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Abstract

T-cell receptor (TCR) repertoire sequencing data provides quantitative insight into the distribution of
T-cell clones. The diversity of the TCR repertoire in humans tends do decrease with age, which may be a
key determinant explaining immune senescence in older individuals. To address this, we first analyze how
the diversity of a potential T-cell response against an unseen pathogen changes with age. Next, we discuss
the complications with interpreting the outcomes of such an analysis. Specifically, the changes in T-cell
subset sizes confound analyses of TCR diversity, and typical sample sizes do not easily allow for a robust
quantification of this diversity. Thus, explaining immune senescence as a result of decreasing TCR diversity
is far from straightforward and requires a detailed, robust, and quantitative analysis.

Introduction

The human TCR repertoire has a unique composition that results from thymic production and selection, as well
as exposure to antigens in the periphery. The extreme diversity of TCR sequences makes comparison of the TCR
repertoire between individuals a challenging task. In addition, the Human Leukocyte Antigens (HLAs) are highly
polymorphic in the human population, implying that a TCR may bind different antigens in other individuals. A
measure that summarizes the entirety of a TCR repertoire is its diversity. In ecological studies, diversity is often
measured considering the richness, which is defined as the total number of species in a system, and the evenness,
which quantifies to which extent these species differ among each other in frequency [3]. In a TCR repertoire
context, the species are the distinct TCR sequences, and their diversity can be estimated using high-throughput
TCR sequencing.

The generation of new T-cell clones decreases with age, to an extent that naive T-cell production by the
thymus is diminished [13] or even absent [11] in older individuals. This decreasing source of new diversity may
lead to reduced T-cell immunity since TCR diversity is a key feature of a functional T-cell pool. The scenario
that the TCR repertoire lacks T-cells that are specific for a given foreign antigen has been described as ‘holes in
the repertoire’ [14]. Such an absence of required T-cell specificities may be the result of reduced TCR richness,
illustrating the need for accurate estimates of this richness. Here we present an intuitive analysis in which we
estimate how many T-cell clones would be recruited against an unseen pathogen. This case study provides
quantitative insights into the potential losses of responses with age, but also highlights key caveats of such an
analysis. We discuss important challenges of estimating TCR diversity based on sequencing data of sampled T
cells. These insights will help to refine future experiments and analyses to better compare the TCR diversity
between sampled repertoires.

Results and Discussion
The estimated richness of a putative response and the total repertoire decreases with
age

A reduced TCR repertoire diversity, leading to a failure to mount a T-cell response, should be reflected in a
strongly reduced number of TCR sequences specific for a given pathogen. We tested this by using the VDJdb,
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Figure 1: The richness of unsorted T-cell repertoires tends to decrease with age and CMV. A. Total
number of distinct TCRP nucleotide sequences from [6] that match the VDJdb [10] as being specific for an HIV-1
epitope in CMV-positive (red boxes) and CMV-negative (blue circles) individuals. TCRp sequences are counted as
a match with the database if their CDR3 amino acid sequence as well as their V- and J-gene families are identical.
Differences in sample size are normalized for by randomly sampling a 100 000 templates from each complete
sample (see Methods). B. Total number of distinct TCRB nucleotide sequences among 100 000 unsorted T cells.
Linear regression lines are shown for CMV-positive (red) and CMV-negative (blue) individuals.

which is a database that lists TCR sequences that are found to be specific for certain epitopes [10]. We checked
the occurrence of such sequences specific for a particular pathogen across a large cohort of individuals up to an
age of about 70 years [6]. Since the vast majority of the population in Western countries is HIV-negative, HIV-1
will be an unseen pathogen to most individuals in this dataset. So, the number of TCRp sequences specific for
an HIV-1 epitope serves as a proxy for a putative T-cell response against a pathogen without previous exposure.
This is important, as both the VDJdb and the TCR repertoires in this dataset will be enriched for specificities
towards common pathogens. We counted the number of matches between the HIV-1 entries in the VDJdb and
the TCRP repertoires that were size-normalized to exclude heterogeneous sample sizes as a confounding factor
(see Methods). Interestingly, although the data only covers a tiny portion of each total T-cell repertoire, we found
such sequences in all individuals, across the entire age range (Fig. 1A).

