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Abstract

Different therapeutic regimes like chemotherapy, cytokine based immunotherapy and/or stem cell transplantation are generally be the
suggested options for treatment of leukemia. However, the selection of the best therapeutic strategy for an individual patient remains
uncertain till now. Several analytical models are proposed for each of the therapeutic strategies; however, no single analytical model
is available which can make a comparative assessment regarding the long-term therapeutic efficacy among these strategies. This, in
turn, may limit the clinical application of such analytical models. To address this issue we have developed an analytical model that
can make a comparative assessment among these therapeutic regimes along with their different combinations. The model also has the
flexibility to test their efficacies in different types of leukemia. Contrary to the previous models here we have incorporated several other
important constraints like chemotherapeutic toxicity and chronic effects of HLA incompatibility that may limit therapeutic success.
The simulation studies with the developed model indicate towards the immune potentiation as the determining factor to bring the
leukemia free survival. It also reveals that the time optimization for immune boosting is another important crucial factor for providing
leukemia free survival.
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Introduction

Several mathematical models have been proposed to study the complex dynamical behavior of the hematopoiesis. These models
have attempted to reveal the pathogenesis of different hematological diseases (HD) including hematological malignancies (HM).
Amongst, the first work was targeted with acute myelogenous leukemias (AML) where systems of delay ordinary difference
equations (DODE) are considered for modeling the hematopoietic dynamics in different compartments of hematopoietic lineages
and the effect of chemotherapeutic intervention [1-3]. This modeling strategy has also been used in explaining the behaviour of
periodic chronic myelogeneous leukemia and cyclical neutropenia diseases [4,5]. Similar modeling strategy was further extended
for designing of long term targeted chemotherapeutic strategies (imatinib) in chronic myelogenous leukemias (CML) [6] and the
effect of autologous vaccination procedure by T-cells [7]. Using a system of nonlinear delay differential equations, further work
suggests that stability of the system is sensitive to the T cell related parameters like T cell stimulation and/or supply of T cell into
the system [8].

However, models without delay have also been proposed by several workers [9-11]. These sorts of modeling approaches are helpful
for the control and stability analysis of the system. Presently available analytical models for hematopoiesis consisting with multi-
compartmental models and the incorporation of ordinary differential delay equations makes it feasible to study the replication
potential of the hematopoietic cells in several compartments as well as the chemotherapeutic efficiency, whereas other models
without delay consideration are formulated for the simplicity of stability and control analysis.

For achieving better tolerance of the hematopoietic cell transplantation, hematopoietic stem cell (HSC) transplantation is
suggested. Stem cell transplantation (SCT), an emerging therapeutic procedure in hematology involves a complex procedure,
however, little has been done with the mathematical modeling, in spite of rich medical and clinical literatures are available in this
field. In this regard works of DeConde et al, 2005 [12] can be mentioned where delay differential equations are used to explain
the time evolution of six populations after allo-SCT in chronic myeloid leukemia and concluded that remission depends on the
allo-reactive T cell immune function [7]. Previous modeling approaches were further modified to incorporate the drug resistant
mutation in CML and suggest for combination therapy as a means of long-term remission in CML undergoing imatinib treatment
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[13]. Further works suggests that relapse is due to presence of dormant stem cells and/or symmetric division of stem cell acquire
for the development of drug resistant phenotype [14,15].

However, allo-SCT transplantation is a complex therapeutic procedure as it may require intermittent intervention at different time
points due to non-availability of ideal HLA matching in clinical scenarios. Hence, a flexible model with different input variables
would be the ideal for the assessment of the potentiality of different therapeutic modalities for varying circumstances. In several
instances of leukemia, partial remission is achieved by the application of myeloablative chemotherapy (MAC) and/or radiother-
apy. Allogenic hematopoietic stem cell transplantation (allo-HSCT) is therefore suggested for achieving long-term leukemia free
survival (LFS). Donor lymphocyte alloreactivity against the host hematopoietic system translates powerful graft-versus-leukemia
(GVL) reactions. [16]. However if the transplanted cells have the HLA incompatibility with the host then a severe graft-versus-
host diseases (GVHD) occurs which favors the opportunistic infection within the host. This has the significance of transplanted
related mortality. Allo-HSC transplantation is regarded as the double edge sword as it protects the host from leukemia relapse and
simultaneously the death of the host.

Though it is difficult to get, however complete remission through transplantation is possible with the ideal HLA matching with
the syngenic (monogygotic twin of the patient) donor cells. Allo-HSC transplantation has two folds benefits — on one hand the
conditioning regimen consisting of MAC destroys the hematopoietic process of patient which in turn reduce the tumor load in
the patient, and following procedure of allo-HSC transplantation exerts a long lasting immunologic GVL by the donor derived
T-lymphocytes which helps to remove the residual diseases of the patient after the MAC [17].

Now-a-days, allo-HSC transplantation (HSCT) is done with three sources — bone marrow (BM), peripheral blood (PBL) and
umbilical cord blood (UCB). In recent time majority of cases HSCT is performed with PBL as the sources of HSC. For harvesting
of HSC from the PBL it is needed to mobilize the HSC to the peripheral blood of the donor by the application of GMCSF or low
dose cyclophosphamide. Allo-HSC of UCB origin is the better option compared to the adult HSC because of its greater tolerance
within the host body due to low expression of the HLA on the stem cell surface [18].

Attempt has been made to study the post transplant immune responses in CML [2]; however, the management of the post trans-
plant complications is still a challenge for different types of leukemias and yet to be determined. Though cancer vaccination strat-
egy has been designed [7], however, in designing this model several parametric estimations like kinetic coeflicient, probability of
cancer cell death is not a very clinically feasible approach while one considers the individual leukemia cases. Therefore it is needed
to develop a generalized model for different leukemias that could be more clinically compatible in the assessment of different
therapeutic procedures including transplantation and its complications. Here we propose a simplified but clinically compatible
analytical model for the assessment of the outcome of chemotherapeutic strategies, immune potentiation, HSCT and post-HSCT
complications.

Methods

In present model we have considered a difference delay equation based three compartmental system model [19] having 7 cell types
- the stem cell compartment having hematopoietic stem cell (S), progenitor compartment having three progenitor cells of three
lineages namely erythroid (P1I), leukocytoid (P2) and megakaryocytoid (P3) and matured cell compartment having mature cells of
three lineages namely RBC (BI), WBC (B2) and platelet (THB) (B3). In each compartment three different category cells - normal
cells (g), drug sensitive cells (s) and drug resistive cells (r) are considered. Hence in first compartment three cell types (S o S.and
§,), in second compartment total nine cell types (P1, P2, P3, P1, P2, P3, P1, P2 and P3)) and in third compartment total nine
cell types (B1, B2, B3, B1, B2, B3, Bl, B2 and B3 ) are considered. Therefore in present system model we have considered total
21 types of cells (Figure 1).

The equation (1) is used as a general form to represent the cellular dynamics of each cell type of any three compartment of the
hematopoietic system at discrete time interval (k).

N, (k)=N,(k=1)+my xN (k=1)=clxNdrxN, (k=1)—ay xN,(k=1)+c2x N drxN (k—dk) — -oooooo____ (1)
or, Na(k)=(1+my —cl=xN.dr—ay )<N,(k—1)+c2xN_dr=<N(k—dk) ... ()
o, N,(k)=f=~N,(k—1)+c2xN,dr=<N,,(k—dk)  ________________________ (3)

In the above equations (1) — (3) N (k) represents the number of cell on k-th day. N represents the cell type and suffix x represents
the category of that concerned cell type. N, (k-dk) is the precursor cell type from which the present cell type was differentiated dk
time ago. Hence dk is the delay time required for cell maturation by the action of different cytokines, cellular signaling molecules

and transcription factors. Each cell type grows exponentially with its own multiplication rate (m N ) and decays with its own
apoptosis rate (aNX). Thus, for normal stem cell these variables are denoted with (ms) and (asa). Similarly for drug sensitive P1

type cell, these variables are represented by (mmx) and (amx). These notational schemes are followed for other cell types and are
represented in Table 1A-C. It is assumed that multiplication rate of each cell type at the matured cells compartment is zero.
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Differentiation
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Figure 1: Different cellular components of model

For the cells which are differentiable such as stem cell (S), erythroid (PI), leukocytoid (P2) and megakaryocytoid (P3), they will
have cI =1 in their system equation. For the system equation of RBC, WBC and platelet, cI = 0 as they do not differentiate. When
the effect of differentiation is absent, that is, when k is less than the delay time (dk) required for the formation of the cell type to the
down-stream cell type of the same lineage, c2 = 0. Otherwise c2 will be a positive quantity. In the present model, during the stage
of differentiation from stem cell to progenitor cell stage, value of ¢2 = 1/3 (as it is assumed that stem cell is distributed equally to
three lineages after differentiation). However, in the system equation for the cells of the subsequent compartment, ¢2 =1 (as each
progenitor cell type is differentiated into a single lineage only).

Again N dr is the differentiation rate of any cell type and N_dr is the differentiation rate of its concerned precursor cell type.
For example, in the system equation of stem cells has only N dr and for sensitive category stem cell, N dr is represented as S dr.
Similarly, for drug resistive category of PI lineage cell type, N dr = P1 drand N_dr = S dr; for P3 lineage cell type of drug sensitive
category, N dr = P3 drand N,_dr = S dr and differentiation rates for other cell types are listed in Table 1A-C.

Now, if k<dk (delay time required for the formation of a progenitor cell from its previous compartment cell of the same lineage)
the system equation of concerned differentiated cell types can be represented through the following generalized equation:

N () = Y o (1) oo (4)
and if k> dk
N (k)=f <N, (k—1)+c2xN,dr<N, (k—dk) = —cccmmmmmmmmmmom (5)

In equations (3) - (5), the value of fis different for different cell types. The above mentioned generalized equations may be used to
develop the system model in form of a difference delay equation [19] which is mentioned below.

x(k)= Ax(k —1)+ B'x(k — dk, )+ B>x(k — dk, ) + B’ x(k —dk, )+ B*x(k —dk,) ~ -===========- (6)

4
or, x(k) = Ax(k =)+ > Bx(k—dk,) memmemememmeee e (7)
g=1

where x(k):[Sg(k) S.(k) S (k) Plg(k) P1 (k) P1 (k) P2g(k) P2 (k) P2 (k) P3g(k) P3 (k) P3 (k) Blg(k) B1 (k) B1 (k) BZg(k) B2 (k) B2 (k)
B3g(k) B3 (k) B3 (k)]*

And x(k—l):[Sg(k—l) S(k-1) S (k-1) Plg(k—l) P1 (k-1) P1 (k-1) P2g(k—1) P2 (k-1) P2 (k-1) P3g(k—1) P3 (k-1) P3 (k-1) Blg(k—l) B1 (k-1)
BI (k-1) BZg(k—I) B2 (k-1) B2 (k-1) B3g(k—1) B3 (k-1) B3 (k-1)]"

Where A and B1 are defined by (21x21) matrix. In matrix A, a i) are defined as

l+my —clxN,dr—ay
’ “ | wherei=j=1,2,3,...21
“Cnyy = Cny.
corresponding for (i, j)=(i -2,/ - 1), (i -2,/), (i -1,j- 2),
4(i,j) =\ conversion rate from (i-1))Gj-2).6-1) T (72)
other category cells wherei=j=3, 6,9, 12, 15, 1§, 21
0 else
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Sgdr/3 wherei=4,7,10 and j =1 Plgdr wherei=13 andj =4
In matriXBI,b(ll_ )= S.dr /3 wherei=5,81land;j=2 — b(zl- - Pl dr wherei=14andj=>5 :
- S.dr/3 wherei=6,9,12and; =3 ’j Pl dr wherei=15and;j=6
0 else 0 else
P2,dr wherei=16and;j=7 P3,dr wherei=19 andj =10
in B b(3,~ = P2 dr wherei=17 andj =3§; andinB“,béj _JP3,dr wherei=20and;j =11

P2,dr wherei=18 andj =9 ) P3.dr wherei=21and;j=12
0 else 0 else

While considering the conversion from concerned cell type (i.e., N,) to other two cell categories of same type concerned conversion

rates represented by Cyyy and Cy,. are subtracted from the diagonal elements of A matrix. Againa,, . a,,.. d,, . 2 Frp Yijo
and a,, elements in matrix A where i = j=369 12, 15, 18, 21 can be modified with the corresponding conversion rates to
incorporate conversion from other two categories to concerned cell type. For example, putting i = j = 3 in (i,j), we get six matrix

elements of A namely a  Bosp Yy Gpsop where a,_ and a . are the conversion rates from S, and S, to Sg ie., Cy

(1,29 a(},S)’ a(2,l (23 (1,2) (1,3) 58

and Cgrg respectively (Table 1A). For other category cells of stem cell type the other elements become operative similarly; for
P1,i=j=6and likewise.

Physiological feed-back control system

The number of different normal cells is maintained through physiological homeostatic mechanism. In the mature cell compartment
if the number is decreased below a certain level then positive feedback system causes the respective progenitor cells to increase
its number. Similarly, if the number increases, then it produces negative feedback. Functionally within the physiological system,
if RBC counts decreases, then reticulocytes (autocrine feedback) and erythroblasts are stimulated by erythropoietin (EPO) to
form mature RBC. Similarly, when platelet counts decreases, the normal count (number) is maintained by megakaryocytes and
megakaryoblast. Likewise when WBC cell count (say T-lymphocyte) decreases, its’ number is increased by IL-2 or other cytokines
by stimulating the corresponding precursor cells or lymphoblasts. The negative feedback occurs within the leukocyte lineage
when the number increases. For lymphoid lineage a feedback system is also considered from mature cell level upto the HSC level.
Autocrine regulation is considered for blast cell level and HSC by the effect of cytokine; for example, regulation by EPO, IL-2,
thrombopoietin and stem cell factor at erythroblast, lymphoblast, megakaryoblast and HSC level respectively. In the model, both
autocrine and inter-compartmental feedback mechanisms are considered. Inter-compartmental feedback mechanism is being
effective by modulating the differentiation rate and apoptosis rate (Figure 2).
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Figure 2: Considered feedback system for maintenance of normal hematopoietic homeostasis
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Host immune system

It is considered that under normal condition, host immune system is capable of removing leukemic cells [20-22]. This has been
incorporated by modifying equation (7a) into equation (7b):

(1+mN —clx N dr—ay J Wherei=j=1,2,3,..21
_CX}/ _CXZ
corresponding for ( )E(l—Z,j—l),(i—Z,j), (i—l,j—2),
conversion rate from (1 l,j), (i,j—2), (i,j—l)
i) = other category where i=j=3,6,9,12,1518,21  ________ (7b)
cells
kill,,, x kill
- where i=2,3,8,9,17,18 for j=16
xCF(k —1)
0 else
1 when B2, (k—1)> Min
and kill,, = g( ) P
0 else

where the functional effective (immunity related) killing of the malignant cells (kill ) by B2 becomes effective depending upon

the minimum cell number of B2 ( Min B2, ) and is operated by kill and CF. The assumed efficiency of immune related killing
(kill, ) by the host immune cells are in the order of B2 >B2 =P2, >P2 >S >S. It is assumed that initially there is total (functional)
1mmune suppression i.e., kill, = 0. Application of any immune- modulatory agent is required to make the immune related killing
effective. It is also assumed that CF is a time varying variable that saturates up to 60% immunity level of the normal population
after application of immune-modulatory agent for a certain period of time and reaching this level will be dependent upon the
applied dose of that immune-modulatory agent.

