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Abstract 

 

Anti-viral activities of long-chain inorganic polyphosphates (PolyPs) against severe acute 

respiratory syndrome coronavirus (SARS-CoV)-2 infection were investigated. In molecular 

docking analyses, PolyPs interacted with several conserved angiotensin-converting enzyme 

(ACE)2 and RNA-dependent RNA polymerase (RdRp) amino acids. We thus tested PolyPs 

for functional interactions in vitro in SARS-CoV-2–infected Vero E6, Caco2 and human 

primary nasal epithelial cells. Immunofluorescence, qPCR, direct RNA sequencing, FISH and 

Immunoblotting were used to determine virus loads and transcription levels of 

genomic(g)RNAs and sub-genomic(sg)RNAs. We show that PolyP120 binds to ACE2 and 

enhances its proteasomal degradation. PolyP120 shows steric hindrance of the genomic Sars-

CoV-2-RNA/RdRP complex, to impair synthesis of positive-sense gRNAs, viral subgenomic 

transcripts and structural proteins needed for viral replication. Thus, PolyP120 impairs 

infection and replication of Korean and European (containing non-synonymous variants) 

SARS-CoV-2 strains. As PolyPs have no toxic activities, we envision their use as a nebulised 

formula for oropharyngeal delivery to prevent infections of SARS-CoV-2 and during early 

phases of antiviral therapy. 
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Introduction  

 

Coronaviruses (CoVs) contain positive-sense, single-stranded RNA (~30 kb). Four major 

categories have been reported, with alphaCoV and betaCoV known to infect humans. Those 

that can replicate in the lower respiratory tract cause pneumonia, which can be fatal (1),(2), 

and these include severe acute respiratory syndrome (SARS)-CoV, Middle East respiratory 

syndrome (MERS)-CoV, and the new SARS-CoV-2. This last CoV belongs to the betaCoV 

genus (3) and has resulted in pandemic acute respiratory syndrome in humans (i.e., COVID-

19 disease). This can progress to acute respiratory distress syndrome (ARDS), generally 

around 8 to 9 days after symptom onset (4). Like the other respiratory CoVs, SARS-CoV-2 is 

transmitted via respiratory droplets, with possible faecal–oral transmission (5).  

When SARS-CoV-2 infects host cells, it replicates its genomic (g)RNA to produce 

smaller RNAs known as subgenomic (sg)RNAs, mostly used to synthesise conserved 

structural viral proteins Spike (S), Envelope (E), Membrane (M) and Nucleocapsid (N) (6).  

The receptor used by SARS-CoV-2 to enter host cells is angiotensin-converting 

enzyme 2 (ACE2), which is mainly expressed in the lungs (7),(8), together with the cellular 

serine protease TMPRSS2 (9).  

The SARS-CoV-2 RNA-dependent RNA polymerase (RdRp; also, non-structural 

protein [nsp]12) is a key component of the viral replication/ transcription machinery and 

contributes to viral genome mutation, and hence to viral adaptation. RdRp is part of a 

complex machinery (i.e., RdRp/nsp7/nsp8) that is fundamental to transcriptional fidelity 

(proofreading) (2). RdRp thus coordinates the replication of both the viral genome (which is 

used as the template for replication and transcription) and the shorter sgRNAs, according to 

the prevailing “leader-to-body” fusion model (10). Of importance, RdRp mutations at position 
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14,408 in European strains of SARS-CoV-2 suggest that the proofreading activity has been 

affected, thus altering their mutation rates (11). 

Due to the dramatic global spread of COVID-19 and its associated high mortality rate, 

development of novel therapeutic strategies represents an unmet medical need. We therefore 

investigated the potential activities of long-chain inorganic polyphosphates (PolyPs) against 

SARS-CoV-2 viral infection. 

The PolyPs are comprised of chains of a few to many hundreds of inorganic 

phosphates (Pi). They are ubiquitous, with prevalence in peripheral blood mononuclear cells 

and erythrocytes (12), and subcellularly in the nucleus, cytoplasm, plasma membranes and 

mitochondria (13). PolyPs are involved in of blood coagulation through activation of factor 

XII (14) and inhibition of the complement terminal coagulation pathway (15). Furthermore, 

they are involved in chelation of calcium for bone mineralisation (16) and activation of 

apoptosis (12). Furthermore, they act as ‘chaperone-like’ (17), and neuronal excitability 

molecules (18),(19),(20). Of importance, linear PolyPs have been reported to have 

cytoprotective and antiviral activities against human immunodeficiency virus type 1 (HIV-1) 

infection in vitro (21).  

We show here that long-chain inorganic PolyPs have anti-viral activities against 

SARS-CoV-2 in different cellular models (i.e., Vero E6, Caco2 and human primary nasal 

epithelial cells). We demonstrate that intracellularly, PolyPs enhance proteasome-mediated 

ACE2 down-regulation, and impair transcriptional activity of RpRd during its synthesis of the 

major structural sgRNAs and proteins (i.e., S, E, M, N). As PolyPs are already known not to 

be toxic, these data open the door to clinical trials with PolyPs in humans. 

 

Results 
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Anti-viral effects against SARS-CoV-2 of ‘preventive treatments’ with long-chain 

PolyPs  

Anti-viral activity of linear PolyPs with average chain lengths of 15, 34, 91 Pi residues has 

been previously shown on HIV-infected cells (21).  

To investigate potential cytoprotective effects of long-chain PolyPs, PolyP120 was 

used here, initially with epithelial cells derived from an African green monkey kidney (i.e., 

Vero E6 cells; ATCC CRL-1586), because of their high expression of ACE2 (22). The Vero 

cells were first incubated with 37.5 μM PolyP120, and after 30 min they were infected with 

SARS-CoV-2 viral particles (multiplicity of infection [MOI], 0.01) obtained from a swab of 

an Italian patient affected by COVID-19 (Fig. S1A; viral sequence shown in Fig. S1B). 

Following treatment of these cells with PolyP120, there were significantly decreased 

expression levels of the viral N gene (as fragments N1-3) 12 h after viral infection, compared 

to the vehicle control (Fig. S1C). Moreover, quantitative immunofluorescence of the same 

PolyP120-pretreated cells show reduced levels of the SARS-CoV-2 S-, E- and N-proteins 

(Fig. S1D and E). However, the RdRp protein was not down-regulated here (Fig. S1D and 

E). These data suggest that the anti-viral activity of PolyP120 can be ascribed to reduced 

SARS-CoV-2 entry into host cells (which is mainly mediated by ACE2), and/or inhibition of 

RdRp transcriptional activity.  

 

Anti-viral effects of PolyP120 are mediated by ACE2 down-regulation, with no cytotoxic 

effects 

To address these hypotheses, potential binding sites for PolyP120 on both ACE2 and the viral 

RdRP proteins were investigated through molecular docking. These data showed the potential 

for binding between ACE2 and short-chain PolyPs (e.g., PolyP20), which was mostly 

mediated by four ACE2 amino-acid residues (Arg514, His401, His378 and Arg393; Fig. 1A 
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and Table 1) that are conserved across different vertebrates (sequence identity, 63.6%; Fig. 

1A). 

The colocalisation between PolyPs and ACE2 in Vero cells was then examined. For 

this, the Vero cells were treated with a short-chain PolyP (i.e., PolyP8) conjugated with a 

fluorescent dye (i.e., 4-methylumbelliferone; MU). The immunofluorescence indicated 

colocalisation between PolyP8-MU and ACE2 in these treated cells (Fig. 1B, Fig. S2A and 

B). Furthermore, we investigated whether the long-chain PolyP120 colocalised with ACE2. 

Here, a DAPI-based approach was used to label PolyP120 (as previously described (23)), with 

colocalisation also seen between the intracellular PolyP120 and ACE2 (Fig. S2C) in these 

Vero cells. This was thus indicative of an interaction between PolyPs and ACE2. 

As a ‘scaffold-like’ activity has been previously described for PolyPs (17), we 

investigated whether ACE2 protein expression can be modulated by PolyPs. Due to the high 

ACE2 expression levels in nasal epithelial cells (24), we used human primary cells obtained 

from nasal brushings of healthy subjects (Fig. S2D). These were treated with increasing 

concentrations of PolyP120. Immunoblotting demonstrated a dose-dependent reduction in 

ACE2 protein levels in these cells after 24 h treatments with PolyP120 (4.2-112 μM) (Fig. 

