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Abstract: The dynamics of the host viral load during triple coinfection between severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), influenza A, and the syncytial virus is studied. To explore how the host cells, the infected
cells, and the viral load behave as a function of time, numerical simulations are performed. Via numerical simulations,
the differential equations are analyzed by considering initial conditions. Since the numerical simulations are performed
by using the physiological parameters, the model system can genuinely help to understand the viral dynamics either
in vivo or in vitro. The result obtained in this work depicts that a higher viral load is exhibited when the three viruses
simultaneously infect the host cells than in a single infection case. This indicates that simultaneous infection with
SARS-CoV-2, influenza A, and syncytial viruses might be associated with a higher morbidity and mortality rate as these
viruses by cooperating with each other facilitate a higher infection rate. Using physiological parameters, we further
study the correlation between viral load, susceptible cells, and infected cells. As the three viral species cooperatively
infect the host cells, the number of infected cells rises resulting in a higher viral load. Since influenza A has a higher
viral reproduction rate than the two types of virus, it dictates the overall dynamics as it has a competitive advantage.
Since these viruses share the same resources, the virus production of a given virus can be affected by the other. The
interference of these viruses relies on the initial dose, the order of infection, and the strain of the virus. We show that
when influenza A and syncytial viruses are initiated a few days after SARS-CoV-2 establishes an infection, while SARS-
CoV-2 thrives, and the other two viruses fail to establish an infection. The viruses with an initially higher dose have also
a survival advantage. Furthermore, the effect of lymphocytes on the overall viral dynamics is explored via numerical
simulations. Since SARS-CoV-2 targets several types of cells and organs, a higher SARS-CoV-2 viral load can be also
associated with a higher morbidity and mortality rate.
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1. Introduction

Since SARS-CoV-2, influenza A virus (IAV), and syncytial virus are respiratory viruses, they exhibit similar
clinical symptoms such as running nose, fever, cough, and congestion. The severe acute respiratory disease syndrome
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coronavirus 2 (SARS-CoV-2 or COVID-19) not only killed millions of people across the globe but also cost a trillion
dollars globally. After the virus was isolated from patients from Wuhan, Hubei Province, China in the year 2019 [1],
the disease quickly spreads across the globe despite several pharmaceutical measures. The IAV on the other hand
affects millions of people every year and as a result, it becomes a constant public threat. Similar to SARS-CoV-2 and
TAV, the respiratory syncytial virus (RSV) infects the respiratory tract and it is one of the global health concerns. Being
ribonucleic acid (RNA) viruses, SARS-CoV-2, influenza, and syncytial viruses mutate during replications. Due to a
lack of proofreading, these viruses evolve through time resisting the available vaccines and antiviral therapies. Their
continuous existence causes high morbidity and mortality worldwide every year.

As SARS-CoV-2, TAV, and syncytial virus, have overlapping seasons, patients can be simultaneously infected by
multiple viruses. For instance, public health officials in California recently urged preventive measures against the triple
threat of SARS-CoV-2, influenza, and syncytial viruses since these viruses can simultaneously infect individuals. In
order to understand the viral dynamics in the presence of multiple infections, several models have been proposed [2-
8]. Since these viruses share the same resources, the virus production of a given virus can be affected by the other. The
interference of these viruses relies on the initial dose, the order of infection, and the strain of the virus. As a result, the
viruses can interfere either constructively (synergistically) or destructively (inhibitory).

The interference of viruses during coinfection has been the subject of many studies. The study by Goto et.
al. indicates that human parainfluenza viruses (PIV) can facilitate the growth of TAV since these viruses interfere
constructively [9]. On the other hand, RSV may interfere with IAV by inhibiting protein synthesis [10]. As indicated
by the work [10], by abating immune response, RSV helps the spread of IAV. On the contrary, Shinjoh et. al. indicates
that IAV can be suppressed by RSV if the infection by RSV is initiated before IAV [11]. A fast-growing virus such as
rhinovirus reduces replication of all other respiratory viruses [12]. Coinfection of SARS-CoV-2 with other respiratory
viruses is more common in pediatric patients than in adult patients [13-15]. The clinical effect of coinfection is still
debated. Some studies indicate that the coinfection of influenza with SARS-CoV-2 has fewer impacts [16] while other
studies show that the two viruses interact destructively and as a result, the coinfection leads to a lower mortality rate. On
the contrary other studies also suggest that both viruses interact constructively in some patients causing a higher virus
production rate. This also implies that the coinfection between SARS-CoV-2, IAV, and RSV might cause high morbidity
and mortality rate [12-17]. In particular, SARS-CoV-2 not only infects epithelial cells but also infects lymphocytes as a
secondary target. This in turn might weaken the immune response and help the spread of other viruses. The discrepancy
in these results can be resolved via a mathematical model.

