Supplementary Material: Hormesis and
synergistic effects of cancer treatments revealed
by modeling combinations of radio- or
chemotherapy with immunotherapy

1. The model

Our model describing the interaction among the effector cells, tumor cells,

and the cytokine (IL-2) is as follows! ~8:

dE(t) plEIL
=T — s E

dt c Mol + g1+ ]—L7
dT(t) aET
S ()T - t#nP,

dt TQ( ) 9 +T7 # n
dIL(t) o ngT B I

it g+ 1B (S1.1)
E(t*) = (1 - q)E(t) + 51,
T(t) = (1 - @)T(), t=nP,
IL(t+) = (1 — qg)IL<t) + S92,

where E(t) denotes the effector cells, which can activate immune-system cells
such as cytotoxic T-cells, macrophages, and natural killer cells that are cyto-
toxic to the tumor cells. T'(t) represents the tumor cells, and I7,(¢) denotes the
concentration of cytokines including IL-2 in the single tumor-site compartment.
g2 represents the tumor reduction rate in patients by exposure to radiotherapy
and/or chemotherapy, and ¢; and g3 depict side-effects of radiotherapy and/or
chemotherapy on effector cells and the cytokine IL-2, respectively. Lastly, s;
is a treatment term that represents an external source of effector cells such as
LAK or TIL cells, and s is a treatment term that represents an external input
of cytokines into the system. The intrinsic growth rate of the tumor cells can
be modelled by a linear growth term (in this case ro(7") is constant) or as a type

of limited-growth with a logistic or Gompertz type function. Here we chose the



logistic growth function as follows:
Tg(t) = 7"2(1 — bT)

The dynamical evolution of the effector cell population is described by the
first equation, where ¢ represents the antigenicity of the tumor and us denotes
the death rate of the effector cell population, the Michaelis-Menten term (i.e. the
third term) reveals the saturated effects of an immune response stimulated by
cytokines with a Michaelis-Menten constant g; and maximal response constant
p1. The growth rate of the tumor cell population is given by the second equation
with an intrinsic growth rate r2 and a carrying capacity parameter b, the second
term also shows the saturated effects of an immune response on the tumor cells
stimulated by effector cells with two constants g, and a. The changing rate of
the cytokine concentration is given by the third equation, which shows the effects
of interactions between effector cells and tumor cells on the growth of cytokines
through Michaelis-Menten kinetics with two constants g3 and p2, and 3 denotes
the degradation rate of the cytokines. See reference (1) for explanations of all
of the parameters in more detail. The second part, consisting of three impulsive
maps, describes the effects of pulses of radio/chemo-immunotherapy applied at
period P(n =1,2,---) on the effector cells, tumor cells and 1L-2. E(tT), T(t)
and I1,(t1) denote the values after the pulsed therapy at time ¢, where s; is an
administration constant that represents an external source of effector cells each
time; so is an administration constant that represents an external input of IL-2
into the system each time, g2 represents the tumor reduction rate in patients by
combined exposure to radio/chemotherapy, and ¢; and g3 depict side-effects of
radio/chemotherapy on the effector cells and the IL-2 with 0 < ¢1,¢92 < 1 and
q3 < 1.

Note that the anti-tumor cytokines including IL-2 and IL-12 in cancer dis-
eases have been measured in different cancer types, and the levels of IL-12 in
sera were found to be increased in metastatic patients and decreased in gastroin-
testinal tumours, colon cancer and breast cancer after radio/chemotherapy®!°.

Those results indicate that radiotherapy and chemotherapy have dual effects



on cytokines, i.e. in some cases they inhibit the growth of cytokines, and in
other cases stimulate the growth of cytokines. Therefore, g3 may be positive or
negative and more generalized cases are considered in the main text to show the
effects of random perturbations on the dynamics of model . Moreover,
0 < g3 < 1 indicates the reduction of levels of anti-tumor cytokines and g3 < 0

means that the levels are increasing.

2. Existence and global stability of the tumor free periodic solution

The existence and stability of the tumor free periodic solution have been
addressed in several publications”®, but their authors only focused on the local
stability of some special cases. So, in the following we present general results
for the existence and stability of the tumor free periodic solution. In order to
calculate the tumor free periodic solution for system , we first let T = 0,

and obtain the following subsystem

dE(t) p1E(®)IL(t)
o —p2E(t) + SO
dI. () t#nk,
dt = 7:“3[L(t)7 (822)
E(@tT) =1 —q)E(t) + s1,
t =nkP.
IL(tT) = (1 — gz)IL(t) + s2,

Integrating the second equation %t(t) = —pgly, within the interval (nP, (n+

1)P], gives
I (t) = exp (—p3(t —nP)) I (nPT).

