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Abstract

Infectious cells are and will continue to be a @globroblem, regarding the alteration of the healfhindividuals, the
motivation for choosing this topic being the maijmplication the infectious cells has within the fiathealth system and the
way it acts, managing to successfully overcomeidarmwhich the body raises to maintain cellulabdity. The article brings
new contributions related to the topic of dynamied®mling the immunity system, by determining a matatical model of the
interaction between the cells of the immune systamd the cells of the infectious agent. Differenpety of behaviors are
presented taking into account the entry of virattipkes into the target cells, behaviors of the elodithout delay time,
followed by time predictions for the delay time nebdFinally, we compared the models and concluded the delay time
model is much more realistic, through the oscitlasi and fluctuations in the three components inpghmary stages of
infection.
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1. Introduction

Cellular biological systems are characterizedcbptinuous exchanges of signals with the enviranimthis feature being
essential for the existence and proper functiomhgrganisms. Alterations in the cellular system bave serious consequences
on cellular stability and can lead to the formatafrviruses (Alberts et al., 2002). This paper addes the problem of infectious
cells formation, in terms of a virus that manipeatathe apoptotic pathway to ensure the perpetuafiiis own survival, inhibiting
the apoptosis of infected cells, allowing viral lfe@tion, activating only that of host cell defensechanisms. For example, by
destroying or damaging cells in the immune systii®,human immunodeficiency virus (HIV) progresssstroying the body's
ability to fight infections. The HIV virus differBom others in that it does not have the abilitygproduce independently, needing
a host to support reproduction. It inserts into Huost's DNA - copies of their DNA, so that when &l is stimulated to
reproduce, it also reproduces copies of the vippsgressively compromising the host's autoimmuisparse, leading to loss of
cellular function and host susceptibility to oppmistic infections (Alberts et al., 2002).

HIV belongs to a class of viruses called retness, which represent viruses that contain RNAyersetic material. After
infection of the cell, HIV uses an enzyme callederse transcriptase to convert RNA into DNA, couitiry its replication using
cell reproduction. HIV or immunodeficiency virustatks the immune system by destroying T-cells (Gpda type of white
blood cell that is vital in destroying and overcaminfections (Alberts et al, 2002). The destruttad these cells leaves people
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infected with HIV vulnerable to infections, diseasad other complications. The HIV virus does retenthe ability to reproduce
independently, so it needs a host to support regtazh. HIV infects white blood cells with the RNArus which, once inside the
cell, leads to the formation of a copy of its geegmwhich is inserted into the genome of the hoBf adich can cause AIDS
syndrome.

In short, the interaction between the virus aite cells (CD4 immune system cells) takes plaié the help of the envelope
glycoprotein of the virus-gp120 (Alberts et al.02). CD4 + T cells represent white blood cellshvétkey role in maintaining the
integrity of the function of the human immune systehrough the immune system understanding allnieehanisms of the
human body to fight infections and to eliminatenthand other dysfunctional cells. They organizeitheune system's response
to certain microorganisms, including bacteria, falngfections, and viruses, being vital in ensurihg proper functioning of the
body Alberts et al., 2002). Gp 120 is an envelofpmgin responsible for virus entry into the hodt, @ the glycoprotein on the
HIV envelope binds to CD4 receptors and allowslwiedls to enter the immune system cells, leadmgition proliferation and
cell infection (Alberts et al., 2002).

2. Approach

Models are more or less detailed representatibrideas, phenomena, processes, which take vafiouss, such as sketches,
graphs, or differential equations. They are mordegs successful approximations of the real wonlidh a certain utility or
purpose; most of the time, these being descriptiminghe functionalities of certain real processBsi et al., 2011). The
mathematical model is a system of mathematicatiogls, which describes the essential propertigh@foriginal. Solving a real
problem can be reduced to solving a mathematicatblpm, mathematical symbolism being one of the noashmonly used
means for describing the properties of the surrmgnavorld, primarily quantitative ones (Hinchliff@008). In mathematical
models, a particular type of model is representeditmulation models, which simulate the phenoméad tharacterize the real
system, studying the behavior of the system, agatves over time, in the form of a set of hypo#sesxpressed by relationships
mathematical, logical and symbolic (Holtje et 2D08).

