
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



lable at ScienceDirect

Progress in Biophysics and Molecular Biology 155 (2020) 29e35
Contents lists avai
Progress in Biophysics and Molecular Biology

journal homepage: www.elsevier .com/locate/pbiomolbio
Original Research
Forecasting the timeframe of 2019-nCoV and human cells interaction
with reverse engineering

Ayesha Sohail a, *, Alessandro Nutini b

a Department of Mathematics, Comsats University Islamabad, Lahore Campus, Lahore, 54000, Pakistan
b Centro Studi Attivit�a Motorie - Biomechanics Division, via di Tiglio 94 loc. Arancio, Lucca, 55100 Italy
a r t i c l e i n f o

Article history:
Received 24 March 2020
Received in revised form
6 April 2020
Accepted 12 April 2020
Available online 29 April 2020

Keywords:
SARS-CoV2
Dynamical analysis
Kinetic modelling
Numerical simulations
Monoclonal antibody
MCMC analysis
* Corresponding author.
E-mail address: ayeshasohail81@gmail.com (A. So

https://doi.org/10.1016/j.pbiomolbio.2020.04.002
0079-6107/© 2020 Elsevier Ltd. All rights reserved.
a b s t r a c t

In December 2019, an atypical pneumonia invaded the city of Wuhan, China, and the causative agent of
this disease turned out to be a new coronavirus. In January 2020, the World Health Organization named
the new coronavirus 2019-nCoV and subsequently it is referred to as SARS-CoV2 and the related disease
as CoViD-19 (Lai et al., 2020). Very quickly, the epidemic led to a pandemic and it is now a worldwide
emergency requiring the creation of new antiviral therapies and a related vaccine. The purpose of this
article is to review and investigate further the molecular mechanism by which the SARS-CoV2 virus
infection proceeds via the formation of a hetero-trimer between its protein S, the ACE2 receptor and the
B0AT1 protein, which is the “entry receptor” for the infection process involving membrane fusion (Li
et al., 2003). A reverse engineering process uses the formalism of the Hill function to represent the
functions related to the dynamics of the biochemical interactions of the viral infection process. Then,
using a logical evaluation of viral density that measures the rate at which the cells are hijacked by the
virus (and they provide a place for the virus to replicate) and considering the “time delay” given by the
interaction between cell and virus, the expected duration of the incubation period is predicted. The
conclusion is that the density of the virus varies from the “exposure time” to the “interaction time”
(virus-cells). This model can be used both to evaluate the infectious condition and to analyze the in-
cubation period.
Background: The ongoing threat of the new coronavirus SARS-CoV2 pandemic is alarming and strategies
for combating infection are highly desired. This RNA virus belongs to the b-coronavirus genus and is
similar in some features to SARS-CoV. Currently, no vaccine or approved medical treatment is available.
The complex dynamics of the rapid spread of this virus can be demonstrated with the aid of a
computational framework.
Methods: A mathematical model based on the principles of cell-virus interaction is developed in this
manuscript. The amino acid sequence of S proein and its interaction with the ACE-2 protein is mimicked
with the aid of Hill function. The mathematical model with delay is solved with the aid of numerical
solvers and the parametric values are obtained with the help of MCMC algorithm.
Results: A delay differential equation model is developed to demonstrate the dynamics of target cells,
infected cells and the SARS-CoV2. The important parameters and coefficients are demonstrated with the
aid of numerical computations. The resulting thresholds and forecasting may prove to be useful tools for
future experimental studies and control strategies.
Conclusions: From the analysis, I is concluded that control strategy via delay is a promising technique and
the role of Hill function formalism in control strategies can be better interpreted in an inexpensive
manner with the aid of a theoretical framework.

© 2020 Elsevier Ltd. All rights reserved.
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1. Introduction

Coronavirus (CoV) is a pathogen that infects humans and other
vertebrates; more precisely, it infects the respiratory system, the
gastrointestinal tract, the hepatic and nervous systems of humans,
birds, bats, mice and other animals. The SARS (Severe Acute Res-
piratory Syndrome) epidemic of 2002 and the MERS (Middle East
Respiratory Syndrome) of 2012 demonstrated the “spill over” event
of this virus, first in “animal to man” and then “man to man "
transmission. In December 2019, atypical pneumonia invaded the
city of Wuhan, China, and the causative agent of this disease was
identified as a new coronavirus that has been subsequently
sequenced by five independent laboratories in China (http://www.
virological.org). In January 2020, the World Health Organization
named the new coronavirus “2019-nCoV” and subsequently
referred to it as SARS-CoV2 with its related disease referred to as
CoViD-19 (Lai et al., 2020).

