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Abstract. The vertebrate immune system is a complex distributed sys-
tem capable of learning to tolerate the organisms’ tissues, to assimilate a
diverse commensal microflora, and to mount specific responses to invad-
ing pathogens. These intricate functions are performed almost flawlessly
by a self-organised collective of cells. The robust mechanisms of dis-
tributed control in the immune system could potentially be deployed to
design multiagent systems. However, the essence of the immune system
is clonal expansion by cell proliferation, which is difficult to envisage in
most artificial multiagent systems. In this paper, we investigate under
which conditions proliferation can be approximated by recruitment in
fixed-sized agent populations. Our study is the first step towards bring-
ing many of the desirable properties of the adaptive immune system
to systems made of agents which are incapable of self-replication. We
adopt the crossregulation model of the adaptive immune system. We
develop ordinary differential equation models of proliferation-based and
recruitment-based systems, and we compare the predictions of these an-
alytical models with results obtained by a stochastic simulation. Our
results define the operational parameter regime wherein growth by re-
cruitment retains all the properties a cell proliferation model. We con-
clude that rich immunological behaviour can be fully recapitulated in
sufficiently large multiagent systems based on growth by recruitment.
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1 Introduction

The cell collective that constitutes the adaptive immune system has been ex-
tremely successful during the course of evolution as evidenced by its presence
in all jawed vertebrate species [1]. Central to this success are the T helper cells
that orchestrate the system. These cells are capable of dynamically regulating
and differentiating themselves into different sub-lineages (e.g., Thl, Th2, Thl7,
and regulatory T-cells) to initiate appropriate immune responses (e.g., [2-4]).



Importantly, the differentiation and clonal expansion of these cells into different
functionally distinct sub-types is decentralised and based solely on the state of
the individual cell and local information available to it. Furthermore, cell prolif-
eration and death are fundamental processes underlying clonal expansion, which
is the essence of the immune response.

The decentralised and adaptive nature of the immune system, together with
the relative simplicity of an individual cell, makes it an appealing model for
designers of large scale multiagent systems (MAS). Examples of studies that
take inspiration from the immune system include distributed intrusion detection
systems [5], fault tolerance systems [6], and behaviour arbitration mechanisms
in robotics [7,8]. In these models, a many-to-one analogy between cells and
agents is considered, with the behaviour of the agent dictated by the number
and type of cells it possesses. While this approach does facilitate some interesting
applications, it requires individual agents to have a high degree of complexity
and may consequently not be feasible in certain applications, e.g., involving
energy constraints on agents. In this study, we explore an alternative one-to-one
mapping between a cell and an agent. An obvious obstacle to this approach is
the absence of artificial self-replicating agents to implement clonal expansion
by cell proliferation. However, as we demonstrate here, this obstacle can be
circumvented by a mechanism of “recruitment” that mimics cell proliferation
and cell death within a fixed number of agents.

In our investigation, we use an immune system model of crossregulation to
compare proliferation and recruitment. The crossregulation model (CRM) [9,
10] postulates a dynamics of interactions between T helper cells, that allows
the system to discriminate between antigens based solely on their density and
persistence in the environment. The system is able to tolerate body antigens
(i.e “self”) that are characteristically persistent and abundant, and to mount an
immune response to foreign pathogens, that appear as bursts. The model has
been used successfully in spam detection (e.g., [11]) and document classification
(e.g., [12]) scenarios, making it a good candidate for MAS in other environment
classification tasks. In order to determine if and when recruitment can be used
to emulate proliferation with reasonably accuracy, we compare two systems: one
that relies on proliferation and one that relies on recruitment, respectively. We
model both systems analytically and evaluate them in a stochastic simulation
environment,.

2 The Crossregulation Model

Two principles of multicellular organisation are the foundation of the crossreg-
ulation model (CRM). Firstly, the persistence of any cell lineage requires that
its cells recurrently interact with other cells in the organism. Cells that fail to
interact with other cells eventually die. Secondly, the growth of a cell popula-
tion involves density-dependent feedback mechanisms controlling individual cell
proliferation. These feedback mechanisms involve (i) indirect interactions among
cells (such as a competition for limited growth factors), and (ii) direct interac-



tions, such as contact inhibition. Below, we outline the model and highlight its
interesting properties that are later replicated with a multiagent system that
uses clonal expansion based on recruitment instead of cell proliferation.

