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The novel SARS-CoV-2 variants of concern (VOC) represent a considerable global alarm because their mutations are known to affect
transmissibility and cause immune escape. While preventing severe disease and deaths, the available vaccines do not avoid
infection; therefore, COVID-19 disease management still requires effective therapies. We have recently reported that the aminothiol
cysteamine, a drug already applied to humans, exerts direct antiviral activity against SARS-CoV-2 and has in vitro
immunomodulatory effect. To evaluate whether this compound exerts antiviral effects also against SARS-CoV-2 variants, we
performed different infected cell-based assays using Wild type, Delta, or Omicron VOC. We found that cysteamine significantly
reduces the cytopathic effect induced by SARS-CoV-2 Wild type strain and Delta variant in Vero E6 cells. On the other hand,
cysteamine had no effects on the survival of cells infected with the Omicron variant, due to the lack of cytotoxicity on Vero E6 cells,
at least when infected at MOI= 0.001 for 72 h. Moreover, cysteamine significantly reduced the production of Wild type, Delta, and
Omicron variants as measured by the virus released in the culture media (Vero E6 and Calu-3 cells) and by transmission electron
microscopy analysis (Vero E6 cells). Notably, cysteamine is more effective in inhibiting the Omicron rather than Delta or Wild type
viruses, with an 80% inhibition of Omicron production compared to 40% of Wild type and Delta variant. Overall, our findings
demonstrate that cysteamine exerts direct antiviral actions against SARS-CoV-2 Delta and Omicron variants, in addition to the Wild
type virus. Our data further demonstrate that cysteamine is a good candidate as repurposing drug for the treatment of SARS-CoV-2
infection for the present and, likely, the future VOC and, therefore, it would be important to investigate its clinical relevance in
randomized clinical trials.
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INTRODUCTION
In the last two years, the world lifestyle and economic activities
have been dreadfully influenced by the COVID-19 pandemic
outbreak [1]. Indeed, SARS-CoV-2 infection caused over 6.0 million
deaths worldwide in addition to half-billion affected people with
various degree of clinical outcome. Although an incredible effort
has been made to control the COVID-19 pandemic by vaccination,
which limited the clinical severity and death outcome, the
mutations of the virus to variants with high transmission is
increasing the time required for the eradication of the infection
[1, 2]. SARS-CoV-2 shows a great capacity of changing genetics
and at least 13 variants have been reported so far, with mutations
localized in the amino acids present at the N-terminus and the
receptor-binding region. The most spread variants have been
Alpha, Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), and Omicron
(B.1.1.529), with Delta and Omicron being the most alarming ones
[3, 4]. Recently, a new variant with the Delta backbone and
Omicron spike has been described [5]. Among all the SARS-CoV-2
variants, Omicron has generated more worries due to its fast
transmission rate. In fact, Omicron is much more contagious than
Wild type SARS-CoV-2 or as infectious as Delta [6]. The newly
emerged Omicron BA.2 is believed to be even more contagious,

although the higher contagiousness remains so far unexplained.
One of the major concerns about the Omicron variants is related
to the evidence that the available vaccines do not prevent
infection, although they prevent severe disease and deaths [7].
COVID-19 still needs more effective therapies [8]. For instance,

human monoclonal antibodies (mAbs) do not work in advanced
severe disease and some of them were found to be ineffective
against the emerging variants of the virus, in particular for the
Omicron variant [9]. Repurposing drugs can be a valid pragmatic
approach to treat diseases as COVID-19 [10–14]. We have recently
shown that in vitro cysteamine, an approved drug for nephro-
pathic cystinosis, (i) reduces SARS-CoV-2-induced cytopathic
effects (CPE) in Vero E6, (ii) decreases the viral production in Vero
E6 and Calu-3 cells and (iii) displays anti-inflammatory effects in
cells from COVID-19 patients [15]. Cysteamine, 2-aminoetha-
nethiol, is a rather simple aliphatic compound, which became,
since the FDA’s approval in 1994, the gold standard of care for the
treatment of nephropathic cystinosis [16, 17]. Cystinosis is a
genetic autosomal recessive disease of lysosomes characterized
by progressive renal failure in children [16].
In this study, we evaluated the impact of cysteamine on

reducing the SARS-CoV-2 cytopathic effects and replication
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among the different SARS-CoV-2 variants of concern (VOC). Our
results demonstrate a very promising, potent effect of cysteamine
in preventing viral production and cytotoxicity of the Omicron
variant.