Thus, we have
In((n+1)PT) = (1 —g3)exp (—uzP) I, (nP") + s.
Let I7 be an equilibrium of the above equation, yielding

I} = (1 —g3)exp (—usP) I} + 52



and solving it with respect to I}, we get

I = 52
L=1- (1 —gq3)exp[—psP]

Therefore, there exists a unique periodic solution for I, denoted by IF (t) with

IP(t) = exp [—ps(t = nP)| I}, t € (nP, (n +1)P]. (52.3)

Then, substituting IF into the first equation of model (S2.2)), one has the
following equation

dE(t)

dE(t) PEMIL ()
dt

=~ E(t) +

, t€ (nP,(n+1)P].

Further, integrating it within the interval (nP, (n + 1)P], there is

¢ P
E(t) = E(nP*) exp {m(t —nP)+ /np gffLIg()t)dt] ,

Then through some straightforward calculation we have

[ g o, (2 Ife%(t_np))
nP g1+ I[{D(t) H3 g1+ Iz ’

which indicates that

I* —p3 P
E((n+1)P"Y)=(1—-q)EnP")exp |:—‘LL2P S <91+L€*>] + s1.
2] g1 +IL

Consequently, we have
J¥e—maP
E* = (1—q)E*exp [—NZP_ p—lln (W)} + 51
w3 g1 +1If

i.e.
S1

I k3P .
1—(1—q)exp [—uzP —Pn (glg#)}
Note that, to ensure the existence of £*, we need
I* —u3P
—/,LgP—plln<gl+Le*><ln ]
Iz g +1I7 L=
As a conclusion, if condition (S2.4)) holds true, then subsystem (S2.2)) has a
unique periodic solution with period P, denoted by (E(t), I (t)). Here

E* =

(S2.4)

P g1+ [Ze—us(t—np)
EP(t) = FE* —us(t —nP)—=1n
(6= B exp |t —np) — 2o 1o (I

3 )} , t € (nP, (n+1)P].



Therefore, we have the following proposition.

Proposition 1. If condition holds true, then subsystem has a
unique periodic solution (E¥(t), I (¢)) with period P, which is globally stable.
Proof. As the existence and uniqueness have been discussed above, here we
only prove the global stability of the periodic solution (E¥(¢),IF(t)). Firstly,
we conduct the local stability analysis, which is determined by the two Floquet

multipliers of the following matrix

1- 0
M= n o(P),
0 1—gs3

where ®(P) is a solution of the following equation at time point P

pIf(t)
d®(t) [ —H2t gllﬁf @ * o)
dt 0 —H3

with ®(0) = I (the identity matrix). Here, % indicates that the term is not
necessary for the exact expression.
We can calculate the two Floquet multipliers of matrix M as follows:
A= (1—-gq)e P <1, \y =1 —q)exp [—,ugP Py <W>} .
3 g+ 17

It is easy to find that A\; < 1 holds true in the condition . This means
that the periodic solution (ET(t), IT(t)) is locally stable whenever it exists. As
for the global stability, we can easily see that the component I (¢) is globally
stable and then by the theory of limitation systems we have the component

EF(t) being also globally stable. This completes the proof.

Based on the above discussion, we know that model has a tumor free
periodic solution (TFPS) (ET(t),0,1F(t)) in the condition . Next, we
determine the threshold condition for the stability of the tumor free periodic
solution, which could be useful for designing a combination therapy strategy.

