1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Langmuir. 2012 January 31; 28(4): 2225-2237. doi:10.1021/1a203803¢.

An Integrated Stochastic Model of ‘Inside-Out’ Integrin
Activation and Selective T Lymphocyte Recruitment

Michael T. Bestel, Dooyoung Leel, Michael R. King#, Gary A. Koretzky3, and Daniel A.
Hammerl2

1Department of Chemical and Biomolecular Engineering, University of Pennsylvania,
Philadelphia, Pennsylvania

2Department of Bioengineering, University of Pennsylvania, Philadelphia, Pennsylvania
3Department of Immunology, University of Pennsylvania, Philadelphia, Pennsylvania

“Department of Biomedical Engineering, Cornell University, Ithaca, New York

Abstract

The pattern of T lymphocyte homing is hypothesized to be controlled by combnations of
chemokine receptors and complementary chemokines. Here, we use numerical simulation to
explore the relationship among chemokine potency and concentration, signal transduction, and
adhesion. We have developed a form of Adhesive Dynamics — a mechanically accurate stochastic
simulation of adhesion — that incorporates stochastic signal transduction using the next subvolume
method. We show that using measurable parameter estimates derived from a variety of sources,
including signaling measurements that allow us to train parameter values, we can readily simulate
approximate time scales for T lymphocyte arrest. We find that adhesion correlates with total
chemokine receptor occupancy, not the frequency of occupation, when multiple chemokine
receptors feed through a single G-protein. A general strategy for selective T-lymphocyte
recruitment appears to require low affinity chemokine receptors. For a single chemokine receptor,
increases in multiple cross-reactive chemokines can lead to an overwhelming increase in adhesion.
Overall, the methods presented here provide a predictive framework for understanding chemokine
control of T-lymphocyte recruitment.
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INTRODUCTION

T lymphocyte arrest within the microvasculature is an essential process in the development
of adaptive immunity that directs naive, effector, and memory cell populations to secondary
lymphoid organs and peripheral tissues [1,2]. Cell arrest is triggered by chemokine-mediated
‘inside-out’ signaling, which activates passive, low-affinity surface integrins to active, high-
affinity conformations as lymphocytes tether and roll along post-capillary venules [3]. High
affinity binding between B, B1, and B7 integrins and their endothelial ligands directly
facilitates shear-resistant cell adhesion and subsequent extravasation into surrounding tissues
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[4]. Affinity regulation of resting integrins has been linked to small GTPases including Rapl
and RhoA, whose activities are in turn regulated by signals originating from G-proteins
associated with active chemokine receptors [5,6]. Experimental studies of lymphocyte
recruitment have suggested that T cells integrate inside-out signals very efficiently, allowing
rolling cells to arrest within a narrow window (< 500 um) downstream of the initial
chemokine stimulus [7].

It is now firmly established that the combinatorial expression of rolling, activation, and
arrest receptors acts as a molecular ‘zip-code’ that addresses specific cell lineages to
appropriate tissues expressing a complimentary combination of ligands [8]. In this way, T
lymphocytes carry with them molecular instructions to traffic between specific anatomic
compartments selectively, rather than indiscriminately. Growing evidence suggests that
individual T cell clones are responsive to multiple chemokine stimuli, which confounds the
traditional view of non-overlapping trafficking cues [9]. Unlike the surface receptors that
mediate rolling and arrest, numerous lymphocyte chemokine receptors recognize multiple
chemokine ligands which may be expressed concomitantly within target tissues [10,11].
Furthermore, the majority of T lymphocyte lineages express two or more chemokine
receptors which independently recognize distinct sub-families of chemokines [12-14].

Several hypotheses for multiple chemokine interactions have been advanced, including
redundancy, antagonism, and synergism [11,15]. In the simplest scenario, redundant
chemokine interactions imply that T cells may not discriminate among ligands that are
‘promiscuous’ for a common chemokine receptor. Conversely, antagonistic or cooperative
chemokine signals could provide molecular cross-talk that either limits or enhances the
cellular response, respectively. While each of these hypotheses are rooted in elementary
concepts of receptor biology, the relevance and theoretical origin for such regulation in the
recruitment cascade remains poorly defined.

In this study, we address possible roles for chemokine networks using computational
simulations that capture the dynamics of T lymphocyte arrest. The simulations herein are
built upon Adhesive Dynamics (AD) [42, 43], a stochastic simulation of receptor mediated
cell adhesion which calculated the outcome of surface encounter from a mechanically
accurate mechanical energy balance. We have recently developed a suite of AD methods
that incorporates signal transduction, and used these methods that integrate mechanics and
signaling to calculate the dynamics of neutrophil adhesion [45, 46]. Here, we describe a
mathematical model of T lymphocyte arrest which includes integrin regulation that has been
trained upon experimental measurements of inside-out signaling dynamics and is capable of
predicting characteristic metrics of T cell arrest obtained from in vitro flow assays. This
framework allows us to identify how changes in molecular componentry bring about
qualitative and quantitative changes in lymphocyte recruitment, and to define the physical
determinants of chemokine potency. Together, our calculations uncover a role for the
additive integration of multiple chemokine cues, which suggest a previously unrecognized
mechanism for generating diversity in the T lymphocyte trafficking program.

