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Abstract

Natural killer cells constitute part of the innate immune system, defending
against cancer tumours and infections. Ongoing research has shown a di�er-
ing e�ciency to kill target cells among individual cells in natural killer cell
populations, and new tools allow for in-depth studies of large cell numbers over
an extended period of time.

In this thesis, the killing e�ciency of natural killer cells is correlated with
their migration behaviour. Migratory properties are found to be of either of
two essentially di�erent forms, being active or inactive, and killing e�ciency
is demonstrated to not be strongly related to migration behaviour. Further,
natural killer cell populations are shown to exhibit additional heterogeneity as
cells inducing fast death of target cells are shown to di�er in migration compared
to cells inducing slow death. Lastly, cells showing exhaustion in cytotoxicity
during the assay are demonstrated to also experience migratory exhaustion.
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Chapter 1

Introduction

The human immune system consists of a number of di�erently specialised cell
types, with di�erent tasks. Of these, the so called natural killer (NK) cells
play an important role in defending against infections and cancer [1] and are
the objects of study in this report. Until now, most research concerning NK
cells has concentrated either on the function of their protein receptors [2] or on
bulk studies, wherein the behaviour of individual cells is disregarded. However,
new tools [3] enable prolonged and detailed studies of a large number of cells,
showing previously unknown heterogeneous behaviour of the human immune
system. This is of interest in continued basic research and in potential future
medical applications.

1.1 Role of NK cells in the immune system

NK cells interact with target cells by changing their morphology in order to
adhere to the target cell, forming a conjugate [4]. In case the target cell is
to be eliminated, the NK cell delivers toxins in a so called cytotoxic response,
triggering the death of the target cell, after which the NK cell resumes migration
[2]. The delivery of toxins is also termed a lytic hit. The period of time from
the initiation of the conjugate to the resumption of movement is known as the
conjugation time and the period of time from the initiation of the conjugate to
the detachment of the NK cell from the target cell is known as the attachment

time [4]. A schematic �gure of an interaction between NK cells and target
cells is shown in �gure 1.1, and �gure 1.2 shows actual images of an interaction
leading to death of the target cell.

The death of a target cell follows one of two patterns. One of these is a fast

death, wherein the target cells mainly experience necrotic cell death, resulting
in swelling and rapid bursting of the cell. The other is termed a slow death, in
which the target cell shrivels in an apoptotic cell death. Fast kills are thought
to require greater release of pore-forming molecules a�ecting the target cell
membrane [4].
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Figure 1.1: A diagram showing the phases of interaction of an NK cell (red)
with a target cell (green). Image adapted from [4].

Figure 1.2: A sample set of images showing two interactions of NK cells (blue),
denoted as e�ectors, with target cells (green). Upon death, the dye absorbed
by the target cell changes colour to orange. Image courtesy of [3].

1.1.1 Division based on cytotoxic response

Previous research [4] has identi�ed six subgroups of an NK cell population based
on their e�ciency in killing target cells. These subgroups are de�ned as:

• non-killing cells, which formed conjugates with, but did not kill target
cells.

• killers, which killed all target cells they interacted with.

• stochastic killers, which killed and spared the cells they interacted with in
a stochastic manner.

• exhausted killers, which initially killed all target cells interacted with, but
stopped after a certain time and spared the following target cells.

• serial killers, which killed a total of �ve or more target cells during the
assay. Note that serial killers also belong to either killers, stochastic killers
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or exhausted killers.

• non-interacting cells, which formed no conjugates during the assay.

The mechanisms leading to this division are not fully understood, and it
would be desired to characterize and isolate the di�erent subgroups in order
to gain a better understanding as well as bene�cial applications. In particular,
explanations of the e�ciency of the serial killing cells and non-e�ciency of non-
killing cells are of interest, together with the mechanisms leading to exhaustion
of the exhausted killers.

1.1.2 Modes of migration

NK cells show three essentially di�erent modes of migration [5]. The �rst of these
constitutes random movement, when the NK cell appears to move arbitrarily.
The second entails directed migration, with the cell progressing forward e.g.
towards a target cell. The third is a mode of low rate of migration and is known
as a transient migration arrest period (TMAP). The TMAPs occur either when
the NK cell has conjugated with a target cell, or spontaneously, because of e.g.
cell division.

1.2 Objective

The aim of this report is to study the heterogeneity in the human NK cell pop-
ulation presented above, by correlating e�ciency of the cytotoxic response of
a cell with its modes of migration. This investigates whether or not the sub-
groups of the NK cell population can be characterized by migration behaviour,
which could simplify the study of NK cells inside living tissues, so called in vivo

studies. An additional goal is to devise a more suitable division of NK cells into
subgroups using only the migration behaviour of the cells. Such a division is
to be accompanied by an investigation of di�erences in cytotoxic response, and
would serve to further knowledge about NK cell populations for continued basic
research.

1.3 Outline

Chapter 2 presents the method used in achieving the objective, dividing the
project into four distinct parts, as well as introducing required statistical tools.
This is followed by the corresponding results in chapter 3, which are discussed
in chapter 4, together with limitations in the scope of the project. A conclusion
is �nally given in chapter 5.



Chapter 2

Method

At the outset of the project, previously obtained data for 178 NK cells were made
available, in the form of trajectories of the cells for an entire assay. Time points
for formed conjugates were marked and performed kills were labeled as being
either fast or slow. The data was pooled from three experiments conducted on
di�erent test subjects at di�erent times. All three experiments lasted for 12
hours.

The data was to be used to achieve the general goals posed in the introduc-
tion. It was decided to initially focus the investigation on the existing division
and already documented parameters, providing a link between articles [4] and
[5]. This process is outlined in section 2.2. Following this, migratory properties
not previously studied were investigated in sections 2.3 and 2.4, providing fur-
ther insight into the composition of the NK cell population. Lastly, the work in
[4] was put into perspective in section 2.5, by devising an alternative division of
the population, using the migratory behaviour of the cells.

