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Aging-associated HELIOS deficiency innaive
CD4'T cells alters chromatinremodeling and
promotes effector cell responses
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Immune aging combines cellular defects in adaptive immunity with

the activation of pathways causing a low-inflammatory state. Here we
examined the influence of age on the kinetic changes in the epigenomic
and transcriptional landscape induced by T cell receptor (TCR) stimulation
innaive CD4" T cells. Despite attenuated TCR signaling in older adults,

TCR activation accelerated remodeling of the epigenome and induced
transcription factor networks favoring effector cell differentiation.
Weidentified increased phosphorylation of STATS, atleastin part due

to aberrantIL-2 receptor and lower HELIOS expression, as upstream
regulators. Human HELIOS-deficient, naive CD4" T cells, when transferred
into human-synovium-mouse chimeras, infiltrated tissues more efficiently.
Inhibition of IL-2 or STAT5 activity in T cell responses of older adults
restored the epigenetic response pattern to the one seen in young adults. In
summary, reduced HELIOS expressionin non-regulatory naive CD4" T cells

inolder adults directs T cell fate decisions toward inflammatory effector
cells thatinfiltrate tissue.

Agingis associated with impaired immune function that manifests as
anincreased susceptibility to infections drastically highlighted in the
current pandemic of SARS-CoV-2 (refs. ?). Vaccination efficacy in the
senior population against many pathogens is attenuated®, stressing
the relevance of the aging of CD4" T cells, the major orchestrator of
the response to most current vaccines. Defects in adaptive immunity
coexist with or may even contribute to the activation of inflammatory
pathwaysinolder adults, also called inflamm-aging®. Simplified models,
such as adeclinein the total number of naive T cells or contraction of
TCRdiversity due toreduced thymic activity are insufficient to explain
age-associated immune dysfunction®’. In fact, while the frequency of

naive CD4" T cells declines with age and their TCR richnessis reduced,
the pool of naive CD4" T cells in human older adults is still large® and
diverse’. Although age-associated defects in TCR signaling have been
described in many studies'®"%, naive CD4" T cells from older human
adults have been found to display a bias to differentiate into effector
T cells upon activation®. The mechanisms overcoming the defective
signaling and driving excessive effector cell differentiation are unre-
solved, but may include an epigenetic primed state'. Such anepigenetic
predisposition could explain the higher frequency of effector T cell
populations with age” that contribute to the increased production of
inflammatory mediators.
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Fig.1| Chromatin accessibility changesinduced by TCR stimulation of
differentsignaling strengths. a, ATAC-seq UMAP visualization of naive CD4"
T cells from eight healthy individuals stimulated with 0.01 pg ml™ (squares)
and1pg ml™ anti-CD3-coated beads (triangles) for 1.5, 6,24 or 48 h. Time
points are indicated by color code. Samples stimulated with O ug ml™ anti-CD3-
coated beads were included as control (circles). Peaks changing in accessibility
after low- or medium-intensity TCR stimulation were identified as described

in Extended Data Fig. 2b. b, RNA-seq UMAP visualization of the same set of

samples. Differentially expressed transcripts were identified as described in
Extended Data Fig. 2d. ¢, Aggregate genome tracks that close or open with

TCR stimulation. Color codes indicating time points and symbols defining
anti-CD3 concentrations are as defined in aand b. Red-shaded areas indicate
peaks that open with TCR stimulation and blue areas indicate peaks that close.
Corresponding gene expression dataare shown as mean +s.e.m. (right).n=8
biologically independent samples. RPKM, reads per kilobase of exon per million
reads mapped.

Systemapproachesintegrating the different dimensions of func-
tional pathways are needed to determine how age affects immune
responses and toidentify targets of interventions. Excellent work has
beendoneinthe murine system, including recent profiling of the aged
immune system at single-cell resolution®"; however, T cell homeo-
stasis over alifetime is fundamentally different in mice and humans'®,
and age-associated changesin T cell population compositionand cell
function are therefore influenced by species differences”. Only one of
these omics studies have examined whether the findings are relevant
for human immune aging". Moreover, static cross-sectional studies
are only the first step and need to be followed by dynamic studies to
identify the causality between age-associated changes. While such
studies are more feasible in the mouse®®?, they may not always reflect
the human system.

Here we monitored the trajectory of epigenetic and transcriptional
changes of naive CD4" T cells from young and older adults after TCR
stimulation, aiming to capture aging signatures falling into the early
kinetic window. We observed that naive CD4" T cells from healthy older
individuals had a higher propensity to TCR activation-induced chro-
matin changes despite having reduced phosphorylation of signaling
molecules. Analysis of kinetic changes identified STATS5 as the candi-
date upstream transcription factor (TF) driving excess TCR-induced dif-
ferentiation exemplified by higher IRF4, BATF and BLIMP1 expression.
Single-cell multiome (scMultiome) profiling of naive CD4" T cells acti-
vated for 18 h, integrating chromatin accessibility and transcriptomic
data, revealed a subpopulation enriched for STAT5 activity that was
increased in frequency with age. This early STATS activity was caused
by the early upregulation of CD25 on naive T cells due to a loss of the
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TF HELIOS. Pharmacological degradation of HELIOS in naive CD4"
T cells favored effector T cell differentiation and tissue infiltration in
ahuman mouse chimera model. Inhibiting STATS5 signaling reoriented
the epigeneticlandscape of naive CD4" T cellsin older individuals and
dampened the proinflammatory effector cell formation by reducing
BLIMP1 expression and increasing TCF1.

Results

Epigenomic remodeling in activated naive CD4" T cells

Studies onthe activationof human T cells have torely onin vitro poly-
clonal stimuli that are generally supra-physiological and may therefore
mask functionally important differences. To mimic TCR signal inputs
inthe more physiological range, we stimulated T cells with polystyrene
beads thathad been coated withincreasingamounts of anti-CD3and a
constantamount of anti-CD28. The density of anti-CD3 on these beads
was multifold lower than the commercial Dynabeads. Anti-CD28 con-
centrations were chosen to optimize formation of cell-bead conjugates
irrespective of anti-CD3 levels (Extended Data Fig. 1a). Phosphoryla-
tion of signaling molecules was determined on gated cells attached to
beads to control for any difference in conjugate formation. As shown
for phosphorylated ERK, stimulation with bothlow and high anti-CD3
concentrationsresultedin the activation of the entire conjugate popu-
lation, with populations shifting by different degrees (Extended Data
Fig.1b). Early signaling as represented by ZAP70 and SLP76 phospho-
rylation and downstreamsignaling events as represented by ERK phos-
phorylation correlated with anti-CD3 levels on the beads (Extended
Data Fig. 1c). Anti-CD3 concentrations of 0.01 pg ml™, which induced
half-maximal ERK phosphorylation, and 1 ug ml™, at which ERK phos-
phorylation plateaued, were used in subsequent experiments as low
and medium TCRsignalinputs, respectively. The selected range of TCR
signaling strengths was very effective ininducing CD69 expression as
seen by similar kinetics and intensity of CD69 in cells bound to beads
(Extended DataFig.1d).

To examine epigenomic and transcriptional changes, we stim-
ulated naive CD4" T cells from healthy individuals with anti-CD3/
anti-CD28-coated beads and performed ATAC-seq and RNA-seq at four
time points over 48 hbefore any cell division had occurred (Extended
DataFig. 1e). Results at no, low and medium TCR signal input (0, 0.01
and 1 pg ml™ anti-CD3) are shown as Uniform Manifold Approxima-
tion and Projection (UMAP) plots. The samples clustered according
to anti-CD3 concentration and post-activation time (Fig. 1a,b). Data
from cells cultured with only anti-CD28 showed low variability without
time-dependent directionality in chromatin changes. Clustering at dif-
ferent time points after low-grade stimulation was not very clear due to
highinter-individual heterogeneity. Changesin chromatin accessibili-
ties were minimalin the first 6 h; most changes occurred between 6 and
24 h. In contrast, a major shift was seen in UMAP1 within 1 h of higher
intensity stimulation followed by a shift in UMAP2 over the next 24 to
48 h (Fig.1a). The patterns were similar for transcriptome data (Fig. 1b).

To gain insights on the TCR stimulation-induced epigenomic
changes, we identified differentially opened chromatin sites between
TCR-stimulated T cells and those without stimulation across the entire

time course. The number of differentially open sites increased over
time (Extended Data Fig. 2a). Cumulatively, about 5,000 sites changed
inaccessibility in response tolowand 30,000 sites to medium TCR sig-
nal (Extended DataFig.2b). Correspondingly, about 2,000 genes were
differentially expressedinresponse to the low and 6,000 genes to the
mediumssignal (Extended DataFig.2c,d). Typical activation-associated
genes such as TNF, IL2RA and GZMB gained chromatin accessibility
after TCR stimulation and quiescence-associated genes such as TCF7
lostaccessibility (Fig. 1c). Transcript expression closely trailed changes
in chromatin accessibility (Fig. 1c). Taken together, the differential
TCR signal inputs induced dynamic and signal strength-dependent
chromatin accessibility changes in naive CD4" T cells.

Chromatin accessibility responses are higher in older adults

TCR signaling has been shown to be blunted with age, in part duetoa
reduced expression of miR-181a and the associated increased concen-
trations of several phosphatases'®". Consistent with these studies, we
found reduced ERK and LAT phosphorylationinnaive CD4" T cells from
olderindividuals stimulated with1 pg mi™anti-CD3/CD28-coated beads
(Fig. 2a,b). We therefore expected activation-induced epigenomic
changes in T cells from older individuals to be shifted to those seen
with lower signaling strength in young adults. Our study population
shown in Fig. lincluded four 21-35-year-old adults and four adults
olderthan 65years (Supplementary Table 1). Toidentify age-dependent
shifts in the activation-induced epigenetic state of naive CD4" T cells,
we performed principal-component analysis (PCA) of the 5,000 most
variable sites and plotted the result separately for samples fromyoung
and older individuals across the 48-h time course. Results are shown
for PC1, which explained 50% of the variance (Fig. 2c), whereas other
PCsaccounted for less than 8% of variance each. For cells cultured with
beadslacking anti-CD3, both young and older individuals had no clear
kinetic changes along the time course. At low TCR input, all individu-
als showed an increase in PC1 starting from 6 h of stimulation while
atmedium TCRinput, the increase started as early as at 1.5 h (Fig. 2c).
Notably, olderindividuals maintained atleast an equal PC1score atboth
TCRsignalinputs compared to those from young adults. This contrasts
withtheblunted TCRsignaling, suggesting that the activation-induced
chromatin state and early signaling events are uncoupled with age.

