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CD8™ T cells are classically recognized as adaptive lymphocytes based on their ability to recognize specific foreign
antigens and mount memory responses. However, recent studies indicate that some antigen-inexperienced CD8"
T cells can respond to innate cytokines alone in the absence of cognate T cell receptor stimulation, a phenomenon
referred to as bystander activation. Here, we demonstrate that neonatal CD8™ T cells undergo a robust and diverse
program of bystander activation, which corresponds to enhanced innate-like protection against unrelated pathogens.
Using a multi-omics approach, we found that the ability of neonatal CD8™ T cells to respond to innate cytokines
derives from their capacity to undergo rapid chromatin remodeling, resulting in the usage of a distinct set of
enhancers and transcription factors typically found in innate-like T cells. We observed that the switch between
innate and adaptive functions in the CD8" T cell compartment is mediated by changes in the abundance of distinct
subsets of cells. The innate CD8" T cell subset that predominates in early life was also present in adult mice and
humans. Our findings provide support for the layered immune hypothesis and indicate that the CD8" T cell
compartment is more functionally diverse than previously thought.

INTRODUCTION
CD8* T cells play an essential role in protecting the host against intracel-
lular pathogens. After infection, a small number of naive CD8* T cells
are activated via their T cell receptors (TCRs) by dendritic cells present-
ing microbial peptides in the context of major histocompatibility com-
plex class I molecules (1). The activated CD8" T cells undergo clonal
expansion and differentiate into various subsets of effector and memory
cells (2, 3). On the basis of their ability to respond to specific foreign
antigens and form immunological memory, CD8" T cells are part of
the adaptive immune system. However, a subset of naive, antigen-
inexperienced CD8" T cells can be activated during early stages of infec-
tion in an inflammation-dependent but TCR-independent bystander
manner (4, 5). Although bystander activation does not initiate robust
proliferation, it results in the production of effector molecules, such as
interferon (IFN-y), which benefits the host by limiting pathogen growth
(6, 7). Thus, CD8" T cells are capable of protecting the host against infec-
tion via the canonical antigen-dependent (adaptive) response and
also via the poorly understood antigen-independent (innate) response.
Previous studies have suggested that CD8" T cells produced in
early life have more innate-like functions, whereas those generated
in adulthood have more adaptive functions (8, 9). For example, adult
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cells exhibit a diverse TCR repertoire and are efficient at generating
memory cells after infection (10-12). Conversely, neonatal cells exhibit
a narrowly restricted TCR repertoire composed of more germline-
encoded TCRs and preferentially give rise to short-lived effector cells
after infection. Another innate characteristic of neonatal CD8" T cells
is that they express effector genes during thymic development and
display a more effector-like chromatin landscape than their adult-
derived counterparts even before stimulation (13, 14). The distinct
programming of neonatal and adult CD8" T cells relates to their
derivation from different hematopoietic stem cell (HSC) progenitors
(13, 14). Neonatal CD8* T cells persist into adulthood and retain their
innate-like properties, including an enhanced ability to produce IFN-y
in response to innate cytokines such as interleukin-12 (IL-12) and
IL-18 (13). These findings place neonatal CD8" T cells in the same
category as other innate-like lymphocytes [e.g., natural killer (NK)
cells, innate lymphoid cells (ILCs), mucosal-associated invariant T
cells (MAITs), NK T (NKT) cells, and y8 T cells], which exhibit an
effector-like phenotype and can be activated by cytokines alone (15).
However, unlike other innate-like T cells, the program of bystander
activation in CD8" T cells remains largely undefined. For example,
we do not know (i) what effector molecules [beyond IFN-y and
granzyme B (gzmB)] are produced by CD8" T cells after bystander
activation, (ii) which gene regulatory mechanisms enable neonatal
CD8" T cells to be highly responsive to innate cytokines, and (iii)
whether the bystander program is conserved in mice and humans.
To address these questions, we used high-dimensional flow cy-
tometry, RNA sequencing (RNA-seq), assay for transposase-accessible
chromatin using sequencing (ATAC-seq), and single-cell profiling
to identify the key epigenetic programs and transcription factors
(TFs) that allow neonatal CD8™ T cells to be more responsive to inflam-
mation. We found that neonatal CD8" T cells are more responsive to
innate cytokines not simply because they are poised to produce certain
effector molecules but rather because they undergo extensive chro-
matin remodeling after stimulation, resulting in the availability of a
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multitude of activator protein 1 (AP-1) binding sites. As a consequence,
neonatal CD8" T cells produce a broad spectrum of unexpected
cytokines, which correspond to enhanced innate immune protec-
tion. In contrast, adult CD8" T cells are less capable of altering chro-
matin and instead express more Bach2, which blocks AP-1 binding.
Collectively, our data suggest that the innate functions of neonatal
CD8" T cells derive from their more permissive chromatin and al-
tered usage of key TFs.

RESULTS

Neonatal CD8" T cells deploy a distinct program of
bystander activation

The standard method for assessing innate functions of T lymphocytes
is the bystander activation assay, where cells are cultured overnight
in the presence of IL-2 alone (control group) or with IL-12 and IL-
18 (stimulation group) and then evaluated for their ability to produce
IEN-y. However, there has not been a comprehensive and unbiased
assessment of the effector molecules made by CD8" T cells after by-
stander stimulation. Moreover, we do not understand how the by-
stander program changes in CD8" T cells made at different stages of
life. Thus, we performed the bystander activation assay on CD8™ T cells
from neonatal and adult TCR transgenic gBT-I mice (to ensure that
all cells were antigen-inexperienced) and compared their gene expres-
sion profiles using RNA-seq (Fig. 1A and fig. S1A).

WEe first examined global differences in gene expression. Principal
components analysis (PCA) revealed that neonatal cells have a
transcriptome that is distinct from adults, both before and after under-
going bystander activation (Fig. 1B). Next, we used an “innateness”
index of lymphocytes, which is based on the expression of innate genes
(16) and found that neonatal cells were enriched for transcripts typi-
cally found in innate T cells (e.g., NKT, y5, and MAIT cells), whereas
adult cells were enriched for transcripts found in adaptive T cells
(conventional CD4" T cells; Fig. 1C). These data suggest that neonatal
CDS8" T cells represent an intrinsically more innate-like lineage of
cells than their adult counterparts.

It is possible that neonatal cells are not intrinsically more innate-
like than adults but acquire this phenotype in the periphery. However,
multiple pieces of data argue against this possibility. First, by com-
paring gene expression profiles of single-positive CD8™ T cells in the
thymus, we found that neonatal cells are more innate-like than adults
before thymic export (fig. S1B) (14). Second, we found higher en-
richment of innate genes in fetal-derived CD8* T cells when examining
the transcriptomes of peripheral cells of the same age but derived
from either fetal or adult progenitors (fig. S1C) (14). Third, we found
that CD8* T cells from adult mice transgenic for Lin28b [the master
regulator of fetal lymphopoiesis; (17)] also exhibit a higher innate
index of gene expression (fig. S1D). These data support that innateness
is intrinsically specified in neonatal CD8* T cells during early de-
velopment.