Very soon, the epidemic created a pandemic, which is still
progressing due to the human mobility that took place in early
2020. A severe outbreak was subsequently reported in Italy (and
now extensive outbreaks are also registered in Iran, France, Ger-
many, Spain, UK, USA and elsewhere), resulting in an emergency
situation, to impose containment measures of a kind not recently
reported, where civilians have been kept in forced quarantine and
the commercial services were “locked down”; this is now a
worldwide emergency and for this reason the creation of new
antiviral therapies and related vaccines is urgently needed, based
upon a possible “functional model” of this virus.

1.1. Structure

To understand the infectious nature of this coronavirus SARS-
CoV2 (RNA virus), it is necessary to understand its structure. The
virus belongs to the beta-coronavirus genus and is closely related to
another virus of the same family known as SARS-CoV but, unlike
this, SARS-CoV2 has a higher degree of transmission between
humans (Wu et al., 2020). SARS-CoV2 has a multifunctional mo-
lecular mechanism associated with an envelope with three struc-
tural proteins (glycoproteins): M protein (membrane protein), E
protein (envelope protein), S protein (that directly mediates the
host’s infection) and N protein (viral RNA binding). The structure is
presented in Figs. 1 and 2 respectively.

1.1.1. Cell-virus interaction mechanism
The mechanism of disease transmission depends on the spike

protein (S-protein as shown in Fig.1). This protein binds the virus in
reaction catalysed by the host cell’s surface enzymes. Recent gene
Fig. 1. Illustration of SARS-CoV2 protein-cell interaction. E, S and M are the proteins
respectively.
analysis (Coutard et al., 2020) helped to distinguish between the
characteristics of the SARS-CoV2 S proteins and those of SARS-CoV,
mainly referring to a “cleavage site” peculiar to the furin enzyme
(found in CoViD-19 and not in other CoVs). SARS-CoV2 infects the
host and gains the protein S, comprised of three regions:

� extensive ectodomain (Secto)
� a transmembrane anchor (single pass)
� a short intracellular tail

The Secto ectodomain, which has two subunits: a subunit-anti-
receptor called S1 and a subunit S2 with strong lithic action,
(defined as lysis of the host cell membrane to carry out the virus-
host fusion and start the infectious process) fuses the virus with
the membrane, allowing the viral genome to enter the host. A
crosstalk between S1 and S2 then activates the pre-fusion confor-
mation, activating S2 itself. The S1 subunit can be further divided
into four core domains: S1a, S1b, S1c and S1d.

Subunit S1 contains RBD (Receptor Binding Domain), which
binds to the ACE-2 protein (angiotensin-converting enzyme 2) of
the host cell membrane (on the surface of respiratory cells), which,
in turn functions as a receptor for the ligand (anti-receptor)
constituted by the RBD domain itself. SARS-CoV and SARS-CoV2
share 77.5% similarity in the amino acid sequence of S1. As
mentioned above, viral entry in the host requires S protein priming
by cellular proteases, which involve S protein cleavage in S1 and S2
subunits where the S2 subunit allows the fusion of viral and cellular
membranes; the S protein of SARS-CoV engages ACE-2 as the “en-
try-receptor” (Li et al., 2003) and employs the cellular serine-
protease TMPRSS2 for S-priming (Glowacka et al., 2011). Due to
the high percentage identity of amino-acid sequence between
SARS-CoV S-protein and SARS-CoV2 S-protein, it is highly possible
that both SARS viruses use the same serine-protease. The linking to
ACE-2 for virus entry infection shows “high efficiency” in its func-
tion and this is a possibly a major factor of SARS-CoV and SARS-
CoV2 high transmissibility (Li et al., 2005). Is also possible that a
TMPRSS2-inhibitor, approved for clinical use, blocks entry of the
virus and constitutes a treatment option (Hoffmann et al., 2020).

