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1. Introduction 

Since the beginning of the COVID-19 pandemic, tremendous efforts have been made by 

the scientific community to find therapeutic approaches for the treatment of SARS-CoV-

2-induced respiratory disease. In this ongoing research, the repurposing of approved 

drugs has been considered the most rapid, affordable and efficient strategy [1], and nu-

merous available drugs have thus been tested in repositioning studies over the last two 

years.  

Among the tested drugs, methotrexate (MTX), a widely used chemotherapy and immu-

nosuppressant drug [2-9], has shown anti-viral effects against SARS-CoV-2 [10,11]. As 
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other anti-folates, MTX exerts its anti-cancer function mainly by inhibiting the dihydro-

folate reductase (DHFR), an enzyme involved in the de novo synthesis of the nucleo-

sides required for nucleic acid production. This effect results in an anti-metabolic but 

also anti-inflammatory effects due to the subsequent direct or indirect inhibition of sev-

eral cellular mechanisms, such as lymphocytes replication, polyamine production, redox 

cellular activities and cytokines release [12] and [13-19]. The activity on inflammation as 

well as nucleic acid metabolism and purine synthesis were suggested to be at the basis of 

the possible use of MTX in COVID-19 [20]. However, additional evidences showed a role 

of this drug in regulating also the activity of the Angiotensin Converting Enzyme 2 

(ACE2) and the interaction of a human helicase with Spike (S) and Transmembrane Ser-

ine Protease 2 (TMPRSS2) (https://opendata.ncats.nih.gov/covid19 [20-22]. All these data 

indicate that MTX could also interfere with viral entry and replication by targeting host 

proteins. 

Belonging to the same drug class of MTX, pralatrexate (PTX) is another DHFR inhibitor 

used for the treatment of relapsed or refractory peripheral T-cell lymphoma (PTCL). In-

terestingly, an effect in counteracting COVID-19 disease has been observed also for this 

compound [23], thus suggesting that also other DHFR inhibitors may have anti-viral 

effects against SARS-CoV-2.  

Starting from these data, in this study we evaluated the anti-viral activity of several 

DHFR inhibitors, specifically PTX, trimetrexate (TMX), aminopterin, as well as MTX, 

pemetrexed and raltitrexed, against SARS-CoV-2. Then, we assessed the effects of these 

compounds in inhibiting virus entry and, taking advantage of our EXSCALATE plat-

form for molecular docking simulations, we also examined other targets and mecha-

nisms potentially involved in the inhibition of SARS-CoV-2 infection mediated by DHFR 

inhibitors that could explained the different anti-viral activities of these compounds.  

2. Materials and Methods 

Cells 

Vero E6 cells were grown and treated as previously described [24]. A549 ACE2+ cells, a 

kind gift of Prof. Steven J. Elledge (Harvard Medical School, Boston, MA USA), were 

maintained in Dulbecco's Modified Eagle Medium (DMEM; Gibco, Thermo-Fisher) sup-

plemented with 10% fetal bovine serum (FBS; Gibco, Thermo-Fisher) at 37°C in a humid-

ified atmosphere of 5% CO2. 

Virus 

Infections were carried out using the SARS-CoV-2 B.1 lineage [11,65] at a multiplicity of 

infection (MOI) of 0.05. All the infection experiments were performed in a biosafety 

level-3 (BLS-3) laboratory. 

Cell viability studies of compounds 

Cells were seeded into 24-well plates (2.5 x 104 cells/well) in DMEM supplemented with 

10% FBS, and treated with the indicated doses of each compound at 37°C for 48 h. Cell 

viability was evaluated by measuring the ATP levels using CellTiter-Glo (Promega, 

Madison, WI, USA).  

Evaluation of antiviral efficacy of compounds 

Cells were infected at 37°C for 1 h with the SARS-CoV-2 at a MOI of 0.05. Infections 

were carried out in DMEM without FBS. Then, the virus was removed and cells washed 

with warm phosphate buffered saline (PBS) and cultured with medium containing 2% 
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FBS in the presence or in the absence of different concentrations of each compound. 

Cells and supernatants were collected for further analysis at 48 h post infection (p.i).  