To better understand how neonatal and adult CD8* T cells respond
to innate cytokines, we performed gene set enrichment analysis (GSEA)
and found that neonatal cells preferentially up-regulated genes as-
sociated with cytokine signaling and inflammatory responses, includ-
ing IFN-y and tumor necrosis factor-a signaling via nuclear factor
kB (NF-kB; Fig. 1, D to E, and fig. S1E). We also examined the specific
genes that were differentially expressed during bystander activation.
Consistent with previous data (14, 18), neonatal cells expressed
higher levels of genes associated with innate lymphocytes (Kircl,
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Klre2, and Nfil3) and memory CD8" T cells (Cd44, Tnfrsf9, and Tnfrsf8)
both before and after stimulation with innate cytokines (Fig. 1, G
and H, and fig. S1, F and G). We also identified effector molecules
that were up-regulated in neonatal cells after bystander stimulation
(Fig. 11 and fig. S1H). As expected, neonatal cells expressed higher
levels of Ifng and GzmA (gzmA), indicating that they respond more
robustly than their adult counterparts. However, we also found that
neonatal cells up-regulated a number of unexpected cytokines after
stimulation, such as 1113, 1122, 1110, 1l17f, and Csf2 [granulocyte-
macrophage colony-stimulating factor (GM-CSF)], many of which
are not commonly associated with CD8* T cells. Thus, neonatal
CD8™ T cells undergo a distinct program of bystander activation.

Neonatal CD8" T cells provide innate protection against
diverse pathogens

To validate our transcriptome profiling, we performed high-parameter
flow cytometry and measured intracellular protein levels of cytokines
secreted by neonatal and adult CD8" T cells after bystander activation
(Fig. 2A). We found higher amounts of the unexpected cytokines
(IL-13, IL-10, GM-CSE, and IL-17) in neonatal cells after stimulation
(Fig. 2B and fig. S2, A to C). This distinct neonatal program of by-
stander activation was observed across a wide range of innate cyto-
kine activation doses (fig. S3A) and was present in CD8" T cells
from diverse tissues (fig. S3B). We also observed the same pro-
gram in polyclonal CD8" T cells from neonatal C57BL/6 mice
(fig. S3C) and monoclonal cells from OT-1 Rag_/_ mice (fig. S3D),
indicating that the neonatal bystander program is found in di-
verse strains and represents a common feature of CD8" T cells
made in early life.

We also investigated the types of stimuli required for the bystander
response. Although IL-12 and IL-18 synergized to induce robust
production of classical effector molecules (e.g., IFN-y and gzmB),
stimulation with either cytokine was sufficient to promote secretion
of unexpected cytokines (IL-13 and IL-17f) from neonatal but not
adult CD8" T cells (fig. S3E). The ability of neonatal cells to respond
did not appear to correspond to changes in the expression of IL-12
or IL-18 receptors because these receptors were expressed at comparable
levels in cells from neonatal and adult mice (fig. S3F). To determine
whether the distinct cytokine profiles observed in neonatal cells were
restricted to innate stimuli, we stimulated adult and neonatal cells via
the TCR with anti-CD3 and anti-CD28 antibodies. PCA of flow
cytometry data showed that neonatal samples exhibit a cytokine
profile distinct from their adult counterparts when stimulated with
innate cytokines but not when activated via the TCR (fig. S4A).
Thus, neonatal cells do not produce unexpected cytokines in response
to all forms of activation but are particularly responsive to innate
cytokines.

The robust program of bystander activation in neonatal CD8* T
cells prompted us to ask whether they could provide enhanced immune
protection in a TCR-independent manner. Thus, we performed
adoptive transfers of monoclonal TCR-transgenic populations of
neonatal or adult donor cells into T cell-deficient recipients and
infected them with a strain of Listeria monocytogenes lacking the
cognate ligand for the TCR [wild type (WT)-LM] (Fig. 2C). Despite
the absence of TCR signaling, recipients receiving neonatal donor
CD8" T cells had reduced pathogen burdens compared with animals
receiving adult cells (Fig. 2D). The enhanced ability of neonatal
CD8" T cells to protect the host against unrelated pathogens could
not be explained by an increase in the number of donor cells during
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Fig. 1. Neonatal CD8" T cells have a distinct program of bystander activation. (A) Adult or neonate CD8" T cells were stimulated overnight with IL-2 + IL.-12/18 and
gene expression determined by RNA-seq. (B) PCA of samples described in (A); n = 2 or 3 mice. (C) Median innateness score (negative = high adaptiveness, positive = high
innateness), including CD4* T, NKT, and y8 T cells from ImmGen dataset (GSE109125). Error bars represent SD across replicates. (D to F) GSEA running enrichment score
plots for three selected Hallmark pathways significantly up-regulated in neonatal cells upon IL-12/18 stimulation compared with that in adults [gene rank expressed as
mean logs(stim/control)]. TNFa, tumor necrosis factor-a; NES, normalized enrichment score. CFU, colony-forming units. (G to I) Heatmap visualization of row-scaled gene
expression of noteworthy phenotypic (G), innate (H), and effector (I) markers in adult and neonatal cells under IL-2 + IL-12/18 treatment. For each heatmap, the three left

and two right columns correspond to adult and neonate replicates, respectively.

infection (fig. S4B), and neonatal cells were also capable of limiting
bacterial growth in young B6 recipients (fig. S4C).

A potential explanation for the ability of neonatal CD8" T cells
to provide enhanced innate immune protection against intracellular
bacteria is through an IFN-y-dependent mechanism (19). However,
when we tested neonatal donor cells from gBT-I IFN-y knockout
mice, we observed no impairment in their ability to provide by-
stander protection (fig. S4D). Because neonatal cells produce a variety

Watson et al., Sci. Inmunol. 9, eadf8776 (2024) 23 February 2024

of other cytokines after bystander activation, we next investigated
whether they could provide innate-like protection against different
pathogens (e.g., helminths and viruses), which rely on more diverse
cytokines, including IFN-y, IL-13, and GM-CSE for protection (19-
21). Mice receiving neonatal cells displayed reduced Nippostrongylus
brasiliensis worm burdens (Fig. 2E) and decreased influenza viral copies
concomitant with less weight loss compared with those receiving adult
donor cells (Fig. 2F). These findings suggest that a major function
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Fig. 2. Neonatal CD8™ T cells provide enhanced innate protection against unrelated pathogens. (A) Neonate or adult CD8" T cells were stimulated overnight with
IL-2 + IL-12/18, and cytokine expression was analyzed by flow cytometry. (B) Percentages of live CD8* T cells expressing different cytokines; representative of four inde-
pendent experiments. Two-way ANOVAs were performed with Sidak’s multiple comparison test. (C) TCRa ™'~ recipients received gBT-1 CD8™ T cells and were inoculated

with irrelevant pathogens (i.e., non-gB expressing) the following day. (D to F)

Pathogen loads shown for indicated tissues and time points after infection with

L. monocytogenes (3 dpi, D), N. brasiliensis (10 dpi, E), and influenza virus pathogen load and weight loss (7 dpi, F). To determine statistical significance, unpaired t tests and
two-way repeated-measures ANOVA followed by Sidak’s multiple comparison test between neonate and adult at each time point were performed for pathogen burden
and weigh loss measurements, respectively. Two pooled experiments shown for path burden experiments and one representative experiment shown for influenza virus
(performed in duplicate); n = 4 to 9. For statistical comparisons, *P < 0.05, **P < 0.01, **#P < 0.001, and *##*P < 0.0001.

of neonatal CD8" T cells is to provide an innate-like response dur-
ing primary infection, whereas adult CD8" T cells use classical
adaptive responses and offer protection against secondary infections.

Neonatal CD8" T cells are composed of multiple

innate subsets

Previous work has shown that neonates have a large subset of antigen-
inexperienced CD8" T cells (denoted virtual memory), distinguished
by their ability to respond to innate cytokines (14, 22, 23). Thus,
neonatal CD8" T cells may be more responsive to innate cytokines
than adult cells because they contain a larger fraction of virtual
memory cells. To examine this possibility, we isolated virtual memory
(CD44 CD122" 1) cells from neonatal and adult gBT-1 mice and
compared the ability of phenotype-matched subsets from different-
aged mice to undergo bystander activation. In the presence of IL-2
alone, virtual memory cells from neonatal and adult mice expressed
comparably low amounts of effector molecules (fig. S5A). However,
with the addition of IL-12 and IL-18, we found that neonatal virtual
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memory cells produced substantially more GzmA, GzmB, and IFN-y
than adult virtual memory cells (fig. S5A). Thus, neonatal CD8" T
cells undergo more bystander activation than adult cells not because
they contain more virtual memory cells but rather because these cells
are inherently more sensitive to innate cytokine stimulation.

