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Abstract

We formulate and analyze a mathematical model desgribmor-immune dynamics under the
influence of immunotherapy and chemotherapy and goenbinations as well as vaccine
treatments. For low-immunogenic tumor, neither imntnaapy nor chemotherapy is found to
cause tumor regression to a small size, which woulclmnithe clinically detectable threshold.
The effect of vaccine therapy is considered as a parampetturbation of the model. Numerical
simulations show that the efficiency of vaccine thgrdepends on both the tumor size and the
condition of immune system as well as on the respohtée organism to vaccination. In
particular, we found that vaccine therapy becomes mégetioke when used without time delay
from a prescribed date of vaccination after surgedyiaimeffective without preliminary
treatment. Our study of successive chemo/immuno, immiie'c and concurrent
immuno/chemo therapy shows that the chemo/immunregplyesequence is more effective while
concurrent chemo/immunotherapy is more sparing.
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1. Introduction

According to statistics, the oncological mortalitike¢a second place just after
cardiovascular diseases. Indeed, treatment of camceery difficult because
tumor cell division process is unlimited. Besides, turells are able to invade
into neighboring tissues and give metastases. Unfortynafi@l chemo and
radiotherapy, which seemed to have potential to elimiat®r cells, a number
of healthy cells (including immune cells) turn out to lmoalamaged. Hence, a
simple increase of the impact dose does not solve tideon of cancer treatment
because this leads to the damage of normal tissuedlaswe the suppression of
immune functions. Modern treatment methods include impglotraditional
surgery, chemotherapy and radiotherapy as well as matharapy. As is well
known, tumors stimulate immune response [2,27]. The faat the immune
system plays an important role in fighting cancer hasnbverified both in
laboratorial and clinical experiments [13,25]. An inclusaf immune component
in mathematical models of tumor growth has been showreflect clinically
observed phenomena such as tumor dormancy and oso#laih tumor size
[1,8,14,21,31,34]. A similar tumor behavior was also predictedur recent
model [20] with the interleukine-2 (IL-2) taken into account.

One of the modern trends in treatment of cancer isuinatherapy. The goal
of immunotherapy is to enhance the anti-tumor rasct of an organism and
improve the immune system condition. There are knthwee main categories of
immunotherapy: immune response modifiers (cytokine®)noclonal antibodies
and vaccines [28]. Such immune modifiers as IL-2, interfer (IFN-a) as well
as tumor necrosis factom- (TNF-a) are already widely used in cancer
immunotherapy [4,5,17,18,29,35]. An important problem ishimose the correct
schedule for using chemotherapy in combination with IL-@ I&N-a therapy. In
particular, the clinical trials show that cisplatiased treatment of metastatic
melanoma in combination with IF and IL-2 is most favorable [4,5]. This
finding stimulated our interest to consider within our niothe effects of
sequential chemo-immuno therapy. Monoclonal antibo@d#s) are used in both
diagnostics and therapy of cancer. This follows fralnility of MA to recognize
tumor antigens on a surface of tumor cells. As a teSlA can deliver both anti-
tumor drugs and radioactive isotopes exactly to the matig cells [22,26].
Notice that cancer vaccines are still under experinhemsestigations.
Nevertheless, the existent clinical trials cleatipw that the cancer vaccine can
improve immune response to certain forms of cancer [28\B8ice that most of
cancer vaccines consist of living tumor cells and thgislproducts while some
of them contain tumor-derived proteins, peptides and gssidés [30]. For
instance, an experimental vaccine for malignant melan@onsists of four
melanoma peptides and includes also IL-2 and granuloogiophage colony
stimulating factor (GM-CSF). It was found that this vaation is able to
stimulate tumor regression in some cases [32,33].

One of the first attempts to consider effects of imotherapy within an
appropriate mathematical model was made by KirschnerPametta (1998) in
[21]. They study immunotherapy based on the use of ILg2tteer with adoptive
cellular immunotherapy (ACI) by introducing in dynamicaduations terms
describing external inflow of both IL-2 and cultured imrawells. It should be
noted that these terms are considered to be time indegendere recently, de
Pillis et al., (2003) have proposed the model of anti-tumonune response



where individual equations were suggested for the descriptiorechanisms of
natural immunological defense presented by NK-cells goeciic immune
response presented by CD8+ T cells [10,11]. Notice, that uMiilsehner and
Panetta, (1998) [21] they do not consider a natural dynanfidk-2. In the
framework of this model the effects of chemotherapymunotherapy, their
combined influence, as well as the vaccine therapy weneidered [11]. It was
shown that immunotherapy gives best results in combimatith chemotherapy.
Similarly, the vaccine therapy is found to be moreai¥e in combination with
chemotherapy. At the same time, dramatic tumor regresvas observed that is
sensitive to the choice of tumor and patient paramedsraell as to the timing of
treatments [11].

Finally, it is interesting to mention a recent papeAbgiero et al. (2004) [3]
where a novel treatment strategy known as small feieg RNA (SiRNA)
therapy is considered in the framework of the model pgegan [21]. Notice that
SIRNA treatment suppresses T@Gproduction by targeting the mRNA codes for
TGF{, thereby reducing the presence and effect of PGk-tumor cells. The
model predicts conditions under which siRNA treatmemt ba successful in
transformation of TGH producing tumors to either non-producing or producing
a small value of TGIB-tumors, that is to a non-immune evading state.

The outline of the present paper is as follows. Firsalf based on our
previous work [20], a mathematical model of tumor-immuneadtyics under the
influence of both immunotherapy with IL-2 and = and chemotherapy is
formulated in section 2. In section 3 we perform a stesidte analysis of the
model. The results of numerical studies are presemiedection 4 for four
different cases: chemotherapy alone, IL-2 alone?2 llplus IFN-a, and a
combination of chemotherapy and immunotherapy (IL-2awx. The effects of
vaccine therapy are considered in the absence of cherapth and
immunotherapy in section 4. Section 5 is devoted tolasions and discussion.

