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Abstract

The newly-characterized Interleukin-21 (IL-21) plays a central role in the
transition from innate immunity to adaptive immunity and shows substan-
tial tumor regression in mice. IL-21 is now developed as a cancer im-
munotherapeutic drug, but conditions for efficacious therapy, and the cy-
tokine’s conflicting immunostimulatory and immunoinhibitory influence, are
yet to be defined. We studied the effects of IL-21 on tumor eradication
in a mathematical model focusing on NK-cell and CD8+ T-cell-mediated
lysis of tumor cells. Model parameters were estimated using results in
tumor-bearing mice, treated with IL-21 via cytokine gene therapy (CGT),
hydrodynamics-based gene delivery (HGD), or standard interval-dosing
(SID). Our model accurately retrieved experimental growth dynamics in the
non-immunogenic B16 melanoma and the highly-immunogenic MethA and
MCA205 fibrosarcomas, showing a strong dependence of the NK-cell/CD8+

T-cell balance on tumor immunogenicity. Moreover, in melanoma, simu-
lations of CGT-like dosing regimens, dynamically-determined according to
tumor mass changes, resulted in efficient disease elimination. In contrast,
in fibrosarcoma, such a strategy was not superior to that of constant dos-
ing protocols, HGD or SID. Our model supports clinical use of IL-21 as

1



a potent stimulator of cellular immunity against cancer, and suggests se-
lecting the immunotherapy strategy according to tumor immunogenicity.
Non-immunogenic tumors, but not highly-immunogenic tumors, should be
controlled by IL-21 dosing, which depends on tumor mass at the time of
administration. This method imitates, yet amplifies, the natural anticancer
immune response, rather than accelerating only one of the response arms in
an unbalanced manner.

Introduction

Despite the existence of numerous pathways in anticancer immunity, malig-
nant cells effortlessly escape immune surveillance. The late and insufficient
immune response to tumor challenge, as well as the wide array of immune
evasion strategies employed by cancerous cells, enable an undisturbed dis-
ease progression (1). It seems, then, that artificial modulation of the natural
immune response is necessary for an adequate immune attack against tu-
mor cells. Specifically, rapid instigation of tumor-specific immunity and
enhanced killing potential of immune effectors are essential for successful
eradication of cancer (1).

The Interleukin-2 (IL-2) family of cytokines is well-known for its central
involvement in the regulation of acquired immunity. A recently identified
member of this family, which shares homology with IL-2, IL-4, and IL-15, is
Interleukin-21 (IL-21), a product of activated CD4+ T-helper cells (2). In
both in vitro and in vivo studies, IL-21 directly modulates number and func-
tion of natural killer (NK) cells, dendritic cells (DCs), and lymphocytes (3,
4). Importantly, IL-21 enhances effector cell-mediated lysis of tumor cells,
induces efficient antitumor immune memory, and significantly minimizes an-
giogenic and metastatic processes in numerous tumors (2, 5-10). The potent
antitumor effect of IL-21 is attributed to its role in facilitating the transition
from innate NK-cell responses to acquired cytotoxic CD8+ T-cell responses.
This is presumably achieved by inhibiting the former and stimulating the
latter, and by enhancing the cytotoxic activity of both cell-types (2, 3, 11,
12).

The immunostimulatory effects of IL-21 motivated its development as an
immunotherapeutic agent for the treatment of cancer. The increased safety
of IL-21, as compared to IL-2, IL-15, and other immunotherapeutic factors
(2, 5, 13, 14) further supports its clinical applicability. Yet, theoretically,
the stimulatory effect of IL-21 on CD8+ T-cells can be counter-balanced
by its inhibitory influence on NK-cells and other factors of cell-mediated
immunity (2, 11). These contradicting effects may limit the IL-21-induced
antitumor response. Therefore, it seems mandatory to analyze the IL-21
net immunotherapeutic power in different oncological scenarios, prior to the
establishment of an immunotherapeutic policy for this molecule.
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Such analysis is enabled by biomathematically modeling IL-21 interac-
tions with the involved immunologic and pathologic processes. Mathemat-
ical models have been previously employed for analyzing the effect of envi-
ronmental disturbances on population survival, in general, and the effect of
drug’s inter-dosing intervals on chemotherapy efficacy/toxicity ratio, in par-
ticular (15). Analysis of individual tumor growth patterns in xenografted hu-
man ovary carcinoma spheroids was also possible by biomathematical mod-
eling of complex angiogenesis-related processes (16). Another mathematical
model describing detailed thrombopoiesis was employed for optimizing treat-
ment strategies of thrombopoietin. The accuracy of the model’s qualitative
and quantitative predictions was prospectively validated in the preclinical
setting (17). Recent mathematical models of tumor-immune interactions
emphasize the relative role of certain effectors in anticancer responses, and
evaluate efficacy of immunotherapy in the context of tumor challenge (18,
19).

