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Immunological aging remodels the immune system at several levels. This has been
documented in particular for the T-cell receptor (TCR)ap+ T-cell compartment, showing
reduced naive T-cell outputs and an accumulation of terminally differentiated clonally
expanding effector T-cells, leading to increased proneness to autoimmunity and cancer
development at older age. Even though TCRaf+ and TCRyd+ T-cells follow similar paths
of development involving V(D)J-recombination of TCR genes in the thymus, TCRy8+
T-cells tend to be more subjected to peripheral rather than central selection. However,
the impact of aging in shaping of the peripheral TRG/TRD repertoire remains largely
elusive. Next-generation sequencing analysis methods were optimized based on a
spike-in method using plasmid vector DNA-samples for accurate TRG/TRD receptor
diversity quantification, resulting in optimally defined primer concentrations, annealing
temperatures and cycle numbers. Next, TRG/TRD repertoire diversity was evaluated
during TCRyd+ T-cell ontogeny, showing a broad, diverse repertoire in thymic and cord
blood samples with Gaussian CDR3-length distributions, in contrast to the more skewed
repertoire in mature circulating TCRyd+ T-cells in adult peripheral blood. During aging
the naive repertoire maintained its diversity with Gaussian CDR3-length distributions,
while in the central and effector memory populations a clear shift from young (Vy9/Vé2
dominance) to elderly (Vy2/V81 dominance) was observed. Together with less clear
Gaussian CDR3-length distributions, this would be highly suggestive of differentially
heavily selected repertoires. Despite the apparent age-related shift from Vy9/Vé2 to Vy2/
V&1, no clear aging effect was observed on the V82 invariant T nucleotide and canonical
Vy9-Jy1.2 selection determinants. A more detailed look into the healthy TRG/TRD
repertoire revealed known cytomegalovirus-specific TRG/TRD clonotypes in a few
donors, albeit without a significant aging-effect, while Mycobacterium tuberculosis-
specific clonotypes were absent. Notably, in effector subsets of elderly individuals, we
could identify reported TRG and TRD receptor chains from TCRy&+ T-cell large granular
lymphocyte leukemia proliferations, which typically present in the elderly population.
Collectively, our results point to relatively subtle age-related changes in the human TRG/
TRD repertoire, with a clear shift in Vy/V8 usage in memory cells upon aging.

Keywords: TCRy56+, development, aging, repertoire, next-generation sequencing

Frontiers in Immunology | www.frontiersin.org 1

March 2018 | Volume 9 | Article 448


http://www.frontiersin.org/Immunology/
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2018.00448&domain=pdf&date_stamp=2018-03-06
http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/editorialboard
https://doi.org/10.3389/fimmu.2018.00448
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:a.langerak@erasmusmc.nl
https://doi.org/10.3389/fimmu.2018.00448
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.00448/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.00448/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.00448/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.00448/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.00448/full
http://loop.frontiersin.org/people/29407

Kallemeijn et al.

TRG/TRD Repertoire During Aging

INTRODUCTION

Immunological aging, also referred to as immunosenescence, is
a complex phenomenon consisting of senescence and exhaustion
processes, which are characterized by different functional and
marker expression profiles (1, 2). Immunosenescence acts on dif-
ferent levels in the immune system, e.g., reduced antigen-specific
responses (3), thymic shrinkage, and a significantly reduced naive
T-cell output (3-5), convergence of the innate and adaptive immu-
nity (6), and ultimately T-cell exhaustion (1). Immunosenescence
is believed to play a major role in shaping of the antigen receptor
repertoire of T-cells.

T-cells develop in the thymus, where they undergo commitment,
rearrangement, selection and maturation processes. The main event
during T-cell development is the rearrangements of the variable
(V), diversity (D), and joining (J) genes of the T-cell receptor (TR)
loci, in order to establish a large diversity of antigen receptors (7, 8).
Two main types of T-cells are generated; first, TCRyd+ thymocytes,
through early TR delta and gamma (TRD, TRG) rearrangements,
then followed by TCRop+ thymocytes upon TR beta and alpha
(TRB, TRA) rearrangements (8). TCRaf+ thymocytes undergo
positive selection through TCR signaling to subsequently mature
into functional T-cells, followed by negative selection in order to
eliminate self-reactive T-cell precursors (9). In contrast, TCRyd+
thymocytes do not undergo positive and/or negative selection in
the thymus (10), but extrathymic development and peripheral
(antigenic) selection of TCRyd+ T-cells have been described (11).

