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1. ABREVIATIONS

AICD- Activated induced cell death

APCs- Antigen Presenting Cells

BCL2- B cell lymphoma-2 family

BCR- B cell receptor

BIM- BCL2 interacting-mediator of cell death)
BLIMP1- B lymphocyte-induced maturation protein 1
CCR7- CC chemokine R-7

CFA- Complete freund's adjuvant

CFSE - Carboxyfluorescein Succinimidyl Ester
CHS- Contact hypersensitivity reaction

DC- Dendritic cells

EOMES- Eomesodermin

Fh- Follicular helper

GC- Germinal centres

GzmB- Granzyme B

HEVs- High endothelial venules

HIP- Homeostatic induced proliferation

HP- Homeostatic proliferation

i.p- intra peritoneal

Id2- DNA-binding protein inhibitor 2
Id2-Inhibitor of DNA binding 2

IFA- Incomplete freund's adjuvant

IFN- Interferon



IL- Interleukin

ITAM- Immunoreceptor tyrosine-based activation motif
ITSM- immunoreceptor tyrosine-based switch motif
JAK- Janus protein tyrosine kinase

JNK- c-Jun N-terminal kinase

KLF2- Krippel-like factor 2

KLRG1- Killer cell lectin-like receptor subfamily G member 1
LAT- Linker for activation of T cells

Lck- Leukocyte-specific protein tyrosine kinase
LCMV-Lymphocytic choriomeningitis virus

LFA-1- Lymphocyte function associate antigen 1

LIP- lymphopenia-induced proliferating

MAPKs- Mitogen Activated Protein Kinases

MHC- Major histocompatibility complex

MP- Memory-phenotype

MPECs- Memory precursor effector cells

mTOR- Mammalian target of rapamycin

NF-kB- Nuclear factor k-light-chain-enhancer of activated B cells
NK- Natural Killer

PD-1 -Programmed Death-1

PDK1- phosphoinositide-dependent kinase 1

PI3K- Phosphoinositide 3-kinase

PLCy- phospholipase C y

p-MHC- Peptide-MHC complex



S.c — subcutaneous

S1P- Sphinogosine-1- phosphate

SLE- Systemic lupus erythematosus

SLECs- Short-lived effector cells

SLO- Secondary lymphoid organs

SLP-76- SH2 domain containing leukocyte protein of 76 kDa
SNARF-1- carboxylic acid, acetate succinimidyl ester
SOCS-1 suppressor of cytokines signalling-1

STAT- Signal transducers and activator of transcription

T reg- regulatory T cells

Tew- Central memory T cell

TCR- T cell receptor

Tos- death intermediate memory T cells

Tem- Effector memory T cell

Th- T helper cell

TLR- Toll-like receptor

TNF-a Tumor necrosis factor a

TRAIL- Tumor necrosis factor-related apoptosis inducing Ligand
TRAPS- Transmembrane adaptor proteins

ZAP-70- Zeta-chain-associated protein kinase 70



2. ABSTRACT

Memory-phenotype (MP) T cells, found in unimmunized mice, display phenotypic and
functional traits of memory cells and provide essential protection against infections, playing a
role in both innate and adaptive immune responses. Mechanisms governing homeostasis of
these MP T cells remain ill defined. In this paper, we reveal a crucial role of the negative co-
stimulator Programmed Death-1 (PD-1) in regulating developmental fates of memory-
phenotype cells. Thus, in lymphoid organs and tissues of PD-1 KO mice a marked
accumulation of functional effector memory-(Tey) phenotype CD8 T cells was observed. Tey-
phenotype cells from PD-1 KO mice exhibit decreased proliferation but increased survival
potential. These cells could produce effector molecules constitutively, in response to
phorbol esters or through bystander activation by innate stimuli. Similarly, in lymphopenia-
induced proliferating (LIP) CD8 T cells, whereby normally naive T cells acquire a memory-
phenotype, skewing towards a Tgy phenotype was prominent in the absence of PD-1.
Acquisition of the Tgy-phenotype was a CD8 T cell-intrinsic phenomenon as demonstrated
by mixed bone marrow transfer experiments. Importantly, adoptively transferred PD-1 KO
CDS8 central memory (Tcy) cells converted into the Tgy-phenotype indicating that PD-1 sets a
major checkpoint in the Tcy —Tew-phenotype differentiation process. This was reflected by
distinct patterns of gene expression of PD-1 KO Tcu-phenotype cells revealed by global
transcriptional analysis. Additionally, adoptively transferred PD-1 KO Tgy-phenotype cells
converted to a lesser degree to a Tcy-phenotype. Together, these data suggest that PD-1

shapes memory-phenotype CD8 T cell subsets.



2. NEPINHWH

Ta T AeygpokUTTapa TOU  €U@AVICOUV  QAIVOTUTTO  KUTTApwV  pvAung  (Memory
Phenotype-MP) kal oTraviwvTdal O€ W aVOOOTIOINUEVOUG  TTOVTIKOUG,EXOUV AEITOUPYIKA
XOPAKTNPIOTIKA KAQCIKWY KUTTAPWY MVAKNG KOl TTAPEXOUV TTPOCTACIO €VavTl PHOAUVOEWV
Taifovriag poAo 1600 OTHV gyyevy 600 Kal OTAV €TTKTNTN avooia. O1 pnxaviopoi Trou
OIETTOUV TNV OMOIGOTOCN QUTWV TWV KUTTAPWY TTAPAHUEVOUV OOOQEIC.2Tn OIOOKTOPIKA
auty  diatpiBfi  amokoAUwaue €éva Kpioluo  poAo  Tou  Traidel O apvnTIKOG
ouvevepyotrointig Programmed Death 1 (PD-1) omv €EeAIKTIKN TUXN Qutwv Twv MP
KUTTAPWYV. ZTa AEP@IKG Opyava Kal I0TOUG TTOVTIKWY, OTOUG OTTOIOUG £xel aTTOAEIPBET yevETIKG
10 vyovidlo PD-1 (PD-1KO Trovrikia), Trapatnpeeital  pid  onuavTikl  OuoOwWpEUo
Acitoupyikwv MP CD8 T AeU@OKUTTAPWY KOl CUYKEKPIMEVA OPACTIKWY AEUPOKUTTAPWYV
MvAuNG(T  Effector  Memory-TEM).AutTd Ta  KUTTOPO  €XOUV  MEIWMPEVN  IKAvVOTNTA
TToOAaTTAaCIooPoU aAAG augnuévn duvaTdTnTa £TMIRIWONG O Oxéon WE TOu aypiou TUTTOU.
Etriong mapdyouv dpacTikd uopia PETG atmo €kBeon o€ €0TEPEG QOPROANG 1 evdoyevi
epeBiopara. lMapopoiwg katd Tov TTOAAQTTAQCIOOUO Twv TTaPBévwy CD8 KUTTdpwyv TTOU
ETTETAI WIAG AEP@OTTEVIAG, HIO KATAOTAON TTOU 0dnyei o€ eu@avion T AEPQOKUTTAPWY TUTTOU
MVAMNG, TTapaTtnpeEital JETATTTWOT Toug Kupiwg o€ Tgy ota PD-1 KO Ttrovrikia. H uioBétnon
QuTOU TOU QAIVOTUTTOU QTTOTEAEI éva yeyovog CUVUQAOUEVO PE  TOV YOVOTUTTO POVO TWV
CD8 T Aep@okuTtdpwy Kal atrodeixOnke e tmeipdpaTta xiyaipiopou. EmmmpdoBeta kuTTapa
KEVTPIKAG MVAMNG (Tem) amd PD-1 KO TrovTikia TTOU HETAQEPONKAV OE VEOUG I0TOAOYIKG
OUMPBaTOUG ATTOOEKTEG WETETTECQV OTN CUVTPITITIKI TTAEIoWn®ia Toug o€ KUTTapa dPACTIKAG
MVAMNG (Tem) EVW TO AVTIOTPOPO APOPOUCE £va TTOAU PIKPO TTOOOOTO TWV HETAPEPBEVTWY
KUTTApwyv. ATTO Ta TTOPATTAVW KAl atmd Ta atmmoTeAéopaTa TAG METAYPAPIKAG avaAuong
OAOKANpOU Tou PETAYPAPWUATOG TWV CD8 Teym KUTTAPWY KATAA)YOUUE OTO CUMPTTEPACHA OTI
T0 Hopio PD-1 mailel kaBopioTikG poAo oTn dlaudpPewaon TWV UTTOTUTTWY TWV KUTTAPWY

HVAMNG.



3. INTRODUCTION

3.1- Innate and adaptive immunity

Immunity consists of a complex system of defence mechanisms against invading pathogens.
Many different cell types orchestrate the immune response. As a first line of defence,
macrophages, natural-killer cells (NK) and dendritic cells (DC) act immediately by the
release of various cytokines and effector molecules, conferring partial protection, known as
innate immunity. Additionally, DC take up invading pathogens components, migrate to local
lymph nodes and there they participate in the activation of antigen-specific T lymphocytes.
These lymphocytes mediate a more robust antigen-specific response and following
pathogen clearance, persist as memory cells for many years (adaptive immunity) [1] [2].

Naive T cells entering the periphery from the thymus constantly interact with antigens that
are presented as peptide fragments bound to the major histocompatibility complex (MHC).
MHC molecules can be characterized as MHC class | and MHC class Il, which interact with
CD8 T cells and CD4 T cells respectively. More specifically, intracellular antigens are
processed in antigen presenting cells (APCs) into peptides and are presented on MHC class
I molecules, which are recognized by T-cell receptors (TCR) on cytotoxic CD8 T cells.
Extracellular antigens, on the other hand, are processed by the endocytic pathway of the
APC and typically bind to the MHC class Il molecules which are recognized by T-helper CD4
T cells.

In a steady state, in the absence of infection, APCs continuously cross-present self-antigen
bound to the MHC complexes to naive T cells. Naive T cells that receive this low level of self
peptide/MHC complex stimulation continue to circulate through the blood and secondary
lymphoid tissues. This self-antigen recognition, called tonic TCR signals, along with

interleukin -7( IL-7) is necessary for naive T cell survival [3].

Prior to antigen interaction, naive T cells continuously scan the body for pathogens by
migrating through the blood and secondary lymphoid organs (SLO). T cells enter SLOs from
the blood via specialized capillaries called high endothelial venules (HEVS) present within
paracortical (T-cell rich) regions of lymph nodes and a variety of receptors are important for
this process. Typically L-selectin (CD62L) on T cells, aids the initial tethering of cells to
various adhesion molecules called addresins on HEVs, CCR7 (CC chemokine R-7), which
binds to CCL21, results in the immobilization and activation of T cells, while LFA-1
(Lymphocyte function associate antigen 1) binds to ICAML1 (Intercellular adhesion molecule
1) and stimulates T cell transmigration into SLOs. After T cells have entered lymph nodes,
chemotactic motility is dependent on CCR7 interactions with CCL21 and CCL19, which

10



retain T cells in SLOs, facilitating immune-surveillance. Egression of T cells back to the

blood stream and lymph is mediated by S1P (Sphinogosine-1- phosphate) [4].

Upon pathogen recognition, APCs become primed, upregulate the expression of MHC and
co-stimulatory molecules and thus become ‘licensed’ to display the specific antigen to
activate T and B lymphocytes. DCs also up-regulate the synthesis, production and surface
expression of inflammatory cytokines, including IL-12, and type | interferons (IFN) which
further activate the immune response. Presentation of the specific antigen to the TCR,
triggering by co-stimulatory molecules, together with signals from the cytokine environment
in the SLO, leads to the clonal expansion of T cells and subsequent differentiation into
antigen-specific effector T cells [5]. CD8 T cells mediate their effector functions through
production of cytokines such as IFN-y and TNF-a and/or cytolytic mechanisms. CD4 T cells,
depending on the variety of signals and cytokines can differentiate into at least four lineages
of effector cells: Thl, Th2, Thl7 and follicular helper T (Tfh) cells. Thl cells, via the
production of IL-2, IFN-y and TNF, are essential for controlling intracellular pathogens such
as viruses and certain bacteria. They also provide cytokine-mediated "help” to CD8 cytotoxic
T cells. Th2 cells are essential for humoral responses by B cells and protect against
extracellular pathogens via the production of IL-4, IL-5, IL-10 and IL-13. Th17 cells protect
surfaces (e.g., skin, lining of the intestine) against extracellular bacteria, and possibly fungi,
via the production of IL-17 and IL-22 [6]. Follicular helper T cells also provide help to B cells
in germinal centres (GC) enabling them to develop into antibody-secreting plasma cells, and
their signature cytokine to aid this process is IL-21. In addition, there is another related
subset that dampens rather than promotes immune responses called regulatory T cells (T
reg) which produce TGF-B and IL-10 [7]. It was originally thought that different Th cells were
‘committed’ to their path but recently evidence suggests that under certain conditions,

seemingly committed T cells indeed possess plasticity and may interconvert [8].

A final arm of adaptive immunity is attributed to B cells and their humoral responses. This
protection stems from a combination of sustained antibody titers and long-lived memory B
cells (MBCs), the former deriving from long-lived plasma cells (PCs). MBC’s are generated
in GC’s in response to a T cell-dependent Ag. It is within a GC that Ag-specific B cells are
selected and undergo somatic hypermutation (SHM) of Ig V genes, yielding cells with
increased affinity for antigen (Ag). As a result, MBC’s rapidly differentiate into high-affinity
plasma cells following a re-encounter with the specific Ag. Neutralizing antibodies (Ab)
present in serum are the fastest form of protection against a re-encounter from a pathogen
[9-10]. Follicular helper CD4 (Fh) T cells are instrumental to the formation and maintenance
of GC and MBC'’s [11].
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During the course of an immune response, inflammatory cues at the site of infection or in
draining lymph nodes, induce dramatic changes in cell’s homing patterns and in lymph node
architecture. This is primarily to increase the probability of rare naive T cells to encounter
their cognate antigen and also for the recruitment of other effector cells to the site of
infection. In order to produce a strong primary immune response, proliferation of antigen-
specific T cells occurs rapidly resulting in clonal expansion of these cells. Upon pathogen
clearance, most effector T cells die by the end of the immune response and a small percent
(~5%) of the effector cells survive as memory T cells. The principal feature of memory T
cells is their ability to rapidly respond and protect the host from secondary encounter from
the same pathogen, described in full below.

3.2- Phenotypical, migrational and functional properties of memory T cell subsets

In 1999 Lanzavecchia et. al. identified 2 different subsets of memory (CD44™) T cells in
humans [12] and since then fundamental similarities between memory T cell populations in
mice and humans have been observed [13]. Memory CD8 and CD4 T cells can be
subdivided into two main functional subtypes; effector memory T cells (Tgy) and central
memory T cells (Tcy) according to combinations of surface markers, such as chemokine
receptors, interleukin receptor components and functional properties [14]. Tcw cells
constitutively express CCR7 and CD62L, two receptors that are required for homing to T cell
rich areas of SLO’s [12]. Following TCR re-triggering these cells produce mainly IL-2 and
rapidly proliferate [15]. This propensity to rapidly proliferate gives them the ‘stem cell’
properties often attributed to these cells. Tgy cells are phenotypically characterized by
CD44" CCR7"° CD62L" and have been shown to circulate the blood and spleen and migrate
to tissues and organs such as lung, liver and kidneys. Effector memory T cells, like their
name suggests, are poised with rapid effector function, such as lytic activity and production
of IFNy, but have reduced ability to proliferate compared to Ty cells [16]. A potential new
group of memory T cell have been identified as tissue-resident memory T cells (Try) [17].
These cells permanently reside in peripheral tissues and especially mucosal sites, and are
possibly the first line of defence upon re-infections. They express similar activation markers
to Tem cells, therefore contributing to the delay of their identification, with the addition of
CD69 and intergrin CD103 [4]. However it is still unclear if these cells are Tgy's that have
lost their circulating ability and therefore remain in tissues, or if they are a distinct subgroup

of memory T cell.
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3.3- Dissecting the signals required for CD8 T cell memory generation and
differentiation.

The transition from a naive T cell to a memory cell is a complex process that requires
accumulation of multiple signals and the complexity of the signals determining the relative
memory cell potential is only really starting to be understood. An adaptive immune response
to an acute infection that results in the generation of memory T cells can be roughly

categorized into 3 phases: Activation, clonal expansion and contraction (figure 3.1).
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Figure 3.1 — Kinetics of a T cell response. During an acute viral infection, antigen-specific T cells rapidly
proliferate (during the expansion phase) and differentiate into cytotoxic T lymphocytes (CTLs) that mediate viral
clearance. Most of these cells die over the next several weeks during the contraction phase of the response. Only
a small percentage of effector T cells (5-10%) survive and further develop into functional mature memory CD8" T
cells. Source Kaech et all Nat. Rev. Immunol. 2012

3.3.1- Activation phase

In the initial activation phase, naive T cells receive 3 sighals upon encounter with mature
antigen presenting cells (APC). Signal 1 or TCR signalling results from recognition of
cognate antigen bound to MHC complexes on the surface of ‘licenced’ APC. This signal
provides the specificity to the immune response. Features of the TCR-pMHC interactions are
antigen abundance, duration, affinity and efficiency. Studies assessing the role of antigen
dose/strength of signal and duration of antigenic stimulation, suggest that the culmination of
these signals via the TCR is required in moderation; too strong results in activated induced
cell death (AIDC), too weak and cells die by neglect, while the ‘just right’ signals results in
optimal effector and memory generation [18] [14]. One of the most initial events upon TCR

activation is the upregulation of the early activation marker CD69 on effector T cell. CD69
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inhibits the expression of S1IPR1 on the surface of the cell [19], a receptor that interacts with
S1P, which mediates T cell egression out of the lymph nodes. Therefore this crucial event
augments the time the cell resides in the lymph node, and therefore its chances of receiving
essential signals and instructions to promote productive T cell proliferation and
differentiation.

Signal 2, or co-stimulation, has been shown to be a critical parameter in determining the
developmental fate of memory T cells [20-26]. Members include CD28 (CD28, CTLA-4, PD-
1, ICOS, BTLA), TNF/ TNFR (OX40, CD27, 4-1BB, CD30, GITR, and HVEM) and integrin
(LFA-1, VLA-4) families, and they can be further classified into co-stimulatory and co-
inhibitory molecules as depicted in figure 3.2. Co-stimulatory molecules synergise with TCR
transduction pathways while co-inhibitory molecules inhibit downstream events.
Programmed death-1 (PD-1) is one such immunoreceptor that negatively regulates TCR and
B cell Receptor (BCR)-signaling upon engagement of one of its ligands (PD-L1 and PD-L2)
[27-28]. Differences in the kinetics of expression of each co-stimulatory and co-inhibitory
molecule suggest that each one may have distinct roles during the phases of the immune
response and in instructing T cell fate. These signalling pathways synergize with TCR signal
transduction and are therefore important for regulating activation, clonal expansion, effector
functions, and survival of T cells (discussed in full below) see figure 3.3. Co-stimulatory and
co-inhibitory molecules have been shown to regulate memory T cell development, with a
consensus that co-stimulation promotes formation of antigen-specific memory cells, whereas
co-inhibition impedes it [14]. Further elucidating the mechanisms of TCR and co-stimulatory
signaling synergism, and when they take place in the immune response, will greatly benefit

the therapeutic targeting of co-stimulatory molecules for vaccine improvement.
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Figure 3.2- Co-stimulatory and co-inhibitory molecules and their cognate ligands. Source Bakdash et. al.

Front. Immunol. 2013

Signal 3, or inflammatory signals, are from cytokines such as IL-12, Type | IFN and/or Toll-
like receptor (TLR) ligands, as well as IL-2 [29]. It has become more and more appreciated
that pro-inflammatory signals, during activation of naive T cells mediate crucial aspects of
memory generation and differentiation. The nature of the pathogen determines the pro-
inflammatory cytokine released and the expression of TLR on APC that will direct memory
programming and development. Recent work suggests that the initial gene program is
triggered by TCR and co-stimulatory signals and can only continue when inflammatory
signalling is present, demonstrating the importance of this third signal [30]. Importantly, IL-
12, type | interferons (IFNa and IFNB) and IL-2 also induce PI3K, p38MAPK pathways,
similar to TCR and CD28 signalling, suggesting another potential early interplay of the three
signals at priming. IL-2/IL-2R signalling has also been linked to effector versus memory
differentiation, by regulating expression of various transcription factors and genes associated
with effector cells or memory cells fates [31] (as discussed below). There is an emerging
theme that higher levels of inflammatory cytokines favour the formation of short-lived effector
cells (SLEC) rather than long lived memory cells [32-33] [13]. Taken together, signals 1, 2
and 3 are closely linked in vivo during infection and the duration or the relative amount of
these signals can affect the number, phenotype, function and long term fate of effector T

cells and memory generation.
3.3.2- Expansion phase

Once primed, CD8 T cells follow a tightly orchestrated expansion phase where T cell clones
rapidly proliferate and differentiate into effector T cells, which have potent effector functions
such as Iytic activity and cytokine release. IL-2 plays a crucial role in this initial activation and
proliferation of T cells clones. Activated T cells rapidly upregulate IL-2Ra (CD25), start to
produce IL-2 and this has both autocrine and paracrine effects that induce rapid proliferation
of T cell clones [31, 34]. During the expansion phase, activated T cells also modify their
ability to home and localize to different tissues based on changes of trafficking molecules on
their cell surface. More specifically, L- selectin (CD62L) and CCR7, chemokine receptors
that mediates homing to lymph nodes are down-regulated, while CD44 and LFA-1, are up-
regulated, activation markers which mediate homing to peripheral tissues. There is
compelling in vivo evidence that T cells upregulate different homing molecules required for
migration to specific locations ie CCR9 for gut homing [35] or CCR4 for skin homing [36],
and these seems to be influenced by the site of initial T cell priming [4]. Once in the correct

vicinity, effector T cells locate their target cells and exert their effector functions. CD8 T cells
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develop into cytotoxic T cells which target and kill pathogen-infected cells directly by the
exocytosis of granules of cytolytic enzymes, including perforin and granzyme B (GzmB) [37],
as well as the production of cytokines including IFN-y and TNFa [38]. The importance of IL-
12 and type | IFNs for optimal T cell expansion has also been demonstrated. These
cytokines have been shown to regulate the balance of pro-apoptotic and anti-apoptotic BCL-
2 family members in the proliferating T cells, and therefore alter survival potential of the
expanding T cells [39].

3.3.3- Contraction phase

As the effector T cells eradicate the pathogen during the immune response, T cell interaction
with the reduced inflow of antigen-bearing APC results in the decreased capacity of the APC
to produce stimulatory cytokines leading to competition by the T cells for survival signals. In
the third phase (contraction phase), when the threat has been overcome, 90-95% of effector
cells die by apoptosis. The molecular mechanisms controlling contraction of antigen specific
T cells are incompletely understood. At least two types of cell death can occur in activated T
cells during the contraction phase: activation-induced cell death (AICD), also called Ag-
driven apoptosis, and activated T cell autonomous cell death (ACAD), also called growth
factor withdrawal-induced apoptosis [40]. IL-2 has been implicated in the AICD since
sustained presence of IL-2 and IL-2Ra expression on T cells induces the expression of the
death receptor FAS on the effector T cell, promoting apoptosis. Effector T cells compete for
homeostatic cytokines (such as IL-7 and IL-15) availability and once these cytokines are
withdrawn upon pathogen clearance, inevitably some cells die by neglect. IL-15 also
promotes the expression of anti-apoptotic BCL-2 in T cells therefore having a protective role
on effector CD8 T cells [41] and support the generation of memory cells [42]. Interestingly,
IL-7Ra (CD127) is rapidly down regulated after activation on most effector cells, while a
small fraction of these T cells regain expression of IL-7Ra after the infection has subsided
and become long lived memory cells, implying that only IL-7Ra™ cells are capable of
surviving the contraction phase [43]. IL-2 signalling potently suppresses IL-7Ra expression
and therefore IL-2Ra down-regulation is also shown to be a requirement for long lived
memory T cells [44]. Inflammatory cytokines also have been shown to influence the
contraction process, namely by up regulating the expression of pro-apoptotic molecule,
specifically BIM a member of the BCL-2 family [40]. IL-2 and IL-12 are important for
regulating the expression of a transcription factor Tbet in the responding T cells. Thet is
highly expressed on short lived effector cells while its expression is lost in long lived memory
cells, and thus determines which cells survive contraction. Also, IFNy signalling is thought to
play a role in the reduction of CD8 memory T cells [45]. These data indicate that strong

antigen driven signals and pro-inflammatory milieu drive T cells to become terminally
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differentiated effector T cells that are destined for rapid death following clearance of the
pathogen; the opposite, a reduced inflammatory environment, augments the formation of

long lived memory T cells.
3.3.4- Recall and maintenance of memory CD8 T cells.