To comprehensively examine the diversity of neonatal subsets
capable of responding to bystander activation, we generated single-
cell RNA-seq (scRNA-seq) datasets from the same four populations
profiled by bulk RNA-seq (Fig. 3A). First, we confirmed that the age-
related differences identified by RNA-seq were recapitulated by
scRNA-seq by showing that the expression of cytokines specifically
expressed in neonates were expressed in a higher proportion of neo-
natal cells and at higher levels compared with adult counterparts
(fig. S5B). To define functionally diverse subsets, we visualized the
single-cell data in two-dimensional space using uniform manifold
approximation and projection (UMAP) and used Seurat to cluster the
individual samples before (fig. S5C) and after bystander activation
(Fig. 3B) (24), which uncovered distinct subsets of neonatal and adult
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Fig. 3. CD8™ T cells are composed of multiple subsets with distinct innate properties. (A) Neonate (cell n = 3464) and adult (cell n = 4473) CD8" T cells were stimu-
lated overnight with IL-2 + IL-12/18, and live CD8* T cells were sorted for scRNA-seq (n = 1; for neonates, three or four mice were pooled). (B) UMAP visualization of sScRNA-
seq data from neonate and adult samples. Subset identities overlaid and differentially colored with the subset size conveyed as a percentage of the total population in
parentheses. (C) PCA plot of pseudo-bulk gene expression profiles of subsets from (B); subsets with similar gene expression profiles were assigned a group number (I to
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cells. Projection of all subsets from either the control or stimulated
group onto a single PCA plot uncovered the differential capacity of
both adult and neonatal subsets to mount a bystander transcriptional
response (fig. S5, D and E).

To focus on how neonatal and adult CD8" T cells differentially
respond to bystander stimulation, we examined the transcriptomes
of the bystander stimulated subsets and identified four groups (I to
IV) (Fig. 3C). Each group had a distinct combination of gene signatures
(true naive, virtual memory, innate, adaptive, and fetal liver) (Fig. 3D
and fig. S5F). We asked whether we could use these groups to determine
whether neonatal virtual memory cells are particularly sensitive to
innate cytokine stimulation because they are derived from fetal pro-
genitors (13, 14), which tend to give rise to lymphocytes that display
innate-like functions (17, 25). To explore this possibility, we classified
the four groups into virtual memory versus true naive T cells and
fetal-derived versus adult-derived T cells, evaluating the enrichment
of virtual memory (13) and fetal progenitor (26, 27) gene sets. Principal
component 1 (PC1) loadings distinguish virtual memory cells from
true naive cells, whereas PC2 loadings separate fetal-derived from
adult-derived subsets (Fig. 3C). Thus, subsets of cells in the top right
of the PCA plot (group I of Fig. 3C) correspond to virtual memory
cells derived from fetal HSCs. This group was composed of three
neonatal subsets (NO, N2, and N6; 40% of the neonatal cells) and
also a single adult subset (A5; 5% of the adult cells). A5 likely repre-
sents the subpopulation of neonatal cells that persist into adulthood
and retain their innate-like functions (13, 28). The subsets of cells in
the lower right of the PCA plot (group II) correspond to virtual
memory cells derived from adult HSCs. This group contained two
adult subsets (A1 and A3; 40%) and three neonatal subsets (N1, N4,
and N7; 36%), consistent with previous work showing some HSCs
have adult transcriptional identities at birth (29). The remaining
groups (IIT and IV) were composed of neonatal and adult subsets
that have a more naive phenotype.

The group I subsets (fetal-derived, virtual memory cells) could be
distinguished from group II subsets (adult-derived, virtual memory
cells) in a number of ways. First, group I subsets exhibited a higher
innateness score, suggesting a relationship between CD8" T cells
made in early life and innate immune activation (Fig. 3D). Second,
group I subsets expressed lower levels of genes characteristic of naive
T cells (Cd3d, Cd3g, Sell, I17r, Ccr7, and Tcf7), which may relate to
their ability to be activated by cytokines alone (Fig. 3, E and F). Third,
group I corresponded to cells expressing distinct combinations of
cytokines (113, 1122, 1110, 111 7f, and Csf2) not conventionally associated
with CD8" T cells (Fig. 3, E and F). The neonatal cells (N6) that
preferentially expressed IL-17 and IL-22 expressed factors (Maf,
Rorc, and Hifla) characteristic of T helper 17 (Ty17) cells, NKT17
cells, and y817 cells (30, 31). Similarly, the neonatal cells (NO and
N2) that expressed 1113, 1110, and Csf2 also expressed Asb2, which is
normally found in Ty2 cells, ILC2s, or macrophages (32). These
findings indicate that there is higher diversity in the neonatal virtual
memory pool compared with that in the adult virtual memory pool
and that unexpected innate cytokines are produced by the most
fetal-like subsets of cells, including a subset found in adults.

Neonatal CD8* T cells undergo extensive chromatin
remodeling after stimulation

We next sought to determine why neonatal CD8" T cells can respond
so rapidly to innate cytokines. On the basis of our previous work
(13), we hypothesized that neonatal cells are capable of rapidly
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producing cytokines because the corresponding loci are more acces-
sible before stimulation [akin to ILCs; (33)]. However, we also con-
sidered whether neonatal cells are more responsive because they can
more rapidly remodel their chromatin after stimulation, similar to
macrophages (34) or NK cells (35). To distinguish between the
“poised” and “remodeling” models, we used the ATAC-seq and
compared the chromatin landscape of neonatal and adult cells before
and after undergoing bystander activation (Fig. 4A).

The PCA of chromatin accessibility recapitulated the patterns
observed in transcriptional profiling, with the first PC distinguishing
the activation status and the second separating the developmental
origins of the samples (Fig. 4B). To establish a link between age-
related gene expression and accessibility, we performed differential
accessibility testing on the peaks at loci of genes encoding cytokines
preferentially expressed in neonatal cells after bystander activation.
This testing revealed differences both before and after activation;
however, differences were more pronounced after activation (Fig. 4C).
Thus, neonatal cells undergo a diverse and robust program of bystander
activation both because they are poised to express cytokines and also
because they undergo more extensive chromatin remodeling upon
stimulation, thereby enabling cytokine expression.

Given the dynamic changes in chromatin accessibility by neonatal
cells, we systematically compared changes in candidate enhancer
(ATAC-seq peaks) accessibility in both groups of CD8* T cells before
and after stimulation. We classified the up-regulated enhancers on
the basis of whether they were also accessible in the resting state
(poised enhancers) or only after stimulation (de novo enhancers)
(Fig. 4D). In CD8" T cells produced in early life, we found a large
number of poised enhancers that were accessible under basal conditions
and significantly more accessible upon stimulation (Fig. 4, D and E).
We also found that neonatal cells had a set of de novo enhancers,
unveiled only after innate cytokine exposure (Fig. 4E). Neonatal cells
had far more poised and de novo enhancers than adult cells, and
these enhancers displayed significant enrichment of basic leucine
zipper (bZip) TF (e.g., AP-1) binding motifs (fig. S6, A and B).

