
 

ABSTRACT 

LIU, XIAJI. Quantitative Analysis of The Tactic “Compass” in B and T Lymphocyte 
Migration. (Under the direction of Dr. Jason Haugh.) 
 

B and T lymphocytes play a central role in the adaptive immune response, and their 

directed migration is essential for homing to sites of antigen presentation.  Like neutrophils, 

lymphocytes are rapidly moving cells that exhibit amoeboid movement, characterized by a 

definitive polarity with F-actin concentrated at the front and myosin II elsewhere.  In this 

study, we used total internal reflection fluorescence (TIRF) microscopy to monitor the cells’ 

areas of contact with a surface presenting adhesive ICAM-1 and the chemokines, 

CXCL12/SDF-1 and CXCL13/BLC.  A microfluidic device was implemented to create 

surface-bound CXCL13 gradients to study B-cell directed migration.  

Our analysis reveals that T-cell migration and reorientation are achieved by 

bifurcation and lateral separation of protrusions along the leading membrane edge, followed 

by cessation of one of the protrusions, which acts as a pivot for cell turning.  We show that 

the distribution of bifurcation frequencies exhibits characteristics of a random, spontaneous 

process; yet, the waiting time between bifurcation events depends on whether or not the pivot 

point remains on the same side of the migration axis.  Our analysis further suggests that 

switching of the dominant protrusion between the two sides of the migration axis is 

associated with persistent migration, whereas the opposite is true of cell turning.  

To help explain the bifurcation phenomenon and how distinct migration states might 

arise, a spatiotemporal, stochastic model describing F-actin dynamics is offered.  The model 

output is both qualitatively and quantitatively consistent with experimental observations of 



 

random T-cell migration.  However, with the introduction of chemokine gradients, the model 

predicted chemorepulsive responses.  A single modification of the model switched the 

simulated responses to chemotactic, while the predicted random migration behaviors remain 

consistent with experimental results. 

Regarding B cells, we show that their random migration is characterized by frequent 

dilation and shrinking of the contact area at the sides of the leading membrane edge.  We also 

show that the distribution of dilation/shrinking frequencies exhibits characteristics of a 

random, spontaneous process.  The consecutive dilation-shrinking pairs are more common 

than same-type pairs.  The results further suggest that the balance between the accumulated 

dilation/shrinking activities on the two sides of the migration axis is associated with the 

determination of straight or turning migration states.  Haptotaxis assays reveal highly diverse 

B-cell responses to the directional cue, both on the same gradient surface and across different 

experiments.  B cells exhibit an overall preference towards CXCL13 vs. CXCL12 gradients, 

provided that the CXCL13 gradient is sufficiently steep.  
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Round markers indicate the start and square markers indicate the end of the centroid 

tracks. CXCL13 gradient increases towards the left.  c) Wind rose plot showing the 

temporal proportion of the migrating cells in b spent in each angular bin. 0 indicates 

the direction of the gradient.  d) Average FMI values versus relative gradient 

steepness (steepness divided by median intensity) of all experiments (n = 65, total 

number of cells = 746). Linear regression of the average FMI values to the relative 

gradient steepness is shown in dashed line. Scale bar: 10µm. ..................................94 

Fig. 4.6 B-cell haptotactic responses are stronger towards steep CXCL13 gradients. a) 

Angular tracks of cells initially migrating against (top, n = 431) and towards 

(bottom, n=264) the higher gradient of the whole dataset (n = 695).  b) Normalized 

distribution of the centroid movement angles at each time point of cells initiated 

against (top) and towards (bottom) the higher gradient of the whole dataset.  c) 

Average autocorrelation coefficient distribution of track segments binned by the 

initial movement angle at different time points of the whole dataset. Bin size is 45 

degree.  d) Angular tracks and e) angular distribution of cells initially migrating 

against (top, n = 129) and towards (bottom, n=76) the higher gradient of the 

moderate gradient subset (n = 205).  f) Average autocorrelation coefficient 

distribution of track segments binned by the initial movement angle at different time 

points of the shallow gradient subset.  g) Angular tracks and h) angular distribution 

of cells initially migrating against (top, n = 168) and towards (bottom, n=108) the 

higher gradient of the moderate gradient subset (n = 276).  i) Average 

autocorrelation coefficient distribution of track segments binned by the initial 

movement angle at different time points of the steep gradient subset.  j) Angular 

tracks and k) angular distribution of cells initially migrating against (top, n = 134) 

and towards (bottom, n=80) the higher gradient of the steep gradient subset (n = 

214).  l) Average autocorrelation coefficient distribution of track segments binned 

by the initial movement angle at different time points of the steep gradient subset. 
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CHAPTER 1 

Introduction to B and T Lymphocyte Migration 
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1.1 Introduction 

The objectives of my research are 1) understanding the mechanics of chemokine-

induced lymphocyte migration, manifest as changes in cell shape (morphodynamics); 2) 

understanding the haptotactic migration of lymphocytes in response to chemokine gradients; 

and 3) developing computational models to help explain lymphocyte migration behavior.  A 

network of chemokines, such as CXCL12 and CXCL13, directs the trafficking and 

localization of B and T lymphocytes in vivo, which are critical to the adaptive immune 

response.  Currently, it is not feasible to study cell migration in response to chemokines in 

vivo, because chemokine concentration fields cannot be visualized in vivo, and the prospect 

of distinguishing the contributions of different chemokines to the overall response presents a 

major challenge.  Therefore, studying the fundamentals of lymphocyte migration in vitro, in a 

controlled environment, is necessary to advance mechanistic understanding of the process.  

Towards that goal, our studies of lymphocyte migration on surfaces presenting chemokine 

gradients promise valuable insights and characterization of directed lymphocyte migration 

that might be extrapolated to more complex environments. 

Cell migration is characterized not only by translocation of the cell centroid but also 

by morphological changes.  Previous studies have shown that cell morphodynamics provide 

unique information about the mechanics of cell migration, for both mesenchymal and 

amoeboid cells (1, 2).  Hence we adopted such an approach for lymphocyte migration.  In 

conjunction with computational image analysis of the observed morphodynamics, we 

implemented a computational model based on hypothetical F-actin feedback mechanisms to 

simulate lymphocyte morphodynamics and predict cell responses to chemokine gradients. 
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In this thesis, we investigated the chemokine-stimulated random and directed 

migration of B and T cells and developed a computational model to help explain lymphocyte 

migration behavior.  In the remainder of this chapter, the pertinent biology of chemokine 

signaling and lymphocyte migration is reviewed.  Thereafter, in Chapter 2 we present our 

efforts to link the morphodynamics and directional persistence of random T-cell migration.  

In Chapter 3, we present a stochastic model and computational analysis of simulated T-cell 

morphodynamics and compare model predictions to statistics of random cell migration from 

experiments, and we explore simulations of gradient-directed T-cell migration.  Although 

time and other constraints did not allow us to validate predictions related to T-cell haptotaxis, 

we did perform a morphodynamic analysis of B-cell random migration, and we analyzed the 

fidelity of B-cell haptotactic responses; this is presented in Chapter 4.  Finally, Chapter 5 

offers a summary of our conclusions and ideas about future work. 

  

1.2 B and T Lymphocytes 

B and T lymphocytes are two types of white blood cells, or leukocytes, involved in 

adaptive immune responses.  Lymphocytes reside in our bodies’ circulation and home to 

specific sites when certain signals are detected (Fig. 1.1) (3, 4).  B and T lymphocytes have 

different subtypes depending on their differentiation stage and contact with stimuli.  Upon 

antigen challenge, the population of antigen-specific lymphocytes rapidly grows (clonal 

expansion), often accompanied by changes in cell behavior (5).  Lymphoid tissues, either 

well structured as in lymph nodes or loosely organized in other organs like spleen, contain 

high densities of various lymphocyte subtypes (6, 7).  The lymphocyte-compacted regions in 
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lymphoid tissues are called lymphoid follicles.  As B and T lymphocytes respond to antigen, 

lymphoid follicles expand and organize into germinal centers (GCs), in which the cells adapt 

their migratory behaviors and signaling specificities (8–10). 

 

 

Fig. 1.1  Lymphocyte homing and recirculation. T and B lymphocytes shown include all 
subtypes.  Ag: antigens. 
 

1.3 Cellular Dynamics in Lymphocyte Migration 

1.3.1 Integrins and chemokines in lymphocyte migration 

Certain cell-surface receptors of the integrin family are expressed on the surface of 

lymphocytes and mediate adhesion to the extracellular matrix or attachment with other cells 

(11–13).  Lymphocyte function-associated antigen-1 (LFA-1) binds to intercellular adhesion 

molecule-1 (ICAM-1) presented on the surface of other cells and initiates adhesion of T cells 

(14–16).  Very late antigen-4 (VLA-4) is an integrin dimer that binds to vascular cell 

adhesion molecule-1 (VCAM-1) and assists lymphocyte transmigration through the 

endothelium (17, 18).  The localization of B cells is also dependent on the functions of LFA-
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1 and VLA-4 (19).  In response to certain cues, integrins often undergo a conformation 

change before mediating stable adhesion, a process called inside-out signaling.  According to 

this paradigm, chemokine stimulation elicits an increase in integrin affinity and thus induces 

cytoskeletal rearrangement, cell polarization, and cell migration (Fig. 1.2) (20, 21). 

 

 

Fig. 1.2  Chemokine-dependent activation of LFA-1. 
 

1.3.2 Cytoskeletal dynamics in lymphocyte migration 

Rearrangements of the cytoskeleton include F-actin network reorganization at the cell 

leading edge (lamellipod) and myosin-dependent contraction in the rear (uropod) (Fig. 1.3) 

(20, 22, 23).  To migrate efficiently, cells need to detach and retract the uropod, and evidence 

implicates myosin IIA in LFA-1 detachment and tail retraction in T cells (20, 24).  Whereas 

the role of myosin II is controversial in fibroblasts and epithelial cells (25, 26), it has been 

shown that myosin II promotes migration of amoeboid cells such as Dictyostelium (27, 28); 

therefore, it seems likely that myosin IIA is important for B-cell tail retraction and overall 

mobility as well. 
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Fig. 1.3  Mesenchymal vs. amoeboid motility and chemotaxis.* The illustrations and table 
compare the structural and dynamic features of mesenchymal migration with those of 
amoeboid cells such as neutrophils and lymphocytes. 
 

1.4 Chemokine Network 

1.4.1 Germinal center dynamics 

Germinal centers (GCs) are developed lymphoid follicles that form in response to 

antigen stimulation, compacted with different types of lymphocytes.  Two regions of a 

typical GC are distinguishable and are called the light zone (LZ) and the dark zone (DZ) 

(Fig. 1.4) (29).  The LZ mainly contains T-helper cells, B cells, and follicular dendritic cells 

                                                
* Reprinted with permission from James E Bear, Jason M Haugh, “Directed migration of 
mesenchymal cells: where signaling and the cytoskeleton meet.” Current Opinion in Cell 
Biology, Volume 30, (October 2014): 74-82 
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(FDCs).  FDCs are antigen-presenting cells that interact with T-helper cells.  FDCs are also 

the main CXCL13-secreting cells in GCs, and they express ICAM-1; thus, they facilitate 

FDC-B-cell interactions (30).  The DZ contains mostly B-cells undergoing proliferation and 

somatic hypermutation.  B cells proliferating in the DZ are called centroblasts, in which 

CXCR4 (the receptor for CXCL12) is highly expressed.  After transiting to the LZ, the 

centroblasts become centrocytes, as CXCR4 expression is lost.  Centrocytes die unless they 

express the right antibodies that recognize the antigens presented by FDCs.  The rescued 

centrocytes receive final signals from T-helper cells and become either antibody-secreting 

plasma cells or memory B cells responsible for long-term immunity (8–10). 

 

1.4.2 Chemokine-directed lymphocyte localization in germinal centers 

In GCs, there is no physical barrier or boundaries between the DZ and LZ; instead, 

the chemokine network organizes the localization of B and T cells (Fig. 1.4) (5, 7).  

CXCL12, secreted by stromal cells, and CXCL13, mainly secreted by FDCs, are two widely 

studied GC chemokines.  CXCL12 binds to the CXCR4 receptor expressed by centroblasts in 

the DZ and which is lacking in centrocytes in the LZ.  It is thought that gradients of CXCL12 

are directed towards the DZ, attracting proliferating centroblasts, mature plasma cells, and T-

cells.  CXCL13 binds to the CXCR5 receptor, and its gradient directs centrocytes from the 

DZ to the LZ as they lose CXCR4 expression and thus become unresponsive to CXCL12 (9, 

10).  The total picture of lymphocyte dynamics in GCs is far more complicated than 

described here, involving additional chemokines and cell-cell interactions (3, 4, 31).  There 

are several hypothetical models describing GC dynamics, aimed at describing B-cell 
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differentiation.  The involvement of T cells is the main difference between competing models 

(9, 32).  We argue that more data is needed to inform such models, and that studying the 

characteristics of T- and B-cell migration in vitro can provide mechanistic insights that in 

vivo studies of lymphocyte trafficking presently cannot. 

 

Fig. 1.4  Germinal center dynamics.*  B and T lymphocyte localization in the germinal center 
orchestrated by CXCL12 and CXCL13 gradients established by chemokine-secreting 
follicular dendritic cells (FDCs) and stromal cells (SCs). CXCR4 and CXCR5 expression is 
illustrated qualitatively by the corresponding symbols.  LZ: light zone; DZ: dark zone. 
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CHAPTER 2 

Linking Morphodynamics and Directional Persistence of T Lymphocyte Migration* 

  

                                                
* Adapted from Liu, X., E. S. Welf, and J. M. Haugh. “Linking Morphodynamics and 
Directional Persistence of T Lymphocyte Migration.” Journal of The Royal Society Interface 
12, no. 106 (April 22, 2015): 20141412–20141412. doi:10.1098/rsif.2014.1412. 
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2.1 Introduction 

T lymphocytes are essential players in adaptive immune responses to infection, and 

the orchestrated, directed migration of these cells into targeted tissues and their recirculation 

are required for their functional responses (1).  Chemokines play a central role in directing T-

cell trafficking by establishing tissue-specific “address codes” that guide the lymphocytes to 

the proper sites (2).  Accordingly, chemokines synergize with adhesive ligands to promote 

migration of isolated, naïve T cells (3).  The chemokine CXCL12 (or stromal cell-derived 

factor-1, SDF-1) is recognized by the G protein-coupled chemokine receptor, CXCR4, which 

mediates chemotactic responses of T cells and also naïve B lymphocytes.  Accordingly, 

CXCL12/CXCR4 signaling is critical for T-cell development in the thymus and T-cell 

trafficking into secondary lymphoid tissues (lymph nodes and spleen) (1).  Within those 

tissues, CXCL12 further guides lymphocyte movements and is especially important in the 

dynamics of germinal centers (4–6). 

Lymphocyte function-associated antigen-1 (LFA-1) is a heterodimeric adhesion 

receptor of the integrin family that is abundantly expressed on the surface of T lymphocytes; 

it mediates lymphocyte adhesion to the extracellular matrix and to other cells (7–9).  LFA-1 

engages intercellular adhesion molecule-1 (ICAM-1/CD54) molecules displayed by other 

cells, initiating cell-cell adhesion and immune synapse formation (3, 9).  However, LFA-1 is 

maintained in a low-affinity state in the absence of chemokine stimulation.  Inside-out 

signaling from active chemokine receptors to LFA-1 is required before integrin-mediated 

outside-in signaling can be activated (12, 13).  Subsequent rearrangement of the 

cytoskeleton, including reorganization of the F-actin network at the cell’s leading edge and 
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myosin-dependent contraction at the rear, result in cell polarization and locomotion (14). 

Studies have revealed a key role for Myosin IIA in detachment of LFA-1 adhesions and tail 

retraction in T cells (15).  More recent evidence suggests further that Myosin IIA and LFA-1 

functions are integrated, manifest as distinct T-cell migration modes described as walking 

and sliding.  Walking is characterized by fast migration and loose/sporadic adhesion to the 

surface, whereas sliding is characterized by slower migration and more extensive and 

continuous cell contact (16).  

T-cell migration elicited by CXCL12 and other chemokines has been widely studied, 

yet most studies have focused on the result of migration rather than the mechanics of the 

process.  Characterization of the cells’ morphodynamics, i.e., how the shape of a cell changes 

during migration, lends direct insight into the statistics of cell centroid translocation and 

potentially about the coordination of F-actin polymerization and myosin contractility.   

In this study, we used total internal reflection fluorescence (TIRF) microscopy to 

illuminate the contact areas of primary T cells as they crawled on surfaces with immobilized 

CXCL12 and ICAM-1.  We show that mouse T-cell migration is characterized by frequent 

bifurcation of the leading edge.  Of the two protruding extensions generated by each 

bifurcation, one is a dominant extension that continuously protrudes forward, while the other 

ceases protrusion and acts as a pivot point for cell turning.  Statistical analyses suggest that 

turning behavior is not random, i.e., that T cells exhibit two distinct migration states: smooth 

turning, with less frequent bifurcations and protrusion dominating on the same side of the 

migration axis, and persistent migration, which is marked by more frequent bifurcation 

events and alternating/switching of the dominant protrusion between sides. 
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2.2 Results 

2.2.1 T lymphocyte migration is characterized by bifurcation of the lamellipodium at the 

cell’s leading edge 

TIRF microscopy was used to monitor a cohort of 38 primary, murine (naïve) T 

lymphocytes as they migrated randomly on surfaces with immobilized ICAM-1 and the 

chemokine, CXCL12/SDF-1.  Analysis of these high-resolution data by morphodynamic 

mapping (17, 18) elucidates changes in the shape of the contact area during T-cell crawling.  

The primary characteristic of these dynamics was found to be the bifurcation, or lateral 

branching, of the protruding leading edge into two distinct lobes.  As shown for a 

representative sequence, the dominance of one branch over the other results in a change in 

the direction of overall cell migration (Fig. 2.1A).  This phenomenon is depicted on the 

morphodynamic map (Fig. 2.1B) as follows.  Pixels associated with the two protruding lobes 

are marked as structures that are morphologically extended from the cell body (17), as are the 

pixels associated with the uropod in the rear (black dots).  These structures are distinguished 

by overlaying edge velocity data, with protrusion and retraction marked by red and blue hues, 

respectively.  The map also shows changes in the direction of cell centroid translocation 

(green dots; Fig. 2.1B). Thus, the map shows the bifurcation and wave-like separation of the 

protruding lobes during the first 30 seconds of the sequence; thereafter, the dominant lobe 

accelerates its protrusion while the other comes to rest, accompanied by a shift in 

translocation direction.  Thus, the “abandoned” protrusion serves as a pivot point for cell 

turning (Fig. 2.1B).  During this sequence, the uropod maintains its direction of retraction, 
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but the angular position of this movement relative to the centroid shifts with time (compare 

Fig. 2.1A&B). 

In the sequence described above, the abandoned protrusion visibly merged with the 

trailing uropod, an occurrence observed for 41% of bifurcation events.  More often (59% of 

bifurcation events), the abandoned protrusion fails to merge with the tail and is simply 

retracted, as shown in another representative sequence (Fig. 2.1C, 45 seconds).  This 

particular cell also shows a rare behavior (4 instances total detected): reorganization, even 

reversal, of its front-rear polarity.  In the representative sequence, this occurs between 60 and 

90 seconds without gross changes in the size or shape of the contact area (Fig. 2.1C).  In the 

morphodynamic map (Fig. 2.1D), the protruding and retracting regions pause and then swap 

positions, indicating a reversal of the migration polarity. 
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Figure 2.1  T lymphocyte migration is characterized by bifurcation of protrusions at the 
leading edge.  a) Representative TIRF montage of a murine T cell executing a turn by 
bifurcation of the leading edge.  The arrowheads mark morphological extensions that are 
protruding (red), retracting (blue), or stationary (gray).  Scale bar = 10 µm.  b) 
Morphodynamic map of the sequence depicted in a. Pixels associated with structures that are 
morphologically extended from the cell body are marked as black dots overlaid with edge 
velocity data, with protrusion and retraction marked by red and blue hues, respectively.  The 
map also shows changes in the direction of cell centroid translocation (green dots).  c) TIRF 
montage showing an uncommon instance of a T cell abruptly changing migration polarity.  
Extensions are labeled as in a.  Scale bar = 10 µm.  d) Morphodynamic map of the sequence 
depicted in c, constructed as in b. 
 

