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Abstract

A mathematical model integrating tumor angiogenesis and tumor-targeted cytotoxicity by immune
cells was developed to identify the therapeutic window of two distinct modes to treat cancer: (1)
an anti-angiogenesis treatment based on the monoclonal antibody bevacizumab that targets tumor
vasculature, and (2) immunotherapy involving the injection of unlicensed dendritic cells to boost
the anti-tumor adaptive response. The angiogenic cytokine Vascular Endothelial Growth Factor
(VEGF) contributes to the immunosuppressive tumor microenvironment, which is responsible for
the short-lived therapeutic effect of cancer-targeted immunotherapy. The effect of
immunosuppression on the width of the therapeutic window of each treatment was quantified.
Experimental evidence has shown that neutralizing immunosuppressive cytokines results in an
enhanced immune response against infections and chronic diseases. The model was used to
determine treatment protocols involving the combination of anti-VEGF and unlicensed dendritic
cell injections that enhance tumor regression. The model simulations predicted that the most
effective method to treat tumors involves administering a series of biweekly anti-VEGF injections
to disrupt angiogenic processes and limit tumor growth. The simulations also verified the
hypothesis that reducing the concentration of the immunosuppressive factor VEGF prior to an
injection of unlicensed dendritic cells enhances the cytotoxicity of CD8+ T cells and results in
complete tumor elimination. Feasible treatment protocols for tumors that are diagnosed late and
have grown to a relatively large size were identified.
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1. Introduction

Cancer is one of the most prevalent diseases in the world (Jemal et al., 2010; Mathers et al.,
2001; Hayat et al., 2007). In spite of recent advancements in cancer treatment, the battle
against this deadly disease still rages on. Traditional treatment modalities include
chemotherapy, radiotherapy and surgery. Unfortunately, each of these types of treatment has
its own disadvantages, including damage to nearby healthy tissue due to chemical toxicity or
ionizing radiation (Schwartz, 1999; Park, 2014; Azinovic et al., 2001; Jellema et al., 2007;
Lipshultz et al., 2013; Azim et al., 2011), an increased risk of a second primary cancer due
to treatment of the first cancer (Schaapveld et al., 2008; Hodgson et al., 2007; Palumbo et
al., 2013; Bokemeyer and Schmoll, 1995), or loss of the treated organ. However, progress in
the fight against cancer continues to be made, as novel modes to treat cancer are developed
and tested. Mathematical modeling has become an essential tool that is used to simulate
tumor—immune cell interactions and to predict the therapeutic effect of various cancer
treatments (Bender et al., 2013; Ribba et al., 2014; Enderling and Chaplain, 2014; Louzoun
et al., 2014; Joshi et al., 2009; Eftimie et al., 2011; Wilson and Levy, 2012). As new
breakthroughs are made in the field of cancer biology and immunology, models are
developed that account for these discoveries (Liao et al., 2014; Poleszczuk et al., 2015;
Arciero et al., 2004; Stevens and Mackey, 2013).

A promising strategy to combat cancer is to reduce the supply of nutrients that is transported
to the tumor via angiogenesis, i.e. the sprouting of new blood vessels from existing
vasculature. The key cytokine that drives normal and pathological angiogenesis is the
Vascular Endothelial Growth Factor (VEGF) (Verheul and Pinedo, 2000; Hoeben et al.,
2004). The release of VEGF by tumor cells experiencing hypoxic conditions causes VEGF
to bind to VEGF receptors on the surface of endothelial cells, which serve as the building
blocks of existing vasculature. These activated endothelial cells then sprout and migrate into
the tumor site, leading to tumor angiogenesis and enhanced tumor growth. The objective of
administering an anti-angiogenic injection is to disrupt the process of new vasculature
growth into a solid tumor mediated by VEGF. One way to block tumor angiogenesis is to
inject the humanized VEGF antibody bevacizumab (Avastin®) to impede the activation of
the receptor VEGFR-2 by VEGF (Shih and Lindley, 2006; Ferrara et al., 2005).

Mounting evidence shows that VEGF also plays a major role in the immunosuppression of
innate and adaptive immune system cells (Liu et al., 2012; Shi et al., 2014; Voron et al.,
2014; Voron et al., 2015; Saito et al., 1998). VEGF suppresses their anti-tumor function due
to the capability of these cells of expressing VEGF receptors once they have been activated
and have migrated to the tumor site (Kaur et al., 2014; Murdoch et al., 2008; Ziogas et al.,
2012). Gabrilovich and colleagues showed that VEGF is capable of disrupting dendritic cell
function and can impede their maturation from CD34+ hematopoietic precursors
(Gabrilovich et al., 1996). CD8+ T cell function is also affected by VEGF (Voron et al.,
2015). Experimental results have shown that administration of bevacizumab can reverse the
maturation defect of dendritic cells by neutralizing VEGF (Osada et al., 2008). Thus,
another reason for administering anti-VEGF therapy is to eliminate the immunosuppressive
tumor microenvironment by reducing the concentration of free VEGF in the tumor. The
neutralization of VEGF would allow immune cells to carry out their tumor-targeted
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cytotoxic activities unimpeded. There are, however, side effects tied to the continuous use of
anti-angiogenic treatments based on monoclonal antibodies (Wu and Huang, 2008;
Widakowich et al., 2007). Additionally, continued use of an anti-angiogenic therapy may
eventually impede the transport of adjuvant drugs due to pruning of tumor vasculature.
Nevertheless, treatments involving monoclonal antibodies targeting VEGF have been
moderately successful for treating colon, breast, kidney and lung cancer, and have extended
the life of many patients up to several months.

Cancer cells are characterized by a set of hallmarks acquired through genetic or epigenetic
modifications (Hanahan and Weinberg, 2011). These changes confer them with certain
properties that allow them to survive and replicate in a hostile environment. A key hallmark
of cancer cells is their ability to limit, or even escape, tumor-targeted immunosurveillance
(Kim et al., 2007). Through genetic and epigenetic modifications, cancer cells reduce their
antigenicity by turning off genes that lead to expression of certain tumor-associated antigens
in the surface of their cell membrane that, if present, would trigger a strong immune
reaction. The typically-low antigenicity of tumor cells, combined with their ability to
stimulate angiogenesis, is what drives tumor growth and metastasis.

In order to counteract the ability of tumor cells to dampen or evade a tumor-targeted immune
response, immunotherapy has been proposed as an alternative treatment to kill tumor cells.
This treatment often exploits the presence of certain molecules found mainly on the surface
of tumor cells to make the tumor more antigenic, or visible, to immune cells. One type of
immunotherapy involves injecting primed or genetically modified live immune cells, such as
natural killer cells, dendritic cells, or cytotoxic T lymphocytes, into the patient to enhance
the immune response against cancer cells. Another immunotherapy approach involves
injecting antigens found on the surface of tumor cells. An advantage of both strategies is that
they tend to elicit a stronger and specific immune response that destroys cancer cells but
spares healthy tissue. An immunotherapy strategy aimed at killing tumor cells directly
involves the injection of cytokines such as TNF-a., IFN-y or IL-2 to force tumor cells to
undergo apoptosis or to keep them from replicating.

