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Abstract

In this paper, a logical-based mathematical model of the cellular pathways involved in the
COVID-19 infection has been developed to study various drug treatments (single or in com-
bination), in different iliness scenarios, providing insights into their mechanisms of action.
Drug simulations suggest that the effects of single drugs are limited, or depending on the
scenario counterproductive, whereas better results appear combining different treatments.
Specifically, the combination of the anti-inflammatory Baricitinib and the anti-viral Remdesi-
vir showed significant benefits while a stronger efficacy emerged from the triple combination
of Baricitinib, Remdesivir, and the corticosteroid Dexamethasone. Together with a sensitiv-
ity analysis, we performed an analysis of the mechanisms of the drugs to reveal their impact
on molecular pathways.

Author summary

The paper introduces a logical-based mathematical model of the cellular pathways
involved in the COVID-19 infection. The aim of the model is to study, in a qualitative but
comprehensive way, the cellular mechanisms developed during the virus infection with
the principal focus on drug treatments. The model is able to reproduce various illness sce-
narios: from the early infection stages to the late illness stages characterized by strong
immune reaction usually evolving in the so-called cytokine storm. Different drug effects
have been tested singularly and in combination treatments. Computational sensitivity
analysis was performed on the model along with the analysis of the mechanisms of the
drugs to reveal their impact on molecular pathways. The results show that the effect of sin-
gle drugs may be limited or counterproductive, depending on the illness stage. The highest
predicted efficacy is obtained by combining three different treatments: the anti-inflamma-
tory Baricitinib, the anti-viral Remdesivir and the corticosteroid Dexamethasone. This tri-
ple combination therapy has been analyzed not only in terms of global cellular effect but
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also in function of the involved internal pathways, suggesting the rational mechanisms for
its successfulness.

Introduction

In this century, the human population faced several epidemic cycles of pathogenic coronavi-
ruses: the severe acute respiratory syndrome coronavirus (SARS-CoV) in 2002-2003 [1], the
Middle East respiratory syndrome coronavirus (MERS-CoV) in 2012 [2,3] and, the ongoing
severe acute respiratory syndrome coronavirus 2 (SARS-CoV2) causing the Coronavirus Dis-
ease (COVID-19) [4]. The World Health Organization (WHO) declared the SARS-CoV-2
(COVID-19) outbreak a global pandemic on March 11th, 2020.

According to WHO, from 2019, there have been hundreds of millions of confirmed cases of
COVID-19 with millions of deaths all over the world. The national healthcare systems have
been under strong pressure, restrictions on the movement of people imposed, strict health
measures introduced, schools closed, and the world economy experienced a sharp slowdown
[5]. At the beginning of 2021, different vaccines have been approved by the U.S. Food and
Drug Administration (FDA), by the European Medicines Agency (EMA) [6], and other regula-
tory agencies. However, the rapid mutation rate of the virus, together with the relatively slow
process of mass vaccination, caused by people’s distrust and the disparity in distribution of the
vaccines among countries, hampered the pandemic’s end [5]. Despite the rapidity with which
several effective and safe vaccines have been developed, only mild improvements have been
obtained in terms of medication for treating the disease.

From a clinical point of view, COVID-19 is characterized by a high rate of contagiousness
but with a relatively small probability of developing a severe form of the disease. About 20% of
the infected subjects develop clinically relevant symptoms, while the majority of the subjects
remain asymptomatic or pauci-symptomatic [7]. These percentages are reshaped according to
risk factors such as age, diabetes, obesity, or heart disease [8].

At the cellular level, the disease starts when the virus first binds the upper airway epithelial
cells (mainly through the Spike protein (S) and the angiotensin-converting enzyme 2 (ACE2)
receptor), it then enters the cells and begins to replicate [7]. Typically, the innate immune sys-
tem is stimulated by the viral replication and eventually triggers the adaptive response that
eradicates the virus [9]. However, the reduced innate antiviral response, i.e., low level of type I
and III interferons, combined with the sustained expression of pro-inflammatory cytokines
(due to nuclear factor kB (NF-kB)) lead to a hyperstimulation of the immune system and even-
tually to respiratory distress [10,11].

The observed symptoms, together with the biological knowledge, lead to hypothesize a
biphasic behavior of the disease characterized by a first phase of viral replication with mild
symptoms and a second phase with severe symptoms and a dysregulated immune system with
acute levels of inflammation [12]. Therefore, it is crucial to consider the biphasic nature of the
disease to accordingly plan the treatments, by administering the optimal combination
therapies.

Currently, the only approved small molecule drug by the FDA for COVID-19 is Veklury
(Remdesivir) (i.e., an antiviral drug approved for patients requiring hospitalization). To rap-
idly identify new therapies for COVID-19, numerous repurposing studies aimed at finding
alternative uses for previously approved drugs have been carried out both in-vitro [13] and in-
silico, and with different techniques [14,15], including artificial intelligence [16]. At present,
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some pharmaceuticals have been authorized for emergency use against the coronavirus, and
some protocols are in various phases of clinical trials [17].

Mathematical models have been developed to study the pandemic evolution of SARS-CoV2
[18]. The techniques used to study the infectious disease dynamics [19] are mainly: statistical-
based methods for epidemic surveillance (e.g., regression techniques), mechanistic state-space
models (e.g., agent-based, SIR models) and, machine learning based models (e.g., based on
data mining).