2.2.2 T lymphocyte migration directionality is determined by the fates of extensions formed 

by bifurcation of the leading edge 

Having established the phenomenon of lamellipodial bifurcation in migrating T cells, 

we postulated that the fates of these protrusions govern turning behavior and thus determine 



 

18 

the cells’ directional persistence.  For extended periods of random migration, the 

spatiotemporal maps show frequent branching of extending protrusions at the leading edge 

and relatively smooth retraction of the cell rear (representative cell depicted in Fig. 2.2A).  T 

cells migrated rapidly (average speed = 7.9 mm/min), with directionality shifting in 

alignment with the dominant protrusion.  As a result, the cells typically exhibited frequent 

changes in direction, even while cell directionality exhibits persistence (i.e., remains 

correlated) over a somewhat longer time scale (Fig. 2.2A, green dots).  The overlaid cell 

outlines exemplify how the cells actively changed shape and executed sharp turns during 

random migration (Fig. 2.2B).  To relate turning behavior to leading-edge branching, we 

documented the approximate time interval during which each branching event occurred (Fig. 

2.2C) along with the fates of the two protrusions that were formed (Fig. 2.2D); with regard to 

the latter, we noted 1) whether the dominant protrusion extended to the left or to the right of 

the apparent migration axis and 2) whether the abandoned extension persisted and merged 

with the uropod or was retracted.  This information is depicted along with the path of the cell 

centroid as a graph (Fig. 2.2D), in which each branching event is marked by a pair of 

segments signifying the orientations of the nascent protrusions relative to the migration axis 

(left and right) and the fates of those protrusions (dominant, tail-merge, and retracted); the 

relative length of each segment corresponds to the recorded lifetime of the extension.  The 

graph for the representative cell illustrates that noticeable changes in directionality tend to be 

associated with the pivoting behavior illustrated in Fig. 2.1A&B, i.e, when the abandoned 

extension merges with the tail.  Strikingly, the cell achieved tight turns by executing a series 

of branches of this kind, oriented in the same direction (Fig. 2.2D, arrows). 
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Figure 2.2  T lymphocyte migration directionality is determined by the fates of extensions 
formed by bifurcation of the leading edge.  a) Morphodynamic maps of a representative 
migrating cell.  Left: pixels associated with structures that are morphologically extended 
from the cell body are marked as black dots.  Center: edge velocity data, with protrusion and 
retraction marked by red and blue hues, respectively.  Right: Overlay of the morphology and 
protrusion maps, also showing changes in the direction of cell centroid translocation (green 
dots).  b) Stacked outlines of the cell depicted in a.  Blue is the initial time point; red the end.  
Large-scale turning events are labeled with times as indicated.  Scale bar = 10 µm.  c) 
Accumulation of bifurcation events for the cell shown in a&b.  Each event is labeled as 
indicated according to whether the dominant protrusion was on the left or right side of the 
migration axis.  d) For the same cell analyzed in a–c, bifurcation events marked on the cell 
centroid track (green) showing the fates and orientations (left and right) of each protrusion.  
The relative length of each segment corresponds to the recorded lifetime of the extension. 
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2.2.3 Lamellipodial bifurcation is rapid compared with cell movement and shows temporal 

characteristics of a spontaneous process 

Having established the nature of the morphodynamics, we sought to characterize the 

process of protrusion bifurcation across the T-cell cohort in more quantitative terms.  The 

waiting times between successive branching events were determined by inspection of the 

morphodynamic maps, within time intervals of 0.5 min (from experience, the limit of 

resolution for a manual estimate).  The normalized waiting-time distribution (WTD) is 

presented as a histogram and compared with that of a spontaneous, memoryless process, i.e., 

an expontential distribution (Fig. 2.3A).  The fit of the distribution is good, with a theoretical 

mean t = 0.66 min.  The experimental data set showed a subtle but noticeable deviation from 

the fit for the 0.5-1 min bin, suggesting that a statistical model with more parameters might 

be needed to fully describe the data.  Consistent with this view, we found a significant 

difference between the WTDs for successive bifurcation events that favored the same side of 

the migration axis (τ = 0.82 min) versus those where the dominant protrusion switched sides 

(τ = 0.55 min) (Fig. 2.3B); we also note that there is a modest bias towards switching 

(264/488 = 54%).  These results suggest that the fates of bifurcated lamellipodia are not 

entirely random, and that there might be distinct states of the migrating T cell associated with 

its tendencies to turn. 

To compare these temporal characteristics of lamellipodial bifurcation to those of the 

overall cell movement, we calculated the autocorrelation coefficient of the cell movement 

vector with varying time lag (19).  The analysis shows a rapid loss of correlated movement, 

within ~ 0.5 minute, but also persistent positive correlation over longer periods of 
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observation (Fig. 2.3C).  Our interpretation is that the fast time scale is associated with 

leading-edge bifurcation and reflects the rapid shifts in cell centroid position seen in 

protrusion maps (e.g., Fig. 2.2A), whereas the slower time scale (>2 min) reflects the 

directional persistence of the overall translocation process.  As a point of comparison, we fit 

the mean squared cell centroid displacement as a function of time interval to a persistent 

random walk model (39) (Fig. 2.3D).  The best-fit value of the persistence time is 2.5 min, 

comparable to the time scale of the slower decay of the autocorrelation coefficient. 

 

Figure 2.3  Lamellipodial bifurcation is rapid compared with cell movement.  a) Normalized 
waiting-time distribution (WTD) for pairs of consecutive bifurcation events (n = 488).  The 
red symbols are the corresponding best-fit values assuming an exponential distribution.  The 
inset shows the semi-logarithmic plot of the same data set.  b) WTDs for bifurcation pairs 
where the two dominant protrusions were on different sides of the migration axis (switch) (n 
= 264) or on the same side (n = 224).  The corresponding exponential fit values are indicated 
by red and blue symbols, respectively.  The inset shows the semi-logarithmic plots of the 
switch (red) and same-side (blue) data.  c) The autocorrelation coefficient of the cell 
movement vector as a function of the time lag.  The gray region indicates the 95% 
confidence interval.  d) Mean-squared displacement as a function of time interval.  The red 
line is the best fit to a persistent random walk model. 
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2.2.4 Periods of T lymphocyte migration persistence/turning are associated with distinct 

leading-edge bifurcation tendencies 

Taken together, the analysis presented thus far suggests that mouse T cells execute 

sharp turns when bifurcation of the leading edge favors clockwise/counterclockwise 

movement, i.e., with the dominant branch consistently on the right/left of the migration axis.  

The converse argument is that the cells must alternate the orientation of the dominant 

protrusion to maintain persistent motion.  To show this, we first identified periods of straight 

migration (n = 84) and turning (n = 157) based on the patterns visible in the cells’ 

morphodynamic maps (Fig. 2.4A&B).  Consistent with the WTD analysis described above, 

the temporal resolution was chosen as 0.5 min.  For each period, the displacement-over-

traveled distance (D/T) ratio of the centroid path was calculated as a measure of its 

directional persistence (Fig. 2.4C, inset), and the distributions of D/T values for straight and 

turning periods were compared (Fig. 2.4C).  As expected, the analysis confirms that the D/T 

persistence values for the turning group are significantly lower.  The durations of the straight 

and turning periods show non-exponential distributions, indicating a degree of memory (Fig. 

2.4D).  Consistent with that notion, the average durations of straight (2.1 min) and turning 

periods (1.8 min) are much longer than the estimated waiting time between bifurcation events 

and comparable to the estimated persistence time of 2.5 min.  These distributions are 

reflected in the numbers of bifurcations per period (Fig. 2.4E).  Still, there are substantial 

numbers of both straight and turning periods with durations less than 1 min (and with only 

one bifurcation event), explaining the broad distributions of D/T values for the two groups 

(Fig. 2.4C). 
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For straight and turning periods with at least two bifurcation events, we considered all 

pairs of consecutive bifurcation events and calculated the fraction of pairs that switched sides 

of the migration axis (left-right or right-left) for each period (Fig. 2.4F).  Consistent with our 

hypothesis, the switching fraction of the straight group is significantly higher than that of the 

turning group, as shown for periods with at least three (two pairs of) bifurcations (Fig. 2.4F, 

green dots).  In both groups, there are also many periods with only two branches, for which 

the switching fraction is either 1 or 0; among these, values of 1/0 are enriched in the 

straight/turning group (Fig. 2.4F, blue dots). 
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Figure 2.4  Persistent and turning migration states are associated with switching and same-
side bifurcations.  a&b) Morphodynamic maps of representative straight (a) and turning (b) 
migration periods.  Green dots indicate the cell centroid track.  c) Distributions of 
displacement-over-distance traveled (D/T) ratio for straight (n = 84) and turning (n = 157) 
periods.  Each box and whiskers indicates the quartiles of the distribution; red dots: mean 
values.  p value: Student’s t-test.  d) Normalized distribution of time duration for straight and 
turning periods.  e) Normalized distribution of number of branches for straight and turning 
periods.  f) Distributions of bifurcation switching fraction for straight and turning periods.  
The switching fraction is defined as the fraction of consecutive bifurcation pairs that switch 
sides of the migration axis (left-right and right-left).  Each box and whiskers indicates the 
quartiles of the distribution of periods with at least two bifurcation pairs (N ≥ 3).  The blue 
dots are switching fractions for periods with only one bifurcation pair (N = 2); the numbers 
indicate the number of occurrences when the switching fraction was 0 or 1.  Red dots: mean 
values.  p value: Student’s t-test. 
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2.3 Discussion 

The conceptualization of cell turning as a competition between the two sides of the 

leading edge is decades old (20) and has been refined by more recent experimental 

observations for different cell types (21, 22).  This work characterizes the morphodynamics 

of murine T-cell migration in relation to turning behavior that affects directional persistence.  

On a surface coated uniformly with CXCL12 and ICAM-1, T lymphocyte migration is 

marked by bifurcation of the cell front, with turning determined by the dominance of one of 

the protrusions thusly formed.  Analysis of this process revealed that, although leading-edge 

bifurcation occurs with a characteristic frequency, the determination of the dominant 

protrusion is not random.  Rather, the evidence suggests that control of leading-edge 

bifurcation manifests as two distinct turning states: one that favors a persistent, straight 

migration path and the other that favors large-scale turns.  The characteristics of these turning 

states are unrelated to the walking and sliding modes of T-cell migration previously reported, 

which were distinguished based on cell speed and adhesion (16).  Our surfaces were coated 

with high ICAM-1 concentration, promoting stable cell adhesion.  Therefore, the continuous 

T-cell contact areas we recorded and analyzed match the description of sliding cells.  A more 

complete conceptual model of T-cell locomotion should consider both the ‘translational’ and 

‘rotational’ aspects of movement and how they vary as a function of the cell’s 

microenvironment. 

Given its amoeboid character, it is not surprising that T-cell migration behavior shares 

certain similarities with that of the amoeba, Dictyostelium discoideum.  Pseudopod splitting 

in D. discoideum is well established, as is the maintenance of directional persistence by 
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alternating branch directions (23–25).  There are also marked differences between the two 

cell types.  Morphologically, D. discoideum cells crawl by elongation of pseudopods from 

which new pseudopods split off at approximately a 60-degree angle (24), whereas leading-

edge bifurcations in T cells occur more frequently (relative to cell speed) and form less 

pronounced extensions that separate from one another laterally.  These features are not 

readily resolved using standard fluorescence microscopy; our analysis was enabled by TIRF 

microscopy.  Further, the turning state whereby T cells execute a series of pivots on the same 

side of the migration axis, has not been described in randomly migrating D. discoideum; in 

that context, turning is attributed to de novo formation of pseudopods in random directions 

(24). 

 

2.4 Materials & Methods 

2.4.1 Cell culture and preparation 

T lymphocyte culture medium was RPMI1640 supplemented with 25 mM HEPES, 

10% FBS, and 1% sodium pyruvate.  Mostly naïve T lymphocytes were isolated from 

C57BL/6 mouse spleens, kindly provided by the laboratory of Garnett Kelsoe (Duke 

University).  Mouse spleens were cut in halves and ground with frost slides in culture 

medium.  The cell mixture was filtered through a 130µm mesh, and T cells were isolated 

following the standard protocol of the Dynabeads® Untouched™ Mouse T Cells kit 

(Invitrogen).  In brief, the cell mixture was re-suspended to 5x107 cells/ml and mixed with 

125 µl pre-washed Dynabeads for every 1 ml of the mixture.  The cells and beads were 

incubated at room temperature with gentle tilting and rotation for 20 minutes prior to 
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magnetic selection.  The unbound T-cells in the supernatant were collected and re-suspended 

in T-cell culture medium at 2x106 cells/ml.  T cells were then transferred to 100mm cell 

culture dish and kept in 37oC, 5% CO2 cell culture incubator for the length of the tests 

without changing medium.  The cells were collected for tests 24 h and 48 h after isolation.  

All tissue culture reagents were purchased from Invitrogen unless otherwise indicated.  

 

2.4.2 T-cell migration assay surface preparation 

Glass-bottom dishes (MatTek) were coated first with 10 µg/ml Protein A (Invitrogen) 

and 5 µg/ml chemokine CXCL12-his at room temperature for 2 h.  The surfaces were washed 

once with 1% mass per volume BSA (Sigma) in PBS.  Then 5 µg/ml human or mouse 

ICAM-1/CD54 Fc chimera (R&D Systems) was added and incubated at room temperature 

for 2 h.  The surfaces were washed once and blocked with 1% mass per volume BSA in PBS 

at 4oC overnight.  The surfaces were washed with warm migration medium (phenol red-free 

RPMI1640, 1% mass per volume BSA) before adding cells.  CXCL12-his was kindly 

provided by the laboratory of William Reichert (Duke University).  It was confirmed that the 

observed biological activity of CXCL12-his was comparable to commercially available 

CXCL12. 

 

2.4.3 Random migration assay 

T cells were labeled with Vybrant® DiO (Invitrogen) following the manufacturer’s 

protocol.  In brief, T-cells were re-suspended in warm migration medium at 106 cells/ml and 

mixed with DiO solution in the ratio of 5 µl DiO to 1 ml cell solution.  The mixture was 
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incubated at 37oC for 2 minutes and then washed with migration medium.  The cells rested 

for 10 minutes prior to seeding.  Approximately 2.5x105 cells were added onto the migration 

surface and allowed to adhere for 5 minutes at 37oC.  The cells were imaged by prism-based 

total internal reflection fluorescence (TIRF) microscopy at 37°C in a humidified chamber.  

Images were acquired at a rate of 20 frames/min with a 40X, 0.8 NA Achroplan water-

dipping objective (Carl Zeiss), ORCA-ER cooled charge-coupled device (Hamamatsu 

Photonics), and MetaMorph software (Universal Imaging). 

 

2.4.4 Computational image analysis 

Image analysis was performed using MATLAB software (MathWorks).  Codes for 

identification and spatiotemporal mapping of protruded/retracted areas and extended 

morphological structures were described previously (17). Protrusion/retraction maps were 

constructed by binning the angular position (rounded to the nearest whole angle in degrees, 

relative to the vector pointed from the cell centroid in the negative x-direction) of each 

protruded/retracted pixel, as compared with the previous frame for each time interval of a 

time-lapse experiment.  Protrusion or retraction velocity was calculated as the net change in 

number of protruded/retracted pixels along the indicated angle (multiplied by the pixel size), 

divided by the change in time.  Extension maps were determined by summing the number of 

pixels within an extended structure (local cellular regions where the distance of perimeter 

pixels was greater than the local mean from the cell centroid), and they were plotted using 

the same structure as for protrusion/retraction maps. 
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2.4.5 Waiting-time distributions 

The waiting time and lifetime of each phenotypic event were manually documented 

with a temporal resolution of 0.5 minute.  To compare the waiting time distribution to that of 

a random process, we assessed the quality of fit to an exponential distribution, i.e., the 

probability density function (PDF) as follows. 

  (1) 

The probability that an event occurs between times t and t + Dt is found by integrating 

the PDF. 

  (2) 

Considering that the actual waiting time between events detected, for example, during 

successive detection periods varies between zero and 2Dt, the expected probability of 

detecting events during the nth interval is as follows. 

  (3) 

We also consider the expected portion of the probability associated with missing 

those events that occur within the same period of observation as follows. 

  (4) 

p(t) = 1
τ
exp(−t τ )

P = p( !t )d !t
t

t+Δt
∫

= e−t τ − e− t+Δt( ) τ

= e−t τ 1− e−Δt τ( )

Pavg,n =
1
2
e−(n−1)Δt τ + e−nΔt τ( ) 1− e−Δt τ( )

=
1
2
e−(n−1)Δt τ 1+ e−Δt τ( ) 1− e−Δt τ( )

Pmissed =
1
2
1− e−Δt τ( )
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Thus, we confirm the validity of Eq. 2 as the correct probability, posed as follows for 

the nth interval, with Dt = 0.5 minute. 

  (5) 

All fits were obtained using the curve fitting toolbox of MATLAB. 

 

2.4.6 Persistent random walk model 

The mean square displacement, <d2>, was calculated for varying time intervals Dt.  

The trend was fit to the common persistent random walk model (26) as follows. 

d 2 = 2S2P Δt −P 1− e−Δt P( )#
$

%
&   (6) 

The fit parameters are the speed S and persistence time P.  The fit was obtained using 

the curve fitting toolbox of MATLAB. 
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CHAPTER 3 

Computational Modeling of T Lymphocyte Random and Directed Migration* 

  

                                                
* Partially adapted from Liu, X., E. S. Welf, and J. M. Haugh. “Linking Morphodynamics 
and Directional Persistence of T Lymphocyte Migration.” Journal of The Royal Society 
Interface 12, no. 106 (April 22, 2015): 20141412–20141412. doi:10.1098/rsif.2014.1412. 
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3.1 Introduction 

As described in Chapter 2, chemokine-stimulated T-cell migration is characterized by 

frequent bifurcations of the cell’s leading edge.  The migration directionality is determined 

by the dominance of the protrusions thusly formed.  T-cell migration apparently exhibits 

distinct states, one favoring a persistent, straight migration path and the other favoring large-

scale turns.  Statistical analyses suggested that the migration states have a distinct (longer) 

time scale than that of branching, providing an impetus for computational modeling to 

understand the underlying mechanism; moreover, we sought to predict how T-cell migration 

might be biased by chemokine gradients. 

Certain hallmarks of amoeboid cell migration, such as spontaneous polarization and 

sensitivity to shallow chemoattractant gradients, suggest nonlinear dynamics at the level of 

signal transduction and/or the F-actin cytoskeleton (1, 2).  Mathematical modeling provides a 

framework for testing the plausibility of mechanisms that might encode observed migration 

phenotypes (3–5); considering that mechanistic/molecular details of T-cell migration are 

lacking, we sought to formulate a hypothetical model that explains observed phenomena on a 

qualitative level.  Previous models have considered that the Arp2/3 complex, activated by 

receptor-mediated signaling could promote the autocatalysis of F-actin barbed ends (6).  It is 

also commonly assumed in models of signaling polarization that F-actin barbed ends further 

promotes the signaling process with sufficiently high cooperativity (7–9).  Global inhibition 

of the signaling pathway balancing the positive feedback can establish a stable polarity (8).  

