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SUMMARY

Age-associated decreases in primary CD8+ T cell re-
sponses occur, in part, due to direct effects on naive
CD8+ T cells to reduce intrinsic functionality, but the
precise nature of this defect remains undefined.
Aging also causes accumulation of antigen-naive
but semi-differentiated ‘‘virtual memory’’ (TVM) cells,
but their contribution to age-related functional
decline is unclear. Here, we show that TVM cells are
poorly proliferative in aged mice and humans,
despite being highly proliferative in young individ-
uals, while conventional naive T cells (TN cells) retain
proliferative capacity in both agedmice and humans.
Adoptive transfer experiments in mice illustrated that
naive CD8 T cells can acquire a proliferative defect
imposed by the aged environment but age-related
proliferative dysfunction could not be rescued by a
young environment. Molecular analyses demon-
strate that aged TVM cells exhibit a profile consistent
with senescence, marking an observation of senes-
cence in an antigenically naive T cell population.

INTRODUCTION

During the course of healthy aging, our ability to generate pri-

mary CD8+ T cell responses to newly encountered pathogens

and malignant cells decreases (Briceño et al., 2016; Jiang

et al., 2011; Treanor et al., 2012). This can be partly attributed

to a decrease in the number of naive CD8+ T cells with advanced

age (Decman et al., 2010; Goronzy et al., 2015; Quinn et al., 2016;

Rudd et al., 2011). However, a number of studies have also

shown that naive CD8+ T cells from aged mice and humans are

intrinsically less functional with regard to cytokine production
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and proliferation (Briceño et al., 2016; Decman et al., 2010;

Decman et al., 2012; Jiang et al., 2013; Renkema et al., 2014),

and the precise molecular bases of such dysfunction are

unknown.

Exhaustion and senescence are both mechanisms that result

in a loss of proliferative capacity but each of these states is

defined by distinct modes of generation and distinct transcrip-

tional profiles. Exhaustion typically results from chronic antigenic

stimulation that can occur during chronic infection. It results in

upregulation of inhibitory receptors such as programmed cell

death 1 (PD-1), cytotoxic T lymphocyte antigen 4 (CTLA-4),

and lymphocyte activation gene 3 (Lag-3) on the cell, that inhibit

T cell receptor (TCR) signaling pathways (reviewed inWherry and

Kurachi, 2015). In contrast, senescence is often generated in

response to DNA damage, either through replicative erosion of

telomeres or other mechanisms, resulting in cell cycle arrest

through the induction of cyclin-dependent kinase inhibitors

(Cdkns), such as p16, p21, p27, and p53 (reviewed in Campisi

and d’Adda di Fagagna, 2007).

Like naive T cells, memory T cells (TMEM) also accumulate a

proliferative defect over the course of aging, and evidence for

both exhaustion and senescence has been found to explain

this dysfunction. In CD8+ T cells from aged mice that were

CD44hi (and presumably TMEM), a transcriptional profile consis-

tent with exhaustion was observed (Decman et al., 2012), with

high PD-1, CTLA-4, and other markers. Alternatively, in a subset

of aged human CD4+ and CD8+ TMEM cells (CD27�CD28�), dys-
regulation of TCR signaling has been shown to lead to cell cycle

arrest and senescence (Henson et al., 2015; Lanna et al., 2014,

2017). It remains unclear as to whether senescence and/or

exhaustion underpins the age-related dysfunction that accumu-

lates in naive CD8+ T cells.

Of note, previous studies often fail to account for heterogene-

ity that accumulates during aging within the naive CD8+ T cell

compartment. In young adult mice, a small subset of antigen-

naive CD8+ T cells express some markers associated with
s).
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activation, most notably high levels of CD44, without expression

of CD49d. These semi-differentiated cells are called ‘‘virtual

memory’’ CD8+ T cells (CD44hiCD49dlo; TVM), and they comprise

around 10%–20% of the naive CD8+ T cell population. TVM cells

express higher levels of receptors for homeostatic cytokines,

such as interleukin-15 (IL-15) and IL-7, and are thought to ac-

quire CD44 as a consequence of IL-15-driven proliferation in

neonatal mice (Akue et al., 2012; Sosinowski et al., 2013). In

youngmice, TVM cells are highly functional, exhibiting more rapid

proliferation and cytokine production after TCR stimulation

compared to true naive cells (CD44lo; TN) (Haluszczak et al.,

2009; Lee et al., 2013). Over the course of aging, the antigen-

naive T cell (TN and TVM) population shifts, resulting in a

decreased proportion of TN cells but an increase in TVM cells

(Chiu et al., 2013). The relative accumulation of TVM cells requires

responsiveness to type I interferon (IFN) (Martinet et al., 2015)

and is associated with a shift in TCR repertoire bias and an in-

crease in CD5 expression as a marker of self-reactivity (Quinn

et al., 2016; Rudd et al., 2011). This suggests that the age-related

relative accumulation of TVM cells is due to their relatively high

cytokine reactivity and self-reactivity. An analogous TVM cell

population has recently been identified in humans, emerging in

neonatal peripheral blood mononuclear cells (PBMCs), exhibit-

ing rapid cytokine production in response to stimulation and

accumulating with age, consistent with the mouse phenotype

(Jacomet et al., 2015; White et al., 2016). The functional superi-

ority of TVM cells in young adult mice and humans appears incon-

sistent with the age-related accumulation of TVM cells and the

concomitant decrease in primary CD8+ T cell responses. Studies

using TCR transgenic mice have suggested poor functionality in

CD44hi CD8+ T cells from aged naive mice (Decman et al., 2012;

Renkema et al., 2014), but the functionality of aged TVM cells as

distinct from TMEM cells has not been assessed.

