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Killer cells in action



Natural killers & T cells 

 
 
Figure 1.6. Natural killer (NK) cells. These are large granular lymphocyte-like cells with important functions in 
innate immunity. Although lacking antigen-specific receptors, they can detect and attack certain virus-infected cells. 
Photograph courtesy of N. Rooney and B. Smith. 

 1-2. Lymphocytes mature in the bone marrow or the thymus. 

The lymphoid organs are organized tissues containing large numbers of lymphocytes in a framework of nonlymphoid 
cells. In these organs, the interactions lymphocytes make with nonlymphoid cells are important either to lymphocyte 
development, to the initiation of adaptive immune responses, or to the sustenance of lymphocytes. Lymphoid organs 
can be divided broadly into central or primary lymphoid organs, where lymphocytes are generated, and peripheral or 
secondary lymphoid organs, where adaptive immune responses are initiated and where lymphocytes are maintained. 
The central lymphoid organs are the bone marrow and the thymus, a large organ in the upper chest; the location of the 
thymus, and of the other lymphoid organs, is shown schematically in Fig. 1.7. 

myeloid cells are primarily secretory cells that release the contents of their prominent granules upon activation via 
antibody during an adaptive immune response. Eosinophils are thought to be involved in attacking large antibody-
coated parasites such as worms, whereas the function of basophils is less clear. Mast cells are tissue cells that trigger 
a local inflammatory response to antigen by releasing substances that act on local blood vessels. Photographs 
courtesy of N. Rooney and B. Smith. 

The common lymphoid progenitor gives rise to the lymphocytes, with which most of this book will be concerned. 
There are two major types of lymphocyte: B lymphocytes or B cells, which when activated differentiate into plasma 
cells that secrete antibodies; and T lymphocytes or T cells, of which there are two main classes. One class 
differentiates on activation into cytotoxic T cells, which kill cells infected with viruses, whereas the second class of T 
cells differentiates into cells that activate other cells such as B cells and macrophages. 

Most lymphocytes are small, featureless cells with few cytoplasmic organelles and much of the nuclear chromatin 
inactive, as shown by its condensed state (Fig. 1.5). This appearance is typical of inactive cells and it is not surprising 
that, as recently as the early 1960s, textbooks could describe these cells, now the central focus of immunology, as 
having no known function. Indeed, these small lymphocytes have no functional activity until they encounter antigen, 
which is necessary to trigger their proliferation and the differentiation of their specialized functional characteristics. 

 
 
Figure 1.5. Lymphocytes are mostly small and inactive cells. The left panel shows a light micrograph of a small 
lymphocyte surrounded by red blood cells. Note the condensed chromatin of the nucleus, indicating little trans-
criptional activity, the relative absence of cytoplasm, and the small size. The right panel shows a transmission 
electron micrograph of a small lymphocyte. Note the condensed chromatin, the scanty cytoplasm and the absence of 
rough endoplasmic reticulum and other evidence of functional activity. Photographs courtesy of N. Rooney. 

Lymphocytes are remarkable in being able to mount a specific immune response against virtually any foreign antigen. 
This is possible because each individual lymphocyte matures bearing a unique variant of a prototype antigen receptor, 
so that the population of T and B lymphocytes collectively bear a huge repertoire of receptors that are highly diverse 
in their antigen-binding sites. The B-cell antigen receptor (BCR) is a membrane-bound form of the antibody that the 
B cell will secrete after activation and differentiation to plasma cells. Antibody molecules as a class are known as 
immunoglobulins, usually shortened to Ig, and the antigen receptor of B lymphocytes is therefore also known as 
membrane immunoglobulin (mIg). The T-cell antigen receptor (TCR) is related to immunoglobulin but is quite 
distinct from it, as it is specially adapted to detect antigens derived from foreign proteins or pathogens that have 
entered into host cells. We shall describe the structures of these lymphocyte antigen receptors in detail in Chapters 3, 
4, and 5, and the way in which their diversity of binding sites is created as lymphocytes develop in Chapter 7. 

A third lineage of lymphoid cells, called natural killer cells, lack antigenspecific receptors and are part of the innate 
immune system. These cells circulate in the blood as large lymphocytes with distinctive cytotoxic granules (Fig. 1.6). 
They are able to recognize and kill some abnormal cells, for example some tumor cells and virus-infected cells, and 
are thought to be important in the innate immune defense against intracellular pathogens. 
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• T cell activation 
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Immune system - basics

from “Janeway Immunbiology”

pdf of 8th edition available at 
www.mta.ca/pshl/docs/janewayimmunobiology8.pdf



Activation of T cells by dendritic cells 

 
 
Figure 1.13. Dendritic cells initiate adaptive immune responses. Immature dendritic cells resident in infected 
tissues take up pathogens and their antigens by macropinocytosis and receptor-mediated phagocytosis. They are 
stimulated by recognition of the presence of pathogens to migrate via the lymphatics to regional lymph nodes, where 
they arrive as fully mature nonphagocytic dendritic cells. Here the mature dendritic cell encounters and activates 
antigen-specific naive T lymphocytes, which enter lymph nodes from the blood via a specialized vessel known from 
its cuboidal endothelial cells as a high endothelial venule (HEV). 

1-7. Lymphocytes activated by antigen give rise to clones of antigen-specific cells that mediate adaptive 
immunity. 

The defense systems of innate immunity are effective in combating many pathogens. They are constrained, however, 
by relying on germline-encoded receptors to recognize microorganisms that can evolve more rapidly than the hosts 
they infect. This explains why they can only recognize microorganisms bearing surface molecules that are common to 
many pathogens and that have been conserved over the course of evolution. Not surprisingly, many pathogenic 
bacteria have evolved a protective capsule that enables them to conceal these molecules and thereby avoid being 
recognized and phagocytosed. Viruses carry no invariant molecules similar to those of bacteria and are rarely 
recognized directly by macrophages. Viruses and encapsulated bacteria can, however, still be taken up by dendritic 
cells through the nonreceptor-dependent process of macropinocytosis. Molecules that reveal their infectious nature 
may then be unmasked, and the dendritic cell activated to present their antigens to lymphocytes. The recognition 
mechanism used by the lymphocytes of the adaptive immune response has evolved to overcome the constraints faced 
by the innate immune system, and enables recognition of an almost infinite diversity of antigens, so that each 
different pathogen can be targeted specifically. 

Instead of bearing several different receptors, each recognizing a different surface feature shared by many pathogens, 
each naive lymphocyte entering the bloodstream bears antigen receptors of a single specificity. The specificity of 
these receptors is determined by a unique genetic mechanism that operates during lymphocyte development in the 
bone marrow and thymus to generate millions of different variants of the genes encoding the receptor molecules. 
Thus, although an individual lymphocyte carries receptors of only one specificity, the specificity of each lymphocyte 
is different. This ensures that the millions of lymphocytes in the body collectively carry millions of different antigen 
receptor specificities the lymphocyte receptor repertoire of the individual. During a person's lifetime these 
lymphocytes undergo a process akin to natural selection; only those lymphocytes that encounter an antigen to which 
their receptor binds will be activated to proliferate and differentiate into effector cells. 

This selective mechanism was first proposed in the 1950s by Macfarlane Burnet to explain why antibodies, which 
can be induced in response to virtually any antigen, are produced in each individual only to those antigens to which 
he or she is exposed. He postulated the preexistence in the body of many different potential antibody-producing cells, 
each having the ability to make antibody of a different specificity and displaying on its surface a membrane-bound 
version of the antibody that served as a receptor for antigen. On binding antigen, the cell is activated to divide and 
produce many identical progeny, known as a clone; these cells can now secrete clonotypic antibodies with a 
specificity identical to that of the surface receptor that first triggered activation and clonal expansion (Fig. 1.14). 
Burnet called this the clonal selection theory. 

paracortical areas, also referred to as T-cell zones. Some of the B-cell follicles include germinal centers, where B 
cells are undergoing intense proliferation after encountering their specific antigen and their cooperating T cells (Fig. 
1.8). B and T lymphocytes are segregated in a similar fashion in the other peripheral lymphoid tissues, and we shall 
see that this organization promotes the crucial interactions that occur between B and T cells upon encountering 
antigen. 

 
 
Figure 1.8. Organization of a lymph node. As shown in the diagram on the left, a lymph node consists of an 
outermost cortex and an inner medulla. The cortex is composed of an outer cortex of B cells organized into lymphoid 
follicles, and deep, or paracortical, areas made up mainly of T cells and dendritic cells. When an immune response is 
underway, some of the follicles contain central areas of intense B-cell proliferation called germinal centers and are 
known as secondary lymphoid follicles. These reactions are very dramatic, but eventually die out as senescent 
germinal centers. Lymph draining from the extracellular spaces of the body carries antigens in phagocytic dendritic 
cells and macrophages from the tissues to the lymph node via the afferent lymphatics. Lymph leaves by the efferent 
lymphatic in the medulla. The medulla consists of strings of macro-phages and antibody-secreting plasma cells 
known as the medullary cords. Naive lymphocytes enter the node from the bloodstream through specialized 
postcapillary venules (not shown) and leave with the lymph through the efferent lymphatic. The light micrograph 
shows a section through a lymph node, with prominent follicles containing germinal centers. Magnification × 7. 
Photograph courtesy of N. Rooney. 

The spleen is a fist-sized organ just behind the stomach (see Fig. 1.7) that collects antigen from the blood. It also 
collects and disposes of senescent red blood cells. Its organization is shown schematically in Fig. 1.9. The bulk of the 
spleen is composed of red pulp, which is the site of red blood cell disposal. The lymphocytes surround the arterioles 
entering the organ, forming areas of white pulp, the inner region of which is divided into a periarteriolar lymphoid 
sheath (PALS), containing mainly T cells, and a flanking B-cell corona. 

 
 
Figure 1.11. Circulating lymphocytes encounter antigen in peripheral lymphoid organs. Naive lymphocytes 
recirculate constantly through peripheral lymphoid tissue, here illustrated as a lymph node behind the knee, a 
popliteal lymph node. Here, they may encounter their specific antigen, draining from an infected site in the foot. 
These are called draining lymph nodes, and are the site at which lymphocytes may become activated by encountering 
their specific ligand. 

When an infection occurs in the periphery, for example, large amounts of antigen are taken up by dendritic cells 
which then travel from the site of infection through the afferent lymphatic vessels into the draining lymph nodes (see 
Fig. 1.11). In the lymph nodes, these cells display the antigen to recirculating T lymphocytes, which they also help to 
activate. B cells that encounter antigen as they migrate through the lymph node are also arrested and activated, with 
the help of some of the activated T cells. Once the antigen-specific lymphocytes have undergone a period of 
proliferation and differentiation, they leave the lymph nodes as effector cells through the efferent lymphatic vessel 
(see Fig. 1.8). 

Because they are involved in initiating adaptive immune responses, the peripheral lymphoid tissues are not static 
structures but vary quite dramatically depending upon whether or not infection is present. The diffuse mucosal 
lymphoid tissues may appear in response to infection and then disappear, whereas the architecture of the organized 
tissues changes in a more defined way during an infection. For example, the B-cell follicles of the lymph nodes 
expand as B lymphocytes proliferate to form germinal centers (see Fig. 1.8), and the entire lymph node enlarges, a 
phenomenon familiarly known as swollen glands.  

Summary. 

Immune responses are mediated by leukocytes, which derive from precursors in the bone marrow. A pluripotent 
hematopoietic stem cell gives rise to the lymphocytes responsible for adaptive immunity, and also to myeloid 
lineages that participate in both innate and adaptive immunity. Neutrophils, eosinophils, and basophils are 
collectively known as granulocytes; they circulate in the blood unless recruited to act as effector cells at sites of 
infection and inflammation. Macrophages and mast cells complete their differentiation in the tissues where they act as 
effector cells in the front line of host defense and initiate inflammation. Macrophages phagocytose bacteria, and 
recruit other phagocytic cells, the neutrophils, from the blood. Mast cells are exocytic and are thought to orchestrate 
the defense against parasites as well as triggering allergic inflammation; they recruit eosinophils and basophils, which 
are also exocytic. Dendritic cells enter the tissues as immature phagocytes where they specialize in ingesting 
antigens. These antigen-presenting cells subsequently migrate into lymphoid tissue. There are two major types of 
lymphocyte: B lymphocytes, which mature in the bone marrow; and T lymphocytes, which mature in the thymus. The 
bone marrow and thymus are thus known as the central or primary lymphoid organs. Mature lymphocytes recirculate 
continually from the bloodstream through the peripheral or secondary lymphoid organs, returning to the bloodstream 
through the lymphatic vessels. Most adaptive immune responses are triggered when a recirculating T cell recognizes 



Clonal selection of T cells 

 
 
Figure 1.14. Clonal selection. Each lymphocyte progenitor gives rise to many lymphocytes, each bearing a distinct 
antigen receptor. Lymphocytes with receptors that bind ubiquitous self antigens are eliminated before they become 
fully mature, ensuring tolerance to such self antigens. When antigen interacts with the receptor on a mature naive 
lymphocyte, that cell is activated and starts to divide. It gives rise to a clone of identical progeny, all of whose 
receptors bind the same antigen. Antigen specificity is thus maintained as the progeny proliferate and differentiate 
into effector cells. Once antigen has been eliminated by these effector cells, the immune response ceases.  

1-8. Clonal selection of lymphocytes is the central principle of adaptive immunity. 

Remarkably, at the time that Burnet formulated his theory, nothing was known of the antigen receptors of 
lymphocytes; indeed the function of lymphocytes themselves was still obscure. Lymphocytes did not take center 
stage until the early 1960s, when James Gowans discovered that removal of the small lymphocytes from rats resulted 
in the loss of all known adaptive immune responses. These immune responses were restored when the small 
lymphocytes were replaced. This led to the realization that lymphocytes must be the units of clonal selection, and 
their biology became the focus of the new field of cellular immunology. 

Clonal selection of lymphocytes with diverse receptors elegantly explained adaptive immunity but it raised one 
significant intellectual problem. If the antigen receptors of lymphocytes are generated randomly during the lifetime of 
an individual, how are lymphocytes prevented from recognizing antigens on the tissues of the body and attacking 
them? Ray Owen had shown in the late 1940s that genetically different twin calves with a common placenta were 
immunologically tolerant of one another's tissues, that is, they did not make an immune response against each other. 
Sir Peter Medawar then showed in 1953 that if exposed to foreign tissues during embryonic development, mice 
become immunologically tolerant to these tissues. Burnet proposed that developing lymphocytes that are potentially 
self-reactive are removed before they can mature, a process known as clonal deletion. He has since been proved right 
in this too, although the mechanisms of tolerance are still being worked out, as we shall see when we discuss the 
development of lymphocytes in Chapter 7. 

Clonal selection of lymphocytes is the single most important principle in adaptive immunity. Its four basic postulates 
are listed in Fig. 1.15. The last of the problems posed by the clonal selection theory how the diversity of 
lymphocyte antigen receptors is generated was solved in the 1970s when advances in molecular biology made it 
possible to clone the genes encoding antibody molecules.  

 
 
Figure 1.15. The four basic principles of clonal selection. 

1-9. The structure of the antibody molecule illustrates the central puzzle of adaptive immunity. 

Antibodies, as discussed above, are the secreted form of the B-cell antigen receptor or BCR. Because they are 
produced in very large quantities in response to antigen, they can be studied by traditional biochemical techniques; 
indeed, their structure was understood long before recombinant DNA technology made it possible to study the 
membrane-bound antigen receptors of lymphocytes. The startling feature that emerged from the biochemical studies 
was that an antibody molecule is composed of two distinct regions. One is a constant region that can take one of only 
four or five biochemically distinguishable forms; the other is a variable region that can take an apparently infinite 
variety of subtly different forms that allow it to bind specifically to an equally vast variety of different antigens. 

This division is illustrated in the simple schematic diagram in Fig. 1.16, where the antibody is depicted as a Y-shaped 
molecule, with the constant region shown in blue and the variable region in red. The two variable regions, which are 
identical in any one antibody molecule, determine the antigen-binding specificity of the antibody; the constant region 
determines how the antibody disposes of the pathogen once it is bound. 

 
 
Figure 1.16. Schematic structure of an antibody molecule. The two arms of the Y-shaped antibody molecule 
contain the variable regions that form the two identical antigen-binding sites. The stem can take one of only a limited 
number of forms and is known as the constant region. It is the region that engages the effector mechanisms that 
antibodies activate to eliminate pathogens. 

Each antibody molecule has a twofold axis of symmetry and is composed of two identical heavy chains and two 
identical light chains (Fig. 1.17). Heavy and light chains both have variable and constant regions; the variable regions 
of a heavy and a light chain combine to form an antigen-binding site, so that both chains contribute to the antigen-
binding specificity of the antibody molecule. The structure of antibody molecules will be described in detail in 
Chapter 3, and the functional properties of antibodies conferred by their constant regions will be considered in 
Chapters 4 and 9. For the time being we are concerned only with the properties of immunoglobulin molecules as 
antigen receptors, and how the diversity of the variable regions is generated.  

 
 
Figure 1.17. Antibodies are made up of four protein chains. There are two types of chain in an antibody molecule: 
a larger chain called the heavy chain (green), and a smaller one called the light chain (yellow). Each chain has both a 
variable and a constant region, and there are two identical light chains and two identical heavy chains in each 
antibody molecule. 

1-10. Each developing lymphocyte generates a unique antigen receptor by rearranging its receptor genes. 

How are antigen receptors with an almost infinite range of specificities encoded by a finite number of genes? This 
question was answered in 1976, when Susumu Tonegawa discovered that the genes for immunoglobulin variable 
regions are inherited as sets of gene segments, each encoding a part of the variable region of one of the 
immunoglobulin polypeptide chains (Fig. 1.18). During B-cell development in the bone marrow, these gene segments 
are irreversibly joined by DNA recombination to form a stretch of DNA encoding a complete variable region. 
Because there are many different gene segments in each set, and different gene segments are joined together in 
different cells, each cell generates unique genes for the variable regions of the heavy and light chains of the 
immunoglobulin molecule. Once these recombination events have succeeded in producing a functional receptor, 
further rearrangement is prohibited. Thus each lymphocyte expresses only one receptor specificity. 

 
 
Figure 1.18. The diversity of lymphocyte antigen receptors is generated by somatic gene rearrangements. 
Different parts of the variable regions of antigen receptors are encoded by sets of gene segments. During a 
lymphocyte's development, one member of each set of gene segments is joined randomly to the others by an 
irreversible process of DNA recombination. The juxtaposed gene segments make up a complete gene that encodes the 
variable part of one chain of the receptor, and is unique to that cell. This random rearrangement is repeated for the set 
of gene segments encoding the other chain. The rearranged genes are expressed to produce the two types of 
polypeptide chain. These come together to form a unique antigen receptor on the lymphocyte surface. Each 
lymphocyte bears many copies of its unique receptor. 

This mechanism has three important consequences. First, it enables a limited number of gene segments to generate a 
vast number of different proteins. Second, because each cell assembles a different set of gene segments, each cell 
expresses a unique receptor specificity. Third, because gene rearrangement involves an irreversible change in a cell's 
DNA, all the progeny of that cell will inherit genes encoding the same receptor specificity. This general scheme was 
later also confirmed for the genes encoding the antigen receptor on T lymphocytes. The main distinctions between B- 
and T-lymphocyte receptors are that the immunoglobulin that serves as the B-cell antigen receptor has two identical 
antigen-recognition sites and can also be secreted, whereas the T-cell antigen receptor has a single antigen-
recognition site and is always a cell-surface molecule. We shall see later that these receptors also recognize antigen in 
very different ways. 

The potential diversity of lymphocyte receptors generated in this way is enormous. Just a few hundred different gene 
segments can combine in different ways to generate thousands of different receptor chains. The diversity of 
lymphocyte receptors is further amplified by junctional diversity, created by adding or subtracting nucleotides in the 
process of joining the gene segments, and by the fact that each receptor is made by pairing two different variable 
chains, each encoded in distinct sets of gene segments. A thousand different chains of each type could thus generate 
106 distinct antigen receptors through this combinatorial diversity. Thus a small amount of genetic material can 
encode a truly staggering diversity of receptors. Only a subset of these randomly generated receptor specificities 
survive the selective processes that shape the peripheral lymphocyte repertoire; nevertheless, there are lymphocytes 
of at least 108 different specificities in an individual at any one time. These provide the raw material on which clonal 
selection acts.  

1-11. Lymphocyte development and survival are determined by signals received through their antigen 
receptors. 

dendritic cells (Fig. 1.21, left panel) but for B cells (Fig. 1.21, right panel), the second signal is delivered by an armed 
effector T cell. Because of their ability to deliver activating signals, these three cell types are known as professional 
antigen-presenting cells, or often just antigen-presenting cells. They are illustrated in Fig. 1.22. Dendritic cells are 
the most important antigenpresenting cell of the three, with a central role in the initiation of adaptive immune 
responses (see Section 1-6). Macrophages can also mediate innate immune responses directly and make a crucial 
contribution to the effector phase of the adaptive immune response. B cells contribute to adaptive immunity by 
presenting peptides from antigens they have ingested and by secreting antibody. 

 
 
Figure 1.21. Two signals are required for lymphocyte activation. As well as receiving a signal through their 
antigen receptor, mature naive lymphocytes must also receive a second signal to become activated. For T cells (left 
panel) it is delivered by a professional antigen-presenting cell such as the dendritic cell shown here. For B cells (right 
panel), the second signal is usually delivered by an activated T cell. 
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Stochastic generation of a T cell receptor

 
 
Figure 4.12. T-cell receptor D- and E-chain gene rearrangement and expression. The TCRD- and E-chain genes 
are composed of discrete segments that are joined by somatic recombination during development of the T cell. 
Functional D- and E-chain genes are generated in the same way that complete immunoglobulin genes are created. For 
the D chain (upper part of figure), a VD gene segment rearranges to a JD gene segment to create a functional V-region 
exon. Transcription and splicing of the VJD exon to CD generates the mRNA that is translated to yield the T-cell 
receptor D-chain protein. For the E chain (lower part of figure), like the immunoglobulin heavy chain, the variable 
domain is encoded in three gene segments, VE, DE, and JE. Rearrangement of these gene segments generates a 
functional VDJE V-region exon that is transcribed and spliced to join to CE; the resulting mRNA is translated to yield 
the T-cell receptor E chain. The D and E chains pair soon after their biosynthesis to yield the D:E T-cell receptor 
heterodimer. Not all J gene segments are shown, and the leader sequences preceding each V gene segment are 
omitted for simplicity. 

 
 
Figure 4.13. The numbers of human T-cell receptor gene segments and the sources of T-cell receptor diversity 
compared with those of immunoglobulins. Note that only about half of human N chains contain N-nucleotides. 
Somatic hypermutation as a source of diversity in immunoglobulins is not included in this figure. 

