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Abstract. Advances in genetic engineering have made it possible to reprogram individual im-
mune cells to express receptors that recognise markers on tumour cell surfaces. The process of
re-engineering T cell lymphocytes to express Chimeric Antigen Receptors (CARs), and then re-
infusing the CAR-modified T cells into patients to treat various cancers is referred to as CAR T
cell therapy. This therapy is being explored in clinical trials - most prominently for B Cell Acute
Lymphoblastic Leukaemia (B-ALL), a common B cell malignancy, for which CAR T cell therapy
has led to remission in up to 90% of patients. Despite this extraordinary response rate, however, po-
tentially fatal inflammatory side effects occur in up to 10% of patients who have positive responses.
Further, approximately 50% of patients who initially respond to the therapy relapse. Significant
improvement is thus necessary before the therapy can be made widely available for use in the clinic.

To inform future development, we develop a mathematical model to explore interactions between
CAR T cells, inflammatory toxicity, and individual patients’ tumour burdens in silico. This pa-
per outlines the underlying system of coupled ordinary differential equations designed based on
well-known immunological principles and widely accepted views on the mechanism of toxicity de-
velopment in CAR T cell therapy for B-ALL - and reports in silico outcomes in relationship to
standard and recently conjectured predictors of toxicity in a heterogeneous, randomly generated
patient population. Our initial results and analyses are consistent with and connect immunological
mechanisms to the clinically observed, counterintuitive hypothesis that initial tumour burden is a
stronger predictor of toxicity than is the dose of CAR T cells administered to patients.

We outline how the mechanism of action in CAR T cell therapy can give rise to such non-
standard trends in toxicity development, and demonstrate the utility of mathematical modelling
in understanding the relationship between predictors of toxicity, mechanism of action, and patient
outcomes.

I. INTRODUCTION

cancers often become resistant to therapies, and in part

Traditionally three major modalities have have pre-
dominated in cancer therapy: surgery, radiation, and
chemotherapy. While these interventions have length-
ened survival times for cancer patients, they continue to
undergo significant evolution in hopes of eventually find-
ing a cure. Recently, efforts to find effective treatments
without the severe side effects of traditional chemo- and
radiation therapies have given rise to a new class of tar-
geted drugs, which can distinguish potentially harmful
cells from those that are likely healthy [I]. However,
even with these continual advancements, cancer is still a
challenge to treat. This is due in part to the fact that

to the fact that even the best therapies often cause se-
vere side effects that prevent high-dose or prolonged ad-
ministration. These difficulties prompted interest in har-
nessing the power of the human immune system, which
remarkably has both the ability to identify and attack
specifically pathogenic cells and the ability to adapt to
changing populations of cancer cells, to enhance treat-
ments currently available for cancer patients. Today, im-
munotherapy presents an exciting new frontier in cancer
therapy, replete with the possibility of reprogramming
the human immune system itself to recognise and fight
against cancer [2H4].
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Toxicity in cancer therapy. Chemo- and radiation
therapies work by exploiting the fact that certain be-
haviours, in particular cell division, are more common in
cancerous tissue than in healthy tissue. These therapies
damage cells much more severely when they begin cer-
tain cellular processes, so if cancer cells undergo these
processes more frequently than healthy cells do, more
cancer cells are damaged by the therapy than healthy
cells. Unfortunately, most healthy cells, to some extent,
still undergo the same cellular processes exploited by tra-
ditional therapies and are thus indiscriminately damaged
when they do.

Targeted agents, on the other hand, typically have a
type of biochemical ‘switch’ which is turned ‘on’ when
they encounter potentially malignant cells but remains
‘off’ otherwise. Ideally, the targeted agent is then toxic
only to cells identified as harmful. The efficacy as well as
the amount of toxicity caused by direct injury of healthy
tissue thus depends on the specificity of the targeted
agent. That is, the more malignant cells the agent is able
to correctly identify as harmful and kill, the more effec-
tive the therapy. Conversely, the more healthy cells the
agent is able to correctly identify as innocuous and leave
alone, the lower the toxicity. Advances in targeted ther-
apies have focused for some time on increasing the speci-
ficity of targeted agents, and include, for example, the
addition of multiple biochemical switches to help iden-
tify malignant cells more accurately [5].

