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Layman summary

The immune system is built in such a way that it can differentiate the body’s own cells from
foreign cells, to keep out foreign bacteria and viruses. Most immune cells recognise foreign
material with arm-like components on their cell surface called “receptors”. To be able to
respond to a large diversity in bacteria and viruses, an incredibly diverse set of specific
receptors is made. This diversity is due to the highly variable binding regions of the
receptors. These variable parts are made up of 3 segments of DNA that are joined together
when the cell is born. The parts where these segments meet can be altered slightly: small
parts can be broken off, and/or extra pieces can be added. This allows for at least
100000000 different receptors.

Prior research has found that 10% of receptors that occurred repeatedly in different
individuals, lacked the middle of the 3 segments. Cells lacking this middle segment also
occurred more often in embryo’s, which led them to suspect that these receptors are made
in early development. At that early time in development, the protein “TdT”, which adds parts
in between the segments is not active yet. They hypothesised that without these additions,
the middle segment can be completely deleted. In this research project we tested this
hypothesis. The value of this theoretical research is fundamental for understanding how
these receptors of immune cells are being made, and why some lack the middle segment.
Understanding the properties of these exceptional cells may later contribute to the
development of immunotherapies.

To test the hypothesis, we analysed data of receptors sequences from immune cells in mice.
One group of mice was genetically modified to not produce the protein TdT, the other group
was used as a control to compare with. Using a computer algorithm, we determined the
length of the middle segment in each receptor sequence in the data. As expected, the two
groups differed in the extra parts that were added in between the segments. But we did not
find a significant difference in the length of the middle segment between the two groups. We
then verified that the results from the prior study (that proposed the hypothesis), could be
confirmed in our dataset. We indeed found that 13% of the receptor sequences that were
present in all 10 control mice, lacked the middle segment. This means that we have to
discard the original hypothesis, and that, during early development, there is another process
responsible for making receptors that lack the middle segment.



N-nucleotide additions by Terminal deoxynucleotidyl Transferase
do not protect against deletion of the D segment during VDJ-
recombination in T-cell receptors

T-cell receptor (TCR) diversity is fundamental to the immune system's ability to recognise
foreign antigens. TCRs are put together in a semi-stochastic process called V(D)J-
recombination, where the a-chain consists of a variable (V) and junction (J) gene segment, and
the B-chain consists of a V, diversity (D), and J gene segment. During V(D)J-recombination one
segment of each of these genes are recombined, with deletions by exonucleases and non-
template nucleotide additions by a protein called Terminal deoxynucleotidyl Transferase (TdT)
occurring at the junctions of these segments. Prior research has shown that some abundant -
chain sequences lack the D segment. We test their hypothesis that the absence of TdT may
cause the deletion of the D segment. By comparing sequences of TdT knock-out and wild-type
mice, we find that abundant B-chain sequences often have no D segment, but see no
significant increase in the TdT knock-out group, suggesting that TdT does not protect against
the deletion of the D segment. Additionally, our analyses revealed that V and J gene segment
usage differs significantly between TdT knock-out and wild-type sequences, and that almost
60% of abundant wild-type sequences used either the TRBV1 or TRBV16 gene segment.

Introduction

T lymphocytes, or T-cells, are a crucial part of the adaptive immune system. When activated,
they start proliferating to clear pathogens. By binding their T-cell receptors (TCRs) to
peptides presented by the major histocompatibility complex they differentiate between self
and foreign cells. To accommodate a large diversity of specific T-cell receptors, these
receptors are configured semi-stochastically through a process called V(D)J-recombination.
In this process, small segments of three genes are combined: variable (V), and junction (J)
for the a-chain (TRA), and V, diversity (D), and J for the 3-chain (TRB) into the
complementary determining region 3 (CDR3) of the TCR. Double stranded breaks are
introduced at the ends of these gene segments and subsequently, segments are put
together in a so-called non-homologous end joining (NHEJ) reaction. V(D)J-recombination
allows for an estimated repertoire diversity of at least 10%° (Mora & Walczak, 2016) of which
around 108 is actually attained in the TCR repertoire (Qi et al., 2014).

During V(D)J-recombination, the a-chain and B-chain of the TCR are subjected to what is
called the 12/23 rule. This refers to the spacers of 12 or 23 base pairs (bp) in the residual
signal sequences (RSSs) that flank the V, D, and J gene segments, and guide the
recombination process. The RSSs play a significant role in determining which gene
segments are used. Epigenetic regulation of the chromatin structure by histone modification
of the nucleosome allows an RSS to be made accessible, or inaccessible, for binding to the
recombination activating gene (RAG) protein complex, which binds to the RSSs to start the
recombination (Feeny, 2009; Gopalakrishnan et al., 2013; Krangel, 2003, 2015; Sleckman et
al., 2000; Stanhope-Baker et al., 1996). Two gene segments can only be combined if the
spacers between their RSSs have different lengths. This is due to the 3-dimensional
conformation RAG takes when it binds to the DNA to splice the DNA at the ends of the gene
segments (Figure 1). The 5’ side of the D and J segments have a nonamer-12 bp-heptamer
RSS, while the 3’ side of the V and D segments have a heptamer-23 bp-nonamer RSS (Ma
et al., 2016). This typically binds the D to J and V to D. It is also possible to have VJ
recombination’s in the B-chain without a D segment, but this is rarely seen in humans or
mice, and called the beyond 12/23 restriction (Bassing et al., 2000; Tillman et al., 2003).