To understand the role of these poised and de novo enhancers, we
asked whether the genes associated with neonatal-specific enhancers
overlapped with genes whose expression characterized the neonatal
bystander transcriptional response (Fig. 4F). The 438 genes associated
with the presence of both de novo and poised neonatal-specific putative
enhancers were associated with the neonatal bystander transcriptional
response, whereas genes associated with either type of enhancer alone
were not (Fig. 4G). Moreover, the genes associated with both de novo
and poised enhancers were preferentially up-regulated in innate lym-
phocytes (NKT cells, YT cells, and NK cells) (Fig. 4H) and enriched in
pathways related to innate defense, cytokine signaling, and T cell
activation (Fig. 4I). These data suggest that the combination of de
novo and poised enhancers present in CD8" T cells produced in
early life facilitate their rapid innate functions and identify a set of
genes that contribute to innate functions in CD8" T cells. Thus, the
neonatal bystander response shares attributes of different innate cells,
incorporating both poised enhancers primed to respond (akin to ILCs)
and those that become accessible only after stimulation (akin to
macrophages and NK cells).

We also asked what developmental-related factor(s) might enable
neonatal CD8" T cells to undergo rapid chromatin remodeling. Pre-
viously, we showed that ectopic expression of Lin28b'” was sufficient
to induce adult CD8” T cells to mimic neonatal cells (10, 14). However,
these studies were performed in the context of TCR stimulation. To
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Fig. 4. Neonatal CD8™ T cells undergo chromatin remodeling in response to inflammatory signals. (A) Neonate or adult CD8" T cells were stimulated overnight with
IL-2 + IL-12/18 and analyzed by ATAC-seq. (B) PCA of ATAC-seq profiles (n = 3 mice per group). (C) Heatmap visualization of ATAC-seq peak intensities for indicated genes.
Intensities determined by row-wise z-scores of reads per million. All displayed peaks are differentially expressed between adults and neonates either in control samples
or after bystander stimulation. (D) Genome browser view showing chromatin accessibility for de novo (solid box) and poised (dashed box) enhancers at the Ifng locus.
(E) Scatter plot of chromatin accessibility at ATAC-seq peaks for adult (left) and neonate (right) CD8" T cells, colored by two-dimensional density. Dashed horizontal and
vertical lines represent the accessibility cutoffs chosen to identify de novo (solid box) and poised (dashed trapezoid) enhancers (see Materials and Methods). (F and
G) Genes with positive PC1 and PC2 loadings (1242 genes) from scRNA-seq PCA were extracted to compare with genes putatively regulated by poised enhancers only (1842
genes), both poised and de novo enhancers (438 genes, highlighted) and de novo enhancers only (986 genes). Significance of enrichment reported as the —logi(adjusted
P value). (H) Distributions of aggregated levels (see Materials and Methods) of genes putatively regulated by both de novo and poised enhancers across replicates in
various human immune cells (obtained from GSE124731). Samples ordered (x axis) by increasing innateness potential. The aggregation was performed by addition of
normalized expression (z-score) levels of selected genes for each sample. (I) Enrichment of genes putatively requlated by both poised and de novo enhancers within KEGG
and Reactome curated gene sets. MAPK, mitogen-activated protein kinase; PD-L1, programmed death-ligand 1.
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examine whether Lin28b is associated with chromatin remodeling
and innate programming in adult CD8" T cells, we performed ATAC-
seqon CD8" T cells from adult Lin28b transgenic mice after bystander
activation. Lin28b induction in adult cells permitted them to remodel
their chromatin more rapidly after stimulation with innate cytokines,
akin to neonatal cells (fig. S6, C to E). Because Lin28b specifies innate
functions in lymphocytes (17), we asked whether the chromatin land-
scapes of neonatal and Lin28b cells overlapped with innate-like lym-
phocytes. We found that, under basal conditions (IL-2), neonatal
and Lin28b cells resembled both adaptive (conventional CD4" and
CD8" T cells) and innate-like lymphocytes (yST cells and invariant
NK T cells) (fig. S6C). However, after stimulation with innate cyto-
kines, the neonatal and Lin28b cells lost their resemblance to con-
ventional CD4" and CD8" T cells and displayed increased
accessibility at loci that typify ILCs and NK cells (fig. S6C).

Neonatal CD8" T cells use a distinct set of TFs during
bystander activation

Given that neonatal CD8" T cells displayed a marked increase in
chromatin accessibility and expression of innate-like genes upon by-
stander activation, we sought to identify putative TFs that may bind
to the open chromatin and regulate the expression of nearby genes
(36, 37). Because only certain CD8" T cell subsets deploy a robust
bystander response, we performed single-cell ATAC-seq (scATAC-seq)
to identify such TFs (Fig. 5A). We first identified distinct subsets of
neonatal and adult cells exhibiting similar chromatin accessibility
profiles; identified subsets were robust to the clustering approach used
(Fig. 5B and fig. S7, A to C). We then projected each bystander-
stimulated subset onto a single PCA plot (Fig. 5C). This analysis allowed
us to identify four groups with concordant chromatin accessibility
profiles across multiple genes, reminiscent of the groups discriminated
by scRNA-seq (Fig. 3, C and D).

To distinguish and annotate the groups, we performed GSEA on
the PC1 loadings, revealing a strong association with virtual memory
and fetal progenitor gene signatures (Fig. 5C). We then calculated gene
set signature scores for each subset and identified genes unique-
ly accessible in each group (Fig. 5D and fig. S8A). These analyses
showed that group i subsets had the highest innateness scores and
the strongest accessibility for Cd44 and multiple cytokines, including
Ifng, Csf2, Gzma, 1110, 1117f, and 1122 (Fig. 5D and fig. S8A). This
group included three neonatal subsets (N0, N1, and N4; 60% of the
neonatal cells) together with a single adult subset (A5; 6% of the
adult cells), which corresponded to the fetal-derived adult subset
from the scRNA-seq data (after integration of scRNA-seq and
scATAC-seq, 92% of scATAC-A5 cells matched with scRNA-A5;
fig. S8B). Therefore, group i corresponds to fetal-derived virtual
memory-like cells, which exhibit the strongest bystander activation
(Fig. 5D and fig. S8, C and D). Group iv displays the strongest true
naive and adaptiveness signatures and a lack of accessibility at the loci
encoding cytokines associated with the neonatal bystander response
(Fig. 5D and fig. S8, C and D). Thus, group iv represents true naive-
like cell subsets in neonates and adults. Groups ii and iii display gene
activities and signatures intermediary between groups i and iv. Plotting
both control and bystander activated subsets onto the same UMAP
and PCA projections highlighted the differential activation between
group i and group iv subsets (fig. S8, C and D).

To predict the TFs that may bind to the open chromatin in
phenotypically similar subsets of cells, we identified marker
peaks (preferentially open chromatin regions) for each subset and
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calculated enrichment of TF binding motifs within these regions
(Fig. 5, E and F). The binding motifs for T-box and Runx families of
factors were enriched in the regions specifically associated with fetal-
derived virtual memory subsets (group i), consistent with prior
reports (Fig. 5F) (13). We found enrichment for many bZip family
factors, including Bach2 and AP-1 factors, which play key roles in
TCR-mediated activation of CD8" T cells (38). These results were re-
capitulated by analyses using all accessible regions or marker peaks
considering both control and bystander stimulated subsets (fig. S9,
A and B). We also observed enrichment for SMARCC1, a component
of the switch/sucrose nonfermentable (SWI/SNF) chromatin remodel-
ing complex (39). Conversely, the group iv subsets displayed en-
richment for Irf family factors, which dampen CD8* T cell activation
(40), and Tcf7 family factors, which promote quiescence in naive
cells (41). Although signal transducer and activator of transcription
4 (STAT4) and NF-kB act downstream of IL-12 and IL-18 signaling,
respectively, their binding motifs displayed similar accessibility across
both adult and neonatal activated subsets (fig. SOC), suggesting that
they may be regulated via mechanisms other than binding accessibility.

