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Abstract: Cholesterol transporters NPC1 and NPC2 form an essential trafficking pathway to 

transport cholesterol molecules from late endosomes/lysosomes to cytoplasm. However, filoviruses, 

such as Ebola virus and Marburg virus, hijack the intracellular cholesterol transporter 1 (also called 

Niemann-Pick C1 protein, NPC1) as the receptor to infect cells in the late endosomes/lysosomes. 

Intriguingly, the filovirus binding site overlaps with NPC2 on the NPC1 that is located at loops 1 and 

2 of NPC1_C domain. It is suggested that the NPC2 and filovirus directly compete for binding to 

NPC1 for their functions. In this study, we utilize this competing relationship to counteract filovirus 

infection directly using NPC1 and NPC2 proteins. The soluble NPC1_C domain is used as a fake 

receptor for absorbing filovirus particles, and NPC2 is used to interfere with filovirus binding to 

NPC1 for entry. The outcomes from our studies have shown that both cholesterol proteins indeed 

exhibit strong activities against filovirus infection. It is feasible that these cholesterol transporter 

proteins could be developed as therapeutics to treat filovirus infection. 

Keywords: cholesterol transporters; Niemann-Pick C1 (NPC1); Niemann-Pick C2 (NPC2); entry 
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1. Introduction 

The human intracellular cholesterol transporter 1 and 2 (NPC1 and NPC2) proteins  are 

responsible for cholesterol trafficking from late endosomes/lysosomes (Le/Ly) in the lumen to the 

cytoplasm[1]. They have been named NPC1 and NPC2, respectively since they are involved in the 

serious cholesterol-derived diseases called Niemann-Pick type C (NPC) diseases. NPC1 is a large 

multi-transmembrane protein (~1278 residues) that contains 13 transmembrane helices (TM) and 

three luminal domains: A (N-terminal domain, NTD), C (middle luminal domain, MLD, 372-622, 250 

residues) and I (C-terminal domain, CTD)[2,3]. NPC1 locates in the membranes of late endosomes 

and lysosomes and mediates intracellular cholesterol trafficking [2]. NPC2 is a small soluble protein 

(~15 kd, 132 residues) in the late endosomes and lysosomes for transporting cholesterol molecules to 

NPC1[4]. Then, the cholesterol can be further transported to the cytoplasm by NPC1 through the 

sterol-sensing domain(SSD)[5]. Thus, NPC1 and NPC2 work together for transporting cholesterol 

from late endosomes and lysosomes to the cytoplasm[5,6]. The mutations from NPC1 or NPC2 genes 

will affect cholesterol trafficking and result in an accumulation of cholesterol in the Le/Ly that will 

cause serious NPC diseases.  

Unfortunately, NPC1 is hijacked by deadly filoviruses such as Ebola virus (EBOV) or Marburg 

virus (MARV) and used as their receptors for infection of human cells [7,8]. EBOV and MARV are 

well-known members of the family Filoviridae and have caused severe diseases called Ebola virus 

disease (EVD) [9] and Marburg virus disease (MVD) [10] with high mortality rates from 25% to 90% 

[11–14]. Although filovirus was first identified in the 1960s, but there are no effective drugs for 

treating the infections. Until 2020, two monoclonal antibody-based drugs for EBOV were approved 

for clinical use: one is a cocktail of three antibodies (REGN-EB3 or Inmazeb) and another is a single 
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monoclonal antibody (mAb114 or Ebanga), which target the Ebola virus glycoprotein to block viral 

attachment and entry [13,15,16]. It is required to develop more therapeutics for combating these 

deadly viral diseases.  

Filoviruses are enveloped viruses with a single-stranded negative-sense RNA molecule genome 

and infect cells through macropinocytosis in the late endosomes or lysosomes[17–19]. The 

glycoprotein (GP) is the sole viral protein on the surface of the virion which is essential for viral entry. 