The binding with the ACE-2 protein occurs at the core domains
S1a and this complex (ACE-2 þ S1a) makes the reaction irrevers-
ible. During this research, we have used the Hill function formalism
to illustrate the ligand-protein binding process. Details are pro-
vided in section 3. ACE-2, on the host cell membrane, is usually
connected to another protein called B0AT1. SARS-CoV2 infection
begins with the initial formation of a hetero trimer consisting of the
RBD domain of the S1 subunit, from ACE-2 protein (in its PD
domain) and B0AT1 protein. For future research, this trimeric
complex can be explored and manipulated. A study conducted by
(Wrapp et al., 2020) suggests that ACE-2 must dimerise to become
activate, resulting in two PD homo-dimer domains capable of
binding the SARS-CoV2 S protein and forming a trimer. Further-
more, they reported that SARS-CoV2 protein S forms trimers with
two of the RBD domains: one facing upwards and one facing
downwards. This structure is presented in Fig. 2.

Researchers around the world are making every effort to
develop a vaccine against the virus, for example a recent study
reported the dependence of “SARS-CoV-2 cell entry” on ACE2
(Hoffmann et al., 2020). The molecular bond between SARS-CoV2
spike protein and ACE2 looks similar to that of the SARS-CoV, but
there are some differences in the precise amino acids used to bind
SARS-CoV2 to that ACE2 receptor compared to SARS-CoV. Most
likely the high affinity, probably derived from such small variations
of 2019-nCoV S protein for human ACE2, may contribute to the
apparent ease with which 2019-nCoV can spread from human to
human (Wrapp et al., 2020). Recently (Wang et al., 2020), have
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Fig. 2. Schematic of 2019-nCoV S primary structure colored by domain. Spike protein with RBD domain; on right show the top projection after a 90� rotation. Also shown the RBD
domain in up-configuration.
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discussed the possibility of using a monoclonal antibody as an
antiviral therapy: i.e. “47D11” antibody that targets the trimeric
complex involving glycoprotein S. In this research, tests performed
by the ELISA cross-reactivity systemwith S1-SARS-S hybridomas in
supernatant indicated four types of hybridomas showing a cross
reactivity with S1 subunits. Among these hybridomas, the one
called 47D11 showed neutralization activity for both SARS-CoV and
SARS-CoV2 and targeted the RBD domain of S1b. Furthermore,
Wang et al. (2020) showed that 47D11 has a greater affinity for the
ectodomain of the S (Secto) protein of SARS-CoV than SARS-CoV2,
despite the antigen being present in equimolar amounts. This
bond, however, does not compete with the binding of S1b with
ACE-2.47D11 is included among themonoclonal antibodies that can
inactivate the “S-protein” of SARS-CoV2 by preventing the forma-
tion of the pre-fusion structure (Walls et al., 2019). A further
structural analysis has shown that “S1b” core domain can be
divided into a core subdomain of about 338e506 amino acids and a
receptor-binding subdomain of about 438e498 amino acids; the
Fig. 3. Schematic description
latter consists of a “loop” protruding from the b-sheet structure of
the core subdomain. Currently, the inhibition mechanism operated
by 47D11 is not understood. Thus in this review we investigate
through a quantitative mathematical model, the possible existence
of a “cooperative binding” that CoViD-19 shows in the infection
process as described above. Our hypothesis is supported by the
need for activation of the infection system by the virus, given by the
particular molecular kinetics that leads to the formation of the
“infection trimer” given by the viral S1 protein and the ACE-2 re-
ceptor complex. Some studies have shown the possibility of an
analysis in this sense conducted through the “Hill function” and
have shown a “positive cooperativity” in the case of infection of
para-flu viruses that act by binding with a Hemagglutinin-
Neuraminidase Receptor (Tappert et al., 2013). The interaction,
demonstrated by 47D11 monoclonal antibody, does not affect the
bond between the protein S and ACE-2 but has affinity with the
RBD domain of the same protein S, suggesting that there is a
“facilitation” implying an amplification of the process that, in turn,
of the disease dynamics.



Table 1
Parametric approximation.