TF binding motif enrichment alone does not uncover the gene
expression programs regulated by enriched TFs. Therefore, we in-
vestigated whether these TF families facilitate the up-regulation of
genes whose increased expression underlies neonatal bystander
activation. To link the distinct chromatin accessibility and gene expres-
sion profiles of bystander activated neonatal subsets, we integrated
our scRNA-seq and scATAC-seq datasets to map single-cell expression
and chromatin accessibility profiles. After integration, we identified
thousands of putative enhancers, each correlated (* > 0.70) to gene
expression changes (fig. S10A). This analysis defined a set of putative
enhancers distinct to group i subsets that contained bZip binding
motifs and were associated with expression of cytokine and effector
protein genes, including Ifng, Csf2, 1113, 1122, Tnfrsf8/9/11, and II2rb
(fig. S10, B and C). For example, chromatin regions predicted to
regulate Csf2 expression contain binding motifs of bZip family TFs
and are most accessible in group i subsets, which express the highest
levels of Csf2 mRNA (Fig. 5G). These results suggest that the bZip
family of TFs play key roles during the bystander activation of neo-
natal CD8* T cells.

The Bach2/AP-1 axis specifies CD8" T cell innateness

Within the bZip family, the roles of Bach2 and AP-1 have been studied
in CD8" T cells after antigenic stimulation, but their involvement in
bystander activation has remained largely unexplored. In response
to TCR stimulation, AP-1 TFs bind to enhancers of multiple genes
that promote effector differentiation, whereas Bach2 serves as a
transcriptional repressor and limits effector cell differentiation by
competing with AP-1 TFs at shared binding sites (38, 42). Thus, we
hypothesized that neonatal CD8" T cells undergo robust bystander
activation because they express lower amounts of Bach2, resulting in
increased binding by AP-1 TFs upon stimulation with innate cyto-
kines (Fig. 6A).

To test our hypothesis, we asked whether AP-1 TFs become
bound in neonatal CD8* T cells upon stimulation with innate cyto-
kines. This question was important because the scATAC-seq analysis
of TF usage was based on the enrichment of TF motifs in open
regions of chromatin; however, such enrichment does not provide
direct evidence of TF activity. To reliably detect TF activity in CD8*
T cells after bystander activation, we performed TF footprinting
analysis (inferring TF binding) using the Bivariate Genomic
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Fig. 5. Neonatal CD8* T cell subsets use a distinct set of TFs during bystander activation. (A) Neonate (cell n = 6050) and adult (cell n = 3351) CD8™ T cells were
stimulated overnight with IL-2 + 1L-12/18, and live CD8" T cells were sorted for scATAC-seq (n = 1; for neonates, three or four mice were pooled). (B) UMAP visualization of
scATAC-seq data from neonate (left) and adult (right) cells after IL-12/18 stimulation with subset identities overlaid using labels and different colors; the proportion of the
total sample is shown for each subset in parentheses. (C) PCA plot of pseudo-bulk gene accessibility profiles of subsets from (B); subsets with similar gene accessibility
profiles are assigned a group number (i to iv). Above the x axis, GSEA gene rank plots depict the enrichment of virtual memory (red), true naive (blue), and fetal-liver (black)
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correspond to scATAC-seq subsets and are ordered by the groups corresponding to (C). (G) Example data showing a genome browser view depicting aggregated and
single-cell chromatin accessibility, putative TF binding sites, peak-to-gene links, and integrated scRNA-seq expression at the Csf2 locus.
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Fig. 6. The AP-1/Bach2 axis regulates innateness of CD8*T cells. (A) Depiction of hypothesized Bach2 and AP-1 interplay during IL-12/18 stimulation of neonatal and
adult CD8* T cells. (B) Scatter plots showing changes in flanking chromatin accessibility (x axis) and in footprinting depth (y axis) at predicted binding sites of different TFs
between neonate and adult CD8" T cells after IL-12/18 stimulation. Dots represent TFs, and dot sizes indicate chi-square g values representing significance of change in
either flanking accessibility or footprinting depth. TFs with significant changes are labeled, and the TFs without any significant changes are colored in gray. (C) Heatmap
visualization of row-scaled gene expression of Bach, Jun, and Fos TF members with significant change between neonates and adult. (D) Scatter plot correlating the level
of expression and binding motif accessibility of TFs across all single cells (x axis) while depicting magnitude of variability in the accessibility of each TF’s cognate binding
motif across all single cells (y axis). (E) GSEA showing that genes up-regulated in Bach2™~ CD8" T cells are also up-regulated in neonatal cells after IL-12/18 stimulation.
(F) Distributions of normalized expression (z-scores) of Bach2 across replicates in various human immune cells (GSE124731) (x axis) arranged in increasing order of their
innateness potential. (G) Bystander response compared between adult WT and Bach2™ mice CD8* T cells. Tat-cre was used to excise Bach2 in vitro. Statistical significance
determined by ordinary two-way ANOVA followed by Sidak’s multiple comparison test. (H) Percentages of live CD8" T cells expressing different cytokines after IL-12/18
stimulation in neonatal cells treated with increasing concentrations of the AP-1 inhibitor SR 11302. Significant differences compared to control (0 uM) were determined
by one-way ANOVA followed by Dunnett’s multiple comparisons test. For statistical comparisons, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

Footprinting (BaGFoot) algorithm (43), which considers both foot-
printing and motif-flanking accessibility to infer TF activity. We per-
formed this analysis with our bulk ATAC-seq dataset because the
increased resolution available in conventional ATAC-seq data is bet-
ter suited to BaGFoot. Under basal conditions, the neonatal cells
exhibited increased footprints and flanking accessibility for the T-
box family of TFs [T-bet (Tbx) and Eomes], consistent with previ-
ous studies (fig. S11A) (13). However, after stimulation, the family
of TFs that exhibited the largest footprints and flanking accessibility

Watson et al., Sci. Inmunol. 9, eadf8776 (2024) 23 February 2024

corresponded to Bach2 and the AP-1-related TFs (e.g., Fos and Jun),
suggesting that these TFs are bound in neonatal cells after stimula-
tion with innate cytokines (Fig. 6B).

Because Bach2 and AP-1-related TFs bind to the same TF binding
motif, the footprinting data cannot reveal which TF is preferentially
used by neonatal CD8* T cells during bystander activation. Thus, we
examined Bach2 and AP-1 expression levels. We found that many of
the AP-1-related TFs were more highly expressed in neonatal
cells (e.g., Jund, Junb, and Fosl2), whereas Bach2 was more highly
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expressed in adult cells (Fig. 6C). These analyses imply that neonatal
cells exhibit both heightened AP-1 TF expression and heightened
chromatin accessibility at AP-1 binding motifs, thereby enabling
their activity. To validate this implication, we used our integrated
single-cell datasets to demonstrate that AP-1 TF expression was corre-
lated with the accessibility of their binding motifs at single-cell reso-
lution (Fig. 6D). In addition, Bach2 expression was negatively correlated
with the accessibility of its binding motifs (Fig. 6D). These observations
imply that decreased Bach2 expression in neonates potentiates
occupation of accessible chromatin by AP-1 TFs. In contrast, elevated
Bach2 expression in adult cells precludes binding of AP-1 TFs.

To explore the functional impact of Bach2 loss, we reexamined
data from an earlier study. Genes up-regulated in Bach2~~ CD8" T
cells (38) were also up-regulated in neonatal cells after innate cyto-
kine stimulation, implicating a role for Bach2 in bystander activation
of CD8" T cells (Fig. 6E). We also examined Bach2 expression across
other lymphocytes (16) and found that its expression was reduced in
innate-like lineages of cells capable of undergoing bystander activation
and up-regulated in conventional, adaptive T cells (Fig. 6F). Thus,
expression of Bach2 is inversely correlated with the “innateness” of
T cells.

