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Immune checkpoint inhibitors (ICI) are becoming widely used in the treatment of metastatic melanoma.
However, the ability to predict the patient’s benefit from these therapeutics remains an unmet clin-
ical need. Mathematical models that predict melanoma patients’ response to ICI can contribute to
better informed clinical decisions. Here, we developed a simple mathematical population model for
pembrolizumab-treated advanced melanoma patients, and analyzed the local and global dynamics of the
system. Our results show that zero, one, or two steady states of the mathematical system exist in the
phase plane, depending on the parameter values of individual patients. Without treatment, the simulated
tumors grew uncontrollably. At increased efficacy of the immune system, e.g, due to immunotherapy,
two steady states were found, one leading to uncontrollable tumor growth, and the other resulting in tu-
mor size stabilization. Model analysis indicates that a sufficient increase in the activation of CD8+ T cells
results in stable disease, whereas a significant reduction in T-cell exhaustion, another process contribut-
ing CD8+ T cell activity, temporarily reduces the tumor mass, but fails to control disease progression in
the long run. Importantly, the initial tumor burden influences the response to treatment: small tumors
respond better to treatment than larger tumors. In conclusion, our model suggests that disease progres-
sion and response to ICI depend on the ratio between activation and exhaustion rates of CD8+ T cells.
The analysis of the model provides a foundation for the use of computational methods to personalize
immunotherapy.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

by expressing ligands which bind to regulatory receptors on acti-
vated immune cells - cytotoxic T lymphocyte-associated protein 4

Advanced melanoma is the most deadly skin cancer. In 2015,
351,880 new cases were diagnosed worldwide, and 59,782 deaths
were reported (Karimkhani et al., 2017). For 2018, a total of 91,279
new cases, and 9,320 deaths are expected in the United States
(Siegel et al., 2018). Most early-detected melanomas are curable
by resection (Terushkin and Halpern, 2009), whereas metastatic
disease requires systemic treatment. Melanoma cells can stimu-
late host immunity by their high mutation burden, enabling recog-
nition as non-self-antigens and activation of antigen presenting
cells (APCs). The latter stimulate CD8+ T cells to differentiate
into memory and cytotoxic effector CD8+ T cells (Dustin, 2014;
Gattinoni et al., 2012). Melanoma can also suppress host immunity
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(CTLA-4) and programmed cell death 1 (PD-1) - and inhibit im-
mune activity (Butte et al., 2007; Chapon et al., 2011; Walker and
Sansom, 2011).

Treatment of melanoma has been revolutionized with the ap-
proval of ICls. For example, treatments based on pembrolizumab
and nivolumab, inhibitors of the immune checkpoint receptor,
programmed cell death 1 (PD-1), greatly improved prognosis in
metastatic disease (Robert et al., 2015). However, even though ICls
can induce durable response in some patients (Ott et al., 2013;
Prieto et al.,, 2012), the overall response rate to these drugs is
still modest (Hamid et al., 2013; Hodi et al., 2010) and reliable
markers to predict treatment efficacy are still under development
(Wang et al., 2012; Weide et al., 2016)

The complex interplay of cancer cells and the host immune sys-
tem, as affected by immunotherapy, renders the reasoning of treat-
ment causality difficult. Having the capacity to succinctly integrate
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this interplay in one coherent framework, and enable its analy-
sis, mathematical models may become instrumental in predicting
the interactive dynamics of host immunity, cancer progression and
immunotherapy, thereby providing a new powerful tool for treat-
ment personalization. Mathematical models have been previously
employed for studying the interactions of cancer with the immune
system, for investigating the response to different immunothera-
pies, and for patient-specific regimen personalization (Adam and
Bellomo, 2012; Agur et al., 2016; d’Onofrio, 2005; d’Onofrio, 2008;
Eftimie et al., 2016; Eladdadi and Radunskaya, 2014; Forys et al.,
2016; Kogan et al., 2012; Kronik et al., 2010). While suited to their
specific aims, none of these models included cellular immunity in
a way that enables analysis of treatment by ICIL In particular, pre-
vious models did not address the recently discovered effects of Ef-
fector T cell exhaustion on the treatment. The elucidation of these
effects are crucial for evaluating the efficacy of ICI and, therefore,
are introduced into the mathematical model developed and ana-
lyzed in this work.

In this study, we developed a mathematical mechanistic model
for the interactions of melanoma cells with the host immune sys-
tem, and analyzed the effects ICls have on this interplay. Our study
indicates that different potential immunotherapy strategies, which
are expected to enhance the efficacy of CD8+ T cells, result in dis-
tinct tumor dynamics and disease fates.

2. Methods
2.1. Mathematical model

Our mathematical model simplifies the overall system to its
main driving forces, namely, melanoma cells, antigen-presenting
cells (APCs), and effector CD8+ T cells. It takes into account the
following assumptions about the involved dynamics:

1. Mutated tumor cells express non-self-antigens and acti-
vate APCs. The number of activated functional APCs, de-
noted A, depends on the tumor immunogenicity (Chen et al.,
1994; Rizvi et al., 2015; Schumacher and Schreiber, 2015;
Snyder et al., 2014), which is reflected in the activation rate
of APCs, (a4). The activation of APCs increases with tumor
load, towards saturation. The number of tumor cells required
to reach half of the maximal activation rate of APCs is de-
noted by the coefficient b.

2. Functional APCs die with a rate .

3. Functional APCs activate effector antigen-specific CD8+ T
cells (T) (Dustin, 2014; Ott et al., 2013; Dustin, 2002), at a
rate oe.

4. Effector CD8+ T cells eliminate tumor cells (Ott et al., 2013;
Cipponi et al.,, 2011).

5. Effector CD8+ T cells are eliminated at a rate, it.. This term
accounts for the cell death and exhaustion due to the en-
counter with tumor cells and regulatory cells. For simplicity,
we assume that this rate does not depend on the tumor size.

6. The number of tumor cells at any moment, M, is determined
by their net growth rate (y ) and the rate of elimination
by effector CD8+ tumor lymphocytes (T), denoted v ;. Their
death rate due to the immune system is assumed to reach
saturation in M, depending on the coefficient g.

7. Administration of ICI treatment increases the activation rate
of CD8+ T cells a, and reduces the elimination rate of
CD8+ T cells, (.

A graphical presentation of the modelled components and their
interactions is given in Fig. 1.

Based on the above assumptions, we formulated the following
ODE model:

a) d—A—oz M A
at % Myp M
dT
b) Efoe‘A—Me'T’
dM T -M

C) E = Vmel'M*Umel (1)

M+g
Eq. (1a) describes the dynamics of APCs in the system, where
the first term on the right-hand side (r.h.s) stands for the activa-
tion of APCs by cancer cells, and the second term stands for their
death. Eq. (1b) describes the dynamics of effector CD8+ T cells in
the system. The first term on the r.h.s. corresponds to activation of
effector CD8+ T cells by APCs, and the second term denotes the
death of effector cells. Eq. (1c) describes tumor growth, with the
first term on the r.h.s. standing for the tumor growth rate, and the
second term denoted destruction of tumor cells by effector CD8+
T cells.