All parts of the project entailed an initial period of devising variables of
interest in order to investigate the aspect in question. Afterwards, scripts for
extracting the necessary data were written in MATLAB and statistical tests
were performed on the results.

2.1 Statistical tools

2.1.1 Hypothesis testing

The project is based on detecting statistical di�erences in groups of data stem-
ming from certain divisions of the NK-cell population. As seen in the following,
the considered distributions are often highly non-normal, requiring the use of
non-parametric methods which yield robustness against possible outliers [6].
Comparisons between two groups of data were performed using the Mann-
Whitney U-test, trying the null hypothesis that the groups are given by dis-
tributions with equal medians. p-values obtained through this test are denoted
by pMW below.

Data from more than two groups was initially compared with Kruskal-Wallis'
test with the null hypothesis that the data is given by a single distribution
against the alternative. p-values of this test are denoted by pKW. Detected het-
erogeneities were then explored in depth by running Mann-Whitney U-tests for
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all pairs of groups and noting low p-values. p < 0.05 was considered signi�cant
for both tests and both pMW and pKW-values are noted consistently throughout
the text below.

2.1.2 Mixture model

A set of data points can be automatically and e�ciently divided into groups,
in a statistically optimal way, by using a Gaussian mixture model [7]. Given
data X = (x1, . . . ,xn) ∈ Rn, which is assumed to be divided into a prede�ned
number, m, of groups, the mathematical problem is to derive the most plausible
partition of the data. Assume group i to be normally distributed with mean
µi and standard deviation σi, and denote its probability density function by
f(x;µi, σi). If the fraction of total data points coming from group i is πi, the
log-likelihood function become

L = log

(
n∏

i=1

m∑
k=i

πkf(xi;µk, σk)

)
, (2.1)

which can be maximized iteratively to give (µi, σi, πi) for i = 1, . . . ,m. After-
wards, the xk can be assigned a group by maximizing the a posteriori probability
of the distribution [8].

2.2 Analysis of migratory properties of the cyto-

toxic division

Based on the registered killing events, the cells could be grouped into the sub-
groups described in section 1.1.1 with the total cell count as shown in table
2.1.

Table 2.1: The total amount of cells in each subgroup.

Cell subgroup Number of cells
Non-killers 50
Killers 54
Stochastic Killers 6
Exhausted Killers 30
Serial Killers 10
Non-interacting 38

Following this, functions for determining the migration mode of a cell were coded
in MATLAB following [5]. The procedure is outlined below.

Mean squared displacement(MSD) and sliding window analysis

Every trajectory of the form (xi, yi) for i = 1, . . . N , was analysed by de�ning
the mean squared displacement (MSD) as:

MSD(t) =
1

N − n

N−n∑
i=1

[
(xi+n − xi)

2 + (yi+n − yi)
2
]
, (2.2)
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with t = n∆t, where ∆t is the time between two consecutive cell positions. For
a randomly moving cell, the following holds

MSD(t) = 4Mt, (2.3)

where M is termed the migration coe�cient [9]. This MSD is a global quantity,
determined by using the whole trajectory. A transient measure of the migration
behaviour is obtained by using a sliding window analysis, wherein the trajectory
of each cell is divided into portions of W consecutive points and the MSD
analysis is run on these sub-trajectories. The number W = 25 was chosen
in the original article [5], providing an acceptable trade-o� between noise and
accuracy.

Transient migration arrest periods (TMAPs)

TMAPs are characterized by periods when the cell migration is lower than that
of a freely di�using cell. For a di�using particle, the migration coe�cient is
equal to the di�usion coe�cient [9]. Thus, TMAPs can be detected as periods
whereM , �tted from equation (2.3), is below a threshold de�ned by the di�usion
coe�cient estimated for a spherical particle of comparable size to a typical NK
cell, i.e.

M ≤ kBT

3πηd
= 4.2 (µm)2 min−1, (2.4)

where kB , T, η, d are Boltzmann's constant, temperature, viscosity of the medium
and the diameter of an NK cell, respectively [9].

Directed migration

While in directed migration, MSD is greater than the linear relation in equation
(2.3). Fitting a relation of the form

MSD(t) ∝ tα, (2.5)

a value of α > 1 indicates some sort of direction in the movement. In order to
suppress the amount of false positives, time points were classi�ed as being in
directed migration for α > 1.5 [5].

Random movement

Time points wherein the cell was not determined to be in either a TMAP or
directed migration were de�ned to constitute random movement. This partitions
the trajectory of an NK cell into three di�erent modes of migration: TMAPs,
directed migration and random movement (see �gure 2.1 for a colour-coded
representation of a cell trajectory).
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Figure 2.1: A plot of the three di�erent modes of migration for an arbitrary NK
cell.

Variables of interest

Next, routines for extracting parameters of interest from the data �les were
written and statistical tests were run on the results. The properties of TMAPs
in relation to the classi�cation of the di�erent cell subgroups were judged to
be of great interest, together with additional properties concerning e.g. the
di�erent types of movement, both separately and their interplay, and other cell-
properties. In total, 14 variables were measured, i.e.:

• duration of each TMAP.

• time between all pairs of successive TMAPs.

• number of TMAPs for each cell.

• number of lytic hits during each instance of the three modes of migration.

• duration of all the conjugation periods in the experiment.

• duration of all the attachment periods in the experiment.

• fraction of time spent in either of the three modes of migration during the
experiment.

• time from a TMAP to the next period of directed migration, ideally indi-
cating a quick recovery to hunting for targets after having disposed with
a previous one.

