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Introduction

Life expectancy has dramatically increased over the last decades,
with vaccinations preventing infections being a major contribut-
ing factor to this success of modern medicine. However, immune
competence declines with aging, as evidenced by the increased
susceptibility of old individuals to previously encountered as well
as new pathogens (1). Moreover, in the elderly, the benefits of vac-
cination to prevent infectious disease are limited (2). In spite of
annual vaccinations, a large number of deaths is associated with
influenza infection. Ninety percent of influenza-associated deaths
from respiratory or cardiovascular complications occur in persons
65 years of age or older (3). The current SARS-CoV-2 pandemic is
a global health threat in particular for the elderly population (4).
With the changing age demographics of the population, healthy
immune aging is therefore of paramount importance.

The aging immune system has to cope with a decreased ability
to produce new T cells in the thymus as well as with T cell-intrinsic
changes that develop as a consequence of homeostatic T cell prolif-
eration and stimulation by external cues. Homeostatic proliferation
is mostly able to maintain a naive CD4" T cell compartment that,
in spite of moderate repertoire contraction, is sufficiently large and
diverse (5), while naive CD8" T cells are disproportionately lost and
the CD8" T cell compartment is shifted toward clonally expanded
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With increasing age, individuals are more vulnerable to viral infections such as with influenza or the SARS-CoV-2 virus. One
age-associated defect in human T cells is the reduced expression of miR-181a. miR-181ab1 deficiency in peripheral murine T
cells causes delayed viral clearance after infection, resembling human immune aging. Here we show that naive T cells from
older individuals as well as miR-181ab1-deficient murine T cells develop excessive replication stress after activation, due to
reduced histone expression and delayed S-phase cell cycle progression. Reduced histone expression was caused by the miR-
181a target SIRT1 that directly repressed transcription of histone genes by binding to their promoters and reducing histone
acetylation. Inhibition of SIRT1 activity or SIRT1 silencing increased histone expression, restored cell cycle progression,
diminished the replication-stress response, and reduced the production of inflammatory mediators in replicating T cells from
old individuals. Correspondingly, treatment with SIRT1 inhibitors improved viral clearance in mice with miR-181a-deficient
T cells after LCMV infection. In conclusion, SIRT1 inhibition may be beneficial to treat systemic viral infection in older
individuals by targeting antigen-specific T cells that develop replication stress due to miR-181a deficiency.

effector populations (6, 7). T cell-intrinsic changes are of particular
interest because they offer the possibility of identifying means to
compensate for the age-associated defects in adaptive immunity (8).
Many of the age-associated T cell-intrinsic alterations are related to
changes in microRNA expression. As one example, aged T cells are
characterized by a lower expression of miR-181a and an increased
expression of miR-21, a pattern that is also seen with T cell differen-
tiation, suggesting that T cell aging at least in part involves regular
differentiation pathways (9, 10). The increased expression of miR-21
induces the inhibition of negative feedback loops involving several
signaling pathways, thereby causing degradation of FOXO1 and sus-
tained mTORCI signaling (10, 11). As a consequence, aged T cells
preferentially differentiate into short-lived effector T cells, while
development of T follicular helper and long-lived memory T cells
is impaired. miR-181a is a rheostat of T cell receptor (TCR) activa-
tion by controlling the expression of several phosphatases, including
PTPN22, SHP2, DUSP5, and DUSP6 (12). Due to increased DUSP6,
naive CD4" T cells from the elderly have reduced extracellular sig-
nal-related kinase (ERK) phosphorylation upon TCR stimulation (9).
Mice with conditional deletion of miR-181ab1 in peripheral T cells
exhibit features of human immune aging, including impaired expan-
sion of antigen-specific T cells in antiviral responses and delayed
viral clearance (13). Improving TCR signaling through DUSP6
silencing was not sufficient to repair T cell responses (13), suggesting
additional miR-181a-mediated mechanisms.

Here, we found that miR-181a deficiency in proliferating T
cells from old individuals as well as from conditional knockout
mice reduced histone upregulation in the early S phase and there-
by induced replication stress. Reduced histone expression was due
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Figure 1. miR-181a deficiency impairs histone expression and cell cycle progression in murine antiviral responses. (A-E) Equal numbers of congenically
marked WT and miR-181a”- YFP* SMARTA cells were cotransferred into B6 mice before LCMV infection. (A) Experimental scheme (left), representative flow
plots of WT and miR-181a~- SMARTA cells (middle), and SMARTA frequencies (right, mean + SEM). (B and C) RNA-seq of WT and miR-181a- SMARTA CD4*

T cells on day 7 after LCMV infection. (B) GSEA of cell cycle gene signature in WT relative to miR-181a~- SMARTA cells. (C) Volcano plot of core histone genes
(red indicates adjusted P < 0.05). (D) Immunoblotting for histones in WT and miR-181a”- SMARTA cells on day 7 after LCMV infection. (E) On day 5 after LCMV
infection, recipient mice received BrdU for 1 hour prior to spleen harvest. Representative flow plots of BrdU incorporation and DNA content and summarized
frequencies (mean + SEM). (F and G) WT and miR-187a”~ mice infected with LCMV were injected with BrdU. (F) Number of D® LCMV GP33-tetramer* CD8* T
cells (mean + SEM). (G) Representative flow plots of BrdU incorporation and DNA content in tetramer* CD8* T cells (left) and summary of frequencies (right,
mean + SEM). (H) GSEA of the p53-induced gene set in WT relative to miR-187a”- SMARTA cells. (I) Immunoblots for p53 on day 7 SMARTA cells and summary
data of mean normalized intensities. (J) Immunoblots of SMARTA cells on day 7 after LCMV infection. Data are representative of 3 experiments with 3 to 5
mice per group (A and D), 1experiment with 4 mice per group (B, C, and H), or representative of 2 experiments with 2 to 6 mice per group (E-G, I, and ). Com-
parison by 2-tailed, paired (A, E, and I) or unpaired Student’s t test (F and G). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. NS, not significant.

to the miR-181a target SIRT1 that is overexpressed in miR-181a-
deficient murine T cells and in aged human T cells and recruited
to histone gene promoters. Inhibition of SIRT1 activity or reducing
SIRT1 expression diminished the replication-stress response in in
vitro studies of T cells from old adults as well as viral clearance in
vivo in mice with miR-181abl-deficient T cells.

:

Results

miR-181a deficiency impairs histone expression and cell cycle pro-
gression in murine antiviral responses. In previous studies, we
have developed a mouse model of conditionally deleted miR-
181abl in peripheral T cells that exhibited defective antiviral T
cell responses as they occur in humans with T cell aging (13).
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When cotransferring congenically marked wild-type (WT) (dis-
tal Lck-Cre* Rosa26™* miR-181ab1*/*) and miR-181a”~ (distal Lck-
Cre* Rosa26""* miR-181ab1"f) SMARTA CD4" T cells (expressing
a TCR specific for the LCMV glycoprotein 61-80 epitope) into
C57BL/6] (B6) recipient mice, we found a reduced expansion of
miR-181a-deficient SMARTA cells in response to LCMV infec-
tion (ref. 13 and Figure 1A). Apoptotic rates of SMARTA cells on
day 7 after infection were similar in both mouse strains (Supple-
mental Figure 1; supplemental material available online with this
article; https://doi.org/10.1172/JCI143632DS1). To identify the
molecular basis for the defective T cell expansion, we performed
RNA sequencing (RNA-seq) on WT and miR-181a”- SMARTA T
cells on day 7 after infection and found differential expression
of 725 genes, 344 of which were more highly expressed in WT
cells (adjusted P < 0.05). Gene set enrichment analysis (GSEA) of
differentially expressed genes showed a significant enrichment
of the cell cycle gene signature in WT SMARTA cells (Figure
1B). Notably, miR-181a deficiency globally reduced core histone
gene expression in LCMV-responding SMARTA cells (Figure
1C). Reduced histone H2A, H2B, H3, and H4 protein levels in
miR-181a”- SMARTA cells were confirmed by Western blotting
(Figure 1D). Reduced histone expression was only seen for acti-
vated proliferating T cells, while no difference was observed for
unstimulated cells (Supplemental Figure 2).

