD9, plays a negative role in EBOV trVLP 

infection in 293T cells. The infection of recombinant authentic EBOV carrying a 

luciferase or GFP reporter was also analyzed in 293T control and CD81 KO cells 

(by Lisa Wendt and Thomas Hoenen). The firefly luciferase and GFP reporter 

expression of the recombinant EBOV was determined via luciferase activity assay 

and flow cytometry, respectively (n=1-2). It seems that KO of CD81 has no effect 

on rgEBOV-iluc2 infection while reduced rgEBOV-eGFP infection (Sup. Fig. 3).  
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Figure 14 The role of CD81, CD63 and CD9 in EBOV trVLP infection. 293T cells were mock 

transfected or transfected with Tim1 and EBOV RNP (NP, L, VP35 and VP30). 1 day later, the 

cells were added with medium only (mock) or trVLP-GFP (inf.). 1 d.p.i., medium was changed to 

fresh medium. 3 d.p.i., the cells (CL) and medium were harvested for WB (left) and flow cytometry 

(right). The infection rates in control cells were normalized as 1. Below is quantification of VP40 

in CL (left, normalized to tubulin), medium (middle, normalized to tubulin) as well as the release 

(right) from the infected cells in the WB result, the values were normalized to control cells. n=3-4, 

shown are mean values +/- SD. RM one-way ANOVA with Dunnett correction was used for 

statistics analyses (GP): 0,1234 (ns), 0,0332 (*), 0,0021 (**), 0,0002 (***), <0,0001 (****).  

3.3.2 CD81 restricts early steps of EBOV trVLP infection 

The changes in infection rate and viral proteins expression could result from 

altered minigenome replication and transcription as well as entry. Therefore, it 

was analyzed whether CD81, CD63 and CD9 play a role in EBOV GP mediated 

entry. 293T control, CD81 KO, CD63 KO and CD9 KO cells were infected with 

GFP expressing lentivirus (lenti-GFP) pseudotyped with EBOV GP or VSV G, and 

the infection rates were analyzed via flow cytometry. CD81 KO cells, but not 

CD63 KO and CD9 KO cells, had higher infection rates than control cells in lenti-

GFP_EBOV GP, but not lenti-GFP_VSV G, infection (Fig. 15A), suggesting a 
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negative role of CD81 in EBOV GP mediated entry. As VSV G mediated entry 

was not affected by CD81, trVLP-dGP-GFP pseudotyped with VSV G infection 

was analyzed to verify the negative role of CD81 in EBOV minigenome replication 

and transcription. The minigenome replication and transcription in trVLP infected 

cells is only mediated by viral RNA polymerase and no T7 or RNA II polymerase 

is involved. The infection rate of both trVLP-dGP-GFP-_EBOV GP and trVLP-

dGP-GFP_VSV G was higher in CD81 KO cells, but not CD63 KO and CD9 KO 

cells, than in control cells (Fig. 15B). The higher infection rate of trVLP-dGP-

GFP_VSV G confirms the negative role of CD81 in EBOV minigenome replication 

and transcription. The role of CD81 in EBOV entry was further delineated. EBOV 

is known to be internalized mainly through macropinocytosis (76). Whether CD81 

plays a role in macropinocytosis was analyzed by measuring Dextran-555 uptake 

by 293T control and CD81 KO (sorted) cells. High molecular weight Dextran is a 

commonly used marker for macropinocytosis (75, 76). Uptake of Dextran-555 

was more efficient by 293T CD81 KO cells than control cells (Fig. 15C), implying 

a role of CD81 in macropinocytosis. Dextran-555 uptake was also analyzed in 

Huh7.5 cells and human primary macrophages. KO of CD81 in Huh7.5 cells and 

KD of CD81 in macrophages only slightly increased the uptake of Dextran-555 

(Sup. Fig. 4A-4B). Additionally, whether overexpression of CD81 suppresses 

EBOV trVLP infection was determined. In parallel, whether Tim1, an EBOV 

attachment factor pretransfected in previous trVLP infection experiments (Fig. 14 

and 15B), is required for the suppression of trVLP infection by CD81 was 

analyzed. 293T cells pretransfected with EBOV RNP, BFP (transfection ctrl), 

hCD81 or empty vector (Empty), Tim1 (Tim1+, n=3) or empty vector (Tim1-, n=1) 

were infected with trVLP-dGP-GFP pseudotyped with EBOV GP, and the 

infection rate was measured via flow cytometry. Overexpression of CD81 reduced 

the infection rate of trVLP regardless of Tim1 expression (Fig. 15D), which 

confirms the negative role of CD81 in EBOV trVLP infection. It seems that 

endogenous CD81 was downregulated by trVLP-dGP-GFP_EBOV GP infection 

expressing no GP in the absence of pretransfected Tim1 (Fig. 15D, bottom right). 
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Figure 15 CD81 restricts early step of EBOV trVLP infection. (A) 293T cells were infected with 

GFP expressing lentiviruses pseudotyped with EBOV GP or VSV G. 3 d.p.i., the cells were 

harvested for flow cytometry (n=2-3), shown are mean values of normalized infection rate (to 

control cells) +/- SD and representative density plots with infection rates. (B) 293T cells were 

mock transfected or transfected with luc2 (transfection ctrl, n=3), Tim1 and EBOV RNP (NP, L, 

VP35 and VP30). 1 day later, the cells were mock infected or infected with trVLP-dGP-GFP 

pseudotyped with EBOV GP or VSV G. 3 d.p.i., the cells were harvested for flow cytometry (n=2-

