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Andes virus (ANDV) and Sin Nombre virus (SNV), highly pathogenic hantaviruses, cause hantavirus pulmonary syndrome in the Americas. Currently no therapeutics are approved for use against these infections. Griffithsin (GRFT) is a high-mannose oligosaccharide-binding lectin currently being evaluated in phase I clinical trials as a topical microbicide for the prevention of human immunodeficiency virus (HIV-1) infection (ClinicalTrials.gov Identifiers: NCT04032717, NCT02875119) and has shown broad-spectrum in vivo activity against other viruses, including severe acute respiratory syndrome coronavirus, hepatitis C virus, Japanese encephalitis virus, and Nipah virus. In this study, we evaluated the in vitro antiviral activity of GRFT and its synthetic trimeric tandemer 3mGRFT against ANDV and SNV. Our results demonstrate that GRFT is a potent inhibitor of ANDV infection. GRFT inhibited entry of pseudo-particles typed with ANDV envelope glycoprotein into host cells, suggesting that it inhibits viral envelope protein function during entry. 3mGRFT is more potent than GRFT against ANDV and SNV infection. Our results warrant the testing of GRFT and 3mGRFT against ANDV infection in animal models.
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INTRODUCTION

Andes virus (ANDV) and Sin Nombre virus (SNV) are zoonotic orthohantaviruses (referred here as hantaviruses) harbored by rodents and are responsible for nearly annual outbreaks of fatal human pulmonary syndrome disease in the Americas (Schmaljohn and Hjelle, 1997; Hooper et al., 2001; Jonsson et al., 2008; Brocato and Hooper, 2019). ANDV has case-fatality rates of 30–50% (Jonsson et al., 2010), and is the only hantavirus with documented evidence of person-to-person transmission (Martinez et al., 2005; Alonso et al., 2020). Although several therapeutics protect against lethal ANDV challenge in animals (Safronetz et al., 2013; Bird et al., 2016) none is currently approved for human use except for ribavirin, which is effective only when given early in the disease course (Chapman et al., 1999; Mertz et al., 2004). Inhibitors of virus entry often target protein interactions involved in receptor binding, but the glycosylation of the viral glycoproteins may represent another viable therapeutic target. Griffithsin (GRFT) is a homodimeric high-mannose oligosaccharide-binding lectin that specifically binds to N-linked high-mannose oligosaccharides present in viral envelope glycoproteins (Emau et al., 2007; Moulaei et al., 2015; Ishag et al., 2016). It has demonstrated broad-spectrum activity in vitro and in vivo against viruses including severe acute respiratory syndrome coronaviruses (O'Keefe et al., 2010), hepatitis C virus (Meuleman et al., 2011), Japanese encephalitis virus (Ishag et al., 2016), and Nipah virus (Lo et al., 2020), and currently is being evaluated in phase I clinical trials against human immunodeficiency virus 1 (HIV) (ClinicalTrials.gov Identifiers: NCT04032717, NCT02875119). Since hantavirus envelope glycoproteins Gn and Gc are heavily glycosylated (Shi et al., 2003), in this study, we assessed the in vitro antiviral activity of GRFT and its synthetic trimeric tandemer (3mGRFT) against ANDV and SNV.



METHODS


Biosafety

All work with infectious virus was conducted in a biosafety level 3 (BSL-3) laboratory at the Centers for Disease Control and Prevention (CDC) following established BSL-3 standard operating procedures.



Compounds, Cells, and Viruses

GRFT and its synthetic trimer tandemer 3mGRFT were expressed and purified as described previously (O'Keefe et al., 2009; Moulaei et al., 2015). African green monkey kidney (Vero-E6), human hepatoma (Huh7) and human fibrosarcoma (HT-1080) cells were cultivated as described previously (Moulaei et al., 2015; Shrivastava-Ranjan et al., 2016) Cells were incubated at 37°C in 5% CO2. ANDV (strain Chile 9717869) and SNV (strain MMR11) were propagated in Vero-E6 cells as described previously (Shrivastava-Ranjan et al., 2010).



