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Abstract

:

It is renowned that the immune reaction in the tumour micro environment is a complex cellular process that requires additional research. Therefore, it is important to interrogate the tracking path behaviour of tumor-immune dynamics to alert policy makers about critical factors of the system. Here, we use fractional derivative to structure tumor-immune interactions. Furthermore, in our research, we concentrated on the qualitative investigation and time series analysis of tumor-immune cell interactions. The solution routes are examined using a new numerical technique to emphasis the impact of the factors on tumor-immune system. We focused on the behaviour of the system with fluctuation of different values. The most crucial components of the proposed system are identified and policymakers are advised. The outcomes of the present study are the strong predictor of clinical success and the in-out of immune cells in a tumour is also critical to treatment efficacy. As a result, studying the behaviour of tumor-immune cell interactions is important to predict crucial factors for the prevention and management to the health officials.
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1. Introduction


The human immune system, according to immunologists, comprises two key elements that collaborate to defend the organism of host body against diseases. The innate mechanism is the first element while the adaptive mechanism is the second. In the first one, pathogens are met with a more widespread and quicker defence mechanism. Natural killer cells, neutrophil leukocytes and macrophages are among the cells involved in this process. Neutrophils travel with the help of tissue and flow in the host blood to destroy infections and germs in the body of the host. Monocytes move in a host’s bloodstream and have the ability to look for infected areas. The second reaction, on the other hand, is directed at a specific pathogen and takes longer to establish a defence than the innate response. T lymphocytes, B lymphocytes and dendritic cells are the cells of the second reaction mechanism. Dendritic cells initiate the adaptation process in this protective system, and then pathogens activate naive T cells. B lymphocytes create unique antibodies to a specific pathogen, whereas T lymphocytes make specialized cells including T regulatory, Cytotoxic T Lymphocytes, T memory cells and T helper cells to resist or fight an infection. Cytotoxic T Lymphocytes, commonly known as killer cells are the most effective cells which are also named CD8+ T-Cells. These cells destroy all the other cells not from the body of host and expresses T-cell receptors. It is reported that numerous substances from the outside and pathogens including viruses, bacteria and other microbes enter into the human body but the immune system attempt to block their reproduction in order to lessen the chances of infections.



It is reported that the most common cause of death is cancer in the world. The American Cancer Society estimates the current cancer burden by projecting the number of cases and deaths per year. In the United States, approximately 16 lakh new cases would be diagnosed in 2014, with roughly 5 lakh cancer fatalities [1]. Its formation and destruction processes are poorly understood. After cardiovascular illnesses, the second leading cause of death is cancer [2]. It is one of the three largest hazards to the global economy, according to the World Economic Forum (WEF), because of the rising cost of treatment, threats to productivity, and the consequences of expenditures on household deprivation [3]. The human body is made up of a variety of cell kinds. The division and enpension of these cells produces new cells in the body, however, sometimes new cells are created even when they are not required and tumor may be produced as a result of this. Tumors may be cancerous or noncancerous, a noncancerous tumour is a tumour cell mass that does not fragment or expand outside of its initial growing location. In general, noncancerous effects on the body are not dangerous and are simple to cure. When a benign tumour becomes large enough to interfere with regular physiological functioning, it becomes hazardous. Malignant tumours are hazardous non encapsulated tumour cell growths. Cancer cells, through lymph or blood channels, interfere with the normal functioning of organs over time. The term secondary tumour describes this stage. The growth of malignant cells is a complicated process that involves the interaction of many different cells. When tumour cells are detected as non-self in host body, the system of immune stimulated to seek out and eliminate them [4,5,6,7].



It has been acknowledged that mathematical models are a significant tool for visualising complicated biological processes and recommending efficient infection control approaches [8,9,10]. Different models in term of mathematics for cancer have been proposed in the literature to explain the complicated biological events of cancer using discrete, continuous, or hybrid assumptions [11,12,13,14]. The research presented in [15] gives a thorough summary of the many methodologies employed in modelling the tumor-immune system interaction dynamics. The authors in [16,17,18,19] used ODE’s to explore the interaction between tumour cells and several types of immune cells. The researchers in [5] investigate the nonlinear dynamics of immunogenic tumours, which include immunostimulation of tumour development, tumour sneaking through, and the establishment of a dormant tumour. In [18], the tumour was found to be dormant in a simple model, but there was tumour recurrence in the presence of immune cells in the time delay model. The notion of pray predictor [20,21,22], which showed single cell interactions, has been used to efficiently simulate a variety of biological events. For interactions between tumour cells and natural killer cells, the cell-by-cell method is effective. To depict the dynamics of tumour malignancy, the interactions of tumor-immune are portrayed on various scales with numerous hypothesize [23,24,25]. To depict the influence of immunotherapy on tumor-immune dynamics, a more accurate mathematical model is required. Our major goal in this work is to better understand the complicated non-linear processes of tumor-immune interactions with therapy by formulating it.