4), shown are mean values of normalized infection rate (to control cells) +/- SD and representative 

density plots with infection rates. (C) 293T cells were mock added or added with Dextran-555 

(10K, 0,4 mg/ml). 15 min later, the cells were harvested for flow cytometry (n=3), shown are mean 

values of normalized MFI of Dextran-555 (to control cells) +/- SD and histogram. (D) 293T cells 

were transfected with Tim1, EBOV RNP (NP, L, VP35 and VP30), BFP (transfection ctrl) and 

hCD81 or empty vector (Empty). 1 day later, the cells were added with trVLP-dGP-GFP 

pseudotyped with no GP or EBOV GP. 2 d.p.i., the cells were harvested and stained with PE 
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conjugated CD81 antibody for flow cytometry (n=1-3), shown are mean values of normalized 

infection rate (to BFP+% and further Empty infected with trVLP-dGP-EBOV GP) and PE MFI (to 

GFP- of Empty) +/- SD and representative density plots with infection rates. n=3-4, Welch’s t test 

was used for statistics analyses (GP): 0,1234 (ns), 0,0332 (*), 0,0021 (**), 0,0002 (***), <0,0001 

(****). 

3.4 Downregulation of CD81 by EBOV GP and VP40 

3.4.1 Mechanism of EBOV GP and VP40 mediated downregulation of CD81 

It is possible that EBOV evolves, in addition to GP, other proteins to downregulate 

CD81. To clarify this, 293T cells were transfected to express GFP only or co-

express GFP and EBOV GP, L, NP, VP35, VP30, VP40 and VP24, and surface 

as well as intracellular CD81 expression were analyzed by flow cytometry.  As L 

is not stable when it is solely expressed (105), L was co-transfected with NP, 

VP35 and VP30 (components of EBOV RNP). CD81 was downregulated by VP40 

as well at both surface and intracellular level, although less efficient compared to 

GP (Fig. 16A). There was no modulation of CD81 either with L alone or upon co-

expression of L, NP, VP35 and VP30.  

Moreover, the mechanism of EBOV GP and VP40 mediated downregulation of 

CD81 was studied. To analyze whether the downregulation of CD81 is due to 

proteasomal or lysosomal protein degradation, 293T cells were transfected to 

express GFP only or co-express GFP and GP/VP40 and treated with DMSO, 

proteasome inhibitor MG132 or V-ATPase inhibitor bafilomycin A1 (BafiA1, 

lysosome inhibitor). Surface and total CD81 expression was determined via flow 

cytometry. MG132 and bafilomycin partially blocked GP mediated 

downregulation of surface and total CD81 (Fig. 16B). Notably, bafilomycin A1 

treatment reduced CD81 surface expression in cells with no GP/VP40 expression 

(Fig. 16B). VP40 mediated downregulation of surface CD81 was partially blocked 

by MG132 and fully blocked by bafilomycin A1 (Fig. 16B). Both MG132 and 

bafilomycin partially blocked the downregulation of total CD81 by VP40 (Fig. 

16B). Altogether, GP and VP40 mediated downregulation of CD81 is partially due 

to proteasomal and lysosomal protein degradation. 

As both GP and CD81 are membrane proteins and VP40 is a membrane binding 

protein, whether CD81 interacts with GP and VP40 was analyzed with the 

Kusabira-green based BiFC assay. 293T cells were transfected to express CD81  
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Figure 16 Mechanism of EBOV GP and VP40 mediated downregulation of CD81. (A) 293T 

cells were transfected to express GFP only or co-express GFP and EBOV proteins. 2 d.p.t., the 

cells were harvested and stained with PE conjugated CD81 antibodies for flow cytometry to 

measure the surface and intracellular CD81 expression.  n=3, shown are mean values of fold of 

downregulation, calculated by dividing the PE MFI of GFP- (no GFP expression) cells with the PE 

MFI of GFP++ (high GFP expression) cells, +/- SD and representative density plots. (B). 293T 

cells were transfected to express GFP only or co-express GFP and GP/VP40. 6 h.p.t., the cells 

were treated with DMSO (mock), MG132 or bafilomycin A1. 24 h.p.t., the cells were harvested 

and stained with PE conjugated CD81 antibodies for flow cytometry to analyze surface and total 

CD81 expression. n=3, shown are fold of downregulation, calculated by dividing the PE MFI of 

GFP- (GFP negative) cells with PE MFI of GFP+ (GFP positive) cells, +/- SD and representative 

density plots. (A-B) Two-way ANOVA with Dunnett correction was used for statistics analysis 

(GP): 0,1234 (ns), 0,0332 (*), 0,0021 (**), 0,0002 (***), <0,0001 (****). (C) 293T cells were co-

transfected with plasmids expressing N- and C- part of KG only or fused with CD81 (cytoplasmic 

tail)/GP (cytoplasmic tail)/VP40 as indicated for the BiFC assay. n=1-3, shown are KG+% 

(percentage of KG expressing cells) or mean values of KG+% +/- SD. 

and GP/VP40 fused with N/C part of KG, and the percentage of cells with 

reconstructed KG expression (a result of protein-protein interaction) was 

measured via flow cytometry. Co-expression of CD81 and GP drastically 

increased the percentage of KG expressing cells (KG+) (Fig. 16C), suggesting 
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CD81 interacts with GP. It is less clear whether CD81 interacts with VP40, due 

to the high background of the controls (Fig. 16C). 