Dynamic models are those that take into accehahges in the system over time (Ramachandran, 2Q418). A continuous
system is one in which the state variables charm#irmously over time, and a continuous model Wil the one that
approximates the real system, with a certain pwpo®st of the time, this is to describe the fuorality of the real process.
Exploiting molecular biology can be greatly fa@ti#d by molecular-based modeling (Van Gunstereal.e2006). A robust
review containing developments in HIV modeling i®yided in Perelson and Ribeiro (2013). Balasubraam et al. (2012)
provides useful information on the analysis of stebility and Hopf bifurcation of a mathematical aebof HIV infection of T-
cells, while Banks et al. (2008) provides a systérardinary differential equations to describe ffaghogenesis of HIV infection.
Kwon et al. (2012) proposes an age-structured malii@lving for variations in the virion productioate and the death rate of
infected T cells towards (Yuzbasi and Ismailov, 20Wvhich considers a different model for the hunmamunodeficiency virus
(HIV) infection - CD4+T-cells. Mircea et al. (200p)jovides a mathematical model with delay kernelti@ role of the immune
response time delay in periodic therapy of the ttanerhile Pawelek et al. (2012) introduces a medti two delays, fitting it to
viral load datafrom 10 patients during primary Hl\Mnfection.

Next, we will mathematically model the dynamifsthe HIV virus, a model that describes the dyr@if the interaction
between pathogens and the immune system. The pundake model is to study the properties and faansations of a real
biological process, subjecting the model to divendleiences. Initially, the model will be one withibperiods of time to express
the duration between the moment the virions efiercell and the actual replication in the host,@eild later to incorporate into
the model periods of delay, to observe the behavtmat this virus has on cells. during the latepesiod (such as a decrease in the
number of CD4 cells), the new model leading to el@inderstanding of HIV behavior.

A schematic representation of the real bioldgigatem is presented in Figure 1:
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Figure 1. Graphic model suggestive of the interaction betwienmune system cells and virus
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Apart from the model proposed by the schemaficasentation, the process can also be describetags of the mathematical
relations of the reactions that take place witliis tsystem (Ramachandran et al., 2008). To begih, wie made objective
assumptions about the process, choosing for matimheepresentation only three equations spetifithe three vital types of
behavior in describing biological events (ignorioidher classes of cells that did not provide infaioraabout HIV dynamics).
Delay was defined taking into account the behawdrgninfected cells, infected cells, and freeons. These behaviors describe
population dynamics, forming a system of 3 diffeéi@rordinary equations presented below.

For simplicity of writing, notations will be usedrfcertain terms, namely: CD4 the white blood ogéa cells notated with T, viral

particles with V and the CD4-virus complex withrdin infected cells.

The model without delay times is a continuouslel@xpressed by a system of differential equatiohthe form:

%%za—q*T—&*V*T—@*IVF
%%=K*V*T+&*I”T—%*I el
%%:@*|+m*|fr—%*v—&*v*T

where K + kg represents the kinetic coefficients of the systéme; rate constants that describe the rates ofdftiom of the

various components or resulting Compound§,+ d3 represent the rates of exit from the system oftlihee types of behaviors,

and the constanfr represents the rate of reproduction outside tséesy of immune system cells, i.e. the number dé c@D4
that already exists in the body before the virugmen
Assumptions made:

o target cells are produced with a constant rate, afie at the rate ad;, are infected by free virions with the ratekefand
by infected cells (if they already exist in the gpdith the rate oks;

o the interaction of immune system cells and virdisdead to the birth of infected cells, which diethe rate ofl, > dj,
reflecting the shortening of the life of infecteells and are produced by the interaction betweemyetaells and previous
infected cells or virions at ratég, respectivelyks;

o Free virions are produced by infected cells atrétte ofks, by the complex of CD4-gp120 cells at the rat&,acnd leave
the system at the rate @f, andks being eliminated by the interaction between CDs@nd existing virions;

The delayed model has different dynamics thanfitise because it can lead to population fluctuadiar system instability.
Scientists believe that there are 2 types of dp&jods: the first that occurs between contact Withvirus and its appearance in
cells and the second-delay between the initial Hif¢ction and the creation of new virions.