Stem cell compartment Progenitor cell compartment Mature cell compartment

Phenotypic (High) MTox1
Phenotypic (Medium) MTox2
Phenotypic (Low) MTox3
Genotypic Tox

Figure 3: Cachexia effect by the developed malignant cells
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Cancer cachexia

About 50% of the cancer patients suffer from a progressive weight loss due to atropy of adipose tissue and skeletal muscle. This
phenomenon is called cachexia. This is more often associated with preterminal cancer patients. Cachexia may be present in the
early stages of tumor growth before any signs or symptoms of malignancy [23]. Recent time several tumor related soluble factors
are identified those are responsible for cancer cachexia [24,25]. Though cancer cachexia is not a term frequently used in leukemia;
however in recent time by ultrastructural analysis it has been shown that there is some morphological de-arrangement in the red
cell membrane (phenotype effect) in different leukemias including chronic and myelodysplastic syndrome [26]. Such phenomenon
is known as cancer cachexia and is considered in the model.

Leukmic blast cells may produce much more cachexia effect. It is considered that resistant variety of malignant cells will produce
the most detrimental effect compared to other cell types. Two types of toxicity are considered here — phenotypic and genotypic.
The gradations of phenotype effect are implemented by three factors MTox1, MTox2 and MTox3 and genotype effect implemented
by factor Tox. Considered gradation of toxicity intensities are in the following order: MToxI > MTox2 > MTox3 > Tox (Figure 3).
Hence A, of equation (7b) will be modified as:

!

1+m, —clxN dr—a
[ M * ij where i=j=1,2,3..21

_Cny _chz
corresponding for (i,j)=(i-2,j-1), (i-2.j), (i-1,j-2), (i-Lj), (ij-2), (i,j-1)
conversion rate from wherei=j=3,6,9,12,15,18,21
other category
cells

[killim x killeff] ‘ ,
- wherei=2,3,8,9,17, 18 for j=16

xCF(k—-1)
auy) = ~Tox where (i, j)=(12), (1.3), (45), (46),  —commmomeeon (7¢)

& (10,11), (10,12)

My, where i=1,4,7, 10,13, 16, 19
forj=9

M, where i=1,4,7, 10, 13, 16, 19
forj=8

M5 wherei=1,4,7,10,13, 16, 19
for j=17,18

0 else

In equation (7¢) it is assumed that

0.0000001 when [ P2, (k)+ P2 (k)]>10000

Tox - and NV = S My = 0.00055, My, =0.00033 and My = 0.000165

0.0001 when [ P2, (k)+ P2 (k)]>10000
and N = P1, P3

Again these three factors are multiplied with three different factors to implement the severity of killing intensity in different
compartments. It has been assumed that the order of killing intensity is decreasing from matured cell compartment to stem cell

level. Hence M ;,.,, My,., and M, 5 are again multiplied with another three factors ch_MS (= 0.02) for stem cell, ch_MP (=
1.5) for progenitor cell compartment and ch_MB (= 5) for matured cell compartment. It is also assumed that ch_MP (= 0) when
P2, (k) +P2, (k) <10,000.

Myeloablative chemotherapy model

Conventionally, in clinical practice patients are treated with a myeloablative (MYL) chemotherapeutic regime. This has been
incorporated in the model (Figure 4). However, before applying the drug strategy, cells are allowed to grow for certain period of
time (say, 30 days). On the consecutive day myeloablative chemotherapy is applied. MYL is introduced to the system model as a
specific subtractive term with a fixed percentage to the existing number of a specific cell population at discrete interval of time.
The percentage of cell killing is dependent on the drug sensitivity of a particular cell type.

In the system model there is a provision of changing the drug dose, the number of cycles of drug application and interval between
two successive drug applications. So in the system equations a,; of equation (7c) have been further modified as:

i,
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1+my —cIxN.dr—ay
~Cry ~Cyxe wherei=j=1,2,3,..21
—Cp xMyly xd,, (k)
corresponding for (i,j)=(i-2,j-1), (i-2.j), (i-1,j-2), (i-1,j), (i-j-2), (i-j-1)
conversionrate from wherei=j7=3,6,9,12,15,18,21
other category
cells
kill,,, x kill
- wherei=2,3,8,9,17,18 for j =16
xCF(k-1)
%6i) =] ~Tox for (i,j)=(1.2), (L3), (45), (46),  —mmmmmememee- (7d)
(10,11), (10,12)
-Mr, ., where i=1,4,7,10, 13,16, 19 for j =9
My, where i=1,4,7, 10, 13,16, 19 for j =8
-My,,, where i=1,4,7,10, 13, 16, 19 for j=17, 18
0 else

where, d, (k) is the amount of drug present within the system denoted either the amount of applied drug (drug, .. ) on the day of
drug application or drug retention (drug, , ) on the subsequent days as a fraction of the previous day’s applied drug (it is assumed
that in each corresponding day of drug application a certain amount of drug is cleared from the system);

Arug oy X (k - 1) +drug,, i, Wherek = (kmﬂ:d +1x tmyld) » Bl, (k) 2 RBC,,, and B3, (k) > Platelet,,,
- (k) = wheren=0,1,2,3,....n,,,
ATUG o X Dy (k-1) where k # (kmy,sd +nx tmy,d) wheren=0,1,2,3,....n,,,

1, wherek >k

_ mylsd
and Gy = {O, where k < k

mylsd '

_>| Application of Chemo/Myl dose I

Patient is
in remission
phase

Normal cell
Level duration
increased

removed?

Increase dose,

o | cycle and change

drug application
interval

No further

improvement
Is possble with
this OPTION

Minimum
RBC, Platelet Level
maintained?

Maximum
Dose, cycle
crossed?

Wait to reach the minimum
RBC and platelet levell
Transfuse as per scheme
shown In Figure 5

Figure 4: Scheme for application of Myeloablative (MYL) therapy
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Drug application is started on the day k,, , and n,_ is the number of cycles and ¢ is the interval of two subsequent drug
applications in days and C_, is the ON/OFF switch for drug application. Myl is the myeloablative drug sensitivity of the
concerned cell N,. The drug sensitivity Myl,, can be varied accordingly from different lineages and/or cell types (Table 2A).

Model for the supportive therapy to MYL: High dose of MYL therapy produces reduction in RBC and platelet level in the

patient. In clinical practice, this has been tackled through intermittent transfusion of exogenous RBC and platelet. These sorts of
therapeutic management are also incorporated in the model. So equation (7) is modified as

4
x(k) = Ax(k-1)+ z B? x(k —dk, ) +RBC,spise I rpc (k) + PLATELET, s Tprarerer (k) _____ (8)
g=1
where RBCWW and PLATELET, , Jise AT€ TWO (21x1) matrix defined as
1 where i=13 and j =1 1 wherei=19 and j=1

and PLATELET, =

transfuse(i, )
0 else 0 else

RBC

transfuse(i, j) =

On the day of MYL application, minimal level (a set value) of RBC (RBC,,) and platelets (Platelet, ) are checked and if found
lower than that level, then RBC and/or platelet are transfused. If both the values are sufficient then drug will be delivered. If either
value is insufficient, then, as a precautionary measure, an upper lower level of the other (that is, if RBC, is less then Platelet , or
if Plateletﬂm is less then RBCulm) will be checked and if both are found below, then transfusion decision of both cell types will be
made accordingly. Drug is not delivered on the day of any type of transfusion is applied. And in that case MYL drug application
will be delayed by Sft days from k_  and after which subsequent days will be applied. This strategy prevents the unnecessary delay
in subsequent drug application. The small delay period after transfusion is considered due to restoration of patient’s physiological
condition for tolerating the subsequent chemotherapy load; however, model has the flexibility to change or avoid this gap period
by making Sft=0. Again, transfused cells are represented through following relations -

1-a
e T (k-1) when k is the day of MYL application and Bl (k)+ T, (k) < RBC

_MleRBC deyl (k _1)] x1 . ( ) when K is the day o application and B1, ( )+ REC( )< I
+TRBC

l-a_

T (k)= [—M)/IIT::CC d (k1) xT (k=1) whenk is the day of MYL application, B3 (k) + Tyy.yys (k) < Platelety,,

+EIX Ty and B, (k)+ Ty (k) < RBC,,

0 xT (k-1) for other days

-My lTRBC x dmyl (k B 1) e

and

l-a
[ I plakt i, (k- 1)] xI (k=1)  whenkis the day of MYLapplicationand B3 (k)+ T, (K) < Platelet,,
my

_My lTPluteIet
o rmier
T (k) = 1 e xT (k - 1) when k is the day of MYL application,and B3 (k) +T < Platelet
PLATELET _ Mle <d l ( k- 1) PLATELET y pp ) g PLATELET ulm
Platelet my
+E2X Ty oo and BL, (k) + Ty (K) < RBC,
B aT,Platelet T k _ 1 f th d
(k _ 1) X PLATELET ( ) Or other days

-M X
y lTPlatelet dm}’ !
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Topeand T, represent amount of transfused RBC and platelets respectively. EI and E2 may be fraction or whole number.

PLATELET
Myl

Platelet

is demonstrated in Figure 5.

respectively. Application strategy of blood transfusion

and Mylr,  arethe MYL drug sensitivities of T, and T,

PLATELET

Myl drug
application
day

No RBC level
>

RBCum

Platelet leve
>

Plateletim

Transfuse
T_RBC

No

No
T_RBC/T_Platelet
Transfuse
apply MYL drug

Transfuse

Platelet level
> T_Platelet

Plateletuim

No

RBC level
<

RBCuim

Wait Sft days for
next drug
application day

Transfuse
E2 X T_Platelet

Transfuse
E1 X T_RBC

Figure 5: Scheme for application of supportive (RBC/platelet transfusion) therapy in Myloablative (MYL) chemotherapy

Hematopoietic Stem Cell (HSC) transplantation model

With a mismatched HLA between donor and host, the transplanted donor cells will also be recognized as foreign cell by the host
immune system and vice versa. This produces Graft versus host disease (GVHD) (Figure 6). It is to be noted here that generally
MYL therapy (as mentioned earlier) is applied as the conditioning regime before stem cell transplantation.

LTINS GVHD

- + AN MTox1 ——
it ‘ . MTox2 ———

—~1T~s \ MTox3

’ ~
S S Tox ——— -
o N Tox(0) - -----

T Ty 7T N \ ** Intensities of each effect
/ . are indicated by the thickness
1 / ’ ~ v of the lines

Figure 6: Considered GVHD effects. Tox (0) represents negligible GVHD effect on RBC of host/donor origin
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Transplanted cells’ behavior within recipient’s system: Transplanted cells’ behavior can be represented by modifying the equation
(8). In equation (8) each of the matrixes will be updated as follows. Hence,
x(k)=[S (k) S (k) S (k) PI (k) P1 (k) P1 (k) P2 (k) P2 (k) P2 (k) P3 (k) P3 (k) P3 (k) Bl (k) B (k) B1 (k) B2 (k) B2 (k) B2 (k) B3 (k)
B3 (k) B3 (k) S (k) P1 (k) P2 (k) P3 (k) BI (k) B2 (k) B3 (k) I",
x(k-1)=[S (k-1) S (k-1) S (k-1) P1 (k-1) P1(k-1) PI (k-1) P2 (k-1) P2 (k-1) P2 (k-1) P3 (k-1) P3 (k-1) P3(k-1) B1 (k-1) BI (k-1)
BI (k-1) B2 (k-1) B2 (k-1) B2 (k-1) B3 (k-1) B3 (k-1) B3 (k-1) S (k-1) P1 (k-1) P2 (k-1) P3 (k-1) B1 (k-1) B2 (k-1) B3 (k-1)]",

L+my —clxNXdr—aNx
—Cyy —Cye wherei=;=1,2,3,...21
—Cmy, xMlex deyl (k)
(1+mND —clxNDdr—aND) where i = j =22, 23,24, ...28
corresponding for (i,j)z(i—Z,j—l), (i—2,j), (i—l,j—2),
conversion rate from (ifl,j), (i,jf2), (i,jfl)
other category wherei=;j=3,6,9,12,15,18,21
cells
{ki/lfm x kill J _ )
- wherei=2,3,8,9,17, 18 for j =16
xCF (k1)
07 “1ox for (i,j)=(1,2), (1,3), (45), (46), (10,11), (10,12), ——-——-
(22,2), (22,3), (23.5), (23.,6), (25,11), (25,12)
My, wherei=1,4,7, 10, 13, 16, 19, 22, 23, 24, 25, 26, 27, 28
forj=9
My, wherei=1,4,7,10, 13, 16, 19, 22, 23, 24, 25, 26, 27, 28
forj=8
My, wherei=1,4,7, 10, 13, 16, 19, 22, 23, 24, 25, 26, 27, 28
for j=17,18
(-G kil xkilly,, ,,)  wherei= 22,23....28 forj =16
0 else
Sgdr/S wherei=4,7,10 and j =1
S.dr /3 wherei=5,8,11and;j =2
po = S,.dr/3 wherei=6,9,12 andj=3-
NS dr /3 wherei =23,24,25
andj =22
0 else
Pl,dr wherei=13 andj=4
Pl,dr wherei=14andj=5
b(zl.J) =4P1l,dr wherei=15and;j=6"
Pl,dr wherei=26 and; =23
(0] else
P2,dr wherei=16and;j=7
P2 dr wherei=17 andj=8
bé’j)= P2,dr wherei=18and;j=9.
P2,dr wherei=27 andj =24
0 else
P3,dr wherei=19and;j=10
P3,dr wherei=20and;=11
B, =1P3,dr wherei=2landj=12
P3,.dr wherei=28and j=25
0 else
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1 where i =13 1 where i =19
and j =1 and j =1
RBCtransque(i,j) - and PLATELET;ransfmc(t _/) -
0 else 0 else
where a,, b, b, b, b’ representing the elements of [28x28] matrixes A, B!, B’, B’, B respectively and RBC,_ . ...
PLATELET, ... representing the elements of [28x1] matrixes RBC, . and PLATELET, . respectively. In equation (8a) the

effect of cachexia on the donor cells are also included. In equation (8a), the effect of MYL drug on the donor cell is ignored as at the
time of transplantation the quantity of residual drug in the system has been considered to be negligible. In HLA mismatched case,
transplanted donor cells are killed due to GVHD reaction is incorporated into the system model by a factor kill,, . Transplantation
with 100% HLA matching G = 0; otherwise G>0, that means with the increase in HLA mismatch level the value of G (Graft versus
host diseases, GVHD) will increase. The killing intensity kill  is operative for GVHD effect that can be different for different cell
types of donor.