Plaque Assay 

Cells were seeded at a density of 5 x 105 cells/well in a 12-well plate and incubated at 

37°C for 24 h. Supernatants from infected cells were serially diluted in DMEM without 

FBS and added to the cells. After 1 h incubation, media were removed and cells washed 

with warm PBS. Then cells were covered with an overlay consisting of DMEM with 0.4% 

SeaPlaque (Lonza, Basel, Switzerland). The plates were further incubated at 37°C for 48 

h. Cells were fixed with 10% formaldehyde at room temperature for 3 h. Formaldehyde 

was aspirated and the agarose overlay was removed. Cells were then stained with crys-

tal violet (1% CV w/v in a 20% ethanol solution), and viral titer (PFU/mL) of SARS-CoV-

2 was determined by counting the number of plaques. 

Viral RNA extraction and quantitative real-time RT-PCR (qRT-PCR) 

RNA was extracted from clarified cell culture supernatants (16,000 g x 10 min) and from 

infected cells using QIAamp Viral RNA Mini Kit and RNeasy Plus mini kit (Qiagen, Hil-

den, Germany), respectively, according to the manufacturer’s instructions. 

RNA was eluted in 30 μl of RNase-free water and stored at -80°C till use. The qRT-PCR 

was carried-out following previously described procedures [66]. Briefly, reverse tran-

scription and amplification of the S gene were performed using the one-step QuantiFast 

Sybr Green RT-PCR mix (Qiagen) as follows: 50°C for 10 min, 95oC for 5 min; 95oC for 

10 sec, 60oC for 30 sec (40 cycles) (primers: RBD-qF1: 5’-

CAATGGTTTAACAGGCACAGG-3’ and RBD-qR1: 5’-CTCAAGTGTCTGTG-

GATCACG-3). A standard curve was generated by determination of copy numbers de-

rived from serial dilutions (103-109 copies) of a pGEM T-easy vector (Promega, Madison, 

WI, USA) containing the receptor binding domain of the S gene (primers: RBD-F: 5’-

GCTGGATCCCCTAATATTACAAACTTGTGCC-3’; RBD-R: 5’-

TGCCTCGAGCTCAAGTGTCTGTGGATCAC-3’).  

Western blot analysis 

Western blot was carried-out following previously described procedures with minor 

modifications [67]. Protein samples (30 µg) obtained from lysis in RIPA buffer (Cell Sig-

naling Technology, Danvers, MA, USA) of infected cells were separated on 10% SDS-

PAGE and then transferred onto polyvinylidene difluoride (PVDF) membranes (Milli-

pore, Sigma, Burlington, MA, USA). After being blocked with 3% BSA in TBS buffer con-

taining 0.05% Tween20, the blot was probed with a human serum (1:1000 dilution) con-

taining IgG to the SARS-CoV-2 nucleoprotein (NP) and with mouse anti-human 

GAPDH monoclonal antibody (G-9: Santa Cruz Biotechnology, Dallas, TX, USA). The 

antigen-antibody complexes were detected using peroxidase-conjugated goat anti-hu-

man or goat anti-mouse IgG (Sigma) and revealed using the enhanced chemilumines-

cence (ECL) system (Santa Cruz Biotechnology). 

Data analysis 

The half-cytotoxic concentration (CC50) and the half-maximal inhibitory concentration 

(IC50) for each compound were calculated from concentration-effect-curves after non-

linear regression analysis using Prism8 Software (GraphPad Software, La Jolla, CA, 

USA). The selectivity index (SI) was calculated as the ratio of CC50 over IC50 [36]. 
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Statistical analysis 

Data were analyzed for statistical significance using the 1-way ANOVA, and the Bonfer-

roni post-test was used to compare data. Differences were considered significant when p 

< 0.05. Statistical tests were performed using Prism8 Software (GraphPad Software). 

