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Abstract

Mathematical models are being used extensively in the study of SARS-CoV-2 transmission
dynamics, becoming an essential tool for decision making concerning disease control. It is
now required to understand the mechanisms involved in the interaction between the
virus and the immune response effector cells, both innate and adaptive, in order to
support lines of research related to the use of drugs, production of protective antibodies
and of course, vaccines against SARS-CoV-2. The present study, using a system dynamic
approach, hypothesizes over the conditions that characterize the fraction of the
population which get infected by SARS-CoV-2 as the asymptomatic patients, the mild
symptomatic, acute symptomatic, and also super-spreaders, in terms of innate immune
response, the initial virus load, the virus burden with shedding events, and the cytokine
levels.
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Introduction

COVID-19 pandemic has underlined the impact of emergent pathogens as a major threat
for human health 2. The development of quantitative approaches to advance
comprehension of the current outbreak is urgently needed to tackle this severe disease 3,
Coronaviruses (CoV) are a broad family of viruses that can cause a variety of conditions,
from the common cold to more serious illnesses, such as the coronavirus that causes
Middle East respiratory syndrome (MERS-CoV) and the one that causes the actual
respiratory syndrome acute severe (SARS-CoV-2), a new coronavirus that has not been
found before in humans ™.

When an infected person expels virus-laden droplets and someone else inhales them, the
novel coronavirus, SARS-CoV-2, enters the nose and throat, and given that the virus binds
with a cell-surface receptor called angiotensin-converting enzyme 2 (ACE2), which is
distributed throughout the entire body, the virus can disseminate into, potentially, all
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organs and tissues. As the virus multiplies, an infected person may shed copious amounts
of it, especially during the first week or so. Symptoms may be absent at this point. Or the
virus’ new victim may develop a fever, dry cough, sore throat, loss of smell and taste, or
head and body aches. If the immune system doesn’t beat back SARS-CoV-2 during this
initial phase, the virus then marches down the windpipe to attack the lungs, where it can
turn deadly. The thinner, distant branches of the lung’s respiratory tree end in tiny air sacs
called alveoli, each lined by a single layer of cells that are also rich in ACE2 receptors 4,

This series of events can be explained taking into account that during an infection, the
innate immunity is the first to be triggered (the inflammatory reaction), taking no longer
than minutes to hours to be fully activated . This is crucial for the host defense in the first
phase of a new infection and plays a central role in the response against SARS-CoV-2,
which can explain why most of the infected people will never develop COVID-19 or
present mild symptoms (80.9%), the innate immunity is generally able to eliminate
pathogens efficiently, but if this initial clearance of SARS-CoV-2 fails, probably due to a
high of virus load or virulence of invading pathogens, lymphocytes and adaptative immune
mechanisms are activated, increasing antibody-secreting cells (ASCs), follicular helper
T cells (TFH cells), activated CD4+ T cells and CD8+ T cells and immunoglobulin M (IgM)
and IgG antibodies that bound the COVID-19 causing coronavirus SARS-CoV-2 were
detected in blood before symptomatic recovery. Also Accumulating evidence suggests
that a subgroup of patients with severe COVID-19 might have a cytokine storm syndrome.
However, 13.8% of the infected people develop severe symptoms, 4.4% become critically
ill and 2.9% die. These patients usually had chronic diseases, including cardiovascular and
cerebrovascular diseases, endocrine system disease, digestive system disease, respiratory
system disease, malignant tumors, and nervous system disease ,

With the above mentioned, there is an urgent need for understanding the within-host
interactions between immune system and SARS-CoV-2, in order to put on the correct
framework the results of extensive diagnostic trials all around the world to detect
asymptomatic individuals and, of course, to develop novel therapeutics, including
antivirals and vaccines *®. Moreover, variables pertaining to the pathogen-host interaction
are practically unknown % including the following: dynamic of viral shedding, the role of
initial viral load, the dynamic of the viral burden and its relation with the occurrence of
cytokine storm, and the relation of these variables with the ongoing of the COVID-19 from
asymptomatic towards severe or critically affected. The present study hypothesizes over
the conditions that characterize the fraction of the population which get infected by SARS-
CoV2, remains asymptomatic or mildly infected, while another fraction being severely
symptomatic, the definition of asymptomatic-spreaders and super-spreaders status
regarding SARS-CoV-2 infection in humans. Also, shed some light on the dynamics of the
Cytokine storm syndrome associated with COVID-19.
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Mathematical model

The present model consists of two components, the first one corresponds to the
interaction between two populations, the immune cells and the virus SARS-CoV-2; the
second part corresponds to Cytokine release as a response to the antigenic stimulus
induced by the interaction between the immune system and SARS-CoV-2 virus.