Host cells’ behavior towards transplanted cells: Model has been formulated with an assumption that donor stem cell (S)
transplantation is made when chemotherapeutic drug level within the system is minimum say 10% of the last administered drug
dose. However, this can be changed according to the choice of the investigator. Alloreactive lymphocytes (B2)) are developed
[along with other lineages i.e., erythrocytes (BI) and platelets (B3))] from transplanted stem cells lead to an immune response
causing Graft-versus-tumor (GVT) (or GVL) [kill and/or GVHD [kill ] effect. So a; represented in equation (8a) is

bZe»hm]

b2e>hg
modified further as:
l+my —clxN.dr—ay
~Cyzy —Cxe wherei=j=1,2,3,..21
—Cp x Myly xd,,; (k)
(1+my, —clxNpdr—ay ) wherei=j=22,2324,..28
corresponding for (i,7)=(i-2.j-1), (i-2.j), (i-1,j=2), (i-1j), (ij—2), (j-1)
conversionrate from where i = j=3,6,9,12,15,18,21
other category
cells
—{kl”"m ) kllleff} where i=2,3,8,9,17, 18 for j=16
xCF(k—l)
~Tox for (i,)=(1.2), (1,3), (4.5), (46), (10,11), (10,12),
Ui j) = (22,2), (22,3), (23,5), (23,6), (25.11), (25,12)
~My,, wherei=1,4,7, 10,13, 16, 19, 22, 23, 24, 25,26, 27,28 —ccococmoomo__ (8a-1)
forj=9
~My,. where i =1,4,7,10,13,16,19,22,23,24,25,26,27,28
forj=8
~My,s wherei= 1,4,7, 10, 13, 16, 19, 22, 23, 24, 25, 26, 27, 28
for j=17,18
(~Gxkill,, xkill,, ;) wherei= 22,23,24,..28 for j=16
(<G xkill,, xkill,,, .. ) wherei= 1,4,7,10,13,16,19 for j =27
(_Ginllmul X killm_mm) wherei= 2,3,5,6,8,9,11, 12, 14, 15, 17, 18, 20, 21 for j =27
0 else

In equation (8a-1) hm stands for host leukemic cells (S, S, P1, P1, P2, P2, P3, P3, B, B1, B2, B2, B3, B3)) and hg stands host
normal cells (i.e, S, P1, P2, P3, BI, B2 and B3). The GVHD reactlon is operated 1nto the system by modlfymg the kill factors
kill,,. ., and kill,,, , . The killing intensity kzll Bt operatwe for GVHD and GVL effect that can be different for different cell types
of host.

Nonlinear effect of GVHD: It is assumed that with the increase in the degree of HLA mismatch, effect of GVHD also increases
simultaneously. The effect of GVHD (kill,,,,, ) works on all the normal cells of the recipient. GVHD produces several aberrant
unknown but cascade of biochemical reactions within the recipient that gradually increases with the progress of time.

It is assumed that the effect of GVHD will be operative when minimum cell numbers of B2 is developed from transplanted HSC.
As a result with the progress of time GVHD may be operative nonlinearly depending on the cell numbers of B2 . Killing efficiency
of B2, to other hematopoietic cells of donor will be governed with a multiplying factor effect , which is governed though the
following conditions.
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effect _plgxb2,(k—1) where N=Plandx=g
effect _p2gxb2,(k—1) where N=P2andx=g
effect p3gxb2,(k—1) where N=P3andx=g

1 else

effect procell =

In the above relation, effect_plg, effect_p2gand effect_p3ghave some constant values (Table 4). The equation (8a-1) will be modified
further as follows:

1+my —clxN dr—ay
~Cyyy ~Cy wherei=j=1,2,3,..21

~Cpy X Myly xd,, (k)

(1+my, —clxNpdr—ay | wherei=j=22,23,24,...28

corresponding for (i,j)=(i-2,j-1),(i-2.j), (i-Lj-2), (i-Lj), (ij—2), (i-j-1)

conversion rate from where i = j=3,6,9,12,15,18,21

other category

cells

[kizz,.m x killeffj , _
- wherei=2,3,8,9,17, 18 for j=16
xCF (k—1)
~Tox for (i,j)=(1,2), (1.3), (4,5), (46), (10,11), (10,12),
Ay = 22,2), (22,3), (23,5), (23,6), (25,11), (25,12)

-M,,,, wherei=1,4,7,10,13,16,19,22,23,24,25,26,27,28  _______________ (8a-2)
forj=9

-My,, where i=1,4,7,10,13, 16, 19, 22, 23, 24, 25, 26, 27, 28
forj=8

-My,.5 where i = 1,4,7, 10, 13, 16, 19, 22, 23, 24, 25, 26, 27, 28
for j=17,18

(~Gxkill,,, xkilly, )~ wherei= 22,23,24, ... 28 for j=16

-Gxkill . xkill
[ il “th] wherei= 1,4,7,10, 13, 16, 19 for j =27
xeffect

(-G xkill,,,, xkill,,, ,,,.)  wherei= 2,3,5,6,8,9,11,12, 14, 15,17, 18, 20, 21 for j =27

procell

0 else

In HLA mismatch the GVHD related killing intensity by host cells (kill ) can be different for different cell types of donor cells. In
the model it is assumed that host lymphocytes are unable to kill the malignant cells and at the time of transplantation the effects
of cancer cachexia on donor as well as host stem cells are nil, as donor cells are transplanted in a condition when the tumor load
is minimum. Different kill factors that have been considered in GVHD are represented in Table 4.

In our model we have considered the effect of chronic GVHD (cGVHD). Clinically the effect of cGVHD is assessed by different
qualitative based clinical observations of changes in liver, gut, lungs [27]. Mathematically this can be represented through a marker
(MR) that has been considered in the model as a time varying squared function of the number of leukocytes of donor origin.
This function will vary according to the effect of different grades of mismatch (G) or GVHD. This is represented by the following

relation, where Cal ., is a time varying calibration factor.

MR(k) = [B2,(b)]" x G x Calgy, (k)
Cytokine therapy model

Due to immune suppression leukemic patients are susceptible to infections [28]. Such susceptibility becomes more pronounced
after MYL therapy. Clinically this could be circumvented by the application of cytokines (CYT) like interferon, GM-CSF and/
or IL-2 [29-33]. Application of cytokines can also augment the number of immunocytes. This, in turn, may also kill the residual
malignant cells. Such therapeutic strategy has incorporated in the model equation. This cytokine application scheme can also be
operated single or in combination of other therapeutic strategy. Application strategy of MYL/Chemotherapy with transfusion
followed by cytokine therapy is shown in Figure 7.

It is assumed that these cytokines will affect the multiplication rate of the progenitor cells of the leukocytic lineages, which in turn,
also affect the differentiation process for the formation of mature immunocytes. To introduce this sorts of therapeutic procedure,
the a i of equation (8a-2) will be modified as follows:
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Application of Myl/Chemo
Therapy as per Figure 4

v

Myl/chemo complete but]
malignancy exsist and
immune level low

v

Increase in drug dose
and cycle required

Application of
cytokine
therapy

Y

Optimum
drug level
crossed?

No further

improvement
is possble with
this OPTION

Normal
WEBC level
reached?

Malignancy
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CTells increasing to
reach normal level/
normal cell level
maintained
forever?

Patient is in
remission
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Figure 7: Scheme for application of Myloablative (Myl)/ chemotherapy along with supportive (RBC/platelet transfusion) therapy followed by

cytokine therapy

1+my —clx N dr —ay,
_Cny _CNxz

—Cmﬂ xMlex de)/l(k)
+Coyr X deyr (k) X Meyr
l+my —clxNDdr—aND
+Coyr Xdeyr (k) XMpcyr

corresponding

conversion rate from
other category
cells
kill,,, x kill

_[XCF(k -1) ]
a, = T0%

(i-/)
-M.

Tox1

-M

Tox2

_MTux 3

(~Gxkill,, xkill,,, )
[—G X Kill % Kill 3, e j

XeﬁeCtprurell
(~=Gxkill,, xkill,, )

wherei=j=1,2,3,...21

] where i = j=22,23,24, ... 28

for (i,j)=(i-2,j-1), (i-2.j), (i-1,j-2), (i-Lj), (i-j-2), (i,j-1)
where i =j=3,6,9,12,15,18,21

wherei=2,3,8,9,17,18 for j=16

for (i,j)=(1,2), (1,3), (45), (4,6), (10,11), (10,12),
(22,2), (22,3), (23,5), (23,6), (25,11), (25,12)

where i=1,4,7,10, 13, 16, 19, 22, 23, 24, 25,26,27,28 e __ (83_3)
forj=9
wherei=1,4,7,10, 13, 16, 19, 22, 23, 24, 25, 26, 27, 28
forj=8
where i= 1,4,7,10, 13, 16, 19, 22, 23, 24, 25, 26, 27, 28
for j=17, 18

where i = 22, 23,24, .... 28 for j=16
wherei= 1,4,7,10,13,16,19 forj=27

wherei= 2,3,5,6,8,9,11, 12, 14, 15, 17, 18, 20, 21 for j =27

else
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where,
doyr () drug cyrose where k = (Keyryy +1X1oyry) and n=0,1,2,3...ncy; I when N =P2
crr\)= and Ccyr = andx=g,e :
drug cypye, X deyr (k—=1)  where k # (keypy +1n Xteyr, ) and n=0,1,2,3...ncyp 0 otherwise
Keyrw Moyp teyma» Moyr @0d C., indicate the starting day of cytokine (drug) application, the number of cycles and the interval of

two subsequent cytokine drug applications (in days), cytokine induced effect (additive) on the multiplication rate of recipient’s
target cells and the ON/OFF switch for cytokine (drug) application. This modeling scheme can also be operative after HSC

transplantation, if needed and then application of cytokine will affect the transplanted cells of donor origin through m_ ..

Maintenance of transplantation by immunosuppressive drug

To keep the chronic GVHD under control immunosuppressive drugs (d, ) are generally suggested. Present model has the provision
in the assessment of such therapeutic management. For modeling it has been considered that immunosuppressive drugs affect
different leukocytic subpopulations of both host and transplanted cells i.e., P2, P2, P2, B2, B2, B2, P2 and B2, Depending upon
the severity of GVHD /matching, clinical decision regarding the immunosuppressant drug (d, ) strategy i.e., drug dose, interval of
consecutive drug application and duration becomes important. Such issues are addressed in the developed model. Therefore a
of equation (8a-3) will be modified as follows.

(i,j)

l+my —clxNdr—ay
_Cny _CNxz
—Co X Myly_xd,, (k) wherei=j=1,2,3,...21
+Coyr ¥ deyr (k) xmeyy
_Cim x dimsensh x d[m (k)
1+my —clxNpdr—ay,
+Coyp X deyp (K)xmpey, | wherei=j=22,23,24,...28
7Cim x dimsensD X dim (k)
corresponding for (i,j)=(i-2,j-1), (i-2.j), (i-1,j-2), (i-Lj), (i-j—2), (i-j—1)
conversion rate from wherei=j=3,6,9,12,15,18,21
other category
cells
kill,,, = kill,;
- wherei=2,3,8,9,17, 18 for j=16
A= xCF(kfl)
~Tox for (,7)=(12), (1,3), (45), (46), (10,11), (10,12), ------------- (8a-4)
(22.2), (22,3), (23,5), (23,6), (25,11), (25,12)
My, where i =1,4,7, 10, 13, 16, 19, 22, 23, 24, 25, 26, 27, 28
forj=9
~My,., where i =1, 4,7, 10, 13, 16, 19, 22, 23, 24, 25, 26, 27, 28
forj=8
My, wherei= 1,4,7,10, 13, 16, 19, 22, 23, 24, 25, 26, 27, 28
for j=17,18
(=G xkill,, xkill, 1, ) where i = 22,23,24, .... 28 for j=16
-G xkill,,,, x kill,
el bRl where i = 1,4, 7, 10, 13, 16, 19 for j =27
Xeﬁ“tpmcen
(~Gxkill, , xkill,,, .. wherei= 2,3,5,6,8,9, 11, 12, 14, 15, 17, 18, 20, 21 for j =27
0 else
ArUug ose when k =(k,,,,, +nxt,,,) wheren=0,1,2,3, ...n,

b

Arug,e X dy, (k=1) when k # (k,,., +nxt,,,) wheren=0,1,2,3,....n,,
1, whenk>k,., & i=j =7,8,9, 16,17, 18, 24
0 whenk <k, ’

imsd
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d, (k) is the amount of immuno-suppressive drug present within the system denote either the amount of applied drug (immuno-
suppressive) on the day of drug application (drug, . )or drug retention (drug, ) on the subsequent days as a fraction of the
previous day’s applied drug (it is assumed that in each corresponding day of drug application a certain amount of drug is cleared
from the system). Drug application is started on the day k, , n. is the number of cycles, ¢, , is the interval of two subsequent
drug applications in days and C, is the ON/OFF switch for drug application is introduced through above scheme. And d_ .
andd__  are two positive fractional numbers representing the immunosuppressive drug sensitivities of the host cells and donor

imse

cells respectively (Table 2C). Further the controlling efficacy of immunosuppressive drug will depend on degree of GVHD (G),
minimum drug effective set day ( GVHD,,, ), drug dose and drug type by affecting Calsyyp with a fractional multiplier
(GVHD,.,, ). The operational relationship is represented as follows:

GVHD,,, x Calyyp, (k —1) when IMS1 is ON & MR(240) < GVHD,,,
Calgyyyp (k) =4 GVHD,,, x Cal gy, (k —1) when IMS1, IMS2 both are ON & MR(240) < GVHD,,,

1 else

Application strategy of immunosuppressive after MYL/Chemo along with transplantation is demonstrated in Figure 8.

Myeloablative : Transplantation
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remission
is possible with
Leukemia this OPTION
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Wyl Therapy Application of
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Figure 8: Algorithmic scheme for MYL therapy followed by HLA matched/mismatched HSC transplantation and immunosuppressive application

Simulation Results

A rigorous simulation exercise with equations (1-8) has been carried out in MATLAB 6.5. Simulation studies may help in revealing
the rationale of different therapeutic strategies for HM and HD.