3.4.2 Downregulation of CD81 is dispensable for the downregulation of 

CD63 and CD9 

The KO cells-based experiments showed that only CD81, but not CD63 and CD9, 

had negative effect on trVLP production and infection. As tetraspanins 

heterooligomerize (223, 308), it was studied whether downregulation of CD63 

and CD9 is a byproduct of CD81 downregulation. As CD81 was additionally 

downregulated by EBOV VP40, whether CD63 and CD9 are downregulated by 

EBOV VP40 was also analyzed. 293T control and CD81 KO (sorted) cells as well 

as Huh7.5 control and CD81KO cells were mock transfected or transfected to 

express GFP only or co-express GFP and EBOV GP/VP40, and surface CD81, 

CD63 and CD9 expression were analyzed by flow cytometry. CD81 was 

downregulated by both GP and VP40 in 293T control cells (Fig. 17A). CD63 and 

CD9 were downregulated by GP similarly in control and CD81 KO (sorted) cells, 

and CD9 was additionally downregulated by VP40 irrespective of CD81 

expression in 293T cells (Fig. 17A). Apart from that, CD63 and CD9 expression 

was not affected by KO of CD81 in 293T cells (Fig. 17A). In Huh7.5 (control) cells, 

CD81 was downregulated only by GP but not VP40 (Fig. 17B). In line with 293T 

cells, CD63 and CD9 were downregulated by GP irrespective of CD81 expression 

in Huh7.5 cells (Fig. 17B). CD63 expression was not notably affected by KO of 

CD81 in Huh7.5 cells, while CD9 expression in Huh7.5 cells was higher in CD81 

KO. Whether CD81 has an effect on transfection was also analyzed. Transfection 

efficiency was similar in control and CD81 KO cells in both 293T and Huh7.5 

cells, while GFP expression (MFI) by the transfected plasmids was slightly higher 

in CD81 KO cells than control cells in Huh7.5 cells (Sup. Fig. 5A-5B). 
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Figure 17 CD81 is dispensable for the downregulation of CD63 and CD9 by EBOV GP. 
(A)293T and (B) Huh7.5 cells were mock transfected or transfected to express GFP only or co-
express GFP and GP/VP40. 2 d.p.t., the cells were harvested and stained with PE conjugated 
antibodies against CD81, CD63 and CD9 to analyze the surface expression of the receptors by 
flow cytometry (n=3). Shown are mean values +/- SD, fold of downregulation was calculated by 
dividing the PE MFI of GFP- (no GFP expression) cells to PE MFI of GFP+ (intermediate GFP 
expression) or GFP++ (high GFP expression) cells and PE MFI showing the TSPs expression 
was normalized to CD81-PE MFI of control cells. Two-way ANOVA with Šidák correction was 
used for statistics analysis (GP): 0,1234 (ns), 0,0332 (*), 0,0021 (**), 0,0002 (***), <0,0001 (****).  

3.5 CD81 antibody suppresses EBOV trVLP infection 

As CD81 was shown to suppress EBOV trVLP infection, it was hypothesized that 

ligation of CD81 with a CD81 antibody might inhibit EBOV trVLP infection. The 

CD81 antibody used in this experiment is 5A6, which initially identified CD81 and 

showed antiproliferative effect on lymphoma cell line (224). 5A6 binds to the large 

extracellular loop of CD81 and induces conformational changes as well as 

clustering of CD81 at the cell surface (255, 309). 293T control and CD81 KO cells 

treated with no antibody (Ab), CD81 antibody or isotype antibody were infected 

with trVLP-dGP-GFP pseudotyped with EBOV GP or VSV G, and the infection 

rate was determined by flow cytometry. CD81 antibody, but not the isotype 

antibody, significantly suppressed EBOV GP or VSV G pseudotyped EBOV trVLP 

infection of control cells but not CD81 KO cells (Fig. 18A-18B). Altogether, not 

only CD81 but also CD81 antibody suppresses EBOV trVLP infection. 
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Figure 18 CD81 antibody suppresses EBOV trVLP infection. 293T cells were transfected with 

Tim1, mCherry (transfection ctrl) and EBOV RNP (NP, L, VP35 and VP30). 1 day later, the cells 

were treated with no antibody (Ab), CD81 antibody (5A6) or the isotype ctrl antibody.1 hour later, 

the cells were added with trVLP-dGP-GFP (dGP, no Ab) or trVLP-dGP-GFP pseudotyped with 

EBOV GP (A) or VSV-G (B). 2 d.p.i., the cells were harvested for flow cytometry (n=3), shown are 

mean values of normalized infection rate (to mCherry+% and further control cells with No Ab 

treatment) +/- SD and density plots with transfections rates and infection rates. Two-way ANOVA 

with Dunnett correction was used for statistics analyses (GP): 0,1234 (ns), 0,0332 (*), 0,0021 (**), 

0,0002 (***), <0,0001 (****).  
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4. Discussion 

4.1 EBOV GP mediated downregulation of surface receptors 

Amongst the 20 receptors identified to be modulated by EBOV GP in Hela cells 

via a flow cytometry-based screen (by Julia Nehls), seven receptors, CD184, 

CD201, CD59, HLA, CD81, CD63 and CD9, were confirmed being downregulated 

more than 1.5-fold by EBOV GP in both Hela and 293T cells, although there was 

only a trend to downregulate CD201 and CD81 in Hela cells (Fig. 7A-7G). EBOV 

GP is known to sterically shield HLA on the cell surface and thereby to render it 

less accessible (187). However, the modulation of the other six receptors is 

reported for the first time. CD59, a complement lysis restriction factor, is 

incorporated into the membrane attack complex during complement activation 

(310). Moreover, CD59 was found to be incorporated into HIV-1, HCMV, HTLV-

1, extracellular enveloped vaccinia virus, HCV and IBV particles and protect HIV-

1, extracellular enveloped vaccinia virus, IBV and HCV from complement 

destruction (311–316). It’s unknown whether CD59 is incorporated into EBOV 

particles yet. On the other hand, CD59 is known to be downregulated by HBV 

infection, which sensitizes hepatocytes to complement dependent cytotoxicity 

(317). The downregulation of CD59 by EBOV GP could be potentially related with 

EBOV pathogenicity. CD201, known as endothelial cell protein C receptor, 

augments protein C activation that negatively regulates blood coagulation (318). 