In the current study, the antitumor effects of IL-21 under different on-
cological settings are evaluated in a mathematical model of the underlying
biological processes. Following model’s validation by published experimental
data, we investigate IL-21 treatment strategies, and suggest efficacious pro-
tocols for eradicating or substantially attenuating tumor mass. A beneficial
treatment should maximize IL-21-stimulated activation of adaptive immu-
nity and, concurrently, minimize its negative effects on innate immunity.
These conflicting aims for different tumor dynamics and immunogenicity
levels will be investigated in this work.

Methods

The biological system at hand is first studied and its crucial interactions
are pinpointed. This verbal model is then transformed into a mathematical
model, which is implemented in the computer and simulated using exper-
imentally evaluated biological parameters. Subsequently, we validate the
model’s prediction accuracy by using it to retrospectively retrieve indepen-
dent experimental results. Following validation, the model is employed for
simulating putative therapeutic scenarios and predicting their effects. These
stages are elaborated below.

Biological Assumptions and Mathematical Model

As IL-21 has a central role in mediating the transition from initial NK-cell
immunity to secondary T-cell immunity, this bipolar mechanism is high-
lighted in our model. Our assumption is that the direct effects of IL-21
on NK and CD8+ T-cells are independent of other cell types, as shown in
various murine experiments (4-10, 13, 14, 20-25). Relying on this recent
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work, two classes of administration methods are examined here: drug ap-
plication associated with tumor mass (Fig. 1A) and drug application being
independent of tumor mass (Fig. 1B). The first method can be represented
by cytokine gene therapy (hereafter CGT), in which genetically modified
tumor cells continuously secrete IL-21 (5, 6). The second administration
method can be represented by hydrodynamics-based gene delivery of DNA
plasmids encoding large amounts of murine IL-21 (hereafter HGD), or stan-
dard interval-dosing (hereafter SID) of recombinant murine IL-21 (7, 13).

A concise mathematical description of the above scheme includes a sys-
tem of ordinary differential equations (ODEs) describing six observables: [1]
IL-21 concentration in the organism at any moment, [2] population dynam-
ics of NK-cells in the spleen, [3] population dynamics of specific antitumor
CD8+ T-cells in the lymph nodes, [4] an element facilitating CD8+ T-cell
memory (see below), [5] a cytotoxic protein affecting tumor lysis, and [6]
tumor mass at any moment. Effects of CD4+ T-helpers, DCs and secondary
chemokines are neglected, due to their minor role in the studied processes
(5, 6, 9, 13). Reciprocal relations between CD8+ T and NK-cells are not
incorporated at this stage as well. Importantly, since the long-range conse-
quences of IL-21 application are yet to be clarified, the evaluation of IL-21
effects on immune response is restricted here to a time-scale of weeks and
to the primary tumor alone.

IL-21 dynamics. In our model the concentration of IL-21, denoted as
u, is measured in units of ng/ml by the following equation

u̇ = input − µ1u (1)

with the initial condition u0 = u(t = 0). µ1 serves as the clearance rate, and
input, the function describing the route of drug administration, is mathe-
matically detailed with respect to the two classes of administration methods
(Fig. 1). In the first case (CGT), input is taken as proportional to the total
number of genetically-engineered tumor cells, n:

input = hn.

This forms IL-21 dynamics as

u̇ = hn − µ1u. (2)

In contrast, in the latter case (HGD or SID), a pulse-like function centered
at the application time is applied (see parameter estimation below).