Two species interaction

This is a two populations model where i and v represent, respectively, the immune cells
and virus populations at time t= 14 days, which corresponds to the Incubation period
(from infection to symptoms). Following Lauer et. al.'°, the median incubation period is
estimated to be 5.1 days (95% Cl, 4.5 to 5.8 days), and 97.5% of those who develop
symptoms will do so within 11.5 days (Cl, 8.2 to 15.6 days) of infection. These estimates
imply that, under conservative assumptions, 101 out of every 10 000 cases (99th
percentile, 482) will develop symptoms after 14 days (336 hours) of active monitoring or
guarantine.

In constructing a model of the interaction of the two populations, the following
assumptions are made.

1. In the absence of the immune response, which could be innate immune response
(IIR) or adaptative immune response, the viral load grows at a rate proportional to

the current population; thus% = av,a >0, when i = 0 and IIR=0.

2. In the absence of the virus load the immune cells dies out; thus % = —yi,y >
0,whenv = 0.

3. The number of encounters between the immune cells and virus is proportional to
the product of their populations. Each of such encounters tends to promote the
growth of the immune cells, by clonal expansion, and to inhibit the growth of the
viral burden. Thus, the growth rate of the immune cells is increased by a term of
the form [vi, while the growth rate of the viral burden is decreased by a term
—fvi, and B is a positive constant.

As a consequence of these assumptions, it is possible to obtain the set of equations
described as follows, starting with the population of viral particles or viral burden (v).

% = av — Bvi — vIIR (1)

Equation (1) represent the variation in time of the virus population within the host as
function of av, being a the initial viral load. The last part of the equation (1) means the
viral decay by the action of the Innate Immune Response (IIR); This is crucial for the host
defense in the first phase of a new infection, and plays a central role in the response
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against SARS-CoV-2 ™2, which can explain why most of the infected people will never
develop COVID-19 or present mild symptoms (80.9%); Thus, the innate immunity is
generally able to eliminate pathogens efficiently.

Moreover, the host innate immune system detects viral infections by using pattern
recognition receptors (PRRs) to identify pathogen-associated molecular patterns (PAMPs).
At present, the known PRRs mainly include toll-like receptor (TLR), RIG-I-like receptor
(RLR), NOD-like receptor (NLR), C-type lectin-like receptors (CLmin), and free-molecule
receptors in the cytoplasm, such as cGAS, IFI16, STING, DAI, and soon. In the present
study, the innate immune response against SARS-CoV-2 is defined assuming that an
optimal or adequate innate immune response eliminates in its entirety (100%) the
pathogens with which it interacts *3, and a suboptimal IIR is characterized by fail to control
the virus in some degree. Under these conditions, IIR is defined as a characteristic function
from [0,1] to [0,1], as follows:

lIR= {1 if optimal
" lotherwise if suboptimal

Now, for suboptimal Innate immune response (lIR<1), three categories (quartiles) are
defined inspired by the latest clinical reports for COVID-19 ®,

Q; =0.75 patients without comorbidity or at most one
{ Q, = 0.50 patients with at least one comorbidity
Q, =0.25 patients with two or more comorbidities

Meaning respectively, up to 75% efficiency in the clearing of the pathogen, up to 50% and
up to 25%. On the other hand, the initial Viral load (&) and the viral burden (v), are
expressed, respectively, in logip copies/ml*hour, in short (copies/ml*h), and logio
copies/ml, in short (copies/ml) and following To KK-W et. al.*, their values are chosen in
the real interval [1-10]. The interaction rate (f = 0.96) between the virus particles and
the immune effector cells (vi) is obtained from Hernandez-Vargas & Velasco-Hernandez
> who derived it by fitting numerical estimations comparing the performance of their
mathematical model with the data obtained from nine patients with COVID-19.

The innate immune system inhibits virus replication, promotes virus clearance, induces
tissue repair, and triggers a prolonged adaptive immune response against the viruses, the
latter is represented in the present model by the population of immune effector cells (7).

di o
- = Bui—vyi (2)

Equation (2) represent the dynamic of immune effector cells as a function of the
interaction rate 8 between the virus particles with the immune effector cells (vi), and the
death rate (y) of immune effector cells. Regarding the immune effector cells (i), their
values are expressed as logio of the number of effector cells /ml. The death rate of
immune effector cells (y = 0.11) is taken from Macallan D et.al. *°, who measured, using
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In vivo labeling with ’H,-Glucose and cell sorting methods, the proliferation and
disappearance of immune effector cells in healthy human volunteers.