Here, we have performed a detailed investigation into the

cellular and molecular drivers of age-related naive CD8+

T cell dysfunction. We determined that proliferative and func-

tional deficits in antigenically naive CD8+ T cells were concen-

trated in the TVM subset, indicating that age-related primary

CD8+ T cell dysfunction is a consequence of TVM dysfunction

and accumulation. The proliferative capacity of TN cells, by

contrast, was remarkably preserved with age. Moreover, while

young and aged TN and TVM cells were phenotypically stable

after adoptive transfer, function was limited by the aged envi-

ronment and not restored after maintenance in a young envi-

ronment. Aged TVM cells were found to show transcriptional

and functional characteristics of senescence; these included

(1) loss of proliferative capacity associated with increased

expression of Cdkns, failure to accumulate cyclin D1, and dys-

regulated MAPK signaling, and (2) increased survival both

in vitro and in vivo associated with increased expression of

Bcl-2. We therefore propose that age-related CD8+ T cell

dysfunction in mice is a consequence of selective accumula-

tion, through enhanced survival, of a TVM population that is

intrinsically senescent and thereby functionally distinct from

the TVM subset observed in young mice or the TN subset in

aged mice. Recovery or repurposing of this cell population

would be a key target for recovery of immune function with

age.
RESULTS

Naive CD8+ T Cells Undergo Phenotypic and Functional
Shifts with Age
To demonstrate the global functional defect in CD8+ T cell re-

sponses, we infected mice of increasing age with influenza A

virus (IAV) and tracked the CD8+ T cell response to the dominant

IAV-derived MHCI H-2DbNP366 epitope. As previously reported,

the magnitude of the DbNP366-specific CD8+ T cell response de-

creases substantially with increasing age (Figure 1A) and disease

severity increases with age (Quinn et al., 2016; Valkenburg et al.,

2012). We also assessed the CD8+ T cell response quality over

the course of aging. In accordance with previous reports (Dec-

man et al., 2012; Haynes et al., 1999), we found the frequency

of DbNP366-specific CD8+ T cells producing IFN-g alone was

largely maintained (Figure 1B), but the frequency of ‘‘multifunc-

tional’’ DbNP366-specific CD8+ T cells (i.e., simultaneously pro-

ducing IFN-g, IL-2, and tumor necrosis factor [TNF] [Betts

et al., 2006; Darrah et al., 2007]) decreased dramatically (Fig-

ure 1B) in both spleen and lung tissues and for other influenza

epitope specificities (Figure S1). This highlights both a quantita-

tive decline in CD8+ T cell responses with aging, and a qualitative

shift from multifunctional to monofunctional responses.

Previous studies have demonstrated age-related changes in

naive CD8+ T cell subsets; namely a decrease in TN cells and

an increase in TVM cells (Decman et al., 2012; White et al.,

2016). To demonstrate this age-related shift in naive CD8+

T cell phenotype, we tracked TN cells (CD44lo), TVM cells

(CD44hi CD49dlo), and TMEM cells (CD44hi CD49dhi) in the total

CD8+ T cell population during aging. As expected, there was a

substantial accumulation of TVM cells in aged mice and an in-

crease in TMEM cells, consistent with cumulative antigen expo-

sure over the animal’s life span (Figure 1C). The frequency of

TVM cells increases significantly with age, from �10% in young

mice to �30% of total CD8+ T cells in aged mice. Given the

concordant and marked decrease in the proportion of TN cells

with age (�80% to �30%) (alongside a shift in their expression

levels of CD44 from low [lo] to intermediate [int] [Figure 1C]),

the prevalence of TVM cells in the antigenically naive compart-

ment (TN and TVM cells) increases dramatically, from �11% in

young mice to �50% in aged mice (Figure 1C).

Finally, cells that were known be antigen naive were pheno-

typed during aging. To do this, we used tetramer-based mag-

netic enrichment to isolate and phenotype CD8+ T cells specific

for the IAV-derived MHCI H-2DbPB1-F262 epitope from young

and aged mice that had not been exposed to IAV infection.

Almost all DbPB1-F262-specific naive CD8+ T cells were TN cells

in young mice (CD44lo/int; �95%) (Figure 1D). In aged mice, a

substantial majority of DbPB1-F262-specific naive CD8+ T cells

retained the TN phenotype (�75%, albeit with a shift to CD44int),

but there was a significant increase in cells that exhibit a TVM
phenotype (�15%) (p < 0.0108) (Figure 1D). In addition,

DbPB1-F262-specific CD8+ T cells from young mice that had

been exposed to IAV 3 months earlier were predominantly of

the TMEM phenotype, consistent with antigen experience. Criti-

cally, these DbPB1-F262-specific, antigen-experienced cells

did not downregulate CD49d and generally retained high CD44

expression (Figure 1D). These data illustrate that the TVM
Cell Reports 23, 3512–3524, June 19, 2018 3513
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Figure 1. CD8+ T Cell Responses Decline and Become Monofunc-

tional with Age, with an Increase in TVM Cells

(A and B) Frequency of CD8+ T cells making IFN-g, IL-2, and/or TNF (A) or the

frequency of total CD8+ T cells and proportion of cytokine-producing CD8+

T cells making any combination of cytokine after IAV infection and stimulation

of splenocytes with NP366 (B).

(C and D) Frequency of TN, TVM, and TMEM cells among total CD8+ T cells (C) or

DbPB1-F262-specific CD8
+ T cells (D) in young naive (3mo), aged naive (18mo)

or young mice 3 months after an IAV infection.

Bars represent interquartile range or mean ± SEM. *p < 0.05, **p < 0.01, ***p <

0.001, Mann-Whitney plus Bonferroni or Wilcoxon rank sum. Data are repre-

sentative at least two individual experiments (A–C; n = 4–5) or two experiments

pooled (D; n = 6–7).
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population is not derived from antigen-experienced cells even at

extended time points after antigen exposure.

TVM Cells Acquire a Profound Intrinsic Proliferative
Defect with Age
While age-related decline in a number of immunological mecha-

nisms (Agrawal et al., 2007; Della Bella et al., 2007; Linton et al.,

1996; Metcalf et al., 2015) is likely to contribute to the overall

decline in primary CD8+ T cell responses, we aimed to dissect

functional defects intrinsic to naive CD8+ T cells themselves.

Bulk sorted young and agedCD8+ TN and TVM cells were polyclo-

nally stimulated with plate-bound anti-CD3ε, anti-CD8a, and

anti-CD11a monoclonal antibodies (mAbs) (Maraskovsky et al.,

1992) and live cells were enumerated at days 2, 4, 6, and 8 after

stimulation. Young TN and TVM cells both proliferated exten-

sively, with cell number peaking at day 6 and declining sharply

thereafter, likely due to proliferative or media exhaustion (Fig-

ure 2A). Aged TN cells also exhibited robust proliferation,

although only�20%of the number of young TN cells were recov-

ered at day 6, illustrating amodest age-related defect (Figure 2A).