2.2. Parameter definition and estimation

Realistic parameter ranges for model simulations were esti-
mated from published experimental and clinical data, as summa-
rized in Table 1.

The following paragraphs describe the parameter estimation
methods in more detail.

2.2.1. as and b: activation of antigen presenting cells (APCs) by
tumor cells

These two parameters are related to activation of APCs by tu-
mor cells. For their estimation we considered dendritic cells (DCs)
solely, since they constitute the majority of APCs and play the main
role in CD8+ T cells activation. Activation rate of functional DCs
depends on the immunogenicity of the tumor, in terms of anti-
gen availability, as well as DCs maturation, determined here by
migration rate DCs into the Lymph Nodes (LNs). The level of anti-
gen, which varies among patients, is proportional to the number of
antigen-expressing melanoma cells.

Both o4 and b were estimated from co-culture experiments of
DCs with irradiated melanoma cells (Barrio et al.,, 2012; Von Euw
et al., 2007). The relation of these parameters to DCs activation is
derived from Eq. (1a):

dA __ %phago - Zmigration - Ag _ My

dr At A Mo+ b (2)

The variables A; and M, denote the number of co-cultured
APCs and melanoma cells, respectively. The variable My is the
number of melanoma cells, which is held constant for simplicity,
%phago denotes the calculated rate of melanoma cells phagocyto-
sis by APCs, %migration is migration rate of APCs from the skin to
LNs, which is assumed as an indicator of APCs maturation, and es-
timated around 2% (de Vries et al.,, 2003; de Vries et al., 2005).
Lastly, At is the duration of the co-culture experiment.

The co-culture results of human melanoma cell lines with APCs
from healthy donors are summarized in Table 2.

Substitution of the data in into Eq. (2) yields

oy = 1.161.10° — 2. 986 - 10° [Ced”S}
b =3.704.10% — 1476 - 10° [cells]. -

For the model analysis we used the average value of b, which is
9.233 x 10* cells.
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Table 1
Estimated parameter values.
Model parameter  Definition Estimated value/range Units Source
ap Activation rate of APCs 1.161 x 103-2.986 x 103 cells/d  (Barrio et al., 2012;
Von Euw et al., 2007)
b Number of tumor cells, required for reaching half of the maximal APC 3.704 x 10%-1.476 x 10° Cells (Barrio et al., 2012;
activation rate Von Euw et al., 2007;
Lee et al., 2007)
LA Death rate of APCs 0.2310 d-! (Kamath et al., 2000)
e Activation rate of naive antigen-specific CD8+ T cells 0.8318 d-1 (Bossi et al., 2013)
e Death rate of Effector CD8+ T cells 0.1777 d-! (Taylor et al., 1999)
Y mel Net growth rate of tumor cells 0.003269-0.08664 d-! (Carlson, 2003)
Upnel Innate death rate of tumor cells by effector CD8+ T cells 0.1245 d-1 (Kuznetsov, 1990;
Kuznetsov et al., 1992;
Kuznetsov et al., 1994)
g Number of tumor cells, at which the elimination rate reaches half of its 2.019 x 107-1e108 cells (Kronik et al., 2010;

maximal value

Kuznetsov et al., 1994)

Table 2

Experimental results of human APCs and melanoma cells co-culture. The parameters are defined
under Eq. (2). (a) Estimated number of cells. (b) The experiment was performed in wells, con-
taining 3 x 10°/ml DCs. The volume of each well was 3.5 ml (c) Mostly MART-1+ melanoma

cells.
Ao: Mg ratio  Ag|[cells] Mo [cells] %phago At[d] Reference
3:1 1x105@ 3.33 x10* 55 2 (Von Euw et al., 2007)
3:1 1.05x106®  35x105(©  10-20 2 (Barrio et al., 2012)

2.2.2. Uy: death rate of APCs

The death rate of DCs was estimated from the half-life time of
splenic murine DCs, which is three days (Kamath et al.,, 2000). Ac-
cordingly, /14 = l“% =0.2310d" 1.
2.2.3. oe: activation rate of antigen-specific CD8+ T cells

According to (Bossi et al., 2013), the half-life of binding between
a T cell and its conjugant epitope on an APC is 20 h. This corre-

sponds to an activation rate o, = 1"2# =0.8318d"1.
2

2.2.4. ue: exhaustion rate of effector CD8+ T cells
We calculated the exhaustion rate of effector CD8+ T cells from

their half-life time, 7: po = 22

d-=—===—-

Melanoma

Tumor

Our estimation of the half-life time is based on experimental
examination of different immunogens as triggers for the T cell ac-
tivation. We assume that the influence of the immunogen nature
on T cells life span is negligible. Taylor et al. (1999) estimated a
lifetime of 3.9 days for effector T cells in peripheral blood of pa-
tients with human T-cell leukemia virus type 1 (HTLV-1). This cor-
responds to an exhaustion rate of w, = 0.1777d".

2.2.5. Y mei: et growth rate of tumor cells

In our model, we assume an exponential cancer growth
(Eq- (1c)). ¥me Iis calculated from the doubling time of
melanoma metastasis: Ve = I“A(f), where At is the doubling time.

Carlson (2003) estimated the tumor doubling time from clinical

Effector
CD8+TILs

Activation —-———p
Exhaustion ~ seeeeeeeeed »
Inhibition —

Proliferation

Fig. 1. A simple model for the dynamics of the melanoma tumor (red-mustard), the cellular immune system (APCs and Effector CD8+ TILs), and the immune checkpoint
inhibitor (ICI; green). The model is based on the following assumptions: tumor cells stimulate antigen-presenting cells (APCs; mustard, left), depending on the tumor
immunogenicity; functional APCs activate Effector CD8+ T cells (mustard; right), which may infiltrate into the tumor and eliminate tumor cells (TILs, right); Effector CD8+
TILs become exhausted, independently of tumor cell elimination; tumor growth is determined by its net growth rate and by the rate of its destruction by Effector CD8+
TILs. Treatment by ICI prolongs activation of effector TILs, and reduces their exhaustion. Ellipses represent the dynamic variables of the model, while arrows represent the

interactions between them (see box).
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Table 3
Numerical description of the phase planes shown in Fig. 6.

