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Abstract

In early 2020 the new respiratory syndrome COVID-19 (caused by the zoonotic
SARS-CoV-2 virus) spread like a pandemic, starting from Wuhan, China, causing
severe economic depression. Despite some advances in drug treatments of med-
ical complications in the later stages of the disease, the pandemic's death toll is
tragic, as no vaccine or specific antiviral treatment is currently available. By using
a systems approach, we identify the host-encoded pathway, which provides
ribonucleotides to viral RNA synthesis, as a possible target. We show that meth-
otrexate, an FDA-approved inhibitor of purine biosynthesis, potently inhibits viral
RNA replication, viral protein synthesis, and virus release. The effective antiviral
methotrexate concentrations are similar to those used for established human
therapies using the same drug. Methotrexate should be most effective in patients
at the earliest appearance of symptoms to effectively prevent viral replication,

diffusion of the infection, and possibly fatal complications.
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Inhalation of virus-containing respiratory droplets and airborne trans-

mission represents the most relevant infective routes.” The vast majority

Due to the massive diffusion of the COVID-19 pandemic, the
present worldwide health emergency, with over 845,000 deaths
and millions of infected people, is severely disrupting social and
economic activities. If no efficient treatment or specific vaccine is
soon available worldwide, the occurrence of a severe global re-
cession, which would bring significant social and economic turmoil,
is feared in the future.

COVID-19 is an infectious respiratory disease caused by

SARS-CoV-2, a new zoonotic virus that undergoes mutational variability.*

of infected people are asymptomatic or present mild health problems.
Asymptomatic and symptomatic patients may present a comparable viral
load, and both may be infective.®> The median incubation period (from
infection to symptom onset) is 5.1 days. Over 97% of symptomatic
patients develop signs of disease within 11.5 days.*

If the invading SARS-CoV-2 virus elicits a strong protective
immune response, the patient shows non-severe symptoms. If the
immune system fails to eliminate the virus, the patient develops viral

pneumonia symptoms, with dyspnea, which may lead to severe and
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potentially lethal complications.”” This more dangerous stage is
characterized by a dysfunctional immune response that leads to a
cytokine storm, which predisposes to hemostatic abnormalities.>”
High levels of interleukin-6 (IL-6), together with significant levels of
SARS-CoV-2 RNA, are an index of a high lethality risk. In the most
(ARDS),

often complicated by pulmonary thromboembolism, occurs finally,

severe cases, acute respiratory distress syndrome
leading to death.®? Extension of the viral infection to extra-
pulmonary districts'® may have a role in the diffused post-COVID
syndrome.™*

Patients with mild symptoms receive mostly symptomatic
treatments.® Patients in the severe stage receive anti-inflammatory
drugs, including low doses of steroids or drugs acting on the IL-6
axis.'? As the COVID-19 pandemic would be substantially con-
strained by a drug blocking the reproduction of viral particles, sev-
eral studies are ongoing'? to reposition available drugs looking for
their ability to interfere with essential viral functions.

The novelty of the present report is provided by considering, in a
system biology approach, not only the events of viral entrance and
reproduction into lung type Il pneumocytes but also their necessary
collaboration with the human host cellular pathways, among which
the one providing nucleotides required for the synthesis of viral
RNA. The synthesis of purines (a component of nucleotides) is in-
hibited by methotrexate (4-amino-10-methyl folic acid, MTX),*® an
FDA approved drug, used to treat several cancer types and, at lower
doses, autoimmune diseases. Herein, we present the first round of
experiments "in vitro," which clearly show that MTX blocks, with
high efficiency, SARS-CoV-2 replication in the post-entry phase.

2 | MATERIALS AND METHODS

2.1 | Cells

African green monkey kidney Vero Eé cell line was obtained from
American Type Culture Collection (ATCC) and maintained in Dulbecco's
modified Eagle's medium (DMEM; Gibco, Thermo Fisher Scientific) sup-
plemented with 10% fetal bovine serum (FBS; Gibco, Thermo-Fisher
Scientific) at 37°C in a humidified atmosphere of 5% CO,.

22 | Virus

We successfully isolated SARS-CoV-2 in Vero E6 cells from the na-
sopharyngeal swab sample of a COVID-19 patient. The identity of
the strain was verified in Vero E6 cells by real-time polymerase chain
reaction (PCR) and by metagenomic sequencing, from which the
reads mapped to nCoV-2019 (genomic data are available at EBI
under study accession n. PRJEB38101). We propagated the clinical
isolate in Vero E6 cells and determined the viral titer by a standard
plaque assay. We performed infection experiments in a biosafety
level-3 (BLS-3) laboratory at a multiplicity of infection (MOI) of 0.05
and 1.0.
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2.3 | Efficacy study of MTX

Vero E6 cells were seeded at a density of 5 x 10* cells/well in a 24-well
plate and treated with different doses of MTX (Sigma-Aldrich). The
efficacy of MTX was determined by CellTiter-Glo (Promega) that
measures the ATP levels and direct counting of the viable cell number
after trypan-blue staining.