Decrease of activated protein C level was observed in EBOV infected primates, 

which is correlated with abnormal coagulation (319). It would be interesting to 

study whether EBOV GP mediated downregulation of CD201 decreases protein 

C activation. CD184 (CXCR4) is, the receptor for chemokine CXCL12, migration 

inhibitory factor, extracellular ubiquitin, human beta defensin-3 and HIV-1, 

engaged in cell migration and  multiple other cellular processes (reviewed in 

(320), (321–325)). Multiple CXCR4 signaling pathways might be modulated by 

GP in EBOV infected cells.  As outlined in the introduction, CD81, CD63 and CD9, 

the members of the tetraspanin superfamily, are known to be involved in various 

cellular processes, including cell fusion, adhesion, migration and proliferation, 

and also the life cycle of several viruses. The downregulation of three members 

of the tetraspanin superfamily features their potential role in the EBOV life cycle. 
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As mentioned, CD81, CD63 and CD9 were downregulated by authentic EBOV 

infection as well (Fig. 7H). 

Not only EBOV (1976, Mayinga) but also other members of Ebolavirus genus 

tested, SUDV, RESTV and TAFV, and MARV GP downregulate surface CD81, 

CD63 and CD9 (Fig. 8), suggesting a conserved function among the filoviral GPs.  

The GP of HIV-1 (Env) and LASV, with relative low expression level, did not 

modulate the tetraspanins, while CD81 is known to be downregulated by HIV-1 

Vpu (271). Both subunits of EBOV GP, GP1 and GP2, were required for the 

downregulation of the tetraspanins, and more specifically residues located with 

the RBD, FP and TMD (ZLZ) seemed involved in the downregulation (Fig. 9). The 

involvement of same residues of GP implies common mechanism is employed by 

GP to downregulate the tetraspanins. Neither GP1 (33-501 aa) nor GP2 (502-

676 aa) alone were able to significantly downregulate the tetraspanins (Fig. 9A-

9B). However, increased shedding efficacy (326) of EBOV GP did not significantly 

affect the downregulation of the tetraspanins (Fig. 9C), suggesting remaining 

uncleaved GP was sufficient to mediate the downregulation.  Additionally, GP of 

EBOV that circulated during the 2014 outbreak in West Africa, differed in 20 

amino acids from the GP of EBOV circulated in 1976 (307), preserved the 

capacity to downregulate the tetraspanins (Fig. 9C).   

4.2 CD81 and the life cycle of EBOV trVLP 

Whether TSP modulation by EBOV GP plays a role in the EBOV life cycle was 

studied with the EBOV trVLP assay. The trVLP assay allows to study the different 

steps of the EBOV life cycle under BSL 1/2 conditions, including entry, genome 

replication and transcription as well as release, with expression of all EBOV 

proteins (111).  

4.2.1 CD81 and EBOV minigenome replication and transcription 

Firstly, EBOV trVLP production was analyzed in control (no sgRNA), CD81 KO, 

CD63 KO and CD9 KO cells. KO of CD81 enhanced EBOV minigenome encoded 

VP40 expression and more VP40 were released from the CD81KO cells (Fig. 

10B and 10D). VP40 is released into exosomes as well, which have smaller size 

than EBOV VLPs (216, 217). In the trVLP assay, 20,000 g was used to pellet the 
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trVLPs through 20% sucrose from the medium, which is lower than the 

centrifugation speed commonly used to pellet exosomes, 100,000 g (327). 

Moreover, it was shown that exosomes containing MHC II molecules were barely 

pelleted by centrifugation at 10,000 g (328). Thus, the VP40 detected in medium 

is supposed to originate mainly from trVLPs. Higher VP40 expression in trVLP-

dGP-nluc producer cells was observed as compared to trVLP-nluc producer cells 

(Fig. 10B and 10D). This could be related with the inverse correlation between 

minigenome length and encoded protein expression (111). Regardless, 

altogether, the cumulated results show that CD81 plays a negative role in 

minigenome encoded VP40 expression and trVLP production.  

The suppressive role of CD81 in the minigenome encoded VP40 expression was 

further confirmed by restoration of CD81 expression in CD81 KO cells. In addition 

to T7 RNA polymerase driven minigenome plasmid (with nluc reporter), an RNA 

polymerase II driven minigenome plasmid (with GFP reporter) was used to 

exclude possible effects of CD81 on initial transcription of the minigenome 

plasmids. Not only VP40 expression but also GP and nluc reporter expression, 

encoded by the minigenome, were suppressed by CD81 expression (Fig. 11). GP 

was detected in trVLP-GFP but not trVLP-nluc (data not shown) producer cells, 

which could be related to more efficient transcription in the RNA polymerase II 

system (329). On the other hand, KO of CD81 had no or only minor effect on GFP 

expression (Fig. 12) in trVLP-GFP and trVLP-dGP-GFP producer cells could be 

due to counteraction of CD81 by GP and higher expression of GFP than VP40, 

as the EBOV genome is gradiently transcribed from 3’ to 5’ (115).  