2. Mathematical model

As already noted, clinical trials of mixed chemoimmtherapy are
developed for metastatic melanoma treatment. In patica series of sequential
phase Il trials were conducted at M. D. Anderson Ca@ester (MDACC) (see,
e.g., [4,5]). These trials were based on integrating.ef ind IFN-a with the
CVD (cisplatin, vinblastine, and dacarbazine) regimen.whs found that
chemotherapy followed immediately by immunothearpy Zlland IFN-a) is
more effective than their reverse sequence. Concucterhoimmunotherapy is
almost as effective as chemo/immune sequence whenunotiterapy is
administered right after the CVD. Notice, howeveratththe concurrent
biochemotherapy is found to be less toxic than the séigauesgimens [5].

In order to study the effects of mixed chemoimmunotherafthin a
mathematical model one has to introduce terms descritiegnotherapy and
immunotherapy effects as well as additional equatfongherapeutic drug and
IFN-a. To this end, we will extend our model proposed in [20] ierdescription
of the tumor-immune dynamics with IL-2 taken into aatto The modified model
reads
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The system (1)—(5) describes the most important compsnaintumor-
immune dynamics in the presence of treatment compongaisely, we consider
five populations: tumor cells), cytotoxic T lymphocytes — CTLn(, IL-2 ({),
chemotherapeutic drug), and IFN-a (a). We choose the Gompertzian law for
tumor growth in the absence of the immune activity (thst term in (1)). The
destruction of tumor cells by CTL is presented by themseéderm in (1). It is
supposed that the destruction rate is proportional tauh#er of tumor cells and
CTL populations. In (2)V, characterizes the steady inflow of CTL from stem
cells. The second term in (2) describes CTL proliferatioresponse to the IL-2
action. The third term describes CTL death rate. In (3)}-M5(i=¢, ¢, a)
describes the external influxes of IL-2, chemotherapedtiy and IFNa,
respectively. Since therapy is assigned to a certaiedsdd, these influxes are
taken to be time-dependent. IL-2 production in (3) is destridyehyperbola (the
second term), which allows us to take into account ddtion in the stimulation
of the immune system by the growing tumor. At srathe growth rate is nearly
linear in tumor size while for big tumo& &> K¢) it tends to a maximum constant
valuea;. The parametek: influences the IL-2 production rate. The smaller is the
value ofKg, the quicker the IL-2 production rate achieves its maximete a;.
Notice thata; characterizes the degree of expression of the antigesnnpajor
histocompatibility complexes class Il (AG-MHC-I1I) ohet APC surfaces, i.e. the
antigen presentation. The probability of activation (plong the IL-2
production) of helper T cell precursor by the APC increasgits the antigen
presentation. Since IL-2 is a short-distance cytokiné suggested that target
cells (cytotoxic T lymphocytes) effectively consume2LThe consumption rate
is presented by the terﬁlnnz in (3). It was found that inhibition of IL-2 results

from an accumulation of immune-suppressing substampcestaglandins. Their
number is proportional to the concentration of tumorsceProstaglandins
suppress the production of IL-2 and can directly destromdtkecules [23]. In (3)
the IL-2 destruction rate is described Q¥C.

Some chemotherapeutic drugs, for instance dacarbazineméeoaore
effective only during certain phases of cell cycle. Tipdiarmacokinetic features
also indicate that the effectiveness of chemotherap limited. Therefore,

similarly to [11], we use in Egs. (1) and (2) a saturatesm d; ({)(1- e ?)j with
j =&, n to describe cell death caused by chemotherapdmutic Notice that at low
concentrations the death rate is nearly linear migdwhile at higher

concentrations the death rate turns out t@{redependent. As was noted in [11]
this behavior shows a good correlation with exgstitose-response curves (see,

e.g., [16]).



According to present views, the enhancement otH®motherapeutic effect
by immunotherapy takes place due to the fact th& tan induce the second
cytokines, for instance TNH& [4]. These cytokines can either promote DNA
damages or inhibit DNA reparation. In order to tgk®per account of this
possibility we assume thaf depends on the IL-2 concentration in the following

¢
way: d; (¢) = dfhem°(2—e %0). Thus,d; increases with the concentration of IL-2,

however, it never exceeds a doubled value dﬁhemo (cell killing by

chemotherapy).

IFN—a is a cytokine produced by the immune cells ofrfest of animals in
response to alien agents such as viruses, bagarasites and tumor cells. The
experimental data show that IFW directly inhibits the growth of some tumor
cell lines in vitro [35]. IFN-a also enhances immune-mediated anti-tumor
responses by increasing the NK cell activity andiatating survival of CTL as
well as by increasing expression of MHC molecules tamor cells, thus
enhancing their recognition by CTL [35]. Therefowe suppose that the model
parameter ¢ in (1) depends on the IFHd concentration as

-a
c(@)=cs™ (2-e AO), where ¢c£™" is a rate of tumor cells inactivation by

CTL. Notice that only therapeutic IFHd& dynamics is considered within our
model. Finally, the system of equations takes dieviing form:
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For simplicity we do not consider here such proegsas angiogenesis
(vascular growth), invasion and metastasis, whighad importance at late (lll-
IV) stages of the tumor growth. Notice that inctusiof processes of vascular
growth and invasion requires serious extensiomefbodel to describe dynamics
of cytokines, enzymes and other components regglatiese processes. Besides,
it would be necessary to take into account spatigration of cell populations
during the process of invasion (see, e.g., [7]haly, individual character of
metastases calls for a specific for each metastas@el. Therefore, the system
(6)—(10) is valid for the description of early séagof the tumor growth when the
processes of angiogenesis, invasion and metasatasist of critical importance.

2.1. Estimation of parameters

Evidently, possible scenarios of tumor-immune dyieanare very sensitive
to the choice of the parameters in the model eogosit{6)—(10). In fact the



parameter sets vary not only for specific cancpesybut also from one individual
to another. The model study is based on using miesgeneralized (most typical)
parameters. In order to reflect individual clinicekponse to emerging treatment,
in this paper we utilize two parameter sets shawhable 1. Some values of these
parameters were estimated by using the availalgerarental data. In particular,
the human melanoma growth parameters in the absdrbe immune response
were estimated by means of the least-squares meitind the data from [19].
The parameters characterizing the cell death causedchemotherapeutic
influence were taken from [11]. The eliminationaemtfor chemotherapeutic drug
(dacarbazine) and IFMt were calculated using their well-known half-lifienes
and the relatiob =In2/t,;,, wherei =¢, a (see [24,37]).