The CRM describes the population dynamics of immune cells, based on three
mutually interacting cell types: (i) antigen presenting cells (APCs) that display
the antigen on their surface; (ii) effector cells T that can potentially mount
an immune response which, depending on receptor specificity, can be directed
against foreign pathogens or self-antigens; and (iii) regulatory cells Tx that sup-
press the proliferation of T cells. Furthermore, individual APCs have a fixed
number of binding sites (s) on which T and Tg cells can form conjugates.

Dynamics of the T-cell population is regulated by the following density-
dependent feedback mechanisms: (i) effector and regulatory cells that are unable
to interact with APCs are slowly lost by cell death; (ii) the proliferation of effec-
tor and regulatory cells requires conjugation with APCs and direct interactions
between Tk and Tg cells co-localised at the APC. The proliferation of the Ty
cell population is promoted by the absence of regulatory cells on the APC. In
contrast, Tr can only proliferate following co-localisation with effector cells on
the same APC. Additionally, Tg and Tg cells interact indirectly by competition
for access to conjugation sites on APCs.

2.1 Mathematical Formulation of the CRM

The individual T-cells are in one of the following three states; free (i.e., not
conjugated with an APC), conjugated with an APC, and activated (about to
proliferate). In our mathematical model, effector cells in the free, conjugated and
activated states are denoted by E, E. and E,, respectively. Similarly, regulatory
cells in the free, conjugated and activated states are R¢, R. and R,, respectively.
Consequently, the total number of T cells E = E¢ + E. + E,, and the total
number of T cells R = R¢ + R. + R,.

T-cell-APC Conjugation: The dynamics of effector and regulatory T-cells
conjugated with APCs is described by the following system of equations. For E,
and R. we have, respectively:

d E. E.+ R, s
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where A is the density of APCs, v. and «y4 denote the conjugation and dissoci-
ation rate constants between APCs and T-cells, respectively, and § is the death
rate of T-cells (parameters in Table 1).

The equations for E. (eq 1) and R, (eq 2) have three terms. The first term
represents the conjugation of free T-cells with APCs which at least one unoccu-
pied site. The second term accounts for the dissociation of existing conjugates.




Finally, the third term represents the process of cell death, assumed to be a
simple exponential decay of T-cells.

T-cell Population Dynamics with Cell Proliferation: According to the
CRM, conjugated effector cells are activated and able to proliferate if and only
if there are no regulatory cells conjugated to the same APC. If we let Pg denote
the probability that a conjugated effector cell has no neighbouring regulatory
cell, the equations describing the dynamics of free E¢ and activated E, effector
cells are:

dE E.+R.\’
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where 7 is the proliferation rate of activated effector cells (parameters in Ta-
ble 1).

Table 1: Parameters for the CRM.

||Parameters Description |Value (a.u.)”

A Density of APCs -

s Number of binding sites on an APC 3

E Total density of effector cells -

R Total density of regulatory cells -

Ye Conjugation rate constant of T-cells to APCs 1

Yd Dissociation rate constant of T-cells from APCs 1073
TE Proliferation rate of effector cells 1074
TR Proliferation rate of regulatory cells 0.5 x 107*
1 Death rate of effector and regulatory cells 1075

N Density of cells, for the recruitment model 30 x 1073
Yr Recruitment rate constant of cells 10

In the equations for E; (eq 3) and E, (eq 4), the conjugated effector cells
with no neighbouring regulatory cell on the same APC are selected for activation,
and consequently proliferate. By contrast, conjugated effector cells co-localised
with one or more neighbouring regulatory cells dissociate without proliferating.

The conjugated regulatory cells can only be activated if at least one effec-
tor cell is simultaneously conjugated to the same APC. If we let Pg denote the
probability that a conjugated regulatory cell has at least one neighbouring ef-
fector cell, the equations describing the dynamics of free Ry and activated R,
regulatory cells are:
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where 7g is the proliferation rate of activated regulatory cells (parameters in
Table 1).