Fewer mathematical models have instead been developed to study COVID-19 disease in a
mechanistic way. Different scales of investigation and different mathematical tools have been
used: genomic scale (mainly with artificial intelligence) [20,21], cellular-molecular scale and
organs-systemic scale (with hierarchical-deterministic models) [22]. At the molecular level,
most of the mathematical models focused on the immune system activation [23] and cellular
signaling [24] using ordinary differential equation (ODE) models.

The scientific community has made a constant and progressive effort to build knowledge
repositories to support the fight against the disease [25]. In particular, the COVID-19 Disease
Map initiative [26] built molecular diagrams of virus-host interaction mechanisms addressing
some of the known COVID-19 hallmarks (e.g., NLRP3 inflammasome activation, coagulation
pathway, etc.). Part of this initiative is the curated causal relationship repository SIGNOR [27],
which, using evidence from published articles or derived from analogous viruses (i.e., SARS,
MERS), built a binary causative network that can be of great support in building logical
models.

The purpose of this work is to develop a logical-based mathematical model of the molecular
interactions inside an epithelial cell starting from the SIGNOR relationship repository. The
model aims to reproduce the main cellular pathways involved in the COVID-19 infection to
test different drugs (single or in combination), providing insights on their mechanisms of
action.

Results
Model structure

We built a parsimonious regulatory network of the mechanisms involved in the viral-host
interaction following the COVID-19 infection (Fig 1). The network was developed based on
the curated binary relationships annotated in the repository SIGNOR [27]. We retrieved the
cellular processes involved from the SIGNOR COVID hallmarks sections. Since our interest
lies in viral reproduction and spread of the infection eventually leading to chronic inflamma-
tion and necrosis of the tissue [12], we decided to focus on virus entry, inflammation (i.e., cyto-
kine storm or immune response), and apoptosis. SIGNOR repository is part of the COVID-19
Disease map project [26] and participates in mapping the interactions relevant for the
COVID-19 pathology according to the current knowledge. When specific knowledge is lack-
ing, indirect relationships and information derived from similar viruses (i.e., SARS and MERS)
are included.

Afterwards, we built a model, using logical formalism, because it allows handling such com-
plex networks even when there is a lack of quantitative data or detailed information for most
regulatory mechanisms [28]. Logical models are composed of an influence graph where the
nodes represent the system variables (e.g., genes, proteins, or phenomenological properties),
and signed edges are the regulatory interactions (activation or inhibition). Each component is
associated with a discrete variable (Boolean or multivalued), whose value represents the com-
ponent functional level (i.e., level of expression, activity, complex formation, phenotypic state,
etc.). Every component is then associated with a logical rule that defines the component values
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Fig 1. Regulatory network of COVID-19 infection. The response, controlled by the microenvironment, affects the cellular phenotypes through key molecular
pathways. Inputs from the microenvironment are denoted in black, viral proteins are marked in violet, and cytokines in green. The phenotypic readouts Viral
replication, Inflammation, Apoptosis and Immune response are indicated in pink. Inhibitions are denoted by red blunt arrows and activations by green arrows.
Ellipsoidal components are associated with Boolean levels, whereas rectangles indicate multivalued level components.

https://doi.org/10.1371/journal.pcbi.1010443.g001

depending on the states of the regulatory components (i.e., their regulators). In our model, the
logical rule of each internal component was defined based on experimental evidence when
available. If not specified otherwise, a component activation requires the presence of at least
one of its activators combined with the absence of all its inhibitors (S2 and S3 Files).

Alongside the input coding for the virus presence (SARS_CoV_2), we considered a series of
environmental inputs such as the cytokines: IL-1f, IFN-I, IL-6, TNF-o., IL-10 and TGE-B, the
epidermal growth factor (EGF), the peptide hormone angiotensin (AGT), the death ligand
FASL and the pathogen-associated molecular patterns (PAMPs). All inputs and internal nodes
are Boolean; that is, their levels convey the presence (1) or absence (0) of these signals in the
microenvironment.

Four phenotypic readout nodes define the cell state: Infected, Apoptosis, Inflammation,
and Immune response. The former two are Boolean variables, while Inflammation and
Immune response are multivalued variables with maximum values respectively to 3 and 2.
These values are a function of the number of cytokines secreted by the cell, thus identifying dif-
ferent degrees of inflammation or innate immune response (for more information on the logi-
cal rules, see S3 File).

The Inflammation readout is activated by the secretion of IL-6, TNF-o. and IL-1p, whereas
the immune system by the secretion of CCL2 and IFN-I. Many more cytokines and chemo-
kines are involved in inflammatory processes or in immune system activation, however only
few of them are over-produced in SARS. Among others, IL-6 and TNF-o. are over-expressed in
COVID-19 [22,29,30] while the IL-1 family is strongly associated with acute inflammation
[31-33]. The rapid replication of SARS-CoV-2 induces the delayed release of IFN-0/B, which

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1010443  August 29, 2022

4/21


https://doi.org/10.1371/journal.pcbi.1010443.g001
https://doi.org/10.1371/journal.pcbi.1010443

PLOS COMPUTATIONAL BIOLOGY A novel logical model of COVID-19 intracellular infection to support therapies development

is accompanied by the influx of many pathogenic inflammatory mononuclear macrophages.
The accumulated mononuclear macrophages receive activating signals through the IFN-o/
receptors on their surface and produce more monocyte chemoattractants (such as CCL2,
CCL7, and CCL12), resulting in further accumulation of mononuclear macrophages. These
mononuclear macrophages produce elevated levels of proinflammatory cytokines (TNF-a, IL-
6, IL-1B, and inducible nitric oxide synthase), thereby increasing the severity of the disease
[34]. Therefore, the model discriminates between the first immune response and the secondary
adaptive response associated with the inflammatory process. With regards to the innate
immune response, the model accounts for IFN-I and CCL2 among the most important
players.

