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Abstract 
 

Aims: To formulate, analyze, and perform investigative computer simulations for clinically plausible 
mathematical model depicting the patho-physiodynamics of HIV-1 associated Kaposi Sarcoma (KS) 
during Highly Active Anti-Retroviral Therapy (HAART) of AIDS and Adoptive Cellular Immunotherapy 
(ACI). The basic principle of digital combination therapy involving HAART and ACI is exhibited in the 
computer simulations. 
Study Design: The mathematical model proposed in the current research is based on the results of the 
state-of-the-art data published in peer-reviewed journals relating to HAART, KS, and ACI. Using 
Dynamic Systems Theory, the clinical data is reformulated into a system of non-linear deterministic 
differential equations involving six model variables: non-HIV-1 infected CD4+ T lymphocytes, HIV-1 
infected lymphocytes, free HIV-1 virions in the blood plasma, HIV-1 specific cytotoxic CD8+ T 
lymphocytes/ex-vivo interleukin-2 (IL-2) incubated CD8+ T cells, HAART drug molecules, and the KS 
cancer cells. The model incorporates all appropriate stoichiometric interaction rate coefficients, apoptotic 
rate constants, rate constants for viral recruitment from latent reservoirs, and other relevant parameters. 
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The role of CD4+ T cell-induced syncytia in modulating the outcome of HAART and ACI is exhibited in 
the computer simulations using clinically plausible hypothetic patient physiological parametric 
configurations.  
Place and Duration of Study: This research was conducted at Fayetteville State University (FSU), 
Fayetteville, North Carolina, USA.  The digital version of the model was initiated in the summer of 2015 
under the HBCU Graduate STEM Summer Grant in 2015. 
Methodology: The equilibrium points, also known as the physiological outcomes were computed and the 
local stability at these points were analyzed utilizing the Hartman-Grobman theory, the principles of 
linearized stability, Banach space techniques, and Lozinskii matrix based stability. The clinically 
desirable physiological outcomes are further analyzed to obtain plausible robust criteria under which the 
HIV-1 virions, HIV-1 infected CD4+ lymphocytes and KS cells are annihilated. In particular, some 
scenarios of therapeutic failure are also discussed.  
Results: Theoretical digital criteria for remission and possible cure of KS and AIDS are derived in terms 
of biophysically measurable parameters. The model simulations incorporate scenarios with and without 
HIV-1 induced syncytia. The digital prognosis of KS and the associated HIV-1 AIDS are exhibited in 
terms of biophysically measurable mathematical criteria. In particular, the computer simulations use 
hypothetical patient parametric configurations to elucidate the quantitative dynamics of KS and 
associated HIV-1 AIDS during HAART and ACI.  
Conclusion: This research has demonstrated that under certain patient parametric configurations, a higher 
density of syncytia prevents reconstitution of CD4+ T cells at various doses of HAART drug cocktail.  It 
also establishes theoretically it is possible for HAART to annihilate HIV-1 infected CD4+ T cells and 
HIV-1 virions without necessarily eliminating KS.  
 

 
Keywords: Kaposi Sarcoma (KS); mathematical modeling; HAART efficacy; computer simulations; ACI of 

KS. 
 

1 Introduction 
 
The Kaposi Sarcoma associated Herpes Virus 8 (KSHV-8) is a subset of the γ -herpesvirus subfamily which 

comprises of two subgroups namely lymphocryptovirus and rhadinovirus [1-5]. The virus is also named 
KSHV-8 or HHV-8 since it is the eighth known Human Herpes virus. The KSHV DNA sequences are found 
only in the KS tissues and not in normal tissues [4].  In particular, KSHV can be isolated in all KS lesions 
and localized in the vascular endothelial cells and prevascular spindle-shaped cells [4]. The gene products of 
KSHV-8 are homologous to cellular oncogenes and can modify the cellular cycle, inhibit apoptosis, evade 
immune system signaling mechanisms, and induce angiogenesis, immortalization of cancer cells, and 
facilitates neo-vascularization, in HIV-1 patients [3-7]. 
 