The cardinal features of memory T cells are their ability to rapidly respond to re-encountered
pathogens and their capability to persist for many years [46]. Memory T cells exhibit altered
homing patterns, increased TCR avidity, enhanced proliferation and cytokine production, all
of which enable them to respond with increased vigour and potency to future encounter with
the same pathogen. The different activation markers on memory cells, as discussed above,
reflect their ability to home to different tissues. Circulating Tgy cells are recruited into
inflamed tissues within hours to days of a pathogen re-infection, and they are followed by
large numbers, days later, by secondary effector T cells possibly generated by recall Tcy
proliferation, via IL-2, in secondary lymphoid tissues. Try cells have an advantage of being at
site of entry of many pathogens and are therefore likely to be required for frontline defences
against fast replicating pathogens [13]. However, little is known about the balance between
tissue residence and circulating Tgy cells and the importance of each subgroup in protective
immune responses. It is important to note that tissue microenvironments also provide
developmental cues to ‘fine tune’ tissue-specific T cell memory phenotypes and therefore
play a role in optimizing local protective immunity. For example, local production of TNF-3
induces integrin expression on memory T cells after migration into the small intestines; this
integrin being an important molecule for the local T cell maintenance [47]. Also Tcwm cells can

down-regulate their CD62L upon egression into tissues and obtain a Tgy phenotype.

However, despite the heterogeneity of memory subgroups, the hallmark of all memory T
cell’s fitness results in the expression of anti-apoptotic molecules and responsiveness to
homeostatic cytokines [3]. The antigen-independent self-renewal of memory T cells, termed
‘basal homeostatic proliferation’ assures specific T cell survival and maintenance over many
years [48] [49]. Basal homeostatic proliferation is defined as the in vivo turnover of memory
cells observed under steady-state conditions. Basal homeostatic proliferation is “non-
productive” i,e, cell numbers are not increased and should be distinguished from
proliferation under conditions of lymphopenia (‘acute homeostatic proliferation’), discussed

below, or in response to antigenic stimuli (‘antigen-driven proliferation’) [48].

3.4- Signal transduction and transcriptional regulation of CD8 T cell differentiation
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Antigen recognition leads to the redistribution of TCR-CD3 complexes, along with co-
stimulatory and adhesion proteins, into a defined immunological synapse necessary for
productive activation of T cells. The combination of these signals promotes a number of
signaling cascades that ultimately determine cell fate through regulating cytokine production,

cell survival, proliferation, and differentiation (see figure 3.3).
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Figure 3.3- TCR signalling events and PD-1 Ligation of TCR and PD-1 leads to tyrosine phosphorylation (P) of
the ITIM and ITSM of PD-1. Binding of the ITSM by SHP-1 or SHP-2 results in the dephosphorylation of proximal
signalling molecules. This effectively attenuates the activation of the PI3K and Akt pathways. PD-1 signaling may
result in decreased T-cell proliferation, survival, protein synthesis, and IL-2 production. (Red arrows and text

indicate consequence of PD-1-mediated signalling). Source: Fransisco et al . Immunol Rev. 2010

More specifically, upon engagement of the TCR with pMHC molecules, the initial event is the
phosphorylation of ITAMS (Immunoreceptor tyrosine-based activation motifs) in the
cytoplasmic domains of CD3 zeta chain, by the Src-family kinases Lck and Fyn [50]. This

leads to recruitment of the kinase Zap70 (C-chain—associated protein kinase 70 molecule).
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Zap-70 activation induces recruitment and activation of scaffold molecules or TRAPS
(Transmembrane Adaptor proteins) such as LAT (linker for activation of T cells) and SLP-76
(SH2-domain-containing leukocyte protein-76) [51]. These molecules provides a multitude of
SH2- and SH3-binding sites for the transmission of downstream signalling events and play
crucial roles in spatial and temporal regulation of the formation of immunological synapses at
the T-cell-APC interface [52].

Importantly, LAT provides a platform for the integration of many positive and negative
signals from a multitude of receptors (eg cytokine and chemokine receptors) that help cells
sense the environment and ‘decide’ accordingly on their fate. Additionally, positive and
negative co-stimulatory molecules regulate TCR signalling by modulating the
phosphorylation state of kinases like Lck and Fyn. LAT and SLP-76 also help to localize a
variety of molecules, such as PLCy (phospholipase C y), to the plasma membrane and aid
their phosphorylation. These transducers then activate enzymatic signalling cascades and
change conformations and binding capacities of secondary signalling molecules such as
DAG (diacylglycerol) and IP3 (inositoltrisphosphate) . IP3 binds to its receptor on the surface
of the endoplasmic reticulum and induces an increase in intracellular calcium triggering the
activation of NFAT (Nuclear factor of activated T-cells) signalling pathway. NFATS, together
with AP-1 transcription factors (Jun/Fos) bind to DNA response elements and induce the
expression of genes related to T cell activation such as IL-2 and other effector molecules.
Activation of Ras by DAG leads to the downstream activation of MAPKs (Mitogen Activated
Protein Kinases) pathways which constitute a large kinase network that regulates a variety of
physiological processes, such as cell growth, differentiation, and apoptotic cell death.
Phosphorylation of PI3K (phosphatidyli- nositol 3-kinase) by Lck and Fyn, leads to the
generation of several inositol phospholipids including PIP2 and PIP3 (phosphatidylinositol
3,4-bisphosphate). PIP3 recruits PDK1 (phosphoinositide-dependent kinase 1) to the plasma
membrane and activates it. Activated PDK1 then phosphorylates serine/threonine kinase Akt
and PKCB8. Phosphorylation of PKC8 leads to the eventual activation of NF-kB. Akt and NF-
kKB are powerful signalling molecules which translocate to the nucleus and mediate many
diverse biological processes such as glucose transport, glycolysis, glycogen synthesis, cell
proliferation and inhibition of apoptosis. [29, 53-54]. Akt also regulates diverse cellular
process that impact CD8 T cells fates and so appears to be situated in a position to

coordinate the convergence of the CD8 T cell-fate-determining pathways.

Recently, there have been great discoveries in the molecular aspects that regulate the
effector to memory cell transition, and several transcriptional factors (TF) have been
identified. These TF are regulated by downstream effector molecules of PI3K/Akt signalling

such as mTOR (Mammalian target of rapamycin) and FOXO’s. A recent review highlights
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the importance of the reciprocal regulation of pairs of transcription factors in this
development process [55]. According to the current paradigm, these TF pairs function like
antagonistic genetic switches for cell fate decisions that allow for the simultaneously
development of short-lived effector cells and long lived memory precursors, during the
course of an immune response. The most well characterized TF pairs include, T-
bet/Eomesodermin (EOMES), Inhibitor of DNA binding 2 (1d2)/1d3, B lymphocyte-induced
maturation protein 1(BLIMP1)/BCL-6 and STAT3 /STATA4. In each pair stated above, the first
mentioned TF has been shown to be highly expressed in and associated with effector T cells
function and development, while the latter regulate the development of memory T cells. More
specifically, as the expression or the activity of EOMES, BCI-6, Id3 and STAT4 increases in
the cell, this triggers a cascade of events in the cell that help to maintain memory properties
such as long term survival, proliferative potential and ability to self renew. Taken together, it
is clear that multiple interrelated signalling pathways, influenced by factors such as signal
strength/duration and exposure to cytokines, culminate in the graded expression of
competing sets of TF and these play a pivotal role in the programming of T cells fates during

memory generation.

3.5- Models of memory cell differentiation

How memory T cells develop and the relationship between effector and memory T cells has
been actively debated in the literature for many years and several models have been
proposed to explain the divergent developmental fates of the T cell progeny (see figure 3.4).
When, where and how memory T cells and their subsets are formed is an area of intense
study and great controversy. There are several factors that contribute to the problems in
finding models that fit all scenarios. Firstly, the sheer complexity and heterogeneity in
memory T cell generation. Secondly the differences in experimental systems implemented,
such as in vitro versus in vivo models or different TCR-transgenic mice models together with
differences in temporal (primary vs secondary infections) and topical (lymphoid or non
lymphoid tissues) evaluations techniques. Thirdly, the undefined time frame in which
memory cells arise in these different settings and fourthly, the lack of clear phenotypic
markers that categorize effector and memory cells efficiently. Despite these difficulties
several theoretical models have been proposed. There are numerous recent reviews that
are dedicated to this topic [29, 56-58]. The models attempt to address several important
basic questions. Firstly, do effector and memory T cells originate from a separate lineage,

secondly are memory T cells pre-programmed/have a pre-existing potential or do they
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acquire memory traits and if so at what stage of activation? Thirdly, what is the origin of

memory T cell diversity and how is inter-conversion between memory subsets regulated?

Self renewing effector model. [57] This model assumes that the activation of naive T cells
results in the generation of self renewing ‘pre-Tcy' independent of passing through an
effector cell. These cells circulate the lymphoid tissues and when required can differentiate
to Tem and/or terminal differentiate into effector cells, acquiring effector functions and the
ability to migrate to the periphery and eradicate the infection, without having self renewal
potential. It is proposed that Tcy cells that develop directly from naive T cell and retain the
rapid replicative capacity of naive cells are predicted to have a biological advantage and can
potentially eradicate the pathogen faster. In contrast, a T¢y that slowly develops from a
senescent effector cell or Tgy may have a distinct disadvantage of generating adequate
numbers of effector cells to confer protection during a secondary infection. The conversion
between Tgy = Tcwm cells was not addressed in this model.

Decreasing-potential model. [58] This model suggests that every effector T cell has the
potential to develop into a memory cell but exposure to inflammation and antigen for longer
periods of time can further differentiate effector cells into terminal effector cells and decrease
their potential to become memory cells. T cells acquire the memory phenotype in
progressive stages of differentiation after initial priming events. The steps of differentiation
depend on the variety of stimulation by antigen and/or signals 2 and 3. This model
hypothesises that T cells that undergo maximum differentiation will become effector cells
and will subsequently die after the infection is eliminated, while the ones that differentiate the
least, will increase their survival potential and become long lived memory cells. With regards
to plasticity among memory T cells subsets research from Ahmed’s group have
demonstrated after an acute LCMV infection [15] that long-term persistence of memory T

cells is primarily in the form of Tcy,
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Figure 3.4 - Models for generating effector and memory T cell heterogeneity. Source: Kaech et al. Nat. Rev.
Immunol. 2012 and Ahmed et al, 2009 Nat. Imm. rev

Moreover, Tgy cells converts to Ty over time, in the absence of antigen, and gain the ability
to undergo self renewal via homeostatic proliferation. They also showed that this
Tem =2 Tem conversion was programmed during the period of initial in vivo T cell priming, and
was dependent on the magnitude of the infection and the duration of antigenic stimulation; a
lower amount of priming antigen resulted in more rapid differentiation of Tgy 2 Tcw [18]. Their
results also demonstrate that, at least in the spleen, T¢y convert to effector cells and

subsequently to Tgy only in the presence of antigen [15].

Signal strength model [5] This model, also called the Progressive differentiation model,
attempts to explain the heterogeneity of memory cell subsets. According to this model the
strength of the initial priming signals (signals 1, 2, and 3) in a collective manner, affects the
fate of the naive cell. Thus different hierarchical thresholds of signals control the different
proliferation and differentiation of memory T cells during the course of an immune response,
leading to the generation of various intermediates and effector T cells. Accordingly, strong

signals give rise to short lived effector cells, intermediate signals favour Tgy, and weaker
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signals Tcy. As in most of the models the commitment to memory generation is established
at the priming phase. Finally, in the absence of re-stimulation the majority of memory cells
persist as Tcy, While a proportion of these cells differentiates into Tgy to replenish the
effector memory pool in the presence of homeostatic cytokines IL-7 and IL-15 [59]. This
model differs from the previous described model in that different cells fates can be specified
early during the response, in a more divergent manner, according to the intensity of the
signals received, rather than in a linear stepwise manner driven by successive rounds of

stimulation.

Asymmetrical cell fate model proposed by Reiner et al [60]. This model (also called
bifurcative model) again attempts to explain the cell fate heterogeneity of daughter cells. It
theorises that progeny cells are committed very early on during the priming phase (at the
first cell division) to become short lived effector or long lived memory cells. Hence,
asymmetric segregation of proteins and mRNA, involved in cell signalling and fate
specification, ensure asymmetrical division of the progeny T cell into two genetically distinct
daughter cells [61]. The daughter T cell that is formed proximal to the APC was more likely
to contribute to the effector T cell subset and the distal daughter T cell more likely to
generate memory T cells. A study supporting this model demonstrated that transfer of a
single naive cell into a lymphosufficent host produced effectors, Tcy and Tgy memory
populations after vaccination [62]. A more recent study generated naive T cells that carry
uniqgue DNA tags (barcodes) [63] for ‘tracking’ the progeny cells. Importantly, both studies
demonstrated that effector and memory T cells are progeny of the same naive T cells. The

interconverion between Ty and Tgy cells was not addressed in either study.

It is important to note that the above models are not mutually exclusive and ultimately they
achieve the same end result; a multitude of cells, each armed with specific effector functions

and abilities, with some cells being able to persist for a long time as memory T cells.

3.6- Homeostasis of memory CD8 T cells

Homeostasis of memory cell numbers is important for the maintenance of stable memory
pool over the course of the host’s life time. It is now readily accepted in the field, that
proliferation of memory T cells is not only driven by antigenic stimulation but also by
homeostatic cytokines (called homeostatic proliferation) primarily via the y-chain cytokines
IL-15 and IL-7. In a steady state, memory cells divide every 2-3 weeks, without the need for
antigenic stimulation and are primarily maintained through signals received via cytokine

receptors [3].
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The IL-15 receptor (IL-15R) is comprised of three chains: IL-15Ra, IL-15RB and IL-15Ry.
The a-chain is unique to IL-15R, the B-chain is shared by IL-2R and the y-chain is common
to a variety of cytokines including IL-2, IL-4, IL-7 IL-9 and IL-21. Memory cells ‘sense’ the
levels of IL-15 in the environment by possessing the IL-15R chain (CD122) and more than
50% of memory cells express this receptor subunit. While IL-15 signalling appeared to be
dispensable for antigen-specific CD8 memory T cell generation and function during primary
responses, in its absence, memory T cell pool slowly decline, and this was due to their
inability to homeostatically proliferate [64]. IL-15 is produced by a variety of non- T cells,
including DC’s, and IFN’s has been shown to induce IL-15 production and vice versa; for this
reason IL-15 is often considered a bridge between innate and adaptive immune system. IL-
15 binds to its receptor and activates JAKs/STATs pathway (specifically JAK3 and STAT-5)
and the signalling is negatively regulated by SOCS-1 (suppressor of cytokines signalling-1)
[65]. IL-15R signalling has also been attributed to the survival memory CD8 T cells by the
up-regulation of anti-apoptotic molecules such as BCL-2, and down regulation of TRAIL
(tumor necrosis factor-related apoptosis inducing Ligand) [66]. Thus, IL-15 has been shown
to be a requirement for the survival and maintenance of memory cells by preventing
apoptosis during the transition of effector to memory cells and maintaining their basal

homeostatic proliferation.

IL-7 is another common y-chain cytokine that has been shown to be important for
maintenance of memory cells. Increasing the levels of IL-7 by over-expression can
overcome the requirement of memory cells for IL-15 [67]. IL-7 also acts through the
JAK/STAT pathway, activating anti-apoptotic factors, such as BCL-2, and is negatively
regulated by SOCS1 [68]. IL-7 plays an important role on survival and homeostasis of CD8
memory T cells and the IL-7Ra chain (CD127) is upregulated on memory cells, while having
no expression on effector cells. IL-7 signalling augments the transaction from effector to
memory cells, and for this reason this receptor has recently been described as a marker for
long lived memory CD8 T cells [43]. Collectively, y-chain cytokines play a major role in the
generation, maintenance and function of memory T cells. Interestingly IL-2, IL-7 IL-15 have
been shown to induce expression of PD-1 and its ligands in vitro [69], therefore applying a

natural break to proliferating T cells.

3.7- Differences in CD8 and CD4 T effector and memory generation and maintenance.
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The dissection of CD4 memory differentiation and generation is less clear than for CD8 T
cells, perhaps due to their limited cell frequencies in vivo, their extensive effector lineage
heterogeneity and later development of MHC class Il/peptide-multimer technology [70].
Similar to CD8 T cells, CD4 effector T cells undergo a differentiation process, depending on
the nature of cytokines produced by the innate immune system. This involves the expression
of lineage specific transcription factors that control the ability to produce certain effector cell
types. For example, differentiation in the presence of IL-12 promotes expression of the
transcription factor T-bet, which commits cells to the Thl program of producing IFN-y.
Alternatively, differentiation in the presence of IL-4 promotes expression of the transcription
factor GATA-3, which commits cells to the Th2 program of producing IL-4. A key question in
the immune memory field is how the CD4 effector cells present at the peak of the primary
response relate to the memory cells that survive the contraction phase. There is mounting
evidence for plasticity in the CD4 Th lineages further complicating the situation [8]. A strong
case can be made that some Thl effector cells simply return to a quiescent state and
become Thl effector memory cells, with the ‘classic’ properties ascribed to Tgy cells [71].
There is also evidence that Th2 effector cells can become Tgy cells after the contraction
phase of the immune response [72]; however, the evidence for this is not as extensive as
that for Thl cell memory. The case for the entry of Thl7 effector cells and Tregs into the
memory cell pool is less clear [73]. Interestingly some Thl effector cells generated in
response to certain infections in mice, seem to become CCR7" effector cells and,
subsequently, memory cells that have low expression of T-bet and lack other lineage-
defining transcription factors [74]. It has been proposed that these cells are possibly Tcy like
cells, since upon re-stimulation they produce IL-2 rather than Thl associated cytokines. It is
also possible that these stem-like cells are not committed towards any Th lineage and
following reactivation, can potentially generate secondary effector cells of several Th
lineages [75]. This raises the question of how naive T cells ‘decide’ which path to follow.
Similar to CD8 T cells generation, strong stimulation is needed for commitment to one of the
CD4 Teu cell lineages, whereas weaker stimulation favors the generation of less-committed
Tewm cells [73] [76].

With regards to the maintenance of CD4 T cell memory, there is still some controversy
whether antigen, MHC class Il molecules [77] [78] and the common y-chain cytokines are
required for survival of CD4 memory T cells. Some studies providing evidence that IL-15 and
IL-7 may not be required for the maintenance of CD4 memory cells [79]; while others provide
evidence that IL-7 may indeed be important [80]. In a study that directly compared stability of
antigen-specific CD4 and CD8 memory T cells [81], CD4 T cells were found to decay faster

over time then their CD8 counter parts, and they attributed this to a reduced ability to be
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rescued from apoptosis. With regard to costimulatory molecules, there is evidence that OX-
40 and its ligand promote BCL-2 expression, which helps in sustaining CD4+ T cell survival
[82]. Interestingly, in the absence of OX-40 [25] or ICOS [83] signalling in mice, a reduction
in CD4 Tgy cells was observed. Other co-stimulation receptors CD27 [84] 4-1BB [85] and
have also been shown to contribute to the generation and maintenance of memory CD4 T

cells.

3.8- CD4 T cells help in CD8 T memory generation

Help mediated by CD4 T cells has been shown to be crucial for CD8 T cell memory cell
generation in several models, however the exact underlying molecular and cellular
mechanisms of this help are still elusive. What is readily regarded as the hallmark of
‘helpless’ CD8 T cells is that these cells are defective in the memory recall responses upon
secondary stimulation. Studies with adoptive transfer of TCR-transgenic cells demonstrate
that ‘helpless’ CD8 memory T cells were capable of robust primary expansion, but were not
able to proliferate upon re-exposure nor to maintain their numbers via homeostatic
proliferation. In one study, this defect was attributed to the increased expression of the death
receptor TRAIL and the CD8 memory T cells underwent AICD upon re-stimulation [66].
Another study postulates that CD4 help is mediated through CD40 and CD40L pathways. In
this model, activated CD4 T cells upregulate CD40L and engage CD40 on DC and this
results in full maturation and ‘licensing’ of DC to then go on to fully activate CD8 T cells [86].
Importantly, Usherwood et al have demonstrated that, at least in a acute viral infection
model, the recall responses by ‘helpless’ CD8 T cells are restricted by the up-regulation of

PD-1 on these cells and blocking PD-1 pathways restores their functional defect [87].

3.9- Memory phenotype cells
3.9.1- Origins

Even in the absence of intentional immunization, small numbers of T cells, with phenotypical,
functional and genetic characteristics of memory cells, are observed. Such ‘spontaneously’
generated cells are called memory phenotype (MP) cells and accumulate in animals and
humans with age. MP cells are thought to be generated from a combination of environmental
and self antigens [49]. There is a multitude of innocuous antigens found in the gut flora of the
host or in the environment that can trigger the generation of MP cells. Unequivocal evidence

for the involvement of self antigens in the development of MP cells comes from the findings
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that these cells are present in humans before birth [88], and in mice kept in germ-free and
even antigen-free housing [89]. Additionally, it has been shown that typical MP cells arise in
large numbers when naive T cells are adoptively transferred to lymphopenic hosts. In these
setting the ‘space’ created, triggers naive T cells to acutely proliferate, developing into
protective CD44" MP cells without passing through an effector phase [3, 29]. This has been
shown with adoptive transfers of polyclonal naive and a variety of TCR transgenic naive cells
and therefore it is proposed that LIP is directed at various self peptide-MHC complexes. LIP
is boosted by the presence of elevated homeostatic cytokines such as IL-7 and IL-15 found
in lymphopenic hosts [90]. LIP can arise in various situations of lymphopenia, such as, at
birth in neonates [91], after some viral infections or radio- and chemo-therapy treatments
[92]. Since a large majority of MP cells arise in the absence of antigen, homeostasis via
cytokines plays a major role in their regulation and maintenance, as described above [93]. In
addition to the involvement of y-chain cytokines, the transition of naive T cells into MP cells
may involve other mechanisms, such as loss of negative signals. A transient loss of contact
with the inhibitory action of regulatory T cells, or interruption of contact with negative co-
inhibitory molecules on T cells, and their respective ligands on dendritic cells, might also

result in MP cells formation [49], but this remains to be evaluated.

The mechanisms that govern the generation of CD4 MP cells are slightly different to CD8 T
cells owning to their intrinsic lack of ability to proliferate in response to IL-15 and IL-7, this is
partly due to the fact that CD4 T cells have a reduced expression of IL-2RB (CD122)
receptor, and therefore reduced responsiveness to IL-15. A possible factor limiting the
homeostatic proliferation of naive CD4" T cells is IL-7-mediated down-regulation of the
expression of MHC class 1l [94]. Although CD4 MP do homeostatically proliferate, it happens
to a lesser degree to CD8 MP cells [95]. The main mechanism thought to generate CD4 MP
cells is cross-reactivity of TCR with different pMHC complexes, at least for humans, who are
constantly exposed to a myriad of organisms. Intriguingly, recent work in humans found an
abundance of MP cells in healthy adults for foreign antigens that the individuals had never
encountered such as HIV, CMV and influenza [96]. The ability to induce immunological
memory independent of infection or classical vaccination represents significant therapeutic
potential. Further work is needed in order to fully understand the mechanisms for the
generation of MP cells, while their protective capacities are undisputable, as discussed

below.