Next, whether EBOV minigenome RNA level is affected by CD81 was 

determined, and a negative role of CD81 in vRNA dependent minigenome 

replication and transcription is suggested (Fig. 13A). The transcription activator 

VP30 was shown to be dispensable for the negative effect of CD81 on VP40 

mRNA and cRNA level (Sup. Fig. 1A). However, a negative role of CD81 in 

minigenome transcription cannot be excluded, as both replication and 

transcription occur in the inclusion bodies and requires common viral proteins 

NP, L and VP35 (103, 105, 106). In the trVLP assay, higher transcription level 
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does not necessarily lead to higher minigenome replication, as EBOV RNP, 

responsible for minigenome replication and transcription, are expressed by co-

transfected plasmids but not the minigenome. On the other hand, increased 

minigenome replication can result in higher mRNA level.  Increased RNA level 

could also result from impaired RNA decay/degradation. However, it has been 

shown that EBOV RNP (NP, L and VP35) encapsidated minigenome RNA is 

nuclease resistant (103), which makes RNA decay unfavorable.  

Furthermore, KO of CD81 enhanced NP homo-oligomerization, NP-VP35 

interaction and VP35 homo-oligomerization (Fig. 13B). NP oligomerization was 

shown to play a key role in EBOV inclusion bodies formation, and VP35 is a 

chaperone for NP oligomerization and forms tetramer as cofactor of EBOV 

polymerase L (112, 118, 120, 122).  Robust NP homo-oligomerization could be 

observed when C/N of KG is fused at the C, but not N, terminus of NP (Fig. 13B, 

left), which could indicate that the N terminus of NP is essential for 

oligomerization (118, 120). Regarding VP35 homo-oligomerization and NP-VP35 

interaction, the enhancement effect could be observed when N/C part is fused to 

the C, but not N, terminus of VP35 (Fig. 13B, right and bottom).  This could be 

explained by the fact that the NP-chaperoning domain (20-48 aa) and homo-

oligomerization domain (82-145 aa) of VP35 (1-340) are located closely to the N 

terminus (120, 330).  

CD81 is a four-transmembrane protein. Therefore, how CD81 may modulate the 

formation of EBOV inclusion bodies, known to be membraneless liquid organelle 

(112), sounds counterintuitive. Colocalization between membrane structure and 

membraneless organelle has been demonstrated.  Lee at al showed that 

membraneless organelle P bodies can localize with ER tubes, which appears to 

regulate P bodies fission (331). Moreover, Dolnik et al. demonstrated that Lamp1 

and LC3, respectively a membrane protein of late endosomes/lysosomes and a 

marker of autophagosomal membranes, are localized to MARV NP inclusion 

bodies (332). So far no membrane proteins has been identified in EBOV inclusion 

bodies, but EBOV inclusion bodies (viral factories) were observed to be in close 

proximity to several membrane organelles, including ER, vesicles, mitochondria 
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and nucleus (333). Therefore, CD81 may regulate EBOV inclusion bodies 

formation through direct interaction with the components/regulators of the 

inclusion bodies. On the other hand, CD81 involved signaling might be engaged 

in EBOV genome replication and transcription. As discussed in the introduction, 

CD81 is associated with several integrins. Integrin signaling pathways are 

associated with multiple cellular responses including cell survival, which favors 

virus replication at the early phase (334, 335).  

4.2.2 CD81 and EBOV trVLP entry 

CD81 also suppresses EBOV GP mediated entry (Fig. 15A). This could be related 

to that CD81 interacts with integrin αV and β1, and αVβ1 that were shown to be 

required for EBOV-GP, but not VSV G, mediated entry by regulating cathepsins 

(238, 336). Although CD63 and CD9 had no effect on EBOV trVLP infection, their 

possible role in trVLP infectivity cannot be ruled out. Especially CD9 is known to 

inhibit the shedding activity of ADAM17/TACE, which can remove the  

ectodomain of EBOV GP (180, 289). However, it would be hard to study their 

role, including CD81, in EBOV infectivity, as the tetraspanins are downregulated 

by EBOV GP (Fig. 7).  CD63 is a receptor of the tissue inhibitor of 

metalloproteinase-1 (TIMP-1), which was shown to promote inflammation in 

influenza infection (277, 337). So far, involvement of TIMP-1 in EBOV infection 

has not been reported. Role of CD63 in EBOV in vivo infection cannot be 

excluded. CD9 and CD81 were shown to  have essentially similar structures (220, 

221). The two tetraspanins share around 60% sequence similarity, mainly in the 

transmembrane domain, and the extracellular loops as well as short C terminal 

cytoplasmic tails differ from each other (221). Therefore, it is likely and interesting 

to study in the future, if the differed extracellular loops and C terminal cytoplasmic 

tail of CD81 confers its negative role in EBOV trVLP infection. 

Moreover, CD81 seems play a role in macropinocytosis, the major internalization 

pathway of EBOV (Fig. 15C). CD81, but not CD9, is known to interact with Rac1 

via its C terminal cytoplasmic domain and regulate Rac1 activation, which plays 

an essential role in macropinocytosis (232, 338). It is not clear how EBOV induces 

macropinocytosis. Moller-Trank and Maury discussed and suggested that 
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macropinocytosis occurs through PtdSer/PtdSer receptor and/or 

glycan(GP)/lectin interaction (62). They have listed the following evidences. 

