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Abstract

We have previously demonstrated co-receptor level-associated functional
heterogeneity in apparently homogeneous naive peripheral CD4 T cells,
dependent on MHC-mediated tonic signals. Maturation pathways can dif-
fer between naive CD4 and naive CD8 cells, so we tested whether the lat-
ter showed similar co-receptor level-associated functional heterogeneity.
We report that, when either polyclonal and T-cell receptor (TCR)-trans-
genic monoclonal peripheral naive CD8 T cells from young mice were
separated into CD8"™ and CD8'" subsets, CD8" cells responded poorly,
but CD8"™ and CD8" subsets of CD8 single-positive (SP) thymocytes
responded similarly. CD8" naive CD8 T cells were smaller and showed
lower levels of some cell-surface molecules, but higher levels of the nega-
tive regulator CD5. In addition to the expected peripheral decline in CD8
levels on transferred naive CD8 T cells in wild-type (WT) but not in
MHC class I-deficient recipient mice, short-duration naive T-cell-dendritic
cell (DC) co-cultures in vitro also caused co-receptor down-modulation in
CD8 T cells but not in CD4 T cells. Constitutive pZAP70/pSyk and pERK
levels ex vivo were lower in CD8' naive CD8 T cells and dual-specific
phosphatase inhibition partially rescued their hypo-responsiveness. Bulk
mRNA sequencing showed major differences in the transcriptional land-
scapes of CD8™ and CD8" naive CD8 T cells. CD8" naive CD8 T cells
showed enrichment of genes involved in positive regulation of cell cycle
and survival. Our data show that naive CD8 T cells show major differ-
ences in their signaling, transcriptional and functional landscapes associ-
ated with subtly altered CD8 levels, consistent with the possibility of
peripheral cellular aging.

Keywords: CD8 T cells; cellular aging; immune aging phenotype; T-cell
transcriptome; tonic signals.

Abbreviations: APC, allophycocyanin; BCI, (E)-2-benzylidene-3-(cyclohexylamino)-2,3-dihydro-1H-inden-1-one; BMDC,
bone-marrow-derived dendritic cells; CESE, carboxyfluorescein succinimidyl ester; CTV, Cell Trace Violet; DUSP, dual-specific
phosphatase; ERK, extracellular signal-regulated kinase; FITC, fluorescein isothiocyanate; IL-7, interleukin-7; MHC, major
histocompatibility complex; Ova, ovalbumin; PBS, phosphate-buffered saline; PE, phycoerythrin; PMC, phorbol 12-myristate
13-acetate; pMHC, peptide-MHC complex; SP, single-positive; TCR, T-cell receptor; WT, wild-type
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Introduction

Functional heterogeneity within different cellular lineages,
likely to be a result of stochastic processes, has been well
reported.' In the immune system, with respect to naive T
cells, stochastic fluctuations in gene expressions of regula-
tors of T-cell receptor (TCR) signaling such as extracellu-
lar signal-regulated kinase (ERK) kinases have been
linked to the ability of T-cell clones to sense differences
in ligand affinities.” We have recently shown that varia-
tion in baseline glucose uptake and rates of protein syn-
thesis in naive T cells regulate their ability to respond to
TCR-mediated stimulation.” Also, variation in expression
of Src-homology-2 domain containing protein tyrosine
phosphatases, which provides a negative feedback loop
for TCR signaling, has been shown to regulate T-cell sen-
sitivity.>*

However, it is unclear how individual cells from an
apparently homogeneous naive T-cell population, which
have an identical status of differentiation, show variation
in molecular content. Although stochastic gene expression
fluctuations may well contribute to variability in protein
expression of individual cells, it is plausible that such
variability may also be contributed by a variety of
microenvironmental cues that naive T cells receive
throughout their lifetime, thereby leading to tuning of T-
cell responsiveness and functionality.

T-cell development in the thymus results in a steady
supply of naive mature T cells, which reach the periphery.
Peripheral naive T cells successfully finding their cognate
peptide-major histocompatibility ~complex (pMHC)
ligands will respond and change phenotype rapidly. How-
ever, naive T cells that do not encounter cognate pMHC
will continue to circulate as naive cells in peripheral lym-
phoid tissues, and many may never encounter their cog-
nate ligands until they are eventually eliminated from the
peripheral pool. Hence, it is quite likely that peripheral
naive T-cell populations are heterogeneous in their post-
thymic age, even in young animals/individuals.

With age, thymic output of naive T cells decreases and
the cells in the periphery undergo homeostatic prolifera-
tion,’ resulting in an increase in the number without
expanding the repertoire.® Cytokines such as interleukin-7
(IL-7) and IL-15 play a major role in peripheral T-cell
homeostasis of T cells.”® Self-pMHC-mediated signals,
which play a crucial role in defining the TCR repertoire
of the developing thymocytes in the thymus, are also
important in the survival and maintenance of mature
naive T cells in peripheral lymphoid tissues.>* Homeo-
static mechanisms maintain the number of peripheral
naive T cells in aged mice, but the survival of individual
naive T-cell clones differs based on TCR avidity and the
availability of selecting ligands.'>""

Peripherally trafficking T cells receive multiple signals
in different anatomical locations, making it possible that
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exposure to such signals can be non-uniform. Further,
cells that have been recirculating in the periphery for a
long time would be exposed to microenvironmental sig-
nals for prolonged durations compared with recent thy-
mic emigrants. Hence, variations are likely to exist in the
patterns and frequencies of tonic and cytokine signals
received by individual naive CD8 T cells depending on
the time spent by them in the periphery, and the func-
tional consequences of such heterogeneity become an
interesting issue.

In this context, we have previously reported that naive
CD4 T cells in aged mice show heterogeneity of hypo-
responsiveness, suggesting that the population consists of
cohorts with differing functionalities, and that cellular
post-thymic aging, via MHC class II (MHCII) -mediated
signals, may contribute to the generation of this hetero-
geneity of responsiveness.'” However, there is evidence
that homeostatic maintenance pathways, including but
not limited to the role of MHC-mediated ‘tonic’ signals
regulating the survival of naive post-thymic T cells in the
periphery, may be somewhat different for CD4 versus
CD8 T cells,">'® making it interesting to examine poten-
tial co-receptor-associated functional heterogeneity in
naive CD8 T cells.