3.9.2- Functional importance of memory phenotype cells
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Similar to antigen-specific memory T cells, memory phenotype cells have been shown to
rapidly proliferate, produce IFN-y and other effector cytokines after TCR stimulation and
therefore are important in adaptive immune responses [97] [98]. CD8 MP cells have also
been show to effectively lyse infected cells upon simulation and provide comparable
protection against bacterial infections in vivo as Ag-experienced memory CD8 T cells [99].
CD8 MP cells have similar dependence on CD4 T helper cells for functional protection,

emphasizing again their similarities to true memory T cells.

Memory T cells have been recently correlated with a variety of autoimmune conditions and
diseases. As mentioned above, memory T cells can develop and expand in an antigen
independent manner, via homeostatic turnover and this process is amplified in conditions of
lymphopenia. Autoreactive memory T cells can potentially arise by two means: by self
cross-reactivity with pathogen associated antigens or by dysregulation during homeostatic
mechanisms [100] [101] [102]. Armed with their ability to home to tissues and mediate rapid
effector responses, these memory cells have been associated with the pathology of many
autoimmune diseases such as type | diabetes, psoriasis, rheumatoid arthritis (RA), multiple
sclerosis (MS), Crohn disease [103]. Particularly Tgy cells, due to their ability to home to
tissues, have been found to be enriched in psoriatic plagues [104-105], in inflamed synovial
fluids of RA patients [106-107], and in cerebrospinal fluid of MS patients [108]. For all these
disorders, levels of circulating memory cells, especially Tgy cells, are correlated with
worsening conditions, while a reduction is associated with a clinical improvement.
Importantly, Tgy cells are now being exploited as target candidates for the treatment of some
autoimmune diseases. In one such approach, inhibiting a K+ ion channel (Kv1.3) exclusively
expressed in Tgy cells may hold therapeutic promise for MS patients [109]. Genetic silencing
of Kv1.3 in human T cells leads to an expansion of Tcy cells and a depletion of Tgy cells,

highlighting the functional importance of the Kv1.3 channel in the Tgy population [110].

Additionally, MP cells display important innate immune responses, providing early protection
against pathogens during primary responses. Several groups have observed that
administration of innate immune activators such as LPS or poly:IC (powerful inducers of IFN-
) causes strong non-antigen-specific stimulation of heterogeneous CD44" CD8" T cells in
vivo [111-112]. A proportion of MP cells produce IFN-y in response to IL-12, IL-18 and IFN-
a/B produced by activated macrophages and DC (bystander activation) (see figure 3.5)
[112-113]. Since it was shown that none of these cytokines were able to directly stimulate
MP cells in vitro it was proposed that a possibly common, effector cytokine was activating
the MP cells indirectly. This cytokine was shown to be IL-15, which is produced and
presented to T cells by APC upon stimulation with IFN-a/f and IFN-y [114]. IL-15

preferentially stimulates MP CD8 T cells as consequence of MP CD8 T cells expressing very
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high levels of IL-2RB (CD122) [93]. Expression of high affinity receptors for this cytokine
allows memory, but not naive CD8 T cells to proliferate, in the absence of TCR stimulation
[93].

A Pathogens,
poly(l:C), LPS

Figure 3.5- Pathways leading to bystander T-cell activation

Bystander activation of CD4 T cells is less efficient as compared with that of CD8 MP cells
due to the lower degree of expression of cytokine receptor IL-2RB. However, unrelated
CD44" MP CD4 T cells have been reported to undergo a low degree of bystander
proliferation upon virus infection and following administration of poly(l:C) or LPS [115] [116].
IFN-y production by bystander-activated memory T cells may have profound, wide spread
effects on immune responses, due to the fact that the effects of IFN-y are independent of Ag
specificity. Therefore, IFN-y can be produced by polyclonal memory T cells of various
specificities in response to early bacterial and viral stimuli. Furthermore, memory T cells due
to their activation status are able to circulate to peripheral tissues, particularly under
inflammatory conditions. Moreover the local IFN-y released by memory CD8 T cells may be
important in further stimulating APC and promoting Thl-type responses, pro-inflammatory

conditions and immuno-pathology.
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3.10- Role of PD-1in T cell responses

Programmed Death-1 (PD-1) [117], as mentioned above, is a co-inhibitory receptor that
belongs to the CD28/CTLA-4 family and negatively regulates TCR and BCR -signaling upon
engagement of one of its ligands: PD-L1 and PD-L2 [27-28]. Apart from the established role
of PD-1 in peripheral T cell tolerance (see below), its role in immunity and infection is also
well described [118] [119] [120]. PD-1 is inducibly expressed on CD4, CD8 T cells, NK cells,
B cell and monocytes. The common y-chain cytokines can also induce PD-1 expression on T
cells. The two PD-1 Ligands differ in their expression pattern with expression of PD-L2 being
more restricted than PD-L1 [121]. PD-L2 also called B7-DC, is inducibly expressed on
activated DC and macrophages, while PD-L1 (B7-H1) is constitutively expressed on T and B
cells, DC’s, macrophages, mesenchymal stem cells. Importantly PD-L1 is also constitutively
expressed on non-hematopoietic cell types including vascular endothelial and epithelial cells,
certain tissues cells, such as hepatocytes and pancreatic islet cells, and also sites of
immune privilege [122] See figure 3.6. This expression pattern of PD-L1 places it in a
central role in limiting the pathology associated with ‘overaggressive’ T cells during immune
responses to persistent infections and also in regulation and protection against auto-reactive
T and B cells, as will be discussed below. PD-L1 expression is further upregulated by type |
and Il IFN’s and other pro-inflammatory cytokines.
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Figure 3.6- Relative expression of PD-1 and its ligands (A) Comparison of expression of PD-1, PD-L1 and
PD-L2 on immune and non-immune cells in naive or activated states. (B) Factors that regulate expression of PD-
1, PD-L1, and PD-L2. Regulation of expression on specific cell types is discussed in detail in the text. There are
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some differences in expression of human and mouse PD-1, PD-L1, and PD-L2 expression. Murine expression is
summarized in this figure. Expression of human PD-L1 differs from mouse PD-L1 in that human PD-L1 is
primarily an inducible molecule. Source: Fransisco et al . Immunol Rev. 2010

The PD-1 receptor is a cell surface monomer consisting of a single immunoglobin variable-
like domain and a cytoplasmic domain containing a immunoreceptor tyrosine-based
inhibitory motif (ITIM) and an immunoreceptor tyrosine-based switch motif (ITSM) [123].
Mutagenesis studies indicate that the tyrosine within the ITSM motif is essential for PD-1
function in T cells and B cells [28]. The protein tyrosine phosphatases SHP-2 (SRC
homology), and to a lesser degree SHP-1, binds to the ITSM sequence in the PD-1
cytoplasmic tail. Recruitment of these phosphatases leads to the dephoshorylation of
effector molecules activated by TCR-pMHC, such as Syk and PI3K. This in turn blocks
activity of Akt kinase, thereby suppressing glucose metabolism, expression of BCL-2 family
survival proteins and proliferation via IL-2. Therefore, the expression of PD-1 on T cells and
the extent of PD-1-PD-L engagement, regulates the threshold of T cell activation and the
guantity of the resulting cytokine production and possible fates of responding T cells [118].
Importantly exogenous IL-2, IL-7 and IL-15 can overcome the inhibitory effects of PD-1 [124]
[125]. PD-1 and its ligands play a central role in interactions between host defences against
pathogenic microbes, and this no better highlighted by the fact that some viruses exploit this

pathway to evade host immune effector mechanisms [126].

A recent study by Usherwood et. al., showed the importance of PD-1 in an acute infection
model. After infection with vaccinia virus, in the absence of PD-1 the virus-specific CD8 T
cells expanded to a greater magnitude and had more robust recall responses with enhanced
IL-2 production [127]; therefore, demonstrating that PD-1 compromise CD8 T cell responses
during acute infections. Previous work from the same laboratory, showed that PD-1 blockage
can rescue the defective recall responses of CD8 T cells generated in the absence of CD4
T cell ‘help’ [87] therefore suggesting that PD-1 signaling contributes to the functional
impairment of “helpless” CD8 T cells. Several studies suggest that PD-1-PD-L pathway may
regulate immune-mediated tissue damage during viral infections by blocking the damage

caused by overaggressive T cells at sites of infection [128] [129].

The extent of literature on PD-1 and chronic infection underscores the importance of the
molecule in T cell-mediated responses to persistent viral infections [130-132]. Mice model of
chronic infections have shown that initial T cell responses are elicited, but as the T cells
continue to respond to un-cleared infection, they become ‘exhausted’ and a variety of

phenotypic and functional defects arise as the responding cells lose their ability to proliferate
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and produce effector molecules. Normally when an infection has been resolved, PD-1
molecules, which have been transiently expressed on virus specific effector T cells, are
down-regulated. However, PD-1 is highly and persistently expressed on virus specific CD8 T
cells in chronic infections and correlates with the “exhausted” T cell phenotype, which is

reversed upon PD-1 neutralization, resulting in decreased viral load [131-132].

PD-1 signalling has also been shown to play a role in Treg responses, and ligation of PD-1
augments Treg mediated-suppressive responses. Moreover, PD-1 signaling induces
generation of  iTregs from naive T cells by attenuation of Akt-mTOR pathway [133].
Additionally PD-1:PD-L pathway also may control the complicated dynamic interactions
among Tregs, effector T cells, and APCs; constitutive expression of PD-L1 and PD-1 on
Tregs may help to negatively regulate formation of stable and productive immunological
contacts [120].

The role of PD-1 in the generation, maintenance, and function of MP CD8 T cells is less
clear. MP CD8 T cells express PD-1, especially in aged mice, but to a lesser extent
compared to MP CD4 T cells [134] and most PD-1-expressing MP CD8 T cells belong to the
Tewm phenotype. Interestingly, PD-1 expression on MP CD8'CD122" T cells defines an IL-10-
producing regulatory T cell population [135]. In settings of lymphopenia, a short-lived PD-1"
fraction has been identified among homeostatically proliferating (LIP) CD8 T cells,
characterized by poor functional responses [136]. Therefore, PD-1-PD-L interactions on the
one hand are critical for protecting the host against pathology associated with
overaggressive T cells responses to infections, while at the same time signalling restrict the
ability to induce strong immune responses against infectious agents and result in exhausted

cells and virus persistence.

The first indication of the importance of PD-1 in immune tolerance came from PD-1-deficient
mice, which developed strain-specific autoimmunity. PD-1-/- mice in a C57BL/6 (B6) genetic
background, spontaneously develop arthritis and glomerulonephritis due to Ab-antigen
complex development and lymphocyte infiltration into tissues. The percentage of diseased
mice and the severity increase with age [137]. PD1-/- Balb/c mice develop lethal dilated
cardiomyopathy due to antibodies against cardiac troponin [138]. Neutralization of the PD-1
or gene ablation in NOD mice (model for autoimmune type | diabetes) results in acceleration
of diabetes cases and severity, [139, 140, 141].

Several studies also suggest a significant role of PD-1 and its ligands in human autoimmune
diseases. Polymorphisms in PD-1 gene have been associated with systemic lupus
erythematosus (SLE), type | diabetes, RA, Grave's disease and MS [120]. In patients with

multiple sclerosis, treatment with IFN-f3 increases levels of PD-L1 mRNA, suggesting that
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the anti-inflammatory activity of IFN-B is partly due to the increased expression of PD-L1
[118]. Auto antibodies against PD-L1 have been found in the serum of patients with
rheumatoid arthritis and a soluble form of PD-1 have been associated with the active
disease [28, 118].

There is accumulating evidences that tumors exploit PD-1-dependent immune suppression
for immune evasion. The expression of PD-L1 and PD-L2 has been found on a wide variety
of solid tumors and hematologic malignancies, and a strong correlation between PD-Ls
expression on tumor cells and unfavorable prognosis has been demonstrated for various
cancers [142] [122] [143]. There are currently four anti-PD-1 agents in the clinic: MDX-
1106/BMS-936558/ON0O-4538, CT-011, MK-3475, and AMP-224. The first three are
reported to be PD-1 blocking mAbs, while the last is a PD-L2/IgG1 fusion protein [144]. To
date, most clinical experience with PD-1 blockade has been gained with MDX-1106. Phase 1
studies are in progress to assess its safety and antitumor activity in patients with selected
advanced solid tumors. An ongoing follow-up trial of biweekly MDX-1106 administration has
already shown durable anti-tumor responses in one third of patients [145]. Clinical activity
was also observed in patients with melanoma, renal cell carcinoma, colorectal cancer and
non-small cell lung cancer (NSCLC). Importantly, tumor cell surface expression of PD-L1 in
pretreatment biopsies emerged as a potential biomarker of response [144]. The results from
those clinical trials are extremely promising and subsequent studies involving more patients
are highly anticipated [146]. The recent cancer clinical trials with PD-1 pathway blockade
should drive the use of this therapy into other clinical applications such as the control of HIV
[147] and chronic viruses like hepatitis C [122].

4. RATIONALE AND OBJECTIVES:

Spontaneously generated memory-phenotype (MP) T cells, found in naive mice, exhibit
phenotypic and functional traits of memory cells and provide important protection to the host.
MP cells can develop, expand and exert their effector functions in an antigen-independent
manner, via homeostatic proliferation and bystander activation mechanisms [97, 99] [112].
The enhanced activity of MP cells, provide robust protection against infection [97, 148] and
have been shown to improve anti-tumor responses [149]. The ability to induce
immunological memory independent of antigen has significant therapeutic potential.
However, tight regulation of MP cells is essential in order to obtain an equilibrium; fast and
efficient protection of the host against pathogens, opposed to overaggressive immune

responses leading to immunopathologies. Additionally, it has been well documented that

33



dysregulation during homeostatic proliferation can result in autoreactive memory T cells
[100, 102]. Equipped with their ability to home to tissues and mediate rapid effector
responses, Tegy cells have been associated with the pathology of many autoimmune
diseases [103].

There are numerous studies indicating that the integration of signals 1,2 and 3 received by
T cells during priming, largely determines the differentiation into memory T cell subsets with
a consensus that Tgy cells require greater signal strength [14]. In agreement with the above,
co-stimulatory molecules such as OX-40 and ICOS, promote differentiation towards the
active Tgy phenotype [20, 24-26]. However, mechanisms governing homeostasis and
differentiation of MP T cells, although similar to typical antigen-specific memory T cell
generation, remain ill defined. Therefore, it is important to determine the factors that affect
the formation of MP cells and their subsets. The role of the negative co-stimulator PD-1 in
MP cell generation has not been evaluated. Therefore, we aimed to assess the role of PD-1
in regulating developmental fates of MP CD8 T cells.

Specific objectives:

e To investigate the contribution of PD-1 in memory phenotype subset homeostasis by
assessing the affect of PD-1 ablation in the MP cell pool of non-immunized naive

mice.

e To delineate the mechanism(s) involved in MP T cell differentiation and how the
absence of PD-1 shapes these process(es) by assessing cell function, proliferation,

survival and inter-conversion of MP cell subsets.

e To attempt to assess the role of PD-1 in antigen-specific memory T cell subset

formation by utilizing a model of CHS and TCR (F5) transgenic mice model.
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5. MATERIALS AND METHODS
5.1- Mice

PD-1 KO [150], GFP-transgenic mice [151], DsRed-transgenic mice [152], F5 TCR-
transgenic [153], Rag-1 KO [154] have been previously described. All mice were
backcrossed to the C57BL/10 background for 10 generations. C57BL/10 (referred to as wild
type, WT) and C57BL/10.PD-1-deficient mice (PD-1 KO) were used in the present study.
Mice were maintained in the Institute of Molecular Biology and Biotechnology (IMBB) colony.
All experiments were approved by the General Directorate of Veterinary Services, Region

Crete.
5.2- Reagents

The following fluorescent-conjugated monoclonal antibodies as well as Annexin V-FITC,
propidium iodide and FACS™ Lysing Solution were purchased from BD Pharmigen ™: anti-
CD3e (cl:145-2C11), anti-CD8a-APC (cl:53-6.7), anti-CD8b-APC, anti-CD4-FITC (cl: GK1.5)
anti-CD4-PerCP, anti-CD69-PE (cl:H1.2F3), anti-CD62L-PE (cl:MEL-14), anti-CD62L-PE-
Cy7, anti-CD62L-FITC, anti-CD44-PerCP-Cy5 (cliIM7), anti-CD44-PE, anti-CD25-
PE(cl:Pc61), anti-CD122-PE(cl:TM-B1), anti-IFN-y-PE, anti-IL-2-PE, anti-VB11-PE (C:RR3-
15), anti-Ly6C-PE (cl:AL-21), anti-PD-1 PE (CD279, cl:J43) and anti-CD90.2 (Thy-1.2, cl:30-
H12). Anti-CD127-PE (cl:A7R34), anti-Ki-67-PE (cl:SolAl15), anti-lgG2a, k- PE and anti
BrdU-APC(CI:3D4) were from eBioscience, anti-Granzyme B-PE (clone GB12) were from
Invitrogen. For CCR7 staining, a fusion of the CCL19 chemokine and the Fc fragment, plus
PE-labeled anti-human IgG Fcy fragment was used (eBioscience). Cell cultures were
performed in RPMI, supplemented with 10% fetal bovine serum (FBS), penicillin (100U/ml)
and streptomycin (100pg/ml), 2-mercaptoethanol (5x10-5 M) all from Gibco, Carlsbad, CA.
E.coli LPS was from InvivoGen, PMA and Complete Freund’s adjuvant (CFA), 2,4-
dinitrofluorobenzene (DFNB) Percoll solution, and DNase | from Sigma-Aldrich. Complement
and Lympholyte-M (CL5031) were from Cedarlane labs. 3[H] thymidine was obtained from
Amersham Biosciences. CFSE (Carboxyfluorescein Succinimidyl Ester, Invitrogen), SNARF-
1 (carboxylic acid, acetate succinimidyl ester) were from Molecular Probes, and MACS
magnetic beads separation system was from Miltenyi Biotec. IL-12 and IL-15 were obtained

from Peprotech while IL-18 was from R&D.

5.3- Lymphocyte suspensions, Cell staining and flow cytometry
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Single-cell suspensions were prepared from tissues and cells were stained for extracellular
markers for 30 min at 4°C in 1xPBS, 1% BSA, 0.02% NaN3. For analysis of lymphocytes

from peripheral blood, at least 100ul of blood was collected from the tail vain of the mouse
into eppendorfs containing heparin (90u/ml).The blood was washed and then antibody
staining was performed as above. The erythrocytes are lysed by incubating for 15mins with
FACS™ Lysing Solution (Becton Dickinson) according to manufactures instructions then
washed before analysis. Acquisition was carried out on a FACSCalibur and data were
analyzed with WinMDI or FlowJo software. The significance of all data was evaluated by
Student’s t-test and where significant, p values are shown.

5.4- Isolation of lymphocytes from liver and lung

Mice were sacrificed and perfused via the left ventricle with 20 ml ice-cold PBS. Tissues
were then teased over a filter. For lungs, Lympholyte-M (Cedarlane labs, CL5031) was used
according to manufacturer’s instructions. Briefly, equal volumes of lympholyte solution were
placed underneath the cell suspension by using a pasteur pipette and centrifuge at 1000-
1500g (2400rpm) for 20 mins at RT. After centrifuge there was a well defined layer of
lymphocytes at the inter phase and these cells were removed and place in a new tube and
washed by centrifuging at 800g (1950rpm) for 10 mins to pellet the lymphocytes.
Lymphocytes were then counted and stained as described above. Cell suspensions from
livers were spun at 550g. The cell pellet was resuspended in RPMI and overlaid onto 33%
(v/v) Percoll solution (Sigma) followed by centrifugation at 800 g for 30 mins. Remaining
cells after aspiration were washed twice with RPMI by centrifugation at 800 g for 5 mins at
4°C. Subsequent removal of red blood cells was performed by water lysis and lymphocytes

were stained as above.

5.5- In vivo or in vitro stimulation and intracellular cytokine staining

For cytokine production, splenocytes were incubated for 4 h in the presence of GolgiPlug ™
(BD Biosciences) and 50 ng/ml of PMA and 500 ng/ml of ionomycin (both Sigma-Aldrich) or
untreated. In some experiments 3 mo old WT and PD-1 KO mice were challenged with 50ug
of LPS (E.coli 0111:B4) (Sigma-Aldrich) or PBS for 4 h and were then sacrificed and
splenocyte suspensions were incubated at 1x10%ml with GolgiPlug™. Cells were washed

and stained for surface markers, as described above. Then, cells were fixed and rendered
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permeable by using the Cytofix/CytopermTM Kit (BD Biosciences) according to
manufacturer’s instructions, and subsequently stained for intracellular cytokines and
analyzed by flow cytometry. For in vitro experiments with hIL-15 (Peprotech), 3x10*
CD8'CD44"CD62L" purified cells (purity >95%) pooled from 4 mo mice were incubated in
duplicate wells 100 ng/ml cytokine and analyzed on day 7. In other experiments
spleenoctyes from WT and PD-1KO mice were incubated with IL-15, IL-12 (Peprotech) and
IL-18 (R&D) for various time periods.

5.6- Cell sorting and Adoptive Transfer

CD8" T cells were purified from spleen with the negative selection MACS magnetic beads
separation system (Miltenyi Biotec) according to manufacturer’s instructions. Purified CD8"
GFP" T cells were stained with anti-CD44 PerCP- Cy5, anti-CD8-APC, and anti-CD62L-PE
for the purification of Tgy (CD8'CD44"CD62L"), Tow (CD8'CD44"CD62L"), or naive cells
(CD8'CD44"°) and sorted by Dako Cytomation MoFlo T High-Performance Cell Sorter.
1.5x10° cells were then adoptively transferred into WT and PD-1 KO mice. Cell fate was
analyzed after 42 d on the basis of CD62L and CD44 expression on donor-derived

GFP*CD8" cells. In the case of naive cells, recipients were sub-lethally irradiated (450 rads).

5.7- CFSE and SNARF-1 staining

Cell proliferation was assayed by labeling with CFSE (Carboxyfluorescein Succinimidyl
Ester, Invitrogen), (Molecular Probes) as previously described [155] or SNARF-1 (carboxylic
acid, acetate succinimidyl ester). Briefly, 10-20 x 10%ml of purified cells were incubated with
10 uM CFSE in PBS, for 10 min at 37°C. Labeling was stopped with 5 vol of ice-cold HBSS
5% FCS, for 5min on ice, followed by three washing cycles in HBSS, 5% FCS. For SNARF-1
(carboxylic acid, acetate succinimidyl ester) labelling, purified cells were incubated with 25
MM SNARF-1 essentially in the same way as with CFSE, except from labelling time being 30

min.

5.8- BrdU incorporation and Ki-67 analysis

7 mo old PD-1 KO and WT mice were fed daily with 0.8 mg/ml of BrdU (Sigma) for one
week. On day 7 the mice were sacrificed and splenocytes were stained as above. For BrdU

analysis, cells were treated as previously described [156]. Briefly, cells were treated with
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FACS Lysing Solution (BD Biosciences), followed by overnight fixation in 1%
paraformaldehyde containing solution. Cellular DNA was then denatured with 50 Kunitz units
of DNase | (Sigma) before being stained with anti-BrdU (BD Biosciences). For Ki-67 analysis
7 mo mice were sacrificed and splenocytes were stained as above. Cells were then treated
for 15 min with FACS Lysing Solution, followed by fixation at 4°C in 1% paraformaldehyde
and 0.05% Nonidet-P40 for 30 min. Cells were then blocked with mouse Fcy receptor
(CD16/CD32, BD Biosciences) for 15 min, and then immediately stained with Ki-67 for 30
min at 4°C. Cells were then analyzed by flow cytometry.

