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Introduction
Naive T cells produced by the thymus have the potential to recog-
nize any pathogen, whereas memory T cells are generated from 
a past immunological response and offer long-lasting protection 
against pathogens during a subsequent encounter (1–4). Produc-
tion of naive T cells substantially declines after puberty, creating a 
challenge to maintaining a T cell system throughout a lifetime that 
balances the numbers of naive and memory T cells (5, 6). Memory 
T cells continuously accumulate with various degrees of selective 
clonal expansion after new or repeated immune responses (7, 8). 
There are 2 general types of T cells: CD4+ cells primarily offer a 
helper function via the release of cytokines to promote and regu-
late functions of both B cells (humoral response) and CD8+ T cells; 
and CD8+ cells use their cytotoxic pathways to kill virally infected 
or cancerous cells. With age, the reduction in naive T cells in circu-
lating blood is more severe for CD8+ than CD4+ T cells, although 
the rate of naive CD8+ T cell loss varies tremendously among 
healthy adults (9–13). Studying the dynamics of naive and memo-
ry CD4+ and CD8+ T cells throughout the adult lifetime is import-
ant for understanding immunity and aging. Details at the level of 
T cell receptor (TCR) clonotypes are necessary to understand the 

age-associated changes of TCR repertoire, which is measured by 
T cell richness, meaning the number of unique TCR sequences in 
an individual’s T cell repertoire. Currently, the dynamics of naive 
and memory CD4+ and CD8+ T cells throughout the adult lifetime 
at the level of TCR sequence are not known.

The repertoire of αβ TCR — the TCR variable segments that 
recognize specific pathogens — is determined in adult humans 
by both genetic events, such as recombination of variable gene 
regions and α-β chain pairing, and the number of mature T cells in 
the body. The estimated number of T cells in circulation in an adult 
is approximately 4 × 1011 (14), with estimates of αβ TCR repertoire 
size based on genetic elements as high as 1 × 1015 (15–17). Experi-
mental analyses of TCRβ sequences from small numbers of T cells 
(~1 × 106) suggest that the predicted TCRβ repertoire size range is 
1 × 106–108 (18, 19). In addition, TCRβ repertoires appear to have 
reduced richness with age for both total T cells (20–22) and naive 
and memory CD4+ and CD8+ cells (23). Research shows that TCRβ 
repertoire size is highly diverse in human adults (20–22) and is sub-
stantially different between naive and memory T cells (23–25), but 
longitudinal analysis of actual TCR repertoire changes in naive and 
memory T cells with age using human samples are lacking. Fur-
thermore, reports on TCRβ repertoire size as it corresponds with 
age were performed with the assumption that all study participants 
had equal number of T cells without considering the substantial 
individual differences in T cell numbers and their changes with 
age. Finally, little is known about size and age changes in the TCRα 
repertoire or the actual αβ TCR repertoire in humans.

Naive T cells are long-lived cells (26), and the main route 
for maintaining the naive T cell pool throughout adulthood in 
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calculating the number of CD4+ and CD8+ T cells and their subsets 
in the donor’s total blood. We observed a significant reduction in 
numbers of lymphocytes, CD4+ and CD8+ T cells, and naive CD4+ 
and CD8+ T cells with age (Figure 1, C–F, Supplemental Figure 1, and 
Supplemental Table 1). These actual numbers of T cells in the blood 
for each donor were used for projected TCR repertoire richness.

After analysis of 1.9 × 107 individual TCRα and TCRβ mRNA 
molecules (UMI counts) from 1.9 × 108 isolated T cells from 30 
donors with an average sequencing depth of approximately 30 
sequencing reads per UMI, we calculated (a) TCR repertoire rich-
ness that measures the number of unique TCRs in a donor by 
rarefaction equations that project to the actual numbers of circu-
lating T cells in the blood (1% of total T cell counts) (40); and (b) 
the Inverse Simpson’s Index (ISI)) that measures both the number 
of different TCRs and their clonal expansion (Supplemental Table 
2). The results showed that the TCRα and TCRβ repertoire rich-
ness of both CD4+ and CD8+ T cells varied greatly, ranging from 1 
× 104–106 for both TCRα and TCRβ, with varying changes with age 
among the donors (Figure 2, A and C). For both CD4+ and CD8+ T 
cells, we found a significant reduction in richness with age for TCRβ 
but not TCRα and a significant reduction with age for both TCRα 
and TCRβ measured by ISI (indicating increased clonal expansion) 
using mixed linear effects (MLE) analysis (Figure 2, B and D). These 
findings suggested that repertoire changes with age affected both 
richness and clonal expansion, and that reduction in TCR repertoire 
richness was more rapid in CD8+ than in CD4+ T cells.

Reductions in TCRα and TCRβ repertoires with age in naive and 
memory CD4+ and CD8+ T cells. The clonal distribution and expan-
sion of naive T cells is an important determinant of T cell immu-
nity (25). To determine whether the observed reductions with age 
in TCRα and TCRβ repertoires in CD4+ and CD8+ T cells occurred 
in naive or memory T cells, we measured TCRα and TCRβ reper-
toires of naive and memory CD4+ and CD8+ T cells isolated by cell 
sorting, with CD45RA+CD28+ cells sorted as naive and all other 
cells sorted as memory cells and determined changes in TCR rep-
ertoires with age. The richness of TCR repertoires was projected 
to 1% of the total actual naive and memory CD4+ and CD8+ T cells 
in the blood of donors, and TCR clonal expansion was calculated 
by ISI (Supplemental Table 3). We observed significant reductions 
with age in TCR repertoire richness, especially TCRβ richness, in 
CD4+ and CD8+ naive T cells, but not CD4+ and CD8+ memory T 
cells (Figure 3, A and C). Again, the reductions in TCR richness 
were more rapid in naive CD8+ T cells (TCRα = –2.19 %/year and 
TCRβ = –3.48%/year) than in naive CD4+ T cells (TCRα = –0.66%/
year and TCRβ =–2.27%/year). Age also led to increased clonal 
expansion in the naive TCRβ repertoire of CD8+ but not CD4+ T 
cells (Figure 3, B and D). In contrast, reductions with age in TCRβ 
repertoire richness were not significant for CD4+ and CD8+ mem-
ory T cells (Figure 3C), but reduction of ISI with age was signifi-
cant for TCRβ but not TCRα of memory CD4+ and CD8+ T cells 
(Figure 3D). Together, these findings demonstrated that age led  
to a more profound reduction in richness of TCRα and TCRβ  
repertoires in naive than in memory T cells. Age also resulted in  
a significant clonal expansion of TCRβ repertoires in both CD4+ 
and CD8+ naive and memory T cells.

