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accumulation of TVM cells with age (15) represents preferential
retention, de novo generation, or expansion of the TVM subset.
TCR repertoire analyses show emerging TCR bias with age (11,
13, 16), limiting the diversity of the TCR repertoire beyond that
defined by reduced CTLp numbers. Although it is clear that
TCR biases parallel age-related T-cell loss, the relative impact of
selective clonal decay versus clonal expansion remains unresolved, as do the key determinants of naïve CTLp survival.
The frequency and TCR usage of naïve and immune CD8+ T
cells specific for a range of influenza A virus (IAV) epitopes is well
characterized for B6 mice (17–20), providing a convenient experimental system for investigating the characteristics and drivers
of age-related CD8+ T-cell decline. Primary responses to the
DbNP366–374 and DbPA224–233 epitopes (derived from nucleoprotein
and acid polymerase proteins, respectively) are immunodominant in
young adult mice, whereas those to a polymerase B subunit 1 epitope (KbPB1703–711) and an epitope derived from a shifted reading
frame of PB1 (DbPB1-F262–70) are subdominant (21). This numerical immunodominance hierarchy shifts with aging, with a decrease in DbNP366-specific responses alongside an increase in
KbPB1703- and DbPB1-F262–specific responses (13, 22). It has been
suggested that this reflects the stochastic decay of CTLp (13), but
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iven that CD8+ cytotoxic T-lymphocyte (CTL) immunity is
critical for the control of viruses and tumors, specific defects
are likely to contribute substantially to overall immune dysfunction. Normal aging is associated with increased health risk,
as vaccine efficacy wanes and susceptibility to, and severity of, a
variety of infections and malignancies is enhanced (1, 2).
Whereas aging compromises a number of arms of the immune
system (3), studies in mice and humans have demonstrated
deficits that are intrinsic to naïve CTL populations (4–6). Thus, a
complete understanding of both age-related CTL deficiencies
and the underlying mechanisms is critical.
The magnitude of the response, the diversity of T-cell receptor
(TCR)-defined clonal recruitment, and the avidity of TCR binding
to cognate peptides in complex with MHC class I glycoproteins
(pMHCI) are all key determinants of CTL response efficacy (7).
Each of these factors is substantially constrained by their respective
characteristics in the naive CTL precursor (CTLp) pool (7–10).
During aging, both the number and TCR diversity of naïve polyclonal and epitope-specific CD8+ T-cell sets decreases (11–13). In
addition, a large proportion (∼60–80%) of the remaining naïve
CD8+ T cells, termed virtual memory (TVM) cells, express high levels
of CD44, traditionally regarded as a marker of T-cell activation
and suggestive of proliferation (14). It is unclear whether the