TCRyd+ T-cells appear to be the first functional population of
circulating T lymphocytes in both murine and human peripheral
blood (PB) [reviewed in Ref. (12)]. In the human fetal and neonatal
situation these functional circulating TCRyd+ T-cells mainly con-
cern VO1+ cells. Readily after birth and during further development
toadulthood a switch occursin the circulating TCRy8+ T-cell popu-
lation with the number of V814 cells decreasing and Vy9/V62 cells
becoming the predominant TCRyd+ T-cell types (13). This process
is believed to be the result of peripheral antigenic selection, exem-
plified by the presence of an invariant T nucleotide in the majority
of the selected V52-J81 rearrangements (13-15). Furthermore,
epitopes from pathogens or other antigens that could stimulate and
select TCRyd+ T-cell types have been described: Mycobacterium
tuberculosis has been found to be a major stimulator of Vy9/V52
cells in both infected lungs and PB (16), whereas non-Vy9/Vdl
cells are known to be stimulated by viruses, such as cytomegalo-
virus (CMV) (17, 18) and Epstein-Bar virus (EBV) (19). TCRy&+
T-cells do not only recognize antigens via their receptor, but they
also respond to lipid antigens presented on CD1d-molecules, and
that are associated with stress, inflammation and cancer [reviewed
by Ref. (20)]. Most TCRy&+ T-cells recognizing these CD1d-lipid
antigen complexes are V81 or V83 cells, commonly located in the
gut (21). TCRyd+ T-cells can also recognize butyrophilins, tumor-
antigens, endothelial antigens, antigen-presenting cells, and Toll-
like receptors [reviewed in Ref. (22)], all of which are postulated to
contribute to shaping of the TCRy3+ T-cell repertoire.

TCRyd+ T-cell recognition and selection has been mostly
described in the context of the developing immune system from
fetus to neonate and adulthood, but—contrary to the TCRap+
T-cell repertoire—effects of aging on the TCRy&+ T-cell repertoire

have not been extensively addressed. Since it has been found
that TCRyd+ T-cells follow the classical aging model as found in
mainly CD8+ TCRap+ T-cells (23), we hypothesized that the naive
mature TCRyd+ T-cell repertoire would depict a broad spectrum of
rearrangements and that it would show a more skewed pattern
during further development from neonates to young adults and
eventually elderly individuals. Furthermore, in view of the fact that
T-cell large granular lymphocyte (LGL) leukemia typically presents
as a proliferation of effector cells in elderly, we were interested to
compare our TRG/TRD repertoire findings to the LGL clonal
repertoire. To this end, we investigated the developing and aging
TRG/TRD repertoire in TCRyS8+ T-cell subsets, using an opti-
mized experimental next-generation sequencing (NGS) procedure
to minimize technical biases of PCR-based methods. Our data
show subset- and donor-specific TRG/TRD repertoires, sugges-
tive of selection, with significant differences in the combinatorial
repertoire in especially memory populations between young and
elderly individuals. When looking closer into TRG/TRD clono-
types, TCRyd+ T-LGL leukemia receptor chains could be traced in
especially the effector subsets of elderly individuals, which would
fit the current idea that TCRyd+ T-LGL leukemia cells originate
from the normal healthy antigen-experienced TCRyd+ T-cells.

MATERIALS AND METHODS

Subjects and Materials

Blood from healthy blood donors from Sanquin Blood Bank
(Amsterdam, The Netherlands) in the age range of 20-35 years
(young adults, N = 11) and 56-70 years (elderly, N = 12) was used
upon written informed consent at the blood bank (project number
NVT0012.01) and anonymized for further use. The maximum age
to donate blood is 70 years. Healthy neonatal cord blood (CB) was
obtained postpartum or after Caesarian section through collabora-
tion and upon written informed consent at the Departments of
Obstetrics and Hematology. CB was drawn using CB Collect bags
containing citrate phosphate dextrose solution as anticoagulant.
Thymic lobes were removed upon heart surgery in individuals under
the age of two years upon written informed consent from parents.
Both CB and thymus material was obtained under Medical Ethics
Committee approval (project number hmPO02004-003). Whole
thymic material was sliced and prepared prior to cryopreservation.
Peripheral blood mononuclear cells (PBMCs) and cord blood
mononuclear cells (CBMCs) were obtained through Ficoll density
gradient separation. Isolated PBMCs, CBMCs, and thymocytes
were cryopreserved in Iscove’s Modified Dulbeccos Medium
(Lonza, Basel, Switzerland) with dimethyl sulfoxide and stored in
vials at —180°C until further use. All studies were conducted in
accordance with the principles of the Declaration of Helsinki.

Cell Sorting

Cryopreserved material was thawed and sorted using CD3, CD45,
TCRaf, TCRyd, CD45RA, CD45R0O, CD27, and CD197 antibod-
ies (Table S1 in Supplementary Material) to obtain TCRyd+ naive
(CD45RA+ CD27+ CDI197 +), central memory (CD45RA-
CD45R0+ CD27+ CD197+), effector memory (Temro population
defined as CD45RA-CD45RO+ CD27— CD197-), and effector
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(Temra population, CD45RA+ CD27— CD197—) T-cells (Figure S1
in Supplementary Material). Cell sorting was performed with FACS
Aria I and III instruments (BD Biosciences, San Jose, CA, USA).

DNA Isolation

Following isolation, cells were lysed and subjected to DNA isola-
tion using the DNA/RNA/miRNA AllPrepKit according to the
manufacturer’s protocol (Qiagen, Hilden, Germany). DNA con-
centration and quality (A260/A280 absorption ratio) were deter-
mined by Nanodrop measurements (Thermo Fischer Scientific,
Waltham, MA, USA).

