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Abstract The emergence of bioengineering has paved the way for the in vitro design of immune cells that can detect
and destroy tumor cells of low antigenicity. However, the results of clinical trials involving cancer treatments have not
matched the success in the lab. A reason for treatment failure is the presence of patient-specific genetic biomarkers that
affect long-term effectiveness. The cross-talk between multiple signaling pathways involved in tumor cell survival, the
existence of redundant pathways with similar functions, and the intrinsic genetic instability of tumor cells also contribute to
treatment failure. With the advent of novel cancer treatments, a need has arisen to undertake a computational approach to
identify treatment combinations that maximize long-term effectiveness while minimizing the risk of serious side effects. In
the present work, mathematical modeling was used to track the time-varying concentrations of pro- and anti-tumor cells
and cytokines after a cancer treatment is administered. The simulations demonstrated the importance of treatment timing
and frequency to achieve synergy. A combination therapy based on sunitinib and fresolimumab was found to be robust in
reducing tumor size with respect to the strength of a patient’s anti-tumor immune response, the size of the tumor at the start
of treatment, and with respect to mutations that can make cancer cells become refractory to the first-line treatment. The
robustness of the identified sunitinib + fresolimumab combination therapy confers it with the capability to eliminate
heterogeneous tumors made up of sensitive and resistant cells, in a patient whose anti-tumor immune response has become
suppressed due to advanced age, chronic inflammation or a prior medical treatment. The model simulations highlight the
superiority of combination therapy over monotherapy, and provide guidance to identify protocols that have the greatest
potential to eliminate a tumor.
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1. Introduction 1.1. Chemotherapy

Chemotherapy was one of the first cancer treatments to
be widely adopted [12]. Chemotherapy seemed to be an
ideal treatment for cancer, since cancer cells exhibit a high
replication rate and chemotherapy drugs mainly disrupt the
genetic networks of cells that replicate at a fast rate.
Depending on the chemotherapy agent that is used, the
mechanism of action may include the inhibition of
topoisomerase |, leading to its inability to remove DNA
supercoils that block cell replication, or the inhibition of
topoisomerase 1, leading to DNA breakage that remains
unrepaired [13-15]. This results in the arrest of tumor cells
at some stage of the cell cycle, leading to their eventual
death. Chemotherapy has proven useful in reducing the
growth rate of certain types of cancer. As an adjuvant

In spite of our increasingly deeper understanding of
cancer biology, designing an effective treatment has proven
difficult. Reasons for the shortcomings of cancer treatments
include the complexity of the genetic entropy of the
networks involved [1-3], the genetic differences between
same-site cancer patients that determine their distinct
sensitivities to the same type of therapy [4], the inability of
cancer cells to repair DNA damage that increases their
genetic instability and their resistance to treatment [5-7],
and the risk of harmful side effects [8-11]. The therapeutic
potential of various treatment modalities, as well as their
shortcomings, will now be reviewed.
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therapy following surgery or radiotherapy, chemotherapy
can eliminate most, if not all, remaining cancer cells as long
as resistance does not develop.



2 Michael Fernandez et al.:

A Computational Assessment of the Robustness of Cancer

Treatments with Respect to Immune Response Strength, Tumor Size and Resistance

Since healthy cells also replicate, albeit at a lower rate,
they are also susceptible to the same cytotoxic effects
experienced by cancer cells due to the non-targeted
mechanism of action of chemotherapy. This cytotoxicity on
healthy somatic and immune cells is a key factor that limits
the therapeutic effect of chemotherapy in a clinical setting.
Another obstacle to a successful elimination of a tumor is
the emergence of mutant tumor cells that are resistant to
chemotherapy [16, 17]. Once mutant cells develop, they are
able to escape the cytotoxic effect of chemotherapy, leading
to treatment failure.

1.2. Monoclonal Antibody Therapy

A more recent mode to treat cancer involves the
application of humanized monoclonal antibodies (mAbs).
Monoclonal antibodies originate from a single cell line and
thus have the same molecular shape and function. They act
like naturally produced antibodies and are engineered to
attach with high affinity to specific molecular targets found
in the membrane of cancer cells. Monoclonal antibodies can
also bind to cytokines, blocking their pro-tumor activity.
Examples of mAbs that have been used to treat cancer
include bevacizumab, which targets the Vascular
Endothelial Growth Factor (VEGF) [18, 19], fresolimumab,
which targets the Tumor Growth Factor-beta (TGF-B) [20,
21], trastuzumab, cetuximab and panitumumab, all of which
target the Epidermal Growth Factor (EGFR) and the Human
Epidermal Growth Factor Receptor 2 (HER2) [22, 23] and
vitaxin, which targets the alpha-v beta-3 (avf3) integrin
found in endothelial cells [24, 25].

The tumor microenvironment is typically
immunosuppressive and, consequently, attenuates the
anti-tumor response of the innate, adaptive and humoral
arms of the immune system, allowing the tumor cells to
escape destruction. Monoclonal antibodies have been
engineered to block the immunosuppressive activity of
pro-tumor cells such as regulatory T cells, M2 macrophages,
Th2 helper cells, and myeloid-derived suppressor cells
(MDSC). Other mAbs are designed to disrupt signaling
networks involving immunosuppressive cytokines such as
VEGF, TGF-B, and IL-10. Monoclonal antibodies that
reduce immunosuppression include sunitinib, which is a
tyrosine  kinase inhibitor  that eliminates the
immunosuppression caused by regulatory T cells (Treg cells)
and by MDSC [26-28]. Due to the multi-faceted role of
certain cytokines involved in tumor growth, treatments

involving sunitinib, bevacizumab, trastuzumab, and
cetuximab are able to disrupt signaling networks that
simultaneously  enhance tumor angiogenesis and
immunosuppression.

Therapies based on monoclonal antibodies have

limitations that diminish their therapeutic impact. A
disadvantage of this mode of treatment is the high
manufacturing cost of antibodies [29, 30]. A second
limitation is the fact that monoclonal antibodies are large
molecules that tend to interact with receptors of healthy

cells, keeping the antibodies from reaching the tumor site
quickly and in large numbers. Their high affinity for the
target molecule means that mAbs strongly bind to their
target on the first encounter and fail to penetrate deep into
the tumor [31]. Heterogeneous tumor vascularization also
affects antibody penetration [32]. This limited penetration
spares many malignant cells and reduces the effectiveness
of mAb-based treatments. The problem of pharmacokinetics
versus tissue penetration is typical of monoclonal antibodies
and is a major drawback of this mode of treatment.
Moreover, once mAbs are infused into a patient, resistance
to mAb monotherapy usually emerges over time and/or
intolerable side effects occur [33, 34]. The outcome of a
mAb treatment also depends on the type of mutations that
are already present in the tumor cells, or that develop during
the course of treatment. For example, anti-EGFR treatments
such as cetuximab and panitumumab are known to be
ineffective if KRAS mutations are present in tumor cells
[35, 36].

A combination of cetuximab and small molecule tyrosine
kinase inhibitors (TKIs) can lead to an enhanced inhibition
of EGFR autophosphorylation [37], increasing the
effectiveness of this combination therapy. For some cancers,
combining cetixumab or panitumumab with chemotherapy
also appears to be a promising approach [38]. For example,
the cytotoxicity of irinotecan chemotherapy is enhanced
when it is combined with cetuximab or panitumumab
through a chemosensitization of tumor cells [39]. However,
due to the emergence of resistance to irinotecan, cetuximab
and panitumumab [40-43], the therapeutic effect of a
combination therapy that involves these drugs is limited.

1.3. Therapy that Boosts the Immune Response

A third category of anti-cancer treatments includes
approaches that boost the anti-tumor immune response and
increase the antigenicity of the tumor. Molecule-based
treatments involve the injection of tumor cell antigens or of
toll-like receptor (TLR) agonists. TLR agonists strengthen
immune-cell functions by enhancing antigen-presentation of
dendritic cells (DC) [44], by steering the polarization of
macrophages into M1 macrophages [45], and the
polarization of nalve CD4+ T cells into Thl helper cells
[46]. Cytokine-based treatments that have been shown to be
successful in boosting the anti-tumor immune response
involve the injection of anti-tumor interleukins (IL-2 and
IL-12) or interferons (IFN-a, IFN-B) [47-50], which activate
CD8+ cytotoxic T lymphocytes (CTL), natural killer (NK)
cells, and macrophages, and promote their expansion and
anti-tumor activity.

Cell-based therapies aimed at boosting the cytotoxic
immune response involve the extraction of live CTL or NK
cells from the patient, expanding them and priming them in
vitro to make them more reactive to tumor antigens. An
enhanced sensitivity by immune cells can be achieved by
exposing them in vitro to IL-2 and to antigenic molecules
found in the membrane of cancer cells. The CTL or NK
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cells are then infused back into the patient via an
intravenous injection or directly into the tumor site. This
type of treatment is known as adoptive cell transfer (ACT)
[51-54]. The infused immune cells are capable of sensing
and penetrating the tumor, enhancing their tumor-targeted
cytotoxic activity. When tumor cells are of a very low
antigenicity such that no tumor antigens are present in their
membrane, adoptive immune cells can be genetically
engineered in vitro to express chimeric antigen receptors
(CARs) [55] that allow them to detect specific proteins
found in the membrane of cancer cells. Once activated and
expanded, the engineered immune cells are reintroduced
into the patient and a strong tumor-targeted immune
reaction occurs [56, 57].

