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Summary

T cell receptor repertoire sequencing (TCRseq) has be-
come one of the major omic tools to study the immune
system in health and disease. Multiple commercial solu-
tions are currently available, greatly facilitating the imple-
mentation of this complex method into translational stud-
ies. However, the flexibility of these methods to react to
suboptimal sample material is still limited. In a clinical re-
search context, limited sample availability and/or unbal-
anced sample material can negatively impact the feasibil-
ity and quality of such analyses. We sequenced the T cell
receptor repertoires of three healthy controls and four pa-
tients with GATA2 deficiency using a commercially avail-
able TCRseq kit and thereby (1) assessed the impact of
suboptimal sample quality and (2) implemented a subsam-
pling strategy to react to biased sample input quantity.
Applying these strategies, we did not find significant dif-
ferences in the global T cell receptor repertoire character-
istics such as V and J gene usage, CDR3 junction length
and repertoire diversity of GATA2-deficient patients com-
pared with healthy control samples. Our results prove the
adaptability of this TCRseq protocol to the analysis of un-
balanced sample material and provide encouraging evi-
dence for use of this method in future studies despite sub-
optimal patient samples.

ABBREVIATIONS

CDR3 complementarity-determining region 3
PBMCs peripheral blood mononuclear cells
PCA principal component analysis

PCR polymerase chain reaction

TCR T cell receptor

TCRseq T cell receptor repertoire sequencing
TRA T cell receptor alpha

TRB T cell receptor beta

Introduction

It is the immense diversity in T-cell receptors (TCRs) that
allows T cells to recognise a plethora of different antigens
[1]. This diversity is generated during somatic rearrange-
ments of various V, D and J genes during a process called
V(D)J recombination and is further increased by addition
or deletion of random nucleotides at the recombinational
junctions [2]. The totality of an individual’s T cell recep-
tors is referred to as the TCR repertoire. As this can be a
highly dynamic reflection of an individual’s immune sta-
tus and history, in recent years TCR repertoire analysis
by high-throughput sequencing has become a valuable tool
in assessing the immune system in health and disease.
Methodological advancements, optimisation of sequence
library preparation protocols and development of powerful
bioinformatic analysis tools have led to an increasing num-
ber of seminal studies relying on technologies dissecting
the molecular composition of circulating B and T cells.
Especially in a clinical context, TCRseq has been used
to study immune responses during infection [3], autoim-
mune disease [4] and cancer [5], and other studies have
analysed the effects of interventions such as vaccination
[6] or immunotherapy [7]. Recognising the enormous po-
tential of TCRseq methods, several commercial solutions
are now available that allow faster and easier implemen-
tation in a clinical setting (benchmarked in [8]). Different
commercial solutions use individual preparation protocols,
each with certain advantages and limitations, making it
crucial to choose a suitable protocol for any given research
question. Additional difficulties can arise in the clinical re-
search setting due to heterogeneous sample quantity and
quality or diverging sample pre-processing when using
rare or biobanked patient material. When sampling cannot
be performed systematically, for example in particularly
vulnerable patients or in a setup without a central sampling
strategy, uniform sample quantity can become unachiev-
able. Varying input material has a major impact on T cell
receptor repertoire characteristics, particularly on reper-
toire diversity measures [8].
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Table 1:

We have implemented a TCRseq protocol based on the
commercially available Takara SMARTer Human TCR a/
b Profiling Kit (v2) and describe efforts to deal with un-
balanced sample material. We included peripheral blood
samples of three healthy controls and four patients with
confirmed GATA?2 deficiency. GATA2 deficiency is a rare
inborn error of immunity caused by monoallelic mutations
in GATA?2 and is characterised by immunodeficiency with
susceptibility to infection, risk of myelodysplasia, and
lymphatic or vascular complications [9, 10]. Numbers of
circulating monocytes, natural killer cells, dendritic cells
and B cells are profoundly reduced in GATA2 deficiency,
whereas total T cell numbers are not significantly affected
[11]. Within the T cell compartment of GATA2 patients,
there is an increasingly cytotoxic phenotype, leading to an
inverted CD4:CD8 ratio, and a shift from naive to terminal
effector CD8 cells [12]. Whether these changes are reflect-
ed in the T cell receptor repertoires has not been studied
yet.