Intriguingly, aged TVM cells exhibited a severe age-related

defect, with recovery of only �0.5% of the number of young TN
cells at day 6 (Figure 2A). Therefore, TVM cells are responsible

for the majority of the intrinsic age-related proliferative defect

in primary CD8+ T cell responses.

To determine whether differences in cell recovery were a

result of differential cell proliferation or cell death, we labeled

cells with CFSE and tracked both their viability and progression

through early rounds of cell division after polyclonal stimulation.

At 36 hr, a significantly greater proportion of young TVM cells

had divided twice, as compared to all other cells (Figure 2B),

reflecting their superior proliferative capacity as previously

described (Haluszczak et al., 2009; Lee et al., 2013). At 60 hr,

young T cells and aged TN cells were predominantly in divisions

4–5; however, aged TVM cells lagged behind at three to four

divisions, demonstrating a substantial defect in the ability of

aged TVM cells, but not aged TN cells, to progress through early

rounds of division (Figure 2B). Despite these clear differences in

proliferation, there was no significant difference between the

subsets with respect to viability early after stimulation with all

subsets showing �80% viability at 36 hr (Figure 2C). Of note,

both aged TN and TVM cells exhibited significantly higher

viability (�60%) than young TN and TVM cells, respectively

(�40% and �20%; p values = 0.0304 and 0.0044) (Figure 2C)

when unstimulated cells were maintained in the presence of

IL-2. Collectively, these data suggest that the aged environ-

ment contains, through selection or modification, T cells with

a superior capacity for steady-state survival. However, upon

stimulation, aged CD8+ T cells exhibit a clear proliferative

defect that is largely attributable to TVM cells and is the product

of both a diminished ability to engage proliferation as well as

a proliferative delay.

To characterize the proliferative defect at a single-cell level,

individual TN and TVM cells from mice of increasing ages were

polyclonally stimulated as described previously. At day 4 after

stimulation, cells were assessed for (1) clonal efficiency, the pro-

portion of single cells that proliferated in response to stimulation

to generate more than ten cells; and (2) clonal burst size, the
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Figure 2. Aged TVM Cells Exhibit a Severe Proliferative Defect and Young or Aged TVM Cells Are Monofunctional

(A) Number of cells recovered per well from bulk cultures.

(B) Proportion of cells in each CFSE division peak.

(C) Proportion of cells that were live 36 hr after stimulation or no stimulation.

(D–F) Clonal efficiency for pooled cells (D), the average clonal efficiency for individual experiments (E), or burst size of TN or TVM cells for pooled cells in the single-

cell proliferation assay (F).

(G and H) Frequency of total CD8+ T cells (G) and proportion of cytokine-producing CD8+ T cells making any combination of cytokine at 36 hr after stimulation (H).

(I and J) CTV histograms and bar graph of mean number of divisions for sorted young and aged TN, TVM, and TMEM cells after polyclonal stimulation for 60 hr (I) or

IL-15 stimulation for 5 days (J). Young mice were 2–3 mo, and aged mice were 18 mo, unless otherwise indicated. Line and bar graphs represent mean ± SEM or

interquartile range (cytokine data); *p < 0.05, **p < 0.01, ***p < 0.001, Mann-Whitney plus Bonferroni or Wilcoxon rank sum. Data are representative of three to ten

individual experiments using sorted cells from three to four pooled mice; n = 4 replicates.
number of cells that arose from each original single cell after

stimulation. Comparison of cells from young mice demonstrated

that clonal efficiency was modestly but consistently lower in TVM
compared to TN cells across multiple experiments (75% versus

90%, respectively) (Figures 2D and 2E), while burst size was
significantly higher in TVM cells (Figure 2F), consistent with previ-

ous reports (Haluszczak et al., 2009; Lee et al., 2013) and our ob-

servations of more rapid proliferation in this subset (Figure 2B).

As age increased up to 18 months old (mo), TN cells exhibited

a modest but consistent decrease in clonal efficiency (Figures
Cell Reports 23, 3512–3524, June 19, 2018 3515



Table 1. Human Blood Samples

Young Aged

Replicate Age Gender Replicate Age Gender

1 29 Male 1 60 Female

2 22 Female 2 67 NR

3 22 Male 3 68 Female

4a 19 Female 4a 70 Male

5a 28 Male 5a 69 NR

NR, not recorded.aNot used in TEMRA proliferation assays, where n = 3.
2D and 2E) but not burst size (Figure 2F). In contrast, the prolif-

erative capacity of TVM cells was drastically reduced by 18 mo,

with clonal efficiency at �6% (Figures 2D and 2E), and the few

TVM cells that did proliferate exhibited a lowburst size (Figure 2F).

Thus, single-cell proliferative analysis reiterates that the age-

related proliferative defect in naive CD8+ T cells is located pre-

dominantly within the TVM subset, to limit the prevalence of cells

capable of proliferation and their extent of proliferation.

Cytokine production by naive CD8+ T cells in response to poly-

clonal stimulation described previously was assessed as a

further measure of functionality. Production of IL-2 in general

was relatively low (Figure 2G), possibly due to a lack of CD28

costimulation (Kuiper et al., 1994). Despite this, both young

and aged TVM cells had significantly higher proportions of mono-

functional cells and lower proportions of multifunctional cells

(2+/3+), compared to TN cells (Figures 2G and 2H). As a result,

we propose that the loss of multifunctional CD8+ T cell re-

sponses with age observed in this study (Figure 1B) and other

studies (Valkenburg et al., 2012) is a consequence of age-related

accumulation of TVM cells.