Pseudovirus entry assay 

Cell-free lentiviral particles were generated as described previously[68] and production 

protocols are available at the LeGO website (http://www.LentiGO-Vectors. de). Lentivi-

ral particles (2.9x105 TU/ml) used for this study contain the D614G variant of SPIKE 

without the last 19 amino acids to remove the ER-retention signal. Caco-2 cells, obtained 

from Cell Lines Service (CLS, #300137), were grown in DMEM High Glucose (4.5 g/L) 

(Capricorn, #DMEM-HXRXA) with 10% fetal bovine serum (Capricorn, #FBS-12A), L-

Glutamine (Capricorn, #GLN-B), streptomycin (100 μg/ml), and 100 U/ml penicillin 

(Capricorn, #PS-B). Cells were seeded in 20 µl at a density of 8000 cells per well into 

white 384-well microtiter plates (Greiner Bio-One, #781073) and incubated at 37°C in the 

presence of 5% CO2 for 24 h. Compounds were added using Echo550 (Labcyte Inc.) di-

rectly prior virus addition. Virus addition was done in 10 µl/well and incubated for 48 h 

at 37°C. Detection was done by addition of 30 µl of 0,5 mM Luciferin (Biosynth Carbo-

synth; #FL08608) solution in PBS and incubation at 10 min in the dark at RT and meas-

urement of Luminescence using the EnSight multimode plate reader with 100 ms detec-

tion time per well. Data analysis was performed using Microsoft Excel and GraphPad 

Prism 8. Test compound results were normalized relative to the DMSO control that rep-

resents 0% inhibition of lentiviral pseudovirus entry. Dose response curves were fitted 

to 4-parameter logistic functions in Prism8 Software (GraphPad Software) with no con-

strains. 

Nsp13 enzymatic assay 

SARS-CoV-2 nsp13 was expressed from pNIC-ZB vector (Addgene plasmid #159614; 

http://n2t.net/addgene:159614; RRID:Addgene_159614) in Rosetta cells, using TB me-

dium for culture and purified according to Newman et al. [69]. SARS-CoV-2 nsp13 enzy-

matic activity was evaluated as reported[37]. Briefly, nsp13 unwinding-associated activ-

ity was measured in black 384 well plates (PerkinElmer), in 40 μl reaction volume con-

taining 20 mM Tris–HCl, pH 7.2, 50 mM NaCl, 2 μM Hel Capture oligo (5'- TGG TGC 

TCG AAC AGT GAC -3’) from Biomers, 5 mM MgCl2, 5% DMSO or inhibitor and 1 nM 

of purified nsp13. The reaction mixture containing the enzyme was pre-incubated for 10 

min with inhibitor at room temperature (RT). The reaction was started adding 1 mM 

ATP and 750 nM annealed DNA substrate (5'- AGT CTT CTC CTG GTG CTC GAA CAG 

TGA C-Cy3-3', 5'- BHQ-2-GTC ACT GTT CGA GCA CCA CCT CTT CTG A-3’) from Bio-

mers. After 15 min of incubation at 37°C, products were measured with Victor Nivo 

(Perkin) at 530/580 nm. 

SARS-CoV-2 nsp12 RNA polymerase RNA dependent (RdRp) activity.  

SARS-CoV-2 nsp12 was expressed from pET28a vector in BL21 DE3 cells, as previously 

described[70]. Briefly, the protein was firstly purified with Ni-Sepharose column and 

eluted in a buffer contained 20 mM Tris pH8, 150 mM NaCl, 1M Imidazole and 4mM 

MgCl2. The fraction contained the protein was loaded in a HiTrapQ-HP column and 

eluted in a buffer containing 20 mM Tris pH8, 1M NaCl and 4mM MgCl2. The quality of 

the protein was analyzed through SDS-PAGE and the purified protein was stored at -

80°C. The SARS-CoV-2 nsp12 RdRp activity was measured in black 96 well plates (Perki-

nElmer), in 25 µl reaction volume containing 50 mM Tris-HCl pH 8.0, 1 mM DTT, 2.5 

mM MgCl2, 50 mM NaCl, 10% Glicerolo, 20 µM UTP, RNAse inhibitor 10 U/µl (Thermo 

Scientific), 12.5 nM polyA RNA template, 4% DMSO or inhibitor and 400 nM of purified 
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nsp12. The reaction mixture containing the enzyme and the template RNA was incu-

bated for 60 min with the inhibitor at 37°C. After the incubation, the reaction was 

stopped with the addition of 2 µl of 200 mM nuclease-free EDTA. Then, 170 µl of 1X 

PicoGreen (Invitrogen) in 1X TE were added to the mixture and the reaction was incu-

bated for 5 min at RT, protected from light. Products were measured with Victor Nivo 

(Perkin) at 502/523 (em/ex) nm. Experiments were performed in triplicate, the results 

report average and standard deviation of two independent replicates. 