Firstly, PtdSer/PtdSer receptor interaction mediates internalization of EBOV VLP 

(VP40-GFP) without GP (339, 340). Secondly,  VSV, known to be internalized via 

clathrin mediated endocytosis, pseudotyped with EBOV GP is internalized 

through macropinocytosis (74). Their assumption is supported by other studies. 

Stewart et al. demonstrated that bald EBOV VLPs comprised of NP and VP40 

can activate Akt, an event occurs during macropinocytosis (87, 341). Saeed el al. 

showed that EBOV GP pseudotyped EBOV VLP is internalized through 

macropinocytosis, while VSV G pseudotyped EBOV VLP is internalized via 

clathrin mediated endocytosis (75). On the other hand, Bhattacharyya et al. 

showed that EBOV GP pseudotyped HIV uses clathrin mediated endocytosis as 

entry pathway while macropinocytosis was not studied (342). Aleksandrowicz et 

al. indicated that EBOV takes macropinocytosis as a major route and clathrin 

mediated endocytosis as an alternative route for entry (76). More recently, 

tyrosine kinase receptors were shown to be required for EBOV or EBOV VLP 

induced Akt activation (86, 87). Considering CD81 is associated with multiple 

membrane proteins, it would be interesting to study whether CD81 interacts with 

EBOV attachment factors and tyrosine kinase receptors. Furthermore, the 

negative role of CD81 in EBOV trVLP infection shown by the KO cells-based 

experiments (Fig. 14 and 15B) was confirmed in 293T cells overexpressing CD81 

(Fig. 15D). Tim1, the pretransfected PtdSer receptor, was not required for CD81 

mediated suppression of EBOV trVLP infection (Fig. 15D), indicating other EBOV 

attachment factors expressed by 293T cells might be involved. 

On top of that, the role of CD81 in authentic EBOV infection remains unclear 

(Sup. Fig. 3). Notably, CD81 was downregulated by both GP and VP40 in 293T 

cells, which likely compromised the effect of CD81 in authentic EBOV infection. 

4.3 EBOV GP and VP40 mediated downregulation of CD81 

Both proteasome and lysosome protein degradation contribute to EBOV GP and 

VP40 mediated downregulation of CD81 (Fig. 16). It is known that the CD81 N 

terminus contains ubiquitination sites (K8 and K11) promoting CD81 proteasomal 
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degradation and internalization of surface CD81 for lysosome degradation (343, 

344). The ubiquitination sites also exist in the N terminus of other tetraspanins, 

including CD63 and CD9 (343). Moreover, the BiFC assay showed that CD81 

interacts with GP (Fig. 16C). CD81 was shown to be degraded by  ubiquitin ligase 

MARCH8, which is an interaction partner of EBOV GP and impairs GP maturation 

(345, 346).  It is reasonable to assume that GP targets CD81 for degradation 

through its interaction with MARCH8, whereas MARCH8 expression was not 

detected in 293T cells by WB (346). Nevertheless, MARCH8 is highly expressed 

in macrophages and dendritic cells, the primary target cells of EBOV (346, 347). 

Similar to EBOV GP, HIV-1 Vpu is known to interact with and downregulate CD81 

through proteasomal and lysosomal degradation (271). Other mechanism may 

contribute to the downregulation of CD81. It was shown that GP forms 

microvesicles and results in more CD81 released from cells (182). Moreover, GP 

is known to sterically shield MHC I and β1 integrin via its glycan (187). Whether 

glycan shield contributes to the observed CD81 downregulation needs to be 

addressed. It’s not clear whether VP40 interacts with CD81 (Fig. 16C). VP40 is 

known to be a membrane binding protein and interact with several ubiquitin ligase 

for budding (153, 165–168). It might be interesting to study whether membrane 

binding is required for VP40 to downregulate CD81. Considering the 

downregulation of CD81 by both GP and VP40, the effect of CD81 mutant, lacking 

the ubiquitination sites, on EBOV infection should be studied. 

4.4 CD81 antibody and EBOV trVLP infection 

EBOV GP or VSV G pseudotyped trVLP infection was suppressed by the CD81 

antibody 5A6 (Fig. 18). The epitope of 5A6 is located within the large extracellular 

loop of CD81, and the binding of 5A6 leads to conformation change and clustering 

of CD81 (255, 309). The clustering of CD81 might resemble CD81 

overexpression. 5A6 has been implicated in modulation of virus infection and 

restriction of cancer cells. HCV E2 is known to interact with CD81 large 

extracellular loop for entry, which was shown to be inhibited by 5A6 (262, 348). 

In contrast, 5A6 was shown to improve HIV-1 transmission from T cells to 

macrophages via cell to cell fusion (266). CD81 was demonstrated to negatively 

regulate the heterotypic cell fusion through the RhoA/actomyosin pathway (266). 
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5A6 was shown to kill B lymphoma cells via direct killing, antibody-dependent cell 

cytotoxicity, complement-dependent cytotoxicity and antibody-dependent cell 

phagocytosis while spare the normal lymphocytes (349). Additionally, 5A6 was 

indicated to inhibit human breast cancer cell invasion and migration, and this 

inhibition involves  JAM-A (309). Further study indicates that the CD81 interaction 

partners transferrin receptor1, integrin α6, α5, and β5 are engaged in the 

antimetastatic effect of 5A6 (308). It is attempting to hypothesize that 5A6 may 

modulate CD81 and its interaction partners to restrict EBOV trVLP infection. Of 

note, EBOV GP and VSV G pseudotyped VLPs (EBOV) are internalized through 

different pathways, macropinocytosis and clathrin mediated endocytosis, 

respectively (75). Thus, 5A6 may target CD81 to suppress EBOV minigenome 

replication and transcription. Nonetheless, the possible suppression of 

macropinocytosis by 5A6 cannot be excluded. As Rac1, a key regulator of 

macropinocytosis, is known to interact with CD81 cytoplasmic tail and its activity 

is regulated by CD81 (232, 338). The antiviral effect of 5A6 should be further 

studied with authentic EBOV infection and its primary target cells, macrophages 

and dendritic cells. Additionally, CD81 was identified as host factor for influenza 

virus, HSV-1 and CHIKV (264, 272, 273). It might be interesting to determine the 

antiviral effect of 5A6 on infection of these viruses. 