NK-cell dynamics. The splenic NK population, x, is assumed to grow
according to the logistic growth law, as defined by the equation

ẋ = r1x

(
1 − x

h1(u)

)
, (3)
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where r1 is the growth rate, and the IL-21 effect on NK-cell population size
is incorporated in h1(u), the carrying capacity in the logistic function. The
latter component satisfies basic biological requirements: Firstly, the mean
number of splenic NK-cells in normal conditions is considered constant, given
by x0 = h1(u = 0). This accounts for the high availability of NK-cells
in stable health conditions (1, 26). Secondly, the effect of IL-21 on the
growth of mouse NK-cells is apparently biphasic: at low drug doses NK
proliferation is stimulated, while at higher doses it is inhibited (11, 27).
However, as the positive effect on NK expansion is short-lived and observed
mainly in the absence or low concentrations of other interleukins (11), and
hence irrelevant to in vivo conditions, we address only IL-21’s negative effect.
Thus, the model considers IL-21-imposed reduction of NK-cells in a dose-
dependent manner; h1(u) is selected as a monotonic decreasing function of
IL-21. Thirdly, a saturation in the NK population is included, so it cannot
decrease below the normal threshold xmin, the steady-state for NK dynamics
for u = ∞. This limit is set within the normative biological range. The
properties described are satisfied by the linear rational function

h1(u) =
p1u + p2

u + q1
. (4)

The above characteristics are translated into constraints for the parameters
p1, p2, and q1. In particular, the relations x0 = p2

q1
and p1 = xmin can

be derived. In allowing p2 and q1 to vary, while maintaining their ratio
constantly equal to x0, a one-parameter family of curves can be generated.
A subsequent fit will enable to estimate the value of this parameter that
interpolates the experimental behavior (see parameter estimation below).

CD8+ T-cell dynamics. The IL-21-mediated expansion of naive and
activated CD8+ T-cells in both non-stimulated (4, 28-30) and stimulated
conditions (5, 7, 13), suggests a robust influence of the cytokine on the
carrying capacity of these cells. CD8+ T-cells persist for many weeks post
IL-21 application, allowing long-term protection against subsequent tumor
inoculation (5, 7, 20, 22, 30). Distinct memory phenotypes observed in T-cell
subsets following exposure to IL-21 (31) support this durable effect. Hence,
we introduce an indirect factor m as an IL-21 dose-dependent product, that
acts on CD8+ T-cell expansion to enable an elongated adaptive response of
these cells even after complete IL-21 clearance. Consequently, the dynamics
of m are controlled by

ṁ = au − µ2m, (5)

where a represents the proportionality constant, and µ2 is the clearance
rate, the reciprocal of which is a measure of the duration of the CD8+ T-cell
response.

The tumor-specific CD8+ T-subset in the lymph nodes, denoted by y, is
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therefore described by the equation

ẏ = r2y

(
1 − y

h2(m)

)
(6)

with the initial condition y0 = h2(m = 0), representing the number of such
cells in a normal untreated setting. The logistic growth rate is r2, and the
carrying capacity h2 is a function of the memory factor m, given by

h2(m) = h2(0) +
σm

1 + m
D

. (7)

The coefficient σ relates the growth of the carrying capacity to the mem-
ory factor (equation [5]). The actual limitation for specific CD8+ T-cells,
substantiated by recognized inhibitory functions of T-regulatory cells and
Th2 cytokines (32), is enclosed in D. To maintain the system within real-
istic biological ranges, we assume that this expansion has an upper bound
y∞ = h2(0) + σD.

Cytotoxic-protein dynamics. Our model also accounts for the IL-
21-mediated increase in effector-cell killing potential, by robust stimulation
of cytolytic proteins, such as perforin and IFN-γ (2, 3, 10, 12, 33). This
effect seems IL-21-dose-dependent in both CD8+ T and NK-cells (5, 7, 13,
21, 28), and is described here by a cytotoxic protein, p. For simplicity, we
assume production of this protein independently of the effector cells, thus
negligible in IL-21-deprived conditions. These dynamics are given by

ṗ =
b1u

b2 + u
− µ3p, (8)

where µ3 denotes natural degradation of protein p within the standard bi-
ological ranges, and b1 and b2 are parameters of the chosen linear function.
The initial condition is p0 = p(t = 0).

Tumor dynamics. Since the effect of IL-21 is not well-characterized in
the context of subsequent cancer recurrence, we consider only primary tu-
mor challenge (single inoculation). The total tumor cell number, n, evolves
according to

ṅ = g(n) − k1pxn − k2pyn, (9)

where g(n) describes cancerous growth in non-treated mice. Tumors of dif-
ferent immunogenicities, a term used to define the capability of a cancer to
naturally induce specific immune responses against itself, are included in the
mathematical model: Specific non-immunogenic and highly-immunogenic
tumor lines are investigated, thus g(n) will be evaluated separately for each
tumor, through fits of prior experiments in tumor-challenged control mice
(see parameter estimation below). Tumor progression is affected by the cy-
totoxic (p-mediated) antitumor activity of CD8+ T and NK-cells. Affinities
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of tumor and NK or CD8+ T-cell interactions are represented by k1 and k2,
respectively.

