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Abstract | The disease caused by SARS-CoV-2—CoVID-19—is a global
pandemic that has brought severe changes worldwide. Approximately
80% of the infected patients are largely asymptomatic or have mild
symptoms such as fever or cough, while rest of the patients display vary-
ing degrees of severity of symptoms, with an average mortality rate of
3-4%. Severe symptoms such as pneumonia and acute respiratory dis-
tress syndrome may be caused by tissue damage, which is mostly due
to aggravated and unresolved innate and adaptive immune response,
often resulting from a cytokine storm. Here, we discuss how an intricate
interplay among infected cells and cells of innate and adaptive immune
system can lead to such diverse clinicopathological outcomes. Particu-
larly, we discuss how the emergent nonlinear dynamics of interaction
among the components of adaptive and immune system components
and virally infected cells can drive different disease severity. Such mini-
malistic yet rigorous mathematical modeling approaches are helpful in
explaining how various co-morbidity risk factors, such as age and obe-
sity, can aggravate the severity of CoVID-19 in patients. Furthermore,
such approaches can elucidate how a fine-tuned balance of infected
cell killing and resolution of inflammation can lead to infection clearance,
while disruptions can drive different severe phenotypes. These results
can help further in a rational selection of drug combinations that can
effectively balance viral clearance and minimize tissue damage.

1 Introduction

The world has been severely impacted by the
ongoing CoVID-19 pandemic on multiple per-
spectives: economic, social, and public health.
Various candidates for vaccines are in different
stages of development, and as we await to learn
about the efficacy and longevity of these targeted
outcomes, it becomes imperative to understand
the underlying biology of the disease that can
inform the rational design of treatment options
for the people who have already contracted the
virus. In this perspective, we aim to summarize
in one part the biology of the SARS-CoV-2 infec-
tion, which relates to responses of adaptive and

innate arms of our immune system. In the second
part, we discuss how mathematical modeling of
the interactions between immune cells and virally
infected cells can help inform rational design of
treatment options.

2 What is SARS-CoV-2?

Human coronaviruses, first identified in the
1960s!, commonly infect humans. Most coronavi-
rus infections are respiratory in nature and pri-
marily affect the upper respiratory tract and the
lungs®. There are 7 identified coronaviruses that
have been documented to infect humans—229E,
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Cytokine storm: A sudden
acute increase in circulating
levels of different inflamma-
tion causing cytokines includ-
ing IL-6, IL-1, etc.

Cytokines: Small pro-

teins produced dominantly
by immune cells which are
important in cell signaling.
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Acute respiratory distress
syndrome: Condition in
which fluid collects in the air
sacs of the lungs, depriving
organs of oxygen.
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NL63, OC43, HKUI, SARS-CoV, MERS-CoV
and SARS-CoV-2. Most human coronaviruses are
zoonotic in nature, i.e., these coronaviruses ini-
tially infected animals and later gained the abil-
ity to infect humans®. The SARS-CoV pandemic
that plagued the world in 2002-2003 infected
around 8000 people and claimed more than 770
lives across 27 countries®. The current pandemic
SARS-CoV-2 has a significant amount of similar-
ity to the previous SARS virus both in terms of
the genome sequence and disease progression’.
Comorbidities such as diabetes, hypertension,
cancer, etc. have had an important role to play
in defining the risks and fatality rates for a more
severe manifestation of the SARS-CoV and the
MERS-CoV virus® ’. Even in the current pan-
demig, it is quite clear that comorbidities such
as diabetes mellitus, cancer, lung disease, hyper-
tension, etc. can increase the risk of the disease
progressing to a relatively severe stage®’. Specifi-
cally, a high blood glucose level has been shown
to favor SARS-CoV-2 infection and increase the
cytokine responses in monocytes leading to more
severe clinical manifestations of the disease'’.
Similar to the previous SARS pandemic, the
severity of the infection increases with age’, with
older people displaying more severe manifesta-
tions of the disease.

SARS-CoV-2 infection of the human body can
give rise to a myriad of clinical phenotypes rang-
ing from completely asymptomatic to extremely
severe manifestations of the disease. A large pro-
portion of the population diagnosed with
CoVID-19 (about 80%) suffers from a very mild
symptoms or are completely asymptomatic in
nature. Such patients do not require any signifi-
cant medical interventions and usually recover on
their own. Symptoms if any, manifest primarily as
cough, fever or a loss of smell and taste in such
patients. However, in a subset of patients, symp-
toms such as shortness of breath or pneumonia
develop indicating a severe manifestation of the
disease and, hence, require subsequent hospitali-
zation. In a small percent of cases, severe pneu-
monia further develops into acute respiratory
distress syndrome (ARDS), septic shock and
multiple organ failure. Such patients often need
ventilator support at Intensive Care Units
(ICUs)".