Cytokine release

Cytokines play a central role in limiting the viral spreading within the host during the early
phases of the disease. The dynamic of cytokines (c) release is represented by equation

(3).

dc__
s oc + MSc (3)

Assuming that the dynamic behavior of cytokine release, follows a mass action law which
depends on the product of the stimulus S by the production rate M of cytokines by these
cells. S is defined as the effect of immune cells activity on cytokine production, and M,
following, Waito et.al. 7 is defined as the maximum cytokine production rate expressed
as a percentage. On the other hand, in the absence of these stimulated producers, the
number of cytokines will rapidly decline at a rate &, defined in function of the effect of
intensity of virus exposure on cytokine concentration, assuming that viral decay exerts an
appreciable influence on cytokine decline 2. Finally, to record the dynamic of cytokine
release the Logio of average cytokine concentration is used.

Systems dynamics approach

To develop a versatile strategy to study the complex issues of the within-host SARS- CoV-2
kinetic model, a system dynamic approach 1920 s built through the identification and
description of the different parameters, components, feedbacks and processes that drive
system behavior (Table 1). The Stock Flow diagram, corresponding to the differential
equations of the model, is presented in Appendix 1.

Results

The dynamic simulation of the differential equation model (1), (2) and (3), under the
conditions and parameters specified in Table 1, which seeks to represent the interactions
between SARS-CoV-2 and the immune cells, gives rise to a series of interesting results. The
first of them is related to the conditions that determine the occurrence or not of a
periodic behavior associated with the dynamics in time of the immune response effector
cells and that of the viral particle population, similar to the behavior of a predator-prey
system (see figure 1).

As can be seen in Table 2, in cases of innate deficient or suboptimal immune response **,
i.e. 0.1<IIR<1, there is a phenomenon of viral shedding following an increasing oscillatory
behavior, both in the frequency and level of viral load (copies/ml), as the IIR is lower and
the initial viral load o is between 1 and 0.5 copies/ml. It is interesting to note that, with
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lower viremia, for the present case, 0.1< a <0.5 copies/ml, virus shedding events occur
only when IIR= 0.1. The above provides an explanation for clinical observation related to
positive RT-PCR results in patients who have recovered from COVID-19 ?*?*?*, Following Li
and collaborators %%, the prolonged shedding of virus from recovered patients is obviously
not an isolated phenomenon, but an integral component of the interaction dynamics
between SARS-CoV-2 and the immune cells.

The numerical results seem to indicate that, with low viral loads, even if the individual
does not have an optimal IR, it is possible not to develop COVID-19 disease, a fact that
evidently reinforces the benefits of the social distancing policies and hygiene measures
associated with the use of mouthpieces, among others, that have been adopted
throughout the world.

It is also observed in Table 2 that if 1IR=1, the infection does not progress from any viral
load equal to or less than 1. However, when a is greater than 1, it is found (Table 3), that
even with lIR=1, i.e. optimal innate immunity, it is possible to generate an oscillatory
shedding dynamic of infection, at least for 2< & <4 copies/ml. This would partly explain
the high rate of infection in healthy hospital staff, because they are on the front line of the
battle against the coronavirus, usually in an environment overexposed to the pathogen.
Interestingly, for 4< a <10 copies/ml, there is no viral recurrence, which would indicate
that, when the initial infection is carried out by high viral loads, some mitigation event
occur, which also seems to happen even under conditions of low capacity of innate
immune response (IIR=0.1) as shown in Table 4.

