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ABSTRACT Immunological memory, which protects organisms from re-infection, is a hallmark of the mammalian adaptive immune
system and the underlying principle of vaccination. In early life, however, mice and other mammals are deficient at generating memory
CD8+ T cells, which protect organisms from intracellular pathogens. The molecular basis that differentiates adult and neonatal CD8+ T
cells is unknown. MicroRNAs (miRNAs) are both developmentally regulated and required for normal adult CD8+ T cell functions. We
used next-generation sequencing to identify mouse miRNAs that are differentially regulated in adult and neonatal CD8+ T cells, which
may contribute to the impaired development of neonatal memory cells. The miRNA profiles of adult and neonatal cells were
surprisingly similar during infection; however, we observed large differences prior to infection. In particular, miR-29 and miR-130 have
significant differential expression between adult and neonatal cells before infection. Importantly, using RNA-Seq, we detected
reciprocal changes in expression of messenger RNA targets for both miR-29 and miR-130. Moreover, targets that we validated include
Eomes and Tbx21, key genes that regulate the formation of memory CD8+ T cells. Notably, age-dependent changes in miR-29 and
miR-130 are conserved in human CD8+ T cells, further suggesting that these developmental differences are biologically relevant.
Together, these results demonstrate that miR-29 and miR-130 are likely important regulators of memory CD8+ T cell formation and

suggest that neonatal cells are committed to a short-lived effector cell fate prior to infection.
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HE majority of mammalian messenger RNAs (mRNAs)

contain conserved target sites that bind microRNAs
(miRNAs) (Friedman et al. 2009). Such target sites are typ-
ically located within the 3’ untranslated regions (3’ UTRs) of
mRNAs, and binding of a miRNA to a target site predomi-
nantly causes the target’s accelerated decay and resulting
protein repression (Bartel 2009; Fabian et al. 2010; Guo
et al. 2010; Eichhorn et al. 2014). Because mammals have
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hundreds of miRNAs, each of which can have hundreds of
targets, most regulatory pathways incorporate miRNAs (Kim
and Nam 2006). One prominent example of miRNAs impact-
ing cellular processes is found in the immune system, where it
is clear that different immune cells require specific miRNAs to
develop and function (Xiao and Rajewsky 2009; Dooley et al.
2013; Kroesen et al. 2015; Liang et al. 2015).

In the adaptive immune system, CD8+ T cells are responsible
for recognizing and killing cells infected with viruses and other
intracellular pathogens (Butz and Bevan 1998; Williams and
Bevan 2007; Joshi and Kaech 2008; Kaech and Cui 2012).
Hematopoietic stem cells migrate to the thymus, where they
then undergo positive and negative selection to form CD8+
T cells (Starr et al. 2003; Schwarz and Bhandoola 2006), which
then egress from the thymus and are capable of migrating to
sites of infection (Weinreich and Hogquist 2008). CD8+
T cells express different T-cell receptor (TCR) isoforms, thus
enabling the CD8+ T cell repertoire to recognize specific anti-
gens. Upon stimulation by a specific and complementary
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antigen-presenting cell, a naive CD8+ T cell, which is one that
has not previously been activated in response to infection, re-
sponds by proliferating and differentiating into cytotoxic effec-
tor cells that kill infected cells using proteases and cytolytic
proteins (Harty et al. 2000). Effector cells are composed of
short-lived effector cells (SLECs), which terminally differenti-
ate and undergo apoptosis post-infection, and memory precur-
sor effector cells (MPECs), which can transition into long-lived
memory cells that are capable of robustly responding to sec-
ondary infection (Kaech et al. 2002; Joshi et al. 2007; Sarkar
etal 2008; Cruz-Guilloty et al. 2009; Banerjee et al. 2010; Yang
et al. 2011).

During thymic maturation, CD8+ T cells require the miRNA
biogenesis protein Dicer (Muljo et al. 2005), and many miRNAs
undergo dynamic regulation (Neilson et al. 2007). Dicer is also
required for in vivo activation of mature CD8+ T cells after
infection (Zhang and Bevan 2010); in the absence of Dicer,
CD8+ T cells neither proliferate nor migrate to sites of infec-
tion. Interestingly, Dicer-deficient CD8+ T cells respond more
rapidly to in vitro stimulation than do wild type (Zhang and
Bevan 2010; Trifari et al. 2013), suggesting that miRNAs have
both activating and inhibitory effects on infection response.
Additionally, many miRNAs are differentially expressed during
effector and memory cell differentiation (Wu et al. 2007;
Almanza et al. 2010; Trifari et al. 2013), some of which have
known roles in generating effector cells (Wu et al. 2012;
Gracias et al. 2013; Khan et al. 2013; Tsai et al. 2013). Impor-
tantly, many additional miRNAs with dynamic expression in
CD8+ T cells do not have known roles, suggesting that they
may also contribute to CD8+ T cell differentiation (Dooley
et al. 2013; Kroesen et al. 2015; Liang et al. 2015).

Investigations into roles for miRNAs in lymphocytes have
almost exclusively focused on adult cells, although expression
of certain miRNAs changes across the life span. For example,
miR-181 expression peaks in neonatal CD4+ T cells (Palin
et al. 2013) and then declines with progressing age, which is
important because miR-181 contributes to immune reactivity
upon stimulation (Li et al. 2012). These data suggest that
immune system changes during ontogeny might also be un-
der control of miRNAs. In contrast to CD4+ T cells, nothing is
known about the expression patterns and roles of miRNAs in
neonatal CD8+ T cells.

Neonatal CD8+ T cells respond to infection profoundly
differently than do adult cells (Campion et al. 2002; Adkins
et al. 2003, 2004; Opiela et al. 2009; Rudd et al. 2013); specif-
ically, neonatal cells proliferate more rapidly in response to
primary infection and fail to generate memory cells, thus
impairing their response to a secondary infection from the same
pathogen (Smith et al. 2014). This inability to generate mem-
ory cells has important consequences for neonatal health and
immunization. Remarkably little is known, however, about the
underlying molecular bases that differentiate neonatal and
adult CD8+ T cells. Because miRNAs are developmentally reg-
ulated (Stefani and Slack 2008; Sayed and Abdellatif 2011;
Ebert and Sharp 2012) and are required for the adult CD8+
T cell response, we investigated developmental regulation of
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miRNAs in CD8+ T cells, motivated to discover if differences in
both miRNA expression and regulation by specific miRNAs
contribute to the important differences in how differently aged
animals respond to primary infection from pathogens. To do so,
we examined if miRNAs are differentially regulated between
adult and neonatal CD8+ T cells, both before and during pri-
mary infection. In parallel, we also defined the mRNA tran-
scriptome in the same sets of cells to identify primary targets
of miRNAs as well as other mRNAs that have altered expression
in different-aged CD8+ T cells. Surprisingly, our results dem-
onstrate that differential gene regulation between adults and
neonates is most pronounced prior to immunological chal-
lenge, suggesting that the developmentally regulated miRNAs
do not regulate the outcome of effector cells at the peak of the
infection response. Instead, these miRNAs may set the activa-
tion threshold prior to infection, causing the neonatal CD8+
T cells to differentiate more rapidly into effector cells, thus
biasing them toward a terminally differentiated SLEC fate. Mul-
tiple lines of evidence implicate miR-29 and miR-130, in par-
ticular, as critical regulators of adult and neonatal CD8+ T cells’
differential infection responses.

Materials and Methods
Human samples

De-identified whole-adult (18-55 years of age) and cord
blood (39-41 weeks gestation) samples, each from three
healthy donors, were obtained from New York Blood Center
and National Disease Research Interchange, respectively.
Mononuclear cells were isolated using Ficoll-paque Plus
(GE Healthcare); CD8+ T cells were then isolated using a
Naive CD8+ T Cell Isolation Kit (Miltenyi Biotec).

Mice

gBT-I TCR transgenic mice (TCRa specific for SSIEFARL pep-
tide from HSV-1 glycoprotein B498-505) were provided by
Janko Nikolich-Zugich (University of Arizona, Tucson, AZ).
Ly5.2 mice (8-12 wk) were purchased from the National Cancer
Institute (Frederick, MD). Rag—/— OT-I mice were purchased
from Taconic (Germantown, NY) and were crossed to C57Bl/6
mice from the National Cancer Institute, and F; progeny were
used. All pups (male and female) were used for newborn sam-
ples (1 day); only male neonatal pups (6-7 days) and adults
(24 months) were used. Mice were maintained under pathogen-
free conditions at Cornell University College of Veterinary
Medicine. All experiments were performed in strict accordance
with recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health; proto-
cols were approved by the Institutional Animal Care and Use
Committee (permit no. 2011-0090). All efforts were made
to minimize animal suffering.

Naive cells

To isolate naive CD8+ T cells, spleens were harvested from
uninfected mice of indicated age groups. Single-cell suspensions



were prepared by mechanical dissociation of spleens through
cell strainers. To obtain required numbers of cells, multiple
newborn and neonatal spleens were pooled into single samples.
CD8+ cells were purified using positive magnetic selection with
CD8+ microbeads (Miltenyi Biotec). Following purification,
samples were tested for purity, retaining only samples with
>90% purity for subsequent sequencing.