RESULTS AND DISCUSSION
Cysteamine significantly reduces the cytopathic effect
induced by SARS-CoV-2 Wild type and Delta variant in Vero E6
cells
Recently, we have reported that cysteamine and its oxidation
product cystamine exert a direct antiviral action against the Wild
type SARS-CoV-2 strain isolated at INMI L. Spallanzani IRCCS [15].
We then tested whether cysteamine had an impact on the life
cycle of recent SARS-CoV-2 VOC and, therefore, we performed the
viral-induced cytopathic effects (CPE) inhibition assay in Vero
E6 cells.
Cells were treated for 1 h with either cysteamine, using 2-fold

serial dilutions ranging from 1000 μM to 125 μM, or with the
vehicle (H2O at 1, 0.5, 0.25, or 0.125% v/v) as control, before SARS-
CoV-2 infection with Wild type, Delta or Omicron variants (MOI=
0.001). Cells were cultured in the presence of the drug, which was
added to the medium every 24 h after infection until the end of
the experiments, 72 h post-infection (p.i.).
As shown in Fig. 1, cysteamine significantly prevented the SARS-

CoV-2-induced CPE in a dose-dependent manner in cells infected
with either the Wild type virus (Fig. 1A) or Delta variant (Fig. 1B).
On the other hand, cysteamine had no effects on the survival of
cells infected with the Omicron variant (Fig. 1C). This discrepancy
between Omicron and the other viruses is due to the lack of

cytotoxicity exerted by the Omicron variant on Vero E6 cells, when
infected at a MOI= 0.001 for 72 h (Fig. 1D; blue box). Interestingly,
the Delta variant induced an intermediate degree of cell death
between the Wild type and Omicron variant viruses (Fig. 1D; red
box).

Cysteamine significantly reduces the production of Delta and
Omicron variants in Vero E6 and Calu-3 cells
To understand whether cysteamine directly affects the life cycle of
the different SARS-CoV-2 variants, we measured the amount of the
infectious viral particles released in the culture medium of Vero E6
cells treated with either cysteamine or with the drug-vehicle (H2O)
at 72 h.p.i. We evaluated viral production by back-titrating the
culture supernatants of the infected cells using a limiting dilution
assay, as we recently described [15].
Notably, cysteamine significantly reduced the yield of infectious

SARS-CoV-2 Wild type and Delta when used at 1000 and 500 μM
(Fig. 2A, B). On the other hand, cysteamine significantly reduced
the viral production in cells infected with the Omicron variant at
all the concentrations tested (Fig. 2C), thus suggesting that it is
more effective in inhibiting Omicron rather than Delta or the Wild
type viruses. In fact, as shown in Fig. 2D, cysteamine decreased up
to 80% of the Omicron viral production in Vero E6 cells, compared
to 40% of Wild type and Delta variant.
Interestingly, although Vero E6 cells were infected by the

different VOC at the same MOI, Omicron-infected cells generated
a significantly lower viral yield compared to that generated by
cells infected with either Wild type or Delta viruses (Fig. 2 panel E)
as expected [18], thus confirming that Omicron has a decreased
replicative fitness, at least in Vero E6 cells.

Fig. 1 Cysteamine inhibits CPE induced by SARS-CoV-2 variants in Vero E6 cells. Vero E6 cells were treated with different doses of
cysteamine or H2O as indicated and infected with SARS-CoV-2 wild type strain (A), Delta (B), and Omicron (C) variants (MOI= 0.001). The
percentage of surviving cells was evaluated by crystal violet staining assay 72 h post infection (h.p.i.). The results were reported setting not
infected cells as 100% and calculating as a relative value the percentage of not infected cells in the different experimental conditions. (D) The
different infectious ability of the SARS-CoV-2 variants in Vero E6 cells was expressed comparing the percentage of not infected cells based on
the CPE detection. Statistical analysis was performed using Wilcoxon matched-pairs rank test and Friedman test. Data are expressed as
median ± S.D. (n= 9) of three independent experiments performed in triplicate.
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Omicron viral production is lower than that found using Wild
type or Delta and, as reported above, Omicron does not induce a
CPE in Vero E6 cells. Therefore, it is tempting to speculate that the
decreased viral production is responsible for the lower viral
cytotoxicity. However, the Delta variant, although displaying a
similar viral yield (Fig. 2 panel E), induced lower CPE values
compared to those of the Wild type virus (Fig. 1 panel D). These
results indicate that Delta and, likely, Omicron variants are less
cytopathic for the cells when compared with the Wild type virus.
We also evaluated by transmission electron microscopy analysis