Cumulatively over the time course after activation with higher
intensity stimulation, 3,078 sites had higher and 2,557 lower accessibil-
ityin T cells from older compared to young adults. Largely, these peaks
included sites that were differentially accessible at lower stimulation
(Extended DataFig.3).Inour subsequent analysis, we therefore focused
on the dataset from higher intensity stimulation.

We sought to first determine whether the response in older indi-
viduals had unique kinetic features. We used fuzzy c-means clustering
on all sites that had changed with stimulation to identify temporal
patterns of activation-induced chromatin changes in each age group.
Seven clusters (fromarange of 2to 10) were chosen as the minimal num-
ber capturing different patterns. InFig. 2d, clusters are ordered by the
emergence of early changes inthe time course. Six clusters were largely
similar between the two age groups, with small kinetic differences,

Fig.2|Dissociation of TCR-induced signaling and chromatin accessibility
changesin naive CD4' T cells from older adults. a, LAT and ERK
phosphorylation was measured from 0 to 60 min after stimulation of naive
CD4* T cells with polystyrene beads coated with 1 ug ml™ anti-CD3 (left).
Phosphorylation at 30 min was measured for four young and four older
individuals (right). b, Representative histograms of phosphorylated LAT of
unbound cells (gray lines) or bead-cell conjugates (magenta and cyan lines)
measured by flow cytometry (left). Mean fluorescence intensity (MFI) of
phosphorylated LAT of naive CD4" T cells from 11 young and 11 older individuals;
datafrom11 experiments. Data were analyzed with two-sided paired Student’s
t-test; P=0.0002. ¢, PCA was performed on the 5,000 most variable sites of the
ATAC-seq dataset described in Fig. 1a. PC1, accounting for 50% variance, is shown
separately for stimulated naive CD4" T cells from young and older adults.n =8

biologically independent samples. d, Peak sets from ATAC-seq data of young
and older adults were generated that significantly differed from baseline at

any of the post-stimulation time points. Peaks from younger and older adults
were separately subjected to TCseq clustering. Results are shown for seven
clusters with different temporal patterns, six of them grossly similar between
young and old. Membership scores, representing the likelihood of a peak to be
inthis cluster, are indicated by color code. e, Peak sets with membership scores
>0.6 were analyzed for TF motif enrichments by HOMER. Graphs show the fold
enrichment (x axis) in each cluster from young (left) and old (right) adults plotted
versus the significance level (y axis). Comparisons were conducted by two-
sided robust empirical Bayes moderated statistical test; a Benjamini-Hochberg
adjusted Pvalue of 0.001 was used as a cutoff. The five TFs with the lowest
Pvalues are named.
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suggesting that the progression of chromatin changes after T cell
activation was not grossly influenced by age. Clustering correlated with
enrichment for selective TFs (Fig. 2e). A cluster unique for young adults
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pathway (Extended Data Fig. 4a); TF motif enrichment analysis sug-
gested regulation by FRA1L, nuclear factor (NF)-kBand NUR77 (Fig. 2e),
consistent with theincreased TCR signalinginyoungadults. The unique
cluster in older adults did not show significant enrichment of any TF
motif (Fig. 2e). Clusters1and 2, nextin the time course, were enriched
for IRF family member motifs. Sites in clusters 3-5were progressively
opening over the entire 48 h. Corresponding genes were enriched for
developmental pathways (Extended Data Fig. 4a). Motif analysis sug-
gested bZIP family members as the dominant upstream regulators
(Fig. 2e). Transcript analysis supported the regulation of temporal
patterns by different TFs asimplicated by motif enrichment (Extended
DataFig.4b). NR4A1 (encoding NUR77) peaked early, followed by /IRF1
and /RF4. bZIP family TFs came in several waves. FRAI was rapidly
inducedinthefirsthour, whereas BATF was progressively upregulated
throughout the 48-h time course (Extended Data Fig. 4b). Notably, clus-
ters3-5all showed higher enrichment for bZIP family motifsin T cells
from older adults (Fig. 2e), consistent with an elevated transcription
of BATF in older adults (Extended Data Fig. 4b). A similar pattern was
observed for BLIMP1encoded by PRDMI (Extended DataFig. 4b). Sites
of cluster 6, closingimmediately after TCR stimulation, were regulated
by SMAD family members and enriched for T cell activationand adhe-
sion pathways. Collectively, our datasuggest that despite blunted TCR
signaling, T cells from older adults exhibited asimilar temporal pattern
in TCR stimulation-induced chromatin changes and even an excess in
accessibility to the bZIP family members at later time points.

Higher chromatin changesin older adults are driven by STAT5
The propensity of T cells from older adults to undergo accelerated
TCR-induced chromatin changes cannot be explained by TCR signal-
ing that is even blunted (Fig. 2a,b). To identify alternative potential
upstreamregulators that preceded the increased accessibility to bZIP
family motifs, we identified enriched TF-binding motifs in the whole
peak set using ChromVAR. TFs with deviation score differences in the
top ten percentile were plotted separately for young and older individu-
als (Fig. 3a). The TF clustering patterns fell into two categories: one
with TF-binding sites closing across the time course (for example, the
ETS family), and one with TF-binding sites opening (for example, the
STAT, IRF and bZIP families). These later TFs trended to show higher
deviationscoresinolderindividuals (Fig.3a). STATS motif enrichment
plateaued asearlyasat 6 h,IRF4 at 24 h, whereas BATF was still rising at
48 h (Fig.3b). These data suggest that STAT5S may be the primary TF that
driveselevated activation-induced chromatin changesin older adults.
To corroborate our findings from ChromVAR, we identified peaks
differentially accessible between young and older individuals at each
time point (Extended Data Fig. 5a) and performed k-means clustering.
Gap statistics suggested clustering into ten groups (Fig. 3¢). Accessibil-
ity tracks of genes representative for each cluster are shown together
with the corresponding transcript data (Fig. 3d and Extended Data Fig.
5b). Accessibility differences at each of the time points correlated with
the fold differenceintranscripts at 48 h (Extended DataFig. 5c). Most of

the closing sites (clusters 7-10) were already different at baseline and
regulated by members of the ETS family, suggesting that these aging
signatures areimprinted at the quiescent state. In contrast, increased
accessibility in older individuals was generally activation-induced, and
sites were enriched for STAT, bZIP and bZIP:IRF family motifs (clusters
2-5). Only sites opening after activation in cluster 1, enriched for TCF
motifs, were less accessible in older adults.

Tovalidate the sequence of increased TF activitiesin older adults,
we examined the protein level of implicated TFs. Consistent with the
temporal pattern in ChromVAR, phosphorylated STATS5 (pSTAT5)
emerged early followed by IRF4 and BATF (Fig. 3e). In CD4" T cell
responses fromolder individuals, pSTATS5 peaked already at 6 h when
itdisplayed minimal activity in younger adults (P < 0.01). After 24 h of
stimulation, expression of IRF4 and BATF was higher inthe older adults
(P<0.01;Fig.3f,g). ASTATS inhibitor reduced upregulation of IRF4 and
BATF expression at 9-24 h after activation (Fig. 3h and Extended Data
Fig. 6), corroborating that pSTATS5 drives the accelerated chromatin
changes in naive CD4" T cells from older adults.

CD4' T cells with increased STATS5 activity in older adults

The increased epigenetic TCR response may reflect a distinct subset
thatincreases withage?. Naive CD4" T cellsinclude a CD31'PTK7' popu-
lation of recent thymic emigrants that declines with age (Extended
Data Fig. 7a); however, this population is too small to account for the
observation. To investigate population heterogeneity, we employed
scMultiomics (combined scRNA-seq and ATAC-seq). The cluster of
18-h TCR-stimulated naive CD4" T cells was distinctly separate from
resting cells in UMAP plots and characterized by CD69 expression
(Extended Data Fig. 7a). Within activated cells, four subclusters were
distinguished, most obviously, when ATAC-seq and RNA-seq datawere
integrated (Fig. 4a). TF-binding motif analysis revealed that cluster
1was enriched for KLF4-binding, clusters 1and 2 for STATS5-binding
and clusters 3 and 4 for BACH2-binding and NFAT-binding accessible
sites (Fig. 4b). TF-binding footprints confirmed increased pSTATS
activity in cluster 2, BACH2 in clusters 3 and 4 and NFAT in cluster 4.
Clusters were also distinct in their transcriptomes. Cluster 1 did not
exhibit the downregulation of CXCR4 seen after T cell activationin bulk
RNA-seq data. Pathway analysis showed that cluster 1was enriched in
senescence-associated and T cell activation-resistant genes, suggesting
that cluster 1 contained low responding cells. Cluster 2 showed high
transcript numbers of PRDMI1 and was enriched for RUNX3-regulated
immune responses, reflective of effector precursors. Cluster 3 was
enriched for TCF1and BACH2 targets, both of which are involvedin the
differentiation of memory precursors. Cluster 4 showed high expres-
sionof CD69, TNFand /L2, all of which are signs of T cell activation, and
thus was referred to as fast responders (Fig. 4b).

To explore whether the excess in activation-induced chromatin
modifications in older adults was representative of the whole naive
CD4" T cell compartment or reflected distinct subpopulations, we plot-
ted UMAPs of activated single cells of younger and older individuals

Fig.3|Accelerated chromatin changesin T cells from older adults are driven
by the STATS pathway. a, Heat map representation of top 35 most variable
TFsbased on ChromVAR deviation scores of the ATAC-seq data described

inFig. 1a. Each column is the score median of four younger and four older
individuals. b, ChromVAR deviation scores for representative TFsindicated by
starsinaare shown as mean +s.e.m. n = 8 biologically independent samples.