Compromised CD8+ T-cell immunity is associated with significant
morbidity and mortality in the elderly. Whereas the number of
naïve CD8+ T cells declines with age, the drivers of loss and consequences for clonal composition are unclear. We show that aging
disproportionately impacts small naïve CD8+ T-cell populations. For
one CD8+ T-cell population, loss of diversity was minimally attributable to expansion but rather was associated with diminished cell
number and selective retention of cells exhibiting markers of
heightened self, but not foreign, recognition. Thus, vaccine formulations for the elderly may benefit from targeting naïve antigenspecific populations with relatively high precursor frequency and
self-reactivity, and retention of high-quality T cells may be achieved
through repeated low-level T-cell receptor stimulation.
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In advanced age, decreased CD8+ cytotoxic T-lymphocyte (CTL) responses to novel pathogens and cancer is paralleled by a decline
in the number and function of naïve CTL precursors (CTLp). Although
the age-related fall in CD8+ T-cell numbers is well established, neither
the underlying mechanisms nor the extent of variation for different
epitope specificities have been defined. Furthermore, naïve CD8+ T
cells expressing high levels of CD44 accumulate with age, but it is
unknown whether this accumulation reflects their preferential survival or an age-dependent driver of CD8+ T-cell proliferation. Here,
we track the number and phenotype of four influenza A virus (IAV)specific CTLp populations in naïve C57BL/6 (B6) mice during aging,
and compare T-cell receptor (TCR) clonal diversity for the CD44hi
and CD44lo subsets of one such population. We show differential
onset of decline for several IAV-specific CD8+ T-cell populations with
advanced age that parallel age-associated changes in the B6 immunodominance hierarchy, suggestive of distinct impacts of aging on
different epitope-specific populations. Despite finding no evidence of
clonal expansions in an aged, epitope-specific TCR repertoire, nonrandom alterations in TCR usage were observed, along with elevated
CD5 and CD8 coreceptor expression. Collectively, these data demonstrate that naïve CD8+ T cells expressing markers of heightened selfrecognition are selectively retained, but not clonally expanded,
during aging.
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inflammation. The relative frequency of DbNP366-specific CD8+
T cells was substantially diminished by 12 mo and decreased
further by 18 mo (Fig. 1 B and C). In contrast, the relative
magnitude of the DbPA224-specific response was largely stable
(Fig. 1 B and C) and the KbPB1703- and DbPB1-F262–specific sets
increased in magnitude and proportion with age, resulting in a
significantly different distribution of epitope-specific responses
(P ≤ 0.05 at 18 mo; Fig. 1C). This effect was consistent for lung
(Fig. 1 B and C) and spleen (Fig. S1 B–D). Collectively, these
data demonstrate that, as early as 12 mo, a significant quantitative change occurs in the CD8+ T-cell response to IAV, with
this change differentially affecting distinct epitope specificities.
Kinetics of Naïve CD8+ T-Cell Loss and the Acquisition of CD44. We

C

Fig. 1. Shift in IAV CTL immunodominance hierarchy with aging. B6 mice
were infected i.n. with IAV at 3, 12, and 18 mo. (A) Percent of original body
weight at d 0 (mean ± SEM). (B) The frequency of epitope-specific CD8+ T
cells as assessed by tetramer staining in the lung 10 d after infection. Bars
represent interquartile range (IQR). (C) Prevalence of each epitope-specific
CD8+ T-cell population as a proportion of total tetramer+ CD8+ T cells in the
lung 10 d after infection. *P ≤ 0.05 and **P ≤ 0.01 compared with 3-mo
mice. Data are representative of two independent experiments (n = 4–5).

the rate of decline of individual epitope-specific populations has
not been directly assessed during aging.
Here, we directly track the numbers of immune and naive IAV
epitope-specific CD8+ T-cell populations through the course of aging, together with the phenotypic and clonotypic characteristics of a
naïve CTLp set. We show that the shift in immunodominance across
DbNP366, DbPA224, KbPB1703, and DbPB1-F262 for 12-mo-old versus
3-mo mice can be accounted for by differential onset of decline
across naïve CTLp populations. Moreover, phenotypic changes in a
naïve CTLp set indicates that age-related clonal persistence is associated with the capacity to recognize self-pMHCI, which may, in turn,
alter the capacity of CTLps to responding to novel challenges.
Results
Age-Related CD8+ T-Cell Immunodominance Hierarchy Shifts. Primary

IAV infection of young adult mice results in a well-characterized
CD8+ T-cell immunodominance hierarchy, which shifts significantly during aging (13, 22). To establish when this shift occurs, we
tracked CD8+ T-cell responses to four IAV-derived epitopes following infection: DbNP366 and DbPA224 (immunodominant), and
KbPB1703 and DbPB1-F262 (subdominant), at 3, 12, and 18 mo.
Symptoms of infection were more severe in 12- and 18-mo mice,
with significantly more weight lost over the course of infection, and
an impaired capacity to recover by 10 d after infection (Fig. 1A).
This increase in severity may be indicative of a diminished general
resilience or a prolonged viral load after infection at older ages (23).
We used tetramer staining to enumerate epitope-specific
CD8+ T cells in the lung (Fig. S1A). We also assessed individual
epitope-specific CD8+ T-cell responses as a proportion of total
CD8+ T cells (Fig. 1B) and of total tetramer+ CD8+ T cells (Fig.
1C) to control for the effects of differential viral load and/or lung
1334 | www.pnas.org/cgi/doi/10.1073/pnas.1525167113

