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Mathematical model reveals how regulating the three phases of
T-cell response could counteract immune evasion
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Introduction

Summary

T cells are key players in immune action against the invasion of target
cells expressing non-self antigens. During an immune response, antigen-
specific T cells dynamically sculpt the antigenic distribution of target cells,
and target cells concurrently shape the host’s repertoire of antigen-specific
T cells. The succession of these reciprocal selective sweeps can result in
‘chase-and-escape’ dynamics and lead to immune evasion. It has been
proposed that immune evasion can be countered by immunotherapy
strategies aimed at regulating the three phases of the immune response
orchestrated by antigen-specific T cells: expansion, contraction and mem-
ory. Here, we test this hypothesis with a mathematical model that consid-
ers the immune response as a selection contest between T cells and target
cells. The outcomes of our model suggest that shortening the duration of
the contraction phase and stabilizing as many T cells as possible inside
the long-lived memory reservoir, using dual immunotherapies based on
the cytokines interleukin-7 and/or interleukin-15 in combination with
molecular factors that can keep the immunomodulatory action of these
interleukins under control, should be an important focus of future
immunotherapy research.

Keywords: mathematical modelling; memory; T cells; theoretical immunol-
ogy; vaccination.

ulation has reached the critical mass required to curb the
target cell invasion. Thereupon homeostatic regulation

Antigen-specific T cells and target cells (i.e. cells express-
ing non-self antigens) can be viewed as predator and prey
populations that are engaged in a continuous tussle.'”
To catch target cells, T cells need to be efficient hunters.
On the other hand, target cells must be able to escape
predation by antigen-specific T cells, if enough of them
are to survive and colonize host tissues.

Three main phases encompass the immune response
that is orchestrated by antigen-specific T cells: expansion,
contraction and memory (see Fig. la). During the first
phase, the presence of cells expressing a non-self antigen
triggers the clonal expansion of antigen-specific T cells.
Ideally, this expansion will continue until the T-cell pop-
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mechanisms will induce a contraction in T-cell numbers.®
In this way, the immune response is kept under tight
control, and the chance of developing immunopathologies
is reduced.” Following the contraction phase, the number
of T cells targeted to the non-self antigen is maintained
at a certain level, which can last for a long period of
time.® This reservoir of T cells acts as a safeguard against
possible re-exposure to the same non-self antigen. In
other words, the immune system has learnt from its past
experience and immune memory is established.
Nevertheless, at any given time, the immune system
can only support a finite number of antigen-specific T
cells. Hence, maintaining a memory reservoir also limits
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Figure 1. Three phases of T-cell responses and their possible thera-
peutically induced modulations. (a) Schematic illustration of the
immune response mediated by antigen-specific T cells. Expansion,
contraction and memory phases are highlighted. (b—d) Ad hoc alter-
ations of the three phases of the immune response proposed in ref. 7
as possible strategies to counteract immune evasion. Here, (G1) refers
to increasing the number of antigen-specific T cells by acting on the
expansion phase, (G2) refers to shortening the duration of the con-
traction phase to limit T-cell death, and (G3) refers to stabilizing as
many T cells as possible inside the long-lived memory reservoir.

the co-presence of T cells targeted to other non-self anti-
gens.” This, in turn, provides ecological opportunities for
target cells that are able to escape T-cell recognition.
Therefore, antigen-specific T cells dynamically sculpt the
antigenic distribution of target cells, and target cells con-
currently shape the host’s repertoire of antigen-specific T
cells. Furthermore, the succession of these reciprocal
selective sweeps can result in ‘chase-and-escape’ dynamics
and lead to immune evasion.'>"!

Kaech et al” propose that immune evasion can be
countered by inducing ad hoc alterations in the three
phases of immune response, which are schematized in
Fig. 1(b—d). In particular, they speculate that therapeutic
interventions should achieve the following three goals, if
they are to reduce the likelihood of immune evasion:

GI increase the number of antigen-specific T cells by
acting on the expansion phase;

G2 shorten the duration of the contraction phase to
limit T-cell death;

G3 stabilize as many T cells as possible inside the long-
lived memory reservoir.