2.4 | Evaluation of antiviral efficacy of
methotrexate

Vero E6 cells were infected for one h with the SARS-CoV-2 isolate at an
MOI of 0.05. Infection was carried out in DMEM medium without FBS.
Then, after virus removal and washing with warm phosphate-buffered
saline (we cultured cells in a medium containing 2% FBS in the presence
or the absence of MTX at the concentration of 25, 2.5, or 0.25 uM. At
48 h postinfection, both cells and supernatants were collected for further

viral genome quantification analysis.

2.5 | Viral RNA extraction and quantitative
real-time reverse-transcription PCR (qRT-PCR)

RNA was extracted from clarified cell culture supernatants
(16,000g x 10 min) and infected cells using a QlAamp Viral RNA Mini
Kit and RNeasy Plus mini kit (Qiagen), respectively, according to the
manufacturer's instructions.

RNA was eluted in 30 ul of RNase-free water and stored at -80°C
till use. The gRT-PCR was carried-out following previously described
procedures with minor modifications.'* Briefly, reverse transcription and
amplification of the S gene were performed using the one-step Quanti-
Fast Sybr Green RT-PCR mix (Qiagen) as follows: 50°C for 10 min, 95°C
for 5min; 95°C for 10s, 60°C for 30s (40 cycles) (primers: RBD-gF1:
5-CAATGGTTTAACAGGCACAGG-3' and RBD-gR1: 5-CTCAAGTGTCT
GTGGATCACG-3). A standard curve was generated by determination of
copy numbers derived from serial dilutions (10°-10° copies) of a pGEM
T-easy vector (Promega) containing the receptor-binding domain of the
S gene (primers: RBD-F: 5-GCTGGATCCCCTAATATTACAAACTTGT
GCC-3’; RBD-R: 5-TGCCTCGAGCTCAAGTGTCTGTGGATCAC-3)). Each
quantification was run in triplicate.

2.6 | Western blot analysis

Protein samples (30 pg) obtained from lysis in RIPA buffer (Cell Signaling
Technology, Danvers) of Vero E6 infected cells were separated on 10%
sodium dodecyl sulphate-polyacrylamide gel electrophoresis and then
transferred onto polyvinylidene difluoride membranes (Millipore, Sigma).
After being blocked with 3% bovine serum albumin in tris buffered saline
buffer containing 0.05% Tween 20, the blot was probed with a human
serum (1:1000 dilution) containing 1gG to the SARS-CoV-2 nucleoprotein
(NP) and with mouse anti-human GAPDH monoclonal antibody
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(G-9; Santa Cruz Biotechnology). The antigen-antibody complexes were
detected using peroxidase-conjugated goat anti-human or goat anti-
mouse IgG (Sigma) and revealed using the enhanced chemiluminescence

(ECL) system (Santa Cruz Biotechnology).

2.7 | Statistical analysis

Data were analyzed for statistical significance using the one-way
analysis of variance, and the Bonferroni post test was used to
compare data. Differences were considered significant when p <.05.
Statistical tests were performed using GraphPad Prism 8.

3 | RESULTS
3.1 | Effects of methotrexate on Vero E6 cells
growth and metabolism

At first, we assayed the effect of various concentrations of MTX on cell
proliferation of Vero Eé6 cells, an established model system for SARS-
CoV-2 isolation and replication. After 48 h of culture, 0.015 uM MTX
has a negligible effect on the extent of growth, assayed as the viable cell
number detected by the Trypan Blue dye exclusion test. At this very
low concentration, MTX inhibition may be competitively displaced by
the intracellular substrate of DHFR. MTX concentrations ranging from
0.06 to 2.5uM have a potent inhibitory effect (around 45%) that be-
comes substantially stronger (85%) at MTX 25 uM (Figure 1A). MTX-
treated cells display a normal surface-adherent phenotype (Figure 1B).

MTX severely inhibits the accumulation of cellular ATP (assayed
with CellTiter-Glo). For an extensive range of MTX concentrations, in-
tracellular ATP levels' inhibition remains reasonably constant, ranging
from 73% inhibition at MTX 0.06 uM to 82% for 25 uM (Figure 1C).

Taken together, these data indicate that at concentrations be-
tween 0.06 and 2.5 uM, the proliferative ability of MTX-treated Vero
E6 cells correlates with down-modulation of their metabolic activity,

with negligible effects on cell morphology and minor cytotoxicity.

3.2 | MTX potently inhibits SARS-CoV-2
replication

We infected Vero Eé cells at either low MOI (MOI =0.05) or high
MOI (MOl =1.0). Quantification of released RNA after 48h
indicates that viral production is very similar at both MOIs
(Figure 2A). Therefore, in the following experiments, we use an
MOI of 0.05.