Next, we analyzed TCR richness changes with age in naive 
and memory CD4+ and CD8+ T cells for each donor, comparing 

humans is homeostatic proliferation (5). The survival of naive T 
cells depends on having received maintenance signals through 
the TCR as well as having been exposed to cytokines such as IL-7 
in lymphoid organs (27, 28). This naive T cell maintenance mode 
appears unbiased in early adulthood, but selective expansion of 
certain naive T cell clones is reported in older humans (23, 29). 
However, when the uneven expansion of naive T cells starts in an 
adult life and whether this uneven expansion continues or occurs 
randomly with age are unknown. Cumulative homeostatic prolif-
eration has 2 known consequences: (a) altered activation thresh-
olds of naive T cells to antigenic activation (30, 31), and (b) loss 
of naive phenotype and gain in memory phenotype, which is not 
because of differentiation induced by cognate antigen stimulation 
(32–35). These alterations are largely characterized by their phe-
notypes and activation-induced response, but the clonal evidence 
of these changes has not been determined.

In this study, we conducted a longitudinal assessment of the 
TCRα and TCRβ repertoires in naive and memory CD4+ and CD8+ 
T cells from healthy adults. We applied RNA-seq with a TCR-mR-
NA-marking method using unique molecular identifiers (UMI) to 
reduce the errors of sequencing read–based methods. We deter-
mined longitudinal changes in TCR repertoire and projected TCR 
repertoire size using the actual circulating T cell numbers from 
participants’ blood provided at each of 2 donations. We developed 
equations to calculate αβ TCR repertoire size from TCRα and TCRβ 
sequences. Our study demonstrated that increasing age is associat-
ed with (a) reduced αβ TCR repertoire richness in CD4+ and CD8+ 
T cells, particularly in naive CD8+ T cells; (b) increased clonal 
expansion of memory CD8+ T cells; (c) increased overlap in TCR 
sequences in longitudinal samples for both CD4+ and CD8+ T cells, 
particularly memory CD8+ T cells; and (d) reduced distinction of 
TCR sequences between naive and memory CD4+ and CD8+ T cells 
as well as between CD4+ and CD8+ T cells. These findings, based 
on actual T cell numbers in individual healthy adults, reveal the 
dynamic in vivo changes with age in naive and memory CD4+ and 
CD8+ T cells at the resolution of TCRα and TCRβ sequences.

Results
Reduction of TCRα and TCRβ repertoires in CD4+ and CD8+ T cells 
with age. To determine changes in αβ TCR repertoires with age, 
we isolated CD4+ and CD8+ T cell subsets from cryopreserved 
PBMCs of 30 healthy humans. Using samples taken an average of 
9.2 years apart, we determined TCRα and TCRβ repertoires using 
a UMI-based RNA-seq method (Figure 1A and Supplemental Table 
1; supplemental material available online with this article; https://
doi.org/10.1172/JCI158122DS1) (36–38). The age of study donors 
at first visit was late 20s to early 80s, with equal numbers of male 
and female participants (Figure 1B). To accurately measure TCR 
repertoire changes with age, we first determined the numbers of 
circulating CD4+ and CD8+ T cells in the blood of each participant 
at each donation. The total number of T cells and their subsets in 
an individual were calculated by (a) determining the percentages of 
CD4+ and CD8+ T cells and their subsets by flow cytometry of lym-
phocytes; (b) calculating the counts of CD4+ and CD8+ T cells and 
their subsets in a microliter of blood based on complete blood cell 
counts (CBCs); (c) determining total blood volume based on donor 
height and weight at donation using Nadler’s Equation (39); and (d) 
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ness of each type of T cell subset. Using this criterion, we found 
the following changes in naive TCR repertoire richness among cell 
subsets. Reduced richness was observed in 59% of donors (aver-
age of TCRα and TCRβ for both naive and memory CD4+ and CD+  
T cells); 11% had no obvious changes; and 30% had increased rich-
ness (Table 1). Further analysis showed that there was no statisti-
cal significance between the average age of donors in which their 

samples provided at different ages. To determine the true age-as-
sociated changes, we first measured TCR richness variation in 
samples collected at the same time but measured independently. 
The SDs of projected TCR richness of naive and memory CD4+ 
and CD8+ T cells were calculated using samples from 3 healthy 
adults (Supplemental Figure 2). We defined an age-associated 
change in TCR richness as greater than 1 SD in the estimated rich-

