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Abstract. Aggressive cancers develop immune suppression mechanisms, allowing them to evade specific immune responses. Patients with active melanoma
are polarized towards a T helper (Th) 2-type immune phenotype, which subverts effective anticancer Th1-type cellular immunity. The pro-inflammatory
factor, interleukin (IL)-12, can potentially restore Th1 responses in such patients, but still shows limited clinical efficacy and substantial side effects. We
developed a model for the Th1/Th2 imbalance in melanoma patients and its
regulation via IL-12 treatment. The model focuses on the interactions between the two Th cell types as mediated by their respective key cytokines,
interferon (IFN)-γ and IL-10. Theoretical and numerical analysis showed a
landscape consisting of a single, globally attracting steady state, which is stable under large ranges of relevant parameter values. Our results suggest that
in melanoma, the cellular arm of the immune system cannot reverse tumor
immunotolerance naturally, and that immunotherapy may be the only way to
overturn tumor dominance. We have shown that given a toxicity threshold
for IFNγ, the maximal allowable IL-12 concentration to yield a Th1-polarized
state can be estimated. Moreover, our analysis pinpoints the IL-10 secretion
rate as a significant factor influencing the Th1:Th2 balance, suggesting its use
as a personal immunomarker for prognosis.

1. Introduction. Tumors can successfully escape natural host immunity in a multiphase process, collectively termed cancer immune editing. Immunoediting involves
a critical shift from immunosurveillance to immunotolerance to the tumor, causing
anticancer immune pathways to be heavily inhibited. As part of this process, CD4+
T lymphocytes are driven to a suppressive state; instead of adopting a “Type-1” T
helper 1 (Th1) phenotype that favors cellular immunity, these cells take on a “Type2” T helper 2 (Th2) phenotype, which drives humoral responses while suppressing
cytotoxic effector functions [1, 2, 3].
This severe Th1/Th2 imbalance is particularly eminent in the case of melanoma,
a clinically aggressive cancer, resistant to chemotherapy and radiation therapy
[4, 1]. Immune profiles in the sera of melanoma patients display a clear Th2dominant cytokine pattern, consisting of marked reductions in the Th1 cytokines
interferon (IFNγ) and interleukin (IL)-2 [5, 6] together with elevated levels of the
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Th2 cytokines IL-10 [7, 5, 8, 6] and IL-4 [7, 5]. In other melanoma patients, lymphatic regions in proximity to the tumor site have been found immunologically subresponsive, containing reduced immune effector populations [4, 9] and higher IL-10
levels [10, 11]. Likewise, CD4+ T cells derived from individuals with melanoma
showed a Th2-type profile upon activation ex vivo, indicative of a restrained immune
state [12, 13]. Thus, while some level of immune activation in melanoma-bearing patients exists, it mostly takes the form of a Th2-mediated chronic inflammatory state
[7]. To achieve optimal clinical benefit, successful immunotherapeutic interventions
must therefore break tumor tolerance, and overcome the Th2-skewed immunity by
restoring beneficial specific anticancer Th1 responses.
IL-12 is a potent multifunctional cytokine and a key regulator of cellular immunity [14, 15, 16, 17]. Discovered first in 1989, the protein, a derivative of activated
dendritic cells (DC), has been found to boost immune pathways that are effective
against intracellular pathogens and cancer cells. An essential component and driving
force of Th1-type immunity, IL-12 drives antigen-activated CD4+ T cells to develop
into Th1 cells, and promotes the expansion and killing functions of activated natural
killer (NK) cells and cytotoxic T lymphocytes (CTL), predominantly through an
IFNγ-dependent mechanism [14, 16]. Promising antitumor effects induced by IL-12
in several experimental mouse models of solid cancers have supported its clinical use
as a potential cancer immunotherapeutic agent [15, 16, 17]. However, in patients
with melanoma or other malignancies, the response rate to systemic IL-12 therapy
has been rather low (2-10%), treatment being often accompanied by substantial side
effects, i.e. hepatitis, fever, and cytokine storms [15, 16, 17]. The National Cancer