Phenotypic repertoire and infection scenarios

The model dynamics can be described through a state transition graph (STG), where the
nodes of the graph represent the model states, as an arrays of variable values, and the edges
identify state transitions. The transition between two states of the STG is called by a change in
value of a model variable according to its logical rule [28]. Depending on the updating scheme,
competing variable updates can be treated differently. In this work, we used an asynchronous
updating scheme, meaning that in the STG any state has as many successors as the number of
variables that are called to update, leading to non-deterministic dynamics [28]. We did not
make assumptions on the firing probability of the different model reactions to explore the
whole STG and study all possible states. Given the discrete finite nature of the STG, a logical
model simulation will always be asymptotically trapped either in a single stable state or several
interconnected states (complex attractor).

As previously discussed, the model has ten Boolean environmental inputs (for a total of 2'°
= 1024 combinations). The stable states identified are 4,630 (S4 File), suggesting the presence
of multistability for some input combinations.

We inventoried the phenotypic repertoire that the model is producing, by listing all the
phenotypes that appear at least once (Table 1), with the relative abundance to the total of stable
states (Table 1- column percentage).

The 4630 stable states were mapped into 6 phenotypes according to the output nodes val-
ues. The Healthy phenotype (H), a Low Inflammation (IL), a Medium Inflammation (IM), and
a High Inflammation (IH) phenotype, depending on the activation state of the two readouts
Immune response and Inflammation, as outlined in Table 1. In particular IL corresponds to
the activation of one of the internal pro-inflammatory cytokines (TNF-q, IL-6, IL-1B), IM to
the activation of two and IH to the activation of all these three cytokines. The Healthy pheno-
type (H) can be obtained by setting all the inputs to zero and “no virus”, and leaving the system
to evolve until its “physiological level”, characterized by all null readouts. However, the basin
of attraction of the H phenotype is wider and can also be reached by particular input configu-
rations (i.e., IFN-I and IL-10 external inputs active from time zero) corresponding to particu-
lar cases in which the cell receives these two signals from the boundary cells. From this point
on, we will refer to the H state as the phenotype achieved with null inputs. The Viral phenotype
(V) identifies a state where the virus has entered the cell and is actively replicating and, finally,
the Apoptotic phenotype (A) defines a cell with active apoptotic process. Due to the irrevers-
ibility of the cell death machinery and the importance of the apoptotic signal for the elimina-
tion of infected cells, dominance of this signal over all the others has been assigned.

As reported in the literature, COVID-19 has a biphasic behavior [8,12,35]; the initial phase
is defined by the establishment of the disease with the infection of healthy cells, the following
stage of viral replication causes localized inflammation in the lung, which eventually evolves

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1010443  August 29, 2022 5/21


https://doi.org/10.1371/journal.pcbi.1010443

PLOS COMPUTATIONAL BIOLOGY A novel logical model of COVID-19 intracellular infection to support therapies development

Table 1. Model phenotype repertoire with their relative abundance. The stable states have been grouped in six phenotypes: Viral (V), Apoptotic (A), Inflammatory
Low or Medium or High (IL, IM, IH), Healthy (H). The states with null probability cannot be reached in untreated condition but will appear during treatments.

Phenotype Infected
H
IL

IM
IH

https://doi.org/10.1371/journal.pcbi.1010443.t001

Apoptosis Immune response Inflammation Percentage (%)
0.54 0.54
1 0.52 12.96
1 6.22
1 1 6.22
2 1 0
2 2 0 0
2 22.1 22.1
1 1.84 53.29
1 1 2.07
1 1 2.42
1 1 1 2.76
1 1 44.2
1 2 2 0
1 11.1 11.1
0

into a systemic extrapulmonary hyperinflammation. We thus decided to study the dynamic
behavior of the model (using the GINsim functionality Avatar [36], see Material and Methods)
starting from an H initial condition and exposing the cell to different environmental stimuli
according to the disease stage. The H state was obtained by setting all inputs to 0 and letting
the model evolve to a stable state. We defined scenario 1 (SC-1), Fig 2A, an early infection of a
healthy epithelium. By fixing SARS_CoV_2 to 1, and leaving all the others at 0, the model will
evolve towards three possible phenotypes with different probabilities: V (81%), A (12%), and
IH (7%). The V phenotype, dominant in SC-1, represents cells that have been infected and are
actively producing viral protein to be assembled and released as a virion. The cell is also secret-
ing IL6 as part of the inflammatory response. The A phenotype accounts instead for those cells
that, once infected, reacted to the exogenous genetic material or viral protein by activating the
apoptotic cascades. The IH phenotype instead identifies those cells that have been infected, but
that managed through the innate response to overcome the virus, several cytokines (IL-6, IL-
1B, TNF-a, IFN-I) together with the recruitment on site of the immune system (CCL2) gener-
ates a robust inflammatory response.