Systemic treatment of KS in AIDS patients must confront both KS and the underlying AIDS. Thus Highly 
Active Anti-Retroviral Therapy (HAART) chemotherapy, Adoptive Cellular Immunotherapy (ACI), and 
radiotherapy are the treatment modalities [6]. Since the multifocality of AIDS associated KS is the major 
purpose of therapy, chemotherapy and radiotherapy are often times preferred by medical and clinical 
oncologists. The lesions of KS are radiosensitive but adverse effects such as residual hypopigmentation, 
radio-dermatitis, and skin ulceration could be incapacitating to the patient. In order to minimize toxicity, 
intralesional cytotoxic chemotherapy is favored than whole body systemic chemotherapy. Thus innovative 
pegylated liposomal anthracycline anti-tumor antibiotic doxorubicin is used in first line traditional 
radiotherapy and immuno-therapy such as to reduce systemic toxicity. The relevance of HAART in KS 
therapy depends on the therapeutic efficacy of the components of the HAART protocol such as the protease 
inhibitors, nucleoside/non-nucleoside reverse transcriptase inhibitors and HIV-1 receptor/co-receptor 
inhibitors [6,7]. Localized HIV-1 associated KS may involve the use of treatment modalities such as (i) 
cryotherapy using liquefied nitrogen (ii) conformal radiotherapy (brachytherapy) (iii) photodynamic therapy 
involving photosensitizers (Photofrin II) and laser therapy.  
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The rationale for using ACI in HIV-1 associated KS therapy is based on clinical observation involving the 
use of recombinant interleukin 2 (rIL-2). The mechanism of action of rIL-2 is based on the lymph 
proliferative activation of CD8+ T (tumoricidal T-lymphocytes), NK (natural killer cells) and LAK 
(lymphokine activated killer cells) [8-10]. Related clinical research on the pathophysiology of KS during 
HAART can be found in [9-13].   
 
The clinical protocol of KS specific ACI involves the following procedures [9,10,14]. 
 

Step (1) The cancer patient is primed with KS vaccine followed by lymphocyte harvest. This is 
therapeutically possible in principle. Such procedure is discussed by Parviz et al in [8]. 

Step (2) Autologous T cells are harvested from the (i) peripheral blood or alternatively using (ii) draining 
the lymph nodes 

Step (3) The autologous T cells then undergo polyclonal in-vitro activation and proliferative expansion. 
Antigen-specific immune function is measured. After administration of booster vaccines.  

Step (4) The ex-vivo rIL-2 expanded CD8+ cells are re-infused into the patient after lympho-depleting 
chemotherapy.  

Step (5) The tumor-infiltrating KS specific CD8+ T lymphocytes can be isolated and expanded in vitro 
using rIL-2 for adaptive transfer after lympho-depleting chemotherapy.     

 
The patho-physio-dynamics of HIV-1 induced KS has been investigated by Kemény et al. [15], Lesbordes  
et al. [16], Zhu et al. [17], and in publications such as [18,19,20]. The cytolytic role of CD8+ T lymphocytes 
in regulating the growth of KS has been studied by Li et al. [21] and Stebbing et al [18]. The use of ACI with 
activated autologous CD8+ T cells incubated with rIL-2 infusion in treatment of AIDS was described by 
Klimas et al. [14], Touloumi et al. [19], and Urassa et al. [20]. Additional research results have been 
obtained by Bihl et al. [22], and Dupont et al. [13].  
 
Nani and Jin [23] recently developed a mathematical model depicting the dynamics of KS during HAART 
therapy of HIV-1 induced AIDS. The Nani-Jin model is improved in this current research to include ACI 
therapy of KS during HAART so to incorporate the mathematical ramifications of ACI [24,25]. In particular, 
stability analysis of the model has been discussed and more computer simulations are presented, as 
compared to the previous paper. 
 
In this paper, we present an elaborate, deterministic mathematical model and computer simulations of the 
patho-physio-dynamics of KS associated with AIDS during HAART. It is one of the major attempts to 
construct a clinically plausible mathematical model which incorporates HAART therapy, HIV-1 induced 
AIDS dynamics, and KS.  
 