5.9- Microarray hybridizations and analysis

Spleen cells from 7 mo old WT and PD-1 KO mice were sorted for CD8 T cells and in
separate experiments for CD8 Tc¢y, as described above. RNA was then extracted by
standard procedures according to manufacturer’s instructions (Quiagen). For genome-wide
expression analysis of these cell populations, synthesis of double stranded cDNA and biotin
labelled cRNA was performed according to the instructions of the manufacturer (Affymetrix,
USA). Fragmented cRNA preparations were hybridized to full mouse genome
oligonucleotide arrays (430 V2.0; Affymetrix, USA). Initial data extraction and normalization
within each array was performed by means of the GCOS software (Affymetrix). Microarrays
complied with the Minimum Information for Microarray Experiments (MIAME) and are
available at ArrayExpress (E-MEXP-XXX and E-MEXP-XXX). Expression intensities from the
PD-1 KO CD8 and Tcu-phenotype CD8 T cells and corresponding controls were log
transformed and normalized within and between arrays with the quantile normalization
method using the R open statistical package (http://www.r-project.org/). Two-tail, pair-wise
analysis or a two-way analysis of variance was used to extract the statistically significant
data from each group of mice by means of the Spotfire Decision Site software package 7.2
v10.0 (Spotfire Inc., MA, USA). The criteria for significance were set at p<0.05 and a = £1.5-
fold change in gene expression. The Affymetrix 430 V2.0 arrays include several internal
controls to insure accurate and reproducible measurement of gene expression changes. For
each probe set, signals were considered to be valid when they were marked as “Present”
(for more information see www.affymetrix.com) and exhibited a signal higher than 40 in at
least one microarray hybridization. All probe sets with a signal below 40 were set to be equal
to 40. If there were discrepancies in the direction of expression between multiple probe sets,
the gene was not included. Significant over representation of 5" level gene ontology terms
describing “biological process” annotation (GOTERM_BP_5) was identified with the NIAID
DAVID website (http://www.david.abcc.ncifcrf.gov)
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5.10- Generation of mixed bone marrow chimeras

Bone marrow was obtained from femurs of GFP-transgenic and PD-1 KO mice; mature T
cells were first depleted by the use of anti-CD90.2 (BD Biosciences) plus complement
(Cedarlane Labs), according to manufacturer’s instructions. Contamination of bone marrow
cells with mature T cells was less than 0.1%. A mixture of 10’ WT and PD-1 KO bone
marrow cells at a 1:1 ratio was injected intravenously into DsRed mice lethally irradiated with
950 rads. Cells from these chimeras were analyzed after 8 weeks.

5.11- Proliferation of T cells from F5 TCR Tg mice

Single-cell suspensions of spleens of F5 and F5.PD1 mice were prepared in HBSS
supplemented by 5% FCS 10 mM HEPES, 100U/ml penicillin-streptomycin, 2 mM L-
glutamine. Erythrocytes were removed by osmotic lysis technique and spleenocytes (1
x10%ml) were stimulated with irradiated (2000 rad) C57BL/10 splenocytes (3x10°%ml)
preloaded with the appropriate concentration of influenza NP68 peptide (NP366-374) as
previously described [155]. Thymidine incorporation was assayed essentially as previously
described [155]. Normalization on equal numbers of CD8 T cells was performed keeping a
constant ratio of C57BL/10 splenocytes:CD8 T cells. After 40 h of culture, cells were pulsed
with 1uCi 3[H] thymidine (Amersham Biosciences) for 6 h. Cells were harvested with the
INSEL CELL HARVESTER MODEL CH3 H/W, on special filters. Incorporated radioactivity

was measured using a Beckman beta counter.

5.12- Contact hypersensitivity responses. Hapten-specific T cells were generated as
previously described [157]. Briefly, 25 ul of 0.5% DNFB (Sigma) in acetone:olive oil (4:1)
were applied to 2 cm? area of shaved dorsal skin of WT and PD-1 KO mice. After 5 d,
animals were challenged with 10 pl of a 0.15% of DNFB solution on both sides of the right
ear, and the solvent alone on the left ear, and repeated on day 38. After 48 h ear swelling
measurement was performed with a digital calliper. Hapten-specific memory cells were then
extracted by removing challenged ears and incubating them with 400 u/ml of collagenase

(Sigma) for 50 min at 37°C. Cells were then filtered and stained appropriately.

5.13- PCR and primers
PD-1 WT FOR: 5- G CCAGCTAAGAGGCCACAGCTA -3
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PD-1 WT REV: 5- CAGAGTGTCGTCCTTGCTTCCA -3
PD-1 KO FOR: 5- TTGTGTAGCGCCAAGTGCCCAGCG -3
PD-1 KO REV: 5- CGGTGCTCTCTGTGGAGGGTCTG -3’
dsRED FOR: 5- AAGGTGTACGTGAAGCACCC -3

dsRED REV: 5- TCCACGTAGTAGTAGCCCGG -3’

The reactions were in a final volume of 100ul and contained 1X buffer PCR (Minotech), 2.5
mM MgCl2, 0,2 mM of a mixture of the four dNTPs (Promega), 0.5mM of each primer, 0.8l
of each cDNA and 2.5 IU Taq polymerase 5u/ul (Minotech). The PCR reaction carried out for
the expression of PD-1 was as follows: 30 sec denaturation at 96°C, 30 sec hybridization at
63°C, 30 sec elongation at 72°C. The number of cycles was 35. The PCR reaction carried
out for the expression of Dsred was as follows: 30 sec denaturation at 94°C, 30 sec
hybridization at 55°C, and 30 sec stage replication at 72°C. The number of cycles was 35. In

both cases, each reaction was followed by an additional elongation for 3 min at 72°C.
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6. RESULTS

6.1- Increased numbers of CD8 and CD4 Tegy-phenotype cells in lymphoid organs and

tissues of PD-1 KO mice.

We phenotypically examined the periphery of young (2-4 mo) and middle aged (7-14 mo)
C57/B10 (WT) and C57/B10.PD1 KO (PD-1 KO) mice. There was a significant increase in
the number of spleenocytes in the PD-1 KO mice compared to WT (152 x10° vs 128 x10°,
figure 1A) at middle age, and this increase appeared to start at an early age. Three
coloured FACS analysis with anti-CD3,-CD4,-CD8 revealed significant increases in total
numbers of CD4 T cells in the PD-1KO mice compared to WT at both in young mice (31 x10°
vs 22 x10° p=0.02, figure 1B, right) and middle aged mice groups in spleen (29 x10° vs 19
x10°, p=0.0003, figure 1B, right). Although a similar trend was found for CD8" T cells, there
was no significant difference in the numbers between WT and PD1-KO mice in either age
group (figure 1B, left).

Next in order to characterize the populations of expanded cells found in the PD-1 KO mice a
variety of markers where used to identify CD8 and CD4 T cells sub-categories. CD44 is a
marker for antigen experienced cells and therefore can distinguish from naive T cells
(CD44"). Consistent with the literature that shows that memory phenotype (CD44™) cells
increase with advancing age [49], analysis of WT splenoctyes revealed a 2-fold increase in
CD8'CD44" T cells, and similar fold increase in CD4*CD44" (figure 1C) when comparing
young and middle aged mice. Interestingly, in the absence of PD-1, higher numbers of
CD8'CD44" (figure 1C left) and CD4'CD44" (figure 1C, right) T cells were found
compared to age matched WT counterparts, and this difference started at an early age (2-

4mo).

Recently, there have been advances in the understanding of memory phenotype (MP) cells
and it is clear that these cells are a highly heterogeneous population. CD44" MP T cells
can be subdivided into two main functional subtypes; central memory (Tcy) and effector
memory T cells (Tgy) according to combinations of expression of surface markers, such as
chemokine receptors and interleukin receptor components (CD62L, CD44, CCR7, Ly6c)
[14]. In accordance with the literature [25],[23] a combination of CD62L (L-selectin) and
CD44 were used to identify these two populations, in this study. CD8 and CD4 T cells were
identified as naive by CD62L" CD44"°, Ty by CD62L" CD44", and Tgy with CD62L"° CD44 ™

as can be seen in figure 2A.
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Figure 1— Increase in spleenocytes, CD4 and CD8 T cells and MP (CD44hi) cells in PD-1 KO mice. A,
Young (2-4 mo) or middle-aged (7-14 mo) PD-1 KO and WT control mice were sacrificed and spleen cell

suspensions were analysed. Graphs show mean values of splenocytes with error bars indicating SD. B, Spleen

cell suspensions were analysed by flow cytometry with anti-CD3, anti-CD4 and anti-CD8. Graphs show mean
values of CD8 (left) and CD4 (right) T cells in spleens of WT and PD-1KO mice at two age groups (2-4 and 7-14
mo old) Error bars indicate SD. C, Graphs depict mean values of cD8'CD44" (left) and CcD4'cD44" (right) cell

of WT and PD-1 KO mice with error bars indicating SD, n=13 per group. Data are representative of 3

independent experiments
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It was apparent, from this analysis, that the population expanding in the PD-1 KO belongs to
the Tew MP population, with a 7-fold increase in CD8 Tgy (7x10°+1.78 vs 1x10°+0.35,
p=0.0001, figure 2B, left) and 2-fold increase in CD4 Tgy (14x10° + 3.82 vs 6x10° +1.58,
p=0.0001, figure 2B, right) from middle aged PD-1 mice compared to age-matched
controls. No significant differences were found in other subsets (naive or T¢y) of CD8 and

CD4 populations between the PD-1 KO and WT at either age group (figure 2B).
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Figure 2— Increased numbers of CD8" and CD4" Tey cells in spleen of PD1-KO compared to WT controls.
Splenocytes were categorized phenotypically by flow cytometry into naive (CD44°CD62L"™), Tow-
(CD44hiCD62Lhi), and Tem-phenotype (CD44hi CD62L'°) cells in young and middle-aged PD-1 KO and WT mice.
A, Representative dot plots from middle-aged mice are shown gated on CD8" T cells with percentages of cell
subset in each region. B, Total numbers of naive, Tem and Tcu-phenotype CD8" cells, with error bars indicating
the SD. C, Representative dot plots from middle-aged mice are shown gated on CD4" T cells with percentages of
cell subset in each region. D, Total numbers of naive, Tem and Tcw-phenotype CD4" cells, with error bars

indicating the SD. n=13 per group

Since Tgy cells have been shown to reside preferentially in non lymphoid organs we isolated
lymphocytes from various tissues including liver, lung, peritoneal cavity and bone marrow
from middle aged PD-1 KO and WT mice. As expected, in all tissues of the WT mice there
was greater percentage of Tgy MP cells than in the mesenteric LN or spleen (figure 3).

When comparing WT and PD-1KO mice, in all tissues examined, there was a marked
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increase in the percentage of CD8 Tgy—phenotype cells in the absence of PD-1(figure 3A).
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of PD-1 KO mice. WT and PD-1KO mice were sacrificed at 9 months of age and cell suspensions from various
lymphoid and non-lymphoid tissues were characterized phenotypically by flow cytometry into naive
(CD44"°CD62L"), Tem (CD44"CD62L™), and Tew (CD44"CD62L"°). A, Representative dot plots gated on CD8 T
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10° isolated cells are shown, with error bars indicating SD. C, Representative dot plots gated on CD4 T cells are
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Considering that the recovered CD8 T cells were more in all PD-1 KO tissues examined,
Tew-phenotype cells were from ~3-fold (in liver, 235x10° + 89 vs 71x10° + 24, p=0.005) to 8
fold (in bone marrow, 16x10° + 8.72 vs 2x10° +1.27, p=0.005) more abundant compared to
tissues from WT animals (figure 3B). When analysing CD4 Tgy-phenotype cells in tissues
from PD-1KO mice, a similar trend was observed, however to a lesser degree (figure 3C
and D). The above observed differences could not be attributed to aberrant migration
patterns of Tgy MP cells to the tissues since the same trend was also observed in LN of PD-
1 KO mice (figure 3B and C).

We decided to focus the rest of the study on CD8 T cells for several reasons. Firstly, the
defined lineages and functions ascribed to memory CD8 T cells contrast the more inherent
plasticity in populations of memory CD4 T cells at all stages of their development allowing
easier analysis and dissection of the role of PD-1 in memory generation of the former.
Secondly, we had previously utilized and characterized TCR Tg F5 naive mice, in which
most CD8 T cells recognise a defined antigen, making it an appropriate tool to study the
kinetics of CD8 memory generation and at which point PD-1 puts its break on memory

generation.

6.2- Phenotypic and functional analysis of CD8 T cells MP subsets.

As mentioned above, there is a variety of markers that are used to distinguish Tgy from Tcy
cells. The chemokine receptor CCR7 has been shown to be co-regulated with CD62L. Thus,
in order to confirm that the accumulating MP population indeed have a Tgy phenotype, and
not just a dysregulation of the CD62L receptor, CD8 T cells from spleens of middle aged
mice were co-stained with CD62L and CCR7. Figure 4 shows that CCR7 and CD62L are

indeed co-regulated.

Figure 4- CCR7 is co-regulated with CD62L.
Splenocytes from 9 mo old mice were analyzed for
co-expression of CCR7 and CD62L gated on CD8" T

WT PD-1 KO

cells. Representative dot plots are shown with

percentages of cells per region.

CD62L
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Ly6c is an antigen that is important for migration lymphocytes to lymph nodes [158]. It is
used to distinguish between Tgy and Tcy-phenotype cells, being highly expressed on the
latter [159]. FACS analysis was performed on spleenocytes from middle-age WT and PD-
1KO mice. As expected, when gating on CD8 T¢y. (figure 5A) and Tey-phenotype cells
(Figure 5B), the majority of Tcy in the WT were Ly6C™ (~80%, figure 5A), while the Tey-
phenotype cells were mostly Ly6C"® (Figure 5B). When comparing WT and PD-1KO mice,
there was a higher percentage of Ly6C" Ty MP cells in the WT mice (33% vs 13%, Figure
5B). However, Ly6C" cells numbers were increased in spleens of the PD-1KO mice
compared to the WT mice, when considering absolute numbers, (797x10°+115 vs 365x10°
+73, p=0.0008, figure 5C) due to the 7-fold increase in the numbers of Tgy-phenotype cells
found in the absence of PD-1.
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Figure 5- Phenotypic characterization of accumulated CD8 * Tcw and Tem-phenotype cells in PD-1 KO
mice. Spleens from 9 mo old PD-1 KO and WT mice were analyzed by flow cytometry. A, Representative dot
plots show expression of various surface markers gated on CD8 Tcwm- (CD44hiCD62Lhi) phenotype cells B,
Absolute numbers of various surface markers as indicated, gated on Tcm-phenotype cells, with error bars
indicating SD. C, Representative dot plots show expression of various surface markers gated on CD8 Tgwm-
phenotype (CD44hi CD62L'°) cells. D, Absolute numbers of various surface markers as indicated , with error bars
indicating SD. Data represent 2-3 individual experiment with 3 mice per group. E, Representative histogram with

PD-1 expression on Tew and Tem WT cells compared to isotype control (shaded)
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CD44" cells represent a mixed population of recently activated and resting MP cells. In order
to assess the contribution of these subpopulations, further phenotypic characterisation was
undertaken. The expression of CD69, an early activation marker and IL-2Ra (CD25) a
marker for IL-2 responsiveness, both highly expressed on recently activated effector T cells
were assessed on Tgy cells from WT and PD-1 KO mice (figure 5B). Despite the increase in
CD69" cells among Tgyu-phenotype cells of PD-1 KO mice compared to WT (24% vs 16%,
figure 5B), no IL-2Ra expression was found on these cells, indicating that these cells could

not be typical effector T cells (figure 5B).

IL-7 plays an important role on survival and homeostasis of CD8 MP T cells and the IL-7R
(CD127) is up-regulated on memory cells, while having no expression on effector cells. IL-
7R was equally expressed on T¢y from both WT and PD-1 KO (~90%, figure 5A). Despite
the slight decrease in IL-7Ra ™ Tey found in the PD-1KO compared to WT (30% vs 45%,
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figure 5B), there was a 3 fold increase of IL-7Ra"™ Tgy-phenotype cells when considering
total numbers (1179x10%+287 vs 459x10° +169, p=0.0036,figure 5C).

IL-2RB (CD122) is vital for IL-15 responsiveness and survival of CD8 naive and memory T
cell. IL-2Rp is also commonly used as a memory marker [160]. Mean expression of IL-2R[3
on Tcw was similarly high between WT and PD-1 KO cells (287 MFI vs 300 MFI, figure 5A).
When examining Tgy phenotype-cells, PD-1 KO mice had an increase in MFI compared to
WT counterparts (85 MFI vs 5 MFI, figure 5B) indicating a possible increase in
responsiveness of these cells to IL-15 in the absence of PD-1. Interestingly, PD-1 KO Tgy-
phenotype cells expressed an intermediate level of IL-2RB compared to WT Tgy-phenotype
cells, where distinct IL-2RB" and IL-2RB"™ populations were found (figure 5A). Importantly, a
proportion of MP cells, described by Boymen et. al, were shown to have a similar phenotype
to cells involved in chronic viral infections with semi-activated phenotype expressing CD69,
low IL-7Ra and low CD62L [161]. Interestingly, the accumulated Tegy-phenotype CD8 T cells
in the PD-1 KO mice were found to have some characteristics of these semi-activated
chronically stimulated cells (figure 5C and D). When examining the expression of PD-1 on
WT middle aged mice, PD-1 was found to be highly expressed on Tgy.phenotype WT cells,
in accordance to the literature [134], while having no expression on T¢y cells compared to
isotype control (figure 5D). After extensive phenotypical analysis of spleenocytes from
middle aged mice it was clear that the Tgy-phenotype cells accumulating in the PD-1KO are

consistent with an effector memory T cell phenotype.

Next we wanted to examine whether the accumulating CD8" Tey-phenotype cells in the PD-1
KO mice were armed with increased effector memory function. Granzyme B (GzmB) has
been reported as a key molecule important for the lytic activity associated with CD8+ Tgy
cells. GzmB expression was assessed ex vivo on CD8 T cells subsets, and was found to be
specifically high on the Tgy-phenotype cells, while having uniformly low expression on Tcum
and naive cells, regardless of genotype (figure 6A). Importantly, there was a significantly
higher population of GzmB" cells in the Tgw MP cells from PD-1 KO compared to WT

controls (23% versus 5%, figure 6A).

One principal feature of memory cells is the ability to evoke fast recall responses to
previously encountered antigens. Since the antigens in these mice are not defined, a
previously described short stimulation protocol with phorbol esters was adopted, in order to
re-stimulate CD44™ MP cells, while preventing the priming of naive cells. Since it was not
possible to assess IFN-y production by Tgy subsets due to rapid shedding of CD62L after
TCR-stimulation [162], we performed this assay on isolated CD8+ Tgy-phenotype cells. As

shown in figure 6B a higher proportion of Tgy-phenotype CD8 T cells from PD-1KO mice
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produced IFN-y compared to WT counterparts (61%+8.9 vs 48%+4.8, p=0.01, figure 6A
and B).
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Figure 6- CD8 Tem phenotype cells from PD-1 KO mice display significantly enhanced characteristics of
effector memory T cells. Spleens from 9 mo old PD-1 KO and WT mice were analyzed by flow cytometry. A,
Intracellular Granzyme B (GzmB ) staining on CD8" subsets. Shaded histogram denotes staining with isotype
control. Data are representative of 3 individual experiments with 2 mice per group B, IFN-y production by purified
CD8" 1em phenotype cells, after brief ex vivo stimulation. Representative dot plots of IFN-y production by purified
Tem-phenotype CD8" cells.(left) and mean percentages with error bars indicating SD (right). Data represent 3
individual experiments with 8 pooled spleens per group. C, IL-2 production by purified CD8" Tew and Tcu-
phenotype cells from WT and PD-1 KO mice after brief ex vivo stimulation. Graph depicts mean percentages

with error bars indicating SD. Data represent 3 individual experiments with 8 pooled spleens per group.
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Tcew-phenotype cells are characterized by fast proliferation and IL-2 production [16]. Assayed
in the same way as above, the production of IL-2 by purified Tcy and Tey phenotype cells of
PD-1 KO mice were compared. A larger percentage of Ty cells produced IL-2 compared to
Tewm cells (18%+8.1 vs 12%+4.4, p=0.01, figure 6C). There was no significant difference in
the production of IL-2 between T¢y and Tey-phenotype cells in the WT mice (figure 6C).
Interestingly, there was much less IL-2 produce by PD-1 KO Tgy cells compared to WT
counterparts. Conclusively, Tegw-phenotype CD8 T cells are substantially expanded in
lymphoid organs and tissues of PD-1 KO mice and they display significantly enhanced
characteristics of effector memory T cells.

The rate of MP cell turnover is about one division every 2 weeks [111]. The increased
number of Tgy-phenotype cells, found in the PD-1 KO mice, could result from an increased
ability of these cells to proliferate. To address this question, 7 mo old WT and PD-1 KO mice
were fed for 7 days with BrdU. Mice were sacrificed and BrdU analysis on CD8 T cell
subsets was undertaken. As expected, naive cells from both WT and PD-1 KO mice were
almost all uniformly BrdU" (figure 7A). There was no significant difference in the turnover of
Tewm cells between genotypes. Interestingly the percentage of BrdU® CD8 Tgy-phenotype
cells was significantly less in the PD-1 KO mice, suggesting that they cycle slower than their
WT counterparts (24%z+7 vs 36%z=8, p=0.001, figure 7A and B ). Turnover of CD8 subsets
was also assessed by Ki-67 staining, another marker of proliferation, and similar results

were observed (figure 7C)
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Figure 7- No differences in basal proliferation of CD8" MP subsets in PD-1 KO compared to WT. 7 mo old
PD-1 KO and WT mice were fed BrdU for 7 days and spleenocytes were analyzed by flow cytometry. A,
Representative histograms show expression of BrdU+ cells gated on CD8CD44°CD62L" (naive) CD44"CD62L"
(Tem) and cD44"cpe2L" (Tem) memory-phenotype cells. Numbers indicate percentages. B, Mean percentages
of BruU™ Tew and Tew-phenotype cells, with error bars indicating SD. Data represent 3 individual experiments

with 4 mice per group. C, Mean percentages of Ki67" Tcw and Tem-phenotype cells, with error bars indicating SD.

Data represent 2 individual experiments with 4 mice per group.