hypothesized that quantitative changes in the relative response
magnitude reflects variation in the relative prevalence of the naïve
CTLps retained with age. Age-related “holes” have been inferred
previously for naïve IAV-specific CTLp repertoires, with the
D bNP366-specific response being particularly compromised
(13). To directly enumerate CTLps during aging, naive epitopespecific CTLps were isolated at 3, 9, 12, 15, and 18 mo by using a
tetramer-based magnetic enrichment protocol (24, 25).
The total CD8+ T-cell number remained relatively stable until
12 mo, but, within a further 3 months, had dropped to less than 50%
of the original “young adult” frequency (Fig. 2A), with this profile
being maintained out to 18 mo. This broadly parallels the marked
loss of total naïve CD8+ T cells in humans by 60–80 y of age (12).
In young adult (3–6 mo) mice, earlier work has shown an inverse
relationship between the frequency of naïve epitope-specific
CTLps and CTL response magnitude following IAV infection
(10), with low CTLp counts for the immunodominant epitopes
(DbNP366 and DbPA224), and high numbers for the subdominant
epitopes [DbPB1-F262 and nonstructural protein 2 (KbNS2)114–121].
In keeping with this trend, CTLps specific for the subdominant
KbPB1703 epitope were also found in relatively large numbers
(median of ∼308 per mouse) in 3-mo mice (Fig. 2B).
When naïve CTLp populations for individual epitope specificities
were tracked during aging, the KbPB1703- and DbPB1-F262–specific
sets declined in parallel with total CD8+ T-cell numbers, showing
minimal loss at 12 mo (Fig. 2B), followed by a marked decrease
between 12 and 15 mo to less than 50% of the frequency observed
at 3 mo. In contrast, the DbNP366- and DbPA224-specific CTLp
frequencies began to drop between 9 and 12 mo, with the DbNP366specific population reduced almost to the limit of detection (LOD)
by 12 mo (Fig. 2B). There was, however, significant between-mouse
variability in specific CTLp number during the decline phase (Fig.
S2), suggesting that while the decline occurs rapidly, the timing can
vary across individuals.
Intriguingly, epitope specificities with lower initial CTLp numbers
(i.e., DbNP366 and DbPA224) tended to exhibit a relatively early
onset of loss (Fig. 2B). The earlier disappearance of DbNP366-specific CTLps by 12 mo is commensurate with inversion of the IAVspecific CTL immunodominance hierarchy at 12 mo, which is even
more apparent by 18 mo (Fig. 1). It also corresponds with variability
in tetramer MFI and robust coefficient of variation (CV) (a measure of variability of fluorescence intensity for tetramer+ events) for
DbNP366-specific CTLs recovered from lung and spleen of IAVinfected 18-mo mice (Fig. S3), suggestive of an extremely limited
pool of responders. In contrast, the apparently delayed onset of loss
for the naïve KbPB1703- and DbPB1-F262–specific CTLps is consistent with their increased contribution to IAV-specific immune
responses with aging.
Given the well-established accumulation (up to 80%) of CD44hi
CD8+ T cells in aged, uninfected mice (14, 16), we asked when the
naïve CTLp sets (defined by IAV specificity in uninfected mice)
transitioned to being predominantly CD44hi. The total naïve epitope-specific CD8+ T cells that were CD44hi increased from 26%
at 12 mo to 60% by 18 mo, with the majority of this shift occurring
Quinn et al.
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Fig. 2. Decay kinetics of total and naïve epitope-specific CD8+ T cells, and acquisition of CD44 with aging. (A) Total number (median ± IQR) of CD8+ T cells in the
spleen and pooled lymph nodes/mouse with age. (B) Number (median ± IQR) of DbNP366-, DbPA224-, KbPB1703- or DbPB1-F262–specific CTLps from spleen and pooled
lymph nodes/mouse with age. Dashed line = LOD of 10 events, based on tetramer staining in CD3+CD4+ T-cell population (Fig. S4, Top). (C) The frequency (mean ±
SEM) of naïve epitope-specific CTLps that are CD44hi during aging. *P ≤ 0.05, **P ≤ 0.01 compared with 3-mo mice. Data in C were pooled across specificities, but
results with fewer than 10 events (LOD) were excluded. Data were pooled across 26 independent experiments (n = 6–12 per timepoint).