The richness of the putative HIV-1 response varies considerably between donors, even of the same age. This
reflects a large individual heterogeneity, for example due to different HLA compositions within the cohort. A linear
regression analysis, with age as the independent variable, showed that the number of putative HIV-1-responsive
clones tends to decline, both with age and CMV-infection (Fig. 1A). This implies that the number of responding
clones tends to decrease with age, and that at an age of 60 years about a quarter of the diversity found in children
is lost. The data also suggest that CMV-infection reduces the number of HIV-1-responsive clones, probably due
to the repertoire being skewed towards a limited number of expanded CMV-specific T-cell clones. Note that the
TCRa chain was not sequenced but also determines the TCR specificity, and that being reported as binding to
epitopes may be restricted to HLA alleles that are absent in many donors. Our analysis thus does not exactly
quantify the T-cell response against HIV-1 epitopes. However, the decrease in reported TCR hits is expected to
reflect an actual decrease in richness of the T-cell response against an unseen pathogen. To place these pathogen-
specific results into a more general context, we also quantified the overall changes in repertoire richness with age.
In line with previous studies [1, 8, 9, 15], we found a moderate decline in richness per normalized number of
sequences with both age and CMV-infection (Fig. 1B).
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TCR repertoires are dominated by naive T cells in young and by memory T cells in
older individuals

Importantly, the TCRP dataset we used consists of sequences that were observed in a peripheral blood sample, that
was not sorted to only contain a specific T-cell subpopulation. Naive T-cell frequencies are a major determinant
of TCR repertoire richness because encounter with antigen leads to proliferation, and the resulting effector and/or
memory clones will mostly persist at a higher frequency than the initial frequency of the naive T-cell clone. It
is important to make a distinction between the number of naive T cells per unit of blood, and the percentage
of naive T cells among other subsets. For example, when the memory compartment grows with age, the naive
T-cell diversity does not have to decrease if its total pool size remains stable, while the percentage of naive T
cells would decrease. In line with this, Wertheimer et al. reported that the percentage of naive T-cells decreases
significantly with age, while the absolute number of naive CD4 T cells per pl of blood is rather similar between
young and older individuals, if they are CMV-negative [12].

We consulted various studies reporting the number of naive T cells per volume of blood to estimate how
the naive T-cell pool size changes with age (Fig. 2A). The reported counts vary widely between individuals and
different studies. Part of this variation may be explained by the different markers that are used to sort the naive
sub-population from blood, some being more stringent than others. The studies mostly agree on the observation
that naive CD8 T-cell numbers in blood decrease strongly with age (Fig. 2A; right), implying that the total
number of naive CD8 T cells is much smaller in older than in young individuals. However, some of the naive
CD8 T cells may have undergone phenotypic changes without having responded to foreign antigen, for example
becoming virtual memory cells. The effects of age on the naive CD4 T-cell numbers in blood are less pronounced
(Fig. 2A,; left), suggesting that the absolute size of the naive CD4 T-cell pool does not change dramatically with
age, while the relative frequency of naive CD4 T cells may decrease substantially.

To assess to which extent the observed changes in richness as described above may reflect relative changes
in subset sizes, we defined a simple subset classifier. We split each TCR repertoire into a putative naive and
effector/memory fraction (see Methods). We again plotted the size-normalized richness of each repertoire, like
in Fig. 1B, but now separately for the two inferred subpopulations (Fig. 2B). The absence of a decrease in TCR
repertoire richness in both compartments suggests that the diversity of each subpopulation may be rather stable
with age. Although the separation between naive and effector/memory will be far from perfect with this approach,
it reveals a key determinant of any TCR diversity analysis. By a relative increase of expanded subpopulations, the
richness of an unsorted repertoire will decrease, while the richness of the individual subpopulations can remain
stable. This means that it is crucial to analyze such subpopulations separately to allow for conclusions on diversity
loss within for example the naive T-cell compartment.

The total richness of the naive T cell repertoire can only be estimated by combining
multiple subsamples

To analyze the changes in naive TCR repertoire richness with age we re-analyzed the TCRB sequencing data
analyzed before in [9]. They estimated the richness of naive and memory populations from four young (20-
35y) and five aged (70-85y) individuals. Importantly, the cells were split into multiple subsamples before mRNA
extraction, enabling the use of the Chao2 estimator to impute the richness of each total T-cell pool. They
estimated naive TCRP repertoire richness in the order of 107 to 108, with a two- to fivefold richness decrease in
older healthy donors when compared to the young individuals [9]. We revisited this naive T-cell data by performing
additional analyses on the changes with age. First, we estimated the relative contribution of sequence reads by
single cells and used this to impute the distribution of cells from the read counts in each sample (see Methods).
We then plotted the measured and extrapolated richness using rarefaction curves to account for differences in
sampling depth (Fig. 3). In line with the results in Fig. 2B, the TCR richness of a given number of naive T cells
is very similar between the age groups, especially for lower numbers of cells (Fig. 3A). At a depth of 50 000 cells,
which was reached in all subsamples, the maximum richness difference between any sample pair was only 13%
for naive CD8 T cells, and less than 5% for CD4. Although the curves diverge somewhat more at a higher depth,
the observed differences in measured richness between the age groups remain rather limited.