T cell receptor α- and β- chain gene rearrangement and expression 

 
 
Figure 4.12. T-cell receptor D- and E-chain gene rearrangement and expression. The TCRD- and E-chain genes 
are composed of discrete segments that are joined by somatic recombination during development of the T cell. 
Functional D- and E-chain genes are generated in the same way that complete immunoglobulin genes are created. For 
the D chain (upper part of figure), a VD gene segment rearranges to a JD gene segment to create a functional V-region 
exon. Transcription and splicing of the VJD exon to CD generates the mRNA that is translated to yield the T-cell 
receptor D-chain protein. For the E chain (lower part of figure), like the immunoglobulin heavy chain, the variable 
domain is encoded in three gene segments, VE, DE, and JE. Rearrangement of these gene segments generates a 
functional VDJE V-region exon that is transcribed and spliced to join to CE; the resulting mRNA is translated to yield 
the T-cell receptor E chain. The D and E chains pair soon after their biosynthesis to yield the D:E T-cell receptor 
heterodimer. Not all J gene segments are shown, and the leader sequences preceding each V gene segment are 
omitted for simplicity. 

 
 
Figure 4.13. The numbers of human T-cell receptor gene segments and the sources of T-cell receptor diversity 
compared with those of immunoglobulins. Note that only about half of human N chains contain N-nucleotides. 
Somatic hypermutation as a source of diversity in immunoglobulins is not included in this figure. 

 
 
Figure 4.12. T-cell receptor D- and E-chain gene rearrangement and expression. The TCRD- and E-chain genes 
are composed of discrete segments that are joined by somatic recombination during development of the T cell. 
Functional D- and E-chain genes are generated in the same way that complete immunoglobulin genes are created. For 
the D chain (upper part of figure), a VD gene segment rearranges to a JD gene segment to create a functional V-region 
exon. Transcription and splicing of the VJD exon to CD generates the mRNA that is translated to yield the T-cell 
receptor D-chain protein. For the E chain (lower part of figure), like the immunoglobulin heavy chain, the variable 
domain is encoded in three gene segments, VE, DE, and JE. Rearrangement of these gene segments generates a 
functional VDJE V-region exon that is transcribed and spliced to join to CE; the resulting mRNA is translated to yield 
the T-cell receptor E chain. The D and E chains pair soon after their biosynthesis to yield the D:E T-cell receptor 
heterodimer. Not all J gene segments are shown, and the leader sequences preceding each V gene segment are 
omitted for simplicity. 

 
 
Figure 4.13. The numbers of human T-cell receptor gene segments and the sources of T-cell receptor diversity 
compared with those of immunoglobulins. Note that only about half of human N chains contain N-nucleotides. 
Somatic hypermutation as a source of diversity in immunoglobulins is not included in this figure. 

Statistical inference of the generation probability
Murugan et al. PNAS 109, 16161 (2012)

See also A. Walczak’s talks on YouTube: https://www.youtube.com/watch?v=5Xw5BvlDI_o
https://www.youtube.com/watch?v=tWdx0ul6GCY

https://www.youtube.com/watch?v=5Xw5BvlDI_o
https://www.youtube.com/watch?v=tWdx0ul6GCY


Major Histocompatibility Complex (MHC)

MHC displays antigens derived from pathogens 
on the cell surface to the appropriate T cells.

The ligand recognized by the T cell receptor is 
a peptide derived from the foreign antigen 
bound to a MHC molecule on the cell surface.

Two classes:
MHC I: occurs on all nucleated cells

activates T cell receptor
inhibits NK cell receptor

MHC II: occurs on APCs 
(dendritic cells, macrophages, B cells)
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T cell motility according activation state

Nature Reviews | Immunology
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leading to the description of ‘guided 
random walk’ (REF. 32). FRCs express the 
chemoattractants CC-chemokine ligand 19 
(CCL19), CCL21 and CXC-chemokine 
ligand 12 (CXCL12)33,34, which are required 
for optimal naive T cell motility in vivo26,31,33,35, 
consistent with a model of chemokinesis. 
Lysophosphatidic acid (LPA), another 
chemoattractant produced by stromal cells, 
has also recently been implicated in T cell 

Cues from the microenvironment seem 
to have minimal impact on the directionality 
of naive T cell migration in lymph nodes. 
Chemokines present in the lymph node 
increase basal T cell motility — through 
haptokinesis or chemokinesis — but they do 
not appear to contribute to search strategies 
undertaken by T cells at the initiation 
of a response. For instance, although 
CC-chemokine receptor 7 (CCR7), the 

motility in lymph nodes: interstitial T cell 
migration is reduced when LPA production is 
inhibited36, further supporting the notion that 
naive T cells undergo chemokinesis. In some 
areas of the lymph node, the space between 
FRC fibres is large enough to accommodate 
many T cells, suggesting that some T cells 
do not contact FRC fibres. Thus, while some 
cells may be ‘guided’ by FRCs, others probably 
‘push off ’ of one another to migrate.
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PQFGU�WUG�C�FKHHWUKXG�
$TQYPKCP�V[RG��QT�UWDFKHHWUKXG�TCPFQO�YCNM��0CKXG�
6|EGNN�OKITCVKQP�KU�KP�RCTV�EGNN�CWVQPQOQWU��UWRRQTVGF�D[�IWKFKPI�UVTQOCN�
UVTWEVWTGU�CPF�TGNKGU�QP�JCRVQMKPGUKU�CPF�EJGOQMKPGUKU��b�^�4GEGPVN[�CEVK�
XCVGF�6|EGNNU�CTG�RTGHGTGPVKCNN[�NQECVGF�KP�C�FKHHGTGPVKCVKQP�OKETQGPXKTQP�
OGPV�KP�VJG�UGEQPFCT[�N[ORJQKF�QTICP�KP�YJKEJ�VJG[�YGTG�RTKOGF��6JKU�
TGNQECVKQP�KU�EQPVTQNNGF�D[�C�UGEQPFCT[�6�EGNNs#2%�KPVGTCEVKQP��YJKEJ��KP�
CFFKVKQP�VQ�QVJGT�KPVGTCEVKQPU�
PQV�UJQYP���CNNQY�%&�+�CPF�%&�+�6|EGNNU�VQ�

EQOG�ENQUG�VQ�GCEJ�QVJGT�CPF�HQTO�ENWUVGTU��HCXQWTKPI�%&�+�6|EGNN�OGOQT[�
FKHHGTGPVKCVKQP��6|EGNN�OKITCVKQP�VQ�VJKU�OKETQGPXKTQPOGPV�KU�PQY�FKTGEVKQP�
CNN[�DKCUGF��%JGOQVCZKU�UKIPCNU�CTG�RTQFWEGF�D[�VJG�EQIPCVG�#2%��OQUV�
RTQDCDN[�VQ�CVVTCEV�TGEGPVN[�CEVKXCVGF�6|EGNNU�VQ�C�FKUVKPEV�FKHHGTGPVKCVKPI�
GPXKTQPOGPV��TGUWNVKPI�KP�OKITCVKQP�RCVVGTPU�IQXGTPGF�D[�VCZKU��c�^�1PEG�
RTKOGF��6|EGNNU�GHHKEKGPVN[�FKHHGTGPVKCVG�KPVQ�GHHGEVQT�6|EGNNU��VJG[�NGCXG�UGE�
QPFCT[�N[ORJQKF�QTICPU�CPF�CTG�TGETWKVGF�D[�EJGOQVCZKU�ITCFKGPVU�VQ�VJG�
UKVG�QH�KPLWT[�KP�RGTKRJGTCN�VKUUWGU��+P�VJKU�VKUUWG��GHHGEVQT�6|EGNNU�JCXG�VQ�HKPF�
VJGKT�EQIPCVG�#2%�CICKP�FWTKPI�CPVKIGP�TG�GPEQWPVGT��&GRGPFKPI�QP�VJG�
VKUUWG�CPF�VJG�V[RG�QH�KPLWT[��GHHGEVQT�6|EGNN�OKITCVKQP�KP�RGTKRJGTCN�UKVGU�JCU�
DGGP�FGUETKDGF�CU�C�FKHHWUKXG�
$TQYPKCP�V[RG��QT�UWRGTFKHHWUKXG�
.ÅX[�V[RG��
TCPFQO�YCNM��*CRVQMKPGUKU�CPF�EJGOQVCZKU�JCXG�DGGP�UJQYP�VQ�UJCRG�VJKU�
YCNM�KP�UQOG�VKUUWGU�UWEJ�CU�VJG�UMKP��'%/��GZVTCEGNNWNCT�OCVTKZ�
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Interaction of T cells with dendritic cells

(in 3d collagen matrix)

[Gunzer et al, Immunity 13, 323  (2000)]

<-
Multiple contacts

<-
Calcium influx

Fig. 39.3: a) The continuous interaction of the T-cell with a supported membrane mimicking

the APC is studied. The phantom APC is doped with MHC II exposing the antigen (denoted as

MHC-AG) and the cell adhesion molecule ICAM. The distribution of the fluorescent constituents

in the contact zone of the cells is evaluated by total internal reflection fluorescence microscopy

(TIRF) which captures all fluorescent components up to a distance of 200 nm above the solid

surface. Experiments were performed with Jurka cells, an immortal strain of T-lymphocytes that

express IL-2 and are frequently used to study immune reaction.

b) Observation of transient contacts of the T-cell with ACPs distributed in a three dimensional

collagen matrix. The contact is observed by phase contrast microscopy. The residence time of a

T-cell on an APC is 7-12 minutes. Right side: The upper image shows a T-cell (encircled by a

broken line) adhering on a dendritic cell while the lower images shows a cartoon illustrating the

transient random walk of the T-cell on the DC. Images reproduced from movie in [Gunzer et al

11

Dynamics of Antigen Presentation
327

Figure 5. Migratory T Cell–DC Interactions Are Dynamic, Sequential, or Repetitive and Induce a Raise in Intracellular Calcium

(A) Individual oxidized human T cell before, during, and after contact to an autologous DC. The path of the T cell was reconstructed and
superimposed over a schematic drawing of the DC body. The photograph shows a still picture from the videorecording at the time point of
T cell detachment (asterisk).
(B) Sequential interactions. Migration path of one human T cell (oxidative mitogenesis) reconstructed from three sequential contacts to distinct
DC. Path and oscillations in migration velocity were reconstructed for migration before, during, and after interactions to DC. At the beginning
of each contact the velocity dropped (yet did not stop) and resumed again upon or immediately after the contact (gray rectangles).
(C) Repetitive interactions to DC. DO11.10 T cell establishing consecutive interactions to one OVA-pulsed DC. The DC outline is indicated in
frame 1. The onset of each contact (open arrowhead) and T cell crawling on the DC surface (green path segment) are indicated. Bar, 10 mm.
(D) Transient calcium influx upon dynamic interaction. Transmission and green Fluo-3 fluorescence of an individual DO11.10 T cell immediately
before, during, and after migratory contact to an OVA-pulsed DC, as detected by two-channel confocal microscopy. The time scale is indicated.
In peptide-free control cultures, only a minor raise in intracellular calcium was obtained upon cell–cell interaction (data not shown).

higher (median up to 0.85 contacts/hr; Figure 6B). Thus, spacy architecture, provides traction for ameboid lym-
phocyte crawling within an APC-containing compart-in 3D collagen lattices at relatively low cell densities as

compared to native lymphatic tissue (Ushiki et al., 1995; ment, thereby mimicking some structural features pres-
ent in the lymph node cortex (Ushiki et al., 1995; GretzIngulli et al., 1997), a T cell would establish an estimated

10 or 20 individual interactions to DC per 24 hr in the et al., 1996). Similar to lymphoid organs, a high number
of migrating antigen-specific T cells was cocultured withmurine and human model, respectively, accumulating a

median interaction time of up to 2 hr. On a stochastical relatively few resident dendritic cells. In this model, in
accordance with observations from in vivo T cell–DCbasis, after 3 days of coculture, sequential contacts

result in hours of cumulative T cell–DC interaction time. interactions in lymph node sections (Ingulli et al., 1997),
we detected only small aggregates. These aggregates
were transient and contained one or few T cells simulta-Discussion
neously bound to individual DC, while multicellular clus-
ters (.10 T cells/DC) were not observed.3D Extracellular Matrix Has a Promigratory Impact

on T Cell–APC Interactions These findings contrast to observations from liquid
culture models that favor specific T cell–DC interactionsOur results indicate that a 3D interstitial tissue matrix

facilitates not only T cell migration toward an APC but to occur within large stable aggregates (Inaba et al.,
1984; Inaba and Steinman, 1986). The importance ofalso supports motility upon cell–cell interaction. In sec-

ondary lymphatic organs, APC are located in the T cell– extensive clustering of T cells with DC was initially de-
scribed for the oxidative mitogenesis model (Vanrich areas of paracortical cords and become ap-

proached by migrating T cells (Gretz et al., 1997). As a Voorhis et al., 1983; King and Katz, 1989); however, we
have not succeeded in generating significant clusterssubstrate for T cell–DC contacts, we have used a fibrillar

3D collagen matrix environment that, because of its upon oxidative mitogenesis within 3D collagen matrices.



T cells in tissue: Random walk vs. Lévy flight

These studies show that CXCL10 and CXCR3 are required for
optimal recruitment and/or retention of antigen-specific CD81 T cells
in the CNS during toxoplasmic encephalitis. To determine whether
CXCL10 and chemokine signals also affect the migration of CD81

T cells once they enter the CNS, we used multi-photon imaging to track
green fluorescent protein (GFP)-expressing OT-I T cells (OT-IGFP) in
explant brain after short-term anti-CXCL10 treatment (Supplemen-
tary Movies 1 and 2). In addition, chemokine signals were inhibited
using pertussis toxin (PTX), an inhibitor of Gai signalling2

(Supplementary Movie 3). We imaged cells for 10–30 min because cells
migrate out of the field of view during longer imaging periods, biasing
our sample towards cells that are less motile. Analysis of the cell tracks
(Fig. 2e–g) showed that anti-CXCL10 treatment reduced the average
cell velocity by 23%, from 6.35mm min21 in control-treated mice to
4.88mm min21 (Fig. 2h), whereas PTX reduced the track velocity by
46% to 3.45mm min21. Plots of individual cell tracks demonstrate that
cells cover less area over a 10-minute time span in the absence of
CXCL10 or when treated with PTX (Fig. 2i–k).

We performed a standard analysis to determine quantitatively how
chemokines affect the migratory behaviour of CD81 T cells by extract-
ing the motility coefficient (Supplementary Fig. 2). This analysis impli-
citly assumes a Brownian walk, as the motility coefficient is extracted
from the slope of the best linear fit to the mean-squared displacement
(m.s.d.), r2(t)

! "
, as a function of time, t (ref. 20). However, when we

plot the m.s.d. on a log–log plot, it grows with time approximately as ta,
with a< 1.4 (Fig. 3a). This finding suggests that the T-cell tracks are
not Brownian walks.

To determine the type of random walk that best describes the migra-
tion data, we focused not only on the behaviour of the m.s.d., but also
on the shape of the tracks; the probability distribution P(r(t)) of cell
displacements, r(t), as a function of the time interval, t; and the decay
of normalized displacement correlations, K(t,t)h i~ r(0,t):r(t,tzt)h i=
r2(0,0)h i, as a function of t, where r(t,tzt) is the displacement

between times t and t 1 t. Together, these properties provide a more
complete description of the walk statistics than the m.s.d. alone, and
therefore provide far more constraints that must be satisfied by a
candidate random-walk model. First, by analysing statistics of the
cell-trajectory shapes, we established that CD81 T cells do not exhibit
directional migration on the time and length scales relevant to this
experiment (see Supplementary Fig. 3 and Supplementary
Discussion). To analyse the displacement distribution, we introduced
a time-dependent variable, f(t), to scale the cell displacements. For
Brownian walks, the distribution, ~P(r), of scaled displacements,
r(t):r(t)=f(t), should be Gaussian, ~P(r)~

1ffiffiffiffiffi
2p
p e{r2=2, and the scale

factor, f(t), should be the root m.s.d. (r.m.s.d.). However, for the
migrating CD81 T cells, the distribution ~P(r) is not Gaussian
(Fig. 3b, inset); the probability of large displacements is much larger
than expected at all times studied. Notably, ~P(r) has the same shape at
all times, indicating that the tracks are also not well described by
persistent random walks. Moreover, the scale factor obeys f(t)*tc,
with c5 0.63, and not c5 1/2, as expected for Brownian walks
(Fig. 3c), and clearly differs from the r.m.s.d. (Supplementary Fig. 4)
at all times studied. Finally, the displacement correlations do not decay
exponentially in time, as for Brownian walks (Fig. 3c, inset). Thus,
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Figure 2 | CXCL10 affects the CD81 T-cell population and the control of
parasite replication. a, b, Mice chronically infected with PruOVA were treated
with anti-CXCL10 (1) antibody or control antibody (2). T cells isolated from
the brain were identified by flow cytometry (a) and parasite burden was
measured in the brain using rtPCR (b). Results are depicted as mean and s.e.m.
of three independent experiments, with 3–4 mice per group. *P # 0.05, paired
Student’s t-test. c, d, Immunohistochemical staining of brain sections for
T. gondii (green), CD8 (red) and 49,6-diamidino-2-phenylindole (DAPI; blue)
in anti-CXCL10-treated mice (c) and control animals (d). Scale bar, 20mm. OT-
IGFP cells were expanded in vitro and transferred to mice chronically infected
with PruOVA parasites. On day 7 after transfer, brains from mice that received

PBS (control), 300mg anti-CXCL10, or 8mg PTX intraperitoneally (i.p.) were
imaged in three dimensions over 10 min. e–g, Representative cells tracks from
control (e), anti-CXCL10-treated (f), and PTX-treated (g) mice are shown.
Scale bar, 100mm. h, Volocity software was used to calculate the average track
velocity (the average over all cells of the total displacement divided by the total
observation time). Ctrl, control. i–k, Cell motility was visualized by plotting
individual cell tracks from the origin from control (i), anti-CXCL10-treated
(j) and PTX-treated (k) mice. ***P , 0.001 by one-way analysis of variance.
Cell track data were obtained from three independent experiments with two
mice per group. Control, 12 movies, n 5 507 cells; anti-CXCL10, 10 movies,
n 5 280 cells; and PTX, 7 movies, n 5 192 cells.
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Early imaging studies (2) suggested that T
cell motility in the lymph node approximates
a random walk, and several approaches have
subsequently been adopted to characterize
whether motility is indeed random or is di-
rected (e.g., along chemokine gradients). For a
random-walk process, the mean displacement
from origin increases as a square root func-

tion with time. Analogous to the diffusion co-
efficient for Brownian motion, the slope of
this relationship can be used to calculate a
motility coefficient. This has generally been
done by plotting displacement versus square
root of time (Figure 1e) (2), but a plot of dis-
placement squared versus time is more appro-
priate when data are appreciably scattered. A
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[Miller et al, Science 296, 1869 (2002)]

Brownian walks do not describe effector T-cell migration during
toxoplasmic encephalitis.

On the basis of these walk statistics, we considered several variations
of Lévy walks (see Supplementary Table 1, Supplementary Fig. 5 and
Supplementary Discussion). We find that, consistent with early obser-
vations of runs and pauses in lymphocytes21, T-cell migration is well
described by the following model of a generalized Lévy walk22. Walkers
make straight runs at fixed velocity in random directions over dis-
tances chosen randomly from a Lévy distribution, Lm(‘)*‘{m, with
mrun 5 2.15. After each run, a walker pauses for a duration of time that
is drawn from a Lévy distribution with mpause 5 1.7. The values of the
exponents mrun and mpause were determined from a maximum-
likelihood analysis23 (see Supplementary Discussion). The model
captures quantitatively the observed displacement distributions at
different times (Fig. 3b), the time evolution of the m.s.d. and scale factor
(Fig. 3a and c, respectively), the decay of displacement correlations
(Fig. 3c, inset), and qualitative features of cell tracks (Supplementary
Fig. 6). An Akaike weight analysis24 indicates that the generalized Lévy
walk model does a better job of fitting the displacement distributions
than any of the other models we have considered, including, for
example, bimodal correlated random walks25 (see Supplementary
Table 1, Supplementary Fig. 5 and Supplementary Discussion). The
generalized Lévy walk model is consistent with our data over 30 min
(Supplementary Fig. 7), and also describes the behaviour of polyclonal
CD81 T cells, transgenic lymphocytic choriomeningitis virus-specific
CD81 T cells migrating in the absence of cognate antigen, and CD81

T cells migrating in the brains of live animals (Supplementary Fig. 8).
In the absence of CXCL10 or signals through Gai-coupled receptors,

the migration statistics for CD81 T cells are well described by the same
generalized Lévy walk model, characterized by mrun 5 2.15 and mpause 5 1.7
(Supplementary Figs 6 and 8), as for control cells, but with either a
reduced instantaneous speed during runs or longer pauses. Therefore,
the chemokine CXCL10 and signals through Gai-coupled receptors speed
up migration without otherwise changing the walk statistics. This result,
together with the fact that we find no evidence of directed migration over
the timescales investigated (see Supplementary Discussion), suggests a
chemokinetic role for CXCL10 during toxoplasmic encephalitis.

Previous studies have demonstrated that neutrophil or CD81 T-cell
control of bacteria or tumour cells, respectively, can be understood by a
rate equation in which the killing of targets is modelled as a collision-
based process26,27. We incorporated the generalized Lévy walk statistics
into a similar model to predict the time required to find rare target cells.
In our model, we placed N generalized Lévy walkers randomly in a
sphere of volume V with a target of radius a at the origin (Sup-
plementary Fig. 9a). We find that cells migrating by generalized Lévy
walks are considerably more efficient in finding target cells than those
performing Brownian walks (Fig. 4 and Supplementary Fig. 9b, c).
Here, the efficiency is the inverse of the sum of the displacements of
all the walkers at the instant when the first walker reaches the target28. In
the absence of CXCL10 or signals through Gai-coupled receptors, our
model predicts that for estimated values of a, V and N, the capture time
for a CD81 T cell to reach the target is increased by factors of 1.9 or 3.0,
respectively, in comparison to the control setting (see Supplementary
Fig. 9d–f and Supplementary Discussion). These results suggest that
the ability of CD81 T cells to find and control T. gondii-infected
targets in the CNS is aided by a generalized Lévy walk search strategy,
and the capture time is shortened by CXCL10, and probably by other
chemokines as well. We emphasize that the generalized Lévy walk is not
necessarily an optimal search strategy, and a model with mrun 5 2.0
would be more efficient according to this definition28. Moreover, the
efficiency is highly dependent on details of the environment and
search/capture process29 that are not presently known, so determina-
tion of the optimal search strategy remains an open question.