On this background, we have demonstrated that, like
naive CD4 T cells, within a naive CD8 T-cell population
with unimodal distribution of CD8 levels, lower CD8 co-
receptor levels identified cells of smaller size, poor survival,
defective TCR signaling and poor proliferation, that even
short-term peripheral residence was also associated with
subtle loss of CD8 levels dependent on MHCI-mediated
tonic signals. Moreover, we find that naive CD8 T cells
were more sensitive than naive CD4 T cells to MHC-
mediated co-receptor loss in vitro. Finally, we examined the
global transcriptional landscape of CD8" and CD8' naive
CD8 T cells, and show differential expression levels of cell
cycle and survival-related genes, a pattern similar to that
reported from neonatal versus adult human CD8 T cells.
Our data show that naive CD8 T cells show major differ-
ences in their signaling, transcriptional and functional
landscapes associated with subtly altered CD8 levels, con-
sistent with the possibility of peripheral cellular aging.

Materials and methods

Mice

Various strains of mice as indicated: C57BL/6 (B6),
B6.SJL-Ptprc*Pep3®/Boy] (B6.SJL) congenic strain of
C57BL/6, B6.129S2-Tap1"™™®/] (Tap-null), C57BL/6-Tg
(TcraTerb)1100Mjb/] TCR transgenic OT1 mice specific
for the H-2Kb-restricted OVA1 peptide SIINFEKL — were
obtained from the Jackson Laboratory (Bar Harbor, ME)
and maintained in the animal facility of the National
Institute of Immunology. Young mice were 6-8 weeks
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old and aged mice were 18-20 months old at use. All
mice were maintained and used, and the study was
carried out, in accordance with the guidelines and recom-
mendations of the Institutional Animal Ethics Committee.
The protocol was approved by the Institutional Animal
Ethics Committee.

Collection of blood and isolation of mononuclear cells
from human donors

Venous blood was collected from healthy, young, adult
volunteers (aged 22-35 years with equal representation of
men and women) after obtaining written consent. Periph-
eral blood mononuclear cells were separated from hep-
arinized blood by density-gradient centrifugation as
described previously.'"> The procedures followed were
approved by the Institutional Human Ethics Committee
of the National Institute of Immunology. This study was
carried out in accordance with the recommendations of
the Institutional Human Ethics Committee of the
National Institute of Immunology with written informed
consent from all subjects. All subjects gave written
informed consent in accordance with the Declaration of
Helsinki. The protocol was approved by the Institutional
Human Ethics Committee of the National Institute of
Immunology.

Reagents

Antibodies for mouse CD8w (53-6.7) [fluorescein isothio-
cyanate (FITC), phycoerythrin (PE), allophycocyanin
(APC), APC-eFluor 780, eFluor 450), CD8f (eBioH35-
17.2) (PE), CD3 (17A2) (APC), CD4 (RM4-5) (FITC, PE,
APC, APC-eFluor 780), CD69 (H1.2F3) (APC, PE), CD25
(PC61.5) (PE, APC-eFluor 780), CD62L (MEL-14) (PE,
APC, APC-eFluor 780), CD44 (IM7) (APC, eFluorV450),
CD5 (53-7.3) (APC, eFluor 450), Qa2 (69H1-9-9) (FITC),
CD24 (M1/69) (APC-eFluor 780), NK1.1 (PK136) (PE,
eFluor 450) and human CD8 (SK1) (FITC, eFluor 450),
CD45RA (HI100) (PECY7), CD62L (DREG-56) (FITC,
eFluor 450), CD3 (OKT3) (APC) and CD56 (CMSSB)
(PE) (from eBioscience, San Diego, CA); for TCRVu2
(B20.1) (PE), TCR-B (H57-597) (PE) CD3 (17A2) (PE),
phospho-zeta chain-associated protein kinase 70 (ZAP70)
(n3KOBUS) (PE), phospho-ERK (MILAN8R) (PE),
ZAP70 (17A/P) (PE) (BD Biosciences, San Jose, CA), and
for phospho-ZAP70 (2701), phospho-ERK (9101), ZAP70
(2705) and ERK (9102) (Cell Signaling Technology, Dan-
vers, MA) were used. F(ab’), fragments of goat anti-rabbit
IgG1 coupled to Alexafluor 488 (Molecular Probes, Carls-
bad, CA) were used where appropriate. Carboxyfluores-
cein succinimide ester (CFSE), Cell Trace Violet (CTV),
Sytox Red (SR) (from Molecular Probes, Carlsbad, CA)
were used. Functional grade purified anti-mouse anti-
CD3 (145-2C11) and anti-CD28 (37.51) antibodies and
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anti-human anti-CD3 (H1T3a) and anti-CD28 (CD28.2)
antibodies (eBioscience, San Diego, CA), phorbol 12-myr-
istate 13-acetate (PMA) and ionomycin (Sigma-Aldrich,
St. Loius, MO) were used for T-cell stimulation. [3H]thy—
midine (Perkin Elmer, Waltham, MA) was used for
radioactive  assays.  (E)-2-benzylidene-3-(cyclohexyla-
mino)-2, 3-dihydro-1H-inden-1-one (BCI) (Sigma-
Aldrich) was used as dual-specific phosphatase (DUSP)
inhibitor. Commercially synthesized SIINFEKL (Peptron,
South Korea) was used as indicated. Cells were cultured
in RPMI-1640 (Biological Industries, Beit Haemek, Israel)
supplemented with 10% fetal bovine serum (Sigma-
Aldrich), 2 mm 1-glutamine and antibiotics (Sigma-
Aldrich).

Flow cytometry and cell sort purification

Cells were incubated with staining antibodies on ice for
30 min. Control samples were incubated in staining buffer
alone [phosphate-buffered saline (PBS) containing 1% fetal
calf serum and 0-05% sodium azide] or with an appropri-
ate isotype-matched control antibody. The cells were then
washed with PBS. For detecting intracellular proteins
(pZAP, pERK, ZAP and ERK), cells were fixed with BD
Cytofix buffer (BD Biosciences) for 30 min on ice and per-
meabilized with BD Phosphoflow Perm Buffer III (BD Bio-
sciences) for 30 min on ice, followed by staining according
to the manufacturer’s instructions (BD Bioscience, Cell
Signaling Technology). Samples were analyzed on a flow
cytometer (FACSVerse or FACSARIA III, BD Biosciences)
and data were analyzed with FrowJo software (Treestar,
Ashland, OR). All flow cytometry data followed a normal
distribution, and mean fluorescence intensity was calcu-
lated with FLowJo software. Scaling in histograms was cal-
culated by normalizing to the peak height at the mode of
the distribution so that the maximum y-axis value in the
absolute count histogram was 100%.