The GP is initially synthesized as a single polypeptide (~676 residues), later cleaved by the cellular 

furin protease into disulfide-linked two subunits of GP1 and GP2. GP1 is exposed on the surface of 

the virion and GP2 is in the membrane containing the fusion loop. The glycoprotein spike is a trimer 

and consists of three GP molecules. While the virus through macropinocytosis and trafficking to the 

late endosomes and lysosomes, GP1 is further cleaved by endosomal cysteine proteases (cathepsins 

B&L) to remove the glycan cap and glycosylated mucin domain to expose the receptor binding site 

(RBS). The cleaved GP (GPcl, ~19kd) includes GP1 and GP2 portions to form a stable receptor binding 

domain (RBD) for interacting with receptor NPC1 Domain_C [3,20]. The GPcl binding to the cellular 

receptor NPC1_C will cause GP2 conformational change for membrane fusion of viral entry. 

Actually, the viral GPcl binding site on NPC1 for viral entry overlaps with NPC2 for cholesterol 

transporting, which is principally located in the loop 1 (L1) and loop 2 (L2) of NPC1_C domain 

[3,5,21]. Therefore, It is evident that NPC2 compete with filovirus binding to NPC1 which will 

interfere with filovirus entry and block filovirus infection. Although these two cholesterol 

transporters were reported to be used as conjugates with antibodies for antiviral research[22,23], 

there are no reports investigating their activities directly against filovirus infection. This study has 

demonstrated that both cholesterol transporters (NPC1 and NPC2) can inhibit filovirus infection 

which are promising candidates for therapeutics development. 

2. Results 

2.1. Cholesterol Transporter 1 (NPC1) Inhibits Filovirus Infection 

The Domain C of NPC1 is a middle luminal domain (MLD) which direct interact with viral GPcl 

for viral entry. Thus, NPC1_C domain (or called soluble NPC1) can be used as fake receptors to 

absorb viral particles for reducing infection because binding to the soluble NPC1 cannot get entry 

into the cells. In our tests, the soluble NPC1 significantly reduced EBOV and MARV infections, and 

the IC50 values were 1.12 µM and 1.33 µM, respectively (Figure 1). It is suggested that soluble NPC1 

has the potential to be developed as a biological-based drug for filovirus infection.  

 

Figure 1. Inhibition assays of human NPC1_C domain against pseudotyped EBOV (A) and pseudotyped MARV 

(B). The IC50 value (half-maximal inhibitory concentration) is presented in each graph. 

2.2. Cholesterol Transporter 2 (NPC2) Inhibits Filovirus Infection 
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Cholesterol transporter 2 (NPC2) is a small soluble protein and responsible for transporting 

cholesterol molecules to Cholesterol transporter 1 (NPC1) and then to cytoplasm. Unfortunately, the 

binding site for NPC2 on NPC1 is overlapped with filovirus binding. In this case, NPC2 will compete 

with filovirus binding to NPC1 so that NPC2 binding can block filovirud entry. We then tested this 

hypothesis by using soluble NPC2 protein and the result turned out to be positive and the inhibition 

of EBOV is potent with IC50 value of 0.87 µM. Another Ebola virus strain BDBV (Bundibugyo 

ebolavirus) was also tested with the IC50 value is 1.05 µM which is similar to EBOV (Figure 2A and 

2B). Interestingly, we also tested mouse NPC2 which did show similar the inhibition with the IC50 

values of 1.10 µM and 1.43 µM for EBOV and BDBV, respecgtively (Figure 2D and 2E). We tested 

NPC2 agasint MARV, both human and mouse NPC2 exhibited good activities with IC50 values of 1.14 

µM and 0.86 µM, respectivily (Figure 2C and 2F). Comparing the sequences of human NPC2 and 

mouse NPC2, the identity is 80.1% (Figure 3). The results appear to be that human NPC2 is better 

than mouse NPC2 against EBOV, but surprisingly mouse NPC2 is better that human NPC2 against 

MARV. The sequence difference and especially some key residues such as residue 79 (Methionine for 

human , but Aspatic acid for mouse) interacting with NPC1 binding may have played a role in this 

inhibition difference (Figure 3.) . 