Similarly, the local stability of the TFPS is determined by the Floquet mul-



tipliers of the following matrix

17(]1 0 0
M, = 0 1—qo 0 o(P),
0 0 1—Q3

and ®(P) is a solution of the following equation at time point P

P
BGRRTE= 0 ¢ *
do) _ 0 0)— "W g | o)
dt r2(0) — g2
0 szg:(t) — s

with ®(0) = I (the identity matrix).
Through some straightforward calculations, the three Floquet multipliers of
matrix M are as follows:

g1+ Ize_“?’P)}

— P1
A3=(1—g3)e ™l <1, \y=(1— —paP — 221
3=(1—g3)e <1, A =( Q1)6Xp{u2 ﬂ3H< P

and

A2 = (1 —¢2)exp

r5(0)P — /OP BT () dt]

g2
with

[* —p3t
EP (1) = B* exp [_mt _hy, (H)] .
H3 g1 + IL

Similarly, we have that A\; < 1 holds true whenever the TFPS exists (i.e. in the
condition (S2.4])). Thus, we can conclude that the TFPS is locally asymptoti-
cally stable if Ay < 1.

Next, we consider the global stability of the TFPS, that is, the global at-

traction of it. Consider the following system
dTe — py(1 — bT,) T, t # nP,

a (S52.5)
T.(t") = (1 — q2)Tu(t),t =nP

It is easy to verify that system (S2.5)) has a periodic solution T'F’(t) with period

P, where

TP (t) = (1 — g2) exp(roP) — 1) exp(ra(t — nP))
x b((1 = g2)exp(roP) — 1) (exp(r2(t — nP)) — 1) + (exp(roP) — 1)




for all t € (nP,(n + 1)P), which is globally asymptotical stable!’. Further,
there is dT'/dt < ro(1 — bT)T. Thus, according to the comparison theorem of
impulsive models, we have that there exists a t* and € such that T'(t) < T.F (t)+e
when t > t*.

Denote

A5 =(1—g2)exp

P aEP (1) P aEP (TP (1)
TQ(O)P_/O 92 dH/o 92(92 +Tf(t))dt] '

Assume )5 < 1, then there exists an € such that

Pa(EP()— o) . [P alEP(t) — TP () + o
nOp— [ S [

6 = (1-g2) exp

Definitely, A5 < 1 implies Ay < 1.

Furthermore, it is easy to see that dIL > —psly. Thus, according to The-
orem 1 and the comparison theorem of impulsive models, we have that there
exists a t§ > t* such that Ir(t) > IP(¢t) when t > t;. Similarly, there is

E)IL(t E)IF (¢ "
dE/dt > —us E(t) + %)L?t()) > —po E(t) + %)EL(;)) when ¢ > t;. Thus, also

according to Proposition 1 and the comparison theorem of impulsive models,

we have that there exists a ¢35 such that
E(t)> EF(t)—e

holds when t > t5 > ¢ > t*. Without loss of generality, we assume that the

above inequality holds for all ¢ > 0. Hence, there is

aT < 1,y (0)T — 7“@92(2 T t £ nP,

T(tT) = (1 —q2)T(t),t =nP.
Therefore, we obtain

T((n+1)P) T(nP+)exp ( [lmrnP (r2 _ (BT ()~ )))

IN

g2+T
= T(nP)(1 - g)exp (r2(0)P
< T(P)(1 = g2)exp (ra(0)P — [T (2 0=0) gy
( P
0+

g2
f(n+1)P ( (E"(t)—e) (t>+e)))
92(92+(TF (t)+e))

= T(nP)o.

f(n+1)P a(BEF(t)—¢)  a(EF(t)—o)T
g2 92(92+T)

<1

))



Therefore, T((n + 1)P) < T(0)6"!, which means that T((n + 1)P) — 0 as
n — oo, i.e., T(t) — 0 as t — oo.

Then, we verify that I1,(t) — I (t) as t — co. Because T'(t) — 0 as t — oo,
thus there exist € and t* such that T'(t) < e and i(;)(t) < € when ¢t > t*. Here,
ggi(%)(t) < € hold true for all ¢ > 0. Therefore,

d%it) < ce — ue E(t) + p1 E(t). Then, by the comparison theorem of impulsive

we assume that 7'(t) < € and

models, if py > py, there exist an M and a t* such that E(t) < M when ¢ > t*.
Without loss of generality, we also assume that E(t) < M holds for all ¢ > 0
when po > py.

Let ®; = |I1.(t)—IF(t)| and taking the upper-right derivative of ®(t) yields

DY@y (t) = sign(IL(t) — IF () (Ip(t) — IF' (1))
< —pa®i (1) + BTE < —ps®i () + poMe.

A

It follows that

D(I)l(t) S —‘[L3(I)1(t) +p2M€,t 7§ TLP,
(I)l(tJr) = (1 — Q3)(I)1(t),t =nP.