Naive CD8 T cells were flow cytometrically sort-puri-
fied as CD8" CD62L" CD44". Naive CD8 T cells were
further sorted on the basis of surface CD8 expression by
gating 10% brightest and 10% dimmest cells to yield
‘CD8™ and ‘CD8' sub-populations, respectively. Sorted
cells were subjected to RNA-sequencing analysis. For sort-
ing human CD8" and CD8" naive CD8 T cells, periph-
eral blood mono nuclear cells were isolated from the
blood of healthy donors by Ficoll-Hypaque density gradi-
ent centrifugation (Ficoll-Paque; GE Healthcare Bio-
sciences, Little Chalfont, UK) and naive (CD8"
CD45RA™ CD62L") CD8 T cells were sort purified into
CD8™ and CD8" subsets. For sorting CD8" and CD8'°
single-positive (SP) thymocytes, thymic single-cell suspen-
sions were made. CD8" CD4~ CD24~ Qa2" cells, identi-
fied as CD8SP cells, were further gated as CD8" and
CD8" and flow cytometrically sorted as described for
peripheral cells (FACSAria III, BD Bioscience).

© 2018 John Wiley & Sons Ltd, Immunology, 156, 384-401



In all experiments where comparisons of CD8 levels
were made, aliquots of cell groups being compared were
frozen, and all aliquots were thawed, stained and analyzed
together, so as to avoid flow cytometric artifacts.

Staining for dead cells

Cells were first stained for various surface markers and
washed with PBS or RPMI-1640. Cells were then incu-
bated with 5 nMm of Sytox-green or Sytox-red dye in saline
for ~15 min at room temperature. The samples were then
directly analyzed on a flow cytometer.

Bone-marrow-derived dendritic cell culture

Bone-marrow-derived dendritic cells (BMDCs) were cul-
tured as described.'” Briefly, BMDCs were grown by cul-
turing mouse bone marrow cells with recombinant
granulocyte-monocyte colony-stimulating factor (Pepro-
Tech, Rocky Hill, NJ) for 7 days, with periodic growth
factor replenishment. Semi-adherent cells obtained on day
7 were used for experiments.

Adoptive transfer assays

Naive CD8 T cells were sort-purified from spleen and
lymph nodes of C57BL/6 mice and labeled with CFSE or
CTV and intravenously transferred into anesthetized
recipient mice. Donor cells were identified by the CFSE
or CTV labels on various days after transfer. For testing
the in vivo stability of CD8" and CD8' subsets, sort-pur-
ified naive CD8™ and CD8'" cells were labeled with CFSE
and CTV respectively, mixed in a 1 : 1 ratio and 4 x 10°
cells were intravenously transferred into anesthetized
recipient mice. B6.SJL (CD45.1) and B6Thyl.1 (CD90.1)
mice were used for congenic transfers and cell origins
were identified by surface expressions of CD45.1/CD45.2
or CD90.1/CD90.2 markers.

[H]thymidine incorporation assay and CFSE/CTV dilu-
tion

For estimating DNA synthesis, sorted naive CD8" and
CD8" naive CD8 T cells were cultured at a density of
50 000 cells/200 pl medium per well of 96-well flat-bot-
tomed plates pre-coated with various concentrations of
anti-CD3 as indicated and anti-CD28 (3 pg/ml) mixed
together. PMA (100 ng/ml) and various concentrations of
ionomycin were used for stimulation where indicated.
Sort-purified OT1 CD8" and CD8" naive CD8 T cells
were stimulated with irradiated splenic cells pulsed with
various concentrations of SIINFEKL peptide. Both sets of
stimuli were optimized by titration on total CD8/OT1 T
cells, although not for the sorted CD8™ or CD8" cells.
After 48-60 hr of culture, cells were pulsed with 0-5 uCi
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of [*H]thymidine for 12 hr and plates were frozen fol-
lowed by harvesting (Molecular Devices, CA, USA) onto
glass-fiber filter-mats (Wallac, Turku, Finland) and
counting (Microbeta plate counter, Perkin Elmer, Wal-
tham, MA).

For assessing cell proliferation, spleen and lymph node
cell suspensions were labeled with 10 pm CFSE or 5 pum
CTV at a density of 100 x 10° cells/ml in serum-free
RPMI media for 5 min at room temperature. Labeled
cells were washed with serum containing RPMI and sort
purified into CD8™ and CD8' naive CD8 T cells. Sort-
purified cells were stimulated as indicated above and
CFSE/CTV dilution was assessed 48—60 hr later.

RNA isolation, library construction and high-throughput
sequencing

Total RNA was extracted using TRIzol (Invitrogen, Carls-
bad, CA) and RNA was co-precipitated in the presence of
Glycoblue (Thermo Fisher Scientific, Waltham, MA). Iso-
lated RNA samples from CD8" and CD8" naive CD8 T
cells were analyzed for integrity (RIN) using RNA 6000
Nano kit and 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, CA). RNA samples were further used for
library construction using Truseq polyA sample prep kit
V2 (Illumina, San Diego, CA) following the manufac-
turer’s instructions. Briefly, the PolyA RNA fraction was
enriched using oligo-dT-magnetic beads and heat-dena-
tured. Fragmented RNA was end-repaired and ligated
using specific barcode adapters. Enriched libraries were
analyzed on the bioanalyzer using high-sensitivity DNA
kit and pooled before cluster generation. Samples were
sequenced on a Hiseq 2500 platform using V4 SBS
chemistry.

Differential gene expression analysis

Differential gene expression analysis was performed using
Epcer'® and the new Tuxedo protocol.”” Specifically, pro-
cessed RNA sequencing reads were aligned using Hisat2
(v2.0.5). Aligned reads were assembled using STRINGTIE
(v1.3.2d). A count matrix prepared using prepDE.py
script was used for normalization and differential expres-
sion in EpGER (v3.12.1). Gene ontology analysis was car-
ried out using CLUSTERPROFILER (v2.4.3).%° Heatmaps were
plotted using normalized CPM values in R using HEeaT-
MAP3 function (v1.1.1). The raw data have been uploaded
on the NCBI SRA Database under Accession number
SRP115539.

A publicly available expression array data set
(GSE61570) 2! for human adult and neonatal CD8 T cells
was analyzed using GEO2R. Genes significantly differen-
tially expressed in neonatal and adult CD8 T cells (adv. P
value < 0-05, log2FC of 1) were shortlisted. Genes
enriched in both neonatal CD8 T cells and CD8™ naive
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CD8 T cells were subjected to enrichment analysis using
PANTHER? and REvIGO.*” Statistical significance of the over-
lap was tested using the OVERLAP_sTATS (v0.011) program
(http://nemates.org/MA/progs/overlap_stats_prog.html)
considering a total of 26 083 genes.