To obtain direct evidence that the AP-1/Bach2 axis regulates innate
functions in CD8* T cells, we crossed floxed Bach2 mice (44) to
gBT-1 mice and examined whether adult cells could be made more
responsive to innate cytokines by deleting Bach2. To avoid any compli-
cations from inhibiting expression of Bach2 during early stages of T
cell development, we cultured peripheral mature CD8" T cells from
adult Bach2™" mice with tat-cre fusion protein. A higher percentage
of adult cells produced IFN-y, gzmB, and gzmA when Bach2 was
deleted (Fig. 6G). Thus, a role of Bach2 in adult CD8" T cells is to
preclude their ability to respond to innate cytokines. To complement
these experiments, we treated neonatal CD8" T cells with a chemical
inhibitor of AP-1 (AP-1i) before stimulation with IL-12 and IL-18
(Fig. 6H). The dampening of AP-1 activity in neonatal cells led to a
strong reduction in the production of cytokines. Together, these data
suggest that CD8™ T cells use the Bach2/AP-1 axis to tune innate
responsiveness.

Innateness is conserved in human CD8" T cells

To address whether similar patterns of innateness are observed in
human CD8"* T cells, we performed scRNA-seq on human cord
blood CD8" T cells from fetal (24 to 26 weeks after conception),
neonatal (>37 weeks after conception), and adult (23 to 32 years of
life) individuals after bystander activation (Fig. 7A and fig. S12, A
and B). Consistent with our findings in mice, human cells produced
in early life exhibited a more “inflammation-responsive” phenotype,
as evidenced by their enhanced ability to up-regulate IFNG after innate
cytokine stimulation (Fig. 7B). We also observed substantial variability
in IFNG gene expression across the fetal and neonatal CD8" T cell
pool (Fig. 7B). To better understand this cell-to-cell variability, we
performed clustering analysis on each age group (Fig. 7C), which
revealed distinct subsets of cells expressing unique surface receptors
and effector molecules (Fig. 7D and fig. S12C). After projecting the
expression profiles of all subsets onto a single PCA, we observed dif-
ferent groups of CD8™ T cells from each age group with similar patterns
of gene expression (Fig. 7E). Similar to our mouse data, we identified
multiple subsets of fetal (F4 and F6) and neonatal (N3 and N4) human
CD8" T cells that were highly enriched for innateness genes (Fig. 7F,
groups I to II).
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We also observed a single cluster of cells in adults (A5; 3.2% of
adult cells) that was highly responsive to inflammation. This subset
did not express ZBTB16 (PLZF, a marker for unconventional T cells
such as NKT and MAIT cells) and was most like subsets of human
CD8" T cells found in fetal (F6) and neonatal samples (N4; group
I1), suggesting that this cluster represents fetal-derived CD8" T cells
that persist into adulthood. Last, we examined whether key TF usage
by innate and adaptive subsets of CD8" T cells was conserved. We
found that the inflammation-responsive subsets of human cells
exhibited reduced BACH2 and higher JUND expression (Fig. 7G).
Together, these observations indicate that the mouse and human
CDS8" T cell compartments have a similar developmental architecture
and that the roles of the TFs that specify innateness and adaptiveness
in the CD8" T cell pool are likely conserved.

DISCUSSION
An intriguing feature of neonatal lymphocytes is that they are highly
responsive to inflammation and can rapidly produce a wide variety
of cytokines. For example, subsets of y8T cells in neonatal mice secrete
IFN-y and IL-4 or IL-17 upon activation (45, 46). There is also hetero-
geneity in the neonatal B1 B cell pool, with subsets producing IL-10
and others making GM-CSF and IL-3 (47, 48). Here, we found a variety
of distinct cytokine-producing subsets in the neonatal CD8" T cell
pool after stimulation with innate cytokines. In this work, we show
that neonatal CD8™ T cells have greater functional diversity than adult
CD8" T cells at both the individual cell and population level.

An interesting question is, why does the immune system require
a more functionally diverse pool of neonatal CD8" T cells? In early
life, the neonatal immune system must protect the host against a large
swath of pathogens, and it must do so with a restricted set of T cells,
which are also lacking in immunological memory (8, 49). Thus, it is
likely beneficial for the neonatal T cell pool to be highly responsive
to inflammation and quickly generate a variety of cytokines and
effector molecules, in hopes that the cost of making some unnecessary
cytokines is outweighed by the benefit of making a variety of cyto-
kines that could potentially be useful against diverse pathogens. How-
ever, as the frequency of unexperienced infections decreases and the
diversity of the T cell pool increases, it likely becomes less advantageous
for the host to use this bet-hedging immune strategy (50) and more
necessary for a more controlled and antigen-specific pathogen response.

Perhaps one of the most unexpected findings from our study is
that neonatal CD8" T cells are more responsive to inflammation
than adults because of their ability to undergo chromatin remod-
eling. Earlier studies have demonstrated that CD8" T cells un-
dergo extensive chromatin remodeling after antigenic stimulation,
clonal expansion, and differentiation (51, 52). However, we ob-
served notable changes in the epigenomes of neonatal cells after
brief stimulation with innate cytokines alone. The appearance of
de novo enhancers in neonatal cells after stimulation matches
previous findings in macrophages (34) and NK cells (35). For ex-
ample, the “latent,” or de novo, enhancers induced in neonatal
CD8" T cells, macrophages, and NK cells are enriched in AP-1
sites, which may correspond to the reported chromatin modify-
ing activity of AP-1 itself (53, 54) or STATs (35, 55). These data
suggest that responsiveness by innate-like lymphocytes derives
from both increased chromatin accessibility in the resting state
and their ability to rapidly alter the preexisting chromatin struc-
ture in response to stimulation.
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Fig. 7. Innateness profiles of different-aged CD8* T cells are conserved in humans. (A) Human CD8" T cells were isolated from adult PBMCs, neonate, or fetal CBMCs
and stimulated overnight with IL-2 + 1L-12/18. (B) UMAP comprising scRNA-seq data from the entire cohort (see fig. S7A) divided into different age groups after stimulation
[adult, n =4 (2 males and 2 females); neonate, n = 3 (1 male and 2 females); and fetal, n = 4 (2 males and 2 females), cells from each cohort pooled]. Each UMAP is colored
by the single-cell levels of IFNG. (C) UMAP representation of adult (left), neonatal (middle), and fetal (right) samples after IL-12/18 stimulation with cluster identifies overlaid
using labels and different colors. (D) Expression of IFNG in each cluster of cells from (C). (E) PCA plot of pseudo-bulk gene expression profiles of subsets from (C); subsets
with similar gene expression profiles are assigned a group number (I to IV). GSEA gene rank plots (inset) depict the enrichment of innateness (red) and adaptiveness (blue)
gene sets among genes with positive and negative PC1 loadings, respectively, along the x axis. NES and adjusted P values are indicated. (F and G) PCA plot from E displaying

corresponding z-score expression of BACH2 (F) and JUND (G) for each Seurat cluster.

The ability of neonatal CD8" T cells to respond to inflammation
and undergo bystander activation also relates to a reduction in
Bach2, a transcriptional repressor that serves as a “placeholder” for
the AP-1 family of TFs (38). Lower Bach2 levels in neonatal CD8' T
cells likely increase the probability that the activation threshold will
be reached upon bystander stimulation. That is, genes whose activation
is precluded by Bach2 occupancy in adults are rendered responsive
in neonates. In contrast, adult CD8" T cells exhibit elevated levels of
Bach2, which suppresses their ability to become activated by innate
cytokines. Thus, although adult cells are less capable of providing
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innate immune protection, their higher levels of Bach2 likely allows
them to efficiently form memory cells after antigenic stimulation.
Previous work has shown that Bach2 limits terminal differentiation
of effector CD8™ T cells after TCR stimulation by blocking access of
AP-1 (38). Therefore, the AP-1/Bach2 axis appears to serve as a
switch and specifies innate functions (inflammation responsiveness)
or adaptive properties (memory development) of peripheral CD8*
T cells at various stages of life.