Figure 1: Visualisation of the RAG protein complex positioning near a V and D gene segment to initiate V(D)J-
recombination. The RAG protein complex consists of 2 RAG7 and 2 RAG2 proteins. It is guided into position
by the residual signal sequences (RSSs) that directly flank the gene segments. An RSS consists of a
conserved heptamer (H) and nonamer (N) separated by a 12 or 23 bp spacer. The conformation of RAG
restricts which gene segments can be recombined. RAG introduces a double strand break in between the
gene segments and the heptamer of their RSS, triggering a NHEJ reaction.

After RAG cleaves the DNA in between the heptamers of the RSSs and the gene
segments, the two strands at the end of each gene segment form a hairpin (stem-loop)
structure while the ends of the RSS form a blunt end (Helmink & Sleckman, 2012). First, the
D and J gene segments are recombined after which the V gene segment is recombined with
the DJ sequence. NHEJ enzymes, including the protein Artemis, are recruited by DNA
protein kinase to form a protein complex that phosphorylates and activates Artemis. Artemis
then opens the hairpins by nicking the strands with single strand cuts for each gene
segment, so that the 3’ ends can be altered before the segments are joined (Figure 2) (Ma et
al., 2005). If both strands are nicked, this results in the deletion of a few nucleotides.
Alternatively, Artemis can nick only a single strand. Then, the covalent bond of the hairpin
allows the nucleotides of the nicked strand to join the 3’ side of the other strand, resulting in
a short added palindromic sequence (Figure 2, left). The reverse complementary nucleotides
that make up this palindromic sequence are called palindromic (P) nucleotides (Srivastava &
Robins, 2012). Various exonucleases may delete nucleotides, while terminal
deoxynucleotidyl transferase (TdT) may add non-templated (N) nucleotides to the 3’ ends.
After the pairing of the strands, the gaps in the sequence are filled with complementary
nucleotides and ligated to form the new CDR3 sequence.
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Figure 2: Visualisation of the NHEJ reaction between the CDR3 sequences of a D gene segment on the left in
blue, and a J gene segment on the right in red. After RAG cleaves the DNA, a hairpin loop is formed between
the strands at the ends of both gene segments. Here, the D segment is only nicked on one strand by Artemis
creating a palindromic (P) sequence of 3 nt in light blue on the other strand. At the same time, 2 nt are deleted
from the J segment by two single strand cuts. TdT adds non-templated (N) nucleotides to the 3’ of each
segment in white. After the pairing of the strands, the gaps are filled with complementary nucleotides in grey
and the strands are ligated to form the new CDR3 sequence.

Even though TRB sequences usually contain a D segment, prior research provided
evidence that TRB sequences that are relatively abundant in the repertoire are enriched in
sequences without a D segment. These sequences persist over time and were primarily
found at higher levels in neonate samples, suggesting they may be arising from an early
stage in development when TdT is downregulated (De Greef & De Boer, 2021). De Greef
and De Boer argue that due to this downregulation, the lack of N-additions may lead the
exonucleases to delete parts, or the entirety of the D segment during the V(D)J-
recombination process. However, Murugan et al. (2012) showed that probabilities of
deletions and insertions during V(D)J-recombination are independent processes, which
suggests deletions happen before the N-additions by TdT. Since this is only a suggestion,
we here analyse characteristics of high incidence TRB CDR3 sequences to test the
hypothesis put forward by De Greef & De Boer (2021). We analyse repertoire data from
Textor et al. (2023), on TRB CDR3 sequences from CD4* T-cells of TdT knock-out (TdTKO)
mice (n=13) and wild-type (WT) mice (n=10). We extend the algorithm developed by De
Greef & De Boer (2021) to allow us to infer the length of the D segment from the TRB
sequence. We confirm that TRB sequences without a D segment are relatively common in
sequences with a high incidence but reject the hypothesis because we fail to observe a
protective effect of TdT.



Results

Previous work found that ~10% of the abundant TRB sequences have no D segment (De
Greef & De Boer, 2021). These sequences were primarily found in neonate samples. The
combination of these sequences being widespread and more so present in samples of early
development, led them to hypothesize that the downregulation of TdT in early development
is the cause of these shorter sequences. TdT can insert nucleotides in between the gene
segments in the CDR3 sequence, while exonucleases can delete nucleotides. A
downregulation of TdT could therefore cause shorter TRB sequences which are lacking a D
segment due to deletions. Therefore, we searched for differences between TRB CDR3
sequences of TATKO mice and WT mice.