To explore these ideas, here we introduce a mathematical
model of selection dynamics in a well-mixed system of anti-
gen-specific T cells and target cells during a post-exposure
prophylaxis. The treatment starts immediately after expo-
sure of T cells to target cells, and relies on three hypotheti-
cal classes of immunotherapeutic agents designed to:
stimulate antigen-driven expansion (E-agents); enhance
antigen-independent T-cell proliferation (P-agents); inter-
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fere with homeostasis to promote self-renewal of antigen-
specific T cells (M-agents).

T-cell and target-cell populations are structured by their
respective target-antigenic and antigenic expression. Analo-
gous models have previously been used to study, for
instance, the co-evolution between pathogens and the host

12,13 . S 14
cancer immunoediting, ~ trade offs

immune system,
associated with ageing in the adaptive immune system,'”
and the T-cell mediated autoimmune response.'® In the
absence of immunotherapy, the model proves to have
validity for providing a consistent qualitative description of
the predator—prey dynamics involving antigen-specific T
cells and target cells. Therefore, we use the model with
immunotherapy to address two fundamental questions that
stem from the ideas presented in by Kaech et al.:” can the
hypothetical classes of therapeutic agents under considera-
tion lead to the achievement of goals G1, G2 and G3? Is
one therapeutic agent, or a combination of agents, more
effective than the others against immune evasion?

Using a mathematical model as an in silico laboratory
allows us to quickly and cheaply explore a variety of
immunotherapy protocols to predict those that would be
the most effective, and that should then be chosen for
experimental testing. In particular, our model predicts
that the three hypothetical classes of immunotherapies
under study (i.e. E-agents, P-agents and M-agents) can
lead to the achievement of goals G1 to G3. Moreover, the
results of in silico experiments (i.e. numerical simulations)
suggest that therapeutic protocols relying on the simulta-
neous delivery of sufficiently high concentrations of
P-agents and M-agents are the most effective of the thera-
peutic protocols considered here. This implies that the
success of an immunotherapy protocol correlates strongly
with its ability to shorten the duration of the contraction
phase and stabilize as many T cells as possible inside the
long-lived memory reservoir.

Materials and methods

We focus on a well-mixed system of antigen-specific T cells
and target cells, where: (i) target cells proliferate and die
due to competition for limited space and resources; (ii) T
cells undergo antigen-independent proliferation; and (iii)
T-cell numbers are kept under control through homeo-
static regulation mechanisms. In the reference system,
interactions between antigen-specific T cells and their tar-
gets result in antigen-driven T-cell expansion as well as
selective action against target cells. Furthermore, up to
three hypothetical classes of immunotherapies can be pre-
sent, that are respectively designed to stimulate antigen-dri-
ven expansion (E-agents), enhance antigen-independent
proliferation (P-agents), and interfere with homeostasis to
promote self-renewal of antigen-specific T cells (M-agents).

We characterize the state of each T cell by its target-
antigenic expression, whereas the state of each target cell
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is identified by its antigenic expression. The target-anti-
genic expressions of T cells and the antigenic expressions
of target cells are modelled, respectively, by the continu-
ous, real variables v € [0;1] and u € [0;1] (see Fig. 2a,b).
The population density of T cells at the time instant
t >0 is identified by the function ny(t,v) > 0, whereas
the function nc(t,u) > 0 stands for the population density
of target cells. The values of ny and nc are in units of per
pl. The respective global population densities of T cells

