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The adaptive component of the immune
system, also known as the acquired immunity,
in humans is composed of a highly specialized
and highly diverse populations of Band T
lymphocytes poised to recognize and eliminate
invading pathogens or other sources of
unknown antigens.

To prime and activate the T cell mediated adaptive
component of the immune response, antigens are to be
displayed on the surface of infected, mutated, or antigen
presenting cells. To ensure the efficient recognition, antigen
derived peptides are presented in a form bound to human
leukocyte antigen (HLA) complex. Once exposed in this
way, T cells can engage antigens via its own membrane
bound T cell receptors or TCRs. To ensure detection

of a large variety of antigens, originating from invading
pathogens as well as the abnormal ones originating from
the host, there is an estimated 10'° to 10" unique TCRs
rearrangements in humans'?. This broad TCR diversity

is known as T-cell repertoire.

Next-generation sequencing (NGS) technology enables
us to detect these T cell clones, measure and utilize
parameters such as the diversity and richness and
provide much needed answers in the field of oncology,
immuno-oncology, cell and gene therapy, and vaccine
development. The power of NGS to decode the immune
repertoire is used for preclinical, clinical and diagnostic
purposes, development of new therapeutics, evaluation
of current immune status and monitoring therapy effect.
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How is a TCR diversity created?

AT cell receptor (TCR) is a cell surface protein, anchored
in the membrane of the T lymphocyte and responsible for
the recogition of the specific antigens presented by the
HLA complex. Every T cell receptor clone has a unique
combination of alpha/beta heterodimer polypeptide chains
that contribute to the overall diveristy and enable high
selectivity in binding to a specific antigen.

The Diversity of TCRs arise from the process
called somatic or V(D)J recombination.

Somatic recombination is a type of genetic rearrangement
that alters original DNA information. In case of the

T cell receptor, such rearrangement takes place between
variable (V), diversity (D) and joining (J) gene segments
prior to transcription (Figure 1). The insertion or deletion of
nucleotides at the junction points of these rearranged V(D)
J gene segments generates even greater diversity of the
TCR repertoire.

Each polypeptide chain of a TCR alpha/beta heterodimer
is composed of two extracellular domains: a variable (V)
and a constant (C) domain, as well as a transmembrane
domain and a short cytoplasmic tail. About 95% of T-cells
have TCRs with an alpha and beta chain. The remaining 5%
have TCRs composed of delta and gamma chains. Human
TCRs undergo somatic recombination within the variable
domain of three gene segments of the beta chain (V, D, J)
and two gene segments of alpha chain (V, J). Each variable
domain of both the TCR-alpha and TCR-beta consist of
three complementary-determining regions (CDRs) that
recognize and bind to the antigen/HLA complex.

Depending on the scientific question and
the quality of the examined sample it is
possible to obtain two types of NGS reads,
short or long reads.

Short reads of a sequence relate to sequences within the
CDR3 domain, and can be used when lacking high quality
material, for example, to inspect tumor heterogeneity in
formalin fixed paraffin embedded (FFPE) material. Long
reads enable the decoding of an entire T cell receptor
sequence but can be used only when high quality material
is available and for example, to examine effectiveness of
an immunotherapy (Figure 1).

cerbaresearch.com 2

~107¢ potentioal
receptors

v D J c
lI I' ! ' u\' ' ' . g.\ Effectiveness of

) \ﬂ | the immunotherapy
(clonality & diversity)

Adverse effect of
the immunotherapy

(EEmEmEES
Tumor Infiltrating

(IEmEEEES
(tumr heterogeneity)

CDR1 CDR2 CDR3

Leader FR1 FR2 FR3 Constant
CAR-T, TCR-T

CDR1  CDR2 CDR3

Variable (V) Diversity (0)  Joining (J)

Long read Short read J

Figure 1: Gene rearrangement in T cell receptor, type of reads,
and downstream applications
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Cerba Research: One-stop shop

Cerba Research powers up with its partner
ENPICOM to provide tailored, End to End
solutions to its customers in decoding
immune repertoires (Figure 2).
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Figure 2: Schematic overview of the End-to-End workflow at
Cerba Research

