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Aging is associated with a substantial decline in immune function 
that manifests as increased incidence of infection and malignancy and 
decreased responsiveness to vaccination1,2. Given the worldwide demo-
graphic shift toward older populations3, it is essential to understand 
mechanisms involved with age-related decline of immunity and iden-
tify strategies for restoring immune function. Published studies suggest 
causative links between immunosenescence, metabolism and aging and 
reveal that the age-associated decline in immune function may be par-
tially reversible4–8. However, how the myriad of functional defects simul-
taneously appear in individual aged cells remains largely unknown.

Human T cells showing multiple features of senescence increase in 
number during aging9. There is a sequential loss of the costimulatory 
receptors CD27 and CD28 as T cells progress toward senescence10. 
Early-stage T cells within the CD4 compartment are CD27+CD28+, 
those at an intermediate stage are CD27−CD28+, and senescent T cells 
are CD27−CD28− (ref. 5).

MAPKs are signal-transducing enzymes involved in diverse aspects 
of mammalian physiology, including senescence, aging and metabo-
lism11. Three main subgroups of MAPKs have been identified: Erk, Jnk 
and p38 (ref. 12). Given the broad functions they control and the exist-
ence of independent upstream activation cascades, it is thought that each 
MAPK subgroup is separately regulated within individual cells12–14.  
The possibility that all three MAPK subgroups may be coordinately 
controlled within a single cell type has remained unexplored.

Sestrins, the mammalian products of the Sesn1, Sesn2 and Sesn3 
genes15–17, are poorly understood stress-sensing proteins that lack 

obvious catalytic domains and stimulate the activation of AMPK by  
an unknown mechanism while inhibiting mammalian target of 
rapamycin complex 1 (mTORC1) signaling18. AMPK is a heterot-
rimeric protein consisting of the catalytic α-subunit and the regu-
latory β- and γ-subunits that are activated in response to increased 
intracellular AMP/ATP ratio19. Sestrins have been proposed to 
inhibit mTORC1 signaling through both AMPK-dependent and 
independent pathways that involve formation of a complex with the  
Rag GTPases18,20–25. Owing to their mTORC1 inhibitory activity,  
various anti-aging functions have been ascribed to both the mam-
malian sestrins and their Drosophila counterpart, dSesn20. However, 
whether sestrins have a role in the control of the immune response 
has not been determined.

In this study, we found that sestrins have pro-aging activities in  
T lymphocytes. We identified a sestrin-dependent MAPK activation 
complex (termed sMAC), in which sestrins simultaneously coordi-
nate the activation of Erk, Jnk and p38 in these cells. We found that 
each MAPK, once activated, controls a unique functional response. 
Disruption of the sMAC restored antigen-specific proliferation 
and cytokine production in T cells from old humans and enhanced 
responsiveness to influenza vaccination in old mice.

RESULTS
Sestrins are broad regulators of T cell senescence
The sestrins have anti-aging properties in muscle20, but their func-
tions in the immune system have not been studied. We examined  
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the expression of sestrin 1, sestrin 2 and sestrin 3 proteins in 
blood-derived primary human CD4+ T cells from young donors 
(<40 years old) defined as nonsenescent (CD27+CD28+), inter-
mediate (CD27−CD28+) or senescent (CD27−CD28−) CD4+ T 
cells as described5. CD27−CD28−CD4+ T cells expressed signifi-
cantly higher amounts of sestrin 1, sestrin 2 and sestrin 3 than 
CD27+CD28+CD4+ or CD27−CD28+CD4+ T cells (Fig. 1a,b). We 
probed the function of endogenous sestrin proteins by transducing 
activated CD27−CD28−CD4+ T cells with lentiviral vectors coexpress-
ing a GFP reporter and inhibitory small hairpin RNAs (shRNAs) 
targeting SESN1 (shSesn1), SESN2 (shSesn2) or SESN3 (shSesn3).  
A nonsilencing shRNA lentiviral vector was used as a control (shCtrl)  
(Supplementary Fig. 1a–c). Compared to shCtrl-transduced con-
trols, CD27−CD28− T cells transduced with shSesn1, shSesn2 or 

shSesn3 showed broad functional reversal of senescence, apparent as 
enhancement of cell proliferation (Fig. 1c) and telomerase activity 
(Fig. 1d), fewer DNA damage foci (Fig. 1e) and re-expression of the 
TCR signalosome components Lck and Zap70 (Fig. 1f and data not 
shown) and the costimulatory receptors CD27 and CD28 (Fig. 1g). 
This enhancement of functionality in CD27−CD28−CD4+ T cells was 
accompanied by restored calcium flux (Fig. 1h) and IL-2 synthesis 
(Fig. 1i). Therefore, in contrast to their well-documented anti-aging 
properties in invertebrates20,26, the sestrins induced multiple charac-
teristics of senescence in T cells.

Sestrins bind and activate MAPKs in CD27−CD28−CD4+ T cells
In Drosophila, mouse liver homogenates and human embryonic 
kidney (HEK293) cells, sestrin function, including the anti-aging 

Sesn1

Sesn3

Sesn2

CD27

CD28

+

+ + –

––b

Lc
k 

M
F

I (
fo

ld
)

0

1.0

2.0

3.0

4.0

ca

0

1.0

2.0

3.0

4.0

5.0

X
-R

ho
d-

1 
M

F
I (

fo
ld

)

0

IL
-2

+
 M

F
I (

fo
ld

)

d

1.0

2.0

3.0

f

***

0

1.0

1.5

2.0

[3 H
]th

ym
id

in
e 

up
ta

ke
 (

fo
ld

) shSesn1
shSesn2
shSesn3

shCtrl

0

1.0

0.5

1.5

%
 γ

-H
2A

x+
 c

el
ls

 (
fo

ld
)

h

**
2.5

0

1.0

1.5

2.0

T
el

om
er

as
e 

ac
tiv

ity
(f

ol
d)

2.5
***

**
***

**

0

2.0

4.0

6.0

8.0
***

**
***

**

%
 C

D
27

+
C

D
28

–  c
el

ls
 (

fo
ld

)

i

***
**

***
**

1687

6,610

5883

5,215
g

C
ou

nt

0

1.0

2.0

3.0

Sesn1 Sesn2 Sesn3

***

S
es

tr
in

 M
F

I (
fo

ld
)