3. Results 

3.1 Inhibitors of DHFR exert antiviral activity against SARS-CoV-2 in two cell lines 

Previous studies have indicated an MTX-mediated antiviral activity against SARS-CoV-2 

infection, possibly due to MTX effects on host cellular processes [11,20,21]. To analyze 

the potential anti-viral activity of other DHFR inhibitors, we first performed a classical 

cellular phenotypic assay on Vero E6 cells, as previously described [24]. This cell line has 

been extensively used for SARS-CoV-like virus studies and is highly susceptible to cell 

death after infection [25-30]. We used cells that constitutively expressed EGFP fluores-

cent protein, which thus allow for monitoring the effects of drug treatment in modulat-

ing the virus-induced cytopathic effect (CPE) by measuring EGFP fluorescence. In paral-

lel, the compounds cytotoxicity was determined in the absence of virus to establish the 

half-maximal cytotoxic concentration (CC50). Although cells did not reach 100% of con-

fluence after treatment due to the anti-metabolic activity of this class of compounds, the 

observed half-maximal inhibitory concentrations (IC50) were much lower than CC50 

values, indicating good therapeutic windows (Figure 1). CPE analysis showed that PTX, 

TMX and aminopterin have the higher anti-viral activity in these cells, and quantitative 

PCR (qPCR) readouts evaluating the effects of compounds on viral replication were in 

line with these results (Figure 1 and [24]). 

 

Figure 1. DHFR inhibitors screened for antiviral activity on Vero E6 cell line. The antiviral activity was eval-

uated by measuring the % of cell confluence at different drug concentration. Red lines in the graph showed the 
antimetabolic effect of DHFR inhibitor in absence of SARS-CoV-2 infection. Remdesivir was used as positive 

control. 

To further support our evidence, we tested this class of compounds on A549 ACE2+ 

cells, a human lung epithelial cell line engineered to stably overexpress the ACE2 recep-

tor [31,32]. A549 ACE2+ cells are commonly used for in vitro screening and characteriza-

tion of drug candidates against SARS-CoV-2 and have been already used to study MTX 

cellular pathways [31,33-35], using different approaches.  

At first, a standard assay was carried out to measure the activity of each DHFR inhibitor 

on A549 ACE2+ cell metabolism and thus their selectivity index (SI) (Table1) [11,36]. To 
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this end, cells were cultured for 48 h in the absence or presence of different drug concen-

trations. The cells treated with these compounds displayed a normal surface-adherent 

phenotype at all concentrations tested (Figure 2A, Figure 3A and Figure 4A), and the 

CC50 value for PTX and TMX was found to be 0.008 µM and 0.01 µM, respectively (Fig-

ure 2B, Figure 3B and Table 1). On the other hand, MTX and raltitrexed displayed a 

lower tolerability with CC50 values of 1.18 and 0.89 µM, respectively (Figure 4B and Ta-

ble 1). Lastly, pemetrexed and aminopterin had the lowest tolerability with a CC50 

higher than 2 µM (Table 1). 

Table 1. Antiviral activity of DHFR inhibitors 

Drug IC50 (µM)  CC50 (µM) SI  

Pralatrexate 0.004 0.008 2 

Trimetrexate 0.007 0.01 1.4 

Methotrexate hydrate 0.63 1.18 1.9 

Aminopterin 1.3 2.49 1.9 

Pemetrexed disodium heptahydrate 5 2.43 0.5 

Raltitrexed 5 0.89 0.2 

To assess the anti-viral activity of the compounds, A549 ACE2+ cells were then infected 

with SARS-CoV-2 for 1 h at a multiplicity of infection (MOI) of 0.05 [11] and, after infec-

tion, cells were cultured in the absence or presence of different concentrations of DHFR 

inhibitors. Supernatants were then collected at 48 h post infection (p.i.) and tested for 

viral genome copy numbers by quantitative real-time PCR (qRT-PCR). Three out of the 

six DHFR inhibitors tested showed a strong antiviral effect displaying a IC50 < 1 µM 