(S2.6)

Consequently, we have

1((n+ DP) < @1 (nP)exp ([ (<us)) + paM Pe
= O (nP)(1 — g3) exp(—psP) + poM Pe = &1 (nP)A3 + paM Pe.

Thus, there is ®1((n+1)P) < &1 (0)A5 T + poMPe(A\ + X537+ 423 +1) <

P, (0)NFT! 4 82_1\//[\56 with A3 < 1. This means that ®;((n+1)P) — 0asn — o0

because € can be small enough. That is, I1,(t) — I (t) as t — oo.

Then, we prove that E(t) — EF(t) as t — oco. Because I, — If and
T(t) — 0 when t — oo, there exists a t* such that IY —e < I, < IY + ¢ and
T(t) < e for any positive number e. Without loss of generality, we assume that
IP —e < I, < IP +eand T(t) < e hold true for all t > 0. Let &3 = |E(t)—E¥(t)]
and denote S(t) = sign(E(t) — E¥(t)). Taking the upper-right derivative of



Dy (t), we get

Dtas(t) = S(H)(E'(t) - E'(1))

1P EP
< —aalt) + T + (1) (45 — BIEE)
pUL+SMOE _ pIfE”
< —pa®a(t) + T+ S(t) (gl+(L15+S(t)e) — iy )
_ pif+e) __gwpe
< —p2®o(t) + 0wt (770 2(t) + AT+ T 6

Further, due to A; < 1, there must exist a small enough number ¢ and a big

enough t* such that

(n+1)P P
. iy +e) )
Si=(1—q)e g LY ) g
e (/P (o 270

Then, by considering

pL(If +¢) €
Dq)g(t) < —ugq)g(t) + W%@g(t) + m + CG,t 7é nP
(I)Q(tJr) = (1 — ql)(I)Q(TLP),t =nP.
we have
+1)P 1(IF +e
Dao((n+1)P) < Da(np)(1 - q)exp (57 (—puz + LUEEL))

(n+1)P 1p1e
+fnP (m‘f’CG) S@Q(ﬂp)él‘f’MlE,

where My = [ (G + )

In conclusion, ®o((n + 1)P) < $o(0)07 + Mye(67 + 6771+ .01 + 1) <
®2(0)07 T + Mye/(1 — 61). As € is small enough when ¢ is big enough, we have
®y((n +1)P) — 0 as n — oo, that is, E(t) — EF(t) as t — co. Based on the
above discussion, we have the following conclusion.

Theorem 1. If condition holds true, then system has a tumour
free periodic solution (E¥(t),0, I (t)) with period P. It is locally asymptotically
stable when Ay < 1. Furthermore, if A3 < 1 and ps > p; hold true, the tumour

free periodic solution is globally asymptotically stable.
3. Baseline parameter values and parameter sets used in the main
text

In order to show the stability of the periodic solution (E¥(t), IF(t)) of sub-
system (S2.2)), we plot the solutions as shown in Fig[S.1] by using the baseline
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Figure S.1: Illustration of the stability of the periodic solution (E (t), IF (t)) of model .
(A) The parameter values are s = 0.03,p; = 0.1245,g91 = 2 x 107, u3 = 10,q1 = 0.4,81 =
0.5,gq3 = 0.4,s2 = 0.8 with P = 0.1 and A1 = 0.5928; (B) The parameter values are po
0.03,p1 = 100,91 = 2 x 103, u3 = 0.1,q1 = 0.2,51 = 0.2,93 = 0.2,52 = 10 with P = 0.1 and

A1 = 1.0075.

parameter values shown in reference (1), from which we can see that the peri-
odic solution (E¥(t), IF(t)) is asymptotically stable provided that the Floquet
multiplier A\; = 0.5928 < 1, as shown in FigA)7 while it becomes unstable if
A1 = 1.0075 < 1, as shown in Fig(B). Therefore, we focus on the parameter
space at which the periodic solution (E¥(t), IF (t)) is globally stable, otherwise
the E(t) will tend to infinity due to frequent administrations. The tumour-free

