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Abstract

The CAR-T cells are the genetically engineered T cells, designed to work specifically for the virus antigens (or other antigens,
such as tumour specific antigens). The CAR-T cells work as the living drug and thus provides an adoptive immunotherapy
strategy. The novel corona virus treatment and control designs are still under clinical trials. One of such techniques is the
injection of CAR-T cells to fight against the COVID-19 infection. In this manuscript, the hypothesis is based on the CAR-T
cells, that are suitably engineered towards SARS-2 viral antigen, by the N protein. The N protein binds to the SARS-2 viral
RNA and is found in abundance in this virus, thus for the engineered cell research, this protein sequence is chosen as a
potential target. The use of the sub-population of T-reg cells is also outlined. Mathematical modeling of such complex line
of action can help to understand the dynamics. The modeling approach is inspired from the probabilistic rules, including the
branching process, the Moran process and kinetic models. The Moran processes are well recognized in the fields of artificial
intelligence and data science. The model depicts the infectious axis “virus—CAR-T cells—memory cells”. The theoreti-
cal analysis provides a positive therapeutic action; the delay in viral production may have a significant impact on the early
stages of infection. Although it is necessary to carefully evaluate the possible side effects of therapy. This work introduces
the possibility of hypothesizing an antiviral use by CAR-T cells.
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Introduction

In the field of computational biology, tremendous progress
is achieved due to the novel and cutting edge discoveries.
CAR-T cells are a promising technology that reprograms T
cells to overcome the barriers that cancer presents against
the action of the immune system: about 90% of individuals
treated with CAR (Chimeric Antigen Receptor) technology
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who selectively target tumors expressing CD-19 such as
pediatric acute lymphoblastic lymphoma, go into remission.
Since the CAR receptor allows a reorganization of antigen
presentation without requiring the intervention of the mol-
ecules of the Major Histocompatibility Complex (MHC), the
targets that they can detect are fewer than the T cell receptors
(TCR), but they have a rather significant advantage given by
a greater specificity that eludes the escape mechanisms that
pathogens or the tumor itself can implement.

A study by Roberts et al. (1994) showed the realization
of a construct that directed the specificity of T cells against
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cells infected with the HIV (fusion of CD4 with the CD3
polypeptide chain called quot;CD4CARquot;), exploiting
the particular interaction between molecules of the viral
envelope with CD4. This experience, however, despite
being quite safe, did not allow the observation of a lasting
control of the infection in question (Scholler et al. 2012).
This approach, however, has focused on the central action
of T cells in the control of viral infections and, thanks to
advances in scientific research and biotechnology, numerous
advances in the control of chronic HIV inflammation, and
the consideration of a subpopulation of T cells that can be
engineered, considering their advantages and disadvantages
(Cheng et al. 2016). Thanks to positive experimentation of
CAR-T cells in vivo against cancer, advances in the con-
struction technology of the CAR receptor have led to the use
of the second generation of this CD4-based receptor opti-
mized by a 4-1BB-CD3 signal domain which was found to
be much more efficient in controlling HIV viral replication
in vitro and experiments on mouse showed a strong response
to the infection (Leibman et al. 2017).

The second generation of CAR-T cells, thus engineered,
contains a portion that binds the target antigen, that is the
single-chain variable fragment (scFV), shows a good anti-
viral capacity in vitro, but in humans, several factors limit
its use and a possible therapy need for a better effectiveness
against the diversity of the biochemical characteristics of
the HIV and not being immunogenic. Our group of analysis
and research of mathematical models in Biology speculated
if similar technology could also be applied in the case of
the SARS-CoV2 pandemic that we are currently experienc-
ing, directing a specificity of target similar to what happens
for the HIV and where the action of the engineered cells
themselves is somewhat simplified by the fact that, at the
moment and contrary to HIV, there is no evidence that this
type of coronavirus infects T cells. that of using Treg cells,
typical of the autoimmunity process, which can proliferate
in an antigen-specific way and lead to a sort of subsequent
protection for the pathology that expresses that same antigen
(Elinav et al. 2008).