In a clinical setting, adoptive cell transfer has been
moderately successful for a limited number of cancer types.
Regardless of whether adoptive cell transfer involves CTL
cells, NK cells or dendritic cells, once these cells are
infused into the patient and reach the solid tumor site, they
experience a strongly immunosuppressive  tumor
microenvironment and become anergic or develop a
pro-tumor phenotype over time. The result is a short-lived
anti-tumor immune reaction that eventually becomes
ineffective at arresting tumor growth. To counteract the
effect of immunosuppression, a mAb treatment that targets
TGF-B, VEGF, or IL-10, or that targets Treg cells directly
can be administered before adoptive cell therapy is given.
Experimental work shows that administering chemotherapy
to reduce immunosuppression before giving ACT is
beneficial [58-60]. In adoptive cell transfer, chemotherapy
can also be given with the purpose of depleting CD8+ T
lymphocytes  before  infusing NK  cells.  This
lymphodepletion reduces the competition between the
infused cells and the anergic lymphocytes for survival and
growth signals from anti-tumor interleukins. Infused T cells
known as TRUCKSs have been engineered to express a 4th
generation CAR which allows them to deliver a payload
that can modify the tumor microenvironment [61].
TRUCKS are currently being engineered to help reduce the
typically immunosuppressive microenvironment of solid
tumors [62, 63].

1.4. A Tumor is a Complex Robust System

The limited success of cancer treatments can be attributed
to the fact that a tumor is a robust biological system that is
able to perform its proliferative function in spite of attempts
to eliminate it. In this article, robustness is defined in the
same way that Hiroaki Kitano defined it: “Robustness is a
property that allows a system to maintain its functions
against internal and external perturbations.” [64] The study
of cancer biology makes it clear that cancer is a disease
governed by complex biological networks [65]. The
inherent complexity and redundancy of the network
connectivity makes cancer growth robust against internal
and external perturbations (hypoxia, limited metabolic
processes, cancer treatments, etc.). Through the stimulation

of angiogenesis, a tumor adapts to a shortage of nutrients
and continues to grow successfully after it reaches the
diffusion-limited size of 1 million cells, or approximately 1
mm in radius [66]. Through up-regulation of glycolytic
processes, a growing tumor successfully bypasses the slow
production, through normal metabolic processes, of the
required building-block molecules. To effectively disrupt
the growth dynamics of such a robust biological system, a
therapy that is robust in its own right with respect to
changes in tumor cell characteristics and to the level of a
patient’s immune system response, is required. A mounting
set of evidence obtained from experimental work and
clinical trials seems to suggest that a combination therapy
has the potential to be more robust than monotherapy alone
against the changing characteristics of a tumor and its
microenvironment. In this regard, mathematical modeling
can help to assess and quantify the robustness, or lack
thereof, of current therapies. Computational work can also
help to identify ways to maximize the robustness of a
combination therapy by achieving synergism between its
components through proper dose selection and timing.

1.5. Previous Mathematical Models

Previous models of tumor growth have simulated tumor
angiogenesis [67-71], the interaction between tumor cells
and the immune system [72-74], immunosuppression [75,
76], combination therapy [77-79], and the emergence of
resistance to treatment [80-82]. However, models of tumor
growth have not simulated a diverse set of treatments, and
those that did left out important processes such as
angiogenesis,  immunosuppression  and/or  treatment
resistance. The present model aims to provide a more
comprehensive analysis of a diverse set of therapies while
considering key biological processes that influence tumor
growth. The parameter sensitivity analyses of previous
models have shown that initial tumor size, the maximal
tumor growth rate, tumor antigenicity and immune cell
cytotoxicity on tumor cells are the main factors that
influence treatment success [83-85]. These results
motivated the authors to investigate whether combining
certain types of treatment leads to a synergistic effect that
makes the combination therapy robust in reducing tumor
size, with respect to the strength of a patient’s anti-tumor
immune response, tumor size at the start of treatment, and
the emergence of resistance to treatment.

2. Materials and Methods

Our model builds upon the work of [86] and [87]. De
Pillis et al. developed a validated model of colorectal cancer
consisting of ordinary differential equations (ODE) that
considers multiple immune cell types (CD8+ T cells, NK
cells and circulating CD4+ T lymphocytes). In their work,
they considered chemotherapy (irinotecan) and monoclonal
antibodies (cetuximab and panitumumab) as anti-tumor
treatments. They investigated the effect of the level of
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strength of the anti-tumor immune response on the
effectiveness of monotherapy and combination therapy in
reducing tumor growth. They also simulated experimental
dosing schedules that reduced tumor size more effectively
than standard protocols. However, key processes that were
not included in their model of colorectal cancer are tumor
angiogenesis, immunosuppression due to Treg cells and
tumor-secreted cytokines, and the emergence of treatment
resistance. To simulate the effect of resistance to treatment,
the model in [87] assumed the presence of KRAS-mutant
tumor cells prior to treatment. A KRAS mutation eliminates
the chemosensitization of tumor cells to irinotecan
chemotherapy caused by the injection of cetuximab and
panitumumab, and eliminates tumor death caused by direct
interaction with the injected mAbs. Their model, however,
did not consider tumor vasculature or the
immunosuppressive effect of pro-tumor cells and cytokines.

The model expands the work of [86] and [87] by
including an angiogenic switch characterized by a dynamic
tumor carrying capacity that depends on TGF-f secreted by
tumor cells. The TGF-B concentration profile follows a Hill
function, as was done in [88]. The model includes ordinary
differential equations (ODE) describing the change in the
concentration of activated (angiogenic) endothelial cells,
immunosuppression by Treg cells [89] and TGF-B [90], and
the dynamics of additional anti-tumor treatment drugs.

The model simulates the dynamics of wild-type tumor
cells T,, that are sensitive to all the simulated treatments,
KRAS-mutant cells T, that are resistant to cetuximab and
panitumumab, and irinotecan-resistant cells T;. The model
also includes ODE equations representing the dynamics of
NK cells (N), CD8+ T cells (L), Treg cells (R), circulating
CD4+ lymphocytes (C), activated endothelial cells (E), IL-2
(12), TGF-B (B) and the anti-cancer drugs irinotecan (C1),
cetuximab and panitumumab  (A), sunitinib (S),
fresolimumab (F) and a hypothetical chemotherapy drug
(C2). The model equations were coded in the open-source
numerical computation software Scilab
(http://www.scilab.org/) and were solved in Scilab using a
built-in 4th-order explicit Runge-Kutta method with fixed
step size. This numerical method is efficient, guarantees a
stable computation time and has total error O(h%). Currently,
there is not sufficient experimental data to fully
parameterize the model with values corresponding to a
particular type of cancer. Many parameter values were
obtained directly from published models of colorectal
cancer, renal cell carcinoma, melanoma and lymphoma.
Other parameter values were assumed to be equal to
published values for various human cancers.

The following cancer treatments were introduced as
inputs to the system to identify the key biological
mechanisms and processes that a successful combination
therapy should target:

1. chemotherapy (irinotecan) that kills wild-type tumor
cells T,, KRAS-mutant cells T¢, and immune cells,
but cannot Kill irinotecan-resistant cells T;,

2. a hypothetical chemotherapy drug that does not lead
to resistance and can kill wild-type tumor cells Tw
and mutant cells (T, and T;), but that has the same
cytotoxic effects on immune cells as irinotecan
chemotherapy. This drug was assumed to have the
same dosage, infusion time and injection frequency
as irinotecan,

3. two mAbs (cetuximab and panitumumab) that kill
wild-type tumor cells T, directly and enhance tumor
cytotoxicity of NK cells, but also lead to increased
NK cell death, cannot kill KRAS-mutants T, directly,
and have no chemosensitization effect on
irinotecan-resistant cells T;,

4. a receptor tyrosine kinase inhibitor (sunitinib) that
neutralizes the immunosuppressive effect of Treg
cells,

5. an anti-angiogenic mAb (fresolimumab) that targets
all TGF- B isomers, and

6. adoptive cell transfer of NK cells and CTL.

To generate protocols that are biologically feasible, and
that minimize the potential of a patient experiencing
life-threatening side effects, published treatment protocols
that have been deemed safe were followed. Attention was
paid to the safety of the selected dose, frequency, and time
required to administer an intravenous injection. For each
treatment considered, a positive term representing the rate
of drug or cell infusion was introduced in the corresponding
ODE to simulate an increase in the concentration of the
injected agent in the tumor site.

Equations 1 — 16 define the model of tumor growth that
was used to assess the robustness of anti-cancer treatments
with respect to the strength of the anti-tumor immune
response, with respect to the tumor size at the start of
treatment, and with respect to resistance to irinotecan,
cetuximab and panitumumab therapies.
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Equation 16 below was defined in [91] to set the level of
strength of the anti-tumor immune response. It was
expanded by [87] to consider the presence of KRAS mutant
tumor cells. We expanded it further to include
irinotecan-resistant cells and the immunosuppressive effect
of TGF-p on the tumor cell killing rate d by CD8+ T cells.
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The definition of the model variables, their units and their
initial values are listed in Table 1. These initial conditions
are similar to those in [87]. Since the initial tumor size used
in all the simulations was well above the diffusion-limited
value of 10° cells, it was assumed that the tumor was
already well vascularized. This is reflected by the high
concentration of TGF-B and activated endothelial cells prior
to the start of treatment. Moreover, a large tumor creates a
highly immunosuppressive microenvironment. This high
immunosuppressive state was simulated by assuming a high
initial concentration of regulatory T cells in all the
simulations.

