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The analysis of biological systems requires mathematical tools that represent their complexity from the

molecular scale up to the tissue level. The formation of cell aggregates by chemotaxis is investigated using

Delaunay object dynamics. It is found that when cells migrate fast such that the chemokine distribution is

far from equilibrium, the details of the chemokine receptor dynamics can induce an internalization driven

instability of cell aggregates. The instability occurs in a parameter regime relevant for lymphoid tissue and

is similar to ectopic lymphoid structures.
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Experimental biology today gathers a large number of
molecular and genetic data to understand processes in
living systems. However, many questions of interest con-
cern the level of cells, tissues or even larger structures.
Mathematical models aim to translate molecular informa-
tion into cellular behavior and function on various spatial
and temporal scales. The present article follows this para-
digm and focuses on the modeling of events from the
molecular level up to small tissues.

Agent-based modeling allows to investigate macro-
scopic properties emerging from the collective behavior
of individual units. A typical agent in biology is a single
cell. Changes in the dynamics of the cell, e.g., surface
properties and secreted molecules, can have effects on
longer scales. Such long-scale effects are accessible with
the Delaunay object dynamics method—a multiscale
three-dimensional modeling framework [1,2]. The core
component is an agent-based model of cells on top of a
Delaunay triangulation [1,3,4]. It allows the engagement of
biological systems where the information flow between the
intracellular compartment and tissues becomes crucial.
One well-known example where this information hierarchy
plays a role is tissue organization by chemotaxis [5]. In the
most simple case, chemotactic cues lead to the formation
of aggregates. A more complex pattern is the spiral wave
known for Dictyostelium discoideum [6,7].

It is known from in vitro experiments that chemokine
receptors can be internalized [8]. The influence of the
internalization dynamics on cell aggregate formation is
investigated in this study. The cells are assumed to be
leukocytes which are rather fast cells [9–11] such that the
time scale of chemokine diffusion and cell movement are
no longer well separated. Here it is shown that the details of
the receptor dynamics of single cells have a significant

impact on the cell behavior, even on the tissue level.
Considering the seemingly simple system of a fixed num-
ber of cells that respond to a point source of chemokines
results in a variety of patterns beyond a simple aggregation
of the cells.
In the model cells are treated as soft elastic spheres in

continuous three-dimensional space. Each cell can gener-
ate migration forces onto a not explicitly modeled extra-
cellular matrix. Together with the strong friction in the
tissue this gives rise to coupled Newtonian equations of
motion in overdamped approximation [3,7]. The contact
of cells is calculated on the basis of a Delaunay triangu-
lation [1,3] which is updated according to the movement of
the cells [4,12]. The mechanical parameters of cell migra-
tion have been fitted to match the speed distributions
of highly motile immune cells in their natural environ-
ment [1].
In addition to mechanical forces generated by the cells,

the dynamics of cell orientation, which determines the
direction of the net force, is required. In the model the
cell maintains its orientation during a persistence time Tp

[11,13]. When the persistence time has passed the cell
reorients according to the chemokine gradient. If the con-
centration difference between the front and the back of the
cell is smaller than 2% [14], the cell performs a persistent
random walk.
The impact of cell surface receptor dynamics on

cell behavior is considered under the following assump-
tions (Fig. 1) [8]: (i) The signal for the cell is proportional
to the ligand-induced phosphorylation of receptors.
(ii) Phosphorylated receptors can be internalized.
(iii) Internalized receptors are replaced on the surface by
recycled or newly synthesized proteins. These processes
are captured in the following set of equations:
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_c ¼ D�cþQ� �c� konðRf þ RpÞcþ koffðRb þ RpbÞ
_Rf ¼ ��Rf � konRfcþ koffRb þ kdpRp þ �þ krRi

_Rb ¼ ��Rb þ konRfc� koffRb � kpRb þ kdpRpb

_Rpb ¼ ��Rpb þ konRpc� koffRpb þ kpRb

� ðkdp þ kiÞRpb

_Rp ¼ ��Rp � konRpcþ koffRpb � ðkdp þ kiÞRp

_Ri ¼ kiðRp þ RpbÞ � krRi (1)

The chemokine c is secreted by a source with rate Q, is
nonspecifically degraded with the rate constant �, and
diffuses with the diffusion coefficient D. The chemokine
receptors on each cell can be in five states (Fig. 1): free
(Rf), ligand-bound (Rb), ligand-bound and phosphorylated