Since typical samples of T cells only comprise a minor fraction of the entire T-cell repertoire, it can be useful
to extrapolate the richness to the level of the entire T-cell pool. The non-parametric Chaol estimator accounts
for the unobserved diversity, based on the number of TCR sequences observed once and twice in a sample [2].
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Figure 2: The observed T-cell diversity largely depends on the relative frequency of naive T cells. A.
Estimated number of naive CD4 and CD8 T cells per pl of blood as reported in three studies. Solid lines show the
results of a regression analysis [12], the dashed line indicates the median values of a young and aged age group
[13], and the dotted lines connect the median values per age group, with the error bars indicating the reported
standard deviation [4]. B. Size-normalized richness (similar to Fig. 1B) after splitting the TCRB repertoires into
a 'naive’ and 'effector/memory’ fraction (see Methods). Linear regression lines are shown for CMV-positive (red)
and CMV-negative (blue) individuals.
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Figure 3: Naive TCRP richness in young and aged individuals as a function of sample size and number.
A-C. Rarefaction curves for the observed TCRP richness (A) and estimated total richness using the Chaol (B)
and Chao2 (C) estimators. Shown are results based on CD4 (left) and CD8 (right) naive T-cell repertoires from
young (solid lines) and aged individuals (dashed lines). The colors indicate individual donors, and the horizontal
axis depicts the inferred number of cells (see Methods). The rarefaction curve of the Chao2 estimator runs until
the sampling depth of the smallest subsample of each individual. D. Estimated total TCRB richness using the
Chao?2 estimator based on 50 000 inferred ‘cells’ from all (5) or a subset of the subsamples. Shown are the loess
regression lines with colors and line style as in A-C, with the symbols showing individual Chao2 estimates for
repertoires of young (circles) and aged (triangles) individuals.
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For each subsample, the total richness estimate using the Chaol estimator typically exceeds the observed richness
by orders of magnitude (Fig. 3B). Notably, although multiple estimates of the naive TCR repertoire richness in
a single individual can be quite heterogeneous, the estimated TCR richness is clearly distinct between both age
groups. In addition, the rarefaction curves are mostly flat at the highest sampling depth, suggesting that the
richness estimate is quite robust. We also integrated the information from multiple subsamples using the Chao2
estimator (Fig. 3C). The Chao2 estimates are based on occurrence in one or multiple samples rather than on the
abundance in an individual sample [2]. The estimates did not saturate completely at the current sampling depth
but were clearly distinct between the age groups, in line with the previous analyses [9]. In comparison with the
Chaol estimates, we arrived at much higher estimates for the total repertoire richness using the Chao2 estimator.
This may indicate that the inferred cell abundance in individual samples is far from perfect, casting doubt on the
accuracy of the Chaol estimates in Fig. 3B. The total richness predicted using the Chao2 estimator appeared
surprisingly consistent when based on a subset of the subsamples at a given sampling depth (Fig. 3D). So, the
estimated richness based on multiple subsamples allows to discriminate between the naive TCR repertoires of
young and aged individuals, even at a very limited coverage of the entire TCR diversity.

Towards a robust comparison of diversity between sampled TCR repertoires

Here we analyzed the observed and extrapolated richness of multiple existing TCR repertoire sequencing datasets.
While identifying ‘holes in the repertoire’ using TCR sequencing may be an attractive idea, the extremely limited
coverage of typical samples weakens the outcomes of such an analysis. While estimating the richness of specific
T-cell responses is problematic, even estimating the total richness of a diverse T-cell repertoire appears far from
straightforward. Differences in richness and evenness may reflect differences in subset frequency rather than true
differences in richness within a given T-cell pool. Addressing the changes in diversity during healthy ageing requires
sequencing the TCR repertoire of multiple samples from sorted T-cell populations. It remains to be determined
to which extent the observed or estimated TCR diversity can functionally explain or predict clinical outcomes in
health and disease. This report illustrates that careful experiments and analyses are necessary to obtain robust
signals from sampled immune repertoires.

Methods
TCRB sequencing data

The processed TCRP repertoires that were used for the analysis presented in Fig. 1 and Fig. 2, originally published
in [6], were downloaded from the Adaptive Biotechnologies website. We only used the repertoires of donors
with a known age and CMV-infection status, for which ‘counting method v2' was applied. To eliminate the
heterogeneity in sample size in Fig. 1, we used the 482 repertoires with a template count of at least 100 000,
and down-sampled these without replacement to contain 100 000 templates. The TCR richness was quantified in
these size-normalized repertoires, based on the combination of the identified V-gene, J-gene, and CDR3 nucleotide
sequence. The dataset that was used for the analysis presented in Fig. 3, originally published in [9], was obtained
from dbGaP found at https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000787.v1.p1
through dbGaP study accession number PRJNA258304. These data (project “Immunosenescence: Immunity in
the Young and Aged") were provided by Jorg Goronzy on behalf of his collaborators at PAVIR and Stanford
University. In this study, five replicates with each 10% cells per aliquot of naive and memory CD4 T cells were
collected. For CD8 T cells, 0.25 x 10% T cells were collected per replicate, except for the naive CD8 T cells from
young individuals, from which 10° cells per aliquot were used for sequencing. The sequencing data was processed
using RTCR [7] as described before [5].