TdTKO TRB sequences are significantly less likely to have N-additions than those of
WT mice and reflect TRB sequences of embryonic mice.

We investigated the difference in percentages of sequences with insertions between the two
groups to validate the data. The level of confidence was represented by the number of reads
for any given sequence. Thresholds were set for 1, 2, 3, 5, 10, 15, 20, 25 and 50 reads, and
for each of these thresholds, all unique sequences with more reads than the threshold were
considered. Using the method described in De Greef & De Boer (2021) we found that as
much as 45% of the sequences with more than five reads still had insertions in TdTKO mice
(Figure s1). This led us to suspect that the method was overestimating the number of N-
additions by assuming all nucleotides that did not match exactly with the V, inferred D, or J
segment sequences were N-additions. We therefore extended the algorithm of De Greef &
De Boer by taking P-additions into account and used that from here on. Figure 3a shows that
TdTKO sequences are far less likely to have insertions than WT sequences. Interestingly,
the percentages of sequences with more than 20 and 50 reads that still had insertions were
16% and 11%, which was more than we had expected. We then analysed nucleotide
sequences generated using OLGA (Sethna et al., 2019), of which we knew the exact V, D,
and J sequences used in the CDR3 sequence, to validate our method. We found that almost
all sequences without N-additions also had no insertions when analysed with the extended
method, leading us to conclude that the insertions found in the data are most likely
sequencing errors and or PCR artifacts.

To test whether these TdTKO sequences are representative of sequences from mice in
early development, we also compared our findings to those found in another study,
comparing TRB sequences from mice of different ages (Sethna et al., 2017). Figure 3b
shows the distribution of the number of N-additions in unique sequences for TATKO and WT,
and is directly comparable to the results found by Sethna et al (2017), comparing the
number of N-additions inferred from out-of-frame thymic TRB sequences across a set of
ages. The similarities are striking, both the D42 post birth and WT group have ~10% of
sequences without insertions, peak at 3 nt with 20-25%, and reduce back to ~10% at 5 nt.
Moreover, the embryonic E17 and TdTKO groups also match almost exactly, having no
insertion in 90% and 75% of all unique sequences respectively. Together, this indicates that
sequences from TdTKO mice do in fact have significant reductions in TdT activity, and that
the TdTKO sequences accurately reflect TdT activity of embryonic sequences.
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Figure 3: (A) Percentage of unigue TRB CDR3 sequences containing insertions, or N-additions, per number of
supporting reads. It shows that sequences in TdTKO mice have insertions significantly less frequently than
sequences of WT mice. (B) Distribution of insertion lengths, that is the number of nucleotides in between the V
and J segments that did not match the D segment and could not be identified as P-additions. The data for the
E17 and D42 graphs were inferred from a figure in another study. For these graphs the y-axis represents the
probability of the insertion length. TATKO average: 0.72, WT average: 3.14.
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Figure 4: (A) Distribution of the inferred D lengths. It shows the percentages of the TRB CDR3 sequences with
a particular inferred length of their D segment. The bars of both TdTKO and WT each sum up to 100%. In the
sequences with no D segment there is a clear overrepresentation of the TdTKO sequences. However, only 2%
of the TdTKO sequences have an inferred D length of 0 nt, while the majority has a D length of 5-8 nt.

TdTKO average: 6.43, WT average: 6.36. (B) Distribution of VJ distances, that is the number of nucleotides in
between the V and J gene segments that do not match the germline sequence of either segment. This
includes a potential D segment as well as N-additions and or P-additions. TdTKO average: 7.16, WT average:
8.30.

The length of the D segment hardly differs between TATKO mice and WT mice.

The analysis of the inferred length of the D segments in the unique TRB sequences revealed
that despite sequences without a D segment being overrepresented in TATKO mice, almost
all sequences still had an inferred D segment. This was 98.02% and 99.88% for TdTKO and
WT respectively. Moreover, the mean D length of TdTKO sequences was longer (6.57 nt)
than that of the WT sequences (6.37 nt). The method used to infer the D segment in the



sequences allows for a single nucleotide to be identified as such. Therefore, we repeated
this analysis requiring D segments of at least three nucleotides. Assuming that many TdTKO
sequences would have a D segment of just a few nucleotides, we expected to see a
significant decrease in the percentage of sequences with an inferred D segment.
Surprisingly, we found that 89.75% of TdTKO sequences and 92.29% of WT sequences had
an inferred D segment of three or more nucleotides, with a mean of 7.02 and 6.75 nt
respectively. Figure 4a shows a distribution of the inferred D lengths for both TdATKO and WT
mice, each with their respective normal distribution. The overrepresentation of sequences
having a D segment length of 0 or 1 nt in TdATKO mice, made it seem as though the TdTKO
distribution was slightly skewed. However, skewedness and kurtosis analyses revealed that
neither distribution was significantly skewed and though the TdTKO distribution was slightly
more platykurtic (-0.52 and -0.45 for TdTKO and WT respectively), this was insignificant.