Immunofluorescence Image-Based Assay for Antiviral Activity

To test the inhibition of ANDV and SNV replication in cells pre-treated with GRFT or 3mGRFT, Vero-E6, Huh7 or HT-1080 cells were seeded at a density of 1 × 104 /well of a 96-well plate the day prior to infection. Compounds were added to the cells, and 1 h later, the cells were infected with ANDV or SNV at the indicated multiplicity of infection (MOI). After indicated times post-infection, the monolayers were fixed with 10% formalin. The cells were then washed 3 times with phosphate buffered saline (PBS) and permeabilized with 0.1% (v/v) Triton X-100 in PBS for 10 min at room temperature, and nucleoproteins were detected with monoclonal antibody directed against the Puumala virus nucleoprotein; this antibody cross-reacts with against most known hantaviruses (1:10,000 antibody dilution in PBS supplemented with 2% bovine serum albumin). Primary antibodies were detected with goat-anti mouse Alexa 488 (1:500; Thermo Fisher). Cells were stained with CellMask Red and NucBlue (Life Technologies) and immunofluorescence microscopy was performed using the Operetta Imaging systems (PerkinElmer, Waltham, MA).



Infectious Yield Assay

To assay effects of the compounds on viral titers, cell culture supernatants were harvested, and virus titrations were performed in Vero-E6 cells. Five days post infection, the cells were fixed, permeabilized, and stained to visualize viral proteins. End point viral titers were determined, and the 50% tissue culture infectious dose (TCID50) was calculated using the Reed and Muench method (Shrivastava-Ranjan et al., 2018).



HIV Pseudo-Typed Entry Assays

HIV pseudo-typed particles bearing the glycoproteins of either ANDV, VSV or no glycoproteins were prepared and used as described previously (McNulty et al., 2013; Mohr et al., 2013). Briefly, LentiX-293T cells (Takara Bio, Mountain View, CA) were transfected with plasmids DNA encoding the HIV genome containing the firefly luciferase gene (pNL4-3.Luc.RE) and expression vectors encoding the viral glycoprotein or empty vector in a 1:8 ratio. Pseudo-typed viruses were quantitated by determining HIV matrix protein (p24) content. Viral glycoprotein-dependent entry assays were performed using HT-1080 cells and 6 ng of p24 pseudo-typed particles, with firefly luciferase expression detected using luciferase assay system (Promega, Madison, WI) 72 h post transduction.



Cell Viability Assay

To measure potential cytotoxicity of GRFT and 3mGRFT, Vero-E6, Huh7 to HT-1080 cells were incubated with serial dilutions of either GRFT or 3mGRFT for 72 h. Cell viability was assayed using CellTiter-Glo assay reagent (Promega), with total luminescence measured using a Biotek HD1 synergy instrument. Luminescence levels (indicative of cellular ATP levels as a surrogate marker of cell viability) assayed in vehicle treated, uninfected cells were set as 100% viability.



Statistical Analysis

Prism 7 (GraphPad) was used to generate graphs and perform statistical analysis. Statistical significance was calculated using the two-way ANOVA Tukey's multiple comparisons test, with α = 0.05.