As experimental measurements are restricted to tumor surface evalua-
tion, equation [9] is modified to describe tumor size, measured in mm2. A
simple transformation between these properties requires a few basic assump-
tions. First, the initial condition z0 = z(t = 0) considers standard experi-
mental methods: Tumor cells were inoculated in a solution, and developed a
defined shape within a few days (5, 6, M. Ma- private communication). The
corresponding simplified evaluation of tumor surface, is to divide the num-
ber of injected cells by the scale of a tumor cell surface, 10−6mm2, so that,
for instance, 105 cells will correspond to a size of 0.1 mm2. Secondly, the
tumor is thought to evolve as a homogenous sphere with a constant density
volume. These considerations allow tumor volume, and tumor cell number
(n), to be proportional to the amount z3/2. Using the scale law n ∝ z3/2,
and skipping the irrelevant coefficient, equation [9] is transformed into

ż = z−1/2g(z3/2) − k1pxz − k2pyz. (10)

Collectively, the above equations constitute an autonomous ODE system.
The positivity of the solutions, corresponding to positive initial conditions,
is easily verified. Moreover, the immune system components x and y are
always confined to the biological relevant strip [xmin, x0] × [y0, y∞].

Parameter Estimation

All simulations were performed using matlab programming. A fourth order
Runge-Kutta integrator was applied to solve the ODEs, and the curve −
fitting toolbox was used for linear and exponential fits.

IL-21 dynamics. As tumor size is estimated through surface measure-
ments, rather than through cell number, IL-21 dynamics (equation [2]) are
formed as

u̇ = hz3/2 − µ1u. (11)

Since 105 genetically-modified tumorocytes were found to produce ∼ 2ng/ml
of IL-21 in the course of one day (5), the constant h may be retrieved.
Simply, if tumor size is considered to be unchanged within the first day, and
the amount of IL-21 at the initial time is 0, IL-21 is estimated based on

u̇ ∼ hz
3/2
0 − µ1u. (12)

Equation [11], together with the conditions u(0) = 0 and u(t̄ = 1 day) =
2ng/ml, gives

u(t̄) =
hz

3/2
0

µ1
(1 − exp(−µ1t̄)), (13)
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which implies that

h =
µ1u(t̄)

z
3/2
0 (1 − e−µ1 t̄)

. (14)

Given the values z0 ∼ 10−1mm2, µ1 = 10days−1, t̄ ∼ 1 day, h is estimated
at 6.3 · 102 mm−1·days−1.

As previously discussed, for HGD and SID the input function is formed as
a pulse with an amplitude corresponding to the administered dose. For SID,
the exponential decay rate was roughly estimated, since pharmacokinetic
data of exogenous IL-21 is unavailable. The homology of IL-21 to IL-2
(4), whose decay rate was previously evaluated at µ1 = 10 days−1, that
is, a half-life in the range of a few hours (34), enabled to set the same
value for IL-21. Conversely, IL-21 kinetics in HGD were achieved (Fig. 2A)
by exponentially-fitting IL-21 concentrations monitored in this assay (13).
Here, µ1 was approximated at a much lower rate (0.5 days−1), because of the
continuous durable production of IL-21 in this method. In HGD simulations
(described below), administration will be delayed by a day with respect to
experiments, since plasma IL-21 levels were measured only 24 hours following
injection.

NK-cell dynamics. Parameters for the logistic growth of NK-cells un-
der no treatment were determined first. The carrying capacity was set here
to the constant value x0 = 1.9 · 106 cells, an average of the NK populations
counted in untreated mouse spleens (13). To estimate r1, turnover rates of
NK-cells were required, yet little is known regarding these rates in cancerous
conditions. In normal states, mature mice or primates show a daily NK re-
newal rate of ∼ 2− 5% (26, 35), assumed to increase in presence of antigen.
Hence, r1 is set so that the rate of NK-cell replacement does not exceed a rel-
ative increment of 10% per day. Following strong reduction in the number of
NK-cells, the dynamics can be well approximated by an exponential growth,
and the ratio between population sizes of two consecutive days is simply er1 .
A daily increment of 10% (er1 = 1.1) allows to calculate r1 = log(1.1). Near
the carrying capacity, where the approximation of an exponential law is no
longer valid and growth is slower, this percentage is generally decreased.
For the parameter p1, which denotes the lower threshold for NK numbers,
a value within a biological range (104 cells) is designated.

