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Fig. 6. Aging is correlated with an erosion of accessibility at promoters. (A) Violin
plots of the distributions of distances of peaks to the nearest transcription start site
(TSS; from RefSeq annotations). The x axis scale is in logyo of base pairs. (B) Fractions of
promoters versus enhancers, from ChromHMM annotations in naive CD8 T cells, for
sets of peaks with significant openness changes in the age or differentiation compari-
sons. Fractions are with respect to proportions of peaks. Vertical red line at 0.53 rep-
resents the overall promoter fraction across all peaks.

To examine whether the drivers of T cell differentiation also con-
tribute to the immune aging of CD8 T cells, we identified the TF bind-
ing motifs enriched in loci that changed in accessibility with age.
We found high concordance between the enrichment in age- and
differentiation-associated peaks (Fig. 5A), as was expected because the
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peak sets overlapped considerably (fig. S5D). Specifically, the motifs
enriched in regions that gained accessibility with age were dominated
by bZIPs, notably BATF; in the loci that lost accessibility with age,
motifs for ETS and Zf TFs were enriched, with steady-state expression
levels of the TFs again nominating ETS1 and Sp1 as having key roles
(Fig. 5B).

The age-associated enrichment for BATF binding motifs was of
particular interest because BATF is an essential regulator of T cell
differentiation (25), and its overexpression has been shown to lead
to T cell exhaustion (25, 38). We found that BATF target genes were
significantly more expressed in old compared with young in every
T cell subset (naive, CM, and EM: P = 2.48 x 107/, P = 6.02 x 107>,
and P = 0.0028, respectively, Wilcoxon rank sum tests; Fig. 5C).

Other classical differentiation-associated TFs, including Eomes,
TBX21, RUNX1, and PRDM1, appeared to be specific to differenti-
ation and did not exhibit aging-associated binding motif enrichment.
Concordant with this finding, we determined that age-driven expres-
sion changes were significantly greater for BATF target genes than
for Eomes target genes (fig. S5E). In addition, canonical effector genes,
such as IFNG and GZMB, did not increase in accessibility with age
(Fig. 1B), suggesting that the mechanisms driving aging only par-
tially resemble those underlying antigen-induced differentiation.
Overall, our findings indicate that changes in chromatin accessibil-
ity patterns, TF binding motif utilization, and gene expression all
support the model that naive and CM CD8 T cells become more
epigenetically primed for memory and effector cell function with
age while losing naive- and CM-associated features.

Loss of promoter openness during aging associated with
decline in NRF1 activity

Regions of greater chromatin accessibility in young tended to be highly
open promoter regions, whereas enhancers constituted a greater per-
centage of peaks more open in old (Fig. 6A and fig. S6A). Compared
with all regions in our peak set, the ratio of promoters to enhancers
was significantly greater for peaks more open in young (P < 10~
binomial test) and significantly lesser for peaks more open in old (P <
107, binomial test; Fig. 6B, top), a disparity that was not attribut-
able to technical biases or systematic imbalances in data quality (fig. S6,
B to E). None of the comparisons between T cell subsets showed a
shift from the overall promoter-to-enhancer ratio as great as that of the
aging comparisons (Fig. 6B, bottom). This discrepancy suggests that
loss of chromatin openness at promoters is a unique feature of im-
mune aging.

Because we did not observe a similar shift in the chromatin open-
ness changes associated with differentiation, we hypothesized that a
molecular driver of the chromatin signatures of aging would be a TF
with a binding motif highly enriched in loci closing with age but not
highly enriched in loci closing with differentiation. We found that
NRF1 best matched this pattern (fig. S7A). Among the top 20 most
significantly enriched TF binding motifs from the aging and differ-
entiation comparisons, sites for NRF TFs were the most skewed toward
promoter regions relative to enhancers (Fig. 7A; NRF in yellow). En-
richment for NRF1 motifs in loci closing with age was maintained even
after controlling for the overall promoter-to-enhancer shift, for both
the naive (fig. S7B) and the CM (fig. S7C).