Here we show the applicability of the Takara TCRseq pro-
tocol to suboptimal samples with lower than recommend-
ed input RNA quality (RNA integrity number <8). Fur-
thermore, we successfully applied the method on samples
collected in heparin tubes that are not approved for use be-
cause of possible inhibitory effects of heparin on reverse
transcriptases. The potential bias introduced by uneven
RNA input quantity was reduced by applying a subsam-
pling strategy on the collapsed sequence level. Our results
show that with the careful adaptation of data preprocess-
ing, this TCRseq protocol can be used for the analysis of
suboptimal and unbalanced sample material but still em-
phasise the importance of careful experimental planning.
We used this optimised dataset to investigate the TCR
repertoires of GATA?2 patients in comparison with healthy
control samples. Despite severely disturbed immunophe-
notypes and the known risk of opportunistic infections,
no significant difference in global repertoire characteris-
tics such as V and J gene usage, junction length or reper-
toire diversity were found between GATA2-deficient pa-
tients and controls.

Materials and methods

Patient sample collection, preprocessing and RNA ex-
traction

This study was reviewed and approved by Zurich ethics
committee (KEK-ZH 2015-0555). Informed written con-
sent was obtained from all participants and peripheral
blood samples were collected by venepuncture from three

Patient characteristics, sample handling and library preparation specificities.

healthy controls and four patients with GATA2 deficiency.
Table 1 summarises information about participants and
samples collected. Peripheral blood mononuclear cells
(PBMCs) were isolated by centrifugation of blood diluted
with phosphate-buffered saline over Ficoll-Paque (Sigma-
Aldrich) and cryopreserved in freezing medium (90% fetal
bovine serum, 10% dimethyl sulfoxide). After thawing, a
minimum of 0.45 million PBMCs were lysed in RLT buffer
(Qiagen), snap frozen on dry ice and RNA was extract-
ed using the RNeasy Mini Kit (Qiagen). RNA quality was
assessed on an Agilent 2100 Bioanalyzer using the RNA
6000 Pico Kit according to manufacturer standard proto-
col and RNA integrity numbers are listed in table 1. RNA
quality assessment for two samples failed.

T cell receptor library preparation

For library preparation, the SMARTer human TCR a/b Pro-
filing Kit v2 (Takara Bio) was used with the following
specifications. RNA quality was below the suggested min-
imum requirement of RNA integrity numbers >8 for some
of the samples and RNA input quantity for reverse tran-
scription varied between 100 ng and 300 ng (table 1). The
number of cycles for second PCR was 18 for all except
for control C1 with only 16 cycles. A mixture of TRA
and TRB reverse primers was used to amplify both T cell
receptor subunit chains according to the manufacturer’s
instructions. Clean-up and validation were performed by
running the libraries on an agarose gel and subsequently
purifying the corresponding size band using the MinElute
gel extraction kit (Qiagen). Amplicon DNA concentrations
were measured on a Qubit fluorometer and normalised at
the moment of pooling. Using the multiplexing capabilities
of this approach, all seven samples were pooled and run on
the Illumina MiSeq platform with 2 x 300 bp paired-end
chemistry.

Data processing and subsampling

Raw sequencing data was first processed through the Co-
gent NGS Immune Profiler software using standard set-
tings. This resulted in an unbalanced dataset that was sub-
sequently used for all proportional analyses and is
subsequently referred to as the immune profiler dataset. To
mitigate bias introduced through unequal RNA input, we
included a subsampling step in the data processing. Higher
RNA input amounts led to lower repertoire coverage and
thus a lower oversequencing threshold (reads per unique
molecular identifier). We therefore integrated an addition-

Sex Age (y) Anticoagulant PBMC cell RNA quality RNA input (ng) | PCR2 cycles
number (Mio) |(RNA integrity
number)
Pat1 F 8.1 Heparin 3.64 8.6 300 18
Pat2 M 21 Heparin 13.5 6.8 300 18
Pat3 F 241 Heparin 1.6 8 300 18
Pat4 F 14.8 na 0.45 na 100 18
Ctrl1 M 44 EDTA 3 8.7 100 16
Ctrl2 M 8 EDTA 3 6.6 100 18
Ctrl3 F 43 EDTA 3 na 100 18

na: not available; PBMC: peripheral blood mononuclear cells; PCR: polymerase chain reaction
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Table 2:

al subsampling step on the level of collapsed reads prior to
clonotyping in MIXCR. To do so, oversequencing thresh-
old in MIGEC was manually set to 1, allowing all reads at
this initial stage to be kept. Subsampling was performed by
sample and clonal chain. A cut-off threshold of 2 was se-
lected for the sample with the lowest read number (Ctrl3,
TRA, R1) to remove low-coverage, low-fidelity singletons
while keeping the most possible data. This led to 13,139
collapsed reads for this particular sample. All other sam-
ples were then subsampled to this same number of col-
lapsed reads, starting from highest sequencing depth, re-
taining the best quality reads. Resulting unique molecular
identifier coverage distributions and cut-off thresholds are
shown in supplementary figure S1 (in the appendix). Sub-
sampled reads were then run through MIXCR for sequence
assembly and clonotyping and resulting sequence numbers
are shown in table 2. Junction length and gene proportion
analyses were performed on the immune profiler dataset
whereas repertoire diversity, which is more sensitive to in-
put bias, was calculated on the subsampled dataset.