CD27+CD28+

CD27–CD28+

CD27–CD28–

C
ou

nt

Lck

shSesn1

X-Rhod-1

10–3 0 103

γ-H2Ax

shCtrl

shSesn2 shSesn3

CD27

C
D

28

105

104

103

0

10–3

10–3 1051030 104

104 105

10–3 0 103 104 105 10–3 0 103 104 105

e

GAPDH

0

50,000

100,000

150,000

200,000

250,000

S
S

C

shSesn1

shSesn2

shSesn3

shCtrl

shSesn1

shSesn2

shSesn3

shCtrl

shSesn1

shSesn2

shSesn3

shCtrl

shSesn1

shSesn2

shSesn3

shCtrl

shSesn1

shSesn2

shSesn3

shCtrl

shSesn1

shSesn2

shSesn3

shCtrl

61.532

6 0.05

132

325

396

313

1410

1240

1,687

5,883

Figure 1  Sestrins are broad regulators of T cell senescence. (a) Expression of surface CD27 and CD28 in human CD4+ T cells by flow cytometry. 
Numbers in quadrants indicate cell percentages. (b) Immunoblot analysis (left) and mean fluorescence intensity (MFI) data (right) of endogenous 
sestrin 1 (Sesn1), sestrin 2 (Sesn2) and sestrin 3 (Sesn3) expression in CD4+ T cells gated as in a. Data are presented relative to results in 
CD27+CD28+ cells. (c,d) Cell proliferation as assessed by [3H]thymidine uptake (c) and telomerase activity (d) in CD27−CD28−CD4+ T cells transduced 
with various shRNAs. (e) DNA damage foci assessed by the DNA damage response marker γ-H2Ax in cells as above. (f–i) Flow cytometry analysis  
of intracellular Lck (f), CD27 and CD28 costimulatory receptor expression (g), calcium abundance (assessed by X-Rhod-1 fluorescence) (h) and  
IL-2 synthesis (i) in CD27−CD28−CD4+ T cells transduced with various shRNAs. Numbers in quadrants, MFI. Results are presented relative to those  
of cells transduced with shCtrl, set as 1. Data are representative of 4 experiments (a and b, left) or pooled from 4 experiments with 4 individual  
donors (b, right) or 3 donors (c–i). **P < 0.01, ***P < 0.001 ANOVA for repeated measures with Bonferroni post-test correction. Error bars  
indicate s.e.m. Uncropped blots are shown in Supplementary Figure 8.
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effects, is largely mTORC1 dependent20,21,23–25,27,28. We found that 
CD27−CD28−CD4+ T cells lacked expression of both the kinase mTOR 
and its downstream effector kinase S6K1 (Supplementary Fig. 1d). 
Transduction of shSesn1, shSesn2 or shSesn3 in CD27−CD28−CD4+ 
T cells restored both mTOR expression and downstream S6K1 activa-
tion (Supplementary Fig. 1e). However, these cells maintained sig-
nificantly (P < 0.01, ANOVA for repeated measures with a Bonferroni 
post-test correction) higher calcium flux (Supplementary Fig. 1f), 
interleukin 2 (IL-2) synthesis (Supplementary Fig. 1g), telomerase 
activity (Supplementary Fig. 1h) and clearance of DNA damage foci 
(Supplementary Fig. 1i) than that of shCtrl-transduced cells, even 
in the presence of the mTOR inhibitor rapamycin. This indicates an 
mTORC1-independent mechanism of sestrin action.

To identify pro-senescence pathways of sestrin action, we 
immunoprecipitated sestrin 1 from blood-derived, unstimulated 
CD27−CD28−CD4+ T cells using an irrelevant IgG antibody as a con-
trol. Compared to IgG immunoprecipitates, sestrin 1 immunoprecipi-
tates were enriched for phosphorylated Erk, Jnk and p38 MAPKs12  
(Fig. 2a). Phosphorylated AMPK also precipitated with sestrin 1 (Fig. 2a).  
Similarly, sestrin 2 coimmunoprecipitated with phosphorylated Erk, 
Jnk and p38 in CD27−CD28−CD4+ T cells (Supplementary Fig. 2a). 
This suggests the presence of an endogenous supramolecular sMAC 
composed of sestrins and phosphorylated AMPK and Erk and Jnk 
and p38 MAPKs.

Next we measured spontaneous Erk, Jnk and p38 MAPK activa-
tion in blood-derived CD27+CD28+, CD27−CD28+ and CD27−CD28− 
T cells within the CD4+ subset. Endogenous MAPK activation was 
enhanced in CD27−CD28− T cells compared to CD27+CD28+ or 
CD27−CD28+ T cell subsets (Supplementary Fig. 2b). To investigate 
canonical MAPK activators, we probed lysates from CD27+CD28+, 
CD27−CD28+ and CD27−CD28−CD4+ T cell subsets directly ex vivo 
with antibodies to MKK7 (activator of Jnk), MKK4 (activator of Jnk 
and/or p38) and phosphorylated MEKK1 and MEKK2 (activators 
of Erk). CD27−CD28− T cells did not express or endogenously acti-
vate any upstream MKK4, MKK7 or MEKK1 and MEKK2 molecules 
(Supplementary Fig. 2c). We next transfected small interfering RNAs 
(siRNAs) targeting MEKK1, MKK7 and MKK4 in CD27+CD28+CD4+ 
and CD27−CD28−CD4+ T cell subsets and measured Erk, Jnk  
and p38 phosphorylation in both cell types by phospho-flow tech-
nology. A scrambled siRNA was used as control (Supplementary 
Fig. 2d). Compared to control transfection, siRNAs against MEKK1, 
MKK7 and MKK4 inhibited Erk, Jnk and p38 phosphorylation in 
CD27+CD28+CD4+ T cells, respectively. In contrast, Erk, Jnk and 
p38 phosphorylation were not affected in CD27−CD28−CD4+ T cells 
(Supplementary Fig. 2e). Thus, endogenous MAPK phosphoryla-
tion in CD27−CD28− T cells takes place in the absence of upstream 
canonical MAPK signaling11.

We next investigated whether sestrins are noncanonical regula-
tors of MAPK function. In vitro kinase assays demonstrated dis-
rupted MAPK phosphorylation in AMPK immunoprecipitates from 
CD27−CD28−CD4+ T cells transduced with shRNAs against sestrins 
1–3 (triple-knockdown cells) compared to those transduced with shC-
trl (Fig. 2b). However, treatment of triple-knockdown T cells with the 
selective AMPK agonist A-769662 (ref. 29) for 1 h reconstituted MAPK 
activation to levels detected with shCtrl transduction (Fig. 2b). We 
then transduced shAMPK5 and shCtrl vectors in CD27−CD28−CD4+ 
T cells, immunoprecipitated sestrin 2 and performed in vitro MAPK 
assays. MAPK phosphorylation was reduced in sestrin 2 immuno-
precipitates from shAMPK-transduced CD27−CD28−CD4+ T cells 
compared to shCtrl-transduced cells (Supplementary Fig. 2f). Thus, 
sestrins promote MAPK activation via AMPK.

Because the dual phosphorylation site of MAPK proteins  
(a Thr-Xaa-Tyr motif within the activation loop) is not a direct AMPK 
substrate5, we investigated whether sestrin-bound MAPKs undergo 
AMPK-dependent autophosphorylation. Adding exogenous ATP 
to sestrin 1 immunoprecipitates from CD27−CD28−CD4+ T cells 
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Figure 2  Sestrins bind to and activate Erk, Jnk and p38 in 
CD27−CD28−CD4+ T cells. (a) Immunoblot analysis of lysates from 
CD27−CD28−CD4+ T cells precipitated with IgG control or anti–sestrin  
1 (Sesn1) and stained for Sesn1 and phosphorylated (p-) MAPKs.  
IP, immunoprecipitation; WCL, whole cell lysates. (b) MAPK 
phosphorylation, indicated by phosphorylation of the Thr-Xaa-Tyr loop  
(p-(T-X-Y)), of AMPK-α immunoprecipitates from shCtrl-transduced  
or triple-knockdown CD27−CD28−CD4+ T cells treated or not with 
the AMPK agonist A-769662 (AMPK act; 150 µM, 60 min) 96 h 
later. Results are presented relative to shCtrl, set as 1. (c) MAPK 
autophosphorylation in sestrin 1 complexes from CD27−CD28−CD4+  
T cells incubated for 30 min with or without (Ctrl) A-769662 (150 µM) 
and MAPKi FR18024 (20 µM; Erk), SP-600125 (10 µM; Jnk) or  
SB-203580 (10 µM; p38) in the presence or absence of ATP (200 µM). 
MAPK activity was determined and presented as in b. (d) ELISA-based 
ATP abundance in AMPK-γ immunoprecipitates from CD27−CD28−CD4+  
T cells wherein one or more sestrins were silenced by shRNA. Results  
are presented relative to that of cells transduced with shCtrl, set as 1.  
(e) AMPK phosphorylation of cells as in d; GAPDH, loading control.  
(f) ELISA-based MAPK binding assays in sestrin 1 immunoprecipitates 
from cells as in a transfected with siCtrl or siAMPK-γ for 36 h.  
Results are presented relative to those of cells transfected with siCtrl,  
set as 1. Data are representative of 2 (a) or 3 (e) experiments or pooled 
from 3 independent experiments with 3 individual donors (b–d, f).  
*P < 0.05, **P < 0.01, ***P < 0.001, ANOVA for repeated measures  
with Bonferroni post-test correction. Error bars indicate s.e.m.  
Uncropped blots are shown in Supplementary Figure 8.
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strongly enhanced MAPK phosphorylation in response to incuba-
tion with A-769662 compared to unstimulated reactions (Fig. 2c). The 
ATP-competitive Erk inhibitor FR18024, the Jnk inhibitor SP-600125 
and the p38 inhibitor SB-203580 each impeded AMPK agonist–driven 
MAPK phosphorylation (Fig. 2c). Thus, individual MAPK activities 
are required for sMAC activation. Furthermore, MAPK autophos-
phorylation is triggered by activation of AMPK.