2.2. Scaling

For convenience, similarly to [20], let us introdudimensionless variables
and parameters as follow&: =&/&, n, =n/no, {’ =Y, o' =alog and t = t/,

wheret = bn‘l (days). The values @b, no, (o andag are given in accordance with

[15,21] and presented in Table 1. Notice that theable for chemotherapeutic
drug, ¢, is given in relative units. The choice of thediscale factor is based on
the fact that the mean lifetime of CTL is aboutethidays and a similar time is
needed for the proliferation of CTL and IL-2 protan [6,9].

In dimensionless units equations (6)—(10) takefdien

[ CTL h
" b{&o& ) €™ N, ¢ chemo

d ' a —0'\Tln! - - [
& =Xy @-e)En -~ —@-e¥)a-e ") o
L n aE n n
d f vV a Z . ’ dchemo . ) ’
=Ry - 2-e)a-e ', (12)
ﬂno n n
@ _Ve®, a & an FI'Z'—CZEO £ 13)
d b, blo&+K; b b,
d Vi) b
@0 by g
n n
d—a,:—v“(t)—b—“a’. (15)
& b, b,

Then, dropping prime notation for convenience, dinally obtains the
following scaled model
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wherehy = ag/by, hz = b:&o/bn, hs = ¢ No/bn, €1 = d§"™by, ha = Vi/byno, hs =
anlo/by, C2 = d;hem‘)/bn, i(t) = V¢(t)/lonlo, he = az/bnlo, Ki = Kel&o, h7 = @, no/bn,
he = C¢&o/by, a(t) = Vi(t)/by, b = by/by, ia(t) = Va(t)/bylo, andia, = by/by,.
3 Steady state analysis

Before proceeding any further, let us perform adyestate analysis of the
system (16)—(20). To this end, we will consider $lgstem
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n=h,+h{n-n, (22
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which follows from (16)—(20) a¥i(t) =0 ( = ¢, ¢, a) and$(0) =a(0) = 0.

A possible way to perform the steady state analgdis use isoclines. Let us
consider the phase plagg, which shows the interactions between two maih cel
populations: tumor cells and CTL. In this case, ¢g@ations for horizontal and
vertical isoclines are written as

(hy =n)(€ + Kg)(hyn + hg€) + hshgén =0, (24)

n:—ﬁlnhié,ézo. (25)
hy  hy

The fixed points are situated at the intersectiohgoclines (24) and (25).
Our analysis shows that the system (21)—(23) hasitistable point (0y4, 0) at
any choice of parameters. This point lies at thergection of isoclines (24) akd
=0.

It is suggested that one of the possible reasong twmors cannot be
recognized and eliminated by the immune system nsufficient antigen
presentation on the surface of tumor cell [27]thié tumor cells do not possess
antigens of MHC-II, an activation of helper T ceNdl depend on the processing
of tumor antigens by APC. As previously noted, miere AG-MHC-II complexes
will be expressed on APC, the more is the prolgbilf helper T cell activation
by APC. Therefore, it is appropriate to consi@er(characterizing the antigen
presentation) as a varying parameter and analgsmtidel outcomes for different
values ofa;.

A bifurcation diagram for the dimensionless parambj is presented in Fig.
1. As is seen, there are two bifurcation pointsréfore one can distinguish three
main dynamical regimes. For a low antigen presemtdhs < hgmin) the system
(21)—(23) has two fixed points: a saddle pointH{f,0) and an improper node

(&3, N3, ¢3). This means that under a deficiency in the prddncof IL-2, the
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population of tumor cells is able to escape fromithmune response. The tumor
grows and the immune system becomes suppresséte Iregionhgmin < hg <
hsmax there appear two additional fixed points: a stapeal €1, N1, ¢1) and an
unstable saddlegf, n., ¢2). Therefore different regimes can exist depending
the initial conditions. First, when initial CTL pofation size is sufficiently large
to reduce a tumor population, the regression ofotuaop to a small fixed size
takes place where the dynamical equilibrium betweemr and immune system
is reached. In this case, the tumor manifestd tg®lthe excited immune system.
Second regime appears when initial number of CThoikslarge enough to drive
the system at the dynamical equilibrium poi&t, f11, 1), which is stable spiral.
Thus, the tumor grows to a highest possible sizachvis defined for the tumor
population being in conditions of restricted feedimfhe dynamical equilibrium
between the tumor and the immune system is reaathibe fixed point&s, N3, {3)
that is an improper node. Finally, for high antiggesentationh > hemax) the
fixed points €2, N2, {2) and €3, N3, {3) disappear. As a result, there are two fixed
points: a saddle point (0y, 0) and a stable spirafi( ni, ¢1). In this case, a
decrease in tumor size is found when the equilibrhetween the tumor and the
immune system is established.

4 Numerical experiments

Let us briefly discuss now the results presentedidypillis et al. (2006) in
[11]. They consider therapeutic effects using twarameter sets: mouse
parameters and human parameters (for two patiemts3h have been estimated
on the basis of experimental data. Their modeldither two or four fixed points
depending on parameter values which include a ti#freer two finite-tumor and a
high-tumor equilibrium points. The tumor-free fixpdint is unstable as long as
one of the model parameters (cytolytic potentiaNef cells) is smaller than its
first bifurcation point. The unstable finite-tumequilibrium points disappear as
this parameter is increased. When the parametgrasses second bifurcation
point, the system has only two fixed points: thebld tumor-free and the stable
high-tumor point. Thus the progression of the diseis found to depend on the
initial tumor size.

For parameters given in [11] the tumor-free equillim point is unstable.
Therefore taken alone, the immune system is net tabfight a growing tumor. It
was concluded that “any treatment must not onlycedumor burden, but it must
also change the parameters of the system itsel. role of immunotherapy,
therefore might be interpreted in this context agatment which changes system
parameters by, for example, permanently raising aytelytic potential of the
natural killer cells”.