Principal component analysis (PCA), repertoire diver-
sity and statistical analysis

Non-productive sequences containing stop codons or out-
of-frame rearrangements were removed for repertoire
analysis (7.6% and 15% of all clonotypes in the immune
profiler dataset and the subsampled dataset, respectively).
As repertoire diversity readout, the Shannon diversity in-
dex and Rényi diversity profiles were calculated based on
the clonal fraction of sequences using the vegan R pack-
age [13]. PCA was performed with the prcomp function,
inputting V and J gene proportions of both combined clon-
al chains respectively. PCA plots were created using the
factoextra R package [14]. Statistical analysis and plotting
were performed in the R environment [15] using ggplot
and cowplot packages [16, 17]. For pairwise comparisons
between groups, a Wilcoxon test was performed.

Data availability

Raw sequence data used for analysis in this study are
available at the NCBI Sequencing Read Archive
(www.ncbi.nlm.nih.gov/sra) under BioProject number PR-
INA821039.

Results

Sequence numbers

T cell receptor repertoire sequencing of all seven samples
yielded a total of 16.35 million raw reads with 41.1%
being assigned to the alpha chain of the T cell receptor
(TRA). Quality filtering and unique molecular identifier-
based consensus building using the standard Cogent Im-
mune Profiler pipeline followed by removal of non-pro-
ductive sequences resulted in 1.33 million collapsed reads
used for clonotyping. TRA reads generally had higher se-
quencing depth than TRB and were therefore more exten-
sively collapsed, amounting to a low proportion of 10.7%
of collapsed reads compared with 89.3% for TRB. Clono-
typing after removal of non-productive sequences resulted
in 699,893 unique clonotypes in the immune profiler
dataset and 77,872 clonotypes in the subsampled dataset.
Subsampling by clonal chain normalised the dataset with
46.4% of remaining clonotypes being assigned to TRA.
The number of sequences by sample and chain at every
step in the two datasets are outlined in table 2.

Global TCR repertoire characteristics and diversity
are similar in GATA2-deficient patients and healthy
controls

Using the immune profiler dataset, we calculated V and
J gene usage and CDR3 junction length distribution for
GATA2-deficient patients and healthy controls. Abnormal
T cell receptor complementarity-determining region 3
(CDR3) region lengths have previously been described in
immunodeficient patients. One study detected shorter junc-
tions in severe combined immunodeficiency and ataxia
telangiectasia patients and longer junctions in patients with

T cell receptor sequencing dataset run through standard Cogent NGS Immune Profiler pipeline compared with our in-house subsampling strategy.

Immune profiler dataset ° Subsampled dataset @
SAMPLE Chain Total reads Collapsed sequences |Clonotype count Collapsed sequences |Clonotype
¢ ¢ count
Pat1 TRA 1,266,143 48,952 33,976 8426 6891
TRB 2,517,718 460,159 231,205 9379 8335
Pat2 TRA 434,841 35,507 26,186 8812 7244
TRB 1,460,174 425,316 250,809 8682 7517
Pat3 TRA 431,580 14,106 9413 8677 5956
TRB 2,171,371 157,592 63,917 8464 6952
Pat4 TRA 558,372 19,412 9140 8803 4914
TRB 701,046 76,773 29,211 9937 5899
Ctrl1 TRA 577,265 14,057 7791 8500 4574
TRB 863,327 51,205 19,005 8315 4762
Ctrl2 TRA 1,811,898 6154 4457 8290 3860
TRB 936,385 11,194 7815 8754 4986
Ctrl3 TRA 1,640,612 4323 2742 8913 2665
TRB 977,467 7933 4226 9536 3317

2 Only aligned, productive sequences after an additional filtering step to remove sequences containing stop codons and/or out-of-frame motifs

5 Immune profiler dataset refers to the output from standard Cogent NGS Immune Profiler software

¢ Collapsing based on identical unique molecular identifier
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ICF syndrome (Immunodeficiency, Centromere instability
and Facial anomalies syndrome) [18]. In this work, distri-
bution of CDR3 junction length or mean junction length
from both chains were not significantly different between
GATA?2 deficient patients compared with healthy controls
(fig. 1A and 1B). While some V and J genes were used dif-
ferently between patients and controls, none of these dif-
ferences were statistically significant. The frequencies of
the 10 most used V and J genes are shown in figures 1C
and 1D, respectively. Detailed gene usage frequencies of
all detected genes are shown in supplementary figure S2
(appendix). However, principal component analysis of fre-
quencies of all V and J genes clearly separated the patient
from the control group (Fig. 1E and 1F).