Immunotherapy administered as monotherapy has had limited success in a clinical setting.
Although it has been observed that multiple types of immune cells tend to migrate to the
tumor microenvironment, these activated cells are often anergic and develop functions that
are pro-tumor rather than anti-tumor. A reason for this anergy may be the generation of a
weak immune response due to persistently low tumor antigenicity in spite of efforts to boost
the immune system (Escors, 2014). Experimental evidence has shown that
immunosuppressive factors secreted by tumor cells, including VEGF, TGF-g and IL-10 are
responsible for creating a tumor microenvironment that is strongly immunosuppressive
(Gorelik and Flavell, 2002; Ghiringhelli et al., 2005; Della Porta et al., 2005; Ohm et al.,
2003; Akdis and Blaser, 2001; Oyama et al., 1998; Pinzon-Charry et al., 2005; Kusmartsev
and Gabrilovich, 2006), and leads to the loss of tumor-targeted cytotoxicity by native, as
well as injected, immune cells over time. Even if the tumor-targeted cytotoxicity of immune
cells were to remain active for an extended period of time, cancer cells tend to be genetically
unstable and eventually develop a resistance to immunotherapy.
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The mixed results of immunotherapy have motivated researchers to look for ways to extend
its therapeutic window. Based on the fact that VEGF stimulates the development of new
vessels from existent vasculature and that, at the same time, it acts as an immunosuppressor,
researchers have conducted experiments to elucidate the multiple therapeutic effects of an
anti-VEGF treatment, especially when coupled with other modes of treatment. Multiple
reports suggest that an anti-angiogenic treatment can reduce tumor vasculature while
simultaneously enhancing the anti-tumor immune response (Selvaraj et al., 2014; Oelkrug
and Ramage, 2014). Since an anti-VEGF treatment involving a VEGF antibody works by
decreasing the concentration of free VEGF from the tumor microenvironment, it is expected
that administering an anti-VEGF treatment prior to the administration of a DC treatment will
lead to treatment synergy characterized by a decreased tumor vascularization and a stronger
anti-tumor immune response.

The ideal cancer treatment would be one that requires only a limited number of injections in
order to trigger an anti-tumor immune response that is long-lasting and that minimizes
unwanted side effects. The dual role of VEGF as a pro-angiogenic and immunosuppressive
factor has motivated researchers to work on developing anti-cancer vaccines based on VEGF
or VEGFR antigen (Li et al., 2002; Gavilondo et al., 2014; Morera et al., 2012; Wang et al.,
2010; Okaiji et al., 2006). Some of these vaccines have been tested in animal models and in
clinical trials and have been deemed safe. However, in the cases where there was complete
tumor eradication, a regimen of periodic injections of VEGF antigen was required. A long-
term therapeutic effect produced by a small number of vaccinations is yet to be observed.

The mathematical model presented in this article was developed to serve as a basic platform
for cancer treatment design. The model was used to test the hypothesis that a combination of
an anti-VEGF treatment with immunotherapy involving injections of unlicensed DC can
lead to synergy and tumor eradication by suppressing the suppressor (VEGF). The model
predicts a specific therapeutic window for an anti-VEGF treatment and for immunotherapy
when each is administered alone, or in combination, during which the treatment can
eliminate the tumor. The model predicts that if the therapeutic window of each treatment has
passed, a series of anti-VEGF injections followed by injections of unlicensed DC will lead
to treatment synergy, resulting in the eventual elimination of the tumor without the need for
a continuous injection regimen or an excessively high dose, both of which can lead to
serious side effects.

Materials and methods

The present model integrates approaches aimed at simulating tumor angiogenesis, the
adaptive tumor-targeted immune response and immunosuppression mediated by tumor-
secreted factors. The model by Robertson-Tessi et al. (2012) was used as the basis of the
interaction between the tumor and the immune system due in part to its realism and
modeling approach that makes it easy to expand to include other types of immune cells,
cytokines and anti-cancer treatments. In their paper, the authors provide a detailed account
of the biological underpinnings of tumor-immune system interactions and a rationale for the
terms used in their model. Their model considered the dynamics of unlicensed and licensed
dendritic cells, and of proliferating and active CD4+ helper T cells and CD8+ effector T
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cells. These authors included the immunosuppressive effect of regulatory T cells (Tregs) and
of the tumor-secreted cytokines TGF-f and IL-10. The anti-tumor effect of IL-2 secreted by
proliferating CD4+ helper T cells was also included. By generating a set of bifurcation plots,
they also illustrated the effect of the level of tumor antigenicity and tumor growth rate on the
effectiveness of the immune system in eliminating a tumor in the absence of any treatment.
However, their model did not include any angiogenic processes, and tumor growth was
governed by a function that did not depend on the extent of tumor vascularization. Moreover,
their results indicated that immunotherapy consisting of injections of unlicensed dendritic
cells given as monotherapy may not be effective in eliminating a tumor, since their model
predicted an eventual increase in tumor growth after the treatment ends.

Continued tumor growth depends on sustained angiogenesis to increase tumor vasculature.
Angiogenesis, in turn, depends on the relative concentrations of VEGF, Angiopoietin-1
(Ang-1) and Angiopoietin-2 (Ang-2). Ang-1 leads to vasculature maturation by reinforcing
the adhesion of endothelial cells (EC) with each other. Ang-2 destabilizes vasculature and
leads to vessel sprouting when VEGF is present and to vascular regression in the absence of
VEGF. Cameron and Davis (2009) took the lead in modeling this aspect of tumor
angiogenesis and their approach served as the basis for tumor angiogenesis in the present
model. Their model assumed that the maturation of EC and the total length of tumor
vasculature both depend on the ratio of the concentration of VEGF to the number of EC. A
logistic tumor growth was assumed such that the carrying capacity of tumor cells depends on
the total length of vasculature inside the tumor. Since VEGF also acts as an
immunosuppresor, a term similar to that used in Robertson-Tessi et al. (2012) to model
immunosuppression by TGF-p was introduced. In their work, Cameron and Davis
demonstrated that only a temporary therapeutic benefit could be achieved with the anti-
VEGF treatment they simulated, similar to the predictions of the model by Robertson-Tessi
et al. for DC immunotherapy. These predictions of treatment failure motivated the author to
test whether it is possible to achieve synergy between these two treatments in a way that
leads to permanent elimination of a fastgrowing tumor of very low antigenicity.

The present model consists of 18 ordinary differential equations (ODE) describing the
dynamics of tumor cells, endothelial cells, immune cells, IL-2, IL-10, TGF-B, VEGF and
changes in tumor vasculature. As the ODEs are highly nonlinear and represent a stiff system,
MATLAB’s stiff system solver ode23 (Mathworks, Natick, MA) was used to solve the
system numerically. All the parameter values were taken from published /n vivoand in vitro
experiments involving human subjects and murine models, except the parameter values
defining the strength of VEGF immunosuppression, which were assumed to be the same as
those defining the immunosuppressive strength of TGF-. Injections of anti-VEGF and DC
were simulated by defining a new initial condition at the time point when an anti-VEGF or
DC injection is administered, increasing the current concentration of anti-VEGF or the
number of unlicensed DC by the amount of anti-VEGF or unlicensed DC injected, and
continuing to solve the system of ODEs from that time point while applying the new initial
conditions.
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Egs. (1)—(18) represent the model of tumor growth that was used to test the hypothesis that
an anti-VEGF treatment followed by a DC immunotherapy leads to tumor eradication via
treatment synergy.
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An injection of anti-VEGF leads to an increase in the current concentration of anti-VEGF,
which binds to free VEGF and reduces the concentration of both free VEGF and free VEGF
antibody. This type of treatment decreases the rate of tumor angiogenesis. An injection of
unlicensed DC boosts the anti-cancer activity of CD8+T cells. Table 1 lists the parameter
values that were used in all the simulations.