2 Parameters 
 
The model variables, parameters, cytokinetic rate constants, stoichiometric coefficients, and exogenous input 
rate constant will be defined as specified in this section. These numerical quantities are biophysically 
measurable and/or clinically quantifiable. Their exact values for each patient can be estimated. The 
following definitions are as specified in Nani and Jin [23,26].  
 

x1: the number density of non-HIV-1-infected CD4+ helper T-lymphocytes per unit volume at any time t  
x2: the number density of HIV-1 infected CD4+ helper T-lymphocytes per unit volume at any time t 
x3: the number density of HIV-1 virions in the blood plasma per unit volume at any time t 
x4: the number density of HIV-1 specific CD8+ cytotoxic T-lymphocytes per unit volume at any time t 
x5: the concentration of the chemotherapy drug and HAART drug molecules at any time t 
x6: the number of Kaposi sarcoma cancer cells in the AIDS patient at any time t during HAART 
S1:  rate of supply of un-infected CD4+ T-lymphocytes  
S2:  rate of supply of latently infected CD4+ T-lymphocytes 
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S3: rate of supply of HIV-1 virions from macrophage, monocytes, microglial cells and other lymphoid 
tissue different from T-lymphocytes 

S4: rate of supply of CD8+ T-lymphocytes from the thymus or rate of supply of ex-vivo incubated CD8+ 
T-lymphocytes  

D: rate of HAART drug infusion by transdermal delivery   
ai, bi: constant associated with activation of lymphocytes by cytokine interleukin-2 (IL-2) (i =1, 2, 3, 4) 
αi: constant associated with HIV-1 infection of CD4+ T4 helper cells (i =1, 2, 3) 
β1: the number of HIV-1 virions produced per day by replication and budding in CD4+ T4 helper cells  
β2: rate constant associated with replication and “budding” of HIV-1 in syncytia CD4+ T4 helper cells 

per day per microliter (µl) and released into the blood plasma  
β3: the number of HIV-1 virions produced per day by replication and “budding” in non-syncytia CD4+ T 

helper cells and released into the blood plasma 
ηi: constant depicting the rate of which HIV-1 virions incapacitate the CD8+ T8 cytotoxic cells (i =1, 2) 
(σ0, λ0): Michaelis-Menten metabolic rate constants associated with HAART drug elimination 
(σi, λi): Michaelis-Menten metabolic rate constants associated with HAART drug pharmacokinetics (i 

=2, 3) 
(σ4, λ4): Michaelis-Menten metabolic rate constants associated with cytolytic action of CD8+ against 

Kaposi Sarcoma cancer cells 
γ4: constant depicting the cytolytic efficacy of CD8+ T cells against Kaposi sarcoma cancer cells 
ξi: cytotoxic coefficient where 0 ≤ ξi  ≤ 1 (i =  2, 3) 
qi: constant depicting competition between infected and un-infected CD4+ T4 helper cells (i =1, 2) 
ki: constant depicting degradation, loss of clonogenicity or  “death” (i =1, 2, 3, 4, 5, 6) 
ei0: constant depicting death or degradation or removal by apoptosis (programmed cell death) (i =1, 2, 3, 

4) 
Ki: constant associated with the killing rate of infected CD4+ T cells by CD8+  T cytotoxic lymphocytes 

(i =1, 2) 
All the parameters are positive 

ci: kinetic constants depicting logistic tumor growth for Kaposi sarcoma 
 

3 Model Equations 
 
The following system of non-linear deterministic ordinary differential equations models the patho-
physiological dynamics of HIV-1 induced AIDS virions and associated Kaposi sarcoma cancer cells, CD4+ 
(infected and non-infected) T cells, and CD8+ T cells during HAART therapy.
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4 Analysis of the Model Equations 
 
In this section, the principles of non-linear system analysis will be used to derive some results on the 
qualitative behavior of the model equations. The mathematical techniques used for analyzing the model 
equations are discussed in [27,28,29,30,31]. 
 

4.1 Boundedness, dissipativity, and invariance of non-negativity 
 
Consider the model equations (3.1). Let  
 









+=

==

∈

−

∈

][sup

}4,2,1{][sup

33322
],[

3

1
],[

0

1

0

xxxL

jforexxaL

F

j

F

ttt

xb
jj

ttt
j

ββ
              (4.1) 

 

where t0 and tF denote respectively the time for commencement and termination of HAART and ACI therapy. 
 
The system of differential equations (3.1) reduce to the following system of differential inequalities.  
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Integrating the system (4.2), the following dynamical inequalities are obtained. 
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where ),0[ ∞=ℜ∈ +
ir are constants of integration for i = {1, 2, 3, 4, 5}. 

 
Thus 
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The inequalities of (4.5) show that the system (3.1) is dissipative for 00 ≠−+

i

iii

k
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i={1,2.3,4.5}. We thus have the following theorem. 
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Then the following hold 
 

(i) The set A is non-negatively invariant 
(ii)  The set A is a global attractor 

(iii)  All solutions of (3.1) with initial values chosen in 6+ℜ will eventually enter A and are ultimately 

bounded and remain entrapped in A for all +ℜ∈t . 

