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1 
GENERAL INTRODUCTION
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SUMMARY IN NON-SCIENTIFIC LANGUAGE
The immune system protects the human body from invading microorganisms (pathogens) such as 
viruses. The system consists of several layers of defense: Some layers – such as the skin – prevent 
invasion of pathogens by forming a physical barrier, while other layers are more complex and neu-
tralize specific types of pathogens. The most complex and final layer of defense is formed by the 
adaptive immune system. The adaptive immune system mounts a tailor-made immune response 
against every invading pathogen it encounters, even if it has never encountered that pathogen 
before. After the first encounter, the adaptive immune system stores the immune response in the 
immunological memory in case it encounters the pathogen again (immunity).

The principles of the adaptive immune system have been well established.1 It has also been recog-
nized that defects in this system play important roles in many diseases such as infections, allergies, 
cancer and autoimmune diseases.1 However, in many - if not in most - of these diseases, it is poorly 
understood how defects in the adaptive immune system can cause disease. This lack of knowledge 
forms an important barrier in treating patients and in preventing these diseases.1-4

A problem in understanding adaptive immune responses is that it is virtually impossible to detect 
and monitor individual adaptive immune responses. This problem is caused by the fact that the 
adaptive immune system harbors millions of active and inactive responses at once.5-7 Finding a 
single response in the vast repertoire of immune responses is very difficult. Currently, research-
ers can only investigate a tiny part of the repertoire at once in detail.8 As a result we can only see 
the adaptive immune system through a keyhole perspective. Overcoming this keyhole perspec-
tive might greatly speed up research efforts needed to understand the adaptive immune system.

We tried to overcome the keyhole perspective by designing and testing a new protocol that 
is able to analyze the complete adaptive immune repertoire at once in great detail. This is ac-
complished by analyzing hundreds of thousands of individual immune responses at once. To 
this end we used a novel technology that is mainly used in genetic research: next generation 
sequencing (NGS). This technology allows quick screening of the complete repertoire for im-
mune responses of interest. In this thesis we show that this new approach can be used to an-
alyze immune responses of interest, that it overcomes current limitation and is reliable (chap-
ter 2). Next, we used this approach to perform studies in both healthy individuals (chapter 2-3) 
and in patients carrying certain infections and patients with autoimmune disease (chapter 4-6).

In chapter 7 we will combine the data from chapters 2-6 to explain how NGS can now be uti-
lized to answer immunological questions that could not be answered with conventional approach-
es. As we will show there are many different applications of this technique that might help both 
patient care and scientific efforts. As such we think that NGS is a powerful new tool that may 
help us to understand how adaptive immune responses can make us sick or keep us healthy. 
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TAILORING IMMUNE RESPONSES US-
ING T- AND B-CELL CLONES

T-cells and B-cells are key players in the adap-
tive immune responses. A T-cell can recognize 
a pathogen with a protein called a T-cell re-
ceptor (TCR). Each T-cell has a unique TCR that 
can only recognize a single antigen. The same 
holds true for B-cells that carry unique B-cell 
receptors (BCR).1 By maintaining a repertoire 
of millions of T- and B-cells the adaptive im-
mune system is able to recognize millions of 
antigens. This means that it can recognize vir-
tually any pathogen it encounters5,6. As soon 
as a B- or T-cell recognizes an antigen of a 
pathogen it will enter a process called ‘clonal 
expansion’ (figure 1). 
 The process is similar for T- and B-cells. 
Here we will discuss it for T-cells. During clon-
al expansion a T-cell will clone itself to form 
millions of daughter cells that carry the exact 
same TCR. As a consequence the adaptive im-
mune system can now produce millions of cells 
that all recognize the same antigen (and thus 
the same pathogen). Collectively all daughter 
cells are denoted as a ‘clone’ and this pro-

cess is called ‘clonal expansion’. The clone will 
eliminate the pathogen and some cells of the 
clones will remain to prevent future infections 
with the same pathogen. The majority of the 
daughter cells will die after elimination of the 
pathogen.

Figure 1: Neutralization of invading microorganisms by 
T-cells using clonal expansions. (1) Once a microorganism 
(pathogen) invades the human body it (2) will be recog-
nized by a few selected T-cells. Each T-cell can only recog-
nize a single peptide of the microorganism. (3) Once this 
recognition takes place, the T-cell will clone itself to pro-
duce thousands of daughter cells that have the same TCR 
and thus recognize the same microorganism. (4) The clone 
that is thus produced will orchestrate the neutralization 
of the invading microorganism. After neutralization most 
daughter cells will die. B-cells undergo a similar process of 
clonal expansion. Colors of the TCR are explained in more 
detail in figure 2; Red = the Jß-segment, dark blue = Vß 
segment, light blue = Vß segment, yellow= Jß segment. 
The color figure can be found in the appendix.