Additionally, we compared the VJ distance between TdTKO and WT, that is the number of
nucleotides between the last and first nucleotide of the V and J gene segments respectively,
which includes the D segment and any N- or P-additions (Figure 4b). Interestingly, the
distributions are very similar with TdTKO sequences being only 1 nt shorter on average.
Considering that on average TdTKO has almost three nt fewer insertions (Figure 3b), this
suggests that the D segment might in fact be a bit longer in TdTKO mice, although this is not
revealed by the data. We also looked at differences in deletions of V and J segments in
TdTKO and WT sequences as a proxy for D segment deletions (Figure s2). We found
significant differences between the groups; WT mice had more deletions in the V segment,
but TdATKO mice had more deletions in the J segment. Therefore, we could not conclude
either group had more deletions than the other. All together, these results indicate that
sequences from TdTKO mice do not have a significantly shorter D segment compared to
sequences of WT mice.

Abundant TRB sequences frequently lack a D segment.

As we were unable to find compelling evidence that supported our hypothesis, we aimed to
verify the findings of De Greef & De Boer (2021), in this dataset as well. To do so, we
stratified the data for incidence (Figure 5). Here, incidence is the number of mice in which a
sequence was present. We considered sequences identical when they had the same CDR3
nucleotide sequence and V and J gene segments. We define Low incidence as the group of
sequences in one mouse, and High incidence as the group of sequences in the highest two
incidence groups.

Figure 5a shows the percentages of sequences with no inferred D segment per incidence
level for TATKO and WT mice. We found a positive correlation between the incidence and
the percentage of sequences without an inferred D segment. Moreover, 13% of the High
incidence sequences in WT mice do not have an inferred D segment, which agrees with the
findings of De Greef & De Boer (2021). Interestingly, only 7% of sequences present in all
TdTKO mice had no inferred D segment. Figure 5b includes inferred D segments of 1 and 2
nt and has a similar correlation. Again, the results for WT mice are in accordance with the
findings of De Greef & De Boer. However, one would expect that especially in sequences
with a high incidence, the representation of the shorter D segment sequences would be
more apparent in the TdTKO sequences if absence of TdT allowed for shorter D segments.
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Figure 5: Fraction of incidence plots, which is the number of mice a given TRB CDR3 sequence is present in,
in TdATKO and WT mice. The number of TdATKO and WT mice were n=13 and n=10 respectively. (A) The
percentage of sequences per incidence that have no inferred D segment. 13% of WT sequences present in all
mice have no inferred D segment which agrees with the findings of De Greef & De Boer (2021). (B) The
percentage of sequences per incidence that have an inferred D length of less than or equal to 2 nucleotides.
(C) The mean inferred D-length per incidence. Inferred D-length of WT sequences tend to be shorter overall,
but especially at high incidence. (D) The mean insertion length per incidence. There is a strong negative
correlation between insertion length and incidence. Because insertions are unlikely, sequences with many
insertions are rare and will have a low incidence. (E) The mean VJ distance per incidence. At low incidence
WT mice have longer VJ distances, likely due to the added insertions. At high incidence, the inferred D
segment of WT tends to be shorter than that of TdTKO, influencing this plot. (F) Percentage of the number of
sequences per incidence. The vertical axis is log-scaled, the total number of unique sequences for TdATKO and
WT are 247100 and 1380014 respectively. Specifics for the number of sequences per incidence can be found

in Table s1.



To add to this, Figure 5¢ shows the mean inferred D length as a function of the incidence. As
expected, we see a negative correlation between the incidence and mean inferred D length,
yet the mean D length in TdTKO sequences remains higher than that of WT sequences
across all levels of incidence. Figure 5d displays the mean insertion length as a function of
the incidence. Here, we observe that TdTKO sequences that are present in more than one
mouse generally have no insertions, and WT sequences tend to have fewer insertions the
higher the incidence. Figure 5e shows the mean VJ distance per incidence and can be
interpreted as the combined effect of the data shown in figures 5¢ and 5d. At Low incidence,
the insertions by TdT cause the VJ distance of WT sequences to be longer compared to
TdTKO sequences. As the incidence gets higher, the mean VJ distance seems to be
dominated by the mean D length, following the trend in Figure 5c. Finally, Figure 5f shows
the percentage of sequences per incidence on a log scale. Most of the sequences can be
found at Low incidence, and as incidence increases, we see a steady decrease in the
number of sequences with only 889 sequences left in WT mice at High incidence. Specifics
can be found in Table s1.