RESULTS


GRFT Inhibits ANDV Infection

To determine whether GRFT could inhibit ANDV, Vero-E6 cells were pre-treated with varying concentrations of GRFT for 1 h before infection with ANDV at a MOI of 0.1. Seventy-two hours later, cells were fixed, permeabilized, and stained with an antibody raised against the nucleoprotein of Puumala virus that cross-reacts with nucleoproteins of other hantaviruses like ANDV and SNV. Stained cells were visualized using the Operetta imaging system, using nucleoprotein staining intensity as an indicator of viral replication (Mohr et al., 2013). Virus-specific staining was determined by measuring fluorescence at 488 nm, and acquired images were analyzed using Harmony software. GRFT concentrations that inhibited 50% of nucleoprotein intensity (50% effective dose [EC50]) were calculated from dose-response data fitted to a four-parameter logistic curve generated using GraphPad Prism 7 (GraphPad Software, La Jolla, CA, USA). GRFT inhibited wild-type ANDV in a dose-dependent manner, with EC50 of 5.2 μg/mL (203 nM) (Figure 1A) and showed minimal cytotoxicity in uninfected Vero-E6 cells [50% cytotoxic concentration [CC50] > 100 μg/mL or 3.9 μM] (Supplementary Figure 2).
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FIGURE 1. Griffithsin inhibits Andes virus replication. Griffithsin (GRFT) inhibited Andes virus (ANDV) replication in a concentration-dependent manner. (A) Vero-E6 cells were treated for 1 h with varying concentrations of GRFT before infection with ANDV at a multiplicity of infection (MOI) of 0.1. At 72 h post infection, the cells were fixed, permeabilized, and stained with an antibody against Puumala virus nucleoprotein that is cross-reactive with ANDV nucleoprotein. Green, ANDV nucleoprotein; blue, cell nuclei; red, cell cytoplasm. (B,C) Dose-response curve showing the quantitation of ANDV-infected cells after GRFT (B) or 3mGRFT (C) treatment (% normalized to the vehicle-only control). (D,E) Inhibition (neutralization) of ANDV by GRFT. Increasing concentrations of GRFT were pre-incubated with 2,000 TCID50 of ANDV at 37°C for 1 h, and virus-GRFT (D) or virus-3mGRFT (E) mixtures were added to Vero-E6 cells. After 2 h of incubation at 37°C, inoculum was removed, and cells were replenished with fresh medium. After 3 days, cells were fixed, imaged, and analyzed as in (B). (F,G) GRFT inhibited titers of infectious ANDV. 2000 TCID50 of ANDV were pre-incubated with varying concentration of GRFT (F) or 3mGRFT (G) as in E. At 72 h, supernatants were harvested, and viral yield was determined by TCID50 assays on Vero-E6 cells. Graphs represent the mean ± SD and are representative of three independent experiments, performed in quadruplicate.


GRFT is a domain-swapped homodimer with 3 identical oligosaccharide-binding domains on each monomer. The synthetically engineered trimeric tandemer 3mGRFT contains nine potential oligosaccharide binding sites and has been shown to be 10-fold more potent than native dimeric GRFT against HIV (Moulaei et al., 2015). We compared the antiviral activities of GRFT and 3mGRFT against ANDV and found 3mGRFT more than twice as potent (Figure 1B) as GRFT, with 3mGRFT EC50 of 2.1 μg/mL (54 nM) compared GRFT EC50 of 5.2 μg/mL (203 nM). 3mGRFT showed no detectable cytotoxicity at concentrations used in the experiment (CC50 > 100 μg/mL or > 2.8 μM; Supplementary Figure 2).

The antiviral effect of GRFT and 3mGRFT on ANDV infection was confirmed in two additional cell types; Huh7 and HT-1080. Pretreatment of Huh7 and HT-1080 cells with increasing concentrations of GRFT or 3mGRFT resulted in a dose-dependent inhibition of ANDV; EC50 values for GRFT was 180 and 184 nM, and for 3mGRFT was 62 and 75 nM, respectively (Supplementary Figure 1). No cytotoxicity was observed for GRFT and 3mGRFT in either cell type (GRFT: CC50 > 100 μg/mL or 3.9 μM; 3mGRFT CC50 > 100 μg/mL or > 2.8 μM, data not shown).

Next, we tested the effect of pre-incubating GRFT with ANDV prior to infection; ANDV was mixed with increasing concentrations of GRFT or 3mGRFT, and 1 h later, the ANDV-GRFT mixture was transferred onto Vero-E6 cells. Dose-response curves plotting percentages of ANDV-positive cells indicated that incubating ANDV with either GRFT or 3mGRFT prior to infection increased antiviral potency for both compounds; potency for GRFT increased 2.5-fold (EC50 of 82 nM; compare Figures 1E,B), while the potency of 3mGRFT increased 3.4-fold (EC50 of 15.9 nM; compare Figures 1F,D).

We then tested the effect of GRFT on yields of infectious ANDV 72 h post infection. Vero-E6 cells pre-incubated with serial dilutions of GRFT or 3mGRFT were infected with ANDV. After 2 h, the virus-drug mixture was removed, and fresh medium was added. Seventy-two hours post infection, the amount of secreted infectious particles present in the supernatant was determined by limiting dilution assays. A dose-dependent reduction in infectious virus titer was observed, with a > 2-log reduction in TCID50 of ANDV treated with GRFT (Figure 1F) and > 4 -log reduction in ANDV pre-treated with 3mGRFT (Figure 1G) compared to untreated controls.