Lévy search strategies may be used by diverse species, including
microzooplankton, fruitflies, honeybees, mussels, predatory fish, sea
turtles, penguins and spider monkeys4–10. Our results show that a
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Figure 3 | CD81 T-cell migration tracks are consistent with generalized
Lévy walks. a, We compare experimental data for cells in control (black
circles), anti-CXCL10-treated (green squares), and PTX-treated (blue triangles)
mice with results for the generalized Lévy walk model (solid lines). The m.s.d.
grows nonlinearly in time, scaling approximately as ta, where a< 1.4 (dashed
line). Inset shows linear plot of the m.s.d. Error bars denote s.e.m. b, The
probability distributions, P(r(t)), of T-cell displacements at several different
times, t, for cells from control mice only. To avoid artefacts30, histograms were
constructed by placing 2,500, 2,000, 1,500, 1,300 or 600 displacements in each
bin for t 5 0.37 min, 1.1 min, 2.9 min, 4.8 min or 9.9 min, respectively. Inset
shows that displacement probability distributions at different times collapse
onto a single curve when the displacement is scaled by f(t). For comparison, a
scaled Gaussian distribution is shown (dashed line). c, f(t), used to rescale
displacements in b increases approximately as a power law, tc, where c< 0.63.
Inset shows that normalized displacement correlations,
K(t,t)h i~ r(0,t):r(t,tzt)h i= r2(0,0)

! "
, for control cells decay more slowly

than exponentially (dashed line) with time t.
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[Harris et al., Nature 486, 545 (2012)]

(experimental technique:  two-photon microscopy)



Bystanders increase search / killing efficiencyBystander	Figures	
	
Fig.1	

	
	 	

Fig.1	Presence	of	bystander	cells	increases	killer	cell-mediated	cytotoxicity.	(Xiao	c)	

	

	

	 	

Zhou et al., Sci. Rep. 7, 44357 (2017)  



Theoretical model

Passive bystanders are obstacles – impede target search

Bystanders increase locally diffusion constant of searchers –
- target search accelerated

Zhou et al., Sci. Rep. 7, 44357 (2017)  
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Experiment: Bystander accelerate killers

Fig.	2	
	

	
	 	

Fig.	2	
	

	
	 	

Zhou et al., Sci. Rep. 7, 44357 (2017)  
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Formation of the immunological synapse (IS)



Molecular players during T cell activation by APC

Fig. 39. 2:Summary of molecules involved in T-Cell activation during encounters with DC. The

APC express (i) the major histocompatibility complex (class II) exposing the antigen and (ii) the

intracellular adhesion molecule (ICAM) a counter-receptor of the integrins (see Kapitel 13). The

T-cells express the T-Cell receptor (TCR) which recognizes the antigen bound to MHC-II and

is closely associated with a co-receptor CD 3 that exposes tyrosine segments at the associated

⇣-chain that are phosphorylated by the Lck-kinase. Other cell surface receptors are CD 28 and

CTL-A4, the function of which is described in the text. The lymphocyte-APC adhesion induces

the sequential activation of two kinases, Lck and ZAP-70 as described in the text.

The membrane penetrating protein LAT (synonym for Linker of Activated T-cells) acts as scaf-

folding protein. It exhibits several binding sites for the e↵ector proteins (activators) which stim-

ulate two transcription pathways I and II (described in Figure 39.4). The LAT binding sites are

activated by ZAP by phosphorylation of tyrosine side chains. The bottom part of the image shows

that the binding of the MHC-AG complex to the T-cell receptor triggers the genetic expression

of the cytokine interleukine-2 (IL-2) recognized by the IL-2- receptor and of the co-receptor

CTLA-4.

Binding of IL-2 to the IL-receptor (IL-R) triggers the cell division of the generating cell (au-

8



Formation of the adhesion domain and SMAC 

Fig. 39.3: a) The continuous interaction of the T-cell with a supported membrane mimicking

the APC is studied. The phantom APC is doped with MHC II exposing the antigen (denoted as

MHC-AG) and the cell adhesion molecule ICAM. The distribution of the fluorescent constituents

in the contact zone of the cells is evaluated by total internal reflection fluorescence microscopy

(TIRF) which captures all fluorescent components up to a distance of 200 nm above the solid

surface. Experiments were performed with Jurka cells, an immortal strain of T-lymphocytes that

express IL-2 and are frequently used to study immune reaction.

b) Observation of transient contacts of the T-cell with ACPs distributed in a three dimensional

collagen matrix. The contact is observed by phase contrast microscopy. The residence time of a

T-cell on an APC is 7-12 minutes. Right side: The upper image shows a T-cell (encircled by a

broken line) adhering on a dendritic cell while the lower images shows a cartoon illustrating the

transient random walk of the T-cell on the DC. Images reproduced from movie in [Gunzer et al

11

Fig. 39.6.: a) Top image: clusters of co-receptor CD3 and the kinase ZAP-70 labelled with

green (GFP) and red (RGP) fluorescent proteins, respectively, are observed (3 min after contact

formation) by total internal reflection fluorescence microscopy (TIRF). (Image modified after

Reference [Dustin 2005]). The TIRF technique captures all fluorescent molecules located up to

about 250 nm above the substrate surface. The right side shows the distributions of the kinase

ZAP (red) and the CD3 complex (blue) along a section AA’ 3 min (top) and 30 min (bottom) after

adhesion of the cell on the supported membrane. Clearly, the domains are in register until about 3

min after onset of adhesion. Thereafter, the TCR-CD3 complexes move towards the centre while

the fluorescent ZAP-70 fades by lateral randomisation (see middle image and [Dustin 2005]).

b)Model of activation of T-cells by micro-cluster formed during the initial phase of T-cell-APC

adhesion. The 70 kDa kinase ZAP-70 is activated by binding to the tyrosine groups of the CD3

⇣-chains phosphorylated by the Lck Kinase. The top image shows the situation before and the

bottom after adhesion domain formation. Before adhesion sets in (top), ZAP-70 is not activated,

due to the continuous de-phosphorylation of CD3 by CD45. After formation of tight adhesion

domains by lateral aggregation of bound TCR-AG-MHC pairs the inhibitor CD45 is expelled

from the reaction zone by steric forces and ZAP is activated. The small adhesion domains thus

act as immunological synapses
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Experimental setup to
study IS formation
with TIRF

- Evidence for the first mechanism was provided by observations that the co-receptor ICAM-1 is

transported actively towards the nascent adhesion ring [Wuelfling 1998]. From the finding that

both motions are impeded by dismantling of the actin cortex by cytochalasin or by inhibition

of myosin motors suggests that the active transport is driven by actin-myosin II motors.

Interestingly, the movement of ICAM is initiated by the initial fast Ca influx, while no ICAM-1

redistribution occurs before the Ca-level of the T-cells becomes elevated. This could explain the

delayed formation of the ring of strong adhesion.

- Evidence for the second mechanism was provided by model membrane studies show that coex-

isting ring like adhesion zones encircling assemblies of small adhesion microdomains can also

form by dynamic self-organisation in the presence of two sets of CAM-CAM pairs of di↵erent

adhesion strength. Figure 39.7c shows giant vesicles doped with glycolipids (Lewis-X- factors)

adhering on solid surfaces covered with high selectin densities. At high receptor densities a ring-

like adhesion zone is formed while the inner region of the adhesion zone forms a dome. After

reducing the receptor density (corresponding to a reduction of the adhesion strength), small ad-

hesion domains are formed, which can dissolve and reform due to thermally excited bending

excitations [Reister-Gottfried 2008].
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[Sackmann/Merkel,
Lipowsky]

Pattern formation 
at the IS -> SMAC



T cell activation is Calcium dependent

- The opening of the MARK-pathway is triggered by phosphorylation of the first member of the

MAPK-cascade by the serine/threonine kinase Raf, which is switched on by the Rac GTPase.

This biochemical switch is triggered by GTP binding through the guanine exchange factor SOS.

SOS is activated by recruitment to the membrane through electrostatic and hydrophobic forces

binding and this important process will be discussed extensively below (Chapter 39.9). The

major function of the MAPK-pathway is the activation of the transcription factor AP1 which

triggers the IL-2- expression in combination with NFAT as described below.

Fig. 39. 5.: Simplified view of the calcium and MAPK mediated pathway of genetic expres-

sion of interleukine-2 (IL-2) triggered by antigen-TCR binding. The ZAP kinase is activated

17

Calcium / MAPK pathway to genetic expression of IL2
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T-cell killing – polarization and IS

IS =   Immunological 
Synapse

1. Bright orange: 
living target cells 
(Jurkat cells)

2. Red: 
primary human NK cells 
(labeled w. LysoTracker)

3. Orange-> green: 
apoptosis 
(often paralleled 
with blebbing)

4. Sudden loss of orange 
–> Necrosis 
(Bursting open)



Polarization of T cells during killing
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Polarization of MT cytoskeleton during killing

[Kuhn & Poenie, Immunity 2002]



MTOC relocation during T-cell polarization 

781Centrosome repositioning in T lymphocytes • Yi et al.

LFA-1–dependent signaling is required for robust MTOC repo-
sitioning, signaling through the TCR (and other co-stimulatory 
receptors) can result in measurable levels of MTOC reposition-
ing. Of note, transfection of the JB2.7 cell line with GFP- 
LFA-1A largely rescued the defect in MTOC polarization (see 
JB2.7 +SEE +LFA-1). Finally, conjugation of JB2.7 Jurkat cells 
with �SEE Raji cells (i.e., no TCR or LFA-1 signaling) resulted 
in the complete inhibition of APC/full repositioning (Fig. 2 B, 
JB2.7 �SEE). Together, these results indicate that, in contrast to 
a previous study (Combs et al., 2006), both TCR- and LFA-1–
dependent signaling pathways are required for robust MTOC 
polarization in T cells.

We also note an interesting aspect of the results using 
JB2.7 Jurkats, which lack LFA-1–dependent adhesion as well 
as signaling. Speci!cally, in those repositioning events where 

TCR (Tsun et al., 2011) but not downstream from the T cell  
integrin LFA-1 (Combs et al., 2006). To estimate the individual 
contribution of TCR-dependent signaling to MTOC reposition-
ing, we compared Jurkats conjugated to +SEE Raji cells (i.e., 
with TCR signaling) to Jurkats conjugated to �SEE Raji cells 
(i.e., without TCR signaling). From the data in Fig. 2 B (com-
pare WT +SEE with WT �SEE) it is clear that although TCR 
signaling is required for robust MTOC repositioning, signaling 
through LFA-1 (and other co-stimulatory receptors) can result 
in measurable levels of MTOC repositioning. To estimate  
the individual contribution of LFA-1–dependent signaling to 
MTOC repositioning, we compared wild-type (WT) Jurkats (i.e.,  
with LFA-1 signaling) to the LFA-1–de!cient Jurkat cell line 
JB2.7 (i.e., without LFA-1 signaling). From the data in Fig. 2 B 
(compare WT +SEE with JB2.7 +SEE) it is clear that although 

Figure 1. Optical trap–based system for quantitating MTOC repositioning in Jurkat–APC conjugates. (A) Cartoon showing the optical trap–controlled 
presentation of a SEE-coated Raji cell to a centrosome-marked Jurkat T cell (A1) resulting in MTOC repositioning to the site of contact (A2). Note that the 
MTOC in unengaged T cells is typically near the cell edge because the nucleus fills most of the cell’s volume. (B and C) Jurkats conjugated to SEE-coated 
Raji cells (B) but not uncoated Raji cells (C) exhibit robust calcium flux immediately after optical trap–controlled contact (B1 and C1, Fluo-4AM signals; B2 
and C2, transmitted images; B3 and C3, total cellular Fluo-4AM signals after contact with the Raji cell). (D) MTOC repositioning in a representative Jurkat 
immediately after optical trap–controlled engagement with a SEE-coated Raji cell (follow the yellow [IS] and white [green MTOC] arrowheads; see also 
Video 1). Bars, 10 µm.
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Figure 5. Microtubule dynamics during MTOC repositioning. (A) Time-lapse images of a Jurkat–Raji conjugate (transmitted image) in which the Jurkat 
has been labeled with 3×GFP-EMTB to mark microtubules and RFP-Pericentrin to mark the MTOC (which appears yellow) (fluorescent images). Zoomed 
images of the boxed regions in the fluorescent images are shown underneath. The white arrows point to the straightening microtubules, and the yellow 
arrowheads point to the center of the IS where these microtubules abut. (B) As in A, but including a kymograph demonstrating the shortening of the straight 
microtubule stalk. (C) As in A, except the Jurkat has been labeled with 3×GFP-EMTB to mark microtubules and RFP-Farnesyl to mark the plasma membrane. 
The position of the MTOC, as inferred from the 3×GFP-EMTB signal, is marked with a white arrow. Yellow arrowheads point to the center of the IS contacted 
by the straight, shortening microtubule stalk. See also Video 5. (D) A split version of the 45-s image in C showing the colocalization (see arrows) between 
the tip of the straight, shortening microtubule stalk (green) and an invagination of the Jurkat’s plasma membrane (red) at the IS center. (E) As in A, except 
the Jurkat has been labeled with 3×GFP-EMTB and the Raji cell’s plasma membrane has been labeled with the membrane dye Cellvue Claret-Far Red. The 
yellow arrowheads mark the “nipple-like” protrusion of the Raji cell’s plasma membrane exactly across from where the microtubule stalk in the Jurkat cell 
abuts the IS. Bars: (A, C, and D) 5 µm; (B) 1 µm.
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MT end-on capture-
shrinking mechanism



Anchoring MTs at the IS: Search & Capture

Average search time: 

[Sarkar, HR, Paul, Biophys. J. (2019)]



Time scale estimate for search & capture

Rcell = 5µm, Rtarget = 0.5µm
<LMT> = πRcell ~ 15µm

vgrowth = 15µm/min, vshrink~vgrowth
Ttrial ~ 2min

Pcapture = 2Rtarget/2πRcellsinqtarget >  Rtarget/πRcell =0.032
-> Ntrials = 1/Pcapture < 31
-> Tcapture(1MT) = TtrialNtrial < 62min

N MTs:  Tcapture= Tcapure(1MT) / N,   
e.g. 30 MTs: Tcapture ~ 2min     



Two pulling mechanisms: 
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FIGURE 3 | Mechanisms of MTOC translocation during immune synapse formation. Antigen recognition on the surface of an antigen presenting cell by the T cell
receptor leads to the formation of a tight contact zone between two adjacent cells. Microtubule filaments inside the T cell project toward the contact area and
subsequently the MTOC gets recruited to the immune synapse. Two major models have been proposed how MTOC relocalization is achieved, both of which depend
on the presence of the microtubule-associated motor protein dynein at the plasma membrane. (A) In the “cortical sliding model” dynein is held in place at the cell
cortex and simultaneously walks toward the minus-end of the microtubule filaments. This leads to cortical sliding of microtubules and pulling of the MTOC toward the
contact site (Martin-Cofreces et al., 2008). (B) The “capture-shrinkage model” suggests that the force, which is required for MTOC translocation is generated by the
dynamic instability of microtubule filaments and transmitted via dynein (Yi et al., 2013). Here dynein couples microtubule depolymerization to the cell cortex to move
the MTOC toward the synaptic membrane. Recently a revised model for MTOC translocation to the immune synapse was proposed, in which centrally localized
dynein first pulls the centrosome straight toward the immune synapse. Afterward, dynein congresses at the peripheral SMAC, which leads to opposing forces acting
laterally on the centrosome (Maskalenko et al., 2020). Such lateral pulling forces lead to oscillating movements of the centrosome at the immune synapse.

synapse and exerts the force, which is required to recruit the
MTOC close to the contact site (Figure 3A). In this model,
dynein is held in place at the cell cortex and simultaneously
walks toward the minus-end of the microtubule filaments leading
to cortical sliding of microtubules and pulling of the MTOC
toward the plasma membrane (Martin-Cofreces et al., 2008).
MTOC repositioning based on this cortical sliding mechanism
has been assessed by quantitative biomechanical modeling (Kim
and Maly, 2009). According to this model, a pulling mechanism
is capable of MTOC reorientation and compatible with the
vectorial description of MTOC translocation derived from earlier
experiments (Kuhn and Poenie, 2002).

A second model based on experimental data suggests that the
force, which is required for MTOC translocation is generated
by microtubule depolymerization and coupled via dynein to
move the MTOC toward the cortex (Figure 3B). In this
model, dynein binds to microtubule plus-ends at the plasma
membrane and drives MTOC repositioning via a capture-
shrinkage mechanism (Yi et al., 2013). Optical tweezers were

used to place the antigen-presenting cell to the opposite site
of the T cell’s MTOC allowing to image the process of
MTOC repositioning and microtubule dynamics in T cells
with high spatial and temporal resolution. MTOC repositioning
follows two distinct kinetic phases: a fast polarization phase
of ⇠3.3 µm/min and a slower ⇠0.9 µm/min docking phase.
Similar to previous studies, microtubule plus-ends project from
the MTOC toward the antigen-presenting cell but terminate
at the center of the immune synapse in an end-on manner.
Several microtubules center at the immune synapse and undergo
simultaneous shortening thus bringing the immune synapse
and the centrosome together. During microtubule shortening,
the membrane underneath the immune synapse invaginates,
suggesting force generation at the point of microtubule
depolymerization. Similar to the cortical sliding mechanism,
inhibition of dynein or microtubule integrity impairs MTOC
repositioning (Yi et al., 2013). In support of this, in vitro
reconstitution experiments showed that barrier-attached dynein
is indeed able to trigger microtubule shrinkage and to generate

Frontiers in Cell and Developmental Biology | www.frontiersin.org 8 February 2021 | Volume 9 | Article 635511

Capture shrinkage & cortical sliding



Quantitative description of MTOC relocation

II. SEMIFLEXIBLE POLYMERS

Biopolymers such as those that make up the cytoskeleton
and extracellular matrices typically consist of aggregates of
large globular proteins (Fig. 4). These are usually bound
together more weakly than most synthetic, covalently bonded
polymers. Biopolymers can nevertheless exhibit surprising
stability and strength. Specifically, given that their diameter
can be as large as tens of nanometers or more, they are far
more rigid to bending than most common synthetic polymers,
and it can be a good approximation in some cases to treat them
as elastic fibers. Thus, their bending rigidity is often their most
important characteristic. In many cases, however, the contour
length of these filaments is still long enough that they may
exhibit significant thermal bending fluctuations. Thus they are
said to be semiflexible or wormlike.
The most intuitive characterization of the stiffness of

biopolymers is their persistence length lp, which can be
regarded as the contour length at which significant bending
fluctuations occur. This characterization is convent, but can be
misleading. It is not correct, for instance, to think of a
semiflexible polymer as rodlike and effectively athermal on
length scales shorter than lp: even for lengths much less than
this, thermal fluctuations can play an important, even dom-
inant role, e.g., in determining the axial stretching response of
a semiflexible chain. Also, it is important to bear in mind that
lp is directly related to the filament stiffness only in thermal
equilibrium and only for filaments that are perfectly straight in
their relaxed state. Sometimes the term persistence length is
also used merely as a way of characterizing how straight
a given polymer is, for instance, in atomic force microscope
(AFM) experiments that measure the conformation of a
polymer adsorbed on a surface. Such conformations can be
far from equilibrium, and thus the shape may not directly
reflect the bending rigidity of the filament. Under conditions
of thermal equilibrium, the persistence length is more pre-
cisely defined in terms of the angular correlations of the
local tangent along the polymer backbone, which decay
exponentially with a characteristic length lp. The persistence
lengths of a few important semiflexible polymers are given in

Table I, along with their approximate diameter and contour
length.

A. Wormlike chain model

On the scale of several nanometers to micrometers, bio-
polymers are often effectively modeled as inextensible elastic
rods or fibers with finite resistance to bending. This is the
essence of the so-called wormlike chain (WLC) model
(Kratky and Porod, 1949). This can be described by a bending
energy of the form

Hbend ¼
κ
2

Z
ds
!!!!
∂~t
∂s

!!!!
2

; ð1Þ

where κ is the bending modulus, ~t is a (unit) tangent vector
along the chain, and the integrand represents the square of the
local curvature along the chain. Here the chain position ~rðsÞ is
described by an arc-length coordinate s along the chain
backbone. Hence, the tangent vector

~t ¼ ∂~r
∂s : ð2Þ

These quantities are illustrated in Fig. 5.
The bending modulus κ has units of energy times length. A

natural energy scale due to Brownian fluctuations is kBT,
where T is the temperature and kB is Boltzmann’s
constant. Thus, lp ¼ κ=kBT is a length. In fact, this is
precisely the persistence length described previously.
For a homogeneous rod of diameter 2a consisting of a
homogeneous material, the bending modulus should be
proportional to the material’s Young’s modulus E, which
has units of energy per volume. Thus, having units of energy
times length, we expect that κ to be of the order of Ea4. In fact
(Landau and Lifshitz, 1986),

κ ¼ π
4
Ea4: ð3Þ

This is often expressed as κ ¼ EI, where I is the moment of
inertia of the cross section. For a cylindrical fiber, the moment of

FIG. 4 (color online). The three families of cytoskeletal
filaments, including F-actin, intermediate filaments, and
microtubules.

2a

s

t(s)

FIG. 5. A filamentous protein can be regarded as an
elastic rod of radius a. Provided the length of the rod
is very long compared with the monomeric dimension a, and
that the rigidity is high (specifically, the persistence length
lp ≫ a), this can be treated as an abstract line or curve,
characterized by the length s along its backbone. A unit vector
~t tangent to the filament defines the local orientation of the
filament. A curvature is present when this orientation varies with
s. For bending in a plane, it is sufficient to consider the angle θðsÞ
that the filament makes with respect to some fixed axis. The
curvature is then ∂θ=∂s.
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local tangent along the polymer backbone, which decay
exponentially with a characteristic length lp. The persistence
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polymers are often effectively modeled as inextensible elastic
rods or fibers with finite resistance to bending. This is the
essence of the so-called wormlike chain (WLC) model
(Kratky and Porod, 1949). This can be described by a bending
energy of the form

Hbend ¼
κ
2

Z
ds
!!!!
∂~t
∂s

!!!!
2

; ð1Þ

where κ is the bending modulus, ~t is a (unit) tangent vector
along the chain, and the integrand represents the square of the
local curvature along the chain. Here the chain position ~rðsÞ is
described by an arc-length coordinate s along the chain
backbone. Hence, the tangent vector

~t ¼ ∂~r
∂s : ð2Þ

These quantities are illustrated in Fig. 5.
The bending modulus κ has units of energy times length. A

natural energy scale due to Brownian fluctuations is kBT,
where T is the temperature and kB is Boltzmann’s
constant. Thus, lp ¼ κ=kBT is a length. In fact, this is
precisely the persistence length described previously.
For a homogeneous rod of diameter 2a consisting of a
homogeneous material, the bending modulus should be
proportional to the material’s Young’s modulus E, which
has units of energy per volume. Thus, having units of energy
times length, we expect that κ to be of the order of Ea4. In fact
(Landau and Lifshitz, 1986),

κ ¼ π
4
Ea4: ð3Þ

This is often expressed as κ ¼ EI, where I is the moment of
inertia of the cross section. For a cylindrical fiber, the moment of

FIG. 4 (color online). The three families of cytoskeletal
filaments, including F-actin, intermediate filaments, and
microtubules.
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FIG. 5. A filamentous protein can be regarded as an
elastic rod of radius a. Provided the length of the rod
is very long compared with the monomeric dimension a, and
that the rigidity is high (specifically, the persistence length
lp ≫ a), this can be treated as an abstract line or curve,
characterized by the length s along its backbone. A unit vector
~t tangent to the filament defines the local orientation of the
filament. A curvature is present when this orientation varies with
s. For bending in a plane, it is sufficient to consider the angle θðsÞ
that the filament makes with respect to some fixed axis. The
curvature is then ∂θ=∂s.
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II. SEMIFLEXIBLE POLYMERS
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inertia I depends on the fourth power of the fiber radius a, apart
from a purely geometric prefactor depending only on the cross
section. The factor πa4=4 happens to be the right one for a
cylindrical solid rod of radius a. For a hollow tube, the prefactor
would be different, but still of the order of a4, where a is the
(outer) radius. This elastic rod (or tube, as in the case of
microtubules) approximation can be a good one, at least if the
radius of curvature of the filament is large compared with the
molecular scale a. Within this approximation, the implied
Young’s modulus E for polymers such as F-actin and micro-
tubules can be as large as 1 GPa (Howard, 2001; de Pablo
et al., 2003).
It is instructive to begin our analysis of the WLC model

with the case of motion confined to a plane, for which there is
a single transverse degree of freedom, the deflection away
from a straight line. Here the integrand in Eq. (1) becomes
ð∂θ=∂sÞ2, where θ is simply the local angle that the chain axis
makes relative to any fixed axis. A discrete approximation to
the integral in Eq. (1) is then

P
iðΔθiÞ2=Δs, where Δθi ¼

θi − θi−1 is the angle change between points separated by a
small distance Δs along the contour. If the Δθi are indepen-
dent degrees of freedom, which can be expected to be valid in
the absence of long-range forces, the equipartition theorem
tells us that

hΔθ2i i ¼
kBTΔs

κ
: ð4Þ

This can be used to determine the correlations of orientations
from one point along the chain to another. We note that the
thermal average

hcos ðθm − θnÞi ¼ hcos ðΔθmÞihcos ðθm−1 − θnÞi
$ $ $
¼ hcos ðΔθmÞim−n−1; ð5Þ

where we have used the independence of the various Δθi, and
the fact that hsin ðΔθmÞi ¼ 0. From this, it follows that the
correlation function decays as

h~tðsÞ · ~tðs0Þi ¼ e−js−s
0 j=lp ; ð6Þ

where lp ¼ 2κ=kBT. Of course, this is all for motion
confined to a plane. Taking into account the two independent
transverse directions for thermal fluctuations in 3D, the
persistence length becomes lp ¼ κ=kBT. This persistence
length provides a geometric measure of the mechanical
stiffness of the rod, provided that it is in equilibrium at
temperature T.
This provides, in principle, a way to measure the persist-

ence length and thus the bending modulus of filaments by
imaging the angular correlations along a filament. As dis-
cussed in Sec. II.C, however, one must also be careful to
account for the dynamics of filaments.