Table 2 lists the initial conditions that were used to run the model up to the time when an
injection was first administered, if any. These initial conditions were specifically chosen to
consider a case where a tumor has the potential to grow to a very large size by initiating
processes that can increase tumor vasculature in a short amount of time. A fully developed,
but small, vasculature was assumed to be initially present in the periphery of the tumor. To
facilitate the process of angiogenesis and vasculature maturation, the concentration of Ang-1
was initially set to be 10 times that of Ang-2. The initial tumor population consisted of a
single tumor cell and, therefore, the initial free VEGF concentration was set to zero due to
the fact that tumor cells do not experience hypoxia when their density is low. It was assumed
that there were 10,000 activated endothelial cells present initially, a single licensed dendritic
cell and a single activated effector CD8+ T cell. The initial conditions of all the other model
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variables were set to zero, including the number of activated CD4+ helper T cells, activated
CD8+ T cells and the concentration of pro-and antitumor cytokines.

To explore the possibility of synergy between two distinct antitumor treatments, the model
was used to compare the effect of administering a “standard anti-VEGF treatment”
consisting of 6 biweekly injections of 7 x 108 ng of anti-VEGF versus a “standard dendritic
cell treatment” consisting of 15 biweekly injections of 5 x 108 unlicensed dendritic cells for
three distinct cases: (1) immunosuppression by TGF- and VEGF are both turned off, (2)
immunosuppression by TGF-p is turned on but immunosuppression by VEGF is turned off,
and (3) the combined immunosuppressive effect of TGF-p and VEGF is turned on.

The dosage and the schedule of the standard anti-VEGF treatment were selected to be
consistent with phase 11 clinical trials involving the use of bevacizumab to treat recurrent
malignant glioma (Vredenburgh et al., 2007). In general, the recommended dose varies by
cancer type and period between injections. For example, it is recommended to administer 10
mL (25 mL) of bevacizumab per kilogram of body weight to treat glioblastoma multiforme
(metastatic colon carcinoma), if it is administered every two weeks. The chosen dosage of
unlicensed DC in the model is one that is typically administered (Brossart et al., 2000). A
14-day interval between DC injections is optimal in the sense that it has been observed that a
different period between injections leads to a longer time needed for complete tumor
removal. The fact that a 2-week period between DC injections is optimal is not surprising,
since it is consistent with the timescale of T cell expansion and decay (Robertson-Tessi et
al., 2012).

3. Results

Table 3 shows the predicted number of tumor cells, activated endothelial cells, total length of
tumor vasculature and VEGF concentration for different levels of tumor antigenicity, when
immunosuppression by TGF-p and VEGF are both turned off (indicated by the top number
within each table cell), and when no anti-tumor treatment is administered. The maximum
simulation time was 4000 days (~11 years). For the lowest tumor antigenicity considered in
the model (a= 1 x 107°), it is predicted that the adaptive immune system will not be able to
arrest tumor growth. In this case, the anti-tumor immune response will be very weak and,
consequently, effector T cells will not be able to kill tumor cells at a rate fast enough to
overcome the replication rate of tumor cells. However, for higher levels of tumor
antigenicity, the adaptive immune system will stabilize tumor size as long as
immunosuppressive effects are weak or nonexistent. In addition to regulating tumor growth,
the immune system will also maintain the number of endothelial cells, tumor vasculature and
VEGF concentration at a stable equilibrium. This model prediction suggests that if there is
no immunosuppressive effect by TGF-p and VEGF, and as long as the antigenicity of the
tumor is not too low, namely, if parameter a is of the order O(10™4) or greater, tumor size
will remain small. If the immune system were to effectively kill cancer cells at this constant
rate, there would be no tumor growth even if cancer cells continue to replicate. Additionally,
the model predicts that if tumor size is already stabilized and remains constant due to the
anti-tumor action of the adaptive immune system, either a standard anti-angiogenic
treatment or standard DC immunotherapy administered at any point in time will eliminate
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the remaining tumor cells. This result suggests that an anti-VEGF treatment and a DC
treatment both have an “infinite” therapeutic window to begin treatment if tumor growth has
already been stabilized by the adaptive immune system prior to the administration of one of
these treatments.

Table 3 illustrates the non-linear relationship between the concentration of free VEGF
(which can be used as a biomarker of tumor size) and the level of tumor antigenicity when
immunosuppression by TGF-p and VEGF is turned off (top value of each table cell). In the
model, as tumor antigenicity increases a= 1 x 10~ (and up to a= 1 x 1072), the adaptive
immune system is stimulated to kill cancer cells more effectively, which reduces tumor size
and the total amount of VEGF secreted by tumor cells. At 2= 2.68 x 1073 VEGF
concentration decreases below a threshold value, leading to the collapse of the activated
endothelial cell population (which explains the entries with zero active EC). This has the
effect of further arresting the growth of the tumor and of its vasculature. Increasing tumor
antigenicity from a= 1072 to 2= 102 leads to an increase in VEGF concentration, the
activated EC population and total tumor vasculature. However, beyond a = 102 the tumor
antigenicity will be high enough to elicit an even stronger immune reaction. This immune
response results in a further decrease in VEGF concentration below its threshold value for
EC activation due to the increased tumor cell death, leading again to the collapse of the EC
population, and to an even greater reduction of tumor size and tumor vasculature.

Although the above predictions only apply to the case of no immunosuppression by TGF-p
and VEGF, they suggest that immunotherapy is a promising mode to treat cancer, since it
increases the anti-tumor immune response by increasing the net antigenicity of the tumor.
Based on these simulations, an immunotherapy that increases the tumor antigenicity level to
be in the order of O(1074) can lead to the stabilization of tumor growth, as long as the
immunosuppressive tumor microenvironment is neutralized prior to the administration of
immunotherapy.

Table 3 also shows the predicted number of tumor cells, activated endothelial cells, total
length of tumor vasculature and VEGF concentration for different levels of tumor
antigenicity, when a combined immunosuppressive effect by TGF-p and VEGF is present
(indicated by the bottom number within each table cell), and without any treatment. The
maximum simulation time was also 4000 days. For the lowest level of tumor antigenicity
used in the model (2= 1 x 107°) up to an intermediate level (a=1), it is predicted that the
adaptive immune system will not be able to kill cancer cells at a rate fast enough to stop
tumor growth. For low to intermediate antigenicity values, immunosuppression will be
sufficiently strong that it will reduce tumor cytotoxicity significantly, leading to continued
tumor vascularization and growth. Consequently, the number of tumor cells, activated
endothelial cells, tumor vasculature and VEGF concentration will continue to increase. If the
tumor antigenicity level is in the order O(10%) or higher, the adaptive immune system alone
will be able to arrest tumor growth, but it may not be able to eliminate the tumor completely.

