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CAR-T cell immunotherapy involves genetically reprogrammed T-lymphocytes that
interact with cancer cells and activate an anti-tumor immune response. This therapy
has been approved for clinical use for hematological cancers, but new challenges have
emerged in the treatment of solid tumors. Some of the challenges include the
heterogeneity of antigen expression found in solid tumors, including antigen-positive
non-tumoral cells, the immune inhibitory molecule expression, and CAR-T cell
trafficking difficulty within the tumor microenvironment. We proposed a mathematical
model to describe the “on-target” and “off-tumor” effects of CAR-T cell therapy on gliomas,
and we investigated which parameters influenced the final outcome using a global
sensitivity analysis. Our model highlights the dynamics of CAR-T cell therapy, tumor,
and healthy populations (antigen-positive glia, antigen-negative glia, and neurons), and it
provides novel insight into the consequences of “on-target” “off-tumor” effects, particularly
in the neuronal loss.
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1 INTRODUCTION

Gliomas are the most common malignant disease ofthe adult central nervous system, with estimated
total cases of around 300,000 worldwide (IARC, 2020). In Brazil, central nervous system neoplasms
represent approximately 5% of all tumors (5.22% for men, 4.17% for women) according to INCA
(Brazilian National Institute of Cancer, estimative for 2020). Glioblastoma is the most common type
of glioma. The current standard-of-care treatment for gliomas consists of surgery, radiotherapy, and
chemotherapy with temozolomide. Moreover, tumor location makes surgical resection extremely
difficult and with the potential to cause severe side effects. The use of immunotherapies for treating
cancer greatly impacts patients’ overall survival. A combined adoptive cell transfer and gene therapy,
known as Chimeric Antigen Receptor T (CAR T) cells), has been approved by several regulatory
agencies for the treatment of hematological malignancies (Elsallab et al., 2020). In this treatment, the
patient’s own T-lymphocytes are genetically reprogrammed to recognize antigens expressed by
tumor cells, and upon contact, they become activated and kill the target. For hematological cancers
(leukemias and lymphomas), this therapy has been successfully applied, but for solid tumors
(carcinomas, sarcomas, and melanomas), new challenges have emerged.

Gliomas now have over 50 clinical trials using CAR-T cells registered on clinicaltrials.gov, making
them the most common solid malignancy treated with CAR-T cell therapy (Barros et al., 2022). The
most common CAR-T cell targets are disialoganglioside GD2, epidermal growth factor receptor
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(EGFR), HER?2, IL-3Ra2, and B7H3 (Elsallab et al., 2020; Prapa
et al, 2021). Moreover, another challenge with CAR-T cell
therapy is the heterogeneous antigen expression on tumor
cells, which can be circumvented by multi-target therapy. In a
very recent success of a first-in-human trial using GD2-CAR-
T cells by sequential intravenous (IV) and intracerebroventricular
(ICV) delivery, safety and early signs of clinical activity were
observed (NCT04196413) (Prapa et al, 2021; Majzner et al,
2022). Toxicity was observed at the tumor location and the
off-tumor effect was not observed, but several neurological
symptoms were observed related to an inflammation in the
central nervous system, called tumor inflammation-associated
neurotoxicity. Four patients received GD2-CAR-T cells and
responded to therapy in the following weeks. However, all
patients presented an increase in tumor volume after
treatment, despite the ICV delivery.

Antigen expression heterogeneity presented by solid tumors,
the hostile microenvironment, and the CAR-T cell trafficking
between the injection site and the tumor are some of the factors
that have been studied to better understand the therapy dynamics
(Marofi et al., 2021). Another concern is the antigen target, which
is not exclusively expressed by the tumor cells, and the overall off-
tumor effects on healthy cell populations are yet to be evaluated.
Although “off-tumor” effects are critical in CAR-T cell therapy,
pre-clinical studies using human tumor cell lines xenografts on
immunodeficient mouse models are not adequate to evaluate this
effect, because human protein expression is restricted to the
tumor cell line. Even a very small antigen expression can
cause serious or fatal adverse events (Morgan et al., 2010; Van
Den Berg et al, 2015). Several strategies based on the CAR
structure or in combination are taken to avoid severe side
effects, but the target antigen is still the key (Safarzadeh
Kozani et al., 2021; Sterner and Sterner, 2021). On the other
hand, human trials are emerging, and safety is still the primary
endpoint, but the “off-tumor” effect is hard to evaluate directly in
situ by biopsies. To help address this point, we propose a
mathematical model to describe the “on-target” “off-tumor”
effect of CAR-T cell therapy for gliomas. Other mathematical
models involving gliomas were developed with a distinct focus
such as neuron-glia interaction under chemotherapy (Iarosz et al.,
2015), predicting the efficacy of surgery (Swanson, Rostomily and
Alvord, 2008), or radiotherapy (Rockne et al, 2010). More
recently, a mathematical model for CAR-T cell therapy for
glioma used in vitro real-time cytotoxicity experiments to
parametrize a so-called CARRGO model (Sahoo et al., 2020).
This model was extended to assume more than one CAR-T cell
binding to the glioma cell (Liu et al., 2021). Also evaluating an off-
tumor effect on CD19" cells, a dual-target CAR-T cells and
glioma model was developed to simulate an increase in CAR-
T cell expansion in order to overcome the profound suppressive
microenvironment (Ledn-Triana et al., 2021).