In this paper, we incorporated an intracelldafay into the model to describe the time periotivben the time of the initial
HIV infection of the host cell and the release eWwvirions into the body, resulting in a systendefayed differential equations.
Continuous model expressed by the same systentfferfatitial equations, but with delay times:

%%:a—q*T—h*va—n*Ta—n—@*|vr
%%=@*Va—ﬂ*Ta—n+kfl*T—dfl (2)
%%:@*|+m*|rr—%*v—&*va—n*Ta—n

The assumptions made are identidgl+ K, represent the same kinetic coefficients of theesysandd, +d, represent the

same exit rates from the system of the three tgbdmehaviors. The constamt represents the rate of reproduction outside the
system of the cells of the immune system, befoegometration of the virus. The only change isobeurrence of the delay time

in the interaction between target cells and viriddiscrete intracellular delay)(was introduced to describe the time required for
infected cells to produce virions after viral entiy order to study the effects that the delaygebtias on system dynamics and
stability. It was chosen equal to one day, theistidoncluding that the duration of viral produntie < 1.5.
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3. Discussion and results

For the graphical representation of the contisumodel without delay time and solving the syst&frmonlinear differential
equations, expressed by (2), the Matlab ode45 ifumdé$ used, a solver that calculates the valueth®ffunctions, obtained by
integrating differential equations, in the poingseived as a parameter, using the numerical teséroforder 4 and 5 of Runge-
Kutta type. For the results obtained below, we usdEdes of the kinetic constants, as well as ofgiedluction rate outside the
system, set at choice, in order to demonstrateptimeiple of the system. Thus, for different valuessociated with the model
parameters, we obtained various behaviors.

For example, in the graphs in Figure 2, it isedeed an increase in the concentration of healtilg until an equilibrium is
reached, thus keeping the cells in control and abrpmoliferation, while the concentration of infedt cells and of virions
decreases due to the values of the increased doaii@m of healthy cells. In this case, the immwystem is strong enough to
fight and win the "battle" with the viral cells.
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Figure 2. An increase concentration of healthy cells model

The graphs in Figure 3. show some changes caudgarthe first sets of graphs, such cases coukkpkained when the death
rate of target cells is very low, the rate of inégtcells is high due to virions that destroy te#, @nd viral cells they have a higher
rate than the target cells, but lower than thecitef@ cells.
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Figure 3. A desirable behavior in terms of death ratedHi¥ modelling

This kind of behavior would be desirable - innte of death rates. Once the disease is knowmugthviral entry has taken
place, immediate treatment could stop the spreattiohs and lead to a recovery of the immune syst@®n the other hand, if the
body is weakened, the individual is susceptibleaveral diseases, and the body will respond muaie slowly to treatment, so
there is a possibility that the immune system wiit recover. For the graphical representation efdbntinuous model with delay
times, expressed by (3), the Matlab dde23 funatidinbe used. Equations can no longer be solvetl wite 45, because the value
of the solution at tim# depends on the value of the solution at tintast, the function dde23 being the one that sallvese types
of differential equations with constant delay times

For the results obtained below, we also usedegbf the parameters set at choice, in order nwodstrate the principle of the
system, obtaining various behaviors. In Figure é,can see an initial increase in the concentratfdrealthy cells, followed by a
decrease in their stabilization, while the concatign of infected cells as well as that of viriansreases due to the values of low
cell concentration. In this case, the immune systeweakened and any additional infection causethbylisease can be fatal.
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Figure 4. A weakened immune system modeling case

The graphs in Figure 5. show some changes frenséts of graphs above, due to the oscillatingoreses of the behaviors.

1 12

0.9 1 11
0.8
0.7

06

concentratia T
concentratia |

05

concentratia de %

04

03

0.8 L L . L . L . 02 \ \ L L L . L I
0 10 20 30 40 50 60 70 80 0 10 20 30 40 a0 60 70 80 0

10 20 30 40 a0 60 70 80
timp

timp timp

Figure5. An example of the body's fight against the HIYugi

And in reality, these behaviors occur in HIV-jieg patients and signify the body's fight agaithe& virus to defend the immune
system. This is a happy case in which CD4 cellsagaro grow to the detriment of infected ones ahelsed virions. Treatment
is the one that decreases the number of infecttsl med increases the number of CD4 cells, stopfiegprogression of the
infection and thus reducing the death rates. Ferstmulation part, several categories of diseabaers were determined and
displayed graphically for both models without anithvdelay.