GRFT Inhibits ANDV Entry

To evaluate whether GRFT treatment blocks ANDV entry, serial dilutions of GRFT or 3mGRFT were added to cells 2 h after ANDV infection. Dose-response curves indicated that post-infection treatment with GRFT or 3mGRFT only minimally inhibited ANDV infectivity, with approximately 5- and 8-fold increases in EC50 of GRFT (Figure 2A) and 3mGRFT (Figure 2B), respectively, compared to pre-treating virus 1 h before infection.
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FIGURE 2. GRFT and 3mGRFT minimally affect post viral entry steps. Vero-E6 cells were infected with ANDV at MOI of 0.2 for 2 h at 37°C. Cells were then treated with varying concentrations of GRFT (A) or 3mGRFT (B). At 72 h post infection, cells were fixed, stained, and analyzed as in Figure 1B. Dose-response curve shows quantitation of ANDV-infected cells treated with GRFT (A) or 3mGRFT (B) (% normalized to vehicle-only control). Graphs represent the mean ± SD and are representative of three independent experiments, performed in quadruplicate.


We then compared the ability of GRFT to block entry into cells of HIV-based pseudo-particles (pp) typed with ANDV or vesicular stomatitis virus (VSV) envelope glycoproteins. As shown in Figure 3A, GRFT dose-dependently inhibited cell entry of pp typed with ANDV but not VSV glycoprotein. 3mGRFT treatment similarly decreased entry of ANDVpp but not VSVpp (Figure 3B). As was observed with infectious virus, the antiviral potency of 3mGRFT (EC50 of 15.3 nM) was greater than that of GRFT (EC50 of 42.9 nM) (Figures 3A,B).
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FIGURE 3. GRFT and 3mGRFT affect viral entry. HIV particles bearing glycoproteins of ANDV or vesicular stomatitis virus (VSV) were prepared and used as previously described. Viral glycoprotein-dependent entry assays were performed using HT1080 cells pre-treated with serial dilutions of GRFT and inoculated with either ANDV pseudo-particles (pp) or control VSVpp in the presence of GRFT (A) or 3mGRFT (B) at increasing concentrations. Intracellular firefly luciferase signal was measured 72 h post transduction and normalized to signal in untreated, untransduced cells. Graphs represent the mean ± SD and are representative of three independent experiments, performed in quadruplicate. (C) Vero-E6 cells were treated for 1 h with either 1 or 5 μg/mL of GRFT or 3mGRFT before infection with ANDV at MOI of either 1or 3. At 24 h post infection, the cells were fixed, permeabilized, and stained with an antibody against Puumala virus nucleoprotein as described in Figure 1. Column chart showing the quantitation of ANDV-infected cells treated with GRFT or 3mGRFT (% normalized to vehicle-only controls). Graphs represent the mean ± SD and are representative of 3 independent experiments, performed in quadruplicate. P* < 0.001, P*** < 0.0001.


We further examined the antiviral effects of GRFT during viral entry by using authentic ANDV at high MOI. Vero-E6 cells were infected with at a MOI of 1 or 3 in the presence or absence of GRFT. As shown in Figure 3C, we observed reduced ANDV infection at both MOI for both compounds. However, the sensitivity of the virus to inhibition was dependent on the amount of virus in the inoculum. At a MOI of 1, as little as 1 μg/mL of 3mGRFT was enough to reduce ANDV infectivity by 50% in this assay (Figure 3C).