Table 2 lists all the treatments that were simulated,
including a description of the dose, frequency and the time
required for administration. ODEs were used to simulate all
treatments as intravenous injections of constant infusion
rate, except sunitinib, which is given orally. The infusion
rate terms that appear in the ODEs and that are listed in the
rightmost column of Table 2 were obtained by assuming, as
was done in [86], that an adult has an average weight of 70
kg, an average surface area of 1.73 m? and an average body
volume of 59.71 liters. A more detailed explanation of how
the infusion rates of irinotecan, cetixumab and
patinumumab were computed can be found in [86].

Supplementary Table 1 in the Appendix lists the
parameter values that were used in the simulations. Some
parameter values are different for cetuximab and
panitumumab due to their mechanism of action and their
effect, or lack thereof, on tumor growth. The parameter
values that the authors estimated were chosen based on
assumed similarities between two processes or between
cytokines that exert similar functions. For example, the
suppressive effect of Treg cells on the wild-type tumor cell
kill rate by NK cells was assumed to be the same as the
suppressive effect of Tregs on mutant tumor cell kill rate by
NK cells, the growth rate of mutant tumor cells was
assumed to be the same as that of wild-type tumor cells,
and the degradation rate of anti-TGF-® was assumed to
be the same as that of anti-VEGF. Since the model
parameterization is based on process rates corresponding to
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distinct cancer types that were obtained from in vitro
experiments, the model dynamics and predictions should be
interpreted as a generalization of cancer dynamics and
potential treatment outcomes. The experimental and
computational methods used to obtain many of the
parameter values are described in [86, 89]. Whenever
necessary, the concentration units of TGF-® and
anti-TGF-® were converted from mg/L to IU/L, and vice
versa, by referring to the published specific activity of
TGF-®. An example of how to perform this conversion can
be found in [94].

The parameters d, | and s together determine the level of
strength of a patient’s immune system response D, as
defined by equation 15. The values of these parameters are
taken from the sets d e{1.3,1.6,2.1}, /€{2,1.1,1.4} and
5 €{0.04, 0.008, 0.005}. A strong immune response (D)
corresponds to  the  combination of  values
(d=2.1,/=1.1,5=0.005), a moderate response (Dy,)
corresponds to the values (d =1.6, /=1.4, s =0.008), and
a weak response (D,,) is characterized by the values
(d=1.3,1=2, s=0.04). These levels of immune strength
are the same as those that were considered in [86].

The anti-cancer treatments listed in Table 2, as well as
certain combinations of them, were assessed for their
robustness with respect to the three levels of immune
strength Ds, Dy, and D,,. To assess the robustness of a
treatment with respect to tumor size, initial tumor sizes of
up to 10° cells were considered. Robustness with respect to
resistance to therapy was assessed by comparing two cases:
1) a case where wild-type tumor cells cannot become
resistant to any treatment and there are no mutant cells
present at the start of treatment, and 2) a case where there
are 35 KRAS-mutant tumor cells initially present, and there

are no irinotecan-resistant cells present, but irinotecan
resistance emerges in an irinotecan dose-dependent manner.
The emergence of irinotecan resistance is represented by the
term

uT.C
K, +C

that appears in equations 1 and 3.

Cancer therapy tends to have side effects that must be
kept into consideration when designing a treatment protocol.
Chemotherapy has the undesirable effect of killing a
significant number of immune cells. Cetuximab and
panitumumab lead to NK cell death due to their interaction
with mAb-tumor complexes. To ensure the safety in the
clinic of all the simulated treatments that led to a significant
reduction in tumor size, the criteria for minimum circulating

lymphocyte concentration of 1.4x10° lymphocytes per
liter set by the World Health Organization (WHO) [95] was
enforced. Depending on the effectiveness of a particular
treatment, the predicted outcome was the elimination of the
tumor, reduced or arrested growth, or continued growth. In
all the simulations, a complete response (CR) to a cancer
treatment was defined as a tumor size at the end of the
treatment period that is less than or equal to the
diffusion-limited value of 1x10° tumor cells. Hence, a
complete response is characterized by a reduction in tumor
size below the threshold that would trigger the angiogenic
switch. A partial response (PR) to treatment is described by

a tumor that remains larger than 1x10° cells, but that by
the end of the treatment period is smaller than at the start of
treatment. The no response (NR) classification applies when
tumor size remains the same, or becomes larger than it was
at the start of treatment, by the time the treatment period
ends.

Table 1. Model Variables and their Initial Values
Variable Definition Units Initial Value
Tw Number of wild-type cancer cells sensitive to cetuximab, panitumumab and irinotecan cells 1x10°
To !\I_umber of mutant cancer cglls resistant to cetuximab and panitumumab and that are sensitive to cells 35
irinotecan and the hypothetical chemotherapy drug C,
T, Nurpber of mutant cancer ceIIs_resistant to irinotecan and that are sensitive to cetuximab, cells 0
panitumumab and the hypothetical chemotherapy drug C,
N Concentration of NK cells per liter of blood cells/ L 9x10"
Concentration of CD8+ T cells per liter of blood cells/ L 1.8x10°
c Concentration per liter of blood of other circulating lymphocytes not including NK cells, CD8+ T cells cells / L 9x10°
or regulatory T cells
Number of activated endothelial cells cells 2x10°
R Concentration of regulatory T cells per liter of blood cells/L 4x10°
C: Concentration of the chemotherapy agent irinotecan per liter of blood mg/L 0
C, Concentration of a hypothetical chemotherapy agent per liter of blood mg/L 0
I, Concentration of IL-2 per liter of blood IU/L 1173
A Concentration of the monoclonal antibodies cetuximab and panitumumab per liter of blood mg/L 0
B Concentration of TGF-® per liter of blood IU/L 1x10*
S Concentration of the tyrosine kinase inhibitor sunitinib per liter of blood mg/L 0
F Concentration of the monoclonal antibody fresolimumab per liter of blood mg/L 0
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Table 2. Treatment Dose and Frequency

Treatment Agent / Cell Infusion .
Modality Type Dose and Frequency Time Infusion Rate
Irinot . . m
Chemotherapy rinotecan 125 mg/m? given weekly. This cycle may be repeated. 1.5hr ve =57.947 £
[86] ' L-day
125 mg/m? given weekly. This chemotherapy agent
was assumed to have the same cytotoxic properties on
. the tumor and immune cells as irinotecan. It was _ mg
Chemotherapy | (Hypothetical) | asqmed that tumor cells never develop resistance to LShr | ve, =37.947 -7 day
this drug.
This cycle may be repeated.
LD:v,=139.072 &
Loading dose (LD): 400 mg/m? (a one-time injection PV =195 I -d
L - aay
before giving the maintenance doses)
Monoclonal Cetuximab Maintenance dose (MD): 250 mg/m? (given weekly — LD:2hr | mpD: v, =173.840 mg
antibody [86] start one week after giving LD and rest 2 weeks every MD: 1 hr L-day
4 weeks). Note: the same infusion term v, is used
This cycle may be repeated. for cetuximab and for panitumumab, but
their va values are different.
- 6 mg/kg every two weeks.
Monoclonal Panitumumab i . . . mg
a%r;?bcogr;a [86] No loading dose is required. This cycle may be Lhr vy =168.816 — ; :
repeated. -aay
Ma?]rlftf(:z;al Freso[lérg]umab 3 mg/kg every two weeks. This cycle may be repeated. 15 hr v, =56.272 L'-n;;y
A sunitinib capsule is given daily for 28 straight days
S Sunitinib followed by two weeks of rest. In total, 23.447 mg of mg
L - ' . s =0.8374 —=—
SN [89] sunitinib are administered per each 6-week cycle. This None Vs L-day
cycle may be repeated.
Adoptive cell NK cells An intravenous injection of 2x10” NK cells per kg is 1h —5.627x10° cells
. ; r Ve =5.627 %
transfer [92] given weekly. This cycle may be repeated. L-day
. Five intravenous injections of 1x10% CTL per m? are ol
CTL 1l
Adfrg::;/%rcell 93 given every 5 days and they are followed by 45 days of 1hr Ver, = 6.9536x10° Ld‘
(93] rest. This 65-day cycle may be repeated. L-day
180,000 1U/kg injected over 15 minutes every 8 hours.
. Twenty-one injections were given.
IL-2 U
'IE:r}ef;?rliwl::t (48] IL-2 injections had no significant effect on tumor 0.25 hr v, =2.0258 x107
growth when given as monotherapy or in combination “aay
with other treatments.

A cancer treatment that leads to a complete response (CR)
at the three levels of immune response strength D, for tumor
sizes of up to 10° cells at the start of treatment, does not
lead to the emergence of treatment resistance and is
effective in spite of resistant cells being present, and that
meets the minimum lymphocyte concentration criteria for

safety of at least 1.4x10" circulating lymphocytes per liter
throughout the treatment period, is defined as being robust
with respect to the above perturbations. This is the
definition of robustness of an anti-cancer treatment that was
considered in the computational analysis presented in the
next section.