Primer Design

Primers for cloning and Illumina-based sequencing were largely
based on those reported in BIOMED-2 assays (24). The V&3
primer was redesigned to better fit amplicon length of PCR
products generated with the existing V51 and V82 primers. The
Jy1.2 primer was newly designed, as this primer was not included
in the BIOMED-2 TRG assay. Vy1F and Jy1.3/2.3 primers were
adjusted compared with the BIOMED-2 protocol (Table S2 in
Supplementary Material). Primers were adapted for Illumina-based
sequencing by adding Illumina forward (5-ACACTCTTTCC
CTACACGACGCTCTTCCGATCT-3")andreverse(5-TCGCGA
GTTAATGCAACGATCGTCGAAATTCGC-3') overhang adap-
tor sequences to the respective primers. The second PCR, by means
of these overhang adaptor sequences, attaches sample-specific dual
indices for sample identification and Illumina sequencing adap-
tors using primers from the Illumina TruSeq Custom Amplicon
Index Kit (Illumina, San Diego, CA, USA).

Plasmid Pool Preparation

Primer validation and titration was done using plasmid vectors
with cloned TRD and TRG gene rearrangements. All possible V-]
gene combinations were PCR amplified and cloned from imma-
ture T-cell lines (25) and thymus DNA into the pGEM T-Easy
vector in a 3:1 insert:vector ratio according to the manufacturer’s
protocol (Promega, Madison, WI, USA). Composition of the plas-
mid pools is summarized in Table S3 in Supplementary Material.

Assay Optimization Experiments

PCRs were first tested in singleplex and multiplex settings with
varying primer concentrations, annealing temperatures and PCR
cycle numbers. Each initial PCR mix contained GeneAmp PCR
Buffer IT (1x), magnesium chloride (2.5 mM), dNTPs (2.0 mM),
and AmpliTaqGold (1 U) (Thermo Fischer Scientific). Total for-
ward and reverse primer(s) amounts were generally 10 pmol. The
PCR protocol was largely based on the BIOMED-2 publication
(23), with varying annealing temperatures (Tm = 58/59/60/62)
and different numbers of cycles (20 and 25 cycles). Primer
concentration adjustment, and optimization of annealing tem-
peratures and number of PCR cycles were based on the results
of iterative optimization experiments as summarized in Table S4
and Figures S2 and S3 in Supplementary Material.

Amplicon Preparation
Amplicons from the first step PCR were purified using the
Agencourt AMPure XP bead purification kit (Beckman Coulter,

Fullerton, CA, USA), whereafter concentrations were measured
with the Quant-iT PicoGreen dsDNA Assay Kit (Thermo Fischer
Scientific), after which the amplicons were adjusted to similar
concentrations. The second step PCR was performed with primers
from the Illumina TruSeq Custom Amplicon Index Kit (Illumina)
using the KAPA HiFi HotStart PCR Kit (Kapa Biosystems,
Wilmington, MA, USA). Second PCR amplicons were evaluated via
agarose gel electrophoresis or PicoGreen concentration measure-
ment. Library pool preparation was subsequently performed
based on the gel image or PicoGreen measurement results. The
library pool was further purified with Agencourt AMPure XP
beads and normalized for Illumina-based sequencing, according
to the manufacturer’s protocol (Illumina).

Next-Generation Sequencing

Paired-end NGS (2 X 221 bp) was performed on the MiSeq platform
(MMumina, San Diego, CA, USA) with the use of an Illumina MiSeq
Reagent Kit V3, according to the manufacturer’s protocol (Illumina).

Bioinformatic Data Analysis

Illumina NGS data were obtained in FASTQ format. Paired-end
reads were combined using the FASTQ-join tool in the Erasmus
MC Galaxy Server (26), with the use of usegalaxy.org (27-29)
converted from FASTQ to FASTA with the converter tool (30).
Sequencing annotations were made via the IMGT High V-quest
database (31-34). Calculation of the clonality score for multiple
replicates was based on the algorithm described by Boyd et al.
(35). Clonal type definition was based on V and ] gene usage
and CDR3-region at the nucleotide level. Rearrangements were
visualized using Circoletto plots [www.circos.ca (36)]. CDR3
amino acid compositions were visualized using WebLogo online
tool [www.weblogo.berkeley.edu (37, 38)].

The NGS TRG-TRD data set has been submitted to the Bio-
Project repository (BioProjectID: PRINA434217, submissionID
SUB3660187; http://www.ncbi.nlm.nih.gov/bioproject/434217).
Sequencing details can be accessed through SRA database acces-
sion SRP133150 (https://www.ncbi.nlm.nih.gov/sra/SRP133150).

Statistical Analysis

Data were checked for normal distributions using the Hartigan’s
Dip Test Statistic for Unimodality package (39-41) in R version
3.4.1 (42). All statistical analyses were performed with Prism 5
(GraphPad, La Jolla, CA, USA).