¢, K-means clustering of peaks differentially accessible between younger and
older individuals at any time point after medium-intensity TCR stimulation
(Extended DataFig. 5a). TFs with the highest binding motif enrichment for each
cluster areindicated. d, Aggregate genome tracks of representative sites of
clusters1-5in ¢ (top). Magenta-shaded areas indicate peaks that open more in
older adults; peaks that are open more in younger adults are shaded cyan. Gene
expression from RNA-seq data (bottom) shown as mean +s.e.m. n = 8 biologically
independent samples. e, Phosphorylated STATS (pSTATS), IRF4 and BATF were

measured at indicated times after TCR stimulation. Immunoblots are shown

for one young and one older individual representative of three experiments.

f, Representative blots of pSTATS measured at 6 hand IRF4 and BATF at 24 h after
low and median intensity stimulation. g, Summary results for 4-6 younger and
4-6older adults measured in four experiments; median intensity stimulation
shownas mean +s.e.m. (bottom). n =12 biologically independent samples. Data
were analyzed with two-sided unpaired Student’s ¢-test. **P < 0.01 (P = 0.008 for
pSTATS and P=0.002 for IRF4); ***P < 0.001(P=0.0005). h, Naive CD4" T cells
fromolder adults were activated for 48 h with indicated anti-CD3-coated beads
inthe presence of DMSO control or a STATS inhibitor. Representative blots for
PSTATS, IRF4 and BATF (left). Summary results of three experiments (right).
n=6biologically independent samples. Data were analyzed with two-sided
paired Student’s t-test. **P < 0.01 (P=0.0035), **P < 0.001 (P= 0.0004).
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separately (Fig. 4c). Olderindividuals had notably larger effector pre-
cursor and low-responder clusters, both enriched for accessibility to
STATS5 binding sites (Fig. 4b,c). Moreover, cells from older adults in
cluster 2 exhibited increased expression of CD25 and of several TFs
involved in T effector cell differentiation (for example, IRF4, PRDM1,
BHLHE40 and MAF) (Fig. 4d). The memory precursor cluster, enriched
for BACH2-binding sites, was smaller in older individuals (Fig. 4b,c)

and BACH2 expression was lower in activated CD4" T cells from older
adults (Fig. 4e). The lower expression of BACH2 in older adults could
render T cells from older adults more susceptible to activation®*** and
may contribute to the accelerated accessibility to bZIP motifs as shown
in Fig. 2d. Similarly, expression of MYC was largely limited to clusters
3 and 4 and was increased in T cells from younger adults suggesting
greater metabolicresponses. Conversely, clusters3and 4 hadincreased
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expressionofthe TFZBED2in T cells of older adults (Fig. 4e). ZBED2 has
beenshownto contribute to T cell dysfunction™. Of note, only very few
cells, allincluster 4, had evidence of epigenetic or transcriptional hall-
marks of differentiated memory cells, such as the IFNG gene (Fig. 4€).
Cellsexpressing transcripts for B3GATI and KLRGI, typically expressed
on CD45RA" effector T cells or other effector cytokines were largely
not detectable (Extended Data Fig. 7c,d). Overall, these data support
that the expansion of cluster 2 or the accelerated chromatin changes
in older adults do not reflect recently described, expanded memory
cells phenotypically masquerading as naive cells®.

CD25 upregulation isinduced by loss of HELIOS with age
Asinourstudies STATS5 activity inolder adults was heightened early in
aT cellresponse, we examined whether aberrant CD25 expressionin
partalready predated activation. Transcripts for [L2RA were increased
inisolated naive CD4" T cells from older adults (Fig. 5a). Flow cytometric
studies showed a unimodal distribution of CD25 indicating that expres-
sionis a global feature and not limited to a small subset of naive CD4*
Tcellsinolder adults (Fig. 5b and gating strategy in Extended Data Fig.
8a). Of note, level of CD25 expression was low compared to regula-
tory T cells. Comparing ATAC-seq of unstimulated naive CD4" T cells
fromyoungand older adults, we noted putative enhancer regions that
were slightly but significantly more open in naive CD4" T cells from
olderadults (Fig. 5c). We transfected the reporter luciferase construct
containing the enhancer sequence A” into naive CD4* T cells from
younger and older adults and found 30% higher luciferase activity
in older adults (Fig. 5d). We then identified HELIOS as a putative TF
binding /L2RA enhancers (Extended Data Fig. 8b)***’ and examined
its occupancy at both enhancers by chromatin immunoprecipitation
(ChIP)-qPCR. HELIOS showed a twofold increase in binding in naive
CD4'T cells from younger compared to older adults (Fig. Se), indicat-
ingit may confer repression of IL2RA enhancer activity. We transfected
thereporter construct containing the /L2RA enhancer A together with
forced overexpression of IKZF2 (encoding HELIOS) and found reduced
reporter activity in the presence of HELIOS (Fig. 5f). Moreover, IKZF2
and /L2RA transcripts in naive CD4" T cells sorted for CD25 expres-
sioninversely correlated (Extended Data Fig. 8c). When comparing
transcript and protein levels in naive CD4" T cells from younger and
older individuals, HELIOS was significantly diminished with age
(Fig. 5g,h). Silencing IKZF2in resting naive CD4" T cells from young
adults upregulated CD25 (Fig. 5i), reproducing the patterns seen in
older adults. Taken together, IKZF2 transcripts were low in naive CD4*
T cells of older adults resulting in CD25 upregulation. As HELIOS is
traditionally recognized as a TF maintaining the stability of regulatory
Tcells®**, the negative relationship between HELIOS and CD25 shown
in naive CD4" T cells suggests that the subset of CD25'°CD4*CD45RA*
T cellsincreasing with age, are not regulatory T cells.

HELIOS degradationin CD4" T cellsinduces inflammation

To assess the functional consequences of HELIOS depletion in naive
CD4" T cells, we used the NSG mouse human chimeramodel*’. Human
naive CD4" T cells were treated with either dimethylsulfoxide (DMSO)
or the HELIOS-degrading compound ALV2 (ref. **) for 5 d, then acti-
vated for 2 d in vitro and finally adoptively transferred together with
CD4'T cell-depleted, autologous peripheral blood mononuclear cells

(PBMCs) to mice carrying human synovial tissues. ALV2 selectively
targets human HELIOS for degradation and we did not find any degrada-
tion of murine HELIOS (Fig. 6a). We confirmed upregulation of CD25
and effector cytokine production by ALV2-treated cells after in vitro
activation (Fig. 6b and Extended Data Fig. 9a,b). Histological examina-
tionshowed denser mononuclear infiltratesin synovial tissue implants
of mice reconstituted with ALV2-treated T cells (Fig. 6¢). Flow cytom-
etry of these tissues confirmed a higher number of tissue-infiltrating,
human CD4" T cells (Fig. 6d). The increased tissue infiltration was not
duetodifferent reconstitution efficiency; the number of human CD4*
T cellswas not different in the spleens of mice having received control
or ALV2-treated cells (Extended Data Fig. 9¢). Phenotypic characteriza-
tionrevealed higher CD25 and CD38 expression in ALV2-treated cells
retrieved from synovial tissues (Fig. 6e). Consistently, we found higher
effector T cell transcripts in these tissues (Fig. 6f). Taken together,
HELIOS deficiency in naive CD4" T cells facilitated differentiationinto
tissue-invasive T cells and tissue inflammation.

Rewiring the epigenetic response pattern of older CD4' T cells

To determine whether the age-associated signature in
activation-induced chromatin remodeling can be prevented, we
inhibited STATS activity using either IL-2 receptor (IL-2R)-blocking
antibodies or a STATS5 inhibitor. Activation-induced epigenetic changes
were assessed by ATAC-seq after 48 h. Both IL-2R blocking and STAT5
inhibition of cells from older adults shifted the chromatin accessibility
states as defined by PClin the direction toward those from younger
individuals (Fig. 7a). TF motif enrichment analysis of sites driving PC1
identified STAT and bZIP binding motifs as highly enriched (Fig. 7b).
Overall, 25% of differentially opened sites induced by IL-2R blocking or
STATS inhibition were also differentially open between younger and
olderadults (indicated by dark red coloring; Fig. 7c and Extended Data
Fig.10a); examples included opening peaks in TCF7 and BACH2 and
closing peaksin/RF4and BHLHE40 (Fig.7d and Extended DataFig.10b).
ChIP-gPCRofnaive CD4' T cellsfromolder adults after 48-h TCR stimula-
tion confirmed STAT5 binding** at the IRF4 and BHLHE40 genes (Fig. 7e).
Inhibition of IL-2 or STATS5 activity downregulated expression of
IRF4 and BHLHE4O at the protein level in older adults (Fig. 7f,g and
Extended Data Fig. 10c). To determine whether the increased STATS
activity accounted for the preferential effector over memory CD4*
T cellgeneration™*, we determined BLIMP1 (encoded by PRDM1) and
TCF1(encoded by TCF7) expression after 5 d of TCR activation. pSTATS
inhibition in cultures with naive CD4" T cells from older adults down-
regulated BLIMP1 and upregulated TCF1 (Fig. 7h), recapitulating the
response in young individuals (Fig. 7i), whereas STATS inhibition in
young did not further bring down BLIMP1 (Extended Data Fig. 10d).
Takentogether, by dampeningIL-2-STAT5 signaling, naive CD4" T cells
from older adults exhibitachromatin accessibility state after TCR acti-
vation that resembles thatin younger adults with increased potential of
memory cell formation and reduced inflammatory effector function.

Discussion

Here, we describe that in spite of attenuated proximal TCR signaling,
naive CD4" T cells from healthy older adults respond to activation with
accelerated remodeling of the epigenome, culminating in increased
BATF and BLIMP1 activity. This epigenetic response pattern explains

Fig. 4| Age-associated expansion of naive CD4" T cell subsets withincreased
activation of the STAT5 pathway. a, Naive CD4" T cells from two younger and
two older individuals were left unstimulated or activated with beads coated with
1pg ml™anti-CD3 and anti-CD28 for 18 h. Nuclei were subjected to combined
ScATAC-seq/scRNA-seq. Activated cells were identified in UMAP maps and
confirmed by CD69 expression (Extended Data Fig. 7b). UMAP of integrated
scATAC-seq and scRNA-seq data are shown with each point representing

one cell. Clusters indicated by different colors were generated using Surat
graph-clustering approach. b, Representative accessible TF motifs in each

cluster are shown as ChromVAR deviation scores projected on the UMAP map
and as footprints using the color code for the different clustersina (top).
Representative gene expression and indicated pathway enrichment scores in
each cluster are projected on the UMAP (bottom). ¢, scMultiomic UMAPs of
activated naive CD4" T cells from young and older adults are presented separately
(top). Frequencies of cells for different clusters are shown as stacked bar graphs
(bottom). d, Imputed expression in cluster 2 of genes with differential expression
for younger and older adults. e, Genes in cluster 3 and 4 with differential
expression for younger and older adults.
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Fig.5|CD25 upregulationisinduced by aloss of HELIOS with age. a, /L2RA
gene expression was quantified in unstimulated naive CD4" T cells from 10
younger and 12 older adults. b, CD25 was measured by flow cytometry gated on
naive CD4" T cells (Extended Data Figure 8a) from 12 young and 10 older adults.

c, Aggregate genome tracks of unstimulated naive CD4 " T cells from four younger
and four older individuals at /[L2RA enhancer locus (GRCh37, Chr10:6,091,304-
6,111,593 and Chr10:6,085,160-6,090,232). d, Luciferase activity in unstimulated
naive CD4" T cells from four younger and four older individuals after transfection
ofareporter construct containing /[L2RA enhancer A. e, ChIP-qPCR with HELIOS
(encoded by IKZF2)-specific antibody of unstimulated naive CD4* T cells from
three younger and three older adults. f, Luciferase activity in unstimulated

naive CD4" T cells after transfection of reporter construct with or without

IL2RA enhancer A together with control cDNA or [KZF2 cDNA. n = 4 biologically

independent samples. g, IKZF2 gene expression in unstimulated naive CD4*
Tcells from 13 younger and 9 older adults. h, HELIOS protein expression in
unstimulated naive CD4" T cells from seven younger and six older adults.
Resultsina,b,d-hareshown as mean + s.e.m. Data were analyzed with two-
sided unpaired Student’s ¢-test. *P < 0.05 (P= 0.048 ford, P= 0.041for e),
**P<0.01(P=0.0087 fora, P=0.0024 forb), ***P < 0.0001. i, CD25 expression
inunstimulated naive CD4" T cells transfected with control or IKZF2 siRNA.
Representative blot of HELIOS and CD25 (left). Summary (right) of data from
three experiments for HELIOS protein (left), /L2RA transcript (middle) and IL2RA
protein (right) expression. n =3 biologically independent samples. Data were
analyzed with two-sided paired Student’s t-test. *P < 0.05 (P=0.02), **P< 0.01
(P=0.0025).