Adoptive transfers

Adoptive transfers and infections were performed as de-
scribed (Smith et al. 2014). Briefly, CD8+ T cells were iso-
lated from congenically marked adult and neonatal mice,
mixed at a 1:1 ratio, and 2 X 10% cells were transferred in-
travenously into Ly5.2 recipients. The next day, recipients
were intravenously infected with Lm-gB (5 X 103 CFU). Ef-
fector CD8+ T cells from recipient spleens were isolated with
anti-CD8 beads (Miltenyi Biotec) and then sorted via con-
genic marker expression on a FACS Aria (BD Biosciences).

Thymus isolation

To prepare thymic samples, thymi were collected from mice of
indicated ages. Single-cell suspensions were prepared by
mechanical dissociation through a cell strainer. Samples were
depleted of CD4+ cells by incubating with anti-CD4-biotin
followed by magnetic isolation with streptavidin microbeads
(Miltenyi Biotec). To specifically isolate single positive CD8+
T cells, CD4— CD8+ Va2+ Vb8+ cells were FACS-sorted to
>90% purity with an Aria instrument (BD). Sorted cells were
placed in Trizol (Ambion) for extraction of RNA.

Antibodies and flow cytometry

Monoclonal antibodies anti-CD8« (53-6.7), anti-CD4 (GK1.5),
anti-CD45.1 (A20), anti-CD45.2 (104), anti-CD90.1/Thyl.1
(0OX-7), anti-KLRG1 (2F1), anti-CD127 (A7R34), anti-T-bet
(eBio4B10), anti-Eomes (Danl1mag), anti-IL6ST (KGP-130),
anti-CD25 (PC61), anti-CD69 (1H.2F3), and anti-CD62L
(mel14) were purchased from commercial sources (Biolegend,
eBioscience, or Invitrogen). Surface staining was performed by
labeling cells for 30 min. Intracellular staining was performed
using the Foxp3 staining buffer set (eBioscience). Flow cyto-
metric data were acquired using a FACS LSRII with DiVa soft-
ware (BD Biosciences) and analyzed with FlowJo (Tree Star).

RNA sequencing

RNA was isolated using Trizol (Life Technologies). One hun-
dred nanograms of total RNA was used to generate small
RNA libraries using the NEBNext Small RNA Library kit (NEB)
or the TruSeq Small RNA Prep Kit (Illumina). miRNA expres-
sion was found with MirDeep2 (Friedlédnder et al. 2012, mm09,
miRBase version 21), and differential expression was found
with EdgeR (Robinson et al. 2010). Approximately 100 ng of
total RNA was used to generate mRNA-Seq libraries using the
RNA Sample Preparation Kit v2 (Illumina). Reads were
aligned to the genome with Tophat (Trapnell et al. 2009,
mm9), and differential expression was found with CuffDiff
(Trapnell et al. 2013).

3'-Seq

3’-Seq was performed as described (Lianoglou et al. 2013).
Briefly, total RNA was poly(A)-selected using a biotinylated
poly(T) primer. After complementary DNA synthesis, the
RNA was nick-translated and then the ends were cleaned
up to allow adapter ligation and PCR amplification. Reads
were aligned to the genome with Tophat (Trapnell et al.
2009, mm9), and reads whose 3' ends were near a putative
3’ UTR polyadenylation sequence were quantified.

microRNA targeting

Strong miRNA targets were defined as expressed genes with at
least one conserved miRNA target site and a TargetScan (version
6.2) context+ score =0.2 (Garcia et al. 2011). The background
set consisted of any expressed gene that had a conserved
miRNA target site with a context+ score <0.2 to any broadly
conserved miRNA (Friedman et al. 2009), excluding all poten-
tial targets to the miRNA being tested. Differential targeting
between miRNA targets and background were determined us-
ing two-sided Kolmogorov—Smirnov tests.

Luciferase assays

HEK293 cells were cotransfected with luciferase reporter
plasmids and synthetic miRNAs (IDT) and harvested 24 hr
later. Firefly and Renilla luciferase activities were measured
using Dual-Luciferase Reporter Assay system (Promega) with
a Veritas Microplate Luminometer (Turner).

Clustering gene expression data

We clustered expressed genes that were significantly differ-
entially expressed and had at least a twofold difference in
expression between adults and neonates in at least one sample
[naive, 5,7, or 15 days post-infection (dpi)]. Those genes were
grouped into five clusters using the partitioning around the
medoids method (Reynolds et al. 2006) in R.

Enrichment statistics

Gene sets were downloaded from the Immunologic Signa-
tures collection at the Molecular Signatures Database (MSDB)
(Subramanian et al. 2005). We found the number of genes
from each data set that belonged to a cluster. For each cluster,
we found the number of genes that were located in both the
cluster and the data set (b), the total number of genes present
in that cluster (n), the number of genes in the MSDB data set
(B), and the total number of genes that had been clustered
(N). Enrichment was calculated as (b/n)/(B/N). One-sided
Fisher exact tests were used to measure significance.

More details regarding the methods are available in Support-
ing Information, File S1. Data in this publication have been de-
posited in the National Center for Biotechnology Information’s
Gene Expression Omnibus (Edgar et al. 2002) under GSE65923.

Data availability

Plasmids are available upon request. Supporting information
includes naive cell phenotyping (Figure S1), replicate miRNA
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expression data (Figure S2), miRNA expression data from CD8+
T cells with a different TCR (Figure S3), replicate mRNA ex-
pression data (Figure S4), miRNA targeting (Figure S5), protein
expression data (Figure S6), 3’ Seq data (Figure S7), mRNA
expression clustering (Figure S8), sorting strategy for thymic
cells (Figure S9), mRNA expression of specific effector cell genes
(Figure S10), detailed methods (File S1), miRNA expression
values (File S2), differences in miRNA family expression
(File S3), expression values for miRNA targets (File S4),
3’ UTR isoforms (File S5), mRNA expression values (File S6),
and genes present in clusters (File S7). Gene expression data are
available at GEO with the accession number: GSE65923.

Results

Neonatal effector CD8+ T cells are predominantly
short-lived effectors

Naive CD8+ T cells respond to infection by proliferating and
differentiating into cytotoxic effectors that kill infected cells.
We previously demonstrated that neonates fail to effectively
generate memory CD8+ T cells during primary infection due
to cell-intrinsic differences (Smith et al. 2014), but the un-
derlying molecular basis remained unknown. Here, we glob-
ally identified miRNAs present in neonatal and adult CD8+
T cells, reasoning that one or more miRNAs might contribute
to these differences. To focus on cell-intrinsic differences, we
eliminated extrinsic differences between adult and neonatal
CD8+ T cells in two ways. First, we used CD8+ T cells from
adult and neonatal gBT-I mice, which all contain the same
TCR (transgenic for HSV-1 glycoprotein Baog 505, gB), thus
ensuring that any differences observed were not due to neo-
natal animals’ smaller TCR repertoire (Rudd et al. 2013).
Second, we employed an adoptive co-transfer strategy, in
which we co-transferred equal numbers of congenic gBT-I
CD8+ T cells from adults and neonates into adult recipients,
thus ensuring that the adult and neonatal cells were in the
same environment. After the co-transfer, the adult recipi-
ents were systemically infected with Listeria monocytogenes
expressing gB (Lm-gB). Donor cells were isolated at 5, 7,
and 15 dpi using congenic markers (Figure 1A); this strategy
allowed us to capture key events during the CD8+ T cell
response to primary infection: expansion, peak response, and
contraction, respectively. Consistent with previous findings
(Smith et al. 2014), neonatal cells responded vigorously during
expansion but were outnumbered by their adult counterparts on
days 7 and 15 (Figure 1B). The neonatal effector cell popula-
tion was predominantly composed of SLECs (KLRG1MIL7RI),
whereas adults generated many more MPECs (KLRG1°IL7RM),
a difference that was observed at all three time points (Figure 1,
C and D).

To establish that uninfected neonatal CD8+ T cells possess
characteristics of naive cells equivalent to those of adults, we
monitored several proteins whose expression patterns differ-
entiate between naive and effector cells. We first found that
adult and neonatal naive cells have equivalently high levels of
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the naive cell marker SELL/CD62L, which controls lymph
homing (Figure 1E). Additionally, we found that adult and
neonatal naive CD8+ T cells have similarly low levels of
markers associated with activation (IL2ZRA/CD25 and
CD69, Figure 1E). Finally, we measured KLRG1 and IL7R
expression to determine if expression differences seen during
infection are present prior to infection; however, adult and
neonatal cells were similarly KLRG1°IL7RM (Figure 1E). To-
gether, these results demonstrate that neonatal CD8+ T cells
have naive characteristics prior to infection. Importantly, we
also determined that our method for isolating CD8+ T cells
for the adoptive cotransfer did not activate the cells, as dem-
onstrated by cells before and after selection having equiva-
lent expression of SELL, IL2RA, CD69, KLRG1, and II7R
(Figure S1).

Neonatal and adult CD8+ T cells from naive mice have
pronounced differences in miRNA expression

MicroRNAs have been implicated in controlling adult naive
CD8+ T cell differentiation into SLECs or MPECs (Liang et al.
2015); thus, we hypothesized that differential miRNA expres-
sion between adult and neonatal effector CD8+ T cells contrib-
utes to the lack of MPECs in neonates. We used high-throughput
sequencing to profile miRNAs present in adult and neonatal
CD8+ T cells at 5 and 7 dpi (as shown in Figure 1A).