In vitro Characterization of T Lymphocyte Arrest

To identify characteristic dynamics of T lymphocyte arrest, we performed preliminary
experiments with Jurkat T cells, a lymphoma cell line widely used in studies of T cell
signaling and adhesion [3-5]. Prior studies have shown that Jurkat cells concomitantly
express high levels of chemokine receptor CXCR4 [16] and integrin oy 3, [17] which
recognize the chemokine CXCL12 and endothelial ICAM-1, respectively. While resting
low-affinity oy Bo/ICAM-1 interactions support transient cell tethering under flow, inducible
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high-affinity oy B/ICAM-1 complexes mediate stable cell arrest [8]. To recapitulate
lymphocyte activation and arrest in vitro, cells were perfused into parallel plate flow
chambers coated with 5 pg/mL ICAM-1, and 0—4 pg/mL CXCL12 at a characteristic shear
rate of 100 s~1. This minimal combination of adhesion ligand, chemokine, and fluid
kinematics closely mimics the environment encountered by naive and memory T
lymphocytes entering post-capillary high endothelial venules (HEV) of secondary lymphoid
tissues [1].

Cell motion was monitored by video microscopy and analyzed with particle tracking
software to reconstruct precise trajectories during interactions with the substrate (Figure 1).
Listed in Table 1, velocity and arrest statistics were tabulated for those cells that entered the
field of view in a stream line just above the substrate, tethered, and subsequently
transitioned from rolling to firm adhesion. Upon tethering, cells immediately exhibited a
step-wise, stop-and-go motion characteristic of leukocyte rolling. Consistent with theory, the
instantaneous translational velocities measured for single cells varied according to a gamma
distribution during the rolling phase [18], with mean rolling velocities ranging from 13-180
um/s (Fig. 1C-D). The relative frequency of average rolling velocities observed among all
cells was approximately log-normally distributed about 39 um/s, indicative of heterogeneity
in the population-level response. After a variable rolling period, cells came to an abrupt
arrest (Fig. 1E). The distance traveled between tethering and arrest, ranged between 28-320
um, consistent with previous measurements of lymphocyte arrest in both in vitro flow assays
and in vivo studies [19,20].

A Kinetic Model for Chemokine-Triggered ‘Inside-Out’ Integrin Activation

A mathematical model for chemokine-mediated signaling events implicated in the activation
of leukocyte integrins was constructed according to current biochemical hypotheses (Figure
2). Elementary reaction dynamics were first modeled in a continuum representation by
ordinary differential equations (ODES) in order to identify characteristic reaction rate
parameters that might be used in a stochastic, spatially resolved model of greater detail. Rate
laws for constituent reactions between proteins/complexes were formulated according to
standard mass-action formalisms describing bimolecular association and unimolecular
dissociation (Table S1). Where appropriate, catalytic phosphorylation and guanine
nucleotide exchange were modeled by Michaelis-Menten kinetics. Although this latter
formalism invokes specific assumptions regarding the dynamics of reactive intermediates
[21], a lumped kinetic representation seems most appropriate in consideration of the level of
insight we wish to glean from simulated signal dynamics.

Biochemical reactions describing five cascading signaling modules were included in the
kinetic model based on recent characterization of inside-out pathways in mammalian
leukocytes [4]. The present model includes mechanisms representing: (i) ligation and
phosphorylation of G-protein coupled chemokine receptors (CCR) [22,23]; (ii) collision-
coupled G-protein activation and subsequent stimulation of phospholipase C beta (PLCp)
and G-protein coupled receptor kinase (GRK) activity by Gg, subunits [24,25]; (iii)
phosphatidylinositol biphosphate (PIP,) cleavage to diacylglycerol (DAG) and inositol
(1,4,5) triphosphate (1P3) [26,27]; (iv) Rapl GTPase nucleotide transfer by calcium and
diacylglycerol-regulated guanine nucleotide exchange factor (GEF) [28]; and (v) adaptor-
mediated assembly of Rap1GTP/RIAM/talin integrin-activation complexes [29]. The
composite network consists of 25 distinct molecular species and complexes coupled by 28
reactions, which are in turn characterized by 29 kinetic rate parameters. This modular
structure is intended to generalize canonical pathways that have been studied extensively in
other cell types and have recently been implicated in hematopoietic lineages such as
neutrophils, monocytes, and lymphocytes [27,30-32]. Therefore, we do not impose a strict
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interpretation upon the identity or isoform of species belonging to homologous families
whose expression patterns may be cell-type-specific.

Additional signaling molecules that have well-established roles in regulating leukocyte
integrin affinity were ultimately omitted from the model based on the inability to identify
complete pathway dependencies. For example, both the small GTPase RhoA and protein
kinase C (PKC) are known to differentially modulate integrin affinity and clustering
downstream of chemokine receptors in the context of adhesion under flow [4,6]; however,
intermediate effectors linking these regulators to integrin activation remain unidentified
[33,34]. We are also aware of RAPL involvement in linking Rapl to integrin activation,
although this effector appears to be specific for integrin oy 5 [29]. In this respect, the
proposed model recapitulates but one effector cascade which likely operates in conjunction
with parallel pathways. As additional data become available, the network topology presented
here will be subject to further refinement.