Since differences in proliferation in the MP Tgy subset could not account for the increase in
numbers of Tgy cells found in the PD-1KO mice, next the survival of these cells was

52




assessed by ex vivo Annexin V-binding assay. CD8 Tgy phenotype cells from WT mice
bound consistently more Annexin V compared to Ty cells (figure 8A). Interestingly, the
proportion of Annexin V* Tcy-phenotype cells from the PD-1KO mice were ~2 fold higher
compared to WT Tcw (7.38%+1.69 vs 3.43%=+0.45, p=0.001, figure 8A). Additionally, there
was a significant decrease in the binding of Annexin V when comparing Tegy-phenotype cells
from WT and PD-1 KO mice (44.77%=4.83 vs 29.35%+5.79 p=0.0001 Figure 8A). This data
indicate that, in the absence of PD-1, Tcy—phenotype cells are more prone to apoptosis
while Tgy phenotype cells survive better. Interestingly when gating on CD62L", CD62L™ and
CD62L"° MP PD-1KO CD8 T cells we observed a correlation of CD62L downregulation with
increased Annexin V-binding (Figure 8B). This may suggest that the increased Annexin V-
binding of PD-1 KO Tcu-phenotype cells reflects their predisposition to become (CD62L")
Tewm cells. Collectively, this data indicate that an enhance propensity to survive rather than
their faster proliferation rate augment the accumulation of Tgy cells in the PD-1KO mice.
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Figure 8- Contribution of cell death in CD8 T cell memory phenotype subsets. Spleens from 7mo old PD-1
KO and WT mice were analyzed by flow cytometry. A, Mean percentages of Annexin V * cells among
CD44"CcD62L" (Tcum) and CD44"CD62L" (Tew) -phenotype cells, gated on live cells as confirmed by propidium
iodide staining. B, Annexin V-binding on CD8" CD44" CcD62L", CD62L™ and CD62L" subpopulations from
spleens of 7 mo old PD-1 KO mice. Numbers indicate percentage of Annexin V' cells. Data represent 3 individual

experiments with 3 mice per group
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6.3- Molecular characterization of PD-1 KO MP CD8 T cells

To gain further insights into the functional role of PD-1 in the generation and maintenance of
memory-phenotype CD8 T cells, with the collaboration of Dr G. Garinis, we scanned the
complete mouse transcriptome of CD8 T cells derived from 7-month old PD-1 KO and WT
spleens. First, all significantly differentially expressed genes from the PD-1 KO and WT
spleens were classified as having increased or decreased expression. Two-tail, pairwise
analysis of variance of Affymetrix complete mouse genome arrays revealed 537 probe sets,
representing 483 annotated genes with significantly changed expression patterns between
WT and PD-1 KO CD8 T cells (p<0.05, 1.2 fold change up- or down regulated,
(Supplementary Table S1), a number that significantly exceeds the number of genes that
are expected to occur by chance under these selection criteria. Using this dataset, we then
sought to identify those biological functions with a significantly disproportionate number of
responsive genes relative to those printed on microarrays (Figure 9A). Subsequent analysis
of these processes led us to identify an upregulation of genes related to cytotoxic T cell
function, including GzmB, GzmK, IFN-y, and perforin (Prfl) but also IL-10 (Figure 9B)
further supporting our previous flow cytometry assessment on IFN-y and Granzyme B
(Figure 6A and B). Further analysis revealed an upregulation of both co-stimulatory (4-1BB,
CD9) and co-inhibitory molecules (CTLA-4, Tim-3, Lag-3). With respect to T cell death,
Caspases 1 and 4 and Serpin6Ba were upregulated whereas DR6 (Tnfrsf21) was found to
be downregulated in PD-1 KO CD8 T cells. Of particular notice is the high upregulation
(11,7-fold) of IEX-1 (ler3) which has been demonstrated to promote accumulation of
effector/memory CD8 T cells through inhibition of apoptosis, resulting in a lupus-like disease
[163]. Furthermore, transcription factors 1d2, Eomes and Blimp-1 previously known to be
related to effector/memory fate decisions were upregulated [164]. Thus, PD-1 KO CD8 T cell
demonstrate distinct transcriptional responses bearing both enhanced cytotoxic function but
also suppression/exhaustion; the end-effect of this transcriptional program is nevertheless
the production of a set of critical effector and cytolytic molecules, which reflects the skewing
of CD8 T cell fraction towards a Tgy-phenotype in the PD1-KO mice, presented in this study.
These results are, at least in part, consistent with effector memory-associated genes as
demonstrated by gene expression profiling of memory CD8 T cell subsets in humans, where
Tewm cells were found to strongly express genes with known importance in CD8 T cell effector
function [165]. However, since we are dealing with a mixed CD8 population we can not
discriminate between upregulation of gene on a per cell basis and upregulation due to

overrepresentation of Tgy cells among PD-1 KO CD8 T cells.

54



Function Annotation p-Value |#Molecules
Gene symbol
Lag3
1110
lAccumulation of T lymphocytes 1,94E-06 10 Perk
Gzmk
IActivation of cytotoxic T cells 2,02E-05 8 %btfl?lz
5
IActivation-induced cell death of T lymphocytes | 2,97E-04 6 Eglg
Caspl
lAnergy of T lymphocytes 1,65E-05 5 Erdmg
Zmil
lApoptosis of T lymphocytes 3,52E-08 23 E;@m
Bhlhedd
Cell cycle progression 1,17E-06 51 ligp1
?;nfsf4
Cell death of T lymphocytes 3,53E-08 25 E?lgaé
CT.
Cytotoxicity of lymphocytes 1,83E-04 12 E:ﬁgzs
Differentiation of T lymphocytes 4,16E-06 24 %ﬁ;&'?;sa
480
Lymphocyte homeostasis 6,41E-14 53 Eonﬁ%
KTl
Proliferation of T lymphocytes 4,23E-07 33 Efﬁz
42
[T cell development 6,29E-14 52 )%d!?
ap
[T cell migration 7,08E-08 21 Infisfd
Kit
[Transcription 5,98E-06 80 ‘Ftu(ol
it
Faoxpl
Tefd
Gatab
Cdg1
Pak1
Foxm1
Tnfrsf21
Kdmsb
Sash1
Meiz3
Dffb
Zscan2l
Sth25
Big2
Klra7
Tef7l1
Krblc
- DEmee
Low High

Figure 9. Microarray data analysis of sorted CD8" T cells from PD-1 KO and WT mice. Splenocytes from
PD-1 KO and WT mice were sorted for CD8"cells. Transcriptional profiles from sorted cells were then compared,
n=3. A, Table showing the functions, p-values and number of molecules per category as assessed by DAVID
microarrays software. B, Heatmap depicting the relative normalized expression of selected genes that are

significantly different in expression between WT and PD-1 KO Tcu-phenotype CD8 cells.

6.4- PD-1 pathway prevents differentiation of LIP-memory CD8 T cells to Tgu-
phenotype

Lymphopenia induced proliferation (LIP) of naive T cells contributes to the maintenance of
the T cell pool and the progressive accumulation of MP cells. Naive T cells undergoing
lymphopenia-induced homeostatic proliferation acquire a memory-phenotype similar to
central memory cells without passing through an effector phase [3, 29], and become capable
of mediating protective immunity against pathogens [99]. In order to examine the role of PD-
1 in LIP we purified naive (CD44") CD8+ T cells from GFP.WT and GFP.PD-1 KO mice and
transferred them to sub-lethally irradiated WT hosts.
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Figure 10- Fate of naive WT and PD-1 KO CD8" cells transferred to sublethally irradiated WT hosts.
GFP'CD8'CD44"° T cells from spleens of 2-4 mo old PD-1 KO and WT mice were isolated by FACS sorting.
Purified cells were then adoptively transferred into sublethally irradiated WT host mice. A, Donor-derived GFP*
CD8" cells in hosts’ blood were examined for CD8, CD44 and CD62L expression, on days 5,10 and 20. Numbers
indicate percentages in each region. Data are representative of one experiment with 3 mice per group. B,
Spleenocytes were analyzed as in A, on day 20. Numbers indicate percentages in each region. Plots are
representative of 3 individual experiments. (WT, n=7; PD-1 KO, n=9). C, Total numbers of GFP* MP CD8 T cell
subsets found in spleen on day 20. Error bars indicate SD. D, Ex vivo GzmB expression on day 20, gated on
Tem-phenotype CD8 cells (shaded region, isotype control; dashed line, GFP.WT; solid line GFP.PD-1 KO). E,
Percentages and total numbers of donor-derived GFP* CD8" cells in spleens of irradiated WT hosts. Data are
representative of 3 individual experiments with at least 2 mice per group. F, CFSE profiles of donor-derived CD8"
cells in host spleens on day 5 (thick line, PD-1 KO; thin line, WT). Data are representative of two experiments
with 3-4 mice per group. G. Mean percentages of undivided and divided CFSE+ CD8+ donor derived T cells in

spleen, as in F. Error bars indicate SD.
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At an early time point (day 5) after transfer, host’'s blood was analyzed for the presence of
donor-derived MP subtypes by staining with anti- CD8, -CD62L and -CD44. Analysis of
donor-derived cells in blood, revealed that initially both WT and PD-1 KO naive donor cells
gave rise mostly to Tcy-phenotype cells (figure 10A, upper panel, day 5) while at later time
points (day 10 and 20), Teu-phenotype cells progressively emerged, when PD-1 KO cells
were transferred. Even at early time points there was clearly a difference in MP subsets
between the donor derived WT and PD-1-deficient cells (figure 10A). This difference was
even more pronounced at day 20 in spleens, as can be seen by the significant increase in
numbers of Tey-phenotype cells (193x10°#57 vs 1749x10°+1382, p=0.010, figure 10C).
There was also a parallel reduction in numbers of Tcy (994x10%£372 vs 564x10°+207,
p=0.028, figure 10B and C) between donor-derived GFP.WT and GFP.PD-1 deficient cells.
These results suggest that in the absence of PD-1, Tgy cells accumulate at the expense of
other CD8 subsets. GzmB was analyzed ex vivo on Tgyu-phenotype cells, as a marker of
functionality; importantly, a much larger fraction of PD-1 KO-derived Tgy cells were GzmB™
(figure 10D). This correlated increased effector memory function with the augmented

numbers of Tgy—phenotype cells found in the absence of PD-1.

Interestingly, recovery of PD-1 KO- derived CD8 T cells was superior to WT-derived;
however this reached statistical significance only when percentages (Figure 10E, left), but
not absolute numbers (Figure 10E, right), were compared, due to variation between
experiments. To address directly the possibility that the lack of PD-1 from transferred CD8 T
cells results in more robust lymphopenia-induced proliferation, we purified CD8* CD44"
naive T cells from WT and PD-1 KO mice and labeled them with CFSE before adoptive
transfer to irradiated WT hosts. On day 5, we examined CFSE profiles of donor-derived CD8
T cells; PD-1 KO cells exhibit a modestly advanced proliferation rate, as shown by a
representative overlay of CFSE profiles from WT and PD-1 KO derived cells gated on
CD8"cells (figure 10F). Mean percentages of CD8"CFSE" undivided and divided cells show
that PD-1 KO cells had undergone more divisions on average compared to WT counterparts
(figure 10G) indicating a role of PD-1 signals in delaying CD8 T cell proliferation in a
lymphopenic environment. In conclusion, our results show that PD-1 signaling in CD8 T cells
can modulate the homeostasis of the memory-phenotype pool by impeding proliferation and
regulates Tcy to Tew subset differentiation in lymphopenic conditions. The fact that we
transferred purified naive WT or PD-1 KO CD8" T cells and hosts were always WT, is

suggestive of a CD8 T cell-intrinsic mechanism.
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6.5- Accumulation of Tgy-phenotype CD8 T cells depends on cell-intrinsic
mechanisms

In order to determine whether the accumulating CD8" Tgy MP cells in the PD-1 KO mice is a
result of a T cell-intrinsic property rather than a secondary effect from other cells or altered
cytokine milieu in PD-1KO mice, we performed mixed bone-marrow chimera experiments.
Consequently, we transferred mixtures consisting of equal numbers of PD-1 KO and
GFP.WT bone marrow cells to lethally irradiated DsRed.WT hosts. In these settings, PD-1
KO and WT CD8 T cells mature and respond to the same environmental cues and any
observed differences should be attributed to intrinsic factors. Eight weeks after transfer we
analyzed thymi, spleens, and lymph nodes from hosts and the ratios of donor-derived WT
and PD-1 KO T cells were evaluated. Analysis of thymi showed equal contribution of WT-
and PD-1 KO-derived cells in thymocytes and similar percentages of CD8 single positive
(SP) cells (Figure 11A). The mean PD-1 KO to WT ratio for these chimeric mice was 1.0 for
CD8+ SP thymocytes, (Figure 11A, right), suggesting that PD-1 KO bone marrow cells had
no general thymic developmental advantage over WT counterparts. In contrast, the majority
of donor-derived CD8 T cells in spleens were of PD-1 KO origin (3.31x10°£0.92x10° vs
1.61x10°+0.47x10°, p=0.002, Figure 11B) suggesting that post thymic events are the cause
of increased PD-1 KO-derived peripheral CD8 T cells.
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Figure 11- T cell-intrinsic increase in PD-1 KO CD8" Tew-phenotype cells. Donor-derived WT (GFP'DsRed)
and PD-1 KO (GFP DsRed’) CD8" T cells from thymi, spleens and lymph nodes were analyzed by flow cytometry
8 weeks after bone marrow reconstitution in irradiated DsRed hosts. A, Representative dot plots with donor-
derived WT (GFP+DsRed-) and PD-1 KO (GFP-DsRed-) thymocytes. On gated populations the expression of
CD4 and CD8 was analysed. Numbers indicate percentages in each region (upper left: CD8 SP; lower right: CD4
SP; upper right: DP; lower left: DN). Column represents the average value of PD-1 KO/WT CD8 SP thymocyte
ratios with error bar indicating SD. Data are representative of 2 individual experiments, n=6. B, Total numbers of
CD8" WT and PD-1 KO cells in spleens with error bars indicating SD. C, Donor-derived WT (GFP'DsRed’) and
PD-1 KO (GFP'DsRed) CD8" T cells from spleens and mesenteric lymph nodes were further analyzed for
expression of CD44 and CD62L. Numbers indicate percentages in each region. Data are representative of 3
individual experiments, with 3-4 mice per group. D, Total numbers of WT and PD-1 KO CD8" T cell subsets in
spleens with error bars indicating SD. E, Similar analysis of donor-derived WT (GFP™ DsRed’) and PD-1 KO
(GFP'DsRed’) CD8" T cells from spleens after bone marrow reconstitution in irradiated DsRed host as in C. F,
Total numbers of CD8" WT and PD-1 KO cells in spleens with error bars indicating SD. Data are representative

of 1 individual experiments, with 3 mice per group

Further subtype analysis in spleens and mesenteric lymph nodes showed that there was a
significantly higher proportion of Tegy-phenotype cells in CD8 T cell populations of PD-1 KO
origin (Figure 11C and D). Similar results in spleen were obtained when we transferred
mixtures of GFP.PD-1 KO and WT bone marrow cells to DsRed.WT hosts (Figure 11E and
F ), indicating that the GFP transgene in donor-derived cells had no effect in the observed
phenotype. These results demonstrate that the absence of PD-1 results in accumulation of
CD8 Tenm-phenotype cells in a cell-intrinsic manner.

6.6- PD-1 negatively regulates interconversion of Tcyand Tgy-phenotype CD8 T cells.

In order to investigate whether aberrant conversion between MP subsets contributes to
accumulation of Tgy-phenotype CD8 T cells in PD-1 KO mice, we purified both Tegy- and Teu-
phenotype CD8 T cells from GFP.WT or GFP.PD-1 KO spleens and transferred them
separately to WT or PD-1 KO mice respectively. Figure 12A upper panel, shows the purity
of Tcw-phenotype CD8 T cells. When analyzing host mice that received Tcy-phenotype cells,
little conversion of Tcy=>Tew cells was found in WT mice after 42 days (Figure 12A, lower
panel, left). In PD-1 KO mice however, a striking conversion of Tcy=> Tem-phenotype was
observed (Figure 12A, lower panel, right, ~80% of donor-derived cells from PD-1 KO hosts
that received Tcy CD8 T cells were of a Tgy-phenotype). This was accompanied by a

substantially higher recovery of PD-1 KO Tgw-phenotype donor-derived cells compared to
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WT counterparts (102x10°*+109x10° vs 0.99x10°+0.98x10° p=0.008 Figure 12B). This was
also true, but to a lesser degree, for PD-1 KO Tcu-phenotype donor-derived cells
(30.5x10°+26.2 vs 10x10°+2.4x10° p=0.020 Figure 12B). Similar degree of abnormal
conversion and high recoveries were also obtained when PD-1 KO Tcy cells were
transferred to WT hosts but not when WT T¢y cells were transferred to PD-1 KO mice
(Figure 11C and D), indicating that the above described phenomenon was a result of the
lack of PD-1 in donor Ty cells.
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Figure 12- Fates of CD8 Tcu memory-phenotype cells in adoptive transfer experiments. A Purified
GFP'CD8" Teu-phenotype cells from 5-7 mo old GFP.WT and PD-1 KO were adoptively transferred into WT and
PD-1 KO mice., Representative dot plots with CD62L and CD44 expression on purified Tcu-phenotype cells
before adoptive transfer (upper panel) and on day 42 on donor-derived GFP'CD8" cells (lower panel). Numbers
indicate percentages in each region. Data are representative of 4 individual experiments (WT, n=10; PD-1 KO,
n=12). B, Total numbers of recovered GFP" CD8" Tew- and Tcu-phenotype cells from WT and PD-1 KO host
spleens as in A. For comparison, the numbers of transferred cells per host (input) are indicated. C . GFP.WT and
GFP.PD-1 KO Tcw-phenotype CD8+ cells were adoptively transferred into PD-1 KO and WT mice respectively
and analyzed on day 42 as in A. D, Total numbers of recovered GFP* CD8" cells from WT and PD-1 KO host
spleens. Data represent an individual experiment with 3 mice per group.
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It was possible that accumulating PD-1 KO Tgy-phenotype cells may arise from overt
proliferation of residual Tgy cells in the purified Ty “preparation”. To exclude this, we
analyzed Ki-67 expression in GFP* PD-1 KO T¢yu- and Tey-phenotype cells on days 21 and
42 after transfer of GFP* Tcy-phenotype cells. Ki-67 expression was lower in the Tgy-
phenotype subset compared to Tcy-phenotype when analyzed in the same host (Figure
13A), thus showing that GFP™ Tcy-phenotype cells in PD-1 KO hosts were not outnumbered
by vast proliferation of contaminant Tgy-phenotype cells. For the same purpose we
transferred purified SNARF-1 labeled GPF.PD-1 KO Tcu-phenotype cells to PD-1 KO hosts,
and compared dye intensity dilution in GFP* Tcy- and Tey-phenotype cells. No consistent
difference was observed when profiles for these subsets were overlayed (Figure 13B).
These data indicate that accumulated Tgy-phenotype cells, after PD-1 KO T¢y cell-transfers,
do not originate from overt expansion of residual co-transferred Tgy cells.
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Figure 13- Comparison of proliferation of CD8 T cell subsets among donor derived GFP.PD-1 KO cells
after adoptive transfer of Tcum cells. A, Mean percentages of Ki-67" cells among donor-derived GFP.PD-1 KO
CD8" subsets on day 21 and 42 after transfer, with error bars indicating SD. Data are representative of 2
individual experiments, with 3 mice per group. B, SNARF-1 profiles of donor-derived CD8+ PD-1 KO Tcm- and
Tem-phenotype cells in host spleens on day 13 (thick line, PD-1 KO Tcm; Shaded, PD-1 KO Tgm). Data are

representative of one experiment with 4 mice per group.

In addition, we purified Tgy-phenotype CD8 T cells from GFP.WT or GFP.PD-1 KO spleens
and transferred them separately to WT or PD-1 KO mice respectively. Figure 14A, upper
panel, shows the purity of transferred cells. When analyzing mice that received Tgy-
phenotype cells, Tey=>Tcw conversion was moderate for WT donor cells, whereas a smaller
proportion of recovered PD-1 KO donor cells bore the Tcy phenotype, consistent with less
Tem>Tem conversion (Figure 14A, lower panel). A significantly higher recovery of Tgu-
phenotype PD-1 KO donor-derived cells was observed (68.4x10°+84 vs 10.9x10°+9.7,
p=0.05, Figure 14B) which may also be partly attributed to their enhanced survival (see

figure 8A). Conclusively, these results provide strong evidence that PD-1 regulates
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differentiation of Tcy- to Tew-phenotype CD8 cells in nhon-immunized, naive mice both by

inhibiting Tcy=>Tew and by promoting Tgy=> Tem COnversion.
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Figure 14- Fates of CD8 Tew memory-phenotype cells in adoptive transfer experiments Purified GFP'CD8"
Tem-phenotype cells from 5-7 mo old GFP.WT and GFP.PD-1 KO were adoptively transferred into WT and PD-1
KO mice. A, Representative dot plots with CD62L and CD44 expression on purified Tem-phenotype cells before
adoptive transfer (input, upper panel) and on day 42 on donor-derived GFP'CD8" cells; (output, lower panel). B,
Total numbers of recovered GFP* CD8" T cell subsets from WT and PD-1 KO host as in A,(WT, n=6; PD-1 KO,

n=10). For comparison, the numbers of transferred cells per host (input) are indicated.

IL-15 signaling plays a major role in homeostasis of memory CD8 T cells [93, 160].
Differential expression of IL-2RfB on PD-1 KO Tgy-phenotype CD8 cells (see Figure 5D)
prompted us to investigate their response to IL-15 in vitro. Figure 15A shows that culture of
purified WT Tgy-phenotype CD8 T cells with IL-15 for 7 days resulted in conversion of a
substantial fraction of these cells to the Tcy-phenotype and the effect appeared to be dose
dependent (Figure 15A upper and lower panels). On the contrary, most of purified PD-1
KO cells retained their Tey- phenotype. As a result, recovered PD-1 KO Tgy-phenotype CD8
T cells were double their WT counterparts (5.6x10%+0.10 vs 2.6x10"+0.18, p=0.0071, Figure
15B), while opposite results for recovery of Tcy were found (0.93x10%+0.19 vs
4.89x10°+0.22, p=0.0032, Figure 15B). These experiments suggest that differential
response of WT and PD-1 KO Tgy-phenotype CD8 cells to the IL-15 cytokine could partly

account for their accumulation in PD-1 KO mice.

62



0.007 0.003

15A WT PD-1KO B

100ng/ml

CD8*T cells (10%

o = N w £~y wv ()] ~N
1

5ng/mi

wT ‘PD-IKO‘ wT ‘PD-lKO

TEM ‘ TCM ‘

CD44

Figure 15-Responsiveness to IL-15 in vitro by CD8 Tem cells from PD-1 KO and WT mice. Spleenocytes
from WT and PD-1 KO mice were sorted for CD8'CD44™ CD62L" (Tew) cells as described in materials and
methods. A, 3x10* Tew cells were cultured for 7d in medium containing 100ng/ml (upper panel) and 5ng/ml
(lower panel) of IL-15. Cells were analysed by flow cytometry after staining with CD8, CD44 and CD62L. B,
Graphs indicate mean values of recovered live CD8 T cell subsets after culture with 100ng/ml of IL-15 . Eror bars
representing S.D. Data are representative of 3 separate experiments with 8 pooled mice per group.