2 MATERIALS AND METHODS

We assumed that a single dose of CAR-T cells was introduced
into the tumor site as an adoptive therapy. The dynamics of CAR-

Mathematical Model of CAR-T Cells for Gliomas

T cells rely on their ability to expand, to naturally die, the
inhibition they undergo due to the existence of tumor cells,
and their cytotoxic effect in populations that present the
antigen. As we are dealing with a glioblastoma, both the
tumor and glial cells can be affected by the treatment. Ideally,
the target antigen would be expressed exclusively by the tumor
cells. However, as it is not the case for glioma and GD2-CAR-
T cells, a small fraction of healthy glial cells could express it. We
divide the glial cells into two populations: antigen-positive
(sensible to CAR-T cell mediated death) and antigen-negative
(not sensible/resistant to CAR-T cell mediated death). All tumor
cells were considered sensible to CAR-T cells. Both are logistically
growing and compete for nutrients and space with the tumor. The
depletion of sensible glial cells will lead to an irreversible neuronal
loss, given that the neuronal population depends on glial cells to
survive and has no proliferative capacity. Finally, the tumor
shows logistic growth and can either be inhibited by a
particular type of glia cell—the microglia—or by the CAR-T
cells (Figure 1).

2.1 Mathematical Model

The mathematical model presented in this paper is comprised of
an ODE system that describes the interplay between a tumor
population T'(t), the CAR-T cells population C(¢) and two
different healthy cell populations: the neurons N (f) and the
glial cells G(¢) + G(t). In this model, we assume that the
target antigen can be detected in healthy cells, that the glial
cell population can be partially damaged by the treatment, and
therefore, will be described as glial cells without the antigen G ()
and glial cells with the antigen G (t). Our model’s equations are
described by:

dC_ pL(T+6) _or_1c 1)
dt gr+ (T+G) TC
dT T _
E = QTT<1 - E) - \PT (G + G)T - YTTC (2)
dG - G _ _
E = QgG<1 - E) - \PgGT - )/gGC (3)
dG G
Z- QgG<1 ?) - ¥,GT 4)
d_N— dﬁ_}.@ H| - d_G+£ N (5)
ar - \ar T ar dr " dr

The first right-hand side term in Eq. 1 corresponds to the
CAR-T cell proliferation due to the interaction with antigen-
positive populations, which are tumor cells (T) and the sensible
glial cells (G). This term represents the saturated effects of CAR-T
cells in a Michaelis-Menten form and is an analog of those used
by (Kuznetsov et al., 1994; De Pillis et al., 2013) for cytotoxic
T-cells, p, is the recruitment rate, and gr is the half-saturation
constant. Immune inhibitory mechanisms will be considered
through (a), and the combination of CAR-T cell therapy and
immune checkpoint blockade would reduce its value. The last
term comprises the natural death of these cells.

In Eq. 2, the first term stands for the glioma growth defined by
standard logistic law with carrying capacity K and intrinsic net
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FIGURE 1 | Schematic representation of the populations considered in the model
tumor cells and antigen-positive glial cells (G) (sensible). Tumor cells (T) proliferate,
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into two subpopulations, antigen-positive and -negative populations, according to the CAR-T cell target antigen. Only antigen-positive glial cells are sensitive to CAR-T
cell cytotoxicity. All glial cells proliferate, compete with the tumor, and are responsible for neuronal (N) survival.

and their interactions. CAR-T cells (C) proliferate and have a cytotoxic effect on
inhibit CAR-T cells, and compete with all glial cell populations. Glial cells were divided

growth rate Qr. The second term is the immune system’s effect on
tumor progression (Toma et al., 2012). As the tumor secretes
cytokines that act as chemoattractants for microglial cells, these
become activated and initiate an immune response at a rate ¥r.
Lastly, the term yp;TC expresses an anti-tumor cytotoxicity
mechanism, and the mass-action law describes that CAR-T
cells kill tumor cells upon contact at a constant rate y,
(Barros et al., 2021).

In Eq. 3-4 the glial cells also present logistic growth with a net
rate Q, total carrying capacity K, and a limited carrying capacity
K corresponding only to the antigen-positive population. The
rate ¥y describes the tumor resistance to the activated microglial
cells when the glioma cells release immune suppressive factors to
defend themselves by inhibiting the immune effector response
(Tarosz et al., 2015). Finally, in Eq. 3, the glial cells that express the
antigen will be attacked by the CAR-T cells at a rate y,.