The conclusions made in [11] are the followingsEithe high efficiency of
combination therapy for mice was shown. The contlmnatherapy includes
chemotherapy and immune cells (TIL treatments) myisgnultaneously. In this
case, full regression of the tumor is observed ontmast to effects of
chemotherapy and immunotherapy taken separatghar&e treatments stimulate
the deceleration of tumor growth, that is, the tumchieves its maximum size a
few days later than in the absence of treatmertor®k numerical calculations
with the human data show that a possibility of tulinor regression caused by
chemotherapy depends on chemotherapy dosing regihimene were considered
two regimens: chemotherapy pulses administeredreithce every 5 days or once
every 10 days. For the first regimen the tumooisnfl to die by day 50 while in
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the second case it regrows. The full tumor regoessis possible for

immunotherapy based on TIL injection followed byoghdoses of IL-2. The

existence of this regime depends on the initial dureize. The regimen of
combination therapy considered in [11] results il ftumor regression.

Considering vaccine therapy as parametric pertibbatf the model [11] shows

that the full tumor regression is possible onlyhie case of combination vaccine
therapy with certain regimen of chemotherapy. Bnas was shown in [11],

efficiency of different treatment regimens depeodsmany factors: sort of tumor,
its initial size, a condition of the immune systas well as on chemotherapy
dosing regimen.

Let us consider the behavior of our model undernaiberapy and
immunotherapy, as well as combined therapy usingupeter set in Table 1.
Notice that we use the parameter set for (P.1hénnext five subsections. Some
preliminary remarks are in order. First, the choseatment regimens differ from
[11]. Second, the immunotherapy is suggested te basthe use of either IL-2
alone or its combination with IFMN- Third, we consider the case of low-
immunogenic tumor, when antigen presentation is swafficiently high to
stimulate a strong immune response. For this reasgardless of the tumor size
at the termination of course of treatment (the megil in Fig. 1) our model
predicts that the tumor will inevitably regrow. et that the initial size of tumor
cell population is taken to be large enough to éectable. As indicated above,
the proposed model can be applied for the desenpdf early stages of tumor
growth. Finally, at the stage Il of malignant melema both chemotherapy and
immunotherapy are usually administered after safdiecatment. Therefore, in
our consideration the initial tumor size is assunmethke a hypothetical value of
£(0) ~ &10° cells.

4.1. Chemotherapy

Let us test the behavior of our model under a tmeat approach which
employs nine pulsed doses of chemotherapy, each wgsesented by setting
Vp(t) = 1 in (9) for a day, and given once every 5 d@&yg. 2d). As is seen from
Fig.2a, for low-immunogenic tumor regression is otserved and the tumor
population grows. Number of tumor cells oscillategime as a result of pulsed
character of dosing. Notice that tumor growth ra&efound to decrease in
comparison with the case without treatment. This c@mpletely due to
chemotherapeutic influence because the CTL dynaisicsightly affected by
chemotherapy (see Fig. 2b). A possible reason a #m increase in CTL
proliferation caused by increasing IL-2 concentratis compensated by death of
CTL under the action of chemo-drug. Thus, our stskdgws that chemotherapy
results in stunted tumor growth. In particular,catr choice of parameters the
tumor achieves its dangerous size about ten déssstlzan in the absence of the
therapy.

4.2. Immunotherapy

IL-2 alone

Let us consider the effect of the therapy with lel@ne. For this purpose, the
following regimen of the therapy is supposed: fputsed doses of IL-2, each is
equal to 10 MU/day for four days, and administeesdry 10 days. As is seen
from Fig. 2a, this therapy results in a tumor resiois with the duration of about
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40 days. Notice that in the case of low-immunogenimors the regime of full
tumor regression is not allowed. As IL-2 concerragrows, the CTL population
is also increased approximately by a factor of Z0rdays (see Fig. 2b). CTL Kkill
tumor cells and during the therapy course the tumegression takes place.
However, approximately ten days after treatmensatés the IL-2 concentration
decreases (see Fig. 2c). At the same time, the gopllation also regresses and,
as a result, the tumor growth revives. Thus, tlogree of treatment leads to a
temporary remission only (for 1—1.5 months in oase).

IL-2 plus IFN-a

Let us consider a combined course of the immunaghgrwhen IL-2 and
IFN-a are given simultaneously. The dose administrapattern for IL-2 is
considered to be the same as in the previous didbrse€ogether with IL-2 the
IFN-a at the dose 5 MU/day for four days in a 10 dayleys administered (Fig.
2d). As is shown in Fig. 2a, there is a substamtédrease in the number of the
tumor cells during the cure. At the same time,tthmor remission becomes more
pronounced in comparison with the previous cadeaiih the regression time is
almost the same.

Thus, our study shows that immunotherapy is mdiecgbe in the remission
time of the tumor as compared with chemotherapyaather conclusion, the IL-
2 alone therapy should be considered as more gpaaatment in comparison
with the case of IL-2+IFNx. Indeed, in spite of better tumor remission fof IL
2+IFN-a treatment the IL-2 alone therapy is less toxic.

4.3. Sequential chemo/immunotherapy

In three next subsections, we study the effectshafmotherapy followed
immediately by immunotherapy or vice versa as wad#l the concurrent
biochemotherapy. As is known, trials of possiblegusmtial schedules for
treatment of metastatic melanoma are conducted RAGLC (see e.g. [4]).
Unfortunately, the sequential regimens suggestad@ACC cannot be used in
our analysis. As stated above, the model (6)—(&8rdbes only the early stages
of cancer when angiogenesis, invasion and metastasenot taken into account.
On the contrary, one of the major tasks accompdisiteMDACC is killing the
metastases. In particular, they advance the complek chemotherapeutic drugs
rather than any single-agent chemotherapy.