GRFT Also Inhibits SNV Infection

We then assessed the antiviral activity of GRFT and 3mGRFT against SNV, another hantavirus that causes pulmonary syndrome. Vero-E6 cells were pre-treated with GRFT or 3mGRFT before infection with SNV at a MOI of 0.2. Seventy-two hours post infection, cells were fixed and stained with anti-Puumala virus nucleoprotein monoclonal antibody as in Figure 1A. Both GRFT and 3mGRFT inhibited SNV replication more potently than they inhibited ANDV (Figure 4). While GRFT (5 μg/mL) treatment reduced infection by 75% (as determined by quantitating SNV-positive cells compared to untreated infected control), 3mGRFT (5 μg/mL) treatment reduced infection by 95%.
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FIGURE 4. Antiviral effects of GRFT and 3mGRFT on Sin Nombre virus replication. Vero-E6 cells were treated for 1 h with either 1 or 5 μg/mL of GRFT or 3mGRFT before infection with Sin Nombre virus (SNV) at MOI of 0.2. At 72 h post infection, the cells were fixed, permeabilized, and stained with an antibody against Puumala virus nucleoprotein that cross-reacts with SNV nucleoprotein. Dose-response curve showing the quantitation of SNV-infected cells treated with GRFT or 3mGRFT (% normalized to vehicle-only controls). Graphs represent the mean ± SD and are representative of three independent experiments, performed in quadruplicate. P* < 0.05, P*** < 0.001.





DISCUSSION

In summary, we utilized a cell-based fluorescent microcopy approach and virus titer reduction assays to demonstrate the in vitro activity of GRFT and its trimeric synthetic tandemer 3mGRFT against ANDV and SNV infection, confirming our initial hypothesis. The observed EC50 values of these compounds against ANDV were well within the range (nanomolar rather than picomolar) of those reported for other enveloped viruses (Meuleman et al., 2011; Ishag et al., 2016; Millet et al., 2016; Lo et al., 2020). Using both infectious virions and pseudo-particle systems, we clearly demonstrate that GRFT can inhibit ANDV infection at the level of virus entry. Pre-incubation of infectious virions with GRFT indicates that its antiviral effect is most likely due to direct interaction of GRFT with virion spike proteins. Hantavirus spikes contain tetramers of Gn-Gc heterodimers that cover the entire virion surface (Hepojoki et al., 2010; Huiskonen et al., 2010). Of the viral envelope glycoproteins, Gn harbors multiple N-linked glycosylation sites and has solvent-exposed positions (Shi et al., 2003), suggesting that it could be the main target of GRFT. Although not demonstrated experimentally, Gn is thought to bind receptors at the cell surface during entry (Mittler et al., 2019). It is likely that GRFT-glycan binding on the cell surface precludes the access of Gn to its receptor, although the possibility that GRFT binds to glycosylated cellular hantavirus receptors (Ethier et al., 2005; Mittler et al., 2019) cannot be ruled out. The demonstrated virucidal action of GRFT against HIV (Zeitlin et al., 2009) and Japanese encephalitis virus (Ishag et al., 2013) indicate the possibility of such happening in the case of hantaviruses. 3mGRFT consistently exhibited higher potency than GRFT in our experiments. The native homodimeric form of GRFT possesses 6 carbohydrate binding sites, whereas the synthetic trimer 3mGRFT has nine, suggesting a tighter interaction with glycans present on the surface of viral glycoproteins (Moulaei et al., 2015). Additionally, the inherent flexibility in conformation of 3mGRFT (Moulaei et al., 2015) may increase its avidity to a single Gn-Gc heterotetramer. Interestingly, GRFT did not potently inhibit ANDV post infection. This contrasts with other studies showing that GRFT affects multiple steps, including cell-cell fusion and viral spread in addition to entry (O'Keefe et al., 2009; Lusvarghi and Bewley, 2016; Lo et al., 2020). This difference could be due to several factors, including cell lines used and parameters chosen to measure viral replication. GRFT and 3mGRFT also inhibited SNV infection. Despite only sharing 77% amino acid identity, ANDV and SNV glycoproteins share conserved architecture of the Gn-Gc fold and N-glycosylation (Mittler et al., 2019; Warner et al., 2019). The finding that the in vitro potency of GRFT and 3mGRFT against ANDV and SNV is like that observed for other viruses (Lo et al., 2020) suggests that in vivo testing of GRFT and 3mGRFT against hantavirus infection is warranted.
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SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2020.561502/full#supplementary-material

Supplementary Figure 1. Griffithsin inhibits Andes virus replication in multiple cell types. Griffithsin (GRFT) inhibited Andes virus (ANDV) replication in a concentration-dependent manner. Huh7 cells or HT-1080 cells were treated for 1 h with varying concentrations of GRFT or 3mGRFT before infection with ANDV at a multiplicity of infection (MOI) of 0.1. At 72 h post infection, the cells were fixed, permeabilized, and stained with an antibody against Puumala virus nucleoprotein that is cross-reactive with ANDV nucleoprotein. Green, ANDV nucleoprotein; blue, cell nuclei; red, cell cytoplasm. (A,C) Dose-response curve showing the quantitation of ANDV-infected cells after GRFT (A,B) or 3mGRFT (C,D) treatment (% normalized to the vehicle-only control). Graphs represent the mean ± SD and are representative of 3 independent experiments, performed in quadruplicate.