Histone gene expression is cell cycle dependent and upregu-
lated during DNA replication in the S phase (14). Reduced histone
expression in miR-181a-deficient T cells may therefore reflect
low numbers of S-phase cycling cells. Conversely, reduced his-
tone expression slows cell cycle progression through the S phase
(15, 16). To examine these possibilities, LCMV-infected mice
that had received WT and miR-181a7- SMARTA cells were pulsed
with the nucleoside analog 5-bromo-2'-deoxyuridine (BrdU) for
1hour. Cell cycle analysis determined by BrdU incorporation and
DNA content revealed that miR-181a-deficient SMARTA cells
significantly accumulated in the early S phase of the cell cycle,
when compared with WT SMARTA cells (Figure 1E). Prolifera-
tion of miR-181a”- CD8"* T cells in response to LCMV infection
was also impaired as compared with WT CD8* T cells. On day
7 after infection, activated CD8* T cells expressing CD44 were
reduced (Supplemental Figure 3A), as were CD8" T cells recog-
nizing the GP33 epitope of LCMV (Figure 1F). Also, LCMV-spe-
cific miR-181a”- CD8" T cells accumulated in the early S phase of
the cell cycle, similar to the observation for CD4* T cells (Sup-
plemental Figure 3B and Figure 1G). Proliferative rates were dif-
ferent for LCMV-specific CD4* and CD8" T cells and depended
on the day after infection; however, accumulation in the early S
phase was consistent.

Further analysis of the transcriptome showed that the gene
set induced by p53 was enriched in miR-181a”~ compared with WT
SMARTA cells (Figure 1H), indicating a DNA damage response.
Indeed, miR-181a”- SMARTA cells had higher levels of p53 (Fig-
ure 1I), the DNA damage marker phosphorylated H2aX (yH2aX),
and higher expression of the cell cycle inhibitor p21 (Figure
1J). Increased phosphorylation of CHK1 and RPA32 indicated
increased ATR (ataxia telangiectasia and Rad3-related) activity,
consistent with replication stress elicited by the stalled cell cycle
progression and resulting in the activation of the p53 pathway.
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Human proliferating naive CD4* T cells of old adults have
reduced histone expression and prolonged cell cycle S phase. Because
miR-181a expression declines with age in human naive CD4* T
cells (9), we examined whether reduced histone expression is
also a feature of T cell proliferative responses of older individuals.
Naive CD4" T cells from healthy young (20-35 years) and old (65-
85 years) adults were activated for 5 days with beads coated with
anti-CD3 and anti-CD28 antibodies. Transcriptome analysis by
RNA-seq revealed that activated old naive CD4* T cells tended to
have globally lower expression of core histone genes than young
T cells (Figure 2A), recapitulating the pattern in miR-181a-defi-
cient T cells responding to LCMYV infection (Figure 1C). Quanti-
fication of histone transcripts (Figure 2B) and Western blot anal-
ysis of H2A, H2B, H3, and H4 (Figure 2C) in sorted cycling cells
confirmed a significant reduction of core histones in cycling old
T cells. In contrast, no difference in H3 and H4 protein expres-
sion was seen for unstimulated naive CD4* T cells from young
and old adults, suggesting that the difference was dependent on
proliferation (Supplemental Figure 4). Flow cytometric analy-
sis of histone proteins and DNA content showed the cell cycle-
dependent change in histone expression, with histone H4 protein
progressively increasing during S-phase progression and reaching
the highest levels during G2/M phase (Figure 2D). In these flow
cytometric studies, activated naive CD4" T cells from old adults
had lower histone protein levels in the S phase than those from
young adults, while levels in the G2/M phase of the cell cycle
were similar, demonstrating a selective defect in histone synthe-
sis during DNA replication (Figure 2E). Moreover, day 5 activat-
ed naive CD4" T cells showed an accumulation of aged T cells in
the S phase, as compared with the young (Figure 2F). To exam-
ine cell cycle progression, naive CD4* T cells from young and old
individuals were activated for 5 days and pulsed with BrdU for 1
hour before analysis. Costaining of BrdU incorporation and DNA
content revealed that cycling old T cells accumulated in the early
S phase (Figure 2G). Consistent with the murine data, apoptot-
ic rates were not different (Supplemental Figure 5A). However,
in contrast, this increase in early-S-phase cells in proliferative T
cell responses from old adults was not associated with decreased
cell recovery, suggesting additional differences in cell cycle reg-
ulation (Supplemental Figure 5B). Indeed, we have previously
described increased mTORCI activation and increased c-MYC
expression in T cell responses of older adults that may accelerate
G1/S progression (10, 11). Taken together, these results show that
aged human naive CD4" T cells proliferating in vitro exhibit the
same phenotype as miR-181a-deficient murine T cells respond-
ing in vivo to LCMV infection.

In primary T cell responses, cell cycle progression cannot
be synchronized by removal of growth factors. To at least in
part circumvent this limitation in cell cycle analysis, we used a
sequential labeling approach; activated cells were first incubat-
ed with the nucleoside analog 5-ethynyl-2'-deoxyuridine (EdU)
for 2 hours, followed by BrdU for 1 hour. Given that BrdU out-
competes EAU in DNA incorporation (17), cells just entering S
phase are labeled as BrdU'EdU;, cells still in S phase are BrdU*E-
dU¥, and S-exit cells are BrdU EAU" (refs. 18, 19, and Figure 2H).
Cycling old T cells showed an accelerated entry into the S phase
(Figure 2, H and I), corresponding to our previous finding of a
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Figure 2. Human proliferating naive CD4" T cells of old adults have reduced histone expression and prolonged cell cycle S phases. Naive CD4* T cells from
healthy young (20- to 35-year-old) and old (65- to 85-year-old) individuals were activated with anti-CD3/anti-CD28 beads for 5 days. (A) Volcano plot of core his-
tone gene expression from RNA-seq data (SRA: SRP158502). Red dots indicate significance (P < 0.05). (B) Live S- and G2/M-phase cycling cells were sorted based
on DNA content. Core histone transcripts were measured by gRT-PCR. Results are presented relative to cycling young cells (n = 8, mean + SEM). Expression levels
of all histone genes are significantly different (P < 0.05), except that of HISTIH3A (P = 0.13) and HIST1H4B (P = 0.05), after correction for multiple comparisons. (C)
Immunoblotting of histones in cycling young (Y) and old (O) cells (n = 4). (D) Gating strategy of cell cycle stages based on histone H4 and DNA content. (E) Histo-
grams of histone H4 gated on the S- or G2/M-phase cells (left) and summary graphs from 8 experiments with 1young and 1old individual each (right). (F) Repre-
sentative histograms (left) and summary graphs (right) of frequencies of GO/G1-, S-, and G2/M-phase cells from 10 young and 9 old individuals (mean + SEM). (G)
Representative flow plots of BrdU incorporation after 1-hour pulsing and of DNA content (left) and summary data of early and late S-phase cell frequencies (right;
n=8-9, mean + SEM). (H-J) Day 5 activated naive CD4* T cells were pulsed with EdU for 2 hours, followed by BrdU for 1 hour. (H) Representative flow plots of BrdU
and EdU incorporation, (I) summary graphs of frequencies, and (J) percentages of BrdU-EdU* S-exit cells among EdU* cells (n = 9-10, mean + SEM). Comparisons by
2-tailed, unpaired (B, F, G, I, and )) or paired (E) Student’s t test. **P < 0.01, ***P < 0.001. NS, not significant.