6.7- Absence of PD-1 exerts genome-wide gene expression changes in Tcy-phenotype
CDS8 cells

We have shown that transferred Tcy-phenotype CD8 cells from PD-1 KO mice, but not WT,
can give rise predominantly to a Tgy-phenotype population (Figure 12A). Analysis of Tcy-
phenotype CD8 cells for CD69, Ly6C, IL-2R, IL-7R, IL-2Rp surface expression revealed
indistinguishable patterns between PD-1 KO and WT cells (Figure 5A). To examine whether
Tcem -phenotype CD8 cells from PD-1 KO mice had already adopted a different transcriptional
profile at the time of transfer, with the collaboration of Dr G. Garinis we performed
transcriptome analysis, on Tcy-phenotype CD8 cell subpopulations derived from PD-1 KO
and WT spleens. First, all significantly differentially expressed genes between the PD-1 KO
and WT Tcy-phenotype CD8 cells were classified as having increased or decreased
expression. Two-tail, pairwise analysis of variance of Affymetrix complete mouse genome
arrays revealed 237 annotated genes with significantly changed expression patterns
between WT and PD-1 KO T¢y CD8 cells (p<0.05, 1.5-fold change up- or down-regulated)
(Supplemental Table 2) a number that significantly exceeds the number of genes that are

expected to occur by chance under these selection criteria. Using this dataset, we then
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identified those biological processes with a significantly disproportionate number
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Figure 16- Microarray data analysis of sorted CD8" Tcum -phenotype cells from PD-1 KO and WT mice.
Splenocytes from PD-1 KO and WT mice were sorted for CD8"CD44"CD62L" cells. Transcriptional profiles from
sorted cells were then compared, n=3. A, Table showing the functions, p-values and number of molecules per
category as assessed by DAVID microarrays software. B, Heatmap depicting the relative normalized expression
of selected genes that are significantly different in expression between WT and PD-1 KO Tcm-phenotype CD8
cells.

responsive genes in the Tcy-phenotype CD8 cell subset relative to those contained in the
Affymetrix arrays as shown in Figure 16A. Selected genes and the magnitude of over- or
under-expression are graphically depicted in Figure 16B. Among these, there are genes
involved in T cell co-stimulation (CD24, Icos, ICAM1, Tnfsfrlb (TNFR2)), apoptosis/survival
(Bcl2al, Bcl3, TNF, Xiap), signal transduction (Jakl, Map3k8 (Tpl-2), Gadd45b, Socs3) as
well as T cell migration/adhesion/inflammation (Ccl3, Cxcl9, Nrpl, (Neuropilin-1), Lgals3
(Galectin-3)). Differentially expressed transcription factors included Rel, STAT1, Irf4, Icrf8,
and the less characterized Atf3, Ahr and Bhlhe40 (Decl). Ahr is able to modulate CD62L
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expression in primary responses [166] and under certain conditions diminishes memory CD8
pool but not CD8 cell responses [167]. Bhlhe40 transcription factor, which has recently been
shown to be important in generation of Tregs cells [168] is one of the most up-regulated
genes in PD-1 KO T¢y CD8 cells (3.8-fold). Interestingly, up-regulation of IL-12Rb1 was
accompanied by increased expression of genes previously characterized as positively
regulated by IL-12 and/or IFN-a/B such as Gadd45b, Bcl3, TNF, Lgals3, Ccl3, Bhlhe40,
Cdknla, and Atf3 and IL12Rb1 itself [39, 169]. Importantly when these cytokines are used
as signal 3 on CD8 T cells they down-regulate CD62L and CCR7 more efficiently than signal
1 and 2 alone [169].

Overall our results show that PD-1 KO Tcy-phenotype CD8 cells bear a distinct gene
expression profile and ablation of PD-1 pathway had exerted an impact before the
acquisition of the Tgy-phenotype. This may indicate that in transfer experiments PD-1 KO
Tcewm-phenotype cells are already pre-programmed, at least at the transcriptional level, to
differentiate to Tew-phenotype cells. Additionally, their profile indicates that Tcy-phenotype
CD8 T cells may respond differently to IL-12 and IFN-a/p cytokines.

6.8- Superior bystander production of IFN-y by Tcy-phenotype PD-1 KO CD8 cells after

innate stimulus.

MP CD8 T cells have been shown to produce IFN-y driven by IL-12, and IFN-a/f produced
by macrophage/dendritic cells, in response to infection or a defined innate stimulus [112-
113]. Given our microarray results that imply an increased response of PD-1 KO Tcy-
phenotype CD8 cells to these cytokines (figure 15), we injected WT and PD-1 KO mice with
LPS and analyzed CD8 T cells for IFN-y production 4 hours after injection. A higher fraction
of PD-1 KO CD8 T cells was IFN-y producers (Figure 17A, upper panel). When we analyzed
Tem and Tcyw subsets we found that a larger percentage of PD-1 KO Tcy-phenotype cells
produced IFN-y ex vivo (Figure 17A, middle panel). No difference in IFN-y production was
observed between Tgy-phenotype cells from WT and PD-1 KO mice (Figure 17A, lower
panel). These results show increased indirect response of PD-1 KO T¢u-phenotype CD8
cells to LPS, probably through IL-12 and/or IFN-a/B, and imply a greater bystander innate
response of PD-1 KO MP CD8 T cells to various pathogens.

In order to assess more directly the responsiveness of MP cells to these cytokines we
incubated splenocytes for different time periods (4h, 8h, 20h) with various concentrations of
recombinant IL-12, IL-15 combined with recombinant IL-18 in vitro (see figure 17B).
Splenocytes were also incubated with IFNa/b (1000u/ml) and IL-18 (10-100 ng/ml) for 6hrs.
Under no conditions did T¢y of PD-1 KO CD8 T cells produced IFN-y to a higher extent

compared to WT (figure 17B). Nevertheless, this does not exclude a role of these cytokines
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in the increased production of IFN-y by PD-1 KO Ty CD8 cells in vivo in the context of
inflammatory milieu induced by LPS; the incubation with these cytokines seems not to fully
simulate in vivo inflammatory conditions produced by the LPS-injection. Therefore it remains
open the possibility that in certain inflammatory conditions PD-1 KO Tcu-phenotype cells
exhibit differential responses to IL-12/IFN-a/b.
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Figure 17- IFN-y production ex vivo and in vitro by memory-phenotype CD8" T cell subsets. A Spleens
from 3 mo old PD-1 KO and WT mice were analyzed after LPS injection, by flow cytometry. Representative dot
plots of IFN-y production by total CD8" and MP subsets. Data are representative of 2 individual experiments with
4 mice per group. Numbers show the percentages of cells in each quadrant. B, Table indicating the combinations
of cytokine, concentrations and time points used in various experiments. C. Spleenocytes from WT and PD-1KO
mice were incubated in vitro with indicated concentration of cytokines for 8hrs before being analysed for CD44
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and CD62L expression by flow cytometry. Gated on Tcu-phenotype cells graphs show average IFN-y production

by WT and PD-1 KO cells. Data are representative of 3 experiments with 3 mice per group.

6.9- PD-1 affects the generation of hapten-specific CD8 memory T cells in contact

hypersensitivity reaction.

The above data clearly demonstrate the importance of PD-1 in shaping memory-phenotype
subsets. We next wanted to investigate whether PD-1 is also involved in responses of
memory CD8 T cells against defined antigenic challenges in tissues. Thus, we used a
described modification [157] of the classical short-term contact hypersensitivity (CHS)
protocol, to generate memory CD8 T cells against the hapten 2,4-dinitrofluorobenzene
(DNFB) (Figure 18A). CHS to haptens is an inflammatory response of the epidermis to
epicutaneous sensitization and subsequent challenge with a hapten, in which the immune
response is mediated by hapten-specific CD8 T cells [170]. The generation of hapten-
specific memory was manifested by the induction of a substantial ear swelling measured 2
days after the second challenge. As shown in Figure 18B, ears of PD-1 KO mice exhibited a
significantly more pronounced swelling, as a result of the elicited CD8 T cell inflammatory
response, compared to WT(19.83 x10Z mm +3.54 x10 mm vs 11.5x10°mm=+3.01 x10% mm,
p=0.00015, Figure 18B). The same day we isolated lymphocytes from ear tissue and
phenotypically characterized them. We found elevated numbers of CD8 T lymphocytes in
challenged ears of PD-1 KO mice compared to WT challenged ears (2737+1170 vs
6011342, p=0.00054, Figure 18C and 18D, upper panel) and the majority had acquired the
CD44"CD62L" phenotype (Figure 18D, lower panel). Therefore, almost 4 times more
CD44"CD62L" Tey CD8 cells were extracted from PD-1 KO than from WT ears (2459+1185
vs 500+297, p=0.019 Figure 18E). Both in WT and PD-1 KO mice, unchallenged ears bore
almost no T cells (figure 18E). These data show that the lack of PD-1 results in more
efficient generation of memory responses in contact hypersensitivity, accompanied by

enhanced recruitment of memory cells into the inflamed tissue.
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Figure 18- Generation of hapten-specific memory cells in WT and PD-1 KO mice. A, CHS to DNFB was
performed by sensitization on the ventral skin of WT and PD-1 KO mice on day 0. Mice received 2 challenges on
the ear on day 5 and day 38. B, Ear thickness was measured 48 h after the second challenge. The results are
expressed as mean hapten-specific ear swelling by measuring differences in thickness between challenged and
unchallenged ears. C, Lymphocytes from ears were extracted and stained with anti- CD8, anti-CD44 and anti-
CD62L. Total numbers of isolated CD8 T cells from ears of PD-1 KO and WT mice on day 40. D, Representative
dot plots of CD8+ T cells isolated from ears (upper panel) and CD44 and CD62L expression gated on CD8+ T
cells (lower panel). Numbers indicating percentages in each region E, Graph indicates recovered total numbers
of CD44"CD62"° CD8+ T cells per 1 cm? of ear tissue from challenged and unchallenged ears. Data are

representative of 3 individual experiments with at least 2 mice per group.

6.10- Attempt to induce antigen-specific CD8 T cell memory in influenza nucleoprotein

(NP)-specific T-cell receptor transgenic mice (F5).

In order to investigate the role of PD-1 in antigen specific-memory induction, previously
described influenza nucleoprotein (NP)-specific T-cell receptor transgenic mice (F5) were
used (Mamalaki, Elliott et al. 1993). The majority of CD8+ T cells from these animals
express the transgenic TCR and recognize antigen in association with the D®* MHC class |

molecule. F5 TCR transgenic mice backcrossed to PD-1 KO mice, was considered to be an
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suitable model in which to determine the role of PD-1 in memory generation, after the

administration of the specific peptide NP68.
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Figure 19- Attempt to induce antigen-specific memory in TCR-transgenic F5 mice.3 mo old F5 and F5 PD1
mice were injected s.c. with 75nmol of peptide together with CFA followed by a second injection of peptide with
IFA on day 21. Mice were sacrificed on day 40, and F5 cells were identified as CD8+Vp11+ and characterized
phenotypically into naive (CD44°CD62L™), Tcw (CD44"CD62L™), and Tem (CD44™CD62L"). B Spleenocytes from
F5 and F5.PD-1KO mice were cultured with indicated concentrations of NP for 48 hrs, thymide was added for the
last 6 hours. Graph shows average thymidine incoportation (CPM, Counts per minute), Naive F5 and F5.PD-1
mice are shown for comparison. Figures are representative of 1 experiment with 2 mice per group.
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Therefore, F5 and F5.PD-1KO mice were injected with peptide NP68 and complete Freund's
adjuvant (CFA) subcutaneously, then 21 days later they were re-injected with NP68 and
incomplete Freund's adjuvant (IFA). Mice were sacrificed on day 46, spleenocytes were
stained and assessed by FACS. F5 clones were identified by anti-CD8a and anti-VB11
(recognizing the F5 transgenic TCR B-chain) and characterized phenotypically into naive
(CD44"°CD62L"), Tew (CD44"CD62L™), and Tey (CD44"CD62L") subsets (figure 19). In the
absence of NP immunization ~90% of peripheral CD8"Vb11B" T cell clones had a naive
phenotype (CD62L"CD44") (figure 19A, upper panel) consistent with the literature [171].
When comparing naive mice to NP68-injected mice, it was apparent from this analysis that
very few CD8'Vb11" T cells had differentiated into CD44" cells and more specifically, there
was almost no generation of Tgy cells, compared to non-injected control mice (Figure 19A,
lower panel). In order to assess recall responses to NP by F5 clones, spleenocytes from
immunizied mice were cultured with various concentrations of NP ex vivo for 48 hrs. There
was no enhanced thymidine incorporation, as it would be expected by memory T cells in
recall responses, compared to spleenocytes from naive non-injected control mice,
regardless of genotype (Figure 19B). These preliminary data suggest that this injection
regime of NP68 does not effectively result in adequate generation of memory T cells. The
result could not be explained fully by the dilution of memory cell numbers by the constant
thymic output of naive cells over a 46 day period, since similar results were found by
Marvell’'s group in both euththymic and thymectomized F5 TCR transgenic mice [171].

Further experiments are needed to identify the reasons for the above.

A second protocol was implemented where we transferred spleenocytes from F5 and F5PD-
1, containing 16x10° CD8"VB11" cells and adoptively transferred them to Rag-1 KO mice.
The lymphopenic environment in the host of Rag-1 KO mice, similar to irradiated WT mice,
induces LIP and activation of naive T cells. Some mice (group B) were injected
subcutaneously with NP68 together with CFA on day 5, followed by a second injection of
NP68 with IFA on day 26. A control group of mice (group A) were left non-immunized, in
order to compare the effects of LIP to the injected group. Spleenocytes of both groups were
stained and analysed on day 46. In the non-injected control group A, analysis of donor-
derived CD8+Vb11B+ cells from WT and PD-1KO cells revealed that about 50% of the F5
clones had converted to activated CD44"™ memory phenotype cells, regardless of cell origin
(figure 20A). When comparing memory subsets between donor-derived WT and PD1-KO
cells, there was an obvious skewing towards a Tgyw phenotype in the absence of PD-1

(figure 20A, upper panel), a phenomenon observed in LIP of naive (CD44"°) polyclonal
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Figure 20- PD-1 signalling impedes HIP and differentiation of adoptively transferred TCR-transgenic cells
into Rag-1KO mice. Splenocytes containing 16x10° CD8+VB11+ cells from TCR-transgenic F5 and F5.PD-1 KO
mice were adoptively transferred into Rag-1 KO mice. On day 5, some mice were injected with 75nmol of peptide
together with CFA ,followed by a second injection of peptide with IFA on day 26( Group B). Mice were sacrificed
on day 46, and donor-derived cells were identified as CD8+VB11B+ and characterized phenotypically into naive
(CD44°CD62L"), Tem (CD44"CD62L™), and Tem (CD44"CD62L"). Some mice were not injected (Group A) A,
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Representative figure of memory subsets gated on donor derived CD8*Vb11B" F5 cells from WT and PD-1KO of
groups A and B. B, Recovery of CD8 T cells subsets from group A (left) and Group B (right). Figures are
representative of 2 experiments with at least 5 mice per group. C, Ratios of Tem/Tcw gated on CD8*Vb11B* F5
cells from non injected mice. D, F5 and F5.PD-1KO donor -derived cells were cultured with varying
concentrations of NP for 48 hrs ex vivo, thymide was added for the last 6 hours. Graph shows average thymidine
incoportation (CPM,Counts per minute), Naive F5 is shown for comparison. E, Percentage of IFNy production by
donor -derived WT and PD-1KO cells from group B, incubated ex vivo with and without NP for 5 hrs. Data

represent values of individual mice from one experiment, n=5.

CD8 T cells (figure 10B and C). When examining total recovered donor-derived cells,
despite being no significant difference in numbers of CD8"VB11" cell numbers (figure 20B),
there was a 2 fold increase in Tgy donor-derived cells from PD-1 KO compared to WT mice
(42X10%+7.2 vs 21X10%+6.6, p=0.0003, figure 20B) and a corresponding decrease in
number of Tcy phenotype cells (15X10°+2.4 vs 35X10%+6.1, p=0.0002, figure 20B).
Therefore the ratio of Tew/Tew compared to F5 controls had clearly been altered from 0.6, for
the WT cells compared to 2.9, in the absence of PD-1 (figure 20C). When comparing mice
from Group B, that had received NP68 injections, there was no significant increase in
numbers of Tgy cells, compared to Tgy cells from non-immunized F5 mice in group A
(35.9X10%+20.2 vs 19.2X10%+7.7, p=0.078, figure 20B). When comparing WT and PD-1 KO
cells in host spleens there was a skewing towards a Tgy phenotype in the PD-1 KO mice
(figure 20B). However these differences were not significant, due to the extent of variation
between mice within each group. This could be possibly attributed to the varying success of
the emulsification process of CFA with NP68 between experiments. In order to assess
memory recall responses in these mice, spleenocytes from injected and non-injected mice
were placed in culture with various concentrations of NP68 for 48 hrs. When thymidine
incorporation by these cells was assessed, it was clear that cells were cycling, even in the
absence of added NP68 in culture of cells from group B mice. (figure 20D). This was
perhaps due to residual NP found in mice after injections, even at this late time point, since
spleenocytes from mice in group A (which had not received the injection of NP) were not

cycling.
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Similarly, when analysing percentage of IFN-y by donor-derived cells ex vivo, F5 clones
were able to produce IFN-y even when NP68 was not added in vitro. (Figure 20E).
Therefore recall responses to NP in these cells were difficult to assessed or interpret
accurately. Despite this, there were no differences in fold change between F5 and F5PD-1
KO donor derived cells (Figure 20E). Moreover, since the mice in group A had already
significant differences in numbers of Tcy and Tgy cells between PD-1KO and WT donor-
derived cells, we were unable to distinguish the effect of LIP from the additional affect of NP,

on memory generation.
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7. DISCUSSION

In this study, we describe a previously unrecognized role of PD-1 in memory-phenotype T
cell formation and particular in shaping MP subset development. More specifically, we found
an increase in CD8 and CD4 CD44" T cell numbers in the absence of PD-1 (Figure 1B) and
in particular we identified a substantial increase in CD44"CD62L°CCR7° T cells,
categorized as Tgy-phenotype cells [14] in spleen and tissues and even lymph nodes of PD-
1 KO mice (Figure 1, Figure 2). This phenomenon was more prominent with advancing age
(Figure 1C) and could not be attributed to advanced basal proliferative capacity of Tgy cell’s
(Figure 7). The number of IL-7Ra ™ (CD127) and IL-2Ra™ (CD122) Teu-phenotype CD8 T
cells was considerably higher in PD-1 KO spleens (Figure 5D), consistent with a memory-
phenotype [15, 43, 86]. CD69 is considered an early activation marker and it could be
argued that this could better characterize an effector, rather than a Tgy phenotype. However,
while a proportion of PD-1 KO Tgy-phenotype CD8 T cells express CD69 (Figure 5C) the
majority should not be recently activated cells, because no IL-2R" (CD25) subpopulation
was identified (Figure 5C). Moreover, recently activated, typical effector cells would decay
fast in a 42-day period, something not observed in our experiments (Figure 14B). These
accumulated Tgy cells, in the absence of PD-1, also seem to have enhanced effector
memory characteristics as shown by higher expression of GzmB directly ex vivo (Figure 6A)

and IFN-y after short activation with phorbol esters (Figure 6B).

It still remains largely unclear why a proportion of naive T cells differentiate into memory-
phenotype cells in naive unimmunized mice. Some potential mechanisms involved in the
conversion of naive T cells to MP cells have been speculated [49]. It is generally thought that
MP cells are generated in response to self- rather than foreign antigens and also via
homeostatic proliferation mechanisms. Sprent and colleagues have defined two distinct
subsets of CD8 MP cells; those that are dependent on MHC class | interactions for their
formation and survival and those that are driven more by homeostatic mechanisms and
dependent on IL-15 [161]. They suggested that MP cells that are maintained via TCR
interactions are generated as a result of chronic TCR triggering in response to self-antigen
recognition. It has become more appreciated how important tonic TCR self-antigen MHC
signals are for the maintenance of naive T cell viability. As naive T cells are resting cells, the
intensity of TCR signalling is presumed to be below the threshold needed to induce
activation. Therefore subtle alterations in the intensity of tonic TCR signalling may play a role
in their activation. Upon the removal of the break by PD-1 on TCR signal transduction it is
possible that these weak TCR signals become stronger and capable of T cell activation,

proliferation and acquisition of MP phenotype.
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Co-stimulatory and co-inhibitory molecules have been shown to regulate memory T cell
development, with a consensus that co-stimulation promotes formation of antigen-specific or
MP cells whereas co-inhibition impedes it. In line with the above, the loss of another co-
inhibitory molecule BTLA-4 resulted in the increased number of MP cells [23]. However,
variable data exist on correlation between TCR-signal strength modulated by positive and
negative co-stimulators and developmental fate towards Tgy and Ty subsets. For example,
while enhancement of TCR signals by OX-40 [25] and ICOS [20] promote accumulation of
effector memory T cells, stronger TCR signals in the absence of BTLA lead to accumulation
of central memory T cells [23]. Our results, which show that ablation of the PD-1 pathway
drives MP CD8 T cells preferentially to Tgy-phenotype, are in agreement with the notion that
increased signal strength [14] and/or duration [18] favors skewing towards Tgy Subset (see
figure 3.4 -Models for generating effector and memory T cell heterogeneity).

A recent study showed that vaccinia virus-specific PD-1 KO CD8 T cells are skewed towards
Tcwm after acute infection [127]. This does not conflict with our data since it has been shown
that the type of pathogen affects memory differentiation pathways, with vaccinia-virus (but
not LCMV) typically leading to fast emergence of Tcy CD8 T cells [172]. Moreover, in most
acute infections CD8 T cells rapidly stop encountering antigen (for vaccinia virus, infection is
fully resolved within 2 weeks) [173] and without any circumstantial or deliberate re-
stimulation, typically the majority of antigen-specific memory cells belong to the Tcy Subset.
On the contrary, repetitive/continuous stimulation, either by infection or vaccination [174-176]
promotes generation of cells belonging to the Tgy subset; repetitive antigenic stimulation has
been shown to induce progressive decrease of CD62L surface expression [176]. Masopust
et al demonstrated, using three different prime-boost vaccinations regimes, that repeated
immunization led to the preferential accumulation of Tgy cells [177]. This suggests that
memory CD8 T cell differentiation is influenced by the cumulative history of Ag experience.
Importantly, in the settings of acute infection, PD-1 is shown to be expressed only transiently
on CD8 T cells, whereas on chronically stimulated cells, sustained expression is observed
[131, 178]. Freeman et al have demonstrated that PD-1 inhibition is greatest at lower
amounts of antigen which suggests that PD-1 might be more effective at attenuating weak
TCR signals rather than strong ones [179]. A study by Goldberg et al. compared PD-1
expression in different contexts (in response to self verses infectious antigens) and showed
that PD-1 expression upon self-antigen is rapidly up-regulated, while minimal upon
encounter with microbial antigens. They suggested that pro-inflammatory signals associated
with microbial infection suppress PD-1 expression on CD8 T cells encountering antigen. The
absence of these signals in the context of self-antigen encounter allowed for rapid PD-1 up-

regulation [180]. In line with this, PD-1 expression was found to be highest on WT CD8 Tgy
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phenotype cells (figure 5E), the MP subtype most effect by the removal of the PD-1 break.
Therefore, with a different mode of PD-1 signaling (i.e. transient vs. sustained) transition to
different memory developmental pathways may take place. So, it is probable that settings of
acute infection [127], on one hand, and response to a plethora of antigens —many of them
self and repetitively encountered- on the other, could have a different impact on memory fate
of PD-1 KO CD8 T cells.

A further possible explanation for the acquisition of Tgy MP cells in the absence of PD-1 is
that there are alterations in transcription factors that regulated the generation of MP subsets.
KLF2 (Kruppel-like factor 2) has been proposed as an important TF that regulates migratory
activity of T cells by regulating the expression of CD62L [181-182]. Strong signhals promotes
efficient PISK activation and blocks KLF2 activity which results in shedding of CD62L and an
acquisition of a Tgy phenotype, while weaker ones permits KLF2 re-expression and therefore
CD62L, resulting in Tcw phenotype [183-184]. Additionally, FoxO (Forkhead box O)
transcription factors may also contribute to this regulation; FoxO1 promotes expression of
KLF2 in mature T cells. Our microarray results on purified Tcy PD-1KO CD8 T cells show a
decreased expression of FoxO3 compared to WT cells; importantly Fox01 and FoxO3 TF
have been shown to have some overlapping functions [185]. Additionally, FoxO3 has been
shown to intrinsically regulate the development of CD8 memory T cell; a higher number of
memory cells were detectable in FoxO3a KO mice compared with WT mice [186] all thought
analysis of subsets was not assessed in this study. Evaluation of phosphorylated-Akt, -
FOXO-1/3a or KLF2 mRNA, after incubation of WT and PD-1 KO cells with various stimuli
(TCR triggering and/or cytokines) and how these correlate with CD62L expression, would
help to assess the role of these TF in the acquisition of Tgy phenotype found in the PD-1 KO

mice.