3 How does CoVID-19 Infect the Human
Body?

The CoVID-19 virus, similar to the 2003 SARS-

CoV, uses the cell surface receptor ACE2 to

gain access to the cells'’. Interestingly, there
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have been reports that the cell surface receptor
TMPRSS2 is also required in combination with
the ACE2 receptor to gain access to the cells'.
For viral entry into the cell, the viral spike pro-
tein first needs to be primed by the host cell
proteases, in this case TMPRSS2, after which the
viral spike protein can interact with the ACE2
protein and can be internalized by the cell.
Hence, it is not surprising that both the ACE2
and the TMPRSS2 proteins have been identified
as potential candidates that can be targeted for
anti-viral interventions'>'’. It should be noted
though that ACE2 and TMPRSS2 provide pos-
sible entry routes to cells of different organs;
however, a network of host factors is required
to facilitate viral entry, viral RNA synthesis and
virus release. Thus, an understanding of cell-
type-specific host machinery that mediates viral
entry as well as enables replication and budding
from the host cell is important to decode SARS-
CoV-2 pathogenesis.

ACE2 expression is essential in various cell
types across multiple organs in the body as,
under homeostatic conditions, it is involved
in maintaining the blood pressure levels in
humans via the renin-angiotensin system'®.
Furthermore, ACE2 expression plays a criti-
cal role in providing protection to the lung
from severe acute lung injury'>. However, the
presence of ACE2 on the cellular surfaces also
makes it easier for the virus to infect the cells
by providing a possible route of entry. Due
to these seemingly contradictory roles of the
ACE2 protein during the course of the infec-
tion and to maintain body homeostasis, the
use of hypertensive drugs, that generally act
on ACE pathways, either to treat CoVID-19
or its continued use in hypertensive patients
with CoVID-19 is still debated®!”.

The SARS-CoV-2 virus can affect multiple
organs like the heart, kidney, gut, etc.—as these
organs harbor cells which contain the ACE2
receptor in significant amounts'®. The ACE2
levels have been detected in various cell types
in different organs both at the transcriptomic
as well as proteomic levels using various high-
throughput methods. Furthermore, the mRNA
levels have been quantified at both a bulk and
a single-cell level. ACE2 protein expression was
mainly observed in enterocytes, renal tubules,
gallbladder, cardiomyocytes, male reproductive
cells, placental trophoblasts, ductal cells, eye,
and vasculature with a limited expression in
the respiratory system'®. Using single-cell RNA
sequencing, ACE2 has been detected in lungs®’,
bronchus?! and nasal mucosa®'. In the lung, the
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SARS-CoV-2 primarily targets the alveolar type
2 cells**** a phenomenon similar to the patho-
genesis of the previous SARS-CoV?**. Hence, it
is not surprising to find that the extent of lung
damage is a robust marker of disease severity
and is often associated with acute respiratory
distress syndrome (ARDS)®.

4 How does Our Immune System

Respond to SARS-CoV-2 Infection?

The human body has robust mechanisms for
clearing infections. Through a series of well-coor-
dinated steps various immune cells are recruited
to the site of the infection to clear out the virus
and the virally infected cells. The first step of the
response to a SARS-CoV-2 infection is the
infected epithelial cells secreting inflammatory
cytokines *”. These molecules result in the recruit-
ment of circulating innate immune cells as well as
tissue-resident dendritic cells.

Innate immune cells, such as neutrophils and
monocytes, clear virally infected apoptotic cells
via phagocytosis. These cells also secrete a variety
of proteases and produce large amounts of reac-
tive oxygen species that help in neutralizing
viruses. Additionally, they also help with the
recruitment of additional immune cells through
the secretion of cytokines and chemokines. These
responses occur immediately following recruit-
ment, and generally continue as long as virally
infected cells are present”’. As viral titers at the
primary site of infection go down, these cells are
also likely to reduce in numbers, thus indicating a
self-inhibitory mechanism to resolve the buildup
of cytokines and chemokines.