the impact of cysteamine (1000 µM) at 48 h.p.i. of Vero E6 cells.
The time was chosen to perform the experiment before the virus-
mediated CPE was evident.
In the untreated cells, the three SARS-CoV-2 viruses did not

show significant differences in their infecting capability (Figs. 3A,
C, E). A great number of viral particles were observed along the
plasma membrane of cells infected with Wild type (Fig. 3A), Delta
(Fig. 3C), or Omicron (Fig. 3E) variants. Viral particles (presenting

black dots, due to cross-section through the viral nucleocapsid)
were found as clusters attached to microvilli of the cell surface,
even in the intercellular space between the neighboring cells of
the monolayer (Fig. 3C). For all the three strains considered,
numerous intracellular particles were found enclosed within
membrane-bound vacuoles; in addition, the majority of infected
cells displayed cytoplasmic vacuoles, lipolysosomes and convo-
luted membranes vesicles (Fig. 3A, C, E) [19].
On the other hand, cysteamine treatment induced a reduction

of the number of viral particles with a different efficacy among the
SARS-CoV-2 variants. As previously reported [15], in Wild type-
infected cells only 30% of cysteamine-treated cells displayed viral
particles when compared to untreated cultures. Cysteamine-
treated cells presented a reduced number of viruses at the cell
surface and a lower number of intracytoplasmic vacuoles
containing virions (Fig. 3B). Cysteamine had a lower effect in cells
infected with Delta variant with about 50% of the cells still
showing viral presence; importantly, although the number of the

Fig. 2 Cysteamine decreases the production of SARS-CoV-2 variants in Vero E6 cells. Supernatants from Vero E6 cells SARS-CoV-2 infected
with wild type strain (A), Delta (B) and Omicron (C) variants, treated with different doses of cysteamine or H2O as indicated were harvested
72 h.p.i.. Virus yield was measured by back-titration based on detection of CPE and compared among the wild type strain, Delta and Omicron
variants in absence of cysteamine (E). Infectious titers were calculated with the Reed–Muench method and expressed as 50% tissue-culture
effective dose (TCID50) values. (D) The efficacy of the cysteamine treatment in Vero E6 cells was expressed as percentage of inhibition of the
virus yields measured in panels A–C. Statistical analysis was performed using Wilcoxon matched-pairs rank test. Data are expressed as median
± S.D. (n= 9) of three independent experiments performed in triplicate.
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particles attached to the cell surface appeared reduced, cytoplas-
mic vacuoles containing viruses were found (Fig. 3D). Notably, by
ultrastructural observations we found that cysteamine reduced
Omicron variant infection in the majority of the cells. A limited
number of cells displayed large vacuoles; few mature viral
particles were visible either along the cell surface or inside the
cytoplasmic compartments (Fig. 3F).

We next asked whether cysteamine exerts the antiviral activity
against the SARS-CoV-2 VOC also in the lung-derived epithelial
cellular model Calu-3. Cells were treated for 1 h with either
cysteamine (1000 µM) or H2O (1% v/v) as control, before SARS-
CoV-2 infection (MOI= 0.01) and then cultured in the presence of
the drug, which was added to the medium 24 h after infection
until the end of the experiments (48 h.p.i.), when the culture

Fig. 3 Electron microscopy images of Vero E6 cells infected with SARS-CoV-2 variants. Representative electron micrographs of Vero E6 cells
at 48 h.p.i. with different SARS-CoV-2 variants, in the absence (A, C, E) or in the presence (B, D, F) of cysteamine treatment. Cells infected with
Wild type (A), Delta (C), and Omicron (E) display similar findings: numerous viral particles are visible attached to the cell surface (arrows) and
inside membrane-bound vesicles in the cytoplasm (arrowheads). Vacuoles are present in the cytoplasm, many of them consisting in
lipolysosomes (LL), and convoluted membranes vesicles (*). Cysteamine treatment completely blocks the infection with Omicron (F), while
part of Wild type (B) and Delta (D) treated cells show the presence of viral particles, although reduced in number compared with the
untreated cells. N nucleus, m mitochondria. Scale bars: 1 µm.

