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GENERAL DISCUSSION 

& SUMMARY OF RESULTS
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SECTION 1: CHARACTERISTICS OF NGS 
PROTOCOLS FOR TCR- AND BCR
REPERTOIRE ANALYSIS

 During the time that we published our 
NGS-protocols for TCR (chapter 2) and BCR 
(chapter 7) analysis, other groups published 
their first NGS protocols as well. There are 
considerable differences between the differ-
ent protocols. Here we will discuss key charac-
teristics of these protocols that are important 
for interpreting the NGS-data produced (sum-
marized in table 1). We emphasize that there 
are more technical details that are (potential-
ly) important and need to be addressed in the 
future. An extensive review of these details 
falls outside the scope of this section.

Input material: NGS can be performed on DNA 
and mRNA samples. Both have specific advan-
tages.

Advantages of mRNA: One of the most im-
portant requirements of any NGS protocol is 
that is does not introduce bias in the reper-
toires reported. Unfortunately - with the pres-
ent NGS-technologies available - the samples 
(either mRNA or DNA) need to be amplified 
for NGS-analysis. Amplification is a common 
source of bias, as multiple primers are needed 
to cover the complete repertoires. Since prim-
ers have different primer efficiencies (as dis-
cussed below), this can lead to bias in the am-
plified sample. Thus, the fewer primers used, 
the smaller the chance of bias. Here, mRNA 

performs much better than DNA, as fewer 
primers are needed for mRNA amplification. 
This is caused by an intron in the DNA (be-
tween the J- and the C-segment).1,2 As a con-
sequence the mRNA-protocol can use a single 
(Constant region)-primer, while DNA protocols 
need up to 7-60 primers to cover all J-genes. 
This means that up to 7-60 times more primer 
pairs are present in DNA amplification com-
pared to RNA amplification.2,3

 Secondly, when using mRNA, only TCRs 
and BCRs will be sequenced that are actually 
expressed. When using DNA as input, one will 
also find non-productive out-of-frame (germ-
line) sequences that are formed during the de-
velopment of the T- and B-cells. These can be 
filtered out after sequencing, but it makes the 
experiment more expensive.
 A final advantage of mRNA as input is 
that one can perform experiments from ex-
tremely low numbers of cells. We have per-
formed successful repertoire analysis from 
as few as 10,000 lymphocytes (without addi-
tional amplification) to 400 lymphocytes (with 
RNA-pre-amplification). With DNA such low 
inputs have not been reported.

Advantages of DNA: DNA holds one important 
advantage over mRNA: the amount of TCR/
BCR DNA is equal in each cell (1 copy), while 
TCR/BCR mRNA amounts might vary between 
different cells. For T-cells this variation is 
thought to be quite small (activation of a T-cell 
leads to a transient rise of TCR-mRNA by factor 
2 before returning to baseline).4,5 For B-cells, 
the size of variation in expression is less clear. 

SUMMARY IN NON-SCIENTIFIC LANGUAGE
In this thesis we describe a new Next Generation Sequencing (NGS) protocol for T-cell receptor- 
and B-cell receptor-repertoire analysis (TCR, BCR) . We also described the first studies that were 
performed with this protocol (chapters 2-6). Whereas these chapters discussed the results of 
the individual studies in the context of their (diverse) research questions, in this chapter we will 
combine the results to understand the possibilities of applying NGS in immunological research. 
We will focus on three main questions. What are characteristics of NGS protocols that are 
important for the interpretation of NGS-data (section1)? What can be learned from applying 
NGS in different scenarios (section 2)? What can we expect from NGS in the future (section 3)?

Although this thesis is meant for a broad audience, section 1 will be focused on a number of 
technical details. The summary of the findings and the broader implications are discussed 
in sections 2 and 3.
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In vitro studies suggested that the mRNA ex-
pression of the BCR/Ig is higher in plasma cells 
compared to B-cells.6,7 At this moment we are 
investigating the extent of this variation in the 
different cell types (also see chapter 6).8