Cerba Research utilizes the Takara SMARTer BCR Profiling
Kit that couples SMART (Switching Mechanism at 5" End
of RNA Template) technology with an 5° RACE approach
(Appendix, Figure 10), for unbiased amplification of BCR
repertoire sequences. The repertoires are sequenced on
Cerba Research's lllumina platforms and analyzed using
the IGX platform developed by our partner ENPICOM.
Cerba Research will also support the development of
tailor-made novel cellular and molecular assays,
accompanied by advanced bioinformatic analysis.
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TCR alpha/beta chain analysis: an example

Several factors can affect quality of the TCR repertoire
profiling. Due to the immense diversity of T cell clones

in the peripheral blood, the recovered repertoire can

vary to a significant degree even when taken from the
same sample. The purpose of the following TCR profiling
experiment example is to assess the effect of different
sampling points (e.g. biological and technical replicates)
on the similarity of the obtained repertoire profiles. For this
demonstration, RNA material was isolated from human
peripheral blood mononuclear cells (PBMCs), and aliquots
were made to mimic biological and technical replicates.

Following this, RNA quality assessment was performed
(Figure 3). To address the question, a standard input
amount of 140 ng of RNA was used. To assess quantity
and ensure quality of the isolated material, each sample
was examined using the RiboGreen assay and Bioanalyzer.
RNA samples with a RNA integrity number (RIN) value

of 7 or higher are considered of a sufficient quality to
proceed with unbiased amplification of the TCR repertoire.
As shown in figure 3 all PBMC samples are of good

RNA quality and have sufficient RNA yield for

downstream processing.
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PBMC1 PBMC2 PBMC3
Sample Input PBMC's (cells) Concentration (ng/ul)
PBMC_1 LI303-013 2.000.000 17,61
PBMC_2 LI303-013 2.000.000 26,92
PBMC_3 LI303-013 2.000.000 31,37

Figure 3: All samples in the experiment had higher than required quality of
RNA material reflected in the RIN value higher than 7.
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TCR profiling - the analysis

Once sequencing of your samples has been performed,
decoding the TCR repertoire profile data is not a
straightforward process and requires knowledge and
practical expertise in several different disciplines including
immunology, molecular biology, and bioinformatics.

The Cerba Research/ENPICOM team harbors
the excellence in all relevant areas to provide

our customers with accurate and understandable
immune repertoire sequencing data. This can

be either in a standard analysis format or tailored
to address specific customer questions.

At Cerba Research we report the TCR repertoire in a
standard data analysis format. Our standard data analysis
is comprised of 10 parameters and includes:

Raw/trimmed sequencing data quality

Number of reads per UMI

Total/unique clones

Correlation analysis

CDRS3 length

Richness

Diversity

V(D)J usage (top clones)

AA sequence (top clones)

Clonal distribution

N \_

Some of these standard reporting elements that are
illustrating the immense diversity of TCRs are described
more in detail below using the human PBMC sample as
an example.

cerbaresearch.com 4

Number of reads per UMI & CDR3 length as
a quality check

To increase the amount of available cDNA molecules
needed for a successful repertoire profile sequencing run,
the library preparation process includes a PCR amplification
step. This amplification can preferentially multiply some
cDNA molecules over others and introduce amplification
bias toward a certain clone otherwise not overwhelmingly
present in the sample. Additionally, PCR can stochastically
introduce errors and propagate them further throughout the
library preparation process and sequencing run. To avoid
this, our workflow introduces unigue molecular identifiers
(UMIs) at an early stage of

the process.

Unique molecular identifiers (UMIs) are random
oligonucleotide barcodes added in early during the
reverse transcription step. In this way, every unique,
newly synthesized cDNA molecule is UMI-labeled and
every cDNA-UMI represents a unique transcript.

UMI labeling strategy in combination with next
generation sequencing (NGS) yields multiple
reads of transcript per UMI. This ensures that
every transcript can be corrected for amplification
and sequencing errors.

Conclusion: In our experimental example we observed

that the number of reads per UMI in all samples (with

the input of 9 samples) averages around 10 (Figure 4).