Quantitative RT-PCR analysis

For validation of RNA-Seq results from CD8" and CD8"
naive CD8 T cells, 100 ng of total RNA was subjected to
cDNA synthesis (iScript, Bio-Rad, Hercules, CA). Some
of the genes that were found to be differentially expressed
in CD8" and CD8" naive CD8 T cells in the RNA-Seq
analysis were subjected to quantitative RT-PCR analysis
(FastStart, Roche, Basel, Switzerland). Relative quantifica-
tion was performed using the ACt method with 18s rRNA
as control (primer details in the Supplementary material,
Table S1).

Statistical analysis

For comparison of means between two groups, Student’s
t-test was performed. For multi-group comparisons, an
analysis of variance test with Bonferroni’s multiple com-
parison correction was used. Values of P < 0-05 were
considered significant.

Results

Relative levels of CD8 on naive CD8 T cells correlate
with responsiveness

We have previously reported functional heterogeneity in
naive CD4 T cells associated with subtly differing CD4
levels.'"> We therefore began to examine if naive CD8 T
cells showed similar heterogeneity. First, we sorted splenic
naive CD8 T cells from young mice, which showed a uni-
modal and normal distribution of CD8 expression, into
CD8M and CD8" decile subsets (Fig. 1a) and had no con-
tamination of natural killer cells or CD3™ cells (Fig. 1b).
These sort-purified cells were stimulated with plate-coated
anti-CD3 + anti-CD28 monoclonal antibodies (3 pg/ml
each) for 12 hr and the frequencies of live cells expressing
the activation marker CD69 were estimated by flow
cytometry. Significantly lower proportions of CD8' cells
expressed CD69 compared with CD8" cells (Fig. 1c). This
difference broadly persisted even when CD69 and CD25
expression was tested at later times post-activation (see
Supplementary material, Fig. S1). CD25 (IL-2Rx) expres-
sion was also tested on these CD8" and CD8" cells 24 hr
after activation. Again, lower frequencies of CD8'" cells
expressed CD25 than CD8" cells (Fig. 1d), indicating
poor early activation in CD8 cells. Naive CD8" cells
continued to have higher CD8 levels than CD8™ cells
upon stimulation for 24 hr with anti-CD3 + anti-CD28
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(Fig. le). In fact, it is noteworthy that CDS8 levels on
CD8" cells decline measurably upon activation as
expected, whereas CD8' cells do not show such a decline
(Fig. le), possibly indicating that they have already
reached the lowest permissible level of CD8.

The extent of cell death upon activation was also
estimated in these purified CD8" and CD8'° naive CD8
T cells using Sytox dye staining. CD8° cells showed
significantly greater death than CD8" cells did at 12 hr
after stimulation (Fig. 1f), although it must be noted
that the stimulation conditions had been optimized for
total CD8 T cells and not for CD8" cells. Further,
CD8" cells showed more DNA synthesis than CD8"
cells did upon activation by graded concentrations of
anti-CD3 with anti-CD28, as assayed by [’H]thymidine
incorporation 60-72 hr after activation (Fig. 1g). Prolif-
eration of CD8" and CD8" cells was measured using
progressive halving of CTV fluorescence within daugh-
ter cells, following each cell division. CTV-labeled
CD8" and CD8"“ cells were stimulated with plate-
coated anti-CD3 + anti-CD28 for 48 hr and Sytox-nega-
tive cells were gated as live cells and used for analysis
of CTV dilution. CD8" cells proliferated better than
CD8Y cells did upon activation (Fig. 1h). Hence, CcDsv
naive CD8 T cells showed poor activation and survival
in response to TCR-mediated stimulation.

Phenotypic differences between CD8™ and CD8"
naive CD8 T cells

The CD8-brightest and CD8-dullest deciles of naive CD8 T
cells from young mice were gated (Fig. 2a), and the relative
cell sizes and levels of CD5, CD127 (IL-7Ra) and TCR on
them were examined. While CD8' cells were smaller and
had lower levels of both TCR and CD127, they showed
equivalent levels of CD5, a negative regulator of T-cell acti-
vation 42 (Fig. 2b—e). As CD8Y cells were smaller than
CD8™ cells, it was possible that the difference in, say, TCR
levels between them was simply a correlate of cell size. We
therefore gated CD8™ and CD8" cells of equal size and
then examined their TCR levels. Notably, even on cpsh
and CD8' cells of equal size, TCR levels remain lower on
the CD8'" cells (see Supplementary material, Fig. S2).

We observed that the different levels of cell-surface
CD8o expression in CD8" and CD8"° naive CD8 T
cells were accompanied by a similar difference in cell-
surface CD8f levels (Fig. 2f). We next addressed if only
CD8 surface display was different between the CD8"
and CD8" naive CD8 T cells or were the total CD8
levels higher in CD8" cells. For this, the CD8" and
CD8"“ naive CD8 T cells were sort-purified and total
(cell surface and intracellular) CD8 levels were deter-
mined. We observed that the total (cell-surface and
intracellular) CD8 levels were indeed higher in CD8™
naive CD8 T cells (Fig. 2g).

© 2018 John Wiley & Sons Ltd, Immunology, 156, 384-401
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Figure 1. Relative levels of CD8 on naive CD8 T cells correlate with responsiveness. (a) Sort profiles are shown for naive (CD62LM CD44") CD8
T cells sort-purified on the basis of the highest and lowest deciles of CD8 expression as naive CD8™ (~10% cells with highest CD8 expression)
and naive CD8" (~10% cells with lowest CD8 expression). (b) Frequencies of CD3~ and NK* cells in total splenic cells, and CD8" and CD8"
gated naive CD8 T cells. (c,d) CD69 (c) and CD25 (d) expression is shown (left panels) on sort-purified CD8" and CD8' naive CD8 T cells
stimulated with anti-CD3 + anti-CD28 for 12 hr (CD69) or 24 hr (CD25). Frequencies of CD69/CD25-expressing cells are shown (n = 3; right
panels; *P < 0-05). (e) CD8 levels on CD8" and CD8'" naive CD8 T cells either left unstimulated or stimulated for 24 hr with anti-CD3 + anti-
CD28 (3 pg/ml each). (f) Frequencies of dead cells as estimated by Sytox dye staining 12 hr after stimulation are shown as histograms (left panel)
and as analyzed (n = 4; right panel; ***P < 0-001). (g) [3H]Thymidine incorporation by sort-purified naive CD8" and naive CD8" cells 60 hr
after stimulation with titrating concentrations of anti-CD3 + anti-CD28 (3 pg/ml). Mean =+ SE of triplicate cultures (of three independent exper-
iments). CPM, counts per minute; ***P < 0-001; ns, not significant. (h) Cell Trace Violet dilution by sort-purified CD8" and CD8'® naive CD8
T cells stimulated with anti-CD3 + anti-CD28 for 48 hr. Three plots represent data from three independent experiments