1C). In Vero cells, the addition of 37.5 μM PolyP120 also showed a time-dependent ACE2 

down-regulation (Fig. 1D). Of interest, the decrease in ACE2 protein levels was dependent on 

the number of phosphates in the PolyPs (Fig. 1E). Thus, to reduce the levels of ACE2 in Vero 

cells, they needed to be treated with PolyPs with >8 phosphate residues. Furthermore, long-

chain PolyPs treatment showed greater accumulation of ACE2 upon addition of the 

proteasome inhibitor MG-132, compared to the vehicle controls (Fig. 1F), thus suggesting 

that the PolyPs-mediated downregulation of ACE2 occurs via proteasome. To further validate 

that PolyPs affect the ubiquitin–proteasome system, PolyP120 was shown not only to increase 

the levels of ACE2 in presence of MG-132 (Fig. 1G) but also to reduce its levels upon 
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addition of the protein synthesis inhibitor cycloheximide (Fig. 1H). These data are further 

confirmed using transfection of an HA-ubiquitin plasmid construct in HEK293 cells (Fig. 1I, 

Fig.  S2E). 

Altogether, these data indicate that PolyP120 can bind to ACE2 and enhance its 

proteasome-dependent degradation, thus indicating its anti-viral mechanism of action. Of 

importance, the potential cytotoxicity of PolyPs were also evaluated when administered at 

different doses to the human primary cells, using ‘real-time’ cell proliferation assays (i.e., cell 

index). These data showed that only the highest dose of 112 μM PolyP120 had cytotoxic 

effects, as seen by decreased cell proliferation rate (Fig. S2F). However, Caspase 3 enzymatic 

assays did not show activation of the apoptotic cascade by PolyP120 (Fig. S2G), thus further 

confirming the lack of toxic effects of PolyP120.  

 

PolyP120 inhibits transcription of viral sgRNAs through inhibition of RdRp 

To gain further insight into the anti-viral mechanisms of PolyPs in their inhibition of viral 

gene transcription, we investigated potential interactions with RdRp. Molecular docking 

analysis showed putative binding sites for PolyP15 on the RdRp protein (Fig. S3A and Table 

1). Further docking studies performed with RdRp in its active replicating form (i.e., 

RdRp/nsp7/nsp8 complex; Table 1) illustrated possible binding modes with PolyP20. These 

are mediated through seven RdRp amino-acid residues located within the RNA-binding site 

of RdRp (K4892, K4937, R4945, D5152, R5228, D5237, and K5241; Fig. 2A) that are 

conserved in RdRp of other viruses in the Coronoviridae family (e.g., SARS-CoV, MERS-

CoV; Fig. 2A), and potentially in the main families of positive-sense single-stranded RNA 

viruses from other hosts (e.g., Nidovirales; as listed at https://www.ncbi.nlm.nih.gov/genomes/ 

GenomesGroup.cgi?taxid=76804). 
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Using immunofluorescence, colocalisation between PolyP8-MU and RdRP was 

indicated for Vero cells transfected with a FLAG-RdRp plasmid construct (Fig. 1B and Fig. 

S3B and C, on left panel). Moreover, immunofluorescence of SARS-CoV-2-infected Vero 

cells showed colocalisation between intracellular PolyP120 and RdRp protein (Fig. S3C on 

right panel), thus indicating the potential for interactions.  

Whether the downregulation of the viral genes mediated by PolyPs was due to 

inhibition of the viral transcription process was also investigated. Thus, we used total RNA 

samples from oropharyngeal swabs of eight Italian patients with COVID-19 (Table 2) and 

examined modulation of amplification of the viral N1-3 gene fragments in the presence of 

PolyP120 (Fig. S3D). These data showed increase in Ct values for both N1 and N3, and a 

total inhibition of the N2 gene fragment (i.e., undetermined Ct) when the reactions were 

performed in presence of 37.5 μM PolyP120 (Fig. S3E). Of interest, addition of PolyP120 did 

not alter amplification of the N gene fragments when external S RNA controls (N1/2/3-O2-

methyl) were used (Fig. S3F). These in-vitro data indicated that PolyP120 requires the host 

proteins and/or carriers for inhibition of viral gene transcription. 

Then, to further dissect out transcriptional inhibition mediated by PolyP120 on RdRp, 

we focused on its discontinuous transcription, taking into account four structural sgRNAs 

(i.e., sgS, sgE, sgM, sgN). For this purpose, SARS-CoV-2-infected Vero cells were treated 

with PolyP120 and then analysed for transcription of these sgRNAs (Fig. S4A). These data 

confirmed a reduction in the N gene fragments, RdRp and S transcripts in PolyP120-treated 

cells (Fig. S4B and C). Additional data were obtained using Nanopore technology and direct 

RNA sequencing of the RNAs extracted from viral infection of these Vero cells showing 

decreased levels of the sgRNAs (Fig. 2C and Table S2; see Methods and CEINGE portal). 

Furthermore, using RT-PCR with SYBR-Green, we also confirmed these data showing 

decreased levels of sgS, sgE, sgM and sgN (Fig. 2D). Moreover, immunoblotting performed 
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with PolyP120-treated SARS-CoV-2–infected Vero cells also showed dramatic reductions in 

both ACE2 and N-protein levels (Fig.  S4D).   

This ‘therapeutic’ anti-viral action of PolyP120 was also confirmed by 

immunofluorescence, which showed significant reduction of ACE2 and the SARS-CoV-2 

proteins (i.e., N, E, S) in these PolyP120-treated Vero cells (Fig. 2E, Fig.  S4E and F, and 

Fig. S5). Furthermore, through Hulu-FISH in situ hybridization approach combined to 

quantitative Immunofluorescence we also detect a reduction of gRNA-Spike and ACE2 

protein in SARS-CoV-2-infected Vero cells upon addition of PolyP120 (see Fig. 4A). 

Altogether, these data show the mechanisms of action of the PolyPs through reduction in the 

transcriptional activity of RdRp, which appears to be due to their binding to its active 

enzymatic core (see Fig. 2A).  

Of interest, we also noted down-regulation of ACE2 at the transcriptional level (Fig. 

S4C). Treatment with the transcriptional inhibitor actinomycin D showed significant decrease 

in ACE2 mRNA expression levels in the Vero cells after 24 h (Fig. S4G), thus also 

suggesting transcriptional inhibition mediated by PolyPs. 

 

Therapeutic treatments with long-chain PolyPs 

To investigate the potential ‘therapeutic’ effectiveness of PolyPs, additional studies were 

performed in which PolyPs at different chain length were added after SARS-CoV-2 infection. 

For this purpose, SARS-CoV-2–infected Vero cells were incubated with PolyPs (starting 

from the 120 phosphate residues of PolyP120, and including PolyP126 and PolyP189), and 

then analysed for expression levels of the viral N gene (Fig. S6A). No significant differences 

were seen between these different chain length PolyPs for the decreased expression of the 

viral N gene (N1-3), compared to the vehicle control (Fig. S6B).  
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Furthermore, similar data were obtained for Vero cells infected with SARS-CoV-2 

particles obtained from a Korean patient (EPI_ISL_407193; Fig. S1B), by measuring viral 

RdRp and E genes expression upon addition of PolyP120 at different concentrations (9.38, 

18.75, 37.50 μΜ) (Fig. S6C and D). The increased Ct values for the RdRp gene in these Vero 

cells treated with PolyP120 indicated inhibition of SARS-CoV-2 infection, including for the 

lowest PolyP120 concentration used (Fig. S6D). 

As different mutations have been identified in Europe for the RdRp, S and ORF1ab 

genes (11), we also performed sequencing analysis focusing on the viral regions that flank 

these hot-spot mutation sites between the Italian and Korean SARS-CoV-2. These data 

showed non-synonymous variants in these genes (i.e., RdRp, S, ORF1ab) in the viral genome 

from an Italian patient compared to that from the Korean patient (Fig. S2A, red arrows). 

Furthermore, these variants were conserved across Italian viral sequences, compared to Asian 

viral sequences (Fig. S2A), as previously described (25). Importantly, the mutation in RdRp 

(at position 14408) was associated with an increased mutation rate, which would appear to be 

due to an alteration in the proofreading that is finely regulated by the RdRp/nsp7/nsp8 

machinery complex (11). Our data show that PolyP120 can decrease the expression of these 

viral genes in the infected Vero cells also in the presence of this SARS-CoV-2 point mutation. 