In order to identify estimates for the 29 reaction rate parameters listed in Table S1, the ODE
model was trained against a collection of legacy data from the literature describing the
human neutrophil response to a soluble chemokine stimulus of CXCL8. We anticipate that
further biochemical characterization of inside-out signaling will facilitate a similar exercise
for T lymphocytes, but for now the choice of CXCL8-mediated integrin activation in
neutrophils activation reflects the desire to rely on the most comprehensive data set for a
single leukocyte lineage. Illustrated in Figure 2, these data include the CXCL8 dose
response for (i) chemokine receptor binding as determined by Scatchard analysis [35]; (ii)
G-protein activation as reported by GTPase activity assay [36]; (iii) IP3 elevation as
determined by competitive radiobinding assay [37]; and (iv) o B, affinity modulation as
reported by epitope-specific antibody binding [38]. Also included in the calibration data set
were time-series data from (v) IP3 release and (vi) oy B, activation experiments reported in
[37,38].

To reduce the degrees of freedom within the model, resting concentrations for each
molecular species were fixed at characteristic values identified from the literature (Table
S2). Estimates for the remaining rate parameters in each module were determined using a
Latin hypercube sampling strategy to randomly search parameter space for those
combinations that best replicated the selected calibration data (Materials and Methods) [39].
In all but a few cases, the distribution of optimal parameter values were broad and lacked
clearly defined optimum, indicating that the available experimental data poorly constrained
parameter space. This uncertainty was not unanticipated, and therefore a single parameter
vector from among the optimized family collection of parameters values was selected for all
subsequent simulations (Table S1).

Integrated Spatio-Temporal Simulation of T Lymphocyte Signaling and Adhesion

A salient feature of leukocyte recruitment is the small number of adhesion complexes (<
100) known to mediate adhesion within the cell-substrate contact interface [40]. The
deterministic kinetic model was therefore reformulated using a stochastic, spatio-temporal
formalism — the Next Subvolume Method (NSM) — to capture the dynamics of single
molecule interactions [41]. lllustrated in Figure 2C and D, the lymphocyte membrane and
cytoplasmic compartments are idealized as the union of distinct area and volume elements
which are assumed to be well-mixed. Each subvolume contains a discrete number of
molecular species which may diffuse among neighboring elements and react according to
the rates prescribed from the ODE model. As described in Materials and Methods, the novel
extension in the present work is the generalization of the NSM to non-cubic subvolumes.
This approach affords an accurate representation of reaction and diffusion events that take
place exclusively within the cell contact zone.
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To simulate the effects of localized activation of inside-out effectors upon T cell adhesion,
the NSM model was integrated within Adhesive Dynamics (AD), a simulator of leukocyte
adhesion [42]. We have used AD to extensively study the determinants of static and
dynamic leukocyte adhesion [43,44], and have recently described methods for integrating
adhesion and signaling calculations [40,45,46]. This strategy allows us to dissect the
molecular events that ultimately trigger cell arrest. Here, we specifically consider the
transition between L-selectin/sLe*-mediated rolling and o, B,/ICAM-1-mediated cell arrest
that is stimulated by a generic chemokine, CC, and its receptor, CCR.

Figure 3 summarizes the collective information generated from integrated simulations of T
cell arrest. These data include the temporal and spatial evolution of both intracellular
signaling effectors and extracellular adhesion complexes (Fig. 3A and B), as well as the
kinematics of cell adhesion (Fig. 3C-E). To emphasize the role of stochastic fluctuations in
both signaling and adhesion events, 500 single cell trajectories were generated for a fixed
chemokine stimulus of 103 CC sites/um?2. Upon tethering, the number of bound chemokine
receptors rapidly approached a steady-state which remained approximately constant over the
time scales for cell arrest (Fig. 3A). The effect of chemokine receptor occupancy propagated
through the inside-out network and within several seconds, scaffold-mediated activation of
resting integrins brought about an abrupt halt to cell rolling. Consistent with previous
findings, simulated T cell arrest only required the formation of a small number of high-
affinity integrin bonds with the cell substrate (< 10) [45,47].

Integrated simulations also predicted complex spatial patterns of signal propagation during
cell rolling and arrest (Fig. 3B). While selectin and integrin binding was naturally limited to
the contact zone, chemokine receptors and downstream effectors were effectively activated
across a wide swath of the plasma membrane due to the convective motion of the cell
relative to the substrate. For example, the simulated accumulation of active Rap1®TP was
symmetrical about the axis of cell rotation. Upon arrest, subsequent inside-out signaling was
largely confined to the contact zone, which facilitated further integrin binding and adhesion
maturation.

The corresponding ensemble of cell arrest dynamics likewise revealed a complex
interrelationship between rolling velocity, arrest time, and arrest distance (Fig. 3C-E), which
emerge from the concurrent realization of stochastic signal integration and transient
adhesive interactions during rolling. The times required to mediate cell arrest were normally
distributed around a mean value of 5 + 2 s, which corresponded well with the 2-8 s range of
arrest times observed experimentally (Fig. 3D; Table 1). The predicted rolling distances that
preceded arrest (10-150 pum) were also similar in magnitude to in vitro trajectories.
However, the distribution of arrest distances was significantly skewed downstream (Fig.
3E), suggesting that the occasional large translational velocities during rolling results in a
natural asymmetry about the population average distance to arrest.