Figure  Value of the changed parameter* Range of initial number of tumor cells (M°) Initial number of immune cells (perturbation from a quasi-steady state) **
(a) - 10-10° 1

(b) o = 0.8318-557.22d1 ** 10%-108 (0.5, 2.5)

(c) o, =0.8318 -103[d!] 104-10° (0.5, 1.9)

(d) e =0.1777 -103[d" ] 10%-108 1

(e) Vet = 0.0449 - 103[d~] 10%-10° (0.5, 1.5)

* Relative to the reference value from Table 1.

* The initial conditions of immune cells were calculated according to Eq. (5), by assuming that the number of immune cells adjusts itself rapidly to any change in the
number of tumor cells. In order to determine the dynamic patterns over a larger range of initial conditions, we perturbed the initial number of cells from the ones calculated
in Eq. (5) by multiplying all the immune cells by a constant, specified here for each subfigure in Fig. 6.

=+ This value for a, satisfies the condition for a single FP ¢, - (2l _) — ph 4 g4 2. \/ﬁ (see Eq. (13)).

Vimel e Hea

data of three patients as At = 8 — 212d. The corresponding growth
rate is 0.003269 < y ;) < 0.086643. This is a few orders smaller
than the tumor growth rate calculated from ex vivo murine mod-
els. In addition, (Joseph et al., 1971) measured an average dou-
bling time of 32 days in three patients with pulmonary melanoma
metastasis. The resulting tumor growth rate is ¥, < 0.02166d-1.
For the model analysis we took the average tumor growth rate of
0.04496d-1.

2.2.6. g: Michaelis—Menten constant of effector-tumor cells
interaction

We  adapted the value g=2019-107cells from
(Kuznetsov, 1990; Kuznetsov et al., 1992; Kuznetsov et al., 1994),
based on BCL-1 lymphoma cells transplanted in spleens of
chimeric mice, and (Kronik et al, 2008) who estimated a value
of g = 108 cells. For the model analysis we considered the average
value of g = 6.01 - 107 cells.

2.3. Software

Numerical analyses and simulations were performed using
the odel5s Runge-Kutta ODE solver of Matlab R2016a (The
Mathsworks, UK).

3. Results
3.1. Defining a biologically relevant domain for model analysis

Asymptotic solutions for the system defined in Eq. (1) are of
interest, since they indicate the potential fates of the system. For
example, a positive, steadily growing number of cancer cells over
time suggests inability to cure the disease. Additional potential so-
lutions include, for instance, a decrease in the number of tumor
cells down to a constant amount, indicating shrinkage and tumor
stabilization thereafter. Further solutions may present oscillations
that might indicate alternating periods of tumor shrinkage and
growth.

Assuming A(tg) > 0, T(tp) >0, M(tp)> 0, solutions for Eq. (1) exist
for any t> ty, and the domain defined by:

0<A<2A
Ha
Me - Ua
0<M. (4)
is invariant (i.e., if a trajectory has initial values inside this domain,

it will remain there). To see this, note that from Eq. (1) we have
the following two differential inequalities

dA
_MA'AEEE‘XA_MA'A,

dT
_Me'TfaEOlwA—,u,e-T.

From the former, by the comparison theorem for ODEs it fol-
lows that A(t) is bounded from above and below by the trajec-
tories of the equations X = —u4 -x and X = ay — Uy - X, With the
same initial value, correspondingly. Hence, if A(tp) < [O, /%]' then
for each t> tg, A(t) € [0, Z—i]. Similar reasoning, taking into account
the bounds obtained for A(t) gives the bounds for T(t). Finally, we
have M > (Vnel — Vet - T) - M, from which it follows by comparison
that if M(ty)=>0, then M(t) >0 for any t > t,.

In the following, we limit the analysis to the biologically rele-
vant domain, defined in Eq. (4), additionally assuming that all sys-
tem parameters are positive.

3.2. Multiple steady states and their stability analysis

Theoretical and numerical analysis of the model enables to de-
termine the number of steady states in the system, and the con-
ditions for their stability, as well as to identify the critical bifurca-
tion points. The steady states and the critical bifurcation points can
pinpoint parameter ranges for which treatment with ICIs can turn
persistent tumor growth in an untreated host into conditions un-
der which the immune system can control the disease. We there-
fore determined the fixed points (FPs) in Eq. (1) by nullifying the
derivatives and solving the resulting algebraic system, obtaining
one trivial solution, for M* = 0 and two non-trivial solutions, for
M* > 0:

Op M
A=2L ——
na M+Db
T=% 4
e
M'[Vmel ' (M+g)_vmel'T] =0. (5)

3.2.1. Immune cells are not activated in a tumor-free state

In order to analyze the tumor dynamics around the trivial
steady state, we determined the stability of the associated steady
state solution of Eq. (1). Substituting M =0 in Eq. (5) reflects the
case of a tumor-free host. This yields the FP (A*, T*, M*) = (0, 0, 0),
which indicates correctly that for this condition tumor-specific im-
mune cells are not activated.

The Jacobi matrix of this FP is:

a0 2
e —Me 0
0 0 Vmel
The characteristic polynomial of this matrix is:
P(A) = (a+2) - (e +A) - (—Vmer + 1) (6)

The eigenvalues of the Jacobi matrix are (—ta, — e, Ymer)- Since
not all real parts of the matrix are negative, the FP (A*, T*, M*) =
(0,0, 0) is unstable. From this we conclude that if a tumor exists
at time zero in the model, namely M(0)> 0, it will not disappear,
and, plausibly, the number of tumor cells will diverge from zero.
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3.2.2. Steady states in a tumor-positive scenario can indicate disease
progression or treatment efficacy

Next we studied the conditions under which steady states of
the system can be identified in the presence of tumor. A steady
state solution can be obtained by solving Eq. (5) forM#0. Sub-
stitution of the expression for T in the expression for M in Eq.
(5) yields

_ Vmet Qe aa M

= Vna e MEDE

.= e .
By defining K = % for convenience, Eq. (7) becomes

(7)

M?+(b+g—K)-M+b-g=0. (8)

The parameter K represents the ratio between the efficacy of
the immune response and the tumor growth capacity. Solving Eq.
(8) yields M at steady state, M*:

1%-(b+g)i\/(b+g—k)2—4b.g
M* = 5 =

The two roots M* represent two different FP values for the
number of cancer cells. The number of immune cells in steady
state are obtained from substitution of Eq. (9) in Eq. (5):

M= (9)

Op M=* +
2 “a M=4+Db '
by T* = % A*. (10)
e

Depending on the value of K, Eq. (8) can have zero, one or two
real positive solutions. A necessary condition on K, for Eq. (8) to
have real positive roots is given by

K> (b+g). (11)

By nullifying the discriminant of M* in Eq. (9), we obtain the
condition on K for a single root, that is, a single FP:

2
1%1,2:b+gi2,/b.g:(\/5i¢g) . (12)

