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ABSTRACT 

Tumor angiogenesis is a process of growing new blood vessels from existing ones. The 
process of inhibiting tumor angiogenesis is anti-angiogenesis. There is a high incidence of 
Cluster of Differentiation 147 (CD147) on tumor surfaces and this is an important 
contributing factor to drive tumor angiogenesis. In this paper, mathematical models of anti-
angiogenesis are presented which inculcates injecting a generalized anti-CD147 drug into 
the tumor tissue. Equations relating to the concentrations of Endothelial Cells (ECs), Tumor 
Angiogenesis Factors (TAFs), Fibronectin, Matrix Metallo Proteinases (MMPs), CD147, anti-
CD147 drug and tumor cells are modeled as Partial Differential Equations (PDEs). The drug-
receptor binding kinetics are considered in the model. Different drug dose options are also 
examined. The effect of the drug on EC migration are presented. The simulations are 
performed using COMSOL Multiphysics 5.4 software and a particular anti-CD147 drug is 
used for the simulations. The results indicate that the anti-CD147 drug considered in the 
simulations, help in slowing down the angiogenesis process with sufficient drug dose 
conditions as expected. Under specific conditions, these results agree well with the existing 
theoretical and experimental results. Further, it is seen that the application of the drug on 
EC migration effectively curbs the angiogenesis process. 
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1. Introduction 
Angiogenesis is the process of growing new blood vessels from already existing vessels. Tumor angiogenesis is a 

crucial process for the survival of the tumor. In 1971, Folkman proposed that tumors do not have the capacity to sustain 
with only diffusion of nutrients from their surrounding tissues and they require their own supply of blood vessels to grow 
beyond 1mm - 2mm in diameter (Folkman, 1971). At this juncture, tumor angiogenesis is initiated by the tumor and this is 
done by secreting Tumor Angiogenesis Factors (TAFs). Among TAFs, Vascular Endothelial Growth Factor (VEGF) plays the 
most important role in angiogenesis. These TAFs diffuse into the surroundings and create a chemical gradient. The 
Endothelial Cells (ECs) move in response to this gradient resulting in chemotaxis. The ECs move towards the tumor and 
tube formation occurs. Branching (sprout formation) then occurs along with loop formation or anastomosis (Paweletz & 
Knierim, 1989). There are other factors which help in angiogenesis like fibronectin which is an adhesion molecule and it 
creates a gradient. The movement of the ECs towards this bound substance is termed haptotaxis. The ECs will bind to this 
bound fibronectin and hence move slowly towards the tumor (Paweletz & Knierim, 1989). Matrix Metallo Proteinases 
(MMPs) fall under a class of enzymes which help in degrading the Extra Cellular Matrix (ECM) and ensuring a space for 
the tumor to grow new blood vessels. The different roles of MMPs in angiogenesis are reviewed by Rundhaug (Rundhaug, 
2005). MMPs are largely induced by Cluster of Differentiation147 (CD147) or Extracellular Matrix Metallo Proteinases 
Inducer (EMMPRIN). CD147 is a transmembrane glycoprotein which is found in large quantities on tumor surfaces. Its 
major role is in inducing MMPs and increasing the concentration of VEGF by activating the Vascular Endothelial Growth 
Factor Receptor-2 (VEGFR-2) (Wang et al., 2016). When the tumor becomes vascularized, it renders the escape of many 
cells and these cells move through the blood stream to set up secondary tumors elsewhere in the body. This process of 
spreading of the tumor is termed as metastasis (Leber & Efferth, 2009). In 1972, Folkman also proposed that anti-
angiogenic therapy, a process of inhibiting angiogenesis, might prove to be an essential treatment strategy to prevent 
metastasis (Folkman, 1972). There are other factors that are secreted by the tumor like endostatin and angiostatin, which 
are termed as anti-angiogenic factors. The inhibition of angiogenesis depends on the concentrations of endostatin and 

LETTERS IN BIOMATHEMATICS 
An International Journal 

 
 OPEN ACCESS 



32 

 

BHOOMA. S, VIMALA. P: Effects of a Generalised Anti-CD147 Drug on Tumor Angiogenesis - A Pharmacological... 
   

 

angiostatin (Lupo et al., 2017). Inhibition/down-regulation of CD147 resulted in reduction of VEGF concentration leading to 
slower growth of the tumor as seen experimentally in Chen et al. (Chen et al., 2012). Inhibition of CD147 is done by using 
anti-CD147 antibody (Wang et al., 2012) or the down-regulation of CD147 is done by using RNAi (Chen et al., 2015). 
Mathematically modeling the growth of tumor angiogenesis and the process of inhibition, help us in under- standing the 
details of experimental design. Modeling the aspects of avascular tumor growth in tumor spheroids started in the 1980s. 
However, a more realistic approach was developed in 1998 by Anderson and Chaplain (Anderson & Chaplain, 1998), in 
which they described a capillary sprout formation using continuous and discrete mathematical models. Mathematical 
models of anti-angiogenesis were developed in the 1990s but were brought to a fine shape by Anderson et al. (Anderson 
et al., 2000). In their model, the authors considered the concentration of angiostatin and its effects on the ECs. They 
discussed the suppression of the secondary tumor by the primary tumor and also considered the size of the tumor. They 
concluded that larger the size of the primary tumor, more will be the inhibition on angiogenesis. Zhao et al. (Zhao et al., 
2017), extended the work of Anderson et al. and developed a three-dimensional model for angiogenesis and included the 
effects of angiostatin (derived from primary tumor) on angiogenesis (Anderson et al., 2000). They concluded that 
angiostatin has the potential to inhibit tumor vascular growth, branching and anastomosis. Modeling in anti-angiogenic 
therapy has seen many advances in the past decades, specifically pharmacological modeling of drug discovery and drug 
delivery. The crux of a pharmacological model is to study a biological system under the impact of a drug. Further, the 
amount of the drug to be given and the duration the drug has to be administered are determined with the help of a 
pharmacological model. This has a greater reach in assisting the course of therapy for individual patients (Krzyzanski, 
2013). The kinetics of the drug and receptor help in exploring the correlation between the drug concentration and the drug 
impact. The binding of a drug to a receptor result in elucidating the response of a drug (Dick, 2011). This interaction leads 
to the formation of a drug-receptor complex. The development of a drug-receptor complex reveals the amount of receptor 
molecules engaged by the drug molecules. This is measured by the affinity of the drug to the receptor. Affinity for a drug 
is defined as the attraction of the drug to the receptor and the time for which the binding sustains. The reverse measure 
is dissociation, that is, the detachment of the drug-receptor complex into drug and receptor. In general, if 𝐷𝐷 represents the 
drug concentration and 𝑅𝑅 represents the receptor concentration, then 𝐷𝐷𝑅𝑅 represents the drug-receptor complex 

concentration and 𝐷𝐷 + 𝑅𝑅 ⇄
𝑘𝑘+1

𝑘𝑘−1
𝐷𝐷𝑅𝑅 represents the equation for the complex. Here, 𝑘𝑘+1 and 𝑘𝑘−1 are the association and 

dissociation constants, respectively. The binding kinetics are largely expressed with the help of equilibrium dissociation 
constant which is defined as 𝐾𝐾𝐷𝐷 = 𝑘𝑘−1

𝑘𝑘+1
.  

 

Figure 1: The Drug-Receptor Binding 

Figure 1 illustrates the binding of the drug to the receptor resulting in the formation of the complex and the process 
of dissociation of the complex into drug and receptor. The response produced due to the binding of the drug to the receptor, 
can either be activation of the receptor or blockage of the receptor action. The former is termed as an agonist and the latter 
as an antagonist. Among antagonists, competitive antagonists are the main focus for various therapies. A competitive 
antagonist is one which competes with the agonists to occupy the same sites of the receptor, thus resulting in obstruction 
of the agonist. The response of the drug is mathematically expressed by the 𝐸𝐸max model. The 𝐸𝐸max model for agonists is 
given by 𝐸𝐸 = 𝐸𝐸max

𝐶𝐶
𝐶𝐶+𝐾𝐾𝐷𝐷

, where 𝐶𝐶 is the agonist concentration, 𝐸𝐸 is the effect produced, 𝐸𝐸max is the maximum effect 

produced by the agonist and 𝐾𝐾𝐷𝐷 is the equilibrium dissociation constant of the agonist. The 𝐸𝐸max model for competitive 
antagonists is given by 𝐸𝐸 = 𝐸𝐸max

𝐶𝐶

𝐶𝐶+𝐾𝐾𝐷𝐷�1+
𝐷𝐷

𝐾𝐾𝐷𝐷,𝑎𝑎
�
, where 𝐶𝐶,𝐸𝐸,𝐸𝐸max and 𝐾𝐾𝐷𝐷 are the quantities for agonist as before, 𝐷𝐷 is the 

antagonist concentration and 𝐾𝐾𝐷𝐷,𝑎𝑎 is the equilibrium dissociation constant of the antagonist (Salhabdeen & Niahsitha, 2017). 
In a paper by Billy et al., the authors developed a mathematical formulation using the classical 𝐸𝐸max  model for angiostatin 
therapy (Billy et al., 2009). They found that there is a critical drug threshold and if the treatment duration is increased 
beyond this threshold, the treatment leads to a loss in drug efficacy. In Liao et al., the dosages of a drug were considered 
and an expression for the rate of the dosage was modeled as a function of time (Liao et al., 2014), indicating intermittent 
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drug dosages.  
Also, the efficacy of the drug was considered by comparing continuous dosing and intermittent dosing. Cai et al. 