In this regard, our docking analysis suggested that the mutated site in RdRp falls outside of its 

RNA-dependent transcriptional activity domain and its potential binding sites with the PolyPs 

(Fig. S6E). This thus supports the hypothesis that the PolyPs impair the RNA-dependent 

transcriptional activity rather than the proofreading activity.  

 

Anti-viral actions of PolyP120 in human cell lines decrease the COVID-19 cytokines 

storm 
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To determine further whether increased PolyPs size, in terms of Pi residues, has any effects 

on their antiviral activity, human primary cells were pretreated with PolyP120 and PolyP126, 

then infected with SARS-CoV-2 at the different viral loads of 0.01 and 0.16 MOI, and 

analysed for expression levels of the viral N gene (Fig. S7A). These data indicated that 

PolyP126 shows similar anti-viral activity to PolyP120 in these human cells infected with 

SARS-CoV-2 (Fig. S7B). Altogether, these data suggest that following the pretreatment of 

human primary nasal epithelial cells, the longer-chain PolyPs (e.g., PolyP120, PolyP126) 

have anti-viral effects through inhibition of N gene transcription. This preventive antiviral 

action was also confirmed in SARS-CoV-2–infected human colorectal carcinoma cells (i.e., 

Caco2 cells), where PolyP120 pre-treatment showed a decrease for the viral genes (N, RdRp) 

(Fig. S7C to E) and ACE2 protein (Fig. S7F). These data thus suggest that the mechanism of 

action of PolyP120 is conserved across different human cellular models. 

Furthermore, we also tested the ‘therapeutic’ effectiveness of PolyP120 in SARS-

CoV-2–infected human primary nasal epithelial cells (Fig. 3A, Fig. S8A). The PolyP120 

treatment showed decreased levels of the N1-3 gene fragments (Fig. S8B), and reductions in 

the other viral genes (i.e., RdRp, S, E) and ACE2 (Fig. S8C). Furthermore, immunoblotting 

confirmed total inhibition of the ACE2 and N protein levels in these treated human primary 

nasal epithelial cells (Fig. 3B).  

Patients with COVID-19 also show increased circulating levels of inflammatory 

cytokines, including interferon-γ and interleukin (IL)-6, IL-10 and IL-12 (26). As the PolyPs 

have been previously described as having anti-inflammatory functions (14), we investigated 

the potential modulation by PolyP120 of these cytokines in human primary cells infected with 

SARS-CoV-2. Indeed, real-time PCR analyses showed significant reductions in interferon-γ, 

IL-6, IL-10 IL-12 and tumour necrosis factor-α (Fig. 3c). The anti-inflammatory action 

exerted by PolyPs could be ascribed to the inhibition of NF-kB pathway, as shown by reduced 
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levels of phosphorylated (Ser311)-p65 in SARS-CoV-2-infected Vero cells after treatment 

with PolyP120 (Fig. 3D). 

As the PolyPs have been previously reported to be associated with the inflammatory 

pathways that are mainly regulated by NF-κB (27) and mTOR (28), we hypothesise that this 

down-regulation of the cytokines can be ascribed to modulation of the inflammatory cascades 

in an autocrine and paracrine manner by PolyP120. 

 

Delivery of PolyP120 through a nonambulatory nebuliser system 

Due to the respiratory failure experienced by patients with COVID-19, new drug formulations 

that are appropriate for aerosol inhalation, and thus more direct lung delivery, represent an 

unmet medical need. For this reason, we tested the delivery of PolyP120 into Vero cells via a 

nebuliser system. Here, 37.5 μM PolyP120 was nebulised for 2 min (condensation rate, 1 

mL/min) into the tissue culture flask containing the attached Vero cells in the absence of 

medium. After nebulising, medium was added back to the cells, and the flasks were left for 12 

h under growth conditions (see Video 1, Supplemental Material). Entrance of the PolyP120 

into the cells was confirmed by immunofluorescence using DAPI, thus showing the efficacy 

of this delivery for the nebulised PolyP120 into the cells (Fig. S8D).  

We then investigated whether this PolyP120 aerosol formulation maintains the 

antiviral activity of PolyP120 on Vero cells. Thus, the nebulised PolyP120 was similarly 

applied to Vero cells that were then infected with SARS-CoV-2 viral particles (Fig. S8E). 

Real-time PCR analysis indeed showed down-regulation of the N gene fragments and reduced 

levels of ACE 2 and the viral genes, and all of the structural sgRNAs (Fig. 3E). This thus 

indicated that PolyP120 delivered in this aerosol formulation maintained its anti-viral action 

against SARS-CoV-2 infection.  
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Conclusions 

 

Here, we have shown that long chain length PolyPs (i.e., PolyP120, with 120 phosphate 

residues) can inhibit the transcription of SARS-CoV-2 viral genes (Fig. 4A) impairing the 

replication of the virus in the host cell. Future diagnostic use of this technology in vivo will be 

of great impact monitoring the disease status.  

Of importance, we have described two intracellular mechanisms of action behind this 

anti-viral function of PolyPs, as summarised in Fig. 4B. The first mechanism involves time- 

and dose-dependent proteasome-mediated degradation of ACE2 protein in the presence of 

long chain length PolyPs. This appears to be due to the binding of the PolyPs to ACE2, which 

should be mainly mediated by four amino-acid residues of ACE2 that are also conserved 

across different species: Arg514, His 401, His 378 and Arg393. This is of importance to avoid 

further spillover. We also note the role of PolyPs as a source of Pi to increase the pool of ATP 

available to enhance the ubiquitin–proteasome system (29).  

Interestingly, we have also shown that the SARS-CoV-2–infected cells have reduced 

ACE mRNA expression levels after treatment with PolyP120, we think this is because the 

expression of ACE2 is regulated by the HNF1α transcriptional factor (30) and epigenetically 

by SIRT1 (31). These phenomena need further investigations.  

Of note, in directing any treatment here at ACE2 as the receptor for SARS-CoV-2 

entry into cells, the use of ACE inhibitors has been discouraged for patients with COVID-19. 

This is because of the consequent increased levels of ACE2 mRNA, which might facilitate 

engagement and entry of SARS-CoV-2 into cells (32). However, the future use of PolyPs 

might indeed overcome this side effect of the use of ACE inhibitors. Thus, the combination of 

ACE inhibitors with PolyPs can be postulated for the treatment of patients with COVID-19. 
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The second mechanism of action presented here involves transcriptional inhibition of 

RdRP (Fig. 4B). The PolyPs appear to bind to viral RdRp from SARS-CoV-2, mainly through 

seven of its amino-acid residues located within the RdRp RNA-binding site. PolyP120 

appears to decrease the expression of the main SARS-CoV-2 viral genes through this 

mechanism. Of importance, the transcription of the main viral sgRNAs is also impaired 

confirming their inhibitory actions on RdRp transcription. This inhibition also occurs in the 

presence of non-synonymous variants (at position 14408) that have been shown to affect the 

integrity of the proofreading activity, which further supports the importance of PolyPs to 

universally impair viral gene transcription. The amino-acid residues in RdRp that are 

potentially involved in the binding with PolyPs have also been conserved through evolution in 

different species, and thus they might also be conserved in the other positive-sense single-

stranded RNA viruses from other hosts (e.g., Nidovirales; as listed at 

https://www.ncbi.nlm.nih.gov/genomes/ GenomesGroup.cgi?taxid=76804). These findings 

open the way for the potential use of PolyPs against other viral infections. 

The various concentrations of PolyP120 tested here are also shown not to have any 

toxic effects, as seen by monitoring of the caspase 3 enzymatic activation in human primary 

nasal epithelial cells. However, the highest concentration of PolyP120 tested (i.e., 112 μM) 

blocked proliferation of these primary cells. This anti-proliferative effect might be due to the 

inhibition of the MAP-kinase cascade (via ERK), which has previously been reported for 

inorganic PolyPs (33).  

PolyPs have also been shown to be key modulators of inflammatory pathways, with 

actions mainly via the NF-κB cascade (27). Here, we have shown that PolyP120 decreases the 

levels of the main cytokines (i.e., interferon-γ, IL-6, IL-10, IL-12) that are part of the cytokine 

storm often seen for patients with COVID-19 (26) by affecting NF-kB cascade. Among these 

cytokines, IL-6 levels in patients with COVID-19 are significantly elevated, and are 
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associated with adverse clinical outcomes. While inhibition of IL-6 levels with tocilizumab 

appears to be effective and safe in preliminary investigations, results need to be evaluated of 

ongoing clinical trials to better define the role of tocilizumab in COVID-19 and its routine 

clinical application (34).  