As promising as these therapies may be, this has un-
fortunately unveiled a second mechanism of toxicity de-
velopment due, not to direct killing of healthy cells by
the drug, but instead due to cancer cells being killed
too rapidly. While killing cancer cells is precisely the in-
tended outcome of these therapies, an extremely high
rate of cell death within the body, regardless of cell
type, can have severe consequences causing, for example
seizures, renal failure, arrhythmias, and death [6]. This
phenomenon is referred to as Tumour Lysis Syndrome
(TLS) and has been increasing in incidence as cancer
therapies become more and more targeted [7].

Another cell-death-associated side effect often seen in
targeted immunotherapies is Cytokine Release Syndrome
(CRS), which occurs when immune cells secrete mas-
sive quantities of inflammatory cytokines upon identi-
fying pathogenic cells. Toxicities caused by CRS vary in
severity but are often life-threatening, and include dan-
gerously high fevers, precipitous drops in blood pressure,
hypoxia, and neurological disorders [§].

Recent studies on toxicity associated with CD19-
targeted CAR T cell therapy for B-ALL have reported
very little correlation between toxicity and the dose of
CAR T cells received by patients [9]. On the other hand,
inflammatory toxicity has been reported to be much more
highly correlated with individual patients’ tumour bur-
dens than with the dose of CAR T cells administered
[10, IT]. Nevertheless, despite the enigmatic toxicity pro-
files seen in these patients, a number of patients receiv-
ing the therapy have also shown sustained complete re-
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Figure 1: Chimeric Antigen Receptor
(CAR)-modified T cell interacting with its
cognate antigen on the surface of a tumour cell.
A CAR-modified Cytotoxic T cell re-engineered to
express a receptor specific to a tumour cell antigen
identifies a tumour cell and secretes cytotoxic molecules
which cause lysis of the tumour cell.

sponses with minimal toxicity development [12]. It is
clear that in order for these types of outcomes to be
possible for a broader patient population, we must first
develop more a sophisticated understanding of toxicity
development in targeted immunotherapies.

Nonetheless, due to the life-threatening results expe-
rienced by others, it is clear that major improvements
must be made in toxicity management before such
therapies can be safely administered. The following
section reviews current research on mechanisms of action
and toxicity development in CAR T cell therapy in
B-ALL.

CAR T cell therapy for B-ALL. The advent of stem-
line engineering practices, which can endow cytotoxic
(killer) T cells with the ability to identify and subse-
quently attack malignant cells [13], has propelled rapid
progress in cancer treatment. This concept is the ba-
sis of CAR T cell therapy. Under this paradigm, T
cells are collected from a patient or donor and geneti-
cally re-engineered to express Chimeric Antigen Recep-
tors (CARs), which recognise tumour-specific markers
called antigen. These cells are then stimulated to divide
in vitro until a sufficiently large population (often on the
order of 107 cells) is produced, and are then intravenously
infused back into the patient [9].

CAR T cell approaches for B cell tumours have been
tentatively explored most often involve CARs specific for
the B cell CD19 antigen [I4HI6]. CD19 is expressed on
normal B cells, and is rarely lost due to mutations in B
cell malignancies such as low-grade chronic lymphocytic
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Figure 2: Schematic representation of key
interactions. CAR-modified effector CTLs (C.), upon
encountering B cells (B), secrete inflammatory
cytokines (I) and cause lysis in B cells. Inflammation
increases the rate at which CAR-modified memory
CTLs (Cy,) and memory Helper T cells (H,,) become
effector cells. CAR-modified effector Helper T cells
(H.) further increase the rate at which memory CTLs
become effectors, and secrete inflammatory cytokines
when they encounter B cells. The total number of
lymphocytes (£) increases when any one of the
lymphocyte populations increases. Memory cells (H,y,,
Cyn) and other endogenous lymphocytes (L) undergo
homeostatic division in response to lymphopenia, and B
cells proliferate whenever L is below the carrying
capacity.