The theory of fractional-calculus is extremely important and has a wide range of applications in science and engineering [26,27]. It is reported that the framework of fractional-calculus gives a more flexible framework for formulating biological processes in mathematical biology [28]. In the literature, several fractional operators are developed to visualize the dynamics of different phenomena, however, some of these operators have limitations and cannot represent the crossover behaviour and singularity of a system. Recently, Caputo and Fabrizio [29] suggested a fractional derivative operator with a nonsingular and exponential kernel to get over these limitations. This operator has the benefit of a nonlocal and nonsingular kernel, making it ideal for describing and analysing the dynamics of biological events [30]. As tumor is a major issue for public health and more research is required to investigate the biology of tumor-immune interactions. Therefore, we use CF fractional framework to conceptualize the complex tumor-immune system in order to obtain more accurate results and examine tumor biology more accurately.



The article is structured as: A mathematical model of tumor-immune cells interactions is constructed through fractional derivatives in Section 2. The rudimentary results and theory of the fractional-calculus has been given in Section 3. In Section 4, of the paper, we introduced a novel numerical approach to study the tracking path of the system. We examined the tumor-immune dynamics with the variation of several input factors in Section 5. In Section 6, we offered the conclusion of the overall work.




2. Tumor-Immune Cells Dynamics


Resting cells and hunting cells are the main source to eradicate tumour cells in the body. Here, we assume that hunting cells can kill tumour while resting cells cannot. It is because of the tumour cells which create antigens on its outer surface, the cellular immune reaction recognises and removes them from the host. The antigenicity of the tumour determines the intensity of the immune response. T-cells carry out the immune system’s cellular response. T-cell’s surfaces have specific receptors like antibody that detect antigen fragments on the surface of tumour cells during maturation. The MHC molecule is a protein that distinguishes in non-self and self within resting T lymphocytes. Resting T cells engulf tumour cells and create a variety of growth factors known as cytokines, but they are unable to destroy tumour cells. The cytotoxic T lymphocytes are activated by cytokines, which are chemical messenger switches (hunting cells). Unlike resting T lymphocytes, cytotoxic T lymphocytes not only release a variety of cytokines but also kill tumour cells by producing a cytotoxic response which paralyses their prey.



We created a model of tumour formation in immune reaction based on the above biological process. The model is predicated on the following assumptions with resting cells R, hunting cells H and tumor cells T: The Michaelis Menten function considers that resting cells were also activated by the presence of malignant cells; A transformed hunting T cell will not move to the stage of resting; In the absence of tumour cells, logistic growth are followed by resting cells; through contact or direct touch, resting predator cells are transformed to hunting cells; According to the law of mass action, tumour cells and hunting predator cells are wiped off at a pace proportionate to their densities; A logistic growth function is anticipated for tumour cell proliferation without the presence of hunting CTL cells. In formulation of the model, the rate at which normal cells convert into tumor cells is indicated by ℏ while the tumor growth rate is denoted by   α 1   and the carrying capacity is symbolized by   k 1  . The parameters   β 1   and   β 2   represent the killing rate of T by H and H by T, respectively. The apoptosis rate of H and R are indicated by   d 2   and   d 3   while the carrying capacity and growth rate of R are represented by   α 2   and   k 2  . These assumptions lead to the below dynamics


       d T   d t     =    ℏ +  α 1  T  ( 1 −  T  k 1   )  −  β 1  T H ,        d H   d t     =     η 2  H R −  d 2  H −  β 2  H T ,        d R   d t     =     α 2  R  ( 1 −  R  k 2   )  − γ H R −  d 3  R +   ρ T R   T + η   ,      



(1)




with the condition


  T ( 0 ) ≥ 0 , H ( 0 ) ≥ 0 , a n d   R ( 0 ) ≥ 0 ,  








where the resting cells proliferation rate is indicated by  ρ  and proliferation for half saturation is indicated by  η . In addition to this, the rate at which the resting cells convert into hunting cells is indicated by  γ .