sustained activation of AKT/mTORCI signaling in activated  delay in progression into G2/M phase compared with young
old compared with young naive CD4" T cells (10). As with miR-  cells, as shown by their significant accumulation of cells still in S
181a-deficient T cells in the conditional knockout mice, cycling  phase (Figure 2I) and a reduced percentage of EdU-labeled cells
old human T cells had a prolonged S phase and a significant  that had progressed to the G2/M phase (Figure 2]).
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Figure 3. Reduced histone expression promotes replication stress. Naive CD4* T cells from young adults were activated with anti-CD3/anti-CD28 beads and
transduced with control (shCtrl) or NPAT (shNPAT) shRNA lentivirus for 6 days. (A) Immunoblots for NPAT in lentivirally transduced GFP* cells and summary
data of normalized intensities from 4 young adults (mean + SEM). (B) Expression of indicated histone genes in sorted shRNA* cells. Results, normalized

to ACTB, are presented relative to shCtrl* cells from 6 young adults (mean + SEM). Differences in expression of all histone genes are statistically significant
(P < 0.01), except for HISTIH1B (P = 0.03), HIST1H3B (P = 0.06), and HISTTH3D (P = 0.03), after correction for multiple comparisons using Holm's step-down
adjustment. (C) Immunoblots for histone H3 and H4 from shRNA* cells and summary data of normalized intensities from 6 young adults (mean + SEM). (D)
Activated cells were pulsed with BrdU for 1 hour. Representative flow plots of BrdU incorporation and DNA content and summary data of frequencies (7 =5,
mean). (E) Activated cells were pulsed with EdU for 2 hours, followed by BrdU for 1 hour. Percentage of BrdU-EdU* S-exit cells among EdU* cells from 3 young
adults (mean). (F) Immunoblotting for p-RPA32 (S8), p-CHK1 (S345), yH2aX (S139), and p21 on sorted shRNA* cells (left) and summary graphs of mean
normalized intensities from 6 young adults (right, mean + SEM). Comparisons by 2-tailed, paired Student’s t test (A-F). *P < 0.05, **P < 0.01.

Reduced histone expression promotes replication stress. To deter-
mine whether reducing histone expression in young T cells repro-
duces the alteration in cell cycle progression seen with T cells from
older adults, we targeted the transcription factor NPAT that con-
trols core histone gene expression (20). Lentiviral transduction of
shRNA targeting NPAT inhibited expression of NPAT and conse-
quently downregulated histone expression at the transcript and
protein level (Figure 3, A-C). Similar results were obtained with
a second shNPAT construct (Supplemental Figure 6A). Although
complete knockout of NPAT has been shown to arrest cells in
the G1/S phase (21), reduced histone expression to the degree
observed in old proliferating T cells did not affect the S-phase
entry, but arrested T cells in early S phase, thereby extending the S
phase (Figure 3, D and E). To determine whether the delay in cell
cycle progression increased replication stress, we examined the

J Clin Invest. 2021;131(11):e143632 https://doi.org/10.1172/)C1143632

activation of the ATR pathway. Indeed, reducing histone expres-
sion in activated young CD4" T cells via NPAT silencing increased
phosphorylation of RPA32 and CHKI1. Downstream events,
including the levels of the DNA damage marker yH2aX and the
expression of the cell cycle inhibitor p21, were upregulated (Figure
3F and Supplemental Figure 6B).

These data prompted us to examine whether cycling CD4* T
cells from old individuals have increased replication stress. Indeed,
genes involved in the ATR signaling pathway were upregulated in
cycling old compared with young T cells (Figure 4A); moreover,
RPA32 and CHK1 were more phosphorylated (Figure 4B). Consistent
with CHK1 activation, we also observed increases in yH2aX and p21
(Figure 4B). Taken together, these data demonstrated that reduced
histone expression in cycling old T cells stalls cell cycle S-phase pro-

gression and thereby causes a replication-stress response.
s
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Figure 4. Proliferating old CD4* T cells have increased replication stress. (A-C) Naive CD4* T cells from young and old individuals were activated for 5
days. Cycling cells were sorted based on DNA content. (A) Quantitative RT-PCR of indicated transcripts associated with ATR signaling. Results, normalized
to ACTB, are presented for old relative to cycling young cells (n = 6, mean + SEM). (B) Immunoblot for p-RPA32 (S8), p-CHK1 (5345), yH2aX (5139), and p21
and summary graphs of normalized intensities from 8 young (Y) and 7 old (0) individuals (mean + SEM). (C) Immunoblot for p53 and summary graph (n
=7, mean + SEM). (D) GSEA of p53 transcriptional targets in activated old naive CD4* T cells relative to their expression in young cells (left) and heatmap
of selected genes from RNA-seq data (right) (SRA: SRP158502). (E) Naive CD4* T cells from young adults were activated and transduced with shCtrl or
shNPAT lentivirus for 6 days. Expression of indicated p53 target genes was determined in transduced cells by quantitative RT-PCR. Results, normalized

to ACTB, are presented relative to shCtrl* cells (n = 5). Comparisons by 2-tailed, unpaired (A-C) or paired Student’s t test (E), with correction for multiple
comparisons using Holm's step-down adjustment in E. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. NS, not significant.

Under replication stress, the tumor suppressor p53 is phos-
phorylated and activated by several kinases including ATR and
CHK1 (22, 23), leading to transcriptional activation of genes
involved in cell cycle control, apoptosis, and cellular senes-
cence. Moreover, recent studies have implicated p53 directly
in replication-stress responses. p53 has been shown to bind
to stalled replication forks and is required to restart replica-
tion (24). We found that the expression of p53 was increased
in cycling naive CD4* T cells from old compared with young

;