CD8+ T cells had 47 miRNA families that were well
expressed [>1000 reads per million (RPM)] under at least
one condition (File S2). MicroRNA families consist of miRNAs
with identical or near identical targeting properties (Lewis et al.
2003). When we compared the miRNA profiles across all sam-
ples, we were surprised to find highly similar patterns of
miRNA expression between neonatal and adult effector cells
at both 5 and 7 dpi. Such similarities were observed using
principal component analysis (PCA) (Figure 2A) and fold-
change differences in expression (Pearson r > 0.99, P <
10~ 15, Figure 2B). Moreover, we found no miRNAs with statis-
tically significant differential expression between adult and
neonatal effector cells at either time point (Figure 2B and File
S3). Interestingly, despite the pronounced difference in the
SLEC:MPEC ratio between adults and neonates (Figure 1D),
their highly concordant miRNA profiles suggested that SLECs
and MPECs themselves possess extremely similar miRNA
profiles.

We next profiled miRNAs from purified naive CD8+ T cells.
In contrast to effector cells, miRNA expression differed greatly
between naive neonatal and adult cells (Figure 2, A and B),
including significant differential expression of 10 of the 47
well-expressed miRNA families. Many of the differentially ex-
pressed miRNAs have been implicated in CD8+ T cell processes.
For example, miR-130 is upregulated in adult CD8+ T cells in
early infection and is associated with T-cell activation (Zhang
and Bevan 2010); it is also upregulated in neonatal naive CD8+
T cells (Figure 2B). Conversely, miR-29, miR-146, and miR-150,
which are downregulated in naive neonatal CD8+ T cells (Fig-
ure 2B), are implicated as negative regulators of CD8+ T-cell
infection response (Ma et al. 2011; Yang et al. 2012; Trifari et al.
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Figure 1 Phenotypic differences between adult and neonatal CD8+ T cells. (A) Schematic of experimental strategy. Congenically marked adult
(CD45.2+Thy1.2+) and neonatal (CD45.2+Thy1.1+) donor gBT-I CD8+ T cells (1 X 104 were transferred intravenously into wild-type congenically
marked adult recipients (CD45.1+Thy1.2+), which were infected with L. monocytogenes expressing gB peptide. At 5, 7, and 15 dpi, spleens were
harvested and donor cells sorted by flow cytometry based on congenic marker expression. Sorted cells were used for all downstream cellular and
molecular assays performed on effector cells. (B-D) Distinguishing and quantifying both adult vs. neonatal and SLEC vs. MPEC CD8+ T cells in recipient
animals. (B) Representative contour plots showing percentages (+=SD) of adult and neonatal donor cells at 5, 7, and 15 dpi. The amount of Thy1.1
produced by CD45.2+ donor cells was used to differentiate adult (Thy1.1—) and neonatal (Thy1.2+) cells. (C) Representative contour plots of KLRG1 vs.
IL7R for adult and neonatal donor cells at 5, 7, and 15 dpi. (D) Statistical analysis of SLEC (KLRGMIL7R!?) and MPEC (KLRG1'IL7RM) populations at 5, 7,
and 15 dpi. Significance was determined by paired t-test; *P < 0.0001. Data are representative of two experiments (n = 8-12 mice/group). (E)
Representative histograms show expression of SELL, IL2RA, CD69, KLRG1, and IL7R of adult and neonatal CD8+ cells after positive selection.

2013). These results identify differential miRNA expression in
naive cells as a possible basis for the altered behavior of neonatal
and adult CD8+ T cells after infection.

To further explore developmental differences in miRNA
expression, we profiled naive CD8+ T cells from newborn
mice (1 day old). Differences in the global miRNA profile
between newborn and adult naive cells were highly similar to

differences that we observed between neonates and adults;
such differences, however, were more pronounced in newborn
mice than in neonates (Figure 2, Aand B, P < 0.05). Together,
these results show that the naive miRNA profile is largely age-
dependent in CD8+ T cells.

To confirm that the age-dependent differences in miRNA
expression that we observed (Figure 2) are not specific to a
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Figure 2 Differential microRNA expression in adults and neonates. (A)
PCA using RPM values of well-expressed miRNAs. Adult and neonatal
naive samples consist of two highly correlated pooled biological replicates
(Figure S2); naive newborn and 5- and 7-dpi samples each consist of one
replicate. The percentage of the overall variation accounted for by prin-
cipal components 1 (x-axis) and 2 (y-axis) is indicated for each axis. (B)
Fold-change difference in expression between adults and neonates was
found for miRNA families in naive and 5- and 7-dpi CD8+ T cells, as well
as between naive adult and newborn cells. Reads for miRNAs correspond-
ing to the same family were summed. Significance was determined by
edgeR exact test with multiple test correction (Benjamini-Hochberg; *P <
0.05, **P < 0.005, ***P < 0.0005). Small RNA expression data were
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particular CD8+ TCR transgenic mouse line (gBT-I mice), we
repeated our miRNA profiling in adult, neonatal, and new-
born naive CD8+ T cells isolated from another transgenic
T-cell mouse line (OT-I mice), which expresses a CD8+
TCR specific to the OVA peptide SIINFEKL. Importantly, the
age-dependent miRNA expression differences observed in
gBT-I CD8+ T cells were recapitulated well in OT-I CD8+
T cells (Figure S3), demonstrating that these differences in
naive CD8+ T cell miRNA expression are robust across two
different mouse genetic backgrounds.

Identification of conserved expression differences in
developmentally regulated miRNAs

To determine if age-related miRNA expression differences are
conserved in humans, we profiled miRNAs present in naive
human CD8+ T cells from adult peripheral blood and from cord
blood, which is developmentally similar to murine neonatal
blood (Adkins et al. 2004). Fold-change expression differences
between adult and neonatal cells correlated significantly be-
tween mice and humans for the 55 miRNA families that were
well expressed in either one or both species (Figure 3). Of the
10 miRNAs with significant differential expression between
adult and neonatal CD8+ T cells in mice, three had equivalent
expression differences in humans: miR-29, miR-130, and miR-
150. These particular miRNAs, therefore, are most likely to
have conserved biological functions in CD8+ T cells.

Targets of miR-29 and miR-130 differ in expression
between adults and young mice

MicroRNAs affect phenotypes via repression of mRNA targets,
yet changes in miRNA expression do not necessarily cause
differential target regulation because only miRNAs expressed
at high levels are able to mediate a detectable impact upon the
transcriptome. Moreover, our understanding of miRNAs is
insufficient to predict the consequences of modest changes
in their expression levels (Bartel 2009; Mukherji et al. 2011).
We therefore measured the effects of well-expressed miRNAs
in differently aged naive CD8+ T cells by comparing the
changes in expression for targets of well-expressed miRNAs
between adults and neonates/newborns using RNA-Seq. For
each sample, we sequenced at least two biological replicates,
which were highly correlated for all samples (Figure S4).
We predicted targets using TargetScan for each of the
miRNA families that are well expressed in murine CD8+
T cells (Friedman et al. 2009; Garcia et al. 2011). To deter-
mine if a miRNA’s targets had altered expression in naive CD8+
T cells, we found the expression difference for those targets,
individually comparing both newborns and neonates to adults,
and then compared those values to a background set of genes
targeted by other miRNAs. Only four miRNA families had sig-
nificant differential targeting between adults and newborns,
and three of those were also different between adults and ne-
onates (P < 0.05, Figure 4A). Three of the miRNAs exhibiting

replicated with independent biological samples, using an alternative
method of sequencing library construction (see Figure S2).


http://www.genetics.org/content/suppl/2015/09/25/genetics.115.179176.DC1/FigureS3.pdf
http://www.genetics.org/content/suppl/2015/09/25/genetics.115.179176.DC1/FigureS4.pdf
http://www.genetics.org/content/suppl/2015/09/25/genetics.115.179176.DC1/FigureS2.pdf
http://www.genetics.org/content/suppl/2015/09/25/genetics.115.179176.DC1/FigureS2.pdf

miR-182-5p
miR-486-5p
miR-130-5p
| % |miR-744-5p
miR-15/16/322-5p
miR-17/20/93/106-5p
miR-128-3p

miR-197/5622
miR-10-5p
miR-24-3p
miR-146-5p
miR-143-3p
miR-30-3p
miR-425-5p
miR-191-5p
miR-423-5p
miR-423-3p
miR-140-3p
miR-148-3p
miR-103-3p/107
miR-186-5p
miR-99/100-5p
miR-484/3155
miR-21-5p
miR-320-3p
miR-155-5p
miR-378-3p
miR-25/32/92/363
miR-30-5p
miR-221/222-3p
let-7-5p
let-7-3p
miR-23-3p
miR-27-3p
miR-142-3p
miR-28-3p
miR-22-3p
miR-26-5p

% |miR-142-5p
miR-192/215-5p
miR-342-3p

* miR-125-5p
miR-139-5p

* miR-151-5p
miR-361-3p

* miR-151-3p
*%% | *%% |miR-150-5p

miR-29-3p
miR-101-3p
miR-146-3p

human mouse Neonate

naive naive 20 2 log,( Adult )

Figure 3 MicroRNA expression in naive human cells. Fold-change differ-
ences in expression were calculated comparing adults and neonates for
miRNAs well expressed in humans and/or mice. Mice samples consist of
two pooled biological replicates; human samples consist of three pooled
biological replicates. *P < 0.05, ***P < 0.0005.

differential targeting were themselves significantly differen-
tially expressed; as expected, target sets had reciprocal expres-
sion to their cognate miRNAs. Notably, two of these miRNAs,
miR-29 and miR-130, correspond to those with conserved ex-
pression differences in human adult and neonatal CD8+ T cells
(Figure 3).