Pre-existing T-cell immunity to SARS-CoV-2 might be relevant also, because it might 

influence COVID-19 disease severity. It is possible that people with high levels of pre-

existing memory CD4+ T-cells that recognize SARS-CoV-2 can mount a faster and stronger 

immune response upon exposure to SARS-CoV-2, and thereby limit the disease severity.  

Furthermore, in COVID-19 infections, microcapillary clotting in the lung generates 

acute pulmonary embolisms, which impairs O2 acquisition by the lungs, thus resulting in 

insufficient respiratory function. Of importance, low molecular weight heparin sulphate given 

to the patients reduces their pain, improves their clinical status, reduces their IL-6 release, and 

stabilises their oxygen exchange (35). At this time it is not clear if PolyP can suppress the 

complement protein via the terminal pathway (15) and enhance the clotting formation. For 

these reasons, cautions should be taken to treat late stage disease patients with PolyP. 

Comorbidity, asymptomatic and symptomatic patients can use different immune 

systems to fight SAR-CoV-2, where memory CD4+ T-cells have been shown to have a role 

(36). The use of PolyPs can enhance the immunological memory, including T-cell activation, 

and this can be monitored in vivo in further clinical trials. These will be issues for future 

efforts. 

Patients with COVID-19 suffer from respiratory failure. So new drugs formulated as 

aerosols should represent a promising therapeutic approach. Interestingly, we also show here 

that the efficacy of PolyPs is maintained when they are nebulised for their delivery to the 

cells, as the PolyP120 still showed antiviral activity against SARS-CoV-2 in infected Vero 
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cells. Thus, we envision the aerosol delivery of PolyP120, for the treatment of patients with 

respiratory failure. The final formulation will be discussed elsewhere. 

Finally, these data show ‘preventive’ effects of the long chain length PolyPs against 

SARS-CoV-2 infection. In this regard, the panel on Food Additives and Flavourings has 

already provided information about the safety of phosphates as food additives (i.e., E450–

452) (37).  

To date, among the drugs tested on COVID-19 patients, the safety and antiviral 

activity of Remdesivir (GS-5734) is emerging in two completed phase 3 clinical trials 

(NCT04292899, NCT04292730). Assuming no toxicity of PolyP120, we hypothesize its rapid 

use in clinics in early phase of COVID-19 disease (2) alone or in combination with 

Remdesivir. Thus, the use of PolyP120 against infections with SARS-CoV-2 or other new 

expected virus can be envisioned for the near future. 

 

Ethic Committee approval 

Ethical Committee approvals for the Covid19 samples use in this study: 

(i) Protocol n. 141/20, date 10/04/2020, TaskForce CEINGE TaskForce Covid19; Azienda 

Ospedaliera Universitaria Federico II, Direzione Sanitaria, protocol n. 000576 of 10/04/2020. 

(ii) Protocol n. 157/20, date 22/04/2020, GENECOVID, the experimental procedures within 

the use of SAR-CoV-2 in BLS3 laboratory are authorized by Ministero della Sanità and 

Dipartimento Di Medicina Molecolare e Biotecnologie Mediche, Università degli Studi di 

Napoli Federico II and Azienda Ospedaliera Universitaria Federico II, Direzione Sanitaria 

protocol n. 0007133 of 08/05/2020. 

(iii) Protocol n. 18/20, date 10/06/2020, Genetics TaskForce CEINGE TaskForce Covid19; 

Azienda Ospedaliera Universitaria Federico II, Direzione Sanitaria protocol n. 000576 of 

10/04/2020. 
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Methods 

Cell culture 

Vero cells were kept in DMEM (41966-029; Gibco) with 10% FBS (10270-106; Gibco), 2 

mM L-glutamine (25030-024; Gibco), and 1% penicillin/streptomycin (P0781; Sigma). 

Freshly isolated human nasal epithelial cells were collected by nasal brushing of healthy 

donors (as previously described (38)). These were cultured in PneumaCult (#05009; StemCell 

Technologies) with 2 mM L-glutamine (25030-024; Gibco), and 1% penicillin/streptomycin 

(P0781; Sigma). Caco2 cells were cultured in EMEM (M2279, Sigma- Aldrich) with 10% 

FBS (10270-106; Gibco), 2 mM L-glutamine (25030-024; Gibco), and 1% 

penicillin/streptomycin (P0781; Sigma). 

For proteasome inhibition treatment Vero E6 cells were incubated in DMEM (10% FBS) 

containing 10uM Mg132 (M8699; Sigma-Aldrich) for 24h; for protein synthesis inhibitor 

treatment, Vero E6 cells were incubated in DMEM (10% FBS) containig 50 ug/mL 

cycloheximide (C7698; Sigma-Aldrich) for 24h. For transcription inhibition treatment Vero 

E6 cells were incubated in DMEM (10% FBS) containing 10 μg/mL Actinomycin D (A1410; 

Sigma-Aldrich) for 24h. Following each treatment, cells were analyzed by Western Blotting 

as described below. 

HEK-293T or Human primary nasal epithelial cells were transiently transfected with the 

plasmid DNA constructs (i.e. HA-ubiquitin plasmid, pGBW-m4134165 RdRp Ampr plasmid) 

using HilyMaxTransfection Reagent (H357-10; Dojindo) according to the manufacturer 

instructions.  Hek 293T transfected cells were then treated for 24h with Polyp120 and 

harvested for Western blotting 48 h after transfection. Human primary nasal epithelial cells 

were then treated for 12h with PolyP8-MU and harvested for Immunostaining 48 h after 

transfection. 
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In-vitro treatment and infection  

Preventive treatment 

Vero cells or human primary nasal epithelial cells were plated in T25 flasks (6 ×105 

cells/flask) for treatment with 37.5 μM PolyPs (from P94 to P126). After 20 min, these pre-

treated cells were infected with SarsCov2 viral particles obtained from a frozen swab from an 

Italian patient positive for COVID-19. Non-infected cells were used as the negative control. 

After 12 h of infection, the cells were lysed and their RNA was extracted. Vehicle-treated 

cells were used as the negative control for this treatment. These experiments were performed 

in a B3 authorised laboratory. 

Therapeutic treatment 

Vero cells (4 ×105) were plated in six-well plates for the viral infection with SarsCov2 viral 

particles, which were obtained from a frozen swab from Italian or Korean patients positive for 

COVID-19. Non-infected cells were used as the negative infection control. After 24 h, the 

infected cells were treated with PolyPs of different chain lengths (up to PolyP189) or 

PolyP120 at different concentrations (9.38, 18.75, 37.5 μM). Vehicle-treated cells were used 

as the negative treatment control. After 24 h of PolyPs treatments (i.e., 48 h after infection), 

the Vero cells were lysed and their RNA was extracted. These experiments were performed in 

a BLS3 authorised laboratory. 

Nebulised PolyP120 treatment 

Vero cells (6 ×105) were plated in a T25 flask. The PolyP120 (37.5 μM) was dissolved in 2 

mL water solution and nebulised for 2 min using a nebuliser system (mesh nebulizer; YM – 

252; input: 5 V/1 A; oscillation frequency, 110 kHz; atomised particles, <5 μM; condensation 

rate, 1 mL/min). Following removal of the medium from the flask, the nebulised PolyP120 

was directed into the flask. The medium was then replaced after the nebulising of the 

PolyP120. PolyP120 in the cells was detected by immunofluorescence using DAPI. These 
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Vero cells treated with nebulised PolyP120 were then infected with the SARS-CoV-2 viral 

particles. 

 

Real-time RT assays: 

N1-3 detection 

RNA samples were extracted with TRIzol RNA Isolation Reagent (#15596018; Ambion, 

Thermo Fisher Scientific), according to the manufacturer instructions. Real-time RT-PCR 

was performed using ‘quanty COVID-19’ kits (Ref. RT-25; Clonit; US Food and Drug 

Administration ‘in-vitro diagnostic’ (IVD) approved). These kits allow specific quantitative 

detection of the N1, N2 and N3 fragments (from the Sars-CoV-2 N gene), using differentially 

labelled target probes. These runs were performed on a PCR machine (CFX96; BioRad) 

under the following conditions: 25 °C for 2 min; 50 °C for 15 min; 95 °C for 2 min; 95 °C for 

3 s; 55 °C for 30 s (×45 cycles). 