(a) T cells (b) Target cells
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Figure 2. Structure of the mathematical model. (a) The target anti-
genic expression that characterizes each T cell (v) is represented by
the colour of the receptors on its surface. (b) Likewise, the antigenic
expression that characterizes each target cell (u) is represented by
the colour of the antigens on its surface. (c) T cells undergo antigen-
independent proliferation at a rate «y and die due to homeostatic
pressure at a rate pip pr(t), while target cells proliferate at a rate o
and die due to competition with other target cells at a rate puc pc(t).
(d) T cells recognize a target cell at rate g if their target antigenic
expression is similar enough to the antigenic expression of the target
cell (i.e. when the colours of receptors and the colour of antigens
match). When this occurs, an immune response is initiated: T-cell
expansion occurs at a rate ff and the immune system attacks target
cells so that they are killed at a rate fc. The factors [1+cg(1)],
[1+cp(t)] and 1/[1+cpg(t)] mimic, respectively, the stimulation of
antigen-driven expansion by E-agents, the enhancement of antigen-
independent proliferation mediated by P-agents, and the promotion
of self-renewal due to M-agents.
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and target cells are described by the functions p(t) and
pc(t). The infusion rates of E-agents, P-agents and M-
agents at time ¢ are modelled by the functions cg(t) > 0,
cp(t) > 0 and cp(t) > 0, respectively. The values of cg, cp
and ) are in units of pg/ul.

The functions kg(ty), xp(t) and xy(t) stand, respec-
tively, for the total doses of E-agents, P-agents and M-
agents that are delivered on the time interval [0;t], and
their sum defines the total delivered dose ().

We employ the assumptions and the mathematical
modelling strategies described below, which are schema-
tized in Fig. 2(c,d). These strategies translate into the sys-
tem of equations provided in the Supporting Information,
to which we refer the mathematically inclined reader.

Proliferation and death of target cells

Target cells proliferate at an average rate oc > 0. We
assume that a higher number of cells corresponds to less
available space and resources; therefore, we let target cells
die at rate pc pc(t), where the parameter pc > 0 models
the average rate of death due to competition between tar-
get cells.'”

Antigen-driven expansion

T cells targeted to the antigenic expression v are able to
recognize target cells characterized by an antigenic expres-
sion u on the condition that u is sufficiently close to v.
Moreover, we assume that recognition can lead to T-cell
replication at an average rate fr > 0. Accordingly, we let
the rate of clonal expansion 1r(v, u) satisfy the following
relations

”IT(V7 Ll) = ﬁTg(v7 u 7, 9)7

2 (1)
(v, u;7,0) o<y exp(—(v —u)"/0),

where the parameter 0 > 0 stands for the average affinity
range of T-cell receptors, and the parameter y > 0 identi-
fies the maximum affinity."®

Antigen-independent  proliferation and  homeostatic

regulation

T cells undergo antigen-independent proliferation at an
average rate oy > 0. Furthermore, we assume that regula-
tion mechanisms induce T-cell death at a rate py pr(%),
where the parameter p > 0 identifies the average rate of
homeostatic competition.'®

Selective action of T cells against their targets

When target cells with the non-self antigenic expression u
are recognized by T cells targeted to an antigenic expres-
sion v, immune competition takes place. We define the
rate of target-cell death due to immune competition as
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ne(u,v) = Beg(u,v;,0),

2 ()
g(u,v;p,0) x yexp(—(u—v)/0),

where fc > 0 is the average killing rate of target cells,
and, as noted previously, the parameter > 0 stands for
the average affinity range of T-cell receptors, and the
parameter 7 > 0 identifies the maximum affinity."’

Therapeutic interventions based on E-agents, P-agents
and M-agents

We let the rate of stimulation of antigen-driven expan-
sion mediated by E-agents be proportional to the infusion
rate cg(t). Moreover, we assume that P-agents enhance
antigen-independent proliferation at a rate proportional
to the infusion rate cp(t). Finally, we model the promo-
tion of self-renewal due to M-agents by reducing the rate
of T-cell death at a rate proportional to the infusion rate
em(t).