Previous models have shown that a local inhibition is common to cause bifurcation of the 
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leading edge (7, 10, 11).  In theory, such local inhibition/regulation may be important for the 

cell to track a non-stationary spatial cue (7).   

To simulate T-cell chemotaxis, two elements 1) gradient establishment and 2) ligand-

receptor binding reactions need to be incorporated into random migration model.  Ligand 

gradient generation has been well established since Crick’s study in 1970 (12).  Source-sink 

reactions are widely implemented in different models to simulate both linear and non-linear 

ligand gradients (13, 14).  Previous studies showed that chemokine signaling in T cells 

involves not only the chemokine-receptor binding but also the co-stimulation of the T cell 

receptor (TCR) pathway (15, 16).  It has been shown that the initiation of TCR signaling 

requires F-actin remodeling (17).  Active LFA-1, which binds to ICAM-1 with high affinity 

and mediates cell adhesion and migration, is also an indispensible element in chemokine 

signaling (18, 19).  The activation of the integrin LFA-1 is promoted by the F-actin network 

(20).  The evidences suggest that there is an extra activation step following the chemokine-

receptor binding to initiate the downstream signaling and the activation potentially by the 

signaling through TCR, LFA-1, etc. is associated with the F-actin network. 

In this study, we used a particle-based spatial stochastic simulator, Smoldyn, and 

implemented a spatiotemporal, stochastic model describing F-actin dynamics to help explain 

the bifurcation phenomenon and how distinct migration states might arise during T-cell 

random migration.  The model output is both qualitatively and quantitatively consistent with 

the experimental observation of T-cell random migration.  However, the introduction of 

chemokine gradients into the model induced chemorepulsive responses instead of the 

chemotactic responses to be expected.  We modified the generation of the local inhibitor 
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(poison) from active receptor-based to F-actin barbed end-based.  The modified random 

migration model generates similar results to the previous model.  The modified directed 

migration model output showed consistent chemotactic responses to different chemokine 

gradient profiles. 

 

3.2 Results 

3.2.1 A computational model based on plausible feedback mechanisms can explain 

lamellipodial bifurcation and T-cell migration states 

To describe the dynamics of F-actin polymerization underlying the membrane 

protrusion phenomena exhibited by T cells, we formulated a spatiotemporal, stochastic 

model in which species of molecules or molecular assemblies are treated as Brownian 

particles, and transformations occur probabilistically (Fig. 3.1A) (21).  In the model, F-actin 

barbed ends proliferate by branching in an autocatalytic fashion, facilitated by a hypothetical 

signaling pathway upstream of the Arp2/3 complex (6).  Protrusion of the leading edge in 

turn promotes activation of the signaling pathway, e.g. by promoting new interactions 

between chemokine receptors and integrins with their ligands immobilized on the surface. To 

balance the positive feedback, we included two processes.  One is depletion of the inactive 

signaling molecule from the fast-diffusing, cytosolic pool, which globally inhibits the 

signaling pathway to allow a stable polarity to be established.  To cause bifurcation of the 

leading edge, we reasoned that a second process must regulate or ‘poison’ the protrusion 

locally. A key feature is that the poison accumulates on a slow timescale relative to 

establishment of F-actin domains. 
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Stochastic simulations of this model with a two-dimensional disk geometry confirm 

that the proposed circuit is capable of forming F-actin domains that readily bifurcate and 

move laterally away from each other (Fig. 3.1B).  On the periodic boundary, however, the 

two domains most often coalesce on the other side, or in some instances their waves become 

entrained, consistent with deterministic calculations for related models (11). 

A key aspect of leukocyte migration that is missing from the model described above 

is the polarity of the cell.  Hence, we added to the model a parallel wave-pinning model that 

defines the cell rear, in which F-actin domains are destroyed due to myosin II-imposed 

contractility.  Conversely, the model includes a mechanism acting over an intermediate 

spatial range by which F-actin domains inhibit the rear.  The point of this feature of the 

model is not to impose the concept of opposing frontness and backness pathways per se; 

rather, the intention was to emulate the jostling of the front and rear by whatever 

mechanism(s), including mechanical tension (22).  With this modification, model simulations 

show bifurcating F-actin domains that are at any given time restricted to one side of the 

boundary (Fig. 3.1C). 

We next addressed whether distinct motility states of the types observed 

experimentally are recapitulated by the model, or if the simulated fates of the two domains 

produced by each bifurcation event are random.  Although periods of more random behavior 

were observed (as in the experiments as well), correlated behavior was prominent in the 

simulations (Fig. 3.1D).  In the context of the model, nonrandom outcomes depend on the 

balance between 1) pro-protrusion signaling feedback versus the negative influences of 2) the 

poison and 3) the cell rear.  All three of these subprocesses contribute to ‘memory’ of the 
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system, i.e., correlated behavior that persists through multiple bifurcation events.  When the 

dominant side of the cell front spawns a protrusion that moves to the other side, the new 

direction may be favored if the poison has cleared there, and if the newly spawned F-actin 

domain is able to establish pro-protrusion signaling (with the parent domain weakened by the 

cell rear); thus, an alternating state consistent with persistent migration is observed.  On the 

other hand, when the dominant side of the cell front is able to maintain the lion’s share of 

signaling to counteract the effects of the poison and cell rear, while the protrusion moving 

towards the other side cannot compete in that regard, the system tends to remain in a state 

consistent with active turning. 
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Figure 3.1  A computational model can explain lamellipodial bifurcation and T-cell 
migration states.  a) Schematic of the major interactions in the stochastic model.  b) Montage 
of a brief period of simulation during which an F-actin patch (green) bifurcates in the 
absence of a cell rear.  Inactive and active signaling molecules (blue and cyan, respectively) 
and a membrane-localized inhibitor (red) are depicted.  The receptor species is not shown.  c) 
Same as b but with an established cell rear module (beige).  d) Morphodynamic map of a 
simulated cell showing simulated F-actin waves as a proxy for protrusion (red) and the cell 
rear as a proxy for retraction (blue). 
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3.2.2 Statistics of simulated F-actin dynamics show qualitative trends that match those of 

leading-edge bifurcation in migrating T cells 

Although the purpose of our stochastic model is to provide conceptual hypotheses, 

statistics of the simulated dynamics are nonetheless comparable to those extracted from 

experiments.  This is achieved by analysis of simulated ‘protrusion/retraction’ maps, where 

F-actin density and the cell rear in the simulations are considered proxies for protrusion and 

retraction, respectively (as illustrated in Fig. 3.1D).  Consistent with the analysis shown in 

Fig. 2.3A&B, the normalized WTD of simulated F-actin bifurcations was close to 

exponential, with estimated mean t = 0.46 min (Fig. 3.2A), and there is a significant 

difference between the WTDs for successive bifurcation events where the dominant 

protrusion switched sides (t = 0.43 min) versus those that favored the same side of the 

migration axis (t = 0.52 min) (Fig. 3.2B).  We note that the units of simulated time are 

arbitrary and could be rescaled to produce a better quantitative match with experiment.  

Qualitatively, the shorter mean waiting time for switching bifurcations in the simulations is 

explained as follows.  In such instances, bifurcation is nearly coincident with the ‘collision’ 

of the F-actin domain with the cell rear boundary, whereas additional time is required to 

establish signaling that maintains a dominant protrusion on one side of the leading edge.  To 

assess the properties of simulated F-actin bifurcations related to straight migration versus 

turning, we performed the same analysis as in Fig. 2.4.  The durations of the straight (n = 84) 

and turning (n = 206) periods show non-exponential distributions with average durations of 

2.1 min and 1.7 min, respectively, similar to the experimental results (Fig. 3.2C).  Consistent 

with experiment, the switching fraction of the straight group is significantly higher than that 
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of the turning group (Fig. 3.2D).  This analysis indicates that the computational model is not 

only capable of simulating the two types of bifurcation and turning behavior; it also 

adequately describes the timescales associated with the shifting between states. 

 

 

 

Figure 3.2  Comparison of simulated F-actin dynamics to experiment.  a) Normalized 
waiting-time distribution (WTD) for pairs of consecutive bifurcation events (n = 686) in 
simulations with the same set of parameters as used in Fig. 3.1.  The red symbols are the 
corresponding best-fit values assuming an exponential distribution.  b) WTDs for switching 
(n = 450) or same-side (n = 236) bifurcation pairs.  The corresponding exponential fit values 
are indicated by red and blue symbols, respectively.  c) Normalized distribution of time 
duration for straight (n = 84) and turning (n = 206) periods identified in the simulation 
results.  d) Distributions of bifurcation switching fraction for straight and turning periods of 
the simulated results, analyzed as in Fig. 2.4D.  Each box and whiskers indicates the quartiles 
of the distribution of periods with at least two bifurcation pairs (N ≥ 3).  The blue dots are 
switching fractions for periods with only one bifurcation pair (N = 2); the numbers indicate 
the number of occurrences when the switching fraction was 0 or 1.  Red dots: mean values.  p 
value: Student’s t-test. 
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3.2.3 The model shows chemorepulsive response to chemokine gradients 

To incorporate chemokine gradients into the existing model, we introduced a 

chemokine flux on the left simulation boundary and a chemokine consumption reaction on 

the opposite side (12–14).  At steady state, the flux must be constant, and together with the 

ligand diffusivity this determines the constant concentration gradient according to Fick’s law.  

The concentration dependence of the reaction on the right boundary therefore determines the 

midpoint.  By adjusting the source rate only, we can maintain the relative steepness of the 

chemokine gradient and change the gradient steepness and the median concentration at the 

same scale.  To manipulate the relative gradient steepness without changing the median 

concentration, we kept the model cell centered in the simulated gradient field and changed 

the length of the field, L, and the chemokine diffusivity, D, by the same factor.  Thus we 

could systematically simulate cell responses to different ligand gradients.  A ligand-receptor 

binding reaction was added to the model to make the availability of activatable receptors 

chemokine-dependent (Fig. 3.3A).  As expected, we also observed the bifurcating F-actin 

waves in the model as before (Fig. 3.3B).  To estimate the directional responses of the 

simulated cells, we calculated the forward migration index (FMI) according to the positions 

of all F-actin barbed end molecules on the cells membrane, accumulated over time.  

Surprisingly, instead of chemotactic responses, the simulated responses are chemorepulsive, 

as indicated by a negative FMI value of -0.34 (Fig. 3.3C).  In this model, the poison 

molecules are generated by active receptors, dependent on the local chemokine 

concentration.  Bifurcation of F-actin domains requires that the poison eventually overpowers 
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the receptor-generated signaling that promotes F-actin growth; therefore, the region of the 

cell with the least receptor activation is actually the most favorable.   

We manipulated the chemokine gradient profiles by changing the source rate (Fig. 

3.3D, top panel).  The chemorepulsion was consistently observed for different gradient 

profiles but became progressively weaker as the gradient steepness was increased while the 

relative gradient steepness kept unchanged (Fig. 3.3D, bottom panel).  With the same relative 

gradient steepness, steeper gradients also correspond to higher median chemokine 

concentration.  At high chemokine concentrations, the receptors are saturated regardless of 

the gradient, yielding more random F-actin generation.  When the chemokine dose is above 

the saturation threshold, the directional responses become completely random. 

The relative steepness was manipulated by a factor of 1/a while keeping the median 

concentration the same by changing both L and D by the same factor a (Fig. 3.3E, top panel).  

The chemorepulsive responses were proportionally stronger towards steeper gradients yet 

maximized within the high relative steepness range above 0.037 (Fig. 3.3E, right panel).  In 

accordance, receptor saturation was observed in the chemokine-bound receptor distribution 

across the model cell when the relative steepness was above 0.037 (Supplemental Fig. 1).  

When keeping the midpoint concentration constant, if the chemokine gradients are shallower, 

the bias across the cell is also smaller.  Thus the chemorepulsive responses to shallower 

gradients are proportionally weaker.  However, the model cell cannot sense the gradients 

properly if the relative gradient steepness is high enough that the receptors start to be 

saturated.  Thus there will be a limit for the chemorepulsion strength, shown as a lower limit 

of the FMI values. 
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Fig. 3.3  The model shows chemorepulsive response to chemokine gradients.  a) Schematic 
of the major interactions in the model. Red arrow indicates the changed reaction.  b) Montage 
of a brief period of simulation during which an F-actin patch (green) bifurcates with an 
established cell rear module (beige).  Inactive and active signaling molecules (blue and cyan, 
respectively), a membrane-localized inhibitor (red) and the chemokine molecules (magenta) 
are depicted.  The receptor species is not shown.  c) Morphodynamic map of a representative 
simulated cell in response to chemokine gradients showing simulated F-actin waves as a 
proxy for protrusion (red) and the cell rear as a proxy for retraction (blue).  Source rate = 1, 
Sink rate = 10. Median concentration = 14. Relative gradient steepness = 0.045.  d) 
Quantification of chemokine gradient steepness in relative to the Source rate (top panel) and 
cell directional responses to different gradient steepness (bottom panel).  n = 7 for each 
group.  e) Quantification of chemokine relative gradient steepness in relative to the inverse of 
the scaling factor a of the gradient field length L and the chemokine diffusing rate D (top 
panel) and cell directional responses to different relative gradient steepness (bottom panel).  n 
= 7 for each group. 
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3.2.4 A modified model shows chemotactic response to chemokine gradients 

Local inhibition causes bifurcation of F-actin domains in our model.  Since the active 

receptor-dependent poison generation yields chemorepulsive responses to a simulated 

chemokine gradient, we considered whether an alternate poison generation mechanism would 

change the model outcome.  For example, the local inhibition could be dependent on the 

signal, equivalent to the active receptor-based poison generation in our previous model (23, 

24).  In certain models of chemotaxis, there is a local inhibitor, but the source is not tied to 

the external signal; rather, it is produced in response to an ‘activator’ species that is 

analogous to F-actin in our model (3, 7, 25).  Accordingly, we made a single modification to 

the model described above (Fig. 3.1A), changing the source of the poison from active 

receptors to F-actin barbed ends (Fig 3.4A).  We established chemokine gradients the same 

way as in the previous model.  The simulated cell shows similar bifurcation patterns to the 

previous model whereas the directional responses altered from chemorepulsive to 

chemotactic, as indicated by the positive FMI value of 0.15 (Fig 3.4B).  The bifurcation 

dynamics observed in the morphometric map, comparing to the dynamics shown in the 

previous model, includes more noises and short-lived F-actin patches.  However, the 

bifurcations in the front module are still the predominant dynamics.  The convergence of F-

actin waves moving towards each other is also present in the modified model.  In this model, 

the poison molecules are generated by F-actin barbed ends whereas the amplification of F-

actin barbed ends is dependent on the chemokine-activated receptors.  Thus the side 

presenting more active receptors is favorable to the generation of F-actin waves yet the 

poison generation is not biased.  With the receptor activation dependent on the chemokine 
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gradient, the model is capable of simulating chemotaxis in contrast to the previous directed 

migration model. 

When the relative gradient steepness is held constant, the chemotactic responses 

become weaker as the midpoint concentration of chemokine is increased (Fig. 3.4C).  Thus, 

similar to the results in the previous model, chemotactic responses were muted by receptor 

saturation.  On the other hand, when the midpoint concentration is maintained, the 

chemotactic responses consistently strengthen/weaken in response to steeper/shallower 

relative gradients (Fig. 3.4D,E). 
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Fig. 3.4  A modified model shows chemotactic response to chemokine gradients.  a) 
Schematic of the major interactions in the modified model. Red arrow indicates the changed 
reaction.  b) Morphodynamic maps of a representative simulated cell in response to the 
chemokine gradient showing simulated F-actin waves as a proxy for protrusion (red) and the 
cell rear as a proxy for retraction (blue). Source rate = 1, Sink rate = 1. Median concentration 
= 20. Relative gradient steepness = 0.032.  c) Quantification of cell directional responses in 
relative to the gradient steepness.  n = 7 for each group.  Quantification of cell directional 
responses in relative to the relative gradient steepness with d) median concentration = 14, n = 
5 for each group and e) median concentration = 20, n = 7 for each group.  
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3.2.5 The modified model also reproduces the bifurcation characteristics of random T-cell 

migration 

To assess whether or not the modified model behaves similarly to the previous model 

in predicting characteristics of random migration, we quantified the statistics of the simulated 

bifurcation dynamics produced by the modified model under random migration conditions.  

The normalized WTD of modified model simulated F-actin bifurcations was close to 

exponential, with estimated mean τ = 0.41 min, close to the previous model result of 0.46 

min (Fig. 3.5A), and there is a significant difference between the WTDs for successive 

bifurcation events when the dominant protrusion switched sides (τ = 0.38 min) versus those 

that favored the same side of the migration axis (τ = 0.43 min) (Fig. 3.5B); recall that the 

corresponding τ values from the previous model were 0.43 min and 0.52 min. 

Hence, we performed the same migration state analysis as in Fig. 2.4.  The durations 

of the straight (n = 60) and turning (n = 90) periods show non-exponential distributions with 

average durations of 2 min and 1.7 min, similar to the experimental results (Fig. 3.2C).  The 

switching fraction of the straight group is also significantly higher than that of the turning 

group (Fig. 3.5D).  The results indicate that the modified model, comparable to the previous 

model, is capable of explaining the characteristics of random T-cell migration. 
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Fig. 3.5  The modified model also reproduces the bifurcation characteristics of random T-cell 
migration.  a) Normalized waiting-time distribution (WTD) for pairs of consecutive 
bifurcation events (n = 461) in simulations with the same set of parameters as used in Fig. 
3.4.  The red symbols are the corresponding best-fit values assuming an exponential 
distribution.  b) WTDs for switching (n = 256) or same-side (n = 205) bifurcation pairs.  The 
corresponding exponential fit values are indicated by red and blue symbols, respectively.  c) 
Normalized distribution of time duration for straight (n = 60) and turning (n = 90) periods 
identified in the simulation results.  d) Distributions of bifurcation switching fraction for 
straight and turning periods of the simulated results, analyzed as in Fig. 2.4D.  Each box and 
whiskers indicates the quartiles of the distribution of periods with at least two bifurcation 
pairs (N ≥ 3).  The blue dots are switching fractions for periods with only one bifurcation pair 
(N = 2); the numbers indicate the number of occurrences when the switching fraction was 0 
or 1.  Red dots: mean values.  p value: Student’s t-test. 
 

3.3 Discussion 

To develop provisional hypotheses that might help explain some of the qualitative 

aspects of T-lymphocyte morphodynamics, we formulated a computational model based on 
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putative F-actin dynamics and cell polarization. Such feedback-based models have been 

successful in the prediction of D. discoideum random and directed migration, e.g., pseudopod 

splitting and cell turning behaviors (25, 26).  Simulations produced F-actin polymerization 

waves at the leading edge, which have been observed in neutrophil-like cells (39), and 

bifurcations are readily produced through the activity of a negative regulator that 

accumulates in the virtual protrusion; i.e., this form of regulation is distinct from the 

antagonistic interactions that are thought to drive cell polarization.  The recently discovered 

inhibitory protein, Arpin, might play such a role.  Evidence implicates Arpin as the negative 

link in an incoherent feedforward loop connecting the small GTPase Rac and the Arp2/3 

complex (27).  We note however that accumulation of the ‘poison’ that causes leading-edge 

bifurcation in our model is a hypothetical process and could be represented instead by, e.g., 

depletion/sequestration of a slow-diffusing activator.  We proposed two random migration 

models with poison generation based on active receptors or F-actin barbed ends.  Both local 

inhibition mechanisms have been explored in previous models (23–25).  The other important 

aspect of the model is competition between the protrusions, which gives rise to correlated 

outcomes; the dominant protrusion tends to either remain on the same side of the cell front or 

alternate between sides for some time.  The concept that emerges from the simulations is that 

these correlations arise from short-term memory of the system, encoded by the lifetime of the 

local regulator, the strength of the positive feedback promoting F-actin polymerization, and 

the boundaries imposed by the cell rear.  Clearly, this is a concept and hypothesis that will 

need to be refined or revised as new mechanistic/molecular details come to light.  