developed a multi-scale model to study the effects of endostatin drug on tumor angiogenesis (Cai et al., 2016). Having 
considered drug injection rate at different times, they concluded that large doses of the drug causes EC apoptosis and 
reduction in the size of the tumor at the 'emergence of angiogenic phase'. In a paper by Oduola and Li, a model for tumor 
drug effects using stochastic hybrid system was developed (Oduola & Li, 2018). A multiscale model was developed for the 
subcellular, cellular and multicellular levels. They showed that there was a repression of tumor growth when the drug 
dosage was high. In the present paper, generalized mathematical models are developed to study the inhibition of TAFs and 
MMPs that are induced by CD147. This is done with the help of a generalized anti-CD147 drug. The motivation of this 
research is the fact that CD147 acts as a major driving force for tumor angiogenesis to take place. An anti-CD147 antibody 
can block the increase in the concentrations of TAFs and MMPs that are induced by CD147 (Wang et al., 2016). The main 
goals of these models are to understand the effect of anti-CD147 drug and to determine a possible drug dosage regimen. 
The models are developed with the pharmacological effects of the drug taken into account. The effect of the drug is 
considered with the help of the 𝐸𝐸max   model for competitive antagonists. The drug-receptor binding kinetics are used for 
the drug binding to the CD147 receptor which is present on tumor cells. The novelty of the models is that it considers a 
general anti-CD147 drug concentration and the effect of the drug on TAFS and MMPs. The tumor cell proliferation is also 
inhibited with the help of the drug. The drug dose conditions and the effect of the drug directly applied to EC migration are 
also examined. The injection rate of the drug is taken into account by considering a temporal function that releases the 
drug after a certain period of time. 

2. Mathematical Model 
This paper deals with generalized pharmacological-based mathematical models of anti-CD147 drug and its effects on 

ECs, TAFs, MMPs and tumor proliferation under different drug doses. The notations for the dimensional quantities are as 
follows- 𝑛𝑛∗ for density of ECs, 𝑐𝑐∗ for concentration of TAFs, 𝑓𝑓∗ for concentration of fibronectin, 𝑚𝑚∗ for concentration of 
MMPs, 𝑏𝑏∗ for concentration of CD147, 𝑑𝑑∗ for concentration of antiCD147 drug and 𝑇𝑇∗ for density of tumor cells. The 
corresponding non-dimensional quantities are denoted by 𝑛𝑛, 𝑐𝑐, 𝑓𝑓,𝑚𝑚, 𝑏𝑏,𝑑𝑑 and 𝑇𝑇, respectively. To examine the effect of the 
anti-CD147 drug on EC migration, two cases are considered - in the absence of the drug on EC chemotaxis and in the 
presence of the drug on EC chemotaxis. 

2.1 Case 1: In the absence of the drug on EC chemotaxis 
The CD147 effect is assumed to be implicit on ECs, through TAFs, fibronectin and MMPs. The ECs react to TAFs in a 

chemotactic manner. Also, the haptotaxis term for fibronectin and the random motility of the ECs are considered. Since the 
anti-CD147 drug targets CD147, its effect on ECs is not explicitly considered. Thus, the EC conservation equation is given 
by 

∂𝑛𝑛∗

∂𝑡𝑡∗
= 𝐷𝐷𝑛𝑛∗∇2𝑛𝑛∗ − ∇ ⋅ (𝜒𝜒𝑐𝑐∗𝑛𝑛∗∇𝑐𝑐∗) − ∇ ⋅ (𝜌𝜌0∗𝑛𝑛∗∇𝑓𝑓∗)                 (1) 

where 𝐷𝐷𝑛𝑛∗ is the co-efficient of diffusion of ECs, 𝜒𝜒(𝑐𝑐∗) is the TAF chemotaxis function which is given by 𝜒𝜒(𝑐𝑐∗) =
(𝜒𝜒0∗𝑘𝑘∗)

(𝑘𝑘∗+𝑐𝑐∗)
, with 𝜒𝜒0∗ > 0 as the co-efficient of TAF chemotaxis, 𝑘𝑘∗ > 0,𝜌𝜌0∗ > 0 is the co-efficient of fibronectin haptotaxis and 

𝑡𝑡∗ is the dimensional time. Experimental evidence suggests that CD147 increases VEGF concentration (Wang et al., 2016) 
and since the drug is being injected to make CD147 inactive, there is inhibition of TAF production by CD147. 
Pharmacological modeling is used to consider the effect of the drug, with the help of the Emax model. The production of 
TAFs by tumor cells is also considered. Thus, the equation for the concentration of TAFs is taken to be 

∂𝑐𝑐∗

∂𝑡𝑡∗
= −𝜂𝜂∗𝑛𝑛∗𝑐𝑐∗ +

⎣
⎢
⎢
⎢
⎡ 𝐸𝐸max

𝑏𝑏,𝑐𝑐
 

1 +
𝐾𝐾𝐷𝐷𝑏𝑏,𝑐𝑐
∗

𝑏𝑏∗ �1 + 𝑑𝑑∗
𝐾𝐾𝐷𝐷𝑑𝑑,𝑐𝑐
∗ �

⎦
⎥
⎥
⎥
⎤
𝑏𝑏∗ + 𝜆𝜆1∗𝑇𝑇∗                      (2) 

where 𝜂𝜂∗ is the consumption rate of TAF by the ECs, 𝐸𝐸max 𝑏𝑏,𝑐𝑐 is the maximum effect of CD147 on TAFs, 𝜆𝜆1∗  is the rate 
of production of TAFs by tumor cells, 𝐾𝐾𝐷𝐷𝑏𝑏,𝑐𝑐

∗  and 𝐾𝐾𝐷𝐷𝑑𝑑,𝑐𝑐
∗  are the equilibrium dissociation constants of CD147 and anti-CD147 

drug, respectively, both with respect to TAF. The fibronectin is produced by ECs and is also taken up by the ECs. The effect 
of MMPs on fibronectin are considered in the equation. Hence, the fibronectin concentration equation is given as 
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∂𝑓𝑓∗

∂𝑡𝑡∗
= 𝛽𝛽∗𝑛𝑛∗ − 𝛾𝛾∗𝑛𝑛∗𝑓𝑓∗ − 𝜅𝜅∗𝑚𝑚∗𝑓𝑓∗                             (3)         

where 𝛽𝛽∗ is the rate of production of fibronectin by the ECs, 𝛾𝛾∗ is the rate of consumption of fibronectin by ECs, 𝜅𝜅∗ 
is the uptake rate of fibronectin by MMPs. The concentration of MMPs is increased by CD147 (Wang et al., 2016) and this 
is inhibited with the help of the drug using the 𝐸𝐸max  model. The diffusion and decay of the MMPs are also considered. The 
production of MMPs by tumor cells are included. Hence, the MMP equation is given by 

∂𝑚𝑚∗

∂𝑡𝑡∗
= 𝐷𝐷𝑚𝑚∗ ∇2𝑚𝑚∗ − 𝜎𝜎∗𝑚𝑚∗ +

⎣
⎢
⎢
⎢
⎡

𝐸𝐸max 𝑏𝑏,𝑚𝑚

1 +
𝐾𝐾𝐷𝐷𝑏𝑏,𝑚𝑚
∗

𝑏𝑏∗ �1 + 𝑑𝑑∗
𝐾𝐾𝐷𝐷𝑑𝑑,𝑚𝑚
∗ �

⎦
⎥
⎥
⎥
⎤
𝑏𝑏∗ + 𝜆𝜆2∗𝑇𝑇∗                     (4) 

where 𝐷𝐷𝑚𝑚∗  is the diffusion co-efficient of the MMPs, 𝜎𝜎∗ is the decay rate of the MMPs, 𝐸𝐸max 𝑏𝑏,𝑚𝑚 is the maximum effect 
of CD147 on MMPs, 𝜆𝜆2∗  is the rate of production of MMPs by tumor cells, 𝐾𝐾𝐷𝐷𝑏𝑏,𝑚𝑚

∗  and 𝐾𝐾𝐷𝐷𝑑𝑑,𝑚𝑚
∗  are the equilibrium dissociation 

constants of CD147 and anti-CD147 drug, respectively, both with respect to MMPs. The CD147 conservation equation 
consists of the diffusion of CD147, natural decay of CD147 and the binding effect. The drug binds to the CD147 receptor 
present on tumor cells which is considered through the binding term. Therefore, the equation for CD147 is given by 

∂𝑏𝑏∗

∂𝑡𝑡∗
= 𝐷𝐷𝑏𝑏∗∇2𝑏𝑏∗ − 𝛿𝛿∗𝑏𝑏∗ −

⎣
⎢
⎢
⎢
⎡ 𝐵𝐵max

𝑏𝑏
 

1 +
𝐾𝐾𝐷𝐷𝑏𝑏,𝑏𝑏
∗

𝑏𝑏∗ �1 + 𝑑𝑑∗
𝐾𝐾𝐷𝐷𝑑𝑑,𝑏𝑏
∗ �

⎦
⎥
⎥
⎥
⎤
𝑇𝑇∗                (5) 

where 𝐷𝐷𝑏𝑏∗ is the diffusion co-efficient of CD147, 𝛿𝛿∗ is the decay rate of CD147, 𝐵𝐵max 𝑏𝑏 is the maximum binding, 𝐾𝐾𝐷𝐷𝑏𝑏,𝑏𝑏
∗  

and 𝐾𝐾𝐷𝐷𝑑𝑑,𝑏𝑏
∗  are the equilibrium dissociation constants of CD147 and anti-CD147 drug, respectively, both with respect to 