Results

We consider an initial system composed of uniformly
distributed T cells together with target cells that are
mainly characterized by the antigenic expression corre-
sponding to u = 0. The values assigned to the parame-
ters of the model are derived from experimental
literature and are listed in Table 1. Under this choice of
the initial conditions and of the model’s parameters, the
early dynamics of the global population densities resem-
ble those that are usually observed during acute infec-
tion, with exponential growth of target cells and
consequent expansion of T cells until target cells begin
to decay. For each in silico experiment presented below,
further technical details are provided in the Supporting
Information.

Table 1. Values and sources of the parameters in the mathematical model

The model reproduces a range of observed behaviours
of the adaptive immune response

We explore the dynamics of T cells and target cells across
a range of virtual scenarios corresponding to different
biologically reasonable values of the parameters y (i.e. the
maximum affinity) and 6 (i.e. the average affinity range
of T-cell receptors). Varying these parameters changes the
extent to which T cells can recognize target cells, which
affects both the rate of clonal expansion and the rate of
target cell death due to T cells. To this end, we perform
numerical simulations while holding all parameters con-
stant except for 7 and 6, and we record the resulting
dynamics of the population densities ny and nc, and of
the global population densities pr and pc.

When both y and 0 are large (i.e. high maximum affin-
ity and broad affinity range), in response to an exponen-
tial growth of target cells, the population of antigen-
specific T cells embarks on a proliferative expansion in
number that continues until the T cells have reached the
critical mass required to push the population of target
cells towards extinction. Proliferation is followed by the
transition to a contraction phase, which is characterized
by a decline of the concentration of antigen-specific T
cells to a level corresponding to the maintenance of
immunological memory, see Fig. 3(a). Overall, numerical
simulations in this parameter regime display the succes-
sion of the expansion, contraction and memory phases
that follow the exposure of T cells to target cells. The
transition from the contraction to the memory phase is
marked by the fact that the slope of the curve corre-
sponding to the global population density of T cells
approaches zero. The duration of each phase is consistent
with average kinetics of CD8 T-cell response to acute
viral infections®?* in general, and with existing data on
the dynamics of CD8 T-cell response to lymphocytic
choriomeningitis virus (LCMV)* in particular.

Parameter Biological meaning Value Source
o Rate of target-cell proliferation 3/day 1213.19
oy Rate of antigen-independent T-cell proliferation 5 x 10~ */day 20.21
Ue Rate of death due to competition between target cells 1-5 x 10°° pl/day ad hoc
ur Rate of T-cell death due to homeostatic regulation 25 x 107° pl/day ad hoc
fc Killing rate of target cells by T cells 1 x 1077 ul/day 121319
pr Rate of T-cell replication following recognition 3 x 107 pl/day 2

0 Average affinity range of T-cell receptors I1x107°+1x 107" 12:22

y Maximum affinity 1x107%+3 1519

The values of the parameters o, oy, fc and fr are consistent with previous measurement and estimation studies on the immune response medi-

ated by T cells."”>'>'*?! The values of the parameters pic and . are selected to guarantee that the carrying capacities of the two cell populations

are biologically consistent. The range of values of the parameter 0 is consistent with experimental estimations of the precursor frequency of T

cells,”” and it is computed through a strategy analogous to that presented in ref. 12. The values of the parameter 7 are consistent with those used

in refs 15,19.

274

© 2015 John Wiley & Sons Ltd, Immunology, 146, 271-280



In silico study of post-exposure prophylaxis

Global population density (uf)

(a) Global population density (u/") (b)
—— T cells === Target cells = T cells === Target cells
106 106 L
ih
14 '
] 1 1071% ‘ /i ," 5 :":"'-"'-"'
104 .I 104_ HE 1 ‘gxw
1! 8 [ ]
' : ® 6 [ ]
1 3 [ R !
[ Sy [ Y
[ ¢ v 2 0
[ P 1oy 2
102F 7 0 o] 102F § M ) ;
' : 0 5 10 15 ] 0 - - 10
: 1 Target cells ,' Target cells
0 10 20 30 40 0 10 20 30 40
Time (days) Time (days)
© Global population density (uf") ()
0-10
'- R NN N SN N W NS BN BN A
}
108} ]
4 | — Tcells === Target cells
/
]
| L . x10°
104 [ @ 0-05
! AN
! g2
. [
'
10°F o 0 x10°
1 0 25
.l Target cells 0-001
0 10 20 30 40 0-01 1.5 3
Time (days) b