Ky, are the values of K, which correspond to a single FP.
The system in Eq. (1) has one real positive FP (PFP), when con-
ditions (11) and (12) are satisfied i.e., when

k= (Vo @)2. (13)

_ The discriminant in Eq. (9) is positive when K < (Vb — /g)%. or
K > (v/b+ /2)2. Together with the positivity condition in Eq. (11),
Eq. (8) has two real positive roots, that is, two PFPs, when:

k> (Vo @)2. (14)

From this we conclude that different values of K impose differ-
ent stability patterns on the system, including a possible saddle-
node bifurcation, when two FPs collide and disappear. To visualize
this, we rewrite Eq. (8) in the form

(M+b)-(M+g)=K-M (15)

The left-hand side (l.h.s.) of Eq. (15) is a parabola and its r.h.s.
is a straight line. In Fig. 2, both sides of Eq. (15) are plotted against
each other for different parameter values. Intersections of the lines
mark the FPs, and their number depends on the values of K, b
and g. For K > (vVb+ JE)?, the lines intersect twice on M > 0, re-
sulting in two PFPs (dashed line). As K decreases, the intersec-
tions approach each other, until they collide when K = (vb + /2)?2
(grey solid line). The corresponding system has a single FP. For

K < (v¥b+ /)2, the lines in Eq. (15) do not intersect on M > 0 and
therefore Eq. (8) has no positive solutions (dashed-dotted line).
The value of K for which the system has a single FP (see Eq.
(13)), is K ~ 6.5-107cells (Table 1). As demonstrated in Fig. 3, for
smaller K, no PFPs exist, and as will be shown late, the correspond-
ing tumors grow uncontrollably. For larger values of K, the system
has two PFPs, biologically corresponding to tumor shrinkage or dis-
ease stabilization, due to immune control, i.e., by ICI treatments.

3.2.3. Tumor PFPs can be locally stable under increased activation or
reduced exhaustion rates of CD8+ T cells, and when the tumor
growth rate is low

To learn about the stability properties of the PFPs of Eq. (1), we
first studied their local stability. This included calculation of the
eigenvalues of the Jacobi matrix of the system, as shown below:

_ O OlA-b
Ha (M*+b)2
Qe —Me 0
0 - vl\n/lle*lg Ymel — Ve T4

(M++g)*

Note that this matrix depends on the steady state values: (A*,
T*, M*).

The determinant of f— Al is a 3™ order characteristic polyno-
mial:

P(L) = A (et Ay | me 8T
(A) = (Ua+2) - (fe +2) |:(M*+g)2

b M
(M++b)? M +g

= Vmel + )‘i|

+ 0 - e - Vipel - (16)

By defining A=y — ‘()mfg? and Ay =0y Qe Vpg -
b _m

ol e Eq. (16) becomes

P(A) = A+ a) - A+ e) - (A = A1) + A, (17)

Further simplification of Ay and A, is achieved by substituting
T* from Eq. (5b), K, and Eq. (15) into Eq. (17):

_ -
Q) A1 =Yme - Mig’

" (18)
b) A, :ymel’/'LA',ue'M*L_Hf

The values of A; and A, are limited to the following ranges
(Eq. (19)), considering that M* >0 (Eq. (4)).

a) O< A_l < Vel
b) 0 <Az < Vet - He - Ha-

A FP is locally asymptotically stable (LAS) if all the real parts
of its corresponding eigenvalues are negative. To study the signs of
the real parts, we graphically analyzed Eq. (17) for different values
of Aq and A, (Fig. 4).

(19)

Claim 1. Given that all the eigenvalues of a PFP of Eq. (1) are real,
there exists A, . such that this point is LAS if

a) Az > Azm’t’

dP(%, Ay =0)

. > 0. (20)

A=0

Proof of Claim 1. To prove sufficiency, assume that Eq. (20b)
holds. When A, = 0, all the roots of the polynomial in Eq. (17) are
real. As shown in Fig. 4a, the largest zero is positive and the rest
are negative. A positive value of A, shifts the polynomial graph
upwards, leading to a decrease in the value of the largest root,
until it changes sign (Fig. 4b). As a result, the corresponding FP
becomes LAS. The critical value of A, at which the largest root
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Fig. 2. Existence and number of PFPs depends on the value of K. This Fig. is a graphical analysis of Eq. (15). The black solid curve represents the left-hand side (Lh.s.) of the
equation, the others represent the right-hand side (r.h.s.) of Eq. (15) for different values of K. The arrows mark the intersections between the r.h.s. and Lh.s. of Eq. (15). The
grey solid line demonstrates the case of a single tangential intersection of the equation sides (for K = (vb + /g)?). This corresponds to a single solution, i.e., one PFP. If the
r.h.s. line has a steeper slope than the grey solid line, two intersections are obtained, and the system has two PFPs. In case the r.h.s. line has a lower slope than the grey
line (dashed-dotted line), the system has no PFPs.

5 Bifurcation diagram for a drug-free host
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Fig. 3. Bifurcation diagram displaying positive steady states of the Eq. (1). The number of cancer cells in steady state (M}) is plotted versus the parameter K= ;,’::%

As shown in Fig. 2, the number of FPs depends on the value of K. Under the estimated parameters in Table 1 and according to Eq. (13), the system has a single PFP when
K ~ 6.5 107cells, with M, = 2.35 106 cells (marked by a black circle). When the value of K is below this threshold, the system has no PFPs, resulting in an uncontrollable
tumor growth. Otherwise, when the value of K is above the threshold, the system has two PFPs, denoted by M+ and M~ (Eq. (9)).

changes sign, is defined by the intersection of the characteristic Substitution of Eq. (17) in Eq. (21) yields
polynomial with A =0 A2mf — la- e Ay (22)

To prove necessity, assume that Eq. (20) is violated. As shown in

Fig. 4c, when %ﬁzﬂ))hzo <0and A, = 0 the largest polynomial

P()‘ =0 A= Azm‘t) = 0. (21) zero is positive and the rest are negative, similarly to the condition
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dP (1)

dd 1m0

P(2) A, >0 P(2)
A, >0
y)
(b)
A, > 0 P(2) A, >0 P(2)
A, =0 A, >0

P(%)

(e)

Fig. 4. Negativity of the real parts of the zeros of P(A) from Eq. (17) depends on its slope at A = 0, and the values of A; and A, (Eq. (1
of P(A, A, = 0). The largest zero is A = A;. a, ¢, and e show three different types of polynomials which satisfy A; > 0, according to Eq. (1
have two negative and one positive zeros. b, d, and f demonstrate a sign change of one of the zeros of P() in (4a), (4

P(2)

AI

(f)