 

Figure 2. Inhibition assays of human NPC2 protein and mouse NPC2 protein against pseudotyped EBOV (A 

and D), BDBV (B and E) and MARV (C and F). The IC50 value (half-maximal inhibitory concentration) is 

presented in each graph. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 26 March 2025 doi:10.20944/preprints202503.2021.v1

https://doi.org/10.20944/preprints202503.2021.v1


 4 of 10 

 

 

Figure 3. Protein sequence comparison of human NPC2 (isoform 2) and mouse NPC2. The accession numbers 

of GenBank: NP_001350617.1 (human NPC2) and NP_075898.1 (mouse NPC2). Identity:121/151 (80.1%), 

Similarity: 132/151 (87.4%). Pairwise Sequence Alignment was conducted using EMBOSS Needle program. The 

possible interaction residues with NPC1 are framed in red. 

2.3. Specificity of the NPC1 and NPC2 Inhibition 

To examine whether NPC1 and NPC2 are specific in the inhibitions of filoviruses infections, we 

have tested other viruses pseudotyped in the same manner such as Vesicular stomatitis virus (VSV) 

which is a well-known an enveloped, negative-sense RNA virus and able to infect a wide range of 

mammalian cells and Amphotropic-murine leukemia virus (A-MLV) which is a retrovirus. The data 

clearly showed that there were no activities against the pseudotyped VSV virus but having the 

activities against EBOV and MARV from the side-by-side assays (Figure 4). It is suggested that these 

NPC1 and NPC2 as inhibitors are specific for the filoviruses EBOV and MARV.  

 

Figure 4. Specificity evaluations of human NPC1-C domain (A) and NPC2 protein (B). VSV, pseudotyped 

Vesicular stomatitis virus; A-MLV, pseudotyped Amphotropic murine leukemia virus. 

2.4. Cytotoxicity Analysis of NPC1 and NPC2 

Cytotoxicity of NPC1_C domain and soluble NPC2 protein were evaluated using MTT based 

cell viability assay. TZM-bl cells which were used for the inhibition assay were used for cytotoxicity 

test. The CC50 value (cytotoxic concentration 50%) for NPC1_C protein is 4.88 µM which is shown in 

Figure 5A. For NPC2 protein, the data were shown in a bar graph in Figure 5B, and the CC50 was 

estimated at ~ 6.4 µM. The Selectivity index (SI) values are around 5, which is not high. It is suggested 

that NPC1_C and NPC2 proteins have some cytotoxicity if the concentration goes higher.  
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Figure 5. Cytotoxicity assays of human NPC1_ domain protein (A) and human NPC2 protein (B) . The CC50 

value (cytotoxic concentration 50%) is presented in each graph. 

3. Discussion 

It is fascinating to find out that filovirus hijacked the cholesterol trafficking pathway of 

NPC1/NPC2 for entry, but we can use the pathway proteins to counteract filovirus entry. 

Unexpectedly, the inhibition potencies (IC50s) look very similar between these two protein inhibitors 

even though the inhibiting mechanisms are quite different. As mentioned previously, NPC1_C 

domain is used as a fake soluble receptor for capturing viral particles, but NPC2 is competing with 

viral-GP binding to NPC1 for viral entry. However, all their interactions are based on their binding 

on a molecular basis. Further analysis of the interactions between NPC1_C and NPC2 or GPcl, the 

binding sites are similar and involved in the two loops (L1 and L2) of NPC1_C. The Y423 in L1 and 

F503 in L2 are the two key residues for NPC2 and GPcl binding, according to their binding structures 