Nature Immunology | Volume 24 | January 2023 | 96-109

104


http://www.nature.com/natureimmunology

Article

https://doi.org/10.1038/s41590-022-01369-x

a Targeted HELIOS degradation b
CD25
Treatment DMSO ALV2 . o .
- 75kDa 0.8 30 - —~ 30 -
HELIOS I 0 1 ) 1
s 3 3
€| cozs [N 50kDa < 06 ° o
2z L 3 = 20+ = 20
° =2
-actin & 04 ® 2
b - 5 S P
N = =
a o 10 | ® 10 4
) - 75kDa O 024 ° N
3 Helios | S 5 / z
° . - zZ
= B-actin s — 37 kD 0o T T 0 T T = 0 T T
a DMSO ALV2 DMSO ALV2 DMSO ALV2
c Targeted HELIOS degradation
- +
**
| —
1.5 O
8% @]
2% 104
D
o oF
o £
Z "~ 05
8(9 8oo
o] T T
DMSO ALV2
d e DMSO ALV2 * —
*kkk
5, — [ < 15.6 23 | 4322 22.8 80 80 o
] E O
. - = lo]®]
gg ] & 9 4 ‘=,,‘:£ 60 (@) 2% 01 00
29 5 8o D B 000 0OFo
= 0 o= 0 O O
=Z3 O A O d) ™ O (@]
o % 05 o ] O« O« (e]e)
> 2 o K3 8% @ 8% 1o
g*= o s 201 OOOO 2 201 0O
&R @ 80 | i 12.5 - B © -
0- o _-— v S — . SN o - o
DMSO  ALV2 0 10° 10t 10° 0 10° 10* 10° DMSO  ALV2 DMSO  ALV2
CD25-PE
f * * * NS NS
1 1 1 1 1
4 4 3 4 3
O . o O o
P o 3 Y (e} 3 S
x x % 2 g_Eg S o % 24
g 5 oo & 2 2
24 = 2 @ 5 O
e g © - TN B -
~N 1 4 < 14
g 1 21 8 < e} S 1 £ &
§ o & : = | 0% o © * o &89
DMSO  ALV2 DMSO  ALV2 DMSO  ALV2 DMSO  ALV2 DMSO  ALV2

Fig. 6 | Forced HELIOS degradation in human naive CD4' T cellsinduces
tissue inflammation invivo. Freshly isolated human naive CD4" T cells

were cultured with either DMSO as asolvent control or 1 uM ALV2 followed

by activation with anti-CD3/anti-CD28. Cultures were continued for in vitro
testing or cells were intraperitoneally injected into NSG mice engrafted with
human synovial tissues. Seven days after cell injection, tissues were collected
for data acquisition. a, HELIOS and CD25 expression in unstimulated naive
CD4" T cells treated with DMSO or 1 pM ALV2 in vitro. Summary of CD25
expression of three experiments. n = 3 biologically independent samples.
Datawere analyzed with two-sided paired Student’s ¢-test. *P < 0.05 (P = 0.02).
b, IL-21and interferon (IFN)-y production were measured after 5-d activationin
vitro. Summary of three experiments. n = 5biologically independent samples
for IL-21and n = 4 biologically independent samples for IFN-y. Data were

analyzed with two-sided paired Student’s t-test. **P < 0.01 (p = 0.009), *P < 0.05
(P=0.037). ¢, Representative hematoxylin and eosin (H&E) stains of synovial
tissue sections (left) and enumeration of tissue-infiltrating cells using ImageJ
(right). n =9 biologically independent samples. All scale bars indicate 50 pum.
d, Human CD4" T cellnumber per mg tissue were enumerated by flow cytometry
of synovial cells. n = 16 biologically independent samples. e, CD25 and CD38
surface expression on tissue-infiltrating CD4* T cells were measured with flow
cytometry. n=12biologically independent samples. f, Transcripts of indicated
human genes in synovial tissues were quantified and normalized to ACTB.n=6
biologicallyindependent samples. Results in c-fare shown as mean + s.e.m.
Data were analyzed with two-sided unpaired Student’s ¢-test. *P < 0.05 (P= 0.035
fore, P=0.041,0.014, 0.047 forf), **P < 0.01 (P=0.0078 for ¢, P=0.0017 for e),
***+p < (0.001. NS, not significant.

why generation of long-lived memory T cells isimpaired with age and
activated naive T cells arebiased to differentiate into effector T cells that
are likely to contribute to inflammaging. Single-cell studies integrat-
ing ATAC-seq and RNA-seq revealed subsets of T cells with increased

STATS5 activity in older adults early after activation. The increased STATS
activity accounted for the induction of TF networks that were driv-
ing increased chromatin accessibility changes. Addition of a STATS
inhibitor prevented this epigenetic response pattern and induced TCF1
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instead of BLIMP1 expression, aconstellation favoring the generation
of long-lived memory and follicular helper T (T;,,) cells.

Based on the attenuation of TCR signaling in T cells from older
adults, we expected activation-induced epigenomic changes to
be reduced with age and predicted that their induction required
increased stimulation strength. In contrast to our expectations,
activation-induced remodeling of chromatin accessibility was
increased and age-associated differences culminatedin the increased
expression and activity of BATF. By clustering chromatin accessibility
changes according to temporal patterns, we only found one cluster
that was more prevalent in T cell responses of younger adults. This
clusterinvolved rapid changesinthefirst1-6 h after activation at sites
enriched for bZIP family (presumably FRA1 or AP-1), IRF2, NFAT and
NUR77 motifs, likely reflecting superior TCR signaling in the younger
adults. All other temporal clusters were equally represented in T cell
responses from younger and older adults and showed even higher
enrichment scores for BATF in older adults in the later clusters.

The TF networks implicated to drive the differential chromatin
accessibility changes provide an explanation for earlier functional
studies that naive CD4" T cells from older adults preferentially develop
into effector T cells rather than memory or Ty, cells. Increased pSTATS
activity accounted for the induction of TF networks characteristic of
older T cell responses and was at least in part due to increased expres-
sion of CD25. Consistent with previous observations®®, we found that
low levels of CD25 were already found in unstimulated naive CD4"
T cells of older adults. Heightened IL-2 signaling is known to favor
terminal effector differentiation, thereby compromising memory
cell formation®. In CD4" T cells from older adults, this bias toward
effector cell differentiation was mechanistically linked to increased
expression of miR-21, repressing the expression of several negative
regulators of signaling moleculesincluding PTEN, SPRTY and PDCD4
(ref.'®). Besides direct regulation of effector cytokines, STAT5 also
induces miR-21(ref. **). Moreover, STAT5 inhibits the differentiation of
Ty cells viaBLIMP1-dependent repression of BCL6 (ref.*). In addition
toimpairing T;,,development, the reduced BCL6 activity derepresses
the ecto-ATPase CD39 that is expressed on effector and particularly
on exhausted T cells*>*. Increased expression of CD39 is a hallmark
of T cellresponses of older individuals, thereby modifying purinergic
signaling®. In summary, many observations in older naive CD4 T cell
responses are explained by increased pSTATS signaling.

Integrated scRNA-seq and scATAC-seq analysis showed increased
pSTATS activity in two clusters of cells that increased with age. Both
clusters also shared the enrichment for senescence-like pathways.
Cluster 2 cells had heightened CD25 expression and several features
of effector cells, including PRDMI expression, RUNX3 pathway activ-
ity and presence of CD39" cells. Notably, neither clusterincluded fully
differentiated effector cells that recently have been reported to be
present in the naive compartment®. JFNG transcript-expressing cells
were very few, exclusively assigned to cluster 4 of rapidly responding

cells, and cells expressing B3GATI and KLRGI transcripts, hallmarks
of end-differentiated effector T cells were largely absent, excluding a
major contamination of our naive cell preparation with memory cells.

Beyond these differences related to STATS activity, scATAC/
RNA-seqalso showed an age-associated decrease in BACH2 and increase
in ZBED2 expressionin cluster 3 and 4 cells. BACH2 has been shown to
suppress effector memory-related genes and enforce the transcrip-
tional and epigenetic programs of stem-like CD8" T cells, at least in part
by controlling access of AP-1 factors to enhancers®**. Thus, BACH2
deficiency may be an additional mechanism to select against the gen-
eration of long-lived memory cells. Notably STATS5 inhibition also
restored accessibility to the TFs BACH2 and TCF7. The TF ZBED2, also
more expressed in older T cells has previously been found enriched
in dysfunctional CD8" T cells*; elevated ZBED2 expression in older
adults may therefore contribute to compromised long-term memory.

We found that naive CD4" T cells from older adults were defi-
cientin HELIOS expression and that this deficiency contributed to the
increased activation of the pSTAT5-IRF4-BATF TF network. HELIOS
actsmainly asatranscriptional repressorin Tlymphocytes. Itis highly
expressed in regulatory T cells; However, regular naive T cells also
have a constitutive albeit low expression that is upregulated upon
TCR stimulation. Expression of HELIOS in effector memory T cells
and especially TEMRAs is high. Studies in HELIOS knockout mice and
in patients with loss-of-function mutations support the notion that, in
addition to its function in regulatory T cells, HELIOS is a regulator of
effector cell differentiation and function®*.