3. Results

The results presented in Section 3.1.1 show that without
angiogenesis and no immune system action, the tumor
remains avascular and can only grow to its diffusion-limited
size of 1 million cells. Through secretion of TGF-B that

activates endothelial cells, tumor cells elicit angiogenesis,
which increases the carrying capacity of the tumor. Section
3.1.2 discusses the predicted tumor growth with
angiogenesis for three distinct levels of immune response
strength for initial tumor sizes up to 10° cells. The
simulations predict that if the tumor is smaller than a
therapeutic size threshold that depends on the level of
immune strength, the immune system alone will be able to
eliminate the tumor. The robustness, or lack thereof, of
various anti-cancer treatments is discussed in Section 3.2,
with the assumption that wild-type tumor cells never mutate
to become resistant to therapy and that there are no mutant
tumor cells present before treatment begins. Section 3.3
describes a combination therapy that was found to be robust
with respect to immune system strength, initial tumor size
and treatment resistance. Lastly, Section 3.4 presents the
results of the sensitivity analysis that was performed on the
model parameters.




8 Michael Fernandez et al.:

A Computational Assessment of the Robustness of Cancer

Treatments with Respect to Immune Response Strength, Tumor Size and Resistance

3.1. No Treatment Administration

3.1.1. No Immune System Action

Figure 1A shows that in the absence of an active immune
system and no anti-cancer treatment, a tumor that is unable
to undergo an angiogenic switch will remain at the
diffusion-limited size of 1 million cells. A tumor with an
initial size of less than a million cells will not grow beyond
this asymptotic size and will remain avascular, posing little
risk of metastasis. Figure 1B shows that a tumor that is
larger than 1 million cells will shrink the diffusion-limited
size due to cell death, if it is unable to release cytokines that
activate endothelial cells to start the process of
angiogenesis.
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Figure 1. Tumor growth without angiogenesis and no immune system

action. A) In the absence of angiogenesis, no immune system action, and
no treatment, a small tumor is able to grow up to the diffusion-limited size
of 1 million cells. B) A tumor larger than 1 million cells will shrink to the
diffusion-limited size due to cell death cause by an insufficient flow of
nutrients into the tumor

Figure 2 shows that a small tumor that undergoes an
angiogenic switch via TGF-B (or VEGF) secretion will
attain a size much larger than the diffusion-limited size. The
maximum tumor size that can be attained depends on the

extent of endothelial cell activation and how well this
activation leads to vasculature formation and maturation. In
the model, the maximum carrying capacity of activated

endothelial cells was assumed to be 5x10° EC. It was also
assumed that each endothelial cell that becomes activated
increases the tumor carrying capacity by 1 tumor cell.
Hence, an angiogenic switch allows a simulated tumor to

increase its carrying capacity by up to 5x10° tumor cells.

No Treatment

Log(Cells, Concentration)

Time (days)

Figure 2. Hypothetical angiogenic switch driven by TGF-§ secretion. In
this simulation, undergoing an angiogenic switch allowed the tumor to

attain the asymptotic size of 1.6275x10 cells on day 200. The figure
illustrates a tumor dormancy of approximately one week. The dormancy
period may be longer or may be nonexistent, depending on the
environmental conditions and the type of tumor

Once a tumor has undergone an angiogenic switch due to
increased hypoxic conditions, it releases angiogenic
cytokines at a greater rate that allows the tumor to increase
its rate of growth and attain a much larger size. Since
angiogenic cytokines such as TGF-f and VEGF are also
immunosuppressive, it becomes more and more difficult
for the immune system to destroy a solid tumor as it
continues to grow. Eventually, a large tumor may be able to
suppress the anti-tumor immune response sufficiently to
escape destruction. Due to the dual role of TGF-B and
VEGF as stimulators of tumor angiogenesis and as
immunosuppressors, these cytokines are important
treatment targets.

3.1.2. Immune System Action

The effect of the immune system on the growth of an
angiogenic tumor depends on the antigenicity of the tumor
and the strength of the immune response. The model
simulations show that for each level of immune strength
there exists a therapeutic tumor size threshold value below
which an immune system of a particular strength will be
able to eliminate the tumor. Figure 3A shows the effect of a
strong immune response Ds on tumor growth in the
presence of immunosuppression and the absence of

treatment. In this case, a tumor of size up to 1x10° cells
will be eliminated without the need for treatment. This
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outcome represents the ideal case, where a body’s own
defenses eliminate an infection without the need for medical
intervention. The decrease in the number of activated
endothelial cells (EC), shown in all the figures as a thick
black line, is due to a decrease in TGF-p secreted by tumor
cells. As immune cells continue to kill tumor cells, the
concentration of TGF-f3 decreases, leading to endothelial
cell deactivation and a decrease in the carrying capacity of
activated ECs and of tumor cells. The thin black line
represents the actual number of tumor cells over time.

The therapeutic tumor size threshold corresponding to a
moderate strength D, is predicted to be approximately
1x10" cells. Figure 3B shows that if a tumor has a size that
is above this threshold, a compromised immune system
capable of only a moderate anti-tumor response will not be
able to arrest tumor growth. The tumor will eventually
attain a size equal to its dynamic carrying capacity. This
escape from immunodestruction by the tumor is due to a tip
of the balance between the strength of the anti-tumor
immune response and immunosuppression exerted by Treg
cells in favor of immunosuppression. Figure 3C illustrates

No Treatment - Strong Immune Response
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the prediction that if the immune response is weak (D),
only tumors that have a size equal to or smaller than the
diffusion-limited size of 1 million cells will be destroyed by
the immune system. Hence, in the absence of treatment, an
immune system that exhibits a weak anti-tumor response
can only eliminate avascular tumors.

An important aspect that is worth emphasizing is the fact
that, since no treatment was administered in any of the
cases discussed so far, the concentration of lymphocytes
remained approximately the same. However, as we will see
in the next section, chemotherapy and certain monoclonal
antibody therapies (e.g. cetuximab and panitumumab)
exhibit a cytotoxicity that kills tumor cells as well as
lymphocytes such as NK cells and CD8+ T cells. This
places a restriction on the dose and frequency of these types
of treatments. Treatment safety with respect to the number
of circulating lymphocytes during the period of treatment
was taken into consideration in all the simulations that are
presented in Sections 3.2 and 3.3.
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Figure 3. Tumor growth for different levels of immune strength D without treatment. A) In the presence of immunosuppression and the absence of
treatment, a strong immune response D; is able to eliminate a tumor consisting of up to 1% 10° cells. B) Without treatment, a moderate immune response

S
Dp, is not able to eliminate a tumor that is larger than 1x10° cells. C) If the immune response is weak (D), only non-vascularized tumors consisting of

less than 1 million cells will be eliminated in the absence of treatment
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3.2. Treatment Administration without Resistance

3.2.1. No Immune System Action

The potential of a treatment to eradicate a tumor in the
absence of an immune response, and without resistance to
treatment was investigated next. To simulate this scenario,
the anti-tumor effect of NK cells, CD8+ T cells and
circulating lymphocytes, the immunosuppressive activity of
Treg cells and the mutation rate of wild-type tumor cells
were all turned off. However, the potential of a tumor to
undergo an angiogenic switch through release of TGF-B,
resulting in activation of endothelial cells, was left intact.
To eliminate the case of KRAS-mutants being present at the
start of treatment, the initial number of KRAS-mutants was
set to zero. To exclude the dose-dependent emergence of
irinotecan-resistant cells, the parameter 4 was set to zero.
Initial tumor sizes up to 10° cells were considered. None of
the monotherapies listed in Table 2, or their combinations,
led to a complete response (CR) or a partial response (PR)
when an anti-tumor immune response was absent. These
results hint at the important role of the immune system in
helping to destroy cancer cells that remain after a first-line
therapy decreases tumor size below the corresponding
therapeutic threshold. A natural anti-tumor immune
response obviates the need to increase the dose or frequency
of a first-line therapy, reducing the potential of harmful side
effects that could result if a treatment were to be given for
an extended period of time.

3.2.2. Immune System Action

To assess the robustness of a treatment with respect to the
level of immune strength and the size of the tumor at the
start of the treatment, the best-case scenario for tumor
treatment was first considered: a strong immune response
Ds. The combination therapies that were simulated using the
model are listed in Supplementary Table 2 in the Appendix.
The only protocol that met the criteria for robustness and
that was classified as being robust with respect to the level
of immune strength and initial tumor size was the sunitinib
+ fresolimumab combination therapy. Sunitinib reduces
immunosuppression by reducing the concentration of Treg
cells in patients, while fresolimumab blocks the angiogenic
effect of TGF-B, thus reducing the dynamic carrying
capacity of tumor cells. Based on model simulations, these
two drugs were ineffective in reducing tumor growth when
given as monotherapy if the strength of the immune
response was weak. On the other hand, giving these two
treatments concurrently led to a synergy that made this
combination treatment robust with respect to the three
levels of D and with respect to tumor size at the start of
treatment. Figure 4 illustrates the failure of sunitinib and
fresolimumab monotherapies and the success of sunitinib +
fresolimumab combination therapy for immune response
strength D,, with an initial tumor size of 10° cells.