TVM cells are regarded as a semi-differentiated cell type, while

TMEM cells could be regarded as fully differentiated cell type. To

determine whether a similar proliferative defect is evident in

TMEM cells, sorted young and aged TN, TVM, and TMEM cells

were labeled with Cell Trace Violet (CTV) and then stimulated

polyclonally for 60 hr. While all three populations from young

mice exhibited robust proliferation (Figure 2I), TMEM cells ex-

hibited substantial age-related proliferative defects similar to

TVM cells but not TN cells in aged mice (Figure 2I). This suggests

that differentiated cells are more susceptible to age-related

mechanisms that restrict proliferation.

Finally, a canonical functional characteristic of TVM cells is their

ability to proliferate in response to IL-15 cytokine signaling. Stim-

ulation of young and aged TN, TVM, and TMEM cells with soluble

IL-15 revealed that young TN cells were non-proliferative, while

TVM and TMEM cells proliferated robustly, consistent with the

role of IL-15 in maintenance and homeostatic turnover of mem-

ory phenotype CD8 T cells (Abdelsamed et al., 2018; White et al.,

2016) (Figure 2J). With aged cells, TN cells were again non-pro-

liferative, TVM cells maintained their proliferative capacity, and

TMEM cells lost their proliferative capacity in response to IL-15

(Figure 2J). This highlights that aged TVM cells are capable of

proliferating in response to IL-15 in spite of aging and suggests

that mechanisms controlling proliferation in response to

TCR and cytokine signals function independently, with loss of
3516 Cell Reports 23, 3512–3524, June 19, 2018
TCR-driven but maintenance of IL-15-driven proliferation in

TVM cells and loss of both TCR- and IL-15-driven proliferation

in TMEM cells.

Proliferation Is Maintained in Human TN Cells but Lost in
TVM Cells with Age
To determine whether a proliferative defect could also be

observed in aged human naive T cells and whether it partitioned

with the TVM population or other conventional memory subsets,

the frequency and proliferative capacity of elderly human CD8+

T cell subsets were analyzed (Table 1).

Consistent with previous reports (Geginat et al., 2003;

Jacomet et al., 2015; White et al., 2016), ex vivo analysis

of human PBMCs (Figure S2B) demonstrated that TN cells

(CD45RAhiCD27hiPanNK�NKG2A�) decreased as a proportion

of the total CD8+ T cell population with age, while the proportion

of TVM (CD45RA+PanKIR+ and/or NKG2A+) and TEMRA cells

(CD45RAhiCD27loPanNK�NKG2A�) increased significantly (Fig-

ures 3A and 3B). Sorted cells were then stained with CTV and

polyclonally stimulated using an analogous protocol to the

mouse cells, and division progression was assessed at 85 hr af-

ter stimulation. Intriguingly, this demonstrated that, similar to

mice, the proliferative capacity of TN cells was well maintained

with age but TVM cells from older donors exhibited a substantial

reduction in proliferation (Figures 3C and 3D). When memory

subsets were assessed, the proliferative capacity of TCM
(CD45RAloCD27hi) and TEM (CD45RAloCD27lo) cells was well

maintained with increasing age but TEMRA cells were non-prolif-

erative both in young adult and older donors (Figures 3C and 3D),

consistent with previous reports (Geginat et al., 2003). Therefore,

the loss of proliferative capacity in TMEM cells with age could also

be attributed to the accumulation of a particular T cell subset,

namely, the non-proliferative TEMRA cells. More importantly for

this study, it demonstrates that, analogous to mice, human TN
cells show a remarkable retention of function with age, while hu-

man TVM cells suffer a profound loss of proliferative capacity.

Age-Related T Cell Dysfunction Cannot Be Reversed by
a Young Environment
To dissect whether the proliferative defect observed in aged

CD8+ T cells in general, and in aged TVM cells in particular, was

an intrinsic feature of aged cells or conferred extrinsically by

the aged environment, adoptive transfer experiments were per-

formed in mice.

The impact of an aged environment on the survival, pheno-

type, and function of young TN and TVM cells was assessed after

adoptive transfer of young congenically distinct TN and TVM cells

into aged or young C57BL/6 recipient mice (Figure 4A). At

2 months after transfer, fewer TN and TVM cells were recovered

from the spleen andmajor lymph nodes (LNs) of aged, compared

to young, recipients (Figure 4B). This is consistent with recent

work demonstrating that the aged environment is less able to

support naive CD8+ T cell access to IL-7-containing niches,

which results in failed engraftment and maintenance after trans-

fer (Becklund et al., 2016). The phenotype of TN (Figure 4C) and

TVM (Figure 4D) cells was relatively stable after transfer into either

young or aged environments (Figure 4E). This indicates that the

aged environment does not drive substantial conversion of TN
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Figure 3. Human TVM Cells Accumulate with Age and Demonstrate a

Proliferative Defect

(A and B) Representative flow cytometry plots for young (22 year old [yo]) and

aged (70 yo) human donors (A) and percentage of total CD8+ T cells that are TN,

TVM, TCM, TEM, and TEMRA phenotype in young (19–30 yo; median, 27 yo; n = 6)

and aged (60–70 yo; median, 68 yo; n = 5) donors (B).

(C and D) CTV histograms for young (22 yo) and aged (70 yo) human donors (C)

and mean number of divisions undergone by sorted subsets from young (19–

30 yo; median, 28; n = 5) and aged (60–70 yo; median, 68; n = 5) donors at 85 hr

after stimulation (D). Bar graphs represent mean ± SEM; n = 5–6; *p < 0.05,

Mann-Whitney plus Bonferroni.
to TVM phenotype, at least over a 2-month time course.

Despite phenotypic stability, young cells isolated from an aged

environment exhibited a severe reduction in functionality, with

recovered cells unable to proliferate after stimulation (Figures

4F–4H). Thus, the aged environment has minimal impact on

the TN/TVM phenotype of young CD8+ T cells but is less condu-

cive to their survival and completely ablates their intrinsic prolif-

erative capacity, irrespective of phenotype.