The interaction between all healthy cells, namely the neurons
(N) and glial populations (G + G), is presented in Eq. 5. Glial cells
are indispensable to neuron elasticity and are required both
in vitro and in vivo for neuron survival. (Clarke, Lumsden and
Meclnnes, 2001) demonstrated that the kinetics of neuronal loss in
many forms of both inherited and acquired neurodegeneration
can be described as an exponential decay. (Clarke and Lumsden,
2005b) show that a stretched exponential is also well suited to the
description of neuronal cell death in complex tissues, and (Clarke
and Lumsden, 2005a) evaluate different frequency distributions
for neuronal death in which the risk factors vary within the
population; for example, due to regional heterogeneities in the
cellular microenvironment. In order to investigate the impact of
CAR-T cell treatment on neuronal loss, our model uses the same
approach proposed by (Iarosz et al., 2015), described using Eq. 5,
which represents an exponentially decaying function of N (¢),
given by N(t)=eA[G(t)+G(t)], where A=yH[.], v

represents the interaction between glia-neuron and H[x] is
the Heaviside function defined by:

(6)

Hix] = {O,xgo}

1, x>0

which modulates the decrease in the neuron population when the
glial concentration decreases and a null contribution if the glial
concentration is null or positive.

Thus, the presented model describes the effects of the
biological dynamics between tumoral, CAR-T, and healthy
populations in the brain. With a set of twelve positive
parameters as described in the next section, we used the
explicit fourth-order Runge-Kutta method as the numerical
procedure to solve the mathematical system of equations. We
believe that the proposed model will provide insights into several
aspects of population dynamics and can be used to investigate the
roles of each individual parameter on therapy outcome. These
issues are investigated in the next section.

2.2 Parameter Estimation

This model presents several parameters to be estimated. In some
scenarios, numerical ranges could be found in the biological
literature. However, when no relevant information was
provided, we chose parameter values that allowed the model
to behave in a biologically plausible manner. Table 1 provides a
summary of the parameter descriptions as well as their numerical
values, and we will next describe and detail the data used in the
simulations.

2.2.1 CAR-T Cells
Monitoring real-time CAR-T cells in the brain is impractical, and
very few studies around the world use this experimental therapy
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TABLE 1 | Model parameters for Eqs 1-5.

Mathematical Model of CAR-T Cells for Gliomas

Parameter Description Value References
Pc CAR-T proliferation rate 0.2-0.9 day™’ (Stein et al., 2019; Leon-Triana et al., 2021; Ledn-Triana et al., 2021)
a7 T cell concentration for half-maximal CAR-T cell 109 cells Ledn-Triana et al. (2021)
proliferation
c CAR-T cells lifespan 7-28 days Ghorashian et al. (2017)
a Tumor inactivation rate 2[10712 = 10719 cel'day™"  (De Pillis et al., 2013; Radunskaya, Kim and Woods, 2018)
Qr Glioblastoma proliferation rate 0.01-0.14 day™ (Swanson, Rostomily and Alvord, 2008; Rockne et al., 2010)
K Carrying capacity 8.5 x 10" cells Lent et al. (2012)
Y1 Competition coefficient between glial cells and tumor 2.571 x 10715 cell"day™’ (Luders, Steinmetz and Jincke, 2002; Rodrigues, 2011; larosz et al.,
cells 2015)
Estimated
yr Killing efficiency from the CAR-T cells against GBM 2.5 x 107" cell "day™’ Ledn-Triana et al. (2021)
Qg Glial cells proliferation rate 0.0068 day™ Pinho et al. (2013)
Qg <Qt
v Interaction coefficient between glial cells and neurons 2.8 x 1072 cell"'day™" Pinho et al. (2013)
¥y Competition coefficient between tumor cells and glial 2571 x 107 cel"day™’ (Luders, Steinmetz and Jincke, 2002; Rodrigues, 2011)
cells Estimated
‘Pg > ‘PT
Yq Killing efficiency from the CAR-T cells against glial cells 25[1071° - 101] Estimated
cell”'day™"

for gliomas. One of the reasons that led us to develop a
mathematical model is to investigate system dynamics with
existing data, which might guide new experiment designs and
provide accurate data for mathematical models. On the other
hand, CAR-T cell dynamics for leukemia have been explored in
the last 10 years, easily assessable by the blood and bone marrow.
The biology of CAR-T cells per se is independent of the tumor
diagnosis, as T cells from patients are modified in vitro and
maintain the same characteristics.

In Eq. 1, p, is the CAR-T proliferation rate and is related to the
expansion phase in a typical diagram of CAR-T kinetics.
Depending on the properties of the CAR-T product, this rate
changes. (Ledn-Triana et al., 2021) propose a range of 0.2 — 0.9
day ™" based on previous work of (Stein et al., 2019; Leon-Triana
et al., 2021) for B-cell leukemia. Furthermore, (Liu et al., 2021)
demonstrate that solid tumors appear to be associated with a
CAR-T proliferation rate p, of approximately 0.2 — 1.2 day .
One can notice that the proliferation rate range for both leukemia
and solid tumors appears to have the same magnitude, but
gliomas have been observed to have a low proliferation
capacity in situ. The expansion phase will be limited and
reduced using the Michaelis-Menten approach with a
saturation of gr = 100 cells (Ledn-Triana et al, 2021), that
refers to the T cell concentration for half-maximal CAR-T cell
proliferation.