Mathematical models serve as a basic tool to study the dynamics of the virus within the host cells in vivo by
Hernandez-Vargas et al. [7] or in vitro [18-32]. By solving the model system either numerically or analytically, the
dynamics of the target cells as well as the viral load can be explored as a function of time. The effect of the immune
response on the overall viral load can be also explored efficiently via mathematical models. The viral dynamic models
were originally adapted from epidemiological models as a result they share similar features. The epidemiological
models focus on the infection dynamics at the population level while the viral dynamics models concentrate on the host
cells level. Often mathematical models effectively describe the infection dynamics and help to predict the severity of a
given virus. In the last few decades, several mathematical model systems have been developed to study the dynamics of
hepatitis C virus (HCV) [33-36], human immunodeficiency virus (HIV) [18-28, 37-39] as well as influenza viruses [40,
41]. In the effort to understand the dynamics of COVID-19, several mathematical models have been also considered.
For instance, the interaction between SARS-CoV-2, the target cells, and the host immune system was discussed in the
works [8]. The role of natural killer cells and T-cells in the SARS-CoV-2 dynamics was studied in the work [42]. The
study by Wang et al. indicates that during SARS-CoV-2 infection the viral load steps up monotonously and attends a
plateau phase after reaching its peak. As time evolves, the viral load decreases due to the adaptive immune system [8].
The effect of initial viral load as well as the order of infection on the severity of infection was studied by Hernandez-
Vargas et al. [7].

In this work, the dynamics of the host viral load during triple coinfection between SARS-CoV-2, influenza A, and
the syncytial viruses are studied. To explore how the host cells, the infected cells, and the viral load behave as a function
of time, numerical simulations are performed. Via numerical simulations, the differential equations (1) are analyzed by
considering initial conditions. Since the numerical simulations are performed by using the physiological parameters
depicted in Table 1, our model system can genuinely help to understand the viral dynamics either in vivo or in vitro.
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In modeling the viral dynamics, it is vital to consider the role of natural killer cells as well as T cells. The natural killer
cells, being part of the innate immune system, act as first-hand protection. More comprehensive protection is granted by
T cells. Not only do they tackle viral growth, but also participate in removing the virus from the host. In this work, we
study the effect of the lymphocytes on the overall viral dynamics.

The new result obtained in this work also exhibits that a higher viral load is exhibited when the three viruses
simultaneously infect the hot cells than in a single infection case which indicates that simultaneous infection with SARS-
CoV-2, influenza A, and the syncytial virus can be associated with a higher morbidity and mortality rate as these viruses
by cooperating with each other facilitate a higher infection rate. Using physiological parameters, the correlation between
viral load, susceptible cells, and infected cells is explored. We show that when the three viral species cooperatively
infect the host cells, a higher viral load is observed. The overall dynamics are dictated by the IAV since it has a higher
viral reproduction rate than the two types of virus. The virus production of a given virus can be affected by others since
these viruses share the same resources. The interference of these viruses relies on the initial dose, the order of infection,
and the strain of the virus. The main result of this paper depicts that when influenza A and syncytial viruses are initiated
a few days after SARS-CoV-2 establishes an infection, while SARS-CoV-2 thrives, and the other two viruses fail to
establish an infection. The initial viral load also significantly affects the overall dynamics. The viruses with an initially
higher dose have also a survival advantage. Furthermore, the effect of lymphocytes on the overall viral dynamics is
explored via numerical simulations. Since SARS-CoV-2 targets several types of cells, a higher SARS-CoV-2 viral load
can be also associated with a higher morbidity and mortality rate. Furthermore, different from other respiratory viruses,
SARS-CoV-2 infects the upper respiratory tract, lower respiratory tract, nervous system, gastrointestinal system, and
other organs such as the kidney. Therefore, even though SARS-CoV-2 has the lowest viral replication rate, by infecting
several organs, its viral load can be considerably large. The initial viral dose and the timing of infection might have little
effect since even if the infection in one organ is blocked by another virus, SARS-CoV-2 can flourish in other organs.
Patients infected by COVID-19 develop acute respiratory distress and the virus destroys cells and tissues. As a result, at
any viral load, infection with SARS-CoV-2 results in higher mortality and morbidity rate in the unvaccinated patient.