CD147. The CD147 molecules that are shed by extracellular vesicles (Hatanaka et al., 2019), also bind to the CD147 receptor 
in a homophilic manner (Hanna et al., 2003) and hence the term 𝐾𝐾𝐷𝐷𝑏𝑏,𝑏𝑏

∗  is considered. The anti-CD147 drug will diffuse into 
the cells and will have a natural decay. The rate of injection is considered as a function of time. The binding of the drug to 
the CD147 receptor is considered as a binding term. Hence, the equation for the anti-CD147 drug is given by 

∂𝑑𝑑∗

∂𝑡𝑡∗
= 𝐷𝐷𝑑𝑑∗∇2𝑑𝑑∗ − 𝜔𝜔∗𝑑𝑑∗ + 𝑎𝑎(𝑡𝑡∗) −

⎣
⎢
⎢
⎢
⎡ 𝐵𝐵𝑚𝑚𝑎𝑎𝑚𝑚

𝑑𝑑
 

1 +
𝐾𝐾𝐷𝐷𝑑𝑑,𝑏𝑏
∗

𝑑𝑑∗ �1 + 𝑏𝑏∗
𝐾𝐾𝐷𝐷𝑏𝑏,𝑑𝑑
∗ �

⎦
⎥
⎥
⎥
⎤
𝑇𝑇∗                 (6) 

where 𝐷𝐷𝑑𝑑∗ is the diffusion co-efficient of anti-CD147 drug, 𝜔𝜔∗ is the decay rate of anti-CD147 drug, 𝐵𝐵max  is the 
maximum binding, 𝐾𝐾𝐷𝐷𝑑𝑑,𝑏𝑏

∗  and 𝐾𝐾𝐷𝐷𝑏𝑏,𝑑𝑑
∗  are the equilibrium dissociation constants of anti-CD147 drug and CD147, respectively, 

both with respect to CD147, 𝑎𝑎(𝑡𝑡∗) is the injection rate of the drug given by 𝑎𝑎(𝑡𝑡∗) = (𝑡𝑡∗ − 𝑡𝑡𝑖𝑖∗)𝑝𝑝
∗𝑒𝑒−�𝑡𝑡∗−𝑡𝑡𝑖𝑖

∗�𝜔𝜔∗
, where 𝑝𝑝∗ =

𝑡𝑡∗𝜔𝜔∗. The function 𝑎𝑎(𝑡𝑡∗) ensures that the maximum drug released is after a certain time 𝑡𝑡∗ > 𝑡𝑡𝑖𝑖∗. This is helpful when 
considering a drug delivery vehicle where the drug is not immediately released (Phipps, 2009). The tumor cells proliferate 
and this is inhibited/suppressed with the help of the drug. There is also death of tumor cells due to apoptosis and necrosis. 
The diffusion of tumor cells is also considered. Hence, the equation for tumor cell density is given by 

∂𝑇𝑇∗

∂𝑡𝑡∗
= 𝐷𝐷𝑇𝑇∗∇2𝑇𝑇∗ − 𝛼𝛼1∗𝑇𝑇∗ − 𝛼𝛼2∗𝑇𝑇∗ + 𝜇𝜇∗𝑇𝑇∗(1 − 𝑏𝑏∗)�1 −

𝑇𝑇∗

𝑇𝑇0∗
�

⎣
⎢
⎢
⎢
⎡ 𝐸𝐸max

𝑏𝑏,𝑇𝑇
 

1 +
𝐾𝐾𝐷𝐷𝑏𝑏,𝑏𝑏
∗

𝑏𝑏∗ �1 + 𝑑𝑑∗
𝐾𝐾𝐷𝐷𝑑𝑑,𝑏𝑏
∗ �

⎦
⎥
⎥
⎥
⎤
                (7) 

where 𝐷𝐷𝑇𝑇∗  is the diffusion co-efficient of tumor cells, 𝛼𝛼1∗ is the necrosis rate, 𝛼𝛼2∗ is the apoptosis rate, 𝜇𝜇∗ is the CD147 
on tumor cells, 𝐾𝐾𝐷𝐷𝑏𝑏,𝑏𝑏

∗  and 𝐾𝐾𝐷𝐷𝑑𝑑,𝑏𝑏
∗  are the equilibrium dissociation constants of CD147 and anti-CD147 drug, respectively, 

both with respect to CD147. The above equations Eq. 1 - Eq. 7, are assumed to hold in a domain of square length 𝐿𝐿 with 
𝑥𝑥 = 0 representing the parent blood vessel and 𝑥𝑥 = 𝐿𝐿 representing the tumor, while 𝑦𝑦 = 0 and 𝑦𝑦 = 𝐿𝐿 represent the 
surrounding tissue. No-flux boundary conditions are assumed on the boundaries of the square. The boundary conditions 
are therefore given by 
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⎩
⎪
⎨

⎪
⎧
𝑛𝑛� ⋅ (−𝐷𝐷𝑛𝑛∗∇𝑛𝑛∗ + 𝜒𝜒(𝑐𝑐∗)𝑛𝑛∗∇𝑐𝑐∗ + 𝜌𝜌0∗𝑛𝑛∗∇𝑓𝑓∗) = 0
�̂�𝑝 ⋅ (−𝐷𝐷𝑚𝑚∗ ∇𝑚𝑚∗) = 0
𝑞𝑞� ⋅ (−𝐷𝐷𝑏𝑏∗∇𝑏𝑏∗) = 0
�̂�𝑟 ⋅ (−𝐷𝐷𝑑𝑑∗∇𝑑𝑑∗) = 0
�̂�𝑠 ⋅ (−𝐷𝐷𝑇𝑇∗∇𝑇𝑇∗) = 0.

                   (8) 

where 𝑛𝑛�, �̂�𝑝, 𝑞𝑞�, �̂�𝑟 and �̂�𝑠 are the appropriate unit normal vectors on the square boundaries. 

2.2 Case 2: In the presence of the drug on EC chemotaxis 
The ECs move faster due to the dominating chemotaxis effect which is increased by CD147. Thus, the drug is directly 

applied to EC chemotaxis through the 𝐸𝐸max term. The ECs migrate in response to chemotaxis due to TAFs and haptotaxis 
due to fibronectin. The random motility of the ECs is also considered. Hence, the EC conservation equation is given by 

∂𝑛𝑛∗

∂𝑡𝑡∗
= 𝐷𝐷𝑛𝑛∗∇2𝑛𝑛∗ − ∇ ⋅

⎣
⎢
⎢
⎢
⎡

𝜒𝜒(𝑐𝑐∗)
𝐸𝐸max

𝑐𝑐
 

1 +
𝐾𝐾𝐷𝐷𝑏𝑏,𝑐𝑐
𝑏𝑏∗

𝑏𝑏∗ �1 + 𝑑𝑑∗
𝐾𝐾𝐷𝐷𝑑𝑑,𝑐𝑐
∗ �

𝑛𝑛∗∇𝑐𝑐∗

⎦
⎥
⎥
⎥
⎤

− ∇ ⋅ (𝜌𝜌0∗𝑛𝑛∗∇𝑓𝑓∗)           (9) 

where 𝐸𝐸max 𝑐𝑐 is the maximum effect of CD147 on chemotaxis and 𝐾𝐾𝐷𝐷𝑏𝑏,𝑐𝑐
∗  and 𝐾𝐾𝐷𝐷𝑑𝑑,𝑐𝑐

∗  are respectively the equilibrium 
dissociation constants of CD147 and anti-CD147 drug both with respect to TAF.The equations for the concentration of 
TAFs, fibronectin, MMPs, CD147, anti-CD147 drug and tumor cell density is taken as in Case 1. The equation 9 along with 
equations 2 − 7 are assumed to hold in a square of length 𝐿𝐿 as in Case 1. No-flux boundary conditions are assumed on 
the boundaries of the square and therefore, the boundary conditions are given by 

⎩
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎧
𝑛𝑛�.

⎝

⎜
⎛
−𝐷𝐷𝑛𝑛∗∇𝑛𝑛∗ +

⎣
⎢
⎢
⎢
⎡
𝜒𝜒(𝑐𝑐∗)

𝐸𝐸max𝑐𝑐

1 +
𝐾𝐾𝐷𝐷𝑏𝑏,𝑐𝑐
∗

𝑏𝑏∗ �1 + 𝑑𝑑∗
𝐾𝐾𝐷𝐷𝑑𝑑,𝑐𝑐
∗ �

𝑛𝑛∗∇𝑐𝑐∗

⎦
⎥
⎥
⎥
⎤

+ 𝜌𝜌0∗𝑛𝑛∗∇𝑓𝑓∗

⎠

⎟
⎞

= 0

�̂�𝑝 ⋅ (−𝐷𝐷𝑚𝑚 ∗∇𝑚𝑚∗) = 0
𝑞𝑞� ⋅ (−𝐷𝐷𝑏𝑏 ∗∇𝑏𝑏∗) = 0
�̂�𝑟 ⋅ (−𝐷𝐷𝑑𝑑  ∗∇𝑑𝑑∗) = 0
�̂�𝑠. (−𝐷𝐷𝑇𝑇 ∗∇𝑇𝑇∗) = 0.