Aged Naïve CD8+ T Cells Show No Evidence of Marked Clonal
Expansion. Differential decline of epitope-specific populations

suggests that this process is not stochastic, and increased CD44
expression suggests that surviving cells may have undergone
proliferation. To determine whether these aged naïve CTLp
populations were maintained, at least in part, by proliferation,
we characterized the TCRα- and β-chain repertoires during the
course of aging, using single-cell nested multiplex RT-PCR and
sequencing (17) (Fig. S4) of the DbPB1-F262–specific CTLp
set, given its high prevalence at 18 mo. The naïve and immune
DbPB1-F262–specific TCR repertoires of young adult mice have
been thoroughly analyzed (26), providing a well characterized
reference set.
First, we looked for evidence of expansion of naïve CD8+ T-cell
clones. The DbPB1-F262–specific TCRαβ-chain repertoires at 3
and 12 mo contained rare duplicate complementarity determining
region 3 (CDR3) nucleic acid sequences, with none being found at
18 mo. Even analysis of TCRα or TCRβ CDR3 amino acid sequences demonstrated that the naïve repertoire was almost completely diverse at all timepoints, with only a small number of
clonotypes being found more than once, but never more than
twice, in individuals (Table 1). This degree of diversity is typical of
a naïve epitope-specific repertoire from young adult mice (26) but
is distinct from expanded populations, where clonal expansions
(due either to antigen or homeostatic proliferation) are readily
detected by the repeated identification of a specific CDR3 nucleic
acid sequence (11, 16, 18). Thus, extensive proliferation does not
occur during aging in DbPB1-F262–specific CTLps.
Preferential Retention of TCRs in pMHCI-Specific Repertoire with Age.

We next asked whether the loss of pMHCI-specific CD8+ T-cell
numbers with age is purely stochastic, or whether particular
T-cell clones are selectively retained with age. Analysis of TCRα
and TCRβ chain V region gene (TRAV and TRBV, respectively)
usage in the naïve DbPB1-F262–specific CD8+ T-cell population
at 3 mo showed profiles that were consistent with earlier results
(26), being characterized by diversity in TRAV usage and a
prominent (38.8%) TRBV19 bias (Fig. 3 A and B, Top). Interestingly, the distribution of both TRAV and TRBV usage was
subtly but significantly altered from 3 to 18 mo, and 12–18 mo,
but not 3–12 mo (Fig. 3 and Table S1). Most notably, the frequency of TRAV16+ TCRs increased from 19.1% at 3 mo to
Quinn et al.

40.7% at 18 mo (Fig. 3A). Analysis of paired TRAV/TRBV
usage with regard to the TRAV16+ population demonstrated
that 55% of the paired TRAV16+ TCRs at 18 mo used TRBV13,
compared with only 12.5% of the TRAV16− TCRs at 18 mo and
18.5% of TRAV16+ TCRs at 3 mo (Fig. S5). In addition, we did
not detect TRBV19 in the 18 mo TRAV16+ repertoire (0/11
paired sequences), whereas it was present in 44% of TRAV16−
TCRs at 18 mo and in 30% of TRAV16+ TCRs at 3 mo (Fig. S5).
Examination of TRAJ and TRBJ usage and CDR3 lengths demonstrated that the overall diversity and gene usage was broadly
maintained with aging (Fig. S6). Collectively, these data demonstrate nonrandom alterations to the naïve DbPB1-F262–specific
TCR repertoire with aging, which, due to an absence of any
substantial clonal expansion, is likely to reflect selective survival of
a subset of CTLps rather than increased division.
TCR Usage in Aged CD8 + T Cells Modestly Segregates with CD44
Phenotype. Although we found no evidence of proliferation for