The rest of the paper is organized as follows: in Section 2 and Section 3, we study the dynamics of viruses in
the presence of triple coinfection. In Section 4, the dependence of viral load on the model parameters is explored by
including the effect of lymphocytes. Section 5 deals with the summary and conclusion.

2. The confection between COVID-19, IAV and RSV

Throughout human history, respiratory viruses such as human bocavirus (hBoV), adenovirus (AdV), PIV,
coronavirus (CoV), human metapneumovirus (hMPV), influenza B virus (IBV), IAV, human enterovirus (hEV), human
rhinovirus (hRV) and RSV have impacted human civilization. Since these viruses concurrently infect the same host, they
interact either constructively or destructively depending on the initial inocula, the viral strain, and the time of infection.
The dynamics of these viruses can be studied via mathematical models.

As discussed before, the mathematical models serve as a basic tool to study the dynamics of the virus within the
host cells. By solving the model system either numerically or analytically, the dynamics of the target cells as well as
the viral load can be explored as a function of time. The effect of the immune response on the overall viral load can
be explored efficiently via mathematical models. The mathematical model proposed in this work is adapted from the
previous works [11, 43]. In the model system, the three most common pathogenic viruses simultaneously infect the
epithelial cells (see Figure 1) based on the model equations:
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Here, T denotes the population of the epithelial cells, the SARS-CoV-2 virus V,, the IAV ¥, and the RSV V] infect
T at the rates of |, B, and f;, respectively. Throughout the paper, it is assumed that a given virus infects only one cell.
E,, E, and E; represent the eclipse phase for SARS-CoV-2, TAV, and RSV, respectively. At this stage, the virus can not
release viral components. The cells at the eclipse phase become infectious at the rate of &, k,, and k; where 7, I,, and I,
represent infectious cells for SARS-CoV-2, TAV, and RSV, respectively. The cells remain infectious for periods which
are given by 1/0,, 1/9, and 1/9;. The SARS-CoV-2, TAV, and RSV are produced at rates p,, p, and p, and become cleared
at the rates of ¢, ¢, and ¢, as shown in Table 1. The role of immune response is not considered. In addition to respiratory
epithelial cells, the SARS-CoV-2 is known to infect the T lymphocytes. In this work, the dynamics of host cells, virus
load, and infected cells as a function of time t will be studied by considering initial conditions 7(0) > 0, £,(0) > 0, E,(0)
>0, £,(0) >0, ,(0) >0, ¥,(0) > 0, and V;(0) > 0.

Table 1. Experimental data for COVID-19, IAV and RSV [11]

Virus B('dYh k(" s p(r'dh c@dh
COVID-19 7.5% 107 42 0.06 2.9 x 10 19

RSV 2.85x 107 42 42 3.47 x 10° 4.03

TAV 2.7x10° 1.27 1.27 8.71 x 10° 1.27

SARS-CoV-2 TAV RSV
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Figure 1. Schematic diagram showing triple coinfection of SARS-CoV-2, influenza virus, and syncytial virus.
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In the next section, we study the dynamics of viruses during confection neglecting the role of natural killer cells as
well as T cells.

To understand how these respiratory viruses dominate each other through time, it is instructive to analyze the ratio
of the viral load of a given strain of virus to the total viral load. The total viral load is given by ¥’ (Vl. ) The ratio of viral
load is given as

Lot
DN}
.
DA
v,
g3= 3 ’
W) )

where {}, {, and (; are the ratio of the viral load for SARS-CoV-2, AV and RSV, respectively. Similarly, the ratio of the
eclipse cells that are infected by a given strain of virus to the total eclipse cells is denoted as

_ El
TYE
_ EZ
v, = ZT(E,)’
— E3
NS Ey 3)

where v, v,, and y; denote the ratio of the eclipse cells of SARS-CoV-2, IAV and RSV, respectively. The ratio of the
infected cell by a specific viral type to the total infected cells is given by

11
T = R
Zi(li)
12
T, =G>
Zi(li)
LYy )

where 7, ,, and 75 are the ratio of the infectious cells of SARS-CoV-2, IAV and RSV, respectively.

2.1 Case 1: The coinfection between SARS-CoV-2 and IAV

While clinical data indicates coinfection of two or more viruses is more common in pediatric patients than adult
patients, its clinical effect is still debated. When influenza and SARS-CoV-2 concurrently infect the host, some studies
suggest that the coinfection of influenza with SARS-CoV-2 has fewer impacts [13-15] while other studies show that
the two viruses interact destructively and as a result, the coinfection leads to a lower mortality rate [16]. In case of
confection between SARS-CoV-2 and IAV, the dynamics of host cells, infected cells and viral load are given by
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where T denotes the host cell. E, and E, designate the eclipse cells for the SARS-CoV-2 and IAYV, respectively. /, and
I, represent the infected cells for the SARS-CoV-2 and IAV, respectively. The virus load for SARS-CoV-2 and AV is
denoted by V, and V.