Simultaneously, tissue-resident dendritic cells
phagocytose apoptotic cells that were infected
with the virus, and/or viral antigens that may
have been shed, which they then present on their
surface resulting in the activation of T cells*®. The
dendritic cell-T cell interaction occurs primarily
in lymph nodes, where dendritic cells first
migrate to following phagocytosis of antigens.
Activation of specific helper T cell subsets results
in B cell maturation and increased production of
antibodies against viral antigens. Simultaneously,
activation of other helper T cell subsets and cyto-
toxic T cells may result in killing of virally
infected epithelial ~cells”. Together, these
responses are termed as adaptive immune
responses, and take about 4-7 days to develop fol-
lowing the initial phagocytosis by dendritic cells.

Alongside these inflammatory responses that
assist in killing the virus and virally infected cells,
the immune system also initiates responses that
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prevents excessive damage of self-tissue due to
inflammation. Suppressive immune responses
may include many cell types, but one of the
most important are regulatory T cells, which
have been reported to play an important role in
the progression of the CoVID-19 in the body™.
Their primary role is thought to be to control the
hyper-activation of the immune system seen in
the context of some CoVID-19 patients™.

5 How can Mathematical Models be

Used to Understand the Crosstalk

of Infected Cells and Immune System,

and Its Connection to Diverse Patient

Outcomes?

As discussed above, the interplay between
infected cells and immune systems—adap-
tive and innate—happens at different length
(at a cellular level, tissue level or over multiple
organs) and time scales (refractory changes due
to the presence of virus vs. more chronic effects
of viral presence and/or unresolved inflamma-
tory cytokine levels). To elucidate the emergent
dynamics of any such multi-component and/or
multi-scale phenomenon, mathematical models
have been demonstrated to be a powerful tool.
Mathematical models have been used exten-
sively in the context of epidemiological studies
of various infectious diseases like influenza®2,
HIV-AIDS™, hepatitis®*, etc. Many mathemati-
cal models have been proposed elucidating the
dynamics of spread of the SARS-CoV-2 across
various communities®>™®, and they have been
crucial in informing policy-making decisions in
controlling the spread of various infectious dis-
eases including the ongoing pandemic®~**. These
models describe how an infectious agent like a
virus spreads in a community and what kind of
intervention techniques can be designed to bet-
ter combat the spread of the disease in a given
population, but do not investigate the intra-host
dynamics of SARS-CoV-2 infection that dictate
the different patient outcomes in terms of disease
severity.

A different class of mathematical models that
focus on the intra-host dynamics of the spread
of infectious agents have been studied exten-
sively in the context of HIV-AIDS and influenza,
among others**%, These models, often using a
set of coupled ordinary differential equations
(ODEs), describe how the virus or the infective
agent spreads within the host and the mecha-
nisms within the host to resolve such infections.
One of the key parameters tracked by such mod-
els is the viral load in the body of the patient. The
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Innate immunity: Nonspe-
cific defense mechanisms that
come into play immediately
or within hours of an anti-
gen’s appearance in the body
mostly mediated by neutro-
phils, macrophages, etc.

Chemokines: A family of low-
molecular weight chemotactic
cytokines that regulate im-
mune cell migration.

Antigens: A toxin or other
foreign substance which in-
duces an immune response
in the body, especially the
production of antibodies.

Adaptive immunity: Special-
ized, systemic cells and
processes that eliminates
pathogens by preventing their
growth mostly mediated by

T cells.
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Immunopathology: Tis-

sue damage caused to an
organism by its own immune
response, as a result of an
infection.
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viral load is one of the primary predictors of the
disease progression in most infectious diseases.
Mathematical models that track the viral kinet-
ics in CoVID-19 patients have also been built
recently’”. However, very few models exist so far
that incorporate the interactions of the virally
infected cells with different types of immune
responses in the body?**. Such attempts can
be powerful for understanding how the differ-
ent clinical phenotypes appear as manifestations
of underlying immune cell interactions with the
infected cells.