Fig. 4 Cysteamine decreases the production of SARS-CoV-2 variants in Calu-3 cells. (A, B) Calu-3 cells were treated with cysteamine
(1000 µM) or H2O (1% v/v) 1 h before SARS-CoV-2 infection (MOI= 0.01) as indicated. (A) Virus yield of culture media from SARS-CoV-2-
infected cells was measured by back-titration as described in the methods. Infectious titers were calculated with the Reed–Muench method
and expressed as 50% tissue-culture effective dose (TCID50) values. (B) The efficacy of the cysteamine treatment in Calu-3 cells was expressed
as percentage of inhibition of the virus yields measured in panel A. Statistical analysis was performed using Wilcoxon matched-pairs rank test.
Data are expressed as median ± S.D. (n= 9) of three independent experiments performed in triplicate.
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media were collected and viral titers measured. As shown in Fig. 4,
cysteamine significantly reduced viral production in Calu-3 cell
cultures, thus suggesting that this compound exerts a potent
direct antiviral effect also in these human cells, which are similar
to the natural targets of SARS-CoV-2.
Overall, the decreased viral-induced CPE (i.e. Wild type and

Delta variant), the reduced viral production, and the lower
infected cell number evaluated by the electron microscopy
analysis demonstrated that cysteamine significantly decreased
the replication of SARS-CoV-2 of both Delta and Omicron VOC, in
addition to the Wild type virus, as previously reported [15].
The ongoing COVID-19 pandemic rapidly spread around the

world, resulting in enormous consequences in health, economic,
and social aspects. Although the vaccination has allowed a return
to near-normal life, there is still an urgent need to develop new
therapies to counter the pandemic, especially in light of the high
rate of viral mutations with, consequently, the increased risk of
immune viral escape.
Herein, we presented evidence that cysteamine, an already

approved safe drug for cystinosis, elicits effective anti-SARS-CoV-2
activity in vitro. We showed that cysteamine retained its potency
against the two major relevant variants Delta and Omicron,
suggesting a broad activity against the different SARS-CoV-2
isolates.
Since cysteamine can interact with both viral and host

proteins, it may act influencing many extracellular and/or
intracellular processes; therefore, it is difficult to draw definitive
conclusions on the mechanism(s) responsible for the observed
results.
It has been reported that disulfide-thiol balance is important for

the viral entry of different enveloped viruses such as SARS-CoV,
HIV, and murine hepatitis virus, thus suggesting that cysteamine
may decrease SARS-CoV-2 infectivity, at least in culture [20–22].
This hypothesis is corroborated by some evidence showing how
thiol-based chemical probes decrease both SARS-CoV-2 produc-
tion in human nasal epithelial (HNE) cells and ACE2 receptor
binding via allosteric disulfide disruption of the spike glycoprotein
[23, 24]. Moreover, preliminary results reported by Khanna and
colleagues showed that thiol drugs such as Mesna, bucillamine,
cysteamine, and WR-1065, inhibit cell entry of several SARS-CoV-2-
VOC [19].
On the other hand, viruses depend on and hijack host cellular

machinery to replicate. It is plausible to hypothesize that
important factors for viral life cycle that influence the cellular
microenvironment may be affected by the action of cysteamine.
For instance, the redox cellular state plays a key role in the
regulation of many essential signalling pathways including cell
death and proliferation, and modulates the expression of
several redox-sensitive genes, which can be exploited by
viruses [25]. In this regard, SARS-CoV-2 decreases in Vero E6
cells the levels of cellular thiols, lowering the reduced form of
glutathione (GSH), a potent intracellular antioxidant, and
increasing the extracellular levels of cysteine, thus demonstrat-
ing that also SARS-CoV-2 favours its replication by promoting a
pro-oxidant environment in the host cells [26]. Notably,
cysteamine stimulates the transport of cysteine into cells by
promoting GSH synthesis [27, 28], thus supporting the
hypothesis that the free thiol group of cysteamine can react
with thiols or disulfide bound of proteins, modulating/altering
their function.
Autophagy is another fundamental cellular mechanism influ-