The secretion of pro-inflammatory cytokines in SC-1 phenotypes prompted us to evaluate
how the virus would infect a healthy epithelium when the external input such as IL-6 (Fig 2B)
or IL-6, TNF-q, IL-1PB and IEN-I (Fig 2C) are activated; we called these two conditions sce-
nario 2 (SC-2) and 3 (SC-3), respectively.

SC-2 identifies a mildly inflamed region; the endpoint phenotypes obtained are as before: V
(77%), A (10%), and TH (13%), but with IH becoming dominant over A. The third scenario
(Fig 2C), with IL-6, IL-1B and IFN-I, identifies a portion of the tissue with an ongoing cytokine
storm (or strong inflammatory response). In this case, the stable phenotypes are dead cells (A
phenotype 32%) and inflamed tissue (IH phenotype 68%).

Since the presence of local signaling molecules, such as cytokines, is an important factor in
selecting the simulation scenario, we decided to investigate how a heterogeneous population of
cells would react to the infection and what is the dynamic behavior of the system (simulations
were performed with MaBoSS [37], see Material and Methods). We defined a family of simula-
tions for each scenario by initializing the system to phenotypes H, V or IH (not A, since
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Fig 2. Infection scenarios. A healthy epithelium is exposed to the virus in three different microenvironmental
conditions (SC-1, SC-2 and SC-3). Accordingly, to the extracellular cues, healthy cells can evolve into three different
phenotypes: viral (V), apoptotic (A), inflammation high (IH) with the relative probabilities reported below (obtained
using the GINsim functionality Avatar [36]).

https://doi.org/10.1371/journal.pcbi.1010443.9002

apoptosis is a terminal state) with different probabilities. To generate a heterogeneous initial
state, we first selected the probability associated with H and then allocated the remaining to V
and IH according to the endpoint probabilities of these phenotypes in SC-1. Following this
approach, we simulated a family of curves that differ for initial conditions (see “Initial condi-
tions” subsection in Material and Methods).

In Fig 3 are reported the probability dynamics for the major phenotypes. While in the SC-1
and SC-2 we observe a quick increase in the number of infected cells (V) that becomes the
dominant phenotype, in SC-3 we observe the disappearance of the V phenotype, and the sys-
tem ends either in A or IH independently of the initial conditions. In this case, however, the
transitory behavior of the system acquires particular importance. As a matter of fact, the V
phenotype first increases reaching a peak which is a function of the initial condition, and then
disappears progressively. Mild Inflammation phenotypes (IM and IL) transiently appear before
becoming IH.

Effect of drug treatment

The logical model presented in the previous sections has been used to test the effects of differ-
ent treatments. For each drug, we searched for the mechanisms of action (MoA), selecting the
corresponding nodes on the regulatory network and accordingly modulating the variable val-
ues (with a knock-down) along the simulation (Table 2). For this reason, we ignored drugs
with unknown MoA, and focused on drugs that have been examined in human studies and
that have an in vitro activity against either the viral replication (usually referred to the early
phase disease) or the inflammatory reaction (second disease phase).
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Fig 3. Dynamical evolution of the cell’s phenotype in SC-1(left), SC-2(center) and SC-3 (right). A heterogeneous
epithelium is simulated in the different extracellular conditions (performed with MaBoSS [37]). The initial populations
are a mix of H, V and IH. They are generated by defining the probability of H and then allocating the remaining
proportionally to the endpoint probability of the first scenario. Each area represents a family of curves derived from the
simulation at fixed initial conditions.

https://doi.org/10.1371/journal.pcbi.1010443.9003

More specifically, Remdesivir is a SARS-CoV-2 RNA-dependent RNA polymerase inhibitor
(model target: Viral_dsRNA), which inhibits viral replication. The clinical benefit of this treat-
ment among hospitalized patients has been investigated in randomized trials with conflicting
results [38-41]. Dexamethasone reduces inflammation by production of specific mediators
and suppression of neutrophil migration (model target: NfKb). Data from randomized trials
strongly support the role of glucocorticoids for severe COVID-19 [42,43]. Baricitinib is a Janus
kinase (JAK) inhibitor with potent immunomodulatory effects and a potential antiviral role,
blocking the viral entry in human cells (model target: JAK_IFNR and JAK_IL6R). Emerging
data suggest that Baricitinib may provide a benefit for selected patients with severe disease in
terms of reduced mortality. Currently, the combination of Dexamethasone and Baricitinib
seems to be one of the most promising options for severe COVID-19 treatment [44,45]. IL-6 is
one of the main inflammatory markers involved in the critical phase of COVID-19. Tocilizu-
mab, an IL-6 blocker (model target: IL6R), has been associated with lower mortality in high
quality studies [46-53]. Other agents that target other proinflammatory cytokines, like Ana-
kinra (model target: IL1bt and IL1b) and Infliximab (model target: TNFt and TNF), have been
investigated with uncertain results [54-56]. Colchicine has several potential mechanisms of
action, including reducing the chemotaxis of neutrophils, inhibiting inflammasome signaling,
and decreasing the production of cytokines [57] (model target: NLRP3). Although there exists
some data demonstrating a benefit from the use of colchicine in early, mild to moderate
COVID-19, the benefit is modest, there is no reduction in mortality, and adverse effects are
common [13,58].