Box I: conventional sequencing

Conventional sequencing of TCR or BCRs is 
straightforward but tedious. The concept 
of conventional sequencing is that clones 
are identified based on the unique DNA se-
quence of the TCR or BCR. Identification 
needs to be done separately for each T- or B- 
cell. Conventional sequencing or better ‘clon-
ing and sequencing’ is performed on one of 
the two chains of the receptor (α- or ß-chain 
for TCR, light- or heavy-chain for BCR). 
   The process involves 3 steps: First a sample 
is amplified using a PCR. Usually this involves 
a single V-primer or a single V- and single J 
primer so that only TCRs/BCRs with a certain 
V-gene or VJ-combination are selected (see 
figure 2 for details). The products are then 
ligated into a cloning vector. In the second 
step, the PCR products are used to transduce 
bacteria. The aim is to put a single TCR/BCR 
in a single bacterium. The bacteria can now 
produce the mRNA of the TCR/BCR. Subse-
quently the bacteria start to multiply until 
there are enough of them to be visible as a 
colony.
   In the last step, samples are taken from 
multiple colonies and the TCR/BCR from 
each colony is amplified by PCR. Subsequent-
ly, the TCR/BCR cDNA sequence can be iden-
tified using conventional sequencing. Clones 
can be detected if multiple colonies show the 
same TCR/BCR sequence.
   The drawbacks of this method are the time 
consuming nature of the technique and the 
low-throughput capacity. Determining the 
sequence of 100 TCRs/BCRs takes weeks. To 
screen for clonal expansions among millions 
of T- or B-cells is virtually impossible. There-
fore, most researcher us low-resolution tech-
niques to screen for clones first, followed by 
sequencing of a small portion of the reper-
toire (keyhole approach) (see box 2-3).
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WHY IS IT SO DIFFICULT TO FIND 
INDIVIDUAL CLONES?

The immune system has an intricate mecha-
nism to produce the extensive repertoires of 
different T- and B-cells. This mechanism makes 
it difficult to find individual clones. Here, we 
will focus on the mechanism for T-cells, but the 
mechanism underlying B-cell diversity is basi-
cally the same.
 Each TCR is made up of 2 chains, the α- 
and ß-chain. Each chain is made up of different 
segments: the constant (C) segment, the vari-
able (V) segment, the joining (J) segment and 
for the ß-chain there is an additional segment 
called the diversity (D) segment (See figure 2). 
For each segment up to 70 variants are encoded 
in the DNA of the developing T-cell.9,10 During a 
process called gene rearrangement the de-
veloping T-cell will select 1 variant for each of 
these segments and join them together to cre-
ate the DNA-sequence that encodes the TCR 
chains (figure 2). As thousands of combinations 
of variants are possible, this process in itself 
creates wide diversity. Joining the two unique 
chains together creates even more diversi-
ty. Joining of the segments is imprecise (with 
nucleotides being added and removed at the 
joining sites), which generates further diversi-
ty.1 As a consequence the area where the V-, 
D- and J-segments are joined becomes a stretch 
of DNA that is unique for each T-cell. This area 
is known as the Complementarity Determining 

Region 3 or CDR3. Not surprisingly the CDR3 en-
codes the part of the TCR that will recognize the 
antigen. The TCR sequence is unique for each 
T-cell clone and can be considered a fingerprint 
for an expanded clone. 
 Collectively, these processes (gene rear-
rangement, imprecise joining of gene segments 
and joining of α- and ß-chain) can create up 
the 1015 different TCRs.6 Therefore, finding and 
monitoring a TCR of interest implies finding it 
amongst a repertoire of 1015 potential others.