To elucidate the dynamics of CoVID-19
virus inside the human body and the response
immune system as a result of this, we recently
built a minimalistic model that can accurately
capture various phenotypes generally seen in
the context of CoVID-19 patients*’. Such a
model may help us understand the diversity
of clinically observed phenotypes and provide
insight into intervention strategies to reduce
morbidity and mortality. In this model, we con-
sidered the primary interactions of the innate
immune system, the adaptive immune system
and the immuno-regulatory mechanisms in
the body in response to the pool of infected
cells in the body*’. Here, no spatial aspects
of lung architecture are considered, although
lung is the primary site of infection of CoVID-
19); thus our framework is generic enough to
be adapted to any other site of infection such
as the gut, kidneys, etc. We built this model in
a modular manner increasing the complex-
ity of the infected cells immune interactions in
a step-wise manner. First, we assume that the
infected cells can increase in number via a logis-
tic model, i.e., the infected cells can release viral
particles that can infect more susceptible cells
and make them infected. This process occurs till
there are no susceptible cells left to be infected.
This process can be kept in check primarily by
the action of the innate immune system or the
adaptive immune system where these cell types
can be activated at the site of infection and/or
recruited by signals (cytokines or antigen based)
sent by the site of infection. For simplicity, we
have considered these two broad groups of cell
types. In reality, the system is far more compli-
cated with multiple immune and non-immune
cell types involved in the immune reaction.
The innate and the adaptive immune system
can further activate/recruit more cells of their
own type. We do not consider cross activation
between the innate and the adaptive arms of the
innate immune system again for simplicity. We
also consider the fact that the innate immune

Figure 1: A simplified schematic of infected
cell-immune cell interactions in a SARS-CoV-2-in-
fected individual. Black arrows indicate activation/
recruitment of a specific cell type, while the red
links indicate exhaustion/repression/death of spe-
cific cell types

cells have the capacity to suppress themselves
in the absence of the virus and the adaptive
immune cells can get exhausted if there is an
excessive and prolonged presence of the viral
antigen in the system. Finally, we consider the
effect of regulatory T cells on this system. Regu-
latory T cells can be activated by the presence of
the virus in the system and can actively suppress
the number and/or activity of the innate and
the adaptive immune cells (Fig. 1).

The interactions of the innate immune sys-
tem with the virally infected cells give a variety
of possible phenotypes. We found that depend-
ing on the relative strengths of the innate
immune system in clearing the virally infected
cells (dmv) and the self-suppression strength (res-
olution of inflammation) (dvm) of the innate
immune system, the system can exist in qualita-
tively 3 distinct states (Fig. 2a): a parameter
regime where the infected cells are cleared and
the disease regresses (high dmv and moderate to
low dvm), a region where the infected cells keep
growing continuously (low dmv) and a region
where the infection can persist with intermediate
values of infected cells(high dmv and high dvm).
We further quantified the levels of immunopa-
thology (overactive immune system causing dam-
age to the tissues) in the system as function of the
number of immune cells (innate and adaptive)
and the number of infected cells present at the
site of infection weighted by the ability of each of
these cell types to create an inflammatory
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Figure 2: Heatmaps showing the infected number of cells present at the end of 30 days in individuals as
a function of a the self-suppression strength (dvm) and the killing strength of the innate immune system
(dmv) b the killing strength of the innate (dmv) and the adaptive (dcv) immune system. ¢ Dynamic profiles
of infected cell numbers and the immunopathology in the system in the presence and absence of the

regulatory T cell arm of the immune system. Note that the blue broken line (infected cells w/o regulatory
cells) is completely overlapping with the solid blue line (infected cells with regulatory cells) indicating that
the introduction of the regulatory T cells does not have a significant impact on the viral clearance dynam-
ics (Reference: Sahoo et. al. bioRxiv )

environment. This metric is useful to gauge the
levels of tissue damage that might occur due to
the collective inflammatory environment created
by both infected and immune cells, thus provid-
ing a metric for disease severity.

Interestingly, the levels of immunopathology
in the system are the lowest at intermediate val-
ues of the self-suppression strength of the innate
immune system, indicating that over-activation
or under-activation of this parameter can result
in poorer outcome for the body. Furthermore,
we show that depending on the proliferation rate
of the virus in the system and the strength of the
innate immune system in clearing out virally
infected cells, the time taken for viral clearance
can vary greatly (see Sahoo et al. for details*’).

We also observe that in specific cases where
the innate immune system was not able to clear
the virally infected cells, the introduction of the
adaptive system was able to clear such cells with
a significant reduction in the immunopathology
in the system. Additionally, we found that just
as in the case of innate immune system, a very
strong adaptive immune response was enough
to clear the virus from the system within a short
span of time. As expected, we observed that viral
clearance took place when either the adaptive or
the innate immune system or both were acting
strongly to clear the virus (regions where either
dmv or dcv or both are high) (Fig. 2b). Next, we
introduced the regulatory T cells in our frame-
work that can suppress adaptive and/or innate
response, thus resolving relatively higher levels
of unresolved immunopathology in a subset of
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cases, thereby underscoring the importance of
such cells in regulation of the inflammation levels
in the body. Thus, including the effect of regula-
tory T cells helps to reduce immunopathology as
well as the number of infected cells (Fig. 2¢).