8)). The circl_es represent the zeros, A
9), and A, =0. These polynomials
), and (4e), respectively, when A, increases. First, the

polynomial in (4a) intersects A = 0 on the right side of its local minimum, thus satisfying ‘"'(“ lx—o > 0. If A, > 0 the largest zero approaches the origin until it becomes
negative for A, > A, .« (4b). In this case, all zeros have negative real parts and therefore the corresponding FP is stable. In contrast, if the intersection of P(A) with A =0
lies left of the local minimum, as shown in (4c), and if A, > 0, the second large zero changes sign from negative to positive (4d). Hence, either one or two zeros have a
positive real part and therefore the corresponding FP is unstable. Lastly, zeros can become complex, as shown in (4e) and (41) Consider for instance the local minimum on
A=A/, shown in (4e). For A, = A/ the two closest zeros to the minimum coincide and become a complex conjugate for A, > A/, as shown in (4f). Sign determination of
their real part is graphically not possible and further analytical and numerical calculations are required (see also Section 3.2.1).

in Fig. 4a. A larger value of A, shifts the polynomial upwards, but
here the largest zero remains positive and the second biggest one
becomes positive (Fig. 4d). Together, both conditions in Eq. (20) are
therefore necessary and sufficient for local stability of a PFP with
corresponding real eigenvalues. O

We next determined the parameter ranges for which Eq. (20b)
is satisfied, in order to express the stability conditions in terms of
the parameter space. We differentiate Eq. (17) and substitute A = 0,
as follows

dP(A, A, = 0)

o (23)

= A - e — Aq - (Ma+ We).
A=0

Thus, the second necessary parametric condition for stability of

a PFP is
A, < Ha e
A+ He
Under the estimated parameter values from Table 1, the rh.s
of Eq. (24) equals about 10 d~!, and the value of A; is about 0.05
d-1. Since according to Eq. (19a), the maximum value of A; is ¥ e

(24)

(0.08664 d—1), Eq. (24) always holds, and thereby the stability con-
dition in Eq. (20Db) is always satisfied in the parameter ranges in
Table 1. In conclusion, increase in the activation rate of CD8 T cells,
reduction of their exhaustion rate, as well as low tumor growth
rates enables stability of the corresponding PFP.

Claim 2. If a pair of PFPs of Eq. (1) has only real eigenvalues and if
the condition in Eq. (20b) is satisfied, the larger PFP (with a larger
value of M*) is always unstable and the smaller one is always LAS.

Proof of Claim 2. Substitution of Ay, Ay, and A,_ expressions
from Eqs. (18) and (22) in the first necessary condition (Eq. (20a))
yields

b M
Mib Wig (25)
Simplifying it we get
2 < bg (26)
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Substitution of M*2 from Eq. (8) in Eq. (26) yields
2bg
< —=——7=.
b+g-K
In order to determine the stability of each FP in a system with
two FPs, we substitute M* from Eq. (9) into Eq. (27):

- 4b. -
iJ@+g—Kf—4bg<—Eiggi—K+w+g) (28)

The r.h.s of Eq. (28) can be written as:

e

(27)

_\ 2
4b.g N (b+g-K) —4b-g
———2_ K+ (b+g) = = . 29
b+g-K b+ b+g-—K (29)
Substitution of Eq. (29) into Eq. (28) yields:
_\ 2
_ b+g—K) —4b-
i/@+g-Kf-4bg<( g-K) £ (30)

b+g-K
According to Eq. (14), the r.h.s of Eq. (30) is negative, and there-
fore this inequality is never satisfied for a plus sign in the Lh.s.
Therefore, the necessary condition in Eq. (20a) does not hold for
the larger PFP, M*, indicating that it is always unstable.
For the lower PFP, M—, we multiply both sides of Eq. (30) with
—1 and square it:

4b.g
(b+g-K)’

According to Eq. (31), the necessary condition in Eq. (20a) is al-
ways satisfied for M~. Thus, if the second necessary condition in
Eq. (20b) is satisfied always for M~, the corresponding PFP is al-

ways stable. This claim implies that stability of the tumor depends
on its size, and that large tumors are less likely to be stable. O

1>1- (31)

3.2.4. PFPs with complex eigenvalues are unstable in a treatment-
free scenario but can be stable under ICl-increased immune efficacy.
Both stability conditions described by Eq. (20) relate to the case
in which all zeros of the characteristic polynomial are real. How-
ever, the zeros can also be complex, with positive or negative real
parts. We determined the parametric conditions for negativity of
the real parts of complex zeros. As shown in Fig. 4e and Fig. 4f,
two neighboring zeros can collide, subsequently becoming a con-
jugate complex pair (when A, becomes larger than the local min-
imum value of the characteristic polynomial with A, = 0, which
lies between these zeros; marked by A’ in Fig. 4e). Due to the con-
tinuity of root values in the polynomial coefficients, and since the
condition in Eq. (20b) is always satisfied under the estimated pa-
rameter values, when the conjugate complex pair is close to 1/, its
real parts are negative. However, for certain parameter values the
real parts may change sign, namely, the system undergoes Hopf
bifurcation (Hassard et al., 1981). The biological meaning of this is
that tumors, whose system parameters correspond to negative real
parts of all the eigenvalues of the Jacobi matrix, can be stabilized,
while tumors, whose eigenvalues in the corresponding mathemat-
ical system have positive real parts, are unstable.

Since an explicit solution of the characteristic polynomial in its
general form is hard to obtain, determination of the sign of the
real part of the zeros is not always possible. Therefore, derivation
of the stability conditions in this case requires further analysis, for
example, by the application of the Hurwitz-Routh stability crite-
rion (Brauer and Nohel, 2012; Yang, 2002; Liu, 1994; Douskos and
Markellos, 2015) and numerical calculation of the eigenvalues of
the Jacobi matrix. Here, we analytically determined the conditions
for a Hopf bifurcation in the system at hand.

Consider a general form of a 3rd order characteristic polynomial
with one negative real zero A = —X(, where Ag >0, and one conju-
gate pair of complex zeros A +iwq, where w; > 0. The correspond-
ing system undergoes a Hopf bifurcation when the real parts of the

two corresponding zeros are simultaneously zeroed, that is A; = 0.
The general form of the characteristic polynomial is then:

(A +iwy) - (A —iw1) - (A +Ag) =0. (32)
Opening parenthesis yields:
)»3+)»2~)\0+)»~a)12+)»0-a)12:0. (33)

The necessary conditions for a Hopf bifurcation are deduced
from the conditions on the polynomial coefficients (b;):

bo = ho- @2 >0,

b; = w? >0,

by = Ao >0,

by =1. (34)

According to Eq. (34), a Hopf bifurcation exists in our system
when all the coefficients of the characteristic polynomial in Eq.
(17) are positive.