Comparing the results of no immunosuppression versus immunosuppression presented in
Table 3 allows the quantification of the negative effect that TGF- and VEGF have on the
functionality of cancer-targeted immune cells. In the presence of immunosuppression, only
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tumors of a relatively high antigenicity can be stabilized by the immune system without the
need for an antitumor treatment. These results demonstrate that it is not sufficient to prime
immune cells to destroy tumor cells. The immunosuppressive tumor microenvironment must
also be modified to ensure that the immune cells that penetrate the tumor maintain their
cytotoxic effect against tumor cells long after the immunotherapy has ended. The model
predicts that a “tip of the balance” in favor of strengthening immunosuppression and
reducing tumor antigenicity will lead to tumor persistence, whereas high tumor antigenicity
alone could lead to tumor clearance even in the presence of moderate immunosuppressive
effects.

In nature, the tip of the balance favors low antigenicity and high immunosuppression.
Therefore, to ensure that the analysis and predictions of the model are clinically relevant and
conform to experimental observations, the results presented hereafter pertain only to the case
of very low tumor antigenicity (2= 1 x 107°).

In the model, the growth coefficient y4 determines how fast tumor cells replicate. This
parameter can be set to a constant value in the range 0.1-1 (day™1) to simulate a slow-
growing or a fast-growing tumor. An aspect of tumor growth regulation that was studied
with the model is the extent to which the growth rate of a tumor of very low antigenicity
determines whether the adaptive immune system alone will be able to eliminate the tumor.
Table 4 shows the results when the immunosuppressive effect of TGF-p and VEGF is turned
off (indicated by the top number within each table cell), and when it is turned on (indicated
by the bottom number within each table cell), for different values of the tumor growth
coefficient 51, when no anti-tumor treatment is administered. The maximum simulation time
was again 4000 days. These data indicate that regardless of whether the immunosuppressive
effect of TGF-p and VEGEF is off or on, the faster a tumor grows, the more destabilizing this
growth rate is on tumor—immune system dynamics. In particular, the immune system alone
cannot control tumors that have an intermediate to high growth coefficient (0.5<y1<1)
because these tumor cells grow at a faster rate than the rate at which they are killed by
immune cells (Robertson-Tessi et al., 2012). In this case, the number of tumor cells,
activated endothelial cells, tumor vasculature and the concentration of VEGF will continue
to increase. However, the model predicts that tumors having a low to intermediate growth
coefficient in the range 0.1<y;<0.4 will be stabilized by the immune system in the absence
of any anti-tumor treatment. Interestingly, the model predicts that if a tumor of very low
antigenicity (2= 1 x 107°) were to grow very slowly (1=0.1), it is not likely to initially
elicit a strong immune response due to the fact that few unlicensed dendritic cells will come
in contact with tumor cells to become mature unlicensed DCs (see the first term in the right-
hand side of Eq. (2)), and the tumor will continue to grow over time. By the time the tumor
has grown to a size large enough to elicit a stronger immune response (due to a faster rate of
unlicensed DC maturation via an increase in the frequency of DC contact with tumor cells),
it will be able to escape destruction due to the large number of tumor cells that are already
present and that are actively dividing, and the fact that the immune response is still relatively
weak due to the low antigenicity of the tumor.

Therefore, a factor that is predicted by the model to play a key role in determining whether a
tumor will be eliminated by the immune system or whether it will escape immune
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destruction is not only the magnitude of the elicited immune response, but also how early
this immune response is triggered by the tumor (or through immunotherapy). This suggests
the existence of a therapeutic window during which immunotherapy should be started to be
successful in eliminating the tumor.

The results based on administration of an anti-tumor treatment are presented in Section 3.1
through Section 3.3. All the simulations assumed a tumor of very low antigenicity (a= 1 x
107°) that grows at a fast rate (1=0.69). This combination of parameter values was selected
in order to simulate a realistic worst-case scenario to test the effectiveness of different anti-
tumor treatment protocols in treating an aggressive tumor that elicits a very weak immune
response.

3.1. Anti-VEGF treatment

3.1.1. No immunosuppression by TGF-p or VEGF—When only a standard anti-
VEGF treatment is administered, there is a therapeutic window for the time of the first anti-
VEGEF injection of 157 days<#586 days that leads to tumor eradication. Administering the
standard anti-VEGF treatment too early is ineffective because early on, when the tumor is
relatively small, there is not sufficient VEGF in the tumor for anti-VEGF to neutralize it, and
the injected VEGF antibodies will be wasted without any benefit to the patient. Starting the
standard anti-VEGF treatment on day 586 or after, will also be ineffective in treating the
tumor because, by then, there will be too much VEGF, leading to a large amount of tumor
vasculature and a high tumor cell carrying capacity. This will result in too many tumor cells
for the standard treatment protocol to be effective. The model predicts that in order to
eliminate the tumor if the therapeutic window of a standard anti-VEGF treatment has ended
and no anti-VEGF treatment has been started, more anti-VEGF injections will be required in
order to decrease the tumor size substantially. For example, a modified anti-VEGF treatment
started on day 680 and consisting of 20 biweekly anti-VEGF injections will be successful in
eradicating the tumor.

An important consideration when designing a treatment protocol and schedule is the
minimization of treatment cytotoxicity and cost. These constraints impose a limit on the
feasibility of an anti-VEGF treatment protocol. If the tumor has been detected very late and
no practical modified anti-VEGF treatment can eradicate the tumor, other forms of treatment
should be pursued first (chemotherapy or radiotherapy). Once the tumor size is reduced
significantly by these alternative modes of treatment, an anti-VEGF treatment can be started
to eliminate the remaining tumor cells.

3.1.2. Immunosuppression by TGF-g only—There is a therapeutic window for the
time of the first anti-VEGF injection of 157 days<#&554 days that leads to tumor eradication.
The model predicts that in order to eliminate the tumor if the therapeutic window of a
standard anti-VEGF treatment has ended and no treatment has been administered, more
injections, a greater frequency of them, and/or a greater anti-VEGF dose than prescribed in
the standard treatment will be required. For example, a modified anti-VEGF treatment
started on day 620 and consisting of 10 biweekly anti-VEGF injections will be successful in
eradicating the tumor. In contrast, starting an anti-VEGF treatment of biweekly injections on
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day 660 would be unsuccessful even if 40 or more injections were administered, suggesting
that chemotherapy or radiotherapy would be better initial treatment options at this stage.

3.1.3. Immunosuppression by TGF-g and VEGF—There is a therapeutic window
for a standard anti-VEGF treatment of 157 days<#546 days specifying when the first
injection should be given to ensure that the tumor is eliminated. As the immunosuppressive
effects of TGF-PB and VEGF were incorporated into the model one at a time, the therapeutic
window of a standard anti-VEGF treatment became narrower, but not as drastically as the
therapeutic window of a standard DC treatment (see Section 3.2). If the therapeutic window
of a standard anti-VEGF treatment has passed and no anti-VEGF treatment has been started,
the model predicts that an extended anti-VEGF treatment will be successful in eradiating the
tumor if started no more than a few months after the therapeutic window of a standard anti-
VEGF treatment ends. An example of a successful treatment is to give 25 biweekly anti-
VEGF injections starting on day 630.