The CAR-T cells lifespan 7¢ ranges from 7 to 28 days
(Ghorashian et al., 2017), and for a—the tumor inactivation
rate—(De Pillis et al., 2013) uses g = 0.3422 x 107! cell 'day ™"
for activated CD8'T cells, and (Radunskaya, Kim and Woods,
2018) uses ¢ =9.42 x 1072 cell 'day™' as the rate of T cell
deactivation.

2.2.2 GBM Cells
Using only routinely available pre-treatment MRIs to inform the
patient-specific proliferation rate for glioblastoma cells, (Rockne

et al,, 2010) found a range of approximately Qr = 0.01 —0.14
day ™" for a group of nine patients, and (Swanson, Rostomily and
Alvord, 2008) established a mean value of Q1 = 0.012 day_l. The
carrying capacity is defined K = 8.5 x 10! cells (Lent et al.,
2012) and assuming for the brain that 1m’/kg=~ 7.14 x 1071°
cell™® (Luders, Steinmetz and Jincke, 2002; Rodrigues, 2011), it is
possible to infer from (Iarosz et al., 2015) that the competition
coefficient Wy = 2.571 x 107" cell 'day . The killing efficiency
off the CAR-T cells is taken from (Leén-Triana et al., 2021), as
yr=2.5x 10710 cell "day "

2.2.3 Healthy Cells

In Egs. 3-5, it is assumed that healthy cells proliferate at a slower
rate than cancer cells, meaning that Q, < Qr, and are taken from
(Pinho et al,, 2013), where the proliferation rate Q, = 0.0068
day ', and y = 2.8 x 1072 cell 'day ' using the same conversion
parameter cited in Section 2.2.2. Through the cancer hypothesis
described by (Nani and Freedman, 2000), it is known that
Y1 <Y, meaning that in the absence of treatment, cancer
cells always outcompete healthy cells for cancer tissue at any
site, with or without metastasis (Pinho, Freedman and Nani,
2002). This approach does not take into account individuals
whose natural immune responses are capable of defeating the
disease, even in the absence of treatment.

Simulating the interaction of normal and cancer cells in a
primary site, (Pinho, Freedman and Nani, 2002) define the ratio
between the normal (g;):cancer (q,) competition parameters as
q1/ q» = 1-1.5. For the anti-angiogenic and chemotherapeutic
protocol, (Pinho et al., 2013) uses a ratio between normal
(Qq):cancer (Qy) coefficients as Q;/ Q, = 10, and for a glia-
tumor interaction, (Iarosz et al., 2015; Trobia et al., 2020) uses this
last relationship; so, we established that , and therefore, ¥, =
2.571 x 107 cell 'day .

In order to be feasible to perform the treatment with CAR-T
cells, it is necessary to carefully choose the target antigen which,
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FIGURE 2| Higher CAR-T cell doses are able to control small, but not high, tumor load in glioblastoma. (A) Temporal evolution of glioblastoma cells considering an

initial tumor burden representing 2.5% of the carrying capacity: 7(0) = 0.025K. (B) Temporal evolution of glioblastoma cells considering an initial tumor burden
representing 10% of the carrying capacity: T(0) = 0.1K. (C) Different dynamics of CAR-T cells, considering a smaller initial tumor burden and (D) a higher tumor burden
equivalent to 10% of the carrying capacity. The simulations were performed for the parameters defined in Supplementary Table S1. The curves correspond to
different values of CAR-T cells injected, using C(0) = 5x 107 cells (solid lines), C(0) 108 cells (dashed lines), C(0) = 5x 102 cells (dashed-dotted lines), and C(0) = 10° (dotted
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ideally, the molecule should be overexpressed on tumor tissues,
with zero or low expression on normal cells (Wei et al., 2019).
Because of competitive advantage of the cancer cells, and through
the cancer hypothesis, we consider that y, >y, implying that the
treatment will affect more healthy cells rather than cancer cells.
So, we assumed that can vary in the range y, = (1-10)yy,
meaning y, = 2.5 x 1071 - 2.5 x 107! cell 'day .

3 RESULTS

3.1 Initial Tumor Burden and CAR-T Dosage
Affect the Outcome

Our first study focused on understanding the changes in the
population dynamics under different initial conditions of tumor
load and CAR-T cell dose. It is worthy to note that a healthy
individual would be described by the state variables T'(0) =
0, G(0) +G(0) = K and N (0) = K, considering the fact that
neurons have the same carrying capacity as glial cells; the glia:
neuron ratio is 1:1 (Lent et al., 2012). Initially, with the tumor

present and no treatment, the glioma cells kill the glial cells, and
without the glial support, the neurons die. To make CAR-T cell
therapy feasible, the population of healthy cells cannot have
antigen overexpression; therefore, we estimate that the
population of antigen-positive glia cells will account for only
10% of the initial tumor burden. We also highlight that the
populations of healthy and tumor cells are referred to in relation
to their carrying capacity; i.e., for a tumor burden representing
1% of the carrying capacity, we have T = 0.01K.