Viral and opportunistic infections are a serious threat
to the health of infected individuals and immunocompro-
mised patients. Despite the availability of antiviral drugs,
the mortality rate is still significant in high-risk patients.
Therefore, therapies that provide long-term control or that
are capable of eradicating the viral reservoir are needed.
Viral pathogen-specific effector CD8 + T cells play a cru-
cial role in controlling infections in immunocompetent
individuals, making adoptive T cell therapy an attractive
alternative to currently used anti-infectious therapies. T
cells specific for viral pathogens occur at low frequencies
in the patient39;s blood, making them difficult to isolate
and expand. Furthermore, these cells have phenotypes
subject to depletion and can be rendered inefficient by
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mutation mechanisms linked to viral escape that lower
the expression of the major histocompatibility complex
(MHC) or mutate the epitope-target of such cells (Idrees
and Sohail 2021). Therefore, chimeric antigen receptor
(CAR) T cells represent an attractive alternative.

However, CAR receptors built on CD4+ T elements
have been shown to make CAR-T cells susceptible to HIV
infection. To overcome this potentially harmful situation,
the quot;CD4CARquot; system was equipped with a viral
fusion inhibitor (C46 peptide) or small hairpin RNAs to
break down the HIV-1 co-receptor (CCRS) and degrade
the RNA viral (Zhen et al. 2017). Both methods made the
“CD4CAR-T” system resistant to HIV infection and gave
them a long persistence and better control of HIV infection
in vivo (Sohail et al. 2021).

In addition, several genome editing techniques have been
used to eliminate CCRS5 in T cells to give them lifelong
resistance to HIV infection. These include the use of various
nucleases including ZFN (zinc finger nuclease), which have
shown promise in some clinical studies (NCT00842634 and
NCTO01044654), TALEN (transcription activator-like nucle-
ase), and others nucleases in preclinical studies (Shi et al.
2017). These endonucleases were already used to produce
universal CAR-T cells by breaking down TCR (Ren et al.
2017). At present, it is believed that a test would be needed
to verify their ability to break down CCRS5 in HIV-CAR T
cells.

Finally, to overcome the mechanism of HIV escape from
the immune response, T cells expressing bi and tri-specific
CARs were designed that target up to three HIV antigens to
increase both specificity and affinity.

In this case, the CD4 element was fused with a specific
quot;scFv&quot; complex for a CD4-induced epitope on
gp120 or the carbohydrate recognition domain (CRD) of
a human C-type lectin that binds to glycans stored on virus
envelope (Ghanem et al. 2018). The bi-specific CD4-anti
gp120 scFv CAR had better HIV activity than CD4 alone.
CARs presenting a CD4-mannose- binding lectin (MBL)
showed better activity than both CD4 alone and CD4-anti
gp120. However, as type C lectins can bind glycans that are
not specific to HIV-infected cells and can be associated with
healthy cells, off-target targets cannot be ruled out and this is
an aspect that needs to be analyzed and evaluated. carefully.

The hypothesis developed by our research group is that
there may be a positive action in the use of these adoptive
immunotherapy systems also against SARS-CoV2 infection,
admitting the need for adjustments concerning the epitope-
target (RBD domain of SARS-CoV2 protein S, i.e) and
remodeling the action of nucleases within the action of the
same virus. The adoption of bi-specific or tri-specific CAR-T
could be a solution, even if it is necessary to carefully evalu-
ate the quot;off- targetquot; objectives and, consequently,
to re-engineer the construct to limit any collateral damage.
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The rest of the manuscript is organised as follows: In
the next section, we will discuss the probability-based
approaches for the infected cell and the immune cell cross
talk. We will present model and some useful conclusions are
drawn afterwards.

Kinetic modeling

The role of Moran and branching process in viral
infection invasion

To define Moran process, consider a population having con-
stant size (say M) with two types of individuals (e.g. A and
B), at each time step a random individual (which is of either
type A or B) is chosen to reproduce and same as one is cho-
sen to die so that the population size remains constant, the
reproduction rate depends on fitness and both the types can
have different fitness. If the fitness of type A is set to 1 and
the fitness of type B is set to r then probability that type A is
chosen to reproduce and type B is chosen to reproduce are,
respectively,

ri
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Mathematically, the Galton—Watson process is the most
commonly used formula for simulating a branching process.
It takes the form:

ZIX
Zywr = ). X, 3)
i=1

with Z, = 1. In the above equation Z, is the state in the
period n, and X, ; denotes the random variables represent-
ing the number of direct successors of member i in period
n, where all random variables have the same probabil-
ity distribution and all are mutually independent over all
ne{0,1,2,...}and ie{1, ..., Z,}.