enced by cysteamine, known to be involved in the SARS-CoV-2
replication and pathogenesis [17, 29]. In particular, coronaviruses
exploit the autophagic machinery to form double-membrane
vesicles necessary for viral replication and inhibit the process to
escape clearance by the host cells [30, 31]. Overall, it is reasonable
to hypothesize that cysteamine, targeting many cellular enzymes
thanks to its ability to modify the disulfide bonds or susceptible

cysteine residues, influences proteins involved in one or more
intracellular processes required for the replication and pathogen-
esis of SARS-CoV-2.
Furthermore, we provided indication that cysteamine also acts

as an immunomodulator of SARS-CoV-2 specific response, at least
in vitro [15]. These data are further strengthened by the
preliminary results by Khanna and colleagues reporting that
cysteamine reduces the inflammation of the lungs of SARS-CoV-2-
infected Syrian hamster [19]. If confirmed, these results are the
support of the rationale to propose clinical trials of thiol drugs for
COVID-19 therapy.

MATERIALS AND METHODS
Cell lines, cysteamine, and viruses
Kidney epithelial Vero E6 cells, derived from an African green monkey
(Chlorocebus sp.; formerly called Cercopithecus aethiops), were cultured in
Minimum Essential Medium (MEM) (Merck Life Science, Milan, Italy; Cat. No.
M2279) supplemented with 2mM L-glutamine, 1% penicillin/streptomycin
solution (Euroclone, Milan, Italy; Cat. No. ECB3000D; ECB3001D, respec-
tively) and 10% fetal bovine serum (FBS) (Gibco, Life Technologies Italia,
Monza, Italy; Cat. No. 10270106), previously inactivated at 56 °C for 30min.
Calu-3 cells, derived from human epithelial lung adenocarcinoma, were
grown in RPMI 1640 (Euroclone, Milan, Italy; cat. n°ECB9006L) supplemen-
ted with heat-inactivated 10% FBS, 2 mM L-glutamine, and 1% penicillin/
streptomycin solution. All cell lines were maintained at 37 °C with a 5%
CO2 humidified atmosphere.
Cysteamine (CAS 60-23-1; Merck Life Science, Milan, Italy; Cat. No.

M9768) was purchased as powder, and was subsequently solubilized in
deionized water as 100mM concentrated solution, filtered using a 0.22 µm
membrane, and finally used at the indicated concentrations by dilution in
medium. To ensure the activity of the drug, the solution was made fresh
each time prior to use.
The different SARS-CoV-2 viruses used in all the experiments

performed with Vero E6 and Calu-3 cells were isolated at the National
Institute for Infectious Disease (INMI) L. Spallanzani IRCCS: Wild type
strain (2019-nCoV/Italy-INMI1; GenBank MT066156) [32]; Delta strain
[hCoV-19/Italy/LAZ-INMI-648isl/2021(GISAID Accession ID EPI_ISL_323
0211)]; Omicron strain [hCoV-19/Italy/LAZ-INMI-2890/2021 (GISAID
Accession ID EPI_ISL_7716384)].