periodic solutions and their stabilities for system ([S1.1)) have been shown in

Fig[S.2] for various parameter settings.
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Figure S.2: The stability of the periodic solution (ET(t),IF(t)) of model and the
tumour-free periodic solution (E¥(t),0,1F(t)) of system . The base line parameter
¢ = 0.0128, s = 0.1667,p1 = 0.6917,g1 = 70,92 = 5,70 = 1,b =
0.01,a = 0.55556, uz = 55.556,p2 = 27.7778,93 = 5,91 = 0,51 = 3.5,q2 = 0.3,93 = 0,52 =
2.5 and P = 3. (A-B) The instability of (E¥(t), IF(t)) with g1 = 3, g2 = 5, us = 5.5556, P = 1
and A1 = 1.0086; (C-D) The stability of (EF (t), IF (t)) with A1 = 0.6067; (E-F) The stability
of (EF(1),0,IF(t)) with g2 = 0.8 and A1 = 0.3933, X2 = 0.3887; (G-H) The instability of

values are as follows:
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(BT (t),0,1F(t)) with Ay = 0.3933, A2 = 1.3605.

The parameter set listed in Table S.1 of reference (1) is as follows:

100

100 200 300 400 500 600 700
t

0 < ¢<0.05, 1 =0.03,p; =0.1245, g1 = 2 x 107

go=1x10% 7y =0.18,b=1x10"2,a

In order to increase the visibility of the figures shown in the main text, we

make appropriate changes to get two parameter sets.

=1

ps =10,pa = 5,93 = 1 x 10°.

set we let By =Ty = Ig = %, ts = r9 and take

Tr =

E
E’y

T
To

1,

77-:

ILO

11

CTQ
ts EO

tot, e =

150

800

For the first parameter



P1= 91 = 7,12 *792:*7b:bTo
ts Iro ts To
T2 e a:an M3 @Zb—pQEO %
ts’ tsTO7 ts ’ tsILO T‘O
_ S1 _ So
S1

The above confirms that the first parameter set used in the main text is as

follows:

To=Yo =20 =1,
c=0.08, us = 0.1667,p; = 0.6917,g; = 10
go = 10,75 = 1,b = 0.03,a = 5.5556
113 = 55.556, py — 27.7778, g5 — 1.

Further, if we assume that E = Ny E,T = NoT,I; = N3l then we have

Ny
¢ = 7, G2 = f2, P = P g1 = Nzg1
2

1 N.
ro =+ T2,0 — —b,a—>—2

— N
N, N a, g2 292

N3
p2 — Evagi’) — Nags, uz — 13-

For scaling all three variables we choose N7 = 100, No = 1000, N3 = 1000,

and we have the following second parameter set employed in the main text:
¢ =0.0128, uy = 0.1667, p; = 0.6917,¢97 = 70
g2 =5,r72 =1,b=0.01,a = 0.55556

M3 = 55.556,p2 = 27.7778,93 = 5.

To fit the RCRC or IRC data sets mentioned in Section 2.4 of the main text,
we got the two parameter sets listed in Table

12



Table S.1: The parameter sets for fitting the RCRC or IRC data sets.
Parameter | Value (g2) Source Value (s1) Source

a 0.1005 Estimated 0.6417 Estimated
b 1/140 Assumed 1/100 Assumed
c 0.5999 Estimated 0.2542 Estimated
r 8.1848 Estimated 9.6082 Estimated
g1 22.7166 Estimated 70 Assumed
go 49.3579 Estimated 99.9334 Estimated
g3 2.2693 Estimated 94.4324 Estimated
1o 0.6995 Estimated 0.4918 Estimated
13 55.556 Assumed 13.0097 | Estimated
p1 0.6917 Assumed 0.6917 Assumed
D2 27.7778 Assumed 19.3367 | Estimated
Q1 0 Assumed 0 Assumed
q2 - - 0 Assumed
q3 0 Assumed 0 Assumed
s1 0 Assumed - -

So 0 Assumed 0 Assumed
Tq 0.6599 Estimated - -

Ds - - 38.4268 Estimated

4. The effects of checkpoints and treatment period

A realistic scenario is that the number of tumour cells is measured at the
checkpoints when the patient’s cancer was diagnosed and at subsequent follow-
ups, rather than being measured at the treatment point. To show this, without
loss of generality we may assume that the patient has the disease checked period-
ically with a period P; (P; denotes the monitoring period), and the combination
therapy takes place within two checkpoints nP; and (n +1)P;, n =0,1,2,---.
This means that there exists a positive real number P satisfying 0 < P < Py,

and at each time point nP; + P the combination therapy is applied. Therefore,

13



we have the following modified model:

dE(t) mEIL
2 —¢T — uE
T iy
dT'(t) aET
= = (1T — —— t#nP + P
dt TQ( ) 9 + T’ ?é nii + )
dIL(t) o pQET _ I
it g 1T (S4.7)
E(tt) = (1—q)E(t) + s1,
T@tY) = (1—q)T(t), t=nP +P
I(tt) = (1 — g3)Ip(t) + s2,