Amplification: As mentioned, simultaneous 
use of multiple primers is a common source of 
bias. However, to cover complete repertoires 
multiple primers are needed (e.g. 23 TCR-Vß 
primers, 6 BCR-Vheavy primers).1,2 The differ-
ent NGS-protocols cope with this problem in 
different ways. Most protocols use traditional 
PCR amplification as this can quickly produce 
the required amount of product needed for 
sequencing. Due to the exponential amplifi-
cation of products in a PCR, this produced ex-
ponential bias. Several groups tried to solve 
this problem by correcting for such biases af-
terwards. To this end they determined primer 
bias in an in vitro experiment.3,10 The bias ob-
served in this in vitro experiment was used to 
correct bias in the biological samples. A caveat 
is that the in vitro experiments had near ideal 
circumstances for each primer (an equal and 
large amount of target template for each prim-
er) while the biological samples had unevenly 
distributed repertoires that are much more 
complex. It is therefore uncertain how well the 
bias in the in vitro experiment corresponds to 
the bias in the different biological samples and 
whether the correction is adequate.
 We used another approach to address 
this problem. In our protocol we perform lin-
ear amplification instead of PCR amplification 

(chapters 2 and 6). In this way any difference 
in efficiency between the primers will not lead 
to exponential bias. Furthermore, primers 
were designed to use conserved parts of the 
V-genes to further prevent bias. The validity of 
this approach was put to the test in chapter 4, 
where we sequenced expanded clones both in 
tetramer sorted and in total CD8 T-cell subsets. 
We observed that the hierarchy of the expand-
ed clones in the tetramer-sorted subset was 
similar to that of the same clones in the total 
CD8 subset (figure 1). This shows that the lin-
ear amplification protocol produces the same 
results in independent samples that have very 
different complexities. As mentioned earlier, 
the linear amplification can be performed on 
as few as 10,000 lymphocytes, and on as few 
as 400 lymphocytes when (linear) pre-amplifi-
cation of the RNA is performed. 
 Finally, an approach called 5’ RACE can 
be used.9 This approach uses only J- or C- prim-
er(s) and omits the use of V-primers altogeth-
er, thus potentially eliminating a source of 
bias. However it is by far the most expensive 
technique, and might introduce other priming 
artifacts. So far has only been published for 
small cohorts. It is unclear whether this tech-
nique is suited for the small amounts of RNA 
that are often available and whether it can be 
adapted for DNA.

Sequencing platform: There are multiple 
NGS-platforms available (e.g. Roche/454 (Ge-
nome Sequencer), Illumina (HiSeq), Applied 
Biosystems (Solid). Two characteristics of the 

	  
	  
	  

Reference	   Species	   Repertoire	   Template	   Amplification	   Sequencing	  
platform	  

Full	  length/	  Short	  reads	  

Weinstein	  20093	   Zebrafish	   BCRh	   RNA	   PCR	  &	  post-‐hoc	  correction	   454	   Full	  length	  

Freeman	  20099	   Human	   TCRß	   RNA	   5’	  RACE	   Illumina	   Short	  

Robins	  200910	   Human	   TCRß	   DNA	   PCR	  &	  post-‐hoc	  correction	   Illumina	   Short	  

Klarenbeek	  201011	   Human	   TCRß	   RNA	   Linear	  amplification	   454	   Full	  length	  

Sherwood16	   Human	   TCRγ	   DNA	   PCR	  &	  post-‐hoc	  correction	   Illumina	   Short	  

Gisbergen,	  
Klarenbeek,	  201112	  

Mouse	   TCRß	   RNA	   Linear	  amplification	   454	   Full	  length	  

Cantaert,	  
Doorenspleet	  201213	  

Human	   BCRh	   RNA/DNA	   Linear	  amplification	   454	   Full	  length	  

Vd	  Heijst	  201314	   Human	   TCRß	   RNA	   5’	  RACE	   454	   Full	  length	  

Table 1: Summary of key-characteristics of different NGS protocols
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different platforms are of particular impor-
tance for T- and BCR sequencing.
 Sequencing length: Ideally each T- or 
BCR is sequenced in a single read. In other 
words, one would like to have the V-segment, 
the CDR3 and the J-segment in the same read. 
This is possible on the Roche/454 platform 
which allows reads lengths of >300 in a single 
read. Other platforms (e.g. Illumina/Solid) can-
not sequence that many nucleotides in a single 
read. Therefore, single reads cannot contain a 
complete TCR or BCR sequence. NGS protocols 
using these platforms need to sequence the 
TCR and BCR in both directions to obtain the 
full TCR or BCR. After that, bioinformatics al-
gorithms are needed to ‘couple’ the reads to 
make complete sequences. Many reads are 
lost during this process and there is a chance 
that reads are incorrectly coupled as initially 
published.10 From later studies using this ap-
proach it is unclear what the exact percentage 
is of the lost reads.15,16

 Costs: The drawback of the Roche/454 
platform is that it can ‘only’ sequence about 
1 million reads per run. Most other platforms 
(e.g. Illumina, Solid) can sequence several 100 
million (shorter) reads per run. Again, shorter 
reads need to be paired to obtain full TCR or 
BCR sequences. This means that the cost per 
read varies considerably between the plat-
forms and between protocols used.