B. Force extension

A single filament can respond to forces applied to it by
bending, stretching, or compressing. On length scales
shorter than the persistence length, the bending can be

described in mechanical terms, as for elastic rods. By contrast,
stretching and compression may involve a purely elastic or
mechanical response (as for macroscopic, elastic rods), a
purely entropic response, or a combination of the two. For an
inextensible chain, the entropic response comes from the
thermal bending fluctuations of the filament. Perhaps surpris-
ingly, as we discuss in Sec. II.B.1, the longitudinal response
can be dominated by entropy even on length scales small
compared with the persistence length. Thus, it may be
incorrect to think of a filament as truly rodlike, even on
length scales shorter than lp.
The longitudinal single filament response is often described

in terms of a so-called force-extension relationship, in which
the axial force required to extend the filament is measured or
calculated in terms of the degree of extension along a line. At
any finite temperature, there is an entropic resistance to such
extension due to the presence of thermal fluctuations that make
the polymer deviate from a straight conformation: since there
are many more crumpled configurations of the polymer than the
(unique) straight conformation, extending the polymer reduces
the entropy and may increase the free energy. This entropic
force extension has been the basis of mechanical studies, for
example, of long DNA (Bustamante et al., 1994), and a full,
general calculation for low and high forces, as well as short and
long chains, is very involved, although simple approximations
can be very accurate in the limit of long chains (l ≫ lp) or
high forces (Marko and Siggia, 1995). An interesting and
universal form was recently proposed and shown to capture a
broad range of polymer properties (Dobrynin and Carrillo,
2011; Carrillo, MacKintosh, and Dobrynin, 2013). Here we
focus on a simple calculation appropriate for high tensile forces
or for stiff polymers such as those that make up the cytoskeleton
of cells, for which a nearly straight chain is most relevant
(MacKintosh, Käs, and Janmey, 1995).
For a filament segment of length l≲ lp the filament

is nearly straight, with only small transverse fluctuations. We
let the x axis define the average orientation of the chain
segment, and let u and v represent the two independent
transverse degrees of freedom. These can then be thought of
as functions of x and time t in general. For simplicity, we first
consider just a single transverse coordinate uðx; tÞ. The bending
energy is then

Hbend ¼
κ
2

Z
dx

!∂2u
∂x2

"
2

¼ l
4

X

q

κq4u2q; ð7Þ

where uðxÞ is represented by a Fourier decomposition

uðx; tÞ ¼
X

q

uq sinðqxÞ: ð8Þ

As illustrated in Fig. 6, the local orientation of the filament can
be characterized by the slope ∂u=∂x, while the local curvature
involves the second derivative ∂2u=∂x2. Such a description is
appropriate for the case of a nearly straight filament with fixed
boundary conditions u ¼ 0 at the ends x ¼ 0; l. Here the wave
vectors q ¼ nπ=l, where n ¼ 1; 2; 3;….
If the chain is inextensible, with no compliance in its

contour length, then the end-to-end contraction of the chain in
the presence of thermal fluctuations in u is
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Numerical implementation:
• discrete set of filament segments
• constrained Langevin dynamics
• overdamped limit
• cell membrane and nucleus: 

repulsive forces

Carminati and Stearns, 1997; Desai and Mitchison, 1997; Dujar-
din and Vallee, 2002; Grill et al., 2001; Koonce et al., 1999;
Nguyen-Ngoc et al., 2007; Vallee et al., 2006; Yamamoto
et al., 2001). Important questions that thus need to be
answered are how dynein at the cortex may be involved in
the regulation of MT dynamics and length, how the dynein-
MT interaction leads to the generation of cortical pulling forces,
and how this may contribute to the correct positioning of
MTOCs.
In principle, dynein itself may be responsible for the generation

of pulling forces, as dynein is a processive minus-end directed

motor (Reck-Peterson et al., 2006) that can pull on a MT-orga-
nizing center by moving laterally along the MT lattice, without
the need for any direct interaction with the dynamic MT end.
This type of ‘lateral’ cortical contact is observed in dividing
Saccharomyces cerevisiae cells, where motion of the nucleus
into the bud neck is mediated by MTs gliding along the cortex
in a dynein-dependent manner (Carminati and Stearns, 1997).
However, dynein-MT interactions often appear to be accom-
plished in a configuration where the MT is facing the cortex
‘end-on’. In this configuration, dynein may act as a linker that
allows the transmission of forces generated by shrinking MT

Figure 1. Cortical Dynein Captures Dynamic MT Ends
(A) End-on MT-dynein contacts during spindle positioning in C. elegans embryos.

(B) Schematic view of the reconstituted interaction between dynamic MT ends and ‘cortical’ dynein.

(C and D) Spinning disc confocal fluorescence images of MTs interacting with a barrier without ([C]; Movie S1) and with ([D]; Movie S2) dynein (using the

multilayer). Yellow line indicates the position of the barrier. Scale bar indicates 5 mm.

(E and F) MTs growing against barriers coated with 100% dynein without ([E]; Movie S3) and with (F) use of the multilayer. Scale bars indicate 10 mm.

(G) Numbers of straight (stalled) and buckled (growing) MTs observed, and numbers of observed release and catastrophe events for various dynein densities

(0% refers to no dynein, Multi refers to the use of a multilayer as in D). See Figure S1 for details on the detection of buckled MTs.

(H) Release (straight MTs) and catastrophe (buckled MTs) frequencies for the various conditions. Error bars give the statistical errors based on the number of

observed events. For cases with fewer than 6 events only an upper limit corresponding to a 95% confidence interval is shown.

Cell 148, 502–514, February 3, 2012 ª2012 Elsevier Inc. 503

Force generators at cell cortex:
capture shrinkage mechanism

Idealizing what should happen when microtubules come in
contact with the cell cortex on which motor molecules are
anchored [4,5], we assume that the unit length of the contacting
part of the microtubule will experience a constant tangential force.
The mechanical property of the synapse with respect to a
microtubule is therefore characterized in our model by a one-
dimensional force density (units of force per length). It is
additionally assumed that the force exerted on the microtubule
is directed, along the local tangent to the microtubule, to the end
of the microtubule that is free (not attached to the centrosome).
This end is commonly referred to as the plus end of the
microtubule. The direction of the force so exerted on the
microtubule is the intrinsic property of the dynein-type molecular
motors that have been implicated in T cell polarization [5]. In the
more commonly considered situation of vesicular transport,

dynein motors ferry intracellular cargo to the so-called minus
end of the microtubule (the end that is anchored at the
centrosome). Considering the action and reaction forces, when
the intracellular vesicle is moved along the microtubule to the
minus end, the force exerted by dynein on the microtubule is
directed to the plus end. We assume that the force direction is the
same also in the case where the dynein-type motor is anchored at
the inner surface of the cell outline in the synapse area. The
arrangement of motors on this surface can be envisioned as
entirely random (uniform and isotropic). This is the implication
behind our cell-level model assumption that the direction of the
force acting on a microtubule depends only on the direction in
which the microtubule passes over the inner surface of the synapse.
Indeed, one can envision motor molecules that can pivot on their
cortical attachments and will therefore be aligned by their very
interaction with a microtubule. Alternatively, motors may be
randomly and stably oriented, and only the ones with a matching
orientation will engage with the microtubule passing over the
synapse in a certain direction. In both cases the pulling force
density experienced by the microtubule will be a constant, and the
resulting force will be tangential to the microtubule. The
effectively isotropic arrangement of motors is considered here
merely as the simplest possibility in the absence of empirical data
on what an anisotropic arrangement could be like. The model
assumption of the constant pulling force density also stipulates
that, in molecular terms, there should always be a sufficient
number of individual motor molecules in contact with the
microtubule. Then the pulling on that microtubule can be
processive (continuous), whether the individual motors are
processive or not: When some motor molecules disengage, others
engage, and the average pulling force is continuously exerted. We
would like to emphasize that all considerations regarding the
motors are not part of our quantitative model per se but are
plausible molecular interpretations of the actual model assumption
of the constant density and tangentiality of the pulling force.

Reorientation
Figure 2 and Video S1 show a simulation where the centrosome

is initially oriented at 90u to the developing cell-cell interface. This
orientation is the likeliest if the spherical T cell comes in contact

Figure 1. Schematic of the model. The cartoon depiction of the dynein motor molecules (red) is for visualization purposes only. Individual dynein
molecules are not modeled computationally, only the pulling force they produce. Microtubule thickness is greatly exaggerated in the diagram. The
centrosome (green) is merely a marker in the diagram; the centrosome in the model is identified with the common anchoring point of the
microtubules.
doi:10.1371/journal.pcbi.1000260.g001

Author Summary

Beyond the more widely known molecular recognition of
antigen, specificity of the cellular immune response relies
on the precise orientation of immune cells toward infected
and tumorous cells. We studied the mechanics of the
structural orientation of T-killer cells (a type of immune
cells) to their immunological targets. One of the most
remarkable features of this process as seen under the
microscope is the apparent ‘‘wandering of aim’’: instead of
pointing steadily at the intended target, the killing
apparatus inside the T-killer cell can wave around. When
two targets are engaged simultaneously, the killing
apparatus in the T cell can repeatedly oscillate between
the two. It might appear that the origin of this strikingly
animate behavior should lie in stochasticity of the
underlying mechanism. Our numerical model, however,
was able to reproduce the complex, continuing motion in
spite of the fact that the model was purely deterministic.
This result suggests that deterministic quantitative expla-
nations and supporting experimental evidence can be
sought in the other cases of extremely complex cell
motility that give the microscopist an acute sense that the
object is alive.

T-Cell Polarization Model
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Relocation of the MTOC: Theoretical model

4 4 RESULTS

(a) (b) (c)

(d) (e)
Figure 1: (a)(b)(c) Sketch of the model: The large black sphere represents the MTOC, MTs are represented as lines in three different
colors, MTs not attached to dynein (blue), attached to cortical sliding dynein (yellow) and attached to capture-shrinkage dyneins (red). (a)
Two-dimensoinal cross-section of the model: The gray circle indicates the center of the nucleus, black arrows the repulsive forces acting on
MTs segments, small black dots represent the anchor point of dyneins. (b)(c) Three-dimensiomnal sketch of of the cell model. The outer
transparent and inner spheres represent the cell membrane and the nucleus of the cell, respectively. (b) blue disk represents the IS, where
cortical sliding dynein is anchored. Small green dots in the IS represent randomly distributed dynein. (c) Brown disk represents the central
region of the IS where capture-shrinkage dynein is anchored. (d)(e) Sketch of the cortical sliding mechanism (d) and the capture-skrinkage
mechanism (e). Large black circle: MTOC, small black dots on the membrane: dynein anchor points, small black dots on the MTs: attach-
ment points, cyan membrane segment: IS, brown membrane segment: central region of the IS where capture-skrinkage dynein is anchored.
Note that MT depolymerize when pulled by capture-shrinkage dynein towards the membrane.

opposite and its magnitude smaller than stall force FS , dynein makes one step towards to the minus-end with force-depending probability.
If |FDynein

i | > FS and the force has unfavorable direction, dynein makes one step to the plus-end with constant probability p+. The steps
of dynein have varying lengths(66) but for simplicity we set it to the most frequently measured value of dstep = 8nm. The probability of
detachment, pdetach, increases with force.

Experimentally two mechanisms by which dynein act on MTs have been identified: cortical sliding (17), where MTs under the effect of
dynein move tangentially along the membrane, and capture shrinkage (14), by which MTs under the effect of dynein are reeled in towards
the membrane and concomitantly depolymerized (sketched in Fig. 3 of the SI).

The IS is divided into two regions: the center, where dyneins act on MTs via the capture shrinkage mechanism (14) and the complete
IS, where dyneins act via the cortical sliding mechanism. Each region is modeled as an intersection of the cell sphere with a cylinder, 1,
with radius RIS = 2µm for the complete IS and RCIS = 0.4µm for the central region. Dyneins are distributed randomly with uniform area
density ⇢IS in the small central region, denoted as capture-shrinkage dynein, and density ⇢̃IS in the larger region of the whole IS, denoted as
cortical-sliding dynein.

4 Results

We analyzed the role of the cortical sliding and capture shrinkage mechanisms during repolarization by computer simulations
of the model defined in the previous section. Each simulation run is initialized with the mechanical equilibrium (minimum
elastic energy) configuration of the MT/MTOC-system and all dyneins bein detached. During the integration of the equation
of moition various quantities are calculated: distance between centers of the MTOC and the IS, dMIS, number of dyneins
attached to the MTs, Ndm, velocity of the MTOC, vMTOC, distance between the MTOC and the center of the cell, dMC. For
each point in the parameter space these quantities were averaged over 500 simuation runs. Results are shown with the standard
deviation as error bars only when they are larger than the symbol size.
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Estimate of time scales for MTOC repositioning

drag force acting on 1 MT:  Fdrag(1MT) = gMT v,                v=MT velocity
drag coefficient of 1 MT: gMT = 4πµL/(ln(L/d)+0.84),      L~10µm, d~25nm

cytosol viscosity: µ ~ 30µwater ~ 0.03 Nsec/m2

gMT =  µ * 18.4µm ~ 0.5 pN sec/µm 

pulling force of attached dyneins: F = Ndynein Fdynein ,   Fdyn ~1pN
v = F/ geff ~ 0.5 Ndynein/NMT µm/min

Total drag force Fdrag(cyto) = geff v,    geff ~ 3 gcyto (attached organelles),  gcyto = NMT gMT

e.g.: NMT=100, Ndynein=10-50  ->  v=3.6-18µm/min   ->    Treposition = πRcell/v = 1-4min



Simulation of stochastic model: Capture-Shrinkage

during the first phase can be understood from an analysis of
Figs. 2, a and b and 3 d. At the beginning of the simulations,
a substantial number of MTs intersects the IS (visually
demonstrated in Fig. 2, a and d), resulting in a fast increase
of the number of attached dyneins. Because the MTs
attached to dynein sprout from the MTOC in every direction
(cf. Fig. 3 e), the MTOC moves toward the IS and, simulta-
neously, to the nucleus of the cell (see Fig. 3 d). As the
MTOC approaches the nucleus of the cell, the nucleus starts
to oppose the movement by repelling the MTs and, at the
end of the first phase, the MTOC. Therefore, as the pulling
force of the dyneins is opposed by the nucleus, the dyneins
detach because the detachment rate is force dependent.

The increase of the number of attached dyneins Ndm in the
second phase can be explained by considering the fact that
the MTOC slides over the surface of the nucleus and the
MT stalk forms. At the beginning, the nucleus presents an
obstacle between the MTOC and the IS; see Fig. 2 a. The
opposing force from the nucleus decreases with the approach
of the MTOC toward the IS. At the end of the repositioning,
the nucleus no longer stands between the two objects; see
Fig. 2, c and f. Therefore, the opposing force from the nucleus
contributing to dynein detachment decreases. More impor-
tantly, attachedMTs form the MT stalk. The angle a between
the first segment of the MT and the direction of the MTOC
movement is used to describe the deformation of the cyto-
skeleton structure and the stalk formation. At the beginning
of the simulation (the first phase and the beginning of the sec-
ond), attached MTs aim in every direction (see Fig. 3 e, visu-

alized in Fig. 2, a and d). Therefore, the dyneins pull in
multiple directions, which makes them oppose each other,
leading to dynein detachment. After a few seconds, the
MTOC travels in the direction of the biggest pulling force.
Consequently, the attached MTs form a stalk as the simula-
tion progresses, and dyneins act in alignment; see Figs. 2, b
and e and 3 f. They no longer oppose each other but share
the load from opposing forces. Consequently, the detachment
probability of dynein decreases with the opposing force, and
the number of attached dyneins increases.

The number of dyneins decreases in the final phase when
dMIS < 3.5 mm; see Fig. 3 c. Unattached MTs in the IS are
pushed backward by viscous drag as the MTOC moves to
the IS. As a result, one observes an ‘‘opening’’ of the MT
cytoskeleton; cf. Figs. 2, c and f and 3 e. Unattached MTs
do not intersect the IS (see Fig. 3 f) and cannot attach to
dyneins. The attached MTs shorten because of the depoly-
merization, further lowering the probability of dynein
attachment. Moreover, an opposing force arises from the
cytoskeleton being dragged from the nucleus to the mem-
brane (see Fig. 3 d), causing the detachment of dyneins
because the detachment rate is force dependent.

To summarize, the trajectory of the MTOC toward the IS
displays three phases, in which the two longer phases have
also been reported in experiment (14), but not the short
initial phase. First, the MTOC descends to the nucleus
(see Fig. 3, a and d); then it moves to the IS quickly and
slows down during the last 2 mm (see Fig. 3 b). Once the
MTOC bypasses the nucleus, it moves away, switching

FIGURE 3 Capture-shrinkage mechanism: (a) the dependence of the averageMTOC-IS distance dMIS on time. The error bars are represented by dashed lines
and are plotted only if bigger than a symbol size. (b–d) Dependencies of the average MTOC velocity vMTOC (b), the number of dyneins acting on microtubules
Ndm (c), and the MTOC-center distance dMC (d) on the average MTOC-IS distance are shown. Black dashed lines denote transitions between different phases
of the repositioning process. (e and f) Probability distributions of the angles between the first MT segments and the direction of the MTOC movement for a
dynein density rIS ¼ 100 mm"2 (e), t ¼ 1 s, dMIS # 9 mm are given. (f) t ¼ 60 s, dMIS # 5 mm. To see this figure in color, go online.
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during the first phase can be understood from an analysis of
Figs. 2, a and b and 3 d. At the beginning of the simulations,
a substantial number of MTs intersects the IS (visually
demonstrated in Fig. 2, a and d), resulting in a fast increase
of the number of attached dyneins. Because the MTs
attached to dynein sprout from the MTOC in every direction
(cf. Fig. 3 e), the MTOC moves toward the IS and, simulta-
neously, to the nucleus of the cell (see Fig. 3 d). As the
MTOC approaches the nucleus of the cell, the nucleus starts
to oppose the movement by repelling the MTs and, at the
end of the first phase, the MTOC. Therefore, as the pulling
force of the dyneins is opposed by the nucleus, the dyneins
detach because the detachment rate is force dependent.

The increase of the number of attached dyneins Ndm in the
second phase can be explained by considering the fact that
the MTOC slides over the surface of the nucleus and the
MT stalk forms. At the beginning, the nucleus presents an
obstacle between the MTOC and the IS; see Fig. 2 a. The
opposing force from the nucleus decreases with the approach
of the MTOC toward the IS. At the end of the repositioning,
the nucleus no longer stands between the two objects; see
Fig. 2, c and f. Therefore, the opposing force from the nucleus
contributing to dynein detachment decreases. More impor-
tantly, attachedMTs form the MT stalk. The angle a between
the first segment of the MT and the direction of the MTOC
movement is used to describe the deformation of the cyto-
skeleton structure and the stalk formation. At the beginning
of the simulation (the first phase and the beginning of the sec-
ond), attached MTs aim in every direction (see Fig. 3 e, visu-

alized in Fig. 2, a and d). Therefore, the dyneins pull in
multiple directions, which makes them oppose each other,
leading to dynein detachment. After a few seconds, the
MTOC travels in the direction of the biggest pulling force.
Consequently, the attached MTs form a stalk as the simula-
tion progresses, and dyneins act in alignment; see Figs. 2, b
and e and 3 f. They no longer oppose each other but share
the load from opposing forces. Consequently, the detachment
probability of dynein decreases with the opposing force, and
the number of attached dyneins increases.

The number of dyneins decreases in the final phase when
dMIS < 3.5 mm; see Fig. 3 c. Unattached MTs in the IS are
pushed backward by viscous drag as the MTOC moves to
the IS. As a result, one observes an ‘‘opening’’ of the MT
cytoskeleton; cf. Figs. 2, c and f and 3 e. Unattached MTs
do not intersect the IS (see Fig. 3 f) and cannot attach to
dyneins. The attached MTs shorten because of the depoly-
merization, further lowering the probability of dynein
attachment. Moreover, an opposing force arises from the
cytoskeleton being dragged from the nucleus to the mem-
brane (see Fig. 3 d), causing the detachment of dyneins
because the detachment rate is force dependent.

To summarize, the trajectory of the MTOC toward the IS
displays three phases, in which the two longer phases have
also been reported in experiment (14), but not the short
initial phase. First, the MTOC descends to the nucleus
(see Fig. 3, a and d); then it moves to the IS quickly and
slows down during the last 2 mm (see Fig. 3 b). Once the
MTOC bypasses the nucleus, it moves away, switching

FIGURE 3 Capture-shrinkage mechanism: (a) the dependence of the averageMTOC-IS distance dMIS on time. The error bars are represented by dashed lines
and are plotted only if bigger than a symbol size. (b–d) Dependencies of the average MTOC velocity vMTOC (b), the number of dyneins acting on microtubules
Ndm (c), and the MTOC-center distance dMC (d) on the average MTOC-IS distance are shown. Black dashed lines denote transitions between different phases
of the repositioning process. (e and f) Probability distributions of the angles between the first MT segments and the direction of the MTOC movement for a
dynein density rIS ¼ 100 mm"2 (e), t ¼ 1 s, dMIS # 9 mm are given. (f) t ¼ 60 s, dMIS # 5 mm. To see this figure in color, go online.
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during the first phase can be understood from an analysis of
Figs. 2, a and b and 3 d. At the beginning of the simulations,
a substantial number of MTs intersects the IS (visually
demonstrated in Fig. 2, a and d), resulting in a fast increase
of the number of attached dyneins. Because the MTs
attached to dynein sprout from the MTOC in every direction
(cf. Fig. 3 e), the MTOC moves toward the IS and, simulta-
neously, to the nucleus of the cell (see Fig. 3 d). As the
MTOC approaches the nucleus of the cell, the nucleus starts
to oppose the movement by repelling the MTs and, at the
end of the first phase, the MTOC. Therefore, as the pulling
force of the dyneins is opposed by the nucleus, the dyneins
detach because the detachment rate is force dependent.