Though we were able to validate the findings of De Greef & De Boer in the WT
sequences, the results for the TATKO sequences were unexpected, with exception of Figure
5d. We had expected to see that the length of the D segment in TdTKO mice would be
comparable to that of WT mice, if not shorter. Instead, these figures suggest that the WT
sequences are shorter than the TdTKO sequences at High incidence. We suspect that the
generation probability of TdATKO sequences might be disproportionately higher than that of
WT sequences, which could cause sequences to have a higher incidence, however this is
difficult to compare as OLGA has no option for calculating generation probabilities in the
absence of TdT. Therefore, we are unable to accurately estimate generation probabilities for
TdTKO mice. All together, these results provide further evidence that the D segment in
TdTKO sequences is not significantly shorter than those in WT sequences, and we should
therefore consider discarding the hypothesis.

Generation probabilities of WT mice are higher in High incidence as well as D
segment lacking sequences.

We suspected that generation probabilities might influence the incidence, therefore we
calculated the generation probabilities for WT sequences using OLGA (Sethna et al., 2019).
As mentioned above, we were unable to accurately estimate TdTKO generation probabilities
using OLGA. However, Sethna et al. (2017) estimated generation probabilities of sequences
from embryonic E17 mice, and found these generation probabilities to be higher than those
of D42 post birth mice. Because TdT activity from the embryonic sequences reflects that of
TdTKO mice, this data can be used as a proxy. This supports the idea that TATKO
sequences have a higher generation probability than WT sequences and that this could have
increased their incidence.

Figure 6 shows the generation probabilities of WT sequences per incidence and per
length of inferred D segment. In Figure 6a we see a moderate positive correlation between
incidence and generation probability. A spearman rank correlation test showed this to be
0.318. A positive correlation was expected, as sequences with a high generation probability
would be more likely to be made by multiple mice. Figure 6b shows that there is a
substantially higher generation probability for sequences without an inferred D segment. This
was quite unexpected and may be an inaccurate representation of the true generation
probabilities by OLGA for sequences without D segment (Thierry Mora, personal
communication).
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Figure 6: Boxplots showing the generation probabilities of WT sequences as a function of (A) incidence and
(B) D segment length. We observe a moderate correlation between generation probability and incidence.
Sequences lacking a D segment appear to have a substantially higher generation probability. The vertical axis
in Figure B is log-scaled. The number of WT sequences with a specific inferred D segment can be found in
Table s2.

Analysis of VJ segment usage reveals that TRBV1 and TRBV16 make up almost 60%
of V usage in High incidence sequences of WT mice.

Finally, we investigated the V and J gene segment usage of TATKO and WT sequences to
further identify any possible underlying patterns in the data. Figure 7 shows a comparison in
V and J gene segment usage between TdTKO and WT mice, as well as V and J usage of
High and Low incidence sequences in WT mice. Because RTCR can only identify functional
VJ gene segments, only those segments are shown in this analysis.

Usage of gene segments for V (Figure 7a) and J (Figure 7b) was calculated per mouse,
indicated by the blue (TdTKO) and orange (WT) dots, as well as the corresponding 95%
confidence intervals and means. Notably, the total usage of the gene segments is
significantly different between TdTKO and WT mice for over half of both V and J segments.
This suggests that TdT influences the segment usage during V(D)J-recombination.
Furthermore, we looked at differences in VJ usage between High and Low incidence
sequences in WT mice. We found a staggering difference in usage for TRBV1 and TRBV16,
making up almost 60% of V segment usage in High incidence sequences combined (Figure
7c¢). Further analysis of these two segments indicates that segment usage is positively
correlated with incidence (Figure s3). For the J segment usage, the biggest differences were
in TRBJ1-1 and TRBJ2-1 (Figure 7d). Here, the usage of TRBJ1-1 was almost doubled in
High incidence sequences, while TRBJ2-1 was halved, compared to Low incidence
sequences. We also compared V and J gene segment usage of WT sequences with and
without inferred D segment (Figure s4). The J gene segment usage suggested that the first
cluster of J gene segments was used more often in sequences without an inferred D
segment. Taken together, these results indicate that gene segment usage changes at some
point during development.
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Figure 7: Usage of functional (A) V and (B) J gene segments in TdTKO and WT sequences. Each of the dots
represents one mouse, 95% confidence ranges are shown in black with the green lines representing the mean
usage of that segment of all mice in their respective group. There are clear differences in the usage of some
segments between the two groups. Only functional V and J gene segments are shown in these plots, because
the segments were identified using RTCR, which only considers the functional VDJ gene segments. (C) Usage
of V segments in High and Low incidence WT sequences. While Low incidence V usage is spread out, High
incidence V usage is dominated by TRBV1 and TRBV16. (D) Usage of J segments in High and Low incidence
WT sequences. Low incidence J usage is comparable to the general WT J usage as it makes up the majority
of all WT sequences. High incidence J usage is substantially higher in TRBJ1-1 compared to Low incidence.