We next tested whether sestrins modulate MAPK signaling by pro-
moting ATP removal from the γ subunit of AMPK28. We therefore 
transduced CD27−CD28−CD4+ T cells with the sestrin-specific shR-
NAs individually and together, then immunoprecipitated AMPK-γ 
and measured ATP content by ELISA. The ATP contents in AMPK-γ  
immunoprecipitates from CD27−CD28−CD4+ T cells increased along-
side progressive single, dual or triple silencing of sestrin proteins 
(Fig. 2d). Similarly, phosphorylation of AMPK-α, the catalytic subu-
nit of the enzyme, was inhibited in extracts from triple-knockdown  
CD27−CD28−CD4+ T cells compared to shCtrl transduction  
(Fig. 2e). In addition, when we transfected CD27−CD28−CD4+ T 
cells with siRNA targeting AMPK-γ (Supplementary Fig. 2f) and 
immunoprecipitated sestrin 1, we found lower Erk, Jnk and p38 
MAPK expression in the sestrin 1 complex, as compared to cells 
transfected with control siRNA (siCtrl) (Fig. 2f). Thus, sestrins regu-
late Erk, Jnk and p38 MAPK autophosphorylation by fine-tuning 
AMPK-γ ATP loading.

Recombinant sestrins reconstitute sMAC
We performed in vitro reconstitution experiments using lysates from 
CD27+CD28+CD4+ T cells, which do not express endogenous sestrin  
proteins. We transfected siAMPK-γ or siCtrl into CD27+CD28+  
T cells that were lysed and immunoprecipitated with antibod-
ies to AMPK-α 36 h later. We then added either recombinant ses-
trins 1, 2 and/or 3 or GFP proteins and measured Erk, Jnk and 
p38 phosphorylation. The addition of sestrins triggered dose-
dependent activation of AMPK-associated MAPKs in lysates from 
siCtrl-transfected CD27+CD28+CD4+ T cells compared to recom-
binant GFP protein (Fig. 3a). In contrast, siAMPK-γ transfection in 
CD27+CD28+CD4+ T cells prevented sestrin-driven MAPK activa-
tion (Fig. 3a). MAPK recruitment to AMPK was not significantly 
altered by recombinant sestrins in these in vitro reconstitution assays  
(Fig. 3b). These data suggest that sestrins coordinate the sMAC 
upstream of AMPK-γ and that all MAPKs are bound to AMPK in 
their inactive form.

To study whether the sMAC formed as a unique complex, we 
added sestrins 1–3 to lysates of blood-derived primary human 
CD27+CD28+CD4+ T cells then analyzed sestrin 2 immunoprecipi-
tates using gel-filtration chromatography. Under native conditions, 
the sMAC eluted with an estimated molecular mass of ~1,000 kDa 
(Fig. 3c), whereas the sestrin–mTORC1 inhibitory complex, which 
contains GATOR2 and RagA and RagB23–25, was 660 kDa (Fig. 3c).  
Endogenous complexes of similar size were eluted from lysates 
obtained from CD27+CD28+CD4+ T cells that had been glucose 
starved for 12 h (ref. 5) and immunoprecipitated with sestrin 2 (data 
not shown), indicating that physiological stress stimuli also triggered 
the formation of two sestrin-containing complexes of different sizes, 
controlling either mTORC1 or MAPK activities in primary human 
CD27+CD28+CD4+ T cells.

To determine the physiological impact of endogenous sMAC 
formation in CD27+CD28+CD4+ T cells, we transduced these cells 
either with shSesn1, shSesn2 and shSesn3 or with shCtrl lentiviral 
vectors and exposed them to irradiation to induce a stress response. 
Sestrin expression was upregulated in CD27+CD28+ T cells after 

irradiation (Supplementary Fig. 3a). Notably, phosphorylation  
of Erk, Jnk and p38 was strongly induced upon irradiation of 
shCtrl-transduced CD27+CD28+CD4+ T cells compared to tri-
ple-knockdown CD27+CD28+CD4+ T cells (Fig. 3d). Notably, tri-
ple knockdown of sestrin in irradiated CD27+CD28+CD4+ T cells  
preserved telomerase activity (Supplementary Fig. 3b) and IL-2  
production (Supplementary Fig. 3c). Sestrin-knockdown CD27+CD28+  
T cells also showed lower irradiation-triggered DNA damage 
(Supplementary Fig. 3d), indicating that sestrin expression is 
required for induction of senescence in stressed T cells.

Each MAPK controls distinct aspects of T cell senescence
Because all three MAPKs were activated in the sMAC after AMPK 
activation, we investigated the role of each MAPK in this complex. 
We treated CD27−CD28−CD4+ T cells with MAPK inhibitor (MAPKi) 
FR18024 (an Erk inhibitor), SP-600125 (a Jnk inhibitor) or SB-203580 
(a p38 inhibitor) for 36 h before immunoprecipitating sestrin 1 and 
measuring Erk, Jnk and p38 phosphorylation. Endogenous MAPK 
phosphorylation of sestrin 1–associated MAPKs was inhibited in 
MAPKi-treated CD27−CD28−CD4+ T cells but not in cells treated with 
DMSO (Supplementary Fig. 4a). In these experiments, blocking any 
MAPK increased CD3- and recombinant human IL-2 (rhIL-2)-induced 
proliferation of CD27−CD28−CD4+ T cells by 2- to 2.5-fold, as com-
pared to cells treated with DMSO vehicle (Supplementary Fig. 4b).  
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However, inhibition of p38, but not of Jnk or Erk, enhanced telomer-
ase activity in CD3- and rhIL-2-activated CD27−CD28−CD4+ T cells 
compared to DMSO (Fig. 4a), as previously reported4,5,30. Conversely, 
blocking Erk but not p38 or Jnk activation decreased endogenous 
DNA damage foci in CD3- and rhIL-2-activated CD27−CD28−CD4+ 
T cells (Fig. 4b). Finally, blocking activation of Jnk, but not of p38 
or Erk, restored expression of the key TCR signalosome component 
Lck in CD27−CD28−CD4+ T cells (Fig. 4c) and of the costimulatory 
receptor CD28 (data not shown). Similar results were obtained in 
CD27−CD28−CD4+ T cells after siRNA-mediated silencing of Jnk, 
Erk or p38 (Supplementary Fig. 4c,d). Thus, MAPK activation pro-
motes T cell senescence, but each MAPK regulates unique functional 
hallmarks of the senescence program.