Thus, for a small number of healthy cells erigtin the system and fd(2> kl(i.e. for a larger number of target cells intenagti

with infected cells against viruses) the behavioFigure 6. is obtained, where we can conclude fitvathe patient, once the virus
enters the body, its cell proliferation begins bgreasing the number of infected cells and thustiraber of virions. Detected,

the virus will be able to be treated with drug4 ttegluce the number of infected cells and virideegping concentrations constant,
thus "helping" CD4 cells to grow in humber.
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Figure 6. Case modeling without and with delay fisg > k;

Different from the previous behavior by a largemmber of CD4 cells that were already in the batlyhe time of infection,
Figure 7 illustrates a case of a patient infecteth wllV who begins treatment, succeeding in a s@milvay, to stop cell
proliferation of virions, maintaining a constantmoer of viral particles, having control over theetise.
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Figure 7. Case modeling of control over the disease (witlzmat with delay model)

The graphs in Figure 8 shows the case in witiemumber of virions exceeds the number of CD4c#ie patient is in a more
advanced stage of the disease, fluctuations dhedke types of behavior occur, but eventually (adigout 150 days) the system
will stabilize and the disease will be kept undentcol.
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Figure 8. A case with number of virions >> the number of CGiddls

There are also cases, such as Figure 9, in V\kgem where the system response to the two types othadsl almost identical.

In this example, the patient begins treatment, Wwisiops the proliferation of infected cells, butsérg virions and those that
interact with host cells continue to reproducechéeg a very large number, the disease can no tdmgeontrolled, any other new
infection can be fatal.
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Figure 9. Case modeling without and with delay ikup a

4. Conclusions

There are currently over 30 million people liyiwith HIV worldwide. Every 6 seconds a new perbesomes infected, and it is
estimated that by the end of 2021 there will beartban 50 million HIV-infected people worldwide. Hbr immunodeficiency
virus is the one that attacks the immune systemdsyroying T cells (CD4 +), a type of white bloagll¢hat is vital in destroying
and overcoming infections. The destruction of themlés leaves people infected with HIV vulneraldeirifections, diseases, and
other complications. It should be noted that then&on immunodeficiency virus (HIV) is transmitted, ilghAIDS is not
transmitted. AIDS is a set of signs and symptoniga stage of infection. The 120 gp protein oa tlV envelope binds to CD4
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receptors, and after the intracellular delay asdediwith the production of viral protein capsitiéected cells release hundreds of
virions that affect T cells. Based on this biol@icformation, we studied the dynamics of the sitbrough a model with and
without delays, concluding that the system is adptigally stable for both types of models, thedatbeing much more realistic,
through oscillations and fluctuations in the thceenponents in the primary stages of infection.

The aim of this paper was to dynamically modiel interaction between immune system cells and ¢¢Ns, in order to obtain
information on the processes and overall behavigdh® system, as they evolve overtime, the preafictver time being in my
opinion, the simplest way for an infected patienuhderstand the stage of his disease. The matlvamatuations allowed the
voluntary modification of the different values bktparameters apart from those already obtained étmical analyzes and thus,
the submission of the model to various influences.

The originality of this work consists precisétymodeling the biological process that involves thteraction between virions
and human cells and the schematic reproductioheoféal system in the form of a similar system. ptexess of viral entry into
the body was simulated, based on graphs obtainiedigiions over time on the system. The biologjmalcess described and
modeled plays a very important role in the bestsiiids understanding of how viral cells interact hwitvhite ones, the
concentrations of each cell type in the body hagingtal role in keeping the disease under cordraiot.

Although much remains unknown about this probl@gngh mutation rate, rapid replication cycle, aodg, individual-to-
individual infection duration), new information dihe dynamic replication of the immune virus is agted from various
mathematical models, helping researchers to deved@panti-infectious research projects, mathemiaticaleling contributing to
a better understanding of the fundamentals of huvirah cell interaction, and may suggest new waysronitor and improve
current treatments, studies on the dynamics ofitiman autoimmune virus attracting more and mosnadn lately.

A potential direction of research related to thpic presented may be designing and implemerdirdjagnostic system in
medicine based on agents, a system that, accordiddferent key concepts (e.g. clinical data, k@sry data, age), is able to
make a decision about a type of treatment aftattifyéng a particular disease or stage of the disea
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