These coefficients are summarized here:

bo = Ay - A,
by = a - fe — Aq - (a + He),

b, = /'LA+M6—A1,
bs = 1. (35)

The first and second coefficients in Eq. (35) are positive when
Eqs. (20a) and (20b) are satisfied. Positivity determination of b,
under consideration that A; > 0 yields the remaining condition for
a Hopf bifurcation:

by = pa+pe — Ay > 0, or
A < [a+ He. (36)

Under realistic assumptions on the immune system’s parame-
ters (see Table 1), ;4 + e is approximately 0.4 d—1. Since accord-
ing to Eq. (19a), the maximum value of A; is ¥, ~ 0.004d",
Eq. (36) is always satisfied, and therefore a Hopf bifurcation takes
place for all parameter values. Significant reduction of the exhaus-
tion rates, namely u,, and i., for example under treatment with
ICI, can violate Eq. (36), and impose stability on the corresponding
PFP, as well as the tumor size.

The condition we deduced in above is a consequence of the
Ruth Horowitz criterion. The corresponding Routh array of the
polynomial is:

bs by 0
bz bo 0
by bngn by 0 0
bo 0 0

According to the Routh Horowitz criterion for stability of the
corresponding FP, b; >0 must hold, as well as that all the terms
in the left column of the Routh array must be positive. Here, the
first, second, and fourth terms are positive. Substituting b3 =1 in
the third term yields biba=bo 1 the polynomial of Eq. (33), the

by
real parts of the complex roots are zero, and therefore % =

0, namely b; - by = by, and the complex roots are A = +i,/b;. The
condition of stability of the corresponding FP is

bl-bz—b0>0 (37)
Substituting b; from Eq. (35) yields

b -
MA'H«e'(/LAJF,U«eVmeI'IwJFbZ'Al)

+(Ua+e)  Ar- (A —1) >0 (38)
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Fig. 5. Summary of the local stability analysis of systems yvith_two PFPs. The parameters o, fe, and y,,,, stand for the activation rate of CD8+ T cells, their exhaustion rate,
and the tumor growth rate, respectively. The coefficients A,, Az, and the function P(X) are defined in Egs. (17), (18), and (22).

3.3. Stability of PFPs is linked to a small tumor burden and an en-
hanced activation of CD8+ T cells. For a better understanding of
the local stability patterns, we numerically calculated FPs and the
corresponding eigenvalues for 62,500 parameter sets. In each set,
we modified the values of o, and e, specified in Table 1, from
1 to 9000 fold, and 1/9000 to 1 fold, respectively. We chose to
focus on changes in «, and u. due to their direct effect on the
number of CD8+ T cells in the host. We also examined the effect
of the tumor growth rate on the local stability of the FPs by re-
peating the above numerical analysis for both the minimal and the
maximal estimated value of y . in Table 1. The rest of the param-
eters remained unchanged from their reference values in Table 1.
For each parameter set we determined the stability of each cor-
responding FP by numerical calculation of the eigenvalues of Eq.
(17). We recorded an FP as locally asymptotically stable, if all real
parts of its corresponding eigenvalues were negative. Otherwise,
we flagged the FP as unstable. The results of these computations,
are listed below (see also Fig. 5).

1. In a system with two PFPs, the larger PFP is unstable over
the whole range of o, fte, and y, ;.. The numerical anal-
ysis indicated that the two PFPs have a single real-positive
eigenvalue over the examined range of o, (e, and ¥ .
The rest of the eigenvalues can be real or complex, all hav-
ing negative real parts (not shown).

2. Increase in the activation rate of CD8+ T cells, o , leads
to local stability of the smaller PFP, while reduction in
the exhaustion rate of CD8+ cells, ., leads to local insta-
bility. Under the minimal and maximal values of y,, from
Table 1, locally stable FPs are associated with low values of
e, and relatively large values of «. In addition, the FPs un-
der the minimal value of y,, have higher stability when
compared to those under the maximal value of y ;.

3. Instability of the smaller PFP in a system with two PFPs
is due to positive real parts of a single conjugate pair of
complex eigenvalues.

All analyzed unstable FPs have positive real parts of only com-
plex eigenvalues.

Fig. 5 summarizes the results of both the theoretical and the
numerical local stability analyses. One can see in this summary
that the larger PFP is always unstable, while the smaller one is un-
stable only when the corresponding Jacobi matrix has two complex
eigenvalues with real parts, which change sign due to Hopf bifur-
cation.

3.4. Phase-plane analysis emphasizes the role of the initial tumor
burden in converging towards a stable PFP, and reveals oscillations
around an unstable PFP

We next studied the global dynamics of the system by a phase-
plane analysis, in order to study the dynamics of the cell popula-
tions away from the PFPs. To this end, we plotted the time course
of the values of the two most relevant variables, effector CD8+
T cells (T) and tumor cells (M), versus each other. Representative
phase portraits of the system, having zero, one, or two FPs are
shown and explained in the following paragraphs. The simulation
results are summarized in Fig. 6.

No PFPs

Under the estimated parameters from Table 1, the system has
no PFPs. As shown in Fig. 6a, the number of tumor cells in this
case grows uncontrollably, while the number of effector CD8+ T
cells eventually reaches saturation.

A single PFP

As previously shown in Figs. 2 and 3, for certain parameter val-
ues, the condition in Eq. (13) is satisfied and the system has a sin-
gle PFP. In the particular phase portrait shown in Fig. 6b, the ob-
tained FP is a saddle node, which refers to a consolidation of a sta-
ble and an unstable FP. The part of this phase portrait, for which
the initial number of tumor cells is less than 5 x 108, constitutes
the basin of attraction. All trajectories, beginning inside this basin
of attraction, converge to the FP, while all trajectories beginning
with a larger number of tumor cells diverge away from this point.
The biological implication of this is that tumors with initially less
than 5 x 10% cells will stabilize.