RdRp and E detection 

RNA samples were extracted with TRIzol RNA Isolation Reagent (#15596018; Ambion, 

Thermo Fisher Scientific), according to the manufacturer instructions. Real-time RT-PCR 

was performed using ‘RealQquality RQ-2019-nCoV’ kits (Ab Analitica; IVD approved) for 

detection of the RdRp and E genes (from the SarsCov2 N gene). These runs were performed 

on a PCR machine (CFX96; BioRad) under the following conditions: 48 °C for 10 min; 95 °C 

for 10 min; 95 °C for 15 s; 60 °C for 1 min (×45 cycles). 

ACE2, N1, RdRp, E, S, sgM, sgE, sgN, sgS detection 

RNA samples were extracted with TRIzol RNA Isolation Reagent (#15596018; Ambion, 

Thermo Fisher Scientific), according to the manufacturer instructions. Reverse transcription 

was carried out using ‘5× All-in-one RT Mastermix’ (#g486; ABM), following the 

manufacturer instructions. The cDNA preparation was through the cycling method, as 
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follows: incubation of the complete reaction mix at 25 °C for 5 min; at 42 °C for 30 min; at 

85 °C for 5 min; and hold at 4 °C. The reverse transcription products (cDNA) were amplified 

by quantitative real-time PCR using a real-time PCR system (7900; Applied Biosystems, 

Foster City, CA, USA). The relative expression of the target genes was determined using the 

2−ΔCt method. All of the data are presented as means ±standard error of two to three 

replicates. The target genes were detected using a Brightgreen 2× qPCR Mastermix low-rox 

(#Mastermix-lr; ABM.). The details of the primers used in these assays are given in 

Supplementary Table 1 in the Supplementary Information. 

Nanopore RNA direct sequencing 

To carry out the direct sequencing of the RNA with nanopore technology, we prepared the 

RNA library using direct RNA sequencing kits (SQK-RNA002; Oxford Nanopore kits), 

following the manufacturer instructions. Briefly, we used poly(dT) adapter and SuperScript II 

Reverse Transcriptase (Thermo Fisher Scientific) to generate RNA-DNA hybrids. Agencourt 

RNAClean XP magnetic beads (BECKMAN) were used to purify the RNA-DNA duplexes. 

Subsequently, RNA-DNA hybrids were ligated to Nanopore sequencing adapters (RMX) 

using T4 DNA ligase (NEB E6056) prior to sequencing. After another step of purification 

using Agencourt RNAClean XP magnetic beads, the library concentration was estimated with 

Qubit assay (Thermo Fisher). Then, the Nanopore direct RNA library was loaded into the 

flow cell (R9.06) using MinION for 26 h. The motor protein RMX pulls the 3’-end of the 

RNA strand into the Nanopore channel (39). Changes in the ionic current are then detected at 

each pore by a sensor. 

Classifying ONT reads from subgenomic RNAs 

Reads from Nanopore direct sequencing were initially identified by alignment to a set of 

reference sequences using Minimap2 version 2.17 (40), with the ‘long-read spliced 

alignment’ preset. The reference sequences include SARS-CoV-2 viral genome (GenBank, 
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NC_045512), the Chlorocebus sabaeus host genome (assembly ChlSab 1.1), and the human 

ribosomal DNA repeat (GenBank, U13369.1). Reads identified as viral were then realigned to 

the same viral genome sequence using Minimap2, with the following options: -k 8 -w 1 -g 

30000 --max-chain-skip 40 -p 0.7 -N 32 --frag=no --splice -G 30000 -C 0 -u n --splice-

flank=no -A 1 -B 2 -O 2,24 -E 1,0 -z 400,200 --no-end-flt. Reads were assigned to each 

canonical sgRNA by selecting those which overlapped the genomic interval 54-86 (leader), 

did not overlap the genomic interval 100-21546 (ORF1ab), and contained the specific 

downstream transcription regulatory sequence preceding each ORF (see Supplementary Table 

2 for list of genomic intervals). Mapped reads filtering and counting were carried out by using 

Samtools version 1.9 (http://htslib.org). 

Sequence alignments 

The sequence alignments were realized using the Clustal Omega software 

(https://www.uniprot.org/align/). 

 

Statistical analysis  

For the real-time PCR assays, Cq values of N1, N2 and N3 are reported as means ±standard 

deviation, as the ratios to the internal control detected with the CLONIT quanty COVID-19 

kits (Ref. RT-25; IVD approved). Statistical significance was defined as a p value <0.05 

versus the vehicle control. Immunofluorescence data were analysed by two-sample t-tests 

using the SPSS software, version 16.0. A probability (P)�<0.05 was considered statistically 

significant.  

 

Electrostatic potential and docking experiments 

Electrostatic potential calculations were carried out with Adaptive Poisson-Boltzmann Solver 

software (41) within the AutoDock Tools environment (42) using the default parameters. 
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Mapping of the electrostatic potential onto the protein surface and display of the molecules 

was carried out with PyMOL Molecular Graphics system (Version 1.8, Schrodinger LLC, 

2015). 

The PolyP molecule (ligand) containing 20 phosphate atoms (PolyP20) was built using 

the tools available within the ZINC data bank web server (43), and then translated into PDB 

coordinates. The three-dimensional structures of the receptor molecules were downloaded 

from the PDB. The atom types and charges were assigned to the ligands and receptors using 

the AutoDock Tools resources. All of the docking experiments were carried out with 

Autodock Vina (44). 

 

Data availability 

Gene sequences accession numbers:  

GISAID: https://www.epicov.org/ 

- 1-hCoV-19/Italy/CEINGE-Naples1/2020: EPI_ISL_477204 (entire virus sequence) 

- 1-hCoV-19/Italy/CEINGE-Naples1/2020: EPI_ISL_514432 (entire virus sequence)  

- hCoV-19/Italy/CEINGE-Naples2.1/2020: EPI_ISL_481510 (ORF1ab polyprotein, partial 

cds) 

- hCoV-19/Italy/CEINGE-Naples2.2/2020: EPI_ISL_481511 (ORF1ab polyprotein, partial 

cds) 

- hCoV-19/Italy/CEINGE-Naples3.1/2020: EPI_ISL_481512 (ORF1ab polyprotein, partial 

cds)  

- hCoV-19/Italy/CEINGE-Naples2.3/2020: EPI_ISL_481716 (Gene S surface glycoprotein, 

partial cds)  

- hCoV-19/Italy/CEINGE-Naples3.2/2020: EPI_ISL_481741 (ORF1ab polyprotein, partial 

cds) 
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-hCoV-19/Italy/CEINGE-Naples3.3/2020: EPI_ISL_481759 (Partial sequence of Spike 

glycoprotein gene S)  

-hCoV-19/Italy/CEINGE-Naples4.1/2020: EPI_ISL_481760 (ORF1ab polyprotein, partial 

cds) 

-hCoV-19/Italy/CEINGE-Naples4.2/2020: EPI_ISL_481761(ORF1ab polyprotein, partial 

cds) 

-hCoV-19/Italy/CEINGE-Naples4.3/2020: EPI_ISL_481762 (Partial sequence of Spike 

glycoprotein gene S is reported). 

- BetaCov/Korea/KCDC03/2020, registered ID: EPI_ISL_407193 (entire virus sequence) 

 

Direct RNA sequencing using Nanopore Technology, data available at: 

- http://www.ceinge.unina.it/polyp/ (Username: Covid19; Password: PolyP120) 

 

GenBank 

MT682732.1 (Severe acute respiratory syndrome coronavirus 2 isolate SARS-CoV-

2/human/ITA/Naples/2020, complete genome) 

MT890669 (Severe acute respiratory syndrome coronavirus 2 isolate SARS-CoV-

2/human/ITA/Naples/2020, complete genome) 
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Figure legends  
 

Figure 1. Anti-viral effects of PolyP120 are mediated by ACE2 down-regulation. (A) 

Top: Molecular docking of PolyP20 on the SARS-CoV-2 ACE2 domain (corresponding to 

PDB structure 6M0J chain A). ACE2 is represented as a transparent molecular surface 

coloured according to the electrostatic potential (left). The colour scale ranges from -10 kT/e 

(red) to +10kT/e (blue). The PolyP20 ligand is represented as orange sticks (left). Expanded 

view of the ACE2 receptor binding domain as a cyan transparent surface, to indicate the 

binding interface (right). Bottom: Alignment analysis of the ACE2 protein regions that 

contain the potential binding sites for PolyP20. The amino-acid residues mainly responsible 

for the interactions between ACE2 and PolyP15 are shown as blue boxes (i.e., His378, 

Arg393, His401, Arg514). (B) Vero cells treated with 37.5 μM PolyP8 conjugated with 4-

methylumbelliferone (P8-4MU), and the vehicle control, were fixed and immunofluorescence 

was performed using an anti-ACE2 antibody. Image acquisition was made with ZEISS Elyra 

7 with the optical Lattice SIM technology by using 63x oil immersion objective. The overlay 

spots result from colocalization analyses performed with ZEISS ZEN software (blue edition). 