adults (Figure 4C). Consistent with p53 activation in replication
stress, GSEA of genes differentially expressed on day 5 activat-
ed naive CD4" T cells from young and old adults showed a sig-
nificant enrichment of p53 transcriptional targets in old CD4*
T cells (Figure 4D). To determine whether reduced histone
expression induces activation of the p53 pathway, we quantified
transcripts of 6 p53 target genes in proliferating young naive
CD4* T cells that had been partially silenced for NPAT expres-
sion (Figure 4E). Compared with control-transduced CD4* T
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Figure 5. miR-181a-dependent increase in SIRT1 expression represses histone gene transcription. (A) Equal numbers of congenically marked WT and
miR-181a”- YFP* SMARTA cells were cotransferred into B6 mice before infection with LCMV. Immunoblots for SIRT1and histone H3-K9/14 acetylation
(H3K9/14Ac) of splenic SMARTA cells on day 7, representative of 3 experiments with 2 to 3 mice per group. (B-D) Human young (Y) and old (0) naive CD4*
T cells were activated for 5 days. Immunoblots for SIRT1 and histone H3K9/14Ac (B) and NPAT (C) in cycling cells (left); summary graphs of normalized
intensities from 4-6 young and 4-6 old individuals (right, mean + SEM). (D) CUT&RUN assay of SIRT1 binding and histone H3K9/14Ac enrichment at
indicated histone gene promoters from 5 experiments with 1young and 1old individual each. Results are presented relative to cycling young cells (mean *
SEM). (E-G) Naive CD4* T cells from old individuals were activated for 5 days. DMSO or Ex-527 was added on day 2. (E) Immunoblots of SIRT1and histone
H3K9/14Ac in cycling cells and summary data from 5 old adults (mean + SEM). (F) Expression of indicated histone genes in cycling cells was determined by
guantitative RT-PCR. Results are presented relative to DMSO-treated cells (n = 6, mean + SEM). Differences in expression of all histone genes are statisti-
cally significant (P < 0.01), except for HISTIH4B (P = 0.25), after correction for multiple comparisons using Holm's step-down adjustment. (G) Immunoblots
of histones in cycling cells and summary data from 7 old adults (mean + SEM). (H) Naive CD4* T cells from old adults were activated with anti-CD3/anti-
(D28 beads and transduced with control (shCtrl) or SIRT1(shS/IRT1) shRNA lentivirus for 6 days. Immunoblots for indicated proteins in shRNA* cells (n = 2).
Comparisons by 2-tailed, unpaired (B and C) or paired Student’s t test (D-G). *P < 0.05, **P < 0.01. NS, not significant.
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Figure 6. SIRT1 inhibition in replicating old human T cells restores cell cycle progression and diminishes the replication-stress response. (A and B) Naive
CD4* T cells from old individuals were activated for 5 days. DMSO or Ex-527 was added on day 2. (A) Day 5 activated cells were pulsed with EdU for 2 hours,
followed by BrdU for 1 hour. Representative flow plots of BrdU and EdU incorporation (left) and summary graphs of BrdU-EdU* cell frequencies and per-
centages of BrdUEdU* S-exit cells among EdU* cells (right; n = 7, mean). (B) Immunoblots of indicated proteins in cycling cells from 6 old adults (mean +
SEM). (C) Naive CD4* T cells from old adults were activated with anti-CD3/anti-CD28 beads and transduced with control (shCtrl) or SIRT1 (shSIRTT) shRNA
lentivirus for 6 days. Immunoblots for indicated proteins in shRNA* cells (n = 3). (D) Immunoblots for p53 in cycling cells in experiments with 3 old adults.
(E) Expression of indicated p53 transcriptional target genes in cycling old cells was determined by quantitative RT-PCR. Results are presented relative to
DMSO-treated cells (n = 5). (F) Number of activated naive CD4* T cells from 9 old adults recovered on day 5 (mean). Comparisons by 2-tailed, paired Stu-
dent’s t test (A, B, E, and F), with correction for multiple comparisons using Holm’s step-down adjustment in E. *P < 0.05, **P < 0.01, ***P < 0.001.

cells, all of these transcripts were upregulated, suggesting that
reduced histone expression at least in part accounts for the p53
signature in old proliferating T cells.

Collectively, these data indicate that reduced histone expression
in activated old naive CD4" T cells results in a prolongation of the S
phase and an accumulation of cells in the early S phase, which pro-
motes increased replication stress and activation of the p53 pathway.

Age-related increase in SIRTI expression represses histone gene tran-
scription. To identify the mechanism underlying reduced histone
expression in proliferating old CD4* T cells, we focused on miR-181a
target genes, given that murine miR-181a-deficient T cells respond-
ing to LCMV infection recapitulated the findings in humans. SIRT1,
which is an NAD*-dependent histone deacetylase and one of the
direct targets of miR-181a (25), is known to promote transcriptional
repression by deacetylating histone H3K9/14Ac and H4K16Ac (26).
miR-181a-deficient SMARTA CD4" T cells responding to LCMV had

higher SIRT1 expression and lower amounts of histone H3K9/14Ac
than WT cells (Figure 5A). Consistent with the mouse model of miR-
181a deficiency, expression of SIRT1 is increased in resting naive
CD4" T cells from older individuals (27) and continues to be higher
after T cell activation (Figure 5B). Accordingly, cycling old CD4* T
cells had globally lower amounts of acetylated histone H3K9/14Ac,
indicating that overexpressed SIRT1 is functionally active (Figure
5B). Previous studies have shown an NPAT-dependent recruitment
of SIRT1 to the histone gene promoters (28, 29). Expression of NPAT
did not differ between young and old T cells (Figure 5C). However,
CUT&RUN assays showed increased binding of SIRT1 and a con-
comitant decrease in H3K9/14Ac levels at histone gene promoters
(Figure 5D). Pharmacological inhibition of SIRT1 activity with Ex-527
increased H3K9/14Ac levels without altering SIRT1 expression (Fig-
ure 5E) and thereby upregulated both histone transcripts and protein
expression in T cells from old adults (Figure 5, F and G). A similar
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Figure 7. Replication stress accounts for the activation of proinflammatory pathways in CD4* T cell responses in old adults. (A) GSEA of gene signa-

tures of cellular senescence and SASP in activated old (0) naive CD4* T cells relative to their expression in young (Y) cells (left) and heatmaps of selected
genes from RNA-seq data (right; SRA: SRP158502). (B and C) Expression of indicated genes associated with inflammatory mediators was determined by
guantitative RT-PCR in shCtrl* or shNPAT* cells (B) and in DMSO- or Ex-527-treated cells (C). Results, normalized to ACTB, are presented relative to shCtrl*
or DMSO-treated cells, respectively (n = 5). (D) Immunoblots for p16 in activated, proliferating naive CD4* T cells from 3 young and 3 old adults. CD45RA*C-
CR7- terminally differentiated effector memory cells (CD8* Temra) are included as positive control for p16 expression. (E) Naive CD4* T cells from young and
old individuals were activated for 8 days. Histograms of green fluorescence, indicative of senescence-associated B-galactosidase activity (left), and sum-
mary graph of geometric MFI (right) from 7 young and 7 old individuals (mean + SEM). The filled gray histogram represents no substrate. (F) Histograms of
senescence-associated B-galactosidase activity on shCtrl* or shNPAT* cells from 1young adult. (G) Histograms of senescence-associated -galactosidase
activity in DMSO- or Ex-527-treated cells and summary graph from 3 old adults (mean). Comparisons by 2-tailed, paired (B, C, and G) or unpaired Student’s
t test (E), with correction for multiple comparisons using Holm’s step-down adjustment in B and C. *P < 0.05, **P < 0.01, ***P < 0.001. NS, not significant.

effect was seen with SIRT1 silencing
of SIRT1 inhibition was not seen in

(Figure 5H). A significant effect
T cells from young adults (Sup-

plemental Figure 7A). These data indicate that SIRT1 overexpression
directly repressed histone gene expression in cycling old CD4* T cells.