To determine whether a young environment could improve

survival, phenotype, and function of aged TN and TVM cells, the

reciprocal experiment was performed, with aged TN and TVM
cells transferred into young congenically distinct mice (Fig-

ure 5A). As controls, proliferation was assayed for sorted aged

TN and TVM cells immediately prior to transfer (Pre-Tx) and as-

sayed in TN and TVM cells frommice aged in parallel to the trans-

ferred cells (Figure 5A). At 2 months after transfer, consistently

more aged TVM cells, compared to TN cells, were recovered

from the young environment (Figure 5B). This superior recovery

suggests that aged TVM cells either have better engraftment,

possibly due to increased expression of receptors for homeo-

static cytokines and integrins (White et al., 2016) to permit ac-

cess to IL-7-rich niches, or better survival, consistent with our

observation of improved steady-state survival (Figure 2C). As

observed in the reciprocal experiment (Figure 4), aged TN (Fig-

ure 5C) and TVM (Figure 5D) cells remained phenotypically stable

in a young environment (Figure 5E). However, while young CD8+

T cell proliferative capacity was profoundly impaired by the aged

environment (Figure 4), it was unchanged in aged CD8+ T cells

after 2 months of maintenance in a young environment, either

in terms of clonal efficiency (Figures 5F and 5G) or clonal burst

size (Figure 5H). Collectively, these data indicate that, while

aged TVM cells exhibit an enhanced capacity for steady-state

survival, their proliferative defect upon activation appears to be

stable and intrinsic, as it persists independently of the

environment.

Finally, throughout these experiments, we noted that more

TVM than TN cells localized to the liver after transfer for both

young cells (Figures S3A–S3C) and aged cells (Figures S3D–

S3F), consistent with a previous report for young TVM cells (White

et al., 2016).

Aged TVM Cells Exhibit Characteristics of Senescence,
and Not Exhaustion
To dissect molecular changes across young and aged popula-

tions that may account for changes in proliferation and survival

capacity, RNA sequencing (RNA-seq) was performed on young

and aged mouse TN, TVM, and TMEM cells, both directly ex vivo

and 5 hr after TCR stimulation. Multi-dimensional scaling

(MDS) analysis of cell subsets directly ex vivo (Figure 6A) or after

stimulation (Figure S4A) highlighted that young and aged TN cells

were transcriptionally similar to each other, but young and aged

TVM cells grouped more closely with young TMEM cells. Thus, the

surface marker phenotype of TVM cells as semi-differentiated

cells is reflected in their transcriptional profile.

A previous study had suggested that transcripts for exhaus-

tion markers are increased in aged naive CD8+ T cells, specif-

ically aged TVM cells (Decman et al., 2012). Analysis of our

RNA-seq dataset in unstimulated cells revealed a very modest
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E

C DB

F

A

HG

Figure 4. Young Cells Lose Function after

Transfer into an Aged Environment

(A) Schematic for transfers of young T cells into

young control or aged congenic mice.

(B) Cells recovered as a proportion of cells trans-

ferred.

(C–E) Proportion of transferred cells phenotyped

as TN cells (C) or TVM cells (D) with representative

contour plots of total CD8+ T cells and transferred

CD8+ T cells (CD45.1+) (E).

(F–H) Representative clonal efficiency for an indi-

vidual experiment (F), average clonal efficiency for

pooled experiments (G), and burst size for an in-

dividual experiment of young TN or TVM cells after

transfer into young or aged hosts (H). Young cells

were 3 mo at transfer, young recipients were 3 mo

at transfer, and aged recipients were 18 mo at

transfer. Bar graphs represent mean ± SEM;

symbols represent individual data points with

mean ± SEM indicated; **p < 0.01, Mann-Whitney

plus Bonferroni. Data are representative of three

individual experiments; n = 3–4.
upregulation of exhaustion-associated Pdcd1, Klrg1, Lag3, and

Havrc2 transcripts in aged TVM cells relative to young TN cells,

with lower expression of Ctla4 and no difference in Tigit (Fig-

ure 6B). However, when relative expression of these genes

was compared across all cell subsets, expression was consis-

tently lower in aged TVM cells compared to aged TN cells (Fig-

ure 6D), whose proliferative capacity remains comparatively

intact (Figure 2). Additionally, PD-1 protein expression was

significantly higher in aged TN and TMEM cells compared to

aged TVM cells (Figure 6E). Collectively, these data suggest

that while aging can cause a generalized upregulation ofmarkers

associated with exhaustion, exhaustion per se does not appear

to be mechanistically causative for the age-related loss of func-

tion observed in TVM cells.
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Given the enhanced steady-state sur-

vival of aged TVM cells, the expression of

proteins from the Bcl-2 family, which con-

tains both pro- and anti-apoptotic media-

tors, was assessed. Compared to young

TN cells, there was minimal change in

pro-apoptotic transcripts but there was

significant and selective upregulation of

anti-apoptotic transcripts in aged TVM
cells, including Bcl2, Bcl2l2, and Bcl2l1

(Figures 6B and 6F), and upregulation of

the Bcl-2 protein itself (Figure 6G). The in-

crease in Bcl-2 expression correlatedwith

the increased capacity for survival for

agedTVMcells observed in vitroand in vivo

(Figures 2C and 4B).

Critically, increased expression of

Bcl-2 family members and resistance to

apoptosis leading to prolonged survival

are both features of senescent cells

(Campisi and d’Adda di Fagagna, 2007;

Zhu et al., 2016). We also noted differen-
tial expression of a number of transcripts related to cell cycle

in aged TVM cells after stimulation, including upregulation of

several Cdkn genes, most notably p21, and downregulation of

Ccnd1 (Figures 6C and 6H).Ccnd1 encodes cyclin D1, which ac-

cumulates to facilitate transition of cells from G0 into G1 phase,

the first stage of cell cycle, and is phosphorylated to exclude it

from the nucleus during S phase initiation and DNA synthesis

(Matsushime et al., 1991; Sewing et al., 1993; Shao et al.,

2000). Consistent with a decrease in Ccnd1 transcript, aged

TVM cells failed to accumulate or phosphorylate substantial

levels of cyclin D1 at 24 hr after stimulation (Figure 6I). Interest-

ingly, young TVM cells had increased accumulation and phos-

phorylation of cyclin D1, while aged TN cells had only a modest

decline in phosphorylation of cyclin D1, compared to young TN
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Figure 5. Aged Cell Dysfunction Is Stable after Transfer into a Young

Environment

(A) Schematic for transfers of aged T cells into young congenic mice.

(B) Cells recovered as a proportion of cells transferred (B).