Inference of a T-cell response against an unseen pathogen

The VDJdb [10] was downloaded from https://vdjdb.cdr3.net on 15 December 2022, by selecting human TRB
sequences that were found to be specific for epitopes derived from HIV-1, with a confidence score of at least
1. When matching the size-normalized sequencing data with this database, we required the translated CDR3
sequence, as well as the V- and J-gene families to be identical.
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Table 1: Example table showing observed and inferred TCRB counts per subsample.

TCRB sequence Observed number of reads Inferred number of ‘cells’

\% J CDR3 Subsample 1 | ... | Subsample 5 | Subsample 1 | ... | Subsample 5
79 | 2-7 | TGTGCCA...GTACTTC 0 e 20 0 e 2
79 | 2-3 | TGTGCCA...GTATTTT 10 . 7 1 . 1
20-1 | 2-7 | TGCTGTA...GTACTTC 0 . 2 0 . 1
20-1 | 2-7 | TGCGGTG...GTACTTC 1 S 0 1 . 0
9 1-1 | TGTGCCA...TTTCTTT 38 . 25 5 . 3
7-9 | 2-3 | TGTGCCA...GTATTTT 0 . 20 0 . 3

Reported naive T-cell counts

We searched the literature for studies reporting naive CD4 and CD8 T-cell counts as a function of age. We only
selected studies in which individuals were stratified by CMV-status. We used the regression formulas presented in
Table S1 in [12], the median ages and T-cell counts for both age groups reported in Tables 1 and 2 in [13], and
the median T-cell counts plus standard deviation for the age groups reported in Tables 2 and 3 in [4].

Computational classification of total TCR repertoires into naive and effector/memory
subpopulations

The dataset reported in [6] is based on unsorted T-cell repertoires. To address the potential changes in richness for
the underlying T-cell subpopulations, we performed a TCR sequences by subset. We separated TCR sequences that
are expected to be derived from naive T cells from those that were expected to be derived from effector/memory
T cells. Specifically, we assumed the percentage of naive T cells in these samples to decrease from 90% at birth to
50% at 20 years of age (2 percent point decrease per year), and a further decrease of 0.25 percent point per year.
We used the same selection criteria described above and inferred the total number of naive and effector/memory
T cells in these samples. For the 420 TCR repertoires in which both numbers exceeded 100 000 cells (which in
total thus contained at least 200 000 cells), we sorted the TCR repertoire by TCR sequence frequency. The least
abundant sequences were classified as naive, until their relative frequency was equal to the estimated fraction of
naive T cells. The remaining, more abundant, sequences were classified as being derived from effector/memory
cells. Both fractions were down-sampled without replacement to a template count of 100 000 to eliminate the
heterogeneity in sample size. The richness of each down-sampled TCR repertoire is shown in Fig. 2B.

Inference of T-cell distributions from mRNA-based read distributions

The sequencing data obtained in [9] is based on PCR-amplified TCRB mRNA transcripts from samples containing
variable numbers of cells. The TCR frequencies in the data will thus be affected by differences in cell count,
TCRB expression level and amplification efficiency. These factors may influence the estimated richness in each of
the samples, complicating reliable comparison between samples. To reduce the effect of these factors we inferred
a distribution of cells from the distribution of reads in each sample. We reasoned that the majority of the TCR
sequences observed in only one subsample will be derived from a single T cell. This allowed us to infer the
distribution of how many reads are contributed by each single cell, for each subsample individually. Importantly,
this distribution only describes the cells that contributed any TCR read, since cells without any contribution
remain unnoticed. Using the average of the inferred number of reads that was derived from each contributing
cell, we estimated how many cells contributed all reads together in each sample. Reassuringly, the subsamples
containing naive CD8 T cells from aged individuals, that were known to contain fewer cells than the other samples,
also contained fewer cells according to our TCR repertoire-driven estimate. We then assigned TCR sequences
that were supported by a single read to single cells, since these reads cannot be contributed by multiple cells.
The remaining TCR sequences were then assigned to inferred ‘cells’ based on the estimated read-contribution
distribution, starting from the TCR sequence supported by the largest number of reads. This resulted in a table
of TCR sequences, each supported by an inferred number of cells that was smaller than or equal to the observed
number of reads supporting that TCR sequence (Table 1). The analyses presented in Fig. 3 are based on these
inferred distributions of cells instead of the potentially more biased frequency of reads. Rarefaction curves were
obtained by sampling without replacement from these inferred TCR repertoires.
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