(Table 1). The most active compounds were PTX, TMX and MTX, which significantly 

reduced the virus yield displaying a dose-dependent inhibition of viral replication (Fig-

ure 2C, Figure 3C and Figure 4C). In particular, PTX exhibited a 90.4% to 96.5% inhibi-

tion of viral titer at 0.019 µM and 0.039 µM, respectively (Figure 2D). The efficacy of the 

treatment was also confirmed at the intracellular level by qRT-PCR and western blot 

(WB) on SARS-CoV-2 nucleoprotein (NP) (Figure 2E and F), with the IC50 value calcu-

lated to be 0.004 µM. At the same time, TMX significantly reduced the SARS-CoV-2 vi-

rus yield, with an 86% reduction at a concentration of 0.009 µM and a 97.5% and 96.5% 

inhibition at 0.019 µM and 0.039 µM, respectively (Figure 3D). The efficacy of the treat-

ment was confirmed at the intracellular level by qRT-PCR and WB on NP (Figure 3E and 

F), with the IC50 value calculated to be 0.007 µM. Among the 3 compounds, MTX was 

the least efficient, with an IC50 value calculated to be 0.63 µM (Table1). In particular, 

MTX exhibited a 94% to 98% inhibition of viral titer at 1.25 µM and 2.5 µM, respectively 

(Figure 4D). The efficacy of the treatment was also confirmed at the intracellular level by 

qRT-PCR and WB on SARS-CoV-2 NP (Figure 4E and F). Collectively, these data indi-

cate that PTX, TMX, and MTX, possess a high antiviral activity in the low nanomolar 

range. On the contrary, the remaining 3 tested compounds, aminopterin, pemetrexed 

and raltitrexed, showed low antiviral activities with IC50 values > 1 µM, and specifically 

of 1.3, 5 and 5 µM, respectively (Table 1). Additionally, taken together these data 

demonstrate that the anti-cytopathic effect of DHFR inhibitors is due not only to the an-

timetabolic action of these compounds, but also to a specific antiviral activity. 
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Figure 2. Effect of Pralatrexate on A549 ACE2+ cells. A549 ACE2+ cells were cultured for 48 h in the absence or 
in the presence of PTX at different concentrations. (a) 10× bright-field images of A549 ACE2+ cells after incuba-

tion for 48 h at 37°C with the indicated PTX concentrations. (b) CellTiter-Glo was used to measure the antimeta-
bolic effect of PTX. (C-F) A549 ACE2+ cells were infected with SARS-CoV-2 and cultured in the absence or in the 

presence of different doses of PTX. (c) Viral yield in cell supernatants was quantitated by qRT-PCR. (d) Viral 
titer in cell supernatants was evaluated by plaque assay and plotted as percentage of plaque reduction compared 

to SARS-CoV-2. (e) Quantitation of SARS-CoV-2 genomes at the intracellular level by qRT-PCR. (f) NP expres-
sion in infected cells was analyzed by western blot (left panel). Densitometric analysis of western blot is shown 
in the right panel. Graph represents the percentage of NP expression. Data are representative of two independent 

experiments with similar results. All the experiments were performed at least in three independent replicates 
and pictures shown are representative. Data are presented as the mean ± standard error of the mean; *, P < 0.05; 

**, P < 0.01; ***, P < 0.001; ****, P < 0.0001. 

 

 

Figure 3. Effect of Trimetrexate on A549 ACE2+ cells. A549 ACE2+ cells were cultured for 48 h in the absence 
or in the presence of TMX at different concentrations. (a) 10× bright-field images of A549 ACE2+ cells after incu-

bation for 48 h at 37°C with the indicated TMX concentrations. (b) CellTiter-Glo was used to measure the anti-
metabolic effect of TMX. (C-F) A549 ACE2+ cells were infected with SARS-CoV-2 and cultured in the absence or 

in the presence of different doses of TMX. (c) Viral yield in cell supernatants was quantitated by qRT-PCR. (d) 
Viral titer in cell supernatants was evaluated by plaque assay and plotted as percentage of plaque reduction 

compared to SARS-CoV-2. (e) Quantitation of SARS-CoV-2 genomes at the intracellular level by qRT-PCR. (f) 
NP expression in infected cells was analyzed by western blot (left panel). Densitometric analysis of western blot 

is shown in the right panel. Graph represents the percentage of NP expression. Data are representative of two 
independent experiments with similar results. All the experiments were performed at least in three independent 
replicates and pictures shown are representative. Data are presented as the mean ± standard error of the mean; 