Two PFPs

Depending on the parameter values, the system can have two
PFPs. Exemplary phase portraits of such systems are shown in Fig.
6¢c-e. Each of these systems has different parameters, but the same
value of K and the same number of tumor cells in steady state.
We found that modification of o, and w. can induce oscillatory
changes in the number of tumor cells. First, as shown in Fig. 6c,
increasing the activation rates of CD8+ T cells generates a locally
stable PFP and an unstable PFP. If the initial size of the tumor cell
population is located within the basin of attraction of the smaller
PFP, the number of tumor cells approaches this point with damped
oscillations and the disease becomes stable. However, if the ini-
tial size of the tumor cell population is located outside the basin
of attraction, the corresponding trajectory escapes from the larger
PFP, which results in an uncontrollable tumor growth and disease
progression. Secondly, as shown in Fig. 6d, reducing the exhaus-
tion rate of CD8+ T cells generates two PFPs. The number of tu-
mor cells around the smaller FP undergoes increasing oscillations.
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Fig. 6. Phase plane analysis captures disease control for an initially low tumor burden. Here we show representative phase planes of the 3-dimensional system described in
Eq. (1), which are projected here on the effector CD8+ T cells (T) - melanoma cells (M) plane. The black curves represent trajectories of (T(t), M(t)) and the small circles mark
the initial points of each curve. Arrows mark the direction of the trajectories. Big circles denote FPs, at which the number of cells remains constant with time. It separates
between different dynamic patterns of the cell populations. Information on the parameter values and initial number of cells is summarized in Table 3. a shows a phase
portrait of a system with the parameter values estimated from the literature (Table 1); no FPs have been identified, indicating tumor escape and its eventual uncontrollable
growth. b shows a phase portrait of a system with a single FP, (thin frame with a zoom in in the thick frame). This point is marked by a black circle in Fig. 3. Initially large
tumors grow in size, while initially small tumors evolve to be limited by the immune system. As shown in (b), starting from initial number of about 107 tumor cells results
in different fates of the tumor dynamics. Figure 6c-e represent phase planes of different systems with two FPs, characterized by different parameter values. (c) Increased o,
generates curved trajectories which tend to the lower FP. This indicates short oscillations (stable focus; thin frame with a zoom-in within the thick frame). Trajectories with
the initial number of cancer cells larger than ~5 x 106 escape from the larger FP (unstable focus; thin frame with a zoom in in the thick frame). (d) Reduced value of .
leads to spiral trajectories, spiraling away from a FP, which indicates growing oscillations. Interestingly, trajectories, which begin close to this FP (thin frame) are attracted
to it, as zoomed in the thick frame. (e) Reduced value of y,,,, results in a non-oscillatory dynamics, such that trajectories, which begin with initially small number of tumor
cells converge into a smaller stable focus and trajectories (lower thin frame with a zoom in in the lower thick frame), which begin with a larger number of tumor cells
escape from a larger unstable focus (upper thin frame with a zoom in in the upper thick frame).
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In some cases the amplitude is so large that the tumor will virtu-
ally disappear and then grow again, escaping from host immunity.
When the initial number of cancer cells is close to the value at this
FP, the system will eventually converge to this FP. When the initial
number of cancer cells is close to the larger PFP, it will either es-
cape from it towards the smaller PFP or grow uncontrollably. Thus,
considering two similar sets of initial conditions, one mapping a
point, located slightly above the larger PFP, and the other map-
ping a point, located slightly below this point, we note that each of
these points evolves differently in time, corresponding to a differ-
ent disease fate. The evolution of the first set leads to temporary
shrinkage or tumor stability, while the evolution of the second set
leads to disease progression (Fig. 6d, magnified area). In addition
to the effects of the host immunity, reduction of the tumor growth
rate also leads to generation of PFPs in the system. As shown in
Fig. Ge, reducing the value of y . leads to a sharp, non-oscillatory
decay in the number of tumor cells towards the smaller PFP, or es-
cape from the larger FP (Fig. 6e), depending on the initial number
of tumor cells.

To better visualize the outcome of the model simulation for
each steady state, we chose representative initial conditions around
the smaller PFP for each steady state shown in Fig. 6¢ and d, and
plotted time series of the corresponding trajectories (Fig. 7). It can
be seen that under a reduced exhaustion rate of CD8+ T cells, the
tumor size oscillates around the smaller PFP. As the initial condi-
tions get closer to this FP, the frequency of the oscillations increase
(Fig. 7b-d). Their amplitude decays and then stabilizes very close
to this FP, while increasing in trajectories that are further away
from the smaller PFP.

The dynamic patterns of tumor growth, shown in Fig. 7, corre-
spond to different types of response to immunotherapy. We note in
Fig. 7a, that an increase in the activation rate of CD8+ T cells due
to treatment, stabilizes the tumor size within a period of a few
months. The larger the activation rate gets, the smaller is the cor-
responding tumor size at steady state, and the larger is the basin
of attraction of this stable FP. On the other hand, patients whose
therapy leads to significant reduction in death rates of immune
cells (Fig. 7b-d) can experience different disease fates, depending
on the ratio between the activation and the exhaustion rates of
CD8+ T cells, as well as on the initial number of tumor cells, and
on the number of immune cells. For large ratios between the acti-
vation and the exhaustion rates of CD8+ T cells, the value of A, is
large enough for two neighboring polynomial zeros to coincide and
form a complex-conjugate pair (Fig. 4e and f). This results in a pe-
riod of oscillatory tumor dynamics, followed by stability of tumor
size or an uncontrollable growth. Under the initial number of tu-
mor and immune cells lying in the closest trajectory to the smaller
FP, the oscillations decay, leading to a stable tumor size (Fig. 7b).
In contrast, on a different trajectory, which starts further from this
FP, the corresponding tumor size oscillates for a while, followed
by an uncontrollable growth (Fig. 7c). Away from a stable PFP, and
when the initial number of CD8+ T cells is larger than its number
at steady state, the tumor shrinks considerably, only to reappear
after about a decade (Fig. 7d). Taken together, these results sug-
gest that when an immunotherapeutic intervention increases the
activation rate of effector cells, immunotherapy will lead to dis-
ease stabilization. In contrast, when immunotherapy relieves the
exhaustion of CD8+ T cells, the outcomes may vary from decaying
oscillatory convergence, through a stable tumor size, to uncontrol-
lable growth, depending on the initial conditions of the tumor and
immune cells.

4. Discussion

In this article we showed by mathematical modeling and anal-
ysis within the bio-medically relevant parameter ranges, that the

ratio between activation and exhaustion rates of CD8+ T cells can
determine the outcomes of melanoma immunotherapy. Based on
our results, we suggest to evaluate T cell activation and exhaustion
rates in individual patients for improving the prediction accuracy
of their response to treatment.

Our theoretical and numerical analyses suggest that under re-
alistic assumptions on tumor growth and immune efficacy in an
untreated person, the cancer always evades the control of the im-
mune system, and, indeed, spontaneous regression of melanoma is
rarely observed (Everson, 1964). However, our analysis also indi-
cates that under immunotherapy with ICI, which causes increased
activation or decreased mortality of effector CD8+ T cells, sta-
bilization of the tumor size is possible. Increased activation of
effector CD8+ T cells has been clinically observed in response
to immunotherapy. For instance, vaccination of melanoma pa-
tients with a LAG-3 antibody resulted in enhanced proliferation of
tumor-specific CD8+ T cells in 13 out of 16 patients (Legat et al.,
2016). Similar findings were made also in non-small-cell lung
cancer, with a proliferative burst of effector PD-1+CD8+ T cells
observed in 70% of the patients upon treatment with anti-PD-
1 (Kamphorst et al., 2017). Furthermore, analysis of melanoma
biopsies from 46 patients, before and during anti-PD-1 treatment
shows an increase in the proliferation of intra-tumor PD-1++CD8+
T cells following treatment (Tumeh et al., 2014). Association of
therapy outcomes with ICI-caused CD8+ T cell proliferation was
examined in the clinical setting, observing enhanced and early
proliferation, mostly among responders (Kamphorst et al., 2017;
Tumeh et al,, 2014; Huang et al., 2017). However, samples from
some responders did not show increased proliferation of CD8+ T
cells. Clearly, then, it is not sufficient to measure the activation rate
of CD8+ T cells for accurately predicting the ICI outcomes. Inte-
grating in the model also the impact of CD8+ T cells on the tumor
can improve the prediction accuracy of the personal response.

