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Immune responses develop in draining lymph nodes

Dendritic cells (DC) scan 
peripheral tissues, and migrate to 
draining lymph nodes to present 

their antigens.  

Millions of different naive T cells 
migrate through lymph nodes, and 

bind these DC.  

Only 1:100000 T cells will 
become activated, expand, and 
emigrate as effector cells that 

move back to the inflamed tissues. 

Needle in a haystack problem: 
how long would it take to 

initiate an immune response?
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Figure 1.

 

 Migratory Routes of T Cells.
Naive T cells home continuously from the blood to lymph nodes and other secondary lymphoid tissues. Homing to lymph nodes
occurs in high endothelial venules (HEV), which express molecules for the constitutive recruitment of lymphocytes. Lymph fluid
percolates through the lymph nodes; the fluid is channeled to them from peripheral tissues, where dendritic cells collect antigenic
material. In inflamed tissues, dendritic cells are mobilized to carry antigen to lymph nodes, where they stimulate antigen-specific
T cells. On stimulation, T cells proliferate by clonal expansion and differentiate into effector cells, which express receptors that
enable them to migrate to sites of inflammation. Although most effector cells are short-lived, a few antigen-experienced cells sur-
vive for a long time. These memory cells are subdivided into two populations on the basis of their migratory ability
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: the so-called
effector memory cells migrate to peripheral tissues, whereas central memory cells express a repertoire of homing molecules similar
to that of naive T cells and migrate preferentially to lymphoid organs. The traffic signals that direct effector and memory cells to
peripheral tissues are organ-specific (for example, molecules required for migration to the skin differ from those in the gut). They
are modulated by inflammatory mediators, and they are distinct for different subgroups of T cells (for example, type 1 and type 2
helper T cells respond to different chemoattractants).
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Two photon microscopy: 2PM

Label cells with fluorescent marker, inject, wait until they arrive in lymph node

Use different colors for T cells and dendritic cells

Use tracking software to translate videos into cellular trajectories

Delivers rich data sets that are difficult to quantify

Cahalan et al. Curr Op Immunol (2003) Sumen et al. Immunity (2003)



Vivid movies of migrating cells in LT

Henrickson et al. 
Nat. Imm (2008)
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Green: Ag specific CD8 T cells, Blue control  cells, and Red DC

Small volume and short time period: tracks are biased samples



Software tracks the cells “automatically”
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Quantify cell migration by:

plot tracks

record speeds

angles of migration

mean square displacement plot

a  Track plot

c  Confinement ratio
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Motility coefficient
A measure for how fast cells 
displace from their starting 
positions during a random walk 
process. It is identical to a 
diffusion coefficient.

Persistent motion
The phenomenon that cells 
generally travel in relatively 
straight lines on a short 
timescale (usually of minutes).

Mean displacement. To determine the type of loco-
motion of the visualized cell population, researchers 
frequently analyse how the mean displacement of cells 
depends on the time period for which the cells are fol-
lowed. The displacement of a cell is the shortest dis-
tance between the positions at two time points (which 
is distinct from the length of the entire path it has trav-
elled). Typical cell motility can be deduced from a plot 
of the mean displacement versus the square root of time 
(FIG. 1b). If this relationship is linear, it means that cells 
behave as randomly moving objects, and a motility coeffi-
cient can be calculated (see example in REF. 9). However, 
published values of motility coefficients are typically 
underestimated because a correction is required when 
the mean displacement rather than the mean of the 
squared displacements is used in the calculations (see 
Supplementary information S1 (box) and REF. 10).

A faster than linear increase in the mean displace-
ment plot is reminiscent of directed motion. Cells 
exhibit directed motion for typically at least a few 
minutes, which means that on short timescales they 

tend to move in an approximately straight line (in a 
persistent direction). When such directed motion is 
also observed on long timescales this means that the 
cells displace more than expected for a random walk. 
One factor that could cause directed motion is if the 
immune cells were to follow a chemokine gradient.  
A slower than linear increase of the mean displacement 
plot means that the cells are somehow confined, for 
example because interactions with other cell types keep 
them within a specific region. It was recently suggested  
that thymocytes exhibit such confined behaviour  
during negative selection in the medulla, but not in the 
cortex, of the thymus11.
Although the mean displacement plot is a useful tool to 
investigate the type of motility involved, the underly-
ing mechanism of migration cannot be inferred from it. 
This is because multiple underlying micro-processes can 
give rise to the same or very similar mean displacement 
plots12–14. For example, viewing the migration of T cells 
in lymph nodes as consisting of randomly oriented steps 
of fixed duration and speed10 or as persistently moving 
cells that manoeuvre through a densely packed organ 
with highly variable speeds15 results in similar mean  
displacement plots.