Freely growing tumor

With the initial parametric values as mentioned in Table 1, extensive simulation exercises have been carried out. Simulation
studies show that under freely growing condition, there is an exponential growth for the malignant cells while a gradual decay
of normal cells (nonmalignant) in the long run (Figure 9) (Table 5). With the increase in malignant cell population, normal cells
of the other lineages i.e., erythroid and megakaryocytoid lineages are gradually decreased. Simulation study with the increase in
multiplication rate of S shows that nonmalignant stem cell population falls earlier than the previous condition due to generation
of more number of mafignant cells due to the conversion. Disappearance of normal stem has been found earlier with increase in
multiplication rate of drug resistive leukoblast cell. These earlier fall in normal stem cell population is due to development of extra
toxicity burden to the nonmalignant cell population. Free growth pattern of this simulation resembles the acute leukemia case.
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Figure 9: Plots showing the growth of different cell types of the hematopoietic system under freely growing condition. In (a), the
dynamical nature of different types of stem cells [ina (i)], erythroblast cells [in a (ii) ], leukoblast cells [in a (iii) ] and megakaryoblast
cells [in a (iv)]; and in (b), the different types of RBCs [in b (i)], WBCs [in b (ii)] and platelets [in b (iii)] are shown. In all the plots
of (a) and (b), x-axis represents ‘Days’ and y-axis represents ‘Counts’
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Application of myeloablative/chemotherapy drug regime

Simulation is carried with an assumption that myeloablative (MYL) chemotherapeutic regime is applied on the 30" day after
the diagnosis of leukemia (day 1). Drug regime is considered as the amount of total drug = number of cycles x drug dose. Drug
dose, cycle and interval between two successive drug application and MYL drug sensitivity for every cell are presented in Table
2. Efficiency of drug also depends on drug retention, in simulation it is considered as 80% of the previous day. In each case drug
clearance rate per day has been also considered as 20% of the previous day (Table 2). With MYL drug application there is a gradual
decay of different cell populations. After stoppage of drug regimen the malignant cells again start growing. In the peripheral
blood, the effect of regaining of cells compared to the precursor level is delayed, however, the effect is more prominent in the stem
and progenitor cells present in the bone marrow. This indicates that MYL chemotherapy is unable to bring the leukemic patients
in remission (Figure 10) (Table 5). It is to be noted here that though RBC and platelet count reduced due to MYL therapy and
after maintaining a reduced level for a longer period of time, both reduces further due to effect of cancer cachexia that has been
incorporated into systems equations. Simulation is also carried out with varying number of dose, cycle and interval between two
successive drug applications. With the increase in dose, though there is more chance of removal of malignant stem cells however,
that may bring down the RBC and platelet population very low and with this level patient may not survive in reality [35-40] i.e.,
when there is no exogenous RBC and/or platelet transfusion, T, =0.

High dose Myeloablative chemotherapy application: System was simulated with different combinations of drug doses (Drug,,
cycle numbers (nmyl), intervals (tmyl ) with the same initial conditions as depicted in Table 1 and followings are noted.

Idose) >

Combination I: Drugmﬂ o =0-7> nmyl:& b ~15, T, =0 (Figure 10A)
Combination II: Drug,_ . =0.8,n =8,t =15,T =0

my ose my my ex
Combination III: Drug, 1=0-7>1,,=91,,=15 T =0
Combination IV: Drug, . =0.7,n=8,t_, =20, T =0

Observation with Combination II: When the system was simulated with increase in MYL dose, keeping other conditions
unchanged, it was observed that nonmalignant stem cell survived for longer duration (15 days more) than the Combination I.
Again after completion with Combination II the nonmalignant stem cell count took more time (136 days more) to reach normal
level compared to Combination I. The system was found to continue with lower RBC level than the Combination I.

Observation with Combination III: With Combination III it was found that after completion of MYL therapy, the nonmalignant
stem cell count took more time (34 days more) to reach normal level compared to Combination I however quicker by 102 days
compared to Combination II. Again simulation with Combination III (keeping other conditions unchanged) it was found that
nonmalignant stem cell survived for shorter duration (3 days less) compared to the simulation with Combination II, but 12 days
more than with Combination I. However with this combination the system continued to stay with lower RBC cell count compared
to Combination I though higher than Combination II.

Observation with Combination IV: Simulation with the increased intervals (Combination IV) it was found that nonmalignant
stem cell survived for only 10 days more compared to Combination I; however, 5 days and 2 days lesser than with Combination IT
and Combination III respectively. Completion of MYL therapy with Combination IV nonmalignant stem cell count took 52 days
more than Combination III to reach normal cell count level, however earlier by 54 days than Combination II but longer by 82 days
than Combination I. And the system continued to stay with lower RBC cell count compared to Combination I though higher than
Combination II or Combination IIL

Low dose chemotherapeutic drug application: The system was simulated with the same initial conditions as depicted in Table 1

but with following combinations of drug doses (Drugmyl ios,)» Cycle numbers (nmyl) and intervals (tmyl D

=15, T, =0 (Figure 10B)
=15 T,=0

=15 T,=0

20, =0

Combination V: Drugmyl 0 =0-35, ”myz:& t o

Combination VI: Drug, . =0.40,n_=8,1

Combination VII: Drug . =0.35,n =9,t
myldose myl myl

Combination VIII: Drug . =0.35,n_=8,t
myldose my myl

Observation with Combination VI: When the system was simulated with slightly increased lower dose of chemotherapeutic drug
(Combination VI) then it was found that after completion of drug application, the nonmalignant stem cell count took almost same
time as with Combination V (only 2 days more in later case) to reach normal cell count level. Again simulation with Combination
VI shows that nonmalignant stem cell survived for longer duration (11 days more) than Combination V. It was found that with
this combination, the system continued to stay with lower RBC cell count compared to Combination V.

Observation with Combination VII: When the system was simulated with increased cycle number (Combination VII) it was
found that nonmalignant stem cell survived for 9 days more compared to Combination V, same as with combination VI; but after
completion of Chemotherapy with Combination VII the nonmalignant stem cell count took same time as Combination V to reach
normal cell count level though quicker than combination VI (only 2 days earlier). When simulated with Combination VII the
system continued to stay with lower RBC cell count though higher than with combination VI.
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Observation with Combination VIII: After completion of chemotherapeutic drug application with Combination VIII, the
nonmalignant stem cell count took 5 days lesser than both the Combination V and VII to reach normal cell count level; however,
7 days earlier than Combination VI. Again simulation with Combination VIII shows that nonmalignant stem cell survived only 4
days more compared to Combination V, 7 days lesser compared to Combination VI and 5 days lesser compared to Combination
VIL. It was observed that the system continued to stay with lower RBC cell count compared to Combination V though higher than

Co

mbination VII.

In all the above cases though P2 and P2_were reducing initially with the application of drug but with the stoppage of drug they
started growing exponentially. Similar observations have been found for malignant cells in mature cell compartment.

B. Chemotherapeutic Drug Profile
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Figure 10: Plots showing the effect of myeloablative drug regime (cycle (n,, ) 8, drug dose (Drug
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15 days) (Combination I and Combination V) on the growth of the cells of hematopoietic system. In (a) high dose Myeloablative and low dose
chemotherapeutic drug profile, in (b) the dynamical nature of different types of stem cells [in b (i)], erythroblast cells [in b (ii)], leukoblast cells
[in b (iii)] and megakaryoblast cells [in b (iv)]; in (c), the different types of RBCs [in ¢ (i)], WBCs [in c (ii)] and platelets [in c (iii)] are shown.
In all the plots of (b) and (c), x-axis represents ‘Days’ and y-axis represents ‘Counts’
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Supportive therapy to conventional MYL/chemotherapy - RBC and platelet transfusion

RBC and platelet transfusions are occasionally needed during high dose chemotherapy, as though the number of both RBC
and platelet is regained after stoppage of MYL/chemo therapeutic drug, but it may reach so minimal level that a patient would
not survive (as shown in Figure 10b). Hence during the application of MYL/chemotherapy drug exogenous RBC and platelet
transfusions are needed as supportive therapy (i.e., T, =1). The effect of such supportive treatment procedure is included in model
and studied through simulation. It is assumed that before application of each MYL/chemotherapy dose, the need for supportive
therapy is being checked. On the day of MYL drug application if RBCs and/or platelets levels were found below RBC, and
Platelet, respectively, packed cells of 1,00,000 of RBC and 50,000 of platelets are assumed to be transfused; however, for lower
dose of chemotherapeutic drug application, packed cells of 8,00,000 of RBC and 8,000 of platelets are assumed to be transfused
(Figure 11). Transfused RBC and platelets have the apoptosis rate which are denoted by a (= 0.07747) and a (=0.017)
respectively.

T_RBC T_Platelet

System was simulated in presence of RBC and platelet transfusions with Drug, , =0.7,n, =8andt , =15.Ithasbeen observed
that though the recovery of the nonmalignant stem cell population into the normal cell count level was delayed by 109 days but
they reduced to zero by the toxicity generated by the malignant cells almost at the same time (only 4 days delayed in presence of
transfusion compared to Combination I).

System was simulated in presence and absence of RBC and platelet transfusion with Combination V and observed that the recovery
of the nonmalignant stem cell population into the normal level was same as the Combination V, but in presence of transfusion
with Combination V the nonmalignant stem cell population remained in normal level 5 days more. However, RBC level after
the completion of Combination V with transfusion showed slightly lesser than the Combination V alone. Though transfusion
helped in maintaining the normal RBC and platelet level in the system but the gap period for transfusion allows the malignancy
to increase that, in turn, generates toxicity burden and thereby decrease the nonmalignant cell population.

Transfused RBC & Platelet dynamics
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Figure 11: Plots showing the effects of intermittent RBC and platelet transfusion with myeloablative drug (in A) (Combination I) and Chemotherapeutic drug (in
B) (Combination V) regime (cycle (nmy,) 8, drug dose (Drugm},, o) 0-7 (MYL) /0.35 (Chemo), interval (¢ ) 15 days) on the growth of the cells of hematopoietic
system. In (a) high dose MYL and low dose chemotherapeutic drug profile; in (b) the transfused RBCs and transfused platelets during MYL and chemotherapeutic
drug application; in (c), the dynamical nature of different types of stem cells [in c (i)], erythroblast cells [in c (ii)], leukoblast cells [in c (iii)] and megakaryoblast
cells [in ¢ (iv)] in both cases and in (d), the different types of RBCs [in d (i)], WBCs [in d (ii)] and platelets [in d (iii)] in both cases are shown. In all the plots of

(c) and (d), x-axis represents ‘Days” and y-axis represents ‘Counts’
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Cytokine therapy after conventional MYL/chemotherapy

For the treatment of leukemia through immunotherapy, particularly, cytokine based therapies are suggested after MYL therapy.
It is assumed that applied cytokine affects only P2 cell types (through differentiation process) and increases B2, cell population
which in turn, help in removing leukemic cells from the system. Simulation results are shown in Table 5. With present parametric
values simulations suggest that cytokine drug application after MYL are unsuccessful in removing leukemic cells from the system
(Figure 12); however, cytokine is applied after low dose chemotherapeutic drug application then malignant cells can successfully
be removed. This observation may corroborate the findings of O’ Brien et al 1995 [29], where authors showed that residual
leukemia after chemotherapy was successfully removed with interferon treatment.

Myeloablative (high) or low dose chemotherapeutic drug applications followed by cytokine drug applications were observed when

the system was simulated with following combinations of cytokine dug application after High dose MYL (Drug, ., =0.7, n, =8,
=15 T,=1) and low dose chemotherapy (Drug, =035, n =8,t =15, T =1). The initial parametric values including the

assumed effects of cytokine drug application are presented in Table 2. It was observed that cytokine drug dose (Drug ., ), drug

application cycle (n..,.), interval between two successive drug applications (¢ .,..), minimum number of WBC ( Ming, ) required
g

CYT CYTd:

to start immunity related killing (i.e., to turn 4ill;,, =1) in presence of cytokine drug and malignancy killing efficiency (kill )
play important role in terms of removal of malignancy and maintenance of normal cell population. Rigorous simulation exercises
have been carried out to find out the optimum values for cytokine drug dose /application cycles/intervals/minimum WBC level to

start immunity related killing ( Min B2, ) and malignancy killing efficiency (kill; ) by cytokine mediated killing.
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Figure 12: Effects of cytokine therapy after myeloablative/chemotherapeutic drug regime (cycle 8, drug dose 0.7 (MYL)/0.35 (chemo), interval 15 days
with RBC and platelet transfusion). In (a) plots represent cytokine drug application profile and the change in cell mediated immunity (CMI) profile
due to application of cytokine; in (b), plots showing the dynamical behavior of stem cells [in b(i)], erythroblast [in b(ii)], leukoblast [in b(iii)] and
megakaryoblast [in b(iv)] in both cases; and in (c), plots represents RBCs [in c(i)], WBCs [in c(ii)] and platelets [in c(iii)] in both cases. In all the
plots of (b) and (c), x-axis represents ‘Days” and y-axis represents ‘Counts’
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Application of low dose chemotherapy (Drug =0.35, n

myldose myl
parametric variations the followings observations are noted.

=8,t, ;=15 T, =1) followed by cytokine drug application: With

CYT CYTd
=80. The cytokine drug was started from day 150 i.e., 5 days after the application of last dose of chemotherapy. I was observed that

drug resistive stem cell disappeared from the system on day 568, 661 and 706 when Drug,_... were 0.8,0.76 and 0.755 respectively.
i.e., with application of increased drug level the removal of malignancy becomes faster. And in all the cases non-malignant cell
population in all compartments were found either maintaining normal cell count level or growing to reach normal cell count level.

Observation I: The system was simulated with different drug (Drug ... )level whenn_, =15t =25, Min B2, =224 and  kill

Observation II: The system was simulated with different kil when Drug ., =1.2,n.,,=15,1.,=25and Min B2, =224. The

cytokine drug was started from day 160 i.e., 15 days after the application of last dose of chemotherapy. It was observed that drug

resistive stem cell disappeared from the system on day 320, 341 and 387 when kill,; were 100, 90 and 80 respectively. i.e., with
application of increased killing efficiency the removal of malignancy becomes faster. And in all the cases, non-malignant cell
populations in all level were found either maintaining normal cell count level or growing to reach normal cell count level.

Observation III: The system was simulated with different minimum WBC level ( Ming 2, ) to start immunity related killing when

Drug =1 Neyp =15, by, =25 and kil - =80. The cytokine drug was started from day 160 i.e., 15 days after the application of

last chemo dose. It was observed that drug resistive stem cell disappeared from the system on day 393, 393 and 412 when Min,,,

was 223, 222 and 224 respectively; i.e., with the lowering the minimum effective WBC level ( Min B2, ) for starting the immunity
related killing, malignancy removal becomes faster. And in every the cases and non-malignant cell populatlon in all level were

found either maintaining normal cell count level or growing to reach normal cell count level. But when simulated with Min B2,
=225 with other conditions unchanged malignancy found to increase and all the non-malignant cell populations reduced to

zero (stem cell disappeared from the system reduced to zero on day 711). In this case the minimum Min B2, has been found as
224. In this present parametric setting above this value the system will fail to control malignancy. In case of cytokine application
(Drug,,.... = 1) after chemotherapeutic strategy with transfusion though there is a persistence of BI and BI_cells having a number
>2000 on day 1500 however with a decaying tendency.