In the equations for Ry (eq 5) and R, (eq 6), conjugated regulatory cells
with one or more neighbouring effector cells, are selected for activation and
consequently proliferate at rate mr. By contrast, conjugated regulatory cells
with no neighbouring effector cell, dissociate without proliferating.

For our system of ODEs, the probability functions Pr and Pr can be ex-
pressed with a multinomial approximation [13]. This approximation is reasonable
given that the total number of binding sites (summed over all the APCs) is much
larger than the number of sites per APC. For three binding sites (s = 3) on each
APC, we have:
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Behaviour of Proliferating T-cell Population: The dynamics of the CRM
is governed by two key composite parameters representing the effective growth
rates of E and R cell populations [9]. These two growth rates are directly pro-
portional to the basic parameters controlling population growth i.e., conjugation
and dissociation constants (7. and ), proliferation rates of these two types of
T-cells (g and 7g), and the density of APCs (A). The effective growth rates
of the T-cells are also inversely proportional to the death rate (4) of the cor-
responding population. The composite £ and R growth parameters define four
parameter regimes according to the resulting cell population behaviour. Three
parameter regimes result in a single stable state that may correspond to either:
(i) extinction of all T-cells (E = 0, R = 0), (ii) immune state (E > R), or (iii)
tolerant state (E < R). The fourth parameter regime corresponds to a bistable
system where both immune and tolerant states are stable. A detailed analysis of
these parameter regimes is provided in [9].

In the present study, the parameter values have been set so that at low APC
densities (ap < A < ag, Fig. 1a), the system evolves towards a single state
composed only of effector cells (immune state). By contrast, at relatively high
density of APCs (A > ag, Fig. 1a), the system exhibits bistability and can evolve
either into the immune or the tolerant equilibrium state. In the bistable regime,
the system develops into the regulatory cell dominated state, provided that the
seeding population has sufficient Tx cells (Fig. 1b). By contrast, if Tk cells are
initially underrepresented w.r.t. the Tg cells, the latter competitively exclude
the former from the system (Fig. 1b).
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Fig. 1: Equilibrium densities of £ and R cell populations as a function of APC den-
sities A with proliferation-dependent growth. (a) Bifurcation diagram of the CRM,
representing all possible equilibrium states. The lines indicate the total density of T-
cells (sum of the variables, E + R) as a function of the APC density (parameter A).
(b) Equilibria that are actually reached by solving the system with a fixed seed T-cell
population (S1: E = 3/4 x 1073 R = 1/4 x 107%; and So: E = 1073, R = 1073).
Remaining parameter values as in Table 1.

T-cell Population Dynamics with Cell Recruitment: The T-cell prolifer-
ation and death are fundamental processes used by the adaptive immune system
to orchestrate an appropriate immune response under varying environmental
conditions. Furthermore, these processes are crucial to the density-dependent
feedback mechanisms of the CRM. However, in some multiagent systems, new
agents cannot be created and existing agents cannot be removed from the sys-
tem, making it difficult to translate adaptive immune system inspired algorithms
to these scenarios. In this section, we address this problem and describe a model
of crossregulation in populations with a fixed number of cells that use recruit-
ment instead of proliferation. We also characterise the properties of this modified
CRM, and highlight the conditions under which it behaves similar to a prolifer-
ation model.

In our recruitment model, the activated T-cells can not “proliferate” without
the presence of an idle cell for recruitment. Consequently, in addition to T-cells
in free, conjugated, and activated states, we define an intermediate state of T-
cells (F; and R;, for T and Tg, respectively), that are scouting for idle cells.
The total number of Tg cells ¥ = Ey + E. + E, + F;, and the total number of
Trcells R=Rf+ R.+ Ry + R;.

We further define a prefixed total density of cells V. Cells that are neither
effectors nor regulator are considered as idle I. The density of idle cells I is
defined by the conservation equation, I = N — E — R.