RESULTS

Multiplex PCR Assay Fine-Tuning Leads to
an Optimized, Bias-Free NGS Assay for
Reliable Quantification of the TRG/TRD

Repertoire

The multiplex PCR assay to be analyzed by NGS was optimized and
fine-tuned for more accurate quantification and receptor diversity
analysis of the TRG and TRD loci using a diverse set of artificial
DNA spike-in samples and primer concentration titration experi-
ments (Tables S4 and S5 and Figures S2 and S3 in Supplementary
Material). Each artificial DNA sample, represented by plasmid
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vector DNA, contained a mixture of known V(D)] rearrangements,
cloned from either immature T-cell lines or thymus DNA in equi-
molar proportions (Table S4 in Supplementary Material). After
several rounds of fine-tuning (Figures S2 and S3 in Supplementary
Material), and repeated technical validation with plasmid spike-in
pools we established the most optimal PCR conditions for both
TRG (Figure 1A) and TRD (Figure 1B) multiplex assays in view
of unbiased NGS data. Remaining small differences between
observed and expected read frequencies are introduced by chance
in the PCR reaction and/or due to inevitable interassay variation.
These were reduced to a minimum by using four replicates for
each sample, which included four differently pipetted mixes to
reduce pipetting bias and the use of four different PCR machines to
reduce machine-dependent bias. These optimization experiments
resulted in variable primer concentrations and defined annealing
temperatures and cycle numbers for the TRG and TRD multiplex
PCR reactions (Table S5 in Supplementary Material).

The TRG/TRD Repertoire Is Diverse

in Immature Thymus and CB, and More
Skewed in Mature Circulating

TCRy6+ T-Cells

In order to determine changes in TCRyd+ T-cell repertoire in
healthy individuals, we first investigated TRG/TRD repertoire

diversity during ontogeny using purified TCRyd+ T-cells from
different compartments, i.e., thymus (Thy) and neonatal CB. In
addition, we sequenced the total mature TCRyd+ T-cell population
of healthy adult PB samples. TRG rearrangements in Thy and
CB samples were highly diverse (Figure 2A, upper two rows),
and the intersample variation of especially Thy samples was
low, in keeping with the non-selected character of the TCRyd+
T-cells in these compartments. These findings were in strong
contrast to PB samples, which showed a high level of skewing
and predominance of certain receptors (including Vy9-Jy1.2
sequences) were observed (Figure 2A, bottom row), albeit with
high inter-individual differences, illustrating the dominant role of
(antigenic) selection. TRD diversity was less apparent, although
in Thy and CB samples (Figure 2B, upper two rows) all three
predominant V&-genes were identified. Again, intersample
variation was low, illustrating the non-selected character of
Thy and CB cells. Intersample variation was more evident for
the PB samples (Figure 2B, bottom row), with predominance
of V32 usage, but also V83 usage in some cases, reflecting
different types of (antigenic) selection between individuals.
Collectively, these data confirmed our hypothesis of a broad
and diverse TRG/TRD repertoire in the immature Thy and CB
samples and a more skewed TRG/TRD repertoire in mature
circulating TCRyd+ T-cells in adults, thereby validating our
optimized multiplex PCR-based TRG/TRD NGS assays.
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FIGURE 1 | Technical optimization of next-generation sequencing assays for TRG/TRD loci. Multiplex PCR assays were optimized with balanced primer
concentrations, annealing temperatures, and cycle numbers as summarized in Table S3 in Supplementary Material. Plasmid pools were used as spike-in
samples to determine the percentage expected sequences per V and J gene vs. the observed percentage after sequencing (Table S2 in Supplementary Material).
Expected percentages are indicated in black bars, observed percentages are indicated in colored bars. TRG assays showed high overlap between frequencies
of expected and observed sequences for Vy and Jy (A) genes, with some variation due to single primers covering multiple genes (Vy1F covering Vy2-8, Jy1.1/2.1
covering Jy1.1 and Jy2.1, and Jy1.3/2.3 covering Jy1.3 and Jy2.3). TRD assays showed nearly similar percentages of expected and observed sequences for V&

and Jb (B) genes. Error bars represent SD of PCR replicates (N = 4).
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FIGURE 2 | Circoletto visualization of the TRG/TRD repertoire during ontogeny. Optimized multiplex PCR next-generation sequencing assays were applied on total
TCRyd+ T-cells sorted from thymus (Thy), neonatal cord blood (CB), and adult peripheral blood (PB). TRG assays showed high repertoire diversity in both Thy and
CB samples, with low interindividual variation, while adult PB samples showed individual-specific repertoire patterns with less receptor diversity (A). TRD assays
showed high dominance of V&1 (light blue bars), which was also observed in CB samples, both with low intersample variation. Adult PB samples showed
donor-specific patterns with sometimes skewing toward V82 and even V33 (B). Three representative samples of each samples type are visualized: Thy04-10,
Thy05-13, Thy10-03, CB2, CB3, CB4, PB30, PB31, and PB50. Plots were made using the Circoletto online software tool [http://www.circos.ca (35)]. Each

band represents a V-J rearrangement, with colors based on V-gene usage.