The miRNA miR-29 is downregulated in newborn and
neonatal CD8+ T cells, while its mRNA targets are more

highly expressed in those cells (Figure 4B). Conversely,
miR-130 is upregulated in newborn and neonatal CD8+
T cells, while its targets are more lowly expressed in those
cells (Figure 4C). These targeting differences were robust to
analyses using different background gene sets (Figure S5).
Importantly, targets of both miRNAs that were predicted to
be stronger exhibited more pronounced differences in their
expression between adults and neonates when compared to
those predicted to be weaker, strongly suggesting that differ-
ential expression of these miRNAs is directly controlling their
targets’ expression (Figure S5).

Predicted targets are repressed by miR-29 and miR-130

We next investigated the differentially expressed targets of
miR-29 and miR-130 (File S4) that had established roles in
adult CD8+ T cell function. Notably, targets of miR-29 in-
clude Eomes and Tbx21 (T-bet), both of which encode tran-
scription factors that upregulate genes required for effector
function (Intlekofer et al. 2005; Banerjee et al. 2010; Kaech
and Cui 2012). The transcripts of Eomes and Tbx21 were
significantly upregulated in naive neonates and newborns,
as compared to adults (Figure 4D); importantly, we con-
firmed this upregulation for both proteins in neonates (Fig-
ure 4, E and F; Figure S6). Targets of miR-130 include the
transcription factor Irf1, which is required for CD8+ T cell
development in the thymus (Penninger et al. 1997), and the
chemokine receptor Il6st, which has been suggested to pro-
tect effector cells from apoptosis at the resolution of the CD8+
T cell response (Castellino and Germain 2007). Both Irf1 and
Il6st transcripts are downregulated in newborn and neonatal
mice; although we were unable to test IRF1 protein levels, we
confirmed this downregulation for the IL6ST protein in neo-
nates (Figure 4, D and G; Figure S6).

Because miRNA target prediction is imperfect, we used
reporter assays to investigate whether targets were correctly
predicted. Portions of the putative targets’ 3’ UTRs containing
the miRNA target sites were placed downstream of a lucifer-
ase reporter; the target site was disrupted via mutagenesis to
generate a paired control incapable of repression by the cog-
nate miRNA. After cotransfecting each reporter with either
miR-29 or miR-130, we compared differences in luciferase
activity between the intact and disrupted target sites. Target
sites in Eomes and Tbx21 were specifically repressed by miR-29,
whereas sites in Irfl and Il6st were specifically repressed by
miR-130 (Figure 4H). These results, together with in vivo
mRNA and protein quantifications (Figure 4, D-G), indicate
that these genes are likely true targets of their respective
miRNAs.

Mammalian 3" UTRs are often alternatively processed to
generate multiple isoforms to regulate gene expression
(Mayr and Bartel 2009; Lianoglou et al. 2013), in part by
changing the available miRNA target sites (Sandberg et al.
2008; Nam et al. 2014). We used 3'-Seq (Lianoglou et al.
2013), a technique that globally sequences the 3" termini of
mRNAs, to investigate alternative 3' UTR processing in naive
adult and neonatal CD8+ T cells. Most transcripts primarily
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express one 3’ UTR isoform; some genes (33%) express mul-
tiple isoforms, suggesting that different miRNA target sites
might be present (Figure 5A). To determine if 3’ UTR isoform
usage altered miR-29 and miR-130 targeting, we repeated
our targeting analysis using the isoforms present in naive
cells (File S5). Most predictions were unaffected, and adults
and neonates almost always (~90%) use the same 3" UTR
isoform in naive CD8+ T cells, resulting in the same miRNA
target site availability for miR-29 and miR-130 (Figure 5, B
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and C; Figure S7). Specifically, we found that isoforms for
Eomes, Tbx21, Irfl, and Il6st contain the expected miRNA
targets sites, and importantly, isoform preference was equiv-
alent in adults and neonates; Cd69 was also included as a
likely target of miR-130 (Zhang and Bevan 2010). We found
two Eomes 3'-UTR isoforms, one containing a single miR-29
target site and the other a pair of sites; however, relative
usage of the isoforms was unchanged between adult and
neonatal CD8+ T cells (Figure 5D). These results indicate
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that the differential miRNA targeting observed between adult
and neonatal naive CD8+ T cells is not complicated by 3'-UTR
isoform usage and further indicate that Eomnes, Tbx21, Irf1, and
Il6st are likely regulated by miR-29 or miR-130 in vivo.

Global differences in adult and neonatal CD8+ T-cell
transcriptomes are pronounced in naive cells

Our results identify miR-29 and miR-130 as developmentally
regulated miRNAs in differently aged naive CD8+ T cells in
both mice and humans. Importantly, their targets include
genes whose functions are known to affect differentiation
into SLECs and MPECs. MicroRNAs exert their cumulative
effects not only by repression of their direct targets, but also
from resulting downstream expression differences due to
target repression, creating indirect miRNA targets. Thus,
the overall age-related transcriptome differences in CD8+
T cells are derived from direct and indirect effects of miRNAs,
together with additional differences not attributed to miRNAs.
We therefore systematically investigated age-related expres-
sion differences in CD8+ T-cell transcriptomes of adults,
neonates, and newborns.

Global transcriptome differences were visualized using
PCA (Figure 6A) and pairwise similarity between samples
(Figure 6B), both of which indicate large transcriptomic dif-
ferences in response to infection but smaller differences be-
tween adults and neonates at each time point; for naive cells,
neonatal gene expression is more similar to newborns than to
adults. Additionally, nearly 10 times more genes were signif-
icantly differentially expressed between adults and neonates
in naive cells than in any stage of effector cells. Moreover,
newborn naive CD8+ T cells have more differentially ex-
pressed genes with adults than do neonates (Figure 6C and
File S6). Thus, similar to the age-dependent changes that we
observed in miRNA expression (Figure 2A), we found that
the CD8+ T-cell transcriptome also exhibited the most pro-
nounced age-dependent changes in naive cells, rather than
effector cells at any stage of the primary immune response.

Genes with similar changes in expression are often co-
regulated and tend to possess similar biological functions

(D’haeseleer 2005). Using unsupervised clustering, we found
four groups of genes that have differential expression be-
tween adult and either neonatal or newborn CD8+ T cells
(Figure 6D and File S7). The more modest differences be-
tween adult and neonatal effector cells were masked by the
large expression differences in naive cells. Clusters 1 and 4
contain genes that are upregulated in adult CD8+ T cells,
whereas clusters 2 and 3 show upregulation in the newborns
and neonatal cells. To potentially detect expression differ-
ences in effector cells, we omitted the newborn expression
data while performing the clustering; the differences in naive
cells were still far larger than those at 5, 7, or 15 dpi (Figure
S8). This clustering analysis further demonstrates that the
age-related differences in gene expression in naive cells are
far more extreme than those detected in effector cells. Taken
together with our miRNA profiling, these analyses strongly
suggest that the differences that exist between adult and
neonatal CD8+ effector T cells are likely established in naive
cells prior to infection and differentiation into effector cells.

To gain perspective on the possible biological functions of
co-regulated clusters, we cross-referenced each cluster with
curated gene sets that define and differentiate SLECs, MPECs,
naive, effector; and memory cells (Kaech et al. 2002; Subramanian
et al. 2005; Joshi et al. 2007). We found that both clusters 1
and 2 significantly overlap with certain of the curated gene
sets. Cluster 1, which is downregulated in naive neonates and
newborns, is significantly enriched for genes that distinguish
naive from effector cells, memory from effector cells, and
MPECs from SLECs. Taken together, these results suggest that,
compared to naive adults, cells from both neonates and new-
borns have a lower expression of genes that defines naive and
memory cells. Cluster 2, which is upregulated in naive neonates
and newborns, is enriched in genes that distinguish effector
cells from both naive and memory cells (Figure 6E). Impor-
tantly, for both clusters 1 and 2, the observed differences in
gene expression were present only in naive cells, and not in
effector cells. Together, these results demonstrate that, prior to
infection, neonatal and newborn CD8+ T cell transcriptomes
already begin to resemble those of effector cells, suggesting
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Figure 6 Differential gene expression in adult and neonatal CD8+ T cells. (A)
PCA comparing naive and effector CD8+ T cells from different developmental
stages. PCA, and all subsequent analyses (B—F), were performed on genes with
an FPKM > 1 in at least one sample. The mean FPKM value was found for
each sample, and PCA was performed on log-transformed values. The per-
centage of the overall variation accounted for by principal components 1
(x-axis) and 2 (y-axis) is indicated for each axis. (B) Color-coded pair-wise Spear-
man rank correlation coefficients comparing transcriptomes between different
samples; P < 10~'> for all comparisons. (C) Number of genes that exhibited
differences in expression that is at least twofold and significant (Benjamini—
Hochberg corrected P-value <0.05) between pairs of samples. For naive and
5-, 7-, and 15-dpi samples, we compared adults and neonates; for naive, we
additionally compared adults and newborns. See also File S6. (D) Clustering of
co-regulated genes in newborn, neonatal, and adult CD8+ T-cell transcrip-
tomes. Fold-change differences for all genes represented in B were calculated
between adults and neonates or newborns. Clustering was performed to
identify genes with similar changes in expression throughout infection; fold
change for each gene is plotted in each sample, and genes are shown in their
clusters; see also File S7. (E) Genes in each cluster were compared to genes that
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expected. Significance was determined by Fisher exact tests; *P < 10=4.
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that this effector-like gene expression lowers the activation
threshold of naive neonatal CD8+ T cells.