Discussion

We analysed TRB sequencing data from CD4* T-cell repertoires of TATKO and WT mice to
test the hypothesis that the absence of TdT may lead to TRB sequences that lack the D
segment due to deletions. We found that TdTKO sequences accurately reflect TdT activity of
embryonic sequences but could not find any evidence that supports the hypothesis, and
therefore we discard the hypothesis. We then confirmed that 13% of high incidence
sequences found in all WT mice lack a D segment. These observations suggest that there is
a different process than TdT mediated N-additions and deletions by exonucleases that is
causing these abundant and short sequences that lack the D segment.

The incidence data showed that, on average, high incidence WT sequences lack a D
segment more frequently than TdTKO sequences of the same incidence, and that their
average D segment length is also shorter than that of TdATKO sequences. This may be
explained by higher generation probabilities of TATKO sequences. We could not directly
estimate generation probabilities of TATKO sequences because OLGA has no option for
calculating generation probabilities for sequences without N-additions. However, Sethna et
al. (2017) estimated generation probabilities for embryonic sequences, whose TdT activity
reflects that of TATKO sequences allowing us to use them as a proxy. Sethna et al. found a
significant difference in repertoire diversity that was almost entirely due to the change in TdT
activity, with embryonic sequences having a higher generation probability than post birth
sequences. The difference in generation probability could have caused TdTKO sequences,
which would otherwise have a lower generation probability due to insertions, to now be more
frequent. Moreover, we show that generation probability and incidence is correlated in WT
sequences. Altogether, this could cause the TdTKO data to be shifted in the plots, hence
why it seems as though TdTKO sequences have longer D segments and lack a D segment
less often. The high estimated generation probabilities of sequences without inferred D
segment may also be inaccurate. Generation probabilities estimated by OLGA are most
heavily influenced by TdT mediated N-additions, with less insertions being more likely. Due
to the method used to infer D segment usage, sequences without an inferred D segment by
definition have no insertions. This may have caused OLGA to estimate a disproportionately
high generation probability for sequences without an inferred D segment, as sequences
without TdT additions are relatively likely.

The analysis of the V and J gene segments used in the sequences showed that the usage
of segments differed significantly between TdTKO and WT sequences. We can only
speculate on why this is, but this could indicate that N-additions by TdT influence the
tolerance induction during thymic selection of sequences having certain gene segments. The
selection for the least self-reactive sequences would then explain the difference in VJ
segment usage, as different V and J segments would be more self-reactive in sequences
with N-additions than in sequences without N-additions. The number of deleted nucleotides
in V and J segments shown in Figure s2 could also play a role in this, as we also observe
significant differences in them between TdTKO and WT sequences.

We did not find evidence suggesting that the sequences that lack a D segment do so due
to deletions. An alternative hypothesis is that in those sequences the D segment was
skipped. Figure s4 shows the V and J segment usage for sequences that lack a D segment
compared to those that do not. The J segment usage seems to suggest that sequences that
lack a D segment are more often recombined with a J segment from the TRBJ1 cluster. We
speculate that sequences with a J segment from the TRBJ1 cluster are more likely to skip
the D segment.



What exactly is causing the sequence characteristics we observe at high incidence
remains unclear. If these sequences are indeed created in early development, we should
see more of these characteristics in embryonic sequences, but so far consistent evidence is
still lacking. We saw an increase in the number of High incidence sequences in the TATKO
group that was likely due to the higher generation probability of having no N-additions and
they did not show the same sequence characteristics as the High incidence sequences from
WT mice. However, given the correlation of generation probability and incidence in WT
sequences, we can assume that the High incidence sequences usually have a high
generation probability. The simplest explanation would be that this high generation
probability is the sole reason for the High incidence sequences being so widespread, and
that any correlations we observe are due to coincidence. On the other hand, a more
appealing hypothesis would be that the high incidence sequences are short and give rise to
potentially more cross-reactive TCRs, with the short length making them have a higher
generation probability. We can only speculate as to when and why these sequences are
made, but further research with a sizable dataset of embryonic and wild-type TRB
sequences from multiple mice could potentially provide an answer as to whether the High
incidence sequences we observe are indeed produced in early development or not.



Materials & methods
TdTKO and WT sequence data

We acquired TRB CDR3 sequence data from Textor et al. (2023) of CD4* T-cells from TdT
knock-out (n=13) and wild-type (n=10) C57BL/6A mice. These datasets were pre-processed
and contained for each sequence an identifier for the mouse, the phenotype (CD4" or other),
the read count, the Phred score, the nucleotide and amino acid sequences, and the V and J
gene segments that were used in the sequence together with their stop and start positions in
the sequence respectively. The V and J segments were identified using RTCR with default
settings. The data files can be found in the GEO database under the accession code
GSE?221703. Specific sample identifiers can be found in Table 1.