Confinement ratio. Sometimes researchers are inter-
ested in calculating a parameter known as the con-
finement ratio (also known as the chemotactic index, 
meandering index or straightness index)16,17. This is 
a measure of the straightness or confinement of cell 
tracks, and it is the ratio of the displacement of a cell to 
the total length of the path that the cell has travelled 
(FIG. 1c). Because the path length is always at least the 
distance of the displacement, the confinement ratio 
can vary between 0 (a completely condensed cell 
track, so the cell returns to the exact position where 
it started) and 1 (a perfectly straight cell track). For 
example, the role of CD44, a receptor for extracellular 
matrix proteins and glycosaminoglycans, was investi-
gated in the migration of cytotoxic T lymphocytes in 
tumours using a combination of cell speed and con-
finement ratio to quantify various behaviours among 
these lymphocytes18.

A problem with the confinement ratio is that its 
value tends to zero as the track duration goes to infin-
ity (FIG. 1c uncorrected ratio; see also REFS 6 and 17, 
and Supplementary information S2 (figure) for an 
example from an experimental data set). This can 
be seen by noting that the confinement ratio is 
closely linked to a mean displacement analysis (see 
Supplementary Information S1 (box)). Thus, a com-Thus, a com-
parison of cell tracks of different durations and of dif-
ferent experiments is problematic. One way to solve 
this is to calculate the confinement ratio for a certain 
duration, but this means discarding shorter cell tracks 
as well as parts of cell tracks that exceed the chosen 
duration. Another way to circumvent the problem of 
dependency on the cell track duration is to multiply 
the confinement ratio of a cell by the square root of 
time; this simple ‘correction’ removes the dependency 
on track duration (FIG. 1c, corrected ratio). To use this 

Figure 1 | Commonly calculated migration parameters. a | A track plot in which 

each track has been shifted such that it starts at the origin of the x and y axes. 

b | Plotting the mean displacement of cells against the square root of time gives 

information about the type of migration involved. A linear relationship is indicative of 

random walk (straight black line). Over short timescales, cells typically displace faster 

than random, which is termed persistent motion (dash-dotted black line). When this 

occurs over long timescales it provides evidence for directional migration (red line), 

whereas a slower than linear increase in the mean displacement denotes confined 

migration (blue line). c | The confinement ratio is calculated by dividing the 

displacement of the cell by its total path length. In the ‘corrected’ confinement ratio 

the resulting value is multiplied by the square root of the cell track duration. The right 

panel shows how the confinement ratio and its corrected version depend on the track 

duration. The uncorrected ratio tends to zero for large track durations, whereas the 

corrected ratio reaches a constant number (for random migration).
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Mean square displacement suggests a random walk
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Mere imaging in a small volume gives a bias
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At large time intervals the displacement plot will be

biased towards slow cells that tend to stay in the box.

This looks like confined migration
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T cells migrate randomly in the absence of antigen

T cell velocities Power spectrum

Red: T cells, Green: Dendritic cells (DC)

Maximum intensity projection giving a top-view

Random walk, irregular velocities, speed one cell diameter min-1

no overall directionality, no collective motion

stop-and-go movement: peak in Fourier spectrum at ~ 1 min

Miller et al. PNAS (2003)



Cellular Potts Model: in silico movie where we 
“labeled” a small subset of the cells

Beltman et al. J Exp Med (2007)

Red: T cells     Green: Dendritic cells (DC)

Similar maximum intensity projection



Cellular Potts Model: grid based

Surface energies: Hamiltonian

System minimizes its energy

ΔH determines probability of copying (Boltzmann distribution)