The equilibrium abundance of the host cells, infected cells, and viral load can be given as
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uninfected cells steps up.

Consistent with the previous model system [11], first neglecting the terms E,f,V, and E,f,V,, let us next explore
how the number of host cells 7, the number of infected cells 7 and the viral load V" behave as a function of time by
exploiting Equation (2) numerically. Throughout the papers, all of the physiological parameters are considered to vary
per unit of time (days). In all figures, SARS-CoV-2, AV, and syncytial viruses are denoted as COVID-19, IAV and RSV.

To explore how the host cells, the infected cells, and the viral load behave as a function of time, numerical
simulations are performed. Via numerical simulations, the differential equations (2) are analyzed by considering initial
conditions. Since the numerical simulations are performed by using the physiological parameters depicted in Table 1,
our model system can genuinely help to understand the viral dynamics either in vivo or in vitro. Let us consider a single
infection case (in the absence of coinfection). Since IAV has a higher viral infection rate p,, it has the shortest infection
time (it decays fast). On the other hand, SARS-CoV-2 is infectious for a longer period as it has a lower viral infection
rate p, as shown in Figures 2a and 2b. The figures also depict that the viral load increases and attains a maximum value.
As time evolves, the viral load decreases. since the viral infection rate of SARS-CoV-2 is significantly lower than TAV,
the viral load for SARS-CoV-2 is significantly lower than IAV.
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Figure 2. (a) SARS-CoV-2 viral load as a function of time (single infection). (b) IAV viral load vs time (single infection). Both figures depict that
TAV has the shortest infection time (it decays fast). SARS-CoV-2 is infectious for a longer period as it has a lower viral infection rate. For the two
viruses, the viral load increases and attains a maximum value. As time evolves, the viral load decreases. Since the viral infection rate for SARS-CoV-2
is significantly lower than IAV, the viral load for SARS-CoV-2 is significantly lower than IAV. In the figures, 7(0) = 10,000,000, ¥,(0) = 100,000 and
,(0) = 100,000.

When SARS-CoV-2 and TAV concurrently target the host cells, they compete for the same cellular resources. As a
result, they exhibit fascinating dynamics. In Figure 3a, the ratio of the infectious cells that are infected by a given strain
of virus to the total infectious cells is plotted as a function of time. Here, ; and 7, denote the ratio of the infectious cells
of SARS-CoV-2 and TAV, respectively. Figure 3b depicts the ratio of viral load for a given virus to the total viral load as
a function of time where {; and ¢, indicate the viral load for SARS-CoV-2 and IAV, respectively. The simulation results
(see Figures 3a and 3b) indicates that since SARS-CoV-2 has a lower reproduction rate, its growth is considerably
inhibited by IAV. Since AV reproduces fast, it consumes most of cellular resources than SARS-CoV-2. However, since
their combined viral load is higher than a single infection case, our model predicts that the coinfection by SARS-CoV-2
and TAV might cause higher morbidity or mortality in the unvaccinated patients.

10 -- T T L T T 1'0
g o8 0.8
2] =
= & 006}
3 06 —_— 2 -4
2 £ o4l
::23 0.4 _— -51 —_ (2
E 0.2 02}
0.0 L 0.0 " d
0 2 4 6 8 10 0 2 4 6 8 10
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Figure 3. (a) The ratio of the infectious cells that are infected by a given strain of virus to the total infectious cells as a function of time. x, and 7,
denote the ratio of the infectious cells of SARS-CoV-2 and AV, respectively. (b) The ratio of viral load for a given virus to the total viral load as a
function of time. {; and {, indicate the viral load for SARS-CoV-2 and IAV, respectively.The two figures show that the SARS-CoV-2 viral load is
considerably lower than IAV. In the figure, we fix 7(0) = 10,000,000, V;(0) = 100,000 and »,(0) = 100,000.