Institute (NCI) has recently ranked IL-12 as a high-potential anticancer factor, but
the cytokine has been poorly studied in the clinical setting, and its development as
an immune-based oncotherapy was discontinued [17, 18].
The mechanisms that limit the efficacy of IL-12 in melanoma remain elusive.
Some immunosuppressive effects of the cytokine are also known, possibly complicating its use [16]. Moreover, pharmacokinetic (PK) profiles in cancer patients
reveal that the IL-12-induced effects appear progressively inhibited during continuous treatment cycles, suggesting that there is a gradual decrease in responsiveness
to the cytokine [15, 16, 17]. Finally, the significant toxicity of IL-12 is a major hindrance to its use [17, 18]. In view of these considerations, careful control of the IL-12
regimen, to prevent the Th2-bias and restore Th1-immunity in melanoma patients
in a safe manner, could potentially improve therapeutic efficacy of this drug.
Improved strategies for IL-12 application can be based on biomathematical modeling and analysis. Such methods allow integration of mechanistic models and
multiscale data to describe and predict dynamical processes, thus bypassing the
need for tedious and time-consuming experimentation [19]. In a number of cases,
theoretical modeling has provided insight into the underlying processes of immunity to cancer and its dynamics (as reviewed in [20]). Past models have specifically tackled immune-modulating treatments, such as cytokine immunotherapy
[21, 22, 23, 24, 25, 26] and cellular/antibody-based treatments [27, 28, 29, 30, 31, 32]
with some models validated retrospectively and prospectively by preclinical and
patient data [33, 26, 29]. The basic features of Th1/Th2 development, and the
intracellular pathways governing it, have been mathematically modeled in previous
studies [34, 35, 36, 37, 38, 39, 40, 41]. However, this switch factor of the immune
response has yet to be fully analyzed from the perspective of malignancy.
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Here, we modeled the Th1/Th2 interplay characteristic of the immune state in
melanoma patients. Our analysis aims to characterize the possible behavior of the
system as controlled by the critical parameters. In particular, the potential influence
of IL-12 therapy on the balance of Type-1 vs. Type-2 responses is analyzed and it
is suggested that the pathological Th1/Th2 imbalance is dominated by the tumor,
so that immunotherapy, preferably personalized, may be the only way to reverse to
the healthy steady state of the immune system.
2. Model construction.
2.1. The general form of the model. Our model describes the dynamic relationships between CD4+ T helper (Th) cells of the Th1-type with their associated
cytokines and those of the Th2-type with their cytokines, that occur in the tumor
draining lymph nodes (LN) of melanoma patients. Accordingly, we consider four
dynamic variables: (i) the density of activated Th1 CD4+ cells (T1 ), (ii) the density
of activated Th2 CD4+ cells (T2 ), (iii) the concentration of IL-10 (I) and (iv) the
concentration of IFNγ (G). In addition, we consider the effect of exogenous IL-12
(L), administered to the patients. Cells are measured in cell/ml. All the cytokines
are measured in ng/ml. Our model (see Fig. 1 for schematic description) is based
on the following assumptions:
1. The active Th cells are recruited at a rate that depends on the concentration
of the respective cytokines. Activation and expansion of each CD4+ subpopulation are represented by a single term.
2. Activated Th cells have first-order elimination.
3. IL-10 reduces the activation rate of Th1 cells, while IFNγ reduces the activation rate of Th2 cells.
4. IFNγ is secreted by Th1 cells and IL-10 is secreted by Th2 cells.
5. In addition, NK and CTL produce IFNγ and DC and tumor cells produce
IL-10 at a constant rate.
6. Both cytokines have first-order elimination.
7. IL-10 inhibits IFNγ secretion by Th1 cells, but not by NK cells and CTL.
8. IFNγ inhibits IL-10 secretion by DC, but not by Th2 cells.
9. IL-12 increases IFNγ secretion and recruitment of Th1 cells, and decreases
Th2 cells recruitment.
The above assumptions lead to a system of ODEs of the following general form:
T˙1 = r1 · f1 (I) · g1 (L) − µ1 · T1 ,
T˙2 = r2 · f2 (G) · g2 (L) − µ2 · T2 ,

Ġ = pG · gG (L) + qG · T1 · hG (L) · fG (I) − µG · G,
I˙ = pI · fI (G) + qI · T2 − µI · I.