HELIOS is known to interact with chromatin modifiers at the /L2
locus inducing deacetylation of core histones at the /L2 promoter*°.
Indeed, T cells from patients with aloss-of-function HELIOS mutation
produce increased amount of IL-2 (ref. **). In our studies, reduced
expression of HELIOS in ALV2-treated T cells from younger adults
resultedinincreased IL-2 production. In addition, we saw anincreased
inducibility of CD25 due to HELIOS deficiency. The combination of
increased IL-2 production and expression of CD25 provides a model
that explains the accelerated epigenetic remodeling toward effec-
tor functions. Our ability to restore the younger response pattern in
older T cells by IL-2R blockade or STATS5 inhibition indicates that this
mechanismis a major pathway. Vice versa, HELIOS deficiency is likely
to cause defectsin T cells other thanincreased effector differentiation.
Clinically, patients with /KZF2 mutation presented as primary immu-
nodeficiencies**. It is tempting to speculate that reduced HELIOS
expression may have a similar effect in older adults.

Excess STATS activity in activated naive CD4" T cells can con-
tribute to the inflammatory milieu in older adults through several
layers of regulation. STATS activity in CD4" T cells has been impli-
cated in promoting autoimmune disorders, including experimental
autoimmune encephalomyelitis*’ and airway inflammation*® through
upregulation of effector cytokines, such as granulocyte-macrophage
colony-stimulating factor and IL-9. Older adults have a bias toward

Fig. 7| Inhibition of IL-2-STATS5 signaling rewires activated naive CD4" T cells
from older individuals to a younger epigenetic response pattern. a, Naive
CD4"T cells of older individuals were activated in the presence of either DMSO
control, STATS inhibitor, PBS control or IL-2R-blocking antibodies for 48 h.n =4
biologically independent samples. ATAC-seq data from the four treatments
together with the 48-h samples from the four young and four older individuals
described in Figs. 1aand 2a were subjected to PCA. Results for PC1 are shown.

b, TF-binding motif enrichment of PC1loading sites. ¢, Log,FC of differential
peaks between STATS inhibition and control are plotted against average peak
sizes. Peaks that are also differentially accessible between younger and older
individuals areindicated in dark red. Comparisons were conducted by two-sided
robust empirical Bayes moderated statistical test. A Benjamini-Hochberg
adjusted Pvalue of 0.05 was used. d, Accessibility tracks of representative
genes. Magenta indicates peaks that are more openin older adults or with
control treatment. Cyan indicates peaks more open in younger adults or with

STATS inhibition. e, ChIP-qPCR with anti-pSTATS5 antibodies of 48-h activated
naive CD4" T cells treated as indicated. n = 3 biologically independent samples.

f, pSTATS, IRF4 and BHLHE40 were measured in 48-h activated cells for each
condition. g, Summary of BHLHE40 and IRF4 expression from three experiments
of IL-2R blocking. n =4 biologically independent samples for BHLHE40 and n =5
for IRF4. h, Naive CD4" T cells from older adults were activated with 1 pg ml™?
anti-CD3-coated beads for 5 d with DMSO control or a STATS inhibitor. BLIMP1
and TCF1expression were measured by flow cytometry in six experiments.

The MFlratio of BLIMP1 to TCF1was plotted. n = 6 biologically independent
samples.i, Naive CD4"T cells from younger and older adults were activated for
5d.BLIMP1and TCF1 protein expression was assayed as in h. Results are shown as
mean + s.e.m. n =9 biologically independent samples. Data were analyzed with
two-sided paired Student’s t-test (e,g,h) and two-sided unpaired Student’s ¢-test
(i).*P< 0.05 (P=0.01for IRF4 and 0.02 for BHLHE40 ine, P= 0.01forg, P=0.02
fori),*P<0.01(P=0.0028forg, P=0.0071forh).
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Ty9 cell generation through upregulated IRF4 and BATF*. Increased
effector T cell differentiation driven by IL-2 signaling may therefore
be an important regulator of inflammaging as well as the excessive
inflammation seen in some older adults in the course of an antiviral

response. Identification of IL-2 signaling as an upstream regulator of
age-related epigenetic differences in T cell responses provides a new
target to attenuate inflammatory responses and improve memory
cell generation.
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Methods

Study design

Forsequencingstudies, 16 individuals were recruited who did not have
an acute or active chronic disease or a history of cancer or autoim-
mune diseases. Chronic diseases such as hypertension were permit-
ted if controlled by medication. The studies were approved by the
Stanford University and Mayo Clinic Institutional Review Boards and
all participants gave informed written consent. Basic demographic
informationislisted in Supplementary Table 1. Naive CD4" T cells from
participants1-8 were stimulated with polystyrene beads coated with
0, 0.01 and 1 pg ml™ anti-CD3 (BioLegend, no. 317320) and 1 pg mi™
anti-CD28 (Miltenyi Biotec, no.130-093-386) for 1.5, 6, 24 and 48 h.
All96 samples were collected for ATAC-seq. RNA-seq was performed
on the eight unstimulated samples and the 64 anti-CD3-stimulated
samples. Naive CD4" T cells from individuals 9-12 were stimulated
with polystyrene beads (1 pg ml™ anti-CD3 and anti-CD28) for 18 h
and collected for scMultiome sequencing. Naive CD4" T cells from
individuals 13-16 were stimulated with polystyrene beads (1 pg ml™
anti-CD3) for 48 hin presence of either PBS, 5 pg ml™ anti-CD25 and
anti-CD122, DMSO solvent control or 50 uM STATS inhibitor (Cay-
man Chemical, no. 15784) in DMSO. For experiments not involving
genome-wide sequencing, samples were obtained from leukocyte
reductionsystem (LRS) cones or buffy coats from de-identified donors
(n=123,age 21-35years or over 65 years) through the Stanford Blood
Bank and Mayo Clinic Blood Bank.

Naive CD4' T cellisolation and activation

PBMCs were Ficoll-isolated from buffy coats or LRS cones. Naive CD4*
T cells were isolated by negative selection with EasySep Human naive
CD4" T Cell Isolation kit (Stemcell, no. 19555). Purity of naive CD4"
T cells was examined with surface staining of CD4, CD45RA and CD62L
(Supplementary Table 2). For time course studies, cells were rested
overnight in RPMI medium (Sigma, no. R8758) and then stimulated
with polystyrene beads labeled with anti-CD3 at 0, 0.01 or 1 pg mi™*
and anti-CD28 at 1 pg ml™ in a 96-well round-bottom plate. Each well
contained 200,000 cells and an equal number of beads in 200 pl RPMI
medium. To synchronize TCR stimulation, plates were centrifuged
for 3 min at 500 g. Atindicated times, cells were washed with PBS and
subjected to ATAC-seq, RNA-seq or scMultiome experiments.

Polystyrene beads labeling

Streptavidin-coated polystyrene beads (Bangs Laboratories, no.
CP01006) were washed with 1x PBS/1%FBS and mixed with bioti-
nylated anti-CD28 (Miltenyi Biotec, no. 130-093-386) at 1 g ml™ and
biotinylated anti-CD3 (BioLegend, no.317320) at 0,0.01or 1 pg ml™in
10x PBS/1%FBS for 20 min. The amount of anti-CD28 was optimized to
maximize binding of cells to beads irrespective of anti-CD3 concen-
tration (Extended Data Fig. 1). Labeled beads were washed twice with
1x PBS/1%FBS and resuspended in RPMI medium.

IKZF2knockdown in unstimulated naive CD4" T cells

Cells were transfected with either ON-TARGETplus short interfering
RNA (siRNA) negative control (Horizon, no. D-001810-10-20) or siRNA
targeting /IKZF2 (Horizon, no. L-006946-00-0005) using the Amaxa
Nucleofector system and P3 Primary Cell 4D-Nucleofector X kit (Lonza,
no. V4XP-3024). At 2 h after transfection, cells were collected and
resuspended in prewarmed medium and cultured for 2 d before col-
lection and analysis.

Flow cytometry

Surface protein labeling was performed by mixing cells with antibod-
ies in 1x PBS/1%FBS. For phosphorylated protein staining, cells were
fixed (BD, no. 554655), permeabilized (BD, no. 558050) and stained
withantibodies. For TF staining, cells were fixed (BD, no. 554655), per-
meabilized (eBioscience, no. 00-8333-56) and stained with antibodies

(Supplementary Table 2). Stained samples were acquired with BD LSR
Fortessa FACSDiva (v.8.0) and analyzed with FlowJo v.9.

ATAC-seq

Atotal of 50,000 cells were collected for standard transposition reac-
tions’®and sequenced with NovaSeq 6000 by the Genome Sequencing
Service Center at Stanford University. The ATAC-seq reads were preproc-
essed to remove adaptors followed by filtering for read quality cutoff
of 20. The reads were further filtered to select only autosomal reads
for further analysis. The reads were mapped to the hgl9 genome using
bowtie. Peak calling was performed using macs followed by generat-
ing a consensus peak set present in at least three samples with more
than 50% site overlap. Reads were assigned to the consensus peaks
using feature counts and used for downstream analysis. Samples were
separated into groups based on the anti-CD3 concentration, time point
and age. PCA and UMAP were performed on counts normalized using
variance stabilizing transformation (vst) followed by removing batch
effect for donors (except for aging comparison) from DESeq2. Devia-
tionsin TF motifaccessibility patterns were estimated on all consensus
peaks using ChromVAR?®. Differential accessibility was assessed on data
quantile normalized using voomWithQualityWeights from limma with
addition of offsets from conditional quantile normalization (CQN)**to
account for GC content bias. We used duplicateCorrelation to control
for donor effects followed by fitting a robust linear regression model
with sample correlation blocking for donors. The differences between
sample groups were estimated by fitting contrasts to the model followed
by a robust empirical Bayes moderation and by the Benjamini-Hoch-
berg procedure to control for false discovery rate. We used contrasts
to identify aggregate differences across all time points or age groups
while controlling for baseline changes at each time point. The identified
differential sites were further median normalized across sample groups
and used to identify clusters using k-means clustering. Gap statistics
was used to determine number of clusters in the data with a cutoff at
tenclusters. The differential sites were annotated with associated genes
using GREAT and used for downstream analysis and comparisons with
RNA-seq’’. Gene ontology analysis was conducted using ChIPseeker*.