The therapies are simulated as a continuous administration of the drug (or combination
therapy). Given the qualitative nature of the model, we simulated the system without side
effects and guaranteeing full efficacy of the drugs (always in the therapeutic window).

Table 2. Drug therapies and their efficacy scores. Drug therapies were simulated with their molecular targets and the drug-specific scores computed for each scenario.
The overall score is the sum of the previous scores and serves as a general performance indicator. The scoring formula is explained in Materials and Methods. Each score
in the specific scenarios is from -4 to 4 and considers the advantages of the cell in terms of enrichment of the favorable phenotypes or reduction of the unfavorable ones.

The overall score has a minimum and a maximum, respectively, of -12 and 12. Drugs are sorted according to the overall score to highlight those that are predicted to per-

form better.

Drugs
Dexamethasone/Baricitinib/Remdesivir
Dexamethasone/Remdesivir
Remdesivir/Baricitinib
Remdesivir
Infliximab
Dexamethasone/Baricitinib
Dexamethasone
Colchicine
Baricitinib
Tocilizumab

Anakinra

https://doi.org/10.1371/journal.pchi.1010443.t002

Targets SC-1 SC-2 SC-3 Overall
NfKb, JAK_IFNR, JAK_IL6R, Viral_dsRNA 3,98 3,98 333 I
NfKb, Viral_dsRNA 2,66 1,74 VP, 7,13
JAK_IFNR, JAK_IL6R, Viral_dsRNA 2,37 2,73 1,53 6,63
Viral_dsRNA 1,67 1 1,28 3,95
TNFt, TNF 0,28 0,33 0,31 0,92
NfKb, JAK_IFNR, JAK_IL6R -0,07 -0,06 0,9 0,77
NfKb -0,03 -0,07 0,71 0,6
NLRP3 -0,04 -0,05 0,35 0,25
JAK_IFNR, JAK_IL6R -0,02 -0,04 0,13 0,07
IL6R -0,01 -0,05 0,12 0,05
IL1bt, IL1b 0,03 -0,04 0,02 0,01
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We tested the drugs in the three previously described scenarios to evaluate their effects in
reducing the emergence of disease-related phenotypes (i.e., all the phenotypes except H) with
respect to the untreated model. The model does not account for a spatial description of the
infection, but only for a local state of the tissue. We assumed that is the environment in which
cells are embedded and its stimuli to define how they will respond; this allows to ideally con-
nect the studied scenarios to disease stages with the appropriate chariness. A quantitative score
has been defined to ease the comparison (see Materials and Methods) and has been calculated
singularly, for each scenario, and globally, summing the three individual scores (Table 2). A
non-aggregated table of scores with the singular score for each phenotype, scenario and treat-
ment is reported in Table B in S1 File. The aim is to support in silico therapy selection based
on the simulated scenarios, possibly related to the states of the disease severity, by providing a
cumulative score as a quantitative indicator to evaluate lines of treatment.

In the model simulations, the effects of single drugs are limited and, in some cases, counter-
productive. The anti-inflammatory drugs alone (i.e., Dexamethasone, Baricitinib, Tocilizumab
[59] or Colchicine) exhibit a very mild effect against inflammation. In the first two scenarios,
they appear counterproductive (negative score value), and they appear to produce more bene-
fit when administered in a strong inflammatory scenario (Fig A panel C-F in S1 File). As
reported in the work of Hubner et al. [60], Anakinra can reduce the inflammation in tumor
cells co-cultured with PBMCs, but in the context of an inflammatory milieu it will increase the
apoptotic rate. This can be also observed in our model simulation (Fig A panel G in S1 File),
where the drug shows a positive effect on the reduction of IH but induces an increase of the A
phenotype (Table B in S1 File).

Anti-TNF-a drugs, such as Infliximab, act as a mild anti-inflammatory and have a well-
demonstrated ability to reduce levels of the cytokines associated with poor COVID-19 progno-
sis [61,62]. In our third simulation scenario, SC-3, the drug limits cell apoptosis allowing for
stable viral proliferation. In SC-1 and SC-2, instead, Infliximab has a milder effect given the
low number of inflamed cells (Fig A panel H in S1 File).

According to our simulations, the antiviral Remdesivir is the best single treatment for the
early phase of the illness. Remdesivir acts by limiting viral replication when administered in
the early stages of the disease, while it increases and accelerates a strong inflammatory reaction
the more severe the disease scenario (Fig A panel B in S1 File).

We decided to explore also the potentialities of combination therapies by combining more
than one class of drugs (Fig B in S1 File). The combinations of a single anti-inflammatory
drug with antiviral treatment resulted as the second and third treatment in terms of efficacy.
Dexamethasone plus Remdesivir reduce the overall inflammation and strongly inhibit cell
infection. The combination of Baricitinib and Remdesivir, which shows in our simulations a
good response especially in the first two scenarios, has been approved in patients who cannot
receive corticosteroids [63]. In the following section, we have deeply analyzed these combina-
tions. The only combination resulting in a low score is the one combining the two anti-inflam-
matory drugs, due to the increased probability of the apoptotic phenotype.

Finally, an interesting possibility underlined by the model is the triple combination of
Remdesivir with Baricitinib and the Dexamethasone, which resulted in the treatment with the
highest score. This novel combination will be analyzed in more detail in the next sections.