© 2018 John Wiley & Sons Ltd, Immunology, 156, 384-401 389
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The CD8'" naive CD8 T cells had lower CD8 and TCR lower TCR levels. When TCR-independent triggers,
levels, so we next asked if the relatively poor responsive- namely PMA and titrating concentrations of the calcium
ness of these cells was restricted to and explicable by ionophore ionomycin which together bypass the TCR
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signaling cascade and directly activate secondary messen-
gers, were used to activate CD8M and CD8"° cells, we
found that CD8" cells still showed poorer proliferative
responses as assayed by [*H]thymidine incorporation and
CTV dilution 60 hr after activation compared with CD8"
cells (Fig. 2h,i). Hence, the hypo-responsiveness associ-
ated with CD8'° naive CD8 T cells is a global cellular
characteristic.

TCR-transgenic monoclonal CD8' naive CD8 T cells
also show hypo-responsiveness

We next tested whether the hypo-responsiveness of
CD8" naive CD8 T cells was dependent on their poly-
clonal nature, with intrinsic differences between differ-
ent clones leading to enrichment of poor responders in
the CD8" subset. To address this, CD8" and CD8"°
naive CD8 T cells were sort-purified from TCR-trans-
genic OT1 mice and the absence of any contaminating
natural killer cells or CD3 cells was confirmed
(Fig. 3a,b). The sort-purified CD8™ and CD8° naive
CD8 OT1 cells were characterized functionally by stim-
ulation with antigen-presenting cells pulsed with the
cognate SIINFEKL peptide. As with polyclonal CD8"
naive CD8 T cells, CD8" OTI1 cells showed poorer sur-
vival 12 hr after stimulation as estimated by Sytox dye
staining (Fig. 3c), although it must be noted again that
the stimulation conditions had been optimized for total
OT1 CD8 T cells and not for CD8" cells in particular.
Lower frequencies of CD8° OT1 naive CD8 T cells
expressed CD69 12 hr after stimulation (Fig. 3d) and
CD25 at 24 hr after stimulation (Fig. 3e). [*H]Thymi-
dine incorporation as well as CTV dilution were poorer
in activated CD8'° OT1 cells after 60 hr (Fig. 3f,g).
These data indicated that the hypo-responsiveness of
CD8" naive CD8 T cells was independent of clonal
diversity.

Lack of association between the CD8' phenotype and
hypo-responsiveness in CD8SP thymocytes

Mature CD8SP thymocytes (CD8" CD4~ Qa2* CD247)
in the lower and higher deciles of the CD8 distribu-
tion were sort-purified as CD8' and CD8" cells,
respectively. When these CD8" and CD8'® CD8SP thy-
mocytes were stimulated with plate-coated anti-CD3
and anti-CD28 (3 pg/ml each) for 60-72 hr and pro-
liferation was measured as [*H]thymidine incorpora-
tion, both subsets showed equivalent responses
(Fig. 3h), unlike the peripheral CD8" and CD8" naive
CD8 T cells. This finding indicated that the hypo-
responsiveness of peripheral CD8" naive CD8 T cells
was not thymic in origin and likely developed in the
periphery.

© 2018 John Wiley & Sons Ltd, Immunology, 156, 384-401
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Human CD8" and CD8" naive CD8 T cells show
properties similar to those from mice

We tested if the distinctions observed between CD8™ and
CD8" naive CD8 T from mice were also found in human
CD8 T cells. To address this, we isolated naive CD8 T
cells (CD8" CD45RA™ CD62L") from human peripheral
blood mononuclear cells of healthy donors. Naive CD8 T
cells in the lower and higher deciles of the CD8 distribu-
tion were sort-purified as CD8" and CD8"' cells, respec-
tively (Fig. 4a) and the absence of any contaminating
natural killer cells or CD3™ cells was confirmed (Fig. 4b).
Human CD8' naive CD8 T cells were found to be smal-
ler in size (Fig. 4c), consistent with the mouse data. The
sort-purified human CD8" and CD8" cells were then
stimulated with plate-coated anti-CD3 and anti-CD28
monoclonal antibodies and proliferation was measured by
[*H]thymidine incorporation. Like CD8" cells from mice,
human CD8" cells proliferated better in response to
TCR-mediated stimulation than CD8'" cells (Fig. 4d).

Consequences of peripheral residence for naive CD8
T cells

We next tested the stability of the CD8" and CD8' phe-
notype of these naive CD8 T-cell subsets, by purifying
and labeling them followed by adoptive co-transfer into
congenic recipient mice. An aliquot of these cells was cry-
opreserved so that analysis of cells before and after trans-
fer could be performed in parallel. Recipient mice were
killed 4 days later and their splenic cells were similarly
cryopreserved. Parallel comparison of CD8 levels on naive
CD8" and CD8"“ cells before and 4 days after transfer
showed that adoptively transferred CD8" cells retained
their CD8 levels, but CD8" cells lost some CD8 intensity
4 days after transfer (Fig. 5a,b). These data indicated that
peripheral cellular aging of naive CD8 T cells was corre-
lated to the decline of CD8 levels on them.

MHCI-mediated tonic signals modulate co-receptor
levels on naive CD8 T cells

After emigration from the thymus, naive T cells recircu-
late in the periphery, where they encounter ‘tonic’ signals
mediated by non-cognate peptide/s bound to the restrict-
ing MHC molecule. Cells with long post-thymic cellular
ages would therefore be expected to have encountered
more of these signals. There is evidence that MHCI-
mediated tonic signals have a role in modulating co-
receptor levels on peripheral naive CD8 T cells.'"® We
confirmed this by CFSE-labeling naive CD8 T OT1 cells
and adoptively transferring them into either WT or
TAP1-null mice, which express little MHCI on cell sur-
faces. CFSE bright donor cells were analyzed 4 days after
transfer (Fig. 5¢). CD8 levels were lower, but CD5 levels
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of CD8" and CD8" naive CD8 T cells from TCR-transgenic OT1 mice. (b) Frequencies of CD3~ and NK* cells in total splenic cells, and CD8"!
and CD8" gated naive CD8 T cells from OT1 mice. (c) Frequencies of dead cells as estimated by Sytox dye staining 12 hr after stimulation are
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of Cell Trace Violet dilution represent data from three independent experiments. (h) CD8"- and CD8'-decile subsets were sort-purified from
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were higher in naive CD8 T cells parked in WT mice
(Fig. 5d,e). These data were consistent with the possibility
that MHCI-mediated tonic signals to naive CD8 T cells,
as indicated by higher CD5 levels, contributed to reduc-
tion of cell surface CD8 levels.