H = Σ J + λ(v-VT)2



Cellular Potts Model



Cellular Potts Model



Cellular Potts Model



Cellular Potts Model



Cellular Potts Model



To move T cells have a target direction

ΔH = - μ cos(α)

Target direction is adjusted according to recent displacement 

(directional persistence)

http://tbb.bio.uu.nl/ioana/cpm/

New “actin inspired” model:

http://www-binf.bio.uu.nl/ioana/cpm/


T cell area in lymph nodes has a  static reticular network

1 pixel = 1 μm3

 T cell: 150 μm3, DC: 2200 μm3

 torus: 100 μm x 100 μm x 100 μm
 reticular network: randomly oriented rods



Cell populations in the CPM

rods (reticular network)

extracellular matrix

non-labeled DCs

labeled DCs

non-labeled T cells

labeled T cells

cross-section:

These were all the rules of the game (all assumptions)

We have tuned the adhesion parameters

model is phenomenological!



normal X-ray view and true 3D view

labeled DCs

labeled T cells

bar: 20 
μm

Beltman et al. J Exp Med (2007)

Grey: reticular net, Blue: T cells, Green/Yellow: DCs

Because we now see all the cells we appreciate much better that 
this is a densely packed environment!

reticular network

non-labeled T cells

non-labeled DCs



T cell tracks in the model: automatic

Very similar persistent motion in short term.

Very similar irregular velocities.

But no stop-and-go encoded in the model?
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DISCUSSION
We demonstrated that the dynamical properties of T cells 
(random walk, large velocity fl uctuations) do not require 
T cells to pause regularly and subsequently choose a new ran-
dom direction. In our three-dimensional model of the LN T 
cell area, both behaviors follow automatically from the simple 
assumption that T cells have a preferred direction of motion 
that is adjusted according to their recent displacement. Our 
2PM experiments confi rm the model prediction that the 
complicated T cell behaviors are environmentally determined 
phenomena: T cells seem to walk in a more or less consistent 
direction until they see obstacles on their path. Note that our 
simulated T cells still exhibit sharp turns if they move in an 
environment that is not densely packed with other cells or 
obstacles (see Video S9, available at http://www.jem.org/
cgi/content/full/jem.20061278/DC1), which is due to sto-
chastic fl uctuations. However, this occurs less frequently than 
in a densely packed space.

The idea that T cell–persistent motion in the short term 
automatically leads to random walk behavior in the longer 
term, without the need for separate processes to explain these 
phenomena, is analogous to ideas on polymer dynamics (for 
an introduction see references 33 and 34). Two classical ideal 
chain models of polymers are directly relevant for this analogy: 
the freely jointed chain and the worm-like chain. In the 

freely jointed chain, segments of fi xed length are randomly 
placed on top of each other. This would be similar to an ideal 
stop and go motion, in which T cells move perfectly straight 
for a fi xed period of time, and subsequently choose a new, 
random direction. It results in a linear relation between 
squared displacement and polymer length (the latter is analo-
gous to time in the T cell case). The worm-like chain consid-
ers a continuously fl exible rod, whose orientation correlation 
diminishes exponentially with polymer length. Our descrip-
tion of T cell motion is similar to the worm-like chain model. 
For short polymers, this results in a linear relation between 
displacement and length, but it changes to a linear relation 
between squared displacement and length for longer poly-
mers. This is because the orientation correlation is completely 
lost in the long run. For suffi  ciently long polymers, the 
worm-like chain is equivalent to a freely jointed chain with 
segments of size twice the persistence length. This analogy 
demonstrates that one cannot infer the mechanism under-
lying T cell behavior from the displacement versus square 
root of time relation alone.

Our model predicts the presence of extremely turbulent 
local T cell streams. We therefore performed new 2PM ex-
periments and confi rmed the presence of such streams in real 
LNs. The direction of travel through fi xed positions is more 
or less maintained for at least 6 min, which demonstrates how 
dynamic this phenomenon is. Furthermore, small correla-
tions in the direction of travel are detectable between cells 
that are approximately one cell diameter apart. In our simula-
tions, the local T cell streams turn into global bulk motion 
when there are few inhomogeneities present (RN, DCs). 
Such strong global bulk motion may be unwelcome in areas 
of the LN with high DC density (around high endothelial 
venules; references 35 and 36) because T cells of appropriate 
antigen specifi city need to be retained in that area for a suffi  -
ciently long time for activation. Hence, a function of the RN 
may be to prevent global bulk motion of T cells. The mean 
T cell velocity in deep areas of the T cell zone is higher than 
that in superfi cial areas (8). A possible explanation for this 
fi nding is that T cell bulk motion is more global in deep areas 
of LNs due to a lower density of obstacles (for instance-
 diff erent DC density, as shown in Bajénoff  et al. [35]).