• displacement index of each cell, de�ned as the distance between the start
and end points of a cell trajectory divided by the total distance travelled
by that cell. This provides a measurement of the directionality of the cell
trajectory, taken over the whole assay.
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• mean migration speed of each cell.

2.3 Analysis of heterogeneity of populations based

on fast and slow killings

Based on the classi�cation of each killing event as either fast or slow, the be-
haviour of the cells during the assay as a whole was investigated. The distribu-
tion of the fast and slow kills in time for each individual cell is of interest and,
once known, the entire NK cell population was investigated for further patterns
and evidence of heterogeneity. Discovered subpopulations were tried against
each other for the same variables as in the previous section, together with an
additional variable as the number of kills.

2.4 Analysis of time evolution of exhausted killers

The de�nition of the exhausted cells allows for a natural partition of the experi-
ment, with one part constituting the time wherein a cell managed to kill all the
encountered target cells, and the other being the period of time during which
it did not manage to eliminate any. Throughout this paper, these periods will
be addressed as �rst phase for the time before the last kill and second phase for
the time after. The starting point for the second phase is de�ned as the time
when an NK cell encounters the �rst target cell that it will not manage to kill.

As the cells show di�ering killing behaviours during these two periods, it was
determined to be of interest to investigate whether or not there also exist some
di�erences in their migration patterns. Comparisons between the two phases
and non-killing and killing cells were also performed. These comparisons were
carried out for the same variables as in section 2.2.

2.5 Migration-based division of NK-cells

In an attempt to change perspective, a natural division of the cells based solely
on the migration properties is desired. Given this, the distribution of properties
concerning cytotoxic responses can be analysed and di�erences or similarities
between individuals e�cient in migration and cytotoxic responses can be iso-
lated.

The migration properties concerning individual cells include the fraction of
time spent in either mode of migration, mean speed and displacement index. Us-
ing di�erent combinations of these variables in a Gaussian mixture model from
section 2.1.2, appropriate divisions were determined. The preferable choice of
parameters uses those which can be seen to follow a heterogeneous distribu-
tion in a histogram, as this is an indication of an inherent structure in the
cell population. Following this, statistical tests for the variables in section 2.2
were performed and the distribution of the cells into the cytotoxic groups was
investigated.
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Results

3.1 Analysis of migratory properties of the cyto-

toxic division

Analysing the existing division of NK cells from a migration viewpoint, a number
of characteristics were revealed. All measured variables are gathered in table
6.1 in appendix A and detailed remarks on interesting results are made below.
Data is presented as a mean value ± standard error of the mean (SEM).

3.1.1 Properties of TMAPs and conjugation periods

TMAPs were present in the migratory modes of all cell groups, including the
non-interacting cells. The durations of individual TMAPs varied signi�cantly
between di�erent individual cells, but following the same distribution for all
cell groups: a notable fraction, 47% of all TMAPs, showed durations lower
than 100 minutes, and 18% of the TMAPs lasted longer than 500 minutes.
The histograms of the durations for all groups are shown in �gure 3.1 below
and illustrate the similarity in this variable. As the distributions are alike, no
statistical di�erence is expected between the groups and neither Kruskal-Wallis'
test (pKW = 0.51) nor the Mann-Whitney U-test (pMW > 0.07) between any
pair of groups revealed any signi�cant correlation.

9



CHAPTER 3. RESULTS 10

0 500 1000
0

10

20

30

40

Time (min)

N
um

be
r 

of
 T

M
A

P
s

Non−killers

0 500 1000
0

10

20

30

40

Time (min)

N
um

be
r 

of
 T

M
A

P
s

Killers

0 500 1000
0

2

4

6

8

Time (min)

N
um

be
r 

of
 T

M
A

P
s

Stochastic killers

0 500 1000
0

10

20

30

40

Time (min)

N
um

be
r 

of
 T

M
A

P
s

Exhausted killers

0 500 1000
0

2

4

6

8
N

um
be

r 
of

 T
M

A
P

s

Time (min)

Serial killers

0 500 1000
0

5

10

15

20

N
um

be
r 

of
 T

M
A

P
s

Time (min)

Non−interacting cells

Figure 3.1: Histograms of the durations of individual TMAPs for all cell groups.

Next, the time between successive TMAPs was studied. Here, the groups
di�er noticeably, as can be seen in table 6.1. For instance, the mean value 67.6±
13.7 minutes for the serial killers was visibly lower than the 117.0± 15.9 of the
non-killers. However, no statistically signi�cant di�erence could be established.

Proceeding to the number of TMAPs per cell, Kruskal-Wallis' test indicated
a heterogeneity (pKW = 0.013). The mean values are plotted together with their
SEM in �gure 3.2. Compared to the other �ve groups, the non-interacting cells
have a lower (pMW < 0.05), although non-zero, value at 1.47±0.15. Further, the
exhausted killers proceeded through slightly more TMAPs than the killers and
non-killers (pMW = 0.053 and pMW = 0.07, respectively). Also note that the
serial killers did not di�er statistically signi�cantly from any of the interacting
groups in this regard.

Closely related to the number of TMAPs and the killing behaviour is the
number of lytic hits detected during each TMAP for every individual cell. In
this respect, the serial killers distinguished themselves at a mean of 1.25± 0.37
hits, roughly twice the value of the killers and more than three times that of
the stochastic and exhausted killers (pMW < 0.059). All values are plotted in
�gure 3.2.
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Figure 3.2: Mean number of TMAPs and number of lytic hits per TMAP for
di�erent groups. Green colour indicated statistically signi�cant results (pMW <
0.05).

Also note that lytic hits during directed migration were rare; taken together,
all cells performed a total of 14 kills while in directed migration, compared to
50 while in random movement and 82 in TMAPs. The serial killing cells showed
more (pMW < 0.02) lytic hits per period of random movement than other cells
at 1.11± 0.35, roughly three times the value for ordinary killing cells.