          (10) 

where 𝑛𝑛�, �̂�𝑝, 𝑞𝑞�, �̂�𝑟 and �̂�𝑠 are the appropriate unit normal vectors on the square boundaries. 

2.3 Non-dimensionalization 
Non-dimensionalization of equations 1 - 7 with boundary conditions from 8 for Case 1 and equation 9 along with 

equations 2 − 7 with boundary conditions from equation 10 for Case 2, is accomplished with the help of appropriate 
variables given by 𝑛𝑛 = 𝑛𝑛∗

𝑛𝑛0
, 𝑐𝑐 = 𝑐𝑐∗

𝑐𝑐0
, 𝑓𝑓 = 𝑓𝑓∗

𝑓𝑓0
,𝑚𝑚 = 𝑚𝑚∗

𝑚𝑚0
, 𝑏𝑏 = 𝑏𝑏∗

𝑏𝑏0
,𝑑𝑑 = 𝑑𝑑∗

𝑑𝑑0
,𝑇𝑇 = 𝑇𝑇∗

𝑇𝑇0
, 𝑡𝑡 = 𝑡𝑡∗

𝜏𝜏
. Therefore, the non-dimensional 

equations for Case 1 are given by 

          (11) 
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where 𝑎𝑎(𝑡𝑡) = (𝑡𝑡 − 𝑡𝑡𝑖𝑖)𝑝𝑝exp−(𝑡𝑡−𝑡𝑡𝑖𝑖)𝜔𝜔 and 𝑝𝑝 = 𝑡𝑡𝜔𝜔 with boundary conditions 

⎩
⎪
⎨

⎪
⎧𝑛𝑛� ⋅ �−𝐷𝐷∇𝑛𝑛 +

𝜒𝜒
1 + 𝛼𝛼𝑐𝑐

𝑛𝑛∇𝑐𝑐 + 𝜌𝜌𝑛𝑛∇𝑓𝑓� = 0

�̂�𝑝 ⋅ (−𝐷𝐷𝑚𝑚∇𝑚𝑚) = 0
𝑞𝑞� ⋅ (−𝐷𝐷𝑏𝑏∇𝑏𝑏) = 0
�̂�𝑟 ⋅ (−𝐷𝐷𝑑𝑑∇𝑑𝑑) = 0
�̂�𝑠 ⋅ (−𝐷𝐷𝑇𝑇∇𝑇𝑇) = 0.

                       (12) 

         (13) 

where 𝑎𝑎(𝑡𝑡) = (𝑡𝑡 − 𝑡𝑡𝑖𝑖)𝑝𝑝exp−(𝑡𝑡−𝑡𝑡𝑖𝑖)𝜔𝜔 and 𝑝𝑝 = 𝑡𝑡𝜔𝜔 and the boundary conditions are given by 

⎩
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎧
𝑛𝑛� ⋅

⎝

⎜
⎛
−𝐷𝐷∇𝑛𝑛 +

⎣
⎢
⎢
⎢
⎡

𝜒𝜒
1 + 𝛼𝛼𝑐𝑐

𝐸𝐸max 𝑐𝑐

1 +
𝐾𝐾𝐷𝐷𝑏𝑏,𝑐𝑐
𝑏𝑏 �1 + 𝑑𝑑

𝐾𝐾𝐷𝐷𝑑𝑑,𝑐𝑐
�
𝑛𝑛∇𝑐𝑐

⎦
⎥
⎥
⎥
⎤

+ 𝜌𝜌𝑛𝑛∇𝑓𝑓

⎠

⎟
⎞

= 0

�̂�𝑝 ⋅ (−𝐷𝐷𝑚𝑚∇𝑚𝑚) = 0
𝑞𝑞� ⋅ (−𝐷𝐷𝑏𝑏∇𝑏𝑏) = 0
�̂�𝑟 ⋅ (−𝐷𝐷𝑑𝑑∇𝑑𝑑) = 0
�̂�𝑠 ⋅ (−𝐷𝐷𝑇𝑇∇𝑇𝑇) = 0.

                     (14) 

where the non-dimensional quantities in both cases are given by 

          

𝐷𝐷 =
𝐷𝐷𝑛𝑛∗𝜏𝜏
𝐿𝐿2

,𝜒𝜒 =
𝜒𝜒0∗𝑐𝑐0𝜏𝜏
𝐿𝐿2

,𝛼𝛼 =
𝑐𝑐0
𝑘𝑘∗

,𝜌𝜌 =
𝜌𝜌0∗𝑓𝑓0𝜏𝜏
𝐿𝐿2

, 𝜂𝜂 = 𝜂𝜂∗𝑛𝑛0𝜏𝜏, 𝜆𝜆1 = 𝜆𝜆1∗𝜏𝜏
𝑇𝑇0
𝑐𝑐0

,𝛽𝛽 =
𝛽𝛽∗𝑛𝑛0𝜏𝜏
𝑓𝑓0

, 𝛾𝛾 = 𝛾𝛾∗𝑛𝑛0𝜏𝜏, 𝜅𝜅 = 𝜅𝜅∗𝑚𝑚0𝜏𝜏

𝐷𝐷𝑚𝑚 =
𝐷𝐷𝑚𝑚 ∗𝜏𝜏
𝐿𝐿2

,𝜎𝜎 = 𝜎𝜎∗𝜏𝜏, 𝜆𝜆2 = 𝜆𝜆2∗𝜏𝜏
𝑇𝑇0
𝑚𝑚0

,𝐷𝐷𝑏𝑏 =
𝐷𝐷𝑏𝑏 ∗𝜏𝜏
𝐿𝐿2

, 𝛿𝛿 = 𝛿𝛿∗𝜏𝜏,𝐷𝐷𝑑𝑑 =
𝐷𝐷𝑑𝑑  ∗𝜏𝜏
𝐿𝐿2

,𝜔𝜔 = 𝜔𝜔∗𝜏𝜏,𝑎𝑎𝑡𝑡 =
𝑎𝑎𝑡𝑡∗

𝜏𝜏
,𝐷𝐷𝑇𝑇 =

𝐷𝐷𝑇𝑇∗𝜏𝜏

𝐿𝐿2

𝛼𝛼1 = 𝛼𝛼1∗𝜏𝜏,𝛼𝛼2 = 𝛼𝛼2∗𝜏𝜏, 𝜇𝜇 = 𝜇𝜇∗𝜏𝜏,𝑇𝑇∗ =
𝑇𝑇0∗

𝑇𝑇0
,𝐾𝐾𝐷𝐷𝑏𝑏,𝑐𝑐 =

𝐾𝐾𝐷𝐷𝑏𝑏,𝑐𝑐
∗

𝑅𝑅𝑐𝑐
,𝐾𝐾𝐷𝐷𝑑𝑑,𝑐𝑐 =

𝐾𝐾𝐷𝐷𝑑𝑑,𝑐𝑐
∗

𝑅𝑅𝑑𝑑
,𝐾𝐾𝐷𝐷𝑏𝑏,𝑚𝑚 =

𝐾𝐾𝐷𝐷𝑏𝑏,𝑚𝑚
∗

𝑅𝑅𝑚𝑚
,𝐾𝐾𝐷𝐷𝑑𝑑,𝑚𝑚 =

𝐾𝐾𝐷𝐷𝑑𝑑,𝑚𝑚
∗

𝑅𝑅𝑑𝑑

𝐾𝐾𝐷𝐷𝑏𝑏,𝑏𝑏 =
𝐾𝐾𝐷𝐷𝑏𝑏,𝑏𝑏
∗

𝑅𝑅𝑏𝑏
,𝐾𝐾𝐷𝐷𝑑𝑑,𝑏𝑏 =

𝐾𝐾𝐷𝐷𝑑𝑑,𝑏𝑏
∗

𝑅𝑅𝑑𝑑

 

where 𝑅𝑅𝑐𝑐 ,𝑅𝑅𝑚𝑚,𝑅𝑅𝑏𝑏 and 𝑅𝑅𝑑𝑑 are the receptor concentrations of TAFs, MMPs, CD147 and anti-CD147 drug, respectively, 
with 𝐿𝐿 = 2 mm and 𝜏𝜏 = 1.5 days (Anderson & Chaplain, 1998), 𝑛𝑛0 = 2.5 × 106cellcm−3 (Liao et al., 2014), 𝑐𝑐0 ≈ 𝑓𝑓0 ≈
10−10𝑀𝑀 (Anderson & Chaplain, 1998), 𝑚𝑚0 = 500ngml−1 (Wróbel-Roztropiński et al., 2021), 𝑏𝑏0 = 20ngml −1 (Amit-Cohen 
et al., 2013), 𝑅𝑅𝑐𝑐 = 1𝑛𝑛𝑀𝑀 (Li et al., 2002), 𝑅𝑅𝑚𝑚 = 0.9688𝜇𝜇𝑀𝑀 (Wu et al., 2013), 𝑅𝑅𝑏𝑏 = 138𝜇𝜇𝑀𝑀 (Hanna et al., 2003) and 𝑅𝑅𝑑𝑑 =
50𝑛𝑛𝑀𝑀 [present work]. The initial conditions in both cases are taken to be 
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⎩
⎪⎪
⎨