When sunitinib is given as monotherapy in a clinical
setting, patients undergo an average of 5 cycles of sunitinib

capsule intake (28 capsules per cycle). The therapeutic
effect of combination therapy illustrated in Figure 4C
suggests that at most two cycles of sunitinib may be
necessary to eliminate the tumor when combined with 3
biweekly injections of fresolimumab. This particular
combinatorial approach to treat cancer has the potential to
reduce the cost of treatment and is safe, since neither drug
has a cytotoxic effect on immune cells. This is in contrast to
chemotherapy, which tends to kill CD8+ T cells and NK
cells.

Sunitinib and Fresclimumab — Weak Immune Response

cDB+ i
QOtherLymph E
IL-2 B
TGF-Beta

© O OEC

Tregs
Sunitinib
Fresolimumab

7
10

o

Log(Cells, Concentration)

(LB R o o S e . WA A S S

70
days)

90 100 110 120

Time

—_—

Figure 4. A synergistic effect of sunitinib and fresolimumab leads to
robustness with respect to immune strength D and to initial tumor size. A)
The immune strength is so weak that a significant reduction of Treg cell
concentration is not sufficient to boost the immune response enough to be
able to take over and eliminate the tumor. B) By neutralizing TGF-B and
reducing its concentration, fresolimumab monotherapy reduces tumor size
below the initial size of 10° cells. However, the immune strength is weak
and the concentration of Treg cells is high. In this case, it is not possible
for the immune system to capitalize on the reduction in tumor size
achieved through administration of fresolimumab. C) A reduction in tumor
size by fresolimumab, combined with a decrease in the immunosuppressive
effect of Treg cells due to sunitinib action, leads to synergy and complete
tumor destruction even when the anti-tumor immune strength is weak

The sunitinib + fresolimumab combination therapy was
the only protocol that exhibited robustness to changes in
immune response strength D and initial tumor size. A
treatment that is robust with respect to D is an ideal
treatment because it will be beneficial to a larger number of
patients whose immune response strength varies from
patient to patient, or varies during the period of treatment.
However, the model also predicts that treatment robustness
is not required for treatment success at a particular D level
if two or more distinct treatment modalities synergize at
that level of immune response. Some combination therapies
were identified that, although they are not robust with
respect to immune response strength, they showed a
synergistic effect at a particular D level that could be
effective in a clinical setting. For example, the model
predicted that neither NK cell monotherapy, CTL
monotherapy nor irinotecan chemotherapy can lead to
tumor eradication at the D,, level. However, when an NK
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cell or CTL treatment was combined with first-line
irinotecan monotherapy, the resulting combination therapy
eliminated tumors consisting of as may as 10° cells at the
moderate immune response level Dy, or higher.

Irinotecan and NK Cells — Moderate Inmune Response

TC_WT ]
NK

CDB+
OtherLymph
Irinotecan
IL-2
TGF-Beta

P g

Log(Cells, Concentration)

!
i i
f t f t t
0 10 20 30 40 50 60 70 80 90 100 110 120

Time (days)

Irinotecan and CTL — Moderate Immune Response
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Figure 5. Tumor elimination through an I+NK cell treatment and an
I+CTL treatment at the Dy, immune response level. A) A weekly NK cell
treatment started on day 49 restores the NK cell activity that had been
attenuated by chemotherapy. A high NK cell concentration together with a
low Treg cell concentration leads to tumor eradication. B) Irinotecan
chemotherapy reduces immunosuppression to a point that CTL therapy is
successful if it is started after day 50. In [+CTL treatment, the
concentration of CTL increases significantly after CTL injections are given,
while the concentrations of NK cells and Treg cells remain low. The strong
CTL activity eliminates the tumor in spite of the decrease in NK cell
activity caused by the chemotherapy. The default parameter values for
cetuximab were used to simulate the 1+NK cell and 1+CTL therapies

The irinotecan + NK (I+NK) combination treatment
consisted of giving a total of 9 weekly irinotecan injections
and 2 concurrent weekly NK cell injections starting with the
8" irinotecan injection. The recommendation of not giving
the NK cell treatment earlier is based on Figure 5A, which
shows that it takes about 7 weeks of irinotecan
chemotherapy for Treg cell concentration to decrease
substantially, which  decreases = immunosuppression
significantly. The effectiveness of the injected NK cells in
killing the remaining tumor cells is maximized if they are

injected after 8 weeks of chemotherapy. After day 55 the
concentration of CD8+ T cells rose to be an order of
magnitude greater than that of Treg cells, which contributed
to the success of the NK cells that were injected starting on
day 49.

Figure 5B shows an example of an irinotecan + CTL
(1+CTL) combination therapy that, although not robust with
respect to the level of the immune response, is effective in
eliminating the tumor when the immune response is
moderate. In the 1+CTL treatment, 8 irinotecan injections
were administered in total. Two CTL injections were given,
starting on day 50, when Treg cell concentration
approached its lowest value. The infusion of CTL on day 50
resulted in a drastic increase in CTL concentration, such
that CTL concentration became significantly higher than
Treg cell concentration. The appropriate timing of CTL
injections combined with the first-line irinotecan
chemotherapy tipped the balance between anti-tumor
immune activity and immunosuppression in favor of the
former, leading to synergy between these two modalities
that resulted in tumor elimination.

The results presented in Figure 5 are relevant because
they indicate that patients whose immune system has been
compromised to the point of exhibiting only a moderate
immune response could still benefit from an I+NK or
I+CTL combination therapy. The I+NK and I+CTL
simulations illustrate the importance of injection timing to
achieve synergy. A high NK cell or CTL concentration
coupled with a simultaneously low Treg concentration is
what tipped the balance in favor of the anti-tumor immune
response and led to the elimination of the tumor. The
synergy between the co-treatments also reduced the total
number of required injections. The model predicts that
infusing NK cells or CTL cells during the first few weeks
after starting the chemotherapy will not lead to tumor
eradication due to the high concentration of Treg cells at
this phase of the treatment, which would attenuate the
cytotoxic effect on tumor cells of the infused NK cells or
CTL cells.

3.3. Treatment Resistance

The presence or emergence of mutant cells resistant to
cetuximab, panitumumab or irinotecan may explain why
combination treatments that involve these drugs fail to
eliminate a tumor in a clinical setting. In the irinotecan +
panitumumab combination therapy shown in Figure 6,
irinotecan is given weekly and panitumumab biweekly.
Continuing to give this combination treatment for several
months leads to the elimination of irinotecan-resistant cells
through the action of panitimumab, while the wild-type
cells are eliminated by the enhanced cytotoxic effect of
irinotecan + panitumumab. However, the KRAS mutants
ultimately survive because they do not experience the
enhanced cytotoxic effect of irinotecan + panitumumab. At
steady state, the tumor will consist of approximately

1.63x10” panitumumab-resistant cells, leading to treatment
failure.
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Figure 6. The emergence of resistance to irinotecan + panitumumab
combination therapy. This combination therapy is unable to kill the KRAS
mutants, which are resistant to panitumumab. Consequently, the KRAS
mutants continue to grow to their carrying capacity. This simulation
assumed a weak immune response D,, and an initial population of 10°
wild-type tumor cells. The parameter values corresponding to
panitumumab were used in this simulation

The irinotecan + panitumumab treatment simulation is an
example of a combination therapy that fails to eliminate a
tumor that contains KRAS-mutant cells. The simulations
also show that a combination of irinotecan and
panitumumab (or a combination of irinotecan + cetuximab)
leads to a greater NK cell death, making it difficult to boost
the immune system if NK cells were to be injected while
both irinotecan and panitumumab injections continue to be
administered. This example makes it evident that not all
combination therapies are necessarily more effective than a
monotherapy in reducing tumor size. For combination
therapy to be useful, it is important to understand the effect
that each drug has on the tumor cells as well as on the
immune cells, and how to modulate the dose and frequency
of each mode to maximize the combined therapeutic effect
without cancelling or attenuating the action of one of the
co-treatments.

The model was able to replicate the results of Sameen
et al. [87] that irinotecan + cetuximab and irinotecan +
panitimumab combination therapies are effective in
eliminating a tumor only in a patient whose anti-tumor
immune response is strong. Since such a strong immune
response is not common among cancer patients, the model
in [87] and our model both suggest that this type of
combination therapy should not be given as a first-line
treatment. If either irinotecan + cetuximab or irinotecan +
panitimumab is given, this combination therapy should be
supplemented with a different treatment modality that will
be able to eliminate the KRAS mutant cells and irinotican
resistant cells that may arise during the treatment phase.

In order to assess treatment robustness with respect to
present and emergent resistance, the following categories
were established:

1. The treatment is robust with respect to all levels of
immune strength D, the tumor size at the start of
treatment, and with respect to the emergence of
resistance. This treatment does not lead to the
transformation of wild-type cancer cells into mutant
cells, and results in a complete response (CR) at all
levels of D and initial tumor size up to 10° cells. If
irinotecan-resistant cells and/or KRAS mutants are
already present, the treatment still leads to a CR.

2. The treatment is robust with respect to the emergence
of resistance and leads to a complete response (CR)
for an initial tumor size up to 10° cells at the strong
and moderate immune strength levels only.

Table 3 lists the combination therapies that were
classified as belonging to category 1 or to category 2. The
list in category 2 is only partial. Other treatments that are
not robust with respect to the level of immune response
strength, but that are robust at the Dy, level with respect to
initial tumor size at the start of treatment and with respect to
treatment resistance, are listed in Supplementary Table 2.