Future developments in NGS protocols: Be-
sides the issues outlined above, several oth-
er developments might facilitate the usage of 
NGS protocol in the future. 
In the ideal situation NGS should provide long 

reads at low costs. We anticipate that this will 
be the case in the future. On the one hand 
prices of sequencing continue to drop, on 
the other, producers of sequencers that now 
provide short reads (Solid, Illumina) aim to in-
crease the read length.
 A second area of development is the 
continuous improvement of the sequencers 
to decrease the number of sequencing errors. 
This will add to the precision of the results, 
which indirectly will also bring down the price 
of NGS. 
 Thirdly, reducing the need for amplifi-
cation might eliminate amplification bias alto-
gether. Recently, single molecule sequencing 
has become available, allowing genome se-
quencing without the need for amplification. 
Although the idea is appealing many practical 
issues need to be overcome before such a pro-
tocol can be efficiently applied for T- and BCR 
repertoire sequencing.
 Finally, arguably the most important is-
sue that needs to be solved in the near future 
is the coupling of analyses for both chains of 
the receptor simultaneously (αβ for the TCR 
and heavy/light for the BCR). So far, no one 
has published a protocol that can do this as it 
is technically extremely challenging. The prob-
lem lies in the fact that once the membranes 
of a cell are breach during work up of samples, 
the RNA and DNA strands from the different 
cells will mix. Therefore, knowing which α-/
light- chain paired with which ß-/heavy chain 
is impossible. Protocols need to overcome the 
problems that in which both chains of a sin-
gle cell are marked before the cell contents are 
mixed. After the analysis this mark should be 
used to combine both chains again. When this 
hurdle is overcome, NGS protocol will provide 
all information necessary to in-silico modeling 
and expression of TCRs/BCRs of interest. 

SECTION 2: BEYOND THE KEYHOLE 
PERSPECTIVE (SUMMARY OF RESULTS)

 After developing our NGS-protocol we 
wanted to test the strengths and weaknesses 
of this new technology to understand wheth-
er NGS would truly allow us to go beyond the 
keyhole perspective. As outlined in the intro-
duction there were 4 main applications that 
we wanted to test: 1/ Visualization of individ-

Figure 1 Example of hierarchy of clones within tetramer 
sort (CMV-IE-QIK) (left) and within CD8 population (right): 
In each column a dot represents a tetramer specific clone. 
Connected dots represent the same clone, measured in 
both the tetramer sorted and the CD8 population. The hi-
erarchy of the clones is virtually identical in the tetramer 
sort and the CD8 population. For details see chapter 4.
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ual clones. 2/ Visualization of motifs that drive 
differentiation. 3/ Identification, quantification 
and longitudinal follow up of antigen-specific 
clones. 4/ Comparison of different immuno-
logical compartments.

Visualizing clonal expansions:  In our first pa-
per we set out to visualize clonal expansions 
in different T-cell subsets (chapter 2). The ra-
tionale for this choice was that NGS for the 
first time allowed quantification of thousands 
of clonal expansions. In this study we included 
many control experiments to show reproduc-
ibility and validate that the output was truly 
quantitative.
 As expected we observed clonal ex-
pansions in the CD4+ and CD8+ T-cell mem-
ory subsets of healthy individuals, but hardly 
in the naïve subsets. What was unexpected 
was that the memory compartments were 
far more diverse than previously anticipated. 
The explanation for this finding was that a few 
highly expanded clones dominated the mem-
ory repertoires. This – in retrospect – explains 
why it was previously difficult to visualize the 
unexpanded memory clones17. From these ex-
periments we conclude that NGS for the first 
time allows quick screening of the repertoire 
for clonal expansions in a quantitative and re-
producible manner. Moreover, it shows that 
deep sequencing also allows identification of 
less expanded clones.
 This study and similar studies of other 
groups also point out a limitation of the cur-