RNA-seq

Atotal of150,000 cells were collected for RNA extraction. RNA librar-
ies were generated with universal plus mRNA-seq kit (Nugene, no.
0520-A01) and sequenced with NovaSeq 6000 by Novogene Corpora-
tion. RNA-seq reads were preprocessed using the nf-core RNA-seq pipe-
line v.1.4.2 to determine reads mapped to genes in GRCh37 genome.
The preprocessing for downstream analysis was kept consistent with
ATAC-seq as follows. For PCA and UMAP, the RNA-seq read counts
were normalized by ‘vst’ followed by removing batch effect for donors
(except for aging comparison) using DESeq2. To identify differential
transcripts, we used CQN offsets along with quantile normalized data
from voomWithQualityWeights from limma. We also used duplicate-
Correlation to control for donor effects followed by fitting a robust
linear regression, blocking for donor and accounting for sample cor-
relation. The differentially expressed genes between groups were esti-
mated by fitting contrasts to the model followed by arobust empirical
Bayes moderation and by the Benjamini-Hochberg procedure to con-
trolfor false discovery rate. The contrasts were setup to identify aggre-
gate differences in transcripts controlling for only baseline changes.
The differential genes were further median normalized and used for
k-means clustering. Gap statistics was used to determine the number
of clusters in the data with a cutoff of ten clusters.

TCseq

Fuzzy c-means cluster analysis of the ATAC-seq dataset was conducted
using the TCseq package in R. First, the set of sites for analysis was
defined as the union of peak locations detected by MACS2 from all
time points. This set was then filtered for genomic regions that showed
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asignificant change in read counts over time. Differential read count
analysis used a negative binomial generalized linear model imple-
mented by edgeR. Finally, the time course of normalized read counts
at each genomic interval was clustered using soft clustering (‘fuzzy
c-means’). To reduce the bias introduced by differences in absolute
values, data were standardized using a z score transformation before
clustering. We tested a range of starting seed clusters (2-10) to find
the optimum minimal number of clusters for capturing distinctive
temporal patterns in the data.

Single-cell multiome (scATAC-seq and scRNA-seq)

Naive CD4" T cells were left unstimulated or stimulated for 18 h with
1pg ml™anti-CD3-coated beads. A total of 40,000 cells were collected
and subjected to low-input nuclei isolation. A total of 10,000 nuclei
fromindividuals 9 and10 and 10,000 nucleifromindividuals11and 12
were pooled for library generation (Supplementary Table 1). scATAC
and gene expression libraries from each pool were generated at the
Stanford Genomics Core following the Chromium Next GEM Single
Cell Multiome ATAC + Gene Expression User Guide and sequenced with
NovaSeq 6000 by Novogene Corp. The multiome data for scRNA-seq
and scATAC-seq were processed using CellRanger ARC followed by
ArchR*. Pathway enrichment scores were calculated by Ucell package
inRusing the following datasets from MSigDB***": low T cell activation
(GSE22886)%, RUNX3-regulated genes (Reactome R-HSA-8949275),
TCF7 targets®, senescence-associated genes (Reactome R-HSA-
2559584), IL-2-activated genes (GSE8685)°° and BACH2 targets™.

ChIP-qPCR
ChlIP assays were performed using the ChIP-IT kit (53040, Active Motif)
according to the manufacturer’sinstruction. Briefly, 5 x 10° cells were
fixed with fixation buffer (containing 1% formaldehyde), washed and
sonicated onice with a sonicator (Active Motif) to obtain100-1,000-bp
DNA fragments. Fragmented DNA was immunoprecipitated with
pSTATS and HELIOS-specific antibodies (Supplementary Table 2).
Immunoprecipitated DNA were purified and subjected to qPCR using
the following primers:

IRF4 (5’-AGTTGCAGGTTGACCTACGG-3’, 5’-TTCGATCGTCTGA
GATGCTG-3");

BHLHE40 (5-GCCTGTTGACACAACGTCAC-3’, 5-GATCAGGTTT
CTGCTGACGC-3');

IL2RA-A (5’-TGATCCGTATCTTGCCTTCC-3’, 5’-GAAACTCCAG
GGCAACAAAG-3');

IL2RA-B (5-CCACCCACTCTTTGCTGGAT-3, 5-TCAATGGGTAA
CAGCACCAGT-3");

Negative control (5-AACCTGCAAAACATGGTTATTT-3/, 5’-AA
TTTGCCCAAACAGCAAGT-3').

qPCR
RNA was extracted with an RNeasy Micro kit (QIAGEN, no. 74004) and
reverse-transcribed with aHigh-Capacity cDNA Reverse Transcription
kit (Thermo Fisher, no. 4368814). qPCR was performed with PowerUp
SYBR Green Master Mix (Thermo Fisher, no. A25776) and the primers
listed below and analyzed with QuantStudio Design and Analysis v.2.5.

IKZF2 (5’-GCTCCTCGCTGAAGATGGAG-3’, 5-TGCCTAACGTG
TGTTTGTGC-3');

IL2RA (5’-ATTTCGTGGTGGGGCAGATG-3’, 5’-TCTCTTCACC
TGGAAACTGACTG-3).

TRB (5’-CCTTCAACAACAGCATTATTCCAG-3’, 5’-CGAGGGAG
CACAGGCTGTCTT-3");

IFNG (5’-ACTAGGCAGCCAACCTAAGCAAGA-3’, 5-CATCAGGGT
CACCTGACACATTCA-3');

TNF (5’-CGCATCGCCGTCTCCTACCA-3’, 5-AGGGCAATGATCC
CAAAGTA-3');

ACTB (5-GATCATTGCTCCTCCTGAGC-3’, 5-CGTCATACTCCTG
CTTGCTG-3).

Luciferase reporter assay

HEK-293T cells were cotransfected with empty pGL4.23 (Promega, no.
E8411) or pGL4.23-1L2RA CaRE4 plasmid” and Renilla luciferase reporter
plasmid, aHELIOS-expressing plasmid (Sino Biological, no. HG19573-UT)
or a control vector (Sino Biological, no. CVO11). After 48 h, luciferase
activities were measured with the Dual-Luciferase Reporter Assay System
(Promega, no.E1910) according to the manufacturer’sinstructions. For
measuring IL2RA enhancer activity in human T cells, pGL4.23-IL2RA
CaRE4 and Renilla plasmid were cotransfected into unstimulated naive
CD4'T cells using the Amaxa Nucleofector system and P3 Primary Cell
4D-Nucleofector X kit (Lonza, no. V4XP-3024). Cells were cultured with
IL-7 for 3 d and subjected to luciferase activity measurement.

Immunoblot

Cells were lysed with RIPA buffer (Thermo Fisher, no. 89900) supple-
mented with protease and phosphatase inhibitors (Thermo Fisher,
no. 78441). Protein lysates were loaded on 4-15% precast TGX gels
(BioRad, no. 4561086) and transferred to nitrocellulose membranes
(BioRad, no.1704270). Membranes were blocked with 5% milk in PBST
buffer and incubated at 4 °C overnight with primary antibodies (Sup-
plementary Table 2). After washing twice with PBST buffer, membranes
were incubated with secondary antibodies (Cell Signaling, no. 7074)
for 1h and washed twice. Chemiluminescent signals were developed
with SuperSignal West Femto Maximum Sensitivity Substrate (Thermo
Fisher, no.34095).

Human-synovium-SCID mouse chimeras

Human-synovium-SCID mouse chimeras were generated as previously
reported™. Briefly, NSG mice were purchased from the Jackson Labora-
tory. Both male and female mice were used at age 10-12 weeks. Mice
were subcutaneously implanted with pieces of human synovial tissues.
In parallel, purified human naive CD4" T cells were cultured with DMSO
assolvent controlor1 uMALV2 (ref. ) for 5 d and then activated for 2 d by
5 pg ml™ plate-immobilized anti-CD3 and 1 pg ml™ anti-CD28. Chimeric
mice engrafted with synovial tissues from the same donor were randomly
assignedto control or AVL2-treated cells. Seven days after engraftment,
micewereintraperitoneallyinjected with4 x 10° of the treated CD4" T cells
combined with 10 x 10°autologous, untreated PBMCs depleted of CD4*
T cells. Human synovial tissues and mouse spleens were collected 1week
after adoptive transfer. Synovial tissues were digested with 1.5 mg mI™
collagenase I for 30 min to retrieve cells for flow cytometry staining or
OCT-embedded for H&E stains and RNA extraction. Mouse spleens were
collected and stained forhuman CD4" T cells. All protocols were approved
by the Mayo Clinic Animal Care and Use Committee.

Statistical analysis

Statistical analysis was performed using Prism 7.0 software. Two-tailed
paired or unpaired Student’s ¢-tests were used for comparing two
groups. Sample sizes toidentify differences betweenyounger and older
adults were chosen to ensure 80% power with alevel of significance of
5% for a difference of their means of 1.5 s.d. (n > 10). Data distribution
was not formally tested but was assumed to be normal. To assess the
effect of in vitro intervention (for example, gene silencing and phar-
macological inhibition), we used paired testing with sample sizes of
three to five. Sample sizes for the mouse chimera studies®** and the
ATAC-seq and RNA-seq studies® were similar to those reported in
previous publications. P < 0.05was considered statistically significant.
No data were excluded from the analyses. The experiments were not
randomized. The investigators were not blinded to allocation dur-
ing the experiments and outcome assessment. Statistical details and
significance levels can be found in figure legends.

Reporting summary
Furtherinformation onresearchdesignisavailablein the Nature Port-
folio Reporting Summary linked to this article.
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Data availability

Raw sequencing data have been deposited in SRA with the BioProject
accession no. PRJNA757466. Raw experimental data will be provided
by the corresponding author uponrequest. Source data are provided
with this paper.

References

50. Buenrostro, J. D., Wu, B., Chang, H. Y. & Greenleaf, W. J. ATAC-seq:
a method for assaying chromatin accessibility genome-wide.
Curr. Protoc. Mol. Biol. 109, 21.29.21-21.29.29 (2015).

51. Schep, A. N., Wu, B., Buenrostro, J. D. & Greenleaf, W. J.
chromVAR: inferring transcription-factor-associated accessibility
from single-cell epigenomic data. Nat. Methods 14, 975-978
(2017).

52. Hansen, K. D., Irizarry, R. A. & Wu, Z. Removing technical variability
in RNA-seq data using conditional quantile normalization.
Biostatistics 13, 204-216 (2012).

53. MclLean, C.Y. et al. GREAT improves functional interpretation of
cis-regulatory regions. Nat. Biotechnol. 28, 495-501 (2010).