(C) Human primary nasal epithelial cells were treated with different concentrations of 

PolyP120 (4.16, 12.5, 37.5, 112 μM), for 24 h. Vehicle-treated cells were used as negative 

control. Immunoblotting was performed with the antibodies indicated. (D) Vero cells were 

treated for 12 h, 24 h and 48 h with 37.5 μM PolyP120. Vehicle-treated cells were used as 
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negative control. Immunoblotting was performed with the antibodies indicated. (E) Vero cells 

were treated for 24 h with 37.5 μM PolyP8/P34/P94/P120 (P8, P34, P94, P120). Vehicle cells 

were used as negative control. Immunoblotting was performed with the antibodies indicated. 

(F) Vero cells were treated for 24 h with 37.5 μM PolyP8/P34/P94/P120 (P8, P34, P94, P120) 

in combination with 10 μM MG132 as proteasome inhibitor. Vehicle treated cells were used 

as negative control. Immunoblotting was performed with the antibodies indicated. (G) Vero 

cells were treated for 24 h with 10 μM MG132 (proteasome inhibitor) and 37.5 μM 

PolyP120. Vehicle-treated cells with MG132 and non-treated cells were used as negative 

controls. Immunoblotting was with the antibodies indicated. (H) Vero cells were treated for 

24 h with 50 μg/mL cycloheximide (protein synthesis inhibitor) and 37.5 μM PolyP120. 

Vehicle-treated cells with cycloheximide and non-treated cells were used as negative controls. 

Immunoblotting was performed with the antibodies indicated. (I) Plasmid containing HA-

tagged Ubiquitin was transiently expressed in HEK-293 cells. After 24h from transfection 

cells were treated with 10 μM MG132 (proteasome inhibitor) and 37.5 μM PolyP120 for 

additional 24h. Vehicle-treated cells with MG132 and non-trasfected cells were used as 

negative controls. Immunoblotting was performed with the antibodies indicated. 

 

Figure 2. PolyP120 inhibits transcription of viral sgRNAs through inhibition of RdRp. 

(A) Top: Molecular docking of PolyP20 (P20) on SARS-CoV-2 RdRp (corresponding to PDB 

structure 6M71) (left). RdRp is represented as a molecular surface coloured according to 

electrostatic potential. Colour scale ranges from -10 kT/e (red) to +10kT/e (blue). The ligand 

PolyP20 is shown as red balls. Expanded view of molecular docking is shown (middle panel), 

with further expanded view (right) of RdRp as a cyan transparent surface, to indicate the 

binding interface. Bottom: Alignment analysis of the RdRp protein (nsp12) region that 
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contains the potential binding sites with PolyP20. The amino-acid residues mainly responsible 

for interactions between RdRp and PolyP20 are shown in blue boxes (i.e., Lys4937, Arg4945, 

Asp5152, Arg5228, Asp5237, Arg5241). (B) Vero cells transfected with FLAG-RdRp and 

treated with 37.5 μM PolyP8 conjugated with 4-methylumbelliferone (P8-4MU), and the 

vehicle control, were fixed and immunofluorescence was performed using an anti-RdRp 

antibody. Image acquisition was made with ZEISS Elyra 7 with the optical Lattice SIM 

technology by using 63x oil immersion objective. The overlay spots result from colocalization 

analyses performed with ZEISS ZEN software (blue edition). (C) Quantification of direct 

RNA sequencing reads (through Nanopore technology) assigned to sgRNAs expressed as 

fractions of the reads mapped to the host genome. Note the different scales for the Y axes for 

each sgRNA. (D) Vero cells were infected with SARS-CoV-2 viral particles (0.1 MOI), with 

non-infected cells as negative control of infection. After 24 h, cells were treated with 37.5 μM 

PolyP120 or vehicle, and 36 h later they were lysed and RNA was extracted. Ct values from 

real-time RT-PCR are shown for expression of subgenomic (sg) viral RNAs, as indicated. (E) 

Immunofluorescence with antibodies against N protein on Vero cells infected with SARS-

CoV-2 viral particles (0.1 MOI) and treated with PolyP120. The SIM image was acquired 

with Elyra 7 and 3-dimentional (3D) reconstruction of Z stacking data were performed by 

using ZEISS ZEN software (blue edition). Magnification 63×. 

 

Figure 3. Therapeutic efficacy of PolyP120 delivered through a nonambulatory 

nebuliser system. (A) Experimental plan. Human primary nasal epithelial cells (425,000) 

were infected with SARS-CoV-2 viral particles (0.002 MOI), with non-infected cells as 

negative control of infection. After 24 h, cells were treated with 37.5 μM PolyP120, and 36 h 

later they were lysed and RNA was extracted. (B) Immunoblotting of non-infected and 

SARS-CoV-2-infected human primary nasal epithelial cells treated with 37.5 μM PolyP120 
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and vehicle, using antibodies as indicated. (C) Ct values from real-time RT-PCR following 

RNA extraction, showing expression of interferon-γ, TNF-α and interleukins IL-6, IL-12, IL-

10. (D) Immunoblotting of SARS-CoV-2-infected Vero cells treated with 37.5 μM PolyP120 

and vehicle, using antibodies as indicated. (E) Vero cells were treated with nebulised 37.5 μM 

PolyP120. After 1 h, these cells were infected with SARS-CoV-2 viral particles (0.14 MOI), 

with non-infected cells as negative control of infection. After 48 h, the cells were lysed and 

RNA was extracted. Ct values from real-time RT-PCR are shown for expression of the ACE2, 

CoV-2 N1, E, RdRp, S genes, and subgenomic (sg) viral RNAs, as indicated.  

 

Figure 4. Intracellular mechanism of action of PolyP120. (A)  HuluFISH with Pan-SARS-

CoV-2 probe (red) coupled to Immunofluorescence staining with antibody against ACE2 

protein (green) on Vero cells infected with SARS-CoV-2 (Genbank: MT682732.1; 

MT890669) particles (0.1 MOI) and treated with 37.5 μM PolyP120. The data shown a 

substantial in cell downregulation of gRNA-Spike (red) and ACE protein (green) expression 

in Poly120-treated versus vehicle cells. The SIM image was acquired with Elyra 7 and 

processed by using ZEISS ZEN software (blue edition). Magnification 63×. (B) Cartoon 

representation to illustrate our hypothesis for the anti-viral actions of PolyPs (e.g., P120). 

PolyPs can act via proteasome-mediated degradation of ACE2 (A), and can impair RpRd 

transcription of sgRNA genes viral transcription (B). Thus PolyPs can act extracellularly via 

direct interactions with the host-cell ACE2, as the extracellular receptor for interaction with 

the Spike of the virus, or intracellularly through its interactions with RdRp.  