CD44hi CTLps from young or aged mice, experiments by others
have indicated that the expression of particular TCRs may drive
the acquisition of a CD44hi phenotype. In particular, Renkema
et al. found that age-related accumulation of CD44hi cells only
occurred in TCR transgenic animals if the endogenous TCRα
chain was free to rearrange (6).
To specifically determine whether changes in TCR characteristics
observed with aging were associated with the CD44hi TVM phenotype, individual naïve DbPB1-F262–specific CD8+ T cells were
recorded as CD44hi or CD44lo at the time of sorting, before TCRα
and TCRβ analysis (Fig. S4, Bottom). The distribution of TRAV
usage for the CD44hi and CD44lo CTLps was similar at 3 and 12
mo (Fig. S7, Top and Middle). Likewise, TRBV usage for these two
sets was remarkably similar at all timepoints analyzed (Fig. S7).
Although there was some indication of differential TRAV distribution for CD44hi and CD44lo cells at 18 mo (e.g., TRAV16+ and
TRAV12+ TCRs) (Fig. S7, Bottom), we had previously noted that
duplicate, naive clonotypes (Table 1) were derived from both
Table 1. Number of clonotypes found at a frequency of >1
within individual mice
Age
3 mo
12 mo
18 mo

TCRα

TCRβ

TCRαβ

5 (307)
3 (81)
0 (34)

10 (327)
3 (81)
0 (44)

0 (175)
2 (50)
0 (27)

No clones found at a frequency of >2. Number in parentheses is total
number of sequences.
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between 15 and 18 mo (Fig. 2C). Thus, within a relatively narrow
time frame, naïve viral epitope-specific CD8+ T-cell populations
undergo synchronized quantitative and qualitative changes that
correlate with a diminished ability to respond to virus infection.

A

B

Fig. 3. TRAV usage shifts during aging in naïve DbPB1-F262–specific CTLps. Proportion of naïve DbPB1-F262–specific CTLps in pooled or individual 3-, 12-,
and 18-mo mice using distinct TRAV (A) or TRBV (B) chains. Numbers indicate number of sequences sampled.

CD44hi and CD44lo cells. These results indicate that the expression
of such TCRs does not dictate the level of CD44 expression and is,
in turn, not a reflection of expansion. Thus, at least for this epitope,
there is no evidence of extensive expansion of naïve CD8 T cells
with aging and CD44 expression does not definitively mark naïve
cells that have divided in either young or older mice. The accumulation of the CD44hi population with age therefore reflects either
de novo up-regulation of CD44 or selective survival of CD44hi
TVM cells.

Discussion
The present analysis in B6 mice demonstrates that age-related
changes in the well-characterized immune IAV-specific CD8+
T-cell immunodominance hierarchy are a consequence of analogous
changes in CTLp frequency. Moreover, this study is the first to our
knowledge to demonstrate that the maintenance of a naïve epitopespecific CTLp population seems related to self-pMHC recognition
but not selective clonal expansion. The maintenance of CTLps with