Footprinting the NRF1 motif, we found greater chromatin open-
ness in young naive compared with old naive around NRF1I sites in
loci that close with age (Fig. 7B). Using NucleoATAC (39), we deter-
mined that aggregate occupancy of nucleosomes at NRF1 sites was
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30% greater in the old than in the young (fig. S7D)—the greatest NRF1 binding activity is a key feature of the epigenetic landscape
shift among the TFs with the top 10 most significantly enriched mo-  of young naive CD8 T cells. To further investigate this inference,
tifs in the naive aging comparison. These results indicated that we performed NRF1 chromatin immunoprecipitation sequencing
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Fig. 7. Age-driven loss of NRF1 binding associated with decline in expression of MRC genes. (A) Fractions of promoters versus enhancers, from ChromHMM annotations in
naive CD8 T cells, for TF families, using peaks with binding motifs for the constituent TFs. The NRF family is highlighted in yellow. Vertical red line at 0.53 represents the overall
promoter fraction across all peaks. (B) Comparison of aggregate footprints for NRF1 in young versus old naive. Y axis values are average normalized reads per motif site, per donor,
at sites that close with age. (C) Overlap between NRF1 binding sites from ChIP-seq, ATAC-seq peaks more open in young than old naive, and ATAC-seq peaks not more open in
young than old naive. Association between accessibility increases and NRF1 binding: P < 2.2 X 1076, Fisher's exact test. (D) MRC gene expression changes with age in naive cells.
Positive fold changes indicate that the gene is more expressed in the young than in the old. P value gives result of Wilcoxon rank sum tests assuming a median logx(fold change)
of 0 (red line). (E) As in (D), from RNA-seq in an independent validation cohort. (F) Overlap between NRF1 binding sites from NRF1 ChIP-seq, ATAC-seq peaks, and MRC gene pro-
moters. Association between MRC gene promoters and NRF1 binding: P= 1.5 x 10‘12, Fisher’s exact test. (G) NRF1 footprint, as in (B), for NRF1 knockdown in young naive cells
versus control-transfected naive cells from the same donors. Binding sites used are those from the ChIP-seq results. (H) Western blot of NRF1 (top row) and B-actin control (bottom
row) in NRF1-knockdown naive cells from young donors (right column) versus control-transfected naive cells from the same donors (left column). (I) As in (D) and (E), for MRC gene
expression changes in the NRF1 knockdown versus control. Negative fold changes indicate that the gene decreased in expression after the knockdown. (J) OCRs (y axis) in young
naive (light purple) versus old naive (dark purple). Basal OCR (0 to 20 min) and maximal OCR [60 to 80 min, after carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP)
treatment] were significantly higher in young than old (P=0.022 and 0.021, respectively, F tests). Results are from six young and five older individuals. Points represent mean OCR,
with error ranges reflecting SEs. (K) Cytometry of MitoTracker Green staining [mean fluorescence intensity (MFI)] in naive cells from four young and four older adults, giving relative
mitochondrial mass. WT, wild-type.
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Fig. 8. Integrated view of changes in chromatin openness and TF binding in aging
and differentiation. General model of chromatin structure and TF binding changes in
immune aging and differentiation. The positions of the six age-specific T cell subsets
correspond to the groups’ respective centroids in the space of the first two PCs from
PCA. Aging occurs along two dimensions: a predisposition toward differentiation (x axis)
and an erosion of accessibility at promoters (y axis). Differentiation is associated with a
drop in accessibility at ETS and Zf binding sites and a commensurate gain at bZIP,
T-box, and Runt binding sites. Although differentiation is preserved during aging, there
isalso aloss in binding of promoter-binding TFs such as NRF1, a gain of differentiation-
associated bZIP TFs, and a loss of differentiation-associated ETS TFs.

(ChIP-seq) in naive CD8 T cells from young donors. Peaks more open
in young than old naive were significantly associated with NRF1 bind-
ing (P < 2.2 x 107", Fisher’s exact test; Fig. 7C). This observation
confirmed the specificity of NRF1 binding in maintaining chroma-
tin openness at loci characteristic of youth in the naive subset.