Upon Aging Memory TCRy3+ T-Cells
Show Shifts in V-Gene Usage, Whereas

Naive and Effector Populations Do Not

As it has become evident that aging plays a major role in shaping
the elderly immune system (43), we next evaluated the role of
aging on the combinatorial TRG/TRD repertoire. To this end, we
sorted TCRyd+ T-cells from healthy young (N = 11; age range
20-35) and elderly (N = 12; age range 56-70) individuals into
four subsets: naive (CD45RA+ CD45RO— CD27+ CD197+),
central memory (CD45RA— CD45RO+ CD27+ CD197+), effec-
tor memory (Temro; CD45RA— CD45RO+ CD27— CD197-),
and effector (Temra; CD45RA+ CD45RO— CD27— CD197-)
TCRyd+ T-cells. Subset distributions of young and elderly indi-
viduals (Figure S4 in Supplementary Material) correlated with
those from our previous aging study, from which it is known
that TCRy8+ T cells show little CCR7 expression fitting with
low absolute and relative numbers of naive and central memory
cells (44) (Table S6 in Supplementary Material). Even though
the spectrum of V-] combinations for both TRG and TRD
varied in a donor-specific way between individuals (Figure S5 in
Supplementary Material), the overall TRG/TRD combinatorial
diversity appeared to be mostly determined by differences in Vyy/
V& usage rather than Jy/Jd gene usage.

Naive TCRyd+ T-cells of both young and elderly individuals
showed a relatively diverse TRG repertoire, which was in strong
contrast to (central and effector) memory TCRyd+ T-cells that
showed dominant Vy9 gene usage. Effector TCRyd+ T-cells of
both age groups were more diverse again. Of note, significant
differences between young and elderly could be observed in
mainly the memory populations, as reflected by a significantly
higher Vy2-usage in central memory TCRyd+ T-cells in elderly,
as well as significantly lower Vy2-8-usage and significantly higher
VY9 gene usage in effector memory cells of elderly (Figure 3A).

When comparing TRD combinatorial profiles in the different
subsets between young and elderly individuals, significantly
higher V81 and significantly lower V52 gene usage was observed
in memory populations of elderly individuals. This effect was also
observed in the effector population. In the effector memory cells
of elderly V3 gene usage was also significantly higher (Figure 3B).

Overall, these data show clear differences in the TRG/TRD
combinatorial repertoire between naive TCRyd+ T-cells on the
one hand and especially memory TCRy&+ T-cells on the other
hand. Notably, the clear dominance of Vy9 and V&2 usage in
memory and effector TCRy8+ T-cells in young individuals was
less prominent in elderly individuals, who on average showed
significant shifts toward more Vy2 and V31 gene usage in addition
to Vy9 and V82. Most significant differences between young and
elderly were identified in central and effector memory populations.

The TRG/TRD Junctional Region
Repertoire Shows Signs of Selection in
Memory and Effector Cell Populations of
both Young and Old Individuals

For a more detailed view of the TRG/TRD repertoire, we then
studied CDR3-regions, which reflect the most relevant antigen-
binding part of the antigen receptors. These CDR3-length
distributions are indicative of the junctional repertoire. TRG/
TRD CDR3-length distributions of Thy TCRy8+ T-cells showed
Gaussian profiles, just like the TRD CDR3-length distributions of
CB TCRyd+ T-cells; TRG CDR3-lengths of CB TCRyd+ T-cells
showed less clear Gaussian distributions and more prominent
peaks, probably reflecting low-level selection (Figure S6 in
Supplementary Material). The effect of selection became even
more evident in adult individuals; naive TCRyd+ T-cells showed
mostly Gaussian CDR3 profiles, in contrast to memory and effec-
tor TCRyd+ T-cells of young individuals, which showed dominant
peaks for both the TRG and TRD CDR3-regions (Figures 4A,B).
Elderly individuals did not show clear Gaussian profiles, and even
prominent peaks in all subsets, thus reflecting a more heavily
selected repertoire (Figures 4A,B). The average TRG and TRD
CDR3-lengths were not markedly different between young and
elderly individuals.

TRG Canonical and TRD Invariant
T Selection Determinants are Detectable
in Normal TCRyd+ T-Cells but Do Not

Increase upon Aging

During development selection of TCRyd+ T-cells is known to
be associated with so-called selection determinants, which rep-
resent molecular fingerprints in the CDR3-regions of TRG and
TRD chains. In circulating TCRyd+ T-cells a high frequency of
Vy9-Jy1.2 recombinations with preferential joining at the GCA
sequence has been noted (Figure 5A). We therefore studied
this so-called canonical Vy9-Jyl.2 rearrangement, character-
ized by a defined CDR3-length and amino acid composition
(Figure 5A), in different subsets of young and elderly healthy
controls. Approximately 10-20% of all productive Vy9-Jyl.2
rearrangements contained the canonical sequence (Figure 5B).
The frequencies of canonical Vy9-Jy1.2 sequences did not clearly
differ between different subsets in young and elderly (Figure 5B).
In TCRyS-receptors the canonical Vy9-Jy1.2 chain is frequently
combined with a V82-derived chain, especially resulting from
V52-J81 recombination. These V52-J81 rearrangements often
contain a so-called invariant T nucleotide, a selection determi-
nant at the relative second position of the first codon of the junc-
tional region (Figure 5C), translating into leucine (L), valine (V),
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FIGURE 3 | V gene diversity in the combinatorial TRG/TRD repertoire of different TCRy8+ T-cell subsets from young and elderly individuals. V-gene usage per
subset visualized in bar graphs indicating a diverse repertoire in naive and effector subsets of both young and elderly, with skewing toward Vy2 and Vy9 in memory
populations (A). Naive populations showed diversity in V& usage with V81 dominance in young and elderly. Young individuals showed relatively higher V82 usage in
especially the memory and effector subsets, whereas elderly individuals showed clear V81 dominance in all subsets, except for effector memory cells (B). Median