Efficiency and Fidelity of Cell Arrest

In resting lymphoid tissues, basal expression of homeostatic chemokines such as CCL19 and
CCL21 promote constitutive recruitment of naive and central memory T cell populations
bearing CCRY7. During an active immune response, expression of these ligands is
downregulated ten- to one hundred-fold [48], whereas a second class of inflammatory
chemokines specific for differentiated effector cells becomes upregulated. To address how
changes in chemokine levels alter cell arrest properties, simulations were performed over
five decades of chemokine concentrations spanning 10°-10° sites/um? (Fig. 4). In all
predicted trajectories, T cells did not exhibit any marked deceleration in the moments
preceding arrest, confirming the observation that relatively few active integrins are required
to mediate near-instantaneous arrest [47].
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With increasing chemokine presentation, the distance to cell arrest asymptotically
approached a threshold response distance of ~30 um, indicating that there exists a limiting,
albeit very rapid, response time, ~2.5 s, required to trigger cell arrest. The dispersion in cell
arrest times/distances likewise decreased with increasing stimulus levels. Careful inspection
revealed that the coefficient of variation (CV) describing arrest distributions was nearly
constant (CV ~0.6). Thus, chemokine levels not only control the average distance to T cell
arrest, but also the fidelity of recruitment from the fluid stream.

Sensitivity To Homing Receptor Expression

According to prevailing models for lymphocyte homing, tissue tropism is encoded by
complimentary receptor phenotypes acquired during T cell maturation and differentiation
[49]. To address whether tissues discriminate cells on the basis of qualitative or quantitative
differences in receptor expression, arrest metrics were predicted for cell populations
expressing variable levels selectins, chemakine receptors, or integrins (Fig. 5). Because the
presence of tethering receptors principally affects the speed of lymphocyte rolling, the
timing of cell arrest was largely unaffected by variations in L-selectin expression. Arrest
distances however, were exquisitely sensitive to a reduction below optimal L-selectin levels
(Fig. 5A). By comparison, variations in chemokine and integrin receptor expression had
similar, quantitative influence upon both the timing and distance of cell arrest (Fig. 5B and
C). Cells characterized by ten-fold lower levels of CCR or o, B2 arrested just outside the
window observed in flow chamber assays. Tenfold higher CCR and o, 32 levels accelerated
cell arrest, but only to a point, suggesting that there exists a threshold rate at which
molecular diffusion and collision allow cells to integrate inside-out signals. Together, these
predictions imply that vascular tissues recruit select T cell populations in a binary, all-or-
none fashion via selectin- mediated rolling, and subsequently discriminate subpopulations
based upon quantitative differences in chemokine and integrin expression.

Additive Integration of Multiple Chemokine Stimuli

It is an open question whether the presentation of multiple chemokines serves a functional
role in T lymphocyte trafficking. Both secondary lymphoid organs and inflamed tissues have
been shown to produce a rich chemokine environment [50]. Recent reports have also
described apparent cross-talk between multiple chemokines during T cell migration [9,51]. It
therefore seems reasonable to anticipate that multiple chemokines may cooperate at the level
of inside-out activation during lymphocyte recruitment.

Shown in Fig. 6, two common chemokine-receptor networks were simulated to identify the
quantitative effects of multiple chemokine recognition. The first encompasses simultaneous
recognition of two chemokines by one receptor. Relevant examples of this motif include
CCL19/21 binding by CCRY7 in naive T cells, CXCL9/11 binding by CXCR3 in Ty1 cells,
and CCL17/22 binding by CCR4 in T2 cells [9, 10]. The second motif considers the
expression of multiple chemokine receptors. Notable examples of double positive cells
include CCR7+CXCR4+ naive cells, CXCR3+CCR5+ Ty1 cells, and CCR3+CCR4+ Th2
cells [12, 13]. In simulating each motif, the expression of each chemokine receptor was
maintained at fixed, characteristic levels (5x10% CCR/cell).

For cells expressing only one chemokine receptor, receptor competition will be minimal and
the predicted receptor occupancy effectively additive so long as the two chemokines are
present in sub-saturating amounts; i.e. [CC] < Kp 1 and [CC;] < Kp 7 (Fig. 6A). However, a
single chemokine may maximally activate all available receptors if present at saturating
concentrations and a second chemokine stimulus will therefore result in receptor
competition and ligand antagonism. For cells expressing two distinct receptors, stimulation
by two chemokines will also be additive at low concentrations (Fig. 6B). At higher
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concentrations, the availability of a second receptor increases the saturation threshold,
giving rise to a synergistic response. In the context of T cell arrest, such synergism is
manifest in a leftward shift in the dose-response for cell arrest distance to lower total
chemokine concentrations.

Which regime will these chemokine-receptor motifs operate within under physiological
conditions? Using an average two-dimensional affinity for CXCL8 - CXCR1/2 binding (Kp
= 10° pm?) [52] and a maximal chemokine concentrations of 10,000 sites/um?, scaling
considerations indicate that the relative low affinity prevents either network from maximally
activating the available number of surface receptors (i.e. CC/Kp < 109). Instead, both
networks should operate in a regime where the depletion of available receptors is negligible
and receptor engagement by chemokines is approximately additive [52].

This response similarity between motifs was indeed observed in the corresponding
simulations of arrest dynamics. For all possible chemokine combinations, there was a
negligible difference between the arrest responses triggered by one or two chemokine
receptors (Fig. 6C). Furthermore, the combined effect of multiple chemokines was closely
mimicked by an equivalent dose of either chemokine in isolation (Fig. 6C). Thus, the
efficacy of cell arrest is determined by the total concentration of complimentary chemokines
that a given cell may recognize.