The ratio of the infectious cells is plotted in Figure 4a. Figure 4b depicts the ratio of viral load as a function of
time. Since the viruses are competing for the same cellular resources, the first virus that establishes an infection has a
survival advantage. As depicted in the figures, since 1AV is initiated 5 days after SARS-CoV-2 establishes an infection,
SARS-CoV-2 consumes most of the cellular resources by infecting most of the cells. Consequently, AV decays without
causing an infection as shown in Figures 4a, 4b, and Figure 5.
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Figure 4. (a) The ratio of infected cells as a function of time when SARS-CoV-2 establishes an infection five days before IAV. (b) The ratio of viral
load when TAV is initiated five days after SARS-CoV-2 establishes an infection. Because SARS-CoV-2 consumes most of the cellular resources by
infecting most of the cells, IAV decays without causing an infection. In the figures, 7(0) = 10,000,000, 7,(0) = 100,000 and ¥,(0) = 100,000. In the
figures, 7, and 7, denote the ratio of the infectious cells of the SARS-CoV-2 and AV, respectively while ¢} and ¢, indicate the viral load for the SARS-

CoV-2 and AV, respectively.
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Figure 5. SARS-CoV-2 viral load as a function of time and initial IAV viral inoculum, when IAV is initiated five days after SARS-CoV-2, establishes
an infection. The figure shows that since IAV is initiated 5 days after SARS-CoV-2, establishes an infection, SARS-CoV-2 consumes most of the
cellular resources by infecting most of the cells. Consequently, IAV decays without causing an infection.

The initial viral load also significantly alters the infection dynamics as shown in Figure 6. In the figure, the initial
viral inoculum for SARS-CoV-2 is vired by fixing the initial [AV viral inoculum. The figure depicts that the IAV viral
load declines as the initial SARS-CoV-2 load steps up. A higher initial viral load facilitates more cellular infection when
the infection starts. As time goes on, the fast-growing virus can infect more target cells.
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Figure 6. IAV viral load as a function of time and initial SARS-CoV-2 viral inoculum.

3. Triple coinfection

Most of the previous investigations were focused only on the coinfections of two viral species. In reality, the host
cells can be infected by several viral species concurrently. In this section, we proposed a triple infection model where
SARS-CoV-2, influenza A, and syncytial viruses interact simultaneously by sharing the cellular resources of the host
cells. We solve the model system via numerical simulation.

When the cell is coinfected by SARS-CoV-2, 1AV, and RSV, the infected cells /,, 1, and I; as well as the viral loads
7\, V, and V5 exhibit intriguing dynamics. To explore how the host cells, the infected cells, and the viral load behave as
a function of time, numerical simulations are performed. Via numerical simulations, the differential equations (2) are
analyzed by considering initial conditions. As depicted in Figures 7a, 7b, and 7c, when SARS-CoV-2, RSV, and [AV
concurrently target the host cells, they compete for the same cellular resources. The same figures show that IAV has a
competitive advantage over the RSV and SARS-CoV-2 since it has a higher viral infection rate. RSV on the other hand
has a higher infection rate than SARS-CoV-2 which implies that SARS-CoV-2 stays infectious for a longer period than
the other two viruses. IAV has the highest viral load and decays fast. RSV also depicts a higher viral load than SARS-
CoV-2. Since these viruses infect simultaneously the cell yielding a higher viral load than a single infection case, this
triple coinfection might be associated with higher mobility.

To get a better insight, we analyze the ratio of infectious cells 7, 7z, and 7, as a function of time in Figure 8a. The
ratio of varial load {j, {; and 5 as a function of time is plotted in Figure 8b during simultaneous infection of SARS-
CoV-2, IAV, and RSV. Once again, as depicted in Figures 8a and 8b, IAV is highly competitive over a short time. On the
contrary, a slow-reproducing virus (SARS-CoV-2) has a competitive advantage over the other two viruses in a long time
limit. Even if an infection is over, a person can shed the virus for a longer period.

When the [AV infections are initiated after five days of SARS-CoV-2 infection and RSV is initiated one day after
SARS-CoV-2 establishes an infection, SARS-CoV-2 becomes dominant only for a short period as the virus within
a short period can infect more target cells. The fast-growing virus (IAV) quickly takes over and governs the overall
dynamics in a long time limit as shown in Figure 9. The computation for cellular resources is the main factor in
determining the viral load of a given virus. The dynamics of the virus is also determined by the initial viral inoculum. A
virus with the highest viral load becomes dominant for a short period.
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Figure 7. (a) SARS-CoV-2 viral load as a function of time. (b) IAV viral load as a function of time. (¢) RSV viral load as a function of time. The three
viruses simultaneously infect the target cells. In the figures, 7(0) = 10,000,000, ,(0) = 100,000, ¥,(0) = 100,000 and V;(0) = 100,000. As shown in the
figures, when SARS-CoV-2, RSV, and IAV concurrently target the host cells, they compete for the same cellular resources. The same figures show that
TAV has a competitive advantage over RSV and SARS-CoV-2 since it has a higher viral infection rate. RSV on the other hand has a higher infection
rate than SARS-CoV-2 which implies that SARS-CoV-2 stays infectious for a longer period than the other two viruses.
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Figure 8. (a) The ratio of infectious cells 7;, 7, and 75 as a function of time. (b) The ratio of varial load ;, {, and {; as a function of time during
simultaneous infection of SARS-CoV-2, 1AV, and RSV. The figures depict that IAV is highly competitive over a short time. On the contrary, SARS-
CoV-2 has a competitive advantage over the other two viruses in a long time limit.
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Figure 9. The ratio of varial load {;, {, and ; as a function of time for concurrent infection when IAV is initiated five days after SARS-CoV-2
establishes an infection and RSV is initiated one day after SARS-CoV-2 establishes an infection. In this case, SARS-CoV-2 becomes dominant only
for a short period as the virus within a short period can infect more target cells. The fast-growing virus (IAV) quickly takes over and governs the
overall dynamics within a long time limit.