At a starting tumor burden equivalent to 2.5% of the carrying
capacity, for CAR-T doses ranging from 5.10” to 5.10° cells, a
significant reduction in the tumor cells was observed. The decay
phase ends 2-3 weeks after the CAR-T injection, which is a
reasonable dynamic, since the CAR-T cell expansion phase peaks
around day 20. The therapy was able to control tumor growth in
silico for 120 days, which could provide a window of opportunity
for other therapies (Figure 2A). CAR-T cell peak and function
were dose-dependent (Figure 2C).

Surgical resection is one of the first lines of treatment for
gliomas; however, if the tumor’s location makes the patient
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FIGURE 3 | High tumor load leads to a decrease in sensitive and resistant glial cells upon CAR-T cell treatment. (A) Sensible glial cells were extinct by CAR-T cells
when considering an initial tumor burden representing 2.5% of the carrying capacity: T(0) = 0.025K, but not at a higher tumor burden of T(0) = 0.1K (). (C) Rapid decrease
followed by proliferation of resistant glial cells at lower tumor burden. (D) Resistant glial cells also decrease upon CAR-T cell treatment under a higher initial tumor load.
The simulations were performed for the parameters defined in Supplementary Table S1. The curves correspond to different values of CAR-T cells injected using

C(0) = 5x107 cells (solid lines), C(0) = 10® cells (dashed lines), C(0) = 5x108 cells (dashed-dotted lines), and C(0) = 10° cells (dotted lines)
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inoperable, the initial tumor burden for CAR-T cell treatment will
be greater. Figure 2B depicts two types of tumor response
dynamics based on the initial dose of CAR-T cells. There is
no tumor control under treatment at doses lower than 103 CAR-T
cells, and the tumor escapes, whereas doses greater than this
threshold allow the therapy to control the tumor.

Considering the highest dose of CART-cells, 10° cells, it can be
observed that a higher initial tumor load promotes greater expansion
of CAR-T cells and an earlier peak. However, higher initial tumor
burden leads to a great inhibition on CAR-T cell cytotoxicity and
proliferation, culminating in very low CAR-T cell numbers and
tumor scape. This is a dual behavior relative to the tumor size: on the
one hand, the tumor promotes CAR-T cell proliferation while, and
on the other hand, it increases immunosuppression.

3.2 Off-Tumor Activity Increases Neuronal

Loss
Next, we used the mathematical model as a tool to tackle the
problem of the “on-target” “off-tumor” effect on healthy antigen-

positive populations. As a first test, we increased the dose of the
CAR-T injection. When compared to tumor cells, antigen-
positive glial cells have a similar population dynamic with a
low initial tumor burden (Figure 3A). The higher the CAR-T cell
dose, the faster these cells are killed, and by day 20 of treatment,
the population is completely extinguished. On the other hand,
after increasing the initial tumor load, a distinct scenario was
observed; CAR-T cells did not expand due to an elevated
inhibitory microenvironment, and the depletion of the
antigen-positive glial cell population occurred more slowly
(Figure 3B) according to our model.

Furthermore, glial cells that do not display the antigen on their
surface are subject only to inter-specific competition with tumor
cells. When it was possible to obtain a significant reduction in the
tumor mass, the antigen-negative population returned to a
proliferative state (Figure 3C), which is not the case when the
tumor load was higher (Figure 3D).

Neuronal dynamics are directly correlated with glial cell
behavior and, therefore, will also be subject to variations
according to the number of injected CAR-T cells and initial
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tumor size. In Figure 4A, we assume that 90% of the total glial cell
population does not express the antigen, and in this scenario,
higher doses of CAR-T cells result in less neuronal loss. That is
because the treatment causes a rapid and significant decrease in
antigen-expressing cells (T + G), preserving the majority of the
healthy glial population that sustains neurons. Also, the model
assumes a definitive neuronal loss with no regenerative capacity,
and for that reason, a plateau is observed after day 20. On the
other hand, it is possible to see in Figure 4B that if treatment fails
and the tumor escapes, a neuronal loss will occur continuously,
directly affecting the patient’s quality of life.

To investigate the neuronal loss according to the glial cell
population, we fixed the CAR-T cell dose and tested several glial
cell support capacities. A higher initial tumor load leads to a
higher neuronal loss, especially when the sensible glial cell
population is more affected (Figure 5). Again, this result
points to a higher tumor burden promoting greater inhibition
of glial cells, negatively impacting neuronal dynamics. It is still a
difficult task to evaluate whether the degree of this neuronal loss
will lead to clinical symptoms since the lesion location and the
previous neuron function play an important role and was not
included in the developed model and simulations.
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FIGURE 6 | Tumor cell sensibility analysis according to time after therapy (A) CAR-T proliferation, tumor proliferation, and CAR-T inhibition by tumor are the main

dynamics. (C) The effect of CAR-T cell proliferation rate (pc) variation on tumor dynamics. (D) The effect of immunosuppressive rate (a) variation on tumor dynamics.

he first days after treatment. (B) The effect of tumor growth rate (Q+) variation on tumor

3.3 Sensitivity Analysis

In models with several uncertain inputs, it is interesting to know
which ones can have a significant impact on the outputs. Indeed,
it is well known that, in many cases, only a small number of input
variables actually act in the model (Lamboni et al., 2013). With
this knowledge in mind, it is possible to identify which

mechanisms are most relevant to real system dynamics
(Saltelli et al., 2019; Da Silva et al., 2020).