LIMITATIONS OF CURRENT TECHNIQUES: 
THE KEYHOLE PERSPECTIVE

Conventional sequencing: Individual T- (and B-) 
cell receptors show strong similarity. This makes 
it problematic to distinguish them all on a pro-
tein level. Therefore all available techniques 
that analyze TCR and BCR repertoires use the 
DNA/mRNA sequence as a fingerprint to iden-
tify the different clones. However, convention-
al techniques rely on conventional sequenc-
ing, which means that only a handful of TCR/
BCR sequences can be determined at the same 
time.11-13 To give an example, one of the most 
extensive studies into T-cell clonality used a to-
tal of 1200 TCR sequences, divided over several 
samples.5 This low-throughput technique is not 
well suited to screen a repertoire of millions of 
clones for a single clone of interest: the resolu-
tion (level of detail) is too low and quantitative 
analyses are not possible.8 (see box 1 for more 

Figure 2: Schematic overview of the genetic rearrangements for T-cells. From the germline DNA one of the alternative 
genes is selected for each segment of the α - and ß-chain. The segments are joined in an imprecise manner, which creates 
extra diversity. This process is known as gene rearrangement. From this process a theoretical total of 1015 different TCRs 
can be produced.6 Each T-cell undergoes this process separately, so each T-cell will have a unique TCR with unique specific-
ity. This process is similar for B-cells. The different colors denote the different segments: Dark blue = Vß segment, Purple 
= Dß-segment, Red = the Jß-segment, d, Orange = Vα segment, Light blue = Jα segment. The color figure can be found in 
the appendix.
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details on conventional sequencing)

Keyhole techniques: One way to increase the 
resolution is to investigate only a small part of 
the repertoire at once (a keyhole approach). 
In this way much more detail can be obtained. 
The diversity in a small part of the repertoire 
is obviously less than in the total repertoire. 
An important issue is the selection of the part 
of the repertoire that is to be examined. How 
can one be sure that the clones of interest are 
captured when analyzing the selected part?
 Several techniques were developed that 
tried to overcome this problem (e.g. spectra-
typing, single strand conformational polymor-
phism, and TC-landscape, which is a variant 
of spectratyping).8,13-15 The details of these 
techniques are explained in box 2 and 3. Us-
ing these prescreening methods, parts of the 
repertoire can be identified that probably hold 
clonal expansions.
 Obviously the availability of these tech-
niques augmented conventional sequencing, 
but important limitations remained. First, 
these keyhole techniques can only identify 
prominent clonal expansions as the need to 
stand out from the background of the oth-
er clones (see box 2 and 3).8 Less prominent 
clones are easily missed. Sometimes promi-
nent clones are also missed if they fall in the 
center of the Gaussian distributions. (See box 
2 and 3 for explanation on the Gaussian distri-
butions.) Second, the ability to quantify data is 
lost as only a part of the repertoire is studied. 
This also means that quantitative longitudinal 
follow up of clonal responses is difficult if not 
impossible. Third, these techniques are very 
sensitive to amplification artifacts in which 
very small clones can wrongfully be identified 
as large clones.8,13 Finally, these techniques 
still depend on the tedious and labor-inten-
sive conventional sequencing to identify the 
clones.
 Thus, there are still important limita-
tions in our technical abilities to find and de-
scribe individual clonal immune responses, 
as we cannot analyze the whole repertoire at 
once in a detailed and quantitative manner. 
The availability of tools that overcome these 
limitations is likely to offer new perspectives 
to researchers who are trying to understand 
clonal responses, both in physiological and 
pathophysiological contexts.

Box II: spectratyping and 
TC landscape

Spectratyping
Spectratyping is an elegant technique to 
screen for clonal expansions by visualizing 
the lengths of the CDR3s of T-cells or B-cells 
in a sample. The technique is based on the 
following concept. During genetic rear-
rangement each T- or B-cell forms a unique 
CDR3-segment. The length of this segment 
varies per cell. If one measures the CDR3 
lengths of many T- or B-cells a Gaussian dis-
tribution is observed (figure 3).
  If a sample contains an expanded clone 
this means that the sample contains many 
clones with a CDR3 that has the same 
length. This will lead to a disruption of the 
Gaussian distribution by forming a high 
peak. This way an expanded clone can be 
detected. The next step would be to identify 
the clone within the peak using convention-
al sequencing (box 1).

Figure 3: Gaussian distribution of CDR3ß lengths 
with disruption because of T-cell clone (arrow). 
(Adapted from Bonarius, 2009, PLoS ONE).
 