At this point, we want to stress that viruses use their cellular machinery and resources to reproduce. After the
replication, the new virus particles leave the cell. This viral shedding is vital for the virus to complete its infection cycle.
The duration of this viral shading depends on the type of variant and the host immune system. Different studies show
that patients can shed SARS-CoV-2 till 60 days after symptom onset [44]. Children can also shed the viruses even for a
longer period.

4. The triple confection in the presence of secondary target cells

As discussed before, most of the previous works studied the coinfection between two viruses. In this work, we
proposed a new triple viral model which helps to study how the interaction between SARS-CoV-2, influenza A, and
syncytial viruses affects the mortality and morbidity rate. The numerical simulation method is used as an alternative
approach since our mathematical model is too complex to be solved analytically. The numerical simulation helps to
study how the viral load for the three viruses behaves as a function of time.

In modeling the viral dynamics, it is vital to consider the role of natural killer cells as well as T cells. The natural
killer cells, being part of the innate immune system, act as first-hand protection. More comprehensive protection
is granted by T cells. Not only do they tackle viral growth, but also participate in removing the virus from the host.
Some studies indicate the presence of viral particles of SARS-CoV and MERS-CoV in the lymphocytes [8, 42] which
justifies that SARS-CoV-2 not only infects respiratory epithelial cells but also infects T lymphocytes. As discussed
before, the plot of viral load as a function of time depicts a plateau phase which also serves as a piece of evidence
that the lymphocytes are targeted by the virus [8]. Clinical data of patients who are infected by SARS-CoV-2 exhibits
lymphocytopenia, particularly in severely ill patients. All of these scientific researches show that SARS-CoV-2 causes
cytoplasmic damage by infecting lymphocytes and it maintains its survival by attracting the lymphocytes to the lung.
Thus, in this model system, we study the viral dynamics by including lymphocytes as a secondary target. In this case,
the basic model can be written as:

iporary Math tics 402 | Mesfin Asfaw Taye




T =_:BlTVl _ﬂzTI/z _:B3TV3,

B,
L,
I
4
E,
i,
7,
E,

=BTV, —kE - E BV, - E SV,

=A=p LV,

=k(E +L)-(0,+wl)],

=pl -V,

=PRIV, =k E, - E, BV, = E, BV,
=k,E,-9,1,,

=p,1,-cV,,

=PIV, =k E, —E BV, - E\ BV,

j3 = k3E3 _53[39

Vs =pl, -V @)

Here, L, represents the concentration of lymphocytes. Hereafter, we considered it to be constant and to avoid
mathematical complexity, we assume that lymphocytes and epithelial cells are infected by the SARS-CoV-2 virus at the
same rate. For simplicity, the eclipse phase is not considered for the lymphocytes L,. The parameters 4 and w are fixed

as A=10"day" and @ = 2.9 x 10* [41]. To simplify the model system, the infection rate /3, is assumed to be the same for
lymphocyte and epithelial cells.
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Figure 10. (a) SARS-CoV-2 viral load as a function of time. (b) IAV viral load as a function of time. (¢) RSV viral load as a function of time. The
three viruses simultaneously infect the target cells and SARS-CoV-2 also targets the lymphocytes as secondary host cells. In the figures, 7(0) =
10,000,000, 7,(0) = 100,000, ¥,(0) = 100,000 and 75(0) = 100,000. As shown in the figures, when SARS-CoV-2, RSV, and [AV simultaneously
infect the host cells, the cellular resources deplete fast. IAV exhibits the highest viral load in a short period, it then decays fast as it has a higher viral
infection rate. RSV on the other hand has a higher infection rate than SARS-CoV-2. RSV also depicts a higher viral load than SARS-CoV-2.
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Figure 11. (a) IAV and SARS-CoV-2 as a function of time. (b) RSV and SARS-CoV-2 as a function of time.