Application of high dose MYL (Drug, , =0.7,n,

=8 t,,=15 T, = 1) followed by cytokine drug application: With parametric
variations the followings observations are noted.

The system was simulated with different drug (Drug,,. ) levels when n . =15, t. =25 Min B2, =224 and kil =80. The
cytokine drug was started from day 170 i.e., 15 days after the application of last MYL dose. It was observed that keeping all initial
conditions as depicted in Table 1 unchanged with the increase in Drug, . level, nonmalignant cells remained in the system
for longer time and recovery of nonmalignant stem cell to normal cell count level were faster (nonmalignant stem cell reached
to normal cell count after completion of MYL on day 338™ 304™ and 291 when Drug_ .. level were assumed as 1, 4 and 6
respectively). For Drug .. =6 the malignancy were found to disappear from all compartment (resistive stem cell disappeared
from the system on day 363) and normal cell populations were found either in normal cell count level or growing to reach normal
cell count level. Though malignancy were found to be disappeared from all compartmental level with Drug .. =6 but it may be

unrealistic (as Drug,.,. xm. . =6x0.07=0.42 i.e., 42% extra growth in Leukoblast per day).

The failure to control malignancy with MYL followed by cytokine is due to the fact that high dose MYL bring down normal
leukoblastic cells into such a lower level that may not be possible to boost to such high level so quickly to control malignancy.

In present system model it has been assumed that with high dose MYL application when number of P2 <30, the § dt and P2 dt are
increased to 30 days and 20 days respectively than their normal value; whereas S dr and P2 dr are decreased to 0.0165%{3-( m s, +

ag, )} cells/day and 0.765%{1-(mp, + a P2, )} cells/day respectively) with respect to thelr normal value and a 5, 8ets increased
(t0'0.48 cells/day) with respect to its normal value.

Allogenic hematopoietic stem cell (HSC) transplantation with 100% HLA matching

For simulation it is assumed that HSC transplantation has been done 25 days (on 180" day after the day of diagnosis) after the
completion of last dose of myeloablative (MYL) drug regime (cycles 8, drug dose 0.7 and interval 15 days). The day for HSC
transplantation is chosen when drug level within the system reaches below a desired level (say <1% of the applied drug). It is to be
noted here that in simulation MYL drug was applied on day 30%, 45, 60%, 75%, 951, 115%, 135%, 155%™, The unequal gap between
successive drug application were due to transfusion of RBC and Platelet on 90", 110", 130" and 150" days for low RBC and
Platelet count. The assumed characteristics parameters of the transplanted HSC are presented in Table 3. As there is, no GVHD,
so the maturated donor lymphocytes that are produced from the transplanted HSC will kill only the residual malignant cells with
afactor kill,,,_,,,, =7.142 (Table 4). With the present simulation condition, it has been observed that around ~324 days after HSC
transplantation all the malignant cells were totally disappeared from the recipient’s system, no relapse was noticed even after 2000
days (Figure 13) (Table 5). Chimera (Mixture of donor and host cells) in different cellular level is observed. Simulation has been
carried out with different killing efficiency of lymphocytes originated form transplanted cells.
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Figure 13: Effect of allogenic HSC transplantation with 100% HLA matching with number of donor stem cell (S) = 11, kil =7.142, day of
transplantation 180 from the day of diagnosis. In (a), plots showing the dynamical behavior of stem cells (i), erythroblasts (ii), leukoblasts (iii) and
megakaryoblasts (iv); in (b), plots showing the dynamical behavior of RBCs (i), WBCs (ii), and platelets (iii). In all the plots of (a) and (b), x-axis

represents ‘Days’” and y-axis represents ‘Counts’
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Observation 1: Similar type of observations (as in Figure 13) were noted for illyy.,um = 7.14, and 7.13 with other conditions
unchanged.

Observation 2: With the other conditions unchanged simulation exercises with varying killing efficiencies show that xii,,, , .
=7.13 is the minimum required value for the complete removal of malignancy from the system. It signifies that the exogenous
cell should have minimum Kkilling efficiency for complete malignancy removal. Simulation with the value below 7.13 there is a
decreasing trend of normal cell level due to toxicity generated by the increasing level of malignant cell. However, when the system
was simulated with increased number of transplanted HSC (S, = 12) having kill,,, ,,,, = 7.125, the malignancy is removed from the
system and normal cell population is sustained. It signifies that donor stem cells with lower killing efficiency can be compensated
with increasing its number.

Observation 3: With other conditions unchanged when simulation is carried out with § = 12 and kill,,, ,,, = 7.125; however,
transplantation is assumed to be on 190" day after the day of diagnosis, malignancy exist, in all level.

Observation 4: With other conditions unchanged donor stem cells with &ill,,,_,,, = 7.125 and transplantation is assumed to be
on 190th day after the day of diagnosis with more number of HSC (S, = 20) there is a complete removal of malignancy from the
system. It signifies that the delay (in days) in transplantation may compensated (for removing leukemic cells) by increased donor
cell number by multiple source of cord blood engraftment.

Therefore delay in transplantation can be compensated either with increased donor cell number or donor cells having property of
generating lymphocytes of higher killing efficiency. Moreover, in the model, the application of MYL drug strategy (drug dose and
cycle number and interval) can be changed/adjusted. This allows the investigator to check the condition of attaining a minimal
tumor load suitable for transplantation.

Allogenic hematopoietic stem cell (HSC) transplantation with HLA mis-matching

HLA mismatch is manifested as graft versus host diseases (GVHD). Simulation is carried out considering chronic GVHD with
two grades: high and low (Figure 14). The condition of HLA mismatch can also be studied through this model. The effects of
HLA mismatch are incorporated in the model using several killing factors: exogenous lymphocytes developed from transplanted
HSC reacted against the recipient (host) malignant cells (kill,, ., ) (same as for 100% HLA matching case) and host normal cells
(kill ,. ). The effect of GVHD is manifested through development of GVHD against normal tissue host like liver, gut and lungs.

And the intensity of such GVHD related tissue damage can be measured using a marker (MR), where MR= f(B2, G).
Simulation has been carried out in different conditions and results are presented as below.

Observation 1: Simulation study shows that in case of transplantation with HLA mismatch, removal of malignancy is found to
be much faster than 100% HLA match case (Table 5). For example S, reduced to zero on day 504" when transplanted with 100%
HLA matched donor cell; however, when transplanted with low and high mismatched donor, removal of S is on day 224" and
217" respectively.

Observation 2: As kill,,,_,,,, increases while other factors unchanged normal cell population also reduces faster (Table 5) along
with the faster removal of malignancy.

Observation 3: Keeping other conditions unchanged with delay in transplantation though normal cell survived for longer period
but malignancy removal was found delayed relative to the previous cases.

Observation 4: Transplantation with high mis-match shows faster removal of malignancy faster than transplantation with lower
mis-matched donor and it also reduces normal cell population earlier even more than free growth condition.

With the present parametric settings (Table 4) it is observed that with the increase in HLA mis-matching, GVHD appears much
earlier (Figure 14). The effect is much more prominent on the mature cell level than the precursor cell level.
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Figure 14: Effect of allo-HSC transplantation with two different grades [low in (A) and high in (B)] of HLA mis-matching. In (a), plots showing MYL
drug profile (i) and transfused RBC and platelets profile (ii); In (b) plots showing the behavior of stem cells (i), erythroblasts (ii), leukoblasts (iii),
megakaryoblasts (iv), RBCs (v), WBCs (vi), platelets (vii), damaging effect on the concerned tissue due to GVHD (viii). In all the plots from (i) to (vii)
of (b), x-axis represents ‘Days” and y-axis represents ‘Counts’ and in plot (viii) of (b), x-axis represents ‘Days” and y-axis represents ‘Tissue damaging

intensity’

Application of immunosuppressive drug scheduling for HLA mismatch cases

When allogenic hematopoietic stem cells (allo-HSC) with a certain degree of HLA mis-match are transplanted, patients need
to be treated with an immunosuppressive drug for the management of GVHD. It is worthwhile to mention here that depending
upon the severity of mismatch, determination of immunosuppressive (IMS) drug dose and drug schedule could be the important
aspects for clinical cases. The developed model has the provision to test the efficacy of the IMS drug for the management of
GVHD. This model has the flexibility of choosing IMS drug scheduling strategy.

In simulation different IMS drug strategies have been applied to different HLA mis-match cases as mentioned previously. In all the
cases, allo-HSC transplantation has been performed on day 180 after completion of conventional MYL drug regime. Simulations
have been carried out considering two different types of IMS drugs (i.e., IMS-1 and IMS-2). Both types of drugs have the same
mechanism of action; however, IMS-2, signifies higher dose (double) than IMS-1 and once one drug is applied it continued
throughout the simulation period. Strategy started 30 days after HSCT and IMS-2 drug strategy started 60 days after HSCT

(Figure 15).
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Figure 15A: Immuno-suppressive drugs profiles in HLA mis-matching condition
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Figure 15B: Effect of immuno-suppressive drugs on the dynamics of progenitor cells in different grades (Low and high) of
HLA mis-matching condition. In all the plots, x-axis represents ‘Days’ and y-axis represents ‘Counts’
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Figure 15C: Effect of immuno-suppressive drugs on the dynamics of mature cells in different grades (Low and high) of HLA mis-matching condition.
In all the plots, x-axis represents ‘Days’ and y-axis represents ‘Counts’
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Figure 15D: GVHD management (damaging effect on the concerned tissue) with immuno-suppressive drugs (IMS1 and IMS2) in different grades
[Low in (A) and high in (B)] of HLA mis-matching condition. In all the plots, x-axis represents ‘Days’ and y-axis represents “Tissue Damaging
Intensity’

IMS drug dose, drug application interval, drug retention and the considered sensitivities of these drugs to different cells are
depicted in Table 2C and results of such simulations are presented in Table 5. Simulation study indicates that IMS drug application
in controlled level can keep GVHD under control to remove the malignancy from the system and thereby increase the sustaining
period of normal cell population.

However, with the application of excessive IMS drug dose (keeping other conditions unchanged) malignancy may relapse in
system.

Remission by chemotherapy /chemo-responsive leukemia

So far our simulation exercises have shown the management strategies for chemo-unresponsive leukemia (worst) case. However,
several leukemia cases respond to the conventional chemotherapy regimes. Simulation study with the increase in drug sensitivity
~10 times for the malignant cells only as mentioned in Table 2 and with the application of 8 cycles of high dose MYL in presence
of transfusion can bring the considered worst case (as in Table 1) into remission; however, it does not bring to remission when 6
cycles of the same therapeutic regime is applied.

Simulation study with the developed model also carried out to show the features of chemo-responsive leukemia (remission) cases
with change in some initial parametric values (Case II). Free growth condition of such case is initialized by setting mg = 0.07,
mg =0.075, ag =0.032, ag =0.032, mpy =0.0345, mp, =0.0345, ap, =0.00359, ap, =0.00359, 1.3 times, 1.3 times and
1.5 times of S, dr, P2 _dr, and P2 drof worst case respectivelly while rest of the values are kept unchanged as mentioned in Table
1 (Figure 16). Remission is possible with the application of 6 cycles of high dose of MYL with 5.5 times MYL drug sensitivity

towards malignant cells as mentioned in Table 2. Simulation study with this case depicts that the number of malignant stem cells
have slower growth rate than the worst case and the leukemic/malignant cells have greater drug sensitivity.
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Keeping all the parametric values and the MYL drug regime same as of the Case II remission case while kept back the parametric
value of mg and ag as of the worst case fails to bring the system into long-term remission and simulation study depicts the
presence of residual disease (Figure 17).
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Figure 16: Effect of conventional chemotherapy in remission leukemia case. In (A), plots showing MYL drug profile (i) and transfused RBC and
platelets profile (ii); In (B) plots showing the behavior of stem cells (i), erythroblasts (ii), leukoblasts (iii), megakaryoblasts (iv), RBCs (v), WBCs
(vi), platelets (vii) under freely growing condition (a) and with conventional chemotherapy (b). In all the plots of (b), x-axis represents ‘Days” and
y-axis represents ‘Counts’

(i) Myeloabletive Drug Profile (ii) Transfused RBC &
PLATELET Profile
x10
] 0.8 ° :
£ v o] 2
0 0.6 € o
5 3
<04 || 2 0 50 150 250 350
g‘ 1 [l i %10 x104
1
0.2 H ] 5
0 o M
0 50 100 150 200 250 0 50 150 250 350
Days Days

(A)

Annex Publishers | www.annexpublishers.com Volume 1 | Issue 1



Journal of Computational Systems Biology 28

Residual
(a) Free Growth (b) Chemotherapy
(i) Stem Cell (i) Stem Cell
40 40
30 / 30
20 20
10 10
0 V)=
[+ 200 400 600 800 0 200 400 600 800 1000
(i) Erythroblast (ii) Erythroblast
600 P, 600
500 —p1| 500
400 —p1, 400
300 Y 300
200 200
100 100
00 100 200 300 400 500 600 "0 200 400 600 800 1000
(iii) Leukoblast (iii) Leukoblast
350 350
300 ::9 300
250 % 250
200 —FP2 200
150 P2, 150
100 100
50 50
06760 200 300 400 560 60 o
0 100 200 300 400 500 600 0 200 400 600 800 1000
(iv) Megakaryoblast (iv) Megakaryoblast
200 . PGQ 200
400] ISRy P, 400
300 —P3, 300
200!} —P3, 200}
100 100
cl.) 100 300 500 ) 700 oD 200 400 600 800 1000
(V)RBC (V)RBC
5 x1 2 x10
o B1g
—B1_ 1.5
3 _B1r 1
2 B,
1 0.5
V] 0
200 400 600 800 1000 D 200 400 600 800 1000
(vi)wBc (vi) wBC
8000 B2 1000
9
6000 — B2, 800
—B2, 600
4000 B2
7% 400
2000 .__,.‘_,// 200
)
oD 100 200 300 400 500 600 200 400 600 800 1000
(vii) Platelet (vii) Platelet
5
5x10 B3] 10000
]
4 — B3, 8000
3| —B3| 6000
2 —B3%| 4000
1 2000
0!
0 200 400 600 800 1000 c) 200 400 600 800 1000

(B)

Figure 17: Presence of residual disease /leukemia after conventional chemotherapy. In (A), plots showing MYL drug profile (i) and transfused
RBC and platelets profile (ii); In (B) plots showing the behavior of stem cells (i), erythroblasts (ii), leukoblasts (iii), megakaryoblasts (iv), RBCs
(v), WBCs (vi), platelets (vii) under freely growing condition (a) and with conventional chemotherapy (b). In all the plots of (B), x-axis represents
‘Days’ and y-axis represents ‘Counts’