These findings were tested by in vitro recapitulation of
the cognate stimulus-independent ‘tonic’  signaling
in vivo. Naive CD8 OT1 cells were co-cultured with
BMDCs of WT and TAPI-null mice for 72 hr in the
presence of IL-7 (10 ng/ml) to ensure survival. Cells did
not proliferate during that time, as shown by CFSE

© 2018 John Wiley & Sons Ltd, Immunology, 156, 384-401

dilution data (Fig. 5f). We observed that naive CD8 OT1
cells co-cultured with WT BMDCs showed lower CD8
levels than those cultured with TAP1-null BMDCs
(Fig. 5g), although CD5 levels were similar (Fig. 5h).
Interestingly, although MHCII-mediated tonic signals
cause co-receptor down-modulation in naive CD4 T cells
in vivo,)”> CD4 OT2 cells co-cultured with WT and
MHCII-null BMDCs showed equivalent CD4 and CD5
levels (Fig. 5i,j). In addition to confirming that MHCI-
mediated tonic signals cause co-receptor down-modula-
tion in naive CD8 T cells,'® these observations suggest
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that tonic signaling may well be subtly different between
naive CD4 and naive CD8 T cells.

Our data are consistent with the possibility that that
CD8" cells from young mice are likely to be those with
longer peripheral residence, so are likely to have encoun-
tered more MHCI-mediated tonic signals. Naive T cells
from aged animals have a longer average peripheral resi-
dence time than those from young animals.”** We there-
fore tested splenic naive CD8 T cells from young or aged
mice, and found that CD8 levels were subtly but repro-
ducibly lower in the latter (Fig. 5k).

Poorer baseline signaling in CD8'" cells

We further looked for evidence of differential signaling in
the CD8™ and CD8' subsets of naive CD8 T cells, by
examining the baseline ex vivo phosphorylation status of
signaling molecules in TCR signaling cascades such as
Zap70/Syk and ERK. Baseline ZAP70/Syk and ERK phos-
phorylation and total ERK, but not total ZAP70/Syk levels,
were found to be significantly lower in CD8" cells than
CD8" cells (Figs 6a—d). Although reproducible, these dif-
ferences were modest. Unfortunately, our efforts to obtain
sufficient numbers of CD8" and CD8" cells to confirm
these results with titrated Western blot analyses have been
unsuccessful. We therefore attempted to confirm these
findings, made using direct PE-conjugates of the relevant
antibodies (BD; dilutions as per manufacturer’s recom-
mendations), by using different antibodies for the flow
cytometric analysis for pZAP70/pSyk and pERK in a two-
step protocol using relevant non-labeled rabbit antibodies
(Cell Signaling Technologies; dilutions as recommended
by the manufacturer), followed by fluorochrome-coupled
secondary F(ab’), goat anti-rabbit IgGl (0-5 pg/100 pl).
We found similar differences in pZAP-79/p-Syk and pERK
in these experiments (see Supplementary material,
Fig. S3). Phosphorylation of ERK has been shown to be
negatively regulated by DUSP activity.”” Therefore, we
tested if treatment with a DUSP inhibitor, BCI, could res-
cue the hypo-responsiveness of CD8" naive CD8 T cells.
BCI partially rescued the proliferative response of CDS8lo,
but not of CD8™, naive CD8 T cells to anti-CD3 + anti-
CD28 (Fig. 6e), indicating that the DUSP-ERK axis is
likely to be one, but not the only, pathway involved in the
hypo-responsiveness of CD8" naive CD8 T cells.

Major differences in transcriptional landscapes of
CD8" and CD8" naive CD8 T cells

We next looked for evidence of any changes in the tran-
scriptional landscapes in the CD8" and CD8' subsets of
naive CD8 T cells by sort-purifying the two subsets and
performing RNA sequencing. The CD8o transcript levels
were higher in CD8M cells than CD8' naive CD8 T cells,
as estimated by RNA sequencing, suggesting quantitative

© 2018 John Wiley & Sons Ltd, Immunology, 156, 384-401
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transcriptional modulation (Fig. 7a). We also identified
315 genes with a statistically significant difference in
expression of over twofold between CD8™ and CD8"
naive CD8 T cells (Fig. 7b), indicating heterogeneity
within the naive CD8 T-cell compartment. Pathway anal-
ysis identified ‘cell cycle’ as the molecular network most
significantly associated with transcripts showing differen-
tial expression in CD8" and CD8" naive CD8 T cells
(Fig. 7¢,d). As expected, Mki67 (which encodes Ki-67),
and other genes encoding key regulators involved in the
proliferation of CD8 T cells, such as Ccbn2, Uhrfl, Melk
and Mcm10 showed transcript abundance in the CD8"
cells (Fig. 7c); for some of these, we confirmed the differ-
ence by quantitative RT-PCR (Fig. 7e) with a 100% con-
firmation rate of seven selected genes from the RNAseq
results by real-time RT-PCR. Gene enrichment analysis
suggested enrichment of genes involved in the cell cycle
in CD8" cells, but many pro-apoptotic genes including
FasL, mmp9, ccl5, sox4 and itgb were enriched in the
CD8"“ cells (Fig. 7f,g), which was consistent with our
observation that CD8" cells have poor survival in in vitro
cultures. Levels of Nr4al (which encodes Nur77) were
also higher in the CD8' naive CD8 T cells (Fig. 7f,g).
This also correlated with the possibility of differential
tonic signaling, although Nur77 expression may also be
modulated by other signals.

We further compared our RNA-Seq data on CD8" and
CD8" naive CD8 T cells with a published data set on
human microarray analysis GSE61570°" on neonatal and
adult CD8 T-cell samples using Geo2R, under the
assumption that neonatal CD8 T cells will show less cellu-
lar post-thymic aging than adult CD8 T cells. A number
of genes that were differentially expressed between neona-
tal and adult human microarray samples were also found
to be differentially expressed between CD8" and CD8'"
naive CD8 T cells (see Supplementary material, Fig. S4).
This analysis yielded 82 hits, of which those that showed
higher expression in both mouse CD8" cells and human
neonatal samples were plotted. We observed a significant
overlap of 19 genes between CD8" and neonatal samples;
however, only one gene overlapped between CD8™ cells
and adult human CD8 T cells. When a similar analysis
was performed for mouse CD8" cells and adult human
CD8 T cells, we found that there were 20 genes that
showed higher expression in mouse both CD8' cells and
adult human CD8 T cells, indicating striking similarities
between CD8" and adult human CD8 T cells. Although
the overlap appears quite modest, it is considerably
different between CD8™ and CD8'" cells, especially as the
comparison is with bulk neonatal/adult CD8 T cells,
cross-species and cross-platform. We have performed a
GO analysis that is also included for information (see
Supplementary material, Fig. S4).