(C–E) Proportion of transferred cells phenotyped as TN cells (C) or TVM cells (D)

with representative contour plots of total CD8+ T cells and transferred CD8+

T cells (CD45.2+) (E).
cells, which is consistent with the relative proliferative capacities

of each subset (Figure 2B). Collectively, significant inhibition of

proliferation is occurring at early checkpoints in cell cycle selec-

tively in aged TVM cells, consistent with senescence.

To further test whether aged TVM cells represent a senescent

population, we assessed the level of cytosolic phosphorylated

H2AX (g-H2AX), which accumulates in response to DNA damage

and represents a key biomarker of cellular senescence (Mondal

et al., 2013). Aged TVM cells displayed markedly higher levels of

g-H2AX than all other subsets from young or aged mice (Fig-

ure 6J), further supporting the characterization of aged TVM cells

as a senescent cell population.

Recently, highly differentiated senescent CD4+ T cells were

found to contain elevated basal phosphorylation of p38, Erk1/

2, and c-JunN-terminal kinase (JNK), shown to form an inhibitory

complex responsible for senescence in these cells (Lanna et al.,

2014, 2017). Analysis of basal ERK1/2, JNK, and p38 phosphor-

ylation in CD8+ T cell subsets showed that aged TVM cells ex-

hibited significantly higher basal phosphorylation for all of these

markers compared to young TN cells, with basal phosphorylation

being particularly high for p38 (Figure 6K). Consistent with this,

pathway analyses using Gene Ontology (Figure S4B; Table S1)

and Ingenuity Pathway Analysis (Figures S4C–S4F; Table S2)

both highlighted MAPK signaling and receptor-triggered path-

ways that converge on mitogen-activated protein kinase

(MAPK) signaling (TCR, natural killer [NK] cell, cytokine, and

cell adhesion) as being enriched in differentially expressed

gene sets. Collectively, these data further indicate senescence

and suggest hyperphosphorylation of MAPKs as a mechanism

for induction of senescence.

DISCUSSION

While it is clear that primary T cell responses decline in the

elderly, there is little understanding of themolecular mechanisms

that underpin this dysfunction. We identified an age-related,

intrinsic defect in TCR-driven proliferation that largely partitions

with the TVM subset and reflects a state of senescence in an anti-

genically naive CD8+ T cell population.

TVM cells in humans have only been characterized relatively

recently (Jacomet et al., 2015; White et al., 2016). As such, it is

currently unclear how cells with a TVM phenotype overlap with

other recently characterized subsets, such as stem-cell memory

cells or antigen-experienced memory cells that revert to naive

phenotypes (Fuertes Marraco et al., 2015; Gattinoni et al.,

2011; Pulko et al., 2016; Youngblood et al., 2017). It is clear

that TVM cells from humans share a number of characteristics

with TVM cells from mice, including accumulation with age and

a functional profile that is highly proliferative in young adults
(F–H) Representative clonal efficiency for an individual experiment (F), average

clonal efficiency for three pooled experiments (G), and burst size for an indi-

vidual experiment of aged TN or TVM cells prior to and after transfer into young

hosts, or from aged intact hosts (H). Aged cells were 18 mo at transfer, young

recipients were 3mo at transfer, and control agedmice were 20mo at harvest.

Bar graphs represent mean ± SEM; symbols represent individual data points

with mean ± SEM indicated. Data are representative of three individual ex-

periments; n = 3.
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but non-proliferative in older donors. It is also now clear that the

functional profile of TVM cells distinguishes them from TEMRA

cells, which are wholly non-proliferative in both young adults

and older donors (Geginat et al., 2003).

While our analyses confirm several previously noted TVM cell

characteristics, including increased engraftment in tissues

(White et al., 2016), rapid responsiveness to stimulation and a

proliferative response to IL-15 (Jacomet et al., 2015; Lee et al.,

2013), several characteristics of TVM cells change dramatically

with age; namely, TVM cells exhibit increased steady-state sur-

vival but lose proliferative capacity alongside a substantial shift

in their transcriptional profile. It remains to be seen how much

the age-related intrinsic proliferative defect identified in TVM cells

in vitro contributes to the overall age-related decrease in primary

CD8+ T cell response magnitude in vivo, but aged TVM cells are

clearly less able to enter productive cell division. Given that

TVM cells proliferate rapidly during immune responses in the

young to provide the ‘‘first wave’’ of effector CD8+ T cells in

the periphery (Lee et al., 2013), the age-related loss of prolifera-

tive capacity would be predicted to contribute to diminished pri-

mary CD8+ T cell response magnitude.

Our analyses also challenge prior studies that suggested that

aged TVM cells exhibit a transcriptional profile characteristic of

exhaustion (Decman et al., 2012). We did not observe selective

upregulation of exhaustion-associatedmarkers in aged TVM cells

and attribute this discrepancy to a more precise definition of TVM
cells as CD44hiCD49dlo (rather than CD44hi cells from naive

mice) in our study, which avoids the inclusion of conventional

TMEM cells.

Rather than exhaustion, we demonstrate that aged TVM cells

display key hallmarks of senescence, including a proliferative

defect and survival advantage that results in their substantial

accumulation. The loss of proliferative capacity is striking given

that TVM cells exhibit augmented function in young individuals

(Jacomet et al., 2015; Lee et al., 2013) (Figure 2), and it highlights

the potential for targeting of TVM cells to revert senescence. To

permit such interventions, the drivers of senescence in aged

TVM cells must be identified and stress-induced basal hyper-

phosphorylation of p38, extracellular signal-regulated kinase

(ERK), and JNK MAPKs is a lead candidate (Lanna et al., 2014,

2017). Certainly, transcripts related to NK cell receptors, cyto-

kines, and cell adhesion are significantly upregulated in TVM
Figure 6. Aged TVM Cells Exhibit Features of Senescence Rather Than

(A) MDS analysis of gene expression changes in sorted, unstimulated T cell subs

(B and C) Volcano plots of log2 fold change in gene expression versus log10 false-

aged TVM compared to young TN cells. Genes of interest are highlighted, includin

(cyan), exhaustion markers (green), and cell cycle-related transcripts (purple).