In addition to these dynamical features,
the model we developed depicts how the vari-
ous observed clinicopathologic features emerge
from the dynamical interactions between the
infected and the immune cells (see Sahoo et. al.
for details?’). Specifically, the model demon-
strates, depending on the relative strengths of
the innate and the adaptive immune system, the
two “non-severe” phenotypes, presumably map-
ping onto the asymptomatic or the mild cases as
observed clinically. Both these phenotypes have
relatively lower levels of peak immunopathology
and the virus is cleared from the system within a
time-period of 15 days from the model observa-
tions. This is corroborated by the clinical obser-
vations where the viral load in asymptomatic and
mild cases drops to undetectable levels within
15 days*. Similarly, the model demonstrates
that in the cases where the strength of the innate
immune system was of intermediate strength
and the adaptive immune system was not strong
enough to clear the virus, the virus clearance
time was much higher than mild/ asymptomatic
cases (>20 days). This scenario may explain the
majority of the cases that show an agedepend-
ent severity in clinical manifestations of the dis-
ease, because the adaptive immune system is
reported to be generally weaker in older popula-
tions*. Interestingly, the cases where the strength
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of both the innate and adaptive immune system
were weak, the disease severity was the maximum
with high viral loads at the end of 30 days. Such
patients are likely to die from the unresolved
infection and consequent high levels of immu-
nopathology. Such a phenotype is likely seen in
immunocompromised individuals who are at the
highest risk of the infection’.

The model also predicts that the over-activa-
tion or an untimely early activation of regulatory
T cells could result in the failure to clear the virus
from the system with a suppressed immune sys-
tem facilitating other opportunistic pathogens
to infect the lungs. Secondary and co-infections
have been observed in a subset of patients’!, for
which one possible explanation can be a dysregu-
lation of the regulatory T cell arm of the immune
system; however, further evidence is needed
before one can strengthen this hypothesis mecha-
nistically. In addition to demonstrating how vari-
ous clinical phenotypes could arise from these
underlying cell—cell interactions, the model also
highlights that treatment with anti-viral agents
might not be sufficient to resolve the severe phe-
notypes seen in many patients. Hence, in princi-
ple, the model can be used to design intervention
strategies and test the outcomes of anti-virals and
possibly the use of anti-inflammatory drugs in
combination to better treat the more severe cases
of CoVID-19 infection.

6 Does the Existing Clinical Data Support
the Model Predictions?
With the advent of high-throughput techno-
logical advances, there has been a burst of data
focusing on the clinicopathological aspects of
CoVID-19. Interestingly, immune profiling has
revealed an overall increase in innate cell lineages
with a concomitant reduction in T cell number
with disease progression®”. Multiple studies have
now reported the existence of an exhausted T
cell population in more severe patients suffering
from the coronavirus. This is in direct agreement
with the readout of our model*” in cases of more
severe phenotypes of the disease®*. Further-
more, in a cohort of 100 patients with hyperin-
flammatory syndrome, a monoclonal antibody
that targets the IL-6 receptor, called Tocilizumab,
has been shown to improve or stabilize the con-
dition in about 77% of the cases, whereas the
condition worsened in remaining 23%. This
observation supports the fact that one can use
immune suppressants for treatment of the severe
patients, but it would be important to make sure
that the infection in largely cleared before the
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treatment. If the infection is not cleared, then
these treatments can be counterproductive can
as it may increase the likelihood of secondary or
co-infections. Furthermore, it could also lead to
viral persistence in the system®® and might affect
the antibody response in the body in undesirable

ways”’.

7 Conclusions

Mathematical modeling of viral dynamics and
various interactions of the immune system
holds promise in developing a better mechanis-
tic understanding of the SARS-CoV-2 infection
and the host response. Improved comprehension
of both these aspects of the infection is likely to
improve current treatment strategies and help
in designing newer ones. An important goal of
such models would be to act as a platform to bet-
ter design therapies that can minimize CoVID-
19-related physiological disruptions and alleviate
immunopathology too.
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