***p < 0.0001.

V-gene frequencies of productive sequences with SD bars were indicated in bar graphs for young (N = 11) and elderly (N = 12) individuals. Color legends are
indicated in the figure. Statistical significance was tested using the Mann-Whitney U-test. Level of significance is indicated in the plots: *p < 0.05; *p < 0.01;

or isoleucine (I) amino acids at that first codon in the junction.
The invariant T was observed in all individuals (Figure 5D, outer
gray circles), and resulted in L, V or I amino acids at this position
(Figure 5D, inner blue pie charts). The invariant T was present
at higher frequency in memory and effector subsets compared to
naive TCRy8+ T-cell subsets. On average, invariant T frequen-
cies per subset did not differ much between young and elderly
individuals, although the percentage of invariant T-containing
sequences at the nucleotide level of naive TCRy8+ T-cells of
young individuals was clearly lower than that of elderly naive
TCRyd+ T-cells (Figure 5D).

Taken together, the most common selection determinants
described in TCRyd+ T-cells (i.e., the Vy9-Jyl.2 canonical
sequence and the V32-J81 invariant T nucleotide) were readily
identified in different TCRy8+ T-cell subsets in our healthy con-
trol cohort, albeit that frequencies did not clearly differ between
young and elderly.

Analysis of TRG/TRD Clonotypes Shows
the Presence of TCRy6+ T-LGL Leukemia-
Related Clonotypes in Especially Effector
Cells of Elderly

In view of TCRyd+ T-cell selection processes, we then studied
the possible recurrence of specific TRG/TRD clonotypes in the
repertoire of young and elderly individuals, as a sign of activated
TCRyd+ T-cell clones. To this end multiple replicates (N = 3) of
each TCRyd+ T-cell subset were studied in independent PCR
reactions and the number of so-called coincident sequences
was determined (35, 46). In all subsets, both young and elderly,

the frequency of clonotype sequences found in only one of the
replicates was the highest, while the frequencies of coincidences
found in two or three replicates were relatively low for both
TRG and TRD (Figure S7 in Supplementary Material). When
comparing young and elderly, small shifts leading to higher
numbers of coincidences in two or three replicates were seen in
the latter (Figure S7 in Supplementary Material). We then only
focused on the coincidences present in all three replicates, since
these sequences best reflect the individuals’ repertoire selection.
Especially in the effector memory population absolute numbers
of sequences found in all three replicates were higher, while in
naive subsets from both young and elderly these numbers were
lower, except for a few cases (Table S7 in Supplementary Material).
To understand whether the recurrence of clonotypes would be
associated with particular infections, we next evaluated receptor
clonotypes linked to pathogens such as M. tuberculosis (16, 47)
and herpes viruses such as CMV (18). Whereas in our healthy
controls no M. tuberculosis-specific clonotypes could be identi-
fied, CMV-specific TRG or TRD clonotypes were found in most
controls, and in one case even a complete CMV-specific TCRyd
receptor could be identified (data not shown). However, there were
no evident differences between young and elderly individuals.
Finally, as leukemic TCRy&+ T-cells typically arise in the
elderly population and are associated with specific clonotypes,
we retrospectively reviewed our TCRyd+ T-cell LGL leukemia
database of clonal TRG/TRD sequences (13, 47) and searched for
these LGL clonotypes in the normal TCRyd+ T-cell repertoire
of young and elderly healthy individuals. Interestingly, two
TCRy8+ T-LGL leukemia-associated TRG and TRD clonotypes
were found in four older individuals and in one young individual
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FIGURE 4 | CDR3-length distributions of TCRy8+ T-cell subsets from young and elderly individuals. Frequencies of CDR3-lengths from different TCRy8+ T-cell
subsets are summarized per T-cell receptor chain and age group. Naive subsets (red lines) showed distributions resembling Gaussian profiles, while memory
subsets showed dominant peaks suggestive of selection and receptor skewing (green and purple lines). TRG CDR3-lengths showed similar distributions between
young and elderly (A), TRD CDR3-lengths in young individuals showed a Gaussian profile in the naive subset and more skewing in memory and effector subsets,
whereas in elderly individuals all subsets showed dominant peaks (B). Mean frequencies per subset were indicated for young (N = 11) and elderly (N = 12)
individuals. Data normality was tested using the diptest package in R.