Table 3 shows that only a sunitinib + fresolimumab
combination treatment exhibited robustness in producing a
complete response with respect to all the perturbations that
were considered. The model predicted that a sunitinib +
fresolimumab protocol has the potential to eliminate, in a
relatively short time, a large, heterogeneous tumor
consisting of wild-type and mutant cells in a patient whose
anti-tumor immune response is moderate or weak.
Unfortunately, treatment robustness may not be easy to
achieve in practice. A robust cancer treatment requires
combining modalities that can lead to strong synergy, but
strong synergy can only be achieved if the correct dose,
timing and frequency are implemented. The model helped
to determine on what day to start a particular type of
treatment to achieve the strongest synergy possible.
Mathematical modeling that drives experimentation can
provide the guidance necessary to identify a protocol that
can be made robust with respect to changes in tumor
characteristics and changes in a patient’s immune activity
profile.

The simulations indicated that for protocols that were not
robust with respect to the strength of the immune response,
but that eliminated a heterogeneous tumor consisting of up
to 10° wild-type and mutant cells at a moderate immune
response strength, the key ingredient was a timely adoptive
cell transfer. For example, in the successful non-robust
combination treatments F+NK, [I+NK, I+CTL, and
S+P+NK, it was the injected NK or CTL cells that provided
the necessary boost at the right time to the patient’s immune
system to tip the balance in favor of immunodestruction of
the tumor. The model predicts that in order to increase the
likelihood of treatment success, immunosuppression must
be reduced significantly prior to starting ACT, and a
patient’s immune system must be capable of at least a
moderate anti-tumor response.
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Description of the Treatment

Give one cycle of daily sunitinib capsules (28 capsules in total the first 4 weeks, followed by two weeks of
rest, and then stop sunitinib treatment), while concurrently giving 2 biweekly injections of fresolimumab

Comments: This combination therapy requires a small number of fresolimumab injections to achieve a CR,
which significantly reduces the side effects associated with anti-TGF-B therapies. This combination therapy
did not lead to treatment resistance and eliminated wild-type, irinotecan-resistant and KRAS-mutant tumor
cells that were already present. It takes about 37 days to achieve a CR, which is one of the shortest times to

Comments: This successful monotherapy required at least 10 biweekly injections to achieve CR. The model
predicts tumor elimination on day 157 (about 5 months after the start of treatment). The disadvantages of this
long period of treatment are cost, and an increased risk of harmful side effects that may require temporary or

Give 7 biweekly injections of fresolimumab. Concurrently, give 14 weekly injections of NK cells starting on

Comments: Neither fresolimumab nor NK cell monotherapies or combined therapy lead to the development
of mutant cancer cells. Fresolimumab decreases tumor size over time by neutralizing TGF-B, while NK cell
However, none of these treatments decrease the
immunosuppressive effect of Treg cells. Consequently, it is not until the NK cell concentration has increased
substantially that the immune system is able to take over and eliminate the tumor. Although it takes about 103
days to achieve a CR with this combination therapy, this time to tumor eradication is considerably shorter
than the 157 days that would take to achieve a CR when fresolimumab is given as monotherapy.

Irinotecan + NK
cells

(1+NK)

Give 10 weekly irinotecan injections and concurrently give 3 weekly NK cell injections starting at the time

Table 3. Description of Robust and Effective Treatments
Catedo Treatment
gory Components
. Sunitinib + starting on day 0.
Fresolimumab
(Robust) (S+F)
eradication compared to the successful but non-robust treatments in Category 2.
Give 10 biweekly injections of fresolimumab.
Fresolimumab
Monotherapy
(]
permanent discontinuation of the treatment.
day 0.
Fresolimumab +
NK Cells injections increase NK cell concentration.
(F+NK)
2
(Not Robust
but Effective
in Achieving a
CR) when the 8" irinotecan injection is given.

Comments: The model predicts that irinotecan chemotherapy will lead to the emergence of
irinotecan-resistant cancer cells. The wild-type and resistant populations will continue to grow over time,
while Treg cell concentration will decrease steadily by 3 orders of magnitude. It is at this point that the 3 NK
cell injections can be administered to eliminate the chemosensitive and resistant cells. It takes about 80 days
to achieve a CR.

Irinotecan + CTL

Give 11 weekly irinotecan injections and concurrently give 5 CTL injections (one CTL injection every 5
days) starting on day 60 after 9 irinotecan injections have been given.

Comments: At first, irinotecan chemotherapy will lead to the emergence of resistant cells. The wild-type and
resistant populations will continue to grow over time, while Treg cell concentration will decreases by over 2
orders of magnitude. Once Treg cell concentration stabilizes at a minimum value, the CTL treatment can be
started to eliminate all the sensitive and resistant tumor cells. It takes about 81 days to achieve a CR.

Give 2 cycles of sunitinib capsules as first-line treatment concurrently with 6 biweekly panitumumab
injections. Also, give 4 weekly NK cell injections starting on the same day when the 4" panitumumab

Comments: Sunitinib reduces Treg cell concentration by slightly more than 2 orders of magnitude while
panitumumab is able to decrease tumor size slightly. However, due to the moderate level of immune response,
the tumor starts to grow back up during the two weeks between panitumumab injections. The timely boost of
anti-tumor immune system activity that eliminates the tumor is achieved by the 4 NK cell injections that are
given when Treg cell concentration is low enough. Both wild-type and KRAS mutant cells are eliminated by

(I+CTL)
Sunitinib + injection is given.
Panitumumab +
NK Cells
(S+P+NK)
the infused NK cells. It takes about 90 days to achieve a CR.
A successful immune response depends on the

may not be possible after adoptive cell transfer of NK cells,

cooperation of multiple immune cells. Boosting the
anti-tumor activity of only one immune cell type may not be
sufficient to guarantee tumor growth arrest if the anti-tumor
immune response of a patient is weak. When the anti-tumor
response of a key component of the immune system is not
working optimally, such as CD8+ T cells, tumor elimination

even if immunosuppression is reduced by the treatment. An
example of this phenomenon occurs during the
administration of Sunitinib + Panitumumab + NK cell
combination therapy if a patient has an immune system that
exhibits a weak response. The unsuccessful outcome of this
treatment is illustrated in Figure 7A.
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Figure 7. The importance of the immune response strength D on
treatment outcome. A) Although NK cell activity increases after the
adoptive cell transfer, while immunosuppression is decreased by the
sunitinib injections, these simultaneous changes in immunosuppression and
NK cell activity are not sufficient to eliminate the tumor. The end result is
a heterogeneous tumor consisting of wild-type tumor cells and KRAS
mutants that is more difficult to treat. This example illustrates the need to
design patient-specific treatments that take into account, and can address,
the deficiencies in a patient’s immune system status. B) A patient with an
immune system capable of a moderate response can benefit from a single
cycle of sunitinib + panitumumab. The wild-type and KRAS mutant tumor
cells are eliminated due to the moderate strength of the anti-tumor response
combined with the synergistic effect of sunitinib + panitumumab

The model simulations for cetuximab and panitumumab
treatments predict that a strong immune system can
counteract the presence of KRAS-mutant tumor cells as
well as the emergence of irinotecan-resistant cells. This is to
be expected, since both of these types of mutant cells
remain vulnerable to immune destruction if their
antigenicity is sufficiently high and the immune system is
capable of a strong response. Figure 8 illustrates the
elimination of wild-type and mutant cells due to a strong
anti-tumor immune response for two distinct combination
therapies. Tumor cells evade immunodestruction by
reducing the expression of antigens in their cell membrane

[96]. Mutant cells are able to escape destruction due to their
resistance to treatment and their low antigenicity, which
keeps them from eliciting an immune reaction. The model
predictions suggest that treatments aimed at boosting the
immune response against a tumor (such as NK cell or CTL
adoptive therapy) in patients whose immune system
response is anergic, are likely to become an integral part of
successful combination therapies.
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Figure 8. A strong immune response can lead to elimination of resistant
tumor cells. A) KRAS-mutant and irinotecan-resistant tumor cells remain
vulnerable to immunodestruction if tumor cell antigenicity is high enough
and the immune system is capable of a strong response. B) A sunitinib +
cetuximab combination therapy is also likely to be therapeutic, leading to
the destruction of wild-type and mutant tumor cells. Of note is the fact that
in both treatment simulations, a strong immune response reduced the
number of injections and sunitinib capsule intake required to eliminate the
tumor

3.4. Sensitivity Analysis of the Model Parameters

We performed a sensitivity analysis of the model
parameters to identify the parameter(s) that have the
greatest influence on the predicted system dynamics. We
followed the standard procedure of increasing and
decreasing the value of each parameter listed in Table 4 by
some percent while leaving all other parameters constant at
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the values shown in Supplementary Table 1. The case of no
treatment with a moderate immune response and initial
tumor size of 10% cells was considered. All other initial
conditions were left the same as in Table 1. We computed

the resulting percent change in the number of tumor cells at
steady state (on day 250) after each parameter was
increased and decreased by 5%.