Chronic leukemia cases

Previously simulation studies resemble acute leukemia cases. However, change in initial parametric values in the developed model
can show the features of chronic leukemia cases. Chronic myeloid leukemia (CML) is considered as the differentiation defect
with an arrest of cells at different stages of morphological maturation [40]. Free growth condition is initialized by changing S dr,
P2_drand P2 dr to 1.35 times, 1.55 times and 1.95 times respectively of worst case while rest of the values are kept unchanged as
mentioned in Table 1 (Figure 18). In this case drug application is considered daily with drug dose 0.037 (6/1000 th of total high
dose MYL drug) for 1500 days. It is to be noted here that in CML (chronic myeloid leukemia) cases are generally treated with the
targeted drug imatinib and this drug is being applied daily [41-43]. Simulation is carried out with two different drug sensitivities
for malignant leukemic cells — one simulation is done with the same sensitivity as mentioned in Table 2 (Case I) and another
simulation is carried out with the 5.5 times of drug sensitivity for malignant cells (Case II). However in both the simulations it is
also considered that such drug strategy has minimal effect on the normal cells of the hematopoietic system. Simulations studies
depict that with the increase in drug sensitivity of malignant cells can able to bring the leukemic free survival in the long-run.
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Figure 18: Chronic leukemia case with low daily doses of chemotherapy (Imatinib). In (A), plots showing chemotherapy drug profile; In (B) plots
showing the behavior of stem cells (i), erythroblasts (ii), leukoblasts (iii), megakaryoblasts (iv), RBCs (v), WBCs (vi), platelets (vii) under freely
growing condition (a), no remission with blast crisis after chemotherapeutic treatment (b) and long-term remission after treatment with a drug
with higher sensitivity for malignant cells (c). In all the plots of (B), x-axis represents ‘Days’ and y-axis represents ‘Counts’
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Stem cell
Variables Normal type Sensitive type Resistive type
Symbol Value Symbol Value Symbol Value
Initial number S o 11 Sy 2 S, 1
Multiplication rate mg 0.065 mg 0.075 mg 0.085
-4 s ”
Apoptosis rate aSg 0.032 as. 0.0315 as 0.031
Differentiation rate Sgdr cf2*(cfl-(mg +ag )) Ssdr cf2*(1-(mg_ +ag )) Srdr cf2*(1-(mg +ag ))
g g s s - P
Dxfferent.latlon delay S dt 14 Sdt 14 Sdt 14
time g s H
C 0.0052 C 0.0012 C 0.0022
Sgs Ssg Srg
Conversion rate
ng,, 0.0068 Ser 0.0053 S, 0.0032
A. Stem cell compartment
Erythroblast cell
Variables Normal type Sensitive type Resistive type
Symbol Value Symbol Value Symbol Value
Initial number Plg 380 PI; 15 Pl, 5
Multiplication rate mpq 0.013 mpi 0.0131 mpy 0.0132
g s r
Apoptosis rate ap 0.01339 ap; 0.001338 ap; 0.0013375
g s ’
Differentiation rate Pldr | cfa*(cfi-( mpy +apy ) Pldr | ¢f3*(1-( mpy_ +ap ) P1 dr of3*(1-(mpy +apy )
Differentiation delay
time Pl dt 2 PIdt 2 Pl dt 2
CPlgs 0.0023 CPlsg 0.0012 CPlrg 0.0012
Conversion rate
C Pl 0.0012 Cpi, 0.0023 Cry 0.0023
Leukoblast cell
Initial number Pzg 40 st 50 Pzr 10
Multiplication rate mpy 0.0345 mpy 0.033 mpy 0.043
¢ s r
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Apoptosis rate ap2 0.0359 @pa), 0.00358 apz, 0.003575
Differentiation rate P2gd7’ C 4*(Cf1-( Mps, +4p2, ) stdr cf3*(1-(mpy + aps ) P2,,dr of3*(1-( Mpy + Apy )
Differentiation delay time | p 2g dt 7 P2 dt 7 P2 dt 7
T, 0.0012 T 0.0012 Crn 0.0023
Conversion rate
CPZg, 0.0023 CPZS, 0.0023 CP2,S 0.001
Megakaryoblast cell
Initial number P3, 90 P3 5 P3, 5
Multiplication rate mps 0.075 mp3 0.015 mps3 0.015
g s >
Apoptosis rate aps 0.0802 aps 0.00805 aps 0.00805
P s -
Differentiationrate | P3.dr | cf4*(cfI-(mps, taps,)) | P3dr | ¢f3*(1-(mps, +aps))) | P3dr | ¢f3*(1-(mp; +ap3,))
Differentiation delay time | pP3 g 3 P3 dt 3 P3dt 3
I g K
CP3g5 0.0012 CP3:g 0.0010 CP% 0.0010
Conversion rate
CPBg,. 0.0023 CP3sr 0.0012 Cp3m 0.0012
B. Progenitor cell compartment
Erythrocytes
Variables Normal type Sensitive type Resistive type
Symbol Value Symbol Value Symbol Value
Initial number Blg, 4750000 Bl 1875000 Bl1, 62500
Apoptosis rate api, 0.00007747 api, 0.000005746 api, 0.000004745
Cp,, 0.0023 Ch,, 0.0012 Cp, 0.00121
Conversion rate
CBlg, 0.0012 CBIV 0.0001 CBI” 0.0012
Leukocytes
Initial number B2, 4000 B2 5000 B2, 1000
Apoptosis rate apa, 0.012999996 aps, 0.012999996 aps, 0.012999996
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Leukocytes
Variables Normal type Sensitive type Resistive type
Symbol Value Symbol Value Symbol Value
Cpa,, 0.0012 Cha,, 0.002 Cha,, 0.0012
Conversion rate
Cpa,, 0.0021 Cp,,, 0.0012 Cp, 0.001
Platelets
Initial number B3, 450000 B3, 25000 B3, 25000
Apoptosis rate aB3, 0.00017 aps, 0.000016 aps, 0.000151
Chs,, 0.0012 Cps,, 0.0013 Chs,, 0.0012
Conversion rate
Cas,, 0.0023 Csgs,, 0.0022 Chgs,, 0.0023
T ¢fl (=3), ¢f2 (=0.0365), cf3 (=0.0165) and cf4 (=1) are calibration factors.
Unit of delay is day and unit of rate is cells day'. The parametric values of normal cells are taken from Dhar et al, 2012.
C. Terminally mature cell compartment
Table 1: Initial parametric values of the host hematopoietic system
Variable Symbol Value Unit Comments
MYL/Chemotherapeutic b 0.7 (MYL) Fraction of cell killing Assumed value
drug dose rug myldose 0.35 (Chemo) per day
Duration l?etween 15 (MYL), ' '
two successive MYL/ 15 (Chemo) Days Drug ( MYL/Chemo) applied once in
Chemotherapeutic drug ) myld Y 15 days
application
Number of cycle nmyl 8 Number Number of repetition of drug application
Amount of MYL/
Chemotherapeutic o . .
- % of drug of the Retention of 80% drug of the previous
drug retention on the dr: UE yirer 80% revious da day drug amount
subsequent day of drug u P v Y g
application
0.4 (MYL) 9 G
T s et S \ 40% cells are sensitive to MYL/Chemo
sensitive type stem cells My lS h o of cells drug,
s 0.4(Chemo) Values are assumed.
0.3 (MYL) ) -
T b B \ 30% cells are sensitive to MYL/Chemo
resistive type stem cells My ZS 76 of cells drug,
r 0.3 (Chemo) Values assumed.
MYL drug sensitivity 0.4 (MYL) 40% cells are sensitive to MYL/Chemo
of sensitive type P2, Myl Myl % of cells drug.
B2, cells Yepa, MV, 0.4 (Chemo) Values are assumed.
MYL drug sensitivity 0.3 (MYL) 30% cells are sensitive to MYL/Chemo
of resistive type P2, B2, Myl Myl % of cells drug.
cells P2, B2, 0.3 (Chemo) Values are assumed.
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Variable Symbol Value Unit Comments
0.2 (MYL)
Mylsg MylPlg Mylng
Mylmg Mlelg Mlezg
MYL drug sensitivity of 20% cells are sensitive to MYL/Chemo
all good cells & P1, BI,, 9% of cells dru
LS, BEL L Il des Mle 3¢ Mylp L Mle 1 ' Values are isumed
B3 cells 0.2 (Chemo) :
Mylmy Mylmr MylPlx
Mlelx MylPSS Mylms
A. MYL/Chemo drug related parameters
Variable Symbol Value Unit Comments
. Fraction of cell killing
Cytokine drug dose dr UL cyTiose 1 erdky Assumed value.
Duration between two
successive Cytokine t CYTd 15 Days Drug applied once in 15 days
drug application
Number of repetition of drug
Number of cycle Neyr Number B~
Amount of Cytokine
drug retention on the dru 10% % of drug of the Retention of 10% drug of the
subsequent day of drug Ecrtret ? previous day previous day drug amount
application
Cytokine induced ef-
fect (additive) on the
multiplication rate of Mcyr 0.07 Cells/day Assumed value
recipient’s progenitor
lukocytic lineage cell
B. Cytokine drug related parameters
Variable Symbol Value Unit Comments
Immuno-supressive drug 0.01 & 0.02 Fraction of cell killing | Drug doses (0.01/ 9.02) are chosen as per
drug dose imdose per day requirement.
Duration between two
successive Immuno-su- tim d 1 Days Daily application of drug.
pressive drug application

g n 2000 Number of cycle is applied as per require-

im Number iy
Amount of Immuno-su-

pressive drug retention d 30% % of drug of the Retention of 20% drug of the previous
on the subsequent day of TUE iyt 0 preceding day day drug amount

drug application
Immuno-supressive
drug sensitivity of nor- ) 8 Egoseg % of cells Assumed value
mal stem cells (S)) AN 0s¢
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Variable Symbol Value Unit Comments
0 (Dosel)
imsens Plg 0 (Dose2)
Immuno-supressive
drug sensitivity of 0 (Dosel) 9% of cells Assumed value
normal progenitor cells imsens 0 (Dose2)
(P1,P2,P3) ¢
[ e
0 (Dosel)
imsens P3g 0 (Dose2)
0 (Dosel)
imsens Bl 0 (Dose2)
Immuno-supressive
drug sensitivity of nor- 0.06 (Dosel) o
f cell A |
mal matured cells (BI , imsens 0.06 (Dose2) LOES SRR
B2,B3) ¢
e
0 (Dosel)
imsens B3 0 (Dose2)
Immuno-supressive 0 (Dosel)
drug sensitivity of drug ) 0 (Dose2) % of cells Assumed value
sensitive stem cells (S) IR g5,
0 (Dosel)
imsens Pl 0 (Dose2)

Immuno-supressive
drug sensitivity of drug
sensitive progenitor cells

d

0.006 (Dosel)
0.006 (Dose2)

% of cells

Assumed value

imsens
(P1, P2, P3) s
0 (Dosel)
imsens ps 0 (Dose2)
0 (Dosel)
A 0 (Dose2)
msens Bl
Immuno-supressive % of cells Assumed value
drug sensitivity of drug 0.06 (Dosel)
sensitive cells (BI, B2, ) 0.06 (Dose2)
B3s) imsens p,
; 0 (Dosel)
IMSENS 3, 0 (Dose2)
Immuno-supressive
drug sensitivity of drug ) 0 (Dosel) % of cells Assumed value
2. imsens 0 (Dose2)
resistive stem cells (S) Sr
0 (Dosel)
imsens P, 0 (Dose2)
Immuno-supressive
dl’l'lg 'sensmvuy.of drug A 0.0006 (Dosel) 9% of cells Assumed value
resistive progenitor cells imsens p,_ 0.0006 (Dose2)
(P1,P2,P3)
0 (Dosel)
imsens ps 0 (Dose2)
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0 (Dosel)
imsens g, 0 (Dose2)
Immuno-supressive
drug sensitivity of drug 0.006 (Dosel) o
resistive cells (BI , B2, dimsens 52, 0.006 (Dose2) Hatesls Aesrmetlvellee
B3)
0 (Dosel)
imsens s 0 (Dose2)
Immuno-supressive
drug sensitivity of doner d. 0 (Dosel) % of cells Assumed value
imsens 0 (Dose2)
stem cells (S,) &
d 0 (Dosel)
imsens Pl 0 (Dose2)
Immuno-supressive 0 (Dosel)
drug sensitivity of dimsens 0 (Dose2) % of cells Assumed value
doner cells (P1, P2, P3) 2
0 (Dosel)
imsens 3, 0 (Dose2)
0 (Dosel)
imsens Bl, 0 (Dose2)
Immuno-supressive
drug sensitivity of 0.06 (Dosel) o
doner cells (B1,, B2, dimsens 52, 0.06 (Dose2) O LEEANT IE
B3)
0 (Dosel)
imsens ps 0 (Dose2)
C. Immunosuppressive drug related parameters
Table 2: Initial parametric values for applied drugs
Variable Symbol Value Unit
Initial number S, 14 Number of cells
Multiplication rate mg 0.065 Cells/day
Apoptosis rate ag 0.032 Cells/day
Differentiation rate S dr cf2*(cfl-(mg +ag ) Cells/day
D1fferent.1at10n delay S dt 14 [
time e