Evaluation of the IL-21-mediated NK-cell decrease was based on an in
vivo murine HGD study (13). Splenic NK-cells were counted one week after
IL-21 administration, in a non-cancerous setting. IL-21 dynamics in HGD
were applied in order to find the conditions under which the function h1(u)
interpolates the two experimental points (Fig. 2B). The resulting values for
p2 and q1 were 0.95 · 106 and 0.48 · 106 cells, respectively.

CD8+ T-cells dynamics. The CD8+ T-cells taken into account
are tumor-antigen-specific populations. To determine parameters of IL-21-
affected dynamics of CD8+ T-cells, we used a study evaluating the response
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to intraperitoneal injections of murine IL-21 in a thymoma line (7). Six 20µg
doses (equivalent to 10µg/ml for a normal murine blood volume of 2 ml)
administered on alternate days, with the decay rate µ1 = 10 days−1, form
IL-21 dynamics. CD8+ T-cells were counted in draining lymph nodes (DLN)
on days 5, 15, 30, and 45. To evaluate the initial number of specific CD8+

T-cells,we assumed an exponential growth limited solely to the first two ex-
perimental points, as suggested by the global behavior. The resulting curve
enabled to determine the exponential factor r2 (at a value of 0.26 days−1),
and consequently lead to a rough approximation of the initial condition as
0.06% of DLN CD8+ T-cells.

A maximum percentage of specific CD8+ T-cell clones in the lymph
nodes was set to be about 10% of those harvested in DLN (y∞ = σD = 3·106

cells = 10% of 3 · 107 cells). The maximum was configured at ∼ 5 − 6%
of 3 · 107 cells at day 30 (P. Shrikant- private communication), allowing
separate evaluation of D and σ. These latter two parameters are clearly
dependent on the specific tumor model, as this ability is expected to be
more pronounced in more immunogenic models. Since no experiments are
available for evaluating the CD8+ T-cell dynamics for a non-immunogenic
model, values are roughly set at σ = 2.1 · 105 cells·ml·days−1 · ng−1 and
D = 1.4 · 10−3 days ·ng ·ml−1. Finally, µ2, the clearance parameter of m, is
set to 0.01 days−1, as the duration of the response was evaluated at ∼ 100
days (5, 7), and parameter a is set as 0.01, in order to fit experimental data.
These considerations form CD8+ T-cell behavior (Fig. 2C).

Cytotoxic-protein dynamics. Lytic activity is elevated up to several
weeks after primary challenge of genetically-modified tumor cells in CGT (5,
6) and normal tumor cells in HGD or SID (7, 13). Therefore, parameters
were fixed so that µ−1

3 is in the range of tens of days. b2, a measure of the
concentration at saturation, is set at 0.1 ng · ml−1. This constant, along
with b1 (set within the range 10−2 − 10−1 days−1), is evaluated by curve
fitting.

Tumor dynamics. To describe the non-immunogenic B16 melanoma
growth in control mice (5, 13), a logistic growth was assumed for the to-
tal number of tumor cells. Using the scaling law, this corresponds to the
following equation for the tumor surface:

ż = r3z

(
1 − z3/2

K

)
, (15)

which was fit with the observed data (Fig. 3A). For the immunogenic MethA
fibrosarcoma (5), a linear growth for the tumor surface according to

ż = a (16)

enabled an accurate fit of the dynamics in control mice (Fig. 3B). Of note,
this implies that for such a model, tumor cell growth should obey a power law
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function (36) with an exponent of 1
3 . The moderately-immunogenic MCA205

fibrosarcoma (13) was adequately described by an exponential growth (Fig.
3C).

Results

The mathematical model, containing the estimated biological parameters,
was validated by examining its ability to retrieve experimental results of
tumor growth in cancer-bearing mice, with or without IL-21 treatment (5,
13). Validation was extended to tumors of different immunogenicity, and to
different administration routes, CGT and HGD. Following model validation,
we examined different strategies of IL-21 therapy for cancers of varying
immunogenicity and growth dynamics.