Supplementary Figure 2. Dose response curve of cell viability of GRFT and 3mGRFT. Vero-E6 cells were treated with varying concentrations of GRFT or 3mGRFT. At 72 h post infection, cell viability was assayed using CellTiter-Glo assay reagent (Promega), with total luminescence measured using a Biotek HD1 synergy instrument. Luminescence levels (indicative of cellular ATP levels as a surrogate marker of cell viability) assayed in vehicle treated, uninfected cells were set as 100% viability. Dose response curves were fitted to the mean value of experimentally performed in triplicate.



REFERENCES

 Alonso, D. O., Perez-Sautu, U., Bellomo, C. M., Prieto, K., Iglesias, A., Coelho, R., et al. (2020). Person-to-person transmission of andes virus in hantavirus pulmonary syndrome, argentina, 2014. Emerg. Infect. Dis. 26, 756–759. doi: 10.3201/eid2604.190799

 Bird, B. H., Shrivastava-Ranjan, P., Dodd, K. A., Erickson, B. R., and Spiropoulou, F. C. (2016). Effect of Vandetanib on Andes virus survival in the hamster model of Hantavirus pulmonary syndrome. Antiviral Res. 132, 66–69. doi: 10.1016/j.antiviral.2016.05.014

 Brocato, R. L., and Hooper, W. J. (2019). Progress on the prevention and treatment of hantavirus disease. Viruses 11:610. doi: 10.3390/v11070610

 Chapman, L. E., Mertz, G. J., Peters, C. J., Jolson, H. M., Khan, A. S., Ksiazek, T. G., et al. (1999). Intravenous ribavirin for hantavirus pulmonary syndrome: safety and tolerance during 1 year of open-label experience. Ribavirin study group. Antivir. Ther. 4, 211–219

 Emau, P., Tian, B., O'Keefe, B. R., Mori, T., McMahon, J. B., Palmer, K. E., et al. (2007). Griffithsin, a potent HIV entry inhibitor, is an excellent candidate for anti-HIV microbicide. J. Med. Primatol. 36, 244–253. doi: 10.1111/j.1600-0684.2007.00242.x

 Ethier, M., Krokhin, O., Ens, W., Standing, K. G., Wilkins, J. A., and Perreault, H. (2005). Global and site-specific detection of human integrin alpha 5 beta 1 glycosylation using tandem mass spectrometry and the StrOligo algorithm. Rapid Commun. Mass Spectrom. 19, 721–727. doi: 10.1002/rcm.1844

 Hepojoki, J., Strandin, T., Vaheri, A., and Lankinen, H. (2010). Interactions and oligomerization of hantavirus glycoproteins. J. Virol. 84, 227–242. doi: 10.1128/JVI.00481-09

 Hooper, J. W., Larsen, T., Custer, D. M., and Schmaljohn, S. C. (2001). A lethal disease model for hantavirus pulmonary syndrome. Virology 289, 6–14. doi: 10.1006/viro.2001.1133

 Huiskonen, J. T., Hepojoki, J., Laurinmaki, P., Vaheri, A., Lankinen, H., Butcher, S. J., et al. (2010). Electron cryotomography of Tula hantavirus suggests a unique assembly paradigm for enveloped viruses. J. Virol. 84, 4889–4897. doi: 10.1128/JVI.00057-10

 Ishag, H. Z., Li, C., Huang, L., Sun, M. X., Wang, F., Ni, B., et al. (2013). Griffithsin inhibits Japanese encephalitis virus infection in vitro in vitro and in vivoin vivo. Arch. Virol. 158, 349–358. doi: 10.1007/s00705-012-1489-2

 Ishag, H. Z., Li, C., Wang, F., and Mao, X. (2016). Griffithsin binds to the glycosylated proteins (E and prM) of Japanese encephalitis virus and inhibit its infection. Virus Res. 215, 50–54. doi: 10.1016/j.virusres.2016.01.016