In summary, our findings from the RNA-Seq data fur-
ther validated the existence of heterogeneity in the naive
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*P < 0-05, ns = non-significant.

CD8 T-cell compartment as well as suggesting that post-
thymic aging leads to major changes in the transcriptional
and functional program of naive CD8 T cells.

Discussion

The mechanisms causing variability in homogeneous
naive T-cell populations are likely to be a mixture of the
stochastic and the environmentally induced. We have pre-
viously reported that cell population variation in glucose
metabolism and rate of protein synthesis could be
involved in regulating the variation in the ability of CD8
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T cells to respond to TCR-mediated stimulation.” Recent
reports have traced the in vivo CD8 T-cell response at
single-cell level, demonstrating that there is a strong
heterogeneity in the numerical output of clonal expansion
from individual T cells.?® Moreover, the behavior of indi-
vidual T cells varies markedly with respect to differentia-
tion and recall capacity.®® However, in addition to
stochastic factors, functional heterogeneity in a T-cell
population can also result due to differential life histories
of individual cells. Within a young naive T-cell compart-
ment, cells are not synchronized for age because it is
composed of cells that have either recently emigrated

© 2018 John Wiley & Sons Ltd, Immunology, 156, 384-401
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Figure 7. Major changes in transcriptional landscapes of naive CD8 T cells as a result of cellular aging. (a) Comparison of CD8 transcript levels
in sort-purified CD8" and CD8 naive CD8 T cells by RNA sequencing. (b) Comparison of gene cluster functions of genes deferentially
expressed between CD8" and CD8'" cells. (c) Gene Set Enrichment analysis (GSEA) of cell cycle genes (GO:0007049). (d, f) Expression heatmaps
of cell cycle genes and genes involved in apoptosis. Plotted using normalized counts per minute values (key = Z-score). (e, g) Quantitative
RT-PCR validation of genes identified in combined RNA-Seq microarray analysis.

from the thymus or those that have been continuously
recirculating in the peripheral lymphoid organs without
having encountered a cognate ligand. Hence, there is a
diversity of post-thymic age among peripheral naive T

© 2018 John Wiley & Sons Ltd, Immunology, 156, 384-401

cells. We have previously reported that this diversity con-
tributes to the functional and phenotypic heterogeneity of
naive CD4 T cells, at least partly dependent on MHCII-
mediated tonic signals.'?

397



R. Balyan et al.

A corollary of these findings would be that naive CD8
T cells behave in the same way; and that diversity of
post-thymic age among peripheral naive CD8 T cells con-
tributes to their functional and phenotypic heterogeneity
in an MHCI-dependent fashion. However, there are sub-
stantial differences between naive CD4 and naive CD8 T
cells with regard to their interactions with self-pMHC.
Naive CD8 T cells in MHCI-deficient environments
in vivo tend to die rapidly, but naive CD4 T cells do not
do so in lymphoreplete situations,'*'” identifying a major
potential difference between them. Also, the periodicity of
pPMHC contact is likely to differ widely between naive
CD4 T and naive CD8 T cells, as MHCII is normally
expressed on select cell subsets of bone marrow origin,
whereas MHCI is far more widely expressed in most cel-
lular lineages.*

It was therefore important to examine whether the
functional and phenotypic heterogeneity correlated with
CD4 levels we had observed in naive CD4 T cells were
also detectable in naive CD8 T cells. We have now shown
that, although there is indeed broad similarity between
naive CD4 and naive CD8 T cells in that, like naive CD4
T cells, co-receptor CD8 levels correlate with phenotypic
and functional differences in naive CD8 T cells so identi-
fying hidden heterogeneity in them, there are also subtle
differences between them. Subtle yet consistent differences
in co-receptor levels, either CD4 or CD8, mark naive T
cells of different functionality and correlate with poten-
tially peripheral ages, whereas an in vitro MHC-deficient
environment is sufficient to induce co-receptor level
reduction in naive CD8 T cells but not in naive CD4 T
cells. Further, we also report a comprehensive transcrip-
tomic analysis of CD8'° and CD8" naive CD8 T cells,
with identification of resultant differences consistent with
the observed functional differences between them.

When naive CD8 T cells were purified into CD8" and
CD8' subsets, the CD8' cells, which had lower TCR-f
and IL-7Ra expression and were smaller in size, were
hypo-responsive, like CD4" naive CD4 T cells, to TCR-
mediated activation by showing poor viability and hypo-
responsiveness, indicating that subtle differences in CD8
levels in an apparently homogeneous naive CD8 T-cell
population did indeed correlate with functional hetero-
geneity. As CD8" cells not only responded poorly to
TCR-mediated activation but also showed lower TCR
levels, it was possible that lower TCR as well as CD8
levels were contributing to poor activation. However,
even when TCR-mediated signaling was bypassed by
using PMA and ionomycin as the stimulus, CD8" cells
proliferated relatively poorly. Hence, CD8" and CD8'"°
naive CD8 T cells showed functional differences indepen-
dent of TCR or co-receptor levels or avidity. The observa-
tion that even among monoclonal naive CD8 T cells from
TCR-transgenic mice, CD8' cells responded more poorly
than CD8" cells ruled out the possibility that functional
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variation between CD8" and CD8' naive CD8 T cells
was due to intrinsic differences between different T-cell
clones within a polyclonal population. Hence, within a
naive CD8 T-cell population with unimodally distributed
co-receptor levels, there exists distinct phenotypic as well
as functional heterogeneity. Strikingly, our RNA sequenc-
ing data on CD8" and CD8' naive CD8 T cells showed
that genes encoding key regulators of either proliferation
or survival were differentially expressed between the two
subsets, indicating that the transcriptional program of
naive CD8 T cells is also correlated with subtle differences
in CD8 levels. This functional variation in naive CD8 T
cells may well have real-life consequences. Hence, CD8 T-
cell responses to infections may show heterogeneity as a
consequence of the relative preponderance of CD8™ and
CD8" cells in the naive CD8 T-cell population. Such
interesting possibilities remain to be investigated.