54. Yu, G., Wang, L.-G. & He, Q.-Y. ChIPseeker: an R/Bioconductor
package for ChIP peak annotation, comparison and visualization.
Bioinformatics 31, 2382-2383 (2015).

55. Granja, J. M. et al. ArchR is a scalable software package for
integrative single-cell chromatin accessibility analysis. Nat.
Genet. 53, 403-411(2021).

56. Liberzon, A. et al. Molecular signatures database (MSigDB) 3.0.
Bioinformatics 27, 1739-1740 (2011).

57. Subramanian, A. et al. Gene set enrichment analysis: A
knowledge-based approach for interpreting genome-wide
expression profiles. Proc. Natl Acad. Sci. USA 102, 15545-15550
(2005).

58. Abbas, A.R. et al. Immune response in silico (IRIS):
immune-specific genes identified from a compendium of
microarray expression data. Genes Immun. 6, 319-331 (2005).

59. Kolmykov, S. et al. GTRD: an integrated view of
transcription regulation. Nucleic Acids Res. 49,

D104-D111 (2021).

60. Marzec, M. et al. Differential effects of interleukin-2 and
interleukin-15 versus interleukin-21 on CD4"cutaneous T-cell
lymphoma cells. Cancer Res. 68, 1083-1091 (2008).

61. Wen, Z. et al. N-myristoyltransferase deficiency impairs activation
of kinase AMPK and promotes synovial tissue inflammation. Nat.
Immunol. 20, 313-325 (2019).

62. Wu, B. et al. Mitochondrial aspartate regulates TNF biogenesis
and autoimmune tissue inflammation. Nat. Immunol. 22,
1551-1562 (2021).

63. Moskowitz, D. M. et al. Epigenomics of human CD8 T cell
differentiation and aging. Sci. Immunol. 2, eaag0192 (2017).

Acknowledgements

This work was supported by the National Institutes of Health (RO1
AR042527, RO1 HL117913, RO1 Al108906, RO1 HL142068 and PO1
HL129941 to C.M.W. and RO1 Al108891, RO1 AG045779, U19 Al057266
and RO1AI129191to J.J.G.). The content is solely the responsibility of
the authors and does not necessarily represent the official views of
the National Institutes of Health. We thank E. Fischer from Harvard
Medical School for providing the ALV2 compound, P. Li from the
National Institutes of Health for providing processed ChlIP-seq data
files of human CD4' T cells, C. Gustafson and F. Miiller for suggestions
on single-cell data analysis, X. Wang and F. Cao for suggestions on
ATAC-seq time course analysis and the Stanford Genome Sequencing
Service Center and Novogen for providing sequencing services.

Author contributions

H.Z.,R.R.J., W.J.G., C.MW. and J.J.G. designed the research and
interpreted data. H.Z., W.C., T.Z., J.J., S.0., J.M. and Z.H. performed
experimental work. R.R.J. and I.N.G. analyzed high-throughput data.
H.Z., R.R.J. and J.J.G. wrote the manuscript.

Competinginterests
W.J.G. has affiliations with 10x Genomics (consultant). The other
authors declare no competing interests.

Additional information
Extended data is available for this paper at
https://doi.org/10.1038/s41590-022-01369-x.

Supplementary information The online version
contains supplementary material available at
https://doi.org/10.1038/s41590-022-01369-x.

Correspondence and requests for materials should be addressed
to Jorg J. Goronzy.

Peer review information Nature Immunology thanks Graham Pawelec,
Benedict Seddon and Harinder Singh for their contribution to the peer
review of this work. Primary Handling Editor: Laurie A. Dempsey, in
collaboration with the Nature Immunology team. Peer reviewer reports
are available.

Reprints and permissions information is available at
www.nature.com/reprints.

Nature Immunology


http://www.nature.com/natureimmunology
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA757466
https://doi.org/10.1038/s41590-022-01369-x
https://doi.org/10.1038/s41590-022-01369-x
https://doi.org/10.1038/s41590-022-01369-x
https://doi.org/10.1038/s41590-022-01369-x
http://www.nature.com/reprints

Article

https://doi.org/10.1038/s41590-022-01369-x

a bead-cell conjugates
aCD3 Ab: 0.01 pg/mL aCD3 Ab: 0.1 pg/mL
<
(@] T T T T
(]
%]
FSC-A
b c
ERK-pY202 aCD3 Ab: 0.01 pg/mL ZAP70 SLP76 ERK
] — 0min T 400 [ =
2 ] 5 min ‘052 § 900 Lc% 360
3 £ 200 5 600 S 240
3 S @ 7
< g O & 300 ¥ 120
& N ® uf
g -200 0 0
s 3 0.00001 0.01 10 0.00001 0.01 10 0.00001 0.01 10
z aCD3 Ab (ug/mlL) aCD3 Ab (ug/mL) aCD3 Ab (ug/mL)
o 10 10° 10° ; i :
ERK-pY202 aCD3 Ab: 1 pg/mL _ 0 | 0 ; 0 !
-
] —_— : £ | | |
" —amn 5 || |0.002 /1 0.002 /i 0.002 1
< 4 min b /’\ / \,\
3 ] Z 001 /i \ 0.01 | 001 A
o A A _A
© 0.1 i 0.1 ! 0.1 .
N o | |
©
E AR 1_ll — Y\
2 ] 0 10? 10° 10* 0 107 102 10° 0 10° 10* 10°
- EEEE— EEE—— EEE—
0 10° 104 10%
pZAP70 - PE pSLP76 — FITC pERK — PerCP-Cy5.5
EEE—
pERK — PE-CF594
e
d
CD69 expression Proliferation
2 2 100
=) ® z
5 i 23
z 3z 7
2 0.01 53 50
g ' 2%
0.1 Qg
X @
[0
1 /\/ 2 0
T ° 0 15 6 24 48
0 100 10 10° Time (h)
CD69 - PE

Extended Data Fig. 1| Related to Fig. 1: Titration of TCR stimulation. a, Naive
CD4' T cells were stimulated with polystyrene beads coated with indicated
amounts of anti-CD3 Ab together with a constant amount of 1 ug mL* antiCD28.
Bead-cell conjugates were gated and the percent of bound to total cells were
determined. b, Histograms of phosphorylated ERK gated on bead-bound cells at
0 and 5 min stimulated with indicated amounts of anti-CD3. ¢, Mean fluorescence

intensity (MFI) of phosphorylated ZAP70, SLP76 and ERK was measured gated
onbead-bound cells. d, Histogram of CD69 gated on bead-bound cells at 24 h of
stimulation (left panel). Frequency of CD69" cells as percentage of total bead-
bound cells from 0-48 hwith indicated anti-CD3 concentrations (right panel). e,
Cell Trace Violet dye dilution of naive CD4" T cells stimulated with 1 pg mL" anti-
CD3. Experiments shown are representative of three experiments.
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Extended DataFig. 2| Related to Fig. 1a, b: Longitudinal epigenomic and
transcriptomic changes induced by TCR stimulation. Naive CD4" T cells from
eightindividuals were stimulated with 0.01 (low stimulation strength, square)
or1pgmL! (medium strength, triangle) anti-CD3-coated beads and subjected to
ATAC-seq and RNA-seq at indicated time points. a, Bar graphs show the number
of peaks more or less accessible in activated cells compared to unstimulated
cells at each time point. b, Differential peaks comparing unstimulated cells to
either low (left) or high (right) TCR stimulation are plotted as average log, fold-

Log-: fold difference
(Stimulated/Non-stimulated)

change (logFC) versus log, mean reads per peak. ¢, Bar graphs show the number
of significantly up- or downregulated gene transcripts for each time point.d,
Up-or downregulated gene transcripts in cells activated as indicated compared
tounstimulated cells are shown as volcano plots of logFC versus significance
levels. Toillustrate similarities between stimulation conditions, few transcripts
arelabeled. Comparisonsinb, d were done by two-sided robust empirical Bayes
moderated statistical test; a Benjamini-Hochberg adjusted P value of 0.001 was
used as cutoff.
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Extended Data Fig. 3| Related to Fig. 2: Higher intensity TCR stimulation
amplifies age-associated chromatin accessibility differences seen at baseline
or with low intensity stimulation. Peak sets from ATAC-seq analysis of naive
CD4" T cells from young (left) or old (right) adults were compared for each of

the three conditions, unstimulated and after TCR stimulation with beads coated

Peaks more accessible in old

Medium stimulation
3078

No stimulation
935

Low stimulation
2424
withlow and medium concentrations of anti-CD3. Comparisons were done
by robust empirical Bayes moderated statistical test; a Benjamini-Hochberg
adjusted Pvalue of 0.05 was used as cutoff. Relationships between the three sets
of differential peaks are shown as Venn diagrams.
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Extended Data Fig. 4 | Related to Fig. 2c, d: Activation-induced temporal
patterns of epigenetic changes in naive CD4" T cells from young and older
adults. a, Genes assigned to differentially accessible regulatory sites were
examined for significant enrichment in biological pathways. Selected GO terms
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adults (lower panel) are shown. Comparisons were done by two-sided robust
empirical Bayes moderated statistical test; a Benjamini-Hochberg adjusted P
value of 0.05 was used as cutoff. b, Gene expression of indicated TFs shown as
mean +s.e.m.n=8biologicallyindependent samples.
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accessibility of regulatory regions and transcriptome. a, Differential

peaks between young and older individuals at indicated TCR stimulation

conditions and time points are plotted as logFC versus log mean reads per peak.