As mentioned above, a proportion of memory phenotype cells have been found to be
preferentially dependent on homeostatic cytokine IL-15 for their proliferation, survival and
bystander activity. These MP cells seem to be MHC-independent, since they survive in
MHC-class | deficient mice for long periods of time and so are thought to be maintained and
regulated primarily via cytokines [161]. They are highly sensitive to local changes in
concentration of y-chain cytokine, and high levels can trigger their proliferation. Importantly,
our results from mixed bone marrow transplantation experiments (Figure 11), adoptive
transfer of Tcy (Figure 12) CD8 T cells and transfers of naive cells to lymphopenic hosts
(Figure 11) strongly indicate that the accumulation of PD-1 KO Tgy phenotype cells, is at
least partly, a CD8 T cell-intrinsic effect. These findings argue against the changes in
cytokine concentrations in the host as the underlying cause of increased memory-phenotype

Tem cells found in the PD-1 deficient mice. However, it does not rule out the altered
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expression of y-chain cytokine receptors on MP cells, and therefore their altered
responsiveness to these cytokines as a possible mechanism for increased Tgy cells found in

the absence of PD-1 (discussed further below).

MP cells closely resemble memory T cells generated under lymphopenic conditions (LIP-
memory cells). Homeostatic proliferation (HP) of naive T cells is a further mechanism that
results in the acquisition of typical MP cells and this occurs both in lymphopenic, and in
lymphosufficient hosts. Given the abundance of MHC—self peptide ligands that can trigger
both positive selection of T cells in the thymus and homeostatic proliferation in the periphery,
it is of great importance to understand how homeostatic proliferation is controlled and
appears self-limiting. We show that the PD-1 pathway plays a vital role in regulating this
process, since CFSE profiles of adoptively transferred naive PD-1 KO CD8 T cells into
lymphopenic mice showed that these cells divided more compared to WT cells (figure 10F).
Although LIP and HP in lymphsufficient hosts differ with regards to the concentrations of y-
chain cytokines, present in higher levels in the former, they are both triggered by similar
mechanisms; an anti-self response directed to various self-pMHC complexes and this
triggering results in augmented responsiveness to y-chain cytokines [49, 90, 97]. Therefore
this data reveal a vital inhibitory checkpoint via PD-1 signalling that controls the pace of LIP
which could account partly for the increase in MP cells found in the PD-1 KO naive mice.
Furthermore, it has been described that the majority of naive T cells undergoing
lymphopenia-induced proliferation acquire a central memory-phenotype [3, 29] and this can
be also seen from our WT data (10A-C) and by others [23]. Importantly, LIP of adoptively
transferred naive PD-1 KO CD8 T cells gave rise to large numbers of Tgy-phenotype cells
compared to WT (Figure 10B-C) in the spleen at day 20. This illustrates that PD-1 again

shapes memory-phenotype CD8 T cell subsets under conditions of lymphopenia.

Numerous models have been proposed to explain the lineage relationship of Tgy and Tem
antigen-specific memory T subsets (see figure 3.4 Models for generating effector and
memory T cell heterogeneity). Even less is known about MP subset ontology, however,
depending on the settings, both Tcy=>Tew [187] and Tey—=>Tem [23] have been documented.
Interestingly we found when we transferred naive CD8 T cells into irradiated hosts, Tcy cells
appear first (day 5, Figure 10A), followed by substantial accumulation of Tgy cells in blood of
PD-1 KO (day 20, Figure 10A) and in spleen (Day 20, Figure 10B) which does not take place
in WT donor cells to the same extent. Due to the fact that Tgy cells accumulated at the
expense of Tey cells in the PD-1 KO during LIP (there was a drop in Tcy humbers with a
paralleled increase in Tgy numbers, figure 10C) strongly suggests that there is lineage

relationship between T¢y and Tgy cells in this setting.
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Taken together, these data imply that increased duration of signal, in the absence of PD-1,
favors Tgy differentiation, and this is most probably through a T¢y intermediate cell. These
observations correlate well with the massive Tcy=> Tew conversion (Figure 12A and 12B) of
transferred purified CD8 PD-1 KO T¢y cells in lymphosufficient mice where we provided
“extra time” and therefore chances for the transferred cells to receive repeated stimuli, inside
the host, to differentiate to Tgy cells. Our microarray results on purified CD8 PD-1 KO Tcu-
phenotype cells, that exhibit a discrete expression profile compared to WT counterparts
(Figure 16), further reinforcing the concept of T¢y cells being aberrant in the absence of PD-
1 (discussed further below).

In adoptive transfer experiments of purified CD8 Tgy MP cells into lymph sufficient hosts, we
found reduced Tgy—=>Tcem conversion in the absence of PD-1 (figure 14) indicating that PD-1
signaling regulates the inter-conversion between these MP subsets by inhibiting Tcy=> Tewm
conversion while promoting the reverse. Additionally, we found that culturing purified CD8
Tem-phenotype WT cells with IL-15 resulted in moderate conversion to T¢y cells, while
reduced conversion was seen again in PD-1 KO cells (figure 15). Differences in IL-2Rf3
expression between the PD-1 KO and WT Tgy cells and therefore responsiveness to IL-15,
could account, at least in part, for these differences in MP subset conversion found in the
current study. In support of the above findings, it was shown that activated CD8 cells
cultured in a high dose of IL-2 differentiated into Tgy, and those cultured in IL-15 (a less
strong signal) became T¢y cells [188].

Naive T cells undergoing LIP have been shown to acquire a memory-phenotype and
become capable of mediating protective immunity against pathogens [99]. Importantly, we
show that a much larger fraction of PD-1 KO-derived Ty cells were GzmB"™ when assayed
directly ex vivo (Figure 10D). It could be argued that some PD-1 KO-derived T cell clones
recognize self-antigens with high affinity, and being autospecific, acquire their abnormally
“activated” Tgy phenotype during LIP. However, it does not seem to be the case since
abnormal Tegw/Tcw ratios were also observed when TCR-transgenic F5.PD-1 KO CD8 T cells
(which recognize an influenza nucleoprotein epitope) were transferred to Rag-1 KO
lymphopenic recipients (Figure 20A) where it is highly improbable that F5 cells could

recognize their cognate antigen in the host mice.

We found an increase in IL-7Ra™ Tgy-phenotype CD8 T cells in the absence of PD- 1 when
considering total numbers (figure 5). Memory precursor effector cells (MPEC), generated
during acute infections, are identified by the expression of IL-7Ra [43] and lack KLRG1 (killer
cell lectin-like receptor sub-family group 1), a marker for short lived effector cells (SLEC).

SLEC undergo apoptosis during the contraction phase while MPEC are long lived and have
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stem-like renewal properties. The generation of effector CD8 T cell subsets varies greatly
among different infection settings due to the fact that they are highly affected by the amount
of inflammatory mediators and therefore affect the memory T cell pool [33]. However, it is
still not clear if MPEC’s are generated in the same way durring MP cell formation, and it has
even been proposed that MP cells are formed without passing throught an effector phase [3,
29]. Thus, it is unlikely that these data represent altered numbers of memory precursor cells
in the PD-1 KO mice compared to WT mice. Studies to assess if PD-1 effects the memory
precursor cells formation early on during an immune response could only be achieved in an
antigen-specific model of memory T cell formation, where analysis with KLRG1 could be
undertaken to clarify more precisely the contributions of SLEC and MPEC populations.

At which points during the generation of memory T cells is the inhibitory role of PD-1
important? It is readily regarded that memory heterogeneity and phenotypic differences are
directly related to the degree of antigenic stimulation, co-stimulatory signals, division history,
cytokine exposure and other priming-associated events. Only 24 hrs of stimulation appears
adequate to elicit an instructional program of clonal expansion, expression of effector
functions and differentiation into memory cells [189]. It is important to note that T-cell
programming refers to the process by which events during priming imprint heritable patterns
of gene expression on T cells. PD-1 most likely asserts its breaks at initial priming events,
since PD-1 is expressed on activated T cells 24 hrs after TCR stimulation [190] and more
importantly PD-1 is reported to be induced on T cells before their first division following
antigen encounter in vivo [180]. This data would argue that PD-1 is certainly in the ‘right
place and the right time’ to assert its break on T cell priming. Importantly PD-1 may help to
negatively regulate formation of stable and productive immunological contacts [120].
Therefore, in its absence T cells could form more stable interactions resulting in stronger
signals and more activation towards Tgy phenotype. Interestingly, a study by Goldberg et al.
demonstrated the role of PD-1 in early fate decisions of CD8 T cells; PD-1 blockade being
critical during the priming phase of a CD8 T cell response rather than the effector phase
[180]. While other studies have demonstrated the importance of PD-1 inhibition at the
effector phase [131] our data from adoptive transfer of naive polyclonal (Figure 10) and
naive F5 transgenic T cells (figure 20A, group A) demonstrate a clear inhibitory role of PD-1
during LIP of naive T cells. Due to the inability to induce antigen-specific memory CD8 T cell
subsets in the F5 mice model, with the current immunization regime, we were unable to
identify more precisely the role of PD-1 on memory formation, as discussed further below. It
is generally accepted, and incorporated into several models of memory cell generation (see
figure 3.4- Models for generating effector and memory T cell heterogeneity), that all phases

of an immune response (activation, expansion, differentiation, contraction and memory
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formation) are programmed shortly following antigenic stimulation in a cell autonomous
manner. Therefore, it is difficult to identify the exact time point during which PD-1 asserts its
break on memory formation. However, these models do not exclude the potential influence

that other factors might have on memory T cell development after the initial priming events.

Factors during the weeks/months following priming, including accessibility to continued
antigen and various co-stimulatory molecules, cytokine availability, chemokines, and
anatomical location also have qualitative and quantitative influences on the developing
memory T cells [191] [189]. Our results from transfers of purified populations of CD8 Tcy
(figure 12) and Tgy (figure 14) MP cells suggest that PD-1 signalling is also important in
regulating the interconversion of these MP subtypes. Further experiments would address the
issue of whether the fate of PD-1 KO-donor CD8 MP subsets was already predetermined at
the time of transfer or post-transfer intervention on WT MP subsets would be sufficient to
promote differentiation. Anti-PD-1 blocking antibodies administered at time of WT Tcy
transfer would help to clarify this issue. However, our microarray results, showing a discrete
expression profile on PD-1 KO CD8 Ty cells (Figure 16) argues in favor of the first scenario.

Although memory T cells are relatively stable, they nonetheless undergo changes in
phenotype, function and location over time [192]. As discussed previously, repeated re-
exposure of antigen by memory T cells results in a gradual loss of CD62L and the adoption
of a Tegw phenotype. Anatomical location and the tissue microenvironment itself might
contribute to the adoption and maintenance of different memory phenotypes [192] [189]. For
example, different tissues affect MP subsets differentially with respect to available cytokines,
co-stimulatory ligand expression, immune accessory cells and antigen persistence. In
addition, when circulating Tcy memory cells enter skin, liver, lung, and intestinal mucosa
sites, they shed CDG62L, upregulate ‘tissue-specific’ markers and acquire effector functions
and protective abilities upon encountering distinct environmental cues [193] [194]. This is
biologically significant, since it is important for the host to be able to adapt to the changing
conditions during an immune invasion and regulate T cell migratory properties and therefore

protection.

CD62L plays a pivotal role in the T cell homing and initial tethering of leukocytes to the
endothelium and to other leukocytes. It could be argued that shedding of CD62L in PD-1 KO
cells results in their altered location and therefore altered secondary responses; the current
paradigm proposes that strict regulation of effector CD8 T cell access to lymph nodes is
essential for functional immune responses. It is thought that T cells that home frequently to
lymph nodes during their transition from effector to memory stages preferentially adopt Tcwy

phenotype and functional attributes. However, another study has shown that this is CD62L
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independent [195]; memory CD8 T cell development and memory lineage commitment was
found to be unaltered by manipulations that enhanced or prevented CD62L-mediated lymph
node homing. However, it is unclear if loss of CD62L expression and subsequent reduction
of T cell homing to lymph nodes is a consequence rather than the cause of more Tgy
differentiation found in the PD-1 KO mice. In the present study PD-1 KO Tgy cells were
found to be accumulated in all tissues examined (Figure 3). However, the fact that PD-1 KO
Tem cells were accumulated also in blood, spleen and mesenteric lymph nodes, argues in
favour of the former. This suggests that accumulation could not be attributed just to a global
alteration in T cell trafficking, neither solely to the dysregulation of CD62L, since CCR7 was
also downregulated on the accumulated Tgy cells (figure 4). As discussed above, CD69 was
found to be expressed higher on Tgy cells from PD-1 KO mice in spleens. Notably CD69 has
also been used as a marker for resident memory T cells (Try) [47]. It would be interesting to
assess CD69 expression in conjunction with CD44 and CD62L from all tissues to assess the
contribution of Tgy in the accumulated Tgy fractions, found in the absence of PD-1.

Apart from their role in driving HP, y-chain cytokines have also been shown to play a major
role in the maintenance of memory-phenotype CD8 T cells, by supporting their survival.
Importantly, Teu-phenotype CD8 T cells from middle aged PD-1 KO mice survived better
compared to WT counter parts, while the opposite was found for Tcy-phenotype cells (Figure
8). Homeostatic cytokines are important for providing survival signals to MP cells by
regulating the balance of pro- and anti-apoptotic molecules. It would be interesting to assess
the levels of the apoptotic molecules in PD-1KO Tgy cells. Models to explain how memory
CD8 T-cell numbers are maintained have not been experimentally addressed. A recent study
identified a unique population of CD8 T¢y cells called Tpus (death intermediate memory T
cells) within a population of TCR-Tg memory and endogenous memory cells, following
memory generation to LCMV infection [196]. They showed that these non-functional Tpy
cells originate during homeostatic turnover of Ty cells, have a reduced proliferative
capacity, a CD62L" CD27" phenotype, and bind highly to annexin V, compared to CD62L"
Tcwm counterparts. They propose a model, to explain stable memory cell numbers, in which a
dividing Tcyw generates a daughter cell with ‘self renewing’ properties and a Tpu cell that
ultimately dies. Given that CD62L is also a marker used to discern Tcy from Tgy cells, the
authors distinguish Tp)y cells from Tgy cells, since Tpw were unable to produce effector
molecules, such as IFNy, a prerequisite for Tgy phenotype cells. In our study, the
percentage of Tgy cells in the WT that produce IFN-y upon TCR stimulation is less than 50%
(see figure 6B), therefore it could be possible that some CD62L" cells in fact represent non-
functional Tp cells. Interestingly, when examining cell death potential in CD8 Tcy and Tey

subsets from PD-1 KO mice, we found an inverse correlation between CD62L expression
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and annexin V binding (figure 8B); as Tcy cells lost CD62L expression they increased their
ability to bind with annexin V. Ultimately, the Tgy cells of PD-1 KO mice were less annexin
V' compared to WT cells. Thus in the absence of PD-1, Tgy-phenotype CD8 T cells were
rescued from cell death. Perhaps some of the cells we identify as Tgy cells could be in fact
Tom derived from Tey turnover, and in the absence of PD-1 negative signals survive better
compared to WT counterparts. This would correlate with the documented capacity of PD-1
signaling to induce T cell apoptosis [197]. However, the fact that upon transfer of 1.5x10°
purified Tcw- or purified Tgy-phenotype PD-1 KO cells we recovered similar numbers
(~1x10°) of PD-1 KO Tgy-phenotype cells (Figure 12B, 2™ column vs. Figure 14B, 2™
column) strongly implicates increased rates of Tcy=>Tew conversion as the major
determinant of PD-1 KO Tgy-phenotype cell accumulation, rather than enhanced survival
alone. This suggests that the enhanced survival is not the major mechanism for the
accumulating Tgy population found in the PD-1 KO mice, but does not rule it out as having
an effect.

Overall, the emerging picture is that naive WT or PD-1 KO CD8 T cells encounter antigens
(commensal, environmental or self-antigens) in the periphery of an unimmunized mouse and
undergo priming and/or homeostatic proliferation; many of these initially acquire a Tcy
phenotype, which in PD-1 KO cells is aberrantly transient and a large proportion of them
develops stable characteristics of Tgy cells. In addition to that, the resulting PD-1 KO Tgy-
phenotype cells have a moderate survival advantage over the WT ones (Figure 8A) thus

further intensifying the effect of enhanced conversion.

Importantly memory phenotype T cells can develop and expand in an antigen-independent
manner via bystander activation and homeostatic driven proliferation mechanisms. Armed
with their ability to home to tissues and mediate rapid effector responses, it is of vital
importance to balance the protective role of memory T cells and their potential over-
aggressive responses that can result in pathology. Importantly, we showed that Tcy-
phenotype PD-1 KO CDS8 cells produced more IFN-y per cell after an innate stimulus (Figure
17A) therefore suggesting they are more sensitive to bystander activation. IFN-y production
by memory T cells have profound, wide spread effects on innate and adaptive immune
responses such as enhanced antigen presentation and promoting pro-inflammatory Thl
immune responses. Considering this data and the expression profile of PD-1 ligands (Figure
3.6-Relative expression of PD-1 and its ligands), it would suggest that PD-1 signaling plays a
pivotal role in regulating memory T cells responses. Furthermore, dysregulation during
homeostatic proliferation can potentially result in autoreactive memory T cells [100] [101]
[102]. The more tissue-specific autoimmune phenotypes of PD-1 KO mice at a late age [139]

[137, 198] contrast markedly with the multi-organ autoimmunity observed within the first few
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weeks of birth for CTLA-4 KO mice [199]. These findings support the idea that PD-1 is part
of a system that fine-tunes immune responses, in contrast to the “on-off switch” mediated by
the B7-1/B7-2-CD28/CTLA-4 system. It is of notice that compared to respective WT Tgy
phenotype CD8 T cells a much larger fraction of PD-1 KO LIP Tgy-phenotype cells produces
high levels of GzmB ex vivo (Figure 6A). Given the fact that most of these cells recognize
self-ligands, although with low affinity [92], it is reasonable to think that they could have an
autoreactive potential. In line with this hypothesis, Thangavelu et al., although not
examining GzmB expression on T cells, have shown in a recent report that PD-1 KO recent
thymic emigrants cause a lethal autoimmune-like disease in chronically lymphopenic hosts
[200]. In the light of the above, it would be interesting to extending the time course of our
bone marrow transplantation studies to assess this lethality.

Due to the fact that the antigen, time of activation and differentiation into MP cells are all
unknowns in the polyclonal mice, we used two different mouse models to attempt to
delineate the role of PD-1 in the generation of CD8 T memory cells to a specific antigen. The
first model we used was the contact hypersensitivity reaction (CHS) to the hapten 2,4-
dinitrofluorobenzene (DNFB). An earlier study demonstrated that the blockade of PD-1 with
anti-PD-1 mAb, at sensitization enhanced and prolonged the ear swelling induced by the
hapten challenge, suggested a regulatory role for PD-1 in CHS at the effector phase [201].
We show that PD-1 is also important in CHS responses at the memory phase by extending
the course of the study and also include a challenge time point after the effector phase that
corresponds to the memory phase in other experimental systems [157]. The superior
generation of an Ag-specific memory T cells in the PD-1 KO mice was manifested by the
more substantial ear swelling following recall exposure to DNFB (figure 18B). CD8 Tgy are
most likely responsible for this secondary immune response and in the absence of PD-1
these responses are heightened, with increase numbers of infiltrated T cells (figure 18 B and
C). More studies would be needed to clarify firstly, if the Tgy cells were already present after
the first challenge (on day 5) or if they were recruited during the recall phase of the immune

response, after the second challenge (day 38).

Unfortunately, we were unsuccessful in our attempts to dissect the exact time frame where
PD-1 signaling on CD8 T cells is sufficient to impose a break towards a Tgy-phenotype, with
the current immunization regime in TCR Tg F5 mice (figure 18). Our preliminary results from
F5 mice, resulted in the generation of very few CD44" cells after injection with NP in either
F5 nor in F5.PD-1 KO mice (figure 19). Marvel et al have also shown similar results; a small
proportion of CD44™ T cells are present in naive F5 mice and this percentage does not
increase after one NP injection. They showed that a second injection, within a 24hr time

period, doubled these numbers [171] however, the majority of the CD44" cells that resulted
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after immunizations gave rise to a predominantly Tcy phenotype. Additionally, the 3-5% of
cells found in F5 naive mice, which the authors describe as CD44" CCR7"° Tgy cells were
heterogeneous in terms of antigen specificity and were NP-independent. Moreover, these
numbers did not increase after single or double injections with NP. These naturally occurring
MP cells have been shown to be present in other TCR Tg mice and even in Rag-1 KO
backgrounds [97]. These data suggest that NP-specific memory CD8 T cells with a Tgy
phenotype are not generated in these priming conditions and further studies with alternative
priming conditions are required. There are several possible explanations for these findings.
Firstly, TCR affinity plays a major role in the generation of memory T cell subsets and
perhaps the F5 T cells affinity for the cognate antigen is too low for adequate priming and
the acquisition of a Tgy phenotype. Secondly, it has been shown that in situations of high
antigen competition, for example as a result of low DC:T cells ratio, the majority of the
resulting memory T cells are a T¢y phenotype [202]. Due to the fact that most of the T cells
in the F5 mice are of one specificity, this could result in a high competition for antigen and
could result in the differentiation to Tcy phenotype cells. Additionally, memory CD8 T cells
developed in CD4 deficient animals contain an increased proportion of Ty cells [203].
Although F5 TCR Tg mice contain CD4 cells they are in much lower frequency compared to
polyclonal mice. This was presumably due to the lack of maturation signals to DC, which has
also been shown to result in the generation of a memory population that is skewed towards a
Tcewm phenotype. Thus, despite the use of CFA in our priming experiments, it appears
insufficient in generating mature DC. This could also explain the proliferation results, since
‘helpless’ CD8 T cells have also been shown to have defect recall responses (figure 19B).
Therefore, although the use of TCR Tg systems have clear advantages, a variety of possible
factors influenced the development of Tgy cell in the F5 Tg mice and therefore limits the

approaches effectiveness in studying the role of PD-1 on memory T cell formation.

When examining CD4 T cells in polyclonal naive mice, MP cells were also found to be
increased in the PD-1 KO mice compared to WT counterparts and the increase in numbers
were primarily within the Tgy subset (Figure 1 and 2). It has been demonstrated that CD4
and CD8 T cells have distinct co-stimulatory requirements for memory generation [204].
These data, albeit preliminary, suggests that PD-1 signalling can also affect CD4 T cell
memory subset development. A full and precise analysis of phenotype, gene expression and
functional differences of CD4 T cell memory subsets in the absence of PD-1 would be highly
informative, and is presently underway. Additionally, a sub-goal would be to investigate
whether the normal balance between Thl, Th2 and Th17 lineages has been perturbed in
memory CD4 T cells from PD-1 KO mice, an imbalance which often triggers autoimmune

reactions. A CD4 T cell adoptive transfer model of colitis [205-206] could be adopted since it
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is a widely used model to dissect the initiation, induction, and regulation of immunopathology
mediated by CD4 T cells. This model provides an easy and effective way to identify the
reactive potential of Tgy cells and we hypothesis that the onset and severity of colitis would

be more severe upon transfer of Tgy cells that lack PD-1.

In conclusion, our results show that PD-1 signaling in CD8 T cells can modulate the
homeostasis of memory-phenotype pool by inhibiting differentiation towards a functional Tgy-
phenotype, most probably through a Tcu-phenotype intermediate. PD-1 signaling in CD8 T
cells also promotes Tgy>Tcwm conversion (Figure 14). In the absence of PD-1 CD8 Tgw-
phenotype cells survive better than WT counterparts (Figure 8A) thus further increasing the
effect of enhanced conversion found in the PD-1 KO mice. Accumulated Tgy-phenotype cells
harbor potent functional properties (Figure 6A and 6B) and this could result in altered host
responses against pathogens, environmental or self-antigens in the absence of an intact PD-
1 pathway. Additionally, PD-1 KO MP CD8 cells may elicit superior bystander protective
responses against pathogens as suggested by LPS-driven IFN-y production, especially by
Tcew-phenotype cells (Figure 17A). These findings can be clinically important especially in the
settings of currently developing treatments with antagonistic anti-PD-1 or anti-PD-L1
antibodies in cases of certain malignancies or chronic infections [132, 207]. Equally
important, manipulation of PD-1 pathway could enhance efficacy of certain vaccination
regimens where production of Tgy cells is critical [174, 208]. Further studies may include a
more precise analysis of accumulated antigen specificities as well as the exact time frame
where PD-1 signaling on T cells is sufficient to impose a break towards Tgy-phenotype

differentiation in naive or immunized mice.