The dynamics of the interactions between effector and regulator T-cells with
APCs is unchanged when recruitment is used instead of proliferation (egs 1 and
egs 2 for E. and R,, respectively). However, the actual process of cell prolifera-
tion is now replaced by the recruitment of an idle cell into the proliferating cells’
type (effector or regulator), at recruitment rate constant 7,. In addition, the
process of cell death is simulated by the transition of the effector or regulator
T-cell into an idle state. Consequently, the equations of the dynamics of Tg cells
are now:

dE Ec+Re\*
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In the equations for recruited E; (eq 8) and E, (eq9), the conjugated effector
cells with no neighbouring regulatory cell on the same APC are selected for
activation. However, the actual growth of these cells is dependent not only on
mr as with the proliferation model but also the recruitment rate constant -,
applied to E; (eq 10), and the density of idle cells 1.

Similarly, the equations describing the dynamics of T cells are:

S
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where the conjugated regulatory cells with one or more neighbouring effector
cells are selected for activation and the growth of these cells is dependent on 7g
and 7,, applied to R; and I.

Behaviour of Recruiting T-cell Population: In the CRM with recruitment,
as with proliferation, the effective growth rates of £ and R cell populations
is directly proportional to: (i) conjugation and dissociation constants (7. and
va4), (ii) “proliferation” rates of the two types of T-cells (rp and 7g), and (iii)
the density of APCs (A). The effective growth rates of the recruited T-cells
are also inversely proportional to the “death” rate (4). For comparison, these
parameters are set to the same values as in the proliferation model (Table 1). In
addition, with cell recruitment, the effective growth rates of the T-cells is also
directly proportional to the recruitment rate constant (v, ), and the total density
of cells (V).

In the CRM, the dynamics of the T-cell population is governed by interactions
between Tg, Tgr cells and APCs. The consequent density dependent feedback
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Fig. 2: Equilibrium proportion of recruited effector cells (F/N) as a function of APC
densities A for low (N = 15x107?), medium (N = 30x10™%) and high (N = 45x107%)
total density of T-cells, and recruitment rate 7, = 10. Remaining parameter values as
in Table 1.

mechanisms involved would not operate if the T-cell population can grow no
more, i.e. all the T-cells have been recruited. The maximum density of recruited
T-cells is investigated by solving the steady state density of recruited effector
cells (E) with no inhibitory regulatory cells (Ry = 0, R, = 0, Rq = 0, R; = 0), for
different A and N (Fig. 2). In order to operate under conditions wherein density
of recruited cells is not saturated, we select parameter value N = 30 x 1073,
4y = 10, and A below 10~* (Fig. 2).

In the chosen parameter regime, at low APC densities (ag < A < ag, Fig. 3a)
the stable node composed only of effector cells (immune state) is globally stable,
as was the cases with CRM with proliferation. At relatively high densities of
APCs (ar < A < 7.5 x 107, Fig. 3a), the system displays bistability and
can evolve into either the immune or the tolerant equilibria, consequent to the
proportion of effector and regulatory cells in the seeding population (Fig. 3b).

A Jacobian analysis at the biologically relevant equilibrium points (T-cells
densities real and positive and E+ R < N) revealed real and negative eigenvalues
for the immune state (stable node). By contrast, at the tolerant state eigenvalues
were complex with negative real components, indicating dampened oscillation in
the population dynamics. Furthermore, at the unstable equilibrium a mixture of
positive and negative eigenvalues were present.

At APC densities above our operational parameter regime (A > 107%), the
immune state continues to be stable, with the unstable state and the tolerant
state approaching it. At very high APC densities (A > 7.5 x 10~%) the com-
plex eigenvalues of the tolerant state have a mixture of positive and negative
real components (Fig. 3a). At these APC densities, the immune state becomes
globally stable again.
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Fig. 3: Equilibrium densities of E and R cell populations as a function of APC densities
A, with cell recruitment. (a) Bifurcation diagram of the CRM, representing all possible
equilibrium states. The lines indicate the total density of recruited T-cells (sum of
the variables, E + R) as a function of the APC density (parameter A). (b) The lines
indicate the equilibria that are actually reached by solving the system with a fixed
seed T-cell population (S1: E =3/4 x 1073, R=1/4 x 107%, N = 30 x 10™?; and Sa:
E=103%R=10"3 N =30 x 1073). Remaining parameter values as in Table 1.