(Rpb), phosphorylated (Rp), and internalized (Ri). The

internalized receptor cannot bind the chemokine and is
recycled to the free surface receptor. The dynamics of the
receptor influences the concentration profile of the chemo-
kine c by sequestration. In addition the internalization of
receptors with bound chemokine (Rpb) effectively de-

grades the chemokine. The chemokine receptor may have
a constitutive turnover described by the ligand-
independent degradation rate constant � and constant pro-
duction � of the free receptor Rf. The parameters � and �

are chosen such that, in the absence of the ligand, the
amount of free receptor equals a given receptor expression
Rtot ¼ �=�. We would like to emphasize that some reac-
tion rates are assumed to be independent of the receptor
state, e.g., kon and koff do not depend on the phosphoryla-
tion of the receptor and kdp and ki are equal for bound and

unbound chemokines.
In the model setup 5000 cells respond to the chemokine

gradient generated by a static point source of strength Q in
the center of the considered area. The parameters govern-
ing the receptor dynamics (k½��, �), the chemokine charac-

teristics (Q, D), or the cell migration (Tp) are varied

relative to the reference parameter set in Table I.
The internalization dynamics exhibits a regime which

destabilizes the aggregate formation by chemotaxis. The
cells aggregate for a relatively short time before they
spread in the reaction volume and eventually form smaller
aggregates distant to the center [22]. The major effect
generating the instability is the fast cell migration com-
pared to the diffusion of the chemokine. The internaliza-
tion of the chemokine locally depletes the chemokine [22].
The gradient of the chemokine concentration is inverted at
places with high cell density provided the chemokine
receptors are in the corresponding states [Figs. 2(a) and 2
(b)]. As cells can respond faster to the new gradient than
the chemokine profile is restored by diffusion, the cells
spread away from a temporarily formed aggregate.
The receptor dynamics of a single cell in the unstable

aggregate is variable. Cells may exhibit rather stable or
quasioscillating receptor states [Figs. 2(a) and 2(b)], or any
mixture of these two extremes. The type of the receptor
dynamics depends on the individual fate of a cell in the
dynamically changing chemokine field.
To provide a measure for the instability the integral of a

discrete Fourier transform (IFT) F ð�Þ of the second mo-
ment of the cell distribution [hR2iðtÞ, Fig. 2(c)] was ana-
lyzed: IFT¼def R1

0 d�F ðhR2iðtÞÞð�Þ.
The dependence of the cell aggregate stability on the

chemokine receptor parameters is investigated. The cell
aggregate becomes stable in cases that prevent the local
depletion of the chemokine [Figs. 2(d)–2(g)]. This can be
achieved by an increased source strength Q [Fig. 2(d)] that
outcompetes the degradation of the chemokine by the cells
or by an increased dephosphorylation of the receptor kdp
[Fig. 2(e)] and thereby a reduced internalization rate of
ligand-receptor complexes. An increased diffusion coeffi-
cient D [Fig. 2(f)] can also compensate for the instability
by allowing the chemokine to equilibrate faster such that

TABLE I. Reference parameter set for the equation system
[Eq. (1)] and experimental range with references. The parame-
ters correspond to an unstable situation. A detailed discussion of
the parameters can be found in [1].

Parameter Unit Value Experimental range Reference

� s�1 2� 10�4 5� 10�5–7� 10�4 [15]

D �m2 s�1 101 101–103 [16]

Q s�1 2� 103 103–104 [17]

� s�1 1� 10�4 1� 10�5–7� 10�3 [8]

Rtot 105 2� 104–2� 105 [18,19]

ki s�1 5� 10�4 5� 10�5–3� 10�2 [8]

kr s�1 2� 10�4 1� 10�4–7� 10�3 [8]

kp s�1 1 10�1–101 [20]

kdp s�1 10�3 10�3–100 [20]

Kd nM 3 0.2–5 [18,21]

kon nM�1 s�1 107 2:5� 105–108 [21]

koff s�1 3� 10�2 10�4–1 ( ¼ konKd)

Tp s 100 60–120 [11,13]
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FIG. 1. Scheme of chemokine receptor dynamics. The receptor
has five states: free (Rf), bound to the chemokine c (Rb),

chemokine bound and phosphorylated (Rpb), ligand free but

phosphorylated (Rp), and internalized (Ri). Only the phosphory-

lated forms (Rp, Rpb) are internalized and can be recycled back

to the free receptor state Rf.
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the chemokine distribution is dominated by diffusion
rather than reaction in Eq. (1).