⎪⎪
⎧𝑛𝑛(𝑥𝑥,𝑦𝑦, 0) = 𝑒𝑒−

𝑚𝑚2
𝜀𝜀 sin2 (6𝜋𝜋𝑦𝑦), 𝑐𝑐(𝑥𝑥,𝑦𝑦, 0) = 𝑘𝑘1𝑒𝑒

−(1−𝑚𝑚)2
𝜀𝜀1 ,

𝑓𝑓(𝑥𝑥,𝑦𝑦, 0) = 𝑘𝑘2𝑒𝑒
−𝑚𝑚

2

𝜀𝜀2 , 𝑚𝑚(𝑥𝑥,𝑦𝑦, 0) = 𝑘𝑘3𝑒𝑒
−(1−𝑚𝑚)2

𝜀𝜀3 ,

𝑏𝑏(𝑥𝑥,𝑦𝑦, 0) = 𝑘𝑘4𝑒𝑒
−(1−𝑚𝑚)2

𝜀𝜀4 , 𝑑𝑑(𝑥𝑥,𝑦𝑦, 0) = 𝑘𝑘5𝑒𝑒
−(1−𝑚𝑚)2

𝜀𝜀5

𝑇𝑇(𝑥𝑥,𝑦𝑦, 0) = 𝑘𝑘6𝑒𝑒
−𝑚𝑚

2

𝜀𝜀6 , (𝑥𝑥,𝑦𝑦) ∈ [0,1] × [0,1]

    (15) 

where 𝜀𝜀 = 0.001, 𝑘𝑘1 = 1, 𝜀𝜀1 = 0.45, 𝑘𝑘2 = 0.75, 𝜀𝜀2 = 0.45 (Anderson & Chaplain, 1998), 𝑘𝑘3 = 0.6 (Abbas et al., 
2017), 𝜀𝜀3 = 0.01 (Anderson et al., 2000), 𝑘𝑘4 = 0.8 (Weidle et al., 2010), 𝜀𝜀4 = 0.45 [present work], 𝑘𝑘5 = 1 (Cunningham 
et al., 2010), 𝜀𝜀5 = 0.45 [present work], 𝑘𝑘6 = 1, 𝜀𝜀6 = 0.01 (Chaplain & Lolas, 2005) for Case 1. For Case 2, 𝜀𝜀 =
0.0001, 𝜀𝜀1 = 0.3, 𝜀𝜀2 = 0.3, 𝜀𝜀4 = 0.3, 𝜀𝜀5 = 0.3, 𝜀𝜀6 = 0.005 and the remaining parameters were taken as in Case 1. To 
validate the models, the model presented in Case 1 is compared with the extensions of two other existing models - without 
drug but with CD147 effects (Sreedaran & Ponnuswamy, 2022) and without drug and without CD147 effects (Anderson & 
Chaplain, 1998). These extended models are provided in their non-dimensional form as given below. For the case without 
drug but with CD147 effects, the model is given by 

⎩
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎧
∂𝑛𝑛
∂𝑡𝑡

= 𝐷𝐷∇2𝑛𝑛 − ∇ ⋅ � 𝜒𝜒
1+𝛼𝛼𝑐𝑐

𝑛𝑛∇𝑐𝑐� − ∇ ⋅ (𝜌𝜌𝑛𝑛∇𝑓𝑓)
∂𝑐𝑐
∂𝑡𝑡

= −𝜂𝜂𝑛𝑛𝑐𝑐 + 𝜙𝜙𝑏𝑏 + 𝜆𝜆1𝑇𝑇
∂𝑓𝑓
∂𝑡𝑡

= 𝛽𝛽𝑛𝑛 − 𝛾𝛾𝑛𝑛𝑓𝑓 − 𝜅𝜅𝑚𝑚𝑓𝑓
∂𝑚𝑚
∂𝑡𝑡

= 𝐷𝐷𝑚𝑚∇2𝑚𝑚 − 𝜎𝜎𝑚𝑚 + 𝜃𝜃𝑏𝑏 + 𝜆𝜆2𝑇𝑇
∂𝑏𝑏
∂𝑡𝑡

= 𝐷𝐷𝑏𝑏∇2𝑏𝑏 − 𝛿𝛿𝑏𝑏 − 𝜓𝜓𝑛𝑛𝑏𝑏
∂𝑇𝑇
∂𝑡𝑡

= 𝐷𝐷𝑇𝑇∇2𝑇𝑇 − 𝛼𝛼1𝑇𝑇 − 𝛼𝛼2𝑇𝑇 + 𝜇𝜇(1 − 𝑏𝑏)𝑇𝑇 �1 − 𝑇𝑇
𝑇𝑇∗
�

            (16) 

with the boundary conditions given by 

⎩
⎪
⎨

⎪
⎧𝑛𝑛� ⋅ �−𝐷𝐷∇𝑛𝑛 +

𝜒𝜒
1 + 𝛼𝛼𝑐𝑐

𝑛𝑛∇𝑐𝑐 + 𝜌𝜌𝑛𝑛∇𝑓𝑓� = 0

�̂�𝑝 ⋅ (−𝐷𝐷𝑚𝑚∇𝑚𝑚) = 0
𝑞𝑞� ⋅ (−𝐷𝐷𝑏𝑏∇𝑏𝑏) = 0
�̂�𝑠 ⋅ (−𝐷𝐷𝑇𝑇∇𝑇𝑇) = 0.

               (17) 

The initial conditions for 𝑛𝑛, 𝑐𝑐, 𝑓𝑓,𝑚𝑚, 𝑏𝑏 and 𝑇𝑇 are taken as given in Eq. 15 and some of the parameter values for this 
model are taken to be 𝜀𝜀2 = 0.65,𝜙𝜙 = 0.25,𝜓𝜓 = 0.4 and 𝜃𝜃 = 0.4. The remaining parameter values are taken from Table 
1. For the case without drug and without CD147 effects, the model is given by 

⎩
⎪
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎪
⎧
∂𝑛𝑛
∂𝑡𝑡

= 𝐷𝐷∇2𝑛𝑛 − ∇ ⋅ �
𝜒𝜒

1 + 𝛼𝛼𝑐𝑐
𝑛𝑛∇𝑐𝑐� − ∇ ⋅ (𝜌𝜌𝑛𝑛∇𝑓𝑓)

∂𝑐𝑐
∂𝑡𝑡

= −𝜂𝜂𝑛𝑛𝑐𝑐 + 𝜆𝜆1𝑇𝑇

∂𝑓𝑓
∂𝑡𝑡

= 𝛽𝛽𝑛𝑛 − 𝛾𝛾𝑛𝑛𝑓𝑓 − 𝜅𝜅𝑚𝑚𝑓𝑓

∂𝑚𝑚
∂𝑡𝑡

= 𝐷𝐷𝑚𝑚∇2𝑚𝑚 − 𝜎𝜎𝑚𝑚 + 𝜆𝜆2𝑇𝑇

∂𝑇𝑇
∂𝑡𝑡

= 𝐷𝐷𝑇𝑇∇2𝑇𝑇 − 𝛼𝛼1𝑇𝑇 − 𝛼𝛼2𝑇𝑇 + 𝜇𝜇𝑇𝑇 �1 −
𝑇𝑇
𝑇𝑇∗
� .

            (18) 

with the boundary conditions given by 

�
𝑛𝑛� ⋅ �−𝐷𝐷∇𝑛𝑛 + 𝜒𝜒

1+𝛼𝛼𝑐𝑐
𝑛𝑛∇𝑐𝑐 + 𝜌𝜌𝑛𝑛∇𝑓𝑓� = 0

�̂�𝑝 ⋅ (−𝐷𝐷𝑚𝑚∇𝑚𝑚) = 0
�̂�𝑠 ⋅ (−𝐷𝐷𝑇𝑇∇𝑇𝑇) = 0

        (19) 

The initial conditions for 𝑛𝑛, 𝑐𝑐, 𝑓𝑓,𝑚𝑚 and 𝑇𝑇 are taken as in Eq. 15 and some of the parameter values for this model are 
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taken to be 𝜀𝜀1 = 0.3, 𝑘𝑘3 = 0.33, 𝜅𝜅 = 0.1, 𝜆𝜆1 = 0.0001 and 𝜆𝜆2 = 0.002 while the remaining parameter values are taken 
from Table 1. 

3. Solution Methodology 
The simulation results and graphs are performed using COMSOL Multiphysics 5.4 software (COMSOL, 2023). The 

generalized mathematical models developed in Section 2 consider a general anti-CD147 drug. To validate the models, a 
particular anti-CD147 antibody described in the patent by Cunningham et al. is used for the simulations in this paper 
(Cunningham et al., 2010). The parameter values were borrowed from available literature as much as possible. The 
parameter values indicated with [present work] are obtained by performing sensitivity analysis. The average values from 
the sensitivity analysis for each of these parameters are considered in the simulations. The parameters used in the 
simulations (unless otherwise specified) are given in Table 1. The TAFs and MMPs bind to CD147 receptors present on 
tumor cell surfaces. The drug acts as a competitive antagonist and binds to the CD147 receptors thus preventing other 
molecules from binding to the CD147 receptors. Further, there is also the homophilic binding of the cleaved CD147 
molecules to the CD147 receptors. Figure 2 illustrates the action of the anti-CD147 drug where the drug binds to the CD147 
receptors thereby preventing VEGF and MMPs from binding to the receptors. The drug injection rate is taken in such a 
way, that the drug will be released at a time 𝑡𝑡 > 𝑡𝑡𝑖𝑖. The drug is considered to be injected after a non-dimensional time 
𝑡𝑡𝑖𝑖 = 5. Therefore, the results are obtained for times greater than 𝑡𝑡 = 5. The drug injection is assumed to be a single 
administration and the results are obtained for different times 𝑡𝑡 and for different drug doses 1𝜇𝜇𝜇𝜇, 20𝜇𝜇𝜇𝜇 and 40𝜇𝜇𝜇𝜇 for the 
model presented in Case 1 while the drug dose is fixed at 1 𝜇𝜇𝜇𝜇 for the model presented in Case 2. 