(1)

In this general notation, f1 , f2 , fG , fI and g2 are decreasing functions and g1 , gG
and hG are increasing functions. All the functions are defined for any positive argument, have value of 1 at zero, are positive and monotonic and tend to nonnegative
asymptotic value at infinity. The constant parameters describe turnover rates: r1
and r2 are maximal recruitment rates for the Th1 and Th2 subpopulations, respectively; µ1 and µ2 are the elimination rates for the Th1 and Th2 subpopulations,
respectively; pG is the production rate of IFNγ by NK cells and CTL; qG is the
production rate of IFNγ per Th2 cell; pI is the production rate of IL-10 by DC; qI

1020

YURI KOGAN, ZVIA AGUR AND MORAN ELISHMERENI

Figure 1. Scheme of our mathematical model for the Th1/Th2
immune state under IL-12 regulation. The model is composed of
the two main CD4+ Th cell types that drive cellular immunity
(Th1) and humoral immunity (Th2), and the main cytokines they
secrete, IFNγ and IL-10, respectively. These cytokines are also
derived from NK cells and CTL, as well as DC and tumor cells.
The Th1 and Th2 arms reciprocate negative control on one another:
IFNγ hinders the recruitment of Th2 cells and the release of IL-10
from DC, while IL-10 inhibits Th1 recruitment and its secretion
of IFNγ. Introducing IL-12 into the system gives rise to a Type-1
response, by stimulating Th1 recruitment and release of IFNγ, and
concomitantly inhibiting the development of Th2 cells.
is the production rate of IL-10 per Th1 cell; µG and µI are the elimination rates of
IFNγ and IL-10, respectively. All the rate parameters are positive.
2.2. Implementation of the general functions and parameter estimation.
All the general functions used in system (1) were implemented by hyperbolae, following inspection of the available experimental data (see below). Increasing functions
x
have the form F (x) = 1+amax · x+b
, so that F (0) = 1, limx→∞ F (x) = 1+amax and
amax +1
b
F (b) =
. Decreasing functions are of the form F (x) = amin +(1−amin )· x+b
,
2
amin +1
so that F (0) = 1, limx→∞ F (x) = amin and F (b) =
.
Specifically,
2
f1 (I) = a1 + (1 − a1 ) ·

b1
,
I + b1
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L
,
L + d1
b2
f2 (G) = a2 + (1 − a2 ) ·
,
G + b2
d2
g2 (L) = c2 + (1 − c2 ) ·
,
L + d2
bG
fG (I) = aG + (1 − aG ) ·
,
I + bG
L
gG (L) = 1 + cG ·
,
L + dG
L
hG (L) = 1 + eG ·
,
L + fG
bI
.
fI (G) = aI + (1 − aI ) ·
G + bI
g1 (L) = 1 + c1 ·

We assumed that Th1 and Th2 cells have the same elimination rate (µ1 = µ2 =
µT ) and maximal recruitment rate (r1 = r2 = rT ). In addition, the half-effect
concentration of IL-12 is the same, d1 = d2 , for both populations. Following the
estimation of the effect functions, we arrive at the following system of four ODEs:

 

b1
c1 · L
· 1+
− µT · T1 ,
T˙1 =rT ·
I + b1
L + d1

 

b2
(1 − c2 ) · d1
T˙2 =rT ·
· c2 +
− µT · T2 ,
G + b2
L + d1


cG · L
Ġ =pG · 1 +
(2)
L + dG

 

eG · L
(1 − aG ) · bG
+qG · T1 · 1 +
· aG +
− µG · G,
L + fG
I + bG


(1 − aI ) · bI
I˙ =pI · aI +
+ qI · T2 − µI · I.
G + bI
The values and ranges for the parameters (Table 1) were estimated using published experimental data. These values were either taken directly from experimental
measurements, or obtained by fitting the relevant functions to the reported data.
We determined the representative (“average”) values for all the parameters, and
when possible, also derived their biologically plausible ranges.
3. Model analysis.
3.1. The cytokine subsystem. Careful inspection of the evaluated parameters
(Table 1) reveals that system (2) can be separated into two parts, with respect to
the time scale. Cell dynamics (the first two equations) evolve on a much slower scale
than cytokine dynamics (the last two equations), the difference in the elimination
rates being 2 orders of magnitude. This allows an approximation for this system,
assuming that on the time scale of the cytokine subsystem, the cell concentrations T1
and T2 do not change, and on the scale of cell dynamics, the cytokine concentrations
G and I are at quasi-steady state, determined by the parameters and the current
values of T1 and T2 . In this subsection, we investigate the dynamics of the cytokine
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Parameter
Units
Average value
Range
µT
h−1
10−3
5 · 10−4 − 5 · 10−3
rT
cell · ml−1 · h−1
103
102 − 104
a1
—
0
—
b1
ng · ml−1
0.35
0.07 − 0.8
a2
—
0
—
b2
ng · ml−1
0.18
0.03 − 0.2
µG
h−1
0.6
0.45 − 1
qG
ng · cell−1 · h−1
10−7
5 · 10−8 − 5 · 10−7
pG
ng · ml−1 · h−1
1.6 · 10−2
5 · 10−4 − 1.5
aG
—
0.59
0.5 − 0.67
bG
ng · ml−1
0.13
0.06 − 0.2
µI
h−1
0.36
0.27 − 0.6
−1
−1
−7
qI
ng · cell · h
10
4 · 10−9 − 5 · 10−6
−1
−1
pI
ng · ml · h
0.5
2 · 10−4 − 10
aI
—
0.12
—
bI
ng · ml−1
0.025
—
c1
—
30
7 − 60
d1 ,d2
ng · ml−1
0.8
0.1 − 1.5
c2
—
0.1
—
cG
—
12
1 − 20
dG
ng · ml−1
0.05
0.02 − 0.1
eG
—
5.4
—
fG
ng · ml−1
0.22
—
Table 1. Values and ranges of model parameters, used for the
analysis. The last eight parameters describe the effects of IL-12.

subsystem, assuming L = 0 and T1 and T2 have constant values. Under these
assumptions this subsystem becomes


(1 − aG ) · bG
Ġ = pG + qG · T1 · aG +
− µG · G,
I + bG


(3)
(1 − aI ) · bI
+ qI · T2 − µI · I.
I˙ = pI · aI +
G + bI
For given values of T1 and T2 , the set


pG + qG · T1
pI + qI · T2
(G, I)|0 ≤ G ≤
,0 ≤ I ≤
µG
µI
is clearly an invariant rectangle, so that, if initial values are in this set, then for all
t, the point (G(t), I(t)) will remain there. We focus on the behavior of the system
in this biologically relevant region. A steady state for this subsystem is determined
by the system of two nullclines:


pG
qG · T1
(1 − aG ) · bG
G=
+
· aG +
,
µG
µG
I + bG


(4)
(1 − aI ) · bI
qI · T2
pI
I=
· aI +
+
.
µI
G + bI
µI
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It is easily seen that these nullclines define two hyperbolae in the (G, I)-plane, which
have exactly one intersection point. In Fig. 2A we plot the nullclines for different
values of T1 and T2 . The intersections give the quasi-steady state points for the
relevant cell concentrations.
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Figure 2. Phase portrait of the cytokine subsystem. A Solutions
for the first and the second equations of system (3) are plotted for
different values of T1 and T2 in the range (0, 2 · 106 ) . B Phase portrait for T1 = 5 · 105 , T2 = 106 . Solid lines show the nullclines; their
intersection is the unique steady state. Points mark the trajectories
of the system for five random initial values.