Parameters Mean Standard Deviation MC-err

A 0.014818 0.00040725 3.988 � 10�5

c1 4.9561 7.731e-14 1.895e-14
Treatment �0.42597 8.9973e-15 2.0631e-15
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causes an increase in the infection capacity. In Section 2 the back-
ground and the development of the model are described, whereas
Section 3 discusses the facts linked with the novel virus onset. The
conclusions and future work are provided after the discussion.

The rest of the manuscript is organised as follows: Section 2
presents the background and the development of the model. Sec-
tion 3 provides the discussion based on the facts linked with the
novel virus onset. The conclusions and future work are provided
after the discussion.
2. Computational framework

Based on the structural dynamics and infectious mechanism of
SARS-CoV2, discussed in the Introduction, the step by step devel-
opment of the model is as follows:
Fig. 4. Visualization of re

Fig. 5. For different interaction rates, different dynamics in disease onset are depic
2.1. Hill function formalism

While developing the computational framework, the virus-
target cell interaction was studied in depth. For this purpose, Hill
function formalism, which helps to depict the dynamical behaviour
and the biochemical interactions, is utilized. The model develop-
ment can be understood with the aid of the schematic presented in
Fig. 3. A standard mathematical description of this function is given
as:

f ðxðtÞÞ¼ xk

ak þ xk

where k is kept equal to 1 in this study. Further details of the
biochemical reactions and hill function formalism can be found in
(Iftikhar et al., 2020; Sherin et al., 2018). The normalized version

TðtÞ
1þðHillÞTðtÞ of this standard hill function is considered in this study.
Here ‘Hill’ is used as a constant.

2.2. Delay in virus-target cell interaction

The term VðtÞTðtÞ
1þðHillÞTðtÞ is then used in equation (1) to show the

interaction between virus and target cells. After a delay of t1, in
light of delayed dynamics (Reddy and Sansom, 2016), the term
peated virus attacks.

ted. We can see the infected cell count increased after a short period of time.



Fig. 6. For different values of the coefficient ‘‘Hill’‘, helpful dynamics in disease onset are depicted.
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Vðt�t1ÞTðt�t1Þ
1þðHillÞTðt�t1Þ is responsible for the onset of infection and thus giving
rise to the density of infected cells as shown in equation (2). The
model is then analyzed for further analysis and is discussed in the
following section.
2.3. Model development

The following model is designed to explore the virus-target cell
interactions. A schematic is presented in Fig. 3.

d
dt

TðtÞ¼ aTðtÞ � bð1� TreatmentÞ TðtÞVðtÞ
½1þ ðHillÞTðtÞ� (1)

d
dt

IðtÞ¼ bð1� TreatmentÞ Tðt � t1ÞVðt � t1Þ
½1þ ðHillÞTðt � t1Þ�

� cIðtÞ (2)

d
dt

V ¼ c1Iðt� t2Þ � dVðtÞ (3)
3. Analysis of SARS-CoV2 & target cell interaction

A computational framework to interpret the dynamics of viral
infection is presented in this manuscript. The motivation behind
the model development was to address the challenges linked with
the fact that SARS-CoV2 lack self-sufficiency, i.e. it is a dormant
particle unless it enters a host cell, where it hijacks the metabolism
of host cell and produces copies of itself. Therefore for scientific
research, such as for vaccine development, it is difficult to culture it
and a computational framework can provide a better opportunity
to explore the dynamics of the infection.

Two important questions about the disease onset are:
1. Infectious Dose: amount of SARS-CoV2 virus, the host is exposed
to.

2. Incubation Period: time taken by the virus to hijack the target
cells.

To address the questions one by one, we have run some nu-
merical experiments based on the set of parametric values (source
files provided as supplementary material). First, we focused on the
infectious dose (Shen and Woo, 2020), i.e. the amount of virus, the
host was exposed to. From the mathematical model presented in
section 2, we can see that the density V of SARS-CoV2 depends on
the term:

c1Iðt� t2Þ
Since S are obligate intracellular pathogens (they can replicate

depending on the metabolism of a host cell), c1 is the parameter
that measures the rate at which the infected cells are hijacked by
the virus and provide a place to replicate the virus. The density V
also depends on the delay caused by the infected cell and virus
interaction, represented as t2. The concept of delay in cell in-
teractions and its growth is not new and dates back in 2002, when
‘‘Interaction of the Coronavirus Nucleoprotein with Nucleolar An-
tigens and the Host Cell’’ was reported by (Chen et al., 2002).