MicroRNA profiles in the thymus resemble neonatal
naive cells

The underlying causes of the age-related differences in CD8+
T-cell miRNA expression that we have described are likely
complex and due to developmental differences between
adults, neonates, and newborns. CD8+ T cells are derived
from hematopoietic stem cells (HSC) that undergo differen-
tiation in the thymus. After exiting the thymus, CD8+ T cells
are not yet fully mature; they undergo additional develop-
ment for 3 weeks after their thymic emigration (Berzins et al.
1998). Stem cell origin is one possible basis for differential
expression of miRNAs: CD8+ T cells of neonates and new-
borns are derived from fetal liver HSCs, whereas those of
adults are derived from bone marrow HSCs (Jotereau et al.
1987; Foss et al. 2001). Alternatively, differences in cellular ma-
turity might contribute to differential expression of miRNAs;
neonatal and newborn naive cells are composed of less mature
cells that have recently exited the thymus, whereas ~80% of
adult cells have undergone complete post-thymic maturation
(Hale et al. 2006; Fink 2013). Importantly, these models are not
mutually exclusive; moreover, the extent to which each model
contributes may differ for specific miRNAs. To distinguish be-
tween these models, we compared the miRNA profiles of naive
CD8+ T cells (located in the spleen) to those of immature
adult, neonatal, and newborn CD8+ T cells found in the thy-
mus (Figure S9). If age-dependent differences in miRNA ex-
pression are caused by HSC origin, adult and newborn thymic
CD8+ T cells will have miRNA differences that mirror those
differences observed in adult and neonatal/newborn splenic
CD8+ T cells. It is worth noting that the miRNA profiles of
neonatal thymic cells may be less informative as they are likely
composed of both HSC populations. Alternatively, if the differ-
ences in miRNA profiles are instead due to time spent in the
periphery, where additional post-thymic maturation occurs,
neonatal and newborn splenic miRNA expression will more
closely resemble that of thymic samples from all ages, which
together will be distinct from miRNA expression found in the
adult spleen.

We first globally compared the expression of all well-
expressed miRNAs by using pair-wise similarities between
the samples (Figure 7A). When we compared miRNA pro-
files between thymus-derived samples, the profiles differed
according to the age of the animal, suggesting that HSC or-
igin contributes, at least to a degree, to differential regulation
of miRNAs. Overall, however, the thymus profiles from all
samples more closely resemble splenic neonatal and newborn
profiles than that of the splenic adult. This result implies that
the major determinant of the overall miRNA profile corre-
sponds to the amount of time that CD8+ T cells have spent
out of the thymus. Notably, these same patterns were also
evident when we focused on only the expression of miRNAs
identified previously as differentially expressed in naive cells
(Figure 2B): patterns in thymic samples were more similar to
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those of neonatal and newborn splenic samples than to the
profile found in the adult spleen, which possesses the most
distinct profile of all the samples (Figure 7B).

Importantly, some miRNAs were expressed relatively uni-
formlyin the thymus, independent of age, whereas others varied
by age (Figure 7B); this result indicated that changes in expres-
sion of different miRNAs do not all share a common basis.
Because our previous data implicate miR-29 and miR-130 as
miRNAs associated with age-dependent changes in CD8+
T-cell phenotypes, we specifically examined their expression
in the thymus-isolated and spleen-isolated naive CD8+ T cells
(Figure 7C). Levels of miR-29 in the immature thymus-derived
cells are low, regardless of the age of the animal and thus HSC
lineage, indicating that control of miR-29 expression is likely
primarily determined by maturation after egress from the thy-
mus. Specifically, levels of miR-29 are highest in the adult
spleen, which contains CD8+ T cells that are more mature than
any of the other conditions that we examined. For miR-130, the
upregulation in neonates and newborns when compared to
adults is mirrored in the thymus, which implicates HSC origin
as a major factor controlling levels of miR-130. Levels of
miR-130, however, were different when the two adult samples
were compared: miR-130 only reaches its lowest levels in the
adult spleen, which indicates that the maturation status of
CD8+ T cells also correlates with control of miR-130. These
data imply that both HSC origin and post-thymic maturation
influence control of miR-130 levels. Together, these data dem-
onstrate that one model alone does not explain differences in
splenic adult and neonatal immunity. While miRNA expression
in thymic adult CD8+ T cells closely resembles that found in
thymic neonates and newborns, indicating that post-thymic
cellular maturation is a major determinant of miRNA profiles
in CD8+ T cells, the expression of some miRNAs appears to
be due also to HSC origin.

Discussion

Here, we show that adult and neonatal CD8+ T cells have
highly similar gene expression profiles during primary in-
fection despite large phenotypic differences. Instead, the
greatest differences between adults and neonates are found
in naive cells in mRNA and especially miRNA expression
profiles. Downstream targets of the differentially expressed
miRNAs miR-29 and miR-130 include the chemokine receptor
Il6st and the transcription factors Irf1, Eomes, and Thx21. These
results suggest that regulatory differences in naive cells under-
lie neonates’ inability to create memory cells during infection,
and they identify miR-29 and miR-130 as potential factors that
contribute to establishment of these differences.

After primary microbial challenge, naive adult CD8+
T cells differentiate into SLECs and MPECs, whereas neonates
primarily differentiate into SLECs. We were therefore sur-
prised that the adult and neonatal effector miRNA profiles
were more similar to each other than to cells at differing
infection stages. These results suggest that miRNA expression
differences previously seen between SLECs and MPECs (Khan
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Figure 7 MicroRNA expression in immature and mature CD8+ T cells. (A)
Color-coded pair-wise Pearson correlation coefficients comparing miRNA
RPM values for adult and neonatal CD8+ T cells derived from the spleen
and thymus. All adult samples and neonatal thymus samples are derived
from two pooled biological replicates; the remaining samples consist of
one biological replicate. See also Figure S9 and File S2. (B) Expression, in
RPM, is shown for miRNAs that are significantly differentially expressed
between naive adult cells as compared to neonatal and newborn cells (in
the same order as Figure 2B). The samples were ordered via Euclidean
clustering. (C) RPM values for miR-29 and miR-130 expression levels are
shown for all samples.

et al. 2013) were relatively minor, especially when compared
to the far greater differences that we observed between adult
and neonatal/newborn naive cells. Another possibility is that
SLECs produce vastly more miRNAs than MPECs, or vice
versa, and thus the miRNAs from one cell type might domi-
nate the overall profile. Regardless, phenotypic differences in
adult and neonatal immunity are not explained by miRNA
expression during infection.
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MicroRNAs miR-29 and miR-130 are of particular interest
because gBT-I mice, OT-I mice, and humans show consistent
expression differences between adults and neonatal naive
CD8+ T cells. miR-29 is highly expressed in adult naive cells;
importantly, downregulation of miR-29 upon activation is nec-
essary for efficient cell killing, and mice that lack miR-29 are
more resistant to infection than wild type (Maet al. 2011). Thus,
naive neonates’ lowered miR-29 expression resembles that of
adults post-activation, suggesting that neonatal naive cells
more easily undergo activation, which primes them for effector
functions. Conversely, miR-130 is upregulated shortly after ac-
tivation in adult cells, and its expression correlates with the
cells’ ability to exit lymphoid organs (Shiow et al. 2006; Zhang
and Bevan 2010). Naive neonatal expression of miR-130,
therefore, also resembles that of adult effector cells. Increased
neonatal miR-130 in naive cells might allow the cells to more
quickly reach sites of inflammation after activation, thereby
promoting SLEC differentiation (Joshi et al. 2007; Sarkar
et al. 2008; Gerlach et al. 2010; Jung et al 2010). Thus,
changes in miR-29 and miR-130 expression in naive neonates
are consistent with rapid acquisition of effector functions and
may allow neonates to compensate for smaller repertoires of
CD8+ T cells in early life (Rudd et al. 2011, 2013).