Determinants and Consequences of Variable Chemokine Potency

An alternate hypothesis for multiple chemokine recognition suggests that chemokines
exhibit varying levels of agonistic potency in their ability to trigger inside-out signals [10].
In this scenario, a strong chemokine agonist is predicted to stimulate robust T cell arrest of
multiple cell populations despite wide variations in surface receptor expression. In contrast,
a weakly potent chemokine agonist would stimulate only those populations expressing high
receptor levels. While disparate agonist potencies have been reported for chemokines that
share a common receptor, the physical determinants of chemokine potency in the context of
lymphocyte recruitment remain poorly defined [23,53].

An intriguing proposal purports that the overall frequency of chemokine receptor
engagement may be as important in determining agonist potency as receptor binding affinity
[10]. This mode of ligand discrimination has been implicated in a number of biological
processes, including the serial engagement of T cell receptors by low affinity ligands and
enhancing G-protein receptor activation [54,55].

By definition, the binding affinity, ki/k;, and chemokine concentration, [CC], determines the
fraction of receptors occupied at equilibrium, #:

_[cc
TTCCr+h, k- (1)

The frequency of receptor engagement, w, is similarly related to the forward, ks, and reverse,
kr, association rates and chemokine concentration by:

(U———kf[CC]+kr )

To assess whether T cells discriminate chemokines on the basis of chemokine affinity or
binding frequency, the efficiency of cell arrest was simulated over a range of chemokine-
receptor kinetics: ks < 1073 um?/s, [CC] < 10° um~2, k, 21072 s™1 (Fig. 7). The predicted
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pattern in cell arrest efficiency most strongly correlated with the variations in fractional
receptor occupancy, 7, and only weakly correlated with binding frequency, o (Fig. 7C).
Therefore, the apparent potency with which a given chemokine triggers inside-out activation
is primarily dictated by the overall binding affinity. Because two-dimensional binding
kinetics are generally diffusion-limited [52], variations in chemokine affinity (and hence
potency) should likely hinge upon differences in the molecular dissociation rate, k;, rather
than significant variations in k.

This prediction substantiates the claim that tissues might effectively modulate the strength of
the inside-out signal by reciprocally expressing high- or low-affinity chemokines.
Simulations confirmed that this form of regulation is likely useful in specifying population-
level recruitment patterns (Fig. 7D). A ten-fold difference in chemokine dissociation rates
between 1071 s71 and 100 s~ was particularly effective at discriminating cells expressing
low levels of chemokine receptor (< 10° #/cell). Whereas a high affinity interaction (k;
~1072 s71) effectively recruited a broad range of cells (AXarest < 200 um), low affinity
interactions (k; ~ 0% s™1) only triggered robust cell arrest in cells characterized by high
chemokine receptor expression (10° receptors/cell). Thus, weak and strong chemokine-
receptor affinities likely represent a general mechanism for generating selective and non-
selective T cell recruitment patterns, respectively.

DISCUSSION

Dynamic inside-out regulation of lymphocyte integrins has been the subject of intense study,
but quantitative descriptions of the molecular events involved have remained elusive. In this
study, we developed a kinetic model of one inside-out pathway directly linking chemokine
receptor binding to integrin affinity activation and cell adhesion in T lymphocytes [4,56].
Previously published models of integrin activation in leukocytes have been limited in
molecular detail largely due to uncertainty in the identity of molecules involved in the
signaling cascade [40,45]. While a good deal of uncertainty in pathway topology remains,
the present model offers a reasonable starting point for future revisions. In particular, we
fully anticipate that ongoing work to identify molecular effectors downstream of PKC and
RhoA activation will facilitate the incorporation of parallel activation pathways [57,58]. A
number of studies also hint at the role for positive feedback via ‘outside-in’ signalosome
activation once a threshold number of integrins have been ligated [59,60]. Incorporating
these and potentially other signaling effectors will be critical for assessing the role of
intracellular cross-talk and phenotypic variability among lymphocyte subpopulations.

One challenge in developing such network models of biochemical signaling is identifying
and measuring appropriate systems-level dynamics that appropriately constrain the kinetic
parameter space. Our efforts to identify unambiguous parameter values revealed that
available measurements of inside-out dynamics still leave some uncertainty in parameter
estimates. This will necessarily be an area for future pathway-level studies, and efforts
should focus on the design of cellular stimuli that uniquely constrain individual parameters
[61]. However, we emphasize that the parameters have been trained on a wide variety of
signaling experiments separate from adhesion experiments, and these parameters are
consistent with known signaling phenomena. However, since these data are taken from
different types of cells, there is some uncertainty in the values that apply for Jurkat cells or
primary T-lymphocytes. These parameters, and the model itself, need to be validated using
direct measurements of signaling and adhesion. This validation awaits further careful
experimentation. One attractive approach that should be immediately applicable is RNAi-
mediated knock-down of key signaling proteins. Signaling measurements made in knock-
down cell lines reflect perturbed protein levels while leaving intrinsic rate parameters
unchanged. In this way, simulations of knock-down cell dynamics can further constrain
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numerical estimates for reaction rate parameters. This method has already been utilized to
successfully identify rate parameter distributions in a number of model cell lines, including
murine B lymphocytes [22,62]. However, one key advance of the work we present here,
compared to previous models in which signaling is course grained [40,45,46], is that, for the
first time, we can make predictions of the effects of changes of individual proteins —
modified through molecular biology — and then simulate how these individual changes affect
the dynamics of adhesion. Furthermore, the incorporation of stochastic signaling elements
seems appropriate, since in many cases small numbers of events are required rolling or
arrest.