 

Proof. The proof follows directly from the preceding calculations leading to the theorem. Also see [27] 
Theorem 3.1 for details of the proof.                                                                                                                 
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4.2 Existence of an mT periodic solution 
 
It will be shown in this subsection that (3.1) admits an mT periodic solution, where m is an integer and T is 
the period. 
 
The non-linear system (3.1) can be rewritten in the form: 
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(v) MxtF ≤),(  for some M > 0 
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Theorem 4.2 Consider the model equations as rewritten in (4.7). Suppose that conditions (i) – (iv) in (4.8) 
hold. Then there exists an mT periodic solution of (4.7), if β3 < k3. 
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Proof: 
 
Step 1. Consider the system  
 

)(where)( 6 ℜ∈= MAutAu&                                       (4.11) 

 
The eigen-spectrum of A(t) is defined by  
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All the eigen-values of A has negative real parts. It means that all solutions of (4.11) tend to zero as t → ∞. 

 
Step 2. The next step is to show that if solution of (4.11) are uniformly ultimately bounded  
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Therefore, all solutions are uniformly ultimately bounded. Hence, there exist an mT periodic solution [27].        
 
4.3 Linearized stability of the model equations 
 
In this section, the stability of the model equations will be analyzed for the scenario in which the periodic 
input  ntD sin is replaced by a constant drug input D.  

 
The Jacobian matrix of linearization of (3.1) in the neighborhood of an arbitrary equilibrium point E=[x10, x20, 
x30, x40, x50, �60] has the form: 
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4.4 Analysis of the equilibrium E[ 0,,,0,0, 541 xxx ] 
 
In this subsection the clinically desirable physiologically outcome E[ 0,,,0,0, 541 xxx ] will be analyzed 

using the linearized system explained in Section 4.2. This therapeutic disease equilibrium corresponds to the 
scenario in which the HIV-1 infected CD4+ T cells, plasma HIV-1 virions, and neoplastic KS cells are 
obliterated by combination of HAART and palliative chemotherapy. The necessary conditions for the local 
existence of this equilibrium are the following: 
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Definition  Let T := 
dx

d be the Frechet differential operator such that  

T: nn ℜ→ℜ  
njiwhereaAxDFxF ijnxn ≤≤==→ ,1][:)]([)(  

 
where F(x) is the nonlinear vector-valued function given by the right hand side of Equation (3.1). In 
particular [DF(x0)] is the Jacobian matrix of linearization of (3.1) in the neighborhood of the equilibrium 
point 6

0 ℜ∈x . 

  
Note that nℜ equipped with the p-norm is a finite dimensional Banach space for ∞≤≤ p1 . 
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0≥∃k  such that xKT ≤ and  

 TxT
x 1
sup

≤
=  

 
Thus T x = A x  nx ℜ∈  and T is a linear operator.  
 

Let ∞≤≤ p1 and define the Lebesgue 
p

l
 norm [28] on nℜ as 
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It can be shown that all the above norms on nℜ are equivalent.  
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Then the Lozinskii matrix measure of A is defined as: 
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Assume that the parametric configuration of a hypothetical AIDS patient is such that the following 
specifications can be made:  
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Then Equation (4.16) reduces to 
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We the have the following theorems. 
 
Theorem 4.3.1 Suppose 
 

(i) 
1

1

2

b
x >  

(ii)  0212
12 <−− kexa xb  

(iii)  033 <− kβ                 (4.19) 

(iv) 0414
14 <−− kexa xb  

(v) 061 <− kc  

 

Then the solution trajectory of the model equations (3.1) in the ε-neighborhood of ]0,,,0,0,[ 541 xxxE  is 

uniformly asymptotically stable.  
 
Comments on Theorem 
 
This theorem demonstrates the existence of a scenario in which the HIV-1 infected CD4+ T cells, HIV-1 
virions, and Kaposi Sarcoma cells are annihilated using continuation of HAART and adoptive 
immunotherapy with ex-vivo incubated CD8+ T cells. 
 
Proof: Consider the expression (4.16), using the specifications (4.17) and Theorem 4.1.2 in Kartsatos [28], it 
can be immediately concluded that ]0,,,0,0,[ 541 xxxE is uniformly asymptotically stable if rA −≤)(µ
where r is a positive real number.                  
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Theorem 4.3.2 Suppose 
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Then ]0,,,0,0,[ 541 xxxE  is a local attractor. 
 