We demonstrated that miR-29 can directly repress Thx21
and Eomes, which encode partially redundant transcription
factors that upregulate genes needed during infection, such
as Ifng, Cxcr3, and I12rb (Intlekofer et al. 2005; Banerjee et al.
2010), each of which is significantly upregulated in naive
neonatal cells (Figure S10). Expression of Thx21 and Eomes
is low in adult naive cells, and their upregulation during in-
fection is driven by external cell signaling (Takemoto et al.
2006; Joshi et al. 2007; Cruz-Guilloty et al. 2009; Pipkin et al.
2010; Raoetal. 2010, 2012; Kaech and Cui 2012). Therefore,
lowered expression of miR-29 in neonatal naive cells likely
directly results in elevated expression of Thx21 and Eomes,
which facilitates upregulation of effector-function proteins
prior to infection. Thus, upregulation of Tbx21 and Eomes
may be one specific mechanism by which decreased miR-29
expression in naive neonatal cells promotes a SLEC fate.

Importantly, our data suggest that age per se does not con-
trol expression of miR-29 and miR-130 (Figure 7). Instead, the
miRNA profile of adult thymic CD8+ T cells is similar to that of
neonates. In mice, the fetal thymus is colonized by at least two
different layers of HSCs. The first, which is derived from the
liver, colonizes the thymus around midgestation (Jotereau
et al. 1987) and gives rise to neonatal and newborn CD8+
T cells. The second layer of hematopoietic stem cells originates
from the bone marrow, and these cells seed the thymus just
before birth, eventually replacing the first-layer cells and pro-
ducing adult CD8+ T cells (Foss et al. 2001). Our data suggest
that the alternative HSC origins contribute, to a degree, to
differences in miRNAs expressed in neonates and adults, in
particular contributing to differences observed for miR-130.
By virtue of age, all neonatal and newborn CD8+ T cells have
recently exited the thymus. In adults, by contrast, such re-
cent thymic emigrants make up only ~20% of the mature
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CD8+ T population, and they are known to preferentially dif-
ferentiate as SLECs rather than as MPECs (Makaroff et al.
2009; Fink 2013). Our data identify the maturity of CD8+
T cells as the major factor determining the miRNA profile, fully
explaining differential levels of miR-29 and contributing to
control of miR-130. To further understand the contribution
of these models, it would be informative to profile miRNAs
found in adult recent thymic emigrants.

Considering the large differences in naive miRNA profiles, it
is interesting to consider whether miRNAs could serve as
biomarkers to predict vaccine success or infection outcomes
in neonates and infants. For example, because miR-29 is
enriched in adult naive cells whereas miR-130 is enriched in
neonatal naive cells, the ratio of miR-29 to miR-130 in naive
CD8+ T cells could provide important information regarding
the proportion of adult- and young-derived CD8+ T cells,
which, in turn, could be used to predict if the starting population
of CD8+ T cells can differentiate into long-lived memory cells.
This information could be particularly useful in the clinical
setting, where there appears to be extensive heterogeneity in
the response to infections and vaccines during early life (Green
et al. 1994; Hsu et al. 1996; Poland 1998; Nair et al. 2007,
Gaucher et al. 2008; Poland et al. 2011).
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Figure S1 Adult and neonatal CD8+ T cells have equivalent phenotypes before and after selection. Representative histograms
show expression of IL2RA/CD25 (associated with activation), CD69 (associated with activation), SELL/CD62L (marker of lymph
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selection, (C) neonates pre-selection, and (D) neonates post-selection.

2SI

E. M. Wissink et al.



A 1000000 B 1000000 ) G
s =
& 10000 & 10000 A
4 .. car
o 2 ‘ 313
% B 3
% 100 r=0997 3 100 12=0.997
& p<10- &’ p<10-
1 M g =
1 100 10000 1000000 1 100 10000 1000000
Replicate A RPM Replicate A RPM
C <] naive adult B = D 5 R
o naive adult A= 4 r+=0.692,
B 7dpi adult
. m 7dpi neonate 3
2
N o .
O | m
ae % 15 el
_0]"s
- naiv_e neo B| 2 i) 1 5 % 5
< naive neo A" .. .5
T naive newborn = Y
T T T T T
-0.4 0.0 0.4 lllumina
PC1
E ° r=0.319 F > 1 = 6x10°
4 4
3 3
m 2 m . 2
2 1. u 1 .
g o o4t
4 -3 -2 -711) 12 3 4 5 6 -4 -2 ;13" 2 4 6
2 2
-3 ) -3
lllumina lllumina
H
Replicate 1 Replicate 2 Pearsonr
Adult 1 Adult 2 0.992
Adult 2 Adult 3 0.922
Adult 1 Adult 3 0.943
Neonate 1 Neonate 2 0.996
Neonate 2 Neonate 3 0.997
Neonate 1 Neonate 3 0.995

Neonate -:-

109,CAdurt -4 0 4

E. M. Wissink et al.

B

{{X;({X{X{X

naive 5dpi

7dpi

miR-130b-3p
miR-130b-5p
miR-744-5p
miR-1983
miR-298-5p
miR-103-3p
miR-484
miR-128-3p
miR-181a-5p
miR-423-5p
miR-25/92a-3p
miR-425-5p
miR-423-3p
miR-15ab/15-5p
miR-191-5p
miR-140-3p
miR-182-5p
miR-183-5p
miR-148ab-3p
miR-486b-5p
miR-5099
miR-186-5p
miR-21a-5p
miR-93-5p
miR-93-3p
miR-30acd-5p
miR-378ac-3p
miR-222-3p
miR-3968
miR-342-3p
miR-24-3p
miR-142a-3p
let-7acdfgi-5p
miR-142a-5p
miR-151-3p
miR-139-5p
miR-23a-3p
miR-150-5p
let=7j
let-7d-3p
miR-155-5p
miR-27b-3p
miR-22-3p
miR-26ab-5p
miR-10ab-5p
miR-29a-3p
miR-146ab-5p
miR-1843a-3p
miR-101a-3p
miR-101b-3p
miR-340-5p
miR-361-3p
miR-192-5p
miR-28a-3p
miR-1964-3p
miR-669c-5p
miR-320-3p
miR-30e-3p
miR-7a-5p
miR-674-3p
miR-532-5p
miR-1839-5p
miR-3535
miR-501-3p
miR-185-5p
miR-16-1-3p
miR-1981-5p
miR-106b-3p
miR-150-3p
miR-328-3p
miR-143-3p

35Sl



Figure S2 Differences in miRNA expression are conserved in biological replicates and robust to alterative sequencing
protocols. (A and B) Correlation of miRNA expression between two mouse naive CD8+ T cell biological replicates. The reads per
million (RPM) of all miRNAs with at least one read are shown for adult (A) and neonatal (B) samples. (C) Principal component
analysis on all replicate samples for miRNA sequencing. (D-F) Correlation of miRNA neonatal:adult fold-change values for
miRNA sequencing libraries derived from Illumina TruSeq and NEBNext protocols in naive (D), 5-dpi (E), and 7-dpi (F) cells. (G)
Heatmap of neonatal:adult fold-change for miRNAs sequenced using the NEBNext protocol. miRNAs marked with a black bar
are miRNAs that were captured by the TruSeq protocol, and miRNAs in gray are ones that were not captured by the NEBNext
protocol. Differential expression was determined by edgeR. *=p<0.05, **=p<0.005, ***=p<0.0005. (H) Pearson correlation
coefficients for all pairwise combinations of human biological replicates, based on miRNAs with at least one read in one of the
samples.
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Figure S3 CD8+ T cells from two transgenic TCR mouse strains have similar age-dependent miRNA expression differences.
(A) Correlation of fold-changes in neonatal:adult (Pearson r=0.753) and newborn:adult (Pearson r=0.765) miRNA expression
between gBT-I and OT-I naive CD8+ T cell biological replicates. Fold-change values were calculated with edgeR; each sample
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between adults and neonates, or adults and newborns, for OT-I and gBT-I naive CD8+ T cells. Differential expression was
determined by edgeR; ***=p<0.0005. (C) Fold-change in expression of miR-130b between adults and neonates, or adults and
newborns, for OT-I and gBT-I naive CD8+ T cells. Differential expression was determined by edgeR; ***=p<0.0005.
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Figure S4 mRNA profiles determined by high-throughput sequencing compared between biological replicate samples. (A)
Genes that were well-expressed (FPKM>1 in at least one sample) were used; expression values (FPKM) for well-expressed genes
(11,360) are shown for two biological replicates. (B) Principal component analysis was performed on all replicate samples for
well-expressed genes. (C) Pearson and Spearman correlation coefficients for all pairs of biological replicates that underwent