Nevertheless, the stochastic simulations of the model produced statistics that were in fine 
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agreement with experiments; i.e., the collective short-term memory may be considered an 

emergent property of the system.  

Although the two random migration models we implemented behave similarly both 

qualitatively and quantitatively, the introduction of chemokine gradients induced opposite 

directional responses.  With poison generation dependent on active receptors the simulated 

cells exhibit chemorepulsive responses to the chemokine gradients.  Intrinsically, if F-actin 

autocatalysis and poison generation were both dependent on the active receptors, the positive 

loop would always overpower the negative loop, resulting in a chemorepulsive phenotype 

when the receptors were not saturated by high chemokine doses.  To alter the directional 

responses, the poison generation mechanism needs to be modified.  In fact, with poison 

generation caused by F-actin barbed ends, the simulated cells showed gradient-dependent 

chemotactic responses to the established chemokine gradients.  In our model the binding of 

ligands and receptors precedes the activation of ligand-receptor complexes by F-actin barbed 

ends.  This assumption was based on previous studies showing that chemokine signaling 

requires the activation of cosignaling pathways that are promoted by the F-actin network.  

For instance, T cell receptor (TCR) and LFA-1 signaling pathways, both important in T-cell 

migration, are associated with F-actin dynamics (17, 20).  

 CXCL12 secreted by stromal cells is important for both the recruitment of T cells 

from the circulation and their migration within lymphatic tissues.  The chemotactic effects of 

CXCL12 on T cells is well established, yet whether active CXCL12 is soluble, immobilized, 

or a combination thereof in vivo is unclear.  The surface-bound CXCL12 distribution has 

been examined in vivo by antibody staining (28) or by imaging CXCL12-GFP knock-in mice 
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(29); however, information about soluble CXCL12 is currently inaccessible.  Studies have 

suggested that the chemokine CCL21 is bound to extracellular matrix or to cell membranes 

through interactions with glycosaminoglycans (GAGs) (30, 31). CXCL12 also binds GAGs, 

and therefore it is plausible that CXCL12 is largely immobilized in vivo (32).  A distinctive 

aspect of migration directed by an immobilized cue (haptotaxis) is that it is inherently an 

exploratory process that requires active protrusion to sense ligands; chemotactic sensing, on 

the other hand, requires only passive diffusion of ligands (33).  Thus, haptotactic sensing 

invokes a positive feedback loop of sorts, which is represented in the present model and 

previous ones dealing with adhesion-based signaling (34–36): F-actin polymerization 

promotes protrusion, which in turn enhances receptor-mediated signaling to F-actin.  

However, the chemotaxis models we explored do not contain the cell locomotion 

information.  Simulating haptotaxis in our models would not be feasible.  However, we 

allowed the ligands to diffuse rapidly, generating a stably maintained ligand distribution.  

Thus the established gradients could be considered as semi-fixed.  The model output could be 

advantageous in studying T-cell haptotaxis and guiding further studies.  In addition, the 

established gradients remained unchanged surrounding the model cell, whereas in reality the 

gradient profiles perceived by the cells would change as the cells translocate.  The 

experimental chemokine gradients, either established by microfluidic devices or by chemical 

linker gradients (37) would be on a much larger spatial scale than the simulated gradients.  

The simulated cell responses to ligand gradients in our models could actually correspond to 

directed cell migration at different positions.  Despite the advantages shown by our models, 

additional work is needed to further improve our models. 
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3.4 Materials & Methods 

3.4.1 Computational modeling 

Spatial, stochastic models were implemented using Smoldyn, version 2.31 

(www.smoldyn.org) (21). The model code is also provided in the Appendices.  In the 

analysis of the simulation results for the original random migration model, shown in Fig. 3.2, 

a conversion factor of 1 time unit = 2 s was applied so that the time interval for analysis of 

bifurcations in the simulations matched the value used for analysis of the experimental data 

(0.5 min).  This conversion factor was subsequently applied to the panels B-D of Fig. 3.2.  

The conversion factor of the modified random model is 1 time unit = 4 s for the analysis 

shown in Fig. 3.5 based on the same rationale.  

 

3.4.2 Computational model basics 

Smoldyn v2.31 treats molecular species as particles.  The code, provided in the 

Appendix B, is annotated, but the same information may be found here along with additional 

comments. 

The idealized geometry of the cell is a two-dimensional disk of radius 10; although 

length, time, and concentration units are relative, length units are roughly µm.  The circular 

boundary is continuous and represents the outer membrane of the cell, whereas the interior of 

the domain represents the cytoplasm.  The simulation is configured to run for 10,000 time 

units (roughly, seconds), with a time step of 0.05 units.   
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Because of the stochastic nature of the model, not every simulation produces a 

polarized cell of sufficient stability.  Simulations that fail to produce a defined cell front and 

rear for a substantial period of time were discarded. 

 

3.4.3 Random migration model  

Model species are either membrane-associated or cytosolic and move in space — 

along the boundary contour or within the interior of the domain, respectively — by diffusion.  

Besides the membrane/cytosol distinction, species may be classified by their association with 

either the F-actin Circuit (Table 3.1) or the Cell Rear (Table 3.2).   

 

3.4.3(a) F-actin Circuit 

Species separated according to these two distinctions and their associated diffusivity 

values (roughly, in mm2/s) are given below, starting with those of the F-actin Circuit. 

Table 3.1 F-actin Circuit in T-cell random migration model 

F-actin Circuit   
Membrane species Description Diffusivity 

Mem Discrete points on the membrane boundary 0 
F F-actin barbed ends at the boundary 0.3 
Ri Inactive receptors at the boundary 0.01 
Ra Active receptors at the boundary 0.01 
P ‘Poison’ molecules recruited to the boundary 0.01 

Cytosolic species Description Diffusivity 
Si Inactive signaling molecules 30 
Sa Active signaling molecules 0.3 
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The immobile species, Mem, simply provides discrete points on the membrane where 

certain reactions can occur.  Its purpose in the model is to serve as a catalyst for ‘source’ or 

‘sink’ reactions.  The boundary is initially seeded with a sufficient number of copies of Mem 

(2000 was the number used in our simulations). 

F-actin barbed ends, F, represent the appearance of membrane protrusion and thus this 

species provides the primary connection to experimental observations.  In the simulations, F 

appear spontaneously and are not present initially.  The diffusivity of 0.3 does not represent 

diffusion on the membrane but rather the expansion of the dendritic F-actin network due to 

the action of the Arp2/3 complex.  This value was set after some experimentation to establish 

a reasonable velocity of wave propagation. 

Inactive receptors, Ri, are initially seeded in the membrane (2000 was the number 

used in our simulations).  This species represents unligated chemokine receptors and, as 

integral membrane proteins, diffuse slowly.  A reasonable diffusivity value of 0.01 was 

chosen.  Active receptors, Ra, are converted from/to inactive receptors and are not present 

initially.  This species has a diffusivity of 0.01, same as Ri.  The membrane-associated 

‘poison’ molecules, P, are produced by the active receptors and are not present initially.  This 

species has a diffusivity of 0.01, same as Ra. 

Inactive signaling molecules, Si, are initially seeded in the cytosol and were assigned 

a reasonably rapid diffusivity of 30.  The initial number of Si in our simulations was 1000; 

use of a higher number (e.g., 10000; with appropriate adjustment of the rate constant for 

activation of the signaling molecule) does not affect the results but makes the simulations run 

much slower.  Active signaling molecules, Sa, are converted from/to inactive signaling 



 

56 

molecules (by Ra at the membrane) and are not present initially.  They reside in the cytosol 

but technically represent a transiently membrane-bound state.  Therefore the diffusivity of Sa 

is much lower than that of Si, satisfying a known requirement of this class of pattern 

formation models.  The diffusivity value (0.3) was chosen to match that of F. 

 

3.4.3(b) Cell Rear 

The following is a list of species associated with the Cell Rear.  As explained in the 

main text, this module was added after formulation of the F-actin Circuit to enforce a cell 

polarity. 

 
Table 3.2 Cell Rear in T-cell random migration model 

Cell Rear   
Membrane species Description Diffusivity 

Mem Discrete points on the membrane boundary 0 
Rear Structural component of the cell rear 0.3 
Amp Amplifier of the cell rear 0.01 

Cytosolic species Description Diffusivity 
Xi Inactive ‘messenger’ for the rear 100 
Xa Active ‘messenger’ for the rear 0.3 
L Long-range inhibitor of the rear from the front 3 

 

Here, the aforementioned species Mem is used for the Cell Rear module as well.  The 

species Rear and Amp are analogous to F and Ra in the F-actin circuit, respectively (Mem is 

adopted as the equivalent of Ri in the cell rear), and the diffusivity values were assigned to 

match.  Xi and Xa are analogous to Si and Sa, respectively.  To speed up the simulations, a 

lower initial number of Xi was used (100); to reduce the associated ‘noise’, a higher 
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diffusivity of 100 was used for this species, whereas the diffusivity of the active form, Xa, 

was kept the same as that of Sa (0.3). 

The long-range inhibitor, L, is produced in proportion to F, together with the local 

destruction of F by Rear, provides the antagonism that allows relative movements of the rear 

and the F-actin patch(es).  L also helps prevent the spontaneous formation of a ‘second rear’.  

Its diffusivity value (3) and turnover rate constant are such that L covers the F-actin patch(es) 

and short spaces in between but does not accumulate near the center of the rear domain. 

 

3.4.4 Random migration model - simulated reactions 

Each reaction in the model is handled according to the mass-action, particle-based 

Smoluchowski formalism upon which Smoldyn is based.  The reactions are listed below 

along with comments about their formulation and associated rate constants.  In each, 

membrane-associated species are indicated in bold, and the associated mass-action rate 

constant is specified and explained as needed.  When a species appears on both sides of the 

reaction with equal stoichiometry, that species acts as a catalyst.  When a species appears on 

both sides of the reaction but with a higher stoichiometry on the product side, it is an 

autocatalytic transformation.  The symbol Ø on the product side indicates irreversible 

destruction of the species on the reactant side. 

 

Reactions 1-10 apply to the F-actin Circuit. 
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Reaction 1 

Mem ! Mem + F   1x10-5 

Spontaneous appearance of F-actin.  The frequency is set so that the event is rare (but 

eventually happens during a typical simulation).  One can adjust the likelihood by changing 

either the rate constant or the initial density of Mem. 

 

Reaction 2 

F ! Ø     0.02 

First-order loss of F-actin barbed ends, e.g. by capping.  The first-order rate constant 

is ~ 1/min, or approximately 0.02 s-1. 

 

Reaction 3 

F + Ri ! F + Ra   1x10-7 

Protrusion, represented by the density of F-actin barbed ends, promotes receptor 

activation, e.g. by spreading over immobilized ligands on the surface.  This is the first step in 

the amplification of the F-actin circuit.  The rate constant is tuned so that activated receptors 

tend to appear following the spontaneous appearance of F, but its value should not be so high 

that Ri is dramatically depleted (which affects the sensitivity of the amplifier).  One can also 

tune this rate by changing the initial density of Ri. 
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Reaction 4 

Ra ! Ri    1 

First-order deactivation of the receptor.  The rate constant is set somewhat arbitrarily 

so that receptor activation equilibrates quickly enough relative to the dynamics of F; i.e., its 

value is significantly greater than that of Reaction 2. 

 

Reaction 5 

Ra + Si ! Ra + Sa   100 

This heterogeneous reaction describes the efficient activation of the signaling 

molecule by active receptors.  Its rate constant should be sufficiently high so that F-actin 

patches are in competition with one another; i.e., Si must be partially depleted. 

 

Reaction 6 

Si ! Sa    1 

First-order deactivation of the signaling molecule.  As in Reaction 4, the rate constant 

is set to be arbitrarily high; however, once it is set, there are two important considerations.  

First, the rate constant for Reaction 5 should be of a certain magnitude to affect global 

depletion of Si, and second, the spatial range of Sa (affected also by the diffusivity of Sa) 

should be low enough that each Sa remains localized in the vicinity of the F-actin patch 

where it was generated. 
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Reaction 7 

Sa + F ! Sa + 2F   0.3 

This heterogeneous reaction describes the autocatalytic growth of F-actin barbed ends 

(involving the Arp2/3 complex), promoted by the active signaling molecule.  Given the 

inherent nonlinearity of this process, the dynamics of the circuit are sensitive to the value of 

the associated rate constant.  The value is tuned so that F-actin waves propagate, but not to 

the extent that a single F-actin patch fills the entire membrane. 

 

Reaction 8 

Ra ! Ra + P    0.3 

Active receptors also generate a poison.  The value of the rate constant is set so that 

the poison regularly appears during growth of an F-actin patch. 

 

Reaction 9 

P + F ! P    1 

The poison molecule reduces the number of F-actin barbed ends.  The rate constant is 

tuned along with that of Reaction 8 so that F-actin patches reliably split into two and then 

propagate in opposite directions. 

 



 

61 

Reaction 10 

P ! Ø     0.2 

First-order loss of P.  The value of the rate constant is arbitrarily set to 1 as in 

Reactions 4 and 6. 

 

The remaining reactions apply to the Cell Rear and its interactions with the F-actin 

Circuit. 

 

Reaction 11 

Mem ! Mem + Rear  1x10-5 

Spontaneous appearance of the ‘Rear’ component, akin to Reaction 1 for F-actin.  The 

value of the rate constant is the same as for Reaction 1. 

 

Reaction 12 

Rear ! Ø    1 

Rear has a finite lifetime.  The value of the rate constant is arbitrarily set to 1. 

 

Reaction 13 

Rear + Mem ! Rear + Amp 1x10-7 

Rear promotes the generation of Amp, the local amplifier of the Cell Rear module.  

The reaction is analogous to Reaction 3 of the F-actin Circuit, with the same value of the rate 

constant. 
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Reaction 14 

Amp ! Mem    1 

Amp has a finite lifetime.  The value of the rate constant is arbitrarily set to 1. 

 

Reaction 15 

Amp + Xi ! Amp + Xa  10 

Amp promotes activation of the messenger molecule for the rear.  After some 

experimentation, its rate constant value was set along with that of Reaction 17 so that the rear 

domain would grow robustly and at a reasonable rate. 

 

Reaction 16 

Xa ! Xi    1 

Deactivation of the messenger molecule for the rear.  The value of the rate constant is 

arbitrarily set to 1. 

 

Reaction 17 

Xa + Rear ! Xa + 2Rear  1 

Autocatalytic growth of Rear, promoted by Xa, analogous to Reaction 7 of the F-actin 

Circuit.  Its rate constant value was set along with that of Reaction 15 so that the rear domain 

would grow robustly and at a reasonable rate. 
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Reaction 18 

Rear + F ! Rear   0.3 

Rear acts as a sink for F-actin.  For example, Myosin II could act to crush the F-actin 

network.  The value of the rate constant was optimized along with that of Reaction 21 so that 

F-actin patches can exist adjacent to, but do not encroach significantly upon, the rear domain. 

 

Reaction 19 

F ! F + L    1 

F-actin produces a long-range inhibitor, L.  The value of the rate constant is arbitrarily 

set to 1. 

 

Reaction 20 

L ! Ø     1 

L has a finite lifetime.  The value of the rate constant is arbitrarily set to 1 (see 

previous comment about the diffusivity of L). 

 

Reaction 21 

L + Rear ! L    0.2 

L consumes Rear.  The value of the rate constant was optimized along with that of 

Reaction 18 so that F-actin patches can exist adjacent to, but do not encroach significantly 

upon, the rear domain.  The rear domain is forced to move in concert with the wave(s) of F-

actin. 
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3.4.5 Directed migration model  

To simulate the cell directional responses, we included an extra ligand-receptor 

binding step into the random migration model shown above.  To establish stable gradient 

profiles, a ligand generation mechanism is also introduced into the model.  The model 

species are also classified by their association with the F-actin Circuit (Table 3.3), the Cell 

Rear or the Ligand Generation (Table 3.4).  The directed migration model is based on the 

random migration model, thus only the differences are explained in detail below. 

 

3.4.5(a) F-actin Circuit 

The species associated with F-actin Circuit are listed below. 

 

Table 3.3 F-actin Circuit in T-cell directed migration model 

F-actin Circuit   
Membrane species Description Diffusivity 

Mem Discrete points on the membrane boundary 0 
F 
R 

F-actin barbed ends at the boundary 
Inactive receptors at the boundary 

0.3 
0.01 

Ri Inactive ligand-bound receptors at the boundary 0.01 
Ra Active ligand-bound receptors at the boundary 0.01 
P ‘Poison’ molecules recruited to the boundary 0.01 

Cytosolic species Description Diffusivity 
Si Inactive signaling molecules 30 
Sa Active signaling molecules 0.3 

 

In the simulations, F appear spontaneously and 3 molecules are seeded initially on the 

membrane.  Inactive receptors, R, are initially seeded in the membrane (1000 was the number 
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used in our simulations).  This species represents unligated chemokine receptors and, as 

integral membrane proteins, diffuse slowly.  A reasonable diffusivity value of 0.01 was 

chosen.  Inactive ligand-bound receptors, Ri, are the ligand-receptor complexes and are not 

present initially.  The diffusivity value is also 0.01.  Active ligand-bound receptors, Ra, are 

converted from/to inactive ligand-bound receptors and are not present initially.  This species 

has a diffusivity of 0.01, same as Ri.  

 

3.4.5(b) Cell Rear 

The Cell Rear species remain unchanged. 

 

3.4.5(c) Ligand Generation 

The following is a list of species associated with the Ligand Generation.  This module 

is applied to establish stable linear chemokine gradients.  The gradient profile is adjustable 

by changing the source and sink reaction rates.  

 
Table 3.4 Ligand Generation in T-cell directed migration model 

Ligand Generation   
Boundary species Description Diffusivity 

Source Discrete points on the left simulation boundary 0 
Sink Discrete points on the right simulation boundary 0 

Extracellular species Description Diffusivity 
Ligand Ligands, or chemokines, binds to receptors 100 
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Source (500 molecules in our simulation) is fixed on the left boundary of the 

simulation box, generating Ligand at the reaction rate specified.  This creates a stable influx 

of ligands into the box, interacting with the receptors on the cell membrane.  

Sink molecules, also 500, are placed on the opposite simulation boundary.  Sink 

consumes Ligands, generating a stable ligand outflow.  Both Source and Sink molecules are 

fixed on the boundary (diffusivity = 0). 

The Ligand is produced by Source and consumed by Sink.  Its diffusivity value (100) 

is set arbitrarily high so that the Source and Sink reactions together would establish a linear 

ligand gradient at the steady state.  By changing the Source and Sink rate simultaneously at 

the same scale, we can control the relative steepness of the gradient.  

 

3.4.6 Directed cell migration model - simulated reactions 

The modified reactions are listed below along with comments about their formulation 

and associated rate constants.   

 

Modified ligand-receptor reactions are shown below.  

 

Reaction 3-1 

L + R ! Ri    0.3 

Ligands in the extracellular solution bind to the inactive receptors on the membrane, 

generating inactive ligand-bound receptors.  This is the critical step converting the 

extracellular signals into the cell.  The rate constant is tuned so that Ri distribution along the 
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membrane is in accordance with the chemokine gradients.  One can also tune this rate by 

changing the initial density of R. 