Characteristics of Aged Naïve IAV-Specific CD8+ T Cells. Naive CTLp

may be differentially retained but mechanisms driving this selective
retention are still unclear. It has been suggested that TCRs with
high affinity for their self-selecting ligand are preferentially
retained during aging, due to repeated, low-level stimulatory
encounters with self that drive CD44 expression and survival
(16). CD5 is a negative regulator of TCR signaling whose expression on naïve cells reflects the strength of TCR signal received during thymic development and, thus, TCR-self-pMHC
avidity (27, 28). Additionally, CD5 levels correlate with nonself
(foreign) pMHCI reactivity in polyclonal CD8+ T-cell populations (28, 29).
We therefore addressed whether naive epitope-specific CTLp
that persist in aged mice exhibit superior avidity for self or foreign
cognate pMHCI. Given that avidity is a function of the amount of
TCR, the contribution of coreceptors and the TCR-pMHC affinity,
we measured the median fluorescence intensity (MFI) of CD3
(TCR levels), CD8 (a key coreceptor), DbPB1-F262 tetramer
(foreign pMHCI avidity), and CD5 (surrogate marker for selfpMHCI avidity). There was no difference in the MFI for CD3, but
CD8 was significantly higher in 18- compared with 3-mo mice (Fig.
4 A and B), illustrating there is no deficiency in TCR expression,
although the coreceptor may be slightly more abundant. Intriguingly, whereas the tetramer MFI was unchanged, the MFI for
CD5 was significantly higher in 18-mo mice (Fig. 4 C and D),
suggesting that foreign pMHC avidity is unaffected but self-pMHC
avidity increases with aging. We also noted a significant positive
correlation between CD8 and CD5 expression (P = 0.0153; Fig.
4E). Elevated levels of CD5 have been seen to accompany a shift to
a CD44 intermediate phenotype in naïve cells from young adult
mice (29), and we saw a trend for both higher CD44 MFI (Fig. 4F)
and correlation of CD44 and CD5 MFI (Fig. 4G) in 18-mo naïve
DbPB1-F262–specific cells. Altogether, these data suggest that
naïve CTLps with increased self-pMHCI reactivity are selectively
retained during aging, but the increase in self-recognition does
not impact on overall TCR avidity for foreign pMHCI epitopes.
1336 | www.pnas.org/cgi/doi/10.1073/pnas.1525167113
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Fig. 4. CD5 expression increases during aging in naïve DbPB1-F262–specific
CTLps. MFI of CD3 (A), CD8 (B), tetramer (C), CD5 (D), and CD44 (F) expression
on naive DbPB1-F2 62–specific CTLps from individual 3-mo or 18-mo mice
(showing mean ± SEM). Linear regression analysis of CD5 vs. CD8 MFI (E) and
CD44 vs. CD5 MFI (G), showing line of best fit and 95% confidence interval.
Data represents two independent experiments (n = 5). Cells from two 3-mo
and three 18-mo mice were pooled for each sample to ensure enough events
for consistent phenotyping. *P ≤ 0.05.