We incubated shSesn2-transduced CD27−CD28−CD4+ T cells with 
the AMPK agonist A-769662, which activates AMPK independently of 
sestrins (Supplementary Fig. 4e) followed by treatment with siRNAs 
specific for Erk, p38 or Jnk for 48 h. Compared to controls, shSesn2-
transduction in CD27−CD28−CD4+ T cells led to enhanced telomer-
ase activity (Fig. 4d) and T cell activation (as measured by increased 
calcium flux) (Fig. 4e) and decreased formation of DNA damage foci 
(Fig. 4f). However, agonist-induced activation of AMPK reversed 
these functional changes (Fig. 4d–f), suggesting that the sestrins act 

via AMPK to inhibit functional responses in CD27−CD28−CD4+  
T cells. Notably, transfection of siRNA against p38, Jnk or Erk in 
AMPK agonist–treated, shSesn2-transduced CD27−CD28−CD4+  
T cells restored telomerase activity (sip38) and TCR activation (siJnk) 
and reduced DNA damage foci (siErk) (Fig. 4d–f). Similar obser-
vations were made when silencing sestrin 1 in CD27−CD28−CD4+  
T cells (Supplementary Fig. 4f). Thus, each MAPK in the sMAC 
controlled different aspects of T cell senescence downstream of a  
common sestrin trigger.

Enhanced sMAC formation with age
We investigated whether the sestrins ‘preferentially’ modulate T cell 
function in older humans. We found up to a tenfold increase in sestrin 
expression in total CD4+ T cells from older humans (age 70–85 years)  
compared to younger ones (age 20–35 years) (Fig. 5a). Sestrin 2 
expression was highest in CD27−CD28−CD4+ T cells from older indi-
viduals (Fig. 5b). We did not detect sMAC in CD27+CD28+CD4+  
T cells from younger individuals by ImageStream analysis (Fig. 5c), 
whereas sestrin 2 colocalized with phosphorylated Erk, Jnk and p38 in 
CD27−CD28−CD4+ T cells isolated from the same subjects (Fig. 5c).  
In contrast, CD27−CD28− and, to a lesser extent, CD27+CD28+ CD4+  
T cells from older humans showed colocalization of sestrin 2 and 
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phosphorylated MAPKs (Fig. 5c). Single-cell analysis of colocali-
zation scores of sestrin 2 and phosphorylated MAPKs showed an 
age-dependent increase in sMAC formation (Fig. 5d). This identifies 
enhanced formation of the sMAC in human T cells during aging.

Shingles is caused by the reactivation of varicella zoster virus 
(VZV), and the incidence of this disease increases with age31,32.  
In both young (20–35 years old) and old (70–85 years old) individuals, 
the CD27+CD28+CD4+ T cells showed higher proliferative activity 
in response to VZV antigen activation than the CD27−CD28−CD4+  
T cell population (Fig. 5e). In addition, the proliferation of both  
subsets was lower in old than in young individuals (Fig. 5e). shRNA-
mediated silencing of sestrin 1 in CD27−CD28−CD4+ T cells from  
old donors significantly enhanced their proliferation (Fig. 5f) and 
IL-2 synthesis (Fig. 5g) after VZV activation compared to shCtrl 
transduction, especially at low antigen doses and when transduc-
ing shSesn2 and shSesn3 in addition to shSesn1 (Fig. 5f,g). Similar  
results were obtained with cytomegalovirus (CMV)-specific T cell 
responses from old humans (Supplementary Fig. 5a,b). Therefore, 
silencing of sestrin expression in primary T cell populations from 
old humans enhanced antigen-specific proliferation and cytokine 
production in vitro.

Sestrin deficiency enhances vaccine response in old mice
CD4+ T cells from 20-month-old mice showed higher expression of 
sestrin 1, sestrin 2 and sestrin 3 than those from young (2-month-
old) mice (Supplementary Fig. 6a). We investigated the response to 
influenza vaccination in age-matched Sesn1+/− and Sesn1−/− mice. 
Sesn1−/− mice did not express sestrin 1 (Supplementary Fig. 6b). 
Mice were housed together for 20 months and challenged subcu-
taneously with FLUAD, a clinically approved trivalent inactivated 
influenza human vaccine that is also effective in rodents33. Saline 
injection served as a control. Five days after vaccination, Sesn1−/− but 
not Sesn1+/− mice showed splenomegaly (Supplementary Fig. 6c) and 
a threefold increase in splenocytes (Fig. 6a). Correspondingly, we 
observed a twofold increase in the frequencies of splenic CD4+ and 
CD8+ T cells in vaccinated Sesn1−/− mice, as compared to vaccinated 
Sesn1+/− mice (Fig. 6b and Supplementary Fig. 6d). The frequencies 
of myeloid and natural killer (NK) cells were also fivefold and two-
fold higher, respectively, in vaccinated Sesn1−/− mice than in controls 
(Supplementary Fig. 6e,f). Within the CD4+ T cell compartment, 
we observed a twofold expansion of CD62L−CD44+ T effector cells 
and a corresponding contraction of the CD62L+CD44− naive T cell 
population from vaccinated Sesn1−/− mice, as compared to vaccinated 
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Sesn1+/− controls (Fig. 6c and Supplementary Fig. 6g). These dif-
ferences in T cell frequencies between genotypes were not evident 
before vaccination (data not shown). Functionally, Sesn1−/− CD4+  
T cells showed higher IL-2 and IFN-γ production and enhanced pro-
liferation than Sesn1+/− mice after vaccination (Fig. 6d,e). Therefore, 
sestrin deficiency enhances T cell responsiveness and expansion  
of innate cells during aging in vivo.

To investigate whether enhanced T cell responsiveness after vac-
cination was antigen specific, we re-challenged Sesn1+/− and Sesn1−/− 
T cells with Sesn1+/− antigen-presenting cells (APCs) pulsed with 
FLUAD in vitro. We observed higher IFN-γ and IL-2 expression in 
Sesn1−/− than in Sesn1+/− CD4+ T cells (Fig. 6f and data not shown). 
In addition, siRNA-mediated silencing of sestrin 2 in Sesn1−/− CD4+ 
T cells further increased their responsiveness to Sesn1+/− APCs pulsed 
with FLUAD (Fig. 6f).

When measuring antibody titers, we found a two- to threefold 
increase in influenza-specific circulating IgGs in Sesn1−/− mice, com-
pared to Sesn1+/− mice (Fig. 6g) and Sesn1−/− B cells showed enhanced 
IgG isotypic switching compared to Sesn1+/− mice after vaccination 
(Supplementary Fig. 6h). B cell frequencies, however, were slightly 
lower in the spleens of vaccinated Sesn1−/− mice than in those of vac-
cinated Sesn1+/− mice (data not shown). Vaccination increased the num-
bers of T cells, NK and myeloid cells and IgG+ B cells in Sesn1−/− mice, as 
compared to unvaccinated Sesn1−/− mice (Supplementary Fig. 6i). Thus, 
sestrin deficiency restores vaccine responsiveness during aging in vivo.