Analysis of drug combinations between Baricitinib and Remdesivir

The combination of Baricitinib and Remdesivir in the trial ACCT2 was associated with a better
prognosis in hospitalized patients with COVID-19 that do not require invasive ventilation,
compared to the treatment with the antiviral alone [64]. No study comparing the effect of the
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Fig 4. Temporal dynamics for Remdesivir, Baricitinib and their combination expressed as the probability to reach the most frequent phenotypes. Each
row corresponds to a scenario, and each column to a treatment. The initial conditions correspond to 50% of healthy cells, and the remaining percentage
proportionally distributed between the different untreated stable states (45.9% infected cells, 4.1% inflamed cells). The colored area represents the probability of
each phenotype. Simulations were performed with MaBoSS [37].

https://doi.org/10.1371/journal.pchi.1010443.g004

combination therapy, or Baricinib alone, with placebo, has been performed due to compassion
rule. Model simulations can be a valuable tool for investigating the therapy effect trying to
unravel the phenomena underlying the treatments.

The dynamics of the main stable phenotypes for placebo (here simulated as the untreated
condition) are shown in Fig 4 for the single therapy with Remdesivir or Baricitinib and their
combination treatment, in the three previously described scenarios. The simulations of
Remdesivir (Fig 4) highlight the importance of an early administration of the drug, as the first
scenario is the one that maximizes the treatment benefit (maintaining H cells). However, this
is because the new cell infection is blocked, while the infected cells evolve towards an IH. In
the other scenarios, IH becomes dominant, the faster the evolution, the more severe the sce-
nario. The treatment with Baricitinib alone has no major effect (Fig 4); besides a slight
improvement by reducing the IH phenotype in SC-1 and SC-2.

Better results are obtained with the dual combination therapy (Fig 4). In mild (SC-1) and
middle (SC-2) scenarios, the healthy population increases by reducing the population of
inflamed cells, making the combination better than Remdesivir alone. The harsher scenario
(SC-3) results similar to the antiviral therapy. To be noted, there is a time window during the
switch between healthy and inflamed cells where the inflamed population is under control.
This behavior could be considered in designing treatment regimens.

Since the combination therapy of Baricitinib and Remdesivir shows interesting additive
effects, we used our mathematical representation of the cell to investigate the network circuits,
trying to better understand the rationale behind the efficacy of combination therapies.

To highlight the reason for the additive effect of the cocktail of Baricitinib and Remdesivir,
we reduced the regulatory graph as outlined in the Materials and Methods. The reduced
graphs for each treatment have been analyzed and compared with each other. In terms of
nodes, the combination graph appears to be the intersection between the two single drug
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https://doi.org/10.1371/journal.pchi.1010443.g005

graphs. In Fig 5A and 5C a detail of the regulation of IL-6 in the second scenario is reported
(scenario corresponding to the second line in Fig 4). IL-6 is an important cytokine involved in
a wide variety of biological functions such as inflammatory processes and immune recruit-
ment. In Baricitinib, Fig 5A, IL-6 is positively regulated by NfKb and AP1, stimulated by the
recognition of the viral proteins. In Remdesivir, Fig 5B, IL-6 is activated by NfKb or by its
receptor via JAK. Both single therapies act by inhibiting just one of the three possible IL6 pro-
motion processes. The combination therapy, instead, shows the additive effect of the two
drugs resulting in a reduction of activation routes of IL-6, leaving only the NfKb route. In this
case, NfKb acquires a fundamental role for the inflammation regulation being itself an inflam-
mation promoter and an upstream regulator of IL-6. The fact that a path for IL-6 stimulation
is still present might explain why the combination is not resolutive in the third scenario. This
analysis can suggest NfKb as a good target for a concomitant or a subsequent treatment.

Due to the importance acquired by the NfKb node, we report in Fig 5D and 5E the positive
feedback loop acting on NfKb. Fig 5D shows all the circuits in Remdesivir treatment, each one
stimulated by endogenous production of IFN-I, TNF, and Inflammasome (IL-1p). In combi-
nation treatment and in Baricitinib alone, the circuit sustained by IFN-I is interrupted, reduc-
ing the feedback loops from four to three (two of them depending on the Inflammasome
action).

The previous analysis of the double combination together with the pivotal role of NFkB as
inflammation regulator [65], make it an ideal target for treatment. Here, we analyze the effects
of a triple combination of Remdesivir, Baricitinib and Dexamethasone (which affects NfKb),
in the three scenarios (Fig 6). In SC-1 and SC-2, the triple combination appears completely
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effective. For an analysis of the effects of the reduced efficacy of the drugs, see Fig C in S1 File.
In the worst-case scenario, the triple combination can control the inflammation response that
remains at a low level and inhibits viral replication. The temporal dynamics of the phenotypes
are quite similar in the three scenarios. The triple combination is at this moment studied in
the AMMURAVID clinical trial [66].

Discussion/Conclusion

From the beginning of the COVID-19 pandemic, researchers from every scientific field have
joined forces to face the new global challenge. The present model aims to study the complex
network of molecular interactions following viral infection of an epithelial cell (e.g., a lung epi-
thelial cell). The logical approach compensates for the lack of quantitative data (e.g., interaction
rates, biochemical parameters, species concentrations etc.), allowing to reproduce and study
complex networks.