Table 1: Sample identifiers for the processed data files that were used.
Phenotype Sample identifiers
TdTKO GSM6893351
GSM6893356
GSM6893359
GSM6893360
GSM6893362
WT GSM6893365
GSM6893366
GSM6893367
GSM6893369
GSM6893370

Inferring the D segment of CDR3 nucleotide sequences

The processing of these data files was done using in-house python scripts that will be
available on GitHub (https://github.com/GabevandenHoeven/TdTKO_mice/tree/master). We
filtered the data for CD4* sequences that had more than 1 read and were shorter than 64 nt.
We extended the method by De Greef & De Boer (2021) for inferring the D segment length.
For each sequence, the sequence was matched to the reference CDR3 sequence of the V
and J segments identified by RTCR until there was no exact match. The remaining
sequence was subsequently searched for the longest exact match to either of the D gene
segments. In the extended method every possibility of D segment length was tested where
the sequences left and right of the potential D segment were searched for P-nucleotides.
The sum of the length of the potential D segment and the maximum number of P-nucleotides
for that match is then taken as a score, of which the highest is considered to be the best
match. In cases where there were multiple matches with the highest score, the match with
the longest D segment was chosen as the best match. Any nucleotides that could not be
identified as a part of the D segment or P-nucleotides were considered to be N-additions by
TdT. This method minimises the number of insertions and prefers longer D segments as to
cause minimal bias.



Statistical calculations, plotting of results and generated sequences

All processing of the sequence data for calculations was done using in-house Python scripts.
The SciPy and NumPy packages were used in some statistical calculations and Matplotlib
pyplot was used to plot the figures. Generation probabilities were calculated using OLGA
(Sethna et al., 2019). In silico sequences, that were generated to validate the extended
method of inferring D segment length, were also made using OLGA. Generated sequences
without N-additions required an adaption in the source code of OLGA in the file
“sequence_generation.py”. The edited version of this file, which included a copy of the
function that creates the sequence but left out the N-additions, is also available on GitHub
(https://github.com/GabevandenHoeven/TdTKO_mice/tree/master).
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Figure s1: Percentage of unique TRB CDR3 sequences containing
insertions, or N-additions, per threshold of number of supporting reads
using the method of inferring D segment length described by De Greef &
De Boer (2021). This method is overestimating the number of insertions.
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Figure s2: Percentage of sequences that have a specific number of deletions in the (A) V gene segment and
(B) J gene segment for TdATKO and WT mice. There are significant differences between the two groups for <7
deleted nt in V gene segments, and <10 deleted nt in J gene segments, but from these plots it cannot be
concluded that TdTKO sequences or WT sequences have more deletions than the other.



Table s1: Number of sequences per incidence for TATKO and WT.

Number of mice

TdTKO sequences

WT sequences

1 146,484 1,246,356
2 37,303 89,089

3 18,547 24,230

4 11,275 9,814

5 7,751 4,758

6 5,642 2,496

7 4,306 1,498

8 3,358 884

9 2,681 512

10 2,401 377

11 2,136 NA

12 1,984 NA

13 3,232 NA

Total 247,100 1,380,014

Table s2: Number of WT sequences per inferred D segment length.

Length of inferred D segment | Number of sequences
(nt)

0 1,648

1 22,317
2 82,498
3 121,565
4 139,589
5 177,987
6 204,443
7 183,219
8 133,874
9 115,422
10 89,358
11 54,543
12 35,746
13 10,798
14 7,007
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Figure s3: Percentage of gene segment usage per incidence for (A) TRBV1 and (B) TRBV16. We observe a
positive correlation between segment usage and incidence for both TRBV1 and TRBV16.

V Usage in WT sequences with and without D segment J Usage in WT sequences with and without D segment
= Inferred D segment = 0 = Inferred D segment = 0
Inferred D segment > 0 Inferred D segment > 0
12 17.5
15.0
10
1251
8
g g
S 2 10.0
g g
8 3
3 3
6
754
4
5.0 9
2
‘ ‘ ‘ 2.5
0 T T T T T T T T I| T 0.0 T T
S anIa2c2s8Q03 88288838 o) Iy a2 A 9 by by o 3 &L Iy
A a8y ansss5s58>22>>53 2233 B = = =8 =8 o & [R] & & &
299 T BBBRBEDDEDBEBDDE E ) @ @ @ @ @ ) o) o) @ )
FzZ2zsasgecceckrFegaedeeflfegad BE & & 4 4 @ 4 @ 4 2 & &
A e FEFFEF (== S [ = = = = = F F S [
FFERFFEF Jsegments

V segments

Figure s4: (A) V and (B) J gene segment usage in WT sequences with and without an inferred D segment.
The number of unique sequences without an inferred D segment was 1,648. The number of unique sequences
with an inferred D segment was 1,378,366. Figure B suggests that the first cluster of J segments (TRBJ1-1 to
TRBJ1-5) is used more often in sequences without an inferred D segment.



Do Tregs have shorter TRB CDR3 sequences than naive T-cells and
what are their respective generation probabilities?