Figure 3. The model reproduces a range of observed behaviours of the adaptive immune response. (a—c) Sample dynamics of the global popula-

tion densities of T cells (solid lines) and target cells (dashed lines), in the absence of therapeutic agents, for different values of the maximum

affinity y and the average affinity range of T-cell receptors . In all cases, the early dynamics of the global population densities resemble those

that are usually observed during acute infection, with exponential growth of target cells and consequent expansion of T cells until target cells
begin to decay. When both y and 0 are large (a), early clearance occurs. For intermediate values of y and 0 (b), the global population densities of
T cells and target cells oscillate until they converge to a state of chronic infection, with a smaller number of target cells being kept under control
by a larger number of T cells. When both 7 and 0 are low (c), early immune escape takes place, and the population of target cells keeps expand-
ing until saturation. Insets of (a—c): corresponding trajectories in the (pc,pr) plane. (d) Phase diagram showing the regions of the (7,0) plane
corresponding to early clearance (white), chronic infection (grey) and early escape (black). Although the specific boundaries of these regions can
vary according to the values of the other parameters of the model, the trends of the global population densities of T cells and target cells in the

case of early clearance, chronic infection and early escape remain qualitatively similar to those shown in (a—c).

induces formerly stimulated T cells to decay; in turn, the
selective pressure exerted by T cells causes the selection of
those target cells that are able to evade immune preda-
tion. Immune competition pushes the initially monomor-
phic target cell population to become, in succession,
dimorphic (lower sub-panel), trimorphic (central sub-
panel) and then tetramorphic (upper sub-panel). The
dynamics of T cells follows a similar pattern, but with a
shift corresponding to the time required for the T cells to

For intermediate values of y and 6, the global popula-
tion densities of T cells and target cells oscillate over
time — T cells undergo a succession of expansion and
contraction phases that result in an alternate decay and
growth of target cells — and converge to a state of chronic
infection, with a smaller number of target cells being kept
under control by a larger number of T cells, see Fig. 3(b).
In this parameter regime, the two cell populations

undergo reciprocal selective sweeps that result in the

emergence of ‘chase-and-escape’ dynamics. This is high- adapt to the antigenic distribution of target cells. The

lighted by the results presented in Fig. 4, which track the time scale of the co-evolutionary dynamics between target

time-evolution of the two population densities. More cells and T cells is consistent with the results of in silico

specifically, clonal expansion leads to a rapid proliferation experiments reported elsewhere.'” Moreover, the decay of

of T cells that are targeted to the antigens mostly formerly stimulated T cells during chronic infection is
consistent with experimental findings suggesting that, to

expressed by target cells, whereas homeostatic regulation

© 2015 John Wiley & Sons Ltd, Immunology, 146, 271-280 275
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maintain flexibility to respond against new non-self anti-
gens, antigen-independent memory T cells do not develop
during chronic infection.*®

Finally, when both y and 0 are low (i.e. low maximum
affinity and narrow affinity ranges), it takes too long for
the population density of T cells to adapt to the antigenic
distribution of target cells, and early immune escape
occurs. Figure 3(c) tracks the time-evolution of the two
population densities for a choice of y and 0 in this
parameter regime, and shows that, in the early stages of
infection, the global population density of target cells
overtakes the global population density of T cells, and
keeps expanding until saturation.