Model validation in CGT experiments. In the first experiment (5),
inoculation of an immunogenic MethA IL-21-secreting fibrosarcoma (2 · 106

cells at day 0) resulted in non-monotonic tumor growth (Fig. 4A, circles).
These dynamics appeared comparable with tumor growth in untreated mice
during the first week (Fig. 4A, squares), yet decreased thereafter towards
complete elimination. Coinciding with the strong inhibition of NK-cells
in highly-immunogenic tumors (1, 37), the immunogenic scenario (5) was
reproduced in the model (Fig. 4A, bold line) with a low affinity value
for the NK-tumor killing interaction. Simulations showed a primary rapid
increase in tumor cells, due to lack of lysis in early stages of the response.
The resulting high IL-21 concentrations lead to CD8+ T-cell proliferation,
and subsequent tumor eradication. The simulated behavior was generally
in line with experimental curves, and with the observation that full immune
control of the tumor was accomplished within approximately three weeks.

The second experiment, in which 105 cells of a non-immunogenic B16 IL-
21-secreting melanoma were inoculated at day 0 (5), was also investigated
by the mathematical model. In this scenario, complete elimination of the
tumor was achieved in treated mice (Fig. 4B, circles), as compared to control
mice (Fig. 4B, squares). Here, data from the previous study were not
sufficient for characterizing the exact tumor dynamics. Still, experimental
tumor development was minor and limited to the first 7 days after following
treatment initiation (M. Ma- private communication). We simulated the
model with a high NK-tumor affinity value, and achieved similar results of
minimal or no tumor growth (Fig. 4B, bold line).

Experimental CGT results, leading to effective cancer regression, imply
that the exact IL-21 concentrations in this method can be of therapeutic sig-
nificance. To estimate this, we performed a model-independent analysis of
the previously reported IL-21 production rates in CGT (5): In fibrosarcoma,
the quantity v =

∫ t
0 u(s)ds was calculated at ∼ 30µg ·ml−1 ·days for the first

20 days of therapy. This value implies that mean levels of circulating IL-21
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during the antitumor activity are in the order of 1 µg/ml. In contrast, eval-
uation of mean IL-21 amounts in B16 melanoma was problematic, as tumor
mass measurements were imprecise. Nevertheless, a value of ∼ 10 ng/ml
during the first therapeutic week is reasonable in this tumor-line. These
dissimilarities suggest different requirements for IL-21-mediated elimination
of tumors with varied immunogenicity.

To further elucidate these findings, we used our model to reproduce pre-
vious experiments of immunodeficient mice, challenged with IL-21-secreting
B16-melanoma (5). Elimination of each effector type was accomplished by
setting the corresponding tumor-affinity to 0. Model simulations (Fig. 4C-D,
bold lines) were consistent with experimental curves (Fig. 4C-D, squares),
where the IL-21-induced antitumor effect was significantly decreased in ab-
rogation of NK or CD8+ T-cells. However, different dynamics were observed
for each case: Tumor growth under CD8+ T-cell depletion was delayed at
first, but accelerated later on, whereas in NK-depleted mice the opposite
behavior was seen. Of note, retrieving experimental melanoma growth in
normal IL-21-treated mice, as shown above (Fig. 4B), was not possible us-
ing tumor-effector affinity values derived from above simulations in depleted
mice (data not shown). The fact that interactions between NK and CD8+

T-cells and additional immune factors are not modeled, may lead to the
inconsistency. This may also be attributed to well-known differences in the
composition of the immune elements of depleted mice compared to normal
mice (38).

Model validation in HGD experiments. We retrieved rejection of a
non-immunogenic B16 melanoma and a moderately-immunogenic MCA205
fibrosarcoma, via intravenous gene delivery of IL-21 (13). In the experiment,
two 20µg injections of mIL-21-expressing plasmids were administered in day
5 and 12 after tumor inoculation (5 · 105 cells), and IL-21 concentrations
followed previously-described kinetics (Fig. 2A). Our results show that the
melanoma parameters, derived above for CGT, were sufficient for mimicking
melanoma dynamics in HGD (Fig. 5A), and for leading to the appropriate
change in NK-cell dynamics (Fig. 5B). Conversely, a satisfactory retrieval of
fibrosarcoma growth (Fig. 5C) required different affinity values for tumor-
effector interactions than those evaluated in CGT-fibrosarcoma simulations.
This was in line with the different characterization of immunogenicity for
this tumor type. The average concentration of circulating IL-21 produced
by the administered plasmids during the first three weeks did not exceed 1
ng/ml, a lower value than in CGT. This result is corroborated by the limited
tumor elimination shown in this HGD method, as compared to CGT (Fig.
4A-B). Overall, simulated growth fits experimental measurements in both
tumor models described.