Defining (G∗ , I ∗ ) to be the unique steady state of system (3), we can write the
Jacobi matrix:

JG,I =

−µG

a12

a21
−µI


,

(5)

qG T 1(1−aG )bG
I (1−aI )bI
where a21 = − p(G
. Substituting the steady-state
∗ +bI)2 , a1,2 = −
(I ∗ +bG )2
∗

∗

I aI )(µG G −qG T1 aG −pG )
< µI µG .
equations (4), we can write a12 a21 = (µI I −qI T2 −p
(I ∗ +bG )(G∗ +bI )
Therefore, the characteristic polynomial of JG,I , which has the form PG,I (λ) =
(λ + µG )(λ + µI ) − a12 a21 , has both roots with a negative real part, i.e. the eigenvalues of JG,I have a negative real part and the unique steady state (G∗ , I ∗ ) is
locally asymptotically stable. Phase portrait and simulation results shown in Fig.
2 demonstrate that the steady state is globally asymptotically stable, at least in the
invariant rectangle. Indeed, the global stability of the steady state is demonstrated
by a straightforward application of Benedixson negative criterion: if we denote the
∂F2
1
two r.h.s. functions of system (3) by F1 and F2 , then ∂F
∂G + ∂I = −µG − µI < 0.

3.2. The full system with no treatment. In this subsection we focus on system
(2), with L = 0, i.e. without exogenous IL-12. Under this assumption, the system
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becomes:

b1
− µT · T1 ,
I + b1


b2
T˙2 = rT ·
− µT · T2 ,
G + b2


(1 − aG ) · bG
Ġ = pG + qG · T1 · aG +
− µG · G,
I + bG


(1 − aI ) · bI
I˙ = pI · aI +
+ qI · T2 − µI · I.
G + bI

T˙1 = rT ·



It is easy to see that the range R, defined by 0 ≤ T1 ≤
r
pG +qG · µT
T

r
pI +qI · µT
T

rT
µT

, 0 ≤ T2 ≤

(6)

rT
µT

,0≤G≤

,0 ≤ I ≤
, is invariant for system (6). Similarly to the previous
µI
section, here we focus on this biologically relevant domain.
In order to determine the steady states, the following system of equations has to
be solved:
rT b1
T1 =
µT (I + b1 )
rT b2
T2 =
µT (G + b2 )


(7)
pG
qG · T1
(1 − aG ) · bG
G=
+
· aG +
,
µG
µG
I + bG


pI
(1 − aI ) · bI
qI · T2
I=
· aI +
.
+
µI
G + bI
µI
µG

Substitution of the first two equations of system (7) into the last two equations
gives:


pG
(1 − aG ) · bG
qG · rT b1
G=
· aG +
+
,
µG
µG µT (I + b1 )
I + bG


(8)
(1 − aI ) · bI
qI · rT b2
pI
.
· aI +
+
I=
µI
G + bI
µI µT (G + b2 )
In the first of these two equations, G monotonically decreases from µpGG + qµGG·rµTT to µpGG ,
when I grows from 0 to infinity. Similarly, in the second equation I monotonically
decreases from µpII + qµII·rµTT to pµI aI I , when G grows from 0 to infinity. It is also easy
to see that for G > 0, I > 0, the r.h.s. in both equations has a positive second
derivative. Therefore, this system admits a unique solution; that is, there exists a
unique steady state for system (6), (T1∗ , T2∗ , G∗ , I ∗ ) ∈ R. We numerically computed
this steady state, as shown in Fig. 3, for a range of parameter values. In order to
estimate its stability, we considered the Jacobi matrix