The regions of the (y,0) plane corresponding to early
clearance, chronic infection and early escape coincide,
respectively, with the white, grey and black areas in the
phase diagram of Fig. 3(d). Sample dynamics of the glo-
bal population densities of target cells and T cells in these
three parameter ranges are presented in Fig. 3(a—c).
Although the specific boundaries of these areas can vary
according to the values of the other parameters of the
model, the trends of the global population densities of T
cells and target cells in the case of early clearance, chronic
infection and early escape remain qualitatively similar to
those shown in Fig. 3(a—c).

E-agents, P-agents and M-agents can accomplish goals
Gl to G3

Taken together, the results that we have presented in the
previous section suggest that the model has validity for
providing a consistent qualitative description of the
predator—prey dynamics involving antigen-specific T cells
and target cells. Therefore, we use this model to system-
atically determine how each of the three types of thera-
peutic agents (in isolation) affects the immune response.
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age affinity range of T-cell receptors 0 corre-
sponding to chronic infection.

We re-ran the previous simulations — for a choice of the
maximum affinity y and the average affinity range of
T-cell receptors 0 corresponding to early clearance — un-
der constant infusion of either E-agents, P-agents or
M-agents. Figure 5 displays: sample kinetics of the con-
centration of target cells with antigenic expressions close
to the antigenic expression that is most common at the
beginning of the in silico experiments; the concentration
of T cells targeted to those antigenic expressions. These
results demonstrate that, compared with the case with-
out treatment: E-agents lead to higher numbers of T
cells at the acme of the expansion phase (see Fig. 5b);
P-agents reduce the duration of the contraction phase
and favour the formation of a more populous memory
reservoir (see Fig. 5¢); M-agents allow a larger number
of T cells to stabilize during the memory phase (see
Fig. 5d). The shortening of the contraction phase due to
P-agents is justified by noting that the enhancement of
antigen-independent proliferation can promote an accel-
eration of the T-cell dynamics when the number of T
cells is sufficiently high, that is, right after the expansion
phase. Based on these results we can deduce that
E-agents are capable of achieving goal G1 (compare the
results in Fig. 5b with the curves in Fig. 1b), P-agents
can achieve goal G2 (compare the results in Fig. 5¢ with
the curves in Fig. 1c), and M-agents contribute to realiz-
ing goal G3 (compare the results in Fig. 5d with the
curves in Fig. 1d).

The most effective immunotherapy protocols rely on
the simultaneous infusion of P-agents and M-agents

Finally, we used the model to test the efficacy of different
therapeutic protocols that rely on the infusion of
E-agents, P-agents and M-agents separately and in combi-
nation.

© 2015 John Wiley & Sons Ltd, Immunology, 146, 271-280
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Figure 5. E-agents, P-agents and M-agents can accomplish goals G1 to G3. Sample kinetics of: the concentration of target cells with antigenic

expressions close to the antigenic expression that is most common at the beginning of the in silico experiments (dashed lines); the concentration

of T cells targeted to those antigenic expressions (solid lines). Black lines in (a), green lines in (b), red lines in (c) and blue lines in (d) refer,

respectively, to the case without immunotherapy and under constant infusion of either E-agents, P-agents or M-agents. All curves refer to the

same choice of the maximum affinity y and the average affinity range of T-cell receptors 0, which corresponds to early clearance. The green, red

and blue areas highlight, respectively, the expansion, contraction and memory phases. Compared with the case without treatment: E-agents lead

to higher numbers of T cells at the acme of the expansion phase; P-agents reduce the duration of the contraction phase and favour the formation

of a more populous memory reservoir; M-agents allow a larger number of T cells to stabilize during the memory phase.

The results are presented in Fig. 6 and show the time-
average of the global population density of T cells (see
Fig. 6a) and target cells (see Fig. 6b) for several different
doses of therapeutic agents x (see Fig. 6¢). These results
have been obtained under constant infusion of therapeu-
tic agents; analogous results hold for periodic infusion
(see Supporting Information, Fig. S1). Figure 6 and
Fig. S1 refer to some values of the maximum affinity 7
and the average affinity range of T-cell receptors 0 corre-
sponding to chronic infection; we verified that the same
qualitative dynamics hold for values of y and 0 that cor-
respond to early clearance and early escape.