Figure 1. Experimental scheme. (A) Experimental design. Thirty healthy adults were selected from participants of the Baltimore Longitudinal Study of Aging 
(BLSA). At each of 2 visits, weight and height were measured and fasting blood was drawn, and PBMCs were isolated and cryopreserved. From each sample, 
CBC counts were analyzed. For experiments, PBMCs were thawed and stained for CD4, CD8, CD45RA and CD28. Naive and memory CD4+ and CD8+ T cells 
were isolated by cell sorting for T cell receptor α (TCRα) and TCRβ repertoire analysis. PBMCs were isolated from 3 additional healthy adults and naive and 
memory CD4+ and CD8+ T cells were sorted in 3–4 aliquots as reproducibility controls. UMI, unique molecular identifier. (B) Age and sex of participants at first 
and second donation. Each line represents 1 donor, and the length of line indicates years between donations. (C–F) Numbers of lymphocytes, total, naive, 
and memory CD4+ and CD8+ T cells in samples from 2 donations, with change with age. Cell numbers were based on (a) lymphocyte counts per microliter of 
blood; (b) percentage of CD4+ and CD8+ T cells and naive and memory cells in lymphocytes, calculated from flow cytometry; and (c) blood volume calculated 
from donor weight and height adjusted by sex (39). Thin short lines link 2 donations from 1 participant. The thick long line is the trend from MLE analysis. 
The colored shade around the trend line indicates 95% confidence interval. Unless otherwise noted, values were transformed with log10 for presentation and 
statistical analysis. Values for slope (S) of the trend line and P values (≤ 0.05 was considered significant) are presented. N, naive; M, memory T cells.
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have 2 functional TCRα sequences (43–45), we used the same 
data sets to calculate the average percentage of T cells with only 
single TCRα sequences and used this information to adjust the 
bulk TCRα sequences in calculations of paired αβ TCR richness 
(Supplemental Figure 4B). The TCR repertoire is larger for CD4+ 
T cells than for CD8+ T cells (19, 46), so we used separate equa-
tions to estimate the paired αβ TCR richness for CD4+ and CD8+ 
T cells (Supplemental Figure 4C). We found that projected paired 
αβ TCR richness was larger for CD4+ than CD8+ T cells, specifical-
ly an average 1.6-fold of the average TCRα and TCRβ richness for 
CD4+ cells and 1.5-fold of the average for CD8+ T cells (Figure 4 
and Supplemental Table 2). Paired αβ TCR richness showed signif-
icant reductions with age for total CD8+ (–2.36%/year, P = 0.003), 
naive (–2.84%/year, P = 0.001), and memory (–2.04%/year, P = 
0.028) CD8+ T cells, but not total, naive, or memory CD4+ T cells 

TCRα and TCRβ richness increased versus those in which their 
richness decreased (Supplemental Figure 3).

Predicting paired αβ TCR repertoires and their age-associated 
changes. Studies have reported methods for pairing TCRα and 
TCRβ from bulk TCRα and TCRβ sequences using statistical 
modeling and frequencies (41, 42). We analyzed the relation-
ship between separated TCRα and TCRβ sequences and their 
αβ-paired TCR using paired αβ TCR sequences (from 745,182 
CD4+ and 158,305 CD8+ T cells) from single-cell RNA-seq stud-
ies and observed a linear relationship between the number of 
unique TCRα and TCRβ sequences and the number of paired αβ 
TCR clones (Supplemental Figure 4A). The numbers of TCRα and 
TCRβ and the numbers of their pairs reveal a mathematical princi-
ple that allows for direct estimation of αβ-paired TCR repertoires 
from individual TCRα and TCRβ sequences. Because some T cells 

Figure 2. Reductions in αβ TCR repertoires in CD4+ and CD8+ T cells with age. (A) Age-associated reduction in projected richness of T cell receptor α (TCR 
α) and TCRβ repertoires of CD4+ T cells. TCRα and TCRβ sequences were calculated for each donor and projected to 1% of total circulating CD4+ T cells (in 
log10-based values) (see C). (B) Age-associated reduction of TCRα and TCRβ diversity of CD4+ T cells measured by ISI. (C) Age-associated reduction in pro-
jected richness of TCRα and TCRβ repertoires of CD8+ T cells. (D) Age-associated reduction of TCRα and TCRβ diversity of CD8+ T cells measured by ISI. The 
colored shade around the trend line indicates the 95% confidence interval. S, slope of the trend line.
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αβ TCR richness for CD4+ and CD8+ T cells to 1% of the 
average of total cells in the blood for all donors. We found 
that the paired αβ TCR richness of 1% of average total blood 
was 3.0 × 106 for CD4+ T cells and 7.9 × 105 CD8+ T cells 
(Figure 4D). Thus, the αβ TCR repertoire richness in the 
total blood of an adult human was estimated, at the lower 
end, to be approximately 3.8 × 108.

Age-associated increased stability of TCRα and TCRβ rep-
ertoires. We investigated how the content of TCRα and TCRβ 
sequences changes with age by analyzing the same TCR 
sequences that found in both first and second sample dona-
tions at both unique (reflecting changes in TCR richness level) 
and total (reflecting changes in T cell population level based 
on UMI counts) TCR sequences. We found that CD4+ and 
CD8+ T cells had a similarly low level of overlapping TCRs at 
young ages (<40 years old) with overlap increasing in older 
donors. This increase in TCR sequence overlap with age was 
more rapid for CD8+ than CD4+ T cells, particularly for total 
TCR sequences (Figure 5, A and B and Supplemental Table 4).

To determine if the age-associated increase in TCR 
overlap — defined as a TCRα or a TCRβ sequence observed 
in samples from both donations of a subject between (a) the 
same type of CD4+ and CD8+ T cells and their naive and 
memory subsets, and (b) between CD4+ and CD8+ T cells and 
their corresponding naive and memory subsets — was due to 
changes in naive or memory T cells, we compared naive and 
memory CD4+ and CD8+ T cells for overlap in TCR sequences 
using samples from participants’ 2 donations. In CD4+ T cells, 
memory cells had higher levels of overlapping sequences and 
a faster increase in overlap with age than naive cells for both 
unique (focusing on the changes at repertoire richness level) 
and total (focusing on the changes to repertoire richness at 
the cell level, which is influenced by clonal expansion) TCR 
sequences (Figure 5, C and D). Although the overlap was 
similar for naive and memory CD8+ and CD4+ T cells for 
younger donors (under 40 years), naive and memory CD8+ 
T cells exhibited a more rapid increase in TCR overlap with 
age, especially at the total TCR sequences (Figure 5, E and 
F). This effect was particularly profound in memory CD8+ T 
cells: TCR sequence retention over time was twice as high 
in older donors (8.8% and 9.1% for those over 70 years) as in 
young donors (4.1% and 4.4% for those under 40 years) at 
the unique TCRα and TCRβ levels. At the total TCR sequence 
level, the overlaps were substantially increased at both older 
(65% and 72% for TCRα and TCRβ, respectively) and young-
er ages (34% and 38% for TCRα and TCRβ) (Figure 5F). 
These findings demonstrated that (a) TCR repertoire was 
increasingly stable with increased age, (b) the TCR repertoire 
was more stable for CD8+ than CD4+ T cells with increased 
age, (c) the content of memory TCR repertoires showed 
greater increased retention with age than naive TCR reper-
toires, and (d) retained TCR sequences were more abundant 
than nonretained sequences with age.