(PDB 6W5V and 5JNX) (Figure 6).  
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Figure 6. Illustration of competition pathways between cholesterol trafficking and filovirus entry. This model 

was constructed based on the published structures in PDB database [PDB 6W5V (NPC1/NPC2)[5] and 5JNX 

(NPC1/EBOV-GPcl)][2]. Cholesterol transport 1 (NPC1) structural domains: Dom-A (NTD, blue), Dom-I (CTD, 

green), Dom-C (MLD, cyan). GPcl, cleaved GP. BS, binding-site for NPC2 and viral EBOV-GPcl which is circled 

in red, including loops and key residues: Loop 1 (L1, Y423) and Loop 2 (L2, F503). CLR, Cholesterol in magenta; 

SSD, Sterol-Sensing Domain; TM, transmembrane. 

Soluble NPC1 (or NPC1_C domain) inhibition of filovirus is just like soluble CD4 inhibition of 

HIV, which uses their binding affinity for capturing viral particles to prevent infection. 

Unfortunately, soluble CD4 cannot be successfully developed as the drug for inhibiting HIV infection 

because soluble CD4 can also enhance HIV infection for low CD4 expression cells or CD4-negative 

cells in vivo. The reason is that soluble CD4 could induce trans HIV infection since soluble CD4 

binding to gp120 create the form for coreceptor CCR5/CXCR4 binding for viral entry[24]. However, 

soluble NPC1 binding does not have this issue in filovirus entry, and it will block the infection 

indefinitely. Therefore, soluble NPC1 has advantages for drug development against filovirus 

infection.  

NPC2 as a native soluble protein in the Le/Ly should have more advantages for therapeutic use 

against filovirus infection. NPC2 and NPC1_C domain were used as conjugates with bispecific 

antibodies (bsAbs) for filovirus inhibition by which the inhibition functions were thought of from 

antibodies [22,23]. In their finding, it was suggested that NPC2 role is through mediating the Le/Ly 

delivery but not direct interaction with NPC1 [23]. However, from our studies, NPC2 protein was 
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used alone as the inhibitors without antibody so that the data demonstrated its inhibition is through 

the binding to achieve excellent inhibition with the IC50 values are around 1 µM, even using mouse 

NPC2. Interestingly, although mouse is not accessible to filovirus infection, mouse NPC2 can inhibit 

filovirus infection. It is implicated that mouse NPC2 is similar to human NPC2 which can bind to 

human NPC1.  

It is not known whether filovirus infection has affected cholesterol trafficking. In theory, 

filovirus entry hijacks NPC1/NPC2 cholesterol trafficking pathway that will affect cholesterol 

transportation from Le/Ly to the cytoplasm. In fact, there are other pathways for cholesterol 

transportation, such as NPC1L1 [25,26], which has the sterol-sensing domain (SSD) and may have a 

role for compensating the loss from NPC1 pathway[27]. The NPC1L1 pathway has not been well 

studied, and we do not know whether it needs NPC2-liked partner for transferring cholesterol, but 

one thing seems sure is that filovirus GP cannot bind to NPC1L1 for viral entry.  

It is promising that developing soluble NPC1 (Domain-C) and NPC2 protein-based therapeutics 

for treating filovirus infections. Because they are small soluble proteins from the human body and 

exist in the Le/Ly so that they should have overcome the most clinical safety concerns. Another 

advantage for these biological agents is that their specificities for targeting which should have less 

side effects. Like the antibody-drugs, NPC1 or NPC2 protein-based drugs will be injectable for 

treating filovirus infected patients. Finally, we would like to point out here that although our 

neutralization results are  from pseudotyped filoviruses, they would be comparable to infectious 

viruses, because our pseudotyped virus platforms have been well documented previously for testing 

entry inhibitors [28,29]. 

In conclusion, this study has demonstrated that the intracellular cholesterol transporters NPC1 

(Domain C) and NPC2 proteins have strong activities to inhibit filovirus infection. It is feasible to be 

developed as biological therapeutics for treating filovirus infection.  