The logical model was built based on the molecular mechanisms describing the viral entry
and the consequent immune system and inflammatory response. We started considering only
the initial cellular hallmarks of the COVID-19 disease, leaving the advanced hallmarks involv-
ing tissue responses (e.g., fibrosis, ER stress, stress granules) to future extensions of the model
involving multiple compartments. Various extracellular inputs have been considered allowing
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us to explore a wide range of scenarios of cellular infection. Inputs were set as external stimuli
coming from the close environment (e.g. virions, cytokines, chemokines or stress signals).
However, we decided to focus on the most compelling disease scenarios, thus leaving the com-
plete exploration of the input importance to future work. In addition to the scenarios consid-
ered for drug repurposing, the model can also simulate the consequences of possible bacterial
infections resulting from the onset of COVID-19 disease, stimuli due to growth factors, and
anti-inflammatory immune stimuli. The model can be instantiated in different stages of the
disease depicting the infection spreading among cells with high viral load, the resolution of the
disease, returning to physiological normal levels, or its evolution into an intense and uncon-
trolled inflammatory state characterized almost by an absence of viral replication. This last
case represents the most fatal and dangerous scenario for the host as well as the most difficult
to deal with from a therapeutic point of view. Given its focus on the single cell, our simulation
approach can characterize only the localized response of the tissue and cannot be reproduced
at a multicellular/tissue/organism level. The modeling scenarios therefore do not coincide nec-
essarily with the clinical stages of the illness but are connected to them if we consider them
restricted to limited areas of tissue (e.g., the lung tissue) or as a mean field approximation. The
choice of the modeling technique, of the pathways introduced as well as the initial conditions
imposed limited interpretations of the results, which, although reproducing various biological
behaviors, remain qualitative, spatially local and temporally limited (not involving many sys-
temic secondary regulatory mechanisms).

The model drug simulations agree with the major findings regarding antiviral and
immune-therapy for COVID-19 [59]. In our scenario, each drug is considered to have a full
efficacy at the target level and no side effects. Analysis of simulations with a reduced drug effi-
cacy revealed that no new phenotypes (other than untreated/placebo) emerged, and that the
drug effects are proportional to their effectiveness rate (Fig C in S1 File).

Simulation results suggested that the effects of single drugs are limited, or sometimes coun-
terproductive. Anti-inflammatory drugs alone have a mild effect also in contrasting the cyto-
kine storm. Anakinra reduces inflammation at the cost of an increase in apoptotic tissue. In its
most severe scenario, Infliximab reduces the apoptotic population preserving a replication
niche. The antiviral, Remdesivir appears the most effective treatment in the early stages of the
disease but less useful, if not counterproductive, in case of severe inflammation.

We also simulated combinations for initial stages (SC-1), intermediate evolution of the dis-
ease (SC-2), and cytokine storm (SC-3). The combination of an anti-inflammatory drug
(Dexamethasone or Baricitinib) with the anti-viral Remdesivir is effective in all the stages of
the illness. In particular, the treatment with Baricitinib and Remdesivir shows additive effects
of the two drugs. To identify and disentangle the combinatorial effects, we proceeded by ana-
lyzing the model structure. In particular, the combination reduces the activation pathways of
IL6 (an important inflammation promoter) to a single path involving NFkB (Fig 5). Bariciti-
nib, moreover, acts also indirectly over NFkB, blocking the activation chain by IFN-I and its
receptor. Therefore, NFkB assumes a crucial role in the immune system regulation suggesting
this protein complex as the perfect target for a further combination. Finally, the model does
not account for the toxicity of the drugs, making it important to take into further consider-
ation cost and benefit ratio when the protocol is identified.

From the model analysis, Baricitinib and the Dexamethasone have different molecular tar-
gets, and that they have complementary anti-inflammatory actions on the system. For these
reasons, a triple combination (i.e., Remdesivir, Baricitinib and the Dexamethasone) can be
envisaged, which might accelerate the recovery, reducing the inflammation and blocking the
viral progression. The model provides insights on the mechanism of action underlying this
combination, further supporting the ongoing clinical trial [66].
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The model presents different temporal dynamics, which have to be considered qualitative
indications of the existence of a time window that could be exploited for therapeutic purposes.
It is however necessary to experimentally verify its duration. In this work, because of the diffi-
culties in obtaining the biological data necessary for calibration and the complexity of the regu-
latory graph, all rates have been considered unitary, so the time should be interpreted as a
semiquantitative variable. A possible extension of the model could calibrate the rates from the
experimental data. The single-cell focus of the model limits its application to the understand-
ing of the molecular mechanisms, or the localized phenomena underlying the disease. Possible
extensions of this work could leverage on the current model, after proper simplification, and
define a minimal set of nodes to be embedded in a multicellular environment such as that
defined by programs as Epilog [67] or Physicell [68].

In silico models can be instrumental to explore the complex networks and pathways that
define a biological process. The understanding of the phenomena and their characterization,
together with the identification of new drug targets and the test of drug combinations, can
become pivotal in the fight against epidemic outbreaks. Logical models, or other parameters-
free approaches, are the sharpest tools to use in this fight since they can be developed and
instantiated with just qualitative knowledge, thus guiding the process of research while other
information is collected. Here we presented an example of such an approach, by developing a
logical model of the COVID-19 infection and testing the effect of possible treatments.

Materials and methods
Model construction

The model construction steps are schematically summarized as follows:

1. Starting from the Covid-19 hallmarks list defined by SIGNOR database we first selected
those that describe early events of the infection process (e.g., virus-entry, activation of the
innate immune system, inflammation, apoptosis, MAPK activation) and excluded the path-
ways activated at late stages or involving phenomena out of the study target (e.g., fibrosis,
ER stress, stress granules).