Model simulations of tumor-dependent IL-21 therapy. As the
most effective tumor rejection was observed in tumor-dependent IL-21 ther-
apy (Fig. 1A), such as CGT (5, 6, 20, 22), we used the model to simulate
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this treatment in immunogenically-varying cancers. As CGT is clinically
non-executable, a treatment strategy combining CGT and SID was simu-
lated. The protocol consists of predetermined injection times, in conjunc-
tion with IL-21 doses that are dynamically adjusted during therapy, with
respect to the tumor mass. In our simulations, IL-21 doses to be exoge-
nously applied were set equivalent to the cytokine levels produced by the
genetically-modified tumor of the corresponding size. Our model simulated
this procedure for the non-immunogenic B16 melanoma and immunogenic
MethA fibrosarcoma tumor lines, using their unique parameter sets, evalu-
ated in the previous work stages.

In the simulated melanoma (105 tumor cells inoculated), the suggested
protocol of 10 daily injections resulted in notable tumor rejection (Fig. 6A),
dose intensities remaining in the range of ng/ml (Fig. 6B). The IL-21-
mediated NK-cell inhibition was lower in the exogenous CGT-resembling
therapy than in original CGT, coinciding with the lower total-IL-21 levels
used in this interval-dosing protocol (data not shown). Notwithstanding,
the simulated tumor remained controlled for several weeks, as in CGT (Fig.
4B). In contrast, simulating application of the same treatment protocol to
immunogenic MethA fibrosarcoma (2 ·106 tumor cells inoculated) resulted in
incomplete tumor elimination (Fig. 6C), even though the administered IL-21
doses reached maximum values of 10 µg/ml (Fig. 6D). These results indicate
that both the immunogenic nature of the cancer and its size determine the
success of tumor-dependent IL-21 therapy.

Discussion

In this work we have introduced a mathematical model for in vivo antitumor
activity of IL-21 in mice. Our model, focusing on NK and T-cell immunity,
was motivated by the irrefutable role of these cells in the IL-21-induced
cancer control (2, 12). The model succeeded in retrieving the observed
experimental behavior and strongly reflected well-established properties of
cell-mediated antitumor immunity (1, 37). Thus, a high correlation between
tumor immunogenicity and effector balance was shown in the simulations:
Non-immunogenic melanoma tumors required high NK-cell lytic activity, as
estimated in NK-tumor affinity values, whereas for the highly-immunogenic
fibrosarcomas the opposite condition was necessary.

As in non-immunogenic tumors the activity of innate-phase effectors ap-
pears crucial, their destruction by the administered IL-21 must be prevented.
In such cases, IL-21 levels that are relatively low (in the range of ∼ 10ng/ml)
seem most appropriate for small tumor mass, since IL-21 reduces the number
of NK-cells in a dose-dependent manner. Indeed, full tumor elimination was
achieved when simulating exogenous CGT-like therapy in non-immunogenic
melanoma, that is, dynamic dosing of IL-21 according to tumor mass at the
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time of administration.
IL-21 applied via CGT resulted in full tumor extinction in several ex-

periments (5, 6, 20, 22), whereas HGD did not remove tumor completely
(13). Our calculations show that mean IL-21 levels in CGT (10-10, 000
ng/ml) are significantly higher than IL-21 concentrations in HGD (roughly
1 ng/ml). It can be argued, then, that dominating the success of CGT
is the large IL-21 concentrations exerted in this method. However, this is
not the case, since other administration strategies using similar, or even
higher, IL-21 concentrations show ineffective tumor eradication (10, 23, 24).
Rather, we hypothesize that CGT is successful due to the dependence of the
administered IL-21 dose on tumor mass at any moment. In this way, a more
natural stimulation of the immune response is achieved, avoiding abrogation
of NK-cells when innate immunity is indispensable.

Though T-cell responses are dominant in tumor models of intensified im-
munogenicity, NK-cells may contribute via indirect mechanisms that aid T-
cell function (1). Investigation of fibrosarcoma dynamics in NK-cell-depleted
mice treated with IL-21 can further elucidate the nature of IL-21-stimulated
immunity in immunogenic cancers. If NK-cells prove completely negligible
in these circumstances, the use of high-dose (∼ 10µg/ml) IL-21 tumor-
independent regimens, already from early disease stages, would appear a
more reasonable treatment. Indeed, such drug concentrations were used in
a recent murine study of IL-21 therapy in an immunogenic renal-cell car-
cinoma (25). Clinical implementation of such a strategy, however, should
consider toxicity limitations, as in any intensified treatment. In another
work (Cappuccio, Elishmereni, Agur, in preparation), we use the method
of optimal control for fine-tuning the above-suggested tumor-dependent and
independent immunotherapy regimens.