There are several drawbacks to this tech-
nique. Firstly one cannot examine the 
whole repertoire at once. One either needs 
to investigate all V-genes separately (which 
means that for T-cells at least 23 reactions 
need to be performed per sample) or one 
needs to investigate all VJ combinations 
(which means that for T-cells at least 299 
(23*13) need to be performed). In this 
choice there is a trade-off. By investigating 
each VJ separately the resolution increases. 
In other words, it is easier to find a clone if 
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THE POTENTIAL OF NEXT GENERATION 
SEQUENCING

Next generation sequencing (NGS) is a recently 
developed technology that has revolutionized 
genetic research. This technology allows se-

quencing of millions of different sequences at 
once, which is equivalent to years of work with 
conventional sequencing. Although different 
platforms exist for NGS, the concept behind 
the ‘next generation’ technology is alike: all 
protocols allow massive parallel sequencing of 
millions of DNA-sequences at once. Therefore, 
NGS is now widely used to sequence whole ge-
nomes16,17.
 In theory NGS protocols can be adapted 
to analyze BCR and TCR repertoires. This might 
overcome the limitations of conventional se-
quencing and would take away the need for 
keyhole techniques, as it would allow quantifi-
cation of thousands of individual clones within 
the whole repertoires. Quantification in turn 
would lead to the possibility of longitudinal 
quantitative studies.

AIMS OF THESIS

1. Development of NGS protocol: In this thesis 
our first objective was to develop an NGS pro-
tocol allowing quantitative and full repertoire 
analysis for T- and BCRs. The development and 
testing is described throughout the chapters 
of this thesis. The first version of the protocol 
took 3 years of development and is described 
in chapter 2. Afterwards, several aspects were 
optimized; an optimized version was used in 
chapters 3-6. As described below, chapters 
2-6 are independent chapters that use NGS 
to address several immunological questions. 
In these chapters the developmental issues of 
the NGS technology are not the main theme. 
Technical issues are only discussed in light of 
the results presented. Therefore, we have in-
cluded chapter 7 in which, using examples 
from the other chapters, we will discuss the 
choices that were made in development of the 
protocol and put the applications into perspec-
tive.

2. Test the NGS protocol on its strengths and 
weaknesses: Our second objective was to de-
termine the value of NGS technology for anal-
ysis of TCR and BCR repertoire analysis. There-
fore, we performed several studies that used 
the NGS protocol for the following purposes: 

1. Visualization of individual clones (described 
in chapter 2).

one looks in a small part of the repertoire. 
However, this also means performing 13 
times more reactions per sample. The trade 
off for B-cell is comparable.
   Secondly, even with 300 reactions, the 
resolution is still quite limited to pick up 
less prominent clones. Clones that have a 
CDR3 length that falls in the middle of the 
Gaussian distribution also form a problem, 
as these are difficult to detect. Moreover, 
spectratyping is a screening technique, and 
tedious conventional sequencing is always 
needed to identify the clones.
   Thirdly, because one is only investigating a 
part of the repertoire at once with spectra-
typing, one cannot make quantitative state-
ments on the whole repertoire. 
   Finally, this method is prone to artifacts. 
When there are just a few cells in a sample 
that use a specific V or a VJ combination 
there won’t be a Gaussian distribution of 
CDR3-lengths. Peaks can easily be mistak-
en for clonal expansions. Only one method 
(TC Landscape) managed to overcome this 
problem.

TC Landscape
In this patented method the problem of ar-
tifacts is overcome by adding a step to spec-
tratyping in which there was a correction for 
the amount of clones that used a specific V 
or VJ combination. If this number was low 
(and a Gaussian pattern was not expected) 
this part of the repertoire was excluded 
from the analysis. Although a number of pa-
pers were published that used this method, 
TC-landscape did not become the next stan-
dard for analyzing T- and BCR repertoire, 
perhaps as the other drawbacks of spectra-
typing were not overcome.

Box II continued
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2. Visualization of motifs that drive 
differentiation (described in chapter 3).
3. Identification, quantification & longitudinal 
follow up of antigen specific clones (described 
in chapter 4).
4. Comparison of different immunological 
compartments (described in chapters 5 and 6).