mRNA sequencing.
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Figure S5 miRNA targeting analysis. (A and B) Targets of miR-29a-3p (A) and miR-130b-3p (B) were binned by context score,
regardless of conservation status, to confirm that stronger targets were more repressed by their cognate miRNA than were
weaker targets. The background set used was all well-expressed genes, excluding targets for the miRNA being tested. For
miR-29a-3p, all context score bins are significantly different from background (context 2-0.1, p<0.05; context <-0.1, >-0.2,
p<0.005; context <-0.2, >-0.3, p<10‘6; context <-0.3, p<0.05). For miR-130b-3p, targets with context scores <-0.3 were
significantly different from background (p<0.05). (C and D) MicroRNA targeting signatures are robust to alternative background
gene sets. We tested background sets consisting of all well-expressed genes (red), well-expressed genes that are strong targets
of broadly conserved miRNAs (defined in Friedman et al. 2009, green), and well-expressed genes that are targets of broadly
conserved miRNAs excluding those well-expressed in CD8+ T cells. Compared to all background sets, strong miR-29a-3p targets
(C, gray) have significantly different expression (p<0.0005). Similarly, strong miR-130b-3p targets (D, gray) have significantly
different expression (p<0.05) when compared to all different background sets tested.
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Figure S7 Context scores for isoforms of miRNA targets expressed in CD8+ T cells. (A) Example of calculation of actual context
scores using experimentally verified 3'UTR isoforms. For each target, we found expressed isoforms (each isoform consisting of
>20% of the reads for that gene), then found the context scores for the individual miRNA target sites in all expressed isoforms.
We calculated an average context scores of the target sites, weighting them by the usage of that site, as determined by 3'-Seq.
Eomes has two isoforms and two target sites. One target site is found in both isoforms, whereas the second is found only in the
longer isoform. Their scores are weighted based on site usage (51.5% usage for site 1 and 48.5% usage for site 2 in neonates).
(B) For each strong predicted target of miR-29a-3p (left) or miR-130b-3p (right), we calculated an actual context score, taking
into account the miRNA target sites present. We then compared the average context score for adults and neonates to the
expected score (Pearson r=0.789 for miR-29a-3p targets; Pearson r=0.628 for miR-130b-3p targets); high correlations indicate
most, but not all, targets have very similar context scores to predicted. (C) We compared the fold-change difference in
expression for all predicted targets of miR-29a-3p (left) and miR-130b-3p (right) to fold-change differences for only targets
whose experimentally determined isoforms have the predicted context scores. The two groups are not significantly different
according to two-sided Kolmogorov—-Smirnov tests (miR-29a-3p: p=0.825; miR-130b-3p: p=0.991).
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Figure S8 Clustering gene expression differences between adults and neonates. (A) Clustering of co-regulated genes in
neonatal and adult CD8+ T cell transcriptomes. Fold-change differences for genes with significant differential expression
between adults and neonates were calculated, and fold-differences used to cluster co-regulated groups of genes (as described
in Figure 6); see also File S7. (B) Genes in each cluster were compared to genes that define naive, effector, memory cells, MPEC,
or SLEC cells. Enrichment was calculated as number of genes in each cluster as compared to the number expected. Significance
was determined by Fisher exact tests, *p<10'4.
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Figure S9 Thymus cells. (A) Distribution of CD4+ and CD8+ T cells in thymus. (B) Sorting strategy. Thymic cells were depleted of
CD4+ cells, then Va2+ Vb8+ cells were FACS sorted to >90% purity. The sorted populations are shown in red boxes. (C) Pearson
correlation coefficients for biological replicate miRNA sequencing data.
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File S1
Supporting Materials and Methods

Preparation of human samples. Whole blood samples from adults and cord blood were obtained from New York Blood Center
(Long Island City, NY) and National Disease Research Interchange (Philadelphia, PA), respectively. To isolate mononuclear cells
from whole blood, samples were mixed with 1-2 times their volume of PBS-EDTA. This diluted blood was layered over Ficoll-
paque Plus (GE Healthcare), then centrifuged at 400g for 30 minutes at room temperature. Mononuclear cells at the interface
between plasma and Ficoll were collected and washed with PBS-EDTA. To isolate CD8+ T cells from this fraction, a Naive CD8+ T
Cell Isolation Kit (human) (Miltenyi) was used according to manufacturers’ instructions. Following isolation, cells were placed in

Trizol (Life Technologies).

Mice. gBT-I TCR transgenic mice (TCRap specific for SSIEFARL peptide from HSV-1 glycoprotein B498-505) were provided by Dr.
Janko Nikolich-Zugich (University of Arizona, Tucson, AZ). Ly5.2 mice (8-12 wk) were purchase from The National Cancer
Institute (Fredrick, MD). Rag-/- OT-I mice were purchased from Taconic (Germantown, NY) and were crossed to C57BI/6 mice

from The National Cancer Institute and F1 progeny were used.

Antibodies, Staining and Flow Cytometry. The fluorochrome labeled monoclonal antibodies anti-CD8a (53-6.7), anti-CD4
(GK1.5), anti-CD45.1 (A20), anti-CD45.2 (104), anti-CD90.1/Thy1.1 (OX-7), anti-KLRG1 (2F1), anti-CD127 (A7R34), anti-CD62L
(MEL-14), anti-CD44 (clone), anti-Eomes (Danllmag), anti-T-bet (eBio4B10), anti-CXCR3 (CXCR3-173), anti-CCR5 (HM-CCR5),
anti-CCR7 (4B12) and anti-gp130 (KGP130) were purchased from Biolegend (San Diego, CA), eBioscience (San Diego, CA), Life

technologies (Carlsbad, CA) or BD Biosciences (San Jose, CA).

Sorting. Splenocytes were harvested and positive magnetic selection was performed using anti-CD8 beads (Miltenyi Biotec,
Auburn, CA), according to manufacturer’s instructions. Following purification, cells were labeled with anti-CD4-fluorescein
isothiocyanate, anti-CD8-e450, anti-Thyl.1-allophycocyanin, anti-CD45.2,-allophcyocyanin-e780 and  anti-CD45.1-
phycoerythrin-Cy7 for 30 min at 4°C. Labeled cells were washed twice and placed in sorting buffer (PBS, 0.5% BSA, 2 mM EDTA).
We concurrently sorted for CD8+CD4-CD45.1-CD45.2+Thy1.1+ and CD8+CD4-CD45.1-CD45.2+Thy1.1- populations and achieved

>95% purity. Sorting was performed on a FACS Aria (BD Biosciences).

RNA isolation. Cells were resuspended in Trizol (Life Technologies) at a concentration of 1 million cells/mL and stored at -80°C.
RNA isolation was completed within a month. To do so, the samples were thawed and 200 pL of chloroform per mL Trizol was

added. The tubes were shook for 15 seconds, then incubated at room temperature for ten minutes to allow for phase

14 sl E. M. Wissink et al.



separation. The tubes were centrifuged for 15 minutes at 12,000xg at 4°C. The upper aqueous phase was transferred to a fresh
tube, and 1 pL glycoblue (Life Technologies) was added to help visualize the RNA pellet. To precipitate the RNA, we added 0.5
mL isopropanol per mL Trizol, then incubated at room temperature for ten minutes, then centrifuged for ten minutes at
12,000xg at 4°C. The supernatant was pipetted off, and the pellet was washed in 1 mL 75% ethanol, then centrifuged for ten
minutes at 12,000xg at 4°C. The supernatant was pipetted off and the RNA pellet was allowed to air dry for ten minutes. The

RNA was then resuspended in 20 uL RNase-free water (HyClone).

Small RNA-Seq analysis. We used miRDeep?2 to align and quantify sequencing reads to known mouse miRNAs (Friedlander et al.
2012). For aligning, we inputted the raw sequencing files into the script mapper.pl (a component of miRDeep2) which trimmed
the adapter sequence (TGGAATTCTCGGGTGCCAAGG for libraries generated with Illumina, AGATCGGAAGAGCACACGTCT for
libraries generated with NEB), discarded reads with fewer than 18 nucleotides, aligned the reads to the genome (mm9) using

Bowtie (Langmead et al. 2009). We used options —e, -h, -i, -j, -k, -1 18, and -m.

Genome-matching reads were matched to known mouse miRNAs from miRBase version 21 (Kozomara and Griffiths-Jones 2014)
and quantified using the script quantifier.pl (a component of miRDeep2) using options —d and -t mmu. The defaults we used

allow one mismatch and allow 2 nucleotides upstream and 5 nucleotides downstream of the mature sequence.

For each miRNA, we normalized the number of reads in each sample by the total number of miRNA-matching reads, then found
all miRNAs with >1000 RPM (well-expressed) in at least one sample. We then combined those miRNAs that come from the
same miRNA family, as defined by having the same composition at nucleotides 2-8. We used the raw read counts for those
miRNA families when finding fold-change differences and differential expression using edgeR (Robinson et al. 2010). When
using edgeR, we calculated normalization factors, estimated common and tagwise dispersion, and performed exact tests on
each adult and neonatal pair for naive, 5-dpi, and 7-dpi samples. The p-values are multiple test corrected using the Benjamini-

Hochberg method.

Clustering was performed using the Euclidean method in the R package gplots. Principal component analysis was performed on

log,o(RPM) values for the miRNAs with >1000 RPM in at least one sample.

mRNA-Seq analysis. We trimmed nucleotides from the ends of sequencing reads if they had Phred quality scores <20. Reads
that were at least 20 nucleotides long after trimming were aligned to the genome (mm9) using Tophat (Trapnell et al. 2009)
with the option --no-novel-juncs. We used the mm9 GTF file provided by UCSC (available from the Tophat website). Differential

expression of genes between samples was determined using CuffDiff (Trapnell et al. 2013) with a false discovery rate of 5%.

E. M. Wissink et al. 15 Sl



Clustering gene expression data. We clustered expressed genes that were significantly differentially expressed, and had at least
a 2-fold difference in expression between adults and neonates in at least one sample (naive, 5-dpi, 7-dpi, or 15-dpi). Those

genes were grouped into five clusters using the partioning around medoids method (Reynolds et al. 2006) in R.