4. Results and Discussion  
4.1 Case 1 

Figure 3 shows the migration of ECs without CD147 and without anti-CD147 drug. It is seen that the ECs are moving 
albeit slowly as compared to that in Anderson and Chaplain (Anderson & Chaplain, 1998). This is because there is no 
external factor to increase the concentrations of TAFs and MMPs.  

 

Figure 2: The action of anti-CD147 drug 

Table 1(a): Parameter Values 
Dimensional 
Parameter 

Description Dimensional Value Non-
Dimensional 

Description 

𝐷𝐷𝑛𝑛 Diffusion co-efficient of ECs 10−10 cm2 s−1 𝐷𝐷 0.00035 (Anderson & 
Chaplain, 1998) 

𝜒𝜒0 
Co-efficient of chemotaxis w.r.t. 

TAFs 
3333.33 m2M−1day−1 𝜒𝜒 0.125 (Addison-Smith, 

2010) 
𝑘𝑘∗ 
 

Desensitization parameter - 𝜌𝜌 0.6 (Anderson & Chaplain, 
1998) 

𝜌𝜌0 
Co-efficient of haptotaxis w.r.t 

Fibronectin 
2666.66 m2𝑀𝑀−1day−1  0.1 (Addison-Smith, 2010) 

𝜂𝜂∗ Uptake rate of TAFs by ECs 3.08645
× 10−13 cm3cell−1 s−1 𝜂𝜂 0.1 (Anderson & Chaplain, 

1998) 

𝜆𝜆1∗  
Rate of production of TAFs by 

tumor cells - 𝜆𝜆1 0.02 [present work] 
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Table 1(b): Parameter Values 
Dimensional 
Parameter 

Description Dimensional Value Non-
Dimensional 

Description 

𝛽𝛽∗ Production rate of fibronectin 
by ECs 

1.5432
× 10−23Mcm3cell−1 s−1 𝛽𝛽 0.05 (Anderson & Chaplain, 

1998) 

𝛾𝛾∗ Uptake rate of fibronectin by ECs 3.08645
× 10−13 cm3cell−1 s−1 𝛾𝛾 0.1 (Anderson & Chaplain, 

1998) 

𝐷𝐷𝑚𝑚∗  Diffusion co-efficient of MMPs 1.3729 × 10−8 cm2 s−1 𝐷𝐷𝑚𝑚 0.04448 (Collier et al., 
2011) 

𝜎𝜎∗ Decay rate of MMPs 5.321 × 10−6 s−1 𝜎𝜎 0.6896 (Jiang et al., 2014) 

𝜅𝜅∗ Uptake rate of fibronectin 
by MMPs 370 cm3 g−1 s−1 𝜅𝜅 1 (Franssen et al., 2019) 

𝜆𝜆2∗  Rate of production of MMPs by 
tumor cells  𝜆𝜆2 

0.00143856 (Kim et al., 
2009) 

𝐷𝐷𝑏𝑏∗ Diffusion co-efficient of CD147 0.237 × 10−8 cm2 s−1 𝐷𝐷𝑏𝑏 0.0076788 (Wieser et al., 
2009) 

𝛿𝛿∗ Decay rate of CD147 1.3832 × 10−5 s−1 𝛿𝛿 1.7926 (Xiao & Wu, 2017) 

𝐷𝐷𝑑𝑑∗  
Diffusion co-efficient of anti-

CD147 drug - 𝐷𝐷𝑑𝑑 1.6 [present work] 

𝜔𝜔∗ Decay rate of anti-CD147 drug 0.033007day−1 𝜔𝜔 0.0495 (Tseng et al., 2020) 

𝐷𝐷𝑇𝑇∗  
Diffusion co-efficient of tumor 

cells 4.32 × 10−6 cm2 day  −1 𝐷𝐷𝑇𝑇 0.0001724 (Liao et al., 
2014) 

𝛼𝛼1∗ Necrosis rate of tumor cells 8.3 × 10−1day−1 𝛼𝛼1 1.245 (Liao et al., 2014) 
𝛼𝛼2∗ Apoptosis rate of tumor cells 4.15 × 10−1day−1 𝛼𝛼2 0.6225 (Liao et al., 2014) 

𝜇𝜇∗ Proliferation rate of tumor cells 2.5day−1  𝜇𝜇 3.75 (Liao et al., 2014) 

𝑇𝑇0∗ Carrying capacity of tumor cells 109 cell cm  −3 𝑇𝑇∗ 1.38888 (Liao et al., 2014) 

𝐸𝐸max𝑐𝑐  
Maximum effect of TAFs on 

chemotaxis - 𝐸𝐸max𝑐𝑐  
1 (Barleon et al., 1996) 

𝐸𝐸max𝑏𝑏,𝑐𝑐  
Maximum effect of CD1 147 on 

TAFs - 𝐸𝐸max𝑏𝑏,𝑐𝑐  
0.925 (Cunningham et al., 

2010) 

𝐸𝐸max𝑏𝑏,𝑚𝑚  
Maximum effect of CD147 on 

MMPs - 𝐸𝐸max𝑏𝑏,𝑐𝑐  
0.95 (Cunningham et al., 

2010) 

𝐸𝐸max𝑏𝑏,𝑇𝑇  
Maximum effect of CD147 on 

tumor cells - 𝐸𝐸max𝑏𝑏,𝑇𝑇  
0.75 (Wang et al., 2010; 

Yin et al., 2017) 
𝐵𝐵max 𝑏𝑏 Maximum binding of CD147  𝐵𝐵max 𝑏𝑏 3.095 (Sagert et al., 2018) 

𝐵𝐵max 𝑑𝑑 Maximum binding of anti-CD147 
drug - 𝐵𝐵max 𝑑𝑑 3.095 (Sagert et al., 2018) 

𝐾𝐾𝐷𝐷𝑏𝑏,𝑐𝑐
∗  Equilibrium dissociation constant 

of CD147 w.r.t. TAFs 40 pM 𝐾𝐾𝐷𝐷𝑏𝑏,𝑐𝑐
∗  0.04 (Li et al., 2002) 

𝐾𝐾𝐷𝐷𝑏𝑏,𝑚𝑚
∗  Equilibrium dissociation constant 

of CD147 w.r.t MMPs 0.187𝜇𝜇𝑀𝑀 𝐾𝐾𝐷𝐷𝑏𝑏,𝑚𝑚
∗  0.19303 (Wu et al., 2013) 

𝐾𝐾𝐷𝐷𝑏𝑏,𝑏𝑏
∗  Homophilic dissociation constant 

of CD147 40𝜇𝜇𝑀𝑀 𝐾𝐾𝐷𝐷𝑏𝑏,𝑏𝑏
∗  0.289855 (Hanna et al., 

2003) 

𝐾𝐾𝐷𝐷𝑏𝑏,𝑑𝑑
∗  Equilibrium dissociation constant 

of CD147 w.r.t anti-CD147 drug 0.46 nM 𝐾𝐾𝐷𝐷𝑏𝑏,𝑑𝑑
∗  0.046 (Cunningham et al., 

2010) 

𝐾𝐾𝐷𝐷𝑑𝑑,𝑐𝑐
∗  Equilibrium dissociation constant 

of anti-CD147 drug w.r.t TAFs 0.46 nM 𝐾𝐾𝐷𝐷𝑑𝑑,𝑐𝑐
∗  0.046 (Cunningham et al., 

2010) 

𝐾𝐾𝐷𝐷𝑑𝑑,𝑚𝑚
∗  Equilibrium dissociation constant 

of anti-CD147 drug w.r.t MMPs 0.46𝑛𝑛𝑀𝑀 𝐾𝐾𝐷𝐷𝑑𝑑,𝑚𝑚
∗  0.046 (Cunningham et al., 

2010) 

𝐾𝐾𝐷𝐷𝑑𝑑,𝑏𝑏
∗  Equilibrium dissociation constant 

of anti-CD147 drug w.r.t CD147 0.46 nM 𝐾𝐾𝐷𝐷𝑑𝑑,𝑏𝑏
∗  0.046 (Cunningham et al., 

2010) 

 

(a)     (b) 
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                                                           (c)                          (d) 
Figure 3: The migration of ECs at time (a) t = 10, (b) t = 14, (c) t = 22 and (d) t = 26 in the absence of anti-CD147 drug 

and absence of CD147 

The ECs have moved up to 𝑥𝑥 = 0.5 at time 𝑡𝑡 = 14. As the time is increased, the ECs have reached 𝑥𝑥 = 0.9 at time 
𝑡𝑡 = 22 and when the time is further increased, the ECs are almost close to the tumor at 𝑡𝑡 = 26.  