Our results indicate that extended periods of disease stabil-
ity can result from increased activation of immune cells, while
oscillatory tumor growth is induced by reduced exhaustion of
the immune cells, for example, due to immunotherapy. From this
finding we infer that immunotherapy by ICI could yield differ-
ent patterns of change in the disease burden. The amplitude of
the modeled oscillations is in the order of 106 cells. Consider-
ing that a tumor lesion with 1 cm diameter comprises about 10°
cells (Del Monte, 2009), and that a lesion is confidently measur-
able if its diameter is at least 1 cm (Eisenhauer et al., 2009),
the oscillations are most likely averaged out in clinical size as-
sessments. Still, small oscillations in the size of tumor and im-
mune cells have been previously suggested. For example, Coven-
try et al. (Coventry et al., 2009) measured the levels of C-reactive
protein (CRP) in patients with melanoma and other cancer indica-
tions, and for most cases reported oscillatory patterns, with peri-
odicity of 6-7 days. These oscillations were linked to changes in
the disease intensity and strength of inflammatory signatures. The
authors suggest that tumor cells induce infection, which leads to a
deficit of T cells, and, subsequently, to their increased proliferation.
The effector cells, in turn, eliminate tumor cells. Other tumor cells
proliferate rapidly, thereby driving the feedback between immune
cells and cancer cells. Of note, similar feedback was discussed by
d’Onforio et al., (d’Onofrio et al., 2010), who applied a family of
mathematical models to analyze tumor-immune interactions. In
their study, d’Onforio et al., analyzed the effect of time delays be-
tween the tumor size at a given moment and its effect on the stim-
ulation of immune effector cells. They show that exponentially dis-
tributed time delays can induce sustained oscillations in the num-
ber of cells. Correspondingly, the oscillation observed in our study
can be explained by an exponentially distributed time lag between
the tumor-induced stimulation term in Eq. (1a), namely oy - le
and oscillations in the number of functional APCs, A(t).
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Fig. 7. Representative time series for the number of immune and tumor cells around the fixed points; a and b-d are plotted for the same parameter sets in the phase
portraits as in Fig. 6¢ and d, respectively. The initial number of immune cells was set under assumption of quasi-steady state, that is, the number of immune cells adjusts

itself to the number of tumor cells, according to Eq. (5).

Our analysis emphasizes the effect of tumor growth rate and
baseline tumor burden on the success of immunotherapy. Tumor
shrinkage is possible only if the initial number of tumor cells, and
the initial number of immune cells are located within the basin of
attraction of the lower PFP. For patients with a significantly larger
initial tumor burden, a larger effect of the checkpoint blockade is
required to induce tumor shrinkage. From a mathematical point of
view, as the immune efficacy increases, the ratio between the effi-
cacy of the immune response and the tumor growth rate increases,
which, as shown in Fig. 3, leads to a larger difference between both
FPs, and thus a larger basin of attraction of the stable FP. These re-
sults imply that patients with initially small tumor burden should
benefit more from this therapy, supporting reports that high tu-

mor burden is associated with poorer outcome to ICI (Joseph et al.,
2018; Ribas et al., 2016; Robert et al., 2017). Based on our results,
we suggest to clinically test the effect of adjuvant therapy with ICIL.
We believe that the reduction of tumor load, either by resection or
by radiation, prior to treatment by ICI, will augment the clinical
benefit of ICI-based therapy. Interestingly, the benefit of combin-
ing immunotherapy and resection, but in an inverse sequence to
the one suggested here, was clinically shown in a study report-
ing that administration of pembrolizumab as an adjuvant therapy
for patients with completely resected high-risk stage Ill melanoma
increased the recurrence-free survival of treated patients, as com-
pared to patients who received placebo (Eggermont et al., 2018).
Support for our model findings on the relation between immune
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cell activity and initial tumor load can be found in (Huang et al.,
2017). Huang and colleagues checked a combined emergent param-
eter - the ratio between the reinvigoration rate of CD8+ T cells
(as measured by the percentage of CD8+ T cells expressing Ki67)
and the tumor burden at baseline, and correlated this ratio with
the observed clinical response of patients to pembrolizumab. Their
conclusion is that the combined ratio can better distinguish clinical
outcomes and predict response than each one of these parameters
taken alone, and that this ratio can serve as a calibrated parameter,
predicting response to PD-1 blockade.

To facilitate the mathematical analyses, our model was delib-
erately kept simple, taking into account only the main effects of
pembrolizumab on CD8+ T cells and the melanoma tumor. In par-
ticular, the effects of treatment were modeled by assigning bigger
or smaller values to the activation rate of CD8+ T cells, «, and
to the elimination rate, (.. The immune system as well as the
consequences of ICI-based therapy are obviously far more com-
plex. For example, the mechanism of action of pembrolizumab
includes effects on interactions with additional cell populations,
such as myeloid-derived suppressor cells (MDSCs), natural killer
cells (NK) , and helper CD4+ T cells (Nguyen and Ohashi, 2015).
Similarly to CD8+ T cells, NK cells have a cytotoxic effect on tu-
mor cells. Since they express PD-1, treatment with pembrolizumab
may increase the abundance of functional NK cells, and thereby
also contribute to the tumor growth control (Beldi-Ferchiou and
Caillat-Zucman, 2017). Moreover, cytometric analysis of blood sam-
ples from patients with advanced melanoma under pembrolizumab
and nivolumab show that the anti-PD-1 treatment reduces the fre-
quency of circulating MDSCs, and increases the frequency of cir-
culating NK cells among responders (De Coaiia et al., 2018). Such
additional processes can be considered for inclusion in the model
in future extensions.

In summary, our study provides new insight into the interac-
tions between the immune system and melanoma, enabling a bet-
ter understanding of the potential response of individual patients
with metastatic melanoma to ICI treatment. Analysis of our mech-
anistic model showed that while the natural immunity is not suffi-
cient to control the growth of melanoma tumors in the absence of
treatment, administration of ICIs can turn the uncontrollable tumor
growth into shrinkage or stabilization, depending on the individual
patient characteristics. This can provide a basis for future studies in
which model-based predictors for response to ICI treatment could
be developed to address the need for improved and personalized
prognosis in melanoma.
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