Dendritic cell treatment

3.2.1. No immunosuppression by TGF-p or VEGF—When only a standard DC
treatment is administered, there is a therapeutic window for the time of the first DC injection
of 144 days<447 days that leads to tumor eradication. Starting a standard DC treatment
after its therapeutic window has passed will be ineffective because, by then, there will be too
many tumor cells. Only if the standard DC treatment protocol were to be modified by
increasing the number or frequency of DC injections, and this modified DC treatment were
to begin soon after the therapeutic window has passed, would there be eradication of the
tumor. For example, to eliminate a tumor when a DC treatment is started on day 465 would
require at least 30 weekly DC injections. However, the model predicts that no practical or
biologically realistic extended DC treatment will be able to eliminate a tumor if it is
diagnosed several months after the therapeutic window of a standard DC treatment has
ended.

3.2.2. Immunosuppression by TGF-B Only—There is a therapeutic window for the
time of the first injection of a standard DC treatment of 147 days<#&326 days that leads to
tumor eradication. This window is significantly narrower than the one for the case when no
immunosuppressive effect by TGF-p and VEGF was considered. Starting a standard DC
treatment after the therapeutic window for a standard DC treatment has passed (on day 326)
will be ineffective because, by then, there will be too many tumor cells and the concentration
of TGF-p will be high enough to significantly suppress the function of the immune cells,
including the injected DC. Only if the standard DC treatment protocol were to be modified
by increasing the number or frequency of DC injections, and this modified treatment were to
begin soon after the therapeutic window has passed, the tumor would be eradicated. For
example, eliminating a tumor when DC treatment is started on day 330 would require at
least 31 weekly DC injections.

3.2.3. Immunosuppression by TGF-g and VEGF—When the immunosuppressive
effects of TGF-p and VEGF are both considered, a standard DC treatment could not
eradicate the tumor no matter when the treatment was started. Hence, there is no therapeutic
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window for a standard DC treatment when a tumor of low antigenicity is able to suppress the
immune system through the secretion of multiple immunosuppressive cytokines. This result
suggests that a standard DC-based immunotherapy will not eliminate the tumor, unless ways
to reduce the immunosuppressive effect of the tumor microenvironment are first
implemented. Moreover, no feasible and safe extended DC treatment was found that could
eradicate the tumor.

3.3. Combined anti-VEGF and dendritic cell treatments

3.3.1. No immunosuppression by TGF-p or VEGF—Case 1: A standard anti-VEGF
treatment is given first, and it is followed by a standard DC treatment after the anti-VEGF
treatment ends. If a standard anti-VEGF treatment is started within its therapeutic window of
157 days<#586 days, the tumor will be eradicated and a standard DC treatment will not be
necessary. If the therapeutic window for a standard anti-VEGF treatment has passed, a
viable option is to achieve treatment synergy by administering a standard anti-VEGF
treatment on day 645 followed by a standard DC treatment starting on day 740.

Case 2: A standard DC treatment is given first, and it is followed by a standard anti-VEGF
treatment after the DC treatment ends. If a standard DC treatment is started within its
therapeutic window of 144 days<#<447 days, the tumor will be eradicated and a standard
anti-VEGF treatment will not be necessary. If the therapeutic window for a standard DC
treatment has passed but the therapeutic window of a standard anti-VEGF treatment has not
passed (the time is 446 days<&586 days), a standard anti-VEGF treatment alone will
eliminate the tumor. From day 586 and on, the best option is to only administer an extended
anti-VEGF treatment to eradicate the tumor (e.g. 12 biweekly anti-VEGF injections given
starting on day 670).

3.3.2. Immunosuppression by TGF-g Only—Case 1: An anti-VEGF treatment is
given first, and it is followed by a DC treatment soon after the anti-VEGF treatment ends. If
a standard anti-VEGF treatment is started within the anti-VEGF therapeutic window of 157
days<#554 days, the tumor will be eradicated and a standard DC treatment will not be
necessary. However, if the standard anti-VEGF treatment is initiated after its own therapeutic
window ends on day 554, the model predicts that following this standard anti-VEGF
treatment with a standard DC treatment will lead to treatment synergy and success only if
the standard anti-VEGF treatment is started in no more than a few months after its
therapeutic window ends. For example, a standard anti-VEGF treatment started on day 626
followed by a standard DC treatment that begins on day 720 will be successful in
eliminating the tumor.

Case 2: A standard DC treatment is given first, and it is followed by a standard anti-VEGF
treatment after the DC treatment ends. If a standard DC treatment is started within its
therapeutic window of 147 days<#326 days, the tumor will be eradicated and a standard
anti-VEGF treatment will not be necessary. If the therapeutic window for a standard DC
treatment has passed, but the therapeutic window for a standard anti-VEGF treatment has
not passed (i.e. the current time is 325 days<#<554 days), administering a standard anti-
VEGF treatment will eliminate the tumor. If treatment is started on day 554 or after, viable
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options include administering only an extended anti-VEGF treatment or aiming for
treatment synergy as discussed in Case 1 above.

3.3.3. Immunosuppression by TGF-g and VEGF—Case 1: An anti-VEGF treatment
is given first, and it is followed by a DC treatment after the anti-VEGF treatment ends. In
this case, if a standard anti-VEGF treatment is initiated after its therapeutic window of 157
days<#&546 days ends, then an example of a strategy that eliminates the tumor is a standard
anti-VEGF treatment started on day 600 and followed by a standard DC treatment starting
on day 720.

Case 2: A sequence where a standard DC treatment is administered first and a standard anti-
VEGF treatment is given after the DC treatment ends, is not recommended because a
standard DC treatment has no therapeutic effect no matter when the first DC injection is
given. If the therapeutic window of a standard anti-VEGF treatment has passed and no
cancer treatment of any kind has been administered, then an alternative to eradicate the
tumor is to give as many anti-VEGF injections as are necessary until the tumor is eradicated.

The results presented in Figs. 1-4 are based on a tumor of low antigenicity (a= 1 x 107°)
that grows at a fast rate (71=0.69) and that secretes the immunosuppressors TGF-p and
VEGF. Fig. 1 illustrates a case where tumor size and the amount of free VEGF are both
reduced by a standard anti-VEGF treatment started on day 600, but without extending this
anti-angiogenic treatment, and without following it with DC immunotherapy. The outcome
is an eventual growth of the tumor over time and failure of the standard anti-VEGF
treatment.

Fig. 2 illustrates complete tumor elimination when a standard anti-VEGF treatment started
on day 600 is followed by a standard DC immunotherapy starting on day 710. The standard
anti-VEGF treatment decreased the concentration of free VEGF low enough to allow a
standard DC treatment to effectively eliminate the tumor without the need for a constant or a
high-dose regimen of DC injections. Without this substantial decrease in VEGF, a standard
DC immunotherapy started on day 710 (or on any other day) would not have been successful
in eliminating the tumor. Thus, Fig. 2 illustrates the fact that the combined regulatory effect
of a standard anti-VEGF treatment and a standard DC treatment is stronger than the effect of
either treatment given as monotherapy.

Figs. 3 and 4 show the corresponding dynamics of tumor-targeted immune cells and pro-
tumor regulatory T cells for the case when synergy between a standard anti-VEGF treatment
and a DC treatment is achieved. The injection of unlicensed DC leads to a sharp increase in
the number of active CD8+ T cells and of CD4+ helper T cells that target the tumor. This
temporary boost of immune cell activity, coupled with a reduction of the immunosuppressive
effect of VEGF effected by the anti-VEGF treatment, is sufficient to eradicate the tumor.