 

 

  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted November 18, 2020. ; https://doi.org/10.1101/2020.11.18.388413doi: bioRxiv preprint 

https://doi.org/10.1101/2020.11.18.388413


 30

References 

 

1. Tay MZ, Poh CM, Renia L, MacAry PA, Ng LFP. The trinity of COVID-19: 
immunity, inflammation and intervention. Nature reviews Immunology. 2020 Jun;20(6):363-
74. PubMed PMID: 32346093. Pubmed Central PMCID: 7187672. 
2. Wang Y, Zhang D, Du G, Du R, Zhao J, Jin Y, et al. Remdesivir in adults with severe 
COVID-19: a randomised, double-blind, placebo-controlled, multicentre trial. Lancet. 2020 
May 16;395(10236):1569-78. PubMed PMID: 32423584. Pubmed Central PMCID: 7190303. 
3. Andersen KG, Rambaut A, Lipkin WI, Holmes EC, Garry RF. The proximal origin of 
SARS-CoV-2. Nature medicine. 2020 Apr;26(4):450-2. PubMed PMID: 32284615. Pubmed 
Central PMCID: 7095063. 
4. Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y, et al. Clinical features of patients 
infected with 2019 novel coronavirus in Wuhan, China. Lancet. 2020 Feb 
15;395(10223):497-506. PubMed PMID: 31986264. Pubmed Central PMCID: 7159299. 
5. Guan WJ, Ni ZY, Hu Y, Liang WH, Ou CQ, He JX, et al. Clinical Characteristics of 
Coronavirus Disease 2019 in China. The New England journal of medicine. 2020 Apr 
30;382(18):1708-20. PubMed PMID: 32109013. Pubmed Central PMCID: 7092819. 
6. Kim D, Lee JY, Yang JS, Kim JW, Kim VN, Chang H. The Architecture of SARS-
CoV-2 Transcriptome. Cell. 2020 May 14;181(4):914-21 e10. PubMed PMID: 32330414. 
Pubmed Central PMCID: 7179501. 
7. Walls AC, Park YJ, Tortorici MA, Wall A, McGuire AT, Veesler D. Structure, 
Function, and Antigenicity of the SARS-CoV-2 Spike Glycoprotein. Cell. 2020 Apr 
16;181(2):281-92 e6. PubMed PMID: 32155444. Pubmed Central PMCID: 7102599. 
8. Wrapp D, Wang N, Corbett KS, Goldsmith JA, Hsieh CL, Abiona O, et al. Cryo-EM 
structure of the 2019-nCoV spike in the prefusion conformation. Science. 2020 Mar 
13;367(6483):1260-3. PubMed PMID: 32075877. Pubmed Central PMCID: 7164637. 
9. Hoffmann M, Kleine-Weber H, Schroeder S, Kruger N, Herrler T, Erichsen S, et al. 
SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a Clinically 
Proven Protease Inhibitor. Cell. 2020 Apr 16;181(2):271-80 e8. PubMed PMID: 32142651. 
Pubmed Central PMCID: 7102627. 
10. Sola I, Almazan F, Zuniga S, Enjuanes L. Continuous and Discontinuous RNA 
Synthesis in Coronaviruses. Annual review of virology. 2015 Nov;2(1):265-88. PubMed 
PMID: 26958916. Pubmed Central PMCID: 6025776. 
11. Pachetti M, Marini B, Benedetti F, Giudici F, Mauro E, Storici P, et al. Emerging 
SARS-CoV-2 mutation hot spots include a novel RNA-dependent-RNA polymerase variant. 
Journal of translational medicine. 2020 Apr 22;18(1):179. PubMed PMID: 32321524. 
Pubmed Central PMCID: 7174922. 
12. Abramov AY, Fraley C, Diao CT, Winkfein R, Colicos MA, Duchen MR, et al. 
Targeted polyphosphatase expression alters mitochondrial metabolism and inhibits calcium-
dependent cell death. Proceedings of the National Academy of Sciences of the United States 
of America. 2007 Nov 13;104(46):18091-6. PubMed PMID: 17986607. Pubmed Central 
PMCID: 2084301. 
13. Angelova PR, Agrawalla BK, Elustondo PA, Gordon J, Shiba T, Abramov AY, et al. 
In situ investigation of mammalian inorganic polyphosphate localization using novel selective 
fluorescent probes JC-D7 and JC-D8. ACS chemical biology. 2014 Sep 19;9(9):2101-10. 
PubMed PMID: 25007079. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted November 18, 2020. ; https://doi.org/10.1101/2020.11.18.388413doi: bioRxiv preprint 

https://doi.org/10.1101/2020.11.18.388413


 31

14. Muller F, Mutch NJ, Schenk WA, Smith SA, Esterl L, Spronk HM, et al. Platelet 
polyphosphates are proinflammatory and procoagulant mediators in vivo. Cell. 2009 Dec 
11;139(6):1143-56. PubMed PMID: 20005807. Pubmed Central PMCID: 2796262. 
15. Wat JM, Foley JH, Krisinger MJ, Ocariza LM, Lei V, Wasney GA, et al. 
Polyphosphate suppresses complement via the terminal pathway. Blood. 2014 Jan 
30;123(5):768-76. PubMed PMID: WOS:000335832500030. English. 
16. Hoac B, Kiffer-Moreira T, Millan JL, McKee MD. Polyphosphates inhibit 
extracellular matrix mineralization in MC3T3-E1 osteoblast cultures. Bone. 2013 
Apr;53(2):478-86. PubMed PMID: 23337041. Pubmed Central PMCID: 3712787. 
17. Xie L, Jakob U. Inorganic polyphosphate, a multifunctional polyanionic protein 
scaffold. The Journal of biological chemistry. 2019 Feb 8;294(6):2180-90. PubMed PMID: 
30425096. Pubmed Central PMCID: 6369292. 
18. Stotz SC, Scott LO, Drummond-Main C, Avchalumov Y, Girotto F, Davidsen J, et al. 
Inorganic polyphosphate regulates neuronal excitability through modulation of voltage-gated 
channels. Molecular brain. 2014 May 31;7:42. PubMed PMID: 24886461. Pubmed Central 
PMCID: 4061113. 
19. Maiolino M, O'Neill N, Lariccia V, Amoroso S, Sylantyev S, Angelova PR, et al. 
Inorganic Polyphosphate Regulates AMPA and NMDA Receptors and Protects Against 
Glutamate Excitotoxicity via Activation of P2Y Receptors. The Journal of neuroscience : the 
official journal of the Society for Neuroscience. 2019 Jul 31;39(31):6038-48. PubMed PMID: 
31147524. Pubmed Central PMCID: 6668208. 
20. Holmstrom KM, Marina N, Baev AY, Wood NW, Gourine AV, Abramov AY. 
Signalling properties of inorganic polyphosphate in the mammalian brain. Nature 
communications. 2013;4:1362. PubMed PMID: 23322050. Pubmed Central PMCID: 
3562455. 
21. Lorenz B, Leuck J, Kohl D, Muller WE, Schroder HC. Anti-HIV-1 activity of 
inorganic polyphosphates. Journal of acquired immune deficiency syndromes and human 
retrovirology : official publication of the International Retrovirology Association. 1997 Feb 
1;14(2):110-8. PubMed PMID: 9052719. 
22. Ren X, Glende J, Al-Falah M, de Vries V, Schwegmann-Wessels C, Qu X, et al. 
Analysis of ACE2 in polarized epithelial cells: surface expression and function as receptor for 
severe acute respiratory syndrome-associated coronavirus. The Journal of general virology. 
2006 Jun;87(Pt 6):1691-5. PubMed PMID: 16690935. 
23. Roozbeh Aschar-Sobbi 1 AYA, Catherine Diao, Margaret E Kargacin, Gary J 
Kargacin, Robert J French, Evgeny Pavlov. High sensitivity, quantitative measurements of 
polyphosphate using a new DAPI-based approach. J Fluoresc. 2008. 
24. Sungnak W, Huang N, Becavin C, Berg M, Queen R, Litvinukova M, et al. SARS-
CoV-2 entry factors are highly expressed in nasal epithelial cells together with innate immune 
genes. Nature medicine. 2020 May;26(5):681-7. PubMed PMID: 32327758. 
25. Maria Pachetti 1 2 BM, Francesca Benedetti 4, Fabiola Giudici 5, Elisabetta Mauro 3, 
Paola Storici 1, Claudio Masciovecchio 1, Silvia Angeletti 6, Massimo Ciccozzi 6, Robert C 
Gallo 7 8, Davide Zella 9 10, Rudy Ippodrino. Emerging SARS-CoV-2 mutation hot spots 
include a novel RNA-dependent-RNA polymerase variant. J Transl Med 
2020. 
26. Coperchini F, Chiovato L, Croce L, Magri F, Rotondi M. The cytokine storm in 
COVID-19: An overview of the involvement of the chemokine/chemokine-receptor system. 
Cytokine & growth factor reviews. 2020 Jun;53:25-32. PubMed PMID: 32446778. Pubmed 
Central PMCID: 7211650. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted November 18, 2020. ; https://doi.org/10.1101/2020.11.18.388413doi: bioRxiv preprint 