Enrichment statistics. Gene sets were downloaded from the Immunologic Signatures collection at the Molecular Signatures
Database (MSDB). We found the number of genes from each dataset that belonged to a cluster. For each cluster, we found the
number of genes that were found in both the cluster and the dataset (b), the total number of genes present in that cluster (n),

the number of genes in the MSDB dataset (B), and the total number of genes that had been clustered (N). Enrichment was

By
calculated as By One-sided Fisher exact tests were used to measure significance.

3'-Seq. 3'-Seq was performed as described in (Lianoglou et al. 2013) (full protocol available at
http://www.mskcc.org/sites/www.mskcc.org/files/node/25002/documents/3%27-seq%20protocol.pdf). Briefly, 1 ug of DNase-
treated (Ambion) total RNA was incubated with a biotinylated polyT primer that contained a single RNA base (IDT) and
Dynabeads M280 Steptavidin (Life Technologies). The RNA attached to the beads underwent first strand synthesis with
SuperScriptlll (Life Technologies), then second strand synthesis with DNA Pol | (NEB) and RNaseH (NEB). The cDNA was nicked
using RNase HIl to introduce then translated with DNA Pol | (NEB) for 8 minutes at 8°C. After stopping the reaction with EDTA at
50 mM, the ends were cleaned up with T7 exonuclease (NEB), mung bean exonuclease (NEB), and Klenow enzyme (NEB)
supplemented with dNTPs. Adapters were ligated with T4 DNA ligase (NEB), then amplified with Phusion (Fermentas). After the

libraries were purified by PAGE, they were sequenced on the Hi-Seq platform with 100 bp reads.

3'-Seq analysis. To ensure that we were examining reads that captured the ends of 3'UTRs, we required that 3'-Seq reads
contain the 3’ adapter sequence adjacent to a stretch of A’s. We then trimmed the A’s and the adapter sequence from the 3’
end of the read, then trimmed low quality nucleotides (Phred <20) from the 5’ and 3’ end of the read. Trimmed reads that were
at least 20 nucleotides long, and were not derived from rRNA (removed using local alignment Bowtie2)Langmead et al. 2009;
Langmead and Salzberg 2012), were then mapped to the mouse genome (mm9) using Tophat. The 3’ end of uniquely matching
reads were mapped and counted using the Genomecov tool from Bedtools (Quinlan and Hall 2010). We kept reads that
mapped either in an annotated mouse 3'UTR (RefSeq, mm9) or within 1500 nt downstream, and we only considered the
longest annotated 3'UTR isoform for genes that are reported to have multiple isoforms. We then determined which reads were
within 50 nucleotides of a putative polyadenylation sequence (PAS, AATAAA or ATTAAA), and used those in further analyses.
For each gene, an isoform was considered if it contained at least 20% of the reads for that gene. For genes that were targets of

miR-29a-3p or miR-130b-3p and that did not end at the annotated position, we used TargetScan Mouse release 6.2 (Friedman
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et al. 2009; Garcia et al. 2011)to determine if any miRNA target sites were lost in the shorter isoforms, using information from

the files Conserved site context+ scores.txt and Nonconserved site context+ scores.txt.

Cloning. We used nested PCR to amplify fragments of 3'UTRs from genomic mouse DNA (Promega). The PCR primers were

flanked with a Sacl site on the forward oligo and a Notl site on the reverse oligo. We digested the PCR products and pmirGlo

(Promega) with Sacl-HF and Notl-HF (NEB), then ligated them with T4 DNA Ligase (NEB). We used site-directed mutagenesis

(Agilent) to mutate the miRNA target sites at two positions. Our oligo sequences are:

Eomes Outer PCR, forward AACTAAACTGAAGCAGACCTAGCA

Eomes Outer PCR, reverse TGACCAAGGAAAGAGGATTAAGCA

Eomes Inner PCR, forward ATATATGAGCTCATGGGAAACGAGAAATGTTCAGAA
Eomes Inner PCR, reverse ATATATGCGGCCGCCGAAGTGGACAGAATATCTCCAAG
Thx21 Outer PCR, forward AGGTGCCCACTAACTTAGAAAACA

Tbx21 Outer PCR, reverse ACCAGGTCCATGTTTATTTCCAGA

Thx21 Inner PCR, forward ATATATGAGCTCGGATTCTGGGGTTTACTTCTTGTT
Tbx21 Inner PCR, reverse ATATATGCGGCCGCCCAGAAAGTGATGCAAAACAGAAG
Bak1 Outer PCR, forward CCTGGCTGGACTAAACCTCTCT

Bak1 Outer PCR, reverse TGAAGGTGGGGTTCAAGTAATCAT

Bak1 Inner PCR, forward ATATATGAGCTCCTGGACTAAACCTCTCTCCCTAC

Bak1l Inner PCR, reverse ATATATGCGGCCGCATGGATGGATTGGGGTAGGAGATA
Cd69 Outer PCR, forward CACCACAGGAAAGTTGTGTAACTG

Cd69 Outer PCR, reverse AACAGGTTATGTGACAAGACTGGA

Cd69 Inner PCR, forward ATATATGAGCTCGACTGCACAAACCAACTTTACATC
Cd69 Inner PCR, reverse ATATATGCGGCCGCCCTTGAAATACGCTACAGAGGTTT
Irfl Outer PCR, forward CTTGACACATGGCAAAGCATAGTC

Irfl Outer PCR, reverse CATGACCAAACACCATTTAGCAGT

Irfl Inner PCR, forward ATATATGAGCTCTCTGAGTTTTCTTGTGAGGTGAAG
Irfl Inner PCR, reverse ATATATGCGGCCGCATAGATAGTCAAGAGTCACGCCAA
ll6st Outer PCR, forward TAAAGACGAGTGGCTTCAGATGAG

116st Outer PCR, reverse CTGTAGGAGGACTTCTGTCATTGT

ll6st Inner PCR, forward ATATATGAGCTCCTTCAGATGAGAAACAGTCCTCAC
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ll6st

Inner PCR, reverse

ATATATGCGGCCGCATAATAAGCAGTTTCTTGGGAGGC

Eomes upstream

Mutagenize miR-29 site, F

GCTATGAAGAACGAGTGCCCGGTACCATTAAATGAATTTCAAAG

Eomes downstream

Mutagenize miR-29 site, F

GGTATCAGATAAAAATAATGTAAATTTGGTACCTTGGCGTTGTAAAGAATTTGC

Thx21 Mutagenize miR-29 site, F CAGTCACGAACCTGGTACCGCTTCTGACCCC

Thx21 Mutagenize miR-29 site, R GGGGTCAGAAGCGGTACCAGGTTCGTGACTG

Bak1 Mutagenize miR-29 site, F CCCCAACATTGCATGGTACCACTGAACCCCATCC

Bak1 Mutagenize miR-29 site, R GGATGGGGTTCAGTGGTACCATGCAATGTTGGGG

Cd69 Mutagenize miR-130 site, F | CCAGTGCCTTTACGCATTAGCGCTATTTGGAGGGGTTTC

Cd69 Mutagenize miR-130 site, R | GAAACCCCTCCAAATAGCGCTAATGCGTAAAGGCACTGG

Irfl Mutagenize miR-130 site, F | CTCTGTACTAGGAGACAATAGCGCTAAATGAGTCCTATTCCC
Irfl Mutagenize miR-130 site, R | GGGAATAGGACTCATTTAGCGCTATTGTCTCCTAGTACAGAG
l16st Mutagenize miR-130site, F | GTGCTCTTTCAGAATGTTAGCGCTGCCGAAAACAAAGTGTGTC
116st Mutagenize miR-130 site, R | GACACACTTTGTTTTCGGCAGCGCTAACATTCTGAAAGAGCAC

Cell culture. HEK293 cells were used because they express negligible amounts of miR-29 and no detectable miR-130 (Mayr and

Bartel 2009). They were maintained in DMEM (Gibco) supplemented with 10% FBS and penicillin/streptomycin at 37°C with 5%

CO,. At 24-hours before transfection, we plated cells at 50,000 cells/mL in 24-well plates. We transfected 10 ng of the

experimental plasmid and 25 nmol of miRNA mimic (IDT) using Lipofectamine 2000 (Life Technologies). We harvested the cells

24 hours later and stored them at -80°C. Luciferase amounts for Firefly and Renilla were measured using the Dual-Luciferase

Reporter Assay system (Promega) with a dual-injection luminometer (Turner Biosystems). Firefly luciferase luciferase levels

were normalized to Renilla. The miRNA mimic sequences are:

miR-29 sense strand

UAGCACCAUCUGAAAUCGGUUA

miR-29 anti-sense strand

ACCGAUUUCAGAUGGUGUUAAU

miR-130 sense strand

CAGUGCAAUGUUAAAAGGGCAU

miR-130 anti-sense strand

GCCCUUUUAACAUUGCACAGAU

Files $2-S7

Available for download at www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.179176/-/DC1
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File S2 Expression values (reads per million) for miRNAs that are well-expressed in at least one sample.
File S3 Fold-change expression changes between adults, neonates, and newborns for miRNA families.
File S4 Gene expression of miRNA targets.

File S5 Positions and expression of 3'UTR isoforms.

File S6 Expression and differential expression information for expressed genes.

File S7 Genes present in clusters.
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