SIRT1 inhibition in replicating old human T cells restores cell
cycle progression and diminishes the replication-stress response. We
next examined whether SIRT1 inhibition restores the naive CD4*
T cell response of old individuals. Enhancing histone expression
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Figure 8. SIRT1 inhibition augments antigen-specific T cell responses in vivo. (A-C) WT or miR-187a”- SMARTA cells were transferred into B6 hosts
before infection with LCMV. DMSO or Ex-527 was given i.p. daily starting the day after the infection. On day 5 after infection, mice were injected with
BrdU 1 hour prior to harvest. (A) Representative flow plots of BrdU incorporation and DNA content and summary data (mean + SEM). (B) Immunoblots of
SMARTA cells. (€) Number of SMARTA cells in the spleen (mean + SEM). (D and E) WT and miR-187a”- mice were infected with LCMV and given DMSO or
Ex-527 daily. (D) Number of D® LCMV GP33-tetramer* CD8* T cells on day 7 (mean + SEM). (E) Viral titers on day 6 after LCMV infection (mean + SEM). (F-1)
miR-181a-deficient SMARTA T cells were retrovirally transduced with either shCtrl or shSirt1. (F) Immunoblots of shRNA* cells and summary graphs (n =
4, mean). (G) Sorted shCtrl* or shSirt7* miR-181a-deficient SMARTA cells were transferred into B6 hosts, followed by LCMV infection. On day 5, mice were
injected with BrdU 1 hour prior to harvest. Representative flow plots of BrdU incorporation and DNA content and summary data (mean = SEM). (H) Immu-
noblots of sShRNA* cells. (I) Number of shRNA* SMARTA cells in the spleen (mean + SEM). Data are pooled from 3 independent experiments with 6-10 mice
per group (A and C), representative of 3 independent experiments with 2 mice per group (B), pooled from 2 experiments with 5-10 mice per group (D and
E), or 1 experiment with 4-5 mice per group (F-1). Comparisons by 1-way ANOVA followed by Tukey's post hoc test (A and C-E) and paired (F) or unpaired
Student’s t test (G and I). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. NS, not significant.
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through SIRT1 inhibition increased the BrdU EdU" S-exit cell pop-
ulation in activated old CD4" T cells, indicating accelerated cell
cycle progression through the S phase (Figure 6A). With normal
cell cycle kinetics restored, replication stress was diminished, as
documented by reduced phosphorylated RPA32 and CHK1 levels
and less extensive upregulation of yH2aX and p21 expression in
T cells from old adults than in untreated cells (Figure 6B). In con-
trast to T cells from old adults, markers of replication stress were
generally low in young activated T cells and did not show a consis-
tent pattern upon treatment with the SIRT1 inhibitor (Figure 4B
and Supplemental Figure 7B). Similar to pharmacological SIRT1
inhibition, partial silencing of SIRT1 expression reduced repli-
cation stress in T cell responses of old adults (Figure 6C). Also,
SIRT1 inhibition in proliferating old naive CD4* T cells reduced
expression of p53 and its transcriptional targets (Figure 6, D and
E). SIRT1 inhibition did not change apoptotic rates (Supplemen-
tal Figure 8), but ultimately improved the recovery rate of CD4* T
cells from old adults in the culture system (Figure 6F). As expect-
ed, inhibition of ATR in T cell responses from old adults accelerat-
ed S-phase exit and increased S to G2/M transition (Supplemental
Figure 9A), but at the expense of vastly increased apoptotic rates
(Supplemental Figure 9B).

Replication stress accounts for the activation of proinflammatory
pathways in CD4* T cell responses in old adults. The transcriptome
of naive CD4" T cells from old adults exhibited enrichment for the
gene sets characteristic of cellular senescence and senescence-as-
sociated secretory phenotype (SASP) on day 5 after in vitro stimu-
lation (Figure 7A). This gene signature was not observed in naive
resting CD4* T cells from old adults, and thus was dependent on
the proliferative response (Supplemental Figure 10). To determine
whether this inflammatory profile was related to the reduced his-
tone expression and the associated replication stress, we exam-
ined the effect of NPAT silencing on the expression of selected
SASP-related inflammatory mediators. Reducing histone expres-
sion in young activated CD4* T cells increased the expression of
IRF5, IRF7, CSF1, CSF2, and CCL3 (Figure 7B). Conversely, treat-
ment of naive CD4* T cell cultures from old adults with the SIRT1
inhibitor attenuated the transcription of these mediators (Figure
7C). However, further studies showed that more definitive mark-
ers of cellular senescence were lacking. While p21 was clearly
upregulated (Figure 4B), p16 was very low in cultured cells and
not different between young and old adults (Figure 7D), consis-
tent with the observation that activated old CD4" T cells were not
in irreversible growth arrest that is typical of cellular senescence.
The only human T cells that have appreciable amounts of p16 are
growth-arrested terminally differentiated Temra cells (Figure 7D).
B-Galactosidase activity was increased in activated old compared
with young CD4" T cells (Figure 7E). However, this increase could
not be reproduced by NPAT silencing (Figure 7F) nor could it be
repaired by SIRT1 inhibition (Figure 7G). Taken together, these
results show that replication stress induces an inflammatory sig-
nature, but the associated DNA damage responses are not suffi-
cient to cause cellular senescence.

SIRT1I inhibition augments in vivo antigen-specific T cell respons-
es. Given that SIRT1 inhibition restored alterations in proliferative
T cell responses of older individuals, we next assessed the physio-
logic impact of SIRT1 inhibition in vivo. We transferred small num-
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bers of WT or miR-181a”- SMARTA CD4* T cells into B6 recipient
mice and infected them with LCMV 1 day later. Starting the day
after the infection, infected mice were treated with daily Ex-527 or
left untreated. Cell cycle analysis on day 5 after infection showed
that SIRT1 inhibition resolved the accumulation of miR-181a-defi-
cient SMARTA cells in the early S phase, while not changing the
cell cycle kinetics of WT SMARTA cells (Figure 8A). Evidence of
replication stress was low in WT cells irrespective of treatment. In
contrast, miR-181a-deficient SMARTA cells had an increased rep-
lication-stress response that was improved with SIRT1 inhibition
(Figure 8B). Consequently, SIRT1 inhibition improved prolifera-
tion of miR-181a”- but not WT LCMV-specific CD4* T cells (Figure
8C). Similar results were obtained for CD8* T cell responses, as
determined by tetramer staining of CD8" T cells specific for the
GP33 epitope. While no treatment effect was seen in WT mice,
SIRT1 inhibition improved the expansion of GP33-specific miR-
181a”’- CD8" T cells (Figure 8D and Supplemental Figure 11). The
restored cycling behavior was functionally important; viral clear-
ance, impaired in mice with miR-181a”~ T cells compared with WT
mice, was improved in the treated miR-181a”~ mice (Figure 8E). To
exclude off-target effects of the SIRT1 inhibitor Ex-527, adoptive
transfer experiments were performed with miR-181a”- SMARTA
cells transduced with shSirt1 constructs. Silencing resulted in an
approximately 50% reduction in SIRT1 protein and increased
H3K9/14Ac (Figure 8F). Sirtl silencing reduced the percentage of
miR-181a-deficient SMARTA cells in the early S phase (Figure 8G),
reduced replication-stress responses (Figure 8H), and improved
SMARTA cell recovery (Figure 8I).

Discussion

The ability to cope with proliferative stress is at the core of a func-
tional adaptive immune system that heavily depends on T cells
expanding into effector and memory T cells upon the recognition
of antigen. Here, we report that naive T cells from older indi-
viduals had excessive replication stress due to reduced histone
expression in replicating cells and a delayed cell cycle progres-
sion through the S phase. Heightened replication-stress response
activated the ATR pathway, thereby increasing p53 activity and
inducing the production of inflammatory mediators in expanding
T cells from older individuals. Reduced histone expression in the
S phase of proliferating T cells was caused by the overexpression
of the miR-181a target SIRT1 in miR-181a-deficient murine T cells
and aged human T cells. SIRT1 directly repressed expression of
histone genes by binding to their promoters and reducing histone
acetylation. Inhibition of SIRT1 activity in replicating old human
T cells increased histone expression, restored cell cycle progres-
sion, and diminished the replication-stress response. In an in vivo
mouse model of T cell aging, SIRT1 inhibition increased expan-
sion of miR-181a-deficient T cells in response to LCMV infection,
improving viral clearance.

Aloss in histones has been implicated in accelerating aging in
several model systems (30-35). Decreased core histone proteins
increased genomic instability and induced nucleosome loss and
inappropriate gene transcription in budding yeast (36). Converse-
ly, increasing histone expression extended the yeast life span (31).
In contrast with these global histone aberrations, the reduced his-
tone expression observed in the studies described here was tightly
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linked to cell replication, and the consequences for cell function
were therefore different. The linkage to cycling is not surprising
given that histone transcription is highly upregulated during the
early S phase for packaging the newly replicated DNA into chro-
matin (14). Reduced histone synthesis during DNA replication
results in a slow replication fork progression and cell cycle arrest
(15, 16). Consistent with this histone function, cycling old T cells
exhibited delayed cell cycle progression through the S phase, with
an accumulation of cells in the early S phase. Moreover, reducing
histone expression in young T cells altered cell cycle progression,
reproducing the findings in proliferating old T cells.