The interesting question is how the treatment point nP; + P affects the
values of monitoring points nPy, i.e. how does T'(nP;) (denoted by E,, T, and
I1,,) change as P varies from 0 to P;? Moreover, we denote the values at time
point nPy + P as EY, TP and I},. Similarly, we denote EL*, TF+ and I7F
as the values after the combination therapy. The stroboscopic maps related to
time series EL, T and IF, (or EP*, TP+ and IL 1) of model can be
similarly defined as formula (2) in the main text, from which we can calculate
the mean values of E,,, T}, and I, for n = 150,151, --- ;200 and the mean values
of EP TP and I to reveal the effects of the timing of combination therapy on
RCRC and/or IRC.

First we address the effects of checkpoints and treatment period on the
existence and stability of the tumour free periodic solution. To do this, let

T = 0 and we investigate the existence of the tumour free P;-periodic solution,

i.e. consider the following subsystem

de(t) mE)IL(t)
o po B (t) + Nt L) b
dIL (1)
g relelt) (S4.8)
E(tT) = (1-q)E(t) + s1,
Ip(th) = (1 = g3)IL(t) + s,

Integrating the second equation of system (S4.8|) within the interval (nPy, nP;+

14



PJ, we get
IL(t) = exp [—/,Lg(t — nPl)] IL(nPl)

Hence, we have I1,((nP+P)") = (1—q3)[(nPi+P)+s2 = (1—g3) I (nPy)e #3F +

dIL(t)
dt

so. Further, integrating the equation = —usly, in the interval (nP; +

P, (n + 1)P;] with an initial condition I((nP; + P)"), we obtain

I((n+1)P1) = I((nPy+P)T)e 3 P1=P) = ((1—g3)I(nPy)e P 55)e1a(Pr=P),
Let I((n+ 1)Py) = I(nP;) and solving the above equation, we can get a

fixed point Iy *, which is given by

I = 52
L™ eus(Pi=P) — (1 — g3)e P’

Then, solving the equation dl;, = —usly, with the initial condition I7, we
have I7* = I((nPy + P)") = =% =mrr -
Thus, there exists a periodic solution of Iy (t), which is given by
Ip(t) = Ife~rs(t=nP) t ¢ (nP,,nP; + P]
IL<t) = Iz*e_’“(t — (nP1 —|—P)),t € (’I’LPl + P, (n—|— 1)P1)

Because there is no implementation of the control strategy at the time point

nPy, we can also write the periodic solution of Iy, (¢) in the following form:
IL(t) = Iyre#a=nP) ¢ € (nPy + P, (n + 1)P + P). (54.9)

Note that, here I}* is equal to the I} of the former model (i.e. model )
Therefore the periodic solutions of the two models in terms of Iy, are the same if
we take the pulse periods as the same. Further, also because there is no control
at nP;, we can consider the existence of the periodic solution of E(t) in the
interval (nPy+P, (n+1)P,+P]. As the periodic solution of I, is the same, we can
obtain the same periodic solution of E(t) by substituting the periodic solution
of I, into model . All these results confirm that if we fix the treatment
period, then the treatment time point does not affect the existence and stability
of the tumour free periodic solution. Thus, the interesting question is how does

the number of tumour cells measured at checkpoints during the monitoring of a
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patient after diagnosis rather than at the treatment time influence the dynamics
of tumour cells? To address this, we carry out some numerical investigations
about this in the following.

If we fix the parameter values as those shown in Fig[S.3| and let P increase
from 3 to 17, then the time series of E(t) and T'(t) have been generated in
each subplot. Although the whole solution curves seem to be similar, the phase
positions of the extreme points of each solution curve change greatly as the
time points P of combined treatment vary. To reveal the effects in more detail,
we plot various outputs in Fig[S-4] for the different combined treatment points,
ie. P =5 or 11. The time series have been shown in Fig[S.4(A) and (B);
The number of effector cells and tumour cells at the each checkpoint nP; are
shown in Fig[S:4|C), and the number of effector cells and tumour cells at the
each monitoring point nP; + P are shown in FigD). While the relations
between E,, and E, i1, T), and Ty 41, Ef and E5+1, Tf and T,ﬁ_l are shown
in Fig[S-4(E) and (F) for P = 5, from which we can see that the differences
are obvious including the maximum amplitudes and iteration patterns. Similar
outputs are shown in Figl[S.4(G-J) for P = 11.