Proof: Consider the Jacobian matrix (4.15) which is a linearization of the non-linear model equations (3.1) 
in the ε-neighborhood of ]0,,,0,0,[ 541 xxxE . By the Hartman-Grobman theorem [29], the flow associated 

with the non-linear system is C0-conjugate to that of the linearized system uxxxEJu ])}0,,,0,0,[({ 541=&  

where 6
0 , ℜ∈−= uxxu  in the neighborhood of ]0,,,0,0,[ 541 xxxE . 

 
An inspection of the Jacobian matrix (4.15) reveals that the eigenvalues given by the following expressions: 
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Conditions (i) ~ (v) of the theorem guarantee that all the eigenvalues have negative real parts. Using the 
principles of linearized stability [29], it can be concluded that ]0,,,0,0,[ 541 xxxE is a hyperbolic sink and 

locally asymptotically stable and a local attractor.                    
 

5 Digital Prognostic Simulations 
 
In this section, hypothetical patient physiological parametric configurations are used to illustrate some 
aspects of the dynamics of Kaposi Sarcoma (KS) during HAART and ACI. The parametric values used in 
the simulations are estimates based on values presented in the following papers [23,26]. For all the 
simulations below, the units of xi are cells/µl for i =1,2,4,5,6 and virions/µl for i = 3. The time axis unit is 
year. 
 
The convergence of the simulations is guaranteed by the following theorem [31]: 
 
Theorem 5.1 Consider the initial value problem. 
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where ),( nnCf ℜℜ×ℜ∈ +  and nx ℜ∈0  
 
Let (5.1) be rewritten in the iterative form as follows. 
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And if there exists a constant L > 0 such that  
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For all Dhythyt ∈),,(),,,(  called a Lipschitz condition, then the following hold: 
 

(i) The  numerical algorithm is stable 
(ii)  The algorithmic scheme is convergent if and only if it is consistent, that is, if and only if 

],[)0,,()0,,( 00 αφ +∈∀= tttxtfxt  

(iii)  If the local truncation errors are bounded by )(|| hBi ≤τ  for some function B(h), independent of i  

and for ],0[ 0hh∈ , then 
L

ehB
ytx

ttL

ii

i )( 0)(
|)(|

−

≤− where L is the local Lipschitz constant.  

 
5.1 Simulation for hypothetical KS patient #1  
 
Suppose the hypothetical AIDS/KS patient has parametric configuration P1 as exhibited in Table 1.  
 
The parametric configuration for Ρ1′ is similar to that of Ρ1 except that β2 = 0.01 (with moderate syncytia) vs. 
β2 = 0 (absence of syncytia). The cancer growth rate constant for both Ρ1 and Ρ1′ is set to c1 = 6.405. The 
simulation results are shown in Fig. 1.  
 
An inspection of the output graphs show that the effect of non-zero syncytia is relevant to the dynamics of 
CS8+ T cells (x4), but there is no marked effect on the other dynamic variables. The effect of no-zero 
syncytia is to decrease the number of CD8+ T cells. It can be observed from the simulation results that the 
immune system of the patient is reconstituted during the HAART and ACI therapy. 

 

5.2 Simulation for hypothetical KS patient #2  
 
The effect of KS growth rates for fixed syncytia level and fixed HAART drug does rate D is investigated in 
this simulation. The parametric configuration of the hypothetical patient #2 is shown in Table 2. In 
parametric configuration Ρ2’, the only changes are as follows: c1 = 6.405 instead of c1 = 10.25.  
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Table 1. Hypothetical AIDS patient parametric configuration ΡΡΡΡ1 