On the other hand, when the dynamics of cytokine levels are taken into consideration, the
first thing that should be emphasized is that, under infection conditions characterized by
the occurrence of oscillatory virus shedding, the concentration of cytokines has a
continuous increasing behavior as can be seen in Figure 2; thus the cytokine storm can
also be described as a cytokine cascade. Furthermore, the model suggests that the
cytokine storm syndrome is also a result of a positive feedback between the two
populations, under the specific combinations of initial viral load numbers and innate
immune system status, since i) as can be seen in Table 2, with « =1 and 0.1<IIR<0.2, at the
end of the simulation period of 336 hours, cytokine concentrations are high, between 124
and 138 pg/mlii) in table 3, when 1< a <4 copies/ml, a final concentration of 130 pg/ml is
reached, even when individuals have an optimal innate immune response. Finally, in Table
4, the worst-case scenario is observed, with a high initial viral load and a poor innate
immune response, where at the end of 336 hours, a concentration of cytokines of 194
pg/ml is reached. It is possible to propose the hypothesis that individuals who meet the
conditions described above of viral load, IIR status and cytokine concentration, could
correspond to severe or critical symptomatic patients 2,
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In the literature on the clinical course of severe and critical COVID-19 patients %% the
deregulated production of the pro-inflammatory cytokines contributes to inflammation,
tissue damages and in acute COVID-19 patients, deposition of fibrin and platelet
microthrombi in the lung vasculature, which contribute to progressive respiratory
dysfunction and eventually to death. It’s the fine tuning between the molecules restricting
the growth of pathogens and pro-inflammatory molecules which maintains the balance
and helps in running the host system effectively, which seems to depend on the initial
conditions of viral load and innate immune status.

The contribution of asymptomatic persons with MERS-CoV or SARS-CoV-2 to the
transmission is not well characterized *. Those asymptomatic cases may play a role in the
transmission and thus pose a significant infection control challenge 2. Taking into account
the results of the model related to cytokine concentrations at the end of 366 hours, and
the data from the study of cytokine profiles in patients infected by SARS-CoV-2 %, it is
possible to propose that individuals with cytokine levels below 90 pg/ml with low viral
burden dynamics (v<3 copies/ml) and IIR<0.8, correspond to mild asymptomatic patients
(see Table 2). Finally, the model suggests a definition for super-spreaders such as those
(Table 3), whose circulating viral burden v of 3 copies/ml or more, but cytokine
concentration below 90 pg/ml.

The present work shed some light on the definition of asymptomatic and super-spreaders
status regarding SARS-CoV-2 infection in humans, but their role in the transmission
deserve further studies to examine the clinical course of those individuals, viral dynamics,
viral loads and immune status, to estimate their real contribution to the transmission
dynamic of SARS-CoV-2. Such studies will enhance the understanding of the pathogenesis
of these emerging viruses and will inform policy makers to make scientifically sound
recommendations.

Limitations

Some limitations of the study are the following. First, it is assumed that the interaction
between viral particles and immune response effecting cells is of a symmetrical nature,
when in fact it is mediated by the invasion of the virus into the epithelial cells of the lungs,
which generates the stimulus that causes their interaction with the immune cells. On the
other hand, it is assumed that the innate immune response acts as a simple characteristic
function, which oversimplifies the chain of events related to the non-specific response,
but allows the obtaining of a set of interesting results that explain some clinical
observations associated with COVI-19, such as the cytokine storm.

Conclusions

The present study hypothesizes over the conditions that characterize the fraction of the
population which get infected by SARS-CoV2; the asymptomatic patients as those with
optimal Innate immune response, exposed at low virus loads and controlling the viremia
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few hours after infection. These could be not infective when maintain contact with other
people. The asymptomatic or symptomatic mildly infected patients, as those possessing a
low viral burden with shedding episodes, given their suboptimal innate immune response
and, with a cytokine level between 18 and 80 pg/ml. these patients could be infective to
other people. In this category could be classified those patients, that although possesses
an adequate innate immune response, were exposed to high virus loads and present virus
shedding, but maintains cytokines level below 50 pg/ml. these individuals could
corresponds to a super-spreaders group. Finally, the set of acute or severe symptomatic
patients, characterized by deficient innate immune response, suffering viral shedding
episodes frequently and with an increasing concentration of cytokines of 130 pg/ml or
more. Some of these patients surely die, because the pro-inflammatory cytokines are
detrimental, causing the cytokine storm with increasing viral load, tissue damages and
pathophysiology.
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All datasets presented in this study are included in the article/ supplementary files

Figure 1. Recurrence of positive of SARS-CoV-2 RNA in COVID-19
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Legend Figure 1. The coupled dynamics of immune cells and virus burden resembling
recurrence of positive of SARS-CoV-2 RNA in COVID-19 patients.

Figure 2. Cytokine storm syndrome
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Legend Figure 2. Increasing cascade of cytokines in patients with deficient innate immune
response lIR<1 with 1 < a < 4. Some of these patients surely die, because the pro-
inflammatory cytokines are detrimental.