A detailed comparison to Caputo and Hammer [45] is warranted to explain the contribution
of the current work. In Caputo and Hammer, a coarse grained signaling network for a single
chemokine receptor was incorporated within AD; here, in contrast, a detailed signaling
network that articulates each signaling molecule has been included In Caputo and Hammer,
only changes in signaling dynamics within the interior of micovilli were considered; in this
paper, changes in the concentration throughout the cytoplasm were included using the NSM.
Furthermore, we have been able to estimate real reaction parameters for each participant in
the signaling pathway, and we have extended the model to include multiple chemokine
receptors which often are used in lymphocyte systems.

Several hypotheses have emerged from experimental studies of chemokine-triggered
integrin activation in arresting T cells, but the theoretical basis for many of these have
remain unexplored. Our primary approach to answer these questions has been the integration
of signaling and adhesion models to predict the dynamics and efficacy of T cell recruitment.
Beyond accurately replicating in vitro T lymphocyte arrest dynamics, our integrated model
predictions provide theoretical evidence for three additional regulatory axes at the level of
chemokine-chemokine receptor networks. Summarized in Fig. 8, these include natural
regulation of chemokine presentation (density), additive integration of two or more
chemokine stimuli, and selective presentation of low- and high-affinity chemokines.

In the face of vast diversity in surface receptor phenotypes, it appears that the immune
system may modulate any one of these axes alone or in combination to further alter the
identity of cells recruited to a specific tissue. Simply increasing chemokine expression levels
may dramatically decrease the selective recruitment of T cell populations expressing
variable levels of a single complementary receptor (Fig. 8A). Expressing two or more
chemokines may represent a slight preference to recruit only double-positive cell subsets
over single-positive populations. (Fig. 8B). And finally, expression of low to moderate
affinity chemokines may represent a general strategy to only recruit cells with high receptor
expression (Fig. 8C). A collection of experimental studies have in fact hinted at the
existence of the mechanisms predicted here [9,10,63], but rigorous quantitative experiments
monitoring individual cell trajectories should prove most definitive.

An intriguing possibility is that all three axes are employed simultaneously and that
lymphocyte recruitment represents the integration of multiple, variable chemokine inputs. In
this context, certain combinations of chemokine stimuli - number, combination, and potency
- should generate ‘master codes’ that promote indiscriminant recruitment of multiple
lymphocyte clones; other combinations of molecular trafficking codes will be cell selective.
Our work here provides theoretical evidence for such integration and signal diversity, and
should motivate future studies of the biophysical parameters regulating T lymphocyte
recruitment.
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MATERIALS AND METHODS

Parallel plate flow chamber assay with Jurkat T Lymphocytes

The T lymphoma cell line Jurkat was maintained in RPMI11640 supplemented with 10%
FCS, 2 mM L-glutamine and 25 ug/ml gentamicin in a 5% humidified CO, incubator. A
circular parallel-plate flow chamber (GlycoTech) with a gasket of width 0.25 cm, thickness
127 mm, and length 2 cm was used for flow experiments. Polystyrene Petri dishes
(diameter: 35 mm; Falcon 1008) enclosed using a single well flexiPERM (Sigma) were
coated with a mixed solution of 10 pg/ml Purified Recomb Protein G (Thermo Scientific)
and 1 pg/ml recombinant mouse CXCL12 (R&D Systems) at room temperature for 2 hours.
Surfaces were then washed with 1% BSA in PBS. 5 pg/ml of recombinant mouse ICAM-1/
Fc (R&D Systems) was applied to the surfaces and allowed to bind the Protein G coated
surfaces at room temperature for 2 hours. Surfaces were then blocked for nonspecific
adhesion with 2% BSA in PBS at 4°C for overnight. Before performing experiments, dishes
were washed with prewarmed Hanks’ balanced salt solution (HBSS) containing 0.5%
bovine serum albumin, 10 mM HEPES, 2 mM Ca?* and 2 mM Mg?2* (37°C). The flow
chamber was mounted on an inverted microscope, Axiovert 200 M (Carl Zeiss, Gottingen,
Germany) and enclosed by a microscope incubator, XL-3 (Carl Zeiss) to perform the flow
chamber experiments at 37°C. The T cell solution in prewarmed HBSS+ (37°C), at a
concentration of 10%/ml, was perfused into the chamber using a syringe pump (Harvard
apparatus) at a flow rate corresponding to a calculated wall shear rate of 100 s72.

Data acquisition and cell tracking

T cell adhesion was observed in the field of view of 980735 mm2 using bright field
microscopy under a 10x objective (NA = 0.20; Type: A-Plan; Carl Zeiss). Adhesion was
visualized for 10 minutes at the upstream boundary of substrate ligands to ensure adherent
cells had not previously interacted with CXCL12, or ICAM-1. A microscope-linked CCD
camera was used to record T cell adhesion events, and videos were subsequently
redigitalized to 640x480 pixels at 29.97 fps with ffmpegX software. Cell tracking was
performed in Matlab (Mathworks) using freely available routines developed by Daniel Blair
and Eric Dufresne (http://physics.georgetown.edu/matlab/).