 

x10 = 500 cells/µl  
S1 = 800 /day/µl 
e10 = 0.0025 cells/day/µl 
a1 = 0.15 /day/cell/µl 
b1 = 0.01 /cell/µl 
α1 = 0.5/day/virions/µl 
k1 = 0.0005/day/µl 
q1 = 0.00045/day/µl/cell 
 

x20 = 400 cells/µl  
S2 = 800 /day/µl 
e20 = 0.0005 cells/day/µl 
a2 = 0.11 /day/cell/µl 
b2 = 0.004/cell/µl 
α2= 0.5/day/virions/µl 
k2 = 0.005/day/µl 
q2 = 0.00001/day/µl/cell 
β1 = 1.5 virions/CD4+/day 
K1 = 0.0001/day/µl 

x30 = 1000 virions/µl  
S3 = 10 /day/µl 
e30 = 0.0001 /day 
β2=0.01 virions/CD4+/day/µl 
β3 = 2.75 virions/CD4+/day 
α3 = 0.027 /day/virions/µl 
k3 = 0.0001/day/µl 
η1 = 0.055 
ξ2 = 0.85 
ξ3 = 0.0001 

x40 = 1500 cells/µl 
 S4 = 2000 /day/µl 
e40 = 0.0002 
cells/day/µl 
a4 = 0.35 /day/cell/µl 
b4 = 0.01/cell/µl 
K2 = 0.0024 /day/µl 
k4 = 0.08/day/µl 
η2 = 0.055 
γ4 = 0.15 

x50 = 1500 cells/µl 
n = 5 
D = 4000 units 
σ0 = 0.5 mg/day 
σ2 = 30 mg/day 
σ3 = 5 mg/day 
k5=0.001/day/µl 
λ0 = 5 mg/L 
λ2 = 10 mg/L 
λ3 = 0.015 mg/L 

x60 = 2500 cells/µl 
c1 = 6.405 
c2 = 0.00075 
σ4 = 7 mg/day 
k6=0.0025/day/µl 
λ4 = 5.5 mg/L 
 

 

     
 

     
 

Fig. 1. Simulation results using parametric configurations ΡΡΡΡ1 vs. P1′ 
(P1′ is the modified P1: same as Ρ1 except β 2 = 0 instead of β 2 = 0.01.  The time axis unit is year.) 
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Table 2. Hypothetical AIDS patient parametric configuration ΡΡΡΡ2 

 

x10 = 500 cells/µl  
S1 = 800 /day/µl 
e10 =  
0.0025 cells/day/µl 
a1 = 0.15 /day/cell/µl 
b1 = 0.01 /cell/µl 
α1 = 0.5/day/virions/µl 
k1 = 0.0005/day/µl 
q1 = 0.00045/day/µl/cell 
 

x20 = 400 cells/µl  
S2 = 800 /day/µl 
e20 = 0.0005 cells/day/µl 
a2 = 0.11 /day/cell/µl 
b2 = 0.004/cell/µl 
α2= 0.5/day/virions/µl 
k2 = 0.005/day/µl 
q2 = 0.00001/day/µl/cell 
β1 = 1.5 virions/CD4+/day 
K1 = 0.0001/day/µl 

x30 = 1000 virions/µl  
S3 = 10 /day/µl 
e30 = 0.0001 /day 
β2=0 virions/CD4+/day/µl 
β3 = 2.75 virions/CD4+/day 
α3 = 0.027 /day/virions/µl 
k3 = 0.0001/day/µl 
η1 = 0.055 
ξ2 = 0.85 
ξ3 = 0.0001 

x40 = 1500 cells/µl  
S4 = 2000 /day/µl 
e40 = 0.0002 
cells/day/µl 
a4 = 0.35 /day/cell/µl 
b4 = 0.01/cell/µl 
K2 = 0.0024 /day/µl 
k4 = 0.08/day/µl 
η2 = 0.055 
γ4 = 0.15 

x50 = 1500 D = 4000 units 
σ0 = 0.5 mg/day 
σ2 = 30 mg/day 
σ3 = 5 mg/day 
k5=0.001/day/µl 
λ0 = 5 mg/L 
λ2 = 10 mg/L 
λ3 = 0.015 mg/L 
cells/µl 
n = 5 

x60 = 2500 cells 
c1 = 10.25 
c2 = 0.00075 
σ4 = 7 mg/day 
k6=0.0025/day/µl 
λ4 = 5.5 mg/L 
 

 

     
 

     
 

Fig. 2. Simulation results using parametric configurations ΡΡΡΡ2 vs. P2′ 
(P2′ is the modified P2: same as Ρ2 except c1 = 6.405 instead of c1 = 10.25. The time axis unit is year.) 
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Table 3. Hypothetical AIDS patient parametric configuration ΡΡΡΡ3 

 

S1 = 800 /day/µl 
a1 = 0.15 /day/cell/µl 
b1 = 0.01 /cell/µl 
α1 = 0.5/day/virions/µl 
k1 = 0.0005/day/µl 
q1 = 0.00045/day/µl/cell 
e10 = 0.0025 cells/day/µl 
x10 = 500 cells/µl 