A. Stem cell compartment
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Variable Symbol Value Unit
Erythroid
Initial number P1, 0 Number of cells
Multiplication rate mpy, 0.0546 Cells/day
Apoptosis rate ap; 0.011 Cells/day
Differentiation rate P]gdr cf4*(cf1 - mpy_ + apy, )) Cells/day
Differentiation delay time Pl dt 2 Days
Leukocytic
Initial number P2, 0 Number of cells
Multiplication rate mpy 0.0545 Cells/day
Apoptosis rate apy 0.0312 Cells/day
. e * -(m
Differentiation rate P Zedr cf4 (cf] ( P2, +apy, )) Cells/day
Differentiation delay time P2, dt 7 Days
Megakaryocytic
Initial number P3, 0 Number of cells
Multiplication rate mp3 0.0535 Cells/day
Apoptosis rate aps 0.01 Cells/day
Differentiation rate P3 edl” cf4*(cf1-(m P3, + ap3 ) Cells/day
Differentiation delay time P 3edt 3 Days
B. Progenitor cell compartment
Variable Symbol Value Unit
Erythrocytes
Initial number B1, 0 Cell numbers
Apoptosis rate ap) 0.00007747 Cells/day
Leukocytes
Initial number B2, 0 Cell numbers
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Variable Symbol Value Unit
Apoptosis rate ags, 0.012999996 Cells/day
Platelet
Initial number B3, 0 Cell numbers
Apoptosis rate ag; 0.00017 Cells/day
C. Terminally mature cell compartment
Table 3: Initial (assumed) parametric values of the transplanted cell (Donor). Cell numbers are considered as count/ul of blood
Value [% of cells killing/
Value [% of cells killing/ day] in GVHD
Kill factor Target cells day] in 100% HLA L Comments
matchin oy :
4 GVHD High GVHD
S, P1, P2, P3, B, B2, B3, Three typesb(;fe nmll(l)trt};leerg dfactors have
klllec»hm S Pl P2 P3 Bl B2 B3 gt 7.142x10 P (i) ‘G’ has been considered to control the
A A overall killing intensity. And
. G = 0 for 100% matching
klllbze»g Ss’ P[g' P2g’ P3g’ BZ{ ng‘ 0 0.02x5 0.02x10 G = 18 for low GVHD
G =19 for high GVHD
kill,, ., S, PI, P2, P3, B2, B3, 0 0.03x5 0.03x10
(i) Compartment wise killing intensity
i are controlled by three more multiplyin;
kzllee%RBC BI, 0 0 0 Yfactors plying
st_mul = 0.02, pro_mul = 0.04 and mat_
mul = 0 1 for all cases considered.
(iii) In progenitor cell compartment for
three types of cells killing intensity are
. being controlled by three more multiply-
kllleg»RBC 0 v Y v ing factors -
effect_p1 = 10, effect_p2 = 0.01, effect_p3
= 0.3 for all cases considered.
(iv) KillegQRBC and Kill,, .. -are kept zero
as GVHD may occur in liver, gut and
lungs without any hemolysis.

hm = malignant cells within host (recipient), D = donor cells. All values are calibrated data
Table 4: Different kill factors description for three considered cases (i.e., 100% HLA matching, low GVHD and high GVHD)

Strategy VI
) Day of Strategy I Strategy II Strategy III Strategy IV Strategy V MYL+ Strategy VII
Variables . Free MYL+ Chemo+ . Chemo + Transfu-
Observation MYL . Chemo . Transfusion+ . .
Growth Transfusion Transfusion . sion +Cytokine
cytokine

100 35.0167 10.3242 10.6605 35.3867 35.3867 10.6605 35.3867

5 300 34.9587 10.7536 10.5485 35.6752 35.5680 16.5596 35.0343

¢ 500 0 ond410 34.3735 34.7197 33.2508 33.0376 35.4694 35.4189

1000 - 0ond 570 0ond 574 0ond 533 0ond533 Oond574 35.1821
100 8.1256 1.8143 1.9023 3.8662 3.8662 1.9023 3.8662
300 559.6793 49.0347 47.6234 167.5038 166.6943 47.6234 56.8266

S

' 500 3.8550x10* | 3.3775%x10° 3.2802x10° 1.1537x10* 1.1482x10* 3.2802x10° 0 on d-412

1000 1.5179x10° | 1.3299x10° 1.2916x10° 4.5428x10° 4.5209x108 1.2916x108 | =
100 5.8425 0.7649 0.8155 2.1411 2.1411 0.8155 2.1411
300 50.9499 1.8765 1.8041 9.9795 9.9146 1.8041 0 ond-175

S
500 444.3107 16.3642 15.7327 87.0271 86.4609 1875327 | ===
1000 9.9781x10* | 3.6750x10° 3.5332x10° 1.9544x10* 1.9417x10* 3.5332x10° |
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Strategy VI
) Daylof Strategy I Strategy II Strategy I11 Stratexy IV Strategy V MYI+ Strategy VII
Variables . Free MYL+ Chemo+ . Chemo + Transfu-
Observation MYL . Chemo . Transfusion+ . .
Growth Transfusion Transfusion . sion +Cytokine
cytokine
100 485.8812 33.5282 37.1630 189.3582 189.3582 37.1630 189.3582
Iy 300 339.9653 49.0031 44.3867 494.6528 488.1867 44.2251 488.1947
¢ 500 0ond 321 56.5098 81.1015 0ond 452 0 on d-453 92.4633 503.7698
1000 | - 0 on d-504 0ond506 | @ -------- | e 0 on d-506 499.6429
100 5.5453 0.4792 0.4904 1.5004 1.5004 0.4904 1.5004
ol 300 180.4301 15.6180 15.1194 53.4973 53.2062 15.1194 32.3269
' 500 1.2344x10* 1.0814x10° 1.0503x10° 3.6943x10° 3.6764x10° 1.0503%x10° 45.8008
1000 4.8603x10* | 4.2583x107 4.1357x107 1.4546x10° 1.4476x10° 4.1357x107 5.0563
100 11.9047 0.6700 0.7031 2.6453 2.6453 0.7031 2.6453
300 182.2828 15.5669 15.0704 53.4493 53.1580 15.0704 32.3285
P1
’ 500 1.2297x10* | 1.0772x10° 1.0462x10° 3.6798x10° 3.6620x10° 1.0462x10° 45.0584
1000 4.8412x10° | 4.2415x107 4.1194x107 1.4489x10° 1.4419%x10° 4.1194x107 4.7256
100 95.6186 5.6304 6.1012 20.4474 20.4474 6.1012 20.4474
300 68.8196 29.5808 25.5780 85.3616 83.6121 42.8545 159.0237
P2
¢ 500 0ond 305 0 on d-488 0 on d491 0 on d-432 0 on d-433 94.0281 298.9938
10000 | ===m=see= [f smmmmeeeoeo | emcceoooon | ccoooooen [ oo 0 on d-506 297.0921
100 107.8105 0.9720 1.0723 9.5575 9.5575 1.0723 9.5575
300 1.2801x10* 92.4047 80.2331 529.7196 518.1488 80.2331 0ond-177
P2
' 500 1.4629x10° 1.6885x10* 1.5370x10* 8.0828x10* 7.9463x10* 1.5370x10* | = ---eeee-
1000 1.8926x10" | 3.0477x10° 2.8349x10° 1.3226x10" 1.3044x10" 2.8349x10° | e
100 193.1684 0.3969 0.4125 6.9023 6.9023 0.4125 6.9023
300 3.2984x10° 38.1150 34.9882 144.2417 141.5614 34.9882 0ond-174
P2
500 8.0273x10* | 3.3499x10° 3.2236x10° 1.1649x10* 1.1564x10* 3.2236x10° | ---eeee-
1000 1.6266x10° | 1.3947x10° 1.3543x10° 4.7659x10° 4.7426x108 1.3543x10% | ----e-e-
100 398.6151 328.9891 307.4990 406.2133 406.2133 307.4990 406.2133
300 386.8417 406.2747 413.3843 407.0047 403.8850 413.2424 403.8922
73
¢ 500 Oond 343 392.7604 386.5695 0 on d-470 0 on d-472 388.9702 408.7169
1000 | @ ----- 0 on d535 0ond537 | cmememeemee | e 0 on d-537 409.8584
100 2.8890 0.3525 0.3515 0.9369 0.9369 0.3515 0.9369
300 127.2011 11.1339 10.8074 38.0411 37.8529 10.8074 21.1795
P3
500 8.7579%x10° 767.3020 745.2169 2.6211x10° 2.6085x10° 745.2169 8.5363
1000 3.4484x10° 3.0212x107 2.9343x107 1.0321x10° 1.0271x108 2.9343x107 0.0046
100 2.5471 0.3334 0.3307 0.8599 0.8599 0.3307 0.8599
300 119.1560 10.4342 10.1304 35.647 35.4721 10.1304 19.5580
P3
500 8.2057x10° 718.9148 698.2226 2.4558x10° 2.4440x10° 698.2226 5.9997
1000 3.2309%x10°% | 2.8307x107 2.7492x107 9.6697x107 9.6230x107 2.7492x107 9.2519x10*

Annex Publishers | www.annexpublishers.com

Volume 1 | Issue 1



39 Journal of Computational Systems Biology
Contd.
Strategy VIII | Strategy IX rateay Strategy XI Strategy XII Strategy — Stratefgy XV
Variables D“?’ of Obser- 100% Low Low Low High High High
vation HLA GVHD GVHD+ GVHD+ GVHD GVHD+ GVHD+
IMS1 IMS(1&2) IMS1 IMS(1&2)
100 10.6605 10.6605 10.6605 10.6605 10.6605 10.6605 10.6605
300 10.5778 3.1079 3.2348 3.4121 0 on d282 0 on d282 0 on d283
% 500 12.8343 0 on d319 0 on d320 Oond322 | = - | e
1000 A T S T e e e B
100 1.9023 1.9023 1.9023 1.9023 1.9023 1.9023 1.9023
300 20.2441 0 on d224 0 on d224 0 on d224 0ond217 0ond217 0on d217
5 500 K7 ) B B e e e I I I L LR
1000 0ond504 |  ccemeeem | mmeeees [ eeeeeeee L e e s
100 0.8155 0.8155 0.8155 0.8155 0.8155 0.8155 0.8155
300 0 ond 227 0 on d209 0 on d209 0 on d209 0 on d207 0 on d207 0 on d207
. 7070 X (s
B0 T e B O I (R e BT
100 37.1630 37.1630 37.1630 37.1630 37.1630 37.1630 37.1630
300 44.3874 0 on d246 0 on d246 0 on d246 0 on d236 0 on d236 0 on d236
i 500 379.0082 | seeeeees | meeeeeeee | e | e ||
1000 L T e B e B I
100 0.4904 0.4904 0.4904 0.4904 0.4904 0.4904 0.4904
300 Oon d 245 0ond211 0ond211 0 ond211 0 on d208 0 on d208 0 on d208
FL, 500 | e | e | e | i
1707070 ) ([
100 0.7031 0.7031 0.7031 0.7031 0.7031 0.7031 0.7031
300 0 ond 245 0ond211 0ond211 0ond211 0 on d208 0 on d208 0 on d208
PL, 500 | oo || | |
L L B T B B et B et I L
100 6.1012 6.1012 6.1012 6.1012 6.1012 6.1012 6.1012
300 25.5787 24.7253 24.7461 24.7731 17.3686 17.4062 17.7578
Pzg 500 151.5945 0 on d484 0 on d493 0 on d514 0 on d410 0 on d410 0 on d422
1000 296.0064 | ceemm | e | e | ||
100 1.0723 1.0723 1.0723 1.0723 1.0723 | - 1.0723
300 11.8146 0 on d216 0 on d216 0 on d216 0 on d211 0 on d211 0ond211
2 500 (1301 c 7 SN [y [ [ e e ——
7000 JRN [N U [ N v———— | o—"—— | ——
100 0.4125 0.4125 0.4125 0.4125 0.4125 0.4125 0.4125
300 0 on d266 0ond213 0 on d213 0on d213 0 on d209 0 on d209 0 on d209
P2 500 | e | | e | e e
007070} ([
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Strategy X
Strategy VI Strategy IX Strategy XI Strategy XII Strategy XIII Strategy X1V
. Day of Obser- Low . High High
Variables : 100% Low Low High
vation HLA GVHD GVHD+ GVHD+ GVHD GVHD+ GVHD+
IMS(1&2) IMS1 IMS(1&2)
IMS1
100 307.4990 307.4990 307.4990 307.4990 307.4990 307.4990 307.4990
3 300 391.7407 401.8555 402.2933 402.9248 225.8939 226.5821 246.2507
¢ 500 381.8802 0 on d389 0 on d391 0 on d395 0 on d352 0 on d353 0 on d357
1000 349.6556 | -----ee- | seemeeee | ememeeeee | e s
100 0.3515 0.3515 0.3515 0.3515 0.3515 0.3515 0.3515
300 0 on d238 0 on d210 0 on d210 0 on d210 0 on d208 0 on d208 0 on d208
P3,
L) B e T e B I R
1L I e e e B T
100 0.3307 0.3307 0.3307 0.3307 0.3307 0.3307 0.3307
300 0 ond 237 0 on d210 0 on d210 0 on d210 0 on d207 0 on d207 0 on d207
P3
L1 e T e e B I N
1707010 J [
A. Progenitor cells
Strategy VI
) Day of Strategy I Strategy IT Strategy III Strategy IV Strategy V MYI4+ Strategy VII
Variables . Free MYL+ Chemo+ . Chemo + Transfu-
Observation MYL . Chemo . Transfusion+ . .
Growth Transfusion Transfusion . sion +Cytokine
cytokine
100 4.7492x10° | 1.4524x10° 1.6188x10° 8.6256x10° | 8.6256x10° 1.6188x10° 8.6256x10°
a 300 4.7467x10° 1.6504x10° 1.5445%10* 2.9753x10° 2.9427x10° 1.5445%10* 2.9434x10°
1
¢ 500 4.5616x10° 1.4360%x10* 1.3491x10* 2.8748%10° 2.8439x10° 1.3492x10* 2.9463x10°
1000 0 on d639 0 on d583 0 on d583 0 on d639 0 on d639 0 on d583 2.9537x10°
100 6.2473x10* 1.9104x10° 2.1294x10° 1.1346x10* 1.1346x10* 2.1294x10° 1.1346x10*
B 300 6.2460x10* 220.7006 206.5868 3.9233x10° | 3.8804x10° 206.5868 3.8776x10°
' 500 6.5419x10* 484.8125 463.0688 4.8226x10° 4.7753%x10° 463.0688 3.9329%x10°
1000 1.2063x10% | 1.0563x107 1.0259x107 3.6088x107 | 3.5913x107 1.0259x107 3.9739x10°
100 1.8740x10° | 5.7307x10° 6.3873x10° 3.4035x10* | 3.4035x10* 6.3873x10° 3.4035x10*
300 1.8724x10° 654.5210 612.5553 1.1741x10* 1.1612x10* 612.5553 1.1609%x10*
BI1
: 500 1.9003x10° 917.0708 867.5400 1.2627x10* | 1.2494x10* 867.5400 1.1655x10*
1000 1.2028x10° 1.0523x107 1.0220x107 3.5955x107 3.5781x107 1.0220x107 1.1670x10*
100 3.4467x10° 113.6635 126.5753 658.9195 658.9195 126.5753 658.9195
300 880.3321 6.1822 6.3190 183.0205 181.4611 9.4576 260.9238
B2
¢ 500 0ond317 0 on d321 0 on d322 0 on d355 0 on d356 0 on d538 516.6665
o | = === = | ——= | == [ — 1.1877x10°
100 905.2402 4.3430 5.1049 68.3978 68.3978 5.1049 68.3978
300 2.9970x10° 13.3488 11.2598 94.9068 92.7326 11.2598 0on d174
B2
500 2.6537x10° 2.8315x10° 2.5618x10° 1.3918x10* 1.3672x10* 2.5618x10° |  --e-ee-
1000 3.4525x10" | 5.4765x10° 5.0899x10° 2.3861x10° | 2.3528x10° 5.0899x10* | ---e-e--
100 4.4867x10° 3.0000 3.7334 137.2267 137.2267 3.7334 137.2267
300 4.5007x10° 6.3631 5.5790 38.3634 37.3888 5.5790 0ondl62
B2
500 2.4313x10* 667.6654 638.6114 2.3586x10° | 2.3374x10° 638.6114 | -
1000 3.4020x10* 2.8796x107 2.7959x107 9.8424%107 9.7941x107 2.7959x107 | -