MAPK inhibition phenocopies sestrin deficiency in vivo
We next measured Erk, Jnk and p38 phosphorylation in sestrin 2+ 
CD4+ T cells, which made up as much as 70% of the total CD4+ T cell  

pool (Fig. 7a) in 20-month-old Sesn1+/− and Sesn1−/− mice after FLUAD 
vaccination. Erk, Jnk and p38 phosphorylation was robust in sestrin 2+ 
CD4+ T cells from Sesn1+/− mice and was low in Sesn1−/− CD4+ T cells 
(Fig. 7b). Notably, disruption of Erk, Jnk and p38 phosphorylation was 
correlated with higher IFN-γ production in sestrin 2+ CD4+ T cells 
from vaccinated Sesn1−/− mice than in Sesn1+/− mice (Fig. 7c). Sestrin 
1 deficiency did not inhibit Erk, Jnk or p38 phosphorylation in the 
minor sestrin 2− CD4+ T cells compared to those from Sesn1+/− mice 
(Supplementary Fig. 7a). To test whether inhibition of all MAPKs 
would boost vaccine responsiveness in aged mice, we administered 
the Erk inhibitor FR18024, the Jnk inhibitor SP-600125 and/or the 
p38 inhibitor SB-203580 by intraperitoneal injection in 16-month-old 
mice vaccinated with FLUAD and examined both the sestrin 2+ CD4+ 
T cell and CD19+ B cell subsets. Mice treated with all three MAPK 
inhibitors developed splenomegaly (Fig. 7d and Supplementary  
Fig. 7b) and showed higher splenic CD4+ T cell numbers than did 
DMSO vehicle–treated controls or mice receiving only one MAPK 
inhibitor after vaccination (Fig. 7e). MAPK self-phosphorylation was 
either selectively or globally inhibited in CD4+ T cells from mice 
treated with one or all three MAPK inhibitors, respectively, as com-
pared to mice treated with DMSO (Fig. 7f). Compared to DMSO 
treatment, triple (but not single) inhibition of MAPKs boosted IFN-γ 
synthesis in sestrin 2+ CD4+ T cells after vaccination (Fig. 7g). Triple 
MAPK inhibition also induced a threefold increase in the frequencies 
of sestrin 2+ CD19+ B cells undergoing vaccine-specific IgG isotypic 
switch, which was not observed with inhibition of individual MAPKs 
(Fig. 7g). In contrast, inhibition of MAPK signaling in both sestrin  
2− CD4+ T and CD19+ B cells reduced vaccine-induced IFN-γ produc-
tion and IgG isotype switching, respectively (Supplementary Fig. 7c).  
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Thus, disruption of all MAPK pathways in sestrin 2+ T and B cell 
populations enhanced vaccine responsiveness in old mice.

The sMAC is formed in mouse T cells
We isolated CD4+ T cells from Sesn1+/− and Sesn1−/− mice, immu-
noprecipitated sestrin 2, and investigated Erk, Jnk and p38 phospho-
rylation. Sestrin 2 complexes from Sesn1−/− CD4+ T cells showed 
lower phosphorylation of Erk, Jnk and p38 than those from Sesn1+/− 
CD4+ T cells (Fig. 8a,b). Sestrin 2–MAPK binding was not affected 
by sestrin 1 deficiency (data not shown). ImageStream analysis con-
firmed disrupted sMAC activation in spleen-derived CD4+ T cells 
from Sesn1−/− mice compared to Sesn1+/− mice (Fig. 8c,d). In vitro 
kinase assays showed that incubation of sestrin 2 immunoprecipitates 
from Sesn1−/− mouse CD4+ T cells with recombinant human sestrin 
1 restored MAPK activation in lysates from these cells (Fig. 8e). This 
effect was not observed in sestrin 2 immunoprecipitates from CD4+ 
T cells treated with siAMPK-γ (Fig. 8e). A-769662 agonist–driven 
activation of AMPK also restored MAPK phosphorylation in sestrin 
2 immunoprecipitates from splenic Sesn1−/− CD4+ T cells and was 
further enhanced by the addition of ATP, which is needed to fuel 
MAPK autophosphorylation (Fig. 8f). Thus, the sMAC is formed and 
coordinated by the sestrins in mice.

DISCUSSION
Here we show that in CD27−CD28−CD4+ T cells Erk, Jnk and p38 
MAPK are simultaneously activated owing to constitutive expres-
sion of sestrin proteins. In flies, sestrin expression increases on 

maturation and aging and triggers feedback anti-aging pathways 
through a TORC1 inhibitory complex20. Similarly, in muscle,  
sestrins exhibit mTORC1-dependent anti-aging activities22. We now 
describe an opposite pro-aging function of sestrins in T cells that 
occurs independently of mTORC1 and instead is mediated by an 
Erk–Jnk–p38 activation complex, termed sMAC. Such coordinated 
MAPK activation was previously unknown and is distinct from the 
canonical MAPK activation cascades where Erk, Jnk and p38 are 
regulated independently11.

All regulatory elements within the sMAC interacted constitutively 
in CD27−CD28−CD4+ T cells. The sMAC was also distinct from the 
previously described sestrin–mTORC1 inhibitory complexes contain-
ing GATOR and RAG proteins23–25, suggesting that the anti-aging–
pro-aging dichotomy of sestrin action in T cells versus other cell types 
may depend on different sestrin–protein interactions. Consistently, 
mTORC1 inhibition has been strongly associated with longevity in 
both murine muscle and in insects34, and p38 MAPK activation can 
drive T cell aging and senescence4–6,30. Sestrin may therefore exert 
anti- or pro-aging effects through different macromolecular com-
plexes. Whether the sMAC also controls aging in nonimmune cells 
remains to be determined.

The sMAC also formed in CD27+CD28+ T cells upon glucose 
deprivation (data not shown), and this extends previous observa-
tions highlighting the convergence of senescence and low-nutrient 
signals to regulate T cell function (‘intra-sensory’ signaling)5,9. When 
examining glucose-deprived sestrin-silenced CD27+CD28+ T cells, 
we also found disruption of AMPK phosphorylation and a transient 
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injected daily with inhibitors for 5 d. Results are presented relative to those in DMSO-treated mice, set as 1. (f) MAPK self-phosphorylation in  
CD4+ T cells from mice as in d and e assessed by in vitro kinase assays and presented relative to those of DMSO-treated mice, set as 1. (g) FLUAD-
driven IFN-γ production and IgG isotypic switch in sestrin 2+CD4+ T and CD19+ B cells in mice as in d and e, assessed by flow cytometry. Pooled data 
(n = 4) are presented relative to those of DMSO treated mice, set as 1. Data are pooled from 4 experiments with 4 (age-matched) mice per group (a–e,g)  
or 2 experiments (f). **P < 0.01, ***P < 0.001, ANOVA for repeated measures with Bonferroni post-test correction. Error bars indicate s.e.m.  
MFI, mean fluorescence intensity.



362	 VOLUME 18  NUMBER 3  MARCH 2017  nature immunology

A rt i c l e s

increase in T cell activation followed by T cell death when glucose 
deprivation persisted (data not shown). Sestrins may thus function 
as energy-sensing ‘rheostats’ that directly bind AMPK-γ and promote 
AMPK activation to favor T cell survival at the expenses of function 
under severe stress.

The sMAC was larger than the sestrin–mTORC1 inhibitory com-
plex, and additional proteins may contribute to its regulation. p38 
autophosphorylation is a feature of noncanonical MAPK activation 
in T cells that requires p38 binding to specific scaffolding molecules 
such as TAB1 (refs. 5,35). We now show that sMAC coordinates the 
simultaneous activation of all MAPK pathways. However, TAB1 was 
not required for the activation of Jnk or Erk, but it mediated activation 
of p38 within the sMAC (data not shown). We propose a model in 
which three separate MAPK subcomplexes are constitutively bound to 

AMPK in their inactive forms. When expressed, sestrins promote the 
unloading of ATP from AMPK-γ and activate the AMPK complex. In 
turn, this triggers the autophosphorylation of all associated MAPKs. 
Distinct scaffolding molecules may be required to support the auto-
phosphorylation of each of the three MAPKs in the sMAC.