S2 = 800 /day/µl 
a2 = 0.11 /day/cell/µl 
b2 = 0.004/cell/µl 
α2= 0.5/day/virions/µl 
k2 = 0.005/day/µl 
q2 = 0.00001/day/µl/cell 
β1 = 1.5 virions/CD4+/day 
K1 = 0.0001/day/µl 
e20 = 0.0005 cells/day/µl 
x20 = 400 cells/µl 

S3 = 10 /day/µl 
β2=0.01 virions/CD4+/day/µl 
β3 = 2.75 virions/CD4+/day 
α3 = 0.027 /day/virions/µl 
k3 = 0.0001/day/µl 
e30 = 0.0001 /day 
η1 = 0.055 
ξ2 = 0.85 
ξ3 = 0.0001 
x30 = 1000 virions/µl 

S4 = 2000 /day/µl 
a4 = 0.35 /day/cell/µl 
b4 = 0.01/cell/µl 
K2 = 0.0024 /day/µl 
k4 = 0.08/day/µl 
e40 = 0.0002 
cells/day/µl 
η2 = 0.055 
γ4 = 0.15 
x40 = 1500 cells/µl 

D = 4000 units 
σ0 = 0.5 mg/day 
σ2 = 30 mg/day 
σ3 = 5 mg/day 
k5=0.001/day/µl 
λ0 = 5 mg/L 
λ2 = 10 mg/L 
λ3 = 0.015 mg/L 
x50 = 1500 cells/µl 
n = 5 

c1 = 10.25 
c2 = 0.00075 
σ4 = 7 mg/day 
k6=0.0025/day/µl 
λ4 = 5.5 mg/L 
x60 = 2500cells 
 

 

     
 

     
 

Fig. 3. Simulation results using parametric configurations ΡΡΡΡ3 vs. P3′ 
(P3′ is the modified P3: same as Ρ3 except β2 = 0 instead of β2 = 0.01. The time axis unit is year.) 
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Table 4. Hypothetical AIDS patient parametric configuration ΡΡΡΡ4 
 

S1 = 800 /day/µl 
a1 = 0.15 /day/cell/µl 
b1 = 0.01 /cell/µl 
α1 = 0.5/day/virions/µl 
k1 = 0.0005/day/µl 
q1 = 0.00045/day/µl/cell 
e10 = 0.0025 cells/day/µl 
x10 = 500 cells/µl 

S2 = 800 /day/µl 
a2 = 0.11 /day/cell/µl 
b2 = 0.004/cell/µl 
α2= 0.5/day/virions/µl 
k2 = 0.005/day/µl 
q2 = 0.00001/day/µl/cell 
β1 = 1.5 virions/CD4+/day 
K1 = 0.0001/day/µl 
e20 = 0.0005 cells/day/µl 
x20 = 400 cells/µl 

S3 = 10 /day/µl 
β2=0.03 virions/CD4+/day/µl 
β3 = 2.75 virions/CD4+/day 
α3 = 0.027 /day/virions/µl 
k3 = 0.0001/day/µl 
e30 = 0.0001 /day 
η1 = 0.055 
ξ2 = 0.85 
ξ3 = 0.0001 
x30 = 1000 virions/µl 

S4 = 2000 /day/µl 
a4 = 0.35 /day/cell/µl 
b4 = 0.01/cell/µl 
K2 = 0.0024 /day/µl 
k4 = 0.08/day/µl 
e40 = 0.0002 
cells/day/µl 
η2 = 0.055 
γ4 = 0.15 
x40 = 1500 cells/µl 

D = 4000 units 
σ0 = 0.5 mg/day 
σ2 = 30 mg/day 
σ3 = 5 mg/day 
k5=0.001/day/µl 
λ0 = 5 mg/L 
λ2 = 10 mg/L 
λ3 = 0.015 mg/L 
x50 = 1500 cells/µl 
n = 5 

c1 = 10.25 
c2 = 0.00075 
σ4 = 7 mg/day 
k6=0.0025/day/µl 
λ4 = 5.5 mg/L 
x60 = 2500cells 
 

 

     
 

     
 

Fig. 4. Simulation results using parametric configurations ΡΡΡΡ4 vs. P4′ 
(P4′ is the modified P4: same as Ρ4 except D = 1000 instead of D = 4000. The time axis unit is year.) 
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It can be observed from Fig. 2 that the adoptively transferred ex-vivo IL2 incubated CD8+ T cells with the 
dose rate D of 4000 units of HAART drug and the ACI ex-vivo CD8+ T cells (S4 = 2000) were 
comparatively effective in reducing the growth rate of KS cells which have the lower value of c1 = 6.405 as 
compared to the KS cells with the higher value of c1 = 10.25. It can also be observed from the simulation 
results that the immune system of the patient is reconstituted during the HAART and ACI therapy. 
 