leukemias (CLL), B cell non-Hodgkin’s lymphomas and
more aggressive B-ALLs [I7]. Various clinical trials have
reported positive response rates of up to 90% [8), 18] in
patients with B cell malignancies who received CAR T
cell therapy. While this is encouraging, high relapse rates
are still a significant problem. Follow-up studies on pa-
tients with relapsed diffuse large B cell lymphoma treated
with anti-CD20 or anti-CD19 CAR T cells found that
T cell persistence was no longer than seven days, likely
related to a cellular anti-transgene immune response in
some of the patients [I9]. Though rare CD19-negative
relapses have infrequently occurred in B-ALL patients
whilst CAR T cells are still detectable[IT], it is thought
that the majority of B-ALL relapses are associated with
disappearance of CAR T cells [20].

A deeper understanding of the dynamics leading
to persistence or loss of CAR T cells is thus criti-
cal for further improvements in CAR T cell therapy.
Unfortunately, the relapse rate among patients who re-
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ceive CAR T cell therapy is not the only problem.
Roughly 10% of patients who respond to CAR T cell ther-
apy develop a number of dangerous side effects, perhaps
the most concerning of which is CRS [8 21]. In the lim-
ited trials to date, CRS has been observed to be a com-
mon and potentially life-threatening side effect of CAR
T cell therapy, this precludes approval for widespread use
in the clinic.

To help overcome the limitations of CAR T cell ther-
apy, circumvent relapse, and maximise treatment efficacy,
mathematical modelling may be used to explore treat-
ment dynamics in silico. Mathematical models can be
developed to simulate different treatment regimes, and
analysis of the coupled dynamics of both tumour regres-
sion and inflammatory side-effects can potentially be ex-
ceptionally useful. In this work, we establish a coupled
ordinary differential equation model to simulate the in-
terplay of tumour cells, inflammation, and several phe-
notypes of CAR T cells, and investigate the effects of
different protocols and patient characteristics on treat-
ment outcome.

II. METHODOLOGY

Model derivation. The majority of T cells can be sub-
divided into two varieties: Clytotoxic T cells - or com-
monly Cytotoxic T Lymphocytes (CTLs) - which are
capable of directly killing tumour cells, and Helper T
cells, which have the ability to enhance the killing po-
tential of other T cells [22]. Further, both Cytotoxic and
Helper T cell populations are themselves heterogeneous
in phenotype, and recent studies have suggested that the
phenotype of CAR T cells infused may modulate patient
responses to the treatment [23]. In this investigation we
focus on CAR-modified T cells, and initially confine our-
selves to two distinct phenotypes, namely memory type
and effector type , and recall that memory cells may later
differentiate into effector cells [24] 25]. T cells with mem-
ory type traits have high proliferative capacity and are
long lived. Effector type cells Cytotoxic and Helper T
cells, by contrast, are short lived but much more effec-
tive, respectively, at either cell killing or enhancing the
cell killing ability of other T cells than are memory type
cells [26]. This heterogeneity is important in distinguish-
ing population density from cytotoxicity, and thus ther-
apeutic efficacy.

Here we present a brief simulation exploring the effects
of CAR T cell therapy for B-ALL. The total populations
of CAR-modified Helper T cells of memory and effector
phenotype are denoted respectively by Hy, and H,. Simi-
larly, the populations of CAR-modified Cytotoxic T cells
of memory and effector phenotype are denoted by Ci,
and C,. The background (non-CAR and non-B cell) en-
dogenous lymphocyte population is denoted by L. The
total lymphocyte population is thus