4.5 Conclusion 

Among other receptors, tetraspanin CD81, CD63 and CD9 are downregulated by 

EBOV GP and authentic EBOV infection. The downregulation of the tetraspanins 

by GP is conserved within filovirus family and both subunits of GP are engaged. 

CD81, but not CD63 and CD9, suppresses EBOV minigenome replication and 

transcription as well as NP oligomerization, a determinant of EBOV replication 

complex inclusion body formation.  Moreover, CD81 plays a negative role in early 

steps of EBOV entry including EBOV GP mediated entry and likely 

macropinocytosis. Remarkably, a CD81 antibody, 5A6, can suppress EBOV 

trVLP infection. The CD81 downregulation mechanism was also studied. CD81 

is downregulated by not only GP but also VP40, which is partially due to 

proteasomal and lysosomal protein degradation. In addition, EBOV GP can 

interact with CD81, which might be the mechanism that CD81 is targeted by GP 
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for downregulation/degradation. Taken together, tetraspanin CD81, 

downregulated by EBOV, is a restriction factor of EBOV and might serve as a 

druggable target for EBOV infection treatment.  
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5. Summary 

EBOV, a highly pathogenic filovirus, causes Ebola virus disease to humans with 

high case fatalities. A broad range of cell types are susceptible for EBOV 

infection. EBOV entry into host cells is mediated by the viral surface glycoprotein 

GP, which is also known to play roles in immune evasion by modulating cell 

surface receptors.  

Following a flow cytometry-based screen to comprehensively identify EBOV GP 

modulated surface receptors, this thesis confirmed the downregulations of three 

tetraspanins, CD81, CD63 and CD9. The downregulations could also be 

observed in authentic EBOV infection. Moreover, GP of other filoviruses, SUDV, 

RESTV, TAFV and MARV, can downregulate these tetraspanins as well. The 

tetraspanins are known to interact with other host proteins and form the 

tetraspanin enriched microdomains involved in multiple signaling pathways and 

cellular processes. The functional relevance of the tetraspanins in the EBOV life 

cycle was characterized by using the EBOV trVLP assay and tetraspanin KO 

cells.  KO of CD81, but not CD63 and CD9, enhanced EBOV minigenome 

replication and transcription as well as NP oligomerization, which plays an 

essential role in the formation of EBOV inclusion body, the EBOV replication 

complex. Conversely, restoration of CD81 expression in CD81 KO cells 

suppressed EBOV minigenome encoded proteins expression. Moreover, KO of 

CD81 increased EBOV GP mediated entry and seems to enhance 

macropinocytosis, the major internalization pathway of EBOV. CD81 was shown 

to be downregulated by both GP and VP40 of EBOV, which involves lysosomal 

and proteasomal protein degradation. Notably, a CD81 antibody, 5A6, showed 

inhibitory effects on EBOV trVLP infection. 

In summary, EBOV downregulates tetraspanin CD81, as a novel immune evasion 

mechanism, to create a replication friendly environment. With further 

investigations of authentic EBOV infection of its primary target cells, CD81 

antibody 5A6 might be used as an antiviral treatment. 
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6. Zusammenfassung 

Das Ebolavirus (EBOV) ist ein hoch pathogenes Filovirus, das beim Menschen 

eine komplexe Symptomatik mit hämorrhagischen Fiebern verursacht und eine 

hohe Sterblichkeitsrate hat. Ein breites Spektrum von Zelltypen ist für eine EBOV-

Infektion empfänglich. Das Eindringen von EBOV in Wirtszellen wird durch das 

virale Oberflächenglykoprotein GP vermittelt, von dem auch bekannt ist, dass es 

durch die Modulation von Zelloberflächenrezeptoren eine Rolle bei der viralen 

Immunevasion spielt. 

Nach einem Screening zur umfassenden Identifizierung von EBOV-GP-

modulierten Oberflächenrezeptoren bestätigte diese Arbeit die 

Herunterregulierung von drei Tetraspaninen, CD81, CD63 und CD9. Es konnte 

gezeigt werden, dass diese Rezeptoren auch in EBOV-infizierten Zellen herunter 

reguliert werden. Darüber hinaus können GPs anderer Filoviren, SUDV, RESTV, 

TAFV und MARV, die Tetraspanine ebenfalls modulieren. Tetraspanine 

interagieren mit anderen Wirtsproteinen und bilden sogenannte TEMs, Englisch 

für „tetraspanin-enriched microdomains“, die an zahlreichen Signalwegen und 

zellulären Prozessen beteiligt sind. Die funktionelle Bedeutung der Tetraspanine 

im EBOV-Lebenszyklus wurde mit Hilfe des EBOV trVLP-Systems, ein Surrogat-

System für Infektionen mit EBOV, und genetischen „knock-out“ Zellen untersucht.  