The increase of the number of attached dyneins Ndm in the
second phase can be explained by considering the fact that
the MTOC slides over the surface of the nucleus and the
MT stalk forms. At the beginning, the nucleus presents an
obstacle between the MTOC and the IS; see Fig. 2 a. The
opposing force from the nucleus decreases with the approach
of the MTOC toward the IS. At the end of the repositioning,
the nucleus no longer stands between the two objects; see
Fig. 2, c and f. Therefore, the opposing force from the nucleus
contributing to dynein detachment decreases. More impor-
tantly, attachedMTs form the MT stalk. The angle a between
the first segment of the MT and the direction of the MTOC
movement is used to describe the deformation of the cyto-
skeleton structure and the stalk formation. At the beginning
of the simulation (the first phase and the beginning of the sec-
ond), attached MTs aim in every direction (see Fig. 3 e, visu-

alized in Fig. 2, a and d). Therefore, the dyneins pull in
multiple directions, which makes them oppose each other,
leading to dynein detachment. After a few seconds, the
MTOC travels in the direction of the biggest pulling force.
Consequently, the attached MTs form a stalk as the simula-
tion progresses, and dyneins act in alignment; see Figs. 2, b
and e and 3 f. They no longer oppose each other but share
the load from opposing forces. Consequently, the detachment
probability of dynein decreases with the opposing force, and
the number of attached dyneins increases.

The number of dyneins decreases in the final phase when
dMIS < 3.5 mm; see Fig. 3 c. Unattached MTs in the IS are
pushed backward by viscous drag as the MTOC moves to
the IS. As a result, one observes an ‘‘opening’’ of the MT
cytoskeleton; cf. Figs. 2, c and f and 3 e. Unattached MTs
do not intersect the IS (see Fig. 3 f) and cannot attach to
dyneins. The attached MTs shorten because of the depoly-
merization, further lowering the probability of dynein
attachment. Moreover, an opposing force arises from the
cytoskeleton being dragged from the nucleus to the mem-
brane (see Fig. 3 d), causing the detachment of dyneins
because the detachment rate is force dependent.

To summarize, the trajectory of the MTOC toward the IS
displays three phases, in which the two longer phases have
also been reported in experiment (14), but not the short
initial phase. First, the MTOC descends to the nucleus
(see Fig. 3, a and d); then it moves to the IS quickly and
slows down during the last 2 mm (see Fig. 3 b). Once the
MTOC bypasses the nucleus, it moves away, switching

FIGURE 3 Capture-shrinkage mechanism: (a) the dependence of the averageMTOC-IS distance dMIS on time. The error bars are represented by dashed lines
and are plotted only if bigger than a symbol size. (b–d) Dependencies of the average MTOC velocity vMTOC (b), the number of dyneins acting on microtubules
Ndm (c), and the MTOC-center distance dMC (d) on the average MTOC-IS distance are shown. Black dashed lines denote transitions between different phases
of the repositioning process. (e and f) Probability distributions of the angles between the first MT segments and the direction of the MTOC movement for a
dynein density rIS ¼ 100 mm"2 (e), t ¼ 1 s, dMIS # 9 mm are given. (f) t ¼ 60 s, dMIS # 5 mm. To see this figure in color, go online.
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during the first phase can be understood from an analysis of
Figs. 2, a and b and 3 d. At the beginning of the simulations,
a substantial number of MTs intersects the IS (visually
demonstrated in Fig. 2, a and d), resulting in a fast increase
of the number of attached dyneins. Because the MTs
attached to dynein sprout from the MTOC in every direction
(cf. Fig. 3 e), the MTOC moves toward the IS and, simulta-
neously, to the nucleus of the cell (see Fig. 3 d). As the
MTOC approaches the nucleus of the cell, the nucleus starts
to oppose the movement by repelling the MTs and, at the
end of the first phase, the MTOC. Therefore, as the pulling
force of the dyneins is opposed by the nucleus, the dyneins
detach because the detachment rate is force dependent.

The increase of the number of attached dyneins Ndm in the
second phase can be explained by considering the fact that
the MTOC slides over the surface of the nucleus and the
MT stalk forms. At the beginning, the nucleus presents an
obstacle between the MTOC and the IS; see Fig. 2 a. The
opposing force from the nucleus decreases with the approach
of the MTOC toward the IS. At the end of the repositioning,
the nucleus no longer stands between the two objects; see
Fig. 2, c and f. Therefore, the opposing force from the nucleus
contributing to dynein detachment decreases. More impor-
tantly, attachedMTs form the MT stalk. The angle a between
the first segment of the MT and the direction of the MTOC
movement is used to describe the deformation of the cyto-
skeleton structure and the stalk formation. At the beginning
of the simulation (the first phase and the beginning of the sec-
ond), attached MTs aim in every direction (see Fig. 3 e, visu-

alized in Fig. 2, a and d). Therefore, the dyneins pull in
multiple directions, which makes them oppose each other,
leading to dynein detachment. After a few seconds, the
MTOC travels in the direction of the biggest pulling force.
Consequently, the attached MTs form a stalk as the simula-
tion progresses, and dyneins act in alignment; see Figs. 2, b
and e and 3 f. They no longer oppose each other but share
the load from opposing forces. Consequently, the detachment
probability of dynein decreases with the opposing force, and
the number of attached dyneins increases.

The number of dyneins decreases in the final phase when
dMIS < 3.5 mm; see Fig. 3 c. Unattached MTs in the IS are
pushed backward by viscous drag as the MTOC moves to
the IS. As a result, one observes an ‘‘opening’’ of the MT
cytoskeleton; cf. Figs. 2, c and f and 3 e. Unattached MTs
do not intersect the IS (see Fig. 3 f) and cannot attach to
dyneins. The attached MTs shorten because of the depoly-
merization, further lowering the probability of dynein
attachment. Moreover, an opposing force arises from the
cytoskeleton being dragged from the nucleus to the mem-
brane (see Fig. 3 d), causing the detachment of dyneins
because the detachment rate is force dependent.

To summarize, the trajectory of the MTOC toward the IS
displays three phases, in which the two longer phases have
also been reported in experiment (14), but not the short
initial phase. First, the MTOC descends to the nucleus
(see Fig. 3, a and d); then it moves to the IS quickly and
slows down during the last 2 mm (see Fig. 3 b). Once the
MTOC bypasses the nucleus, it moves away, switching

FIGURE 3 Capture-shrinkage mechanism: (a) the dependence of the averageMTOC-IS distance dMIS on time. The error bars are represented by dashed lines
and are plotted only if bigger than a symbol size. (b–d) Dependencies of the average MTOC velocity vMTOC (b), the number of dyneins acting on microtubules
Ndm (c), and the MTOC-center distance dMC (d) on the average MTOC-IS distance are shown. Black dashed lines denote transitions between different phases
of the repositioning process. (e and f) Probability distributions of the angles between the first MT segments and the direction of the MTOC movement for a
dynein density rIS ¼ 100 mm"2 (e), t ¼ 1 s, dMIS # 9 mm are given. (f) t ¼ 60 s, dMIS # 5 mm. To see this figure in color, go online.
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Simulation of stochastic model: cortical sliding 
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dynein densities (Figs. 5 a, 7 a, and 8 a), one observes that
the velocity of the MTOC is maximal for medium densities
of cortical sliding dyneins (see also Fig. 9, a and b below).
Moreover, by comparing the configuration snapshots for
low and high densities (Fig. 4, b and e and 6, b and e), one
observes that the strong forces exerted at high dynein den-
sities cause large deformations of the MT cytoskeleton.

Because of the deformation of the cytoskeleton, a large
number of MTs are attached to dynein at the end of the re-
positioning (see Fig. 7 d), and dyneins are predominantly
found at the opposite side of the IS (compared to the
MTOC). Because of the attachment, the MTOC passes the
center of the IS (see Fig. 7 a) and the anchor points of
certain dynein motors (see Fig. 6, c and f). The MTs are
attached to anchor points, so the probability density of a
changes, and the majority of MTs are behind the MTOC
(see Fig. 7 e). When the MTOC returns to the IS, the prob-
ability density levels (see Fig. 7 f), and dynein detaches.

Cortical sliding with high dynein densities

An example for repositioning under the effect of cortical
sliding with a high dynein density ~rIS ¼ 1000 mm"2 is shown
in Video S5. As the area density ~rIS rises, the MTs are more
and more attached at the periphery (see Fig. 8 d). This is
further demonstrated by Fig. 8, e and f (the center of the IS
is almost depopulated when ~rIS ¼ 1000 mm"2). The reason
is that there are a sufficient number of dyneins to firmly catch
theMTs passing just the periphery of the IS. The higher num-
ber of MTs also logically means bigger pulling forces on

MTs. In a spherical cell, dyneins act in competition, which
leads to dynein detachment. The bigger the competition
is, the more frequent the detachment, as can be seen in
Fig. 8 b, in which the highest number of attached dyneins
corresponds to the lowest area density.

Constantly attaching and detaching dyneins does not
allow MTs to align with the direction of the MTOC move-
ment. Subsequently, the MTOC ‘‘lingers’’ behind the nu-
cleus before it moves to the IS as the dominant orientation
of attached MTs forms slowly. The duration of this inac-
tivity rises with ~rIS (see Fig. 8 a). Even when the dominant
direction is established, MTs are still attached in every di-
rection, slowing down the movement (see Fig. 8 c). There-
fore, the slowing in the third section (cf. Fig. 8 a) is
caused by two effects: first, the misalignment of MTs, re-
sulting in contradictory pulling forces and a lower number
of attached dyneins; second, the increasing probability of
attachment at the periphery, resulting in MTs being pulled
to different places and increasingly contradicting each other
as the MTOC approaches the IS.

Comparison of cortical sliding and capture-
shrinkage

In this section, two mechanisms are compared in terms of
MTOC velocity: times and final MTOC-IS distances. The
biological motivation is that the velocity (times) indicates
the efficiency of transmission of the force of dynein on
the cytoskeleton, and the final distance determines the

FIGURE 5 Cortical sliding with low dynein densities ~rIS. (a) The dependence of the average MTOC-IS distance dMIS on time is shown. The error bars are
represented by dashed lines and are plotted only if bigger than a symbol size. (b–d) Dependencies of the average MTOC velocity vMTOC (b), number of
dyneins acting on MTs Ndm (c), and the MTOC-center distance dMC (d) on the average MTOC-IS distance are shown. (e and f) Probability distributions
of the angles a between the first MT segment and the MTOC motion, ~rIS ¼ 60 mm"2, are shown. (e) t ¼ 5 s, dMIS # 9 mm. (f) t ¼ 65 s, dMIS # 5 mm.
To see this figure in color, go online.
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dynein densities (Figs. 5 a, 7 a, and 8 a), one observes that
the velocity of the MTOC is maximal for medium densities
of cortical sliding dyneins (see also Fig. 9, a and b below).
Moreover, by comparing the configuration snapshots for
low and high densities (Fig. 4, b and e and 6, b and e), one
observes that the strong forces exerted at high dynein den-
sities cause large deformations of the MT cytoskeleton.

Because of the deformation of the cytoskeleton, a large
number of MTs are attached to dynein at the end of the re-
positioning (see Fig. 7 d), and dyneins are predominantly
found at the opposite side of the IS (compared to the
MTOC). Because of the attachment, the MTOC passes the
center of the IS (see Fig. 7 a) and the anchor points of
certain dynein motors (see Fig. 6, c and f). The MTs are
attached to anchor points, so the probability density of a
changes, and the majority of MTs are behind the MTOC
(see Fig. 7 e). When the MTOC returns to the IS, the prob-
ability density levels (see Fig. 7 f), and dynein detaches.

Cortical sliding with high dynein densities

An example for repositioning under the effect of cortical
sliding with a high dynein density ~rIS ¼ 1000 mm"2 is shown
in Video S5. As the area density ~rIS rises, the MTs are more
and more attached at the periphery (see Fig. 8 d). This is
further demonstrated by Fig. 8, e and f (the center of the IS
is almost depopulated when ~rIS ¼ 1000 mm"2). The reason
is that there are a sufficient number of dyneins to firmly catch
theMTs passing just the periphery of the IS. The higher num-
ber of MTs also logically means bigger pulling forces on

MTs. In a spherical cell, dyneins act in competition, which
leads to dynein detachment. The bigger the competition
is, the more frequent the detachment, as can be seen in
Fig. 8 b, in which the highest number of attached dyneins
corresponds to the lowest area density.

Constantly attaching and detaching dyneins does not
allow MTs to align with the direction of the MTOC move-
ment. Subsequently, the MTOC ‘‘lingers’’ behind the nu-
cleus before it moves to the IS as the dominant orientation
of attached MTs forms slowly. The duration of this inac-
tivity rises with ~rIS (see Fig. 8 a). Even when the dominant
direction is established, MTs are still attached in every di-
rection, slowing down the movement (see Fig. 8 c). There-
fore, the slowing in the third section (cf. Fig. 8 a) is
caused by two effects: first, the misalignment of MTs, re-
sulting in contradictory pulling forces and a lower number
of attached dyneins; second, the increasing probability of
attachment at the periphery, resulting in MTs being pulled
to different places and increasingly contradicting each other
as the MTOC approaches the IS.

Comparison of cortical sliding and capture-
shrinkage

In this section, two mechanisms are compared in terms of
MTOC velocity: times and final MTOC-IS distances. The
biological motivation is that the velocity (times) indicates
the efficiency of transmission of the force of dynein on
the cytoskeleton, and the final distance determines the

FIGURE 5 Cortical sliding with low dynein densities ~rIS. (a) The dependence of the average MTOC-IS distance dMIS on time is shown. The error bars are
represented by dashed lines and are plotted only if bigger than a symbol size. (b–d) Dependencies of the average MTOC velocity vMTOC (b), number of
dyneins acting on MTs Ndm (c), and the MTOC-center distance dMC (d) on the average MTOC-IS distance are shown. (e and f) Probability distributions
of the angles a between the first MT segment and the MTOC motion, ~rIS ¼ 60 mm"2, are shown. (e) t ¼ 5 s, dMIS # 9 mm. (f) t ¼ 65 s, dMIS # 5 mm.
To see this figure in color, go online.
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dynein densities (Figs. 5 a, 7 a, and 8 a), one observes that
the velocity of the MTOC is maximal for medium densities
of cortical sliding dyneins (see also Fig. 9, a and b below).
Moreover, by comparing the configuration snapshots for
low and high densities (Fig. 4, b and e and 6, b and e), one
observes that the strong forces exerted at high dynein den-
sities cause large deformations of the MT cytoskeleton.

Because of the deformation of the cytoskeleton, a large
number of MTs are attached to dynein at the end of the re-
positioning (see Fig. 7 d), and dyneins are predominantly
found at the opposite side of the IS (compared to the
MTOC). Because of the attachment, the MTOC passes the
center of the IS (see Fig. 7 a) and the anchor points of
certain dynein motors (see Fig. 6, c and f). The MTs are
attached to anchor points, so the probability density of a
changes, and the majority of MTs are behind the MTOC
(see Fig. 7 e). When the MTOC returns to the IS, the prob-
ability density levels (see Fig. 7 f), and dynein detaches.

Cortical sliding with high dynein densities

An example for repositioning under the effect of cortical
sliding with a high dynein density ~rIS ¼ 1000 mm"2 is shown
in Video S5. As the area density ~rIS rises, the MTs are more
and more attached at the periphery (see Fig. 8 d). This is
further demonstrated by Fig. 8, e and f (the center of the IS
is almost depopulated when ~rIS ¼ 1000 mm"2). The reason
is that there are a sufficient number of dyneins to firmly catch
theMTs passing just the periphery of the IS. The higher num-
ber of MTs also logically means bigger pulling forces on

MTs. In a spherical cell, dyneins act in competition, which
leads to dynein detachment. The bigger the competition
is, the more frequent the detachment, as can be seen in
Fig. 8 b, in which the highest number of attached dyneins
corresponds to the lowest area density.

Constantly attaching and detaching dyneins does not
allow MTs to align with the direction of the MTOC move-
ment. Subsequently, the MTOC ‘‘lingers’’ behind the nu-
cleus before it moves to the IS as the dominant orientation
of attached MTs forms slowly. The duration of this inac-
tivity rises with ~rIS (see Fig. 8 a). Even when the dominant
direction is established, MTs are still attached in every di-
rection, slowing down the movement (see Fig. 8 c). There-
fore, the slowing in the third section (cf. Fig. 8 a) is
caused by two effects: first, the misalignment of MTs, re-
sulting in contradictory pulling forces and a lower number
of attached dyneins; second, the increasing probability of
attachment at the periphery, resulting in MTs being pulled
to different places and increasingly contradicting each other
as the MTOC approaches the IS.

Comparison of cortical sliding and capture-
shrinkage

In this section, two mechanisms are compared in terms of
MTOC velocity: times and final MTOC-IS distances. The
biological motivation is that the velocity (times) indicates
the efficiency of transmission of the force of dynein on
the cytoskeleton, and the final distance determines the

FIGURE 5 Cortical sliding with low dynein densities ~rIS. (a) The dependence of the average MTOC-IS distance dMIS on time is shown. The error bars are
represented by dashed lines and are plotted only if bigger than a symbol size. (b–d) Dependencies of the average MTOC velocity vMTOC (b), number of
dyneins acting on MTs Ndm (c), and the MTOC-center distance dMC (d) on the average MTOC-IS distance are shown. (e and f) Probability distributions
of the angles a between the first MT segment and the MTOC motion, ~rIS ¼ 60 mm"2, are shown. (e) t ¼ 5 s, dMIS # 9 mm. (f) t ¼ 65 s, dMIS # 5 mm.
To see this figure in color, go online.
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dynein densities (Figs. 5 a, 7 a, and 8 a), one observes that
the velocity of the MTOC is maximal for medium densities
of cortical sliding dyneins (see also Fig. 9, a and b below).
Moreover, by comparing the configuration snapshots for
low and high densities (Fig. 4, b and e and 6, b and e), one
observes that the strong forces exerted at high dynein den-
sities cause large deformations of the MT cytoskeleton.

Because of the deformation of the cytoskeleton, a large
number of MTs are attached to dynein at the end of the re-
positioning (see Fig. 7 d), and dyneins are predominantly
found at the opposite side of the IS (compared to the
MTOC). Because of the attachment, the MTOC passes the
center of the IS (see Fig. 7 a) and the anchor points of
certain dynein motors (see Fig. 6, c and f). The MTs are
attached to anchor points, so the probability density of a
changes, and the majority of MTs are behind the MTOC
(see Fig. 7 e). When the MTOC returns to the IS, the prob-
ability density levels (see Fig. 7 f), and dynein detaches.

Cortical sliding with high dynein densities

An example for repositioning under the effect of cortical
sliding with a high dynein density ~rIS ¼ 1000 mm"2 is shown
in Video S5. As the area density ~rIS rises, the MTs are more
and more attached at the periphery (see Fig. 8 d). This is
further demonstrated by Fig. 8, e and f (the center of the IS
is almost depopulated when ~rIS ¼ 1000 mm"2). The reason
is that there are a sufficient number of dyneins to firmly catch
theMTs passing just the periphery of the IS. The higher num-
ber of MTs also logically means bigger pulling forces on

MTs. In a spherical cell, dyneins act in competition, which
leads to dynein detachment. The bigger the competition
is, the more frequent the detachment, as can be seen in
Fig. 8 b, in which the highest number of attached dyneins
corresponds to the lowest area density.

Constantly attaching and detaching dyneins does not
allow MTs to align with the direction of the MTOC move-
ment. Subsequently, the MTOC ‘‘lingers’’ behind the nu-
cleus before it moves to the IS as the dominant orientation
of attached MTs forms slowly. The duration of this inac-
tivity rises with ~rIS (see Fig. 8 a). Even when the dominant
direction is established, MTs are still attached in every di-
rection, slowing down the movement (see Fig. 8 c). There-
fore, the slowing in the third section (cf. Fig. 8 a) is
caused by two effects: first, the misalignment of MTs, re-
sulting in contradictory pulling forces and a lower number
of attached dyneins; second, the increasing probability of
attachment at the periphery, resulting in MTs being pulled
to different places and increasingly contradicting each other
as the MTOC approaches the IS.

Comparison of cortical sliding and capture-
shrinkage

In this section, two mechanisms are compared in terms of
MTOC velocity: times and final MTOC-IS distances. The
biological motivation is that the velocity (times) indicates
the efficiency of transmission of the force of dynein on
the cytoskeleton, and the final distance determines the

FIGURE 5 Cortical sliding with low dynein densities ~rIS. (a) The dependence of the average MTOC-IS distance dMIS on time is shown. The error bars are
represented by dashed lines and are plotted only if bigger than a symbol size. (b–d) Dependencies of the average MTOC velocity vMTOC (b), number of
dyneins acting on MTs Ndm (c), and the MTOC-center distance dMC (d) on the average MTOC-IS distance are shown. (e and f) Probability distributions
of the angles a between the first MT segment and the MTOC motion, ~rIS ¼ 60 mm"2, are shown. (e) t ¼ 5 s, dMIS # 9 mm. (f) t ¼ 65 s, dMIS # 5 mm.
To see this figure in color, go online.
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Both combined: Synergy mechanism

clearly visible in the experiments, as, for instance, in Fig. 5
A of (14). The opening can also be seen in the case of com-
bined mechanisms, although for partially different reasons
(Fig. 11, e–g).

The MT cytoskeleton opening might have interesting con-
sequences for the distribution of Ca2þ in the cell, which is
highly relevant for cell function. As the cytoskeleton
rotates, the mitochondria are dragged with it (16) until they
approach the IS. Because of the MT cytoskeleton opening,
the mitochondria are positioned asymmetrically around the
IS, resulting in an asymmetric absorption and redistribution
of Ca2þ by the mitochondria. Consequently, an asymmetric
distribution of Ca2þ arises around the IS, the function of
which might deserve further investigation.

The detailed analysis of the MT cytoskeleton arrange-
ment for the cortical sliding mechanism revealed three
different deformation characteristics depending on three re-
gimes for the dynein density (Cortical-Sliding Mechanism).
This observation opens an interesting experimental perspec-
tive to estimate the dynein distribution from the MT cyto-
skeleton deformation during the MTOC repositioning.