Incorporation of data regarding cytotoxic proteins (perforin, IFN-γ) el-
evated in various tumors responding to IL-21 administration (5, 6, 21, 33,
39), may provide insights on IL-21-mediated inflammation, allowing more
detailed depiction of effector potential. Information of interleukins that co-
operate with IL-21 to synergistically affect the immune response (8, 23, 40),
may aid in evaluating mono-immunotherapy and potential combination im-
munotherapy. Humoral, anti-metastatic and anti-angiogenic properties of
IL-21 (6, 8, 25) can interact with long-range effects of the drug on the im-
mune response. Such effects should be investigated and implemented for
extending the model beyond the scope of the current work.

IL-21 is continuously exhibiting therapeutic promise in its antitumor ef-
fects. The equivalence of IL-21 interactions in murine studies to the human
system will determine the clinical implications of our findings. Validating
the universality of our suggested model can pave the way for actual recom-
mendations of IL-21 immunotherapy strategies, based on this work.
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Figure Legends and Figures

Fig. 1. Flow diagram of the modeled IL-21-induced antitumor mechanism.
IL-21 accelerates the transition from innate NK-cell-mediated immunity
to adaptive CD8+ T-cell-mediated immunity, thereby eliciting an efficient
immune response against target-cells. Administration of IL-21 is considered
in two scenarios; dependent of tumor dynamics (A) or non-related to tumor
dynamics (B). The recommended strategy of choice is assumed to take
tumor immunogenicity into account.

Fig. 2. Fits of IL-21, NK-cell and CD8+ T-cell dynamics based on

17



previous experiments (7, 13). (A) IL-21 dynamics following injection
of 20 µg of HGD plasmids were reproduced according to experimental
measurements (squares). (B) NK-cell dynamics in context of the above
drug administration were simulated by interpolation of two experimental
points at day 0 and 7 (indicated by squares) from the same study. (C)
Standard drug-dosing of six IL-21 injections of 10µg/ml at days 2, 4, 6, 8,
10, and 12 produced CD8+ T-cell dynamics, shown as an interpolation of
four experimental points at days 5, 15, 30 and 45 (squares).

Fig. 3. Fits of tumor growth in control mice from previous studies
(5, 13). The interpolating curves (bold lines) of B16 melanoma (A),
MethA fibrosarcoma (B), and MCA205 fibrosarcoma (C) were selected
as a modified logistic growth, linear growth, and exponential growth,
respectively. Dynamics of all tumors are shown in reference to experimental
behavior (thin lines).

Fig. 4. Simulations of fibrosarcoma and melanoma dynamics follow-
ing IL-21 administration via CGT in normal and immunodeficient mice,
with respect to a previous study (5). (A) Immunogenic MethA fibrosarcoma
growth following experimental IL-21-CGT therapy in normal mice (thin
line, circles) is reproduced by the model simulations (bold line). (B)
Non-immunogenic B16 melanoma growth in similar conditions of drug
application (circles) is simulated as well (bold line). Tumor growth in
control mice is indicated in each case (thin line, squares). Experimental
B16 melanoma growth in NK-cell-depleted (C) or T-cell-depleted (D)
mice treated with IL-21 through CGT (thin line, squares) was similarly
reproduced by model simulations (bold line).

Fig. 5. Simulations of melanoma and fibrosarcoma dynamics follow-
ing IL-21 administration via HGD in mice, with respect to a previous study
(13). (A) Application of 20 µg of IL-21-secreting plasmids at days 5 and 12
in mice inoculated with non-immunogenic B16 melanoma resulted in tumor
dynamics (circles), which served for comparison with model simulations
of tumor growth under an equal protocol (bold line), and to experimental
tumor growth in control mice (thin line and squares). NK-cell dynamics
under this treatment are presented as well (B). (C) MCA205 fibrosarcoma
growth in mice treated with the same protocol (thin line and circles) is
compared to the model simulations (bold line) and to experimental tumor
growth in control mice (thin line and squares).

Fig. 6. Simulations of CGT-like IL-21 interval-dosing therapy in melanoma
and fibrosarcoma. Murine B16 melanoma dynamics are predicted (A) in a
CGT-based treatment protocol of 10 daily IL-21 intravenous injections (B).
Murine MethA fibrosarcoma dynamics are predicted (C) under the same
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treatment protocol (D). Horizontal lines in gray indicate threshold of initial
tumor mass.
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