Comparisons were done by robust empirical Bayes moderated statistical test; a

Benjamini-Hochberg adjusted Pvalue of 0.05 was used as cutoff. b, Aggregate

genome accessibility tracks (top panel) of representative sites of cluster 6-10
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Extended Data Fig. 6 | Related to Fig. 3h: Time course of TF expression after blots (top panel). Summary data from 3 experiments showing band intensities of
STATS inhibition. Naive CD4" T cells from older adults were activated for 0-24 IRF4 and BATF relative to $-actin (bottom panel) and expressed as mean +s.e.m.
hwith polystyrene beads coated with 1 ug mL" anti-CD3 and anti-CD28 in the n=3biologicallyindependent samples. Data were analyzed with two-sided
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Related to Fig. 4: Single cell epigenetic and
transcriptional analysis of naive CD4" T cell responses. a, CD31and PTK7
surface expression on naive CD4* T cells. b, Nuclei pooled from unstimulated
and activated naive CD4" T cells were subjected to scATAC- and scRNA-seq.
Imputed CD69 gene expression is projected on the UMAP of scATAC-seq.
Clusters of resting and activated cells were distinguished based on containing
CD69-expressing cells (left panel). UMAP maps of scATAC-seq and scRNA-seq

data are shown for activated cells (right panels). ¢, B3GATI and KLRGI gene
expression were projected onto scMultiome UMAPs (top panel). Genome tracks
of bulk ATAC-seq and gene expression in bulk RNA-seq expressed as mean +
s.e.m. (bottom). n=8 biologically independent samples.d, /L4 and IL17A gene
expression were projected onto scMultiome UMAPs (top panel). Genome tracks
of bulk ATAC-seq at 24 h of TCR stimulation (bottom).
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Extended Data Fig. 8 | Related to Fig. 5b: TFs binding to /L2RA enhancers. a,
Gating strategy for naive CD4" T cells from PBMC of young and older individuals.
b, ATAC-seq genome tracks of unstimulated naive CD4" T cells from young and
older adults were aligned with ENCODE ChIP-seq genome tracks of indicated TFs

at/L2RA enhancer locus (see Fig. 5c). The location of enhancer A and enhancer
Bisindicated by red lines. ¢, IKZF2 and IL2RA transcripts from sorted CD25" and
CD25 naive CD4" T cells from 7 donors. Data were fitted with two-sided simple
linear regression. P=0.0076.
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after 4 h stimulation with 1 pg mL*anti-CD3 (left). Summary of CD25 MFI from engraftment. n=7 biologically independent samples. Data were analyzed with
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analyzed with two-sided paired t-test. *P < 0.05 (P=0.01). b, IL-21 and IFNy

Nature Immunology


http://www.nature.com/natureimmunology

Article

https://doi.org/10.1038/s41590-022-01369-x

a b
BACH2
>65years §f |,y fd e v ab A An |
t f£ < 35 years I L |
o
>
£
g Pes B o ML L . N8 Lo
2 T T T T T . L
% 12 pome@® g w2roiooking |yl gl b 1 .
= (L — - - —
° .
% K Average peak size L
3 ° BHLHE40
A 4
PRDM1 PRDM1
> 65 years L‘_L_LM‘A_A_, —r ,.L‘KAL‘_M 7,,,._.“__1__
<35 years ,,“A‘,.L‘+, [P ,,L.‘__A‘, . A A
PBS A L_A__AA__A__.AAA
IL-2R blocking " d o . I
Ly
c d
ns ns
157 — _ 047 —
6
o 031
g 107 =
§ =
& 5 021
N b
£ 051 E
3 0.1
<
0.0 T T 0.0 T T
DMSO STATS5 inhibition DMSO STATS5 inhibitor

Treatment
Extended Data Fig. 10 | Related to Fig. 7: Genome accessibility changes
induced by IL-2 receptor blocking and effector TF expressioninduced by
STATS inhibition. a, LogFC of differential peaks between IL-2 receptor (IL-2R)
blocking and PBS treatment are plotted against average peak size. Peaks that
are also differentially accessible between young and older individuals are
indicated in dark red. Comparisons were done by two-sided robust empirical
Bayes moderated statistical test; a Benjamini-Hochberg adjusted P value of 0.05
was used as cutoff. b, Genome tracks of representative genes. Magenta-shaded
areasindicate peaks that are more openin older adults and with PBS treatment;

Treatment
cyanindicates peaks that are more open in young adults or with IL-2R blocking
treatment of older adults. ¢, IRF4 protein expression were measured by Immuno
blotin48-h activated naive CD4"T cells from four young adults with and without
STATS inhibition. n=4 biologically independent samples. d, BLIMP1and TCF1
expression was measured by flow cytometry in 5-day activated naive CD4" T
cells from four young adults. The MFI ratio of BLIMP1to TCF1was plotted. n=
4 biologically independent samples. Datain c¢,d were analyzed with two-sided
paired t-test.
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AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX [0 [O0OX 0O 0]
OO0 X X XO KX XK

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection BD FACSDiva (v8.0), QuantStudio Design and Analysis (v2.5).

Data analysis R(v4.0), R-libraries (Rsubread (1.28.1), edgeR (3.38.4), limma (3.41.5), DESeq2 (1.30.1), cqn (1.36.0), cluster (2.4.), TCseq (1.21.0), ArchR
(1.0.1), ChromVar (1.12.0), macs(v2.1.1), bowtie(v2.2.4), samtools(v1.3), bedtools(v2.26.0), homer(v4.8), cellranger-arc(v1.0.1), Graphpad
prism (v8.0), FlowJo (v9.0).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

GRCh37 genome, GSE22886, GSE8685, R-HSA-8949275 and R-HSA-2559584 from MSigDB were used in this study. Raw sequencing data have been deposited in SRA
with the BioProject accession # PRINA757466. Raw experimental data will be provided by the corresponding author upon request.
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Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

[X] Life sciences [ ] Behavioural & social sciences [ | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes to identify differences between young and older adults were chosen to ensure 80% power with a level of significance of 5%
when the difference in their means would be 1.5 standard deviation (n>10). For intervention experiments, we used a sample size of 3-6.

Data exclusions  No data were excluded.
Replication All experiments have been replicated at least once and results were successfully reproduced.

Randomization  The general study design was to compare individuals less than 35 years old and older than 65 years , thus the individuals selected for the
study cannot be randomized.

Blinding Investigators were not blinded.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
X] Antibodies [] chip-seq
Eukaryotic cell lines |:| |X| Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data

XNXOOXOOS
OJO0XXOKX

Dual use research of concern

Antibodies

Antibodies used Anti-human CD69 (BiolLegend, Cat: 310905, Clone: FN50), Anti-human CD25 (BioLegend, Cat:302618, Clone: BC96, Lot: B261579),
Anti-human CD25 PE (BioLegend, Cat: 302605, Clone: BC96), Anti-human CD3 (BD, Cat: 557851, Clone: SK7, Lot: 9079612), Anti-
human CD4 (BioLegend, Cat: 344622, Clone: SK3, Lot: B304453), Anti-human CD45RA (BD, Cat: 555488, Clone: HI100, Lot: 0016333),
Anti-human CD62L (BD, Cat: 562301, Clone: Dreg-56, Lot: 9315723), Anti-ZAP70 pY319 (BD, Cat: 557817, Clone: 17A/P-ZAP70, Lot:
4041999), Anti-SLP76 pY128 (BD, Cat: 558439, Clone: J141-668.36.58, Lot: 7104554), Anti-ERK pT202 (BD, Cat: 562644, Clone: 20A,
Lot: 8283532), Anti-TCF1 PE (BioLegend, Cat: 65520725, Clone: 7F11A10, Lot: B291681), Anti-human BLIMP1 (R&D systems, Cat:
IC36081A, Clone: 646702, Lot: AEPP0119091), Anti-IRF4 (Cell Signaling, Cat: 4964, polyclonal, Lot: 4), Anti-BHLHE40 (Novus Bio, Cat:
NB100-1800, polyclonal, Lot: E-2), Anti- B-actin (Cell Signaling, Cat: 4970, Clone: 13ES5, Lot: 15), Anti-ERK pT202 (Cell Signaling, Cat:
9101, polyclonal, Lot: 30), Anti-LAT pY132 (Invitrogen, Cat: 44-224, polyclonal, Lot: SF235298), Anti-STAT5 pY694 (Cell Signaling, Cat:
9351, polyclonal, Lot: 9), Anti-HELIOS (Cell Signaling, Cat: 42427, Clone: D8W4X, Lot: 1), Anti-human CD25 (BioLegend, Cat: 302602,
Clone: BC96, Lot: B278786), Anti-human CD122 (BioLegend, Cat: 339002, Clone: TU27, Lot: B205250), Anti-human PTK7 (Miltenyi,
Cat: 130-122-967, Clone CCK-4), Anti-human CD31 (BioLegend, Cat: 303129, Clone: WM59), Anti-human CD38 (BioLegend, Cat:
356613, Clone: HB-7), Anti-human IL-21 (BioLegend, Cat: 513005, Clone: 3A3-N2), Anti-human IFNr (BioLegend, Cat: 502505, Clone:
4S.B3), Anti-human STATS (Cell Signaling, Cat: 94205T, Clone: D206Y). Surface staining antibodies were used with 1:50 dilution.
Intracellular staining antibodies were used at 1:20 dilution. Immunoblot antibodies were used at 1:1000 dilution.

Validation All antibodies were purchased from established vendors with strict quality control assurances. Please refer to the data sheet from the
vendor's website for technical info.
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Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) HEK293T, ATCC, CRL-11268
Authentication Cell lines were not authenticated.
Mycoplasma contamination Cell lines were not tested for contamination.

Commonly misidentified lines  commonly misidentified cell lines were not used in the study.
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research
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Laboratory animals NOD.Cg-Prkdcscid 12rgtm1W;jl/Sz) (NSG) mice were maintained under pathogen-free conditions on a 12/12 h light dark cycle at
20-22 C with free access to water and food. Animal housing facilities were monitored for infection with specific pathogens every six
weeks and health status of all animals was checked on a daily basis. Both genders of mice of 8-12 weeks of age were included for
experiments.

Wild animals The study did not involve wild animals.

Field-collected samples  The study did not involve field-collected samples.

Ethics oversight Mayo Clinic Institutional Animal Care and Use Committee

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants

Policy information about studies involving human research participants

Population characteristics 123 de-identified donors were obtained from blood bank with 66 aged from 20-35 and 57 aged over 65 years. 16
participants were recruited for sequencing experiments including 9 male and 7 females aged from 25-81 years. Covariate-
relevant population characteristics of the recruited human participants are provided in supplementary table 1.

Recruitment For sequencing, 16 individuals were recruited who did not have an acute or active chronic disease or a history of cancer or
autoimmune diseases. Chronic diseases such as hypertension were permitted if controlled by medication. The individuals
were recruited by flyers and scheduled by email or phone call. The only selection criteria of participants besides the above
stated health conditions were their age either less than 35 years old or greater than 65 years old.

Ethics oversight Institutional Review Board (IRB) Stanford; Institutional Review Board (IRB) Mayo Clinic.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots

Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology
Sample preparation PBMC were Ficoll-isolated from buffy coats, LRS cones or whole blood. Naive CD4+ T cells were isolated by negative selection.
Instrument BD LSR Fortessa
Software FlowJo v9.0

Cell population abundance The purity of naive CD4+ T cells was at least 95%.




Gating strategy FSC-A/SSC-A was used to gate lymphocytes. FSC-H/FSC-W was used to select single cells. Live cells were gated as Aqua
negative. CD3 was used to gate T cells. CD4, CD45RA and CD62L were used to gate naive CD4+ T cells.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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