Non-integer or fractional operators, which have memory qualities and are useful for illustrating numerous natural phenomena, scientific truths, and facts with nonlocal dynamics, hereditary property and crossover behavior. It is well-known that the nature of mostly biological processes nonlocal, crossover and possess memory effects which can be effectively modelled through fractional operators. Hence, we modelled the intricate phenomena of tumor through fractional-calculus to represents its dynamical behavior more accurately. Thus, our tumour model (1) in fractional framework is given by


        0  C F    D t ϑ  T    =    ℏ +  α 1  T  ( 1 −  T  k 1   )  −  β 1  T H ,         0  C F    D t ϑ  H    =     η 2  H R −  d 2  H −  β 2  H T ,         0  C F    D t ϑ  R    =     α 2  R  ( 1 −  R  k 2   )  − γ H R −  d 3  R +   ρ T R   T + η   ,      



(2)




in which     0  C F    D t ϑ    indicates Caputo-Fabrizio derivative. In the upcoming section, we will present basic idea of fractional theory for the investigation of our tumor model.




3. Fractional Theory


In this part of research work, we will list basic knowledge of Caputo-Fabrizio(CF) derivative to investigate our tumour-immune dynamics. The rudimentary theory is given as:



Definition 1. 

Let us suppose   k ∈  D 1   ( q , r )   , then the CF derivative [29] is given by the below


       D n ℑ   ( k  ( n )  )  =   U ( ℑ )   1 − ℑ    ∫ q n   k ′   ( t )  exp  − ℑ   n − t   1 − ℑ    d t ,      



(3)




in which ℑ is the order derivative with   ℑ ∈ [ 0 , 1 ]  . If   k ∉  D 1   ( q , r )   , then the below mentioned is obtained


       D n ℑ   ( k  ( t )  )  =   ℑ U ( ℑ )   1 − ℑ    ∫ q n   ( k  ( n )  − k  ( t )  )  exp  − ℑ   n − t   1 − ℑ    d t .      



(4)









Remark 1. 

Let us take   γ =   1 − ℑ  ℑ  ∈  [ 0 , ∞ )    and   ℑ =  1  1 + γ   ∈  [ 0 , 1 ]   , then Equation (4) covert into the below


       D n ℑ   ( k  ( n )  )  =   N ( α )  α   ∫ q n   k ′   ( t )   e  [ −   n − t  γ  ]   d t ,  N  ( 0 )  = N  ( ∞ )  = 1 .      



(5)




In addition to this,


       lim  γ ⟶ 0    1 γ  exp  −   n − t  γ   = δ  ( t − n )  .      



(6)









Definition 2. 

For a given function k, the following represents fractional integral


       I n ℑ   ( k  ( n )  )  =   2 ( 1 − ℑ )   ( 2 − ℑ ) U ( ℑ )   k  ( t )  +   2 ℑ   ( 2 − ℑ ) U ( ℑ )    ∫ 0 n  d  ( u )  d u ,    n ≥ 0 .      



(7)




in which    I n ℑ   ( k  ( n )  )    indicates fractional integral in CF sense of order ℑ.





Remark 2. 

After the simplification of Definition 2, we have


        2 ( 1 − ℑ )   ( 2 − ℑ ) U ( ℑ )   +   2 ℑ   ( 2 − ℑ ) U ( ℑ )   = 1 ,      



(8)




with   U  ( ℑ )  =  2  2 − ℑ    ,   0 < ℑ < 1  . Thus, the below new definition is obtained in [31] by utilizing Equation (8) in the form


       D n ℑ   ( k  ( n )  )  =  1  1 − ℑ    ∫ 0 t   k ′   ( t )  exp  ℑ   n − t   1 − ℑ    d x ,    0 < ℑ < 1 .      



(9)










4. Novel Numerical Technique for The System


In this section, the main purpose is to demonstrate the dynamical behaviour of the recommended fractional model (2) of tumor-immune interaction. Several numerical techniques for Caputo-Fabrizio fractional systems have been proposed in the literature to emphasise their dynamics [32,33,34]. We will use the [34] scheme to depict the dynamics of our fractional system (2) of tumor, since it is more trustworthy, simple to implement, and stable. To proceed further, we take the first equation of our suggested model of tumor-immune interaction as follows


   w 1   ( t )  −  w 1   ( 0 )  =   1 − ℑ   U ( ℑ )    D 1   ( n ,  w 1  )  +  ℑ  U ( ℑ )    ∫ 0 n   D 1   ( ω ,  w 1  )  d ω .  



(10)




Here, take   n =  n  e + 1   , e = 0 , 1 , … ,   we have


   w 1   (  n  e + 1   )  −  w 1   ( 0 )  =   1 − ℑ   U ( ℑ )    D 1   (  n e  ,  w 1   (  n e  )  )  +  ℑ  U ( ℑ )    ∫ 0  n  e + 1     D 1   ( n ,  w 1  )  d n .  