Silencing of sestrin expression allowed a broad enhancement  
of T cell activity, whereas downstream targeting of any individual 
MAPK was much more selective. It is therefore possible to exert  
narrower or broader control over senescence-related T cell functional 
changes by targeting different molecules within the sMAC. As each 
MAPK controls different aspects of T cell senescence, they may have 
to be targeted simultaneously for effective immune boosting dur-
ing aging. However, direct inhibition of MAPKs may not be feasible 
for immunotherapy, as it would negatively regulate the responses of  
T and B lymphocytes that do not express sestrins. In contrast,  
inhibition of the sestrins would disrupt global MAPK signaling.  
This would spare sestrin-negative cells in which MAPKs may be acti-
vated via canonical pathways36 and may thus circumvent toxicity.  
A possible caveat is that sestrin inhibition may enhance the prolifera-
tive activity of senescent cells that have residual DNA damage and, 
therefore, prolonged inhibition of sestrins may result in malignancy37. 
However, short-term inhibition of sestrins could be a beneficial 
immunotherapeutic strategy.

Methods
Methods, including statements of data availability and any associated 
accession codes and references, are available in the online version of 
the paper.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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Figure 8  The sMAC is formed in mouse T cells. (a,b) Immunoblot analysis 
(a) and quantification (b) of phosphorylated (p-) Erk, Jnk and p38 in 
lysates from CD4+ T cells from 20-month-old vaccinated Sesn1+/− and  
Sesn1−/− mice after immunoprecipitation with antibodies to sestrin  
2 (Sesn2). Results in b are presented relative to those in Sesn1+/− mice,  
set as 1. Sestrin 2 expression in whole cell lysates (WCL) served as 
loading control. Sestrin 1 expression is also shown. (c,d) ImageStream 
analysis (c) and percentage of colocalization (d) of sestrin 2+pMAPK+ CD4+  
T cells from Sesn1+/− and Sesn1−/− mice, 5 d after vaccination with 
FLUAD, presented as in b. (e,f) In vitro MAPK assays of sestrin 2 
immunoprecipitates from mouse Sesn1−/− CD4+ T cells incubated for  
60 min with (hSesn1) or without (no hSesn1) recombinant human sestrin 1 
(e) or the AMPK agonist A-769662 in the presence or absence of ATP  
(f). Results are presented relative to that of nonreconstituted Sesn1−/− 
cells (basal), set as 1. In e, cells were transfected with siRNAs 48 h 
before lysis. Data are representative of 4 experiments (a,c) or pooled  
from 4 experiments with 4 (age-matched) individual mice (b,d–f).  
**P < 0.01, ***P < 0.001, ANOVA for repeated measures with Bonferroni 
post-test correction. Error bars indicate s.e.m. Uncropped blots are shown 
in Supplementary Figure 8.
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ONLINE METHODS
Human studies. We collected heparinized peripheral blood samples from 
120 individuals (aged 20–85 years, male 55% and female 45%). Samples from 
young (aged 20–35 years) and old (aged 65–80 years) donors were obtained 
with the approval of the Ethical Committee of Royal Free and University 
College Medical School and with voluntary informed consent, in accordance 
with the Declaration of Helsinki. Donors did not have any comorbidities, 
were not on any immunosuppressive drugs, and retained physical mobility 
and lifestyle independence.

Western blot analysis. Lysates from 2 × 106 cells were used for western blot 
analysis. Endogenous signaling studies were assessed in ex vivo purified 
CD4+ CD27 and CD28 T cell subsets as described previously5. Transduced 
CD27−CD28−CD4+ T cells were analyzed by immunoblotting 1 week after  
activation (described below). Membranes were probed with antibodies to  
sestrin 1 (Genetex GTX118141; Abcam EPR1930(2)), sestrin 2 (Cell  
Signaling (D1B6) 8487), sestrin 3 (Sigma-Aldrich HPA037935), Erk, phos-
phorylated (p-)Erk (9101), p-Jnk ((81E11) 4668), p-p38 (9211), AMPK-α 
(2532), p-AMPK-α ((40H9) 2535), µ (2972), S6K1 ((49D7) 2708), MKK7 
(4172), MKK4 (9152), p-MEK1/2 (9121) and GAPDH ((14C10) 2118)  
(all from Cell Signaling).

Immunoprecipitation. For coimmunoprecipitation analysis, cell lysates 
were prepared using ice-cold HNGT buffer (50 mM HEPES, pH 7.5, 150 mM  
EDTA, 10 mM sodium pyrophosphate, 100 mM sodium orthovanadate, 
100 mM sodium fluoride, 10 mg/ml aprotinin, 10 mg/ml leupeptin, and  
1 mM phenylmethylsulfonyl fluoride). Lysates from 20 × 106 cells were used 
for immunoprecipitation analysis. For the minor CD28−CD27−CD4+ subset, 
cells from two separate individuals were pooled to obtain sufficient material 
for the assay. Extracts were incubated with the indicated antibodies at 4 °C on a 
rotary shaker overnight, followed by incubation with protein A–G conjugated 
agarose beads (Santa Cruz Biotechnology) at 4 °C for 3 h. Samples were washed 
and analyzed by immunoblot as indicated. Coimmunoprecipitated proteins 
were detected using mouse anti-rabbit IgG conformation-specific (L27A9; 
Cell Signaling) or mouse anti-rabbit IgG light chain, followed by a secondary 
anti-mouse IgG antibody (all from Cell Signaling) and ECL Prime Western 
detection kit (GE Healthcare).

In vitro binding assay. Briefly, lysates from CD27+CD28+CD4+ T cells  
were incubated with recombinant sestrins for 1 h before total AMPK immu-
noprecipitation. AMPK complexes were washed extensively, and global 
MAPK activation was measured by immunoblotting or in vitro kinase assays 
(described below). Absolute MAPK binding was determined using ELISA-
based total Erk, Jnk and p38 detection assays according to the manufactur-
er’s instructions (Abcam; described below). In some experiments, absolute 
MAPK binding was determined on endogenous sestrin immunoprecipitates 
from CD27−CD28−CD4+ T cells, 36-48 h after transfection. MAPK binding 
assays are shown as proportional to fold increase at 450 nm absorbance emis-
sion of triplicate wells ± s.e.m., and were normalized to the indicated ‘bait’ 
proteins, i.e., sestrin 1 (MBS9327570) or AMPK-α (ab151280) used in the 
immunoprecipitation assay.

In vitro kinase assay. Sestrin or AMPK immunoprecipitates were washed twice 
in lysis buffer and twice in kinase buffer (all from Cell Signaling). Kinase reac-
tions were incubated for 30 min at 30 °C either in the absence or in the pres-
ence of 200 µM ATP (Cell Signaling), as indicated. MAPK activity was assessed 
using Phospho-Tracer ELISA Kits according to the manufacturer’s instruc-
tions (Abcam). In some experiments, exogenous recombinant human sestrin 
proteins (Genway; 1 µg/mL), the AMPK agonist A-769662 (150 µM), the Erk 
inhibitor FR18024 (20 µM); the Jnk inhibitor SP-600125 (10 µM); or the p38 
inhibitor SB-203580 (10 µM) were added directly to the in vitro kinase reaction 
itself for 30 min as indicated. In vitro kinase assays are shown as proportional 
to fold increase at 450 nm absorbance emission of triplicate wells ± s.e.m.,  
normalized to the total amounts of coimmunoprecipitated MAPKs.