Next, we assessed whether MTX could affect the replication of
the SARS-CoV-2 virus. Vero E6 cells were infected with a primary
SARS-CoV-2 strain isolated in Brescia, Italy, and one h later they
were cultured in the absence or the presence of MTX at the con-
centrations of 25, 2.5, or 0.25 uM. MTX efficiently inhibits viral re-
plication (Figure 2B-E). All MTX doses abolish the SARS-CoV-2
cytolytic effects on Vero E6 cells, with only limited cytopathic effects
detectable at the lowest micromolar dose of MTX used (Figure 2B).
Quantification of viral RNA copy number in the cell culture super-
natants confirms the potent inhibitory effect of MTX on viral parti-
cles' production, with a reduction of nearly 70-fold at 25 puM and
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FIGURE 2 Antiviral activity of MTX. (A) Vero E6 cells were infected with SARS-CoV-2 at a multiplicity of infection (MOI) of 0.05 or 1.0 for
1 h at 37°C and then washed and cultured for 48 h. Viral yield was quantitated in the cell supernatant by quantitative real-time
reverse-transcription PCR (qRT-PCR). At least three independent replicates were performed. Data are representative of two independent
experiments with similar results. In (B)-(E), Vero Eé cells were infected with SARS-CoV-2 at an MOI of 0.05 in the absence or in the presence of
different doses of MTX. (B) Cells were imaged with an optical microscope to detect typical SARS-CoV-2-induced cytolytic effects. (C) Viral yield
was quantitated in the cell supernatant by qRT-PCR. At least three independent replicates were performed. Data are representative of two
independent experiments with similar results. (***p <.001). (D) Quantitation of SARS-CoV-2 genomes at the intracellular level by gRT-PCR. At
least three independent replicates were performed. Data are representative of two independent experiments with similar results. (**p <.01;
***p <.001). (E) Nucleoprotein (NP) expression in infected cells was analyzed by Western blot (left panel). Densitometric analysis of Western
blot results is shown in the right panel. Bars represent mean % inhibition of NP expression in cells treated with MTX at different concentrations,

normalized to control SARS-CoV-2-infected cells

about 20-fold at 0.25 uM, as compared with untreated infected cells
(Figure 2C). qRT-PCR quantification of intracellular SARS-CoV-2
RNA in SARS-CoV-2-infected cells shows dose-dependent inhibition
of intracellular SARS-CoV-2 genome expression, ranging from 40%
to 70% at the tested MTX concentrations (from 0.25 to 25 uM)
compared with untreated cells (Figure 2D). Western blot with pa-
tient antisera® recognizing the virus NP confirms MTX's efficacy on
virus replication. MTX induces a significant (approximate 60%) in-
hibition of NP accumulation (Figure 2E). As there are many copies of
NP for each RNA molecule in the virion, the detected constant im-
munoreactive band, observed at all MTX concentrations, may mainly
reflect the viral protein present at the beginning of the treatment,
masking the robust dose-dependent inhibition observed in viral RNA
assays experiments.

4 | DISCUSSION

Our results indicate that MTX efficiently inhibits viral replication at
the post-entry stages of the SARS-CoV-2 infection. Its dose-
dependent antiviral activity is extremely potent. Consistent with
data reported for Zika Virus infection'® and the established me-
chanism of action of MTX,'® these pieces of data indicate that the
cellular purine biosynthetic pathway is a reliable target to inhibit
SARS-CoV-2 replication. Accordingly, MTX should be most effective
in patients at the earliest appearance of symptoms to prevent the
synthesis of new viral RNA and, therefore, the formation of virus
particles able to extend the infection to contiguous lung alveolar
epithelium and extrapulmonary sites'® and to spread the infection to
other people through virus-containing droplet emission. As viral RNA
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has been detected in non-survivors until the point of death, a cor-
relation between virus persistence and poor disease outcome has
been proposed.”

In the first 24 h following different routes of administration of
15mg MTX to rheumatoid arthritis patients, the drug's plasma
concentration remains between 0.1 and 1uM,® that is, within the
effective range reported in our study (0.25-2.5uM). As the me-
tronomic, multiple administration of low MTX doses'? may improve
drug absorption, the effective doses reported here are compatible
with the therapeutically effective (and well-tolerated) MTX dosage
employed in clinical use. These experiments could provide the basis
for designing antiviral treatments that are compatible with patient
assistance at home, monitored by family doctors under COVID
hospitals' supervision.

In rheumatoid arthritis and other inflammatory syndromes, the
molecular target of MTX is not DHFR.*®> MTX decreases the levels of
interleukin 6 (IL-6) and soluble IL-2 receptor, the reduction in cyto-
kine levels being paralleled by an improvement in clinical indices.?°
Therefore, in COVID-19 patients in a more advanced stage, the
treatment with MTX is expected to decrease virion production
and down-regulate the IL-6 pathway, a strategy currently in use in
different clinical trials.*?

5 | CONCLUSIONS

We show that MTX exerts a dose-dependent, potent inhibition of
SARS-CoV-2 replication in model cell lines. As it targets an enzyme es-
sential for viral replication, MTX could be used as a first-line intervention
even against heavily mutated SARS-CoV-2 variants or emerging epi-
demics caused by novel RNA viruses. The potential ability of MTX to
down-regulate the cytokine storm typical of later stages of the disease
could contribute to making oral MTX a new and effective antiviral
treatment for the COVID-19 pandemic. MTX may also be useful in
patients suffering from the post-COVID syndrome,*! in which systemic
permanence and diffusion of the virus play a role.
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