Alternatively, a random walk can also be used to formu-
late a branching process. The equation is as follows:

i+1
Sisi =Si+Xi—1_1=ZXj+1a 4
=1

with S, = 1. In the previous equation; S; = state in period
i;X; = random variable where all random variables have the
same probability distribution and all are mutually independ-
ent over all i.

Branching processes have been implemented widely in
bio-mathematical modeling. Recently, Altrock et al. (2015)

provided a detailed literature review highlighting the impor-
tance of basic and clinical research on cancer, in which
extensive details were documented relating to methodolo-
gies for analyzing and explaining cancer at several scales by
mathematical modeling.

Viral infections have become as threatening to the world
as cancers, and inspired from the studies on the CAR-T
therapies of cancer, scientists have now documented useful
trial based literature to support the hypothesis of treating
SARS-2 infection with CAR-t cells. Such studies requires
a comprehensive investigation from the onset. Predictions
about the fate of the disease may eventually help to imple-
ment successfully some preventive measurements.

For this purpose mathematical models can be very useful.
Stochastic modelling is particularly useful since it allows
randomness to be incorporated and more accurately reflects
actual disease phenomena. Therefore, another approach in
branching process simulation is to use a stochastic process
which is also based on prediction; this process describes
the evolution in a system of random variables with time.
In this way stochastic modeling has been contributing sub-
stantially and fruitfully to improving our understanding of
cancer evolution.

Recently Komarova (2006) framed and scrutinized a sto-
chastic model for the resistance of multi-drug during the
treatment of infected cells/ unhealthy cells, by multi-drug
therapies.

The infected cell turnover rate, mutation rate and the
dependency towards treatment which is known to influence
the early tumor load, has also been investigated in the model
presented in Komarova (2006), wherein the author describes
the general principles of the development and evolution of
resistant cells, before and after the start of the treatment. In
Komarova (2006), it was also observed that succession of
the treatment was independent of the turnover rate for single
drugs and was found to be opposite for multi-drug therapies.

The probability of treatment success is directly propor-
tional to the number of drugs used for low turnover rates
whereas it is inversely proportional for high turnover rates.

During the progression of the accumulation of SARS-2
infected cells population, the driver and passenger mutations
are found (Rochman et al. 2021) and this accrual can also
be examined by a discrete time branching process. In this
manuscript, a mapping is developed for SARS-2 inspired
from cancer mutation; therefore, it worth mentioning the
contribution of Bozic et al. (2010), where they presented
a model that described the relationship of drivers and pas-
sengers mutation in the growth of diseased cells population.
Initially, it starts with a single driver mutation and then its
clonal expansion accrues more mutations, showing that the
death rate is reducing slightly in each mutation and therefore
the clonal expansion rate is increased by each new driver
mutation. Moreover, in the growth of tumor this model
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provides a relatively simple formulation for the number of
driver mutations as a component of the aggregate number of
mutations. The actual selective advantage which is given by
regular somatic mutation in human tumors is that its location
is calculated by this model when applied to the experimental
data. Selective advantage though exceptionally small steps
proceeds to have great potential for experimental analysis.

Mathematical kinetics and mutation

It is a fact that there are several types of natural noises in
biological systems due to different communications among
the cells. This phenomena leads to the fact that such sys-
tems are not purely deterministic and involve some random-
ness, mainly consisting of internal (thermal fluctuations) or
external (mainly conformational) noises. Such noises have
a vicious part in natural processes and lead system towards
abnormalities or sometimes entirely random behavior.

For better perceptive of biological systems it is thus nec-
essary to add stochastic effects in mathematical models of
biological and biochemical systems. Kramer’s seminal paper
(1940) has been a prototype for a thermal activation process
continually. Lately, activation in the presence of time vary-
ing fields has become a topic of vast significance because of
the findings of many counterintuitive noise supported spe-
cial effects, such as stochastic resonance (Gammaitoni et al.
1998) or movement in Brownian motors (Sherin et al. 2018).

A relevant mesoscopic approach in which the time evo-
lution of a collective coordinate is overseen by stochastic
differential equations may be used to study the dynamics of
such complex biological systems (Horsthemke 1984).