***, P < 0.001. 
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Figure 4. Effect of Methotrexate hydrate on A549 ACE2+ cells. A549 ACE2+ cells were cultured for 48 h in the 
absence or in the presence of MTX at different concentrations. (A) 10× bright-field images of A549 ACE2+ cells 

after incubation for 48 h at 37°C with the indicated MTX concentrations. (B) CellTiter-Glo was used to measure 
the antimetabolic effect of MTX. (C-F) A549 ACE2+ cells were infected with SARS-CoV-2 and cultured in the 

absence or in the presence of different doses of MTX. (C) Viral yield in cell supernatants was quantitated by qRT-
PCR. (D) Viral titer in cell supernatants was evaluated by plaque assay and plotted as percentage of plaque 

reduction compared to SARS-CoV-2. (E) Quantitation of SARS-CoV-2 genomes at the intracellular level by qRT-
PCR. (F) NP expression in infected cells was analyzed by western blot (left panel). Densitometric analysis of 

western blot is shown in the right panel. Graph represents the percentage of NP expression. Data are representa-
tive of two independent experiments with similar results. All the experiments were performed at least in three 
independent replicates and pictures shown are representative. Data are presented as the mean ± standard error 

of the mean; ***, P < 0.001. 

3.2 PTX, TMX and MTX inhibit the activity of SARS-CoV-2 viral key enzymes 

We then sought to understand whether the different antiviral activities of the com-

pounds could be associated to different effects on viral proteins. To identify the potential 

targets of DHFR inhibitors among the viral proteins, we took advantage of the high-

throughput screening campaign run in the context of the E4C consortium 

(https://www.exscalate4cov.eu/). We performed a virtual screening using our EXSCA-

LATE platform for molecular docking simulations, as already described. The simulation 

was performed using LiGen™ (Ligand Generator), the de novo structure-based virtual 

screening software, designed and developed to run on HPC architectures, which repre-

sents the most relevant tool of the EXSCALATE platform (https://ieeex-

plore.ieee.org/document/9817028). From this analysis, we obtained the docking score 

values that predict the binding affinity of the molecules in the protein binding site and 

based on this information we thus tested the 6 compounds for their potential inhibitory 

effects against 2 important enzymes in mediating SARS-CoV-2 replication: nsp13 hel-

icase, which is essential for viral replication [37], and RNA-dependent RNA polymerase 

(RdRp), which is a highly versatile enzyme that is involve in RNA viral genome replica-

tion process. In line with data on anti-viral activity, PTX and TMX were the most effec-

tive in inhibiting the unwinding activity of nsp13 helicase, displaying IC50 values of 0.14 

and 1.56 µM, respectively, while MTX showed and IC50 of 2.03 µM. Compared to PTX, 

TMX, and MTX, the other tested compounds were less effective in this assay, showing 

progressively higher IC50 values: 2.59 µM for aminopterin, 3.22 µM for raltitrexed and 

10.83 µM for pemetrexed (Figure 5). Finally, none of the tested compounds was able to 

inhibit RdRp (IC50 > 30 µM for all the tested compounds).  
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Figure 5. Effect of DHFR inhibitors on nsp13 unwinding activity. Enzymatic assay was performed in pres-

ence and in absence of Raltitrexed (a), Pralatrexate (b), Methotrexate (c) , Trimetrexate (d), Pemetrexed diso-

dium heptahydrate (e), Aminopterine (f). SSYA10-100 was used as a positive control (g). Data were collected 

form two independent experiments in triplicate and presented as the mean ± standard error of residual enzy-

matic activity. 

 

Altogether these data demonstrate that PTX, TMX and MTX have the highest anti-viral 

effect against SARS-CoV-2 due to a dual mechanism of action. Positive strand RNA vi-

ruses remodel cell metabolism to create a suitable microenvironment to survive and rep-

licate in host cells. Indeed, the CPE observed in infected cells is ascribed to viral hijack-

ing of cellular resources to fulfil viral needs. Anti-metabolite drugs, aimed to subtract 

nucleotides required for the synthesis of viral RNA or impair protein translation, act as 

broad-spectrum anti-viral drugs. Thus, DHFR inhibitors, on one side, inhibit cell metab-

olism, and on the other side, they can inhibit the function of key viral enzymes, thus ex-

hibiting a pleiotropic effect. On the contrary, pemetrexed, raltitrexed and aminopterin 

that have shown a lower antiviral activity (IC50 > 1.5 µM), do not affect viral replication 

mechanisms, suggesting that their activity is only due to the anti-metabolic effect of this 

drug class. 