 Jonsson, C. B., Figueiredo, L. T., and Vapalahti, O. (2010). A global perspective on hantavirus ecology, epidemiology, and disease. Clin. Microbiol. Rev. 23, 412–441. doi: 10.1128/CMR.00062-09

 Jonsson, C. B., Hooper, J., and Mertz, G. (2008). Treatment of hantavirus pulmonary syndrome. Antiviral Res. 78, 162–169. doi: 10.1016/j.antiviral.2007.10.012

 Lo, M. K., Spengler, J. R., Krumpe, L. R. H., Welch, S. R., Chattopadhyay, A., Harmon, J. R., et al. (2020). Griffithsin inhibits nipah virus entry and fusion and can protect Syrian golden hamsters from lethal nipah virus challenge. J. Infect. Dis. 221 (Suppl. 4), S480–S492. doi: 10.1093/infdis/jiz630

 Lusvarghi, S., and Bewley, A. C. (2016). Griffithsin: an antiviral lectin with outstanding therapeutic potential. Viruses 8:296. doi: 10.3390/v8100296

 Martinez, V. P., Bellomo, C., San Juan, J., Pinna, D., Forlenza, R., Elder, M., et al. (2005). Person-to-person transmission of Andes virus. Emerg. Infect. Dis. 11, 1848–1853. doi: 10.3201/eid1112.050501

 McNulty, S., Flint, M., Nichol, S. T., and Spiropoulou, F. C. (2013). Host mTORC1 signaling regulates andes virus replication. J. Virol. 87, 912–922. doi: 10.1128/JVI.02415-12

 Mertz, G. J., Miedzinski, L., Goade, D., Pavia, A. T., Hjelle, B., Hansbarger, C. O., et al. (2004). Placebo-controlled, double-blind trial of intravenous ribavirin for the treatment of hantavirus cardiopulmonary syndrome in North America. Clin. Infect. Dis. 39, 1307–1313. doi: 10.1086/425007

 Meuleman, P., Albecka, A., Belouzard, S., Vercauteren, K., Verhoye, L., Wychowski, C., et al. (2011). Griffithsin has antiviral activity against hepatitis C virus. Antimicrob. Agents Chemother. 55, 5159–5167. doi: 10.1128/AAC.00633-11

 Millet, J. K., Seron, K., Labitt, R. N., Danneels, A., Palmer, K. E., Whittaker, G. R., et al. (2016). Middle East respiratory syndrome coronavirus infection is inhibited by griffithsin. Antiviral Res. 133, 1–8. doi: 10.1016/j.antiviral.2016.07.011

 Mittler, E., Dieterle, M. E., Kleinfelter, L. M., Slough, M. M., Chandran, K., and Jangra, K. R. (2019). Hantavirus entry perspectives and recent advances. Adv. Virus Res. 104, 185–224. doi: 10.1016/bs.aivir.2019.07.002

 Mohr, E. L., McMullan, L. K., Lo, M. K., Spengler, J. R., Bergeron, E., Albarino, C. G., et al. (2013). Inhibitors of cellular kinases with broad-spectrum antiviral activity for hemorrhagic fever viruses. Antiviral Res. 120, 40–47. doi: 10.1016/j.antiviral.2015.05.003

 Moulaei, T., Alexandre, K. B., Shenoy, S. R., Meyerson, J. R., Krumpe, L. R., Constantine, B., et al. (2015). Griffithsin tandemers: flexible and potent lectin inhibitors of the human immunodeficiency virus. Retrovirology 12:6. doi: 10.1186/s12977-014-0127-3

 O'Keefe, B. R., Giomarelli, B., Barnard, D. L., Shenoy, S. R., Chan, P. K., McMahon, J. B., et al. (2010). Broad-spectrum in vitro in vitro activity and in vivoin vivo efficacy of the antiviral protein griffithsin against emerging viruses of the family Coronaviridae. J. Virol. 84, 2511–2521. doi: 10.1128/JVI.02322-09