Our simulations allow more precise estimates of DC 
scanning rates of T cells than can be obtained from experi-
ments (although our estimates of course depend on the cor-
rectness of the chosen parameters). Experimental estimates 
(7, 17) remain imprecise because they are based on the small 
number of contacts between fl uorescently labeled T cells and 
DCs, and the percentage of labeled T cells. Our scanning es-
timates are more direct because we know the whereabouts 
of all cells and can easily detect brief interactions of small 
contact area. Importantly, we are also able to count which 
contacts are unique, a property currently inaccessible to ex-
perimental techniques.

During negative selection in the thymic medulla, matur-
ing T cells with a high affi  nity for self-antigens are deleted. 
Based on an average contact time between T cells and DCs 

Figure 5. T cell velocity fl uctuations are environmentally deter-
mined. Velocity fl uctuations (top) of six real T cells over a 20−40-min 
period (A) and of six simulated T cells (B). Autocorrelation analyses of the 
fi rst 64 velocity data points (middle) and of all data points (bottom two 
panels) are shown.  on April 17, 2007 
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This becomes clear when all cells and RN are visualized in a 
cross section with a thickness of a single pixel (Fig. 1 B and 
Video S4), or when one considers what a T cell would per-
ceive during its voyage through the simulated LN (Fig. 1 C 
and Videos S5 and S6).

The dynamical properties of simulated T cells are in close 
correspondence with the experimental results (compare all 
panels in Fig. 2 with fi gures in Miller et al. [6]). The relation 
between mean displacement of simulated T cells and square 
root of time shows that in the short term (up to several min-
utes) they move in a consistent direction, but in the long 
term they perform a random walk (Fig. 2 A). Both small, 
random fl uctuations in the T cell path and an environment 
that prevents T cells from keeping a consistent direction for a 
long time causes the random walk behavior. The persistence 
time and motility coeffi  cient can be scaled by changing how 
often T cells update their target direction. Realistic motility 
coeffi  cients (M) of 50−100 μm2 min−1 and persistence times 
of #2 min (6, 8, 18) are obtained when the target direction 
is updated every 15−20 s (Fig. 2 A). The random movement 
pattern of simulated T cells is confi rmed by an analysis of the 
tracks along which they crawl. Individual tracks reveal persis-
tent motion in the short term (Fig. 2 B), whereas an overlay 
of normalized T cell tracks shows that there is no preferred 
direction in the long run (Fig. 2 C).

Simulated T cells self-organize into streams
Although the motility pattern exhibited by fl uorescently la-
beled T cells justifi es the conclusion that there is no large-
scale bulk motion of these cells (6), we observe bulk motion 
on a local level in our simulations. This self-organization oc-
curs because nearby T cells that travel in approximately the 
same direction will continue doing so, whereas nearby T cells 
that travel in alternative directions will often collide, having 
to adjust their preferred route.

One of the advantages of our modeling approach is that 
we can study the behavior of all T cells. To study the pres-
ence of local streams of T cells, we plot the mean angle be-
tween the vectors of recent displacement of all T cell pairs 
versus the distance between the cells of the pairs (Fig. 3 A, 
green line). The angle between the displacement vectors of 
T cells that are far apart is on average 90°, which corresponds 
to uncorrelated motion. The average angle between the dis-
placement of nearby T cells is <90°. Hence, nearby T cells 
are more likely to travel in the same direction than T cells 
that are far apart. Note that for T cells whose mean positions 
are clearly closer than the diameter of a single cell, the aver-
age angle between their displacement vectors increases again. 
This is because T cells approaching each other close enough 
to change each other’s shape are likely to be involved in 
a collision.