SARS-CoV-2 by targeting the lymphocytes as secondary host cells, not only it gets an additional reproduction
medium, but it also improves its survival rates since the depletion of lymphocytes weakens the host defense system. Our
key finding is that since SARS-CoV-2 infects lymphocytes in addition to the epithelial cells, it exhibits a higher viral
load in comparison to Section 2 (see Figure 6). As depicted in Figure 10a, 10b, and 10c, when SARS-CoV-2, RSV, and
IAV simultaneously infect the host cells, the cellular resources deplete fast. IAV exhibits the highest viral load in a short
period, it decays fast as it has a higher viral infection rate. RSV on the other hand has a higher infection rate than SARS-
CoV-2. RSV also depicts a higher viral load than SARS-CoV-2. To get a clear understanding, we re-plotted Figure 10
three-dimensionally in Figures 11a, and 11b. In the figures, IAV and SARS-CoV-2 as well as RSV and SARS-CoV-2
as a function of time are plotted. The same figures are plotted by assuming the three viruses simultaneously infect the
target cells and SARS-CoV-2 also targets the lymphocytes as secondary host cells. The initial host and viral load are
fixed as 7(0) = 10,000,000, ¥,(0) = 100,000, ¥,(0) = 100,000 and ¥;(0) = 100,000.

The ratio of infectious cells 7, 7, and x; as a function of time as well as the ratio of varial load {, £, and ( as
a function of time is studied when TAV delayed for five days and SARS-CoV-2 for one day after RSV establishes an
infection. As shown in Figure 12a and 12b, RSV dominates the overall infections for a few days. After a few days,
SARS-CoV-2 starts to depict a higher viral load. In the long time limit, the ratio of IAV becomes higher. We assume that
only SARS-CoV-2 infects the lymphocytes. The lymphocyte load as a function of time is shown in Figure 13.

In Figure 14, we plot the ratio of SARS-CoV-2 viral load (| as a function of time and initial SARS-CoV-2 during
simultaneous infection of SARS-CoV-2, TAV, and RSV. Once again, as depicted in Figure 14, SARS-CoV-2 has a
competitive advantage over the other two viruses in a long time limit as it has the lowest viral reproduction rate. Even if
an infection is over, a person can shed the virus for a longer period.

The plot for the ratio of AV viral load {, as a function of time and initial SARS-CoV-2 inoculum during
simultaneous infection of SARS-CoV-2, IAV, and RSV is depicted in Figure 15. Since IAV has the highest viral
reproduction rate, it is highly competitive over a short time. In Figure 16, we plot the ratio of RSV viral load {; as a
function of time and initial SARS-CoV-2 inoculum during simultaneous infection of SARS-CoV-2, TAV, and RSV.
Once again, as depicted in Figure 16, the viral load ratio for RSV becomes dominant for an intermediate time. Here, we
analyzed the viral load up to 200 days since viral shading persists for many days after symptom onset [44].
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Figure 12. (a) The ratio of infectious cells 7, 7, and 7; as a function of time. (b) The ratio of viral load {|, {; and (; as a function of time when IAV is
initiated five days after RSV establishes an infection and SARS-CoV-2 is initiated one day after RSV establishes an infection. As shown in the figures,
RSV dominates the overall infections for a few days. After a few days, SARS-CoV-2 starts to depict a higher viral load. In the long time limit, the

ratio of AV becomes higher.

1 x10°

800 000

600 000 F

400 000

Ly,phocyte load

200 000 f

3 4 5 6
Days

Figure 13. The lymphocyte load is a function of time when the three viruses simultaneously infect the target cells. The figure shows that the
lymphocyte load decreases as a function of time.
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Figure 14. The ratio of SARS-CoV-2 varial load {; as a function of time and initial SARS-CoV-2 inoculum. The three viruses simultaneously infect
the target cells and SARS-CoV-2 also targets the lymphocytes as secondary host cells. As depicted in the figures, SARS-CoV-2 has a competitive
advantage over the other two viruses in a long time limit as it has the lowest viral reproduction rate.
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The model system presented in this system only studies the viral production rate in the respiratory tract. The
reported viral load might be considerably high since, unlike IAV and RSV, SARS-CoV-2 infects several organs.
SARS-CoV-2, by infecting the lymphocytes, not only boosts its viral load but also hinders the immune response. Most
importantly, even a smaller SARS-CoV-2 viral load can be associated with a higher mortality rate since it activates
a cytokine storm. In the case of triple coinfection of the three viruses, the viruses directly interact through cellular
resources, and they also indirectly interact via the immune response. The availability of vaccines as well as antiviral
drugs alters the viral dynamics. If a patient is vaccinated for SARS-CoV-2, the virus becomes illuminated by the
adaptive immune system. The remaining the other two viruses start to replicate and depending on their viral production
rate, one of the viruses dominates the overall dynamics. On the other hand, if less virulent viruses establish an infection
before the other two viruses, the virulent viruses will be out of the competition giving a survival advantage to the host.
The implication of this study indicates that via artificially made non-virulent viruses, the infection dynamics can be
manipulated.