Based on the model simulations, the extent of tumor antigenicity and the level of
immunosuppression interact to determine the therapeutic time window of a standard anti-
VEGF treatment and of a standard DC treatment. Many more injections with a shorter
period between them will be required if these treatments are not started during their
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respective therapeutic window. Achieving synergy between these two treatments helps to
reduce the total number of injections needed of each type, reduces the injection frequency
required for treatment success, and the toxicity that may occur when a single type of
treatment is given for an extended period of time. Since the time span from the time of
tumor development to its diagnosis determines tumor size (here defined as the total number
of cancer cells that form a solid tumor), a therapeutic time window actually specifies the
lower and upper bounds of tumor size above and below which, respectively, a standard anti-
cancer treatment will be effective in eliminating the tumor. Therefore, tumor size at the start
of treatment may be used as a marker to determine which of these two treatments will be the
most practical and safer to implement, and whether a combination immunotherapy should be
administered.

When a tumor exhibits low antigenicity, and the combined immunosuppressive effect of
TGF-p and VEGF is strong, an anti-VEGF treatment alone is predicted to be the most
effective method to reduce tumor size. An advantage of a standard anti-VEGF treatment
over a standard DC treatment, when TGF-p and VEGF both suppress the immune system, is
that the former treatment is not affected by these immunosuppressors. This has the effect of
making an anti-VEGF treatment effective at eliminating a tumor over a wide therapeutic
time window that is robust with respect to the level of tumor immunosuppression. On the
other hand, the therapeutic time window of a standard DC treatment becomes narrower as
the combined concentration of TGF-B and VEGF increases over time. This means that
standard DC immunotherapy will be effective at eliminating only small, slow-growing
tumors of a possibly undetectable size, if tumor-induced immunosuppression is strong.

In spite of the predicted success of an anti-VEGF treatment at eliminating a tumor relative to
that of a DC treatment, the success of an anti-VEGF monotherapy has been modest in a
clinical setting. Fig. 1 suggests that an anti-VEGF therapy alone cannot eliminate a tumor
without the assistance of an activated tumor-targeted immune system. Fig. 2 indicates that
the successful removal of a tumor by an anti-VEGF treatment is partially due to having an
active immune system that takes over in the final stages of anti-VEGF treatment, when the
concentrations of immunosuppressive and angiogenic cytokines have been reduced
significantly. In effect, the success of an anti-VEGF treatment targeting cancer derives from
the fact that it reduces tumor size by decreasing the carrying capacity of the tumor and by
reducing immunosuppression, both of which allow the suppressed, anergic immune system
to become reactivated and clear the remaining tumor cells.

Table 5 summarizes the effect of incremental immunosuppression by TGF-g and VEGF on
the therapeutic time window and tumor size window of the standard anti-cancer treatments
that were simulated using the model defined by Egs. (1)—(18).

A therapeutic window of time or, equivalently, of tumor size, is useful only if this window
includes the tumor size threshold for detection. If the model were to predict therapeutic
windows only for tumors of undetectable sizes, the results would be useless for developing
anti-tumor treatment protocols. A tumor size threshold for 80% probability of detection is
estimated to be on the order of 108 cancer cells. This is based on the probability of detecting
a tumor of a given diameter calculated in Michaelson et al. (2003), and the formula given in
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Michaelson et al. (1999) for approximating the number of cancer cells as a function of tumor
diameter

3
ne B[in(é) ] (19)

where d'is the tumor diameter in centimeters and B is the number of cells per cubic
centimeter. Given that most cancer cells have a diameter of approximately 20 um, the typical
solid tumor density is estimated to be B=108 cancer cells per cubic centimeter (Michaelson
etal., 1999). Solving (19) for dgives

3 3n

A~ 2\ 7B

(20)
which can be used to estimate the diameter of a tumor consisting of n cells and assuming a
tumor density of B cancer cells per cubic centimeter. Based on (20), the ranges of solid
tumor diameter that a standard anti-VEGF treatment and a standard DC treatment would be
able to eliminate are listed in Table 6. These results indicate that as immunosuppression
increases, it sets a limit on the maximum tumor size that can be eliminated by either
treatment. These results also suggest that an extended anti-VEGF treatment would be
appropriate to administer to reduce the size of tumors that are detected late, are highly
vascularized, and have grown to a relatively large size. The potential side effects of an
extended anti-angiogenic treatment may be avoided by switching to DC immunotherapy as
soon as the size of the tumor has been reduced significantly and the immunosuppressive
effect of VEGF and TGF-p has been neutralized.

The therapeutic windows and tumor diameter ranges presented in Tables 5 and 6 indicate
that a standard anti-VEGF treatment can be used to treat a detectable tumor at all levels of
immunosuppression. However, this may or may not be the case for DC immunotherapy,
depending on how strong the immunosuppression is. When a tumor is diagnosed, it may be
of a size large enough that the immunosuppressive tumor microenvironment will make even
an extended DC treatment ineffective. Experimental and modeling efforts are underway to
develop methods aimed at improving tumor detection at earlier stages (Lutz et al., 2008).
These efforts will help to decrease the tumor-detection size threshold to be well within the
therapeutic window of DC-based immunotherapy predicted by the model.

Adherence to recommended screening guidelines, especially by at-risk individuals of a
certain age, race and sex, will be crucial to the diagnosis of a tumor at an early stage, when
the therapeutic window for an anti-VEGF or DC treatment is still active and can lead to
tumor elimination. Early detection will help avoid the need for chemotherapy or
radiotherapy. In a clinical setting, a cost-benefit analysis, as well as a comparison of the side
effects of an anti-angiogenic treatment versus immunotherapy, will also play a role in
determining whether anti-VEGF injections, DC injections or a combination of both should
be administered.

Since the initial number of tumor cells was set to a single tumor cell, all the model
simulations assumed a zero initial VEGF concentration. If free VEGF were already present
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before an anti-VEGF treatment begins, then, the greater the initial concentration of VEGF,
the more this would cause the therapeutic time window for administering anti-VEGF to shift
to the left. This shift would allow the possibility of giving anti-VEGF injections much earlier
to eliminate the tumor, since there would be a substantial amount of VEGF early on that
could be neutralized by anti-VEGF. However, the maximum day limit to begin anti-VEGF
treatment and be effective in treating the tumor would be smaller. Similarly, the model
predicts that a significant initial concentration of free VEGF in or nearby the tumor would
cause the therapeutic time window for administering a standard DC treatment to shift to the
left. This prediction is to be expected because the tumor vasculature and carrying capacity
would be greater and the tumor would grow at a faster rate compared to the case when there
is little or no VEGF initially, thus reducing the maximum day limit when a standard DC
treatment should be started in order to effectively eliminate the tumor.

The model simulations highlighted the advantages of an anti-angiogenesis treatment based
on injecting a monoclonal VEGF antibody to eliminate tumors up to a size of 1019 cancer
cells, regardless of the presence or absence of an immunosuppressive effect by TGF-p and
VEGF. Neutralizing tumor-secreted VEGF by administering anti-VEGF is sufficient to
decrease the immunosuppressive effect of VEGF, allowing immune cells that are activated
by tumor antigens to migrate to the tumor site and perform their cytotoxic activity. However,
due to the low antigenicity of tumors, the process of DC licensing and of CD4+ and CD8+ T
cell activation may take too long. This delay in activating the immune system to target the
tumor may lead to tumor growth, and escape, before the immune system has had a chance to
fight it. For this reason, combining an anti-VEGF treatment with immunotherapy to achieve
a faster and enhanced immune response is a more appropriate strategy to eliminate a tumor
than anti-VEGF monotherapy.