Table 4.  Sensitivity of Final Tumor Size to a 5% Change to Parameter Values

% Change in Tumor Size
Parameter Description Parameter Parameter
decreased by 5% increased by 5%
aw Tumor growth rate. -0.028277% 0.025552%
TK Carrying c'apacny'of wild-type and mutant tumor cells combined in the absence of -0.002276% 0.002276%
tumor angiogenesis.
(04 Rate of circulating lymphocyte production. 0.000593% -0.000528%
P Maximum rate of production of TGF-f by hypoxic tumor cells. -1.916486% 1.802060%
bl Critical tumor size at which the angiogenic switch occurs. 0.000001% -0.000001%
S Concentration of TGF-p necessary to reduce the CD8+ T cell killing rate of tumor 0.003478% -0.003187%
1 cells by half.
w Rate of Treg cell production. -0.003755% 0.003613%
bK Proliferation rate of angiogenic endothelial cells. -2.054560% 1.912023%
Kmx Maximum carrying capacity for blood vessel growth stimulated by TGF-p. -3.751997% 3.665944%
e Rate of NK synthesis. 0.006274% -0.006108%
4 Rate of activation of CD8+ T cell due to NK cell-lysed tumor cell debris. 0.006069% -0.005907%
v Rate of CD8+ T cell production from circulating lymphocytes. 0.000012% -0.000012%
Rate of activation of CD8+ T cells due to CD8+ T cell-lysed tumor cell debris. 0.0000001% -0.0000001%
Tumor size reqt_Jlred for half-maximal CD8+ T cell activation by CD8+ T cell-lysed -0.00000002% -0.000000008%
tumor cell debris.
w Rate of IL-2 production from CD8+ T cells. -0.026110% 0.023416%
¢' Rate of IL-2 production from CD4+ and naive CD8+ T cell IL-2 production. -0.002137% 0.002107%
Pr Rate of IL-2-induced Treg cell proliferation. -0.042878% 0.039535%
d Immune strength coefficient. 0.026600% -0.026622%
l Immune system strength scaling coefficient. -0.418652% 0.232891%
S Value describing how quickly CD8+ T cells respond to the presence of a tumor. -0.027989% 0.025305%

The sensitivity analysis suggests that the model dynamics
are robust with respect to slight changes in the parameters
values, since the terminal tumor size did not change by
more than 5% given a 5% change in the parameter values.
Moreover, the parameters that have the greatest influence
on the final tumor size are those representing the angiogenic
potential of the tumor (Kna, bk and p;). This result
highlights the important role that TGF- plays in tumor
growth and why an anti-TGF- B drug such as Fresolimumab
is an essential component of a robust combination
treatment.

4. Conclusions

The model simulations presented in this article illustrated
the importance of treatment timing and the strength of the
anti-tumor immune response in determining the outcome of
a treatment. The model analysis helped to identify treatment
modalities that are most likely to synergize when given in
combination. In particular, a combination of sunitinib and
fresolimumab was predicted to be robust with respect to
changes in the strength of the immune response, the tumor
size at the start of treatment, and with respect to tumor
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resistance to cetuximab, panitumumab and irinotecan. This
prediction suggests that an effective cancer treatment will
be one that can disrupt the biological mechanisms that are
responsible for tumor angiogenesis and immunosuppression,
which could maximize the therapeutic effect of adoptive
cell transfer. In the future, additional cell types and
cytokines will be incorporated into the model to take into
account the positive feedback loops that lead to anti-tumor

tumor growth rate and antigenicity may depend on the
organ in which a cancer develops. Therefore,
parameterization of the model with values that are
characteristic of a particular cancer type will help to
identify the treatment protocols that have the greatest
potential to eliminate a specific type of cancer safely and
efficiently.
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robustness of a cancer treatment with respect to changes in
Appendix
Supplementary Table 1. Parameters of the Model
Parameter Description Value Units References
a, Tumor growth rate (colorectal cancer) 2.31x10™ day™ [86]
c Rate of NK cell-induced tumor death 5.156 x10™ L cell* day™ [86]
d Immune strength coefficient {1.3,16,2.1} day* [86]
| Immune system strength scaling coefficient {1.1,14,2} unitless [86]
S Value describing how quickly CD8+ T cells respond to {5x10°7, 8x10°%, 4x10°%} L [86]
the presence of a tumor
. —10
£ Rat_e of NK cell-induced tumor death t_hrough 6.5x10 L cell” day™ [86]
antibody-dependent cellular cytotoxicity (ADCC) (0 for panitumumab)
Concentration of mAbs necessary for half-maximal 1.25x10°° 4
h . ; > ’ mg L [86]
increase in ADCC aCtIVIty (0 for pan|tumumab)
Determines the percent level of the maximum rate of
X chemotherapy-induced tumor death of wild-type and 0.75 unitless [86]
mutant cells
Actual rate of chemotherapy-induced wild-type and 1 1
K .
T mutant tumor cell death used in the simulations (8.1x107)-X day [86.87]
Additional chemotherapy-induced death of wild-type
Kar and mutant tumors due to mAbs cetuximab and 4x10™ L mg™ day™ [86]
panitumumab
Chemotherapy efficacy coefficient on wild-type and _ 1
5 1
T mutant cancer cells 2x10 Lmg [86]
Determines the percent level of the maximum rate of
Y mAb-induced tumor death of wild-type and mutant 0.75 unitless [86]
cells
(2.28x1072)-Y
W Actual rate of mAb—in_duced v_vild—ty_pe and mutant for cetuximab L mg™ day™ (6]
tumor cell death used in the simulations (3.125x107?)-Y
for panitumumab
f Rate of NK cell turnover 1x1072 day™ [86]
e Rate of NK synthesis %-f day™ [86]
IL-2 concentration needed for half-maximal NK cell 5 1
On proliferation 2.5036 %10 L [86]
Py Rate of IL-2-induced NK cell proliferation 5.13x107? day™ [86]
p Rate of NK cell death due to interaction with the tumor 5.156 x107* cell* day™ [86]
. . . -10
D, Rate of NK cell death due to interaction with mAbs 6.5><.10 cell” day [86]
complexes (0 for panitumumab)
Ky Rate of NK cell depletion due to chemotherapy toxicity 9.048x10™" day™ [86]
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Parameter Description Value Units References
oy Coefficient of chemotherapy toxicity on NK cells 2x10™ L mg* [86]
m Rate of turnover of activated CD8+ T cells 5x107 day™* [86]
IL-2 concentration required to halve the CD8+ T cell 5 1
4 turnover rate 2503610 L [86]
q Ear\]t;:nf CDB8+ T cell death due to interaction with the 5.156 x 10~ cell day™t [86]
Rate of activation of CD8+ T cell due to NK cell-lysed 10 4 g1
r,
! tumor cell debris 5.156x10 cell™ day [86]
Rate of CD8+ T cell production fi irculati . .
r, Iy;e;gocyte; cell production from circulating 1x1075 cell day™* [86]
P, Rate of I1L-2 induced CD8+ T cell activation 2.4036 day™ [86]
Concentration of IL-2 necessary for half-maximal 3 4
9 CD8+ T cell activation 2.5036 <10 L [86]
Rate of inhibition of surplus CD8+ T cells induced by . P 1
u . 13 L* cell
Treg cells in the presence of IL-2 2.3085x10 cell™ day [97]
Concentration of IL-2 required to halve the
K immunosuppressive effect of Treg cells on CD8+ T 2.5036 x10° Lt [97]
cells
; Rate of activation of CD8+ T cells due to CD8+ T 4 1
) cell-lysed tumor cell debris 1.245x10 day [86]
Tumor size required for half-maximal CD8+ T cell 7
k activation by CD8+ T cell-lysed tumor cell debris 2.019x10 cells [86]
K, Rat_e _of CD8+ T cell depletion from chemotherapy 4524 x10™ day™ [86]
toxicity
L Coefficient of chemotherapy toxicity on CD8+ T cells 2x107* Lmg* [86]
Rate of lymphocyte turnover 6.3x107 day™* [86]
a Rate of circulating lymphocyte production (3x10°) -8 cells L™ day™ [86]
K. :?at_e _of lymphocyte depletion from chemotherapy 57 %10~ day™ [86]
oxicity
Coefficient of chemotherapy toxicity on circulating L 1
1)
¢ lymphocytes 2x10 Lmg [86]
H, Rate of excretion and elimination of IL-2 11.7427 day™ [86]
o] Rate of 1L-2 production from CD8+ T cells 7.88x107° IU cell” day™ [86]
Rate of IL-2 production from CD4+ and naive CD8+ T 7 R
. | Il
¢ cell IL-2 production 1.788x10 U cell” day [86]
Concentration of IL-2 for half-maximal CD8+ T cell 3 1
< IL-2 production 2:5036x10 It [86]
71 The rate of excretion and elimination of irinotecan 4.077x10™ day™ [86]
1.386x10*"
n Rate of cetuximab and panitumumab turnover and for cetuximab davt [86]
excretion 9.242 x107? y
for panitumumab
8.9x107™
A Rate of mAb/tumor cell complex formation for cetUXIr:nab mg cell* L™ day™ [86]
8.6x10™
for panitumumab
4.45%10°°
h Concentration of mAbs for half-maximal EGFR for cetuximab mg Lt [86]
2 binding 43x107°