Similarly, the serial killers were found to form conjugates with roughly half
as long conjugation times as the cells of all the other groups (pMW < 0.003). The
attachment times of killing cells was higher than for all other cells (pMW < 0.07),
except for stochastic killers (pMW = 0.60); however, the conjugation times of
the killing cells were lower than those of the non-killing cells (pMW < 0.007).
See �gure 3.3 for a summary of these values.

Finally, note that no statistical di�erence in either the mean speed or the
displacement index could be observed (pKW > 0.20).

3.1.2 Modes of migration

All cell groups were observed to spend some time in all the three modes of
migration, albeit with di�erent frequencies and durations. Note that all six
groups spent more than 60% of the experiment in TMAPs and less than 15%
and 30% of their time in directed migration and random movement, respectively.
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Figure 3.3: Conjugation and attachment times for di�erent groups. Green colour
indicated statistically signi�cant results (pMW < 0.05).

In order to gain a better overview of the temporal distribution of migratory
modes, colour-coded time lines of the experiment are shown for serial killers and
exhausted killers in �gures 3.4 and 3.5 below. The times of the migration modes
are marked together with the times of the registered lytic hits, showing variation
between the behaviours of the cells within the groups. A number of individuals
can be seen to spend a large amount of time in directed migration and others
none at all. However, no signi�cant di�erence for the fraction of time spent in
either of the three modes could be detected for the existing groups (pKW > 0.4).
Rather, these values seemed to be given by similar distributions for the di�erent
groups; histograms of the fraction of time spent in TMAPs for all six groups
are shown in �gure 3.6.

Also note that the lytic hits of the serial killers appear in clusters, after which
the cells enter or remain in TMAPs for a signi�cant period of time. Similarly,
the change in the migratory patterns of the exhausted cells upon cytotoxic
exhaustion are apparent, entering a prolonged TMAP which is not interrupted
for the remainder of the assay.

In fact, the majority of the representative cells in the �gures above appear to
end the assay in the state of a relatively prolonged TMAP, essentially dividing
the experiment in a �rst, more migratory active and a second less active one.
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Figure 3.4: A time line of the modes of migration for serial killers.

This has been quanti�ed in �gure 3.7, showing the duration of this active phase
for all cells ending the experiment in a TMAP, calculated from the start of the
recorded trajectory. 148 cells or 83% of all individuals were found to end the
assay in a TMAP, of which 82 or 46% lasted longer than half the experiment
and 25 or 14% lasted the entire experiment. These phases indicate migratory
exhaustion of all cells, commencing after a mean of 476±18.9 minutes. In order
to examine if this exhaustion also is re�ected in the cytotoxic responses, the
number of lytic hits registered during the last TMAP for all cells ending the
assay in one was calculated, giving a mean of 0.69± 0.10 hits.

On a related note, the time intervals from a TMAP to a successive period of
directed migration are shown in table 6.1. Although the serial killers appear to
be clearly separated from the other cell groups, no clear statistically signi�cant
result could be achieved (pKW = 0.35).

3.2 Analysis of heterogeneity of populations based

on fast and slow killings

Characterising each lytic hit based on the speed of its delivery, all cells in the
stochastic, exhausted and serial killing groups showed a mixture of fast and
slow hits, seemingly without any temporal pattern. The killing cells, however,
were found to exhibit a clear heterogeneity, with three distinct subpopulations:
certain cells (n = 13 or 24%) only performed fast lytic hits, others (n = 24 or
44%) exclusively slow hits, and the remaining ones (n = 17 or 31%) a mixture
of fast and slow hits. A schematic overview of this division can be found in
�gure 3.8.



CHAPTER 3. RESULTS 14

0 100 200 300 400 500 600 700
Time (min)

E
xh

au
st

ed
 k

ill
er

s

 

 

TMAP
Directed Migration
Random Movement
Lytic hits

Figure 3.5: A time line of the modes of migration for exhausted killers.

Figure 3.8: Killers divided into groups exhibiting only fast, only slow and mixed
lytic hits.



CHAPTER 3. RESULTS 15

0 0.5 1
0

5

10

15

Fraction of total time

N
um

be
r 

of
 c

el
ls

Non−killers

0 0.5 1
0

10

20

30

Fraction of total time

N
um

be
r 

of
 c

el
ls

Killers

0 0.5 1
0

0.5

1

1.5

2

Fraction of total time

N
um

be
r 

of
 c

el
ls

Stochastic killers

0 0.5 1
0

2

4

6

8

10

Fraction of total time

N
um

be
r 

of
 c

el
ls

Exhausted killers

0 0.5 1
0

1

2

3

4

Fraction of total time

N
um

be
r 

of
 c

el
ls

Serial killers

0 0.5 1
0

5

10

15

Fraction of total time
N

um
be

r 
of

 c
el

ls

Non−interacting cells

Figure 3.6: Histograms of the fraction of time spent in TMAPs for all cell
groups.

Evaluating migration variables for these three subcategories resulted in ta-
ble 6.2 in appendix A. The exclusively fast killing cells were found to spend
approximately half as long time in directed migration (pMW < 0.049) as the
other two subpopulations, while also producing fewer TMAPs (pMW < 0.06).
Note that the conjugation time of the slow killing cells was greater than those
of the exclusively fast killing cells as well as the mixed killing cells by factors of
roughly 3 (pMW < 6 · 10−7). These values are illustrated in �gure 3.9. Lastly,
observe that the mixed killers kill twice as many target cells as the two other
groups (pMW < 8 · 10−4). Note that this might be caused in part by the fact
that more kills result in a greater probability of two lytic hits being of di�erent
character.