All therapeutic protocols under consideration lead to
an increase in the time-average of the total number of
T cells and a reduction in the time-average of the total
number of target cells. In all cases, higher doses of
therapeutic agents correspond to higher numbers of T
cells and lower numbers of target cells. However, when
the infusion rates of therapeutic agents are sufficiently
high, the protocols relying on the simultaneous infusion
of P-agents and M-agents are more effective than the
others, because they lead to a larger population of T
cells and to a significantly smaller population of target
cells.

To verify the robustness of these conclusions with
respect to the choice of the parameters, we perform a
mathematical study of the global population density of T
cells under the therapeutic protocols presented in
Fig. 6(c). The results established by Theorem 1.2 in the
Supporting Information show that, if the infusion rates
and the exposure time are larger than some threshold val-
ues, the aforementioned conclusions about the kinetics of
T cells hold for any values of the model’s parameters.

It is then natural to wonder what could be possible
candidates for P-agents and M-agents in the clinical

© 2015 John Wiley & Sons Ltd, Immunology, 146, 271-280

setting. Although we discuss this point in more detail in
the next section, we mention here that key homeostatic
cytokines such as interleukin-7 (IL-7) and IL-15 could
play the roles of P-agents and M-agents. In fact, although
not much is known about the ability of exogenously
administered cytokines to affect the formation of memory
T cells, clues to the potential utility of IL-7 and IL-15 to
control this process can be taken from experimental evi-
dence. For instance, synergistic signalling from both IL-7
and IL-15 promote the formation of memory CD8 T
cells,”” whereas increased levels of these interleukins can
effectively enhance antigen-independent proliferation and
self-renewal of CD4 and CD8 T cells in vivo.”® >

In this regard, we note that, for the initial population
densities and the parameter values corresponding to
Fig. 6, the threshold for the infusion rate falls within the
range of infusion rates used by Alves et al.>* to study the
in vitro response of CD4 and CD8 T cells to IL-15. The
corresponding threshold for the exposure time is compat-
ible, for instance, with the duration of the average
response of CD8 T cells to LCMV.*

Discussion and conclusions

To counteract immune evasion, it has been proposed that
future immunotherapy protocols will need to achieve
three goals (see Gl to G3),” each relating to T-cell
dynamics during a different phase of the immune
response. Here, our aim was to test this hypothesis using
a mathematical model, with parameters derived from
experimental literature, that considers the
response as a selection contest between T cells and target
cells.

immune

In our model, we have considered antigen-specific T
cells as the primary tool of the immune system, and as
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Figure 6. The most effective immunotherapy protocols rely on the simultaneous infusion of P-agents and M-agents. (a) Time-average of the glo-

bal population density of T cells for increasing total doses of therapeutic agents x (in units of 10° pg/ul). (b) Time-average of the global popula-

tion density of target cells for increasing total doses of therapeutic agents « (in units of 10° pg/ul). (a, b) Different colours correspond to

different therapeutic protocols that rely on the constant infusion of E-agents, P-agents and M-agents separately and in combination (i.e. different

values of kg, Kkp and K,,). These results refer to some values of the maximum affinity y and the average affinity range of T-cell receptors 0 that

correspond to chronic infection. The same qualitative dynamics can be observed for values of y and 0 corresponding to early clearance and early

escape. (c) llustration of the protocols in use during the in silico experiments of (a, b). Colours correspond to the plots shown in (a, b). All ther-

apeutic protocols under consideration lead to an increase in the time-average of the total number of T cells and a reduction in the time-average

of the total number of target cells. However, when the infusion rates of therapeutic agents are sufficiently high, the protocols relying on the

simultaneous infusion of P-agents and M-agents lead to a larger population of T cells and to a significantly smaller population of target cells.