Age-reduced differences in TCRα and TCRβ repertoires in naive 
and memory CD4+ and CD8+ T cells. Next, we compared TCRα 
and TCRβ sequences for cells from each participant for each sam-
ple donation to examine the degree of overlap between naive and 

(Figure 4, A–C, and Supplemental Tables 2 and 3). To overcome 
the problem of a small number of T cells used for predicting the 
total TCR repertoire, we combined TCR sequences for CD4+ (1.26 
× 108) and CD8+ (6.07 × 107) T cells for all 30 donors and projected  

Figure 3. CD4+ and CD8+ T cell subset–specific reductions of αβ TCR repertoires 
with age. (A) Age-associated reduction in richness of TCRα and TCRβ repertoires 
of naive CD4+ and CD8+ T cells. TCRα and TCRβ sequences were calculated for each 
donor and projected for 1% of total circulating naive CD4+ or CD8+ T cells (in log10 
-based values), for (A) and (C) in this figure. (B) Age-associated reduction in ISI for 
TCRα and TCRβ diversity of naive CD4+ and CD8+ T cells. (C) Age-associated reduc-
tion in richness of TCRα and TCRβ repertoires of memory CD4+ and CD8+ T cells.  
(D) Age-associated reduction in ISI of TCRα and TCRβ diversity of memory CD4+ 
and CD8+ T cells. Thin short lines link 2 donations from 1 participant. Thick lines are 
trends from MLE analysis. The colored shade around the trend line indicates the 
95% confidence interval. S, slope of trend line.
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memory TCR repertoire. We found low overlap of TCRα and TCRβ 
unique sequences between naive and memory T cells for CD4+ 
cells (the average of 2 donations was 0.9% for both TCRα and 
TCRβ) (Figure 6A and Supplemental Table 5) and CD8+ cells (1.3% 
and 1.4% for TCRα and TCRβ, respectively) (Figure 6B). But at the 
total TCRα and TCRβ sequence levels, there were more abundant 
overlapped TCR sequences in naive and in memory cells (7.2% and 
8.0% of CD4+ and 34.7% and 34.3% of CD8+ total TCRα and TCRβ 
sequences, respectively) (Figure 6A–B).

Previous studies on the sharing of TCRα and TCRβ sequences 
between CD4+ and CD8+ T cells showed 9% sharing for TCRα and 
1%–5% for TCRβ unique sequences (19, 46). Our study found little 
overlap in unique TCR sequences but an increased overlap with age 
in total TCR sequences in CD4+ and CD8+ T cells (Figure 6C and Sup-
plemental Table 6). Analyzing the overlap between naive and memo-
ry CD4+ and CD8+ T cells, we found that the increased overlap in TCR 
sequences between CD4+ and CD8+ T cells was mainly in memory 
but not in naive T cells (Figure 6, D and E). These findings demon-
strated that age resulted in a loss of distinctiveness in TCRα and TCRβ 
sequences between memory CD4+ and CD8+ T cells and suggested 
that overlapping TCRα and TCRβ sequences between memory CD4+ 
and CD8+ T cells were from selectively expanded TCRα and TCRβ 
clones. However, it requires further study to determine whether the 
increase in overlap with age is due to paired αβ TCRs or due to differ-
ent αβ TCRs sharing identical TCRα or TCRβ sequences.

Increased abundance of the public TCRα and TCRβ sequences 
with age. Retention of TCR sequences within an individual over 
time suggests that these TCR clones are useful to that individual, 
whereas presence of a common TCR sequence among different 
individuals implies a common pathogen exposure among the indi-
viduals. To determine the degree of TCR sequences shared among 
different individuals, we analyzed the sharing of TCR sequences 
among the 30 healthy adult donors. We defined a TCR sequence 
as a unique combination of V-CDR3-(amino acid sequence)-J. Any 
TCR sequence found in only 1 donor was “private” and sequences 
found in more than 1 donor were “public.” The degree of the pub-
licity of a TCR sequence was determined by the number of indi-
viduals who shared it. The publicity of TCRα and TCRβ sequences 
was associated with their abundance in both CD4+ and CD8+ T 
cells (Figure 7, A and B). Our findings showed that the abundance 
of the public TCRs increased with age in both CD4+ and CD8+ T 
cells and that the increase was significant in CD8+ but not in CD4+ 
T cells (Figure 7, C and D). This result suggested a more profound 
expansion of public TCR sequences with age in CD8+ than in 
CD4+ T cells. The antigenic feature of these public TCR sequences 
enriched in old adults requires further study.

Discussion
Our study used longitudinal samples of total CD4+ and CD8+ T cells 
and their subsets and predicted repertoires based on the actual blood 
T cell number of each donor. We demonstrated that TCR repertoire 
reduction with age is specific to different T cell subsets and occurs 
at an individualized rate. With age, naive T cells show reduced TCR 
repertoire richness, while memory T cells show increased clonal 
expansion. Our study documents age-associated changes in the αβ 
TCR repertoires of naive and memory CD4+ and CD8+ T cells of 
healthy adults over a span of 70 years and provides evidence of a 
reduced TCR repertoire in older adults.