(Table 1). The V83-]81 receptor as identified in TCRyd+ T-LGL
leukemia case 12-098 was identified in one young individual
(naive subset, 26-year-old female), and in three older individuals
(naive subset, 56-year-old male; effector subset, 69-year-old
female and 68-year-old male) (Table 1). The TCRyd+ T-LGL
leukemia-related receptor from case 10 to 200 was found twice in
older individuals (naive subset, 56-year-old male; effector subset,
70-year-old male) (Table 1). Although the numbers are low, the
fact that two TCRyd+ T-LGL leukemia-related receptors could
specifically be identified in effector cells of elderly would support
the idea that TCRy8+ T-LGL leukemia cells originate from the
normal TCRy repertoire, especially from antigen-experienced
TCRyd+ T-cells of individuals of older age (13, 48, 49).

DISCUSSION

Aging of the immune system has become increasingly important
due to increased hygiene and higher life expectancies in the
Western World (3, 5, 50). Immunosenescence plays an additional
role in shaping the immune repertoire. Shaping of the immune
system during ontogeny and upon aging relies on continuous
antigenic exposures, varying from pathogens to cellular stress.

In the current study, we showed that (antigenic) selection starts
during early ontogeny in the thymus and CB samples and contin-
ues in circulating TCRy8+ T-cells in young and elderly individu-
als. While maintaining diversity in the naive subsets, the effect
of aging is most significant in memory subsets, characterized by
strong receptor skewing, and in effector subsets.

Following technical optimization of multiplex PCR assays for
NGS analysis, we demonstrated highly diverse TRG, but V81-
skewed TCRyd+ T-cell repertoires in precursor TCRyd+ T-cells
from thymus and CB, with low inter-sample variation. This was in
clear contrast to circulating mature TCRyd+ T-cells that showed
Vy9/V82 receptor skewing with high inter-sample variation and
donor-specific patterns. As we recently showed significant effects
of aging on maturation profiles of TCRyd+ T-cells (49), we inves-
tigated the immune repertoire composition of different TCRyd+
T-cell subsets including naive, central, and effector memory, and
effector cells. Even though the naive TCRyd+ T-cell population
shrinks upon aging (3, 5, 49), its diversity—being the primary
source for mounting immune responses—was maintained in
elderly individuals. To date, only one study documented the
maintenance of the naive CD44+ TCRap+ T-cell repertoire until
the age of 70, after which the repertoire profoundly declined (51)
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FIGURE 5 | Canonical Vy9-Jy1.2 sequences and V52-J51 invariant T selection determinant in young and elderly healthy individuals. GCA sequence in bold
mediates preferential recombination of Vy9 with Jy1.2, resulting in specific CDR3 length and amino acid composition, adapted from Ref. (45) (A). Frequencies

of all productive Vy9-Jy1.2 sequences containing the canonical sequence per age group and subset marked in dark gray. In light gray Vy9-Jy1.2 rearrangements
with other, non-canonical sequences are indicated. Numbers of total Vy9-Jy1.2 sequences are indicated in center of plots (B). The invariant T selection determinant
is located at the relative second position of the first codon in the junction of V82-J81 rearrangements, adapted from Ref. (13) (C). Frequencies of invariant T
selection determinant in young and elderly subsets (dark gray part outer ring), leading to L, V, or | amino acid residues (inner blue pie chart, dark blue part).

Absolute number of unique productive V82-J31 sequences indicated next to plots (D).

TABLE 1 | Complete TCRy8+ T-LGL leukemia receptor clonotypes identified in the repertoire of healthy young and elderly individuals.

Sample information LGL sample TRG receptor chain TRD receptor chain

Donor Sex Age Subset V-J rearrangement CDR3 composition V-J rearrangement CDR3 composition

Young individuals

B49 F 26 Naive LGL 12-098 V83-J51 CAFSSLTGGYKEYTDKLIF Vy9-Jy1.3 CALWEVPNYKKLF

Elderly individuals

B41 M 56 Naive LGL 10-200 V82-J51 CACDTVGDRDTDKLIF Vy9-Jy1.3 CALWEVQYYKKLF
LGL 12-098 V83-J51 CAFSSLTGGYKEYTDKLIF Vy9-Jy1.3 CALWEVPNYKKLF

B51 M 70 Effector LGL 10-200 V82-J51 CACDTVGDRDTDKLIF Vy9-Jy1.3 CALWEVQYYKKLF

B44 F 69 Effector LGL 12-098 V83-J51 CAFSSLTGGYKEYTDKLIF Vy9-Jy1.3 CALWEVPNYKKLF

B60 M 68 Effector LGL 12-098 V83-J51 CAFSSLTGGYKEYTDKLIF Vy9-Jy1.3 CALWEVPNYKKLF

[reviewed in Ref. (52)]. These results are in line with our findings, high volumes of blood needed to obtain sufficient numbers of naive
although our cohort consisted of elderly until the age of 70. Thisis ~ TCRyd+ T-cells could complicate such studies. Low cell numbers
one drawback of our study, but the maximum age to donate blood ~ pose serious limitations to studying the repertoire due to poten-
at our national blood bank is 70. Nevertheless, it would be interest-  tially low levels of input DNA and skewed data. To overcome such
ing to also study healthy individuals >70 years of age, although the ~ limitations and to directly link overall receptor usage for both TRG
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and TRD loci, single molecule-based assays could be considered.
However, these assays are rather novel and require extensive opti-
mization and validation experiments as well. Another limitation of
our study is the fact that due to limited cell material, we could not
go into mechanistic and functional implications of our findings.