Quinn et al.
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changes in TCR use together with a general increase in CD5
expression. This observation is consistent with the idea that selfpMHCI recognition provides a survival signal for naïve CTLps
(33). Studies have suggested that self-pMHC reactivity is predictive of reactivity to foreign cognate pMHC (28, 29). A study
by Rudd et al. demonstrated that naïve HSV-1 gB-8p–specific
CTLps were significantly enriched with age for CD44hi cells and
also for a Vβ10+ subset (16). Of note, Vβ10+ T cells in young
adult mice had higher expression of CD5 and were selectively
expanded following HSV-1 infection, suggesting that cells selectively retained with age were more reactive to both self and
foreign pMHCI. However, whereas we observed selective retention of TRAV16 and increased CD5 expression, the MFI of
tetramer binding on DbPB1-F262–specific CTLp did not change
with aging in our experiments. It should be noted that TRAV16
is not preferentially recruited into the DbPB1-F262–specific immune response to IAV (26), nor has it been found to pair with
TRBV19, which is preferentially recruited, in naïve CTLps from
18-mo mice (Fig. S5). Collectively, these data illustrate that there
is selective retention of TRAV16 in DbPB1-F262–specific CTLps
in aged mice, which is characterized by superior self, but not
foreign, pMHCI recognition. This set of results highlights that
self and foreign pMHCI recognition are not necessarily coupled.
Another key point of difference between our study and the
Rudd et al. study is that there was clear evidence of proliferation
in naive Vβ10+ HSV-1 gB-8p–specific cells, whereas we saw no
evidence of proliferation for naïve DbPB1-F262–specific CTLps.
We speculate that, over time, naïve Vβ10+ gB-8p–specific CTLps
may be driven to proliferate because of a more ubiquitous selfantigen, cross-reactivity with a commensal or environmental
antigen, and/or the average avidity of CTLps for their restricting
self-ligand may be higher than TRAV16+ DbPB1-F262–specific
CTLps. Given that these three parameters would differ substantially across epitope specificities, we propose that distinct
epitope specificities will respond differently to aging, resulting in
substantial homeostatic proliferation for some, but not all,
CTLp populations.
Collectively, our results suggest that modifications in CTL
immunodominance hierarchies that occur with age may be driven
by analogous, asynchronous changes in CTLp numbers. Our data
also indicate that the decrease in CD8+ T-cell responses with age is
minimally attributable to clonal narrowing of the available repertoire due to selective homeostatic proliferation. However, changes
in the TCR repertoire are observed with advancing age and are
associated with increased self, but not foreign, pMHCI recognition.
Collectively, these data provide insights into the mode and mechanism of naïve epitope-specific CTLp attrition and the relative
contribution of such changes to diminished immune response
after infection.
Materials and Methods
Mice and Infections. Female B6 mice were bred and housed in specific pathogenfree conditions in the Department of Microbiology and Immunology at the
University of Melbourne. Mice were anesthetized by isofluorane inhalation and
infected intranasally (i.n.) with 1 × 104 pfu of the HKx31 (H3N2) IAV strain in
30 μL of PBS. All animal experimentation was approved and conducted under
guidelines set by the University of Melbourne Animal Ethics Committee.
Tetramer and Antibody Staining. Spleen and lung tissue from IAV-infected mice
(d10) were processed (34) and enriched lymphocyte populations were stained
with PE-labeled DbNP366 or KbPB1703 and APC-labeled DbPA224 or DbPB1-F262
MHCI tetramers (University of Melbourne Tetramer Facility), stained with Fixable Live/Dead AquaBlue viability dye (Life Technologies), blocked with antiCD16/32 mAb (2.4G2), and stained with anti-CD8α-PacBlue (BD Pharmingen;
53-6.7) and anti-CD3e-PerCPCy5.5 (BD Pharmingen; 145-2C11). Cells were acquired on a FACS Canto II flow cytometer (BD Biosciences), and data were
analyzed by using FlowJo software (Treestar), followed by Pestle and SPICE
software (National Institute of Allergy and Infectious Diseases).
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enhanced self-recognition, in turn, results in subtle, but significant,
shifts in the epitope-specific TCR repertoire, but has no apparent
impact on foreign pMHC avidity, providing insight into mechanisms
underlying naïve CD8+ T-cell attrition with age.
The age-related decline in naïve epitope-specific CTLps may
occur stochastically, leading to an equivalent rate of loss across all
epitope specificities or could reflect the differential fitness of particular CTLp sets in an aged environment. Earlier experiments
demonstrated that the IAV-specific immunodominance hierarchy
shifts in B6 mice, with infection of aged naïve mice resulting in
substantial loss of the immunodominant DbNP366-specific CD8
T-cell response, a maintenance of the prominent DbPA224-specific
response, and a relative increase in the subdominant KbPB1703- and
DbPB1-F262–specific responses (13, 22). A previous study also indirectly suggested that age-related “holes” emerge in the naïve
CTLp TCR repertoire, particularly for those epitope-specific sets
with lower precursor frequencies (13). Our direct enumeration of
naïve CTLp frequency suggests, somewhat surprisingly, that there is
a pattern of differential loss for epitope-specific CTLp populations.
The DbNP366- and DbPA224–specific CTLps were substantially diminished by 12 mo, although the KbPB1703- and DbPB1-F262–specific sets were largely maintained. Additionally, the initial size of
naive CTLp populations in young adult mice varies for the IAV
epitopes and correlates with the selective loss of particular specificities from the IAV CD8+ T-cell response, Thus, the initial,
postthymic size of any given naïve CTLp pool may be a primary
determinant of the onset of age-related decline and the shift in
immunodominance. Taken together with our observation that cells
retained with age have higher CD5 expression, shown by others to
reflect superior self-pMHCI recognition (27, 28), it is tempting to
speculate that an enhanced capacity to recognize self-pMHCI may
both promote CTLp survival over time and represent a key determinant of initial naïve CTLp frequency. Certainly, for CD4+ T
cells, Chu et al. showed that, in the absence of negative selection,
the size of a naive CD4+ T-cell population positively correlated with
its ability to interact with pMHCII complexes (30). Given our data,
self-pMHCI affinity represents an intriguing potential determinant
of naïve CTLp population size.
Other studies have suggested that proliferation of CTLp may
occur with age, driving CD44 expression (16), but the contribution
of loss of number vs. expansion to narrowed TCR diversity with
aging had not been defined. In young adult mice, naïve CD44hi
TVM cells represent a distinct subset, characterized by markers of
homeostatic proliferation, exquisite sensitivity to cytokine stimulation, and arising independently of antigenic stimulation (31, 32).
Naïve CTLps with a TVM phenotype accumulate with age (14, 16),
an effect that is only seen for TCR transgenic animals if the endogenous TCRα is free to rearrange, indicating a requirement for
TCR-mediated signals (6). However, when we used TCR sequencing analysis to assess the age-related repertoire (for DbPB1F262) at the individual cell level, there was no evidence that clonal
expansion is associated with either age or TVM phenotype, because
the TCR repertoires at all ages remained completely diverse and
were not dominated by selective clonal expansions. Our results
would suggest that any selective, TCR-pMHCI–dependent increase
in homeostatic proliferation within the CD44hi TVM or aged naïve
T-cell compartments is modest and not sufficient to narrow TCR
diversity in any substantial way. Consequently, we propose that the
restricted TCR diversity of aged CD8+ T-cell immune responses is
due to the physical loss of CTLp number rather than a reflection of
homeostatic expansion restricting clonal diversity. It remains to be
seen whether the enhanced proliferative capacity attributed to TVM
from young adult mice is also true of TVM from aged animals.
Given their prevalence with aging (15), an improved understanding
of their functional potential is imperative if we are to effectively
tailor vaccines for the elderly.
Despite finding no evidence of clonal expansion for naïve
DbPB1-F262–specific CTLps, we observed significant age-related