Richness and clonal distribution/expansion are 2 key features 
of TCR repertoires. Although previous cross-sectional analyses sug-
gest a reduction in TCR repertoire richness with age (21, 23), it was 
unknown if richness and clonal distribution/expansion changed in 
parallel to or independently of age. Our longitudinal study observed 
an age-associated reduction in TCRα and TCRβ richness and ISI in 
both CD4+ and CD8+ T cells and in both their naive and memory cell 
subsets. Although expanded TCR clones were recently observed in 
human naive T cells (25), our findings showed that clonal expan-
sion of certain TCRs increases with age (seen as a reduction of ISI 
with age) in both CD4+ and CD8+ naive T cells, providing strong 
evidence that age alters the homeostatic maintenance of naive T 
cells. In contrast, CD4+ memory T cells did not show age-associ-
ated reduction in TCR richness, but did show significant reduction 
in ISI (particularly in TCRβ), indicating different aspects of TCR 
repertoire change with age in naive and memory T cells. Advancing 
age has the most dramatic effect on naive CD8+ T cells: age reduces 
cell number (10, 47) and TCRα and TCRβ repertoire richness. Here, 
we showed that age also altered their homeostasis with expansion 
of selected TCRs in naive CD8+ T cells. Evidently, TCR repertoire 
age-related changes are influenced by multiple factors such as his-
tory of infections, genetic elements including HLA haplotypes — 
50% of the study participants here are HLA-A2+ — and other dif-
ferences among the participants. Chronic CMV infections drive 
oligoclonal expansions of CD8+ T cells in old age (48, 49) but we did 
not have the power to address whether this virus may have been a 
confounder, potentially preferentially affecting clonal expansions 
in the CD8+ T cell memory compartment of older participants, as 
only around 50% of our participants indicated their CMV status. 
We also noticed dissociated age changes of TCRα and TCRβ rich-
ness between naive and memory CD4+ and CD8+ T cells in individ-
ual participants. Whether this is a small sampling error or reflects 
a yet-to-be determined type of age-related change remains to be 
elucidated. Clearly, more studies will be needed to determine the 
contribution of the effect of chronic infections on the rates of TCRα 

Table 1. Type of age-associated changes in TCR richness in study donors

Change  
with ageA

CD4 naive CD4 memory CD8 naive CD8 memory Overall
TCRα TCRβ TCRα TCRβ TCRα TCRβ TCRα TCRβ

Decrease 60% 63% 63% 57% 63% 67% 50% 50% 59%
No change 13% 3% 3% 7% 13% 10% 11% 25% 11%
Increase 27% 33% 33% 37% 23% 23% 39% 25% 30%
ADecrease and increase defined as greater than 1 SD in 1 direction, and no change defined as within 1 SD. TCR, T cell receptor.
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and TCRβ repertoire richness and diversity changes using condition 
matched and naive participants.

Previous phenotype-based flow cytometry analyses of T cell 
subsets provided insights into changes at the cell population level 
(10, 47) but lack information about TCR content changes with age. 
Our longitudinal αβ TCR sequence analysis by defined T cell subsets 
shows the dynamics of TCRα and TCRβ sequence changes with age 
in adults and reveals some intriguing findings. First, with age, TCR 
sequences were increasingly retained (meaning the same TCRs were 
found in both samples from an individual). This was found for both 
CD4+ and CD8+ T cells with a more prominent degree of retention in 
CD8+ cells than CD4+ cells. Second, the retention of TCR sequences 
was more obvious in memory than in naive T cells, with the highest 
retention of TCR sequences in memory CD8+ T cells. These findings 

demonstrate that the content of TCR repertoires is increasingly sta-
bilized as repertoire size reduces with advancing age, particularly in 
memory CD8+ T cells. Although the precise loss of the kind of TCRs 
was unknown, this reduction provides an explanation of reduced 
ability against novel antigens in older adults.

Another striking difference between CD4+ and CD8+ T cells 
was a greater increase with age in the overlap of TCR sequences 
with total sequences between naive and memory cells in CD8+ than 
in CD4+ cells. In donors over 70 years old, the sharing of identical 
TCR sequences between naive and memory cells was 4–5 times 
greater in CD8+ T cells (42% and 45% for total TCRα and TCRβ, 
respectively) than in CD4+ cells (8% and 10%). This finding implies 
that either the phenotypic definition of naive T cells is more stable 
in CD4+ than in CD8+ T cells with age, or that the TCRs of naive and 

Figure 4. Age-associated decline of predicted αβTCR repertoires based on TCRα and TCRβ sequences. (A) Reduction with age of paired αβ T cell receptor 
(TCR) repertoire richness of CD4+ and CD8+ T cells. Paired αβ TCR repertoire richness of CD4+ and CD8+ T cells was estimated based on projected TCRα and 
TCRβ richness (1% of total circulating cells in blood) via linear regression of single-cell αβ TCR sequences (Supplemental Figure 4) (A–C of this figure). 
(B) Reduction with age in paired αβ TCR repertoire richness of naive CD4+ and CD8+ T cells. (C) Reduction with age of paired αβ TCR repertoire richness of 
memory CD4+ and CD8+ T cells. (D) Estimations of total αβ TCR clonotypes in CD4+ and CD8+ T cells. TCR data were combined across all 30 donors to predict 
richness. The estimated richness from the best 3 models are presented. Average values are 3.0 × 106 for CD4+ T cells and 7.9 × 105 for CD8+ T cells (projected 
to 1% of total cells in blood). For A–C, thin lines link the 2 donations from 1 participant. Thick lines are trends from MLE analysis. The colored shade around 
the trend line indicates the 95% confidence interval.
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were contaminated with an increasing number of CD4+/CD8+ dou-
ble-positive T cells with age, some dysregulation of CD4 and CD8 
expression may have occurred in the memory T cells of our study 
participants. It is currently unclear if this increased overlap of TCRs 
exhibits the self-reactivity (50). The underlying mechanisms causing 
the increased sharing of TCR sequences between CD4+ and CD8+ T 
cells with age and how such changes effect T cell function in older 
adults requires further study.

Despite recent progress in deep sequencing, accurately esti-
mating the αβ TCR repertoire in humans using a small fraction of 
cells (~1 × 106) is challenging, given the immense number of total T 

memory cells undergo more parallel selection in CD8+ than in CD4+ 
T cells in older individuals. More studies are needed to understand 
the mechanisms and implications underlying these changes.