NRF1 is a critical regulator of mitochondrial biogenesis (40),
specifically mitochondrial respiratory chain complex (MRC) genes
(41, 42). MRC promoters closed with age in naive CD8 T cells at a
greater rate than did other loci (P = 6.32 x 107>, Fisher’s exact test),
and MRC genes decreased in expression in naive cells with age, both
in our original cohort (P = 1.3 x 10~*, Wilcoxon rank sum test; Fig. 7D)
and in an independent validation set (P = 3.7 x 10, Wilcoxon rank
sum test; Fig. 7E). Furthermore, NRF1 binding was significantly en-
riched both at MRC promoters in general (P = 1.5 x 10™'2, Fisher’s
exact test; Fig. 7F) and at those that exhibited a loss in accessibility
in the naive cells with age (P = 0.012, Fisher’s exact test).

NRF1 gene expression decreased slightly, though not significantly,
in the naive cells with age (Fig. 5A). To test whether reducing NRF1
expression induces a corresponding loss in NRF1 binding, we knocked
down NRF1 in young naive cells. We detected only a minimal decrease
in occupancy at NRF1 binding sites (Fig. 7G), despite a substantial
decrease in NRF1 protein levels (Fig. 7H). Accordingly, the knock-
down induced a decrease in MRC gene expression (P = 0.002, Wilcoxon
rank sum test; Fig. 7I) but one that was more modest than the age-
associated difference.

We investigated the functional impact of the drop in MRC gene
expression in naive cells with age by comparing the rates of mito-
chondrial respiration in young and old naive CD8 T cells. Both basal
and maximal oxygen consumption rates (OCRs) were decreased in
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the old naive relative to the young (P = 0.022 and P = 0.021, respec-
tively, F tests; Fig. 7]). Mitochondrial mass was increased in the old
compared with the young (P = 0.029, Wilcoxon rank sum test; Fig. 7K),
resulting in an even larger difference in OCR when normalized to
mitochondrial mass. Overall, our findings suggest that the failure of
NRFI to maintain promoter openness with age may compromise
the metabolic state of old naive CD8 T cells, resulting in increased
cell loss and an inability to mount a vigorous, energy-demanding clo-
nal expansion in immune response.

DISCUSSION

In this study, we generated genome-wide maps of chromatin acces-
sibility in young human CD8 T cell subsets to define the epigenetic
landscape of normal CD8 T cell differentiation. We then quantified
the changes to this landscape with age. We determined that the naive
state was characterized by increased accessibility at ETS and Zf TF
binding sites, including those of ETS1 and Sp1, whereas memory states
exhibited greater openness at bZIP and T-box sites, in particular for
BATF and Eomes. Chromatin accessibility in EM and CM was largely
conserved. Whereas differentiation-associated chromatin accessibility
signatures were mostly preserved during aging, old T cells were epi-
genetically shifted toward memory differentiation. We further ob-
served an age-associated loss of chromatin accessibility at promoters,
accompanying a decrease in occupancy of promoter-binding NRF1
in old naive T cells. Therefore, from an epigenetic perspective, CD8
T cell aging occurs along two dimensions: a shift toward memory-
associated chromatin openness patterns and an erosion of accessi-
bility at promoters (Fig. 8).

The observed partial differentiation of aged naive T cells (Fig. 4
and fig. S5) is reminiscent of stem cell aging. Stem cells are charac-
terized by their pluripotency and capacity for self-renewal, but in re-
sponse to DNA damage or proliferative stress, they clonally expand,
start to differentiate, and lose their pluripotency. Naive T cells also need
to self-renew via homeostatic proliferation, which leads to telomeric
erosion and increasing clonality with age (7). As in stem cells, chronic
replicative stress in T cells may be sufficient to activate TF networks
associated with differentiation, such as those mediated by BATF. In-
duction of BATF activity in stem cells, via telomeric stress, has been
implicated in age-associated increases in the differentiation and clonal-
ity of lymphocyte precursors and a decline in lymphocyte generation
(43). Similarly, in old T cells, decades of homeostatic proliferation
may slowly erode the naive epigenetic signature and push the cells
toward a differentiated state. Consequent to this shift, the old T cells
might be likewise described as exhibiting a loss in stemness, resulting in
diminished proliferative potential. Defective homeostatic prolifera-
tion would explain the notable loss of naive CD8 T cells with age.
Moreover, a diminished proliferative potential would curtail the rapid
expansion of T cells in response to antigenic stimulation. Because our
study focused on establishing broad-based TF expression levels and
binding motif enrichment, further work specifically focusing on the
implicated TFs, such as BATF, will be needed to directly character-
ize TF binding and functional relevance.