Enumeration and Isolation of Naïve Epitope-Specific CD8+ T Cells. Tetramer-based
magnetic enrichment was used for the identification and isolation of naïve epitopespecific CTLps, as has been described (10, 24, 25). Briefly, single-cell suspensions of
pooled spleen and major LNs (auxiliary, brachial, cervical, inguinal, and mesenteric)
from individual mice were stained with PE- or APC-labeled DbNP366, DbPA224,
KbPB1703, or DbPB1-F262 MHCI tetramers, washed and labeled with anti-PE-mAb
and anti-APC-mAb conjugated magnetic microbeads, and tetramer-bound cells
enriched over a magnetic LS column (Miltenyi Biotec). Enriched cells were then
stained with Fixable Live/Dead AquaBlue viability dye (Life Technologies) and a
panel of conjugated mAbs to identify epitope-specific cells (CD8α+, CD3e+, CD11c−,
CD11b−, F4/80−, B220−, NK1.1−, CD4−). For phenotypic characterization conjugated
mAbs to CD44 and CD5 were also used. The entire enriched sample was acquired
on a LSRII flow cytometer with FACSDiva software (BD Biosciences), whereas data
were analyzed with FlowJo software (TreeStar).

displayed in Fig. S4. mRNA transcripts were reverse-transcribed to cDNA by using
Sensiscript (Qiagen). The CDR3α and CDR3β regions were amplified by nested
multiplexed PCRs (17, 26).
Statistics. Data for immune responses in Figs. 1–3 were analyzed in Prism or
SPICE by using standard unpaired, nonparametric tests; either Wilcoxon
signed-rank sum or Mann–Whitney. Differences in TRAV or TRBV use over
time (Fig. 4) were analyzed by using the sum-of-likelihood ratio (sum-of-LR),
as described in SI Materials and Methods and Dataset S1.

Single-Cell RT-PCR and Sequencing. Individual DbPB1-F262–specific CD8+ T cells
were individually sorted into wells of a 96-well Twin.tec PCR plate (Eppendorf) by
using a BD FACSAria III (BD Biosciences). Representative plots of sorted cells are
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