Detection of coimmunoprecipitated proteins by ELISA. Briefly, an antibody 
mix was prepared by adding Capture Antibody Reagent(s) to MAPKs and 

Detection Antibody Reagent (both provided with the Phospho Tracer kit by 
Abcam), in a 1:1 ratio, and 50 µl of this antibody mix were added to the in vitro  
kinase/binding reaction product (50 µl), loaded in the Phospho Tracer micro-
plates. Antibody binding was then allowed for 1 h at room temperature on a 
microplate shaker. Wells were rinsed three times with 200 µl 1× washing buffer 
(provided with the kit). Meanwhile, a substrate mix was prepared immediately 
before use by diluting 1:100 the HR-substrate 10-acetyl-3,7-dihydroxyphe-
noxazine (ADHP) with ADHP Dilution Buffer (both provided with the kit),  
a stabilized H2O2 solution. Next, 100 µl of this substrate mix were added to 
each well, and incubated for 10 min at room temperature on a microplate 
shaker for color development. The reaction of conversion of ADHP into the 
fluorescent molecule Resorufin was then stopped by adding 10 µl stop solution 
to each well. Signal was read using an ELISA reader microplate. Background 
was calculated in parallel IgG control immunoprecipitation reactions.

Measurement of AMPK- ATP loading. T cell AMPK-γ1 immunoprecipitates 
were analyzed for ATP content using an ATP determination kit, according to 
the manufacturer’s instructions (Life Technologies). Total AMPK-γ1 immu-
noprecipitates were quantified by ELISA (LifeSpan Biosciences).

T cell activation dynamics. For detection of intracellular calcium, we used 
X-Rhod-1, a visible light–excitable calcium chelator suitable for flow cytom-
etry. Briefly, transduced cells were incubated with this dye (2.5 µM, 37 °C; 
20 min) washed in indicator-free medium to eliminate unspecific binding, 
then incubated for further 30 min to allow complete dye de-esterification, 
as instructed by the manufacturer (Molecular Probes, Invitrogen). Cells 
were then stimulated with anti-CD3 for 2 min immediately followed by flow 
cytometry analysis. In experiments with ‘multilayer’ modulation of signaling, 
stably transduced primary human CD27−CD28−CD4+ T cells were activated 
with anti-CD3 (0.5 µg/mL) and rh-IL-2 (10 ng/mL) for 24 h in the presence 
of siRNAs and/or the AMPK activator A-769662 (150 µM) or the mTORC1 
inhibitor rapamycin (20 ng/mL), followed by dye incubation, short-term reac-
tivation and intracellular calcium detection, as above. IL-2 synthesis or release 
was analyzed by ELISA-based or intracellular flow cytometry respectively, as 
indicated. Active cycling upon stimulation was further confirmed by staining 
for the proliferation-related antigen Ki67.

Lentiviral vector design. The pHIV1-SIREN-GFP system used for knockdown 
of gene expression possesses a U6-shRNA cassette to drive shRNA expression and 
a GFP reporter gene that is controlled by a PGK promoter5. The following siRNA 
sequences were used for gene knockdowns: CCTAAGGTTAAGTCGCCCTCG 
(shCTRL), ATGATGTCAGATGGTGAATTT (shAMPK-α), CCAGGACCA 
ATGGTAGACAAA (shSesn1), CCGAAGAATGTACAACCTCTT (shSesn2) 
and CAGTTCTCTAGTGTCAAAGTT (shSesn3). The shAMPK-α sequence 
was previously described and validated in primary human CD4+ T cells5.  
VSV-g pseudotyped lentiviral particles were produced, concentrated and 
titrated in HEK293 cells as described38.

Cell cultures and lentiviral transduction of primary human T lymphocytes. 
Cells were cultured in RPMI-1640 medium supplemented with 10% heat-
inactivated FCS, 100 U/ml penicillin, 100 mg/ml streptomycin, 50 µg/ml gen-
tamicin, and 2 mM l-glutamine (all from Invitrogen) at 37 °C in a humidified 
5% CO2 incubator. Purified human highly differentiated CD27−CD28−CD4+  
T cells were activated in the presence of plate-bound anti-CD3 (purified OKT3, 
0.5 µg/ml) plus rhIL-2 (R&D Systems, 10 ng/ml), and then transduced with 
pHIV1-Siren lentiviral particles (multiplicity of infection (MOI) = 10) at 48 and 
72 h after activation. Nonsenescent CD27+CD28+CD4+ T cells were cultured 
and transduced as above after activation by plate-bound anti-CD3 (0.5 µg/mL)  
plus anti-CD28 (0.5 µg/mL). When antigen-specific responsiveness was 
assessed, CD27−CD28−CD4+ T cells were reactivated 10 d after transduc-
tion using autologous antigen-presenting cells (APCs) pre-loaded for 4 h with 
various dilutions of Varicella zoster or cytomegalovirus lysates (Zeptometrix 
Corporation), as indicated. APCs were obtained by depleting CD3+ cells from 
autologous, fresh peripheral blood mononuclear cell (PBMC) preparations and 
cultured with transduced T cells in a 3:1 ratio. Antigen-specific responses are 
shown as fold increase normalized to transduced cells before restimulation, 
with control cells set as 1, in triplicate experiments.
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Transfections. Human or mouse primary CD4+ T cells were transfected 
with siRNAs to Erk, Jnk, p38, AMPK-γ, MEKK1, MEKK4, MEKK7 or an 
irrelevant control siRNA sequence (all from Santa Cruz Biotechnology) 
using Nucleofector Kit according to the supplier’s protocol (Amaxa, Lonza 
Walkersville; program V024), as indicated. Cells were analyzed 36–48 h later 
for functional or signaling readouts.

Quantitative PCR (real-time analysis). Four days after transduction, samples 
from 5 × 105 viable senescent CD27−CD28−CD4+ T cells were resuspended in 
TRIzol (Ambion). For cDNA synthesis, RNA was reverse transcribed using 
M-MuLV Reverse Transcriptase (New England BioLab) and random primers. 
Relative transcript expression was normalized using the ∆∆Ct threshold cycle 
method according to the supplier’s protocol (Applied Biosystems).

Signaling studies. Cells were fixed with warm Cytofix Buffer (BD Biosciences) 
at 37 °C for 10 min, permeabilized with ice-cold Perm Buffer III (BD 
Biosciences) at 4 °C for 30 min and then incubated for 30 min at room tem-
perature with antibodies to: Lck, ZAP-70, p-AMPK, sestrin 2 (all from Cell 
Signaling), PercPCy5-conjugated p-Erk (612592), Alexa Fluor 647–conjugated 
p-Jnk (562481), PE-conjugated p-p38 (612565) and PE-conjugated γ-H2A-x  
(all from BD Biosciences). When primary unconjugated antibodies were used, 
they were subsequently probed with a secondary mouse (or goat) Alexa Fluor 
647–conjugated anti-rabbit IgG (BD Biosciences) for 30 min at room tempera-
ture, in the dark. After washing in Stain Buffer (BD Pharmingen), samples 
were analyzed immediately using an LSR Fortessa (BD Biosciences). Data were 
analyzed using FlowJo software (Treestar). For transduced cells, events were 
gated on the GFP+ compartment as indicated.