In general, developing the mathematical models for biological
problems is really challenging since it is really important to.

� determine the structure of the biological problem through sys-
tem of differential equations,

� determine/forecast parametric values that will govern the dy-
namics of the mathematical model.

The two points are the central issues of computational systems
biology. This type of approach ia also considered as a ‘‘reverse en-
gineering process’’ (Zhan and Yeung, 2011). The parameter



Fig. 7. For different values of the coefficient ‘‘Hill’‘, helpful dynamics in disease onset
are depicted.

Fig. 8. For different values of the coefficient ‘‘b’‘, h
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estimation problem is generally formulated as an optimization
problem that minimizes an objective functionwhich represents the
fitness of the model with respect to a set of experimental data. For
the given problem, since the experimental data is not available yet,
we have used MCMC to forecast the parametric values based on the
research hypothesis and evidence available in the recent literature.

In this manuscript we have obtained the most appropriate value
for the parameter c1 with the aid of MCMC (Markov chain Monte
Carlo) reverse engineering tool of MatlabTM. The statistical metrics
are provided in Table 1. Thus the mathematical model presented
here can depict the infectious dose.

Next, we discussed the incubation period, this parameter is re-
ported differently in different studies on Corona virus (Assiri et al.,
2013; Backer et al., 2019).

The density of the virus, also depends on the body’s immune
response, we can consider it as a treatment against the viral attack.
The higher the immune response, the fewer are the chances of the
virus to survive. Unfortunately, in case of CoViD-19 outbreak, it has
been reported that the virus replicates very quickly, prior the host
gets a chance to prevent its rapid action with an immune response
and thus it can not control the virus and starts going berserk (as
documented in a report by (Coronavirus, 2020) Anthony Fehr, a
virologist at the University of Kansas).

It has been reported in the literature that patients are being re-
admitted after having already been infected, we have provided a
graphical visualization of such situation, where virus density is
presented in Fig. 4.

This ‘‘cytokine storm,” causes the immune system to stat sending
cells ready to do battle into the lung. It is reported in the literature
((Reddy and Sansom, 2016)) that the immune response and the
virus then work together to damage the body of the infected host.
This effect is presented in Table 1, where we can see the negative
sign with the treatment term, when the model was analyzed using
reverse engineering based on the reported studies.

To explore the resulting density of virus after interaction with
the human cells, we have varied the parametric values (for
increased and reduced interaction scenarios) and have showed in
Fig. 5 that the time taken by the virus to hijack target cells and to
convert these into infected cells was really short when the exposure
to virus was increased (right panel), whereas it took almost double
the time in disease onset when the interaction was limited.

Next, the Hill function coefficient ‘‘Hill’’ was varied for below
and above 1=2 to check the dynamics of the disease. We can see
elpful dynamics in disease onset are depicted.
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from Fig. 6 out of phase dynamics with different periods of inter-
action. The left panel shows the dynamics in interaction and the
right panel provides the phase space portraits for virus and infected
cells densities. Fig. 7 depicts the density of infected cells relative to
time for equal and different values of delays for target cells, virus
(t1) and infected cells (t2). Fig. 8 provides the clear understanding
of the spread of infection relative to different values of parameter b
(1).

With the aid of mathematical model we have concluded the
following:

1. Delay from one compartment to the other plays an important
role in the timeframe of the disease onset.

2. The Hill function is important in kinetic modelling and the Hill
coefficient is important parameter to forecast a complete cycle
of infection.

3. The reverse engineering approach proves to be efficient in
parametric approximation for such complex dynamics.
4. Conclusions and future work

The manuscript presents a computational framework to explore
the dynamics of novel SARS-CoV2 onset. The model helps to
analyze the time period required by the virus to hijack the cells and
spread through the body by infecting the target cells. Emphasis is
made in this manuscript on the accurate understanding of the delay
in ‘‘target cell-SARS-CoV200 interaction, which can help to forecast
the expected duration of incubation period. It is concluded that the
density of virus varies from the exposure time (of virus to the target
cells) to interaction time. This variation can be monitored through
the parameters responsible for the interaction rates. Currently, the
pandemic is ongoing. The model described here can be imple-
mented to future laboratory generated cell data.
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