Our data offers support for the layered immune model of
development, in both mice and humans. At present, the prevailing
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notion is that the naive CD8* T cell pool is homogenous and that the
change in “average phenotype” at different stages of life comes from
a maturation of individual cells along a linear axis. However, we show
that the CD8" T cell pool is far more diverse than previously recog-
nized, comprising classical adaptive cells together with a complex
population of more innate cells. Moreover, the shift from innateness
to adaptiveness is mediated by developmental-related changes in
the abundance of functionally distinct subpopulations of cells. By
viewing these subsets as “building blocks,” we may be able to under-
stand how the structure of the CD8* T cell compartment changes
with progressing development and ultimately sets the rheostat for
responsiveness in adulthood.

In the future, it would be informative to investigate how permanent
the chromatin changes are in neonatal CD8" T cells, how chromatin
remodeling differs in antigen-experienced versus virtual memory cells,
and whether CD8™ T cells in early life can undergo a form of “trained
immunity;” akin to macrophages. It would also be useful to study the
innate-like CD8* T cell subset found in humans and understand how
environmental factors and host genetics alter the innate functions of
CD8" T cells. Last, it will be important to determine how neonatal
CDS8" T cells interact with other types of immune cells to provide
innate defense. Such studies will broaden our fundamental under-
standing of immune development and the mechanisms that regulate
innate and adaptive functions.

MATERIALS AND METHODS

Study design

We investigated the bystander activation program in CD8" T cells,
using flow cytometry and multi-omics to determine how CD8* T cells
from different aged mice respond to innate cytokines and infection
experiments to demonstrate relevance. We used single-cell genomics
to characterize the heterogeneity of the bystander response and to
identify the underlying gene regulatory mechanisms and validated
these findings in mice. All experiments were repeated at least twice
unless otherwise stated. Samples sizes and statistical tests are indi-
cated in the figure legends.

Mice

TCR transgenic mice specific for the HSV-1 glycoprotein Byog_s05
peptide SSIEFARL (gBT-I mice) (56) were provided by J. Nikolich-
Zugich (University of Arizona, Tucson, AZ) and crossed with C57BL/6
or Thyl.1 mice (Charles River Laboratories, Wilmington, MA; and
Jackson Laboratory, Bar Harbor, ME, respectively). Neonate (5 to 7
days) and adult (2 to 4 months) gBT-I animals were used. TCRa™"~
recipients were purchased from the Jackson Laboratory. Bach2 fl/fl
mice (44) were provided by W. Yokoyama (Washington University,
St. Louis, MO) and crossed to gBT-I mice. Female mice were used
for in vitro bystander and influenza experiments, and male mice were
used for L. monocytogenes and N. brasiliensis experiments. Mice were
maintained under specific pathogen-free conditions at Cornell Uni-
versity College of Veterinary Medicine, accredited by Association for
Assessment and Accreditation of Laboratory Animal Care. Protocols
were approved by the Institutional Animal Care and Use Committee
at Cornell University.

Human samples
Frozen de-identified male and female preterm cord blood (24 to 29
weeks; fetal), full-term cord blood (39 to 41 weeks; neonatal), or
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adult (23 to 32 years) peripheral blood mononuclear cells (CBMCs
or PBMCs, respectively) were obtained from the Biorepository Core
at the University of Rochester. All study procedures were approved
by the University of Rochester Medical Center Internal Review Board
(protocol nos. RPRC00045470 and 37933), and all individuals’ care-
givers provided informed consent. Individuals were excluded for
known congenital anomalies or genetic disorders present or suspected,
individual nonviability, and for maternal HIV or inherited disorders
known to affect immune development. Samples were de-identified
before shipping to Cornell. Frozen CMBCs and PBMCs were quick
thawed and rested overnight in RPMI 1640 with 10% fetal bovine
serum (RP-10) at 37°C.

Flow cytometry

Antibodies were purchased from Thermo Fisher Scientific (Waltham,
MA), BioLegend, or BD Biosciences (San Jose, CA). A list of anti-
bodies used can be found in table S1. For intracellular staining, the
FIX & PERM Cell Permeabilization Kit from Thermo Fisher Scientific
was used, and data were collected (FACSSymphony; BD Biosciences)
and analyzed (FlowJo; BD Biosciences). To purify live gBT-1 Tg adult,
neonate, and Lin28b CD8" T cells for bulk RNA-seq, ATAC-seq, and
scRNA-seq after bystander activation, live CD8% VB8™ cells were
fluorescence-activated cell sorting (FACS)-sorted to >95% purity
with a FACSAria Fusion Sorter (BD Biosciences). For human scRNA-
seq experiments live CD235a~ CD4~ CD8" cells were FACS-sorted
to >96% purity after bystander activation. Antibody clones used are
CD235a [HIR2 (GA-R2)], CD4 (RPA-T4), and CD8 (RPA-T-8).

In vitro bystander activation

Single-cell suspensions from the spleen were obtained by manual
dissociation, and CD8" T cells were isolated by positive magnetic
separation using anti-CD8a microbeads (Miltenyi Biotec). CD8*
T cells (2 x 10°) were plated per well and incubated in RP-10 with
recombinant human IL-2 (10 ng/ml; Thermo Fisher Scientific) for 18
to 22 hours. For bystander-activated samples, medium was supple-
mented with recombinant murine IL-12p70 and IL-18 (Thermo Fisher
Scientific) at 1 ng/ml unless specified. Brefeldin A (1.5 mg/ml; Milli-
poreSigma, St. Louis, MO) was added for the final 4 hours of incuba-
tion before antibody labeling for flow cytometry analysis, or cells were
immediately labeled for FACS sorting. Cells activated with IL-2/IL-12/
IL-18 together are referred to as the stim group, whereas those cultured
with IL-2 alone are referred to as the control group. For human cells,
CDS8™ cells were magnetically enriched by positive selection (anti-
human CD8 microbeads; Miltenyi Biotech) from rested PBMCs or
CBMCs and subjected to bystander activation as described above using
RP-10 supplemented with recombinant human IL-2, IL-12p70, and
IL-18 at 10 ng/ml (BioLegend, San Diego, CA).

Tat-cre deletion of Bach2

Magnetically enriched CD8™ T cells from Bach2 fl/fl gBT-I or Bach2
wt/wt gBT-I mice were treated for 4 hours with 250 mM Tat-cre
(MilliporeSigma) in RP-10. Cells were washed, resuspended in RP-10
containing IL-7 (10 ng/ml), and incubated for 72 to 96 hours before
cytokine stimulation.

AP-1 inhibitor experiments

Enriched murine splenic CD8" T cells were pretreated for 1 hour at
37°C with RP-10 supplemented with recombinant human IL-2
(10 ng/ml) and either dimethyl sulfoxide (DMSO) or SR 11302 AP-1
inhibitor (AP-1i, Tocris Bio-Techne, Minneapolis, MN) at the indi-
cated concentrations. Cells were pelleted and resuspended in RP-10
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containing IL-2 with or without IL-12 (1 ng/ml) and IL-18 (1 ng/ml)
in the presence of DMSO or AP-1i for 18 to 22 hours.