In this research project we tried to emulate TRB CDR3 sequences produced in early
development using TATKO mice and compared them to sequences from WT mice. We found
that there was a difference in VJ segment usage between these two groups and speculated
that the lack of n-additions by TdT might drive sequences towards a different segment usage
due to the selection for non-self-reactivity. TCRs that have hydrophilic, or “sticky” amino
acids are more likely to be self-reactive, because they bind more easily to a peptide. Data
from prior research has indicated that TCRs with sticky amino acids are enriched in Trq cells
(Lagattuta et al., 2022), and a different study found that the TRA CDR3 amino acid
sequences of TCRs with a fixed B-chain from CD4 Tg cells had a higher generation
probability than those of conventional CD4 T-cells (De Greef et al., 2024). We wondered if
TRB CDR3 sequences from CD4 Tq cells also have higher generation probabilities than
conventional naive CD4 T-cells, and if there are differences in CDR3 sequence length.

To address these questions, we compared TRB CDR3 sequence length and generation
probabilities of CD4 T.eqg and CD4 naive T-cells from humans (Gomez-Tourino et al., 2018).
The data was retrieved from the ImmuneACCESS database using the immunoSEQ
Analyzer. For both the T.eg and naive sequences, only the eight healthy control samples
HD1-HD8 were used in this analysis. Only in-frame CDR3 sequences were used. The
generation probabilities were calculated using OLGA (Sethna et al., 2019) using the
nucleotide sequence and default settings with no masks. The python scripts that were used
to process the files and analyse the data can be found on GitHub
(https://github.com/GabevandenHoeven/TdTKO_mice/tree/master).

Figure S2-1 shows the amino acid and nucleotide generation probabilities as a frequency
distribution and per incidence. In Figure S2-1A and S2-1B, the distributions of the log
generation probabilities of Treg and naive cells are almost identical for both the amino acid
and the nucleotide sequences. Naturally, the generation probabilities for amino acid are
higher than those of the nucleotide sequence because of codon degeneracy, by having
multiple codons for the same amino acid, different nucleotide sequences translate into the
same amino acid sequence. Remarkably, the generation probabilities for amino acid
sequences and nucleotide sequences differ substantially between Ty and naive T-cells
when stratified for incidence (Figures S2-1C and S2-1D). Here, the amino acid generation
probabilities of Treg cells tend to be higher than those of the naive cells, with the difference
increasing with incidence. Conversely, the nucleotide generation probabilities of Tregs tend to
be lower than those of naive cells.

This result is quite puzzling. We can only speculate as for why this is, but an explanation
could be that Tegs have more substitutions or insertions and deletions into codons that would
produce the same amino acid sequences when compared to naive T-cells. In this way, the
nucleotide sequences of Trgs Would get a lower generation probability while that of the
corresponding amino acid sequence would stay the same. We also compared the nucleotide
sequence CDR3 length of Tegand naive T-cells (Figure S2-2). We found that, in general,
there is no difference in CDR3 length between T.eg and naive T-cells.

This analysis raises many new questions. For example, is there a difference in CDR3
length when stratifying for incidence and which amino acids are preferentially used in the
naive and Tq repertoire. These questions, fall outside the scope of this project and could be
answered in a more in-depth analysis.



Distribution of Amino Acid Generation Probabilities

Tregs
—— Naive
0.20 4
0.15
>
3
c
i
3
% 0.10
go.
0.05 1
0.00 4
-30 -25 —20 -15 -10 -5
A aa Pgen
Amino Acid Generation Probabilities per Incidence
1071 E[—jé i é ﬁ é
10—9 4
c
[T
E -11
T 107114
b
10713 4
[ Tregs
EE Naive
107151 —-- Mean
1 Median
L |
1 2 4 5 7 8
C Incidence

D

nt Pgen

Frequency

Distribution of Nucleotide Generation Probabilities

Tregs
—— Naive

e
=
o

e
=
IS

o
=
~

e

=

=]
L

e
o
©

e

o

o
L

o
=3
E

o
o
~

o
o
=1

T
-30

T
=25

T
=20

T
-15
nt Pgen

Nucleotide Generation Probabilities per Incidence

10-7

10-2 |

107114

10-13 4

10-15 4

10-17 4

10-12

PE-

&

T T T
4 5 6
Incidence

Figure S2-1: Generation probabilities of amino acid and nucleotide sequences from Treg and conventional

naive CD4* T-cells as a frequency distribution and per incidence. Here, incidence is the number of samples a
sequence was found in. We only use unique sequences, and the sequences were considered identical when
their nucleotide sequence was the same. The frequencies in the generation probability distributions add up to

1 for both Treg and naive.

Table S2-1: Fraction of sequences at each level of incidence.

Incidence 1 2 3 4 5 6 7 8
Treg 0,897 0,078 0,013 0,005 0,002 0,001 0,0008 | 0,0005
Naive 0,882 0,075 0,020 0,009 0,005 0,003 0,002 0,001
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Figure S2-2: Distribution of TRB CDR3 nucleotide sequence lengths of
CD4 Treg and CD4 naive T-cells. There are no significant differences.
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