 

Reaction 3-2 

Ri ! R    1 

Ligand-receptor unbinding.  The rate constant is set somewhat arbitrarily so that 

receptor activation equilibrates quickly enough relative to the dynamics of F; i.e., its value is 

significantly greater than that of Reaction 2. 

 

Reaction 3-3 

F + Ri ! F + Ra   1x10-7 

Protrusion, represented by the density of F-actin barbed ends, promotes ligand-bound 

receptor activation, e.g. through facilitating co-stimulation signaling.  The rate constant is 

tuned so that activated receptors tend to appear following the spontaneous appearance of F. 

 

The following reactions represent Ligand Generation, establishing chemokine 

gradients across the cell. 

 

Reaction 22 

Source ! Source + Ligand  1 

Source produces Ligand molecules.  The value of the rate constant is adjusted 

accordingly for different gradient profiles as specified. 
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Reaction 23 

Sink + Ligand ! Sink  1 

Sink consumes Ligand.  The value of the rate constant is adjusted accordingly for 

different gradient profiles as specified. 

 

3.4.7 Modified directed migration model  

We modified the poison generation reactions in the previous directed migration model 

described above.  The species involved are the same as those in the previous directed 

migration model.   

 

3.4.8 Modified directed cell migration model - simulated reactions 

The ligand-receptor reactions and alternate poison generation reactions are listed 

below. 

 

Reaction 3-1 

L + R ! Ri    0.3 

Ligands in the extracellular solution bind to the inactive receptors on the membrane, 

generating inactive ligand-bound receptors.  This is the critical step converting the 

extracellular signals into the cell.  The rate constant is tuned so that Ri distribution along the 

membrane is in accordance with the chemokine gradients.  One can also tune this rate by 

changing the initial density of R. 
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Reaction 3-2 

Ri ! R    1 

Ligand-receptor unbinding.  The rate constant is set somewhat arbitrarily so that 

receptor activation equilibrates quickly enough relative to the dynamics of F; i.e., its value is 

significantly greater than that of Reaction 2. 

 

Reaction 3-3 

F + Ri ! F + Ra   5x10-7 

Protrusion, represented by the density of F-actin barbed ends, promotes ligand-bound 

receptor activation, e.g. through facilitating co-stimulation signaling.  The rate constant is 

tuned so that activated receptors tend to appear following the spontaneous appearance of F. 

 

Reaction 8 

F ! F + P    0.1 

F-actin barbed ends also generate a poison.  The value of the rate constant is set so 

that the poison regularly appears during growth of an F-actin patch. 

 

Reaction 9 

P + F ! P    0.4 

The poison molecule reduces the number of F-actin barbed ends.  The rate constant is 

tuned along with that of Reaction 8 so that F-actin patches reliably split into two and then 

propagate in opposite directions. 
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The following reactions represent Ligand Generation, establishing chemokine 

gradients across the cell. 

 

Reaction 22 

Source ! Source + Ligand  1 

Source produces Ligand molecules.  The value of the rate constant is adjusted 

accordingly for different gradient profiles as specified. 

 

Reaction 23 

Sink + Ligand ! Sink  1 

Sink consumes Ligand.  The value of the rate constant is adjusted accordingly for 

different gradient profiles as specified. 

 

3.4.9 Modified random migration model  

The modified random migration model involves the same species as the previous 

random migration model.  For the F-actin Circuit, 3 F-actin barbed ends molecules are 

seeded in the membrane in our simulations to initiate the F-actin waves and increase the 

success rate of establishing the stable cell dynamics.  500 inactive receptors, Ri, are initially 

seeded in the membrane in our simulations.  The number is smaller than the previous model 

(1000) to speed up the simulation.  For the Cell Rear, 3 Rear molecules are seeded in the 

membrane in our simulations to initiate the rear compartment and increase the success rate of 

establishing the stable cell dynamics. 



 

71 

3.4.10 Modified random migration - simulated reactions 

 The modified poison generation reactions are listed below. 

 

Reaction 8 

F ! F + P    0.1 

F-actin barbed ends also generate a poison.  The value of the rate constant is set so 

that the poison regularly appears during growth of an F-actin patch. 

 

Reaction 9 

P + F ! P    0.4 

The poison molecule reduces the number of F-actin barbed ends.  The rate constant is 

tuned along with that of Reaction 8 so that F-actin patches reliably split into two and then 

propagate in opposite directions. 

 

Reaction 10 

P ! Ø     1 

First-order loss of P.  The value of the rate constant is arbitrarily set to 1 as in 

Reactions 4 and 6. 
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3.4.11 FMI calculation 

The FMI values of the simulated cells at each time point were calculated as below. 

   (1) 

In which n is the total number of F-actin molecules at the time point t and θ is the 

angle between each individual F-actin molecule’s position in relative to the centroid point 

and the gradient direction.   

The overall FMI value of each simulated cell was the average FMI during the 

simulated period. 

   (2) 

 

3.4.12 Chemokine gradient characterization 

The chemokine gradient we established in the directed migration models would 

generate a constant flux through the simulation box at steady state. 

  (3) 

  (4) 

  (5) 
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In which D is the diffusion rate of the chemokine and L is the distance between the 

source and the sink.  k0 and k1 are the reaction rates of the source and sink reactions. 

Thus the gradient steepness, the median concentration, and the relative gradient 

steepness could be described as below. 

   (6) 

  (7) 

  (8) 

The gradient steepness and the median concentration could be manipulated by 

changing the source rate k0 without affecting the relative gradient steepness.  To change the 

relative gradient steepness without interrupting the gradient steepness and the median 

concentration, the simulated gradient field length and the chemokine diffusivity have to be 

scaled simultaneously. 

To measure the simulated gradient, the amount of chemokine molecules within each 1 

µm width, 4 µm height bin across the gradient field over the simulation period was recorded.  

The average chemokine amount over time in relative to the distance away form the source 

was fitted to a linear model.   

   (9) 

a was considered as the gradient steepness and the median concentration was 

calculated as the midpoint value of y.  The relative steepness was subsequently calculated as 

the gradient steepness divided by the median concentration. 
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CHAPTER 4 

Quantitative Analysis of B Lymphocyte Random and Directed Migration*  

  

                                                
* Partially adapted from Vernekar, Varadraj N., Charles S. Wallace, Mina Wu, Joshua T. 
Chao, Shannon K. O’Connor, Aimee Raleigh, Xiaji Liu, Jason M. Haugh, and William M. 
Reichert. “Bi-Ligand Surfaces with Oriented and Patterned Protein for Real-Time Tracking 
of Cell Migration.” Colloids and Surfaces. B, Biointerfaces 123 (November 1, 2014): 225–
35. doi:10.1016/j.colsurfb.2014.09.020. 
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4.1 Introduction 

Chemokine-induced B lymphocyte migration is important in B-cell trafficking and 

homing (1–3).  CXCL12 and CXCL13 are two important chemokines that direct B cell entry 

into secondary lymphoid organs and the development of germinal centers (4–6).  In germinal 

centers, CXCL12 provides a directional cue towards one end, the dark zone, whereas 

CXCL13 directs transit from the dark zone towards the opposite end, the light zone.  The 

expression of the CXCL12 receptor, CXCR4, and of the CXCL13 receptor, CXCR5, differs 

between B-cell subtypes, resulting in varied responses to the chemokine network (6, 7).  B-

cell chemotaxis towards CXCL12 and CXCL13 has been widely studied, yet the detailed 

cellular morphodynamics and single-cell directional responses during the migration remain 

unclear (4, 8, 9).  Evidence suggests that B-cell morphology is important in chemokine 

signaling and for antigen-dependent B-cell activation (10). 

B-cell adhesion is mediated by the integrin LFA-1, which binds to ICAM-1 (11–13).  

Our preliminary studies confirmed that ICAM-1 is necessary for mouse B-cell migration 

(Supplemental Fig. 2).  LFA-1 is activated by chemokine signaling, converted to a high-

affinity state (14, 15).  Cell polarization and cytoskeleton reorganization subsequently initiate 

migration.  Downstream signaling mediated by chemokine receptors and integrins, such as 

activation of WASP-family proteins, results in F-actin network reorganization (16, 17).  F-

actin polymerization might also promote LFA-1 binding and activation (18). 

The distribution of CXCL12 in vivo has been examined by antibody staining and by 

imaging CXCL12-GFP knock-in mice (6, 19).  CXCL13 has also been stained in vivo (20), 

indicating its distribution.  In addition, both CXCL12 and CXCL13 bind to 



 

80 

glycosaminoglycans (GAGs), and therefore it is plausible that they are largely immobilized 

in vivo (21, 22).  Therefore, studying B-cell random and directed migration in response to 

surface-bound CXCL12 and CXCL13 in vitro is relevant to understanding B-cell migration 

in vivo (10, 23).   

In this Chapter we used TIRF microscopy to image B-cell random migration and 

implemented a microfluidic device-based haptotaxis assay to study directed B-cell migration.  

The random migration results showed that B-cell random migration is characterized by 

frequent dilation and shrinking on the left and right sides of the leading membrane edge.  The 

distribution of dilation/shrinking frequencies exhibits characteristics of a random, 

spontaneous process.  The consecutive dilation-shrinking pairs are more common than same-

type pairs.  The results indicated that the balance between the accumulated dilation/shrinking 

activities on the two sides of the migration axis is associated with the determination of 

straight or turning migration states.  The haptotaxis assay results revealed that B-cell 

responses to the directional cue were highly diverse, both on the same gradient surface and 

across different experiments.  B cells exhibit an overall preference towards CXCL13 

gradients, provided that the CXCL13 gradient is sufficiently steep. 

 

4.2 Results 

4.2.1 Mouse B-cell migration is characterized by cycles of dilation and shrinking of a broad 

leading edge 

To study the morphodynamics of mouse B-cell migration, 30 cells migrating on 

uniform CXCL13 were imaged by TIRF microscopy and analyzed.  The results reveal that 
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mouse B cells migrate with a widely spread leading edge and a less prominent uropod (Fig. 

4.1A&B).  Comparison of the cell contact area illuminated by TIRF and the projected area 

imaged by epi-fluorescence indicates that the rear of the cell, typically including the nuclear 

region, is seldom close with the surface (Supplemental Fig. 3).  This is consistent with the 

morphology of polarized B-cells migrating on uniform CXCL13-coated surface observed in 

previous studies (10).  Spatiotemporal maps of protrusion/retraction rates and the presence of 

morphological extensions (Fig. 4.1C left panel) (24, 25) show that the activities occurred 

most prominently at the extrema of the leading edge contour (Fig. 4.1D&E).  To visualize 

these morphodynamics, we replotted the protrusion/retraction rates with a moving reference 

frame, i.e., with a stationary cell centroid (Fig. 4.1C right panel).  The map generated in this 

fashion shows that the leading edge frequently dilates and shrinks (protrusion and retractions 

waves, respectively; Fig. 4.1F&G). 

We reasoned that protrusion/retraction of the left and right sides of the leading edge 

could explain cell turning behavior.  The dilation or shrinking at the sides can occur 

simultaneously or independently (Fig. 4.1F&G), and the combination of these activities 

seems to determine the overall cell migration direction.  For instance, during the period of 

relatively persistent migration in Fig. 4.1A, we observed 1 dilation event and 2 shrinking 

events on the left side of the cell, while the right side exhibited 2 dilation and 3 shrinking 

events as shown in Fig. 4.1F.  Considering that shrinking and dilation counteract each other, 

the net outcome on each side during that period is the same.  In contrast, during the execution 

of a turn shown in Fig. 4.1B, we observed 2 dilation and 2 shrinking events on the left side of 

the cell, while the right side exhibited 3 dilation and 1 shrinking events as shown in Fig. 
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4.1G; the net outcome in this instance was dilation on the right, explaining the clockwise 

rotation of the cell track during this period.  
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Fig. 4.1  Mouse B-cell migration is characterized by cycles of dilation and shrinking of a 
broad leading edge.  Representative TIRF montage of a murine B cell a) migrating to a 
persistent direction and b) executing a turn.  Scale bar = 10 µm.  c) Concept illustrations of 
the protrusion/retraction map (left panel) and the dilation/shrinking map (right panel).  Red 
hues indicate protrusion/dilation and blue hues indicate retraction/shrinking.  Dark green dots 
are cell centroids of the previous time frame and light green dots are cell centroids of the 
later time frame.  d) Morphodynamic map of the sequence depicted in a. Pixels associated 
with structures that are morphologically extended from the cell body are marked as black 
dots overlaid with edge velocity data, with protrusion and retraction (illustrated in c left 
panel) marked by red and blue hues, respectively.  The map also shows changes in the 
direction of cell centroid translocation (green dots).  e) Morphodynamic map of the sequence 
depicted in b, constructed as in d.  f) Morphodynamic map of the sequence depicted in a. The 
dilated and shrunk pixels (illustrated in c right panel) are marked by red and blue hues, 
respectively.  Cell centroid angular translocation is shown by the green dots.  g) 
Morphodynamic map of the sequence depicted in b, constructed as in f. 
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4.2.2 The balance of dilation and shrinking activities between the two sides of the cell 

determines the overall direction of B-cell migration 

During extended periods of random B-cell migration, the spatiotemporal maps show 

frequent dilation and shrinking events at the leading edge (representative cell depicted in Fig. 

4.2A).  B cells migrated rapidly (average speed = 14.3 µm/min).  As a result, migration 

directionality fluctuates on the short term even while maintaining a consistent trend (turning 

or persistent) on a longer time scale  (Fig. 4.2A, green dots).  The overlaid cell outlines 

exemplify how the cells change shape and transition between migration states during random 

migration (Fig. 4.2B).  To relate turning behavior to the balance of dilation and shrinking 

events, we documented the fates of those events, depicted along with the path of the cell 

centroid as a graph (Fig. 4.2C).  We noted 1) whether the site is dilating or shrinking and 2) 

whether the event occurred on the left or the right side of the apparent migration axis; the 

length of each segment in the graph is proportional to the recorded lifetime of the event.  The 

graph for the representative cell illustrates that noticeable changes in directionality tend to be 

associated with an imbalance between the dilation/shrinking activities on the two sides of the 

cell as illustrated in Fig. 4.1.  
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Fig 4.2  The balance of dilation and shrinking activities between the two sides of the cell 
determines the overall direction of B-cell migration.  a) Morphodynamic maps of a 
representative migrating cell.  Left: edge velocity data, with protrusion and retraction marked 
by red and blue hues, respectively.  Right: edge velocity data, with dilation and shrinking 
marked by red and blue hues, respectively, also showing changes in the direction of cell 
centroid translocation (green dots).  b) Stacked outlines of the cell depicted in a.  Blue is the 
initial time point; red the end. Scale bar = 10 µm.  c) For the same cell analyzed in a and b, 
dilation (red) and shrinking (blue) events marked on the cell centroid track (green) showing 
the orientations (left and right) of each protrusion.  The length of each segment is 
proportional to the recorded lifetime of the dilated or shrunk region. 
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4.2.3 Dilation and shrinking are rapid compared with cell movement and show temporal 

characteristics of a spontaneous process 

To define the characteristics of B-cell migration more precisely, we developed a 

quantitative analysis.  The waiting times between successive dilation/shrinking events on 

each side were determined by inspection of the morphodynamic maps, within time intervals 

of 0.25 min (from experience, the limit of resolution for a manual estimate).  The result 

indicated that the dilation/shrinking events on the left and right side were occurring 

independently (Supplemental Fig. 4), thus we combined the waiting times of both side to 

characterize the overall dilation/shrinking behaviors.  The normalized waiting-time 

distribution (WTD) is presented as a histogram and compared to that of a spontaneous, 

memoryless process, i.e., an exponential distribution (Fig. 4.3A, n = 736).  The fit of the 

distribution is good, with a theoretical mean τ = 0.23 min. We found a significant difference 

between the WTDs for pairs of events that were either both dilating or both shrinking (τ = 0.4 

min) versus pairs that switched types (dilating-shrinking or shrinking-dilation) (τ = 0.18 min) 

(Fig. 4.3B); we also note that there is a strong bias towards switching (535/736 = 73%).  

  

4.2.4 B lymphocyte turning is associated with an imbalance between the two sides of the 

leading edge 

The results above indicate that the dilation-shrinking cycle is predominant and more 

frequent; suggesting that breaking of the cycle of a migrating B cell might be associated with 

its tendencies to turn.  The accumulation of dilation/shrinking unbalances between the two 

sides of the migration axis might lead to cell turning whereas the accumulation evens out 
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between the two sides to maintain persistent motion.  To show this, we first identified periods 

of directionally persistent (straight) migration (n = 83) or turning (n = 99) based on 

inspection of morphodynamic maps (Fig. 4.1E&F).  Consistent with the WTD analysis 

described above, the temporal resolution was chosen as 0.25 min.  For each period, the 

displacement-over-traveled distance (D/T) ratio of the centroid path was calculated as a 

measure of its directional persistence (Fig. 4.3C, inset), and the distributions of D/T values 

for straight and turning periods were compared (Fig. 4.3C).  As expected, the analysis 

confirms that the D/T persistence values for the turning group are significantly lower.  The 

durations of the straight and turning periods show non-exponential distributions, suggesting 

that the changes in migration behavior are not spontaneous (Fig. 4.3D).  Consistent with that 

notion, the average durations of straight (1.1 min) and turning periods (0.7 min) are much 

longer than the mean waiting time between dilation/shrinking events.  Still, there are 

substantial numbers of both straight and turning periods with durations less than 0.5 min (and 

with only a single dilation/shrinking event on each side), explaining the broad distributions of 

D/T values for the two groups (Fig. 4.3C).  The dilation/shrinking frequencies of straight and 

turning periods are on the same time scale, suggesting that the overall outcome of the events 

rather than the occurrence of single events determines the migration state (Fig. 4.3E). 

To estimate the overall outcome of dilation/shrinking events, we recorded the 

accumulated dilation (+1) and shrinking (-1) scores on both sides of the migration axis and 

defined the balancing score as the absolute difference between the left and right accumulated 

scores during each straight or turning period, normalized by the maximum value for all 
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periods (Fig. 4.3F).  Consistent with our hypothesis, the balancing score of the straight group 

is significantly lower than that of the turning group (Fig. 4.3F, brown dots).  
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Fig 4.3  B lymphocyte turning is associated with an imbalance between the dilation an 
shrinking on the two sides of the leading edge.  a) Normalized waiting-time distribution 
(WTD) for pairs of consecutive dilation/shrinking events (n = 736).  The red symbols are the 
corresponding best-fit values assuming an exponential distribution.  The inset shows the 
semi-logarithmic plot of the same data set.  b) WTDs for bifurcation pairs with one dilation 
and one shrinking event (switch) (n = 535) or the same type (n = 201).  The corresponding 
exponential fit values are indicated by red and blue symbols, respectively.  The inset shows 
the semi-logarithmic plots of the switch (red) and same-type (blue) data. c) Distributions of 
displacement-over-distance traveled (D/T) ratio for straight (n = 83) and turning (n = 99) 
periods.  Each box and whiskers indicates the quartiles of the distribution; red dots: mean 
values.  p value: Student’s t-test.  d) Normalized distribution of time duration for straight and 
turning periods.  e) Normalized WTD distribution for straight and turning periods. The red 
symbols are the corresponding best-fit values assuming an exponential distribution.  f) 
Distributions of balancing scores for straight and turning periods.  For each period, the 
balancing score is the absolute difference between the accumulated dilation (+1)/shrinking (-
1) scores on the two sides of the migration axis; this quantity is normalized by the maximum 
value for all periods (6).  Each box and whiskers indicates the quartiles of the distribution. 
Red dots: mean values.  p value: Student’s t-test. 
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4.2.5 Dilation/shrinking dynamics in response to CXCL12 is similar to the responses to 

CXCL13 during B-cell random migration 

The CXCL12-induced mouse B-cell random migration exhibits similar 

morphodynamics to the CXCL13-induced migration, as indicated in the morphometric maps.  