 O'Keefe, B. R., Vojdani, F., Buffa, V., Shattock, R. J., Montefiori, D. C., Bakke, J., et al. (2009). Scaleable manufacture of HIV-1 entry inhibitor griffithsin and validation of its safety and efficacy as a topical microbicide component. Proc. Natl. Acad. Sci. U.S.A. 106, 6099–6104. doi: 10.1073/pnas.0901506106

 Safronetz, D., Falzarano, D., Scott, D. P., Furuta, Y., Feldmann, H., and Gowen, B. B. (2013). Antiviral efficacy of favipiravir against two prominent etiological agents of hantavirus pulmonary syndrome. Antimicrob. Agents Chemother. 57, 4673–4680. doi: 10.1128/AAC.00886-13

 Schmaljohn, C., and Hjelle, B. (1997). Hantaviruses: a global disease problem. Emerg. Infect. Dis. 3, 95–104. doi: 10.3201/eid0302.970202

 Shi, X., McCaughey, C., and Elliott, M. R. (2003). Genetic characterisation of a Hantavirus isolated from a laboratory-acquired infection. J. Med. Virol. 71, 105–109. doi: 10.1002/jmv.10446

 Shrivastava-Ranjan, P., Bergeron, E., Chakrabarti, A. K., Albarino, C. G., Flint, M., Nichol, S. T., et al. (2016). 25-Hydroxycholesterol inhibition of Lassa virus infection through aberrant GP1 glycosylation. mBio 7:e01808–16. doi: 10.1128/mBio.01808-16

 Shrivastava-Ranjan, P., Flint, M., Bergeron, E., McElroy, A. K., Chatterjee, P., Albarino, C. G., et al. (2018). Statins suppress Ebola virus infectivity by interfering with glycoprotein processing. mBio 9:e00660–18. doi: 10.1128/mBio.00660-18

 Shrivastava-Ranjan, P., Rollin, P. E., and Spiropoulou, F. C. (2010). Andes virus disrupts the endothelial cell barrier by induction of vascular endothelial growth factor and downregulation of VE-cadherin. J. Virol. 84, 11227–11234. doi: 10.1128/JVI.01405-10

 Warner, B. M., Stein, D. R., Jangra, R. K., Slough, M. M., Sroga, P., Sloan, A., et al. (2019). Vesicular stomatitis virus-based vaccines provide cross-protection against andes and sin nombre viruses. Viruses 11:645. doi: 10.3390/v11070645

 Zeitlin, L., Pauly, M., and Whaley, J. K. (2009). Second-generation HIV microbicides: continued development of griffithsin. Proc. Natl. Acad. Sci. U.S A. 106, 6029–6030. doi: 10.1073/pnas.0902239106

Conflict of Interest: BO'K was a named inventor on a U.S. Government-owned patent on the protein griffithsin and its uses as an antiviral agent.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Shrivastava-Ranjan, Lo, Chatterjee, Flint, Nichol, Montgomery, O'Keefe and Spiropoulou. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fcimb-10-561502-g003.gif
% Lacierase Acthiy

ﬂgﬁ\{\_{ii‘;\j. ”
g .‘Lu\i\lﬂ“"
et

e ANDY positiveeeds o

ANV






OPS/images/fcimb-10-561502-g004.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Hantavirus Infection Is Inhibited by Griffithsin in Cell Culture



		Introduction



		Methods



		Biosafety



		Compounds, Cells, and Viruses



		Immunofluorescence Image-Based Assay for Antiviral Activity



		Infectious Yield Assay



		HIV Pseudo-Typed Entry Assays



		Cell Viability Assay



		Statistical Analysis







		Results



		GRFT Inhibits ANDV Infection



		GRFT Inhibits ANDV Entry



		GRFT Also Inhibits SNV Infection







		Discussion



		Data Availability Statement



		Author Contributions



		Acknowledgments



		Supplementary Material



		References

















OPS/images/cover.jpg
, frontiers
in Cellular and Infection Microbiology

Hantavirus Infection Is Inhibited by
Griffithsin in Cell Culture





OPS/images/fcimb-10-561502-g001.gif





OPS/images/fcimb-10-561502-g002.gif
n o PostInfection
ol *

:

:

Concenration

0 1o ImGRFT
P lnfction

[Ty

Concentration (i









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Cellular and Infection Microbiology