In proliferating aged human naive T cells expressing lower
amounts of miR-181a as well as in miR-181a-deficient LCMV-spe-
cific murine T cells, reduced upregulation of histone transcription
induced a replication-stress response. In rapidly proliferating
cells, such as T cells undergoing clonal expansion after antigenic
stimulation, DNA replication generates aberrant replication forks
with accumulation of single-stranded DNA, which intrinsically
triggers the replication-stress response (37). At stressed replica-
tion forks, replication protein A (RPA) binds to single-stranded
DNA and recruits ATR to ensure accurate genomic duplication,
leading to activation of downstream kinase CHK1 (38) and phos-
phorylation of histone variant H2AX (yH2aX, ref. 39). These
downstream markers of replication stress, induced by reducing
histone expression in proliferating young T cells, were upregulated
in T cell responses from older adults.

Controlling replication stress is important in the genera-
tion and survival of memory T cells. To avoid replication stress,
memory precursor T cells slow down the cell division rate at the
peak response after a period of rapid expansion (40). Moreover,
central memory precursors cycle more slowly early after infection
than short-lived effector T cells (41). Increased replication stress
in proliferating antigen-specific T cells may explain recent find-
ings on the influence of age on T cell responses after vaccination.
Impaired vaccine response after vaccination with the live varicella
zoster virus (VZV) vaccine strain in older individuals resulted from
accelerated attrition of effector T cells after the peak response and
therefore reduced generation of long-lived memory cells (42). The
greater attrition after day 14 after vaccination was correlated with
gene expression signatures on day 8 and day 14 VZV-specific T
cells. Specifically, gene expression modules involved in cell cycle
regulation, DNA replication, and DNA repair pathways were pre-
dictive for attenuated vaccination-induced increases in VZV-spe-
cific memory T cells (42), raising the possibility that increased rep-
lication stress is detrimental to cell survival.

Replication stress has been implicated in inducing cellular
senescence. Activation of ATR kinase alone without DNA damage
induces cellular senescence (43), demonstrating the direct causal
link between replication-stress response and senescence. Impor-
tantly, activation of p53 by DNA damage kinases is involved in this
process (43, 44), in part by inducing downstream targets including
p21 and thereby inhibiting the cell cycle (45). Consistent with this
notion, we found significant enrichment of gene signatures of p53
activation and production of inflammatory mediators in prolifer-
ating old compared with young T cells. However, replication stress
was not sufficient to induce the classical hallmarks of cellular senes-
cence, such as p16 expression or increased B-galactosidase activity.
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Reduced histone expression was shared between replicating
T cells of older individuals and miR-181a-deficient murine T cells
responding to LCMYV infection; therefore, this was likely caused
by a miR-181a target. Subsequent studies identified SIRT1 as
this target. Previous studies have shown that SIRT1 binds to the
transcription factor NPAT that regulates histone expression (28).
Indeed, we could identify SIRT1 recruitment to the histone gene
promoters and demonstrate local deacetylation of H3K9/14Ac in
replicating CD4* T cells from old adults.

The finding that increased expression of SIRT1 accounted for
the age-associated T cell defect was unexpected, because SIRT1 is
generally considered a longevity gene. In yeast and worms, Sir2,
the nonmammalian homolog of SIRT1, promotes organismal life
span extension (46, 47). In rodents, a decline in SIRT1 levels with
age in various tissues has been hypothesized to contribute to the
aging process (48, 49). Moreover, increasing SIRT1 activity with
resveratrol (50, 51) or with the NAD* precursor nicotinamide ribo-
side (52) has been shown to be beneficial. In contrast with many
other tissues, SIRT1 expression increases in naive and memory
T cell subsets with age, mostly due to a decline in miR-181a. An
exception are terminally differentiated effector memory T cells
(Temra), in which SIRT1 expression is decreased and SIRT1 defi-
ciency is important for the high glycolytic activity and the effector
functions of these cells (53).

SIRT1 is present in both the nucleus and the cytoplasm; it
is involved in the regulation of many core biological processes
through deacetylating a range of proteins. Functional consequenc-
es of SIRT1 activity or the lack thereof therefore highly depends
on the setting and the cell type. Complete knockout of SIRT1
impaired antiviral responses in animal models, mostly by impair-
ing metabolic function and autophagy in antigen-presenting cells
(54, 55). Compared with this complete SIRT1 deficiency, differ-
ences in SIRT1 expression or activity were small in our studies and
we did not see any adverse effects on T cell survival. Of note, we
did not see any beneficial or harmful effects of SIRT1 inhibition
in WT mice or CD4* T cells from young adults, suggesting that
the influence of SIRT1 on histone expression was only seen with
elevated concentrations. However, we consistently saw increased
replication stress in miR-181a-deficient T cells or CD4* T cells
from old adults that improved with SIRT1 inhibition. In theory,
SIRT1 should deacetylate p53 (56-58) and therefore counterregu-
late the p53 activation induced by the replication stress. This may
explain the protective effects described for hepatitis C infection
(59). However, if this feedback loop exists in the setting of miR-
181a deficiency and age, it was clearly not sufficient to prevent a
p53 activation signature in the CD4* T cell population.

In addition to causing replication stress in proliferating T cells
as described here, high expression of SIRT1in T cell responses has
a dampening effect, mainly through its ability to deacetylate tran-
scription factors that are involved in different cellular processes
(60). In the setting of exhausted T cells, such as in hepatitis C infec-
tion, increased SIRT1 expression appears to be beneficial by restor-
ing functionality (59). However, in general, increased expression
of SIRT1 induces T cell anergy, in part by deacetylating c-Jun and
impairing AP1 activity (61). It is therefore possible that the benefi-
cial effects of SIRT1 inhibition in our studies include improved TCR
signaling in addition to restoring histone upregulation. However, we
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saw the beneficial effects on T cell expansion when the SIRT1 inhib-
itor was added after TCR stimulation in vitro. Similarly, SIRT1 inhi-
bition was only started 1 day after LCMV infection. Taken togeth-
er, these results show that the major benefits of SIRT1 inhibition
appear to derive from reducing replication stress by increasing the
transcription of histones in replicating T cells.

Delayed viral clearance due to reduced expansion of anti-
gen-specific T cells is seen with increasing age and accounts for
the increased morbidity and mortality of older individuals from
viral infection, such as with the West Nile fever virus and probably
SARS-CoV-2 (4, 62). Similarly, reduced generation of memory T
cells contributes to the impaired protection of old adults from vac-
cination (63). Inhibition of SIRT1 in the early stages of a viral infec-
tion or in the days after vaccination to reduce replication stress
may be a useful intervention to improve T cell immunity. So far,
efforts have focused on identifying SIRT1 activators to improve
longevity, and SIRT1 inhibitors have not been widely explored.
Only Ex-527 (Selisistat) has been tested in phase I studies of Hun-
tington disease (64). While not efficacious, it was well tolerated,
suggesting that SIRT1 inhibitors could be developed that are safe
and improve the T cell response to a viral infection.

Methods

Human study population and cell isolation. Peripheral blood samples
were obtained from 16 healthy individuals who did not have a history of
autoimmune disease, diabetes mellitus, renal disease, cardiovascular
disease, or cancer except skin cancer. In addition, buffy coats and leu-
koreduction system (LRS) chambers from 112 blood or platelet donors
were purchased from the Stanford Blood Center. These samples were
deidentified except for whether donors were younger than 35 years or
older than 65 years. Untouched CD4" T cells were purified from periph-
eral blood or LRS chambers of healthy volunteers with a Human CD4*
T Cell Enrichment Kit (STEMCELL Technologies), followed by density
gradient centrifugation using Lymphoprep (STEMCELL Technologies).
Naive CD4" T cells were further isolated by negative selection with anti-
CD45RO magnetic beads (Miltenyi Biotec) or by using a Human Naive
CD4* T Cell Enrichment Kit (STEMCELL Technologies).