To further compare the migration behaviors quantitatively, we performed the same analysis 

on B-cell random migration dataset on surface presenting uniform CXCL12.  The results 

indicate that the dilation/shrinking event in CXCL12-induced B-cell migration is also a 

spontaneous, memoryless process, with a theoretical mean t = 0.21 min (Fig. 4.4A, n = 513).  

Similar to the observation in the CXCL13 dataset, we found a significant difference between 

the WTDs for successive bifurcation events both dilating or shrinking (τ = 0.32 min) versus 

those switched types (dilating-shrinking or shrinking-dilation) (τ = 0.18 min) (Fig. 4.4B) and 

that the dilation-shrinking cycle is predominant and more frequent (377/513 = 73%).  The 

straight/turning period analysis reveals that consistent with our findings in the CXCL13 

dataset, the straight and turning periods showed distinct spatiotemporal characteristics (Fig. 

4.4C,D) and the balancing score of the straight group is significantly lower than that of the 

turning group (Fig. 4.4F).   
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Fig 4.4  Dilation/shrinking dynamics in response to CXCL12 is similar to the responses to 
CXCL13 during B-cell random migration.  a) Normalized waiting-time distribution (WTD) 
for pairs of consecutive dilation/shrinking events (n = 513).  The red symbols are the 
corresponding best-fit values assuming an exponential distribution.  The inset shows the 
semi-logarithmic plot of the same data set.  b) WTDs for bifurcation pairs with one dilation 
and one shrinking event (switch) (n = 377) or the same type (n = 136).  The corresponding 
exponential fit values are indicated by red and blue symbols, respectively.  The inset shows 
the semi-logarithmic plots of the switch (red) and same-type (blue) data. c) Distributions of 
displacement-over-distance traveled (D/T) ratio for straight (n = 54) and turning (n = 87) 
periods.  Each box and whiskers indicates the quartiles of the distribution; red dots: mean 
values.  p value: Student’s t-test.  d) Normalized distribution of time duration for straight and 
turning periods.  e) Normalized WTD distribution for straight and turning periods. The red 
symbols are the corresponding best-fit values assuming an exponential distribution.  f) 
Distributions of balancing scores for straight and turning periods.  The balancing score is the 
normalized absolute difference between the accumulated dilation (+1)/shrinking (-1) scores 
on the two sides.  Each box and whiskers indicates the quartiles of the distribution. Red dots: 
mean values.  p value: Student’s t-test. 
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4.2.6 B-cell haptotactic response to immobilized CXCL13 gradients exhibits population 

diversity 

CXCL13 gradients were established by physisorption on glass, using a microfluidic 

device (26).  Biotinylated mouse anti-CXCL13 antibody and Streptavidin Alexa Fluor® 488 

conjugate were used to detect the CXCL13 gradient (Fig. 4.5A, top).  The slope and median 

intensity of the background-subtracted fluorescence was measured to quantify each 

chemokine gradient (Fig. 4.5A, bottom).  In a representative experiment, 17 B cells migrating 

on the same CXCL13 gradient surface showed surprisingly diverse responses to the 

directional cue (Fig. 4.5B).  Some cells (green arrows) moved predominantly up-gradient 

whereas other tracks (red arrows) moved without an apparent bias.  To quantify the 

directional responses, we plot as a polar histogram the angles of the cells’ movement vectors 

relative to the gradient (bin size = 10 degrees).  The result shows a moderate yet significant 

preference towards the smaller angles to the gradient direction, as indicated by the average 

forward migration index (FMI) value of 0.057 (Fig. 4.5C).  The average FMI values of the 

whole dataset are predominantly positive and show an increasing trend as the relative 

gradient steepness (slope/midpoint) increases, indicating that B cell migration is biased by 

the CXCL13 gradient (Fig. 4.5D); however, the average FMI values vary significantly 

between experiments performed on gradients with similar profiles.  Together with the 

observed randomness in cell movements within a single experiment, the results suggest a 

diverse directional response to CXCL13 gradients across the population of B cells.  Flow 

cytometry results (Supplemental Fig. 5) show that the expression of CXCR5, the receptor for 
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CXCL13, varies within the B cell population, providing a potential explanation for the mixed 

directional responses.   

We were relying on the natural variance generate by the microfluidic device itself to 

create different gradient profiles.  To seek for a more accurately controlled way of 

establishing the gradients, we tried the chemical cross-linker-based method instead of the 

current diffusion-based method.  The chemokine gradients were created by oxidation of the 

reactive surface thiols of mercaptopropyltrimethoxy-silane self-assembled monolayers on 

silica substrates via controlled exposure to UV using a moving mask. Using maleimido-

nitrilotriacetic acid (NTA) crosslinkers the thiol gradients were translated to immobilized 

metal ion gradients, which enabled specific orientation of his-tagged proteins in a gradient 

fashion on the surface. Although the surface-bound chemokines were able to induce mouse 

B-cell adherence and migration (Supplemental Fig. 6), the chemokine gradient failed to elicit 

any concentration dependent haptokinetic or concentration gradient dependent haptotactic 

behaviors (Supplemental Fig. 7).  
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Fig. 4.5  B-cell haptotactic response to immobilized CXCL13 gradients exhibits population 
diversity.  a) Surface-bound CXCL13 gradient shown by fluorescent antibodies (top panel) 
and the quantification of the gradient profile (bottom panel). Linear regression of the 
fluorescent intensity values in relative to the distance is shown in red. Steepness value is the 
slope of the gradient. Median intensity is the predicted intensity value at the 300µm position 
(approximate midpoint of the gradient).  Scale bar = 100µm.  b) Centroid tracks of 17 cells 
migrating on the surface shown in a. Round markers indicate the start and square markers 
indicate the end of the centroid tracks. CXCL13 gradient increases towards the left.  c) Wind 
rose plot showing the temporal proportion of the migrating cells in b spent in each angular 
bin. 0 indicates the direction of the gradient.  d) Average FMI values versus relative gradient 
steepness (steepness divided by median intensity) of all experiments (n = 65, total number of 
cells = 746). Linear regression of the average FMI values to the relative gradient steepness is 
shown in dashed line. Scale bar: 10µm. 



 

95 

4.2.7 B-cell haptotactic responses are stronger towards steep CXCL13 gradients 

The cell centroid tracks suggest that cells moving up-gradient seem to be more 

persistent in maintaining the migration direction (Fig. 4.5B, green arrows) whereas cells 

moving down-gradient are less persistent (Fig. 4.5B, red arrows).  To study whether the 

initial movement direction affects the cell migration persistency, we grouped the cell angular 

tracks based on the average movement direction within the first 30s (Fig. 4.6A).  The 

corresponding normalized distribution of angular movement direction at each time point is 

indicated by the color code, with warmer colors signifying higher density and vice versa (Fig. 

4.6B).  The results show that the cells tend to maintain their direction of migration, regardless 

of their initial orientation.  The complexity of the results is expected based on the high 

diversity across the cell population and gradient profiles.  One thing we noticed is that the 

centroid track durations vary significantly.   The mean track duration of cells migrating in 

alignment with the chemokine gradient (33.7 min) is significantly longer (p = 4x10-4) than 

the mean duration of tracks migrating against the gradient (30.7 min).  To further quantify 

the B-cell directional persistence, we calculated the autocorrelation coefficient of the cell 

movement vector for each interval, as a function of increasing time lag, and we binned the 

values by angle relative to the gradient direction (Fig. 4.6C).  We reasoned that a directional 

bias would manifest as a slower decay of the autocorrelation coefficient for smaller angles.  

For the entire data set, the decay of the autocorrelation coefficient does not show the 

expected trend, at least not significantly so, probably because of the mixed directional 

responses across the population and variability of the chemokine gradients produced.  Since 

the distribution of FMI values suggests that steeper gradients induce stronger directional 
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responses, we subdivided the autocorrelation data according the relative gradient steepness, 

with approximately equal numbers of intervals in shallow (Fig. 4.6D-F, n = 30689), moderate 

(Fig. 4.6G-I, n = 30084), and steep (Fig. 4.6J-L, n = 29880) subsets.  As expected, the steep 

gradient subset shows a slower decay of the autocorrelation coefficient for migration vectors 

that are better aligned with the gradient, indicating a stronger directional bias (Fig. 4.6L). The 

trend is less prominent in the moderate gradient group (Fig. 4.6I) and completely lost in the 

shallow gradient group (Fig. 4.6F). 
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Fig. 4.6  B-cell haptotactic responses are stronger towards steep CXCL13 gradients.  a) 
Angular tracks of cells initially migrating against (top, n = 431) and towards (bottom, n=264) 
the higher gradient of the whole dataset (n = 695).  b) Normalized distribution of the centroid 
movement angles at each time point of cells initiated against (top) and towards (bottom) the 
higher gradient of the whole dataset.  c) Average autocorrelation coefficient distribution of 
track segments binned by the initial movement angle at different time points of the whole 
dataset. Bin size is 45 degree.  d) Angular tracks and e) angular distribution of cells initially 
migrating against (top, n = 129) and towards (bottom, n=76) the higher gradient of the 
moderate gradient subset (n = 205).  f) Average autocorrelation coefficient distribution of 
track segments binned by the initial movement angle at different time points of the shallow 
gradient subset.  g) Angular tracks and h) angular distribution of cells initially migrating 
against (top, n = 168) and towards (bottom, n=108) the higher gradient of the moderate 
gradient subset (n = 276).  i) Average autocorrelation coefficient distribution of track 
segments binned by the initial movement angle at different time points of the steep gradient 
subset.  j) Angular tracks and k) angular distribution of cells initially migrating against (top, n 
= 134) and towards (bottom, n=80) the higher gradient of the steep gradient subset (n = 214).  
l) Average autocorrelation coefficient distribution of track segments binned by the initial 
movement angle at different time points of the steep gradient subset. 
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4.3 Discussion 

Migrating B cells responding to the chemokines CXCL12 and CXCL13 showed 

similar morphological characteristics, consistent with previous studies of B-cell migration 

(16, 27); however, the dilation/shrinking dynamics reported here is a new insight revealed 

using TIRF microscopy.  This is distinct from the leading-edge dynamics reported for other 

amoeboid cells, such as Dictyostelium discoideum and T lymphocytes (28–31).  Our analysis 

showed independent dilation/shrinking waves on the two sides of the cell front.  Our 

conclusion is that the balance between dilation/shrinking at the edges determines cell 

migration directionality, which stands in contrast to the protrusion bifurcation phenomenon 

that characterizes T-cell migration, as described in Chapter 2. 

B-cell receptors (BCRs) recognize unique antigens, and BCR signaling is critical for 

the humoral immune response (32).  BCR signaling interacts with both the chemokine and 

LFA-1 signaling networks through downstream proteins such as ZAP70 and p66Shc, 

orchestrating B-cell development and migration responses (4, 10, 33).  In our random and 

directed migration assays, only chemokines and ICAM-1 were presented.  Also, the activated 

naïve B cells we studied were not antigen-treated.  Thus, BCR signaling was not included in 

our study and could be a potential focus of future research. 

Our quantification of B-cell haptotaxis revealed diverse responses, with a substantial 

number of B cells that were apparently insensitive to the chemokine gradient.  Although 

some of this variability was attributed to differences in gradient steepness, differences across 

the population of B cells used in each experiment might also affect the heterogeneity of 

responses.  The isolated primary B cells were activated for proliferation with combined 
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treatment of anti-CD3 and anti-IgM.  However, the activated cells are not homogeneous; they 

are a mixed population of different B-cell subtypes.  The flow cytometry results 

(Supplemental Fig. 5) showed variable expression of CXCR4 and CXCR5, consistent with 

the different types of B cells found in the spleen (3, 1, 34).  There might be other causes of 

the mixed cell directional responses.  It has been reported that B-cell chemotaxis in response 

to higher chemokine doses showed an increasing trend of individual cells exhibiting 

chemorepulsion rather than chemotaxis (35).  Such chemorepulsive behaviors to high 

chemokine doses have also been reported for neutrophils and T cells (36–38).  Evidence 

suggests that cell-cell interactions might reduce individual cell chemorepulsion and promote 

the overall chemotactic prowess; thus collective lymphocyte migration showed stronger 

chemotaxis towards the chemokine source (35).  For gradients of high chemokine doses the 

midpoint intensity values are also higher, rendering low relative steepness values.  Thus the 

weaker haptotactic responses to the gradients of lower relative steepness we observed might 

be associated with the larger population of cells exhibiting chemorepulsive behaviors. 

 

4.4 Materials & Methods 

4.4.1 Cell culture and preparation 

B lymphocyte culture medium was RPMI1640 supplemented with 25 mM HEPES, 

10% FCS, 1% sodium pyruvate, 1% non-essential amino acids, 0.1% 2-Mercaptoethanol, and 

1% Penicillin-Streptomycin.  Mostly naïve B lymphocytes were isolated from C57BL/6 

mouse spleens, kindly provided by the laboratory of Garnett Kelsoe (Duke University).  

Mouse spleens were cut in halves and ground with frost slides in culture medium.  The cell 
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mixture was filtered through a 130µm mesh, and B cells were isolated following the standard 

protocol of the Dynabeads® Mouse CD43 (Untouched™ B Cells) kit (Invitrogen).  In brief, 

the cell mixture was re-suspended to 5x107 cells/ml and mixed with 125 µl pre-washed 

Dynabeads for every 1 ml of the mixture.  The cells and beads were incubated at room 

temperature with gentle tilting and rotation for 20 minutes prior to magnetic selection.  The 

unbound B-cells in the supernatant were collected and re-suspended in B-cell culture medium 

at 2x106 cells/ml.  B cells were then transferred to 12-well cell culture plate, supplemented 

with 20µg/ml anti-mouse IgM (Jackson ImmunoResearch) and 2µg/ml anti-CD40 (BD 

Biosciences) for B-cell activation, and kept in 37°C, 5% CO2 cell culture incubator for the 

length of the tests without changing medium.  The activation has been proved to be necessary 

to the B-cell mobility in our previous study (Supplemental Fig. 8).  The cells were collected 

for tests 24 h, 48 h, and 72 h after isolation.  All tissue culture reagents were purchased from 

Invitrogen unless otherwise indicated.  

 

4.4.2 B-cell random migration assay surface preparation 

Glass-bottom dishes (MatTek) were coated first with 10 µg/ml Protein A (Invitrogen) 

and 5 µg/ml chemokine CXCL12-his or recombinant mouse CXCL13/BLC/BCA‑1 (R&D 

Systems) at room temperature for 2 h.  The surfaces were washed once with 1% mass per 

volume BSA (Sigma) in PBS.  Then 10 µg/ml mouse ICAM-1/CD54 Fc chimera (R&D 

Systems) was added and incubated at room temperature for 2 h.  The surfaces were washed 

once and blocked with 1% mass per volume BSA in PBS at 4°C overnight.  The surfaces 

were washed with warm migration medium (phenol red-free RPMI1640, 1% mass per 
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volume BSA) before adding cells.  CXCL12-his was kindly provided by the laboratory of 

William Reichert (Duke University).  It was confirmed that the observed biological activity 

of CXCL12-his was comparable to commercially available CXCL12. 

 

4.4.3 Random migration assay 

B cells were labeled with Vybrant® DiO (Invitrogen) following the manufacturer’s 

protocol.  In brief, B-cells were re-suspended in warm migration medium at 106 cells/ml and 

mixed with DiO solution in the ratio of 5 µl DiO to 1 ml cell solution.  The mixture was 

incubated at 37°C for 2 minutes and then washed with migration medium.  The cells rested 

for 10 minutes prior to seeding.  Approximately 2.5x105 cells were added onto the migration 

surface and allowed to adhere for 5 minutes at 37°C.  The cells were imaged by prism-based 

total internal reflection fluorescence (TIRF) microscopy at 37°C in a humidified chamber.  

Images were acquired at a rate of 20 frames/min with a 40X, 0.8 NA Achroplan water-

dipping objective (Carl Zeiss), ORCA-ER cooled charge-coupled device (Hamamatsu 

Photonics), and MetaMorph software (Universal Imaging). 

 

4.4.4 Haptotaxis assay 

Microfluidic device master plate, the design described previously (26), was fabricated 

on the silicon wafer by UV linking of SU-8 substrate.  PDMS microfluidic devices were 

manufactured from the master plate.  In brief, a mixture of PDMS substrate and crosslinking 

agent (mixed with a ratio of 10:1) is poured into the mold presenting the patterns on the 

master plate and put at 95oC for 1 h for curing.  Detached from the master plate, the PDMS 
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devices were then cut out, cleaned, and the outlet channels were punched by flat-tip needles. 

The device and the glass-bottom dish were plasma-treated and attached together with the 

device pattern side facing the glass surface. 

To establish chemokine gradients, CXCL12-his or CXCL13 in PBS solution was 

added into the source chamber and incubated for 15min at 37°C. The solution was mixed 

with 0.1% Texas-red Dextran, with similar molecular weight to the chemokines, to visualize 

the gradients in the cell culture chamber.  The chambers were washed with PBS once, then 

10µg/ml Protein A was added into all chambers and incubated for 15min at 37°C.  The 

chambers were washed with PBS again, followed by the addition of 10µg/ml mouse ICAM-1 

into all chambers and incubated for 45min at 37°C.  Approximately 5x105 B cells were re-

suspended in 100µl pre-warmed migration medium (RPMI1640 supplemented with 1% 

BSA).  The chambers were washed with warm migration medium once and the re-suspended 

cells were added into the chambers.  4ml migration medium was added into the glass-bottom 

dish, immersing the device.  The cells were allowed to adhere at 37°C for 5min.  The dish 

was imaged under bright field at 37°C in a humidified chamber.  Images were acquired at a 

rate of 6 frames/min with 40x, 0.8 NA Achroplan water dipping objective (Carl Zeiss) and 

acquired using a cooled charge-coupled device, ORCAER (Hamamatsu Photonics) and 

MetaMorph software (Universal Imaging).  

 

4.4.5 Chemokine gradient visualization 

After experiment, the device was washed once with PBS.  The surface was then 

incubated with mouse CXCL13/BLC/BCA‑1 Biotinylated Antibody (R&D Systems) diluted 
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1:200 in PBS at 37°C for 30min.  The chambers were washed once with PBS and incubated 

in Streptavidin, Alexa Fluor® 488 conjugate (Life Technologies) diluted 1:200 in PBS at 

37°C for 30min.  The chambers were washed twice with PBS before imaging.  The images 

were acquired with a 10x, 0.3 NA EC Plan-Neofluar objective (Carl Zeiss) on a Zeiss 

Observer Z1 inverted microscope.  The image analysis was performed in ImageJ. 

 

4.4.6 Computational image analysis 

Cell tracks were obtained using the Manual Tracking Plugin in ImageJ.  Image 

analysis was performed using MATLAB software (MathWorks).  Codes for identification 

and spatiotemporal mapping of protruded/retracted areas and extended morphological 

structures were the same as in the T-cell migration analysis and described previously (24).  

The dilation/shrinking maps were constructed by shifting and overlapping the cell centroids 

for every frame and identify the protruded and retracted pixels between the adjusted frames.  

The angular position was binned (rounded to the nearest whole angle in degrees, relative to 

the vector pointed from the cell centroid in the negative x-direction) of each 

protruded/retracted pixel.  Protrusion or retraction velocity was calculated as the net change 

in number of protruded/retracted pixels along the indicated angle (multiplied by the pixel 

size), divided by the change in time.   