rent NGS protocols: Current NGS protocols are 
not able determine the exact size of the TCR 
repertoires in humans. In our experiments we 
performed exhaustive sequencing in which we 
tried to sequence all available clones in a sam-
ple. From these experiments it became appar-
ent that by sequencing >40,000 TCR per sam-
ple we barely scratched the surface of the total 
diversity. Also, if we sequenced >40,000 TCRs 
in a specific VßJß (approximately 2% of the to-
tal repertoire) rearrangement we still did not 
recover the full diversity. Others used Illumi-
na sequencing to address this issue and found 
>1 million unique TCRß sequences per patient 
sample when sequencing many millions of 
reads.10,15,18 A particular problem here is that 
one blood sample does not hold the complete 
repertoire variation. Novel clones are identi-
fied when new blood samples from the same 
donor are analyzed.18 Moreover, assumptions 
during extrapolation from sample to the un-
derlying population largely influence the final 
estimate. A second restriction lies in the fact 
that the current statistical methods used to es-
timate the total repertoire size from the sam-
ples available were not designed to cope with 
such large diversity.9,11,18 Therefore, by current 
NGS and statistical approaches, estimates of 
TCR- (and probably BCR-) repertoire size still 
provide a challenge to current NGS protocols 
and bioinformatics analysis. 

Figure 2: Schematic representation of genetic and recombinational patterns associated with TCRs of naïve CD4+ T-cells 
(A) or naïve CD8+ T-cells (B). blue = recombination patterns in CDR3, dark red = TCBJ genes, light red = TRAJ genes, dark 
green = TCBV, light green = TCAV genes. The color figure can be found in the appendix.
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Visualizing TCR-motifs that drive T-cell differ-
entiation: In chapter 3 we used the deep se-
quencing potential in a different manner. The 
large panels of TCR-sequences allowed us to 
investigate whether motifs in the TCR were 
distributed differently in HLA class I versus HLA 
class II specific clones (CD8+ versus CD4+ naïve 
T-cells). We investigated whether Vß and Jß 
genes and motifs within the TCRß associated 
with either the HLA class I -restricted T-cells 
(CD8+) or the HLA class II –restricted T-cells 
(CD4+). This approach worked surprisingly well. 
We did not only find many genes and multiple 
motifs with considerable associations (Odds 
Ratios up to 5), but these associations were 
very consistent across the panel of 18 healthy 
individuals analyzed. The associations summa-
rized in figure 2. Most strikingly we identified a 
previously unknown candidate determinant of 
HLA-class commitment in both the CDR3 of the 
α- and ß-chain: charge. We found that a neg-
atively charged CDR3ß associates with CD8+ 
T-  cells while a positively charged CDR3ß and 
CDR3α associates with CD4+ T-cells. Based on 
these findings, we propose a model in which 
multiple genetic patterns each independently 
influence the decision of a developing T-cell to 
commit to either the CD4+ or CD8+ lineage. 
A limitation of our approach is that it will only 
reveal the associations, but not the mecha-
nisms behind the individual factors identified. 
Additional studies are obviously needed to 
identify the underlying mechanisms. More-
over we could not couple the information from 
the α-chain and ß-chain for each TCR.

These findings illustrate that NGS is a power-
ful new tool to identify motifs that drive T-cell 
differentiation. The techniques used in chapter 
3 are readily transferable to investigate other 
differentiation events (e.g. memory recruit-
ment), and are applicable to B-cells as well. 

Identification and tracking of individual anti-
gen specific clones: Next, we tried to overcome 
a technical limitation in current immunological 
research. In many situations immunologists 
are interested in identifying the clones that 
respond to a certain antigen and subsequent-
ly track these clones over time. This way the 
evolution of a response to an antigen can be 
visualized. A major limitation in this type of 
research is that it is not possible to do this 
in a quick and quantitative manner, primar-
ily due to technical limitations in the current 
protocols. Most protocols isolate antigen spe-
cific cells and use cloning and sequencing to 
identify the antigen specific clones, which is 
a tedious and labor-intensive procedure. As a 
consequence only a limited number of clones 
can be identified with this procedure. This in 
turn makes it difficult to assess the frequency 
of antigen specific cells (which should be de-
termined in an unsorted sample). 
 In chapter 4 we tried to overcome this 
problem using the high throughput sequenc-
ing protocol. We obtained CD8+ T-cells from 
peripheral blood and isolated antigen specif-
ic cells using tetramers (loaded with hCMV 
and EBV-peptides) and identified the clones 
in these sorted samples using NGS. As we 
wanted to know the ‘true frequency’ of these 
clones within the total CD8+ population, we 
performed deep sequencing on the total CD8+ 
T-cell pool to find the antigen specific clones 
identified in the tetramer sorted samples. Us-
ing this approach we found that CD8+ T-cell 
responses against hCMV and EBV peptides are 
highly stable over time (chapter 4). Not only do 
the initial clones remain present over a 5-year 
period, their hierarchy remains largely intact. 
Additionally, the impact of these clones on the 
CD8+ T-cell repertoire was investigated: in one 
patient we found that 6 of the 30 most dom-
inant clones were directed against either EBV 
or hCMV (figure 3). A limitation of our strategy 
is that we could not identify the α- and ß-chain 
simultaneously. In our experiments this was 