Time lines for the exclusively fast and slow killers are shown in �gure 3.10
below. These demonstrate a di�ering behaviour between the two groups, with
the slow killers generally having a higher migration activity in the beginning
phase of the assay, switching between all modes of migration until a lytic hit
can be detected. The fast killing cells, however, seem to migrate in a less active
fashion, despite their lower conjugation times.
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Figure 3.7: A histogram (top) and a cumulative histogram (bottom) of the
duration of the active phase for cells ending in a TMAP.
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Figure 3.9: Conjugation and attachment times for the di�erent groups: slow,
fast and mixed. Green colour indicated statistically signi�cant results (pMW <
0.05)
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Figure 3.10: Time line of migratory modes for exclusively fast (top) and exclu-
sively slow killers (bottom).
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3.3 Analysis of time evolution of exhausted killers

The comparison of exhausted cells before and after their last kill indicated dif-
ferences in migration behaviour between their �rst and second phases. The cells
spent less time in directed migration (pMW = 0.00012) and more in random
movement (pMW = 0.000039) during the second phase. The time between two
consecutive TMAPs was also lower for these cells (pMW = 0.03). All measured
variables can be found in table 6.3 in appendix A.

When exhausted cells in their �rst phase were compared to normal killer
cells, it could be noted that exhausted cells have shorter periods in TMAPs
(pMW = 0.006), a higher mean speed (pMW = 0.02) and a higher displacement
index (pMW = 0.005), but the time spent in the di�erent modes of migration
showed no statistically signi�cant di�erence. Compared to non-killing cells, the
exhausted cells in phase 1 only di�ered statistically in the duration of TMAPs
(pMW = 0.03) and the number of lytic hits per TMAP and period of random
movement (pMW < 3 · 10−5).

However, exhausted cells in their second phase compared to non-killing cells
showed the opposite trend. For the time in TMAPs, mean speed and the
displacement index, no statistically signi�cant di�erences were found, but ex-
hausted killers were found to spend more time in random movement (pMW =
0.00011), and less in directed migration (pMW = 0.003) as well as in TMAPs
(pMW = 0.04), compared to the non-killing cells. For the sake of comparison,
the cells in phase two were also compared to killing cells, with p-values generally
lower than compared to the non-killing cells.

3.4 Migration-based division of NK-cells

As discussed in section 2.5, variables displaying heterogeneity are desirable to
achieve a distinct division of the NK cells in groups based on migratory patterns.
In �gures 3.1 and 3.6, the distributions of TMAP durations and the fraction of
time spent in TMAPs appear visually to consist of two overlapping distributions,
as do the distributions of a number of additional variables. Proceeding under
the assumption that these sub-distributions are normal, a Gaussian mixture
model was used to divide the NK cell population into two groups, based on the
fraction of time spent in TMAPs and the mean speed.

This procedure resulted in the two groups illustrated in �gure 3.11 be-
low. One group (111 or 62% of all cells in the assay) consisted of cells with
a small fraction (0.48 ± 0.02) of time spent in TMAPs and high velocities
(2.07 ± 0.02 µm/min) and the other (67 or 38%) of cells with more time in
TMAPs (0.97± 0.05) and smaller velocities (1.02± 0.04 µm/min). A full evalu-
ation of all the migratory parameters considered in the project, for these groups
together with the population as a whole, is included in table 6.4 in appendix
A. Note that the separation of the cells into groups based on two parameters
resulted in the remaining variables being statistically signi�cantly separated,
with SEM relatively low.

Next, the two groups were investigated as concerns cytotoxic responses. In-
cluded in �gure 3.12 is the distribution of the groups into the previously es-
tablished cytotoxic division. Note that the groups which di�er most notably
from the overall distribution are the killing, serial killing and non-killing cells,
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with the killing cells being overly represented in the low-speed group, and the
non-killing cells in the high-speed group. The exact numbers are included in
table 3.1 below.

Table 3.1: Group membership for the migratory based division. The values
represent the fractions of the migratory groups to the left belonging to the
cytotoxic groups above.

Non-killers Killers Stochastic Exhausted Serial Non-interacting
Group 1 0.32 0.26 0.04 0.18 0.04 0.21
Group 2 0.22 0.37 0.03 0.15 0.09 0.22
Overall 0.28 0.30 0.03 0.17 0.06 0.21
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Figure 3.11: Division of the NK cell population into two groups determined
by migratory properties. Each cell is plotted as a circle with colour coding
according to group.
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Discussion

4.1 Cytotoxic division not strongly re�ected in

all migratory properties

As seen in section 3.1.1, the migration properties varied strongly between in-
dividual cells, but not in a manner con�ned to the cytotoxic division. The
time spent in either of the three migration modes, the time between succes-
sive TMAPs together with the durations of individual TMAPs seemed to follow
similar distributions for all six cell groups, indicating the existence of further
heterogeneity in the cell population in this regard. This was investigated fur-
ther in section 3.4, where two distinct subgroups were constructed based on
migratory properties.

Even though all cytotoxic groups are present in both migratory subgroups,
the more e�ciently killing cells were overly represented in a group with large
mean fraction of time spent in TMAPs and low activity in other distinct mi-
gratory characteristics. In turn, this indicates that not only are the migratory
variables correlated, but also that there seems to be further structure to the cy-
totoxically e�cient cell groups and therefore further mechanisms responsible for
successful hunting behaviour. Biologically, a number of receptors are triggered
when an NK cell encounters a target [2]. Ligation of the receptor NKG2D tells
the NK cell to halt its migration [1] and whether or not any di�erence in the
prevalence of these receptors exist for the two migratory subgroups could be of
interest in future studies.

On the other hand, the behaviour of the non-interacting cells clearly di�ers
from the norm. Fewer TMAPs provides an easy means of visual and in vivo
identi�cation of this cell group, standing out clearly after a time period shorter
than the time scale of an entire assay. Therefore, the functionality of a cell is
not entirely independent of its migration properties, although further morpho-
logical parameters seem to have stronger bearing on the e�ciency of a cell as a
constituent in the immune system.