A complex issue that was not addressed in the model assumptions is the fact that activated
immune cells use the peripheral and tumor vasculature to reach and penetrate the tumor.
Although anti-VEGF can limit the effect of immunosuppression within the tumor and can
reduce tumor angiogenesis, it can also have the adverse effect of disrupting useful
vasculature, leading to reduced trafficking of activated immune cells to the tumor site.
Optimal control theory could be implemented to determine the best anti-VEGF treatment
protocol that will maximize tumor size reduction while also minimizing unwanted side
effects.

Further expansion and analysis of the model could involve the simulation of adoptive
immunotherapy involving ex vivo generated cytotoxic T lymphocytes (CTL). This approach
would bypass the immunosuppressive effect that limits the expansion of CTL. Moreover, the
model can be expanded to simulate immunotherapy where CTLs are genetically modified to
express chimeric antigen receptors (CAR) in order to bypass the need for MHC signaling,
which tumor cells often suppress (Maher and Davies, 2004). The CAR approach is likely to
become increasingly important in the future development of an anti-cancer vaccine.

Although the integration of tumor angiogenesis, a tumor-targeted immune response and the
immunosuppressive effect of tumor secreted cytokines made the present model more
realistic, there are important aspects that were not addressed. For example, the time it takes
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dendritic cells to migrate to lymph nodes and spleen to activate CD8+ T cells was ignored.
The model also ignored the time delay that exists due to migration of effector T cells to the
tumor site. Time delays are known to destabilize the dynamics of many biological systems,
leading to oscillations in the number of tumor cells over time. The predictions based on the
analysis of the present model assumed no delays in the immune system response, leading to
a possible overestimation of the therapeutic benefit of an anti-VEGF treatment and of
immunotherapy.

The model did not consider the pro- and anti-tumor effect of M1 and M2 macrophages, or
the therapeutic benefit of IL-12, IFN-y and TNF-a, all of which are secreted by immune
cells at different rates depending on the type and strength of the stimulus. The effect of these
cells and cytokines can be incorporated into the model as more information on their
dynamics and precise roles becomes available. The difficulty of incorporating these
additional components into the model lies in the fact that immune cells can switch from
being anti-tumor to being pro-tumor (S&nchez-reyes et al., 2014; Chimal-Ramirez et al.,
2013). This phenotypic switch of immune cells needs to be modeled accurately in order to
realistically simulate their contribution to hindering (or perpetuating) tumor growth in the
context of the tumor microenvironment. Similarly, certain cytokines can be anti- or pro-
tumor depending on the spatial and temporal context. The multifaceted role of certain
cytokines would need to be elucidated more clearly before including them in the model, in
order to avoid introducing a bias that would artificially tip the balance in favor of tumor
regression or tumor growth, making a treatment seem more or less effective, respectively,
than it has the potential to be. Robertson-Tessi et al. (2012) included in their model the
immunosuppressive effect of IL-10 and the anti-tumor effect of IL-2. Hence, IL-2 and IL-10
were incorporated into the present model to keep their modeling approach as intact as
possible to quantify the effect of introducing tumor angiogenesis and an anti-VEGF
treatment. This is the reason why anti-tumor cytokines such as IFN-y and IL-4 were not
included.

Tumor angiogenesis does not only depend on the amount of VEGF secreted by tumor cells,
but also on the density, and type, of VEGF receptors present on endothelial cells. Multiple
VEGF receptors, including co-receptors and antagonistic soluble receptors are known to
exist. A compartmental, mechanistic modeling approach that can simulate the key aspects of
tumor angiogenesis would make the model more realistic. This type of model has previously
been developed to simulate the transport of VEGF between the blood, normal tissue and
tumor compartments, to simulate the binding dynamics of VEGF with its receptors, and to
quantify the therapeutic effect of administering a monoclonal antibody targeting VEGF
(Finley et al., 2013). A molecularly-detailed model of angiogenesis could be expanded to
include mechanistic information on the immune system and the transport of immune cells
from one compartment to another. Expanding such a compartmental model will require
accurate information, obtained from published work or by designing new experiments, on
the kinetic and geometric parameters of immune cells, their cytokines and their receptors.
Once the necessary information becomes available, a multi-compartmental pharmacokinetic
model of tumor-immune system interactions could serve as a framework for designing an
anti-tumor vaccine.
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TGF-p is an angiogenic factor secreted by tumor cells that also contributes to tumor
vascularization (Elliott and Blobe, 2005). Thus, the tumor carrying capacity could be defined
as a function of both VEGF and TGF-f. This modeling aspect could be important if TGF-$
and VEGF can synergize to enhance tumor vascularization. Since VEGF is known to be the
major mediator of angiogenesis, the tumor carrying capacity was assumed to depend only on
the amount of free VEGF available. However, certain patients become resistant to anti-
VEGF therapy or are unresponsive to this type of treatment (Prager et al., 2011). Hence,
other means to target angiogenic pathways have been explored, including treatments
targeting TGF-B (Connolly et al., 2012; Ganapathy et al., 2010). The model can be used to
design an anti-angiogenic treatment that only targets TGF-p, or that targets both TGF-p and
VEGF. As with any cancer treatment, the level of toxicity and possible side effects need to
be addressed. A pharmacokinetic model that includes a compartment representing normal
tissue will serve to design a treatment protocol that maximizes tumor regression, while
minimizing the damage to healthy cells.

In the future, the model will be expanded to include a cancer-targeted innate immune
response characterized by natural killer cells and a humoral response that produces
antibodies against tumor cells or against tumor-secreted factors. An anti-tumor vaccine that
is able to elicit antigen presentation and antibody production by CD40-activated B cells is
promising, since there is evidence indicating that the immunosuppressive factors IL-10,
TGF-p and VEGF do not affect the antigen-presenting function of CD40-activated B cells
(Shimabukuro-vornhagen et al., 2012). Also, it is known that the tumor microenvironment
contributes to the immunosuppression of natural killer cells (Baginska et al., 2013). An
inverse correlation between NK cell activation and Treg activity has been observed, and
VEGF and TGF-B play a key role in promoting the activity of Tregs against NK cells
(Ghiringhelli et al., 2005; Wada et al., 2009). The expanded model will incorporate the
antagonistic functions of Tregs and NK cells and will be used to quantify the role that
tumor-secreted cytokines and tumor-associated cells play in suppressing the innate, adaptive
and humoral immune responses.

4. Conclusion

A model simulating tumor angiogenesis and tumor—immune system interactions predicted
that, in spite of strong immunosuppressive effects, an anti-VEGF treatment has a wide, and
robust, therapeutic window of tumor size that leads to the elimination of detectable tumors.
In contrast, the therapeutic window of dendritic cell-based immunotherapy becomes
considerably narrower as the immunosuppressive effects in the tumor microenvironment
become stronger. The model predicted synergy when an anti-VEGF treatment is
administered first to reduce immunosuppression, and is immediately followed by
immunotherapy to boost and enhance the tumor-targeted immune response. Biologically-
feasible treatment protocols were designed that lead to tumor elimination and that do not
require a permanent administration of anti-VEGF or dendritic cell injections. These results
lay the groundwork for a future pharmacokinetic model that could be used to develop an
anti-tumor vaccine.
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HIGHLIGHTS

. Distinct therapeutic windows are predicted to exist for an anti-VEGF
treatment and for DC immunotherapy.