Measurement of telomerase activity. Telomerase activity was determined 
using the TeloTAGGG telomerase ELISA kit from Roche according to the 
manufacturer’s instructions from extracts of 2 × 103 viable CD27−CD28−CD4+ 
T cells. The absolute numbers of CD27−CD28 CD4+ T cells were enumerated 
by Trypan Blue (Sigma), and proliferation was determined by Ki67 staining as 
described39. Telomerase activity is expressed as proportional to fold increase 
at 450 nm absorbance emission of triplicate wells ± s.e.m.

Proliferation assays. Four days after transduction, proliferation of activated 
senescent human CD27−CD28−CD4+ T cells was assessed by overnight prob-
ing with [3H]thymidine and expressed as fold increase in [3H]thymidine 
incorporation (cpm) of triplicate wells ± s.e.m. Alternatively, antigen-specific 
responsiveness of senescent human CD27−CD28−CD4+ T cells was assessed 
by staining for the cell cycle related nuclear antigen Ki67 4 d after activation 
with autologous VZV-pulsed APCs.

Mice. Sesn1−/− mice were generated from Sesn1+/− embryonic stem (ES) cells in 
the C57BL/6 background, obtained from EUCOMM. These cells were created 
by a targeted gene trap approach and contain reporter-tagged insertion within 
intron 5 of the Sesn1 gene with a strong splice acceptor site expressing a β-Gal-
Neo fusion protein that disrupts the Sesn1 ORF. The Sesn1+/− mice, produced 
from ES cells, were backcrossed to wild-type C57BL/6 mice (n = 5) to eliminate 
any nonspecific genetic aberrations that may present in the chromosomes from 
the ES cells. After the backcrossing, the Sesn1+/− mice were interbred to generate 
Sesn1−/− mice, which were found to be fully viable and fertile. Sesn1+/− litterma-
tes were used as a control strain, and housed with the Sesn1−/− mice throughout 
the course of aging experiments. The absence of sestrin 1 mRNA and protein was 
confirmed by RT-PCR and immunoblot analyses of splenocytes (Supplementary 
Fig. 6) as well as other tissues (data not shown). Mice were maintained in fil-
ter-topped cages and were given free access to autoclaved chow diet and water, 
according to US National Institutes of Health (NIH) and institutional guidelines. 
All animal aging studies were overseen by the University Committee on Use and 
Care of Animals (UCUCA) at the University of Michigan.

Mouse studies. Age-matched (20-month-old) mice were imported from the 
University of Michigan, rested for 10 d, and then used for in vivo studies. 
Control Sesn1+/− and Sesn1−/− mice were subcutaneously injected with the sea-
sonal influenza vaccine FLUAD (Novartis; 1:20 of the human dose). A saline  
solution (PBS) was used as control injection. Five days later, animals were 

euthanized in a CO2 chamber, and their spleens collected and processed for 
splenocyte isolation. Mouse CD4+ T cells were obtained from splenocytes 
by immunomagnetic separation (Miltenyi Biotec) and immediately analyzed 
for phenotypic, signaling and functional profiles by either flow cytometry 
or ImageStream, as indicated. CD4+ phenotypic analysis was performed by 
surface staining to CD62L and CD44. For recall responses, control Sesn1+/− 
and Sesn1−/− CD4+ T cells were rechallenged with control Sesn1+/− APCs 
pre-loaded with FLUAD (1:100, 1:50 and 1:25 of the human dose), then  
IL-2+, IFN-γ+ or Ki67+ T cells were analyzed 18 h later by flow cytometry. 
All in vivo studies were undertaken at University College London (license 
no. 70/7354).

Antibody titration. Sesn1+/− and Sesn1−/− mice were vaccinated with FLUAD 
as described above. One week later, mice were sacrificed, and blood samples 
were immediately collected by cardiac bleeding. Levels of circulating immu-
noglobulins (IgGs) were analyzed using a serum dilution of 1:200 in 0.1% 
nonfat dry milk 0.5% Tween-20 in PBS, as described33. Samples were incu-
bated on Nunc Maxisorp plates precoated with FLUAD overnight (1:40; for 
18 h at 4 °C), or PBS as background control. Plates were washed three times 
with 0.5% Tween-20 in PBS and blocked with 200 µl 4% nonfat dry milk (GE 
Healthcare). Antigen-specific serum antibodies were detected using horserad-
ish peroxidase (HRP) conjugated antibodies (anti-mouse IgG, Sigma-Aldrich) 
at 1:3,000 dilution in 0.1% nonfat dry milk 0.5% Tween-20 in PBS, at room 
temperature. Substrate activity was detected using 100 µL tetramethylbenzi-
dine (TMB) substrate (BD Biosciences) and stopped using 50 µL 2N H2SO4 
per well. Circulating vaccine-specific IgG levels were determined by ELISA 
(absorbance emission at 450 nm) of triplicate wells ± s.e.m.

Inhibition of sestrin-MAPK signaling in vivo. Aged-matched mice (16 
months) were injected intraperitoneally (i.p.) with the Erk inhibitor FR18024 
(25 mg/kg), the Jnk inhibitor SP-600125 (16 mg/kg) or the p38 inhibitor SB-
203580 (10 mg/kg) individually or together. Drug vehicle was DMSO. Three 
hours later, mice were vaccinated with FLUAD as above. Triple and individual 
MAPK inhibition treatments were then repeated daily. Five days later, mice were 
culled, spleens collected and the impact of in vivo blocking MAPK signaling on 
immune responsiveness was analyzed in sestrin 2+ T and B cell populations.

Analysis of the sMAC in vivo. Primary human or mouse CD4+ T cells were 
fixed with 2% paraformaldehyde, permeabilized with methanol and stained 
for sestrin 2, p-Erk, p-Jnk and p-p38 directly ex vivo, as above described. For 
human experiments, CD4+ T cells were separated into early-differentiated 
and highly differentiated populations according to their relative CD27 and 
CD28 expression profiles from either young (20–35 years old) or old (70–85 
years old) donors. All samples were run on an Amnis ImageStream cytometer 
using INSPIRE software, magnification 60×. Data were analyzed using IDEAS 
v.6.1 software (Amnis). Colocalization signals were determined on a single cell 
basis using bright detail similarity (BDS) score analysis. Colocalization was 
considered with BDS of ≥2.0.

Gel-filtration chromatography. A Superdex 200 (GE Healthcare) gel fil-
tration column was first equilibrated with 1.5 CV of endotoxin free PBS 
(Hyclone) at room temperature. Sestrin 2 complexes were injected at time 0  
(500 µl) and eluted using a single isocratic wash, fractions collected, and 
analyzed by ELISA-based binding assays (absorbance at 450 nm) across the 
spectrum for the indicated proteins. Phosphorylated MAPKs were detected 
using Phospho-Tracer ELISA kits (Abcam) as above described. For detec-
tion of Mios (MBS9330396); RagA (MBS9334409); and RagB (MBS9318748).  
The column was calibrated with protein markers as described18.

Statistical analysis. GraphPad Prism was used to perform statistical analysis. 
For pairwise comparisons, a paired Student’s t-test was used. For three matched 
groups, a one-way analysis of variance (ANOVA) for repeated measures with a 
Bonferroni post-test correction was used. *P < 0.05, **P < 0.01 and ***P < 0.001 
throughout. For correlation studies, Pearson correlation test was used.

Data availability. The data generated or analyzed during this study are  
included in the published article and its supplementary information files. 
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Uncropped immunoblots are shown in Supplementary Figures 8 and 9;  
individual ImageStream channels are shown in Supplementary Figure 10.  
Data not shown can be obtained from the corresponding authors upon reason-
able request.
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