The finding of a more differentiated state in old naive CD8 T cells
could be the result of contaminating memory cells. We have used a
stringent strategy to purify naive T cells, but a subset of memory CD8
T cells, termed stem-like memory T cells, reacquires a phenotype close
to naive T cells (44). These T cells can persist for decades after the initial
antigen has been cleared and masquerade as naive cells in the absence
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of reexposure. Moreover, naive CD8 T cells that can produce IFNG
and GZMB upon stimulation have been reported to increase in num-
ber with age (45). Although some of these cells recognize viral epitopes,
they have longer telomeres than antigen-driven memory cells, sug-
gesting that many have acquired effector function as a consequence
of non-antigen-driven proliferation, similar to virtual memory cells
in murine systems (4, 46). Several findings argue against the inter-
pretation that our age-associated epigenetic signature reflects con-
tamination by stem-like memory T cells. First, typical memory genes,
including IFNG and GZMB, were as inaccessible in old as in young
naive T cells (Fig. 1B). Second, we also explored the possibility of con-
tamination computationally and found that the accessibility levels in
the old naive were inconsistent with that population being a mixture of
the young naive and young CM subsets (fig. S8). Last, a more differ-
entiated chromatin signature was also found for aged CM T cells
(Fig. 4, B and C, and fig. S3A); this cannot be explained by the accu-
mulation of stem-like memory T cells, which could only have contam-
inated the naive subset.

The other dimension of immune aging we observed occurred
through a loss of chromatin openness at promoters in old T cells. The
NRF TF family has previously been shown to be enriched in human
promoter sequences (47), and further investigation revealed that the
NRF1 motif was markedly enriched in the promoters that were more
open in the young T cells than in the old. Through ChIP-seq of NRF1,
we found a significant overlap between NRF1-regulated sequences
and sites closing in naive CD8 T cells with age (Fig. 7C). NRF1 binding
sites were also enriched at the promoters of MRC genes (Fig. 7F),
concordant with previous studies demonstrating that NRF1 plays an
essential role in regulating mitochondrial gene expression (40, 48).
In Seahorse assays, OCRs were reduced in naive CD8 T cells from
older individuals (Fig. 7]), despite their having greater mitochondrial
mass (Fig. 7K). These findings are consistent with defects in the elec-
tron transport chain that could be related to the reduction of MRC
gene transcription. However, a decline in NRF1 protein levels was in-
sufficient to explain the reduced chromatin accessibility at NRF1 bind-
ing sites and its relationship to the transcription of MRC genes. Further
investigation is needed to identify the mechanisms through which
NRF1 accessibility is lost with age. Previous work has demonstrated
that cofactor-maintained hypomethylation of NRF1 binding sites is
essential for the TF to bind (49), suggesting that progressive increases
in the methylation of these loci could be a major contributor.

The aging-associated signatures we identified were notably more
prominent in our epigenetic data than in our transcriptomic data.
This result is concordant with recent findings in mice that activation of
naive T cells leads to stable epigenetic priming for memory differentia-
tion (12). The accessibility patterns indicative of activation-induced
chromatin remodeling were persistent through replication and were
likewise observed in memory populations, although baseline gene ex-
pression levels were only minimally affected.

Our results describe CD8 T cell aging as the accumulation of naive
cells that are epigenetically primed for memory differentiation. Our
study serves as an essential counterpart to previous studies investigat-
ing histone modifications associated with aging in humans (11) by
elucidating the significant differences in chromatin accessibility and
associated TF binding, which reflect shifts in the active regulatory pro-
grams. Building on these foundations, future characterization of the
epigenetic changes will be required to further our understanding of
the functional defects, and the regulatory dysfunction that generates
these defects, occurring during immune aging.
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MATERIALS AND METHODS

Study design

This study was designed to characterize the epigenetic landscapes and
molecular drivers associated with human CD8 T cell aging, as well as
those associated with maintaining the naive and memory states. Our
experimental design used repeated-measures analysis of variance
(ANOVA), with donors as the blocking variable: For every donor, each
of the naive, CM, and EM T cell subsets were subjected to ATAC-seq.
Having multiple data points for each donor allowed us to statistically
control for interpersonal variability in chromatin openness.