21
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4.2 A majority of cells experience migratory ex-

haustion

As seen in the colour-coded diagrams in section 3.1.2, a clear majority of cells
ended the assay in a state of a TMAP, indicating a less active migratory be-
haviour. The mean number of kills performed in this last TMAP was calculated
to be 0.69± 0.10. Comparing to the values in table 6.1, this value is compara-
ble to the average number of lytic hits per TMAP for the killing cells, i.e. the
migratory inactivity cannot be said to be re�ected in cytotoxicity.

4.3 Serial killing cells distinguished in properties

relating to contact with target cell

Serial killers have been observed to exhibit a remarkable capability of eliminating
target cells [4], suggesting increased abilities in establishing and responding to
intercellular contacts. With this in mind, it is unsurprising that the group was
found to exhibit shorter conjugation times and more lytic hits per TMAP and
period of random movement than other cells. Further, no variables concerning
general migration properties indicated any statistically signi�cant di�erence in
their behaviour, apart from an indication of a lower mean time from the end
of a TMAP to the next period of directed migration. Although larger sample
sizes would be required to strengthen or disprove this indication, it suggests, at
any rate, an improved aptitude for quickly localizing and propagating towards
target cells among the serial killers.

The demonstrated lack of distinct movement patterns among the serial killers
therefore suggests the main di�erence to the other cell groups to be related to
the chemical and biological properties governing the formation of conjugates
and delivery of cytotoxic granules.

4.4 Exhausted killers show migration fatigue

Exhausted killers showed heterogeneity between the still active cells and those
that have stopped killing. They did become less active during the second phase
and spent about twice as much time in random migration than during the �rst
phase. Also, the mean fraction of time spent in directed migration was found
to be 7 times lower for the second phase at a value of ≈ 0.02, which suggests
that directed migration is necessary for a cell to be cytotoxically active.

Exhausted killers also di�ered from killers and non-killers during their two
phases which means that they do indeed �t into their own group, rather than
being cells which simply changed their behaviour pattern from one group to
another during the experiment. Further, the migratory exhaustion of the ex-
hausted killers is re�ected in lower cytotoxic activity, distinguishing these cells
from the remaining NK cell population.
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4.5 Fast killing cells distinct from slowly killing

cells

The duration of a killing event is related to the durations of conjugation and
attachment periods, so, not surprisingly, the exclusively fast killers form con-
jugates lasting roughly three times shorter than those of the exclusively slow
killers, i.e. of duration comparable to that of the serial killers.

Moreover, the fast killers show di�ering migration behaviour, for instance
with fewer TMAPs and less time spent in directed migration. As these variables
are not obviously linked to the duration of a killing event, this fact hints at
underlying biological mechanisms controlling both the speed of kills and ability
to localize target cells. For instance, it is plausible that fast killing cells are
at a certain state of maturity wherein both these characteristics are expressed.
However, despite having lower conjugation times as well as fewer TMAPs, the
time fast killing cells spend in TMAPs is comparable to that of the other groups.
Hence, these cells do not manage to utilize the TMAP in an e�cient manner,
explaining why they do not attain the status of serial killers.

Finally, the two groups with extreme killing behaviours, the fast and slow
killers, managed to kill drastically fewer cells than the mixed killers, which
makes apparent the trade-o� between e�ciency and longevity for the killing
cells.

4.6 Di�erence between test subjects and scarcity

of populations

For a number of tried variables, notably the time from TMAPs to directed
migration and the time between TMAPs in section 3.1.1, a limited number of
events was recorded, prohibiting statistical inferences. This also has bearing
on the division into exclusively fast and slow killing cells in section 3.2 above;
ideally, cells performing a limited number of lytic hits should be excluded as
they might constitute false positives. Doing so, however, results in too small a
number of cells to draw any conclusions.

Further, the data sets collected from the di�erent test subjects showed some
variation, possibly masking correlations. Therefore, it would be of interest to
expand the data sets using samples collected from a single person during a rel-
atively short time interval, providing maximum homogeneity in the data. It
has been shown [10] that the biomolecular structure of NK cells, in the form of
protein receptors, di�er between test subjects, leading to di�ering functional re-
sponses. Moreover, [11] demonstrates NK cell maturation during their lifespan,
having bearing on the killing e�ciency of the cells. This provides an opportunity
to correlate the biomolecular structure of NK cells with the detailed cytotoxic
and migratory behaviours studied in this thesis, as well as investigating the
maturity of the cells in the di�erent cytotoxic and migratory subgroups. Fur-
ther research beyond the scope of this thesis might thus provide insight into the
mechanisms behind the above documented functionality of the NK cells.
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Conclusion

The cytotoxic division of an NK cell population was correlated with migratory
properties, with the result that not all cells in the same cytotoxic subgroup
share migratory characteristics. A signi�cant heterogeneity was registered, and
based on a division using only migratory properties, cells in all groups were
demonstrated to be either migrationally e�cient or not, with killing cells gener-
ally less active in migration. Further, the cytotoxic subgroups were investigated
for more heterogeneity. From a migratory perspective, killing cells performing
exclusively fast kills were found to di�er from cells performing only slow ones,
or cells demonstrating a mixture of fast and slow kills. Further, the cytotoxic
exhaustion of certain cells was shown to be re�ected also in their migration.

24
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Appendix A: supplemental

data

Table 6.1: Results of variables for all groups, given as mean value ± SEM.