Moreover, our model also predicts a biphasic behavior of
the relocation process, as reported for the experiments in
(14). Figs. 3 a and 10 a bear a clear resemblance to Fig. 3
D of (14). We showed that after a short initial period in which
MTs start to attach to the dynein, the first phase observed
experimentally corresponds in our model to the circular mo-
tion of the MTOC around the nucleus and the second phase to

the last 1 mm of the MTOCmovement, when it detaches from
the nucleus and moves more or less straight to the IS with a
substantially reduced velocity for both mechanisms (capture-
shrinkage and cortical sliding) and a large range of dynein
densities. During the latter phase, the MTOC increases
its distance from the cell center by approximately 1 mm
" 0.2 # RCell, which is close to the value reported in (14).

It was hypothesized in (14) that a resistive force emerges
at the transition point between the phases, causing slowing
down of the MTOC. Our model shows that the assumption
of a resistive force is not necessary to explain the biphasic
behavior: the velocity of the MTOC is only determined by
the number of motors pulling on the MTs and on MT align-
ment (Figs. 3, 5 a, and 8). The reason for the slowing down
is therefore simply the decrease of the number of dyneins
attached to the MTs, which again is a consequence of
the changing geometry and forces during the movement
of the MTOC, i.e., a consequence of the interplay between
the MT cytoskeleton and motors.

Experimentally, it was also observed that a treatment with
taxol substantially reduced the velocity of the repositioning.
Taxol impedes depolymerization of the MTs, which we
could mimic in our model by reducing the capture-shrinkage
efficiency. With this modification, our model reproduces the
experimental observation (Fig. S10, a and b).

An interesting prediction of our model is that the two
mechanisms, capture-shrinkage and cortical sliding, appear
to act in remarkable synergy (Combination of Capture

FIGURE 11 Combination of capture-shrinkage and cortical sliding. (a) Dependence of the average distance between the center of the cell and the MTOC
dMC on the average MTOC-IS distance dMIS is shown. (b and c) A probability density plot for the spatial distribution of attached dynein is given. (b) t ¼ 50 s,
dMIS " 4.5 mm. (c) t¼ 60 s, dMIS " 1.5 mm. (d) Repositioning times as a function of the density of capture-shrinkage dynein rIS for four different values of the
cortical sliding area density ~rIS are shown. The error bars are represented by dashed lines and are plotted only if bigger than a symbol size. (e–g) Snapshots from
simulation are given. The blue, red, and bold yellow curves correspond to MTs without dynein and with capture-shrinkage and cortical sliding, respectively.
Black dots depict positions of attached dynein motors. (e) dMIS ¼ 4.5 mm, (f) dMIS ¼ 2.5 mm, and (g) dMIS ¼ 1 mm. To see this figure in color, go online.
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Methods, Section S3.3.3. The effect is certainly advanta-
geous for the cell because the cortical sliding mechanism
is not as efficient as the capture-shrinkage mechanism,
considering the large amount of dynein required.

DISCUSSION

We have analyzed the experiments of (14) with a mecha-
nistic model for the relocation of the MTOC in T cells.
By using biologically realistic values for the model param-
eters such as the number and the stiffness of MTs, dynein
pulling forces and detachment probabilities, and cytosol vis-
cosity, we can recapitulate for a wide range of dynein den-
sities the experimental observations of (14). In particular,

the timescale for the completion of the relocation process,
as well as the MTOC velocities predicted by the model,
agrees well with the experimental results.

Our model predicts that the cytoskeleton deforms sub-
stantially during the MTOC-repositioning process because
of the combined effects of the capture-shrinkage mechanism
and friction forces. The captured MTs form a narrow stalk
between the MTOC and the IS, straightening under the ten-
sion caused by dynein motors acting on it and causing the
rotation of the whole MT cytoskeleton toward it. Concomi-
tantly, unattached MTs are pushed backward by the
emerging viscous drag ‘‘opening’’ the MT cytoskeleton
(cf. Fig. 2, e and f). Thus, our model provides a mechanistic
explanation of the MT cytoskeleton opening that is also

FIGURE 9 Comparison of the capture-shrinkage and the cortical sliding mechanisms in terms of the average MTOC velocity in both phases VMTOC, times
of repositioning, and the final MTOC-IS distance dMIS. (a) The MTOC velocity in the first and the second phase is shown. (b) Repositioning times are shown.
Final MTOC-IS distances are shown in the inset. (c) The dependence of the average distance rIS of attached dynein motors from the axis of the IS on dynein
area density ~rIS for the case of sole cortical sliding is shown. The error bars are represented by dashed lines and are plotted only if bigger than a symbol size.
To see this figure in color, go online.

FIGURE 10 Combination of capture-shrinkage and cortical sliding: (a) dependence of the average MTOC-IS distance dMIS on time. Dependence of the
average MTOC velocity vMTOC (b), the average number of attached capture-shrinkage dyneins Ncapt (c), and the average number of attached cortical sliding
dyneins Ncort (d) on the average MTOC-IS distance is shown (cortical sliding densities corresponding to different line colors in b–d are the same as in a).
(e) The probability density of the angles a between the first MT segment and the direction of the MTOC motion is shown; t¼ 50 s, dMIS " 5 mm, ~rIS ¼ rIS ¼
60 mm#2. (f) Dependence of times of repositioning on cortical sliding area density ~rIS is shown. The error bars are represented by dashed lines and are plotted
only if bigger than a symbol size. To see this figure in color, go online.
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Methods, Section S3.3.3. The effect is certainly advanta-
geous for the cell because the cortical sliding mechanism
is not as efficient as the capture-shrinkage mechanism,
considering the large amount of dynein required.

DISCUSSION

We have analyzed the experiments of (14) with a mecha-
nistic model for the relocation of the MTOC in T cells.
By using biologically realistic values for the model param-
eters such as the number and the stiffness of MTs, dynein
pulling forces and detachment probabilities, and cytosol vis-
cosity, we can recapitulate for a wide range of dynein den-
sities the experimental observations of (14). In particular,

the timescale for the completion of the relocation process,
as well as the MTOC velocities predicted by the model,
agrees well with the experimental results.

Our model predicts that the cytoskeleton deforms sub-
stantially during the MTOC-repositioning process because
of the combined effects of the capture-shrinkage mechanism
and friction forces. The captured MTs form a narrow stalk
between the MTOC and the IS, straightening under the ten-
sion caused by dynein motors acting on it and causing the
rotation of the whole MT cytoskeleton toward it. Concomi-
tantly, unattached MTs are pushed backward by the
emerging viscous drag ‘‘opening’’ the MT cytoskeleton
(cf. Fig. 2, e and f). Thus, our model provides a mechanistic
explanation of the MT cytoskeleton opening that is also

FIGURE 9 Comparison of the capture-shrinkage and the cortical sliding mechanisms in terms of the average MTOC velocity in both phases VMTOC, times
of repositioning, and the final MTOC-IS distance dMIS. (a) The MTOC velocity in the first and the second phase is shown. (b) Repositioning times are shown.
Final MTOC-IS distances are shown in the inset. (c) The dependence of the average distance rIS of attached dynein motors from the axis of the IS on dynein
area density ~rIS for the case of sole cortical sliding is shown. The error bars are represented by dashed lines and are plotted only if bigger than a symbol size.
To see this figure in color, go online.

FIGURE 10 Combination of capture-shrinkage and cortical sliding: (a) dependence of the average MTOC-IS distance dMIS on time. Dependence of the
average MTOC velocity vMTOC (b), the average number of attached capture-shrinkage dyneins Ncapt (c), and the average number of attached cortical sliding
dyneins Ncort (d) on the average MTOC-IS distance is shown (cortical sliding densities corresponding to different line colors in b–d are the same as in a).
(e) The probability density of the angles a between the first MT segment and the direction of the MTOC motion is shown; t¼ 50 s, dMIS " 5 mm, ~rIS ¼ rIS ¼
60 mm#2. (f) Dependence of times of repositioning on cortical sliding area density ~rIS is shown. The error bars are represented by dashed lines and are plotted
only if bigger than a symbol size. To see this figure in color, go online.
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Methods, Section S3.3.3. The effect is certainly advanta-
geous for the cell because the cortical sliding mechanism
is not as efficient as the capture-shrinkage mechanism,
considering the large amount of dynein required.

DISCUSSION

We have analyzed the experiments of (14) with a mecha-
nistic model for the relocation of the MTOC in T cells.
By using biologically realistic values for the model param-
eters such as the number and the stiffness of MTs, dynein
pulling forces and detachment probabilities, and cytosol vis-
cosity, we can recapitulate for a wide range of dynein den-
sities the experimental observations of (14). In particular,

the timescale for the completion of the relocation process,
as well as the MTOC velocities predicted by the model,
agrees well with the experimental results.

Our model predicts that the cytoskeleton deforms sub-
stantially during the MTOC-repositioning process because
of the combined effects of the capture-shrinkage mechanism
and friction forces. The captured MTs form a narrow stalk
between the MTOC and the IS, straightening under the ten-
sion caused by dynein motors acting on it and causing the
rotation of the whole MT cytoskeleton toward it. Concomi-
tantly, unattached MTs are pushed backward by the
emerging viscous drag ‘‘opening’’ the MT cytoskeleton
(cf. Fig. 2, e and f). Thus, our model provides a mechanistic
explanation of the MT cytoskeleton opening that is also

FIGURE 9 Comparison of the capture-shrinkage and the cortical sliding mechanisms in terms of the average MTOC velocity in both phases VMTOC, times
of repositioning, and the final MTOC-IS distance dMIS. (a) The MTOC velocity in the first and the second phase is shown. (b) Repositioning times are shown.
Final MTOC-IS distances are shown in the inset. (c) The dependence of the average distance rIS of attached dynein motors from the axis of the IS on dynein
area density ~rIS for the case of sole cortical sliding is shown. The error bars are represented by dashed lines and are plotted only if bigger than a symbol size.
To see this figure in color, go online.

FIGURE 10 Combination of capture-shrinkage and cortical sliding: (a) dependence of the average MTOC-IS distance dMIS on time. Dependence of the
average MTOC velocity vMTOC (b), the average number of attached capture-shrinkage dyneins Ncapt (c), and the average number of attached cortical sliding
dyneins Ncort (d) on the average MTOC-IS distance is shown (cortical sliding densities corresponding to different line colors in b–d are the same as in a).
(e) The probability density of the angles a between the first MT segment and the direction of the MTOC motion is shown; t¼ 50 s, dMIS " 5 mm, ~rIS ¼ rIS ¼
60 mm#2. (f) Dependence of times of repositioning on cortical sliding area density ~rIS is shown. The error bars are represented by dashed lines and are plotted
only if bigger than a symbol size. To see this figure in color, go online.
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clearly visible in the experiments, as, for instance, in Fig. 5
A of (14). The opening can also be seen in the case of com-
bined mechanisms, although for partially different reasons
(Fig. 11, e–g).

The MT cytoskeleton opening might have interesting con-
sequences for the distribution of Ca2þ in the cell, which is
highly relevant for cell function. As the cytoskeleton
rotates, the mitochondria are dragged with it (16) until they
approach the IS. Because of the MT cytoskeleton opening,
the mitochondria are positioned asymmetrically around the
IS, resulting in an asymmetric absorption and redistribution
of Ca2þ by the mitochondria. Consequently, an asymmetric
distribution of Ca2þ arises around the IS, the function of
which might deserve further investigation.

The detailed analysis of the MT cytoskeleton arrange-
ment for the cortical sliding mechanism revealed three
different deformation characteristics depending on three re-
gimes for the dynein density (Cortical-Sliding Mechanism).
This observation opens an interesting experimental perspec-
tive to estimate the dynein distribution from the MT cyto-
skeleton deformation during the MTOC repositioning.

Moreover, our model also predicts a biphasic behavior of
the relocation process, as reported for the experiments in
(14). Figs. 3 a and 10 a bear a clear resemblance to Fig. 3
D of (14). We showed that after a short initial period in which
MTs start to attach to the dynein, the first phase observed
experimentally corresponds in our model to the circular mo-
tion of the MTOC around the nucleus and the second phase to

the last 1 mm of the MTOCmovement, when it detaches from
the nucleus and moves more or less straight to the IS with a
substantially reduced velocity for both mechanisms (capture-
shrinkage and cortical sliding) and a large range of dynein
densities. During the latter phase, the MTOC increases
its distance from the cell center by approximately 1 mm
" 0.2 # RCell, which is close to the value reported in (14).

It was hypothesized in (14) that a resistive force emerges
at the transition point between the phases, causing slowing
down of the MTOC. Our model shows that the assumption
of a resistive force is not necessary to explain the biphasic
behavior: the velocity of the MTOC is only determined by
the number of motors pulling on the MTs and on MT align-
ment (Figs. 3, 5 a, and 8). The reason for the slowing down
is therefore simply the decrease of the number of dyneins
attached to the MTs, which again is a consequence of
the changing geometry and forces during the movement
of the MTOC, i.e., a consequence of the interplay between
the MT cytoskeleton and motors.

Experimentally, it was also observed that a treatment with
taxol substantially reduced the velocity of the repositioning.
Taxol impedes depolymerization of the MTs, which we
could mimic in our model by reducing the capture-shrinkage
efficiency. With this modification, our model reproduces the
experimental observation (Fig. S10, a and b).

An interesting prediction of our model is that the two
mechanisms, capture-shrinkage and cortical sliding, appear
to act in remarkable synergy (Combination of Capture

FIGURE 11 Combination of capture-shrinkage and cortical sliding. (a) Dependence of the average distance between the center of the cell and the MTOC
dMC on the average MTOC-IS distance dMIS is shown. (b and c) A probability density plot for the spatial distribution of attached dynein is given. (b) t ¼ 50 s,
dMIS " 4.5 mm. (c) t¼ 60 s, dMIS " 1.5 mm. (d) Repositioning times as a function of the density of capture-shrinkage dynein rIS for four different values of the
cortical sliding area density ~rIS are shown. The error bars are represented by dashed lines and are plotted only if bigger than a symbol size. (e–g) Snapshots from
simulation are given. The blue, red, and bold yellow curves correspond to MTs without dynein and with capture-shrinkage and cortical sliding, respectively.
Black dots depict positions of attached dynein motors. (e) dMIS ¼ 4.5 mm, (f) dMIS ¼ 2.5 mm, and (g) dMIS ¼ 1 mm. To see this figure in color, go online.
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Polarization of MT cytoskeleton during killing with two IS

[Kuhn & Poenie, Immunity 2002]



MTOC dynamics for two IS

modeled as a planar structure (72), and the MT sprouts from
theMTOC radially. The shortMTs have to bend to stay in con-
tactwith the dyneins on themembrane, as sketched in Fig. 2 d.
Once the dyneins detach, the tip recedes from the membrane,
making the reattachment unlikely. On the other hand, bending
forces press the tip of a long MT against the cell membrane
where it can attach to dyneins.

We analyzed the role of the cortical-sliding and capture-
shrinkage mechanisms during the MTOC repositioning in
the cell with one and two IS by computer simulations of
the model as defined in (72) and above. We mainly focused
on the dependence of the repositioning process from initial
conditions (angle b in Fig. 1 a for one IS) or double-IS
arrangement (angle g in Fig. 2 a for two IS), and from the
cortical-sliding dynein density ~rIS and capture-shrinkage
dynein density rIS. Since both densities are unknown, we
varied them over the whole range from 10 to 1000 mm!2:
lower densities fail to relocate the MTOC at all, and larger
densities are not realistic due to steric repulsion between

the dyneins. The angles b and g were varied between 0:2p
and p; smaller values appear unrealistic for geometric rea-
sons (IS and MTOC size) while larger values can be mapped
on the considered interval.

We implemented the model in Cþþ on a computer cluster
with Intel(R)Xeon(R)CPUE5-2660 0@2.20GHprocessors,
Linux operating system (Arch-Linux 4.1.7-hardened-r1), and
compiler gþþ 4.9.2 and performed simulation runs to
generate the data shown in this publication. The program
listing is publicly available on GitHub (100). The snapshots
from the simulations and videos in supporting material were
made in POV-Ray.

RESULTS

Repositioning time scales

Before we present the results of computer simulations of the
model defined in the previous section, we give an estimate

a

d

b

e

c

f

FIGURE 2 Sketch of the model of the cell with two IS. (a) g denotes the angle between the two IS. Small black dots on the membrane and MTs represent
dynein anchor and attachment points, respectively. MTs can attach to capture-shrinkage or cortical-sliding dyneins in both IS. (b) Sketch of the azimuthal (q),
polar (4) andMTOC-IS (U) angle. The positions of the centers of both IS and the cell are located in the gray-shaded xz plane.When g<p both IS are located in
the upper hemisphere (z>0) denoted by themagenta arrow. The polar angle4 denotes the conewith thevertex located in the center of the cell indicated by the red
circle and the red dashed line. The azimuthal angle q denotes the angle between the x axis and the dashed black line connecting the center of the cell with the
projection of theMTOCposition on the xy plane depicted by the small black circle. The angleU denotes the angle between the line connecting theMTOCwith
the cell center (red dashed line) and the axis of the IS depicted by the blue dashed line. (c) Three-dimensional snapshot of an initial configuration of the model
withg ¼ 3

4p. The point of view is located on the yz plane in the upper hemisphere (z>0) at the angle p
4 of the y axis. Growing and shrinkingMTs radiate from the

MTOC toward the cell periphery and can be pulled by the twomechanisms in both IS. Dyneins in one IS cooperate and dyneins from different IS are in a tug-of-
war. (d) Sketch of bending forces acting on MTs attached to a capture-shrinkage. The thick black segment and the brown rectangles represent the plane of the
MTOCand the centers of IS, respectively. The small black circles represent dyneins at pointswhere theycapture the plus-endofMTs. Since attachedMTs sprout
from theMTOC, bending forces push the longMTagainst the cell membrane and pull the shortMT from it. (e) Two-dimensional sketch of the forces pulling the
MTOC toward and away from the IS. The gray line represents the xz plane onwhich the centers of the cell and both IS are located. The red line stands for theMT
attached in the IS. Dynein forces acting on the redMT pull theMTOC to the xz planewhere the IS is located. The growing olive and violet plus-end ofMTs push
the MTOC from the xz plane and toward it, respectively. (f) Probability density of MT length. To see this figure in color, go online.
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MTOC dynamics for two IS: capture-shrinkage

g=p, rdyn=200/µm2 g=p, rdyn=800/µm2 g=p/2, rdyn=800/µm2

transition frequency IS dwell time <Td>

shrink (green lines). The MT cytoskeleton is not damaged
permanently by the capture-shrinkage mechanism, since
short filaments regrow due to the polymerization. Therefore,
the MTOC relocates back and forth between the two IS until
one IS is removed. In Fig. 4, d–f we see that the time evolu-
tion of the MTOC position follows a recurring pattern
already seen in the video: the MTOC travels to one IS, re-
mains in its close proximity for a time, and then repositions
to the second IS. This pattern is caused by two effects: the
MTs lose contact with the close IS (to which it moves)
and establish a contact with the distant IS. The similar pro-
cess for the case g ¼ 3p

4 is shown in Video S2.
The physical mechanism underlying the MTOC transition

from one IS to the other and back is the decrease of the dynein
attachment probability with decreasing MTOC-IS distance
due to strong bending of attached filaments at short distances,
as sketched in Fig. 2 d. The MTOC is a planar structure and

MTs sprout from theMTOC tangentially. At largeMTOC-IS
distances the MT bends around the nucleus and bending
forces press the plus-end against the cell membrane, where
it can be captured by dyneins. At small MTOC-IS distances
an attached MT has to bend to stay in contact with the IS.
When a shortMTdetaches fromdyneins the plus-end recedes
from the IS, making reattachment unlikely. The attachment
probability of the MT in the IS depends on the circumferen-
tial MTOC-IS distance, since only MTs having a length
roughly corresponding to it can attach in the IS. Fig. 2 f shows
that the probability density of the MT length steadily in-
creases before reaching a peak at LMT " 15:8 mm, corre-
sponding to the circumferential distance between two IS
wheng ¼p. Consequently, the probability of theMTattach-
ment in the distant IS increases as the MTOC recedes, since
an increasing number of MTs have a length corresponding to
the circumferential MTOC-IS distance.

FIGURE 4 Capture-shrinkage mechanism with
two IS with the same dynein density r1IS ¼ r2IS ¼
rIS. (a–c) Snapshots from the time evolution of
the MT cytoskeleton configuration with capture-
shrinkage mechanism, rIS ¼ 400 mm#2. Symbols
and colors as in Fig. 2. (a) MTs attach to dyneins
in the left IS and form a stalk, and the MTOC
moves toward the left IS. (b) MTOC approaches
the IS and MTs depolymerize. (c) Short MTs
detach from the left IS. Simultaneously, the plus-
end of the MT intersects with the center of the
distant IS and is captured by dynein. (d–f) Exam-
ples of the time evolution of the MTOC position
in 600 s of the simulation. The time evolutions of
x coordinate of the MTOC are shown. Both IS
are located in the xz plane and the MTOC is origi-
nally located at the same distance from both IS, x ¼
0. (d and e) g ¼ p. (d) rIS ¼ 200 mm#2. (e) rIS ¼
800 mm#2. (f) g ¼ 1

2p, rIS ¼ 800 mm#2. (g) De-
pendencies of the average transition frequency be-
tween two IS per minute Ntr. (h) Average dwell
time that the MTOC spends next to the IS T

1
d (h

on dynein density rIS. Dependencies are plotted
with error bars only if bigger than a symbol
size. (i) Probability densities of dwell times for
angle between the axis of two IS. g ¼ p, rIS ¼
200 mm#2. Inset: dwell time distribution in a
log-lin plot demonstrating the exponential tail.
Dwell times were collected from 1280 simulation
runs. (j–l) g ¼ 1

2p. Probability densities of the
azimuthal angle q(j), MTOC-IS angle U (k), and
polar angle 4 (l). To see this figure in color, go on-
line.
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shrink (green lines). The MT cytoskeleton is not damaged
permanently by the capture-shrinkage mechanism, since
short filaments regrow due to the polymerization. Therefore,
the MTOC relocates back and forth between the two IS until
one IS is removed. In Fig. 4, d–f we see that the time evolu-
tion of the MTOC position follows a recurring pattern
already seen in the video: the MTOC travels to one IS, re-
mains in its close proximity for a time, and then repositions
to the second IS. This pattern is caused by two effects: the
MTs lose contact with the close IS (to which it moves)
and establish a contact with the distant IS. The similar pro-
cess for the case g ¼ 3p

4 is shown in Video S2.
The physical mechanism underlying the MTOC transition

from one IS to the other and back is the decrease of the dynein
attachment probability with decreasing MTOC-IS distance
due to strong bending of attached filaments at short distances,
as sketched in Fig. 2 d. The MTOC is a planar structure and

MTs sprout from theMTOC tangentially. At largeMTOC-IS
distances the MT bends around the nucleus and bending
forces press the plus-end against the cell membrane, where
it can be captured by dyneins. At small MTOC-IS distances
an attached MT has to bend to stay in contact with the IS.
When a shortMTdetaches fromdyneins the plus-end recedes
from the IS, making reattachment unlikely. The attachment
probability of the MT in the IS depends on the circumferen-
tial MTOC-IS distance, since only MTs having a length
roughly corresponding to it can attach in the IS. Fig. 2 f shows
that the probability density of the MT length steadily in-
creases before reaching a peak at LMT " 15:8 mm, corre-
sponding to the circumferential distance between two IS
wheng ¼p. Consequently, the probability of theMTattach-
ment in the distant IS increases as the MTOC recedes, since
an increasing number of MTs have a length corresponding to
the circumferential MTOC-IS distance.