https://doi.org/10.1101/2020.11.18.388413


 32

27. Hassanian SM, Avan A, Ardeshirylajimi A. Inorganic polyphosphate: a key modulator 
of inflammation. Journal of thrombosis and haemostasis : JTH. 2017 Feb;15(2):213-8. 
PubMed PMID: 27925683. 
28. Hassanian SM, Dinarvand P, Smith SA, Rezaie AR. Inorganic polyphosphate elicits 
pro-inflammatory responses through activation of the mammalian target of rapamycin 
complexes 1 and 2 in vascular endothelial cells. Journal of thrombosis and haemostasis : JTH. 
2015 May;13(5):860-71. PubMed PMID: 25776944. Pubmed Central PMCID: 4424178. 
29. Tai HC, Schuman EM. Ubiquitin, the proteasome and protein degradation in neuronal 
function and dysfunction. Nature reviews Neuroscience. 2008 Nov;9(11):826-38. PubMed 
PMID: 18931696. 
30. Pedersen KB, Chhabra KH, Nguyen VK, Xia HJ, Lazartigues E. The transcription 
factor HNF1 alpha induces expression of angiotensin-converting enzyme 2 (ACE2) in 
pancreatic islets from evolutionarily conserved promoter motifs. Bba-Gene Regul Mech. 2013 
Nov;1829(11):1225-35. PubMed PMID: WOS:000327108700008. English. 
31. Clarke NE, Belyaev ND, Lambert DW, Turner AJ. Epigenetic regulation of 
angiotensin-converting enzyme 2 (ACE2) by SIRT1 under conditions of cell energy stress. 
Clin Sci. 2014 Apr;126(7-8):507-16. PubMed PMID: WOS:000333729000005. English. 
32. Kai H, Kai M. Interactions of coronaviruses with ACE2, angiotensin II, and RAS 
inhibitors-lessons from available evidence and insights into COVID-19. Hypertension 
research : official journal of the Japanese Society of Hypertension. 2020 Jul;43(7):648-54. 
PubMed PMID: 32341442. Pubmed Central PMCID: 7184165. 
33. Han KY, Hong BS, Yoon YJ, Yoon CM, Kim YK, Kwon YG, et al. Polyphosphate 
blocks tumour metastasis via anti-angiogenic activity. The Biochemical journal. 2007 Aug 
15;406(1):49-55. PubMed PMID: 17492939. Pubmed Central PMCID: 1948993. 
34. Eric Anthony Coomes HH. Interleukin-6 in COVID-19: A Systematic Review and 
Meta-Analysis. 2020. 
35. Costanzo L, Palumbo FP, Ardita G, Antignani PL, Arosio E, Failla G, et al. 
Coagulopathy, thromboembolic complications, and the use of heparin in COVID-19 
pneumonia. Journal of vascular surgery Venous and lymphatic disorders. 2020 Jun 17. 
PubMed PMID: 32561465. Pubmed Central PMCID: 7297687. 
36. Grifoni A, Weiskopf D, Ramirez SI, Mateus J, Dan JM, Moderbacher CR, et al. 
Targets of T Cell Responses to SARS-CoV-2 Coronavirus in Humans with COVID-19 
Disease and Unexposed Individuals. Cell. 2020 Jun 25;181(7):1489-+. PubMed PMID: 
WOS:000543822100009. English. 
37. Additives EPoF, Flavourings, Younes M, Aquilina G, Castle L, Engel KH, et al. Re-
evaluation of phosphoric acid-phosphates - di-, tri- and polyphosphates (E 338-341, E 343, E 
450-452) as food additives and the safety of proposed extension of use. EFSA journal 
European Food Safety Authority. 2019 Jun;17(6):e05674. PubMed PMID: 32626329. 
Pubmed Central PMCID: 7009158. 
38. Di Lullo AM, Scorza M, Amato F, Comegna M, Raia V, Maiuri L, et al. An "ex vivo 
model" contributing to the diagnosis and evaluation of new drugs in cystic fibrosis. Acta 
otorhinolaryngologica Italica : organo ufficiale della Societa italiana di otorinolaringologia e 
chirurgia cervico-facciale. 2017 Jun;37(3):207-13. PubMed PMID: 27897275. Pubmed 
Central PMCID: 5463510. Un "modello ex vivo" per contribuire alla diagnosi ed alla 
valutazione di nuovi farmaci per la fibrosi cistica. 
39. Bayega A, Fahiminiya S, Oikonomopoulos S, Ragoussis J. Current and Future 
Methods for mRNA Analysis: A Drive Toward Single Molecule Sequencing. Methods in 
molecular biology. 2018;1783:209-41. PubMed PMID: 29767365. 
40. Li H. Minimap2: pairwise alignment for nucleotide sequences. Bioinformatics. 2018 
Sep 15;34(18):3094-100. PubMed PMID: 29750242. Pubmed Central PMCID: 6137996. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted November 18, 2020. ; https://doi.org/10.1101/2020.11.18.388413doi: bioRxiv preprint 

https://doi.org/10.1101/2020.11.18.388413


 33

41. Jurrus E, Engel D, Star K, Monson K, Brandi J, Felberg LE, et al. Improvements to the 
APBS biomolecular solvation software suite. Protein science : a publication of the Protein 
Society. 2018 Jan;27(1):112-28. PubMed PMID: 28836357. Pubmed Central PMCID: 
5734301. 
42. Forli S, Huey R, Pique ME, Sanner MF, Goodsell DS, Olson AJ. Computational 
protein-ligand docking and virtual drug screening with the AutoDock suite. Nature protocols. 
2016 May;11(5):905-19. PubMed PMID: 27077332. Pubmed Central PMCID: 4868550. 
43. Sterling T, Irwin JJ. ZINC 15--Ligand Discovery for Everyone. Journal of chemical 
information and modeling. 2015 Nov 23;55(11):2324-37. PubMed PMID: 26479676. Pubmed 
Central PMCID: 4658288. 
44. Trott O, Olson AJ. AutoDock Vina: improving the speed and accuracy of docking 
with a new scoring function, efficient optimization, and multithreading. Journal of 
computational chemistry. 2010 Jan 30;31(2):455-61. PubMed PMID: 19499576. Pubmed 
Central PMCID: 3041641. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted November 18, 2020. ; https://doi.org/10.1101/2020.11.18.388413doi: bioRxiv preprint 

https://doi.org/10.1101/2020.11.18.388413


 34

 

 

 

Table 1: Best scores obtained through the Autodock Vina docking analysis. 

Receptor Best score 

(kcal/mol) 

RdRp -5.3 

ACE2 -5.9 

RdRp/nsp7/nsp8 -4.8 ± 0.2 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted November 18, 2020. ; https://doi.org/10.1101/2020.11.18.388413doi: bioRxiv preprint 

https://doi.org/10.1101/2020.11.18.388413


 35

 

 

 

Table 2. Clinical information and Ct values for the cohort of Italian patients with COVID-19. 

All of the samples were from oropharyngeal swabs that originated from Naples, Italy.  

Sample code Patient Sample arrival 

date 

Target Vehicle 

(Ct) 

37.5 μM 

PolyP120  

 Age 

(years) 

Sex (dd/mm/yyyy)   (Ct) 

20200455403 34 Female 22/04/2020 N1 20.68 24.46 

    N2 20.16 n.a. 

    N3 21.66 23.23 

20200405430 64 Male 20/04/2020 N1 32.01 32.26 

    N2 32.09 n.a. 

    N3 32.28 33.68 

20200406267 65 Male 20/04/2020 N1 32.07 34.57 

    N2 32.50 n.a. 

    N3 31.61 35.49 

20200405509 73 Female 17/04/2020 N1 32.18 34.21 

    N2 32.41 n.a. 

    N3 33.01 33.27 

20200406280 59 Male 20/04/2020 N1 30.32 32.97 

    N2 30.54 n.a. 

    N3 30.26 34.63 

20200405519 42 Male 22/04/2020 N1 32.60 33.77 

    N2 33.43 n.a. 

    N3 33.15 35.08 

20200405527 76 Male 17/04/2020 N2 31.77 33.04 

    N2 32.21 n.a. 

    N3 32.08 33.87 

20200406213 56 Male 20/04/2020 N1 32.11 36.36 

    N2 33.02 n.a. 

    N3 32.24 35.82 

n.a., not amplified 
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