In addition, we observed a reduction with age in the distinctive-
ness of TCR sequences between CD4+ and CD8+ T cells. Intriguing-
ly, although an increasing overlap was observed in TCR sequences 
in both naive and memory cells, the overlap between naive CD4+ 
and CD8+ T cells (8.1% and 7.3% of total TCRα and TCRβ, respec-
tively) was less than twice the overlap between memory CD4+ and 
CD8+ T cells (18% and 16%). Although it is highly unlikely that the 
sorted naive and memory CD4+ and CD8+ T cells in our experiments 

Figure 5. Increased stability of TCRα and TCRβ repertoires with age. (A) Increased overlapping TCRα and TCRβ sequences in CD4+ T cells with age. 
Percentages of overlapping TCR sequences in samples from 2 donations were calculated for unique (top) and total (bottom) TCR sequences and plotted 
by average donor age. For all graphs, thin lines link 2 donations from 1 participant, thick lines are trends calculated using linear regression analysis, and 
the colored shade around the trend line indicates the 95% confidence interval; S is slope with P values. (B) Increased overlap with age in TCRα and TCRβ 
sequences in CD8+ T cells. (C) Naive CD4+ T cells. (D) Memory CD4+ T cells. (E) Naive CD8+ T cells. (F) Memory CD8+ T cells.
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× 108 for CD4+ and 7.9 × 107 for CD8+ T cells). Considering that the 
number of cells used for estimation was still 4 orders of magnitude 
lower than the total number of T cells in an adult human, these num-
bers likely underestimate the actual αβ TCR repertoire richness.

In conclusion, we show that T cell subsets display distinct age- 
related TCR repertoire changes and that the CD8+ TCR repertoire 
reduces with age more profoundly than the CD4+ TCR repertoire by 
an RNA-based UMI-corrected method. It will be worth comparing 
the findings with the DNA-based TCR-sequencing method, which 

cells in the human body. Current single-cell methods for paired αβ 
sequencing of TCRs have a capacity of less than 1 × 104 cells per sam-
ple. Measurements of TCRα and TCRβ sequences separately have a 
100-fold larger capacity of 1 × 106 per sample, but lack information 
about αβ pairing on TCRs. We developed equations based on single 
cell αβ paired TCR data to calculate paired αβ TCR richness using 
bulk TCRα and TCRβ sequences. Our lower estimate of the αβ TCR 
repertoire richness of T cells in a healthy adult using combined TCR 
sequences from all study donors was approximately 3.8 × 108 (3.0 

Figure 6. Age-reduced distinctness of TCRα and TCRβ sequences in CD4+ and CD8+ T cells, and naive and memory cells. (A) Changes with age in percent 
of overlapping TCRα and TCRβ sequences in naive (N) and memory (M) CD4+ T cells from a single sample, calculated at the unique (top) and total (bottom) 
TCR sequence level, plotted against donor age. (B) Increase in overlap of TCRα and TCRβ sequences between naive and memory CD8+ T cells with age.  
(C) Increase in overlap of TCRα and TCRβ sequences between CD4+ and CD8+ T cells with age. Data are from cells from a single sample for unique (left) 
and total (right) TCR sequences. (D) Overlap between naive CD4+ and CD8+ T cells. (E) Overlap between memory CD4+ and CD8+ T cells. Thin short lines 
link 2 donations from 1 individual. Thick lines are trend calculated by MLE analysis. The colored shade around the trend line indicates the 95% confidence 
interval. S, slope of trend lines, with P values.
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each visit, body weight, height, and blood cell counts using standard 
CBCs were measured; and PBMCs were isolated and cryopreserved in a 
liquid nitrogen freezer. Each donor had 2 visits separated by an average of 
9 years (range 7–13 years). The proportions of T cells and PBMC subsets 
were determined by flow cytometric analysis (see gating strategy in Fig-
ure 1) and used with CBCs to calculate the number of T cells in a microli-
ter of blood. The total blood volume was calculated based on weight and 
height using Nadler’s formula (39). The numbers of T cells and subsets 
in the total blood of each donor were calculated based on blood volume.

Isolation of naive and memory CD4+ and CD8+ T cells. Frozen PBMCs 
from both of a donor’s visits were thawed at the same time and resus-
pended in RPMI1640 with 10% fetal bovine serum containing L-glu-
tamine (0.3 mg/ml), penicillin (50 units/ml), and streptomycin (50 μg/
ml) (Thermo Fisher) and incubated at 37°C overnight before cell sorting. 

is not influenced by the potential variance in TCR copy number (51). 
Consequently, the CD8+ TCR repertoire is increasingly smaller and 
more stable in older adults. Thus, understanding the kinds of TCRs 
that are lost during aging could reveal specific weaknesses in the T 
cell immunity of aging individuals and open new avenues for devel-
oping tailored immunotherapy to specific immunity defects in the 
population of older adults.

Methods
Selection of study participants. We selected 30 healthy participants (15 male 
and 15 female participants, ages ranging from 28 to 85 years old) from the 
Baltimore Longitudinal Study of Aging (BLSA), an ongoing prospective 
observational study of normative aging in community-dwelling volun-
teers. Demographic characterization is in Supplemental Table 1. During 

Figure 7. Abundance of private and public TCRα and TCRβ sequences in CD4+ and CD8+ T cells and changes with age. (A) Abundance of private (found in 
1 donor only) and public (found in 2–30 donors) TCRα (top) and TCRβ (bottom) sequences of CD4+ T cells. Black dots are number of UMIs for 1 TCRα or TCRβ 
sequence. Red dots are median values for TCRs that share the same number of donors (in log10). (B) Abundance of private and public TCRα (top) and TCRβ 
(bottom) sequences of CD8+ T cells. (C) Alteration of the abundance of private and public TCRα and TCRβ sequences of CD4+ T cells with age. Private and public 
TCRα and TCRβ sequences of CD4+ T cells for each donor. Each sample is presented as percentage of total TCRα and TCRβ sequences (UMI counts). Thin short 
lines link 2 donations from 1 individual. Thick trend lines were calculated by MLE analysis. The colored shade around the trend line indicates the 95% confi-
dence interval. Slope (S) and P values are provided. (D) Alteration of the abundance of private and public TCRα and TCRβ sequences of CD8+ T cells with age.
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in different samples, we considered the TCRα or TCRβ sequence to be 
contaminated. Any TCR sequences with identical UMIs between 2 or 
more samples or donors were assessed based on when they were PCR 
amplified; TCRs with the earliest PCR amplification time were retained 
and the remaining TCRs were removed. If multiple samples shared the 
same early PCR time for a given TCR, the TCRs were removed from 
subsequent analysis. Contamination analysis was performed on the 
MiGEC BLAST-converted files using a series of custom Python scripts.