In our view these scenarios cover the most in-
tuitive applications of the NGS technology, but 
they are by no means exhaustive. Collectively, 
these scenarios also test the technology on its 
most critical technical abilities: its deep-se-
quencing potential, reproducibility, quantita-
tive output, applicability in different tissues, 
and applicability in cross-sectional and longi-
tudinal set-ups.
 An important consideration during this 
PhD project was the desire to test the pro-
tocol in different tissues and in different dis-
eases. This allowed comparison of data from 
different samples and different studies. This 
facilitated identification of patterns in the data 
and greatly facilitated interpretation. This was 
essential as no templates existed on how to 
interpret NGS data. As a result we performed 
several studies in collaboration with different 
research groups within our institution cover-
ing different topics and diseases. For clarity, 
we included the studies in this dissertation 
that most clearly demonstrate the different 
applications of NGS. Several additional studies 
(in humans and in mice) that were undertaken 
as part of the project were not included.18-21 

 

Box III: single strand conformation-
al polymorphisms 

Another much used approach to identify po-
tential clones is called single strand conforma-
tional polymorphisms (SSCP). The principle is 
quite similar to spectratyping, but separation 
is based on folding rather than on size.
   First, a sample is amplified similar to the ap-
proach used in spectratyping. Next, products 
are denatured so single strands are formed. 
Each single strand will fold into a unique 3D 
shape based on its unique DNA-sequence (fig-
ure 4). 

Figure 4: Con-
cept of SSCP. 
(top) Double 
stranded PCR 
products are 
made of a TCR/
BCR sample. 
Each clone has 
a different se-
quence (depict-
ed here by the 
colors red and 
blue). (middle) 
PCR products 
are denatured. 
(bottom) When 

the single strands are allowed to fold, each strand will 
fold into a unique 3D structure, because different parts 
of the strand interact with each other (e.g. through 
charged groups). The color figure can be found in the 
appendix.

Finally the folded single strands are run over 
a gel. The shape of the strand determines the 
speed with which the strand will migrate over 
the gel. Again, collectively all clones will mi-
grate in a Gaussian distribution. If a clone is 
present, this will show up as a thick band on 
the gel.
   To determine whether the band is the result 
of a clonal expansion, the band needs to be 
sequenced. SSCP is obviously cheaper than 
spectratyping, but carries the same draw-
backs.
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OUTLINE OF THESIS
• In chapter 222 we compared T-cell clones between naïve and memory T-cells in healthy in-
dividuals. We observed that the memory compartment is much more diverse than previously 
anticipated and populated by many unexpanded memory clones. The results also demonstrate 
that these unexpanded clones are difficult to visualize. These data imply that the concept of ‘loss 
of diversity’ that has been proposed in ageing and auto-immunity should be reexamined. It might 
be that the diversity is just hard to detect.

• In chapter 3 we investigated why some T-cells (CD4+) are HLA-class II restricted, while others 
(CD8+) are HLA-class I restricted. We used large panels of TCRß- and TCRα-sequences to investi-
gate whether motifs were present in the DNA sequence of the chains that associated with either 
the HLA class I or HLA class II restricted clones. This NGS analysis revealed 89 motifs in all parts 
of the DNA of the TCR chains. Most intriguingly, we found that positive charge in the CDR3ß and 
CDR3α associates with HLA class II specific cells, while negative charge associates with HLA class 
I specific cells. Moreover, we did not find DNA-motifs that force the TCR to become either HLAI 
or HLAII restricted. Each motif seems to alter the propensity of the T-cell to do this. The ultimate 
decision seems to be made by the sum of the influences within each TCR.

• In chapter 423 we studied hCMV- and EBV-specific T-cells. In chapter 4 we performed a lon-
gitudinal analysis in which we quantified the clonal responses against primary hCMV and EBV 
infections at the full repertoire level. The responses remained prominently present at the full rep-
ertoire level and remained virtually unchanged for a period of 5 years. Thus, despite the chronic 
infections that these viruses cause, the immune system does not come up with new solutions 
over time. These fundamental findings help us to understand how the immune system handles 
persistent viral infections.

• In chapters 524 and chapter 625 we investigated the TCR and BCR repertoires in patients suf-
fering from the systemic auto-immune disease rheumatoid arthritis (RA). The cause of RA is un-
known, but it is generally thought that auto-reactive T- and B-cells play a role in its pathogene-
sis. We found that expanded T- and B-cells are preferentially present in different inflamed joints. 
These clones could hardly be detected in peripheral blood. This suggests that the inflamed tissue 
forms a niche for expanded T- and B-cell clones. This implies that studies focused on finding au-
to-reactive T- and B-cells should focus on the inflamed tissue rather than merely the peripheral 
blood. Moreover, these findings were more pronounced in early disease, suggesting that the role 
of T- and B-cells in RA might change over time.

• In chapter 7 we discuss developmental issues in the design of our protocol and compared 
it to those used by others. Moreover, we analyzed the findings of chapter 2 - 6 with the aim to 
determine the strength and weaknesses of NGS and discuss the future role of this technique in 
immunological research.
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