In such an approach, system kinetics resembles to Kram-
er’s situation with a Brownian particle wandering over an
effective free energy potential. The Brownian particle may
experience a potential that is influenced by some random
oscillations with characteristic time scale which is com-
parable with one of the time scales governing the passage
over the potential barrier separating basins of the station-
ary points of the biological system. According to the sto-
chastic model, tumor cells are biologically equivalent but
their behavior is influenced by intrinsic and extrinsic fac-
tors and is therefore both variable and unpredictable. One
of the major roles of the immune system is to recognize and
eradicate the tumor cells on the basis of their expression of
tumor specific-antigens or molecules provoked by cellular
stress. Such process is named as tumor immune surveillance
in which cancerous and/or precancerous cells are killed by
immune system before they can cause harm. Many experi-
ments on mouse model of cancer and human with cancer
have provided a convincing evidence about tumor extinc-
tion i.e., particular immune cell types, effector molecules,
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and pathways can sometimes mutually function as extrinsic
tumor suppressor mechanism.

Therefore, a detailed theoretical study on the mecha-
nisms of the interaction between virus infected cells and the
immune system is necessary for planning efficient strategies
of the treatment (Sohail and Nutini 2020; Yu et al. 2020,
2021). An illustration of a coupling between the external
noise and a collective variable is an effect of cell-mediated
immune surveillance against the cancer (Garay and Lefever
1978).

In biochemistry, ’Michaelis—Menten’ kinetics is one of
the best-known models of enzyme kinetics. The model takes
the form of an equation describing the rate of enzymatic
reactions, by relating reaction rate to the concentration of a
substrate. A basic model can be defined as follows:

kl
S+E=S-E=> kP +E, 5)
—1

where S is the substrate, E is the enzyme, SE is the substrate-
enzyme complex, P is the product, and &k, k_, and k, are con-
stants. Let s, e, c and p be the corresponding concentrations
of the substrates S, E, SE and P, respectively. According
to the Law of Mass Action (LMA) “the rate of a reaction
is proportional to the product of the concentration of the
reactants”. The enzyme reaction illustrated above based on
LMA forms the following system of differential equations
(see Fig. 1):

%:—kles+k_lc, ©6)
4 kes+ (ko +hy)e, @)
dr

9 s — (ks +h)c, ®)
dr

% ke, ©9)
5(0) =5, (10)
e(0) =¢, an
¢(0) =¢, (12)
p(0) =py, (13)

where k, k_;, k,,5, and e, are positive constants (see Table 1).

The cell-mediated immune surveillance against SARS-2
is one of the scientific topics under discussion these days and
it may be described in terms of a “predator—prey” system
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Table 1 Description of variables

Variable Description

s(t) Virus infected cells

e(t) CTL and CAR-T action
c(t) Complex

p(t) Dead cell count w.r.t. time.

Memory
Cells

Proliferation

Replication

Fig. 1 CAR-T cells, memory cells and the infected cells

and be approximated by a saturating, enzymatic like process
whose time evolution equations are similar to the standard
Michaelis—Menten kinetics. The population of SARS-2
infected cells plays the role of “preys” and immune cells act
as “predators”.

The population dynamics can be defined as follows:
First, the cytotoxic cells bind to the virus infected cells at
a rate proportional to the kinetic constant k;; second, the
virus infected cells which have been found are killed and the
complex dissociates at a rate proportional to k,. The process
can be illustrated as

k k.
X+Y—>Z3Y+P, (14)

where X, Y, Z and P represent the population of virus
infected cells, active cytotoxic cells as well as the CAR-T
cells, bound cells and the dead cells, respectively (Ochab-
Marcinek and Gudowska-Nowak 2004) (see Fig. 2).

A lot of work has been done to analyze the effect of
noise in the disease dynamics. Marcinek et al. (2004)
discussed properties of two state cancer growth model
subject to independent Markovian dichotomous noise
(affecting the immunological response) and to an additive
thermal noise, by considering an overdamped Brownian
particle moving in a two well quasi potential between
reflecting and absorbing boundaries. Random fluctua-
tions of the environmental conditions may disturb the

enzyme activities which in return may deviate to rate of
formation from the mean value in the biochemical reac-
tions. The role of such fluctuations might be critical for
whole system. Many environmental factors like, the sup-
ply of oxygen, the supply of nutrients, chemical agents,
gene expression, degree of vascularization of tissues, the
immunological state of the host, temperature, radiations,
protein synthesis and antigens influence viral infection.
As a consequence of this, the system faces some inescap-
able stochastic effects.