. Conditions leading to synergy between an anti-VEGF treatment and DC
immunotherapy were identified.

. The model integrates tumor angiogenesis, an adaptive immune response and
immunosuppression.

. Tumor size at diagnosis can be used as a marker to select the most feasible
type of treatment.
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combined with a treatment of unlicensed dendritic cells. Although tumor size is reduced
significantly by a standard anti-VEGF treatment started on day 600, the tumor will
eventually grow if the anti-VEGF treatment is not expanded, or if no follow-up DC
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(C) number of endothelial cells, and (D) total tumor vasculature.

J Theor Biol. Author manuscript; available in PMC 2020 September 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Soto-Ortiz and Finley

Page 27
A i B
3 x 10 1010
25 TC —\/EGF
0
P _ 10
e jo)]
5 15 =
o S 10t
3 e
o &
0.5 102 |
0
0.5 10%
0 1000 2000 3000 4000 0 1000 2000 3000 4000
Time (days) Time (days)
C D
10%° 10
£
10°
—~ 0
E E "
S 107 5
— o
[} =
O ~ S 1o} /
40
10 m a TN
10% 10%°
0 1000 2000 3000 4000 0 1000 2000 3000 4000
Time (days) Time (days)
Fig. 2.

Tumor elimination via synergy between an anti-angiogenic treatment and a DC treatment. A
standard anti-VEGF treatment started on day 600 decreases tumor size, and the
concentration of free VEGF, low enough to make a standard DC treatment started on day
710 effective at eliminating the remaining tumor cells. (A) number of tumor cells, (B)
concentration of free VEGF, (C) number of endothelial cells, and (D) total tumor
vasculature.
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Dynamics of tumor-targeted dendritic cells and CTL when synergy between an anti-
angiogenic treatment and a DC treatment is achieved. A standard anti-VEGF treatment was
started on day 600 and was followed by a standard DC treatment started on day 710. This
treatment combination was effective at eliminating the tumor. (A) number of unlicensed
dendritic cells, (B) number of licensed dendritic cells, (C) number of inactive CTL, and (D)

number of active CTL.
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Dynamics of anti-tumor CD4+ helper T cells and of pro-tumor regulatory T cells when
synergy between an anti-angiogenic treatment and a DC treatment is achieved. A standard
anti-VEGF treatment was started on day 600 and was followed by a standard DC treatment
started on day 710. Since regulatory T cells are stimulated by licensed DC, the number of
Tregs initially increases following unlicensed DC treatment. However, this type of
immunotherapy also activates helper T cells and CTL that target the tumor. The activation of
anti-tumor cells outweighs the activation of pro-tumor cells. Hence, the end result is
complete tumor elimination. (A) number of inactive helper T cells, (B) number of active
helper T cells, (C) number of inactive Tregs, and (D) number of active Tregs.
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Table 2

Initial conditions used in all the simulations.

Variable  Definition Initial value  Units

T Number of cancer cells 1 cell

U Number of mature unlicensed dendritic cells 0 cell

D Number of mature licensed dendritic cells 1 cell

Ae Number of activating/proliferating effector memory CD8+ T cells 0 cell

E Number of activated effector memory CD8+ T cells 1 cell

Ay Number of activating/proliferating memory helper CD4+ T cells 0 cell

H Number of activated memory helper CD4+ T cells 0 cell

Ar Number of activating/proliferating regulatory T cells 0 cell

R Number of activated regulatory T cells 0 cell

Y Number of endothelial cells 10,000 cell

c Concentration of IL-2 0 ng mL™t

S Concentration of TGF-B 0 ng mL™t

/ Concentration of IL-10 0 ng mL™t

Ay Concentration of Angiopoietin-1 10 ng mL™!

Ay Concentration of Angiopoietin-2 1 ng mL™!

4 Concentration of free VEGF 0 ngmL™!
A Concentration of anti-VEGF 0 ng mL™t

B Length of tumor vasculature 1000 pm
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Effect of immunosuppression on the number of tumor cells as a function of tumor antigenicity.

Table 3

Antigenicity  Tumor cells

Endothelial cells

Vasculature (um)

VEGF (ng)

108 e
o

107 1.98 x 107
o

1078 1.73x 106
o

1072 1.73x 10°
[oe]

10t 8.59 x 10°
[oe]

1 9.42 x 10°
[oe]

10t 1.16 x 108
2.00 x 10°

102 1.43 x 106
3.86 x 10°

108 1.57 x 104
2.04 x 10%

104 9.60 x 103
1.39 x 104

108 8.69 x 103
1.25 x 104

oo
oo

8.81 x 108
oo

6.14 x 107
oo

0

oo

222 x 107
oo

2.59 x 107
co

3.55 x 107
0

4.80 x 107
0

o O o o o o

(o]

o

2.84 x 108
)

3.64 x 10°
0

5.62 x 104
(o]

2.91 x 10°
(o]

2.93 x 10°
[o0]

3.06 x 10°
26670
3.31x 10°
5.19 x 108
411 x 103
2.79 x 103
2.27 x 108
1.93x 103
1.93x 103
1.74 x 103

(0]

[o0]

1.77 x 10*

(0]

1240

93.4

449

524

717
185.4
969
357
9.9
18.7
6.4
12.7
6.1
11.4
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Number of tumor cells for different tumor growth coefficients and immunosuppression levels.

Table 4

Growth coefficient  Tumor cells  Endothelial cells  Vasculature (um) VEGF (ng)
0.1 [ee] o [e] [e5}
[o0) (o] [o0) [ee]
0.2 8.63 x 10* 0 1.15 x 10* 80
863x10* 0 1.15 x 104 80
03 1.44 x 10° 0 1.92 x 10* 133.4
1.44 x 10° 0 1.92 x 10* 1334
0.4 223x10° O 2.97 x 104 206.6
2.23 % 10° 0 2.97 x 10* 206.6
0.5 (e} [e3) oo
[o0) (o] [o0) (o]
0.6 [es) o) [eS) o)
[o0) [oe] [o0) [oe]
0.7 [eo) [e9) [e5} [e3)
oo oo oo oo
0.8 e8] [e8) [es} [e)
[o0) (o] [o0) (o]
0.9 [es) o) [eS) o)
[o0) [oe] [o0) [oe]
1 [o's] [o'e] [o's] [o'e]
oo oo oo oo
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Table 6

Therapeutic tumor diameter of standard anti-cancer treatments.

Level of immunosuppression Standard treatment

Therapeutic tumor diameter

No Immunosuppression by TGF-B or Anti-VEGF

VEGF Unlicensed DC
Immunosuppression by TGF-p Anti-VEGF
Unlicensed DC
Immunosuppression by TGF-p and Anti-VEGF
VEGF Unlicensed DC

0.70 cm < diameter < 7.69 cm
0.58 cm < diameter < 3.91 cm

0.70 cm < diameter < 6.59 cm
0.60 cm < diameter < 2.14 cm

0.70 cm < diameter < 6.33 cm
There is no tumor diameter for a standard DC treatment that will lead to
tumor elimination when both TGF-B and VEGF act as immunosuppressors.
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