Variable Non-killers Killers Stochastic Exhausted Serial Non-interacting pKW-value
(mean values)

TMAP duration (min) 204.0 ± 22.1 244.8 ± 24.1 198.3 ± 56.2 180.6 ± 26.1 246.5 ± 53.8 256.7 ± 34.0 0.51
(n=90) (n=96) (n=16) (n=67) (n=20) (n=56)

Time between TMAPs
(min)

117.0 ± 15.9 106.0 ± 14.6 90.6 ± 15.5 105.0 ± 10.0 67.6 ± 13.7 91.1 ± 17.2 0.55

(n=41) (n=42) (n=10) (n=39) (n=10) (n=56)
Number of TMAPs 1.80 ± 0.14 1.78 ± 0.12 2.67 ± 0.56 2.39 ± 0.24 2.00 ± 0.26 1.47 ± 0.15 0.01

(n=50) (n=54) (n=6) (n=28) (n=10) (n=38)
Number of lytic hits per
TMAP

0 0.55 ± 0.10 0.25 ± 0.19 0.36 ± 0.10 1.25 ± 0.37 0 0.02

(n=90) (n=96) (n=16) (n=67) (n=20) (n=55)
Number of lytic hits per
period of directed migra-
tion

0 0.31 ± 0.11 0 0.10 ± 0.08 0.57 ± 0.43 0 0.21

(n=35) (n=35) (n=4) (n=29) (n=7) (n=26)
Number of lytic hits per
period of random move-
ment

0 0.38 ± 0.09 0.07 ± 0.07 0.23 ± 0.07 1.11 ± 0.35 0 0.01

(n=83) (n=85) (n=15) (n=73) (n=18) (n=51)

Conjugation time (min) 83.8 ± 9.7 62.6 ± 6.5 63.2 ± 9.7 77.1 ± 9.0 32.3 ± 6.4 − 5 · 10−6

(n=98) (n=143) (n=32) (n=106) (n=60) (n=0)
Attachment time (min) 86.2 ± 12.6 143.9 ± 15.5 92.9 ± 22.2 79.4 ± 10.4 116.3 ± 24.2 − 0.01

(n=98) (n=143) (n=32) (n=106) (n=60) (n=0)
Fraction of time in
TMAPs

0.62 ± 0.04 0.73 ± 0.04 0.77 ± 0.10 0.65 ± 0.06 0.80 ± 0.08 0.62 ± 0.06 0.40

(n=50) (n=54) (n=6) (n=28) (n=10) (n=38)
Fraction of time in di-
rected migration

0.10 ± 0.02 0.09 ± 0.02 0.05 ± 0.04 0.12 ± 0.02 0.05 ± 0.02 0.14 ± 0.04 0.58

(n=50) (n=54) (n=6) (n=28) (n=10) (n=38)
Fraction of time in ran-
dom movement

0.28 ± 0.04 0.18 ± 0.03 0.18 ± 0.07 0.23 ± 0.04 0.16 ± 0.07 0.24 ± 0.05 0.45

(n=50) (n=54) (n=6) (n=28) (n=10) (n=38)
Time between TMAPs
and directed migration
(min)

36.4 ± 13.5 40.2 ± 17.6 24.7 ± 4.1 111.6 ± 35.9 8.0 ± 4.1 94.0 ± 40.2 0.35

(n=21) (n=25) (n=3) (n=21) (n=4) (n=13)
Speed (µm/min) 1.75 ± 0.11 1.51 ± 0.10 1.43 ± 0.19 1.80 ± 0.13 1.37 ± 0.20 1.78 ± 0.17 0.25

(n=50) (n=54) (n=6) (n=28) (n=10) (n=38)
Displacement index 0.13 ± 0.01 0.11 ± 0.01 0.07 ± 0.02 0.11 ± 0.01 0.11 ± 0.02 0.16 ± 0.02 0.21

(n=50) (n=54) (n=6) (n=28) (n=10) (n=38)
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Table 6.2: Results of variables for the subpopulations of the killing cells, given
as mean value ± SEM.

Variable Fast killers Slow killers Mixed killers pKW-value
(mean values)

TMAP duration
(min)

254.5 ± 65.5 263.8 ± 34.4 217.6 ± 39.5 0.53

(n=17) (n=43) (n=36)
Time between
TMAPs (min)

68.5 ± 8.9 114.4 ± 25.4 105.4 ± 20.2 0.85

(n=4) (n=19) (n=19)
Number of TMAPs 1.31 ± 0.17 1.79 ± 0.19 2.12 ± 0.23 0.02

(n=13) (n=24) (n=17)
Number of lytic hits
per TMAP

0.64 ± 0.23 0.34 ± 0.09 0.75 ± 0.20 0.40

(n=17) (n=43) (n=36)
Number of lytic hits
per period of di-
rected migration

0.5 ± 0.5 0.12 ± 0.08 0.50 ± 0.22 0.26

(n=2) (n=17) (n=16)
Number of lytic hits
per period of ran-
dom movement

0.83 ± 0.39 0.16 ± 0.06 0.46 ± 0.15 0.17

(n=12) (n=38) (n=35)

Conjugation time
(min)

34.0 ± 12.3 108.4 ± 13.1 40.4 ± 6.8 5 · 10−9

(n=26) (n=49) (n=68)
Attachment time
(min)

132.0 ± 35.9 151.6 ± 24.07 142.8 ± 24.2 0.64

(n=26) (n=49) (n=68)

Number of kills 2 ± 0.36 2.04 ± 0.19 4 ± 0.37 7.8 · 10−5

(n=13) (n=24) (n=17)
Fraction of time in
TMAPs

0.65 ± 0.10 0.76 ± 0.05 0.74 ± 0.07 0.83

(n=13) (n=24) (n=17)
Fraction of time in
directed migration

0.05 ± 0.03 0.11 ± 0.03 0.09 ± 0.03 0.09

(n=13) (n=24) (n=17)
Fraction of time in
random movement

0.30 ± 0.08 0.12 ± 0.03 0.17 ± 0.05 0.37

(n=13) (n=24) (n=17)
Time between
TMAPs and di-
rected migration
(min)

− 19.7 ± 6.0 59.2 ± 33.2 0.29

(n=0) (n=12) (n=13)
Speed (µm/min) 1.71 ± 0.27 1.46 ± 0.12 1.42 ± 0.15 0.83

(n=13) (n=24) (n=17)
Displacement index 0.08 ± 0.02 0.13 ± 0.02 0.10 ± 0.02 0.41

(n=13) (n=24) (n=17)
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Table 6.3: Results of variables for the comparison of exhausted cells before and
after exhaustion(�rst and second phase).