We consider the following sequential therapy regim®ne pulse of
chemotherapy is presented by setting in(§{}) = 1 per day for four days (Fig.
3d). During next four days one pulse of IL-2 therag administered in amounts
of V¢(t) = 10 MU/day in (7). Fig. 3a shows the obtainedaiyics of tumor cells.
As is seen, the regimen of the suggested sequénéiepy does not lead to the
tumor regression. However, a markedly stunted tugnowth is observed (tumor
cell population reaches the maximum value aboutytbays later in this case). At
the initial stage t(< 8 days), the tumor growth deceleration is elytidue to
chemotherapeutic impact. Furthermore, the tumoid eelpulation slightly
decreases. This effect is caused by an increafigedl-2 concentration during
eight days (see Fig. 3c), which leads to both awexy of the CTL number (that
has been decreased by chemotherapy) and its folipwicrease (see Fig. 3b).
Later on, the tumor steadily grows and the suppessf the immune functions
takes place. Notice, that tumor growth rate at skégye is smaller than for< 8
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days. Thus, although this sequential regimen doesead to the tumor regression
it allows one to delay the tumor growth.

4.4, Sequential immuno/chemotherapy

Let us consider the following sequential regimene quise of the IL-2
therapy, which is presented by setting in Y8{t) = 10MU/day for four days.
Next four days one pulse of chemotherapy is admeirgs in dos&/y(t) = 1 in (9)
per day for four days (Fig. 3d). The dynamics ahéu cells is shown in Fig. 3a.
As is seen, the result of this sequential regingewadrse in comparison with the
previous case. Indeed, the IL-2 dosing leads toinbeease of its concentration
(Fig. 3c) and, accordingly, to the increase of@id. number (Fig. 3b). However,
the CTL have not enough time to achieve the madeisufficient for realization
of the immune reaction since their growth is abisupstopped due to
chemotherapy (see Fig. 3b). Nevertheless, at themirtation of course of
treatment the CTL number again increases due wdfigisntly high concentration
of IL-2. As a result, the tumor growth becomes ®oweaching a dangerous size
twenty days later than in the absence of therapy.

4.5. The concurrent biochemotherapy

Let us consider the following regimen of the sediaéntherapy: the
chemotherapy in dosé(t) = 1 per day and the IL-2 therapy in dogt) = 7
MU/day are given simultaneously for four days. Fo§all, let us note that the
concurrent biochemotherapy is found to be lessctoxicomparison with other
sequential regimens (see, e.g., [5]). To take prapeount of this fact, the dose of
the IL-2 is selected to be approximateBi® units less than in subsections 4.3
and 4.4. As a result, the tumor cell dynamics bexorm little higher in
comparison with the first sequential regimen induBing a long enough period of
time except for the initial interval of (0; 10) daysee Fig. 3a). For this period of
time, the tumor growth deceleration is more promeanin comparison with the
case of chemo/immuno sequence. Indeed, since cherapy and IL-2 therapy
are used simultaneously, the tumor cells die utfieeaction of both drug and the
immune response recovered by IL-2 therapy. As BnskEom Fig. 3b, the
dynamics of CTL is similar to that without therapyotice that for the first six
days the IL-2 concentration is higher than in thsecof chemo/immunotherapy
(Fig. 3c). Thus, simulations performed within ouodrl show that the stronger
increase of the IL-2 population prevents the reiducin the CTL number caused
by the chemical impact (unlike the first sequent@jimen). In turn, for the next
four days the IL-2 concentration becomes lower @aspared with the case of
chemo/immunotherapy. Therefore, one can concludat tthe concurrent
biochemotherapy is more favorable in comparisom wie regimen considered in
the subsection 4.3.

4.6. Vaccine therapy

Cancer vaccines are considered as one of promismaghods of
immunotherapy. Using vaccine allows sensitizing thmmune system to the
presence of the certain forms of cancer. As a gque®e, the immune system
will be able to find and lyse tumor cells more effeely. When vaccine appears
in the body the anti-tumor lymphocyte formation asc The efficacy of the
vaccination depends on the following factors:

1. The number of tumor cells and their mitotic actiyit

11



2. The sort of tumor, i.e. its histological structuemtigen structure, the

number of HLA-A molecules expressed on the tumdis;ce

3. Initial conditions of the immune system.

There are a few known different kinds of cancercirses that consist of
either living tumor cells or some tumor-derived teins, peptides and
gangliosides [30]. For instance, some vaccinesudelHLA-AL1, A2, A3 and
HLA-DR restricted tumor peptides. Clinical trial§ this vaccine for treatment of
malignant melanoma [32,33] show that the vaccimalé@ds to the development
of peptide-specific immune responses in 75—80% aifepts and is associated
with clinical tumor regressions in a proportiongatients. Notice that both GM-
CSF and IL-2 were used in these experiments asdarvant. The observed
toxicity of this vaccination is probably due to laeses of IL-2. There were also
revealed atypical skin reactions in one or twoguati, which were not caused by
IL-2.

In this subsection, we consider a cancer vaccimesisting of four tumor-
derived peptides with an adjuvant (see [38]). Asgloas antigen/adjuvant
complexes may stimulate immune response to vathereby enhancing immune
reaction to patient’s tumor cells, effect of thecsiaation can be taken into
account through the model parameters. Thereforerder to simulate vaccine
therapy we change the values of four model parasatethe time of vaccination
(in a similar manner as in [11]). The sensitivev&zcination parameters can be
extracted from the experimental results obtainednmuse vaccine trials by
Diefenbach et al. (2001) [12]. Namely, we fittede tlexperimental curves

produced by Diefenbach’s data to our model anddabe parameters that would

change to reflect the administration of a theraipewccine. They areg ™, the

rate of inactivation of tumor cells by CTla,, the rate of CTL proliferation
induced by IL-2,a, the antigen presentation (the probability of rattion
between helper T cell precursors and APC), and the rate of consumption IL-2

by CTL Finally, to simulate vaccine therapy we rltee corresponding model
parameters in the same direction as they chandmefenbach’s murine model

[12] (cf. [11]). As a result, all four parameters (- a,, &, and &,) are found to

be increased.

The regimen of vaccination chosen for simulatiorva€cine therapy is the
following: the cancer vaccine administered oncegegk during 1—3, 5—7, 13,
27, 40, and 53 weeks, respectively [38]. It shchddnoted that we will present
here the results for vaccine therapy alone, sowbagiutVy(t), Vz(t), Vu(t) equal to
zero as well aa =¢ =0 in (6)-(10). In fact, we have studied withuarenodel the
regimen of combined vaccine and chemotherapy ak k@l this simulation the
chemotherapeutic drug dose was taken in accordaiite the experimental
regimen considered in [38]. However, our study shawat the regimen of
combined vaccine and chemotherapy gives the regafissimilar to the case of
vaccine therapy alone.