(11)




and


   w 1   (  n e  )  −  w 1   ( 0 )  =   1 − ℑ   U ( ℑ )    D 1   (  n  e − 1   ,  w 1   (  n  e − 1   )  )  +  ℑ  U ( ℑ )    ∫ 0  n e    D 1   ( n ,  w 1  )  d n .  



(12)




The difference terms are as


   w  1  e + 1    −  w  1 e   =   1 − ℑ   U ( ℑ )     D 1   (  n e  ,  w  1 e   )  −  D 1   (  n  e − 1   ,  w  1  e − 1    )   +  ℑ  U ( ℑ )    ∫   n e    n  e + 1     D 1   ( n ,  w 1  )  d t .  



(13)




In addition to this, the function    D 1   ( n ,  w 1  )    is approximated on   [  n k  ,  n  k + 1   ]   as follows


   P k   ( n )  ≅    D 1   (  n k  ,  w k  )   d   ( n −  n  k − 1   )  −    D 1   (  n  k − 1   ,  w  k − 1   )   d   ( n −  n k  )  ,  



(14)




where   d =  n e  −  n  e − 1     representing the time. The following integral is determined with the help of    P k   ( n )   , given by


       ∫   n e    n  e + 1     D 1   ( n ,  w 1  )  d n  =     ∫   n e    n  e + 1        D 1   (  n e  ,  w  1 e   )   d   ( n −  n  e − 1   )  −    D 1   (  n  e − 1   ,  w  1  e − 1    )   d   ( n −  n e  )   d n ,        =   3 d  2   D 1   (  n e  ,  w  1 e   )  −  d 2   D 1   (  n  e − 1   ,  w  1  e − 1    )  .      



(15)




Putting (15) in (13), we have


     w  1  e + 1    =     w  1 e   +    1 − ℑ   U ( ℑ )   +   3 ℑ d   2 U ( ℑ )     D 1   (  n e  ,  w  1 e   )         −    1 − ℑ   U ( ℑ )   +   ℑ d   2 U ( ℑ )     D 1   (  n  e − 1   ,  w  1  e − 1    )  ,     



(16)




which is a numerical technique for the solution of system (2) of tumour-immune interaction. Proceeding in the same way, we get


     w  2  e + 1    =     w  2 e   +    1 − ℑ   U ( ℑ )   +   3 ℑ d   2 U ( ℑ )     D 2   (  n e  ,  w  2 e   )         −    1 − ℑ   U ( ℑ )   +   ℑ d   2 U ( ℑ )     D 2   (  n  e − 1   ,  w  2  e − 1    )  ,     



(17)




and


     w  3  e + 1    =     w  3 e   +    1 − ℑ   U ( ℑ )   +   3 ℑ d   2 U ( ℑ )     D 3   (  n e  ,  w  3 e   )         −    1 − ℑ   U ( ℑ )   +   ℑ d   2 U ( ℑ )     D 3   (  n  e − 1   ,  w  3  e − 1    )  .     



(18)




This approach is a two-step Adams-Bashforth strategy for the Caputo-Fabrizio operator that takes into consideration the kernel’s nonlinearity as well as the exponential decay rule. The suggested scheme’s stability and convergence are discussed in depth in [34].




5. Results and Discussion


To simulate the suggested model, we employed the numerical approach described above in Section 4. Our main aim is to perform numerical simulations to illustrate the influence of the input components on the solution paths of the system. We shall propose the most crucial aspects of the tumor-immune cell system based on our experimental findings. The oscillatory and chaotic nature of the system is investigated through different input parameters. It is well-known that the chaos of system leads to unexpected results and it is the name given to unexpected and irregular behaviour of the system. It discusses the traits of the change from order to chaos or from stability to instability. Here, our main concern is to visualize the dynamical behaviour of tumor-immune system and point out the most sensitive parameters responsible for the chaos of the system.



We presented the dynamical behaviour of the recommended system of tumor-immune with different values of fractional parameter in the first simulation shown in Figure 1, Figure 2 and Figure 3 to emphasise the influence of fractional order on the system’s solution paths. The influence of the fractional order on the system’s dynamical behaviour was seen, demonstrating the parameter’s efficacy and predicting that it may be employed as a system control parameter. In the second simulation illustrated in Figure 4, Figure 5, Figure 6 and Figure 7, we take different values of the input parameter   d 2   to show the contribution of this parameter in the dynamics of tumor-immune. The tracking path behaviour and the chaos of the system has been visualized in Figure 6 by taking    α 2  = 2.345  . In this simulation, we observed the effect of   α 2   on the system of tumor-immune. In the last simulation, we take the input value    α 1  = 2.355   to show the impact of a1 on the dynamics. The chaotic behaviour of the system illustrates how little disturbances may result in significant changes in the system. These chaotic plots show how unstable the system is and how susceptible it is to initial conditions, making it unpredictable. Our research showed that the nonlinearity of the system significantly increases oscillation and chaos, and that these two behaviours are closely related. The results of this numerical study anticipate the complex interactions between tumour and immune cells, suggesting that more suitable values of parameter and state-variables are needed to lesson the chaotic nature of the dynamics.