Cells were collected from five young (aged 20 to 35 years) and
five elderly adults (aged 60 to 85 years). All individuals were healthy,
regular platelet donors without a history of autoimmune disease, dia-
betes mellitus, or cancer.

ATAC-seq analysis and peak annotation

We performed ATAC-seq on purified T cell subsets using standard
protocols (see the Supplementary Methods). We aligned the data to
hg19 using Bowtie 2 and called a total of 64,089 peaks with MACS2 (50).
Gene and transcription start site annotations were drawn from RefSeq
and GENCODE. ChromHMM calls for naive CD8 T cells were down-
loaded from the Roadmap Epigenomics Project.

Differential openness and TF binding motif enrichment calls
To assess differential openness, we applied DESeq2, using a model with
a main effect for age, an interaction term for age with subset, and an
interaction term for age with donors (blocking on donors in each age
cohort). Peaks were considered to be differentially open if the corrected
Pvalue was less than 0.1.

For highly significant peaks (corrected P < 0.05), we performed
k-means clustering using the median z score for each T cell subset. The
number of clusters was determined with the gap statistic. GO anal-
ysis was performed using GREAT (21).

TF binding motif enrichment was calculated with HOMER (51).
TFs of interest were chosen as those that had both enriched motifs
and significant changes in expression. TF target sets were drawn from
published results on genome-wide expression studies based on knock-
down experiments in human-derived cell lines (25, 32-35).

RNA sequencing

RNA-seq libraries were constructed according to standard protocols
(see the Supplementary Methods). The data were aligned with TopHat2,
and differential expression was tested using DESeq2. GO analysis was
performed with topGO.

When running PCA, we used the counts from the 1000 genes with
the highest overall variance in the original cohort. The validation cohort
was then projected onto these dimensions. To enable direct compari-
sons between the two cohorts, within each we subtracted the median
PCI value of the young naive from each sample’s coordinate.

ChIP sequencing

ChIP-seq was performed on naive T cells using two NRF1-specific
antibodies, according to standard protocols (see the Supplementary
Methods). Reads were aligned to the genome using Bowtie 2, and a
total of 3375 peaks were called with MACS2.

Seahorse assay
The Seahorse assay was performed according to the manufacturer’s
instructions (see the Supplementary Methods). Statistical significance
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was assessed by analyzing each time point as separate repeated-
measures ANOVA experiments.

SUPPLEMENTARY MATERIALS
immunology.sciencemag.org/cgi/content/full/2/8/eaag0192/DC1

Methods

Fig. S1. Isolation of CD8 T cell subsets by cell sorting.

Fig. S2. Relationship of differentially open peaks in CD8 T cell differentiation with gene
pathways and expression.

Fig. S3. Correlation between differentiation-associated chromatin openness changes in young
individuals and changes in old individuals.

Fig. S4. Robustness analyses of estimates of chromatin accessibility changes with age.

Fig. S5. Chromatin openness and gene expression patterns associated with aging resemble
those of differentiation.

Fig. S6. Aging is associated with an erosion of accessibility at promoters.

Fig. S7. NRF1 binding activity maintains the young CD8 T cell epigenetic landscape.

Fig. S8. Distribution of per-peak estimates of proportions of young CM cells in old naive.
Table S1. TF binding motif enrichment.

Table S2. Data values for OCRs and mitochondrial mass.
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Editor's Summary Defining the tree rings of T cellsT cell function declines with age. What does
T cell aging look like at the molecular level? By generating genome-wide maps of chromatin
accessibility in CD8 T cells from young and elderly individuals, Moskowitz et al. have furthered
our understanding of transcriptional programs that regulate T cell differentiation and aging. They
report that in naive CD8 T cells in the elderly, promoters that recruit nuclear respiratory factor 1
(NRF1), a transcription factor that controls expression of mitochondrial proteins, are less
accessible and propose that loss of NRF1 binding contributes to lower metabolic activity of aged
T cells. The transcriptional circuits uncovered here set the stage for the designing rationales to
modulate T cell function in the elderly.
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