for panitumumab

17
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Parameter Description Value Units References
T, Carry_lng cfapacny of wild-type and mqtant tun_wor cells 1x10° cells [88]
combined in the absence of tumor angiogenesis
Conversion factor from number of activated
- - . . tumor cells .
9, endothelial cells to the increase in tumor carrying 1 _— estimated
capacity endothelial cell
Maximum rate of production of TGF-f by hypoxic 5 RIS estimated
UL
Py tumor cells 1x10 UL day from [88]
b, Critical tumor size at which the angiogenic switch 1x10° cells [88]
occurs
Concentration of TGF-p necessary to reduce the CD8+ 1
S L 4 IUL
! T cell killing rate of tumor cells by half 7x10 [72]
u, Decay rate of TGF-p 10 day™ [88]
b, Proliferation rate of angiogenic endothelial cells 0.198 day™ [98]
Maximum carrying capacity for blood vessel growth 9 .
Kinax . Il
stimulated by TGF-p secreted by tumor cells 5x10 oelis estimated
TGF-B concentration that gives a half-maximal " 4 .
. . . UL
9 proliferation rate of endothelial cells 1x10 v estimated
Growth inhibition coefficient of endothelial cells by L g . estimated
d 8 213 1
K tumor cells 5x10 cell™"day from [99]
Suppressive effect of Treg cells on wild-type and 4 1
A mutant tumor cell kill rate by NK cells 1.59x10 L cell [89]
w Rate of Treg cell production 4.698x10™ day™ [89]
Ug Rate of Treg cell turnover 3.851x107° day™ [100]
Pr Rate of IL-2-induced Treg cell proliferation 3.598x107? day™ [97]
9s Co_ncer_ltratlon of IL-2 necessary for half-maximal 11.027 UL [97]
activation of Treg cells
hq Rate of Treg cell inhibition by sunitinib 0.227 day™ [89]
Kq Rate of Treg cell depletion from chemotherapy toxicity 5.7x107 day* [86]
Determines the scope of influence of KRAS-mutant
tumor cells T, in making tumor cells resistant to .
Q. cp 7
' chemotherapy and in reducing the sensitizing role of 1x10 unitless [87]
cetuximab and panitumumab to chemotherapy
A !Efflcacy of sunltl_nlb in _|nh|b|t|ng the 50.02 L mg [89]
immunosuppressive activity of Treg cells
O Chemotherapy toxicity on Treg cells 2x10™" L mg™? [86]
s Rate of excretion and elimination of sunitinib 0.277 day* [89]
a, Growth rate of mutant tumor cells 2.31x10™ day™ [86]
H Maximum mutation rate of wild-type tumor cells 4x107° day™ [80]
Concentration of irinotecan chemotherapy that leads to
Kwu a half-maximal rate of mutation of wild-type tumor 1x10° mg L* estimated
cells Ty, into irinotecan-resistant tumor cells T;
Efficacy of the second type of chemotherapy drug of _ 1
5 1
™ killing irinotecan-resistant tumor cells 2x10 Lmg [86]
7, Rate of excretion and elimination of the type 2 4.077 10" day™ [86]
chemotherapy drug
e Degradation rate of anti-TGF-beta (Fresolimumab) 0.033 day™ [70]
b, Rate of loss of free TGF-p due to binding with anti- 100 L mg™ day™ [70]
TGF-B
b, Rate of loss of free anti-TGF-f due to binding with 25x10° L 1U™ day™ [70]

TGF-B




Supplementary Table 2 lists the outcomes of over 20 simulated anti-cancer treatments under the assumption that tumor
cells can stimulate angiogenesis through secretion of TFG-p, and that Treg cells and TGF- are immunosuppressive. Column
4 corresponds to simulations that assumed no resistance to any treatment. Column 5 correspond to simulations that assumed a
presence of 35 KRAS-mutant tumor cells at the start of treatment, and a dose-dependent emergence of irinotecan-resistant
tumor cells in treatments that used irinotecan as the cytotoxic agent. Without any treatment, the model predicts that an
angiogenic tumor of size up to 1x10° cells can be eliminated if a patient’s anti-tumor immune response is strong (Ds). 1L-2
injections had no effect on tumor growth when administered as monotherapy or as part of a combination therapy. Therefore,
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combinatorial treatments that involved IL-2 were not included in Supplementary Table 2.

Legend:

| = Irinotecan

C = Cetuximab

P = Panitumumab
S = Sunitinib

F = Fresolimumab
NK = Natural killer cells
CTL = Cytotoxic T lymphocytes

C, = Hypothetical chemotherapy drug

Response to treatment:

CR = Complete response: a tumor size at the end of the treatment period that is

less than or equal to the diffusion-limited value of 1x10° tumor cells.

PR = Partial response: a tumor that remains larger than 1x10° cells, but that by
the end of the treatment period is smaller than at the start of treatment.
NR = No response: the tumor size remains the same, or becomes larger than it

was at the start of treatment, by the time the treatment period ends.

Supplementary Table 2. Simulated Treatments and their Outcomes

Tumor size Outcome Outcome
Treatment Immune Strength D (# of cells) (assuming no treatment (assuming resistance to cetuximab,
resistance) panitumumab and irinotecan)
<t 108 CR Not applicable
ron
g 10° NR Not applicable
N Moderat 10® NR Not applicable
one oderate
10° NR Not applicable
Weak 108 NR Not applicable
ea
10° NR Not applicable
10° CR CR
Strong 5
10 CR CR
10° NR NR
| Moderate 5
10 NR NR
Weak 10° NR NR
ea
10° NR NR
10° CR CR
Strong 5
10 NR NR
10° NR NR
C Moderate
10° NR NR
Weak 10° NR NR
ea
10° NR NR
10° CR CR
Strong 5
10 CR CR
10° CR NR
P Moderate 3
10 NR NR
Weak 10° CR NR
ea
10° NR NR
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Tumor size Outcome Outcome
Treatment Immune Strength D (# of cells) (assuming no treatment (assuming resistance to cetuximab,
resistance) panitumumab and irinotecan)
108 CR CR
Strong 5
10 CR CR
108 NR NR
S Moderate
10° NR NR
Weak 108 NR NR
eal
10° NR NR
108 CR CR
Strong 5
10 CR CR
108 CR CR
F Moderate 3
10 CR CR
Weak 108 NR NR
ea
10° NR NR
108 CR CR
Strong 5
10 NR NR
108 NR NR
NK Moderate
10° NR NR
Weak 108 NR NR
eal
10° NR NR
108 CR CR
Strong 5
10 NR NR
108 NR NR
CTL Moderate 3
10 NR NR
Weak 108 NR NR
eal
10° NR NR
108 CR CR
Strong 3
10 NR NR
108 PR NR
1+C Moderate
10° NR NR
Weak 108 NR NR
eal
10° NR NR
108 CR CR
Strong 5
10 CR CR
108 CR NR
1+P Moderate 5
10 CR NR
Weak 108 CR NR
eal
10° CR NR
108 CR CR
Strong 5
10 CR CR
108 CR CR
1+S Moderate
10° CR CR
Weak 108 NR NR
eal
10° NR NR
108 CR CR
Strong 5
10 CR CR
108 NR NR
I+F Moderate 3
10 NR NR
Weak 108 NR NR
eal
10° NR NR
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Tumor size Outcome Outcome
Treatment Immune Strength D (# of cells) (assuming no treatment (assuming resistance to cetuximab,
resistance) panitumumab and irinotecan)
108 CR CR
Strong 5
10 CR CR
108 CR CR
1+NK Moderate
10° CR CR
Weak 108 NR NR
eal
10° NR NR
108 CR CR
Strong 5
10 CR CR
108 CR CR
I+CTL Moderate 3
10 CR CR
Weak 108 NR NR
ea
10° NR NR
108 CR CR
Strong 5
10 CR CR
108 CR CR
S+C Moderate
10° CR CR
Weak 108 PR NR
eal
10° NR NR
108 CR CR
Strong 5
10 CR CR
108 CR CR
S+P Moderate 3
10 CR CR
Weak 108 CR NR
eal
10° CR NR
108 CR CR
Strong 3
10 CR CR
S+F 10° CR CR
Moderate
(robust) 10° CR CR
Weak 108 CR CR
eal
10° CR CR
108 CR CR
Strong 5
10 CR CR
108 NR NR
S+NK Moderate 5
10 NR NR
Weak 108 NR NR
eal
10° NR NR
108 CR CR
Strong 5
10 CR CR
108 NR NR
S+CTL Moderate
10° NR NR
Weak 108 NR NR
eal
10° NR NR
108 CR CR
Strong 5
10 CR CR
108 CR CR
F+C Moderate 3
10 CR CR
Weak 108 CR NR
eal
10° PR NR
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. QOutcome QOutcome
Tumor size i . . .
Treatment Immune Strength D (assuming no treatment (assuming resistance to cetuximab,
(# of cells) resistance) i iri
panitumumab and irinotecan)
10° CR CR
Strong 3
10 CR CR
10° CR CR
F+P Moderate
10° CR CR
10° CR NR
Weak
10° CR NR
10° CR CR
Strong 5
10 CR CR
10° CR CR
F+NK Moderate
10° CR CR
10° NR NR
Weak
10° NR NR
10° CR CR
Strong 3
10 CR CR
10° NR NR
F+CTL Moderate
10° NR NR
10° NR NR
Weak
10° NR NR
10° CR CR
Strong 3
10 CR CR
10° CR CR
S+P+NK Moderate
10° CR CR
10° NR NR
Weak
10° NR NR
10° CR CR
Strong 3
10 CR CR
10° CR NR
1+C, Moderate 5
10 CR NR
10° CR NR
Weak
10° CR NR
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