ODE model and parameter calibration

Biochemical reaction rate laws were selected for the chemokine-triggered ‘inside-out’
integrin activation network described in the text. Listed explicitly in Table S1, rates for
molecular association and dissociation for the reaction A + B < A:B were defined as

Vassociation :kf [A][B]
Vdissociation :kr[A B] 3)

Rates for catalytic phosphorylation and guanine nucleotide exchange reactions E + S «<» ES
— E + P were assumed to follow Michaelis-Menten kinetics

[S]
K, +[S] (4)

Veatalysis =k:[E]

For simplicity, assembly of multimolecular complexes (e.g Rap1CTP:RIAM: Talin:oy B,) was
allowed to occur sequentially, thereby avoiding explicit enumeration of three additional bi-
and tri-molecular intermediates.
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Parameter values for individual reactions were identified by first defining characteristic
lower and upper limits for the relevant kinetic rate constants [64]. Unique parameter
combinations within these limits were selected at random with uniform probability using
Latin hypercube sampling [39]. For each candidate parameter set, dose response and time
series profiles (calculated at times/doses appropriate to the respective experimental
protocols) were generated by numerically integrating the system of coupled ODEs. To
reduce additional degrees of freedom, resting species concentrations were fixed according to
literature estimates (Table S2). Model predictions were compared against a collection of n
measurements in m assays from [35-38] using a residual, R, defined as

m n
1

2
_ data model |~
R—Z 2 Z[-‘j - x|

i=1 max (.\‘i”‘”“)" =

where discrepancies between the reported and simulated molecular concentrations x; are
scaled by the maximum observed value so as to normalize residual contributions across all
experimental assays.

NSM model formulation

The NSM algorithm for simulating the stochastic evolution of reaction-diffusion networks
has been described extensively elsewhere [41,65]. The algorithm is implemented here as
originally described, but molecular diffusion rates were modified to simulate diffusion
among subvolumes defined by orthogonal spherical coordinates (Fig. 1C). For cubic
subvolumes, the diffusion rate, T,_,Ar, between one subvolume centered at r and its
neighbor at r+Ar is simply determined by the diffusivity, D, and lattice spacing, dx; i.e.
Tr_ar = D/dx2. In spherical coordinates, it may be shown that the corresponding diffusion
rates are given by:

D | rtAr
Tr—)rj:Ar:d,Z [ : I : ]
¥
D 1

T(b—up:tA.,p: J_Lpz r2sin%0

T __D__L[sin((?iAﬁ)]I/z
0000~ 507 32 | "sin(0)

In the limit of small spatial discretization Eqgs. satisfy (i) detailed balance and (ii) the
Einstein diffusion equation for orthogonal spherical coordinates [66]. To improve simulation
time, rates for all possible diffusion events were pre-calculated and stored in an indexed
array. In all simulations, the cytoplasm and membrane were discretized into an array of
40x%20x2 subvolumes

Integrating NSM and Adhesive Dynamics

Inside-out activation of resting surface integrins during cell rolling was simulated by
executing the NSM formulation of the kinetic model and Adhesive Dynamics (AD) in
tandem. The two calculations interface via shared data structures accessible at any time
during a simulation. Whereas AD exclusively determines the sequence of extracellular
events, NSM simulates the evolution of intracellular processes. AD iterations begin by
assessing the number of active integrins in the contact zone as determined from the previous
iteration of NSM. Changes in integrin affinity will affect the likelihood of bond formation
and ultimately the cell trajectory at the end of the AD time increment. In a similar manner,
every NSM iteration queries the number of chemokine receptors bound within the contact
zone and updates the propensity for intracellular reactions accordingly. In this manner, each
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component of the integrated model sequentially exchanges chemical information required by
its counterpart.

Synchronizing the components of the integrated model is achieved by systematically
switching between NSM and AD iterations as the simulation clock advances. The order of
calculation is determined by the extracellular or intracellular event with the earliest
execution time, which is systematically identified from a composite list of all possible
events. This list - the event queue - consists of a fixed time increment for executing AD and
n variable time increments associated with NSM, where n is the number of subvolumes.
From this list, the next event selected for updating is that with the shortest execution time
from the event queue. As in the original NSM, the composite event queue is implemented as
an indexed binary heap for efficient temporal sampling.

Requisite parameters for AD are given in Tables S3 and S4. In addition to cell geometric
properties, these include rheological constants describing microvilli deformation [67], and
mechanochemical binding parameters for L-selectin/PNAd and o, B2/ICAM interactions.
Forward and reverse association rate parameters for L-selectin/PNAd, as well as high- and
low-affinity ay Bo/ICAM binding (Table S4) were selected from previously reported
measurements of catch-slip and Bell model Kinetics, respectively [44,68].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

In vitro Dynamics of T Lymphocyte Recruitment (A) Video micrograph of Jurkat T cells
interacting with immobilized CXCL12/ICAM-1 in shear flow. Cells were perfused into
parallel plate flow chambers at a shear rate of 100 s~ (right to left). Trajectories for eight
individual cells that ultimately arrested were reconstructed from video analysis. (B) Three
characteristic velocity-distance profiles for cells that tethered, rolled, and arrested within the
frame of view (red). The trajectory of a non-adherent cell is shown for comparison (gray).
(C) Instantaneous velocity distribution for one individual cell prior to arrest. The
macroscopic rolling velocity, vy, is given by the mean of the distribution. (D) Population-
level distribution of mean rolling velocities indicated significant heterogeneity among cells.
In both (C) and (D), velocities varied according a gamma distribution (blue line), consistent
with theory [18]. (E) Velocity-distance profiles from all cell trajectories were synchronized
to the moment of tether formation to identify the range of arrest distances. The population
average velocity as a function of distance is indicated (red).
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Figure 2.