This is an optimal number of reads. As expected, all
technical replicates have similar number of reads per UMI
with a slight deviation of one technical replicate (PBMC1-1).
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Reads per UMI
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Figure 4: TCR; average number of reads per UMI.
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As mentioned above, alpha-beta chains composed T-cell
receptors can engage only antigens presented by the HLA
complex. Affinity of TCR for the HLA-antigen complex
depends greatly on the structure and sequence of the
complementary determining regions (CDRs). The immune
receptor complementarity determining region-3 (CDR3)

is a domain that determines specificity of T-cell receptors
for the respective antigen. The length of an average CDR3
domain varies between 4 and 22 amino acids®. Therefore,
a lot of information about T cell clones can be obtained by
decoding the CDR3 sequence.

In the field of immuno-oncology, the CDR3
sequence can be used to assess tumor
mutational burden (TMB).

Therefore, it can have a prognostic value. By providing
insights into sequence of this region, we can better
understand the nature of its interaction with its antigen
and by that potentiate the prospects for successful
development of tumor-infiltrating lymphocyte (TIL)-based
therapies and other immunotherapies. Due to the varying
length of the region, within the determined range, it can
be used as a quality check parameter too. To assess the
length of the recovered CDR3 domain, a spectratype plot
is made (Figure 5).
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Figure 5: T cell receptor beta spectratype, CDR3 length distribution is
equal in all three biological samples.

Conclusion: Average length of the CDR3 domain varies
between 8 and 21 amino acids and in all three biological
samples analyzed in this example it is within the
expected range.
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Number of total and unigue clones detected

The estimated number of different T cell receptors

that can be obtained through VDJ recombination ranges
between 10" and 10" possible combinations'.

Taking into consideration this enormous potential for
biological diversity in the TCR repertoire, it is important

to know whether different spatio-temporal sampling points
can have the effect on size and the diversity of the
recovered repertoire.

For this experiment, an equal amount of RNA material
(140 ng) was used to evaluate sampling effect on the
obtained TCR profile. Using three technical replicates

per sample, it was expected that similar number of both,
total and unigue clones, would be recovered with a similar
ratio between two.
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Figure 6: T cell receptor alpha and beta chains recovered in nine replicates
using a standard RNA input (140 ng). The full bar represents the absolute
number of TCR receptors recovered, the darker shaded part represents
the number of unique TCR receptors per replicate.

Conclusion: The total number of recovered receptors,
although similar, shows a degree of variability, particularly
regarding the first technical replicate of the first sample
(Figure 6). This is the same sample that had noticeably a
higher average number of reads per UMI. Consequently,
this might result in the observed decrease in the number
of total and unigue clones. However, the number of unique
recovered receptors is highly similar between replicates

in all other samples, for both the alpha and beta chains.

A significantly larger number of recovered beta chains,
both total and unique, reproduces an expected higher
biological diversity of this chain. In conclusion, we observe
a highly similar number of recovered clones with slight
variations which can be ascribed to the vast diversity poll
of the TCR receptors in a PBMC sample.
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Similarity between technical replicates

Evaluation of similarity between technical replicates
is performed by calculating the Jaccard Similarity
Coefficient. The similarity of both alpha and beta
chains was compared between samples (Figure 7).
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Diversity & richness

In theory, samples with one or more dominant clones
will have lower diversity and higher clonality than a sample
where no dominant clones are detected.

Parameters such as diversity and richness
are of pivotal importance in the field of
immuno-oncology as it is noted that certain
treatments can affect them significantly.

For example, they can be effectively utilized as a metric

of the patient response to immune check point therapy
(ICT). Here, we aim to demonstrate the effect of sampling
on the similarity of the obtained richness and diversity
profiles. Using three technical replicates per sample, similar
profile of these parameters is expected between technical
replicates. To assess diversity and richness between
biological and technical replicates, we plotted the number
of unique clones recovered (Figure 8).
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Figure 7: T cell receptor alpha and beta chain similarity plots:
Samples are plotted against each other, and the Jaccard Similarity
Coefficient was calculated.

Conclusion: A high degree of similarity is noticeable between all
samples, although it is slightly higher in the sequenced TCR beta
chain pool compared to the TCR alpha chain pool. This can be
explained by the higher biological diversity leading subsequently
to the larger number of reads of this chain over the alpha.