Before we proceed further, let us discuss briefly iaportant issue
concerning an individual immunologic and clinicaitcome from using the same
vaccine for different patients. To this end, we sidar the experimental results
found by Slingluff in [32]. For instance, for seaépatients the T cell response to
the vaccine was found to be not strong enoughdcedse the tumor size and, as a
result, the tumor was progressing. At the same,titine tumor regression was
observed for two other patients with immune respsrt® one or more peptides
used in the vaccine. Thus, CTL response by itse#fsdnot guarantee the tumor
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regression. This fact may be explained by hetereigerf the tumor antigen

expression. In order to reflect a possibility offelient responses to vaccination
we will conditionally divide patients in two groupand suggest some
characteristic parameter sets for each group (ab&eT). We assume that in both
cases tumor has the same histological structureirfiance, melanoma) with
equal doubling time and carrying capacity (actyalhese characteristics may
vary between tumor specimens). Additionally, théetime of cytotoxic T

lymphocytes is chosen to be the same. On the dthed, the tumor antigen

expression "), the strength of the immune responag &,, &, andc), and

the reaction to vaccination are taken to be spetdfi each group (see (26) and
(27) below). As before, we consider low-immunogeimors. In this case, the
progressive tumor growth is observed at any initiahditions of the immune
system (see Fig. 4, solid lines), i.e. the firshsly state condition takes place (see
Fig. 1, region I).

Let us consider the case of the first group ofguasi (with the parameter set

P.1 in Table 1). From the above discussion it isaclthat the values of
CTL

parameters; ~ an, a¢, and 5,] will depend on the regimen of vaccination, i.e. on
time. We choose the following dependence:
T = 528x107°, tO (5; 449), _ 114x107°, t O (3,449,
; 44x107°, t<5 and t > 448 99x107°, t <3 andt > 448
(26)
o = 192x107, tO (3 449), _ [ 429%x107, t0(3 449,
© |16x107, t<3 and t > 448 33x107°, t<3 andt > 448

wheret is measured in days.

Under these assumptions, the steady-state corsliiecome changed in such
a way that the system (21)—(23) passes to the metjioon the bifurcation
diagram (see Fig.1 and Fig. 4). In this regioratiment outcome depends already
on the initial tumor size and the immune systemdd@ams. Fig. 5 shows the
results for two courses of the vaccination: thetfone was administered without
delay while the second one was administered 10 tkgs, when tumor cell
population has reached a sufficiently large valuedcape the immune response
(Fig. 5a, 5b, 5c).

Let us analyze first the case of a small initiahtw size when it takes the
hypothetical value of(0) = 81 cells. This is a quite reasonable estimation
when the course of vaccine therapy is used aftevigus surgery. For therapy
without delay, this number of tumor cells is enoughinduce the immune
response. As is seen from Fig.5c, the IL-2 cone¢inim grows and, consequently,
the CTL number is increased. The integral curves te the stable spiral point
and the long tumor remission is observed (Fig. Ba)is seen from (26), 83 days
after the last injection the system parametersesmtred to their initial values. As
a result, the system returns into the region Ihef bifurcation diagram and the
tumor growth is recommenced. Therefore, the revaticin is required.

Assumed 10-day delay is simulated by a time digstantt - t + 10 in (26).

In this case, the tumor had time to reach a sefiity large size and both the IL-2
concentration and CTL number were decreasing (bliigand c). The integral
curves tend to the improper node, which means pssgre tumor. The
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simulations show that the earlier the vaccinatisnadministered the more
effective it is for the cancer treatment. Noticattthe considered duration of the
vaccine action (exactly 83 days) is not imperatiteseems plausible that this
action may last even longer. Anyway, the revac@mais required after that to

avoid a disease recurrence.

In order to simulate the vaccine administered withemy previous treatment
we assume the tumor size to take a V(@ = 3<10’. Fig. 6a shows that even for
therapy without delay the tumor regression doesorotir and only some stunted
tumor growth with lower saturation level is obsehme comparison with the case
without therapy. One can suppose that the saturdgeel without therapy
corresponds to a dangerous tumor size in stagentatignant process. Then the
lower saturation level with vaccination may be ddesed as a steady state of a
patient during the vaccine action (Fig. 6a). In ¢thee of 10-day delay, the tumor
size almost reaches the therapeutic saturation [gig 6a). As is seen, the
vaccine-mediated enhancement of the immune resgwasents tumor growth to
a dangerous size. Namely, after 15 days of grohght@imor curve goes slightly
down and tends to the therapeutic saturation |&év@s does not mean, however,
that a delay in the vaccination is not dangerondatt, the presented model is
valid for the description of the tumor-immune dynesnat early stages (I,I1) of
tumor. As mentioned above, we do not take into aetthe angiogenesis, which
begins at certain size of the tumor and provokesuither growth [3,7]. In other
words, the existence of the saturation level dadsmply the termination of the
tumor growth. Figs. 6b and 6¢ show dynamics of GRd IL-2, respectively. As
is seen, the vaccination leads to the increasehefllt-2 concentration and,
consequently, to the increase of the CTL number.

Let us consider now the behavior of the second muafyatients in response
to the vaccination. This group is characterizedablower antigen expression

(cg™) and associated with it the weaker immune respéasen,, a,, andc)
(see Table 1, P.2). We assume the following depexedef model parameters:

e = 363x107°, tO(5; 449, _ 115x107, t 0 (3, 448),
33x107°, t<5 and t > 448 06x107°, t<3andt >448

(27)

o = 182x107, tO (3 449), _ | 435%107, t0 (3,449,
©|14x107, t<3 and t > 448 29x1077, t<3andt > 448

wheret is measured in days. As is seen from Fig. 4, im ¢thse the steady-state
conditions do not change. This result looks ratlgxpected. In fact, it means
absence of the positive clinical response despéddct that the immune reaction
to the tumor is taken to be enhanced by the vaaiee better as compared with
the first group. Indeed, we have intentionally takiee bigger relative growth of
parameters,, a, andé“ﬂ in (27) in comparison with (26).