The presence of small streams of T cells is also visible 
when one considers temporal changes in the direction of 
movements at fi xed spatial positions. Other T cells that pass 
through these positions at later time points are likely to origi-
nate from a similar direction as the T cells that were there 

before (Fig. 3 B, green line). This temporal correlation is 
 almost completely lost in the longer term. Hence, the local 
T cell streams are extremely dynamic and turbulent, with 
constant changes in their direction of motion. The fact that 
the temporal correlation fails to attain 90° suggests the presence 
of locations that do not allow travel in all directions. This is a 
result of certain confi gurations of the rods that make up the 
in silico RN.

In our default simulation, bulk motion is still detectable two 
cells away and for up to 2 min (Fig. 3, A and B, green line). 

Figure 2. T cell motion. (A) Mean displacement plots for different 
update times of the target direction ∆t (black line, ∆t = 5 s, M ≈ 3 μm2 
min−1; red line, ∆t = 10 s, M ≈ 4 μm2 min−1; green line, ∆t = 15 s, M ≈ 
55 μm2 min−1; blue line, ∆t = 20 s, M ≈ 102 μm2 min−1). (B) Sequence 
of compressions along the z direction (top-view) showing T cell move-
ment over a period of several minutes (time shown in min:s). Tracks of 7 
T cells (encircled) are shown at 10-s intervals (DCs green, T cells red). Bar, 
10 μm. (C) Overlay of individual T cell tracks from a 10-min period in xy 
and xz coordinates after aligning their starting positions.

 on April 17, 2007 
w

w
w

.jem
.org

D
ow

nloaded from
 



Stop-and-go just due to collisions

Beltman JEM 2007
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DISCUSSION
We demonstrated that the dynamical properties of T cells 
(random walk, large velocity fl uctuations) do not require 
T cells to pause regularly and subsequently choose a new ran-
dom direction. In our three-dimensional model of the LN T 
cell area, both behaviors follow automatically from the simple 
assumption that T cells have a preferred direction of motion 
that is adjusted according to their recent displacement. Our 
2PM experiments confi rm the model prediction that the 
complicated T cell behaviors are environmentally determined 
phenomena: T cells seem to walk in a more or less consistent 
direction until they see obstacles on their path. Note that our 
simulated T cells still exhibit sharp turns if they move in an 
environment that is not densely packed with other cells or 
obstacles (see Video S9, available at http://www.jem.org/
cgi/content/full/jem.20061278/DC1), which is due to sto-
chastic fl uctuations. However, this occurs less frequently than 
in a densely packed space.

The idea that T cell–persistent motion in the short term 
automatically leads to random walk behavior in the longer 
term, without the need for separate processes to explain these 
phenomena, is analogous to ideas on polymer dynamics (for 
an introduction see references 33 and 34). Two classical ideal 
chain models of polymers are directly relevant for this analogy: 
the freely jointed chain and the worm-like chain. In the 

freely jointed chain, segments of fi xed length are randomly 
placed on top of each other. This would be similar to an ideal 
stop and go motion, in which T cells move perfectly straight 
for a fi xed period of time, and subsequently choose a new, 
random direction. It results in a linear relation between 
squared displacement and polymer length (the latter is analo-
gous to time in the T cell case). The worm-like chain consid-
ers a continuously fl exible rod, whose orientation correlation 
diminishes exponentially with polymer length. Our descrip-
tion of T cell motion is similar to the worm-like chain model. 
For short polymers, this results in a linear relation between 
displacement and length, but it changes to a linear relation 
between squared displacement and length for longer poly-
mers. This is because the orientation correlation is completely 
lost in the long run. For suffi  ciently long polymers, the 
worm-like chain is equivalent to a freely jointed chain with 
segments of size twice the persistence length. This analogy 
demonstrates that one cannot infer the mechanism under-
lying T cell behavior from the displacement versus square 
root of time relation alone.