3.3 DHFR inhibitors inhibit also SARS-CoV-2 viral entry 

Since previous studies indicated that MTX can inhibit also viral entry by acting on virus-

host interactions [21], we finally investigated whether these mechanisms could be con-

trolled also by PTX and TMX. Thus, we used the pseudovirus entry assay to investigate 

the potential effects of PTX and TMX on viral entry. To this end, permissive Caco-2 cells 

naturally expressing ACE2 were infected with SARS-CoV-2 pseudovirus. Notably, the 

pseudovirus used was a Lentiviral vector pseudotyped expressing SARS-CoV-2 spike 

protein (D614G) on the surface and carrying a luciferase (Luc2) reporter, thus allowing 

for following the infection.  

Again, in line with the high anti-viral activity of these compounds, PTX, TMX and, con-

firming previous studies, also MTX significantly inhibited luciferase output with IC50 

values in the nanomolar range, thus further demonstrating that these drugs exert their 

anti-viral activity through a polypharmacological effect as they can strongly interfere 

also with viral entry (Figure 6). Furthermore, the potential inhibitory activity of DHFR 

inhibitors on serine protease TMPRSS2, which is important for spike protein priming, 

was assessed. Only PTX displayed a significant inhibition of TMPRSS2, with an IC50 of 

0.45 µM, and this activity was not shared with TMX and MTX (IC50 > 30 µM; data not 

shown). Notably, PTX was the compound displaying the highest anti-viral activity, and 

also the one showing the highest and widest ability to target both viral proteins and 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 April 2023                   doi:10.20944/preprints202304.0082.v1

https://doi.org/10.20944/preprints202304.0082.v1


 

mechanisms of viral entry, thus further demonstrating that the different anti-viral activi-

ties that we observed using different DHFR inhibitors depend on the pleiotropy of their 

mechanism of action. 

 

Figure 6. DHFR inhibitors influence the viral entry mechanism. Methorexate (a), Pralatrexate (b) and Tri-

metrexate (c) are active, inhibiting viral infection, in the nanomolr range. 

4. Discussion 

By combining in silico studies with experiments using human COVID-19 in vitro mod-

els, in this study we demonstrated that, in addition to MTX, also PTX and TMX possess 

strong anti-viral effects against SARS-CoV-2, and that their superior effects compared to 

other DHFR inhibitors in counteracting the viral infection are due to a polypharmaco-

logical activity, targeting not only the metabolism but also virus entry and other mecha-

nisms involved in virus replication.  

Although different studies have sought to explain the effects of MTX using different in 

vitro models of COVID-19, also suggesting a dual activity of the drug on both viral entry 

and virus replication in the host, to date the underlying mechanisms of these effects 

have not been completely explained and targets have not been clearly identified. Taking 

advantage of our EXSCALATE platform for molecular docking simulations, we identi-

fied potential targets of MTX and also of PTX and TMX, and then experimentally 

demonstrated the inhibition of NSP13 helicase as a new target for the mediation of the 

superior anti-viral activity of all three these DHFR inhibitors and the influence on viral 

entry as a common mechanism underlying the anti-viral effects of these drugs. Moreo-

ver, we identified TMPRSS2 as an additional target protein inhibited by the most effec-

tive PTX.  