L=B+Ce+Cy+H.+H, + L. (1)
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We will define the inflammatory response as I(t) and the
B-ALL tumour burden as B(t). Initially and for sim-
plicity, we make the assumption that tumour growth is
logistic. We note,however that for some patients, Gom-
pertzian or other growth laws may give more accurate
representations of tumour growth, and this will be con-
sidered in future work. For the present study, we write

dB B
E = TlB (1 — kl) - dlBCe (2)
where 1 and k; are constants of logistic growth, and d; a
constant associated with the killing potential of C, cells.
The immune response is modelled to account for the
fact that CAR-modified T cells secrete inflammatory
molecules when they interact with CD19-positive B cells.
While these inflammatory molecules decay naturally, if
this decay is not fast enough, clinical interventions are
sometimes necessary to mitigate inflammatory toxicity.
Here we denote the immunosuppressant drug dose by
D(t). We may now write the immune response to treat-
ment and modulation as
A pBC.— ol — D(1) ¢
where p1, and dy are production and decay constants
respectively. Finally, we represent the respective popula-
tions of Cytotoxic and Helper T cells with the following
system of ODEs:

d;;e = 2", BCoI(1 + ap H,) — d3C (4)
dC, . i
W :TQCm(l_‘C/E) _alBCm(l—i_aQHe)m
(5)

dH, _, I?

dat =2 agBHmm - d4He (6)
dH,, r

el rsHy(1— L0 — asBHmm (7)

dr .

=P +mL(l— L/ —dsL (8)

where n is the average number of divisions a differentiat-
ing T cell undergoes before becoming exhausted, b is the
concentration of inflammatory cytokines which induces
half-maximal differentiation rates in memory T cells, ¢
represents the normal concentration of lymphocytes, and
a;, i, Ti, and d; are rate constants associated respectively
with activation, production, replication, and decay of the
lymphocyte populations. The 2" factor in the activation
of memory T cells is used to account for the fact that
T cells undergo successive divisions while differentiating
from the memory to effector phenotype. The symbol +
indicates the positive component, so z7 = max{xz,0}.
The term (1 — £/£)T thus quantifies the degree (or ab-
sence) of lymphopenia. The Hill function, %, was
chosen, firstly, to maintain a realistic bound on the acti-
vation rate of T cells, and secondly to include the pres-
ence of a homeostatic buffer which allows small changes
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Figure 3: Simulated patient response: A simulated
standard patient is administered CAR T cells on day 0
and monitored over 30 days. The tumour burden is
depicted in (a), the inflammatory response in (b), and
respective T cell populations are depicted in (c)-(e)
inclusive. Simulation details are outlined in the text.

of cytokine levels within the normal range without cre-
ating massive bursts in T cell activation.

Using these forms, we can simulate the effects of in-
fusing different relative populations of CAR-modified T
cells, immuno-suppression, and the interplay of different
phenotypes in CAR T cell therapy-related toxicity. A
simple outline of the model is shown in Figure 2]

Simulation outline. The system of equations outlined
in 7 was solved using an explicit 4™ order Runge—
Kutta scheme. For the simulation in Figure[3] the initial
conditions were chosen as listed in Table [[] and parame-
ters chosen as listed in Table [l

Table I: Initial Conditions

Variable Symbol
Effector E()

Target T(t) 140 ngL
CAR Memory CTLs Chn(t) 10 CZ#
CAR Effector CTLs C.(t) 10 %
CAR Memory Helper T cells| H,,(t) 10 %
CAR Effector Helper T cells | H,(t) 10 %
Other lymphocytes L(t) |1600 %


https://doi.org/10.1101/049908
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/049908; this version posted April 22, 2016. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

Table II: Parameter Values

Parameter| Value Unit
n 6 none
r1 3x1073 L
T2 0.1 %
r3 0.1 L
T4 0.1 i
dy 2x1074 7% -
do 1.5 +
ds 4%x1073 }&
dy  |4x10°3 1
d5 2 X 1074 %
P 002 SR
P2 0.4 %
aq 4 x 1077 ce%éh
az 2 cgl s
as 8 X10_5 cel;l%-h
b 800 £gL4
l 1600 cells
k 4800 cells

For clinical data simulations, a heterogeneous patient
population (N = 200) was generated by randomly select-
ing parameter values and initial background endogenous
lymphocyte concentrations either uniformly distributed
between 75% and 125% of the mean values given above,
or normally distributed about the means above, with
standard deviations equal to 25% of the mean. Any
non-physical (negative) parameter values generated were
corrected to be within physical ranges. Initial tumour
burden per patient was randomly selected from a uni-
form distribution between 1 and 1000 cells/uL, and ini-
tial doses of each of the four CAR-modified T cell pop-
ulations were similarly randomly selected from uniform
distributions between 1 and 30 cells/uL (such that the
total CAR T cell dose administered per patient varies in
the range of 1 to 120 cells/uL).