Variable Exhausted killers Exhausted killers Exhausted killers pMW-value
(mean values) (�rst phase) (second phase) (all)

TMAP duration
(min)

116.0 ± 16.4 184 ± 29.0 180.7 ± 26.1 0.13

(n=53) (n=34) (n=67)
Time between
TMAPs (min)

111.8 ± 12.8 55.1 ± 16.1 105.0 ± 10.0 0.03

(n=26) (n=7) (n=39)
Number of TMAPs 1.90 ± 0.19 1.21 ± 0.11 1.80 ± 0.13 0.002

(n=28) (n=28) (n=28)

Number of lytic hits
per TMAP

0.45 ± 0.12 0 0.35 ± 0.10 5 · 10−4

(n=53) (n=34) (n=67)
Number of lytic hits
per period of di-
rected migration

0.13 ± 0.10 0 0.10 ± 0.08 0.54

(n=23) (n=5) (n=29)
Number of lytic hits
per period of ran-
dom movement

0.30 ± 0.10 0 0.23 ± 0.07 0.06

(n=56) (n=16) (n=73)
Conjugation time
(min)

62.3 ± 7.5 98.7 ± 19.0 77.1 ± 9.0 0.27

(n=63) (n=43) (n=106)
Attachment time
(min)

84.2 ± 13.0 72.5 ± 17.5 79.4 ± 10.4 0.24

(n=63) (n=43) (n=106)
Fraction of time in
TMAPs

0.59 ± 0.06 0.47 ± 0.04 0.65 ± 0.06 0.31

(n=28) (n=28) (n=28)

Fraction of time in
directed migration

0.16 ± 0.03 0.02 ± 0.02 0.12 ± 0.02 1 · 10−4

(n=28) (n=28) (n=28)

Fraction of time in
random movement

0.25 ± 0.04 0.51 ± 0.03 0.23 ± 0.04 3.9 · 10−5

(n=28) (n=28) (n=28)
Time between
TMAPs and di-
rected migration
(min)

33.9 ± 15.4 304 ± 0 111.6 ± 35.9. 0.13

(n=14) (n=1) (n=21)
Speed (µm/min) 1.91 ± 0.14 1.55 ± 0.16 1.80 ± 0.13 0.038

(n=28) (n=28) (n=28)
Displacement index 0.16 ± 0.02 0.10 ± 0.02 0.10 ± 0.01 0.004

(n=28) (n=28) (n=28)
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Table 6.4: Results of variables for the two migratory subdivisions in the �rst
columns and the entire population in the third column, given as mean value ±
SEM. The last column contains the pMW-value of a Mann-Whitney U-test for
unequal means between groups 1 and 2.

Variable Group 1 Group 2 Overall pMW-value
(mean values)

TMAP duration
(min)

131.6 ± 8.8 468.4 ± 26.6 219.9 ± 12.6 1 · 10−22

(n=242) (n=86) (n=328)

Time between
TMAPs (min)

113.2 ± 7.5 49.4 ± 4.5 105.3 ± 6.8 5 · 10−4

(n=134) (n=19) (n=153)

Number of TMAPs 2.18 ± 0.11 1.28 ± 0.06 1.84 ± 0.08 9 · 10−9

(n=111) (n=67) (n=178)

Number of lytic hits
per TMAP

0.14 ± 0.03 0.56 ± 0.11 0.25 ± 0.04 3 · 10−7

(n=241) (n=86) (n=327)
Number of lytic hits
per period of di-
rected migration

0.08 ± 0.03 0.44 ± 0.34 0.11 ± 0.04 0.08

(n=123) (n=9) (n=132)

Number of lytic hits
per period of ran-
dom movement

0.13 ± 0.03 0.56 ± 0.2 0.16 ± 0.03 2 · 10−4

(n=287) (n=25) (n=312)
Conjugation time
(min)

64.0 ± 4.8 84.1 ± 8.3 71.9 ± 4.4 0.19

(n=234) (n=150) (n=384)
Attachment time
(min)

84.5 ± 8.0 138.6 ± 14.5 105.7 ± 7.6 0.02

(n=234) (n=150) (n=384)

Fraction of time in
TMAPs

0.48 ± 0.02 0.97 ± 0.005 0.67 ± 0.02 4 · 10−29

(n=111) (n=67) (n=178)

Fraction of time in
directed migration

0.17 ± 0.02 0.0075 ± 0.0025 0.11 ± 0.01 3 · 10−14

(n=111) (n=67) (n=178)

Fraction of time in
random movement

0.35 ± 0.02 0.03 ± 0.005 0.23 ± 0.02 2 · 10−26

(n=111) (n=67) (n=178)
Time between
TMAPs and di-
rected migration
(min)

71.9 ± 14.4 9.6 ± 2.2 65.2 ± 13.0 0.03

(n=74) (n=9) (n=83)

Speed (µm/min) 2.07 ± 0.07 1.02 ± 0.04 1.68 ± 0.06 4 · 10−21

(n=111) (n=67) (n=178)

Displacement index 0.15 ± 0.01 0.08 ± 0.007 0.12 ± 0.008 9 · 10−6

(n=111) (n=67) (n=178)