G )bG
−µT
0
qG aG + (1−a
0
∗
I +bG




0
−µ
0
qI
T

J =
(9)
pI (1−aI )bI  .
rT b2

0
− (G∗ +b2 )2
−µG
− (G∗ +bI )2 

− (I ∗rT+bb11 )2

0

−

qG T1∗ (1−ag )bG
(I ∗ +bG )2

−µI

This matrix was computed for 100 different parameter sets randomly sampled within
the defined ranges. In all these computations, all the eigenvalues of J had a negative
real part. We simulated the model starting from randomly chosen initial points in
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the invariant domain R, and always observed conversion of the system to the unique
steady state. This indicates that in the absence of therapy the unique steady state
is globally attractive.
5
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Figure 3. Steady-state values of Th1 (open circles) and Th2
(points) cell populations, as a function of the rate of IL-10 secretion
by Th2 cells (A) and by DC and tumor cells (B).

3.3. Effect of IL-12. As shown in the previous subsections, our model describes
the basic state of immune imbalance in melanoma patients, with the immune system
skewed towards Th2, as reflected by higher numbers of Th2 cells and lower numbers
of Th1 cells. To study the feasibility of immunotherapy by IL-12, we used our model
to examine how different levels of the cytokine can affect the cellular immune balance
discussed here. We computed the steady-state densities of activated T helper cells
as a function of the IL-12 concentration (i.e. using L as a controlled parameter).
For any given value of L, system (2) has the same general properties as determined
in the previous subsection for the case L = 0. Increase in L causes a change to
domain R (increase of maximal values of T1 and G and decrease in those of T2 and
I) and also changes the steady-state values. The dependence of the steady state of
the system on L is demonstrated in Fig. 4 for the average parameter values. Using
this computation one can estimate the effect of different IL-12 concentrations on
the Th1/Th2 balance.
3.4. Limitation on IL-12 due to toxicity. The major adverse effects observed
while treating melanoma patients with IL-12 are likely a result of an excessive
Th1 response. In a phase I study in renal cell carcinoma patients, IL-12 therapy
was well tolerated, whereas in a subsequent phase II study in similar settings (yet
a slightly different regimen), severe and life-threatening toxicities were observed
in most patients [43]. Comparison between the two clinical trials shows that the
toxicity-associated mortality due to IL-12 is accompanied by high levels of IFNγ.
This toxicity determines the maximum allowable concentration of IL-12, such that
IFNγ does not cross a given toxicity threshold. For a given set of model parameters,
this allows to determine the value Lmax of L that maximizes the Th1 cell density
in the LN, T1 , while having the IFNγ concentration below the toxicity threshold
Gtox . Fig. 4 demonstrates the potential application of such an approach: along
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Figure 4. IL-12 effect on steady-state cell populations. Th1 (open
circles) and Th2 (points) cell counts are shown for various IL-12
concentrations; see left axis for units. Corresponding IFNγ concentrations are shown by crosses; see right axis for units. The
horizontal broken line shows the toxicity threshold of IFNγ (Gtox )
and the vertical line shows the corresponding maximal allowable
IL-12 concentration and Th1 cell count.
with the values of Th cell levels, we computed the corresponding values of IFNγ.
ng
The limitation on IFNγ, Gtox = 1 ml
, imposes a corresponding limitation on the
allowable IL-12 concentration. In the example presented here, the maximal tolerable
concentration of IL-12 is 0.52ng/ml, and the corresponding level of the Th1 cells is
ca. 7.8 · 106 cell/ml, while the Th2 cells are reduced to 9.9 · 104 cell/ml.
4. Discussion. It has long been recognized that melanoma is an immunogenic tumor, and the immune response is an important factor in the control of this disease
[1, 42]. Melanoma is perhaps one of the cancer indications that respond most significantly to immunotherapy, and several immune-based agents and cellular vaccines
are being developed specifically for this indication [1]. Nonetheless, cytokine therapy
for melanoma still suffers from major drawbacks. Food and Drug Administration
(FDA)-approved immune-based treatments for this indication (IFNα and IL-2) are
challenging to administer, due to harsh toxicity profiles, coupled with the limited
efficacy of these drugs at the higher doses [1, 4]. IL-12 is no exception; despite the