Fig. 7 shows the results of the vaccination aftegery and Fig. 8 shows the
case without preliminary treatment. In the firss&ausing vaccine without delay
allows stunting tumor growth and it reaches theapeutic saturation level in 70
days. Besides, with vaccine the saturation levelobes lower than without
therapy. It should be noted that the vaccine adsteéned with 10-days delay is not
effective because no deceleration of the tumor troiw observed (Fig. 7a).
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Notice also that a reduction of the therapeutiarsaion level does not imply the
termination of tumor growth. The vaccination is fieetive when it is
administered without preliminary surgery (Fig. 8&@ummarizing presented
results, one can conclude that efficacy of the waton depends on sort of
tumor, initial tumor size, and conditions of immusyestem.

4.7. Comparison with the second group of patients

In subsections 4.1—4.5 we have simulated chematieliammunotherapy,
and combination of these treatments using pararmsetdor the first patient group
(Table 1, P.1). At the same time, the results abthiin previous subsection for
vaccine therapy show some important differencebehavior of two groups of
patients. Therefore, it is interesting to compadne tesults of chemotherapy,
immunotherapy, and combination of these treatmfemtéwo groups of patients.
To this end, we have simulated the same as in 4.8-thérapeutic regimens for
the second group of patients. Our study shows Ithat alone therapy does not
result in the tumor remission in the second grosge (Fig. 9a). Furthermore,
tumor size reaches the dangerous value duringatine $ime as for chemotherapy.
Thus, both chemotherapy and immunotherapy allowislp down tumor growth
by approximately 10 days more as compared with dige without therapy.
However, IL-2 alone therapy leads to more pronodragcrease in tumor growth
rate in comparison with chemotherapy. As is seemfiFig. 9a, for IFNa
administered together with IL-2 the tumor growtlceleration becomes more
evident than in the case of IL-2 alone therapyth&t same time, it is well known
that similarly to IL-2 IFN-a therapy may cause constitutional, hematologic,
gastrointestinal, cardiovasqular, neurologic andgeotside effects [5]. Thus, we
can conclude that IL-2 alone should be considesed more favorable treatment
in comparison with chemotherapy and IL-2+ HeNtherapy for the second group
as well.

Simulations of sequential treatment regimens usiveg parameter set (P.2)
give the similar to (P.1) results. The only diffece is that tumor cell dynamics
for (P.2) is found to be similar for chemo/immunmmuno/chemo as well as
concurrent chemo/immunotherapy after termination twéatment. More
pronounced tumor growth could be associated wikele effect of IL-2 therapy
for the second group of patients. Indeed, as altre$ulower tumor antigen
expression, stimulation of CTL proliferation by B -becomes insufficient for
effective recognition of the tumor cells. Let usrgare effects of both IL-2 alone
and vaccine for the second group. As is seen frige. ¥ and 9, the vaccine
therapy is more effective if administered withoelay. Besides, Figs. 7c and 9c
show that using the vaccine is more sparing theiapgomparison with IL-2
alone therapy. Thus, our study shows that vacdieeapy is the most effective
treatment for both groups of patients.

5. Conclusion

We have studied the effects of different treatmmegtmens on both the tumor
growth and the immune response within the matheadatinodel describing
tumor-immune dynamics with chemotherapy and immie@py taken into
account. The bifurcation diagram shows three mgirachical regimes. For a low
antigen presentation the tumor is able to escap® the immune response. For
high antigen presentation the decrease of the tusimw is found when the
equilibrium between the tumor and the immune systeastablished. In the case
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of the medium antigen presentation there existregimens of disease depending
on both the initial tumor size and the condition iofmune system: (i) the
regression to small tumor when the dynamical doguilim is established and (i) a
progressive tumor growth to the highest possilde 81 the conditions of limited
nutrition.

In order to describe a possibility of differentpesses to treatment regimens,
patients were conditionally divided in two generadl groups. Each group is
characterized by specific tumor antigen expresdib@,strength of the immune
response, and the reaction to vaccination. Forfitse group we found that
chemotherapy may result in a deceleration of tiheotugrowth approximately by
10 days in comparison with the case without therdpythe case of IL-2 alone
therapy, a tumor remission is observed for the whoburse of treatment.
However, the tumor growth revives after the terroraof course of treatment
due to a decrease of the IL-2 concentration. Tlis, treatment leads to a
temporary tumor remission (for 1—1.5 months in case). When IFNa is
administered together with IL-2 the tumor remisdi@eomes more pronounced in
comparison with the previous case although the g&iom time is found to be
almost the same. Therefore, as long as+aNnay cause various side effects, one
can conclude that the considered variant of IL¢haltherapy is more effective
for the remission of the tumor as compared withnabtherapy. For the second
group the tumor remission was not observed. Neglthk, our results show that
the immunotherapy regimen for the second grouplse anore effective than
chemotherapy.

The simulation of sequential treatment regimentuting chemotherapy and
IL-2 therapy for the first group shows that cheneotpy followed immediately
by IL-2 therapy is the most effective sequenceaspared with other considered
sequential schedules. In the case of chemotherdloyved immediately by IL-2
therapy, deceleration of the tumor growth is observlhe tumor reaches the
dangerous size thirty days later than without gerdt should be noted that
unlike the immuno/chemotherapy sequence, the gesoft the concurrent
biochemotherapy and sequential chemo/immunotheeapyalmost coincident
(being yet slightly worse for concurrent biochenastipy). On the other hand, the
concurrent regimen is accompanied by a smaller dbHe 2. For this reason, the
concurrent biochemotherapy is less toxic (notied this fact was also mentioned
in [5]) and therefore, is more sparing in compariswith considered
chemo/immuno sequence.