 

4.4.7 Waiting-time distributions 

The waiting time and lifetime of each phenotypic event were manually documented 

with a temporal resolution of 0.25 minute.  To compare the waiting time distribution to that 
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of a random process, the same as in T-cell migration analysis.  All fits were obtained using 

the curve fitting toolbox of MATLAB. 
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CHAPTER 5 

Summary and Future Work  
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5.1 Summary 

Our study was focused on revealing the link between lymphocyte morphodynamics 

and migration directionality.  We used TIRF and bright-field microscopy to image 

lymphocyte random and directed migration.  For the random migration assay, uniform 

ICAM-1 and chemokine CXCL12 or CXCL13 were physisorbed onto the glass surface.  For 

the haptotaxis migration assay, we established a surface-bound chemokine gradient with a 

microfluidic device and coated the surface with uniform ICAM-1.  We also developed 

stochastic computational models in Smoldyn to help explain and develop mechanistic 

hypotheses about the T-cell random migration behaviors we observed.  We further 

introduced chemokine gradients into the random migration model to predict T-cell directed 

migration.  The results are summarized below. 

 

5.1.1 Mouse T-cell random migration 

We analyzed the morphodynamics of each individual T-cell during random migration 

in response to immobilized CXCL12.  The results indicated that T-cell migration is 

characterized by frequent bifurcation of the cell front, with turning determined by the 

dominance of one of the protrusions thusly formed.  Analysis of this process revealed that, 

although leading-edge bifurcation occurs with a characteristic frequency, the determination 

of the dominant protrusion is not random.  Rather, the evidence suggests that control of 

leading-edge bifurcation manifests as two distinct turning states: one that favors a persistent, 

straight migration path and the other that favors large-scale turns. 
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5.1.2 Computational modeling of T-cell random and directed migration 

To develop provisional hypotheses that might help explain some of the qualitative 

aspects of T-lymphocyte morphodynamics, we formulated computational models based on 

putative F-actin dynamics and cell polarization.  We proposed two random migration models, 

with a local inhibitor (poison) generated either by active receptors or by F-actin barbed ends.  

The statistical characteristics of both model outputs were consistent with those measured 

from experiments.  Although the two random migration models behave similarly (both 

qualitatively and quantitatively), the models predicted opposite directional responses to 

chemokine gradients.  With poison generated by active receptors, the simulated cells exhibit 

chemorepulsive responses to the chemokine gradients, whereas the modification of poison 

generation dependent on F-actin barbed ends yields chemotactic responses. 

 

5.1.3 B-cell random and directed migration 

B-cell random migration in response to chemokine CXCL12 and CXCL13 showed 

similar dilation/shrinking dynamics at the cell front, distinct from the bifurcation dynamics 

observed in T lymphocytes and other amoeboid cells.  The alternating dilation/shrinking 

waves on the left and right ends of the leading edge are independent of each other and 

determine B-cell migration directionality and turning behavior.  Haptotaxis assays revealed 

highly diverse B-cell responses to chemokine gradients, both within the population migrating 

on the same gradient surface and for cells migrating on different gradients.  Despite the 

variable responses, B cells exhibit an overall preference towards CXCL13 gradients, 

provided that the CXCL13 gradient is sufficiently steep. 



 

111 

5.2 Future Work 

5.2.1 T-cell haptotaxis assay 

We have studied CXCL12-induced T-cell random migration and established 

computational models to help understand the bifurcation dynamics observed in experiments.  

We further incorporated chemokine gradients into the random migration models to simulate 

T-cell directed migration.  The model predicted a gradient-dependent chemotactic response 

towards the source of the chemokine.  To confirm the model prediction, T-cell haptotaxis 

experiments will need to be performed. 

 

5.2.2 Computational modeling of B-cell random and directed migration 

We have linked B-cell morphodynamics to migration directionality during 

chemokine-induced B-cell random migration.  The B-cell haptotactic responses to CXCL13 

gradients were also characterized.  It would be a reasonable next step to build computational 

models to help explain B-cell random and directed migration.  However, B-cell migration 

morphodynamics are distinct from T-cell migration; therefore, it is not clear whether the T-

cell migration models would be suitable for simulating B-cell migration (with adjustment of 

the parameters) or if a new model with different conceptual underpinnings would need to be 

formulated.  The most significant difference is the absence of bifurcations in B cells, 

indicating that the core F-actin bifurcation mechanism in T-cell migration models has to be 

modified to reflect the dilation/shrinking leading edge. 
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5.2.3 Subtype-specific B-cell migration 

We observed variable directional responses of B cells to chemokine gradients, which 

might be attributable to the mixed population of B cells derived from spleens of non-

immune-challenged mice, which express varying numbers of the chemokine receptors.  

Different subtypes of B cells have distinct responses to spatial cues; hence, studying the 

migration of specific B-cell subtypes would be valuable to understand the diverse cell 

trafficking in vivo. 
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A.1 Supplemental Figures 

 

Supplemental Fig. 1  Chemokine-bound receptor distribution in response to simulated 
chemokine gradients in the chemorepulsive model.  The red dashed lines indicate the best 
linear regression fit.  Source rate = 1, Sink rate = 10. 
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Supplemental Fig. 2  ICAM-1 is necessary for mouse B lymphocyte surface migration. 
Color coded cell tracks superimposed on the first phase contrast image field of view of cell 
migration on a surface contacted with 5 µg/ml CXL12-His are seen in a), the corresponding 
collapsed tracks and direction vectors to one start location is seen in b).  c) and d) are the 
equivalents of a) and b) for cell migration on a surface contacted with 10 µg/ml PA-His + 5 
µg/ml ICAM. A one-way ANOVA, failed to show significant differences in cell migration on 
(ICAM) and (ICAM + CXL12-His) contacted conditions for track length e) and displacement 
f) parameters. On the other hand, cell migration on BSA contacted control surfaces, and 
surfaces without ICAM contact was barely more than a cell body length in terms of 
displacement, and was significantly lower than the conditions containing ICAM (* P ≤  
0.001) for both track length e) and displacement f). 
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Supplemental Fig. 3  Overlaid Epi- (grayscale) and TIRF (red outline) image of a 
representative B cell migrating on surface presenting uniform CXCL13.  Scale bar = 10 µm.  
 

 

Supplemental Fig. 4  WTDs of the dilation/shrinking events during CXCL13-induced 
mouse B-cell random migration occurred on the left (n = 357) or right (n = 379) side of the 
migration axis.  The corresponding exponential fit values are indicated by red and blue 
symbols, respectively.  
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Supplemental Fig. 5  Flow cytometry results showing CXCR4 and CXCR5 expression over 
the days after isolation in activated B cells.  CD3 expression is shown as the negative control.  
The average fluorescent intensity (expression level) of each species is shown in the 
corresponding color. 
 

 

Supplemental Fig. 6  Cells show activated fan-shaped profiles and contact and probe the 
protein coated surfaces on which they migrated. Total internal reflection fluorescence 
microscope (TIRFM) imagining showed that mouse B lymphocytes adhered and migrated on 
surface presenting CXL12 and ICAM-1 in a) uniform concentration, and b) in the form of a 
gradient. The cell footprints represent information from a less than 200 nm thick region 
apposing to the substrate. Black scale bar: 10µm. 
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Supplemental Fig. 7  Immobilized CXL12 gradient does not influence mouse B lymphocyte 
migration directionality. Cell migration was tracked in different regions of the gradient, viz. 
a) near the thiol edge (highest concentration of CXL12), b) middle of gradient (intermediate 
concentration of CXL12), and c) near the sulfonate edge (lowest concentration of CXL12). 
The direction of concentration gradient, as depicted by a representative fluorescent CXL12 
antibody binding surface intensity profile d), is top to bottom in a), b), and c). Cells appear to 
move in all directions, with no specific preference of migration along the direction of the 
gradient (depicted by blue shaded region). 
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Supplemental Fig. 8  Activation of cells is necessary for migration. The number of cells in 
48-72 hours old cultures that included 20µg/ml Anti-IgM and 20µg/ml Anti-CD40 in culture 
media exhibiting activated profiles and migratory behavior was significantly higher than in 
control cultures without these activating agents (Student’s t test, *P = 0.002). 
 

A.2 Materials & Methods 

A.2.1 Flow cytometry 

The activated B cells were re-suspended in FC Staining Buffer (BD Bioscience) at 

2x106 cells/ml.  PE anti-mouse CD185 (CXCR5) Antibody (BioLegend), PE Rat Anti-Mouse 

CD184 Clone 2B11/CXCR4 (BD Pharmingen™), or PE Rat Anti-Mouse CD3 Molecular 

Complex Clone 17A2 (BD Pharmingen™) was added into 100 µl cell solution at the ratio of 

1:200.  The mixtures were incubated for 30 min at room temperature in the dark.  The cells 

were washed three times with 1 ml and re-suspended in 0.5 ml FC Staining Buffer.  The flow 

cytometric analysis was run in an Accuri C6 Flow Cytometer (Becton Dickinson). 

 

A.2.2 Migration data quantification and analysis 

IMARIS software (Bitplane AG, Zurich, Switzerland) was used to track and quantify 

cell migration data recorded in the 15 min recordings over each unique surface.  To avoid 
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possible double-counting of highly motile cells as they exit and reenter the field of view and 

to ensure fair comparisons, only cells presented in the field of view and plane of focus 

throughout the microscopic recording period were tracked.  Cells that showed no signs of 

active movement and cells or smaller round entities that moved in almost a straight line along 

a perceived direction of convection (as was noted by movement of any non-cellular 

particulates) were not tracked.  Two comparative parameters were quantified per cell that 

was tracked, viz. track length and displacement and translated to average values over the 

multiple replicates recorded per condition.  Track length provides the magnitude of the actual 

distance travelled by the cell based on the meandering path it takes while migrating, whereas 

the scalar component of the displacement provides the straight distance between the start and 

end point of a cell track, and the vector component provides information about the net 

direction in which a migrating cell travelled.  For the sake of comparison, all cell tracks and 

displacement vectors for each 15 min recording were collapsed to one central point, to get a 

comparative picture of the meandering character of the cell paths and the directional spread 

of movement.  An average of 78 cells were tracked per condition tested. Numerical data, 

presented as mean ± standard error of the mean, were analyzed using one-way analysis of 

variance (ANOVA) followed by a post hoc test (p < 0.05 was considered statistically 

significant) using SigmaPlot 11.0 software (Systat Software Inc., San Jose, CA). 
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Smoldyn Modeling Scripts 
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B.1 T-cell random migration model  

The following content is the Smoldyn script for the simulation of T-cell random 

migration.   

 

graphics opengl 

dim 2 

species Mem F Ri Ra Si Sa P Rear Amp Xi Xa L 

 

# The species of the model and their diffusivities (roughly, in um^2/s) are as follows: 

# These species describe the F-actin circuit 

difc Mem(back) 0 # Discrete points on the membrane 

difc F(back) 0.3 # F-actin barbed ends at the boundary; diffusion describes the lateral 

spread of the network due to Arp2/3-mediated branching 

difc Ri(back) 0.01 # Inactive receptors at the boundary (e.g., unligated chemokine 

receptors or integrins) 

difc Ra(back) 0.01 # Active receptors at the boundary (e.g., ligated chemokine 

receptors or adhesions) 

difc Si 30 # Inactive signaling molecule in the cytosol (fast diffusion) 

difc Sa 0.3 # Active signaling molecule in the cytosol (slower diffusion due to 

transient binding) 

difc P(back) 0.01 # 'Poison' molecule at the boundary (e.g., bound to active receptors) 

 

# These species form the rear of the cell, which opposes F-actin polymerization 

difc Rear(back) 0.3 # Marker of cell rear 

difc Amp(back) 0.01 # Amplifier of rear genesis 

difc Xi 100 # Inactive 'messenger' for rear genesis (arbitrarily fast diffusion) 

difc Xa 0.3 # Active 'messenger' for rear genesis (slower diffusion) 

difc L 3 # Long-range inhibitor of the rear generated by F-actin 
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color F(back) green 

color Ra(back) orange 

color Si blue 

color Sa cyan 

color P(back) red 

color Rear(back) brown 

color L magenta 

 

# These species may be shown if desired; otherwise set display size to zero 

display_size F(back) 12 

display_size Ra(back) 3 

display_size Si 2 

display_size Sa 4 

display_size P(back) 6 

display_size Rear(back) 12 

display_size L 0 

 

# These species are generally not shown; to change this, assign them a color  

display_size Mem(back) 0 

display_size Ri(back) 0 

display_size Amp(back) 0 

display_size Xi 0 

display_size Xa 0 

 

time_start 0 

time_stop 10000 

time_step 0.05 

 

# Export tiff images for every 10 time steps  
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tiff_iter 9 

tiff_name Tcell/tcell 

tiff_max 3000 

 

# Export positions of actin and myosin molecules at every 10 time points 

output_root Tcell/ 

output_files actinout.txt 

cmd n 9 molpos F(back) actinout.txt 

output_files myosinout.txt 

cmd n 9 molpos Rear(back) myosinout.txt 

 

boundaries 0 0 30 

boundaries 1 0 30 

frame_thickness 1 

 

# The boundary is a circle of radius 10 

start_surface membrane 

action both all reflect 

color both 0 0 0 

thickness 1 

panel sphere 15 15 10 100 s1 

end_surface 

 

# Populate the membrane with the species Mem and Ri 

surface_mol 2000 Mem(back) membrane sphere s1 

surface_mol 2000 Ri(back) membrane sphere s1 

  

start_compartment cell 

surface membrane 
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point 15 15 

end_compartment 

 

# Populate the cell interior with the inactive cytosolic species, Si and Xi 

compartment_mol 1000 Si cell 

compartment_mol 100 Xi cell # The lower number here allows for faster simulations. 

 

reaction r1 Mem(back) -> Mem(back) + F(back) 0.00001 # Spontaneous formation of 

F-actin (rare event, required to begin 'protrusion') 

reaction r2 F(back) -> 0 0.02 # Loss of F-actin barbed ends, e.g. by capping.  Set to 

approximately 1/min 

reaction r3 F(back) + Ri(back) -> F(back) + Ra(back) 0.0000001 # Protrusion 

promotes receptor activation, e.g. by spreading over immobilized ligands on the surface 

reaction r4 Ra(back) -> Ri(back) 1 # Inactivation or desensitization of receptors 

reaction r5 Ra(back) + Si(bsoln) -> Ra(back) + Sa(bsoln) 100 # Efficient activation of 

the signaling molecule by active receptors 

reaction r6 Sa(soln) -> Si(soln) 1 # Inactivation of the signaling molecule 

reaction r7 Sa(bsoln) + F(back) -> Sa(bsoln) + F(back) + F(back) 0.3 # Autocatalytic 

generation of F-actin barbed ends, promoted by the active signaling molecule 

reaction r8 Ra(back) -> Ra(back) + P(back)  0.3 # Active receptors also generate a 

poison 

reaction r9 P(back) + F(back) -> P(back) 1 # The poison consumes F-actin 

reaction r10 P(back) -> 0 0.2 # The poison has a finite lifetime 

reaction r11 Mem(back) -> Mem(back) + Rear(back) 0.00001 # Spontaneous 

formation of 'rear marker' (rare event) 

reaction r12 Rear(back) -> 0 1 # The rear marker has a finite lifetime 

reaction r13 Rear(back) + Mem(back) -> Rear(back) + Amp(back) 0.0000001 # The 

rear generates an amplifier molecule at the boundary 
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reaction r14 Amp(back) -> Mem(back) 1 # The amplifier molecule has a finite 

lifetime 

reaction r15 Amp(back) + Xi(bsoln) -> Amp(back) + Xa(bsoln) 10 # The amplifier 

molecule activates the rear 'messenger' 

reaction r16 Xa(soln) -> Xi(soln) 1 # Inactivation of the rear messenger 

reaction r17 Xa(bsoln) + Rear(back) -> Xa(bsoln) + Rear(back) + Rear(back) 1 # The 

active messenger promotes autocatalytic growth of the rear 

reaction r18 Rear(back) + F(back) -> Rear(back) 0.3 # The rear acts as a sink for F-

actin that moves into it 

reaction r19 F(back) -> F(back) + L(bsoln) 1 # F-actin produces a long-range 

inhibitor 

reaction r20 L(soln) -> 0 1 # The long-range inhibitor has a finite lifetime 

reaction r21 L(bsoln) + Rear(back) -> L(bsoln) 0.2 # The long-range inhibitor 

consumes the rear, effectively moving it in tandem with the wave(s) of protrusion 

 

end_file 

 

B.2 T-cell chemorepulsive model 

The following content is the Smoldyn script for the simulation of T-cell directed 

migration based on the random migration described above.  The Source and Sink rates could 

be adjusted accordingly to the targeted gradient profile. 

 

graphics opengl 

dim 2 

species Mem F R Ri Ra Si Sa P Rear Amp Xi Xa L Ligand Source Sink 

 

# The species of the model and their diffusivities (roughly, in um^2/s) are as follows: 
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# These species describe the F-actin circuit 

difc Mem(back) 0 # Discrete points on the membrane 

difc F(back) 0.3 # F-actin barbed ends at the boundary; diffusion describes the lateral 

spread of the network due to Arp2/3-mediated branching 

difc R(back) 0.01 # Inactive receptors at the boundary (e.g., unligated chemokine 

receptors or integrins) 

difc Ri(back) 0.01 # Inactive ligated receptors at the boundary (e.g., ligated 

chemokine receptors or integrins) 

difc Ra(back) 0.01 # Active receptors at the boundary (e.g., activated ligated 

chemokine receptors or adhesions) 

difc Si 30 # Inactive signaling molecule in the cytosol (fast diffusion) 

difc Sa 0.3 # Active signaling molecule in the cytosol (slower diffusion due to 

transient binding) 

difc P(back) 0.01 # 'Poison' molecule at the boundary (e.g., bound to active receptors) 

 

# These species form the rear of the cell, which opposes F-actin polymerization 

difc Rear(back) 0.3 # Marker of cell rear 

difc Amp(back) 0.01 # Amplifier of rear genesis 

difc Xi 100 # Inactive 'messenger' for rear genesis (arbitrarily fast diffusion) 

difc Xa 0.3 # Active 'messenger' for rear genesis (slower diffusion) 

difc L 3 # Long-range inhibitor of the rear generated by F-actin 

 

difc Ligand 100 

difc Source(front) 0 

difc Sink(front) 0 

 

color F(back) green 

color Ra(back) orange 

color Si blue 
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color Sa cyan 

color P(back) red 

color Rear(back) brown 

color Ri(back) yellow 

# color L magenta 

color Ligand magenta 

color Source black 

 

# These species may be shown if desired; otherwise set display size to zero 

display_size F(back) 12 

display_size Ra(back) 3 

display_size Si 0 

display_size Sa 4 

display_size P(back) 6 

display_size Rear(back) 12 

display_size L 0 

display_size Ligand 2 

display_size Source(front) 3 

display_size Sink(front) 0 

 

# These species are generally not shown; to change this, assign them a color  

display_size Mem(back) 0 

display_size Ri(back) 0 

display_size Amp(back) 0 

display_size Xi 0 

display_size Xa 0 

 

time_start 0 

time_stop 10000 
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time_step 0.05 

 

# Export tiff images, one for every 20 time steps 

tiff_iter 19 

tiff_name Tcell/tcell 

tiff_max 3000 

 

# Export positions of actin and myosin molecules at every 20 time points 

output_root Tcell/ 

output_files actinout.txt 

cmd n 19 molpos F(back) actinout.txt 

output_files myosinout.txt 

cmd n 19 molpos Rear(back) myosinout.txt 

output_files Riout.txt 

cmd n 9 molcountspace Ri(back) 0 0 30 30 0 15 0 Riout.txt 

output_files Lout.txt 

cmd n 9 molcountspace Ligand(fsoln) 0 0 30 30 0 4 0 Lout.txt 

 

boundaries 0 0 30 

boundaries 1 0 30 

frame_thickness 1 

 

start_surface walls 

action both all reflect  

color both 0 0 0 

thickness 1 

panel r +0 0 0 30 r1 

panel r -0 30 0 30 r2 

panel r +1 0 0 30 r3 



 

131 

panel r -1 0 30 30 r4 

end_surface 

 

start_compartment box 

surface walls 

point 15 15 

end_compartment 

 

surface_mol 500 Source(front) walls r r1 

surface_mol 500 Sink(front) walls r r2 

 

# The boundary is a circle of radius 10 

start_surface membrane 

action both all reflect 

action both Ligand transmit 

color both 0 0 0 

thickness 1 

panel sphere 15 15 10 100 s1 

end_surface 

 

# Populate the membrane with the species Mem and Ri 

surface_mol 2000 Mem(back) membrane sphere s1 

surface_mol 1000 R(back) membrane sphere s1 

surface_mol 3 F(back) membrane sphere s1 

surface_mol 3 Rear(back) membrane sphere s1 

 

start_compartment cell 

surface membrane 

point 15 15 
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end_compartment 

 

# Populate the cell interior with the inactive cytosolic species, Si and Xi 

compartment_mol 1000 Si cell 

compartment_mol 100 Xi cell # The lower number here allows for faster simulations. 