FIGURE 4 Capture-shrinkage mechanism with
two IS with the same dynein density r1IS ¼ r2IS ¼
rIS. (a–c) Snapshots from the time evolution of
the MT cytoskeleton configuration with capture-
shrinkage mechanism, rIS ¼ 400 mm#2. Symbols
and colors as in Fig. 2. (a) MTs attach to dyneins
in the left IS and form a stalk, and the MTOC
moves toward the left IS. (b) MTOC approaches
the IS and MTs depolymerize. (c) Short MTs
detach from the left IS. Simultaneously, the plus-
end of the MT intersects with the center of the
distant IS and is captured by dynein. (d–f) Exam-
ples of the time evolution of the MTOC position
in 600 s of the simulation. The time evolutions of
x coordinate of the MTOC are shown. Both IS
are located in the xz plane and the MTOC is origi-
nally located at the same distance from both IS, x ¼
0. (d and e) g ¼ p. (d) rIS ¼ 200 mm#2. (e) rIS ¼
800 mm#2. (f) g ¼ 1

2p, rIS ¼ 800 mm#2. (g) De-
pendencies of the average transition frequency be-
tween two IS per minute Ntr. (h) Average dwell
time that the MTOC spends next to the IS T

1
d (h

on dynein density rIS. Dependencies are plotted
with error bars only if bigger than a symbol
size. (i) Probability densities of dwell times for
angle between the axis of two IS. g ¼ p, rIS ¼
200 mm#2. Inset: dwell time distribution in a
log-lin plot demonstrating the exponential tail.
Dwell times were collected from 1280 simulation
runs. (j–l) g ¼ 1

2p. Probability densities of the
azimuthal angle q(j), MTOC-IS angle U (k), and
polar angle 4 (l). To see this figure in color, go on-
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shrink (green lines). The MT cytoskeleton is not damaged
permanently by the capture-shrinkage mechanism, since
short filaments regrow due to the polymerization. Therefore,
the MTOC relocates back and forth between the two IS until
one IS is removed. In Fig. 4, d–f we see that the time evolu-
tion of the MTOC position follows a recurring pattern
already seen in the video: the MTOC travels to one IS, re-
mains in its close proximity for a time, and then repositions
to the second IS. This pattern is caused by two effects: the
MTs lose contact with the close IS (to which it moves)
and establish a contact with the distant IS. The similar pro-
cess for the case g ¼ 3p

4 is shown in Video S2.
The physical mechanism underlying the MTOC transition

from one IS to the other and back is the decrease of the dynein
attachment probability with decreasing MTOC-IS distance
due to strong bending of attached filaments at short distances,
as sketched in Fig. 2 d. The MTOC is a planar structure and

MTs sprout from theMTOC tangentially. At largeMTOC-IS
distances the MT bends around the nucleus and bending
forces press the plus-end against the cell membrane, where
it can be captured by dyneins. At small MTOC-IS distances
an attached MT has to bend to stay in contact with the IS.
When a shortMTdetaches fromdyneins the plus-end recedes
from the IS, making reattachment unlikely. The attachment
probability of the MT in the IS depends on the circumferen-
tial MTOC-IS distance, since only MTs having a length
roughly corresponding to it can attach in the IS. Fig. 2 f shows
that the probability density of the MT length steadily in-
creases before reaching a peak at LMT " 15:8 mm, corre-
sponding to the circumferential distance between two IS
wheng ¼p. Consequently, the probability of theMTattach-
ment in the distant IS increases as the MTOC recedes, since
an increasing number of MTs have a length corresponding to
the circumferential MTOC-IS distance.

FIGURE 4 Capture-shrinkage mechanism with
two IS with the same dynein density r1IS ¼ r2IS ¼
rIS. (a–c) Snapshots from the time evolution of
the MT cytoskeleton configuration with capture-
shrinkage mechanism, rIS ¼ 400 mm#2. Symbols
and colors as in Fig. 2. (a) MTs attach to dyneins
in the left IS and form a stalk, and the MTOC
moves toward the left IS. (b) MTOC approaches
the IS and MTs depolymerize. (c) Short MTs
detach from the left IS. Simultaneously, the plus-
end of the MT intersects with the center of the
distant IS and is captured by dynein. (d–f) Exam-
ples of the time evolution of the MTOC position
in 600 s of the simulation. The time evolutions of
x coordinate of the MTOC are shown. Both IS
are located in the xz plane and the MTOC is origi-
nally located at the same distance from both IS, x ¼
0. (d and e) g ¼ p. (d) rIS ¼ 200 mm#2. (e) rIS ¼
800 mm#2. (f) g ¼ 1

2p, rIS ¼ 800 mm#2. (g) De-
pendencies of the average transition frequency be-
tween two IS per minute Ntr. (h) Average dwell
time that the MTOC spends next to the IS T

1
d (h

on dynein density rIS. Dependencies are plotted
with error bars only if bigger than a symbol
size. (i) Probability densities of dwell times for
angle between the axis of two IS. g ¼ p, rIS ¼
200 mm#2. Inset: dwell time distribution in a
log-lin plot demonstrating the exponential tail.
Dwell times were collected from 1280 simulation
runs. (j–l) g ¼ 1

2p. Probability densities of the
azimuthal angle q(j), MTOC-IS angle U (k), and
polar angle 4 (l). To see this figure in color, go on-
line.
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shrink (green lines). The MT cytoskeleton is not damaged
permanently by the capture-shrinkage mechanism, since
short filaments regrow due to the polymerization. Therefore,
the MTOC relocates back and forth between the two IS until
one IS is removed. In Fig. 4, d–f we see that the time evolu-
tion of the MTOC position follows a recurring pattern
already seen in the video: the MTOC travels to one IS, re-
mains in its close proximity for a time, and then repositions
to the second IS. This pattern is caused by two effects: the
MTs lose contact with the close IS (to which it moves)
and establish a contact with the distant IS. The similar pro-
cess for the case g ¼ 3p

4 is shown in Video S2.
The physical mechanism underlying the MTOC transition

from one IS to the other and back is the decrease of the dynein
attachment probability with decreasing MTOC-IS distance
due to strong bending of attached filaments at short distances,
as sketched in Fig. 2 d. The MTOC is a planar structure and

MTs sprout from theMTOC tangentially. At largeMTOC-IS
distances the MT bends around the nucleus and bending
forces press the plus-end against the cell membrane, where
it can be captured by dyneins. At small MTOC-IS distances
an attached MT has to bend to stay in contact with the IS.
When a shortMTdetaches fromdyneins the plus-end recedes
from the IS, making reattachment unlikely. The attachment
probability of the MT in the IS depends on the circumferen-
tial MTOC-IS distance, since only MTs having a length
roughly corresponding to it can attach in the IS. Fig. 2 f shows
that the probability density of the MT length steadily in-
creases before reaching a peak at LMT " 15:8 mm, corre-
sponding to the circumferential distance between two IS
wheng ¼p. Consequently, the probability of theMTattach-
ment in the distant IS increases as the MTOC recedes, since
an increasing number of MTs have a length corresponding to
the circumferential MTOC-IS distance.

FIGURE 4 Capture-shrinkage mechanism with
two IS with the same dynein density r1IS ¼ r2IS ¼
rIS. (a–c) Snapshots from the time evolution of
the MT cytoskeleton configuration with capture-
shrinkage mechanism, rIS ¼ 400 mm#2. Symbols
and colors as in Fig. 2. (a) MTs attach to dyneins
in the left IS and form a stalk, and the MTOC
moves toward the left IS. (b) MTOC approaches
the IS and MTs depolymerize. (c) Short MTs
detach from the left IS. Simultaneously, the plus-
end of the MT intersects with the center of the
distant IS and is captured by dynein. (d–f) Exam-
ples of the time evolution of the MTOC position
in 600 s of the simulation. The time evolutions of
x coordinate of the MTOC are shown. Both IS
are located in the xz plane and the MTOC is origi-
nally located at the same distance from both IS, x ¼
0. (d and e) g ¼ p. (d) rIS ¼ 200 mm#2. (e) rIS ¼
800 mm#2. (f) g ¼ 1

2p, rIS ¼ 800 mm#2. (g) De-
pendencies of the average transition frequency be-
tween two IS per minute Ntr. (h) Average dwell
time that the MTOC spends next to the IS T

1
d (h

on dynein density rIS. Dependencies are plotted
with error bars only if bigger than a symbol
size. (i) Probability densities of dwell times for
angle between the axis of two IS. g ¼ p, rIS ¼
200 mm#2. Inset: dwell time distribution in a
log-lin plot demonstrating the exponential tail.
Dwell times were collected from 1280 simulation
runs. (j–l) g ¼ 1

2p. Probability densities of the
azimuthal angle q(j), MTOC-IS angle U (k), and
polar angle 4 (l). To see this figure in color, go on-
line.
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MTOC dynamics for two IS: cortical sliding

FIGURE 5 Cortical-sliding mechanism with two IS with the same dynein density ~r1IS ¼ ~r2IS ¼ ~rIS. (a and b) Snapshots from the time evolution of the MT
cytoskeleton configuration with the cortical-sliding mechanism acting at both IS. Symbols and colors as in Fig. 2. (a) g ¼ 0:5p, ~rIS ¼ 200 mm"2. MTs
attach in both IS and dyneins remain in a tug-of-war for the rest of the simulation. (b) g ¼ p, ~rIS ¼ 1000 mm"2. The MTOC is located close to the center
of the IS. Almost all MTs are attached to dyneins and they sprout from the MTOC in all directions. (c) Sketch of dynein forces when g ¼ p and with the
MTOC in the close proximity of the IS. The cell membrane and the nucleus are represented by the gray and blue circle, respectively. The black line and the
cyan rectangles denote the MTOC and two IS, respectively. Black dots and arrows denote dynein motors and directions of pulling forces, respectively. The
green MT is attached to dyneins in both IS and the redMT is attached only by dyneins in the distant IS. (d and e) Examples of the time evolution of the MTOC
position for g ¼ p=2. The time evolutions of x coordinate of the MTOC are shown, (d) for ~rIS ¼ 50 mm"2, (e) for ~rIS ¼ 1000 mm"2. (f) Probability
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FIGURE 5 Cortical-sliding mechanism with two IS with the same dynein density ~r1IS ¼ ~r2IS ¼ ~rIS. (a and b) Snapshots from the time evolution of the MT
cytoskeleton configuration with the cortical-sliding mechanism acting at both IS. Symbols and colors as in Fig. 2. (a) g ¼ 0:5p, ~rIS ¼ 200 mm"2. MTs
attach in both IS and dyneins remain in a tug-of-war for the rest of the simulation. (b) g ¼ p, ~rIS ¼ 1000 mm"2. The MTOC is located close to the center
of the IS. Almost all MTs are attached to dyneins and they sprout from the MTOC in all directions. (c) Sketch of dynein forces when g ¼ p and with the
MTOC in the close proximity of the IS. The cell membrane and the nucleus are represented by the gray and blue circle, respectively. The black line and the
cyan rectangles denote the MTOC and two IS, respectively. Black dots and arrows denote dynein motors and directions of pulling forces, respectively. The
green MT is attached to dyneins in both IS and the redMT is attached only by dyneins in the distant IS. (d and e) Examples of the time evolution of the MTOC
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Centrosome repositioning in B cells
fcell-09-635511 February 2, 2021 Time: 18:54 # 10

Kopf and Kiermaier Microtubules in Immune Effector Functions

FIGURE 4 | Microtubule-actin crosstalk at the B cell synapse. Upper panel: in resting B cells, Arp2/3-mediated actin nucleation at the centrosome tethers the MTOC
to the nucleus. Upon B cell receptor activation, Arp2/3 and F-actin are recruited to the immune synapse thus facilitating centrosome-nucleus separation and
repositioning of the MTOC to the cell-cell contact side. Lower panel: proteasomal activity is required for centrosomal actin depletion and subsequent centrosome
relocalization to the immune synapse (Obino et al., 2016; Ibañez-Vega et al., 2019).

The mechanisms of MTOC translocation in B cells rely on the
interplay of actin and microtubule filaments at the centrosome:
in addition to its role as MTOC, the centrosome functions as an
organizer of a local network of actin filaments, which can impose
physical constraints on the microtubule cytoskeleton, specifically
a�ecting the growth and shape of microtubule filaments as well
as the dynamics of the centrosome (Piel et al., 2000; Rodriguez
et al., 2003; Huber et al., 2015; Colin et al., 2018; Dogterom
and Koenderink, 2019). Centrosomal actin therefore directly
regulates the amount and number of nucleating microtubule
filaments, by acting as a physical barrier that restricts elongation
of nascent microtubules (Farina et al., 2015; Inoue et al., 2019).
In resting B lymphocytes, actin related protein 2/3 complex
(Arp2/3)-mediated actin nucleation tethers the centrosome to
the nucleus thus preventing cell polarization (Figure 4). Upon
B cell receptor ligation, clearance of centrosomal Arp2/3 reduces
F-actin nucleation at the centrosome and facilitates centrosome-
nucleus separation allowing the repositioning of the MTOC
to the immune synapse. Arp2/3 and F-actin reduction at the
centrosome upon B cell activation results from their recruitment
to the immune synapse and depends on the Cortactin homolog

hematopoietic lineage cell-specific protein (HS1) (Obino et al.,
2016). Moreover, proteasome activity is required for centrosomal
actin depletion and subsequent centrosome relocalization to
the immune synapse. B cells contain two pools of the 26S
proteasome, which modulate actin dynamics at the centrosome
and at the immune synapse. Proteasome inhibition results
in elevated levels of ubiquitinylated proteins and actin at
the centrosome, while less F-actin is found at the synaptic
membrane. This suggests that upon B cell activation, centrosomal
proteasome activity is required to degrade ubiquitylated proteins
involved in actin polymerization thus enabling actin depletion
and centrosome polarization toward the immune synapse
(Ibañez-Vega et al., 2019).

Recently, the mechanistic link between local lysosome fusion
at the B cell immune synapse andmicrotubule dynamics has been
addressed (Figure 5): lysosome fusion at the synaptic membrane
is supported by stabilization of centrosomal microtubules
leading to the redistribution of the exocyst complex to the
immune synapse (Sáez et al., 2019). B cell receptor engagement
promotes the formation of a stable centrosomal microtubule
network, which in turn releases Exo70, a component of the

Frontiers in Cell and Developmental Biology | www.frontiersin.org 10 February 2021 | Volume 9 | Article 635511



Dendritic cells: multiple centrosomes

Figure 1
a

e

immature BMDCs ac-tubulin
DAPI

γ-tubulin merge

ac-tubulin
DAPI

γ-tubulin mergemature BMDCs

b

d

pH3
EdU

Hoechst

c

γ-tubulin mergeac-tubulin
DAPI

dermal DCs

1 2 >2
0

10

20

30

80
100

centrosome number

ce
ll 

nu
m

be
r 

[%
] dermal DCs

pH3-

pH3+
0

10
20
30

80
100

ce
ll 

nu
m

be
r [

%
] 

dermal DCs

EdU
-

EdU
+

0
10
20
30
80

100

ce
ll 

nu
m

be
r [

%
] 

dermal DCs

immature BMDCs
ac-tub
pH3
DAPI

mature BMDCs

1 2 >2
0

10

20

80
100

centrosome number

ce
ll 

nu
m

be
r 

[%
] immature

mature
****

**

Figure 1
a

e

immature BMDCs ac-tubulin
DAPI

γ-tubulin merge

ac-tubulin
DAPI

γ-tubulin mergemature BMDCs

b

d

pH3
EdU

Hoechst

c

γ-tubulin mergeac-tubulin
DAPI

dermal DCs

1 2 >2
0

10

20

30

80
100

centrosome number

ce
ll 

nu
m

be
r 

[%
] dermal DCs

pH3-

pH3+
0

10
20
30

80
100

ce
ll 

nu
m

be
r [

%
] 

dermal DCs

EdU
-

EdU
+

0
10
20
30
80

100

ce
ll 

nu
m

be
r [

%
] 

dermal DCs

immature BMDCs
ac-tub
pH3
DAPI

mature BMDCs

1 2 >2
0

10

20

80
100

centrosome number

ce
ll 

nu
m

be
r 

[%
] immature

mature
****

**0

1

2

3

4

di
st

an
ce

 [µ
m

]

inter-
intra-

centrosomal

Figure 4
a

b c

d

α-tubulin
CETN2-GFP
γ-tubulin

1 ≥2
0

20

40

60

centrosome number

nu
m

be
r 

of
 

nu
cl

ea
te

d 
M

Ts

****

e

1 ≥2
0

5

10

15

centrosome number

ve
lo

ci
ty

 [µ
m

/m
in

] n.s.

1 ≥2
0.0

0.2

0.4

0.6

0.8

1.0

centrosome number

pe
rs

is
te

nc
e

*

Maximal projection
CETN2-GFP tim

e

CC
L1

9

centrioles
CETN2-GFP
intracentrosomal
intercentrosomal

Maximal projection
CETN2-GFP tim

e1 centrosome
amplified centrosomes

CC
L1

9

1 ≥2
0

4

8

12

16

centrosome number

ve
lo

ci
ty

 [µ
m

/m
in

] n.s.

1 ≥2
0.0

0.2

0.4

0.6

0.8

1.0

centrosome number

pe
rs

is
te

nc
e

**

f

0

1

2

3

4

CA cells

di
st

an
ce

 [µ
m

]

inter-
intra-

centrosomal

0

1

2

3

4

di
st

an
ce

 [µ
m

]

inter-
intra-

centrosomal

Figure 4
a

b c

d

α-tubulin
CETN2-GFP
γ-tubulin

1 ≥2
0

20

40

60

centrosome number

nu
m

be
r 

of
 

nu
cl

ea
te

d 
M

Ts

****

e

1 ≥2
0

5

10

15

centrosome number

ve
lo

ci
ty

 [µ
m

/m
in

] n.s.

1 ≥2
0.0

0.2

0.4

0.6

0.8

1.0

centrosome number

pe
rs

is
te

nc
e

*

Maximal projection
CETN2-GFP tim

e

CC
L1

9

centrioles
CETN2-GFP
intracentrosomal
intercentrosomal

Maximal projection
CETN2-GFP tim

e1 centrosome
amplified centrosomes

CC
L1

9

1 ≥2
0

4

8

12

16

centrosome number

ve
lo

ci
ty

 [µ
m

/m
in

] n.s.

1 ≥2
0.0

0.2

0.4

0.6

0.8

1.0

centrosome number

pe
rs

is
te

nc
e

**

f

0

1

2

3

4

CA cells

di
st

an
ce

 [µ
m

]

inter-
intra-

centrosomal
0

1

2

3

4

di
st

an
ce

 [µ
m

]

inter-
intra-

centrosomal

Figure 4
a

b c

d

α-tubulin
CETN2-GFP
γ-tubulin

1 ≥2
0

20

40

60

centrosome number

nu
m

be
r 

of
 

nu
cl

ea
te

d 
M

Ts

****

e

1 ≥2
0

5

10

15

centrosome number

ve
lo

ci
ty

 [µ
m

/m
in

] n.s.

1 ≥2
0.0

0.2

0.4

0.6

0.8

1.0

centrosome number

pe
rs

is
te

nc
e

*

Maximal projection
CETN2-GFP tim

e

CC
L1

9

centrioles
CETN2-GFP
intracentrosomal
intercentrosomal

Maximal projection
CETN2-GFP tim

e1 centrosome
amplified centrosomes

CC
L1

9

1 ≥2
0

4

8

12

16

centrosome number

ve
lo

ci
ty

 [µ
m

/m
in

] n.s.

1 ≥2
0.0

0.2

0.4

0.6

0.8

1.0

centrosome number

pe
rs

is
te

nc
e

**

f

0

1

2

3

4

CA cells

di
st

an
ce

 [µ
m

]

inter-
intra-

centrosomal

# MTs is enhanced

0

1

2

3

4

di
st

an
ce

 [µ
m

]

inter-
intra-

centrosomal

Figure 4
a

b c

d

α-tubulin
CETN2-GFP
γ-tubulin

1 ≥2
0

20

40

60

centrosome number

nu
m

be
r 

of
 

nu
cl

ea
te

d 
M

Ts

****

e

1 ≥2
0

5

10

15

centrosome number

ve
lo

ci
ty

 [µ
m

/m
in

] n.s.

1 ≥2
0.0

0.2

0.4

0.6

0.8

1.0

centrosome number

pe
rs

is
te

nc
e

*

Maximal projection
CETN2-GFP tim

e

CC
L1

9

centrioles
CETN2-GFP
intracentrosomal
intercentrosomal

Maximal projection
CETN2-GFP tim

e1 centrosome
amplified centrosomes

CC
L1

9

1 ≥2
0

4

8

12

16

centrosome number

ve
lo

ci
ty

 [µ
m

/m
in

] n.s.

1 ≥2
0.0

0.2

0.4

0.6

0.8

1.0

centrosome number

pe
rs

is
te

nc
e

**

f

0

1

2

3

4

CA cells

di
st

an
ce

 [µ
m

]

inter-
intra-

centrosomal

centrosomes cluster Migration of DCs with amplified centrosomes is more persistentfcell-09-635511
February

2,2021
Tim

e:18:54
#
4

K
opfand

K
ierm

aier
M

icrotubules
in

Im
m

une
EffectorFunctions

FIG
U

R
E

2
|M

icrotubule
function

during
leukocyte

m
igration

in
environm

ents
ofdifferentcom

plexity.M
icrotubule

depletion
leads

to
uncoordinated

actom
yosin

activation,yetw
ith

differentconsequences
on

cellshape
and

coherence
depending

on
the

geom
etry

ofthe
cell’s

surrounding.O
scillating

m
yosin

activation
across

the
cortex

yields
in

uncoordinated
and

unstable
polarization

in
2D

w
hile

in
linearchannels

(1D
)leukocytes

m
aintain

theirpolarized
shape.In

com
plex

3D
environm

ents,m
icrotubules

m
ediate

the
coordination

ofm
ultiple

com
peting

protrusions
(R

enkaw
itz

etal.,2019;K
opfetal.,2020).D

isruption
ofm

icrotubule
integrity

im
pairs

protrusion-retraction
dynam

ics
ofcom

peting
extensions

resulting
in

loss
ofcellshape

and
induction

ofcellfragm
entation.