 
(a)                                               (b) 

 
                                                          (c)                           (d) 

Figure 4: The migration of ECs at time (a) t = 10, (b) t = 14, (c) t = 22 and (d) t = 26 under the presence of CD147 and 
in the absence of anti-CD147 drug 

 
                                                         (a)                           (b) 

 
                                                        (c)                               (d) 

Figure 5: The EC migration for drug dose 1 µg at times (a) t = 10, (b) t = 14, (c) t = 22 and (d) t = 26 
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                                                    (a)                                                          (b) 

 

                                            (c)                                                             (d) 

Figure 6: The concentration of TAFs for without CD147, without drug and with drug at time (a) t = 10, (b) t = 30 and 
fibronectin concentration at time (c) t = 10 and (d) t = 30 

Figure 4 shows the EC migration when there is no action of the anti-CD147 drug but under the action of CD147. It is 
seen that the ECs move faster towards the tumor under the action of CD147 as compared to Figure 3. This is due to the 
fact that CD147 increases TAFs and MMPs (Wang et al., 2016) which in turn increases chemotaxis effect and hence 
increases endothelial cell motility. The migration of ECs is very rapid and it is seen that the ECs have moved almost near 
to the tumor by the time 𝑡𝑡 = 26. The graphs in Figure 5, show the movement of the ECs for different times with drug dose 
1𝜇𝜇g. From Figure 5, the ECs are seen to be moving towards the tumor as the time increases. Initially, the motion of the 
ECs is similar to that in the case without the effect of CD147 (Figure 3). However, the speed at which the ECs move has 
been reduced due to the effect of the anti-CD147 drug as compared to Figure 4. The TAFs and MMPs bind to CD147 
receptors and these bindings are prevented by the drug which competes to bind to the CD147 receptors. This prevents the 
increase in TAFs and MMPs caused due to CD147. This in turn prevents rapid motion of the ECs towards the tumor and 
thus the ECs move slower due to the action of the drug. However, as the time progresses, the pace of the ECs pick up and 
they move towards the tumor. This will eventually lead to angiogenesis. This prompts for increasing the dose of the drug 
to prevent the ECs from reaching the tumor. The graphs of other concentrations for the cases with drug ( 1𝜇𝜇g), without 
drug (but with CD147) and without CD147 effects are also considered. Figure 6 shows the concentrations of TAFs and 
fibronectin under all three cases for two different times 𝑡𝑡 = 10 and 𝑡𝑡 = 30. It is seen that the anti-CD147 drug reduces 
the TAF concentration as compared to the case without drug but with CD147. When CD147 is not involved, the concentration 
is much less than the other two cases. The drug is not directly applied to fibronectin. It depends on ECs, TAFs and MMPs 
where the drug is applied and there is an effect produced in the fibronectin concentration. It is seen from the graphs that 
the fibronectin concentration is higher in the absence of CD147 but is reduced in the presence of CD147. When the anti-
CD147 drug is applied, there is an increase in the fibronectin concentration as compared with the no-drug case. Figure 7 
presents the graphs for cases with the presence of anti-CD147 drug (1𝜇𝜇g), absence of anti-CD147 drug but the presence 
of CD147 and absence of CD147 for MMP concentration. The figure 7 also presents he graphs for CD147 concentration 
under the presence and absence of the drug. Figures 7(a) and 7(b) show the concentrations of MMPs at times 𝑡𝑡 = 7 and 
𝑡𝑡 = 10. It is seen from the graphs that the drug reduces the MMP concentration as compared to the case without drug 
and in the absence of CD147, the MMP concentration is low since there is no external stimulating factor to induce MMPs. 
Figure 7(c) and 7(d) contains graphs for the concentration of CD147 under the presence and absence of anti-CD147 drug 
at times 𝑡𝑡 = 6 and 𝑡𝑡 = 8. The graphs indicate that there is a reduction in the CD147 concentration under the action of the 
drug as compared with the case of no-drug. This is due to the binding effect the drug has on CD147. Figure 8 gives the 
graphs of tumor cell density for cases with the presence of anti-CD147 drug ( 1𝜇𝜇g ), absence of anti-CD147 drug but the 
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presence of CD147 and absence of CD147 for times 𝑡𝑡 = 7 and 𝑡𝑡 = 10. It is seen that there is reduction in the density of 
tumor cells as the time progresses. This is due to the drug applied to curb the proliferation of tumor cells and this strategy 
seems to be effective as seen from the graphs. It is seen from Figure 5 that there is a need to increase the dose of the 
anti-CD147 drug for effective curbing of angiogenesis. Hence, the drug dose is increased to 20𝜇𝜇g and 40𝜇𝜇g. Figures 9 and 
10 show the motion of the ECs at various times and with drug doses 20𝜇𝜇𝜇𝜇 and 40𝜇𝜇𝜇𝜇 respectively. As the dose of the drug 
is increased, there is a reduction in the pace of the ECs as compared to that with dose 1𝜇𝜇g. The reduction is not clearly 
noticeable in the initial stages, but as the time increases, the pace reduction of the ECs is seen clearly. At time 𝑡𝑡 = 14, the 
ECs have moved up to 𝑥𝑥 = 0.4 while that in the lower dose have moved up to 𝑥𝑥 = 0.5. For the time 𝑡𝑡 = 22, the ECs have 
moved up to 𝑥𝑥 = 0.7 as compared to that with dose 1𝜇𝜇𝜇𝜇 in which the ECs have moved up to 𝑥𝑥 = 0.8. At time 𝑡𝑡 = 26, the 
ECs, have moved up to 𝑥𝑥 = 0.8 as compared to dose 1𝜇𝜇𝜇𝜇 where the ECs have moved up to 𝑥𝑥 = 0.9. The change of dose 
from 20𝜇𝜇𝜇𝜇 to 40𝜇𝜇𝜇𝜇 has a negligible effect on the motion of the ECs. However, there is a set-back in the angiogenesis 
process in the drug dose from 1𝜇𝜇𝜇𝜇 to 20𝜇𝜇𝜇𝜇 as compared with Anderson and Chaplain (Anderson & Chaplain, 1998). The 
inclusion of the drug effect to the angiogenesis model given in Anderson and Chaplain (Anderson & Chaplain, 1998) along 
with the effects of other factors like MMPs and their inhibition due to the drug, gives an edge to how angiogenesis can be 
delayed. The results in Figure 9 show that there is regression of the vasculature as CD147 concentration is reduced and 
this is in accordance with the results presented in Voigt et al. (Voigt et al., 2009) and Xiong et al. (Xiong et al., 2016). The 
effect of the drug on other quantities is also presented. Figures 11, 12 and 13 shows the effect of the drug dose on the 
concentrations of TAFs, fibronectin, MMPs, CD147 and tumor cell density. It is seen from Figure 11(a), that an increase in 
the drug dose reduces the TAF concentration. The reduction is high when considering doses 1𝜇𝜇g and 20𝜇𝜇g. However, 
there is less reduction when considering doses 20𝜇𝜇g and 40 𝜇𝜇g. Figure 11(b) indicates an increase in fibronectin 
concentration as drug dose increases. The increase is not high but it is noticeable from dosage 1𝜇𝜇𝜇𝜇 to dose 20𝜇𝜇𝜇𝜇. The 
concentration for doses 20𝜇𝜇𝜇𝜇 and 40𝜇𝜇𝜇𝜇 coincides indicating that saturation is attained. 

 

                                                      (a)                                                               (b) 

 

                                                        (c)                                                              (d) 

Figure 7: The concentration of MMPs for without CD147, without drug and with drug at time (a) t = 7, (b) t = 10 and the 
concentration of CD147 with drug and without drug at time (c) t = 6 and (d) t = 8 
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(a)                                                                (b) 

Figure 8: The density of tumor cells for without CD147, without drug and with drug at time (a) t = 7 and (b) t = 10 

 
                                                                     (a)                     (b) 

 
                                                               (c)                              (d) 

Figure 9: The EC migration for drug dose 20 µg at times (a) t = 10, (b) t = 14, (c) t = 22 and (d) t = 26 

 
(a)                          (b) 

 
(c)                                 (d) 

Figure 10: The EC migration for drug dose 40 µg at times (a) t = 10, (b) t = 14, (c) t = 22 and (d) t = 26 
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(a)                                                  (b) 

Figure 11: The impact of different drug doses on (a) TAF concentration and (b) Fibronectin concentration 

 
(a)                                                                           (b) 

Figure 12: The impact of different drug doses on (a) MMP concentration and (b) CD147 concentration 

Figure 12(a) shows a decreasing trend for MMP concentration as drug dose increases. There is a drastic decrease in 
MMP concentration from dose 1𝜇𝜇g to dose 20𝜇𝜇g. There is also a reduction in concentration from dose 20𝜇𝜇g to dose 
40𝜇𝜇g, but the decrease is low. It is seen from Figure 12(b) that there is negligible change in the CD147 concentration due 
to increase in the drug dose. From Figure 13, it is seen that there is reduction in the tumor cell density as the drug dose 
increases from 1𝜇𝜇𝜇𝜇 to 20𝜇𝜇𝜇𝜇, but the reduction is low. For drug doses 20𝜇𝜇𝜇𝜇 and 40𝜇𝜇𝜇𝜇, the graph for the density of tumor 
cells coincides. The effect of the drug dose on tumor cell proliferation is negligible indicating that the saturation has 
occurred. 