It was notable that CD8'" naive CD8 T cells showed
lower IL-7Ra (CD127) expression. Interleukin-7 is a criti-
cal survival factor for naive T cells,”*® so lower CD127
levels may suggest decreased survival potential, but this
interpretation is complicated by the finding that CD127
expression is reduced after its engagement by IL-7,”' so
low CD127 levels may also be a result of efficient IL-7
encounters.

The observation that mature thymocytes about to enter
the periphery do not show functional distinctions
between their CD8'° and CD8™ sub-populations, although
preliminary, is consistent with the possibility that varia-
tion in CD8 levels in CD8SP thymocytes is likely to be
stochastic and without functional consequences, and that
hypo-responsiveness of peripheral CD8' cells is post-thy-
mic in origin. In keeping with this, transfer of sort-puri-
fied peripheral CD8" cells in vivo showed that their CD8
levels went down within 4 days of peripheral residence.
Interestingly, CD8 levels remained unchanged in CD8"
cells, possibly suggesting regulatory mechanisms prevent-
ing decline in CD8 levels below this point.

We have confirmed previous data that naive CD8 T-
cell transfer into MHCI-deficient TAPl-null and WT
recipients identifies MHCI-mediated decline in CD8
levels.'® However, the in vitro equivalents of such experi-
ments show down-modulation of CD8 on naive CD8 T
cells but not of CD4 on naive CD4 T cells in our hands.
Consistent with a role for peripheral microenvironmental
influences in regulating co-receptor levels, it has been
previously shown that CD8 expression is transcriptionally
enhanced by IL-7 and other common 7y-chain cytokine
signals.’ In the steady state, survival of naive CD8 T cells
in vivo is known to depend on their ability to get tonic
signals from self pMHC complexes >* and absence of such
complexes leads to a steady loss of the population.*
Notably, although this is true for both NCD4 and naive
CD8 T cells in mostly non-physiological lymphopenic sit-
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uations, it is only true for naive CD8 but not for
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naive CD4 T cells in the physiologically more common
lymphoreplete situations."*'>* The patterns, periodicity
and duration of MHC-mediated tonic signals would quite
likely differ between MHCI and MHCII for naive CD8
and naive CD4 T cells, respectively, because of differences
in the cellular lineage specificity of MHCI and MHCII
expression. So it appears possible that, compared with
naive CD4 T cells, naive CD8 T cells are more sensitive
to as well as more dependent on MHC-mediated signals.
It has also been reported previously that removal from
MHClI-sufficient environments enhanced naive CD8
T-cell functionality,' indicating that tonic signaling may
induce hypo-responsiveness while maintaining cell sur-
vival.

CD5 is described as a negative regulator of TCR signal-
ing via self pMHC complexes.*»*>*® However, the corre-
lation between CD5 levels on naive T cells and their
responsiveness has been controversial. Higher CD5 levels
have been shown to be correlated with better responsive-
ness of naive T cells.”” On the other hand, studies in lym-
phopenic mice have shown that naive CD8 T cells with
high CD5 levels tend to have lower TCR levels, which in
turn indicate a requirement for higher avidity self pMHC
interaction for survival.”® Also, tonic MHC-mediated sig-
nals lead to up-regulation of CD5 levels and to induction
of hypo-responsiveness in both CD4 and CD8 T cells.'***
Our data showed that CD5 levels were higher on naive
CD8 T cells transferred into MHCI-sufficient recipients.
This may indicate that CD5 levels reflect the duration of
tonic signaling and might be inversely correlated with
responsiveness as previously reported. However, it
remains possible that, between naive T cells that have
received tonic signals for comparable durations, higher
CD5 levels may be correlated with higher responsiveness.
It is also noteworthy that the differences in functionality
between the naive CD8' and CD8" cells persist even in a
monoclonal TCR-transgenic T-cell population, in which
the quality of tonic signaling would be expected to be
relatively invariant, implicating the duration of tonic
signaling as a major determinant of heterogeneity of
responsiveness.

Naive T cells from aged mice have been reported to
show higher susceptibility to death and proliferate
poorly than naive T cells from young mice. However, it
has also been demonstrated that aged T cells that sur-
vive primary activation behave similar to young cells in
terms of proliferation and death, suggesting that only a
subset of cells in the aged T-cell population is hypo-
responsive.”” In this context, as age-related decline in
thymic output appears to lead to longer average periph-
eral residence time of naive T cells in the periphery,®*!
our observation that naive CD8 T cells from aged mice
have lower CD8 levels than naive CD8 T cells from
young mice may be consistent with the interpretation
that prolonged peripheral residence leads to tonic signal-
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induced hypo-responsiveness marked by a subtle decline
in CD8 levels.

Phosphorylation of ERK has been shown to be poor in
aged T cells due to DUSP6, whose expression increases
with age. The DUSP inhibitor BCI has been shown to
rescue functional defects in aged human T cells.*> Our
previous data with naive CD4 T cells showed that the
ERK-DUSP axis was also important in the hypo-respon-
siveness of CD4"° naive CD4 T cells,'? and that finding is
consistent for CD8" naive CD8 T cells in the present
data, although the differences in basal phosphorylation of
signal transduction intermediates we find between CD8™
and CD8" cells are modest and based on tentative flow
cytometric assays.

Compared with naive CD4 T cells, naive CD8 T
cells appeared to be more sensitive to, as well as more
dependent on, MHC-mediated signals, so it was rea-
sonable to look for major transcriptional program
modifications in CD8" versus CD8'° naive CD8 T
cells. Our RNA-Seq analysis, supported by quantitative
RT-PCR data, indicates that CD8" naive CD8 T cells
show higher expression of genes that are positive regu-
lators of cell cycle, suggesting that they may be more
poised to enter cycle upon activation, whereas CD8'"
naive CD8 T cells show higher expression of pro-
apoptotic genes, suggesting that they may be more
poised for cell death upon activation, and both expec-
tations are consistent with our functional data. Finally,
we not only made similar functional findings in the
human system, but a comparative analysis of reported
transcriptomes from neonatal versus adult CD8 T cells
and our CD8"/° naive CD8 T-cell transcriptomes
indicated that CD8™ naive CD8 T cells indeed resem-
ble neonatal, presumably ‘young’ human CD8 T cells.
Hence, from a number of different perspectives, our
data reveal functional heterogeneity in a seemingly
homogeneous naive CD8 T-cell population. The gene-
sis and consequences of this heterogeneity are clearly
issues of great future interest.
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