Marcinek et al considered a system in which the modulat-
ing activity of the immune response is modeled as a dichoto-
mous random process of the relative rate of neoplastic cell
destruction. They discussed physical aspects of environmen-
tal noises in such a system and pointed out the chance of
co-occurrence of dynamical systems where noise enhanced
stability (NES) and resonant activation (RA) phenomena
may occur together, such mechanism was explained by
examining the variance of first passage times as a function of
noise intensity. Moreover, in Fiasconaro et al. (2008), Fias-
conaro et al. explored the dependence between the intensity
of external fluctuations and the transition time from the state
of a stable tumor and to the state of its extinction under the
influence of a moderate periodic treatment and understood
a competition between the probability of extinction and the
reappearance of cancer cells in the system to analyze opti-
mal conditions of its control. Marcinek found that random
dichotomous fluctuations in the immune response intensity
along with Gaussian environmental noise lead to emergence
of a spatial pattern of two phases, in which cancer cells, or,
respectively, immune cells predominate (Ochab-Marcinek
and Gudowska-Nowak 2004).

Results and discussion

In this manuscript, the CAR-T cells action against the
SARS-2 infected cells is discussed. Some mapping are
developed, including the Moran process and the kinetic
modeling. We have used the Matlab algorithm to generate
the two different trajectories for the Moran type process
which gives the number of N type proteins in a population
of cells. The two different trajectories subject to different
dynamical interaction between the CAR-T cells and the anti-
gen are presented in Fig. 3.

Next, in Figs. 4 and 5, we have presented the dynamics
relative to the change in infected cells count, relative to the
three rates of the two coefficients for the model (Egs. 6-9).
We can see that the amplitude decreases but the perturbation
increases possibly due to the action of multiple associated
factors such as the changes in epitope expression, complex
formation rates and the death rates.
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Fig.2 Schematic depiction of the CAR-T cells and antiviral action against SARS-CoV2

Next in Fig. 6, we can see the dynamics of the substrate,
enzyme, complex and the dead cells densities relative to
two population sizes of the injected CAR-T cells, left (N =
5000), right (N = 10,000). We can see the dispersion and the
stochastic perturbation in the interaction dynamics.

Conclusions

The model represented here is based on the hypothesis that
the antiviral therapy against SARS-CoV2 is possible through
CAR-T cells. The viral target constituted by the N protein (
typical of this viral species) is discussed.
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Although some of these assumptions are not currently
experimentally verifiable parameters, they appear to be
deeply interconnected according to a logic based on proven
experimental events such as memory induced by CAR-T
therapy or the presence of CAR exhaustion. -T cells them-
selves (Kasakovski et al. 2018). It is evident that there is
a viral immuno-escape that remains contained thanks to
the action of CAR-T cells. Furthermore, elements of analy-
sis conducted using a MM model, evaluates the impact of
CAR-T cells obtained with the use of Treg cells in viral
infection, considering both the exhausted condition and
the action of the IFN-cytokine in therapy. The quantitative
results validate the “CAR-T and SARS-CoV2 hypothesis”.
The model can be extended further and can show efficiency
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of the therapy in the case of severe COVID-19 infection.
Although the extent of the side effects of this type of ther-
apy has to be assessed, the computational analysis shows a

50 100 150
t (hours)

possible efficacy of CAR-T cells in containing the COVID-
19 syndrome and is, therefore, a good rational basis for fur-
ther investigation.
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Fig.5 Kinetic rate variations for 10

the infection control
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n

Increased CAR-T injection rates leads to decreased infection
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Fig. 6 Stochastic process for substrate enzyme model

The model quantifies a rather incisive therapeutic action
and is able to better quantify some assumptions:

e The CAR-T cells, obtained from Treg cells, optimal
sub-population as suggested in the literature (Veiga-
Parga et al. 2013; Che et al. 2015), are activated and
directed against the target, obtaining a cytotoxic effect.
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N =10000

CAR-T cells obtained from the sub-population of Treg
cells are also able to express a containment of an exces-
sive immune response, regulating its effects and staying
longer in the organism.

The CAR-T cells have an inactivation rate (exhaustion).
CAR-T cells kill infected cells at a constant rate.
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e The viral infection performs an action of “escape” from
the immune system function (in the case of SARS-CoV2
this action is carried out by the “novelty” represented by
the virus itself towards the immune system).

e A part of the CAR-T cells constitute immunological
memory.

e The proliferation of CAR-T cells is constant.
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