Measurement of the TCR repertoire of samples collected at the same 
time. Apheresis blood from 3 healthy adults was collected under an 
IRB-approved protocol. Naive and memory CD4+ and CD8+ T cells were 
isolated by cell sorting using the same phenotypic markers as for frozen 
PBMCs described above. Sorted naive and memory CD4+ and CD8+ T 
cells were aliquoted to the same number of cells (from 0.2-1 million) per 
vial with 3 to 4 vials per person. TCRα and TCRβ sequences were deter-
mined for each sample. DivE (40) was used to calculate the richness of 
TCRα and TCRβ sequences of each sample, and SDs for each type of cell 
and average percentages were calculated.

Species richness estimated by DivE method. The DivE R package 
(v.1.0) was used to analyze species richness (40). Fifty models were 
used to concurrently estimate the number of unique TCR sequences for 
each donor. Two subsamples (divsubsamples) were created, 1 spanned 
to a normalized-UMI count and the other spanned to half of the nor-
malized count. Each subsample used the following parameters: 1000 
subsamples (NResamples), and a rarefaction length of 2000 (nrf). Both 
subsamples were passed to the DiveMaster wrapper function with the 
following parameters: 2 fit-loops (fitLoop), and 100 as an optimization 
parameter (numit). This wrapper function requires a total population 
number (T cell population) to estimate the species richness; we calcu-
lated the T cell population counts based on staining results and physical 
characteristics of the donor (Supplemental Table 1). We then adjusted 
these population counts by a factor of 1/100 and passed this adjusted 
number into the tot.pop argument in the wrapper function, due to lim-
ited computational resources. All models with a score above 250 were 
filtered out, and the 3–5 models with the lowest scores were used for cal-
culation of the average. The geometric mean of top diversity estimates 
was presented as estimated species richness.

ISI. The ISI was used to calculate the species abundance of the 
TCR repertoire (52). The index was calculated as (Equation 1):

 
   	

where i represents each TCR sequence, N represents the number 
of TCR sequences for a given sample, pi represents the UMI percent-
age occupancy for a TCR (UMI count of TCR divided by total UMI 
counts), and λ represents Simpson’s index.

Overlap analysis. Overlap analysis was defined using a TCR 
sequence as a unique combination of V-CDR3 AA-CDR3 NT (nucle-
otide sequence)-J. The unique TCR repertoire percentage overlap 
(focusing on the changes at repertoire richness level) between samples 
A and B was calculated using the following equation (Equation 2): 

where TCRA∩B is the number of TCRs found in both samples A and 
in B, TCRA is the total TCR count for sample A, and TCRB is the total TCR 
count for sample B. The total TCR repertoire percentage overlap (focus-
ing on the changes in repertoire at the cell level, which is influenced by 

The following day, PBMCs were collected, counted, and stained with 
antibodies against CD3, CD4, CD8, CD45RA, and CD28 (Biolegend) 
(catalog numbers available in Supplemental Table 7). Naive CD4+ and 
CD8+ T cells were defined by CD45RA+CD28+ and the remaining cells 
were sorted as memory T cells (Figure 1). Subsets of memory T cells were 
further analyzed by expression of CD45RA and CD28 and divided into 
central (Tcm), effector (Tem) and effector memory expressing CD45RA 
(Temra) subsets. The purity of sorted cells was over 95%, and cells were 
counted and lysed immediately for RNA isolation.

Library construction and sequencing strategy. The αβ TCR cDNA 
library construction was described previously (37). Total RNA was isolat-
ed from sorted CD4+ and CD8+ T cell subsets (naive and memory) using 
a Qiagen RNeasy Micro kit. Up to 500 ng total RNA was used for cDNA 
synthesis using specific primers to TCRα and TCRβ constant regions 
(ac1R and bc1R), SMARTScribe reverse transcriptase (Takara Bio), and 
SmartN oligos for template switching at the 5′ end to incorporate a UMI 
and M1SS sequence for PCR (Supplemental Table 2). The cDNA prod-
ucts were treated with uracil-DNA glycosylase (New England Biolabs) 
at 37oC for 30 minutes to remove SmartN oligos (Supplemental Table 
8). We applied 3 rounds of PCR using high fidelity Platinum Taq DNA 
polymerase (Thermo Fisher) to prepare libraries for sequencing. The 
amount of purified DNA was measured using an Agilent BioAnalyser or 
Qubit, and samples with distinct barcodes were combined for sequenc-
ing. The amount of DNA used for sequencing was based on the number 
of cells in each sample, and different samples were combined for the 
total needed sequence reads close to the size of sequencing capacity. 
Sequencing was performed with 50 pM of combined DNA were used 
on an Illumina HiSeq 2500 system. A modified paired-end sequenc-
ing protocol was used: TCR-specific sequencing primers TRA and TRB 
(Supplemental Table 8) were used for first round sequencing of 150 bps. 
Illumina RD2 primer was used for second round, sequencing of 50 bps, 
covering the sample barcode and UMI.

Identification of TCRα and TCRβ sequences. Samples were separated 
after identifying sample barcodes and UMIs from raw sequence reads 
from the Illumina Sequencer using a custom Demultiplexor Python script. 
The FASTQ files generated from this script were reformatted to meet 
standard MiGEC FASTQ conventions and tagged with the PCR ampli-
fication time through custom Python scripts. Sequences from the same 
donor were combined and processed through a custom Python script to 
account for PCR amplification times (for contamination analysis) and to 
separate conflicting TCR sequences under identical UMIs. To identify 
TCRα and TCRβ sequences, we used MiGEC (v. 1.2.7) to determine V/J 
genes and CDR3 amino acid and nucleotide sequences (36). Consensus 
sequences were assembled using a minimum of 3 reads per UMI (-m) and 
a UMI quality score filter of 10 (-q) using the Assemble function. Consen-
sus sequences were mapped by specifying “TRA,TRB” for the desired 
genes argument (-R) and “HomoSapiens” for the species argument (-S) 
using the CdrBlast function. Identified TCRα and TCRβ sequences were 
further cleaned by removal of CDR3s with stop codons and summarized 
for each donor. Final functional TCR sequences were required to have at 
least 3 sequence reads. A unique TCR sequence was defined as a unique 
combination of V, J, and CDR3 amino acid sequences.