4. Materials and Methods 

4.1. Proteins, Plasmids, Strains, and Cells 

The protein samples of human NPC1 (catalog no. 16499-H32H), human NPC2 (catalog no. 13341-

H08H and mouse NPC2 (catalog no. 2313-M08H) were purchased from Sino Biological US Inc 

(Chesterbrook, PA). The viral envelope glycoprotein genes used for pseudotyped viruses were as 

follows: EBOV (Zaire ebolavirus, GenBank accession no. AIO11753.1), BDBV (Bundibugyo 

ebolavirus, GenBank accession no. ACI28624) and MARV (Marburg marburgvirus Uganda 02Uga07, 

GenBank accession no. ACT79201.1). The VSV-G plasmid of Vesicular stomatitis virus and A-MLV 

envelope plasmid of Amphotropic murine leukemia virus, and HIV-1 plasmid pSG3ΔEnv, and the 

TZM-bl cells  were obtained from NIH AIDS Reagent Program.  

4.2. Pseudotyping Viruses 

HIV-1 backbone plasmid pSG3ΔEnv was used for making pseudotyped viruses. The 

glycoprotein genes (GPs) of Ebola and Marburg viruses were synthesized and cloned into the 

pCDNA3.1+ expression vector. Both plasmids of pSG3ΔEnv and the GP envelope were co-transfected 

into 293T cells in a 10-cm plate using transfection reagent polyethyleneimine (PEI). The plates were 

cultured in a tissue incubator at 37 ℃ and 5% CO2 for two days, then the medium was harvested and 

centrifuged at 5000 rpm for 10 min to remove cell debris. The supernatants containing the 

pseudotyped were made aliquots and stored at -80℃. 

4.3. Inhibition Assay Against Pseudotyped Filoviruses 

Inhibition assay was performed in a 96-well plate using pseudotyped viruses and TZM-bl cells 

(6000/well) as this cell-line has a Luciferase report gene under the inducible promoter of Tat protein 

factor. The mixtures of viruses and protein samples were transferred onto the target cell wells for 

infection. One-day post infection, the media were removed, the cells were washed once with PBS and 
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incubated in fresh media for one more day. Then the cells were lysed in 1X Passive Lysis Buffer 

(Promega) and kept at room temperature for 20 minutes. The luciferase activity was measured using 

luciferin substrate (Promega) in a Veritas Luminometer. All the samples assessed in triplicates and 

the neutralization activities were calculated in comparison with controls of positive (virus only) and 

negative (cells only). 

4.5. Cell Viability Assay 

Cell viability was measured by MTT assay. The TZM-bl cells (3000/well) were seeded in a 96-

well plate and incubated for 24 h at 37 ℃. Media was removed and replaced with 100 µl of protein 

solution in triplicates for two days and then replace the protein solution with 100 µl complete DMEM 

for continuingly culturing for one more day. The cultured media were removed, and the cells were 

washed once with PBS for analysis. A 50 µl solution of 5 mg/ml MTT [3-4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide] (Sigma-Aldrich, MO, USA) was added to each well. The plates were 

incubated for 3 h at 37 ℃, and the absorbance was measured at 570 nm and with 690 nm (background) 

wavelength. 

4.6. Data Statistical Analysis 

Graphpad Prism software was used for all statistical analyses for making the neutralization and 

cytotoxicity figures and determining average values, standard errors, values of IC50 or CC50.  
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Abbreviations 

The following abbreviations are used in this manuscript: 
EBOV Zaire ebolavirus 

BDBV Bundibugyo ebolavirus 

MARV Marburg marburgvirus 

NPC1 Niemann-Pick disease, type C1 

NPC2 Niemann-Pick disease, type C2 

M:LD Middle luminal domain, also called domain C 

CLR Cholesterol 

Le/Ly Late endosomes/Lysosomes  

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
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