Table 1. System dynamic model parameters

Component (symbol) Description (units) Value

stocks

Viral Burden (v) Log:q copies/ml Initial
value=1

Immune cells (i) Logio cells/ml Initial
value=1

Innate immune Normal Random Variable (adimensional) (N(1,0.05))

response

(IIR)

Cytokines concentration | pg/ml Initial

(c) value=1

parameters

Initial viral load o copies/ml 0<0<10

interaction rate Contacts between immune cells and virus/ml*hour 0.96

Immune Cells death | (cells/ml* hour) 0.11

rate y

Maximum  production | % cytokine concentration 0<M<1

rate M

Stimulus S Effect of immune cells activity on cytokine production Function

Avg Cytokine Log10 of average cytokine concentration

flows



https://doi.org/10.1101/2020.06.02.129312
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.02.129312; this version posted June 2, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Virus replication Effect of virus load on Viral burden Function

Virus decay Effect of IR on the viral burden Function

Cell-virus interaction Effect of immune cells on the virus burden Function

Cell death Effect of death rate on cell population Function

Cytokine production Effect of maximum production rate and stimulus on | Function
cytokine concentration

Cytokine decline & Effect of intensity of virus exposure on cytokine | Function
concentration

Intensity of  virus | Global effect of virus decay Function

exposure

Table 2. Scenario with low viral load and optimal and suboptimal innate immunity

LOW VIRAL LOAD WITH OPTIMAL AND SUBOPTIMAL INNATE IMMUNITY

o | IR LEVEL | Virus shedding time in hours (circulating viral copies/ml) Cytokine pg/ml

0.5 3(0) |51(1) 110(2) |175(2) [245(2) |330(3) 75
0.8 2(0) |115(2) |[240(2) 20
1 no shedding 8
0.5/0.1 2 (0) |64(1) 130 (2) [207 (2) |297(2) 62
0.2 2(0) |81(2) [170(2) |270(2) 45
0.5 no shedding 8
0.8 no shedding
1 no shedding 7
0.2]0.1 2(0) [220(2) | | | | 18
0.2 no shedding 8
0.5 no shedding 7
0.8 no shedding 7
1 no shedding 6
0.1/01 no shedding 5
0.2 no shedding 5
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0.5 no shedding 4
0.8 no shedding 4
1 no shedding 4

Legend Table 2. The acute or severe symptomatic individuals corresponds with those lines
in red. Asymptomatic or mild asymptomatic individuals are indicated with green lines. The
white lines correspond to patients who get infected but do not get the disease.

Table 3. Scenario with high viral load with optimal innate immunity.

HIGH VIRAL LOAD WITH OPTIMAL INNATE IMMUNITY
virus shedding time (Hours) (VIRUS COPIES/ML)

Cytokine (366 h)

4|1 1]12(1) 36 (3) 80
42| 1]/1(3) 39 (7) 90
5| 1|noshedding 50
10| 1|noshedding 126

Legend Table 3. When infection is contracted from high viral doses, it is possible to
become ill with COVID-19, even if they have an adequate innate immune response, as
highlighted in red. Individuals highlighted in green could corresponds to super-spreaders.

Table 4. Scenario with high viral load with a deficient innate immunity.

HIGH VIRAL LOAD WITH DEFICIENT INNATE IMMUNITY
lIR | virus shedding time (hours) (VIRUS COPIES/ML) Cytokine (366 h)

5 10.1|no shedding 66
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‘ 10 ’ 0.1 ‘ no shedding ‘ ‘ ‘ ‘ ‘ 166
Legend Table 4. The worst scenario, high viral load with deficient IIR, corresponding
probably with severe symptomatic individuals. Note the high levels of cytokines in these
cases. Interestingly, with o>4 copies/ml, a counterintuitive result appears, individuals who
receive a high initial viral load, but do not develop the disease.

ANNEX 1. STOCK FLOW DIAGRAM OF WITHIN-HOTS DYNAMIC OF WITHIN-HOST VIRAL
KINETICS OF CORONAVIRUS (SARS CoV-2) IN HUMANS.


https://doi.org/10.1101/2020.06.02.129312
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.02.129312; this version posted June 2, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

innate immune Pesponse

initial \firal load

VIRUS BURDEN

interaction rate

IMMUQE CELLS

declipe rate

cells’death rate

cell death

stimulus %

CYTOKINES

D

cytokines decline

Maximun producction rate
AVG CY TOKINES


https://doi.org/10.1101/2020.06.02.129312
http://creativecommons.org/licenses/by-nc-nd/4.0/