As the initial conditions were already evaluated, we performed
a sensitivity analysis on the model in order to identify which are
the most sensitive parameters to define the overall response. With
such analysis, we aim to increase our understanding of the
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relationships between input uncertainty and output, identify
which parameters drive the model dynamics, find errors in the
model if a relationship is not biologically reasonable, and even
guide future in vivo experiments.

The analysis was executed by the SALib package (Herman and
Usher, 2017), and the range for each parameter was defined
accordingly to the values found in the literature (see
Supplementary Table S2) and was sampled uniformly using
the saltellisample (Sobol, 2001; Campolongo, Saltelli and
Cariboni, 2011; Herman and Usher, 2017; Owen, 2020). The
first-order Sobol indexes were obtained using the delta.analyze
routine (Borgonovo, 2007; Plischke, Borgonovo and Smith,
2013). The initial conditions were set as:

T(0) =0.1K
G(0) = 0.1T(0)
G(0)=K-G(0) }. (7.a)

N(0) = K -T(0)
C(0) = 5.10%cells

After the sensitivity analysis, the most significant parameters
were analyzed individually, keeping the same initial conditions
and parameters from Table 1, while different values within the
testing range were simulated.

3.3.1 Tumor

Based on the analysis, it is clear that three main parameters will
have the greatest influence on the outcome: the tumor
proliferation rate (Qp), the CAR-T cells expansion/
proliferation rate (p), and the tumor inhibition rate («)
(Figure 6A). Sobol’s results show that, for the defined
parametric intervals and initial conditions, the parameter
related to the tumor type (Qr) is more important in the
interval between 20 and 40 days after treatment begins, and
the parameters associated with the CAR-T cells (p and «) are
more relevant to the dynamics during the first 10 days or the last
60 days.

Examining only the effect of the respective parameters on the
model, we found good agreement with the sensitivity analysis
results. Firstly, after the first 2 weeks of treatment, the tumor
dynamics change significantly depending on the glioblastoma
growth rate; either the disease is under control or the tumor
already escaped and the carrying capacity has been reached
(Figure 6B). The model suggests that the first 20 days are
crucial in the response to CAR-T cell therapy.

Secondly, the rate of CAR-T cell proliferation is negatively
related to the number of tumor cells; that is, the higher the
activation of CAR-T cells, the smaller the tumor mass
(Figure 6C). Notably, for the initial conditions and parameters
used in this simulation, only a proliferation rate similar to the
highest described in the literature would be effective in
preventing disease progression. That being said, this is a
question that needs to be investigated further for solid
tumors, since pre-clinical models’ results showed a lower
proliferative capacity than those found in hematological
cancers (Liu et al., 2021) (LIU et al., 2021).

Finally, it was observed that the treatment is effective only in
the presence of low tumor immunosuppression (Figure 6D). In

Mathematical Model of CAR-T Cells for Gliomas

this case, CAR-T cells are able to overcome the hostile
microenvironment and promote a long-lasting tumor
response while the tumor continued growing after the
therapy. A combination with an immune checkpoint
blockade therapy could benefit patients under CAR-T cell
therapy for solid tumors.

3.3.2 CAR-T Cells

Assuming the dynamics of CAR-T cells as the quantity of interest,
in Figure 7A we observe that four parameters display greater
relevance to the model variance. In the first weeks, the
proliferation rate (p), inactivation rate due to tumor presence
(), and the CAR-T cell cytotoxic effect (y;) were more
important, while the CAR-T persistence or lifespan (7¢) was
more relevant in the subsequent weeks. This indicates that the
initial dynamics-distribution and expansion phases are correlated
to antigen recognition, allowing proliferation upon contact and
inhibition due to tumor load, which are demonstrated by the
contraction and persistence phases associated with the survival of
CAR-T cells in the tumor microenvironment. Figures 7B,7D
show that both the cytotoxic effect (y;) and the proliferative
capacity (p.) have a positive correlation with CAR-T cell
expansion. CAR-T cells expand 10-fold beyond the initial
value in a low immunosuppressive microenvironment, with
the peak occurring around day 10 after injection. However, in
a more immunosuppressive environment, the peak is delayed
(around day 20) and the expansion becomes so small that the
CAR-T cells eventually only show the contraction phase. In a low
immunosuppressive microenvironment, CAR-T cells expand 10-
fold beyond the initial value, with the peak occurring around day
10 after injection, whereas in a more immunosuppressive
environment, the peak is delayed with a smaller expansion, to
the point where the CAR-T cells eventually show only the
contraction phase. Figure 7E shows that the survival time of
CAR-T cells has no overall impact on the expansion time (around
15-20 days), but it does affect the maximum cell number and
persistence in the environment over time.