5.3 Simulation for hypothetical KS patient #3  
 
The effect of non-zero syncytia is investigated in this section. A hypothetical patient #3 with parametric 
configuration Ρ3 with non-zero syncytial rate (β2 = 0.01) is compared to a hypothetical patient Ρ3’ with zero 
syncytial rate (β2 = 0). For both patients, c1 = 10.25, and D = 4000 are fixed. 
 
The simulation results show that the difference between the digital prognoses of the hypothetical patients are 
negligible except for the dynamics of CD8+ (x4) T cells In particular, the peak of the CD8+ for zero syncytia 
is lower than that of non-zero syncytia. Also it is possible to compare the results with those of Section 5.1. In 
section 5.1, the dynamics of the CD8+ cells have an asymptotic configuration after t = 5 as compared to the 
dynamics of CD8+ cells in section 5.2 that show a rapidly decreasing rate after t = 5. In addition, the 
dynamics of KS is concave up and concave down respectively in sections 5.1 and 5.2.  It can be observed 
from the simulation results that the immune system of the patient is reconstituted during the HAART and 
ACI therapy.  
 
5.4 Simulation for hypothetical KS patient #4  
 
The effect of HAART drug dose rate is investigated in this section. The hypothetical patient #4 is subject to 
two dose regimes of HAART drug with respective dose rates of D = 4000 (Ρ4) and D = 1000 (Ρ4’). The 
syncytial rates are kept fixed at β2=0.03 and the KS growth rate is fixed at c1 = 10.25.  
 
The simulation results in Figure 4 show the following: 
 

(i) The digital prognosis for the two scenarios is poor because the non-infected CD4+ T cells are 
annihilated in both cases.  

(ii)  The dynamics of the CD HIV-1 infected CD4+ T cells is such that the rate for t = 4 to t = 8 shows a 
spike for the lower dose rate of D = 1000. 

(iii)  The HIV-1 virions dynamics exhibits a marked spike for D =1000 emanating at t =6 that peaks at t 
= 10.  

(iv) The effect of a higher HAART dose on KS is negligible except for a spike in KS growth rate at t 
=10.  

(v) With a non-zero and higher syncytia rate, the immune system is not reconstituted at either D= 4000 
or D =1000. In particular, the non-infected CD4+ T cells are annihilated in both dose regimes.   

 

6 Summary and Future Work 
 
The results presented in this paper can be summarized in the following statements: 
 

(i) It is possible, in principle, for HAART to annihilate HIV-1 infected CD4+ T cells and HIV-1 
virions without necessarily eliminating KS. 

(ii)  ACI with adoptively transferred tumor infiltrating CD8+ T cells can lead to remission in KS 
inpatients with HIV-1 induced AIDS who are undergoing HAART. 

(iii)  The combined use of ACI and HAAART can lead to immune reconstitution of CD4+ T cells as 
seen in simulations with hypothetical patient #2. This effect is confirmed by the work of Bihl et al. 
in [22]. 
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(iv) Under certain patient parametric configurations, a higher density of syncytia, as indicated by a 
higher value of β2, prevents reconstitution of CD4+ T cells at various doses of HAART drug 
cocktail. This effect was observed in hypothetical patient #4. 

 
The major difficulty associated with this model is the determination and estimation of the physiologic 
interaction constants and stoichiometric coefficients. It is possible to obtain or estimate most of them by 
statistical analysis of biophysical data from in-vitro experiments or in-vivo animal or human data. 
 
In future a more plausible formulation of the syncytia will be attempted in which the quadratic term 

322 xxβ

will be remodeled. The model equations (3.1) will be refurbished with appropriate time delays which are 
associated with HIV-1 latency. Another feature of the future model will be the inclusion of time lags 
involved in ACI therapy. In particular, more investigative simulations will be presented. 
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