Throughout this paper, the role of vaccination has not been considered. Our model system does not include the
effect of cell regeneration. Regeneration of new target cells gives a competitive advantage to the virus which has the
lowest replication rate. In this paper, it is assumed that only one virus can infect one cell. However, it is an experimental
fact that superinfection with two or more viruses occurs. One can note that since viruses exhibit tropism, two different
strains of a given virus may not have common target cells.
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Figure 15. The ratio of [AV varial loads ¢, as a function of time and initial SARS-CoV-2 inoculum. The three viruses simultaneously infect the target
cells and SARS-CoV-2 also targets the lymphocytes as secondary host cells.
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Figure 16. The ratio of RSV varial loads ; as a function of time and initial SARS-CoV-2 inoculum. The three viruses simultaneously infect the target
cells and SARS-CoV-2 also targets the lymphocytes as secondary host cells.

5. Summary and conclusions

The dynamics of the virus for triple coinfection cases are studied via numerical simulations where SARS-CoV-2,
IAV, and RSV infect the host cells. In case of a single infection, each virus can utilize the cellular resource without
harsh competition. However, when these viruses concurrently infect the host cells, they interfere either synergically
or destructively by competing for available resources. Since IAV has the highest infection rate at the cellular level, it
dictates the length of the infection cascade. By infecting most of the cells, it reproduces fast yielding the highest viral
load in a short period. On the contrary, SARS-CoV-2 has the lowest viral replication rate, and its viral load for SARS-
CoV-2 declines slowly as a result, they become infectious for a longer period. The present study also suggests that the
fast-growing virus dictates the overall dynamics by excluding all other slow-growing viruses in a relatively short period.
However, in the longer time limit, the viruses which have a slower replication rate dominate the viral dynamics.

The coinfection dynamics are also dictated by the initial viral inoculum. Higher initial viral inoculum for the
SARS-CoV-2 virus suppresses the growth of RSV and TAV since the SARS-CoV-2 virus depletes the cellular resources.
A higher initial viral load facilitates more cellular infection when the infection starts. As time goes on, the fast-growing
virus can infect more target cells. The timing of the infection is also a determinant factor. For instance, when the RSV
and TAV infections are initiated after a few days of SARS-CoV-2 infection, SARS-CoV-2 dominates for a short period
since it utilizes the available resources. However, the fast-growing virus (namely, IAV) quickly takes over and governs
the overall dynamics for a long time limit. In the case of simultaneous infection of the three viruses, a higher viral load
is exhibited than a single infection case which indicates that simultaneous infection with SARS-CoV-2, influenza A, and
the syncytial virus can be associated with higher morbidity and mortality. SARS-CoV-2 is also known for targeting the
lymphocytes as secondary host cells. As a result not only it gets an additional reproduction medium, but it also improves
its survival rates since the depletion of lymphocytes weakens the host defense system. Our key finding indicates that,
when lymphocytes as target cells are included in the model system, a higher viral load is observed.

When SARS-CoV-2, TIAV, and RSV concurrently infect the host, the viruses interfere through the available
resources as well as via the immune system. The viral dynamics is significantly influenced by the availability of vaccine
and antiviral drugs. For the triple coinfection case, the SARS-CoV-2 virus becomes cleared by the adaptive immune
system if a patient is vaccinated for SARS-CoV-2. The remaining the other two viruses start to replicate and depending
on their viral production rate, one of the viruses dominates the overall dynamics. On the other hand, if less virulent
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viruses establish an infection before the other two viruses, the virulent viruses will be out of the competition giving a
survival advantage to the host. The implication of this study indicates that via artificially made non-virulent viruses, the
infection dynamics can be manipulated. In conclusion, in this work, we present a simple model which not only serves
as a basic tool for a better understanding of viral dynamics in vivo and in vitro but also helps in developing an effective
therapeutic strategy.
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