(D and E) Radar plot of exhaustion markers in unstimulated cells (D) and bar grap

expression (E).

(F andG) Radar plot of Bcl-2 family members in unstimulated cells, with pro-apopt

that may be pro- or anti-apoptotic) (F), and bar graphs of MFI and representative

(H) Relative expression of Ccnd1 (cyclin D1) and Cdkn1a (p21) at 5 hr after stimu

(I) Representative histograms with bar graphs of frequency of cells that are cycli

(J) Bar graphs of MFI and representative histograms for g-H2Ax.

(K) Representative histograms and bar graphs ofMFI for phosphorylation at indica

3mo, and agedmice were 18mo. Radar plots represent mean transcript expressio

to young TN cells. Bar graphs represent mean ± SEM. NS, not significant; *p < 0.

used two individual biological replicates per cell type and condition. Flow cytomet
cells, their expression increases with age, and, along with oxida-

tive and inflammatory stress signals, these potential triggers are

all upstream of MAPK phosphorylation cascades (Liu et al.,

2007; Probin et al., 2007). Age-relatedMAPK hyperphosphoryla-

tion underpins senescence in antigen-experienced T cells

(Lanna et al., 2014, 2017), and our study highlights that it is

also evident in antigenically naive T cells, regardless of the prox-

imal causative triggers, and it may be a generalizable target for

immune recovery.

While aged TVM cells appear to be senescent, it is unclear how

the acquisition of senescence relates to differentiation in these

cells. Previous studies of T cell senescence have focused on

cells that have undergone bona fide antigenic stimulation, often

strong or repetitive stimulation and typically memory cells from

elderly individuals (Brenchley et al., 2003; Di Mitri et al., 2011;

Goronzy et al., 2015; Lanna et al., 2014, 2017). Although the

senescence described here is in an antigenically naive T cell

population, it is a population that nevertheless exists in a semi-

primed state, likely due to elevated cytokine signaling. We pro-

pose that heightened cytokine stimulation experienced by TVM
cells over an entire life spanmay drive the development of senes-

cence. Certainly, both TVM and TMEM cells (but not TN cells) ex-

press increased levels of cytokine receptors, which increase

with age (White et al., 2016), alongside markers of senescence,

but TVM and TMEM cells can be distinguished by the observation

that aged TVM cells exhibit a TCR signaling pathway-specific

defect, while aged TMEM cells exhibit a broad proliferative sup-

pression. When relating these observations to effector differenti-

ation, we note that differentiation requires the integration of

distinct signals, which may differ in their magnitude or quality

to yield distinct functional outcomes (Mescher et al., 2006). Simi-

larly, age-related signaling is likely delivered through a number of

pathways that impose specific aspects of effector differentiation

(i.e., cytokine alone versus cytokine plus TCR) and lead to qual-

itatively distinct forms of senescence.

It should be noted that aged TVM cells are viewed as a

‘‘dysfunctional’’ in our study because it is advantageous to the

host to induce high-magnitude CD8+ T cell responses after infec-

tion, necessitating robust proliferation. However, the relative

accumulation of TVM cells could be viewed as an ‘‘adaptation’’

to permit survival in a relatively stressful aged environment facil-

itated by their senescence phenotype. Upon infection, aged TVM
Exhaustion

ets.

discovery rate (FDR) for individual genes in unstimulated (B) and stimulated (C)

g CD49d (blue), CD44 (orange), NK cell receptors (red), Bcl-2 family members

hs of mean fluorescence intensity (MFI) and representative histograms for PD1

otic and anti-apoptotic members divided by gray line (Bcl2l1 produces isoforms

histograms for Bcl-2 expression (G).

lation (p value and FDR indicated).

n D1+ or p-cyclin D1+.

ted sites on ERK, p38, and JNK in sorted cells directly ex vivo. Youngmicewere

n, with each gradation indicating 1 log2 fold change in gene expression relative

05, **p < 0.01, ***p < 0.001, Mann-Whitney plus Bonferroni. RNA-seq analysis

ry data are representative of at least three individual experiments with n = 4–10.
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cells may not markedly proliferate in response to TCR signals but

they can at least produce IFN-g and TNF. It remains unresolved

whether this cytokine production by aged TVM cells is sufficient

to provide significant protection against infection, but it at least

indicates some retention of effector function.

An additional critical observation is the retention of significant

proliferative capacity in TN cells with increasing age in mice and

in humans, demonstrating that functionality is not uniformly lost

across cell subsets with age. These data are supported by

studies that showed maintenance of proliferative function in TN
cells from TCR transgenic mice following stimulation (Decman

et al., 2012; Renkema et al., 2014). Thus, while the combination

of amodest proliferative defect and a decline in TN cell number in

aged mice is likely to contribute to the decline in primary CD8+

T cell responses, the retention of substantial proliferative capac-

ity in aged TN cells has important implications for induction of

robust primary T cell responses in the elderly, and supports stra-

tegies that target these cells.

Finally, our results have important implications for a lead inter-

vention currently in the clinic that aims to recover aged cellular

function, exposure of aged cells to young serum. Heterochronic

parabiosis, or even transfusion of young serum, is sufficient to

improve function of aged cells in other tissues, such as nerve,

bone, and muscle (Baht et al., 2015; Brack et al., 2007; Conboy

et al., 2005). However, our experiments demonstrate that main-

tenance of aged T cells in a young environment was not sufficient

to recover the proliferative capacity of T cells. Given the stability

of TVM cell dysfunction, we speculate that epigenetic alterations

may be imprinted by soluble or cell-associated ‘‘geronic’’ factors

in the aged environment and then stably maintained. In any sce-

nario, recovery of function in T cells will necessitate interventions

that actively target age-induced molecular pathways within the

T cells themselves, rather than passively removing the T cells

from their aged environment.

Collectively, we have demonstrated that the age-related,

T cell-intrinsic dysfunction that limits primary CD8+ T cell re-

sponses is primarily a consequence of the accumulation of anti-

genically naive, senescent TVM cells. This highly homogeneous

population is therefore a prime target for interventions to recover

functionality of primary CD8+ T cell responses.

EXPERIMENTAL PROCEDURES

Further details and an outline of resources used in this work can be found in

Supplemental Experimental Procedures.