The relationship of tumour cells as prey and the immune system as predator, which comprises of hunting and resting cells, has been investigated. A greater knowledge of the immune system’s role in dormancy might lead to the development of immunological therapeutics to inhibit the advancement of the tumor and the subsequent switch from dormancy to tumor growth. Our research might lead to new clinical detection approaches and therapy alternatives for preventing lethal tumor recurrence and spread. The outcome of this dynamic is a strong predictor of clinical success, and immune cell penetration into, or exclusion from, a tumour is also critical to immunotherapy efficacy. The numerical findings and quantitative analysis alerts policy makers and health officials to the system’s most important aspects for control and prevention.




6. Concluding Remarks


In this work, we constructed a mathematical model for the interactions of tumor-immune cells in the framework of the fractional derivative to obtain more accurate results. The basic results of fractional-calculus are presented for the analysis of the system. The outcomes showed that mathematical modelling can provide unique insights into these interactions. We investigated the dynamical behaviour of the tumor-immune interactions numerically. A novel numerical technique is provided to illustrate the influence of the different input factors on the output of the system. We have shown the impact of input parameters of the system to conceptualize the role of these parameters. The chaotic phenomena and oscillation of the system have been illustrated to identify the most sensitive parameter which disturbs the stability of the system. The most essential factors of tumor-immune cell dynamics are identified and recommended for future investigation to public health professionals. Our finding suggested that more suitable values of state-variables and parameters are needed to reduce the chaos of the system. We predicted that the oscillatory and chaotic nature of the system is interlinked and is due to the strong nonlinearity of the system.
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Figure 1. Tracking path behaviour of (a) tumor cells T, (b) hunting T-cells H, (c) resting T-cells R and chaotic phenomena of (d) hunting T-cells H vs. resting T-cells R, (e) tumor cells T vs. resting T-cells R, (f) tumor cells T vs. hunting T-cells H with fractional order   ϑ = 1  . 
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Figure 2. Tracking path behaviour of (a) tumor cells T, (b) hunting T-cells H, (c) resting T-cells R and chaotic phenomena of (d) hunting T-cells H vs. resting T-cells R, (e) tumor cells T vs. resting T-cells R, (f) tumor cells T vs. hunting T-cells H with fractional order   ϑ = 0.9  . 
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Figure 3. Tracking path behaviour of (a) tumor cells T, (b) hunting T-cells H, (c) resting T-cells R and chaotic phenomena of (d) hunting T-cells H vs. resting T-cells R, (e) tumor cells T vs. resting T-cells R, (f) tumor cells T vs. hunting T-cells H with fractional order   ϑ = 0.8  . 
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Figure 4. Analysis of tracking path behaviour of (a) tumor cells T, (b) hunting T-cells H, (c) resting T-cells R and chaotic phenomena of (d) hunting T-cells H vs. resting T-cells R, (e) tumor cells T vs. resting T-cells R, (f) tumor cells T vs. hunting T-cells H with input parameter    d 2  = 5  . 
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Figure 5. Analysis of tracking path behaviour of (a) tumor cells T, (b) hunting T-cells H, (c) resting T-cells R and chaotic phenomena of (d) hunting T-cells H vs. resting T-cells R, (e) tumor cells T vs. resting T-cells R, (f) tumor cells T vs. hunting T-cells H with input parameter    d 2  = 7.5  . 
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Figure 6. Graphical view analysis of (a) tumor cells T, (b) hunting T-cells H, (c) resting T-cells R and chaotic phenomena of (d) hunting T-cells H vs. resting T-cells R, (e) tumor cells T vs. resting T-cells R, (f) tumor cells T vs. hunting T-cells H with input parameter    α 2  = 2.345  . 
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Figure 7. Analysis of tracking path behaviour of (a) tumor cells T, (b) hunting T-cells H, (c) resting T-cells R and chaotic phenomena of (d) hunting T-cells H vs. resting T-cells R, (e) tumor cells T vs. resting T-cells R, (f) tumor cells T vs. hunting T-cells H with   ϑ = 0.6   and    α 1  = 2.355  . 
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