3 Stochastic Simulation of the Model

A stochastic, spatial, discrete-time simulation is used to compare the CRM us-
ing proliferation and recruitment, for different number of APCs. The simulated
environment is toroidal and has a size of S = 1000 x 1000 units. The MAS is
composed of point-sized entities (APCs) and agents (T-cells). Each APC and
T-cell moves at a speed of v = 0.5 units/time-step, and has probability 0.01 of
changing to a new random direction each simulation step. T-cells can perceive
APCs up to a range w, = 1 unit, while they can perceive other T-cells up to a
range w, = 10 units.

In our experiments, each T-cell agent can be an effector (Tg), a regulator
(Tr) or idle. Furthermore, effector and regulator agents transition between a
free mode, attached mode and an activated mode as follows: (i) At the start of
the experiment, the agent is free and explores the environment. When an agents
detects an APC with a free binding site, it attaches itself to the APC; (ii) Upon
detachment from the APC (probability 4 at each step), effector agents with
no regulator agents on the same APC are activated. Similarly, regulator agents
with at least one neighbouring effector agent are also activated. The rest of the
agents return to the free mode and resume random movement; (iii) Activated
agents undergo proliferation with probability 7g and g, for effectors and regu-
lators, respectively. In proliferation experiments, the parent and daughter agents
return to the free mode. By contrast, in recruitment experiments, the effector or



regulator agent, scouts for an idle agent, and upon successful recruitment, the
recruiter and recruitee agents return to the free mode; and (iv) The effectors
and regulators in all modes are subject to death (probability ¢).

The process of proliferation is simulated, either by the introduction of a
new agent at the proliferating agent’s position (proliferation model), or by the
recruitment of an idle agent within range (recruitment model). In both cases,
the daughter agent adopts the type of the proliferating/recruiting agent, that
is, the daughter immediately transitions either to the effector type or to the
regulator type depending on its parent’s type. In addition, death is simulated
by the removal of the agent (proliferation model), or by switching the agent to
the idle state (recruitment model).

3.1 Calculating Agent Parameters

In our stochastic simulations, we set the parameters to connect our experiment
results to the ODE model. The simulation probabilities of dissociation, prolifer-
ation, and death in each iteration step (7) are set from the corresponding rates
of the ODE model (Table 1) as v47, mg7, g7, and 7, respectively. Further-
more, the T-cell agent’s speed (v) and its detection range for APCs (w.) and
other T-cell agents (w,), and the environment size S, are set as follows. Let us
consider the rates p. and p,, at which an agent encounters an APC and another
agent, respectively. These reaction rates can be computed from the correspond-
ing reaction rate constants 7. and v, of the ODE model [14], as pu. = 7./S and
tr = vr/S.

As an agent moves through the arena, it sweeps out an area during time
interval 7, and will detect an APC or another agent that fall in that area. The
detection area can be expressed as is 2w.vT, for APCs and 2w,vr for other
agents. Considering that the APCs and agents are uniformly distributed in the
arena, the detection rates u. = 2w.v7/S and p, = 2w,v7/S.

3.2 Experiments

In experiments with proliferation, the MAS consisted of 1000 Tr agents and
1000 T agents. In separate experiments, the number of APCs was set at 20,
40, 60, 80 and 100. The MAS was simulated for 107 time-steps (with a constant
iteration step 7 = 1) at which point the number of effectors and regulators had
converged in all experiment conditions. In the case of the recruitment model,
an identical set of experiments was conducted, with the total number of agents
fixed at 30000 (I = 28000).

For both proliferation and recruitment models, since the population dynamics
appeared similar at high densities of APCs, cell population dynamics has been
shown for the extreme cases of 20 and 100 APCs. In these conditions, we compare
the density of T (E) and Tg (R) cells from the numerical solution of the model,
with the mean density of effector and regulator agents across 40 independent
replicates.