Annex Publishers | www.annexpublishers.com

Volume 1 | Issue 1




41 Journal of Computational Systems Biology
Contd.
LTl Growth MYL Transfusion LT Transfusion Transfu§10n+ sion +Cytokine
cytokine
100 4.4945x10° | 1.3788x10* 1.5363x10* 8.1702x10* 8.1702x10* 1.5363x10* 8.1702x10*
300 4.4676x10° | 1.6707x10° 1.5652x10° 2.8217x10* 2.7909%10* 1.5652x10° 2.7976x10*
B3g 500 2.6183x10° | 0on d493 0 on d494 1.8145%10* 1.8013x10* 0 on d494 2.8065x10*
1000 0Oond538 | ---------m | meeeee- 0 on d542 Oond542 | -------- 2.8285x10*
100 2.4964x10* 763.3894 850.8658 4.5339x10° 4.5339x10° 850.8658 4.5339x10°
300 2.4915%10* 88.7642 83.1135 1.5670x10° 1.5499x10° 83.1135 1.5480x10°
B3, 500 2.6628x10* 245.1372 234.9932 2.0974x10° 2.0777x10° 234.9932 1.5663%x10°
1000 7.1457x107 | 6.2584x10° 6.0783%10° 2.1380%107 2.1277%107 6.0783x10° 1.5572x10°
100 2.4962x10* | 763.3145 850.7824 4.5334x10° 4.5334x10° 850.7824 4.5334x10°
300 2.4907x10* 88.6082 82.9666 1.5661x10° 1.5490%x10° 82.9666 1.5472x10°
B3, 500 2.6505x10* | 235.3585 225.5020 2.0634x10° 2.0439x10° 225.5020 1.5623%10°
1000 6.7075x107 | 5.8745x10° 5.7054x10° 2.0069%107 1.9972x107 5.7054x10° 1.5515%10?
Strategy VIII | Strategy IX srateerX Strategy XI Strategy XII Strateft;y X Strate:gy XV
Variables Da?' of Obser- 100% Low Low Low High High High
vation HLA GVHD GVHD+ GVHD+ GVHD GVHD+ GVHD+
IMS1 IMS(1&2) IMS1 IMS(1&2)
100 1.6188x10° 1.6188x10° | 1.6188x10° 1.6188x10° 1.6188x10° 1.6188x10° 1.6188x10°
300 1.5452x10* 1.5453x10* 1.5453%x10* 1.5453x10* 1.5453x10* 1.5453x10* 1.5453%x10*
Blg 500 1.5468x10* 1.5453x10* | 1.5453x10* 1.5453x10* 1.5453%x10* 1.5453%x10* 1.5453%x10*
1000 1.6165x10* 1.5452x10* 1.5452x10* 1.5452x10* 1.5452x10* 1.5452x10* 1.5452x10*
100 2.1294x10° 2.1294x10° | 2.1294x10° 2.1294x10° 2.1294x10° 2.1294x10° 2.1294x10°
300 142.9936 0 on d245 0 on d245 0 on d245 0 on d233 0 on d233 0 on d233
BL, 500 Oendd7l | | ——— | e | — | e |
707070 X [
100 6.3873x10° 6.3873x10° | 6.3873x10° 6.3873x10° 6.3873x10° 6.3873x10° 6.3873x10°
300 548.9708 0 on d272 0 on d272 0 on d272 0 on d252 0 on d252 0 on d252
B 500 0ond479 | semememem | memeeeeee | e e s e
= [ == || = === | = | = | =
100 126.5753 126.5753 126.5753 126.5753 126.5753 126.5753 126.5753
300 13.0931 0 on d269 0 on d268 0 on d268 0 on d248 0 on d248 0 on d248
P 500 78133725 S [ e e e e e—
1000 736.3299 | e | e | e
100 5.1049 5.1049 5.1049 5.1049 5.1049 5.1049 5.1049
300 0 on d212 0 on d205 0 on d205 0 on d205 0 on d204 0 on d204 0 on d204
B2, 500 | eeeeee ||| |
| == | == | == == | = | = | ==
100 3.7334 3.7334 3.7334 3.7334 3.7334 3.7334 3.7334
300 0 on d209 0 on d204 0 on d204 0 on d204 0 on d204 0 on d204 0 on d204
B2, 500 | ceeeeem | e | il | iiiioo | | aiiieeees
1707070 J [ O
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Strategy X
Strategy VIII | Strategy IX Strategy XI Strategy XII Strategy XIII Strategy XIV
. Day of Obser- Low R High High
Variables : 100% Low Low High
vation HLA GVHD GVHD+ GVHD+ GVHD GVHD+ GVHD+
IMS(1&2) IMS1 IMS(1&2)
IMS1
100 1.5363x10* 1.536x10* 1.5363x10* 1.5363x10* 1.5363x10* 1.5363x10*
5 300 1.5692x10° 1.5399x10? 1.5405x10° 1.5414x10° 1.5244x10° 1.5296x10°
3
4 500 1.6567x10° 1.2043x10° 1.2274x10° 1.2729x10° 692.5716 832.5999
1000 1.8623x10° 0 on d787 0 on d827 0 on d827 0 on d595 0on dé6l11 0 on d648
100 850.8658 850.8658 850.8658 850.8658 850.8658 850.8658
300 20.6596 0 on d231 0 on d231 0 on d231 0 on d223 0 on d223 0 on d223
B3,
500 VeI | e | e | e | e || e
1100 J [ [ e e e [
100 850.7824 850.7824 850.7824 850.7824 850.7824 850.7824
300 20.6143 0 on d231 0 on d231 0 on d231 0 on d223 0 on d223 0 on d223
B3
500 (OJonYcl:3)15 [N S, R e e I I y—
6 | e | e | e | e | = || =
td=day

B. Mature cells
Table 5. Simulation results with different strategies.

Discussion

In reality medical treatments are dependent on two approaches — population based randomized clinical trials and qualitative
judgments of the subjective experiences of clinicians. Hence treatment dealing procedure of an individual patient becomes
empirical. However, physicalist approaches demand for mechanistic explanation. Mathematical models with dynamical nature
may provide the way-out to an understanding of a disease process in a much more quantitative manner. It is also true that
till now the qualitative judgments and subjective experiences cannot be denied while dealing with the individual clinical cases
[44,45]. This fact is mostly denied as mere information and/or unable to comprehend its importance with the cultural training of
physicalist school of thought [46]. Ironically majority of developed mathematical models are done with abstract assumptions of
variables that are unable to hold any applicative significance to clinical practice for dealing of individual patients though the model
behavior synchronizes some real data. Biological discipline has a long history of training program to comprehend the importance
of biological variability and analyzing the natural phenomena. Though physiology and medicine both deal life processes, but due
to technical and instrumental dependency, both follow reductionism; contrarily, biological analysis is viewed as and confined
within the subjective experiences and as a result there is absence of time varying dynamical data (of individual cases) in medical
literature. Systems Biology and its translation towards Systems Medicine seems to be essential to meet this gap. Towards this,
presently, development of analytical model with rationality can be done [47,48]. Simulation studies present here may reflect the
subjective experiences of clinicians and the developed model may be helpful in providing the mathematical rationality towards
their domain knowledge.

Previously DODE is being applied by several workers for mathematical modeling of both chronic and acute leukemia. Hence it
is imperative to state that the same mathematical strategy can be applicable for both chronic and acute leukemia with varying in
parametric values for different variables. Such mathematical strategies are also used for the understanding of the efficacy of different
therapeutic strategies like myeloablative chemotherapy, tyrosine kinase inhibitor and/or T-cell based therapy, but different workers
have used different variables in the development of the model with a focus on different therapeutic strategies. Hence each model
is being apart from other. However, in clinic there is a need to evaluate and/ or predict the response of a particular individual
patient to a particular therapeutic strategy among the different available therapeutic options. Hence there is an immense need for
the development of an analytical model that can make a comparative assessment among the different available therapeutic options.
To address this issue we have developed our model using DODE with an incorporation of feedback at different systems level. Our
model can be aptly be fitted with both acute and chronic leukemia cases by setting the initial parametric values of the variables.
Similarly setting of different drug parameters can be used for the assessment of the efficacy of different drugs that are being used
currently in conventional clinical practice. The model has the flexibility in chemotherapeutic drug application (dose, duration and
cycles), so the model can also be suited for the assessment and prediction regarding the dynamical features of different patients
with different patho-physiological states.
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The present model includes the complex nonlinear behavior of the different time varying system elements of the hematopoietic
system and their inter-relationships. The complex inter-relationships have been reflected when observed with minor parametric
variations. In freely growing condition it has been found that minor increase in multiplication rate of any normal cell type failed to
increase its population rather it decreases. It is due to the consideration of mutability of normal cells to the malignant phenotypes.
That in turn generates toxicity cachexia to bring down the normal cell population. This may be major cause of infection and
bleeding in leukemia.

With the inclusion of such complex nature in the system model, the management of MYL drug application becomes more difficult
for the maintenance of normal cell count of the normal cell population in one hand and removal of malignancy on other hand.
With increase in MYL dose amount the malignant cell count can be found to decrease. However, simulation shows that excessive
drug application for removal of malignancy may collapse the normal cell population due to the drug related toxicity which in turn,
enhances the proneness to infection and bleeding. This reflects real clinical scenario. Contrarily, residual disease may exist due to
application of lower dose of chemotherapy.

So application of MYL drug dose should be controlled judiciously with a tradeoff between maintenance of normal cell count for
longer period of time versus elimination of malignant cell populations from system. This can only possible if there is an increase
in drug clearance rate and/or drug sensitivity for malignant calls.

To circumvent the MYL drug related toxicity, RBC and/or platelet transfusion is the regular practice in clinic. This has been
included in our system model. Simulation study shows that application of transfusion strategy may make a delay in the consecutive
MYL drug application; which in turn, may allow the malignant cells to grow. This again becomes detrimental for the patient due
to toxicity generation by the malignant cells.

Our simulation study shows failure of MYL therapy with or without transfusion. This signifies that we have considered a worst
clinical case. Simulation has been carried out further to reveal the expected management procedure for drug resistive worst leukemia
case. Considering this worst case, further simulation shows that the application of MYL drug followed by cytokine is also unable
to bring the desired success under the same leukemic condition; however the application of lower doses of chemotherapeutic drug
(preparatory regime) followed by cytokine strategy may bring the desired therapeutic success. This is due to prior application of
MYL before cytokine application is unable to potentiate the immune-competent lymphocyte due to removal of cells of the existing

leukocytic lineage. This observation corroborates the earlier observation which indicates that the leukemia free survival is
dependent on the existing functional T-cell [7,12].

The considered cell count can be routinely assessed by hematological investigation, different immunological parameters like
killing efficiency of lymphocytes can be assessed with different immunological investigations, and the considered chronic GVHD
can be assessed by different qualitative clinical investigations.

The present model has the provision to test the efficacy of transplantation under different conditions in terms of HLA matched
condition, transplantation day, delay in transplantation, malignancy killing efficiency by the lymphocyte of donor origin and
number of transplanted cells. The considered cell number for transplantation with respect to volume can be equated in terms of
body weight. With 100% HLA matching, simulation with donor cell having lower killing efficiency no improvement in terms of
malignancy removal was noticed though there was no GVHD effect but GVL is failed. However increase in transplanted donor
stem cell number (in reality this can be done with multiple donor engraftment) keeping other conditions unchanged, are able
to remove the malignancy by developing GVL to threshold level. Again when simulated with delay in transplantation day there
is a failure in controlling leukemia. Since during delay time leukemic cells reached to such level that develop toxicity which
in turn, kills donor cell population. So determination of minimal tumor load on the day of transplantation is another major
consideration. With this model, determination of such criteria can also be assessed. Hence, simulations suggest that this failure
may be compensated by increasing initial transplanted cell number or donor cell having higher killing efficiency. This can be
achieved by increasing the lymphocyte population of donor origin by applying cytokines. Model has such provision to incorporate
such effect by m

DCYT.

With increase in HLA mis-match keeping other factors unchanged removal of malignancy also becomes faster. Though
transplantation with high GVHD are able to remove malignancy faster than transplantation with lower mis-matched donor but
it also reduces normal cell population faster even more than free growth condition. To tackle this, immunosuppressive drug
application is suggested. Model has the provision in the assessment of such therapeutic strategy. Even the model flexibility is
also made in a manner to test the second choice of immunosuppressive drug application, if first one fails. Our simulation again
suggests that judicious choice of immunosuppressive drug application may eliminate both malignancy and GVHD from the
system, as malignancy may predominate in the system due to application of excessive amount of immunosuppressive drug.
Excessive application of immunosuppressive drug may enhance the susceptibility of the patient to infection and bleeding. This is
due to removal of functional donor lymphocytes by the excessive amount of immunosuppressive drug. However such efficacy of
immunosuppressive drug will also depend further on the degree of HLA mis-match.
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It is worthwhile to mention here that with the availability of individual patient’s dynamical data, fine adjustment of simulation
studies with this model could be possible. It is to be mentioned here that our developed model is flexible in nature. In our model
all the parametric values of every variable can be changed and can be adjusted accordingly to the individual clinical cases as well
as choice of the investigator. The major objectivity of the present work is to provide a mathematical/analytical platform to make a
comparative assessment among the different available therapeutic options [47,48]; so that, a clinician can make a prior assessment
regarding the efficacy of a particular therapeutic strategy before applying it to an individual patient. This model can also be aptly
fitted to test the efficacy of different therapeutic strategies on different individual cases with different types of leukemia. Moreover,
model can be applied for prognostic assessment in individual cases. This quantitative assessment tool will help to transcendent the
empirically based clinical practice in future.

Conclusion

Recent time several therapeutic modalities for the treatment of leukemia are being suggested by the scientific community; however,
due to individual variation in response to a particular therapy it is difficult to rationalize which therapeutic modality would be the
choice of the treatment for a particular individual patient. The developed model can help in the apriori assessment regarding the
efficacies of different therapeutic modalities. Simulation studies with this developed model indicate that under the same leukemic
condition, when conventional chemotherapeutic regime is failed to provide long-term leukemia free survival immune-boosting
mechanism by any means like cytokine application or allo-HSCT could be the determining factor for long-term leukemia free
survival. Our simulation study also provides the insight that the time of immune stimulation is another determining factor for
the success of leukemia therapy. The developed model is flexible in nature. Clinicians can change any parametric value according
to the need of the individual clinical cases and make an in-silico assessment regarding the suitability of a particular therapeutic
regime depending on the individual leukemia cases before applying it in reality.
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