Figure 3: Latent phase anti-hCMV and EBV responses 
in healthy persons. Visualization of anti-hCMV and an-
ti-EBV response in one HD using 9 tetramers shows that 
these responses are amongst the most expanded cones 
in the CD8 compartment. Each color denotes a differ-
ent antigen (IE and pp65 are hCMV derived antigens, 
BZLF, EBNA and BMLF are EBV derived antigens). The 
color figure can be found in the appendix (figure from 
chapter 4)
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not necessarily a problem as the ß-chain is 
sufficient to identify fingerprints for individual 
memory clones.17 However, it does mean that 
our approach does not provide the complete 
TCR (or BCR) sequence information needed for 
in-silico modeling of TCRs or for production of 
synthetic TCRs, antibodies or constructs there-
of.Collectively these studies show that NGS 
may overcome major limitations and can be 
used for identification and quantitative time 
series to follow individual T-cell clones within 
the total repertoire. In another study, we also 
showed that this is feasible for B-cells.19 Taken 
together, this approach now allows analysis of 
the evolution of clonal responses in a fast and 
quantitative fashion.

Comparing immunological compartments: An 
important mechanism in immunology is hom-
ing and retention of leukocytes. Homing means 
that immune cells are able to find their way to 
an immunological site of interest (e.g. inflamed 
tissue). As a consequence of homing and re-
tention of lymphocytes, T- and BCR repertoires 
are thought to differ between immunological 
compartments. This has been demonstrated 
in several diseases, but data were sometimes 
conflicting as only qualitative studies were 
possible with conventional sequencing (e.g. 
in RA20-22), which did not allow comparison of 
individual clones in different compartments. 
Therefore, we used NGS to examine this. We 
addressed this question primarily by compar-
ing repertoires acquired in peripheral blood 
with those observed in inflamed synovial tis-
sue of RA patients. We observed that these 
repertoires were very different in many ways: 
the synovial tissue harbored mainly expanded 
T- and B-cell clones in contrast to the blood. 
Moreover, repertoires overlapped between 
different joints, but not with peripheral blood. 
Finally, we observed changes in the TCRß-rep-
ertoire over time. These data demonstrate 
how NGS can also be used to compare differ-
ent compartments in a quantitative manner.
Of interest, the synovium still harbored many 
unexpanded clones that collectively form a 
broad repertoire. More extensive analyses are 
obviously needed to understand how various 
clones compare in different compartments. A 
next step would be to combine NGS with phe-
notypic characterization of the lymphocytes. 

In many compartments, like the synovium, this 
can be challenging, as isolation of single cells 
for phenotypic analysis is difficult. Additional 
comparisons of immunological compartments 
were also performed in light of this project but 
not included in this thesis. These included pe-
ripheral blood versus gut tissue, thymic tissue, 
spleen and lymph nodes23; T-cell subsets of 
an immunocompromised patient24, and T-cell 
subsets in mice.12,25 These studies show that 
the applications of NGS are broad, and show 
confirmation of NGS results with different 
methods.

SECTION 3: FUTURE PERSPECTIVE: 
WHAT CAN WE EXPECT FROM 
NGS-EXPERIMENTS?

 Now that multiple groups have estab-
lished the feasibility of NGS and several key 
points have been addressed with regard to the 
strengths and weaknesses of NGS protocols, 
what can be expected from this new technol-
ogy? Numerous research initiatives could ben-
efit from this technology. Below several appli-
cations are highlighted where there is a strong 
rationale to deploy studies applying NGS.