Die Inaktivierung von CD81, nicht aber von CD63 und CD9, verstärkte die EBOV-

Minigenom-Replikation und -Transkription sowie die Oligomerisierung des 

Nucleokapsidproteins (NP), was eine wesentliche Rolle bei der Bildung der 

EBOV-Replikationskomplexe spielt. Umgekehrt unterdrückte die CD81-

Überexpression in CD81-KO-Zellen die Expression von EBOV-Minigenom-

kodierten Proteinen. Darüber hinaus erhöhte der KO von CD81 den GP-

vermittelten Eintritt von EBOV und verstärkt die Makropinozytose, den 

wichtigsten Internalisierungsweg von EBOV. Außer GP ist noch ein anderes 

EBOV Protein, VP40, dazu in der Lage, CD81 herunter zu regulieren. 

Mechanistisch schleusen GP und VP40 CD81 in den lysosomalen und 

proteasomalen Abbauweg ein. Interessanter Weise konnte durch den CD81 

spezifischen Antikörper 5A6 die Infektion mit EBOV trVLPs gehemmt werden.  
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Zusammenfassend konnte in dieser Arbeit gezeigt werden, dass EBOV das 

Tetraspanin CD81 als neuartigen Mechanismus zur Umgehung des 

Immunsystems herunterreguliert, um eine replikationsfreundliche Umgebung zu 

schaffen. Bei weiterer Untersuchung der EBOV-Infektion in primären Zielzellen 

könnte der CD81-Antikörper 5A6 ein neuer therapeutischer Ansatz darstellen. 
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Sup. Figure 1 EBOV trVLP RNA levels and BiFC assay. (A) 293T control and CD81 KO cells 

were transfected to produce trVLP-dGP-nluc/-GFP with or without VP30 (+/-VP30), and luc2 

expression plasmids were co-transfected as transfection control. 3 d.p.t., the cells were harvested 

and prepared for RT-qPCR. Shown are relative RNA levels or mean values of relative RNA levels 

+/- SD, EBOV mRNA, cRNA and vRNA levels were normalized to control cells producing trVLP-

dGP-nluc and luc2 mRNA levels were normalized to the control cells (n=1-2). (B) The percentage 

of cells with reconstitution of KG, resulted from oligomerization of NP and VP35 as well as NP-

VP35 interaction, in 293T control and CD81 KO (sorted) cells in the BiFC assay (Fig. 13B). (C) 

293T CD81 KO (sorted) cells were co-transfected to express N- and C- part of KG only or fused 

with CD81/NP with or without VP35 as indicated for the BiFC assay. 2 d.p.t., the cells were 
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harvested for flow cytometry to analyze the percentage of KG+ cells and MFI of KG+ cells. n=1-

3, shown are mean values +/- SD. 

 

Sup. Figure 2 EBOV trVLP infection with 293T TSP KO cells. (A) 293T control, CD81 KO, 

CD63 KO and CD9 KO cells were transfected with Tim1 and EBOV RNP (NP, L, VP35 and VP30). 

1 day later, the cells were infected with trVLP-GFP (inf.). 3 d.p.i., the cells were harvested for flow 

cytometry (n=4). Shown are representative density plots with infection rates.  

  

 

Sup. Figure 3 The role of CD81 in recombinant authentic EBOV infection. 293T control and 

CD81 KO cells were infected with rgEBOV-iluc2 at MOI of 0.5 (left). 24 and 48 h.p.i, the cells were 

harvested and lysed for luciferase assay, the luciferase activities were normalized to control cells. 

n=1-2, indicated are mean values +/- SD. 293T control and CD81 KO cells were infected with 

rgEBOV-eGFP at MOI of 1 (right). 24 and 48 h.p.i., the cells were harvested and fixed for flow 

cytometry analysis (n=1). The authentic EBOV infection experiments were performed by Thomas 

Hoenen and Lisa Wendt. 
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Sup. Figure 4 The role of CD81 in macropinocytosis. (A) Huh7.5 control and CD81 KO cells 

were added with medium only (mock) or Dextran-555 (10K, 0,4 mg/ml). 15 min later, the cells 

were harvested for flow cytometry (n=2), shown are mean values of normalized MFI of Dextran-

555 (to control cells) +/- SD. (B) Human primary macrophages were transfected with non-targeting 

siRNA (scrRNA) or siRNA against CD81 (siCD81). 4 d.p.t., the cells were mock treated or treated 

with PMA (1 μM). 30 min later, the PMA was removed and Dextran-555 (10K, 0,4 mg/ml) was 

added. 15 min later, the cells were harvested for flow cytometry to analyze Dextran uptake, shown 

are normalized Dextran-555 MFI (to scrRNA transfected cells) of macrophages from three 

independent donors (left). Macrophages without PMA and Dextran-555 treatment were harvested 

and stained with PE conjugated antibody against CD81 to measure surface CD81 expression by 

flow cytometry, shown are CD81-PE MFI (normalized to scrNRA) of macrophages from the three 

donors. 
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Sup. Figure 5 The effect of CD81 on transfection efficiency. 293T (A) and Huh7.5 (B) cells 

were transfected to express GFP only or co-express GFP and GP/VP40. 2 d.p.t., the cells were 

harvested for flow cytometry analysis (n=3). Shown are mean values of percentage of GFP 

positive cells and normalized GFP MFI (to control cells) +/- SD, two-way ANOVA with Šidák 

correction was used for statistics analysis (GP): 0,1234 (ns), 0,0332 (*), 0,0021 (**), 0,0002 (***), 

<0,0001 (****). 
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