Age-related differences were most evident in central and
effector memory populations: Vy9 usage was highly important in
young individuals, while a shift toward Vy2 and other Vy1-family
genes was observed in effector memory TCRy3+ T-cells of elderly.
The significant increase in Vy2 usage in elderly was accompanied
by a significant decrease in V82 and increase in V31 usage, col-
lectively indicating a shift from Vy9/V82 specificity in young to
Vy2/V31 in elderly. These findings might suggest differences in
antigenic selection, or might be due to underlying clonal expan-
sion in these populations (53). Also, CMV is known to elicit V514
TCRyd+ T-cell-specific responses (17). Additionally, we have
recently demonstrated the effect of CMV on the TCRyd+ T-cell
immune system, through increasing V81+ TCRyd+ T-cells in
elderly carrying CMV (49), and it has been shown that latent CMV
carriage is related to the expansion of CMV specific T-cells (54).
When zooming in on the antigen-binding part, the CDR3 region,
we could indeed identify CMV-specific CDR3 regions in a few
donors, albeit without a significant aging effect. This could reflect
high anti-CMV responses mounted by V&14+ TCRyd+ T-cells,
although such responses were mainly observed in renal allograft
recipients and not in healthy controls (17). Given that CMV infects
mainly fibroblasts and epithelial cells (55), and that the majority
of VO1+ TCRyd+ T-cells reside in epithelial and mucosal tissues
(56-58) these findings could indicate that healthy individuals
have alocal, rather than circulatory, protection by V614 TCRyd+
T-cells against CMV. Interestingly, in a recent study Davey et al.,
showed that the V81 population in CB is unfocused, but that in
adult PB clonal expansions could be found that had directly dif-
ferentiated from naive into effector phenotypes with parallel CD27
downregulation (59). In contrast, V52 cells maintained their TCR
expression from birth to adulthood. Together with the CMV effect
upon aging, these findings could explain the higher V81 usage in
elderly and possibly the occurrence of clonopathies.

In this study, we also examined other dominant TRG/TRD
clonotypes, such as for M. tuberculosis, since TCRyd+ T-cells are
known to elicit strong responses (16), but these were not identified.
This could be related to the recruitment of our donors (mostly of
Caucasian descent) via the national Dutch blood bank, and the
fact that donors are tested prior to blood donation. Furthermore,
open tuberculosis is not endemic in the Netherlands. Curiously,
some TRG/TRD clonotypes derived from complete TCRyd+
T-LGL leukemia receptors were identified in the healthy effector
subset repertoire. These findings would be in line with earlier
correlations identified between TCRyd+ T-LGL leukemia cells
and healthy effector TCRyd+ T-cells (49) and would support the
concept that TCRyd+ T-LGL is a disease that typically arises in
effector cells of elderly.

Our optimized multiplex PCR assays for NGS analysis could also
be applicable to other disease states, such as TCRy3+ T-cell lympho-
mas, or treatments, such as bone marrow transplantation (BMTx).
TCRyd+ T-cells have been described to reconstitute in increased
numbers after BMTx in acute leukemia patients (60). The here

described method would allow to investigate to what extent the TRG/
TRD repertoire has changed upon BMTx, and how the TCRyd+
T-cell compartment regenerates. Also, circulating TCRy8+ T-cells
have been described in metastatic melanomas, in which it would
be interesting to distinguish pro- and anti-tumor specific TCRyd+
T-cells (61), the latter particularly in view of tumor-eradicating
effects (45, 62). Also, investigating the TRG/TRD repertoires of
tissue-residing TCRyd+ T-cells could be relevant, not only for CMV-
specific responses, but also for other local antigens contributing to
the TCRyd+ T-cell repertoire. As the ability of TCRyd+ T-cells to
move in and out of tissues has not been convincingly demonstrated
yet, sequencing TCRyd+ T-cells from different tissues could provide
insight in both residing, migrating and circulating properties, as well
as in development of local immune repertoires and additional func-
tions and specificities of TCRy8+ T-cells.

In summary, using an optimized NGS assay we identified
specific TRG/TRD repertoires during ontogeny and upon aging.
Despite strong individual-specific repertoire compositions, sig-
nificant differences in Vy and V3 gene usage were identified upon
aging in especially the memory TCRy&+ T-cell subsets. These age-
dependent effects caused shifts from Vy9/V52 dominance in young
to Vy2/V31 dominance in elderly. Additionally, some TRG/TRD
clonotypes related to TCRy8+ T-LGL leukemia were identified in
normal effector TCRyd+ T-cells of especially elderly individuals,
which fits the idea that TCRyd+ T-LGL leukemia originates from
normal circulating, antigen-experienced effector TCRy8+ T-cells.
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