Medical diagnostics: Bench-to-bedside trans-
lation of NGS is relatively straightforward and 
should be pursued to benefit patients. Two 
examples where the first NGS applications are 
being developed are described here. In lym-
phoma, uncontrolled ‘clonal expansion’ of a 
single T- or B-cell has devastating effects. Left 
untreated, patients will often die. As a single 
clone is the main problem, NGS might be used 
when lymphoma is suspected for rapid and less 
labor-intensive confirmation of the diagnosis 
than current technologies that rely on spec-
tratyping and cloning and sequencing tech-
niques. Moreover, once treatment has been 
administered NGS can be used to screen the 
repertoire for remaining cells of the malignant 
clone to detect residual disease. This is much 
easier than current state-of-the-art technolo-
gy requiring the development and validation 
of a dedicated PCR for each patient to identi-
fy the malignant clone. NGS screening for re-
sidual disease is universal for all patients and 
can be performed in a quantitative manner. 
This might give unprecedented insight into the 
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presence and progression of residual disease, 
which might aid timely therapy. Several stud-
ies have taken this concept and showed proof 
of principle that this approach is viable for T- 
and B-cell lymphomas.26,27

 IgG4 related diseases (IgG4-RD) are 
another group of condition in which NGS is 
currently being explored. These conditions 
are sometimes confused with cancer and es-
tablishing a diagnosis can be very challenging. 
Once the diagnosis is made, most patients 
can successfully be treated with immunosup-
pressive drugs. Thus, there is a great need for 
better diagnostic tools to distinguish IgG4-RD 
from cancer. Using NGS, expanded IgG4 posi-
tive clones were detected in peripheral blood 
and inflamed tissue of IgG4-patients but not in 
healthy individuals and patients suffering from 
cancer.19 After immunosuppressive treatment 
these clones either disappeared or dramatical-
ly reduced in numbers. These findings could be 
translated in a diagnostic test that might lead 
to early diagnosis of the disease and provide a 
better understanding of the disease.
 These examples show the feasibility of 
employing NGS in a diagnostic setting. Other 
straightforward diagnostic area’s in which NGS 
might be employed include immunodeficien-
cies, vaccination response, transplantation 
medicine and allergies. Therefore, many diag-
nostic applications of NGS can be expected in 
the near future.

Research: As demonstrated, there are many 
straightforward applications of NGS in ap-
plied and fundamental research by comparing 
repertoires. These applications are relatively 
simple to perform and provide insight into dif-
ferent aspects of the immune system. Besides 
these applications there are many other op-
portunities for research where NGS could be 
deployed, but first several questions need to 
be answered. An important question relates 
to how the TCR/BCR structure translates to 
specificity. As demonstrated in chapter 4 the 
unique combination of the V-segment J-seg-
ment and CDR3 is not informative on the 
specificity of a T-cell, as clones with a different 
V-CDR3-J make-up can recognize the same te-
tramer:peptide combination. 
 Chapter 3 shows how NGS can help in 
further understanding this issue. By using 
large datasets it is possible to study asso-

ciations between the genetic make-up and 
the genetic function. The challenge will lie in 
confirming the potential factors identified by 
NGS. As shown in chapter 3 it is conceivable 
that specificity will be the end result of many 
individual factors. Thus, confirming individual 
influences by mutational analyses or crystal-
lography will be challenging. If it is possible to 
find the factors, this will open the door to pre-
dict specificity of T- and B-cell from the germ-
line sequence, which would be a great break-
through in immunology.

CONCLUSION

 In conclusion, in this thesis we have 
demonstrated how NGS can be used to screen 
the complete TCR- and BCR-repertoires and 
identify, quantify and follow individual adap-
tive immune responses through time and 
place. As none of these objectives could be 
accomplished with conventional approaches 
this does move us beyond the keyhole per-
spective. We - and others - have shown how 
this technology has numerous applications in 
fundamental research and in research aimed 
at understanding infectious diseases, auto-
immune diseases and lymphoproliferative 
cancer. Moreover, diagnostic tests leveraging 
NGS for TCR- and BCR analysis are being de-
veloped to aid patients and doctors in clinical 
decision-making. Therefore these NGS based 
protocols have the potential to be true game 
changers in our quest to understand the be-
havior of lymphocytes that are key players in 
keeping us healthy.
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