one population structured by target antigenic expression.
We chose not to split the T-cell population into different
stages of differentiation, including naive, effector and
memory T cells, to avoid having to specify the lineage of
T-cell development, which is still not fully understood.
However, if future experiments shed light on T-cell lin-
eage, then it would be straightforward to extend the
model to include additional sub-populations of T cells.
Nevertheless, the outcomes of our mathematical model
reproduce a range of observed behaviours of the adaptive
immune response to viral infections, and are consistent
with average expectations of the phenotypic co-evolution
between T cells and target cells. Importantly, the model
incorporates the actions of three classes of theoretical
therapeutic agents (E-agents, P-agents and M-agents)
which, we showed, are able to achieve goals G1 to G3.
More specifically, stimulating clonal expansion through
E-agents can achieve goal Gl. Goal G2 can be accom-
plished by enhancing antigen-independent proliferation
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through P-agents which, together with M-agents (that
promote self-renewal of antigen-specific T cells), also con-
tribute to the achievement of goal G3.

Our model is not intended to provide a quantitative
recommendation for the timing and duration of
immunotherapy. Rather, its intention is to quickly predict
which immunotherapy protocols are more likely to suc-
ceed (and should then be chosen for experimental test-
ing); this is a key advantage of an in silico approach. In
this regard, the main prediction of our model is that,
ceteris paribus, therapeutic protocols relying on the simul-
taneous delivery of sufficiently high concentrations of
P-agents and M-agents are the most effective, out of
those considered here, at pushing the target-cell popula-
tion towards extinction. Moreover, as P-agents and M-
agents both act to increase the size of the long-lived
memory T-cell reservoir, this result highlights the impor-
tant role played by immune memory in thwarting
immune evasion.

© 2015 John Wiley & Sons Ltd, Immunology, 146, 271-280



Therefore, we conclude that the simultaneous achieve-
ment of goals G2 and G3 — shortening the duration of
the contraction phase and stabilizing as many T cells as
possible inside the long-lived memory reservoir — should
be an important focus of future research into
immunotherapy protocols aimed at curbing infections,
preventing disease and fighting carcinogenesis. In this
respect, we propose that key homeostatic cytokines such
as IL-7 and IL-15 could play the roles of P-agents and
M-agents.

Several studies have reported that treatment with
exogenous IL-7 and IL-15 can augment the generation of
memory T cells by limiting the contraction of CD8 effec-
tor T cells.”® For example, it has been demonstrated that
continuous infusion of IL-7 and/or IL-15 throughout the
effector and contraction phases increases the generation
of CD8 memory T cells.”>*® Furthermore, in a separate
study on the effects of IL-7 treatment on the immune
response to LCMV in mice, it was shown that infusion of
this interleukin during the contraction phase of the T-cell
response could augment the accumulation of functional
viral-specific CD8 memory T cells.”” Finally, IL-15
administered in cynomolgus macaques to treat acute
simian immunodeficiency virus infection was found to
increase the number of effector memory CD8 T cells.*’

Although mice and primates generally tolerate IL-7 and
IL-15 therapy with no detectable side effects, a single-
agent therapy relying on the administration of IL-7 and/
or IL-15 may suffer from dysregulated immune reactions
associated with cytokine storm,”’ and may increase the
chance of developing immunopathologies. Therefore, we
propose a dual immunotherapy approach by employing
IL-7 and IL-15 in combination with molecular factors,
such as CTLA4Ig42 and OX40 inhibitors,* which indi-
rectly keep the immunomodulatory action of these inter-
leukins under control by inhibiting the proliferation of
memory T cells without affecting their viability. For
instance, it has been shown that CTLA4Ig can alleviate
ongoing autoimmunity in animal models,** and it has
proven to be clinically effective in treating diseases that
are recognized to be driven by memory T cells*® such as
rheumatoid arthritis*® and psoriasis.*’” On the other hand,
it has been demonstrated that blocking OX40 signalling
decreases the memory T-cell pool,*® and the inhibition of
OX40 ligand significantly reduces atherosclerotic lesions
in mice.*>*
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