Virus protection assay
The antiviral activity of cysteamine was tested by the SARS-CoV-2-
induced cytopathic effect (CPE) inhibition assay performed in a biosafety
level 3 facility using Vero E6 cells. The day before infection, Vero E6 cells
were washed with 1x phosphate buffered saline (PBS) (Euroclone, Milan,
Italy; Cat. No. ECB4004L), detached with trypsin-EDTA solution (Merck
Life Science, Milan, Italy; Cat. No. T3924), and 2.5 × 104 cells/well were
seeded into 96-well flat-bottom plates in a 100 µL final volume of MEM
medium. Plates were then incubated overnight to allow cell adherence.
The day after, cell culture medium was discarded and cells were treated
with two-fold serial dilutions of cysteamine (ranged 1000 µM−25 µM) or
of the drug-vehicle [H2O ranged 1–0.125% (v/v)] and incubated for 1 h
(h) at 37 °C in a 5% CO2 atmosphere. Vero E6 cells were then infected
with the Wild type strain or Delta or Omicron variants at 0.001
multiplicity of infection (MOI; which reflects the ratio of PFU to the
number of infected cells), using MEM supplemented with heat-
inactivated 2% FBS and 2 mM L-glutamine in presence of cysteamine
or H2O, and incubated for 1 h at 37 °C and 5% CO2. Supernatants were
then carefully discarded and replaced by fresh medium containing the
same concentrations of either cysteamine or H2O. In the following 72 h,
cells were treated by adding the compound/control to the culture
medium every 24 h and were maintained at 37 °C with 5% CO2. After
72 h, microplates were observed by light microscope for the presence of
CPE. Then, supernatant was discarded and 100 µL of crystal violet
solution (Merck Life Science, Milan, Italy; Cat. No. 9448-2.5L-F) containing
2% formaldehyde (Carlo Erba reagents, Milan, Italy; Cat. No. 415666)
were added to each well for 20 min. Subsequently, the fixing solution
was removed, plates washed with tap water, and then immersed in a
bath of 2% formaldehyde solution in 1x PBS for further 20 min. Finally,
cell viability was evaluated with a photometer measuring the optical
density (OD) at 595 nm and reported as the percentage of surviving cells
compared to the uninfected cells.
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SARS-CoV-2 production yield assay
The ability of cysteamine to reduce the replication of the SARS-CoV-2 variants
was evaluated through a virus yield production assay. To this aim, SARS-CoV-2
viral particles released in culture medium after infection of both Vero E6 and
Calu-3 cells were back-titrated by limiting dilution assay on Vero E6 cells.
To evaluate the viral production in Vero E6 cells, the supernatants

harvested from the cells infected for the CPE assay were back-titrated by
serial dilutions in three replicates using MEM supplemented with heat-
inactivated 2% FBS and 2mM L-glutamine and added in 96-well plates
containing 2.5 × 104 Vero E6 cells/well.
To evaluate the viral production in Calu-3 cell line, 2.5 × 105 cells per well

were seeded into 24-well plates in a final volume of 1mL of RPMI medium,
and then left overnight at 37 °C to allow adherence. At 24 h post-seeding,
media were changed with those containing cysteamine (1000 µM) or H2O
[1% (v/v)] as control, and cells incubated for 1 h. Then, Calu-3 cells were
infected with either the Wild type strain or Delta and Omicron variants at
MOI= 0.01 using RPMI supplemented with heat-inactivated 2% FBS and
2mM L-glutamine in presence of either cysteamine or H2O, and incubated
at 37 °C and 5% CO2. One-hour post infection, supernatants were removed,
cells washed with 1x PBS and cultured with fresh medium containing the
treatments as above. Cells were then treated at 24 h with the drugs and
incubated at 37 °C with 5% CO2 until 48 h.p.i., when supernatants were
collected and back-titrated as reported for Vero E6 cells.
Virus back-titration was evaluated based on CPE detection, and

infectious titers were reported as 50% tissue-culture effective dose
(TCID50) values, calculated according to the Reed–Muench method.

Transmission Electron Microscopy
SARS-CoV-2 infected Vero E6 and Calu-3 cells were observed by
transmission electron microscopy (TEM) using standard procedures. To
this aim, Vero E6 cells were seeded into 8-well chamber slides at density of
7.5 × 104 cells per well and processed as described above. For TEM analysis,
cells were treated only with cysteamine at 1000 µM or H2O [1% (v/v)] as
control. After 48 h, supernatant was discarded, cell washed with 1x PBS,
and then fixed for 4 h with 2.5% glutaraldehyde in 0.1 M cacodylate buffer
at 4 °C. Cells were then treated with 0.25% glutaraldehyde in 0.1 M
cacodylate buffer and left at 4 °C until processed. Subsequently, samples
were dehydrated in graded ethanol and embedded in Epon resin, as
previously described [33, 34]. Ultrathin sections were stained with 2%
uranyl acetate and observed with a transmission electron microscope
(JEOL JEM 2100 Plus, Japan Electron Optics Laboratory Co. Ltd., Tokyo,
Japan). Images were digitally captured with a digital camera TVIPS (Tietz
Video and Image Processing Systems GmbH, Gauting, Germany).

Statistical analysis
GraphPad Prism 7.04 software (GraphPad, San Diego, CA, USA) was used to
analyse data. The following non-parametric inference tests were applied:
the Friedman test was used for comparisons among groups and the
Wilcoxon matched-pairs rank test for pairwise comparisons with Bonferroni
correction when appropriate.

DATA AVAILABILITY
The data supporting the finding of this study are available from the corresponding
author upon request.
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