Human primary T cell culture. Isolated T cells were activated with
Dynabeads Human T-Activator CD3/CD28 (Thermo Fisher Scientif-
ic) in RPMI 1640 (Sigma-Aldrich) supplemented with 10% FBS and
100 U/mL penicillin and streptomycin (Thermo Fisher Scientific). To
inhibit SIRT1 activity, the SIRT1 inhibitor Ex-527 (5 uM, R&D Systems)
or vehicle (DMSO, Sigma-Aldrich) was added to the culture on day 2
after T cell activation. VE-822 (5 uM, Selleckchem) was used to inhibit
ATR activity. For BrdU labeling of replicating cells, activated T cells
were treated with 10 uM BrdU (Sigma-Aldrich) for 1 hour prior to anal-
ysis. For concomitant EdU labeling, activated T cells were treated with
10 pM EdU (Thermo Fisher Scientific) for 2 hours, followed by 10 uM
BrdU for 1 hour prior to analysis.

Lentivirus production and transduction of human T cells. To knock
down NPAT, we used a lentiviral vector expressing NPAT shRNA
(Dharmacon). SIRT1 shRNA (Dharmacon) was used for SIRT1 knock-
down. Lentivirus was produced by transfection of a lentiviral vector,
along with psPAX2 (plasmid 12260, Addgene) and pMD2.G (plasmid
12259, Addgene) expression vectors into HEK293T cells (ATCC, CRL-
11268) using FUGENE (Promega). Lentiviral particles were collected
48 and 72 hours after transfection, filtered through a 0.45-um syringe
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filter (Millipore), concentrated using PEG-it solution (System Bio-
sciences), and titered on HEK293T cells. For lentiviral transduction,
naive CD4* T cells were activated with anti-CD3/anti-CD28 beads
and transduced with lentivirus at a multiplicity of infection of 10 in the
presence of 8 ug/mL polybrene (Sigma-Aldrich) and 10 U/mL human
IL-2 (Peprotech). After 36 hours, activated cells were washed and cul-
tured with 2 ug/mL soluble anti-CD28 (CD28.2, BD Biosciences) and
10 U/mL human IL-2 (Peprotech) on plates coated with 1 ug/mL anti-
CD3 (CD3-2, Mabtech).

Mice, LCMV infection, retroviral transduction, and treatment. Gener-
ation of miR-181ab1-deficient mice in peripheral T cells was described
previously (13). Briefly, miR-181ab1"/ mice (gift from C.Z. Chen, Stan-
ford University) (65) were crossed with Rosa26-YFP and distal Lck-Cre
(dLck-Cre) mice (Jackson Laboratory) to generate conditional knock-
out of miR-181abl in mature T cells. SMARTA TCR-transgenic mice
(gift from R. Ahmed, Emory University, Atlanta, Georgia, USA), with
TCR specific for the LCMV glycoprotein 61-80 epitope presented by
IA®, were crossed with dLck-Cre* Rosa26"™ miR-181ab1"" mice and fully
backcrossed to C57BL/6] (B6, Jackson Laboratory) mice for at least 6
generations. dLck-Cre* Rosa26"™ miR-181abI** mice were used as WT
control. For adoptive cotransfer experiments of WT and miR-181a7
SMARTA cells, CD4" T cells were negatively isolated from the spleens
of WT (CD45.1*) and miR-181a”- (CD45.2*) SMARTA mice using a CD4
T Cell Isolation Kit (Miltenyi Biotec). Cells were then mixed at a 1:1
ratio, and a total of 1 x 10* YFP* SMARTA CD4" T cells were injected
L.v. into B6 recipient mice 1 day prior to infection. The Armstrong strain
of LCMV (gift from R. Ahmed) was grown in BHK cells and titered
in Vero cells (R. Ahmed). Mice were infected i.p. at a dose of 2 x 10°
plaque-forming units (PFU). Organs were homogenized, and LCMV
titers were determined by plaque assay on Vero cells. All mice analyzed
were infected at 8-10 weeks of age, and both sexes were included.

To silence SIRT1, Sirtl shRNA (5'-TGCTGTTGACAGTGAGC-
GAAGGGTAATCAATACCTGTTTGTAGTGAAGCCACAGATG-
TACAAACAGGTATTGATTACCCTCTGCCTACTGCCTCGGA-3')
was cloned into an MSCV-based retroviral pLMPd-Ametrine vector
for the expression of mir30-flanked shRNA (gift from Y.S. Choi, Seoul
National University, Seoul, South Korea) (66). The pPLMPd-Ametrine
vector with mouse shCDI19 (shCtrl) was used as a control. For retrovi-
ral transduction, virions were produced and collected after transfec-
tion of a vector into Plat-E cells (Cell Biolabs) and filtered through a
0.45-um syringe filter (Millipore). miR-181a-deficient naive SMAR-
TA CD4* T cells were activated with anti-CD3 (145-2C11, Thermo
Fisher Scientific) and anti-CD28 (37.51, Thermo Fisher Scientific)
and transduced with retrovirus at 24 and 36 hours after stimula-
tion. Retrovirally transduced miR-181a-deficient SMARTA CD4* T
cells (Ametrine*YFP*CD4") were sorted, and 1 x 10* shRNA* SMAR-
TA cells were intravenously transferred into B6 hosts, followed by
LCMV infection 3 days later (13).

To inhibit SIRT1 activity, mice were given SIRT1 inhibitor Ex-527
(10 mg/kg in DMSO, R&D Systems) i.p. daily starting the day after
LCMV infection. For cell cycle analysis, LCMV-infected mice were
injected with 2 mg BrdU in 200 pL PBS i.p. at 1 hour prior to tissue
harvest. All mice analyzed were infected at 8 to 10 weeks of age, and
both sexes were included.

Cell preparations and flow cytometry. Single-cell suspensions
were placed in RPMI 1640 media supplemented with 10% FBS and
100 U/mL penicillin and streptomycin. For cell surface staining, cells