Our model predicts the presence of extremely turbulent 
local T cell streams. We therefore performed new 2PM ex-
periments and confi rmed the presence of such streams in real 
LNs. The direction of travel through fi xed positions is more 
or less maintained for at least 6 min, which demonstrates how 
dynamic this phenomenon is. Furthermore, small correla-
tions in the direction of travel are detectable between cells 
that are approximately one cell diameter apart. In our simula-
tions, the local T cell streams turn into global bulk motion 
when there are few inhomogeneities present (RN, DCs). 
Such strong global bulk motion may be unwelcome in areas 
of the LN with high DC density (around high endothelial 
venules; references 35 and 36) because T cells of appropriate 
antigen specifi city need to be retained in that area for a suffi  -
ciently long time for activation. Hence, a function of the RN 
may be to prevent global bulk motion of T cells. The mean 
T cell velocity in deep areas of the T cell zone is higher than 
that in superfi cial areas (8). A possible explanation for this 
fi nding is that T cell bulk motion is more global in deep areas 
of LNs due to a lower density of obstacles (for instance-
 diff erent DC density, as shown in Bajénoff  et al. [35]).

Our simulations allow more precise estimates of DC 
scanning rates of T cells than can be obtained from experi-
ments (although our estimates of course depend on the cor-
rectness of the chosen parameters). Experimental estimates 
(7, 17) remain imprecise because they are based on the small 
number of contacts between fl uorescently labeled T cells and 
DCs, and the percentage of labeled T cells. Our scanning es-
timates are more direct because we know the whereabouts 
of all cells and can easily detect brief interactions of small 
contact area. Importantly, we are also able to count which 
contacts are unique, a property currently inaccessible to ex-
perimental techniques.

During negative selection in the thymic medulla, matur-
ing T cells with a high affi  nity for self-antigens are deleted. 
Based on an average contact time between T cells and DCs 

Figure 5. T cell velocity fl uctuations are environmentally deter-
mined. Velocity fl uctuations (top) of six real T cells over a 20−40-min 
period (A) and of six simulated T cells (B). Autocorrelation analyses of the 
fi rst 64 velocity data points (middle) and of all data points (bottom two 
panels) are shown.  o
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Infect epidermis with Herpes Simplex Virus (HSV-1)

Visualize infected skin + effector T cells

HSV infection in skin epidermis

Silvia Ariotti & Ton Schumacher (NKI, Amsterdam)



Immunohistochemistry staining 
with anti-HSV antibody 

Confocal microscopy

Black line: basal membrane

Patches of HSV infection



specific T cell

HSV (virus)

≈100 min

440x440x30μm

Silvia Ariotti & Ton Schumacher (NKI, Amsterdam)



other T cell

HSV

≈60 min 

440x440x35µm



How do T cells reach microlesions?

By random or directed migration?

Differences close to/far away from infection?

Differences by presence of matching antigen?

Not apparent from visual inspection.

Quantitative analysis on tracked cells is required



Calculate for each movement step:

2. turning angle 3. angle to infection

1. speed

Persistent motion:

<90 degrees

Random migration:

≈90 degrees

4. displacement towards infection

Project movement step onto vector toward infection



Antigen specific arrest

0 100 200 0 100 200
distance from infection (µm)

specific cell
non specific cell (OTI)
specific cell (OTI)



There is a small preference for all cells to migrate 
towards the microlesions

specific cell
non specific cell (OTI)
specific cell (OTI)



There is a small preference to travel towards the 
microlesions 

This is not antigen specific.

Difficult to appreciate in videos.

Is such a small preference relevant?

Model of cell migration to construct long tracks and 
estimate impact on arrival



Bootstrap the experimental data

Choose speed + ‘angle to infection’ combinations

Accept according to turning angle distribution

Combination depends on distance to infection

infectionα



In silico 2D tracks (also 3D)

Random tracks: use random ‘angles to infection’ but maintain speed+persistence



Directionality strongly contributes to arriving at microlesions

directional simulation
random simulation
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Conclusions

Stop-and-Go just due to collisions (not encoded)

Effector T cells are attracted towards microlesions 
independent of antigen specificity.

Small directionality allows a much larger fraction of cells to 
arrive faster at the site of infection.
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Lymphocyte dynamics (modeling deuterium labeling) 
life spans of naive and memory T cells

Lymphocyte migration (quantifying 2PM videos)  
http://2ptrack.net/: open analysis tool

Epitope identification (NetMHCpan)
predict pMHC complexes of HIV and cancers

T cell repertoire sequencing (diversity)
RTCR: flexible pipeline with better recall than MiTCR
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