In vivo infections

CD8" T cells from gBT-I adult, neonate, or Lin28b mice were mag-
netically enriched using anti-CD8a microbeads (Miltenyi). Cells were
labeled with antibodies against CD8, Va2, and V8, and flow cytome-
try was performed to determine the percentage of gBT-I CD8™ T cells
(Va2tvpsH). gBT-I cells (3 X 10%) in phosphate-buffered saline (PBS)
were intravenously injected into adult TCRa™~ or juvenile B6 (2 weeks
of age) recipients. The next day recipients were infected with WT
L. monocytogenes, WT influenza A virus, or WT N. brasiliensis. WT
L. monocytogenes (L. monocytogenes, strain 10403) was obtained
from J. Nikolch-Zugich (University of Arizona), and bacterial burden
in the liver was quantified at day 3 after intravenous infection with 1 X
10* colony-forming units as described (57). WT Prg/A/PR/8/34 (HIN1)
influenza was provided by J. Boon (Washington University). Mice were
injected intranasally with 100 median tissue culture infectious dose
in 50 pl of PBS and weighed daily. At 7 days postinfection (dpi), lungs
were homogenized in Dulbecco’s modified Eagle’s medium supple-
mented with penicillin-streptomycin (GentleMACS dissociator). RNA
was extracted (MagMAX Total Nucleic Acid Isolation Kit; Thermo
Fisher Scientific) and Centers for Disease Control and Prevention
(CDC) universal influenza A matrix gene qPCR assay (58) performed
on the 7500 Fast Real-Time PCR System (Thermo Fisher Scientific).
For N. brasiliensis infections, larvae maintained as previously described
(59) were used. Mice were infected subcutaneously (subQ) with 500
L3 larvae in PBS. At 10 dpi, small intestines were harvested, and
adult worms quantified from intestinal tissues as described (59).

RNA-seq

RNA-seq data analysis

Differential expression analysis was performed using edgeR (60).
Genes with more than 1 count per million (CPM) in at least two
samples were retained. PCA was performed using log-transformed
CPM values with pseudo-count of 0.1 (prcomp, in R). GSEA was
performed by fgsea against Kyoto Encyclopedia of Genes and Genomes
(KEGG) and Hallmark gene sets.

Innateness score calculation

The genes associated with human innateness or adaptiveness were
obtained from Gutierrez-Arcelus et al. (16). Z-scores of innateness
and adaptiveness genes were multiplied by +1 and —1, respectively,
and aggregated by summation into one value per sample (RNA-seq)
or per cell (scRNA-seq) and referred to as an innateness score.

Assay for transposase-accessible chromatin

using sequencing

ATAC-seq peak calling and visualization

The peaks of ATAC-seq reads were called using macs2 (parameters:
-f BAMPE -g mm -B -q 0.05) [(61); https://github.com/macs3-project/
MACS], and reproducible peaks were obtained using Irreproduc-
ibility Discovery Rate analysis (https://github.com/ENCODE-DCC/
atac-seq-pipeline). The peaks from all samples were merged [bedtools;
(62)] to generate a unified peak set. The accessibility at these peaks
was estimated by counting the number of ATAC-seq reads that map
to peak regions using featureCounts (63), and these counts were
TMM-normalized (trimmed mean of M-values). The PCA analysis
was performed using prcomp, and differential accessibility analysis
was performed using edgeR (60). The ATAC-seq peaks were mapped
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to the nearest gene (bedtools) and classified into promoter-proximal
or enhancer peaks based on proximity to the nearest transcription
start site (TSS); the promoter region was defined as 1 kb upstream
and 500 base pair (bp) downstream of a TSS. The innateness score
was calculated in the same way as for RNA-seq, except that the counts
for ATAC-seq peaks that map to the innateness and adaptiveness genes
were used. For visualization, raw read counts per nucleotide were nor-
malized by the total genome-mapped reads and converted to bigwig
format using bedtools (bamToBed and genomeCoverageBed) and
bedGraphToBigWig (64); bigwig files were visualized using UCSC ge-
nome browser (https://genome.ucsc.edu/). The analysis of de novo
and poised enhancers is described in the Supplementary Materials.
For TF footprinting analysis, we used BaGFoot to quantify flanking
accessibility and footprinting depth for all TF motifs in CisBP database
(65) and used chi-square tests to identify motifs with significant dif-
ferences in flanking accessibility and/or TF footprinting (43).

Single-cell RNA-seq

Mouse scRNA-seq data analysis

We normalized, scaled, and regressed out variation in unique molecular
identifier (UMI) counts and mitochondrial content; performed dimen-
sionality reduction; and generated UMAP projections using Seurat
v2.3.3. We used SAVER (66) to impute the data, which was used only
for clustering and dimensionality reduction; downstream analyses
were performed using original count data. For analysis of individual
samples after stimulation, we used the imputed data for clustering
(resolution of 0.6) and UMAP generation. Dot and violin plots were
generated using the original normalized count data (Seurat). For PCA
analysis, we generated pseudo-bulk expression profiles for each cluster
using AverageExpression (Seurat), log-transformed the data, and gen-
erated PCA using the prcomp function. The innateness, fetal liver,
and virtual memory/true naive scores were calculated in same way
as the bulk RNA-seq data. The fetal liver (26), true naive, and virtual
memory gene sets (13) were derived from the literature; GSEA was
performed using fgsea comparing the gene sets against all expressed
genes ranked by their PC loading values. Groups of subsets were de-
fined manually considering the shared gene signature scores and ex-
pression profiles of pseudo-bulk subsets. Analyses were performed
on individual subsets, not on multi-subset groupings.

Human scRNA-seq data analysis

The raw FASTQ data were processed using Cell Ranger v3.0.1, and
the resulting count matrixes were filtered using Seurat v4.0.1 (67) to
remove cell barcodes with less than 700 genes and with more than
15% mitochondrial counts. We produced high-quality data for
92,840 individual cells with an average of 15,473 cells per condition
and 2174 genes and 7288 UMIs detected per cell. We normalized,
scaled, and regressed out variation in mitochondrial content; performed
dimensionality reduction; and generated UMAP projections using
Seurat v.4.0.1. The calculation of innateness scores for single cells is
described above in the bulk RNA-seq section. For analysis of indi-
vidual conditions after stimulation, we used Harmony to normalize
the data for interindividual differences and for projections (resolution
of 0.2) and UMAP generations. Downstream analyses were per-
formed in the same manner as the mouse data.

scATAC-seq library preparation and sequencing

scATAC-seq subset characterization

After quality filtering, cells were stratified by sample, and ArchR
(68) was used for dimensionality reduction, subset formation, and
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UMAP generation. Pseudo-bulk replicates were generated by sam-
ple, and MACS2 was implemented to create a union peak matrix
composed of fixed-width 501-bp peaks. After peak calling, PCA was
implemented (PCAtools) using gene activity scores as input. Innateness,
adaptiveness, fetal-liver, virtual memory, and true naive scores were
calculated as outlined previously, replacing normalized read counts
with gene activity scores. Heatmap visualization of gene signature and
gene activity scores of effector molecules were preceded by z-score
normalization across subsets. As with scRNA-seq data, scATAC-seq
groups of subsets were defined considering the shared gene signature
scores and accessibility profiles of pseudo-bulk subsets.
scATAC-seq analysis of marker features and TF motif
enrichment

Gene activity scores were calculated using ArchR’s gene score model,
which heavily weights gene promoter (5 kb upstream of TSS) and gene
body accessibility. Archr’s getMarkerFeatures was used to identify
marker peaks across all subsets using a false discovery rate cutoff
(0.01) and a log,(fold-change) cutoff of 1.25. Enrichment testing of
TF motifs within subset-specific marker peaks was performed by the
peakAnnoEnrichment function of ArchR, using CIS-BP annotations
(database versions 1.02-2.0). Enrichment testing of TF motifs within
all accessible peaks was performed using monaLisa (69) using JASPAR
2022 annotations.

Statistical analysis

Statistical analyses (except for FlowSOM and sequencing, see above)
were performed using Prism software (GraphPad, San Diego, CA),
with significance determined by one-way or two-way analysis of
variance (ANOVA) followed by a post hoc test, as indicated in the
legends. Error bars represent SEM; significance is denoted as follows:
*P < 0.05, #*P < 0.01, ***P < 0.001, and ****P < 0.0001.
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