A change in the time-scale of receptor-ligand binding
kon (with constant Kd and adapted koff) has no significant
impact on the stability of the aggregate [Fig. 2(g)]. Only
on-rates close to the lower physiological limit stabilize the
aggregate. Then, internalization is effectively decreased by
a low amount of chemokine-bound receptors.

In contrast to the other parameters the constitutive turn-
over of receptors modeled by � and � does not impact on
cell aggregation for reasonable values.

The multiscale modeling framework presented in this
study demonstrates that parameters of a complex biologi-
cal system that act on a different scale than the particular
problem under consideration can have significant impact
on the results. This is a result based on the consideration of
chemokine receptor dynamics for each cell giving rise to
an internalization driven instability. Thus, it is the spatial
discreteness of the cells that invalidates mean field approx-
imations in this specific context.

Chemokine receptors can be targeted to different intra-
cellular compartments after internalization. The internal-
ized receptor can be either recycled and brought back to the
surface without resynthesis or it can be degraded in lyso-
somes [8]. Experiments suggest that the major pathway is
receptor recycling [23]. Therefore the parameters � and �
are not strictly required which is in agreement with their

lack of influence on the model results. Experimental data
suggests that the majority of receptor dephosphorylation
takes place in endosomes [23] implying that kdp may not

be required for the model [Eq. (1)]. However, this parame-
ter influences the tissue level by determining the strength
of ligand-induced internalization.
A challenge to our results is the fact that chemokines

in vivo can induce chemotaxis only when bound to the
surface of cells or the extracellular matrix [24]. Whether
the receptor internalization or the uptake of the chemokine
is modified under these conditions is not clear and requires
corresponding experiments.
The described instability due to chemokine internaliza-

tion may explain the shape of ectopic lymphoid follicles
(Fig. 3). In the synovial tissue of rheumatoid arthritis
patients so-called dysmorphic follicles [25] are often ob-
served and represent a large variety of different follicle
patterns. The less organized shape of follicles generated
during certain diseases are presumably caused by a non-
optimal balance of the parameters of the chemokine-driven
cell assembly, e.g., due to suboptimal production of che-
mokines at ectopic locations. Even though the large variety
of observed shapes suggests that the fixed and stained
sections exhibit snapshots of a highly dynamic follicle
pattern, this cannot be deduced from single figures. It is
well possible that the diversity of patterns corresponds to a
diversity of static cell configurations.
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FIG. 2. Quantification of the internalization driven instability. (a),(b) Representative receptor kinetics of two cells are shown
(reference model, parameters as in Table I, third column). The receptor states are normalized by Rtot. The concentration of the
chemokine c along the cell migration path is shown in arbitrary units. Both cells start with identical kinetics—a result of the initial
Poisson-distribution of the chemokine and not yet internalized receptors. Thereafter cells have an individual history with either almost
monotone receptor kinetics (a) or quasioscillations (b) although both cells frequently encounter high and low chemokine concen-
trations. (c) Representative second moment hR2iðtÞ of the spatial cell distribution. One unstable (Q ¼ 2� 104 s�1) and one stable
(Q ¼ 4� 104 s�1) case are shown. Initially the cells are distributed in a restricted volume and the chemokine is Poisson-distributed.
The system equilibrates during the first 3 hours. The Fourier transform used for the phase diagrams (d)–(g) is taken for times t > 12 h.
(d)–(g) Phase diagrams of cell aggregates in dependence on single parameters, where the reference value (Table I, third column) is
marked in each diagram by a vertical line. All other parameters are set to their reference values (Table I, third column). Stable
aggregates are characterized by IFT � 0 (dashed line). A clear transition between stable and unstable aggregates is seen for the source
strength Q (d) and the dephosphorylation rate kdp (e). The transition is less strong for the diffusion coefficient D (f), and it occurs at

very low binding rates kon (g).
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In conclusion multiscale modeling of a simple phenome-
non like cell aggregation induced by a point source for a
chemokine can reveal unexpected results within the known
experimental range of parameters. The stability of the
system is determined by the dynamics of receptor internal-
ization in relation to chemokine diffusion. The patterns
found for unstable cell aggregates resemble dysmorphic
ectopic follicles in synovial tissue. Their pattern diversity
is compatible with the interpretation that these emerge as a
dynamic result of a mechanism which may be denoted as
internalization driven instability.

More generally, it was demonstrated that the multiscale
modeling approach allows to analyze the stability of the
system once the biophysical parameters of a specific sys-
tem are known. The expected properties of the tissue are
not easily deduced from experimental molecular data, and
thus the Delaunay object dynamics method can be used to
complement the molecular profiles with their functional
impact.
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