2. We analyzed the SIGNOR network for each hallmark considered. The interaction rules
were carefully revised and included in our regulatory network, only the molecules involved
in a regulatory cascade belonging to the hallmarks were considered. A particular attention
was devoted to minimize the network size using the minimal number of nodes necessary to
describe a particular cascade or multistep process (e.g., the binding of the spike protein to
the ACE2 receptor and the following mechanistic processes are resume in a single node).

3. Finally, the input nodes considered in our model were the external nodes that regulate the
activation pathways of our readouts (the input signals secreted by around cells).

Computational tools and methods

The COVID-19 logical model represented in Fig 1 was built using GINsim [69] (version
3.0.0b, http://ginsim.org/). This software is dedicated to logical formalism and includes differ-
ent functionalities such as: determination of the stable states, export facilities, reachability anal-
ysis, etc. In asynchronous update, model attractors are associated to reachability probabilities,
which can be estimated using a built-in GINsim functionality implementing Avatar [36], a
modified Monte Carlo simulation, with number of runs set to 10*, expansion limit and rewir-
ing limit 100, ensuring the convergence of estimated probabilities.
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More quantitative view of the dynamics is provided by stochastic simulations as performed
by MaBoSS (https://maboss.curie.fr/ [37]). The COVID-19 model was exported into MaBoSS
format using GINsim features. MaBoSS computes stochastic trajectories and provides the time
evolution of probabilities of the component values. We considered equal transition rates, a
time step of 0.1, and a simulation time of 40 with 10* runs.

Model reduction was applied when necessary, using the GINsim built-in function. This
process allows the user to remove the selected components while maintaining a consistent
dynamical behavior. For each hidden component the logical rules associated with the targets
are redefined to account for the (indirect) effects of its regulators. The reduction used in the
current work can be found saved in the GINsim model file (S5 File).

Initial conditions

A family of simulations (Fig 3) has been defined for each scenario and the system initialized to
the states H, V and IH following the equations:

probFinSC1(V) - 100 81100
5 < prob(H) < 1prob(V) = _
05 < prob(H) < 1prob(V) = e SCI(V) + probFinSCI(IH) 88

(1 — prob(H))

= 92%(1 — prob(H))

B probFinSCL(IH) - 100 _7-100 Ceor(1
probH) = FinSCI(V) + probFinsCI(IH) ~ 88 (-~ Prob(H)) = 8%(1 = prob(H))

where prob(i), with i = H, V, IH, is the initial probability of the state i; probFinSC1(j), with j =
V, IH, is the final state probability for the SC-1 obtained with GINsim, using Avatar simulation
as explained in the methods, simulating the system starting from the H state.

The drugs effect was instead simulated, in the three different scenarios, by setting the model
initial conditions to 50% of healthy cells, and the remaining percentage proportionally distrib-
uted between the different untreated stable states (45.9% infected cells, 4.1% inflamed cells).

Drug scores

We defined an efficiency score to facilitate the comprehension and allow the comparison
between the drug treatments. The overall score is the sum of the single total scores of the differ-
ent scenarios and can be used to compare one drug with the others in a qualitative way.

We used the phenotypes probability dynamics to compute the areas under the phenotype
curves (AUC) for all the treated and untreated cases, for the two initial conditions, i = @, 3, cor-
responding to 100% (&) and 50% () of initial healthy cells.

The healthy Raw Score (RSy) has been computed as in Formula (1), mediating the differ-
ence between healthy AUC for drug and placebo, for the two initial conditions. RSy is positive
when the drug induces a temporal increase in the number of healthy cells.

1
RS, =~ {(AUC

9 drug,H o

- AUCplaceba,H,a() + (A UCdmg,H?/f - AUCplaceho.HA,/i) (1)
The viral and apoptotic raw scores (RSy with U = V, A) have been computed as in Formula
(1) but inverting the terms of the differences in order to have a positive score in case of reduc-
tion of the populations, see Eq (2).
1
RS, = - [(A uc

2 ‘placebo,U o

- AUCdrug.U.%) + (A UCplacebo.U.ﬁ - AUCdrugl]ﬁ) (2)

The inflamed raw score RS;, instead, has been computed scaling the three different
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inflammation classes AUC with their inflammation level and then mediated as in the previous
Eq (2). Defining as in Eq (3) the total contribution of the three classes (High HI, Medium MI,
Low LI Inflammation) described in Table 1, the score RS; has been computed as in Eq (4).

AUC, = 3-AUCy;; +2-AUC,; + AUC, (3)
1
RSI = 5 (A UCplucebu.U.a - AUCdrug,U,oc) + (A UCplucebo,U,ﬂ - AUCdmg,U,/i):| (4)

Finally, each raw score RS; with j = H, V, A, I has been normalized over the maximum for
each scenario when the raw score was positive. If the raw score was negative, it has been nor-
malized over the minimum of each scenario and changed sign. In the end, the final score for
each scenario has been obtained normalizing over the maximum in absolute value. The final
score S = ¥S; for each scenario ranges between -4 and 4 and it is positive when the drug showed
an improvement compared to placebo. The overall score represents the sum of the final scores
S for the three scenarios and ranges between -12 and 12.
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