When comparing individual samples, a slightly lowered similarity

coefficient is noticeable when plotting the first technical replicate
of the first sample against any other. This can be attributed to the
lower number of recovered receptors in this sample (Figure 6).
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Figure 8: T cell receptor alpha and beta chain diversity and richness plots.
Reproducible recovery is observed in all samples.

Conclusion: Recovered diversity and richness reflected
in the number of observed clones is comparable
between biological samples and highly similar between
technical replicates.
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Top 20 T-cell clones, CDR3 amino acid sequence

Analysis of the top 20 clones is performed to examine
the clonal distribution within the samples, depth of

the reads per clone, and the similarity in the number

of reads between technical replicates. The top twenty
most abundant clones, according to their CDR3 domain
(amino acid sequence), were chosen for the graphical
representation of the results.

Number of reads per clone

Clones

Figure 9: Top 20 clones (CDR3 region). Same top clones are recovered
from all nine replicates.

Conclusion: A high overlap among most abundant clones
is observed between technical replicates. The number of
reads for each of the top twenty recovered clones is highly
similar between technical replicates (Appendix - Table 1).
The same dominant clones are recovered from the first
technical replicate of the first sample, regardless of the
lower number of reads previously observed.
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Conclusion

In this white paper we present the TCR
sequencing workflow utilized at Cerba Research
and discuss its features and benefits.

Experimental setup of the presented case demonstrates
our standard TCR repertoire sequencing workflow,
expected quality of the generated data, and accuracy

of our data analysis and interpretation.

Take home messages:

Parameters to be considered as an internal quality
check such as reads per UMI or CDR3 length are
reproducible and highly similar between both
biological and technical replicates.

The number of both total and unique reads is
comparable between replicates.

Using the Jaccard Similarity Coefficient, a high
similarity is confirmed among all technical
replicates.

Obtained diversity and richness is highly similar
within replicates of interest.

/

Same top clones are detected in all the samples
and the number of reads per every clone is
comparable between technical replicates. /

Cerba Research's end-to-end repertoire sequencing service
provides reproducible high quality TCR profiling data.

The RNA input range and spike-in controls for an optimal
recovery of the unigue clones, diversity and richness is
under investigation and will be finalized soon.

If you want to know more about our BCR
repertoire profiling services, check out the
white paper: Decoding a B cell fingerprint
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Appendix

Technology in use

The Takara Human TCR Profiling kit utilizes

SMART technology (Switching Mechanism at

5" End of RNA Template) by combining NGS with a
5 RACE system for rapid amplification (Figure 10).

In this approach, first strand cDNA synthesis starts from

the 3' RNA poly A tail which is dT-primed. During this step
template switching reverse transcription reaction generates
cDNAs with a sequence introduced by a template
switching oligo attached to the 3' end of the cDNA (5' end
of the transcript). Following this step, the first strand cDNA
undergoes an enrichment process in which two rounds of
gene-specific PCR amplifications are performed by using
semi-nested PCR. The nested PCR reduces variability and

allows for priming from the constant region of alpha and
beta chains. This method generates highly sensitive and

reproducible T-cell repertoire profiling and allow to capture

complete V(D)J variable regions of TCR transcripts.

Clonal distribution & the number of reads per clone
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83 171 211 191 136 145 150
55 112 182 151 130 173 208
41 82 120 104 97 122 159
97 165 229 225 235 241 253
33 86 122 114 129 122 176
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Table 1: Clonal distribution & the number of reads per clone.
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Top 10 clones re stratified based on sample PBMC-5--1*
NA — Particular clone in respective dilution was not in its own top ten*
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About Cerba Research

At Cerba Research, we see a time where
everyone, on our planet, will live a healthier
life. Everyone in the Cerba Research family,
individually and collectively, is dedicated to the
advancement of clinical research and plays a
vital role in building this future.

For over 40 years...

Cerba Research has been setting the industry standard
for exemplary clinical trial conduct. Today, across five
continents, with a focus on precision medicine, we are
changing the paradigm of the central lab’s role in complex
clinical research.

From protocol inception through development and to
market, our passionate experts deliver the highest quality
specialized and personalized laboratory and diagnostic
solutions. Partner with us for the most efficient strategy to
actualize your biotechnology and pharmaceutical products
sooner and improve the lives of patients worldwide.
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