Removal of potential contaminating TCR sequences. The chance of the 
same UMI and TCR sequence combinations from different donors was 
estimated to be less than 1 in 1 × 1010. (The diversities of UMI and TCR 
in a typical sample were approximately 1 × 106 and 1 × 104, respectively). 
When the same UMI (12 bp) and TCRα or TCRβ sequence was found 
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TCRαs, bulk-separated TCRα sequencing is unable to distinguish 
them. To avoid overestimating αβ TCR richness from bulk unpaired 
TCRα sequences containing secondary TCRαs, we determined the 
frequency of T cells with 2 distinct TCRα sequences in the data set for 
CD4+ and CD8+ T cells (Supplemental Figure 4B). On average, sin-
gle TCRα was found in 87.0% of CD4+ cells and 84.6% of CD8+ cells. 
This information was used to adjust the nonsingle-cell sequenced 
TCRα richness in αβ TCR estimation equations for CD4 and CD8 list-
ed below (Supplemental Figure 4C). CD4: αβ TCR = 0.138 × (0.870 × 
TCRα + TCRβ) + Max (0.870 × TCRα, TCRβ); CD8: αβ TCR = 0.035 × 
(0.846 × TCRα + TCRβ) + Max (0.846 × TCRα, TCRβ)

Data availability. Sequence data were deposited at SRA (PRJ-
NA602091) and custom scripts for data analysis were deposited at 
Github (https://github.com/Weng-lab-NIH/TCR_Longitudinal_Aging; 
commit ID f365444ad6a19d737ef4c133218e2573022a8cae).

Statistics. All regression and statistical analyses used R (v.3.6.1). 
Longitudinal data were analyzed via a MLE model, with the measured 
value as a function of age and sex with the donor as the random inter-
cept; statistics associated with the MLE model were calculated using 
the nlme package (v.3.1-140). For the TCR species richness and total 
projected cell counts data, we first log10 transformed the data and then 
applied an MLE model to the transformed response. Slope values for 
these data were recalculated based on the following equation for better 
interpretation (60, 61): Snew = (10Sold – 1) × 100, where Sold is the slope 
of the model based on log10 values and Snew represents the slope of 
the model expressed as percent change of the original response vari-
able per year. Linear regression data were analyzed via a simple linear 
regression model, with the measured value as a function of age and sex. 
P value statistics were calculated using the stats (v.3.6.1) package. P val-
ues of less than 0.05 were considered significant.

Study approval. BLSA and the human studies were approved by 
the Intramural Research Program of the US National Institute on 
Aging and the Institutional Review Board of the National Institutes of 
Health. All participants provided written, informed consent at every 
visit prior to the blood draw.
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clonal expansion) between samples A and B was calculated using the fol-
lowing equation (Equation 3):

 

where UMIA∩B is the UMI count for TCRs found in both samples A 
and in B, UMIA is the total UMI count for sample A, and UMIB is the total 
UMI count for sample B.

Public TCR analysis. The UMI counts for all CD4+ or CD8+ αβ TCRs 
for a given donor were cumulatively added together and the UMI per-
centage for each TCR was calculated. The median UMI percentage was 
calculated for each unique TCR across all donors and adjusted via log10 
reduction. Regardless of whether a TCR was from an individual’s first or 
second donation, it was considered private only if it was found in only a 
single donor’s repertoire and considered public otherwise.

Estimating paired αβ TCR richness based on unpaired TCRα and 
TCRβ richness. Because TCRα and TCRβ sequences were deter-
mined separately, the actual pairing of α and β in TCRs of the samples 
was unknown. Establishing a general correlation between separat-
ed TCRα and TCRβ sequences and paired TCR sequences allowed 
us to estimate the paired TCR richness from the richness in the sep-
arated TCRα and TCRβ sequences. To achieve this, we collected  
human single-cell paired αβ TCR data from 9 publicly available data 
sets (GSE107646 (53), GSE108989 (54), GSE114724 (55), GSE137275 
(56), and GSE100378 (57), PRJNA593622 (58), PRJCA001702 
(59), Github Repository at https://github.com/JasonACarter/CD4_
CD8-Manuscript (46), and 10X Genomics at https://support.10xge-
nomics.com/single-cell-gene-expression/datasets). Paired TCRs from 
a total of from 745,182CD4+ T cells and 158,305 CD8+ T cells were used 
for analysis. Samples containing fewer than 2,000 cells were merged to 
ensure that single-cell sample sizes more closely resembled our TCRα 
and TCRβ samples. In addition, CD8+ paired TCRs extracted from 15 
total T cell samples (58) via a random forest model trained to discrim-
inate between CD8+ and CD4+ TCRα and TCRβ (19) were included in 
our single-cell αβ TCR data set. Sample merging and extraction result-
ed in 25 samples for CD4+ and 26 samples for CD8+ T cells.

To establish the above correlation in this data set, the number of 
unique paired sequences in each single-cell sample was plotted against 
the sum of its unpaired TCRα and TCRβ sequences. Two adjustments 
were made prior to linear regression. First, the larger of unique TCRα 
and TCRβ sequences were identified for each sample and subtracted 
from the sample’s unique paired sequences count. Second, the linear fit 
was made with a fixed y-intercept at Y=0. These 2 adjustments guar-
antee that paired αβ TCR projections are not smaller than the number 
of either of the unpaired sequences. This linear relationship was calcu-
lated as follows: αβ TCR − MAX(TCRα, TCRβ) = M × (TCRα + TCRβ) + 
0, where αβ TCR indicates all samples’ paired richness, and TCRα and 
TCRβ indicate their unpaired richness. M is calculated as the best linear 
fit to these data. Linear regression was carried out via Scientific Com-
puting with Python (SciPy) on the CD4+ and CD8+ T cell samples sepa-
rately. Fitting results were recorded and presented (Supplemental Fig-
ure 4A). This plot demonstrates the ability of unpaired TCRα and TCRβ 
richness to predict αβ TCR richness using the equation above. Note that 
the TCRα richness values of the above equation must be preceded with 
a corrective coefficient, as below.

A single T cell sometimes expresses 2 distinct TCRαs (43–45). 
While single-cell sequencing can resolve the primary and secondary 
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