 

# The following are the reactions of the F-actin circuit 

reaction r1 Mem(back) -> Mem(back) + F(back) 0.00002 # Spontaneous formation of 

F-actin (rare event, required to begin 'protrusion') 

reaction r2 F(back) -> 0 0.02 # Loss of F-actin barbed ends, e.g. by capping.  Set to 

approximately 1/min 

reaction r31 R(back) + Ligand(fsoln) -> Ri(back) + Ligand(fsoln) 0.3 # Ligand-

receptor binding 

reaction r32 Ri(back) -> R(back) 1 # Receptor recycling 

reaction r3 F(back) + Ri(back) -> F(back) + Ra(back) 0.0000001 # Protrusion 

promotes receptor activation, e.g. by spreading over immobilized ligands on the surface 

reaction r4 Ra(back) -> Ri(back) 1 # Inactivation or desensitization of receptors 

reaction r5 Ra(back) + Si(bsoln) -> Ra(back) + Sa(bsoln) 50 # Efficient activation of 

the signaling molecule by active receptors 

reaction r6 Sa(soln) -> Si(soln) 1 # Inactivation of the signaling molecule 

reaction r7 Sa(bsoln) + F(back) -> Sa(bsoln) + F(back) + F(back) 0.3 # Autocatalytic 

generation of F-actin barbed ends, promoted by the active signaling molecule 

reaction r8 Ra(back) -> Ra(back) + P(back)  0.5 # Active receptors also generate a 

poison 

reaction r9 P(back) + F(back) -> P(back) 1 # The poison consumes F-actin 

reaction r10 P(back) -> 0 0.2 # The poison has a finite lifetime 

 

# The following are the reactions governing the cell rear; commenting them out 

removes the rear 
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reaction r11 Mem(back) -> Mem(back) + Rear(back) 0.00002 # Spontaneous 

formation of 'rear marker' (rare event) 

reaction r12 Rear(back) -> 0 1 # The rear marker has a finite lifetime 

reaction r13 Rear(back) + Mem(back) -> Rear(back) + Amp(back) 0.0000001 # The 

rear generates an amplifier molecule at the boundary 

reaction r14 Amp(back) -> Mem(back) 1 # The amplifier molecule has a finite 

lifetime 

reaction r15 Amp(back) + Xi(bsoln) -> Amp(back) + Xa(bsoln) 10 # The amplifier 

molecule activates the rear 'messenger' 

reaction r16 Xa(soln) -> Xi(soln) 1 # Inactivation of the rear messenger 

reaction r17 Xa(bsoln) + Rear(back) -> Xa(bsoln) + Rear(back) + Rear(back) 1 # The 

active messenger promotes autocatalytic growth of the rear 

reaction r18 Rear(back) + F(back) -> Rear(back) 0.3 # The rear acts as a sink for F-

actin that moves into it 

reaction r19 F(back) -> F(back) + L(bsoln) 0.5 # F-actin produces a long-range 

inhibitor 

reaction r20 L(soln) -> 0 1 # The long-range inhibitor has a finite lifetime 

reaction r21 L(bsoln) + Rear(back) -> L(bsoln) 0.2 # The long-range inhibitor 

consumes the rear, effectively moving it in tandem with the wave(s) of protrusion 

 

# The following are reactions related to the ligand gradient profile 

reaction r22 Source(front) -> Source(front) + Ligand(fsoln) 2 

reaction r23 Sink(front) + Ligand(fsoln) -> Sink(front) 1 

 

end_file 
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B.3 T-cell chemotactic model 

The following content is the Smoldyn script for the simulation of T-cell directed 

migration with the altered poison generation mechanism.  The Source and Sink rates could be 

adjusted accordingly to the targeted gradient profile. 

 

graphics opengl 

dim 2 

species Mem F R Ri Ra Si Sa P Rear Amp Xi Xa L Ligand Source Sink 

 

# The species of the model and their diffusivities (roughly, in um^2/s) are as follows: 

# These species describe the F-actin circuit 

difc Mem(back) 0 # Discrete points on the membrane 

difc F(back) 0.3 # F-actin barbed ends at the boundary; diffusion describes the lateral 

spread of the network due to Arp2/3-mediated branching 

difc R(back) 0.01 # Inactive receptors at the boundary (e.g., unligated chemokine 

receptors or integrins) 

difc Ri(back) 0.01 # Inactive ligated receptors at the boundary (e.g., ligated 

chemokine receptors or integrins) 

difc Ra(back) 0.01 # Active receptors at the boundary (e.g., activated ligated 

chemokine receptors or adhesions) 

difc Si 30 # Inactive signaling molecule in the cytosol (fast diffusion) 

difc Sa 0.3 # Active signaling molecule in the cytosol (slower diffusion due to 

transient binding) 

difc P(back) 0.01 # 'Poison' molecule at the boundary (e.g., bound to active receptors) 

 

# These species form the rear of the cell, which opposes F-actin polymerization 

difc Rear(back) 0.3 # Marker of cell rear 
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difc Amp(back) 0.01 # Amplifier of rear genesis 

difc Xi 100 # Inactive 'messenger' for rear genesis (arbitrarily fast diffusion) 

difc Xa 0.3 # Active 'messenger' for rear genesis (slower diffusion) 

difc L 3 # Long-range inhibitor of the rear generated by F-actin 

 

difc Ligand 100 

difc Source(front) 0 

difc Sink(front) 0 

 

color F(back) green 

color Ra(back) orange 

color Si blue 

color Sa cyan 

color P(back) red 

color Rear(back) brown 

color Ri(back) yellow 

# color L magenta 

color Ligand magenta 

color Source black 

 

# These species may be shown if desired; otherwise set display size to zero 

display_size F(back) 12 

display_size Ra(back) 3 

display_size Si 0 

display_size Sa 4 

display_size P(back) 6 

display_size Rear(back) 12 

display_size L 0 

display_size Ligand(fsoln) 2 
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display_size Source(front) 3 

display_size Sink(front) 0 

 

# These species are generally not shown; to change this, assign them a color  

display_size Mem(back) 0 

display_size Ri(back) 0 

display_size Amp(back) 0 

display_size Xi 0 

display_size Xa 0 

 

time_start 0 

time_stop 10000 

time_step 0.05 

 

# Export tiff images, one for every 20 time steps 

tiff_iter 19 

tiff_name Tcell/tcell 

tiff_max 3000 

 

# Export positions of actin and myosin molecules at every 20 time points 

output_root Tcell/ 

output_files actinout.txt 

cmd n 19 molpos F(back) actinout.txt 

output_files myosinout.txt 

cmd n 19 molpos Rear(back) myosinout.txt 

output_files Riout.txt 

cmd n 9 molcountspace Ri(back) 0 0 30 30 0 15 0 Riout.txt  

# Adjust both 30 (right limit) and 30 (bins) to change L 

output_files Lout.txt 
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cmd n 9 molcountspace Ligand(fsoln) 0 0 30 30 0 4 0 Lout.txt 

# Adjust both 30 (right limit) and 30 (bins) to change L 

 

boundaries 0 0 30 

boundaries 1 0 30 

frame_thickness 1 

 

start_surface walls 

action both all reflect  

color both 0 0 0 

thickness 1 

panel rect +0 0 0 30 r1 

panel rect -0 30 0 30 r2 

# Adjust first 30 (right limit) to change L 

panel rect +1 0 0 30 r3 

# Adjust 30 (right limit) to change L 

panel rect -1 0 30 30 r4 

# Adjust second 30 (right limit) to change L 

end_surface 

 

start_compartment box 

surface walls 

point 15 15 

# Adjust first 30/2 (midpoint) to change L 

end_compartment 

 

surface_mol 500 Source(front) walls r r1 

surface_mol 500 Sink(front) walls r r2 
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# The boundary is a circle of radius 10 

start_surface membrane 

action both all reflect 

action both Ligand transmit 

color both 0 0 0 

thickness 1 

panel sphere 15 15 10 100 s1 

# Adjust first 30/2 (midpoint) to change L 

end_surface 

 

# Populate the membrane with the species Mem and Ri 

surface_mol 2000 Mem(back) membrane sphere s1 

surface_mol 500 R(back) membrane sphere s1 

surface_mol 3 F(back) membrane sphere s1 

surface_mol 3 Rear(back) membrane sphere s1 

 

start_compartment cell 

surface membrane 

point 15 15 

# Adjust first 30/2 (midpoint) to change L 

end_compartment 

 

# Populate the cell interior with the inactive cytosolic species, Si and Xi 

compartment_mol 1000 Si cell 

compartment_mol 100 Xi cell # The lower number here allows for faster simulations. 

 

 

# The following are the reactions of the F-actin circuit 
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reaction r1 Mem(back) -> Mem(back) + F(back) 0.00002 # Spontaneous formation of 

F-actin (rare event, required to begin 'protrusion') 

reaction r2 F(back) -> 0 0.02 # Loss of F-actin barbed ends, e.g. by capping.  Set to 

approximately 1/min 

reaction r31 R(back) + Ligand(fsoln) -> Ri(back) + Ligand(fsoln) 0.3 # Ligand-

receptor binding 

reaction r32 Ri(back) -> R(back) 1 # Receptor recycling 

reaction r3 F(back) + Ri(back) -> F(back) + Ra(back) 0.0000005 # Protrusion 

promotes receptor activation, e.g. by spreading over immobilized ligands on the surface 

reaction r4 Ra(back) -> Ri(back) 1 # Inactivation or desensitization of receptors 

reaction r5 Ra(back) + Si(bsoln) -> Ra(back) + Sa(bsoln) 50 # Efficient activation of 

the signaling molecule by active receptors 

reaction r6 Sa(soln) -> Si(soln) 1 # Inactivation of the signaling molecule 

reaction r7 Sa(bsoln) + F(back) -> Sa(bsoln) + F(back) + F(back) 0.5 # Autocatalytic 

generation of F-actin barbed ends, promoted by the active signaling molecule 

reaction r8 F(back) -> F(back) + P(back)  0.1 # Active receptors also generate a 

poison 

reaction r9 P(back) + F(back) -> P(back) 0.4 # The poison consumes F-actin 

reaction r10 P(back) -> 0 0.2 # The poison has a finite lifetime 

 

# The following are the reactions governing the cell rear; commenting them out 

removes the rear 

reaction r11 Mem(back) -> Mem(back) + Rear(back) 0.00002 # Spontaneous 

formation of 'rear marker' (rare event) 

reaction r12 Rear(back) -> 0 1 # The rear marker has a finite lifetime 

reaction r13 Rear(back) + Mem(back) -> Rear(back) + Amp(back) 0.0000001 # The 

rear generates an amplifier molecule at the boundary 

reaction r14 Amp(back) -> Mem(back) 1 # The amplifier molecule has a finite 

lifetime 
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reaction r15 Amp(back) + Xi(bsoln) -> Amp(back) + Xa(bsoln) 10 # The amplifier 

molecule activates the rear 'messenger' 

reaction r16 Xa(soln) -> Xi(soln) 1 # Inactivation of the rear messenger 

reaction r17 Xa(bsoln) + Rear(back) -> Xa(bsoln) + Rear(back) + Rear(back) 1 # The 

active messenger promotes autocatalytic growth of the rear 

reaction r18 Rear(back) + F(back) -> Rear(back) 0.3 # The rear acts as a sink for F-

actin that moves into it 

reaction r19 F(back) -> F(back) + L(bsoln) 1 # F-actin produces a long-range 

inhibitor 

reaction r20 L(soln) -> 0 1 # The long-range inhibitor has a finite lifetime 

reaction r21 L(bsoln) + Rear(back) -> L(bsoln) 0.3 # The long-range inhibitor 

consumes the rear, effectively moving it in tandem with the wave(s) of protrusion 

 

# The following are reactions related to the ligand gradient profile 

reaction r22 Source(front) -> Source(front) + Ligand(fsoln) 3 

reaction r23 Sink(front) + Ligand(fsoln) -> Sink(front) 1 

 

end_file 

 

B.4 Modified T-cell random migration model 

The following content is the Smoldyn script for the simulation of T-cell random 

migration based on the directed migration model described above.   

 

graphics opengl 

dim 2 

species Mem F Ri Ra Si Sa P Rear Amp Xi Xa L 
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# The species of the model and their diffusivities (roughly, in um^2/s) are as follows: 

# These species describe the F-actin circuit 

difc Mem(back) 0 # Discrete points on the membrane 

difc F(back) 0.3 # F-actin barbed ends at the boundary; diffusion describes the lateral 

spread of the network due to Arp2/3-mediated branching 

difc Ri(back) 0.01 # Inactive receptors at the boundary (e.g., unligated chemokine 

receptors or integrins) 

difc Ra(back) 0.01 # Active receptors at the boundary (e.g., ligated chemokine 

receptors or adhesions) 

difc Si 30 # Inactive signaling molecule in the cytosol (fast diffusion) 

difc Sa 0.3 # Active signaling molecule in the cytosol (slower diffusion due to 

transient binding) 

difc P(back) 0.01 # 'Poison' molecule at the boundary (e.g., bound to active receptors) 

 

# These species form the rear of the cell, which opposes F-actin polymerization 

difc Rear(back) 0.3 # Marker of cell rear 

difc Amp(back) 0.01 # Amplifier of rear genesis 

difc Xi 100 # Inactive 'messenger' for rear genesis (arbitrarily fast diffusion) 

difc Xa 0.3 # Active 'messenger' for rear genesis (slower diffusion) 

difc L 3 # Long-range inhibitor of the rear generated by F-actin 

 

color F(back) green 

color Ra(back) orange 

color Si blue 

color Sa cyan 

color P(back) red 

color Rear(back) brown 

color L magenta 

 



 

142 

# These species may be shown if desired; otherwise set display size to zero 

display_size F(back) 12 

display_size Ra(back) 3 

display_size Si 2 

display_size Sa 4 

display_size P(back) 6 

display_size Rear(back) 12 

display_size L 0 

 

# These species are generally not shown; to change this, assign them a color  

display_size Mem(back) 0 

display_size Ri(back) 0 

display_size Amp(back) 0 

display_size Xi 0 

display_size Xa 0 

 

time_start 0 

time_stop 10000 

time_step 0.05 

 

# Export tiff images for every 20 time steps  

tiff_iter 19 

tiff_name Tcell/tcell 

tiff_max 3000 

 

# Export positions of actin and myosin molecules at every 20 time points 

output_root Tcell/ 

output_files actinout.txt 

cmd n 19 molpos F(back) actinout.txt 
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output_files myosinout.txt 

cmd n 19 molpos Rear(back) myosinout.txt 

 

boundaries 0 0 30 

boundaries 1 0 30 

frame_thickness 1 

 

# The boundary is a circle of radius 10 

start_surface membrane 

action both all reflect 

color both 0 0 0 

thickness 1 

panel sphere 15 15 10 100 s1 

end_surface 

 

# Populate the membrane with the species Mem and Ri 

surface_mol 2000 Mem(back) membrane sphere s1 

surface_mol 500 Ri(back) membrane sphere s1 

surface_mol 3 F(back) membrane sphere s1 

surface_mol 3 Rear(back) membrane sphere s1 

  

start_compartment cell 

surface membrane 

point 15 15 

end_compartment 

 

# Populate the cell interior with the inactive cytosolic species, Si and Xi 

compartment_mol 1000 Si cell 

compartment_mol 100 Xi cell # The lower number here allows for faster simulations. 



 

144 

 

reaction r1 Mem(back) -> Mem(back) + F(back) 0.00002 # Spontaneous formation of 

F-actin (rare event, required to begin 'protrusion') 

reaction r2 F(back) -> 0 0.02 # Loss of F-actin barbed ends, e.g. by capping.  Set to 

approximately 1/min 

reaction r3 F(back) + Ri(back) -> F(back) + Ra(back) 0.0000005 # Protrusion 

promotes receptor activation, e.g. by spreading over immobilized ligands on the surface 

reaction r4 Ra(back) -> Ri(back) 1 # Inactivation or desensitization of receptors 

reaction r5 Ra(back) + Si(bsoln) -> Ra(back) + Sa(bsoln) 50 # Efficient activation of 

the signaling molecule by active receptors 

reaction r6 Sa(soln) -> Si(soln) 1 # Inactivation of the signaling molecule 

reaction r7 Sa(bsoln) + F(back) -> Sa(bsoln) + F(back) + F(back) 0.5 # Autocatalytic 

generation of F-actin barbed ends, promoted by the active signaling molecule 

reaction r8 F(back) -> F(back) + P(back)  0.1 # Active receptors also generate a 

poison 

reaction r9 P(back) + F(back) -> P(back) 0.4 # The poison consumes F-actin 

reaction r10 P(back) -> 0 0.2 # The poison has a finite lifetime 

reaction r11 Mem(back) -> Mem(back) + Rear(back) 0.00002 # Spontaneous 

formation of 'rear marker' (rare event) 

reaction r12 Rear(back) -> 0 1 # The rear marker has a finite lifetime 

reaction r13 Rear(back) + Mem(back) -> Rear(back) + Amp(back) 0.0000001 # The 

rear generates an amplifier molecule at the boundary 

reaction r14 Amp(back) -> Mem(back) 1 # The amplifier molecule has a finite 

lifetime 

reaction r15 Amp(back) + Xi(bsoln) -> Amp(back) + Xa(bsoln) 10 # The amplifier 

molecule activates the rear 'messenger' 

reaction r16 Xa(soln) -> Xi(soln) 1 # Inactivation of the rear messenger 

reaction r17 Xa(bsoln) + Rear(back) -> Xa(bsoln) + Rear(back) + Rear(back) 1 # The 

active messenger promotes autocatalytic growth of the rear 
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reaction r18 Rear(back) + F(back) -> Rear(back) 0.3 # The rear acts as a sink for F-

actin that moves into it 

reaction r19 F(back) -> F(back) + L(bsoln) 1 # F-actin produces a long-range 

inhibitor 

reaction r20 L(soln) -> 0 1 # The long-range inhibitor has a finite lifetime 

reaction r21 L(bsoln) + Rear(back) -> L(bsoln) 0.3 # The long-range inhibitor 

consumes the rear, effectively moving it in tandem with the wave(s) of protrusion 

 

 

end_file 

 