 

Figure 13: The impact of different drug doses on the density of tumor cells 

 

(a)                         (b) 
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(c)                                     (d) 

Figure 14: The migration of ECs at time (a)t = 10, (b)t = 14, (c)t = 22 and (d)t = 26 for Case 2 

 

(a)                                                                 (b) 

Figure 15: The concentration of TAFs for Case 1 and Case 2 at times (a) t = 10, (b) t = 30 

4.2 Case 2 
The graphs pertaining to the effect of the drug that is directly applied on the EC chemotaxis are presented in Figure 

14, keeping the drug dose fixed at 1𝜇𝜇g. The plots show the migration of ECs for different times for Case 2. It is seen that 
the ECs move very slowly from the parent vessel situated at 𝑥𝑥 = 0 towards the tumor situated at 𝑥𝑥 = 1. As the time 
increases, it is seen that the movement of the ECs is curtailed by the action of the drug and the ECs have moved only up 
to 𝑥𝑥 = 0.1 even at time 𝑡𝑡 = 26. This is due to the action of the anti-CD147 drug on TAFs and MMPs. However, the drug 
is also applied to chemotaxis (cell migration) and this curbs the endothelial cell migration to a great extent as compared to 
Case 1 (Figure 5). The effect of the drug on other quantities is also presented for Case 2 and the graphs are compared 
with that of Case 1 (with drug dose 1𝜇𝜇g ). Figure 15 shows the graphs pertaining to the concentration of TAFs at times 
𝑡𝑡 = 10 and 𝑡𝑡 = 30. It is seen that there is a reduction the concentration of TAFs in Case 2 as compared to Case 1. The 
TAFs are secreted by the tumor (at the boundary 𝑥𝑥 = 1 ) and then they are taken up the ECs (moving from the boundary 
𝑥𝑥 = 0 ). This uptake of TAFs by the ECs is higher in Case 2 resulting in the decline of the TAF concentration in Case 2 as 
compared to Case 1. Figure 16 shows the graphs pertaining to the concentration of fibronectin at times 𝑡𝑡 = 10 and 𝑡𝑡 =
30. It is seen that there is a reduction the concentration of fibronectin in Case 2 as compared to Case 1. The fibronectin is 
produced by the ECs (at the boundary 𝑥𝑥 = 0 ) and then they are taken up the ECs (moving from the boundary 𝑥𝑥 = 0 
towards the boundary 𝑥𝑥 = 1 ). This uptake of fibronectin by the ECs is higher in Case 2 resulting in the decline of the 
fibronectin concentration in Case 2 as compared to Case 1. 

 
(a)                                                                    (b) 

Figure 16: The concentration of fibronectin for Case 1 and Case 2 at times (a) t = 10, (b) t = 30 
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(a)                                                             (b) 

 

(c)                                                           (d) 

Figure 17: The concentration of MMPs for Case 1 and Case 2 at times (a) t = 7, (b) t = 10 and the concentration of 
CD147 for Case 1 and Case 2 at times (c) t = 6 and (d) t = 8 

Figure 17 presents the graphs for the concentration of MMPs at times 𝑡𝑡 = 7 and 𝑡𝑡 = 10 and CD147 concentration at 
times 𝑡𝑡 = 6 and 𝑡𝑡 = 8. It is observed that there is a decrease in the concentration of both MMPs and CD147 in Case 2 as 
compared to Case 1. Figure 18 presents the graphs for tumor cell density at times 𝑡𝑡 = 7 and 𝑡𝑡 = 10. There is a decrease 
in the tumor cell density in the initial stage, for Case 2 as compared to Case 1, before attaining saturation. The reduction 
of the concentrations of TAFs, fibronectin, MMPs, CD147 and tumor cell density in Case 2 is due to the application of the 
anti-CD147 drug which is directly applied to the EC chemotaxis which in turn impacts the concentrations of the other 
variables. 

 

(a)                                                       (b) 

Figure 18: The tumor cell density for Case 1 and Case 2 at times (a) t = 7 and (b) t = 10 

5. Conclusions and Future Work 
The focus of this research is to prevent or delay the tumor angiogenesis process. It has been found that CD147 

increases and induces VEGF and MMPs (Wang et al., 2016), thus aiding in the angiogenesis process. To prevent the effects 
of CD147 on angiogenesis, anti-CD147 drug is used. The effect of a general anti-CD147 drug on tumor angiogenesis is 
studied with the help of mathematical models. The novelty of this paper is the inclusion of a general anti-CD147 drug 
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concentration and its effects on various quantities like TAFs, MMPs and tumor cell density and also on cell migration. The 
effects of the drug are considered through drug-receptor binding kinetics and with the use of the classical 𝐸𝐸max model. 
The anti-CD147 drug is modeled with the assumption that it is a competitive antagonist which competes with TAFs and 
MMPs to bind to the CD147 receptor. This results in the prevention of TAFs and MMPs from binding to CD147 receptor. 
The effects of a particular anti-CD147 drug on ECs, TAFs, MMPs, fibronectin, CD147 and on tumor cells are discussed. The 
results are obtained in the presence and absence of the antiCD147 drug and also in the absence of CD147. The results 
show that there is a decrease in the TAF and MMP concentrations when the drug is applied in the model for Case 1 (dose 
1𝜇𝜇g ) as compared to the no-drug case. The results also show an increase in the fibronectin concentration due to the 
indirect effect of the drug. The CD147 concentration is also reduced due to the binding of the drug. The tumor proliferation 
is also subjected to the drug action and it is seen that there is an overall reduction in the tumor cell density. There is also 
a reduction in the speed of the ECs as a consequence of the drug as compared to the no-drug case. The conditions for 
drug doses are also explored. As the drug dose increases from 1𝜇𝜇g to 20𝜇𝜇𝜇𝜇, it is seen that there is a reduction in TAF and 
MMP concentrations, which greatly reduces the motion of the ECs towards the tumor. The change in the drug dose has 
minimal effect on other quantities. As expected, it is seen from the results that higher the dose (20𝜇𝜇g), more is the 
inhibition rate of angiogenesis. There is a regression of the vasculature due to the CD147 knockdown effect (with the help 
of the anti-CD147 drug) which is in accordance with the experimental results presented in Voigt et al. (Voigt et al., 2009) 
and Xiong et al. (Xiong et al., 2016). It is also observed that there is a negligible change of the effects beyond 20𝜇𝜇g drug 
dose indicating that saturation of the effects has occurred. 

Further, the anti-CD147 drug is applied directly to EC chemotaxis in Case 2. It is known that the TAFs are the major 
driving force for angiogenesis (Khayati et al., 2015). Therefore, chemotaxis, the process of endothelial cell migration 
towards TAFs, dominate over other aspects. Hence, the drug effect is modeled and applied to the chemotaxis term using 
the 𝐸𝐸max  model. In Case 1, it is seen that the dose has to be increased in order to curb the migration of ECs towards the 
tumor. However, the drug dose of 1𝜇𝜇𝜇𝜇 in Case 2 is sufficient to reduce the migration of ECs to a large extent. The ECs are 
seen to be migrating very slowly and have moved only up to 𝑥𝑥 = 0.1 even at time 𝑡𝑡 = 26 (39 days) and this is because 
the dominant chemotaxis effect is subjected to the action of the anti-CD147 drug. This is a major novel finding of this 
research. Thus, this model effectively delays the tumor angiogenesis process. The results are in agreement with the 
experimental results presented by Khayati et al. (Khayati et al., 2015) and Voigt et al. (Voigt et al., 2009). It is clear from 
Case 2 that application of the anti-CD147 drug on EC chemotaxis is an effective way to curb angiogenesis. The models 
presented here considered a generalized anti-CD147 drug and used to help in delaying the angiogenesis process. Although 
the study presented promising results to curb angiogenesis, one needs to proceed with caution towards using anti-
angiogenesis treatment alone. There are drawbacks associated with anti-angiogenic treatments as presented by Ribatti et 
al. (Ribatti et al., 2019). The major drawbacks associated with anti-CD147 drug treatment is that the drug induces hypoxia 
as it reduces VEGF expression. The resulting hypoxia (or inadequate oxygen supply) is caused when the drug is applied 
for a prolonged time. Further, the reduction in VEGF results in the tumor using other methods for vascular growth like 
vascular intussusception and vascular mimicry (Ribatti et al., 2019). It has also been found that the knockdown of CD147 
expression leads to increase in 𝛽𝛽-amyloid peptides which leads to formation of plaques and Alzheimer disease. The 
knockdown of CD147 also causes damage to the retina (Koltai et al., 2020). In the clinical scenario, it is highly unlikely to 
apply only anti-CD147 drug treatment. However, this treatment option would work much effectively in curbing angiogenesis 
and reducing the risk factors associated with it, if it is used as a combinatorial therapy alongside other therapeutic models 
like chemotherapy (Rataj, 2014). Future work could explore the optimal drug dosage regimens. Also, the inclusion of other 
properties of CD147 - like hyaluronan production, Warburg effect etc. and targeting such properties with suitable drugs 
along with other combinatorial treatment modalities might provide a better treatment strategy for preventing tumor 
angiogenesis. 
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