Mice and Influenza Infection

Female C57BL/6 mice were bred and housed in specific-pathogen-free

conditions in the Department of Microbiology and Immunology (DMI) at the

University of Melbourne and the Monash Animal Research Platform (MARP)

and Animal Research Facility (ARL) at Monash University. Female congenic

CD45.1+ mice (B6.SJL-PtprcaPep3b/BoyJArc) were acquired from the Animal

Resources Centre, Western Australia, and housed in specific-pathogen-free

conditions in the DMI at the University of Melbourne and the ARL at Monash

University. Young mice were defined as 2–3 mo, and aged mice were defined

as 18–20 mo, unless otherwise noted in the figure legends. During tissue har-

vests, mice were examined for gross abnormalities, tumors, and enlarged LNs

and spleens, and excluded from analyses if these were evident. Mice were

anesthetized by isoflurane inhalation and infected intranasally with 13 104 pla-

que-forming units of the HKx31 (H3N2) IAV strain in 30 mL of PBS. All animal
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experimentation was approved and conducted under guidelines set by the

University of Melbourne Animal Ethics Committee or Monash University Ani-

mal Ethics Committee.

Human Blood Samples

Human experimental work was conducted according to the Declaration of

Helsinki Principles and to the Australian National Health andMedical Research

Council (NHMRC) Code of Practice. Signed informed consent was obtained

from all blood donors before the study. The study was approved by the Univer-

sity of Melbourne Human Ethics Committee (HREC 1443389). Donor details

are shown in Table 1.

Identification and Sorting of T Cell Subsets

For identification and isolation of mouse TN, TVM, and TMEM cells, spleens and

LNs were homogenized and CD8 T cells were enriched and stained for B220,

CD11c, CD11b, F4/80, NK1.1, CD3, CD4, CD8, CD49d, and CD44. Mouse TN,

TVM, and TMEM cells were sorted for further analysis as per Figure S1A.

For identification and isolation of human T cell subsets, frozen PBMCs

were thawed and rested overnight. CD8 T cells were enriched and stained

for CD3, CD8, CD45RA, CD27, Pan-KIR (i.e., KIR2D and KIR3DL1), and

NKG2A. Human TN, TVM, TCM, TEM, and TEMRA cells were sorted for further

analysis as per Figure S1B. All subsets were viable and CD3+CD8+, with TN
cells defined as CD45RAhiCD27hiPanNK�NKG2A�, TVM cells defined as

CD45RA+PanKIR+ and/or NKG2A+, TCM cells defined as CD45RAloCD27hi,

TEM cells defined as CD45RAloCD27lo, and TEMRA cells defined as

CD45RAhiCD27loPanNK�NKG2A� (White et al., 2016).

In Vitro Stimulation and Proliferation Assays

For bulk culture assays, sorted cells were either stained with carboxyfluores-

cein succinimidyl ester (CFSE) or CTV as per manufacturers’ instructions

(Thermo Fisher) or left unstained, then stimulated on plates coated with stim-

ulation antibodies (anti-CD3ε, -CD8a, and -CD11a [mouse] or anti-CD3ε and

-CD11a [human]) with recombinant human (rh) IL-2 at 10 U/mL in cRPMI for

designated times. Alternatively, cells were added to uncoated plates in

100 ng/mL IL-15 (eBiosciences) for 5 days.

For single-cell proliferation assays, single cells were sorted into 96-well

plates coated with stimulation antibodies and with rhIL-2 at 10 U/mL in

complete RPMI (cRPMI). Plates were incubated for 4 days at 37�C and

5% CO2 before colonies were counted in individual wells on an inverted

microscope.

Intracellular Cytokine Staining

Cells were surface stained for CD8 andCD3, and then stained intracellularly for

IFNg, IL-2, and TNF, using the Cytofix/Cytoperm kit (BD Pharmingen). Data

were analyzed using FlowJo, version 9.6 (FlowJo LLC, Ashland, OR), Pestle,

version 1.8, and SPICE, version 5.3, software (Mario Roederer, National Insti-

tutes of Health, Bethesda, MD).

For analyses of cytokine production by in vitro stimulated cells, GolgiPlug

was added 5 hr prior to harvest, and then cells were stained as described

above.

Adoptive T Cell Transfer and Analysis

Mouse TN and TVM cells were sorted from spleen and major LNs (Figure S1A).

Between 0.5 and 13 106 cells were injected intravenously into congenic hosts

and left for 2 months prior to harvest of tissues. Congenically marked cells

were isolated by magnetic enrichment from either spleen and major LNs, or

liver, and stained using the standard surface staining panel (Figure S1A). The

entire enriched fraction for each mouse was run on a BD FACSAria III cell

sorter.

mRNA Sequencing and Analysis

Young and aged TN, TVM, and TMEM cells were sorted either directly ex vivo or

after 5-hr stimulation in bulk culture conditions. Samples were processed for

RNA-seq and analyzed using established data analysis pipelines. Validation

of differential protein expression profiles was performed by intracellular or

cell surface antibody staining and flow cytometric analysis. RNA-seq data

are accessible at GEO: GSE112304.



Phosphorylation Assays

TN and TVM cells were sorted and left unstimulated, or stimulated with phorbol

12-myristate 13-acetate (PMA)/ionomycin or stimulation antibodies with rhIL-2

(10 U/mL) in cRPMI at 37�C in 5% CO2 for 5 or 10 min. Cells were processed

with Lyse/Fix solution and Perm Buffer II (BD Biosciences) before staining with

anti-phospho mAbs for p38, ERK 1/2, or JNK (CST) followed by phycoerythrin

(PE)-conjugated anti-rabbit secondary mAb (CST).

Statistical Analyses

Datawere analyzed in Prism or SPICE using standard unpaired, non-parametric

tests, either Wilcoxon signed rank sum for cytokine data or Mann-Whitney with

Bonferroni correction for multiple comparisons, as indicated in figure legends.

DATA AND SOFTWARE AVAILABILITY

The accession number for the RNA-seq data reported in this paper is GEO:

GSE112304.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

four figures, and two tables and can be found with this article online at

https://doi.org/10.1016/j.celrep.2018.05.057.
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