To fight SARS-CoV-2-induced respiratory disease is still a top priority for the scientific 

community, and investigating and explaining the potential anti-viral effects of drugs, 

such as DHFR inhibitors, that are used by patients that would be highly exposed to se-

vere complications in case of infection, is of utmost importance. MTX is widely and suc-

cessfully used for the treatment of cancer and autoimmune diseases, but its toxicity, 

poor pharmacokinetic and narrow safety range are certainly the major issues associated 

with its prolonged use [38,39] and often lead to dose reduction or withdrawal of treat-

ment [8,40,41]. MTX bioavailability is relatively high, but it is highly bound to plasma 

proteins and shows a very low volume of distribution, suggesting that its biodistribution 

may not be sufficient to reach the primary target tissues of the lung, while accumulating 
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instead in liver and intestine [13,42]). PTX and TMX are known, respectively, as anti-

cancer and anti-opportunistic infection agents [43-45]). PDX has a more effective biodis-

tribution ([46] and https://www.drugbank.com/), showed greater in vitro and in vivo 

anti-tumor efficacy [47,48]) and gave promising results in in vivo studies and clinical 

trials about toxicity, indicating a safer profile compared to MTX [46,47,49,50]. In addi-

tion, PTX is under study for treatment of Non-Small Cell Lung Cancer (NSCLC), sug-

gesting that it can reach the lung more efficiently compared to MTX. On the other hand, 

TMX is the less studied drug among DHFR inhibitors. Differently from the above-men-

tioned drugs, it targets specifically DHFR but not the thymidylate synthase, suggesting 

that toxicity concerns typical of the other members of the same family could be over-

come in this case. Interestingly, TMX has also an indication for lung fungal infections 

[51] and was reported to be distributed into the respiratory tract [52].  

Our studies demonstrated that PTX and TMX have strong anti-viral efficacy against 

SARS-CoV-2 and that their higher anti-viral activity (nanomolar range) compared to the 

other compounds belonging to this drug class is due to their polypharmacological pro-

file and pleiotropic effects. The anti-metabolic activity observed for the most effective 

DHFR inhibitors only partially explain the antiviral activity of these compounds, and a 

direct role on viral entry and replication mechanisms significantly contribute to the anti-

CPE activity of these compounds, resulting in an additive antiviral effect. Thus, consid-

ering also their pharmacokinetic features, PTX and TMX could be even more effective 

compared to MTX in the management of SARS-CoV-2 infection-associated complications 

in patients affected by chronic disease who are already using these drugs.  

First clinical evidence on the potential beneficial effects of the treatment with a DHFR 

inhibitor in COVID-19 disease was observed in patient receiving MTX for treating psori-

asis or rheumatoid arthritis [53-59]. These studies suggested that MTX treatment did not 

worsen COVID-19 outcomes and rates of hospitalization in these patients, probably act-

ing on inflammation associated to SARS-CoV-2 infection [60-62]; however, as the cohort 

of patients was heterogeneous in terms of period of MTX treatments and clinical mani-

festations of COVID-19, no clear conclusion on the benefits of MTX therapies could be 

extrapolated. On the other hand, further supporting the potential beneficial effect of 

MTX in COVID-19 patients treatment, the Global Rheumatology Alliance physician-re-

ported registry recently reviewed the COVID-19 situation in rheumatic patients, sug-

gesting that odds of death were higher in patients receiving different Disease-Modifying 

Anti-Rheumatic Drug (DMARD) or not receiving any DMARD compared with patients 

treated with MTX alone [63].  

Knowing of the strong, pleiotropic anti-viral activity of PTX and TMX can thus be ex-

tremely useful for physicians managing SARS-CoV-2 infections in patients with cancers 

or autoimmune diseases treated with these drugs. These patients are in fact often im-

munocompromised, cannot undergo vaccination or are at higher risk of insufficient im-

mune response after vaccines and of developing severe COVID-19 disease [64]. In this 

context, treatment with DHFR inhibitors with strong antiviral activity and better safety 

profile as PTX and TMX can thus be advantageous, allowing for treating the primary 

disease and, eventually, controlling COVID-19 disease. 

5. Conclusions 

With this study, we confirm the importance of repurposing studies and of in silico/ex-

perimental synergy as very powerful methods to generate effective responses to diseases 

that are still untreatable. Using this approach, we demonstrated that PTX, TMX and 

MTX have stronger anti-viral effects against SARS-CoV-2 compared to other DHFR in-

hibitors, and such higher efficacy is due to their pleiotropic inhibitory activity on cell 

metabolism as well as both viral entry and replication mechanisms. These compounds 

can thus potentially give a clinical advantage in the management of SARS-CoV-2 
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infection-associated complications in patients affected by chronic disease who are al-

ready treated with this class of drugs.  
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