III. IN SILICO EXPERIMENTAL RESULTS

Detailed results for a single simulated patient are
shown in Figure [3] For this patient, we see that CAR
T cells undergo significant expansion and effector dif-
ferentiation after infusion into patients with CD19" B-
ALL, and inflammatory responses peak between 5-10
days post-infusion concurrent with a rapid decrease in
tumour burden. Subsequently, as the tumour burden de-
clines, effector T cell populations decay and inflammation
subsides. Further, we see that while the tumour burden
may remain low for some time, the CAR T cell popu-
lation continues to decline, predisposing the patient to
relapse. These in silico results are consistent with clini-
cal outcomes reported in [§], 10 [12].

Patient outcomes were also observed in silico in a ran-
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Figure 4: Simulated Clinical Data: Inflammatory
molecules are secreted by CAR T cells when they
interact with tumour cells, potentially resulting in
life-threatening toxicities. (a) Maximum degree of

inflammation experienced by patients (N=200) with

initial CAR T cell dose in a simulated patient
population. Linear best-fit is shown in blue, with a
p-value 0.1412 suggesting no correlation between CAR
load and toxicity. (b) Maximum degree of inflammation
experienced by patients (N=200) with initial tumour
burden in a simulated patient population. Linear
best-fit is shown in blue, with a p-value 5.3 x10738,
indicating extremely high correlation between tumour
burden and toxicity. Data shown above was simulated
from a patient population with individual
characteristics (parameter values) chosen to be
uniformly distributed about the mean. Simulations
from a normally distributed patient population were
also carried out and yield similar results.

domly generated generated population (N=200) as out-
lined in the methodology. Consistent with the clinical re-
sults reported in [8HI0], [12], we find that while inflamma-
tory toxicity is only minimally correlated with the CAR
T cell dose administered, it is in fact highly correlated
with patients’ initial tumour burden (See Figure [4]).

IV. DISCUSSION AND CONCLUSION

The observation that efficacy and toxicity are more
highly correlated with tumour burden than with the ini-
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tial dose of CAR T cells administered to patients [8-
10, 12] is contrary to what is observed with most phar-
maceuticals [27]. Specifically, in non-targeted therapies,
including chemo- and radiotherapy, toxicity results pri-
marily from direct injury of healthy cells (or their daugh-
ter cells) by the therapeutic agent alone. As a result, the
toxicity experienced by patients is independent of the size
or density of the tumour. On the other hand, in CAR
T cell therapy for B-ALL, toxicity results primarily from
indirect injury of healthy tissue due to excessive cytokine
secretion by CAR T cells when they encounter tumour
cells (as depicted in Figure [1f).

Our results demonstrate that this well-known mecha-
nism of inflammatory cytokine secretion [28] is sufficient
to give rise to tumour-burden-correlated toxicity as sug-
gested in [§]. Our results also support the hypotheses
of [9] that CAR T cell dose alone correlates poorly with
the degree of toxicity experienced by patients, and along
with the work of [SHIOL 12], suggests that to best take
advantage of this exciting new technology, we must also
take steps to advance our practices for managing toxicity
in targeted immunotherapies.

Mathematical analysis is a valuable tool for deepen-
ing our understanding of how the mechanisms of action
of particular therapies connects to patient outcomes in
the clinic [29]. It can potentially offer insight into how
protocols may be modified based on individual patient
characteristics to decrease toxicity, increase persistence

6

of CAR T cell populations, and potentially decrease re-
lapse rates in B-ALL. While the simple model presented
here is at a very early stage of development, it illustrates
the utility of mathematical modelling. Future work will
focus on refining this approach, increasing precision in
model predictions through experimental validation, and
expansion to solid and other more heterogeneous tumours
for which a single targetable antigen is not preserved in
the tumour cell population.
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