Kinetic Model for Chemokine-Triggered Inside-Out Integrin Activation. (A) Inside-out
reaction network linking chemokine recognition to integrin activation. Arrows indicate
molecular association/dissociation (black) or catalytic phosphorylation/nucleotide transfer
(red). (B) Experimental and simulated inside-out dynamics. The kinetic model (lines) was
trained against a collection of experimental data (symbols) describing inside-out activation
of oy B integrins in human neutrophils responding to soluble CXCLS8. (C) Model geometry
for simulating T lymphocyte adhesion under flow. Membrane and cytosolic compartments
were discretized into subvolumes based on a spherical lattice. (D). Projected cell surface
from the reference frame of the cell. In (C) and (D), the extent of the cell-substrate contact
zone is indicated by the subvolumes highlighted in red.
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tether
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Integrated Simulation of T Lymphocyte Recruitment. Time course and statistics of signaling

events during T cell rolling and arrest were compiled from five-hundred simulations. (A)

Accumulation of the indicated species is shown for individual cells (gray); color trajectories
denote population averages. All simulations were synchronized to the moment of initial
tether formation (t = 0 s). (B) Spatio-temporal snapshots of select membrane-associated

species from the cell reference frame. In each column, the membrane concentration of the

indicated species was projected to a plane centered on the cell-substrate contact zone

(encircled, cf. Fig. 1D). Cell rolling results in the convection of molecules activated in the
contact zone from right to left through the reference frame, as seen in the early stages of
CCR binding and Rap1©TP activation. Frames correspond to 1 s intervals (C-E) Predicted

distributions of instantaneous cell velocities, (C), arrest times, Atyrest, (D), and arrest
distances, AXarrest (E)-
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Chemokine Regulation of T Cell Arrest. (A) Effect of increasing chemokine substrate
concentration on time (Atgerest) and distance (AXgrrest) t0 cell arrest. 500 trajectories
synchronized to the moment of arrest and distance of tether formation are shown. The
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population mean is indicated in red. (B) Cell arrest metrics over four decades of chemokine
concentration. Dashed lines indicate the minimum time and distance required to integrate

inside-out stimuli. (C) Standard deviations of Atgrest aNd AXgrest distributions increase

linearly with population mean. For both metrics, the coefficient of variation (CV) equals

0.60.
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Impact of Surface Receptor Expression on T Cell Recruitment. Arrest statistics were
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compiled for cells expressing variable levels of (A) L-selectin, (B) chemokine receptor, and
(C) integrin o, B,. Receptor expression was varied one-at-a-time and normalized to those
levels that yielded arrest metrics similar to those observed in adhesion assays (1.25x10% L-
selectin/cell, 5x10* CCR/cell, and 10* oy p,/cell). Shaded regions indicate the range of cell
behaviors observed in vitro (cf. Table 1). The concentration of surface ligands were 102

sLeX/um?, 103 CC/um2, and 103 ICAM-1/um?. Data reflect the mean = s.d. of twenty
simulations. In (A), cells cease to roll at ~3x above normalized L-selectin levels.
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Figure 6.

Additive Integration of Multiple Chemokine Stimuli. (A-B) Receptor signaling motifs for
two chemokines. Predicted T cell arrest distances for the corresponding motifs under
additive conditions (left) or synergistic conditions (right) are shown. (C) Predicted arrest
distances for increasing substrate concentrations of two chemokines at physiological
affinities: Kp 1 = Kp 2 = 5x10° um™2. For either motif, the net effect of multiple chemokines
on T cell arrest is identical to an equivalent concentration of one chemokine. In all

simulations, CCR = CCR; = CCR, = 5x104 #/cell.
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Figure 7.

Recruitment Sensitivity to Chemokine-Receptor Kinetics. (A) Fractional receptor occupancy
as predicted by Eq. 6.1 and (B) frequency of receptor occupancy as predicted by Eq. 6.2.
The enclosed regions in (A) and (B) indicate physiological parameter space. (C) Predicted
arrest distance as a function chemokine-receptor kinetics. (D) Mean arrest distance as a
function of chemokine affinity and chemokine receptor expression. In all simulations [CC] =
108 ym~2,
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Figure 8.

Three Modes of Selective T Lymphocyte Recruitment. The predicted range of T cell
populations expressing one or two chemokine receptors that arrested within 100 um of
tethering are indicated. Regulated expression of one (A) or (B) two chemokines or
chemokine affinity (C) resulted in population specific recruitment patterns.
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T Lymphocyte Recruitment Parameters

Table 1

statistic velocity (um/s)  AVeon (0M/S)  Atarrest (S)  AXarrest (0M)
in vitro2
range 0-330 13-180 2.3-7.9 28-320
mean 75 39 4.7 140
standard deviation 87 22 2.4 120
in vivoP
range 12-72 2-5 25-125
mean 50 4 92

standard deviation

aLI'his study.

bMurine lymphocytes [20]
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