Probing
neutrophils

w
ith

m
icrotubule

destabilizing
agents

im
pairs

direction-finding
or

directional
m
ovem

ent
during

chem
otaxisbutnotthem

echanism
ofneutrophillocom

otion
per

se
(Bandm

ann
et

al.,1974;G
allin

and
Rosenthal,1974;K

eller
etal.,1984;N

iggli,2003;Xu
etal.,2005).A

sim
ilarphenom

enon
of

dim
inished

persistent
locom

otion
tow

ard
chem

otactic
cues

upon
disturbing

m
icrotubule

integrity
w
as

also
observed

in

m
acrophages,

T
cells

and
dendritic

cells
in

vitro
and

in
vivo

(Ratner
et

al.,
1997;

Redd
et

al.,
2006;

Takesono
et

al.,
2010;

Yoo
etal.,2013;K

opfetal.,2020).Stabilization
ofm

icrotubules
by

taxolsim
ilarly

disturbed
the

polarized
distribution

ofF-actin
and

greatly
reduced

directional
locom

otion
w
ithout

a�ecting
m
igration

velocitiesofm
igrating

T
cellsand

neutrophils(N
iggli,

2003;Yadav
et

al.,2019)
indicating

that
dynam

ic
m
icrotubules

Frontiers
in

C
elland

D
evelopm

entalB
iology

|w
w

w
.frontiersin.org

4
February

2021
|Volum

e
9

|A
rticle

635511

# MTs & centrosome clustering <-> polarization <-> persistence ?

[Kiermaier, JCB 2022]



DCs with amplified centrosomes: T cell activation
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DCs with amplified centrosomes activate T cells more efficiently

vs.

[Kiermaier, JCB 2022]

Hypothesis: 
activation efficiency related
to MT mediated transport to IS:

-> centrosome clustering in cell center 
has minimal average distance 
to cell periphery

vs.
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Calcium dynamics during T cell polarization



Theoretical model for Calcium dynamics

15

(a) (b)

Figure 7. (a) 3D model geometry for studying the effect of mitochondria
relocation on Ca2+ influx at the IS in T-cells. The outer shell indicates the
cell membrane, the inner sphere the nucleus and the circular region at the top,
the IS. Around the IS the CRAC channels (red) and the PMCA pumps (blue)
agglomerate. The green compartment indicates the ER, the rod-like objects with
yellow tips indicate the mitochondria and the black arrow indicates the distance
xMito between mitochondria and IS. (b) 2D (x–z plane) profile of the model
geometry.

buffer. In addition to the cytosol and mitochondria, the ER (green volume, see figure 7) is the
third compartment that completes our simulation geometry. The naturally very thin ER network
is modeled as a massive domain and therefore we assume open flux conditions for the cytosolic
calcium ccyt at cytosol–ER boundaries, which means that cytosolic calcium freely diffuses
through the ER domain. Our model geometry that consists of the complete cell subtracted by the
nucleus is the sum of three disjunct compartments: the cytosol, the ER and eight mitochondria.
Within these three different compartments the Ca2+ dynamics are described by the following
reaction–diffusion equations:

Cytosol :
@ccyt

@t
= Dcytr2

ccyt � k1ccytb + k2bc, (18)

@b

@t
= Dbr2

b � k1ccytb + k2bc, (19)

@bc

@t
= Dbcr2

bc + k1ccytb � k2bc. (20)

Mitochondria :
@cM

@t
= DMr2

cM. (21)

ER :
@cER

@t
= DERr2

cER. (22)

The calcium transfer between these 3D compartments and the Ca2+ in/outflow across the cell
plasma membrane JM, JER and JPM are described as flux/boundary conditions on particular
2D surfaces. The Ca2+ exchange through the cell membrane JPM can be decomposed into two

New Journal of Physics 15 (2013) 055022 (http://www.njp.org/)

ER M

CYT

Differential Equation System Boundary Conditions

for all boundaries:



Calcium cc depends on distance mito-IS

20

(a) (b)

(c) (d)

Figure 9. (a) Local (100 nm microdomain) and global (cytosol) stationary Ca2+

signals as a function of the distance mitochondria–immunological synapse xMito.
The horizontal constant gray lines indicate the Ca2+ signals without mitochon-
dria, kMin = 0. Inset: the PMCA pump accumulation not around the IS but
around the opposite cell pole. (b) Global and local Ca2+ signals as a func-
tion of xMito for the Base Case scenario, more mobile Ca2+ buffer (100 mM),
stronger CRAC current (kCRAC = 2 ⇥ 10�4 (mol (m2 s)�1)) and weaker mito-
chondrial Ca2+ uptake/redistribution (kMin = 4 ⇥ 10�3(mol (m2 s)�1), kMout =
2 ⇥ 10�4(mol (m2 s)�1)). (c) Ca2+ signals for different PMCA pump accumu-
lations around the IS. (d) Ratio of Ca2+ that is pumped out of the cell by the
PMCA cluster around the IS and the homogeneously distributed pumps in the
cell membrane.

signals that correspond to figure 9(a) are shown in supplementary figures S6 and S7 (available
from stacks.iop.org/NJP/15/055022/mmedia).

The strong dependence of Ca2+ signals on the value of xMito is very robust under parameter
changes, similar to what we found for the simplified 1D model described in the last section and
in [15]. In figure 9(b) this robustness is demonstrated for stronger CRAC channel current, higher
concentration of mobile buffers and enhanced mitochondrial Ca2+ uptake and release. The same

New Journal of Physics 15 (2013) 055022 (http://www.njp.org/)

(a) (b)

(c) (d)

(e) (f)

Figure 2: "Spider" geometry configuration. Snapshots of the cytosolic calcium concentration
at different time: (a) t = 0 s T cell at rest; (b) t = 11 s one second after the opening of the
IP3 channels on he ER; (c) t = 40 s Steady and high calcium signal; (d) t = 61 s one second
after the switching off of the IP3 channels; (e) t = 80 s SERCA pumps start slowly to fill the
ER; (f) t = 150 s the cytosolic concentration has almost reached its steady value.

2



Lytic granule delivery to the synapse



Lytic granules

• Lytic granules are vesicles contain cytotoxic material,
granzyme (inducing apoptosis),
perforin (perforating the PM), and others

• Target cell killing (by NKs and T cells) is completed by
directed secretion of lytic granules at the IS

• Secretion proceeds via exocytosis analogous to
neurotransmitter release in neuronal signal transmission

• Vesicles (lytic granules) have to be delivered to IS 
via molecular motor assisted transport along microtubules / actin filament



Cytoskeleton organization suuports delivery 
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MFPT as function of Δ

Apart from the stochastic detachment with rate k0 a ballistically moving particle switches

automatically to the di↵usive mode in the following situations:

• |r| = 0: The particle has reached the MTOC.

• |r| = R��: The particle has reached the inner radius of the actin cortex.

• |r| = R: The particle has reached the cell membrane.

In all the scenarios above, it is necessary to relocate di↵usively before going on with a

ballistic motion.

The e�ciency of a search strategy, or a specific filament density ⇢⌦(r) is measured in

terms of a mean first passage time (MFPT) with respect to the events defined by the

di↵erent problems introduced above.

Mathematically the random motion of a single particle is described by the Fokker-Planck

equation for the time evolution of the probability distribution P0(r, t) for the freely di↵us-

ing particle and Pv⌦(r, t) for the particle that moves ballistically with velocity |v⌦| in the

direction ⌦:

@

@t
P0(r, t) = D�P0(r, t)� kP0(r, t) + k0

Z
d⌦Pv⌦(r, t)

@

@t
Pv⌦(r, t) = �r · (v⌦Pv⌦(r, t)) + k ⇢⌦(r)P0(r, t)� k0P⌦(r, t) . (2)

k and k0 are attachment and detachment rates and we for simplicity set v = |v⌦| to be

constant throughout the following.

Apart from the initial conditions P0(r, t = 0) = �(r � r0), Pv⌦(r, t) = 0 the equation

system is augmented by a set of boundary conditions, representing the forced switches from

ballistic to di↵usive mode at |r| = 0, R��, R. Exemplarily, for |r| = R it is a “no-total-flux”

boundary conditions on the cell wall @V :

D
@

@nr
P0(r, t) =

Z
d⌦ (v⌦Pv⌦(r, t)) · nr , (3)

Da ich spaeter noch einmal auf diese Gl. referenziere habe ich mich gegen inline entschieden

where nr denotes the outward pointing unity vector perpendicular to the boundary @V at

r. In this context it is important to notice the fact: Pv⌦(r, t) = 0, if v⌦ · nr < 0.

5

Thin (small Δ) actin cortex advantageous for vesicle delivery to IS

Random search for narrow escape region,
ballistic along cytoskelton filaments, diffusive otherwise:

Schwarz et al.: PRL 117, 068101 (2016) 



Vesicle delivery in polarized cells

• Vesicles to be released at the IS
move towards the MTOC

• Equipment with dynein depends 
on tethering with LROs

Article

Actin Depletion Initiates Events Leading to Granule
Secretion at the Immunological Synapse

Graphical Abstract

Highlights
d 4D imaging elucidates the order of events leading to secretion

d Actin depletion initiates events leading to centrosome

polarization and secretion

d Lattice light-sheet imaging reveals a rearward flow of actin

away from the synapse

d Both centrosome and granules are delivered to an area of

membrane depleted of actin

Authors

Alex T. Ritter, Yukako Asano, ...,

Jennifer Lippincott-Schwartz,

Gillian M. Griffiths

Correspondence
lippincj@mail.nih.gov (J.L.-S.),
gg305@cam.ac.uk (G.M.G.)

In Brief
The key sequence of events by which

cytotoxic T lymphocytes establish an

immunological synapse to kill target cells

remains unclear. Griffiths and colleagues

have resolved this by using high-

resolution 4D imaging, revealing a critical

role for actin reorganization in initiating

centrosome polarization and granule

secretion.

Ritter et al., 2015, Immunity 42, 864–876
May 19, 2015 ª2015 Elsevier Inc.
http://dx.doi.org/10.1016/j.immuni.2015.04.013

• In NKs some vesicles (IL-2) are released multidirectional 
-> equipment with kinesin after tethering with LROs

• Vesicle delivery dependent upon:
MTOC relocation, motor equipment, tethering with LROs

[Qu et al., t.b.p.]
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Killing Strategies



The actual kill: perforin induces necrosis

Ergebnisse 
 

59 

Farbstoff die Membranbarriere, muss dies durch eine physikalische Öffnung gesche-

hen, sodass er entlang seines Konzentrationsgradienten diffundieren kann. 

Die Funktion von Calcein und Fura-2 in diesem Experiment ist redundant, jedoch kann 

Calcein nicht parallel zum Casper3-GR Sensor gemessen werden, da sich Exzitation und 

Emission von Calcein mit GFP überlagern. Das bereits im Populationskillingassay etab-

lierte Calcein (Kummerow et al. 2014) wird daher zunächst mit Fura-2 verglichen. An-

schließend wird Fura-2 gemeinsam mit Casper3-GR eingesetzt. Fura-2 wird nicht, wie 

traditionell üblich, als ratiometrischer Kalziumindikator genutzt, sondern am isosbesti-

schen Punkt bei 360 nm angeregt und kalziumunabhängig als zytosolischer, schnell 

diffundierender Farbstoff eingesetzt. 

PI ist ein generell nicht membrangängiger Farbstoff, der seine Fluoreszenz 20-fach er-

höht, wenn er in DNA oder RNA interkaliert. Er wird in das Medium gegeben und er-

höht zunächst ausschließlich die Hintergrundfluoreszenz. Nur durch eine physikalische 

Öffnung der Zellmembran kann er in die Zelle eindiffundieren und daraufhin in DNA 

oder RNA interkalieren. Dies erhöht seine Fluoreszenz um das 20-fache. 

 

Abbildung 18: Während der Nekrose entsteht eine physikalische Öffnung der Zielzellmembran, 
durch welche Farbstoffe aus- und eindiffundieren 
Jurkat E6-1 wurden mit 500 nM Calcein-AM geladen und auf einem poly-Ornithin gecoateten 
Coverslip adhäriert. Der extrazelluläre; 0,5 mM CaCl2 Puffer wurde mit 100 µM PI versetzt. Zeit-
punkt 0 s wurde auf den Zeitpunkt normiert, bei dem das Calceinsignal der Zielzelle erstmalig um 
mehr als 1 % gesunken ist. Der Maßstabsbalken hat eine Länge von 10 µm. 
 

In Abb. 18 bildet die NK-Zelle nach Absinken eine immunologische Synapse mit der 

Zielzelle aus (-60 s). Bei der Nekroseinduktion sinkt das Calceinsignal, PI dringt in die 

Zelle ein und wird sichtbar. Der Calceinverlust und die PI-Intensivierung verlaufen anti-

parallel (4 s bis 112 s). Wenn NK-Zellen die Zielzellen durch Nekrose abtöten, entsteht 

in der Zielzelle eine physikalische Membranöffnung. Durch diese diffundieren zytosoli-

sche Farbstoffe schlagartig aus und externe ein. Zur quantitativen Analyse und Unter-

Ergebnisse 
 

61 

 
 
Abbildung 20: Der Gradient des PI-Einstroms beginnt an der IS. 
Die PI-Fluoreszenzwerte wurden per fire-LUT farbkodiert und die Grauwerte mittels Liniendia-
gramm analysiert. Die Linie beginnt in der NK-Zelle, verläuft über die IS in die Zielzelle und endet 
dahinter. Maßstab = 10 µm 
 

Vor der Nekrose (- 60 s) ist in der Zielzelle keine Fluoreszenz detektierbar. Während 

der Nekrose beginnt der Gradient an der IS (4 s) und diffundiert von dort in die Zielzel-

le ein (4 bis 64 s), bis eine Sättigung erreicht ist. Der an der IS beginnende PI-

Diffusionsgradient ist ein direkter Nachweis der Membrandisruption an der IS. Die 

Quantifizierung erfolgt durch Analyse der Fluoreszenzveränderung entlang der Linie 

über Zeit (Abb. 21). 

      

Abbildung 21: Die PI-Fluoreszenz der Zielzelle steigt zunächst lokal an der IS an und diffundiert von 
dort in die Zelle 
Liniendiagramm der Zielzelle aus Abb. 20 zu sechs verschiedenen Zeitpunkten. Der Plot beginnt 
innerhalb der NK-Zelle (0 µm - 1 µm), verläuft durch die IS (bei 2 µm), die Zielzelle (2,5 µm bis 
10 µm) und endet hinter dieser. 
 

 

Perforin is a pore forming proteinLytic 
granules 
contain 
perforin
and 
granzyme

Killing via necrosis (fast)



Various forms of target cell killing
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se durch die parallel aktivierte Caspasekaskade ab (0 bis 40 min). Im weiteren Verlauf 

verrauscht es zunehmend, bedingt durch die Ausdiffusion des geschnittenen und un-

geschnittenen Sensors. 

 

Abbildung 28: Während der Nekrose ohne Caspaseaktivität sinkt die Fluoreszenz in allen Kanälen 
gleichmäßig 
(A) Vor dem Kontakt mit der NK-Zelle ist die Zielzelle vital mit einem stabilen Donor-Ratio (-10 bis 
0 min). Die NK-Zelle bildet eine immunologische Synapse (0 min) und verursacht die Zerstörung 
der Zielzellmembran, was zur Nekrose der Zielzelle führt (10 min). Die Intensitäten aller Fluores-
zenzsignale fallen durch Ausdiffusion des Sensors schlagartig ab, wodurch die Zelle in der Donor-
Ratio Zeitreihe von einem hohen Ratio auf einen nicht mehr berechenbaren Zustand wechselt, da 
die Fluoreszenzsignale zu nah am Hintergrund sind (0 bis 10 min). 
 

Die NK Zelle in Abb. 28A tötet die Zielzelle ebenfalls durch Nekrose. Im Unterschied zur 

Zielzelle der Abb. 27 werden im diffundierenden Zytosol keine Caspasen aktiv, das 

Overlay färbt sich nicht grün. Abb. 28B zeigt, dass während der Nekrose die Fluores-

zenzwerte beider Kanäle schlagartig abfallen (0 bis 10 min). Die Fluoreszenzen fallen 

parallel, eine Aktivierung der Caspasekaskade ist nicht detektierbar. In Abb. 28C fällt 

unmittelbar nach der Nekroseinduktion das Ratio zunächst minimal (0 bis 20 min), 
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Abbildung 27: Während der Nekrose kann es zu einer Caspaseaktivität kommen, die im ausdiffun-

dierenden Zytosol den FRET-Sensor schneidet und das Ratio verändert. 

(A) 10 min vor dem Kontakt mit der Killerzelle ist die Zielzelle vital. Nach Kontakt mit der NK-Zelle 

wird die Zielzelle nekrotisch, das Zytosol inklusive dem Caspasesensor diffundiert aus und das 

Fluoreszenzsignal in allen Kanälen fällt schlagartig (10 min). Während der Ausdiffusion des Zyto-

sols verändert sich das Fluoreszenzratio, im sich verdünnenden Zytosol wird die Caspasekaskade 

aktiviert (10 bis 60 min). Die Donor Ratio Bilder zeigen, dass die Zelle zunächst ein stabiles Ratio 

besitzt (-10 bis 0 min). Nach dem Beginn der Nekrose fällt es ab (10 min). Da sich die Fluoreszen-

zen durch die Verdünnung des Zytosols dem Hintergrund annähern verrauscht das Ratio zuneh-

mend (10 bis 60 min). 

 

Die NK Zelle in Abb. 27A bildet ebenfalls eine immunologische Synapse mit der Zielzel-

le, tötet diese durch Nekrose und löst den Kontakt. Während der Nekrose der Zielzelle 

werden Caspasen aktiviert. Ihre Aktivität wird durch die gleichzeitige Ausdiffusion des 

Zytosols begrenzt. In dieser Mischform erliegt die Zielzelle einem Zelltod sowohl über 

nekrosebedingte Ausdiffusion des Zytosols als durch Caspaseaktivität. Abb. 27B zeigt, 

dass das GFP-Signal zunächst nur gering unter den Ausgangswert sinkt (0 bis 30 min). 

Grund hierfür ist die Kombination des Fluoreszenzverlustes durch Diffusion bei gleich-

zeitiger Fluoreszenzintensivierung durch Unquenching. Im weiteren Verlauf überwiegt 

die Diffusion, das GFP-Signal fällt auf Hintergrundniveau ab (30 bis 60 min). Das FRET-

Signal fällt während der Nekrose kontinuierlich (0 bis 60 min). Das Donor-Ratio in Abb. 

27C der Zielzelle ist vor der Nekrose stabil (-10 bis 0 min) und fällt während der Nekro-

Nekrosis - kill via perforin

Nekrose with caspase activity   - kill via perforin and granzyme
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5.8 Morphologie und Fluoreszenzverhalten der Zellen bei Apoptosen 
und Nekrosen 

Die Bandbreite des Zielzelltodes reicht von der apoptotischen Selbstverdauung durch 

die Caspasekaskade bis zur nekrotischen Lyse durch Membranzerstörung. Zur Charak-

terisierung dieser Zelltodtypen werden morphologische und zellbiologische Kriterien 

angewandt. Die Veränderung des Fluoreszenzratios des FRET-Sensors ist ein eindeuti-

ger Indikator für die Aktivität der Apoptosekaskade. Während eines nekrotischen Ver-

lustes der Membranintegrität kommt es hingegen zu einem generellen Fluoreszenzver-

lust. In der Literatur ist nicht beschrieben, ob Apoptosen und Nekrosen nach einem 

schwarz/weiß System existieren, oder ob sie dynamisch ineinander übergehen können. 

Um dies zu überprüfen, wurden Jurkat E6-1 pCasper Zielzellen mit primären NK-Zellen 

in Medium inkubiert und mikroskopiert (Beispiele in Abb. 26 – 28). Die Verfügbarkeit 

von Ca
2+

 im Medium sowie die Expression des CD95 Fas-Rezeptors auf Zielzellseite er-

möglicht den NK-Zellen sowohl Nekrosen als auch Apoptosen auszulösen. 

 

Abbildung 26: Während der Apoptose verschiebt sich das Fluoreszenzratio und erreicht Plateau-
werte. An die Apoptose anschließend kann eine Sekundärnekrose folgen, die nicht durch Killerzel-
len induziert wird. 

Apotosis (with secondary necrosis indep. of NK)   - kill via FAS ligand



Killing sequences

N
N
NN
NN
N
NN
NN
NN
NNNNN
NN
NN
NNN
NNN
NNNN
NN
NN
NN
NN
NN
NN
NN
NN

N = Nekrosis
A = Apoptosis
G = Mixed

Experimental record
of killing sequences of
individual killer cells:

[C. Backes, Diss. and t.b.p.]



Probabilistic generation of killing sequences

• Distribution of killing sequence length
• Necrosis kills faster than Apoptosis -> N first
• Distribution of number of necrosis kills
• Probability for mixed kills in the N->A transition zone
• Probabilities for N->A, A->N, N->G

Parameter optimization via maximum likelihood method
-> fits data well ! 

Are there several NK phenotypes 
– or only one with varying killing capacity ?  

Probabilistic model: 



Mechanisms of immune evasion
S188 D.S. Vinay et al. / Seminars in Cancer Biology 35 (2015) S185–S198

Fig. 1. Tumor growth and immune response. An overview of the different key factors governing tumor formation, progression, and immune evasion. The numbers in
parentheses represent the relevant references in support of the statements made.

Fig. 2. Tumor heterogeneity and immune response. Shown here are important sequential events leading to tumor heterogeneity and its consequences for the various aspects
of  the immune response. The numbers in parentheses are the relevant literature cited.

tumor or in disseminated cells, resulting in a small fraction of the
cells that acquire full metastatic potential is a well-accepted theory
[84]. This view has been corroborated by a number of investiga-
tions [85–88]. Among other factors, once again, it is the TGF-!
secreted by the cancer cells that makes a major contribution to
tumor metastasis [89]. In addition, the vasculature also plays an
important role in metastatic seeding at different sites. It has been
shown that tumor vasculature hyperstimulated by VEGF often has
reduced pericyte coverage and that looser association of such per-
icytes with the endothelium facilitates metastatic dissemination
[90]. In addition, hypoxia in and around tumor vessels also con-
tributes to metastatic dissemination of cancer cells in an hypoxia
inducible factor (HIF)-, VEGF-, and inducible nitric oxide synthase
(iNOS)-dependent manner [91,92]. Notably, hypoxia promotes the
formation of pre-metastatic niches through the production of lysyl
oxidase [93]. Hypoxia further conditions pre-metastatic niches by

recruiting MDSCs and suppressing NK cell functions [94]. In support
of a role for immunosurveillance in controlling tumor metasta-
sis, a recent study revealed that high expression of Irf7-regulated
genes in primary human breast tumors is associated with pro-
longed bone metastasis-free survival [95]. A brief overview of
the events promoting tumor metastasis and the involvement of
immune responses is provided in Fig. 3.

5. Conventional cancer therapy and the immune system

Although a variety of agents have been screened for their anti-
tumor effects and some have been approved for the treatment
of cancer patients, chemotherapy, radiation therapy, and surgery
remain the mainstays of standard cancer therapeutic strategies.
A downside to these therapies is their ability to cause a transient
immune suppression which in turn increases the risk of infection

From Vinay et al., Sem. Canc. Biol. 35, S185 (2015)



Summary

(Bio)-physical aspects of killing (T cells & NKs):

• stochastic generation of the immune repertoire

• lymphocyte migration in 3d environment (e.g. fiber network)

• search strategies – environmental cues / interactions in swarm search

• formation of immunological synapse and cell polarization:

interplay of cell membrane, actin polymerization, microtubules & motors

• calcium dynamics during activation and killing: 

reaction-diffusion dynamics with dynamically changing sources and sinks

• delivery of vesicles (lytic granules) to the IS or to periphery

• exocytosis of cytotoxic material 

• etc.
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