= [


https://www.jci.org
https://doi.org/10.1172/JCI143632

__JCI ¥

RESEARCH ARTICLE

were incubated with fluorescently conjugated antibodies at 4°C in
antibody staining buffer (PBS with 1% FBS). To stain LCMV-specific
CD8" T cells, splenocytes were incubated with D® GP33-41 (residues
KAVYNFATGC, herein referred to as GP33) tetramers (NIH Tetramer
Core Facility) along with cell surface antibodies at 4°C for 30 min-
utes in antibody staining buffer. For staining of histone H4, activated
cells were fixed with Cytofix Buffer (BD Biosciences) for 10 min-
utes at 37°C, followed by permeabilization with Perm Buffer III (BD
Biosciences) for 30 minutes on ice. Cells were then incubated with
anti-histone H4 antibody (ab7311, Abcam) for 1 hour at room tem-
perature, followed by fluorescently conjugated secondary antibody
against rabbit IgG (4414, Cell Signaling Technology). DNA content
was analyzed by staining cells with propidium iodide in the presence
of RNase A (Abcam) or 7-AAD (BD Biosciences). To sort live cycling
cells, activated cells were stained with Vybrant DyeCycle Violet stain
(Thermo Fisher Scientific) at 37°C for 30 minutes. S-and G2/M-phase
cells were then sorted based on DNA content using a FACSAria cell
sorter (BD Biosciences). BrdU-incorporating cells were identified
using the BrdU Flow Kit (BD Biosciences) according to the manufac-
turer’s instructions. Briefly, cells were surface stained, fixed and per-
meabilized, treated with DNase I (Sigma-Aldrich), and stained with
an anti-BrdU antibody. EdU-incorporating cells were analyzed using
Click-iT EdU Flow Cytometry Assay Kits (Thermo Fisher Scientific)
according to the manufacturer’s instructions, prior to BrdU staining
(MoBU-1, Thermo Fisher Scientific). Senescence-associated fB-ga-
lactosidase activity was assessed by using a CellEvent Senescence
Green Flow Cytometry Assay Kit (Thermo Fisher Scientific) accord-
ing to the manufacturer’s instructions. Briefly, activated cells were
fixed with 4% paraformaldehyde for 10 minutes at room tempera-
ture and stained with fluorescent substrate in CellEvent Senescence
buffer at 37°C for 2 hours. An Annexin V Apoptosis Detection Kit
(BD Biosciences) was used to detect apoptotic cells. Dead cells were
excluded from the analysis using LIVE/DEAD Fixable Aqua (Ther-
mo Fisher Scientific) or LIVE/DEAD Fixable Yellow Dead Cell Stain
Kit (Thermo Fisher Scientific). The following fluorochrome-conju-
gated antibodies were used for flow cytometry: anti-CD4 (RM4.5,
BioLegend), anti-CD8 (53-6.7, BioLegend), anti-CD3 (145-2Cl1,
Thermo Fisher Scientific), anti-CD28 (37.51, Thermo Fisher Scientif-
ic), anti-CD44 (IM7, BioLegend), anti-CD62L (MEL-14, BioLegend),
anti-CD45.1 (A20, BioLegend), anti-CD45.2 (104, BioLegend), and
anti-Va2 (B20.1, BioLegend) for murine T cells; anti-CD3 (HIT3a,
BD Biosciences), anti-CD4 (RPA-T4, BD Biosciences), anti-CD8
(RPA-T8, BD Biosciences), anti-CD25 (M-A251, BD Biosciences),
anti-CD45RA (HI100, BD Biosciences), and anti-CCR7 (G043H?7,
BioLegend) for human T cells. Cells were analyzed on an LSRII or
LSR Fortessa (BD Biosciences), and flow cytometry data were ana-
lyzed using Flow]Jo (TreeStar).

RNA-seq and data analysis. Equal numbers of congenical-
ly marked WT and miR-181a”~ YFP* SMARTA CD4" T cells were
cotransferred into B6 hosts that were infected with LCMV 1 day
later. On day 7 after infection, WT and miR-181a”~ YFP* SMAR-
TA cells were sorted. Total RNA was prepared using the RNeasy
Micro Kit (Qiagen), and RNA quality and quantity were examined
by a 2100 Bioanalyzer (Agilent Technologies). cDNA synthesis and
library preparation were performed with an Ovation RNA-Seq Sys-
tem (NuGEN). Libraries were pooled and sequenced on an Illumina
NextSeq 500 at the Stanford Functional Genomics Facility. RNA-seq
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reads generated from the sequencing runs were analyzed using the
nf-core pipeline (67) to determine read counts mapped to genes in
the GRCm38 genome. The data were further analyzed using Bio-
conductor packages edgeR and CQN. The downstream analysis to
identify differentially expressed genes was performed as described
in Chen et al. (68) with addition of offsets from conditional quantile
normalization CQN (69), followed by application of gene-wise nega-
tive binomial generalized linear models (70).

GSEA. GSEA software from the Broad Institute (http://software.
broadinstitute.org/gsea/index.jsp) was used to determine the enrich-
ment of gene signatures in the transcriptome of WT and miR-181a”"
SMARTA CD4"* T cells on day 7 after LCMV infection (this study), of
activated young and old naive CD4* T cells (SRA: SRP158502), and of
unstimulated young and old naive CD4" T cells (SRA: PRJNA638216).
We ranked the genes by log,(fold-change), and preranked GSEA was
performed using the Molecular Signatures Database (http:/www.
gsea-msigdb.org/gsea/msigdb/index.jsp).

RNA isolation and quantitative RT-PCR. Total RNA was isolated
using the RNeasy Plus Micro Kit (Qiagen) and converted to cDNA
using Maxima First Strand cDNA Synthesis Kits (Thermo Fisher Sci-
entific). Quantitative RT-PCR was performed on the ABI7900HT sys-
tem (Applied Biosystems) using Power SYBR Green PCR Master Mix
(Thermo Fisher Scientific), according to the manufacturers’ instruc-
tions. Oligonucleotide primer sets are listed in Supplemental Table 1.
Expression levels were normalized to ACTB expression and are dis-
played as relative n-fold differences.

CUT&RUN assay. CUT&RUN was performed with a CUT&RUN
Assay Kit (Cell Signaling Technology) according to the manufacturer’s
instructions. Briefly, sorted cycling cells were bound to concanavalin
A magnetic beads, permeabilized, and incubated with antibodies
against SIRT1 (07-131, Millipore), acetyl-histone H3 (H3K9/14Ac;
06-599, Millipore), or control rabbit IgG (DA1E, Cell Signaling Tech-
nology) overnight at 4°C. Cells were then incubated with protein A-
protein G-MNase (pAG-MNase), and released DNA fragments were
extracted and used for quantitative RT-PCR. Spike-In DNA was added
for normalization. Oligonucleotide primer sets for H2B, H3, and H4
gene promoters were described previously (29). Results were normal-
ized to those obtained with IgG control or Spike-In DNA and are pre-
sented relative to those of cycling young cells.

Western blotting. Cells were lysed in RIPA buffer containing PMSF
and protease and phosphatase inhibitors (Santa Cruz Biotechnology)
for 30 minutes on ice. Proteins were resolved in denaturing 4%-15%
SDS-PAGE (Bio-Rad), transferred onto PVDF membranes (Millipore),
and probed with antibodies against histone H3 (ab1791, Abcam),
histone H4 (ab7311, Abcam), histone H2A (D603A, Cell Signaling
Technology), histone H2B (D2H6, Cell Signaling Technology), p53
(DO-1, Santa Cruz Biotechnology), NPAT (A302-772A, Bethyl Lab-
oratories), phospho-RPA32 (S8; E5A2F, Cell Signaling Technology),
phospho-RPA32 (S4/S8; A300-245A, Bethyl Laboratories), phos-
pho-CHK1 (S345; 133D3, Cell Signaling Technology), phospho-his-
tone H2A.X (yH2aX) (S139; 20E3, Cell Signaling Technology), p21
Wafl/Cipl (12D1, Cell Signaling Technology), p21 (EPR3993, Abcam),
pl6 INK4A (D7C1M, Cell Signaling Technology), SIRT1 (D1D7, Cell
Signaling Technology), acetyl-histone H3 (H3K9/14Ac; 06-599, Milli-
pore), and B-actin (13E5, Cell Signaling Technology). Membranes were
developed using HRP-conjugated secondary antibodies and Pierce
ECL Western blotting substrate (Thermo Fisher Scientific).
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Data availability. The accession number for the RNA-seq data
of WT and miR-181a”- SMARTA CD4" T cells in this study is SRA
SRP307046. The accession number for the RNA-seq data of day 5 acti-
vated naive CD4" T cells from young and old adults is SRA SRP158502.
The accession number for the RNA-seq data of resting naive CD4* T
cells from young and old adults is SRA PRJNA638216.

Statistics. Statistical analysis was performed using Prism (Graph-
Pad). Paired or unpaired 2-tailed Student’s ¢ tests were used for com-
paring 2 groups. One-way ANOVA with Tukey’s post hoc test was used
for multiple-group comparisons. To correct for multiple testing, we
used Holm’s step-down method with a false discovery rate of 5%. P
less than 0.05 was considered statistically significant.

Study approval. Human studies were approved by the Stanford Uni-
versity Institutional Review Board, and all participants gave informed
written consent. All animal experiments were approved by the Stanford
University Institutional Animal Care and Use Committee.
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