3.3.3 Glial Cells

The proliferation rate of CAR-T cells and
immunosuppression are important parameters in the dynamics
of both antigen-positive and antigen-negative cells within the glial
populations. The cytotoxic effect of CAR-T cells on antigen-
positive cells, in particular, has the greatest impact on model
variance (Figure 8A), whereas, for those that do not present the
antigen, tumor cell carrying capacity and tumor cell proliferation
becomes more important (Figure 8B).

In terms of the mortality rate of antigen-positive cells due to
treatment, if tumor cells have a competitive advantage over these
glial cells, that is, y, > yy, this population will be eliminated faster
(Figure 9A). CAR-T cells without a high proliferative capacity
would die in the tumor microenvironment and lose their
cytotoxic effect on glial cells. Finally, the rate of CAR-T cell
inactivation (Figure 9C) confirms the preceding findings, which
can be summarized as follows: A less immunosuppressive
environment results in an increase in the CAR-T cell
population, which kills antigen-positive glial cells.

tumor
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The tumor’s carrying capacity only at high values
generates a change in behavior pattern in the population
of resistant glial cells; this is due to the fact the tumor can
grow continuously, and the competition with healthy cells
becomes more significant (Figure 10A). A higher tumor
proliferation rate inhibits the survival of healthy cells

through competition (Figure 10B). The higher the tumor
inhibition («) effect on CAR-T cells, the worse for glial cell
survival (Figure 10C). Even without antigen expression,
resistant glial cells have a better chance to survive when
CAR-T cell proliferation is higher, due to a higher tumor
elimination (Figure 10D).
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FIGURE 9 | Glial cells sensitivity analysis according to time after therapy.

(A) CAR-T cell cytotoxicity on sensible glial cells is the most important
parameter in this population in the first days after CAR-T cell therapy,
according to First Sobol’s indices for antigen-positive glial cells. (B)

Tumor carrying capacity and growth rate are the most impacting parameters
on resistant glial cell populations, according to First Sobol’s indices for
antigen-negative glial cells.

3.3.4 Neurons

The sensitivity analysis for neurons reveals that the interaction
coefficient with glia cells (y ) plays a critical role in the variance of
the response during the first 20 days. The tumor proliferation rate
(Qr) and hostile tumor microenvironment («) are also
prominent on consecutive days. Because neurons are
fundamentally dependent on the survival of all glial
populations, tumor competition with healthy glial cells is more
influential than treatment negative effects (Figure 11A).

An increase in the interaction coefficient between neurons and
glia results in a proportional increase in neuronal death
(Figure 11B). Figures 11C,11D show analogous behavior for
glioblastoma growth rate and immunosuppressive capacity; the
higher any of the two parameters, the greater the possibility of
tumor escape and, as a result, death of neurons in healthy
populations.

4 DISCUSSION

We developed a mathematical model based on an ODE system to
simulate five populations: tumor, CAR-T cells, neurons, and two
populations of healthy glial cells, which can be sensible or
resistant to CAR-T cell therapy. We include, in the simulation
as a parameter the immunosuppressive microenvironment, the
consequences of an “off-tumor” effect on a third-party, and the
analysis of variables to which the phenomenon is more sensitive.
One of the major issues of CAR therapy in solid tumors is the
selection of a target that maximizes anti-tumor activity while
minimizing side effects (Flynn et al., 2017). Because of their lack
of specificity in protein expression, most solid tumors
demonstrate the potential for significant on-target off-tumor
effects (Richman et al., 2018).
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Although mathematical models are particularly useful for
qualitative analysis of system dynamics, their application has
limitations. With this in mind, the proposed model was
developed assuming: (i) a given dose of CAR-T cells directly is
introduced into the tumor site: for glioblastomas, the trafficking
of CAR-T cells into the parenchymal tissue and subsequent
penetration into the brain-blood barrier (BBB) is still a
challenge that the treatment must overcome (Gatto et al,
2022). However, intracavitary and intraventricular infusion are
promising techniques for overcoming the BBB and trying to
prevent cell exhaustion before they reach the microenvironment
(BROWN et al.,, 2018). The same approach is being used in
ongoing clinical trials (NCT04196413, NCT04385173, and
NCT04077866). (ii) CAR-T cells are considered activated
T cells and have a cytotoxic effect on any antigen-positive
cells; this is a simplified representation of a population
comprised of effector and memory phenotypes. For GBM
xenografts, (Wang et al., 2018) observed that CD4" (memory)
CAR-T cell effector potency was compromised when coapplied
with CD8" (effector) T cells, and CD4+(memory) CAR-T cells
did not improve the CD8" (effector) CAR-T cell. Though since
we intend to analyze the cytotoxic activity of CAR-T cells on
different populations in our model, the memory phenotype is not