The results of the stochastic simulation indicate the population of agents
reaches one of two stable states depending on the density of APCs (Fig. 4): (i) an
immune state, characterised by the presence of only effectors, and (ii) a tolerant
state, consisting of a dominant population of regulators and few effectors. In
both proliferation and recruitment growth simulations, the system converged to
the immune state in the presence of few APCs (20 in Fig. 4a and b). An increase
in the number of APCs in the environment (100 cells in Fig. 4c¢ and d) resulted
in convergence to the tolerant state. In addition, the numerical solution of our
ODE system appears qualitatively similar to the results from the stochastic
simulations, for both proliferation and recruitment models. The quantitative
discrepancy between the results of numerical solution of the ODEs and of the
simulations (Fig. 4a), reflects: (i) recurrent local interactions between APCs and
newly proliferated T-cells; and (ii) sparse and non-uniform distribution of APCs
in the simulated environment.
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Fig. 4: Density of effector (E) and regulator (R) T-cells from the numerical solutions
(light lines) of the ODE system, and the mean (£SD) density of effector and regulator
agents across 40 stochastic simulation replicates (dark lines)
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In stochastic simulations operating in the bistable parameter regime (A >
ar), the system developed into the tolerant state (e.g., A = 1074, Fig. 4c and
d). In order to evaluate the stability of this tolerant state, we restarted the
proliferation and recruitment growth simulations for the extreme case of (100
APCs) and at time-step 107, with a perturbed density of effector and regula-
tor agents. The new seed populations were computed by incrementing effectors,
and decrementing regulators by 50%, 75% and 95%. The perturbed populations
were simulated for 4 x 10° time-steps at which point the number of agents had
converged in all six (3 perturbed seed populations each for proliferation and
recruitment) experiment conditions. In Fig. 5, we have plotted the density of
effector and regulator agents of a single replicate, for 4 x 10 simulation steps,
and with population perturbations at 50%, 75% and 95%. For seed populations
perturbed up to 75%,the system returned to the tolerant state, irrespective of
the mechanism of population growth (proliferation and recruitment) (Fig. 5).
At relatively high perturbations (e.g., 95%), the system transitioned to an im-
mune state, with the population dominated by effectors, with no regulator agents
present (Fig. b).

4 Discussion and Conclusions

In this study, we highlighted some of the challenges in deploying immune system
inspired algorithms for MAS. We proposed an alternative to the mechanism of
clonal expansion, namely recruitment, that may be used in fixed-sized agent
populations. We identified and characterised an operational parameter regime,
wherein recruitment can be used while retaining the properties of the model.



In this operational regime, the analytical models and stochastic simulations of
growth by recruitment were shown to recapitulate the same properties of CRM,
where growth is dependent on cell division.

In the natural immune system, the total number of T-cells is maintained fairly
constant in healthy individuals by homeostatic mechanisms [15], irrespective of
the T-cell specificity or differentiation class (e.g. Thl, Th2, and so on). Antigen-
driven clonal expansion of a subpopulation implies erosion of other subpopula-
tions. The net result of clonal expansion in the presence of strong homeostasis
is akin to the recruiment-based growth dynamics we proposed here.

An important issue to note when utilising the recruitment model is the large
number of agents needed. In our simulations, 30000 agents had to be present
in the population. Additionally, an increase in APCs would demand an even
higher number of agents. Another potential approach wherein the total number
of required agents may be reduced, would be the recruitment of other cell types,
besides idle cells, e.g., in the CRM, an activated regulator cell may be able to re-
cruit an effector cell. However, the outcome of this scenario needs to be explored
further, particularly in stochastic simulations with fewer agents, where the dis-
crepancies with the mean field model predictions can be not only quantitative
(as in the case of the parameter regime studied here) but even qualitative [16].
Also worth exploration is the impact of random perturbations to the number of
agents representing the T-cells or the entities representing APCs, as stochastic
perturbations could drive anomalous behaviours akin to relapsing autoimmu-
nity [17].

The CRM, for which our recruitment mechanism has been assessed, describes
a dynamics of interactions between T-cells of the immune system, that allows
the system to discriminate between “self” and “nonself” antigens based solely
on their density and persistence in the environment, and largely independent
of their intrinsic characteristics. This property of the model opens up very in-
teresting applications involving decentralised feature classification, wherein our
recruitment model may be utilised, circumventing the need for self-replicating
units.

In summary, we have shown that our approach to applying immune system
inspired algorithms for MAS is promising, particularly for applications involving
severe constraints on agents or agents that cannot self-replicate, such as speckled
computing or collective robotic systems.
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