The difference in the number of tumour cells between the monitoring point
and the treatment point can also be discussed through bifurcation analyses, as
shown in Fig[S.5|for one parameter bifurcation diagrams with respect to ga, and
in Fig[S.0] for two-parameter bifurcation diagrams with respect to go and P.
One parameter bifurcation diagrams reveal that the numbers of tumour cells in
the monitoring site and the treatment site are very different, and the bi-stable
regions also change slightly, as shown in Fig[S.5(K) and (L), which indicate that
the RCRCs can be significantly affected if we record the number of tumour cells
at different time points. But we can see that the values of T,, (i.e. measures of
the number of tumour cells before the treatment) do not change too much as
the treatment period, P, changes.

However, the two-parameter bifurcation diagrams shown in FiglS.6| reveal
that the numbers of tumour cells detected at two different time points may

change significantly with the change of parameters. There is no doubt that the
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Figure S.3: Illustration of the effect of checkpoint and treatment period on the solutions

model ((S4.7)).

0.6917,g1 = 10,92 = 10,72 = 1,b = 0.03,a = 5.5556, u3 = 55.556, p = 27.7778,93 = 1, q1

0 30 0

t

The baseline parameter values are as follows:

120 150 170

¢ = 0.08,u2 = 0.1667,p1 =

0.08,s1 = 0.5,92 = 0.2,93 = 0.08,s2 = 0.5, P, = 17 with P varying as shown in each subplot.

Blue and red indicate the solutions of E(t) and T'(t) in each subplot, respectively.
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Figure S.4: Illustration of the effect of checkpoint and treatment period on the solutions of
model . The baseline parameter values are as follows: ¢ = 0.08,u2 = 0.1667,p; =
0.6917,91 = 10,92 = 10,72 = 1,b = 0.03,a = 5.5556, u3 = 55.556,p2 = 27.7778,93 = 1,q1 =
0.08,s1 = 0.5,q2 = 0.2,gq3 = 0.08,s2 = 0.5, P = 17 with P =5 or P = 11 as shown in each
subplot. Red and blue indicate the solutions of E(t) and T'(t) in each subplot, respectively.
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huge difference in monitoring or detecting tumour cells at different times will
have a great impact on the treatment plan, and then on the treatment effect.
Therefore, it is very important to design a reasonable treatment and detection

scheme for the treatment of tumours.
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Figure S.5: Bifurcation diagrams with respect to killing rate g2 to reveal the effect of check-
point and treatment periods on the RCRCs. The baseline parameter values are as follows:
¢ = 0.0128, us = 0.1667,p1 = 0.6917,¢91 = 70,92 = 5,72 = 1,b = 0.01,a = 0.55556, u3
55.556, pg = 27.7778,93 = 5,q1 = 0,81 = 3,93 = 0,s2 = 3, P = 3 with P varying as shown

in each subplot.
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Figure S.6: Bifurcation diagrams with respect to killing rate g2 and treatment point P to
reveal the effect of checkpoint and treatment periods on the tumour development. The baseline
parameter values for (A) and (B) are as follows: ¢ = 0.0128, uo = 0.1667,p1 = 0.6917,g1 =
70,92 = 5,72 = 1,b = 0.01,a = 0.55556, u3 = 55.556,pa = 27.7778,93 = 5,q1 = 0,51 =
3,93 = 0,s2 = 3, P1 = 3 with P varying from 0 to 3. The baseline parameter values for (C-F)
are as follows: ¢ = 0.08, u2 = 0.1667,p1 = 0.6917,91 = 10,92 = 10,72 = 1,b = 0.03,a =
5.5556, u3 = 55.556,pz = 27.7778,g5 = 1,q1 = 0.08,s1 = 0.5,q2 = 0.2,q3 = 0.08,s2 = 0.5,
Py =12 in (C) and (D), Py = 17 in (E) and (F).
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