explicit. (iii) The target antigen can be expressed by glial cells. For
a human neuroblastoma xenograft in vivo, (Richman et al., 2018)
showed that a GD2+CAR-T cell induced an anti-tumor response
but was also associated with lethal central nervous system (CNS)
toxicity, which included extensive CAR-T-cell infiltration and
proliferation within the brain as well as neuronal destruction. To
assess the consequences of shared expression of the target antigen
between healthy and tumor populations, we assume that a
fraction of glial cells are also killed by CAR-T cells. (iv)
Neuronal death is caused uniquely by glial cell depletion.
(Fricker et al,, 2018) reveal that neurons die in at least a
dozen ways and that non-neuronal cells also contribute to
neuronal death. Since our work proposes to investigate the
off-tumor cytotoxic activity of CAR-T cells, it is feasible for
the model to associate neuronal death with glia cell depletion.
The CNS contains three types of glial cells: astrocytes,
oligodendrocytes, and microglia. Astrocytes are the most
abundant glial cells, and they play important roles in synapse
formation and ion homeostasis. Microglia represent the brain’s
immune system and thus act as phagocytes in various injuries and
inflammatory diseases. Oligodendrocytes play a role in
neuroprotection against degeneration (Chavda et al., 2022).
Each of these populations interacts differently with neurons,

Frontiers in Systems Biology | www.frontiersin.org

12

July 2022 | Volume 2 | Article 923085


https://www.frontiersin.org/journals/systems-biology
www.frontiersin.org
https://www.frontiersin.org/journals/systems-biology#articles

Santurio and Barros

Mathematical Model of CAR-T Cells for Gliomas

0,6
A T T T T T T T T T E=10.digz
L B 1 =20 days
- t =40 days
05 Il =60 days
120 days
04 -
_ 03
7]
0,2
0.1
0,0
Q L
g g I
B lell Neurons C len1 Neurons
— y=1.8.10""2 day'cell" [ —
7.6 —= y=2.8.10"'2 day'cell? 7 N,
—- y=3810""day'cell* LNy
!‘ « w=4.8.10"12 day'cell? 6 \.
5 7541 % N
2 =\ ] 5 '\
E E\ B b N
3 wy § % N
= )\ \ c . .
B ] i e e e = 4 % N
:\ 2 B N,
B R i ity 39— ar=0012day ", e
734 == Qr=0.057 day~! N
21 =- Qr=0.098 day*
......................................................... . Q;=0.14 day~
0 20 40 60 80 100 120 5 a5 5 FA P 00 55
Time (days)
Time (days)
lell Neurons
D
7.5\
R e R R e e S ]
\,\
7.04 .
~.
\,\
+ 6.5 .
3 ™,
€ ~,
2 6.0 ~,
3 \‘\
© 554 ‘~
— a=10"12 dayicell ~,
5.0- == a= 10" day-cell-* \'\
—- a=10"1 day-'cell? ~,
4.5 - a=10"° day-cell* '\'.,
0 20 40 60 80 100 120
Time (days)
FIGURE 11 | Glial cell support and tumor proliferation are key parameters of neuron dynamics. (A) Neuron's interaction with glial cells is key in the early days after
CAR-T cell treatment, followed by tumor proliferation, according to First Sobol’s indices. (B) A higher interaction coefficient rate (y) results in higher neuron death. (C) A
higher tumor growth rate (Qf) leads to a higher neuronal loss. (D) A higher tumor immunosuppressive rate (a) also leads to a higher on neuronal loss.

implying that the interaction coefficient must be coherent with
the tumor’s histology.

Our mathematical model’s simulations suggest that for
resected tumors, a feasible dose of activated CAR-T cells
reduces the initial tumor load, thereby also extinguishing all
normal cells that presented the antigen. Despite the tumor’s

limited immunosuppressive effect and the target antigen being
displayed in glial cells as well as tumor cells, the level of
expression is only sufficient for a modest expansion of the
CAR-T cells. This scenario is favorable to glial cell survival
and, thereby, a small neuronal loss, but it could eventually
lead to tumor relapse. These findings corroborated with the
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work of (Leon-Triana et al, 2021), who also suggest that
addressing this issue may be technically impossible since the
number of T cells available to manufacture the CAR product is
orders of magnitude lower than the threshold required for
therapy success. Also, following infusion, our model was able
to capture a transient decrease of CAR-T cells due to tumor
inhibition, which affects CAR-T cell proliferation and is in
accordance to (Sahoo et al., 2020). We did not consider the
number of interactions between CAR-T and tumor cells (Li et al.,
2022). The CAR-T cell early distribution phase only lasts for a
couple of days and is generally not captured in most clinical trials
(Liu et al., 2021). Our work sheds light on CAR-T cell cytotoxicity
on tumor cells and also an “on-target” “off-tumor” effect,
affecting directly the healthy glial cells which are sensible or
resistant to CAR-T cell therapy, and as a consequence, the neuron
population decrease.
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