well-accepted immune potency of this cytokine, its development was halted, and
optimal strategies for its application are still lacking [17, 18]. Our current work can
thus be viewed as a first step towards rationalizing IL-12 therapy.
The mathematical model presented here describes the pathological immune system and its basic interactions. The work is new in tackling the Th1/Th2 imbalance
in cancerous conditions, and particularly in melanoma; the data used for calibrating
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the model parameters were partly obtained from clinical melanoma studies, allowing to adjust the system to accurately portray the Th2-bias in the tumor-dominant
scenario.
By analyzing the phase plane of the system we have examined whether or not
the pathological immune phenotype can be in a stable steady state, conferring
competitive advantage to the tumor. Further investigation yields insights on the
prospects of reversing the pathological Th1/Th2 imbalance towards a more favorable
position. Our analysis suggests that the described system has a unique steady state,
which appears to be globally attracting. This is supported by the findings that (i)
the fast subsystem of the cytokines globally converges to the stable steady state; (ii)
the unique steady state of the full system is locally stable for different samples of
parameter values; (iii) all the simulations with randomly sampled parameter values
and initial values converge directly to this steady state. These results imply that,
on its own, the cellular arm of the immune system, with its major cytokine, IFNγ,
cannot reverse tumor immunotolerance, giving a stable upper hand to the disease.
Immunotherapy by a Th1-stimulating factor may be the only means to induce the
necessary shift.
Is immunotherapy by IL-12 sufficient for achieving the goal of subverting the
Th1/Th2 balance towards a Th1-dominant state? Our analysis shows that IL12 can be applied at levels that allow Th1 polarization concomitant with a Th2
reduction, while keeping IFNγ concentrations in check. We have shown that an IL12 level of 0.52 ng/ml suffices for yielding a Th1:Th2 ratio of ca. 80, with an IFNγ
level still below a feasible toxicity threshold. However, the phase plane analysis also
shows that if therapy by IL-12 is relieved, the Th1:Th2 ratio will monotonically
reverse to its previous Th2-dominated imbalance. The reason for this may be that
the model currently does not account for immune mechanisms that could stabilize
the system at Th1-polarized states.
We have shown that production of IL-10, the major driving force of Th2 polarization, is a highly influential parameter in this system. As shown in section 3.2, the
IL-10 secretion rate can significantly alter the balance between the numbers of Th1
and Th2 cells. Since IL-10 levels likely vary between patients and in different stages
of the disease, this result underscores the possibility to use the IL-10 secretion rate
as a personal indicator of prognosis, as well as the need to take into account the
IL-10 level when determining personalized immunotherapeutic schedules for cancer
patients [31].
It still remains to be investigated whether or not the Th1 advantage that we
have pinpointed suffices for mounting an efficacious immune response that could
yield a clinically observable reduction in the tumor, or at least allow for stabilizing
the disease. For this purpose, the simplified mathematical system herein is now
being further elaborated to consider the complexity of the cellular response to the
growing tumor. An appropriate mathematical description of the tumor dynamics,
together with other critical components of the anticancer immune response, such
as dendritic cells (the source of endogenous IL-12) and cytotoxic tumor killing cells
(CD8+ T lymphocytes and NK cells) [3], would be required. Such future extensions
of this model will enable more in-depth analysis of the interplay between the immune response and tumor dynamics, and help assess whether the pinpointed IL-12
treatment is in fact effective. In addition, a PK model of IL-12 will be coupled with
our model to simulate realistic treatment scenaria for planning clinical IL-12 schedules. Prospective mathematical endeavors may also aid in determining the benefit of
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alternative IL-12 administration methods under investigation, i.e. delivery via gene
therapy, as a vaccine adjuvant, or in combinational with other immune-boosting
cytokines [44, 17].
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