Repertoire diversity based on the subsampled dataset was
similar for GATA2 patients and healthy controls (fig. 2).
In this small dataset, the patient repertoires are charac-
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terised by a slightly higher richness (Rényi order a = 0)
but clones are less evenly distributed and thus overall di-
versity is comparable between patients and healthy con-
trols at a >0 (fig. 2A). Shannon entropy (a = 1) in fig. 2B
represents an example of a diversity index that takes into
account richness and evenness of the underlying data and
shows no significant difference between the two groups.

Discussion

In a translational research setting, in which patient sample
availability, collection and handling are often dictated by
clinical, rather than research protocols, it is important to
react with flexibility and adapt research protocols accord-
ingly. In this proof-of-concept approach, we were able to
apply an established commercial TCR repertoire sequenc-
ing strategy to sample material with variable RNA qual-
ity and quantity. Despite lower than recommended RNA
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dex. (B) Shannon diversity index for both clonal chains separately.

Figure 2: Repertoire diversity analysis. Diversity indices calculated on the clonal relative frequencies of sequences in the subsampled dataset.
(A) Rényi diversity profiles where a = 0 reflects clonal richness, a = 1 corresponds to the Shannon index and a = 2 represents the Simpson in-
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quality and variable RNA quantity, we were able to devel-
op a wet laboratory and bioinformatics workflow that suf-
ficiently reduced bias to provide clinically meaningful re-
sults. Our analysis is limited by a low number of samples,
especially for partially degraded RNA — and we did not
include any substantially degraded material. Varying input
quantity can critically impact on TCR repertoire metrics,
especially diversity measures. Normalisation of the input is
therefore crucial. Here, we describe a solution — to subsam-
ple an unbalanced dataset to equal numbers of collapsed
sequences with the additional benefit of only keeping high
quality, i.e., sufficiently covered, sequences. This approach
allowed us to examine the TCR repertoire characteristics
in GATA2-deficient patients.

Despite known disturbance of the T cell compartment by
more conventional measures of immunophenotyping, an
in-depth analysis of TCR sequences of both the alpha and
beta chains showed no major differences between GATA2
patients and healthy controls. Previous studies already pro-
vide evidence that T cell quantity is preserved in GATA2
patients, but their phenotypic composition is profoundly
disturbed. Reduced CD4+ helper function and an expan-
sion of terminally differentiated effector CD8+ cells are
characteristic for the disease [10]. TCR repertoires of
CDB&+ cells have been shown to be different from CD4+
cells mainly in respect to their V gene usage. In a study
using multiplex PCR and genomic DNA as starting mate-
rial, this difference is mostly characterised by overexpres-
sion of TRBV7-9 and reduced expression of TRBV18 [19]
in CD8+ compared with CD4+ cells. However, in our da-
ta from total T cells, we did not detect this shift towards a
more CD8-driven V gene usage in GATA?2 patients. Impor-
tantly, only one of the four patients analysed had an invert-
ed CD4:CDS ratio of 0.7 at the time of sample collection,
whereas the other patients had a normal CD4:CD8 ratio
of between 1.2 and 1.3. No usage of a single V or J gene
was significantly different between patients and controls,
likely due to the small sample size. However, combination

of gene usage frequencies allowed stratification between
groups in a principal component analysis.

CDR3 length distribution in patients was not different from
healthy controls, indicating a mostly functional V(D)J re-
combination machinery and selection mechanism in GA-
TA2 patients. A diverse repertoire is considered crucial to
adequately respond to a vast number of pathogens and re-
strictions in diversity have been associated with decreased
immunocompetence [20]. In GATA2 patients, TCR reper-
toire diversity appears largely normal, suggesting an over-
all preserved thymic function without indication of sub-
stantial clonal expansion.

In summary, our results prove the applicability of high-
throughput T cell receptor sequencing to challenging hu-
man samples with the prospect to use this approach in
a translational setting in future studies. Our limited data
does not show intrinsic disturbances of the global T cell
compartment in GATA2 deficiency. Other defects includ-
ing NK and dendritic cells might be more central in driving
the clinically significant immunodeficiency. Our findings
may have implications for clinical management, for exam-
ple by questioning the need for routinely providing T-cell
deficiency related antimicrobial prophylaxis.
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Appendix: Supplementary figures
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Figure S1: Unique molecular identifier coverage plots showing subsampling impact. Coverage of total reads is shown in grey, coverage after
subsampling in black, resulting thresholds to subsample to equal number of 13,139 sequences are indicated in red. Ctrl3_TRA was used as
reference because of the lowest number of initial reads and threshold for this sample was set to 2 in order to remove singletons.
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Figure S2: V and J gene usage frequencies.
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