Besides, we have simulated vaccine therapy for gaihps of patients in two
cases: after surgical intervention and without janes treatment. Our study shows
that vaccine therapy is more effective than otresxcdbed treatments when used
without time delay from a prescribed date of vaation after surgery. This
means that using vaccine will give the best redaltpatients with both the small
size of tumor and the immune system which is nppeessed by tumor growth
and able to response to the vaccine. Thus, our Insbd&s a promising effect of
the vaccine treatment to improve immune responseettain forms of cancer,
which qualitatively agrees with clinically observedesults (see, e.g.,
[28,32,33,36]).
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Figure captions

Fig. 1. A bifurcation diagram varying the antigen presentatigh Eorhg < hgnin there is only one
steady state — improper node (region I). Whgg, < hs < hemax there are two stable steady states
— improper node and spiral node as well as an unstsdufielie) point (region I1). Fd > hgmax

only one steady state, the spiral node remains (réijon

Fig. 2. Human data. Group (P.1, see Table 1). Effects of chdin@-and IL-2 plus IFN-a
therapies on tumor and immune response dynamics.nfay eells, (b) cytotoxic T cells, and (c)
IL-2 vs. time. (d) shows drug administration pattern: minses, strengti,(t) = 1, 1 day per dose
on a 5 day cycle, and IFN administration pattern: four doses, strengttt) = 5 MU/day, 4 days
per dose on a 10 day cycle. IL-2 is administered with foseslof strength;(t) = 10 MU/day, 4
days per dose on a 10 day cycle. Initial conditioxg08tumor cells, 2.2810 cytotoxic T
lymphocytes, 2.410" IL-2 units. The case without therapy is shown by safiels.,

Fig. 3. Human data. Group (P.1, see Table 1). Effects of one pLtseemotherapy followed
immediately by one pulse of IL-2-therapy, one pulse a therapy followed immediately by one
pulse of chemotherapy, and concurrent biochemotherapyntar cells, (b) cytotoxic T cells, and
(c) IL-2 vs. time. (d) shows drug administration patteme pulsed dose of chemotherapy,
strengthVy(t) =1 per day, 4 days per dose for sequential chemo/immuapth@lotted line),
sequential immuno/chemotherapy (dash-dot line), and camdusiochemotherapy (gray line). IL-
2 administration pattern: one pulsed dose of strevidth= 10 MU/day, 4 days per dose after
chemotherapy (chemo/immunotherapy sequence) or béfersatherapy (immuno/chemotherapy
sequence) and;(t) = 7 MU/day for four days simultaneously with chemotipgr(concurrent
biochemotherapy). Initial conditionsx8¢ tumor cells, 2.2510" cytotoxic T lymphocytes,
2.4x10’ IL-2 units. The case without therapy is shown by safield.

Fig. 4. Bifurcation diagrams showing the effect of vaccinegdpg on anti-tumor immune response
dynamics for both groups of patients.

Fig. 5. Human data. Group (P.1, see Table 1). Effects of vaedménistered after surgery
without delay and with delay for 10 days. (a) tumor célscytotoxic T cells, and (c) IL-2 vs.
time. Initial conditions: 810° tumor cells, 2.2810 cytotoxic T lymphocytes, 240’ IL-2 units.
The case without vaccine is shown by solid lines.

Fig. 6. Human data. Group (P.1, see Table 1). Effects of vaedménistered without previous
treatment and with delay for next 10 days. (a) tumosc@) cytotoxic T cells, and (c) IL-2 vs.
time. Initial conditions: 810" tumor cells, 1.3810 cytotoxic T lymphocytes, 1:@0’ IL-2 units.
The case without vaccine is shown by solid lines.

Fig. 7. Human data. Group (P.2, see Table 1). Effects of vaedménistered after surgery
without delay and with delay for 10 days. (a) tumor céilscytotoxic T cells, and (c) IL-2 vs.
time. Initial conditions: 810° tumor cells, 2.2810 cytotoxic T lymphocytes, 240’ IL-2 units.
The case without vaccine is shown by solid lines.

Fig. 8. Human data. Group (P.2, see Table 1). Effects of vaedménistered without previous
treatment and with delay for next 10 days. (a) tumosc@) cytotoxic T cells, and (c) IL-2 vs.
time. Initial conditions: 810" tumor cells, 1.3810 cytotoxic T lymphocytes, 1:@0’ IL-2 units.
The case without vaccine is shown by solid lines.
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Fig. 9. Human data. Group (P.2, see Table 1). Effects of chdin@-and IL-2 plus IFN-a
therapies on tumor and immune response dynamics.nfay eells, (b) cytotoxic T cells, and (c)
IL-2 vs. time. Treatment regimens are chosen to beahee as in Fig. 2d. Initial conditionsc18°
tumor cells, 2.2810’ cytotoxic T lymphocytes, 2:40" IL-2 units. The case without therapy is
shown by solid lines.
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Table 1. Estimated values of the parameters.

Parameter Units Description Estimated value Source
as day* Tumor growth rate 0.13 [19]
be cellday™ ag/b; is tumor carrying capacity 30 [19]
CTL o o 4.4x10° (P.1)

Ct cell”™ day Rate of tumor cells inactivation by CTL
3.3x107° (P.2)
\A cell day* Rate of steady inflow of CTL 7,3x10° [15]
9.9x10° (P.1
ay cell™* day™* CTL proliferation rate induced by IL-2 (F.1)
9.6x107 (P.2)
by day* CTL death rate 0.33 [6]
N _ , 1.6x10" (P.1)
a unit day Antigen presentation
1.4x10" (P.2)
~ 3.3x10° (P.1
a, cell* day* Rate of consumption of IL-2 by CTL (P-1)
2.9x107° (P.2)
It davt Inactivation of IL-2 molecules by 1.8x10° (P.1)
C cell~ day prostglandines 1.5¢10° (P.2)
Ke cell Half-saturation constant 3x10°
dfhemo day* Tumor cell killing by chemotherapy 0.9 [11]
dﬁhemo day* CTL killing by chemotherapy 0.6 [11]
by day* Decay rate of chemotherapy drug 6.4 [24]
b day* Decay rate of therapeutic IFN 1.7 [37]
& = 1CF cells No = 9x10’ cells o = 2x10" units 0o = 10 units

P.1 and P.2 mean the first and the second groups ofifzatiespectively.
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