85



REFERENCES

10.
11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Medzhitov, R. and C.A. Janeway, Jr., Innate immunity: impact on the adaptive immune
response. Curr Opin Immunol, 1997. 9:4-9.

Janeway, C.A,, Jr. and R. Medzhitov, Innate immune recognition. Annu Rev Immunol, 2002.
20:197-216.

Boyman, O., S. Letourneau, C. Krieg, and J. Sprent, Homeostatic proliferation and survival
of naive and memory T cells. Eur J Immunol, 2009. 39:2088-94.

Masopust, D. and J.M. Schenkel, The integration of T cell migration, differentiation and
function. Nat Rev Immunol, 2013. 13:309-20.

Lanzavecchia, A. and F. Sallusto, Dynamics of T lymphocyte responses: intermediates,
effectors, and memory cells. Science, 2000. 290:92-7.

Ouyang, W., J.K. Kolls, and Y. Zheng, The Biological Functions of T Helper 17 Cell Effector
Cytokines in Inflammation. Immunity, 2008. 28:454-467.

Wan, Y.Y. and R.A. Flavell, How Diverse—CD4 Effector T Cells and their Functions. Journal
of Molecular Cell Biology, 2009. 1:20-36.

Coomes, S.M., V.S. Pelly, and M.S. Wilson, Plasticity within the ap+CD4+ T-cell lineage:
when, how and what for? Open Biology, 2013. 3.

McHeyzer-Williams, L.J. and M.G. McHeyzer-Williams, Antigen-specific memory B cell
development. Annu Rev Immunol, 2005. 23:487-513.

Yoshida, T., H. Mei, T. Dorner, F. Hiepe, A. Radbruch, S. Fillatreau, and B.F. Hoyer, Memory
B and memory plasma cells. Immunological Reviews, 2010. 237:117-139.

Crotty, S., Follicular helper CD4 T cells (TFH). Annu Rev Immunol, 2011. 29:621-63.

Sallusto, F., D. Lenig, R. Forster, M. Lipp, and A. Lanzavecchia, Two subsets of memory T
lymphocytes with distinct homing potentials and effector functions. Nature, 1999.
401:708-12.

Mueller, S.N., T. Gebhardt, F.R. Carbone, and W.R. Heath, Memory T cell subsets,
migration patterns, and tissue residence. Annu Rev Immunol, 2013. 31:137-61.
Lanzavecchia, A. and F. Sallusto, Understanding the generation and function of memory T
cell subsets. Curr Opin Immunol, 2005. 17:326-32.

Wherry, E.J., V. Teichgraber, T.C. Becker, D. Masopust, S.M. Kaech, R. Antia, U.H. von
Andrian, and R. Ahmed, Lineage relationship and protective immunity of memory CD8 T
cell subsets. Nat Immunol, 2003. 4:225-34.

Sallusto, F., J. Geginat, and A. Lanzavecchia, Central memory and effector memory T cell
subsets: function, generation, and maintenance Annu Rev Immunol. 2004. 22:745-63.
Masopust, D., D. Choo, V. Vezys, E.J. Wherry, J. Duraiswamy, R. Akondy, J. Wang, K.A.
Casey, D.L. Barber, K.S. Kawamura, K.A. Fraser, R.J. Webby, V. Brinkmann, E.C. Butcher,
K.A. Newell, and R. Ahmed, Dynamic T cell migration program provides resident memory
within intestinal epithelium. The Journal of Experimental Medicine, 2010. 207:553-564.
Sarkar, S., V. Teichgraber, V. Kalia, A. Polley, D. Masopust, L.E. Harrington, R. Ahmed, and
E.J. Wherry, Strength of stimulus and clonal competition impact the rate of memory CD8 T
cell differentiation. J Immunol, 2007. 179:6704-14.

Shiow, L.R., D.B. Rosen, N. Brdickova, Y. Xu, J. An, L.L. Lanier, J.G. Cyster, and M.
Matloubian, CD69 acts downstream of interferon-alpha/beta to inhibit S1P1 and
lymphocyte egress from lymphoid organs. Nature, 2006. 440:540-4.

Burmeister, Y., T. Lischke, A.C. Dahler, H.W. Mages, K.P. Lam, A.J. Coyle, R.A. Kroczek, and
A. Hutloff, ICOS controls the pool size of effector-memory and regulatory T cells. J
Immunol, 2008. 180:774-82.

DiMenna, L., B. Latimer, E. Parzych, L.H. Haut, K. Topfer, S. Abdulla, H. Yu, B. Manson, W.
Giles-Davis, D. Zhou, M.O. Lasaro, and H.C. Ertl, Augmentation of primary influenza A

86



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

virus-specific CD8+ T cell responses in aged mice through blockade of an immunoinhibitory
pathway. J Immunol, 2010. 184:5475-84.

Hendriks, J., Y. Xiao, J.W. Rossen, K.F. van der Sluijs, K. Sugamura, N. Ishii, and J. Borst,
During viral infection of the respiratory tract, CD27, 4-1BB, and OX40 collectively
determine formation of CD8+ memory T cells and their capacity for secondary expansion. J
Immunol, 2005. 175:1665-76.

Krieg, C., 0. Boyman, Y.X. Fu, and J. Kaye, B and T lymphocyte attenuator regulates CD8+ T
cell-intrinsic homeostasis and memory cell generation. Nat Immunol, 2007. 8:162-71.
Mousavi, S.F., P. Soroosh, T. Takahashi, Y. Yoshikai, H. Shen, L. Lefrancois, J. Borst, K.
Sugamura, and N. Ishii, 0X40 costimulatory signals potentiate the memory commitment of
effector CD8+ T cells. J Immunol, 2008. 181:5990-6001.

Soroosh, P., S. Ine, K. Sugamura, and N. Ishii, Differential requirements for OX40 signals on
generation of effector and central memory CD4+ T cells. J Immunol, 2007. 179:5014-23.
Takahashi, N., K. Matsumoto, H. Saito, T. Nanki, N. Miyasaka, T. Kobata, M. Azuma, S.K.
Lee, S. Mizutani, and T. Morio, Impaired CD4 and CD8 effector function and decreased
memory T cell populations in ICOS-deficient patients. J Immunol, 2009. 182:5515-27.
Francisco, L.M., P.T. Sage, and A.H. Sharpe, The PD-1 pathway in tolerance and
autoimmunity. Immunol Rev, 2010. 236:219-42.

Okazaki, T. and T. Honjo, PD-1 and PD-1 ligands: from discovery to clinical application. Int
Immunol, 2007. 19:813-24.

Daniels, M.A. and E. Teixeiro, The persistence of T cell memory. Cell Mol Life Sci, 2010.
67:2863-78.

Xiao, Z., K.A. Casey, S.C. Jameson, J.M. Curtsinger, and M.F. Mescher, Programming for
CD8 T Cell Memory Development Requires IL-12 or Type | IFN. The Journal of Immunology,
2009. 182:2786-2794.

Boyman, O. and J. Sprent, The role of interleukin-2 during homeostasis and activation of
the immune system. Nat Rev Immunol, 2012. 12:180-90.

Badovinac, V.P., B.B. Porter, and J.T. Harty, CD8+ T cell contraction is controlled by early
inflammation. Nat Immunol, 2004. 5:809-17.

Joshi, N.S., W. Cui, A. Chandele, H.K. Lee, D.R. Urso, J. Hagman, L. Gapin, and S.M. Kaech,
Inflammation directs memory precursor and short-lived effector CD8(+) T cell fates via the
graded expression of T-bet transcription factor. Immunity, 2007. 27:281-95.

Liao, W., J.-X. Lin, and Warren J. Leonard, Interleukin-2 at the Crossroads of Effector
Responses, Tolerance, and Immunotherapy. Immunity, 2013. 38:13-25.

Salmi, M. and S. Jalkanen, Lymphocyte homing to the gut: attraction, adhesion, and
commitment. Immunological Reviews, 2005. 206:100-113.

Soler, D., T.L. Humphreys, S.M. Spinola, and J.J. Campbell, CCR4 versus CCR10 in human
cutaneous TH lymphocyte trafficking. Blood, 2003. 101:1677-1682.

Harty, J.T., A.R. Tvinnereim, and D.W. White, CD8+ T cell effector mechanisms in resistance
to infection. Annu Rev Immunol, 2000. 18:275-308.

Kristensen, N.N., A.N. Madsen, A.R. Thomsen, and J.P. Christensen, Cytokine production
by virus-specific CD8+ T cells varies with activation state and localization, but not with TCR
avidity. Journal of General Virology, 2004. 85:1703-1712.

Valenzuela, J.0., C.D. Hammerbeck, and M.F. Mescher, Cutting edge: Bcl-3 up-regulation
by signal 3 cytokine (IL-12) prolongs survival of antigen-activated CD8 T cells. J Immunol,
2005. 174:600-4.

Prlicc M. and M.J. Bevan, Exploring regulatory mechanisms of CD8+ T cell contraction.
Proceedings of the National Academy of Sciences, 2008. 105:16689-16694.

Yajima, T., K. Yoshihara, K. Nakazato, S. Kumabe, S. Koyasu, S. Sad, H. Shen, H. Kuwano,
and Y. Yoshikai, IL-15 Regulates CD8+ T Cell Contraction during Primary Infection. The
Journal of Immunology, 2006. 176:507-515.

87



42,

43,

44,

45.

46.

47.

48.

49,

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Manjunath, N., P. Shankar, J. Wan, W. Weninger, M.A. Crowley, K. Hieshima, T.A. Springer,
X. Fan, H. Shen, J. Lieberman, and U.H. von Andrian, Effector differentiation is not
prerequisite for generation of memory cytotoxic T lymphocytes. J Clin Invest, 2001.
108:871-8.

Kaech, S.M., J.T. Tan, E.J. Wherry, B.T. Konieczny, C.D. Surh, and R. Ahmed, Selective
expression of the interleukin 7 receptor identifies effector CD8 T cells that give rise to
long-lived memory cells. Nat Immunol, 2003. 4:1191-8.

Williams, M.A., AJ. Tyznik, and M.J. Bevan, Interleukin-2 signals during priming are
required for secondary expansion of CD8+ memory T cells. Nature, 2006. 441:890-3.
Badovinac, V.P., A.R. Tvinnereim, and J.T. Harty, Regulation of antigen-specific CD8+ T cell
homeostasis by perforin and interferon-gamma. Science, 2000. 290:1354-8.

Kaech, S.M. and E.J. Wherry, Heterogeneity and cell-fate decisions in effector and memory
CD8+ T cell differentiation during viral infection. Immunity, 2007. 27:393-405.

Casey, K.A., K.A. Fraser, J.M. Schenkel, A. Moran, M.C. Abt, L.K. Beura, P.J. Lucas, D. Artis,
E.J. Wherry, K. Hogquist, V. Vezys, and D. Masopust, Antigen-Independent Differentiation
and Maintenance of Effector-like Resident Memory T Cells in Tissues. The Journal of
Immunology, 2012. 188:4866-4875.

Tough, D.F. and J.J.E.M. Sprent, Turnover of naive- and memory-phenotype T cells 1994.
179:1127-35.

Sprent, J. and C.D. Surh, Normal T cell homeostasis: the conversion of naive cells into
memory-phenotype cells. Nat Immunol, 2011. 131:478-484.

Kane, L.P., J. Lin, and A. Weiss, Signal transduction by the TCR for antigen. Curr Opin
Immunol, 2000. 12:242-9.

Horejsi, V., W. Zhang, and B. Schraven, Transmembrane adaptor proteins: organizers of
immunoreceptor signalling. Nat Rev Immunol, 2004. 4:603-16.

Guy, C.S., K.M. Vignali, J. Temirov, M.L. Bettini, A.E. Overacre, M. Smeltzer, H. Zhang, J.B.
Huppa, Y.H. Tsai, C. Lobry, J. Xie, P.J. Dempsey, H.C. Crawford, I. Aifantis, M.M. Davis, and
D.A. Vignali, Distinct TCR signaling pathways drive proliferation and cytokine production in
T cells. Nat Immunol, 2013. 14:262-70.

Chen, L. and D.B. Flies, Molecular mechanisms of T cell co-stimulation and co-inhibition.
Nat Rev Immunol, 2013. 13:227-42.

Rossy, J., D.J. Williamson, C. Benzing, and K. Gaus, The integration of signaling and the
spatial organization of the T cell synapse. Front Inmunol, 2012. 3:352.

Kaech, S.M. and W. Cui, Transcriptional control of effector and memory CD8+ T cell
differentiation. Nat Rev Immunol, 2012. 12:749-61.

Jameson, S.C. and D. Masopust, Diversity in T cell memory: an embarrassment of riches.
Immunity, 2009. 31:859-71.

Bannard, O., M. Kraman, and D. Fearon, Pathways of memory CD8+ T-cell development.
European Journal of Immunology, 2009. 39:2083-2087.

Ahmed, R., M.J. Bevan, S.L. Reiner, and D.T. Fearon, The precursors of memory: models
and controversies. Nat Rev Immunol, 2009. 9:662-8.

Lanzavecchia, A. and F. Sallusto, Progressive differentiation and selection of the fittest in
the immune response. Nat Rev Immunol, 2002. 2:982-7.

Ciocca, M.L., B.E. Barnett, J.K. Burkhardt, J.T. Chang, and S.L. Reiner, Cutting edge:
Asymmetric memory T cell division in response to rechallenge. J Immunol, 2012. 188:4145-
8.
Chang, J.T., V.R. Palanivel, I. Kinjyo, F. Schambach, A.M. Intlekofer, A. Banerjee, S.A.
Longworth, K.E. Vinup, P. Mrass, J. Oliaro, N. Killeen, J.S. Orange, S.M. Russell, W.
Weninger, and S.L. Reiner, Asymmetric T lymphocyte division in the initiation of adaptive
immune responses. Science, 2007. 315:1687-91.

88



62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Stemberger, C., K.M. Huster, M. Koffler, F. Anderl, M. Schiemann, H. Wagner, and D.H.
Busch, A single naive CD8+ T cell precursor can develop into diverse effector and memory
subsets. Immunity, 2007. 27:985-97.

Gerlach, C., J.W. van Heijst, E. Swart, D. Sie, N. Armstrong, R.M. Kerkhoven, D. Zehn, M.J.
Bevan, K. Schepers, and T.N. Schumacher, One naive T cell, multiple fates in CD8+ T cell
differentiation. J Exp Med, 2010. 207:1235-46.

Becker, T.C., E.J. Wherry, D. Boone, K. Murali-Krishna, R. Antia, A. Ma, and R. Ahmed,
Interleukin 15 is required for proliferative renewal of virus-specific memory CD8 T cells. J
Exp Med, 2002. 195:1541-8.

llangumaran, S., S. Ramanathan, J. La Rose, P. Poussier, and R. Rottapel, Suppressor of
cytokine signaling 1 regulates IL-15 receptor signaling in CD8+CD44high memory T
lymphocytes. J Immunol, 2003. 171:2435-45.

Janssen, E.M., N.M. Droin, E.E. Lemmens, M.J. Pinkoski, S.J. Bensinger, B.D. Ehst, T.S.
Griffith, D.R. Green, and S.P. Schoenberger, CD4+ T-cell help controls CD8+ T-cell memory
via TRAIL-mediated activation-induced cell death. Nature, 2005. 434:88-93.

Kieper, W.C., J.T. Tan, B. Bondi-Boyd, L. Gapin, J. Sprent, R. Ceredig, and C.D. Surh,
Overexpression of interleukin (IL)-7 leads to IL-15-independent generation of memory
phenotype CD8+ T cells. J Exp Med, 2002. 195:1533-9.

Goldrath, A.\W., P.V. Sivakumar, M. Glaccum, M.K. Kennedy, M.J. Bevan, C. Benoist, D.
Mathis, and E.A. Butz, Cytokine Requirements for Acute and Basal Homeostatic
Proliferation of Naive and Memory CD8+ T Cells. The Journal of Experimental Medicine,
2002. 195:1515-1522.

Kinter, A.L., E.J. Godbout, J.P. McNally, I. Sereti, G.A. Roby, M.A. O'Shea, and A.S. Fauci,
The common gamma-chain cytokines IL-2, IL-7, IL-15, and IL-21 induce the expression of
programmed death-1 and its ligands. J Immunol, 2008. 181:6738-46.

Hackett, C.J. and O.K. Sharma, Frontiers in peptide-MHC class Il multimer technology. Nat
Immunol, 2002. 3:887-9.

Moon, J.J., H.H. Chu, M. Pepper, S.J. McSorley, S.C. Jameson, R.M. Kedl, and M.K. Jenkins,
Naive CD4(+) T cell frequency varies for different epitopes and predicts repertoire diversity
and response magnitude. Immunity, 2007. 27:203-13.

Stetson, D.B., M. Mohrs, V. Mallet-Designe, L. Teyton, and R.M. Locksley, Rapid expansion
and IL-4 expression by Leishmania-specific naive helper T cells in vivo. Immunity, 2002.
17:191-200.

Pepper, M. and M.K. Jenkins, Origins of CD4(+) effector and central memory T cells. Nat
Immunol, 2011. 12:467-71.

Pepper, M., J.L. Linehan, A.J. Pagan, T. Zell, T. Dileepan, P.P. Cleary, and M.K. Jenkins,
Different routes of bacterial infection induce long-lived TH1 memory cells and short-lived
TH17 cells. Nat Immunol, 2010. 11:83-9.

Youngblood, B., J.S. Hale, and R. Ahmed, T-cell memory differentiation: insights from
transcriptional signatures and epigenetics. Immunology, 2013. 139:277-284.

lezzi, G., D. Scheidegger, and A. Lanzavecchia, Migration and Function of Antigen-Primed
Nonpolarized T Lymphocytes in Vivo. The Journal of Experimental Medicine, 2001.
193:987-994.

De Riva, A., C. Bourgeois, G. Kassiotis, and B. Stockinger, Noncognate Interaction with
MHC Class Il Molecules Is Essential for Maintenance of T Cell Metabolism to Establish
Optimal Memory CD4 T Cell Function. The Journal of Immunology, 2007. 178:5488-5495.
Sprent, J. and C.D. Surh, T cell memory. Annu Rev Immunol, 2002. 20:551-79.

Lantz, O., I. Grandjean, P. Matzinger, and J.P. Di Santo, Gamma chain required for naive
CD4+ T cell survival but not for antigen proliferation. Nat Immunol, 2000. 1:54-8.

Seddon, B., P. Tomlinson, and R. Zamoyska, Interleukin 7 and T cell receptor signals
regulate homeostasis of CD4 memory cells. Nat Immunol, 2003. 4:680-6.

89



81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Homann, D., L. Teyton, and M.B. Oldstone, Differential regulation of antiviral T-cell
immunity results in stable CD8+ but declining CD4+ T-cell memory. Nat Med, 2001. 7:913-
9.

Rogers, P.R., J. Song, I. Gramaglia, N. Killeen, and M. Croft, 0X40 Promotes Bcl-xL and Bcl-2
Expression and Is Essential for Long-Term Survival of CD4 T Cells. Immunity, 2001. 15:445-
455,

Moore, T.V., B.S. Clay, C.M. Ferreira, J.W. Williams, M. Rogozinska, J.L. Cannon, R.A.
Shilling, A.L. Marzo, and A.l. Sperling, Protective effector memory CD4 T cells depend on
ICOS for survival. PLoS One, 2011. 6:e16529.

Hendriks, J., L.A. Gravestein, K. Tesselaar, R.A. van Lier, T.N. Schumacher, and J. Borst,
CD27 is required for generation and long-term maintenance of T cell immunity. Nat
Immunol, 2000. 1:433-40.

Bertram, E.M., P. Lau, and T.H. Watts, Temporal segregation of 4-1BB versus CD28-
mediated costimulation: 4-1BB ligand influences T cell numbers late in the primary
response and regulates the size of the T cell memory response following influenza
infection. J Immunol, 2002. 168:3777-85.

Huster, K.M., V. Busch, M. Schiemann, K. Linkemann, K.M. Kerksiek, H. Wagner, and D.H.
Busch, Selective expression of IL-7 receptor on memory T cells identifies early CD40L-
dependent generation of distinct CD8+ memory T cell subsets. Proc Natl Acad Sci U S A,
2004. 101:5610-5.

Fuse, S., C.Y. Tsai, M.J. Molloy, S.R. Allie, W. Zhang, H. Yagita, and E.J. Usherwood, Recall
responses by helpless memory CD8+ T cells are restricted by the up-regulation of PD-1. J
Immunol, 2009. 182:4244-54.

Byrne, J.A., A.K. Stankovic, and M.D. Cooper, A novel subpopulation of primed T cells in
the human fetus. J Immunol, 1994. 152:3098-106.

Vos, Q., L.A. Jones, and A.M. Kruisbeek, Mice deprived of exogenous antigenic stimulation
develop a normal repertoire of functional T cells. J Immunol, 1992. 149:1204-10.

Surh, C.D. and J. Sprent, Regulation of naive and memory T-cell homeostasis. Microbes
Infect, 2002. 4:51-6.

Schiiler, T., G.J. Himmerling, and B. Arnold, Cutting Edge: IL-7-Dependent Homeostatic
Proliferation of CD8+ T Cells in Neonatal Mice Allows the Generation of Long-Lived Natural
Memory T Cells. The Journal of Immunology, 2004. 172:15-19.

Goldrath, A\W. and M.J. Bevan, Low-affinity ligands for the TCR drive proliferation of
mature CD8+ T cells in lymphopenic hosts. Immunity, 1999. 11:183-90.

Judge, A.D., X. Zhang, H. Fuijii, C.D. Surh, and J.J.E.M. Sprent, Interleukin 15 controls both
proliferation and survival of a subset of memory-phenotype CD8(+) T cells 2002. 196:935-
46.

Guimond, M., R.G. Veenstra, D.J. Grindler, H. Zhang, Y. Cui, R.D. Murphy, S.Y. Kim, R. Na, L.
Hennighausen, S. Kurtulus, B. Erman, P. Matzinger, M.S. Merchant, and C.L. Mackall,
Interleukin 7 signaling in dendritic cells regulates the homeostatic proliferation and niche
size of CD4+ T cells. Nat Immunol, 2009. 10:149-57.

Min, B., G. Foucras, M. Meier-Schellersheim, and W.E. Paul, Spontaneous proliferation, a
response of naive CD4 T cells determined by the diversity of the memory cell repertoire.
Proceedings of the National Academy of Sciences of the United States of America, 2004.
101:3874-3879.

Su, L.F., B.A. Kidd, A. Han, J.J. Kotzin, and M.M. Davis, Virus-specific CD4(+) memory-
phenotype T cells are abundant in unexposed adults. Immunity, 2013. 38:373-83.
Haluszczak, C., A.D. Akue, S.E. Hamilton, L.D. Johnson, L. Pujanauski, L. Teodorovic, S.C.
Jameson, and R.M. Kedl, The antigen-specific CD8" T cell repertoire in unimmunized mice
includes memory phenotype cells bearing markers of homeostatic expansion. J Exp Med,
2009. 206:435-448.

90



98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Hamilton, S.E. and S.C. Jameson, The nature of the lymphopenic environment dictates
protective function of homeostatic-memory CD8+ T cells. Proc Natl Acad Sci U S A, 2008.
105:18484-9.

Hamilton, S.E., M.C. Wolkers, S.P. Schoenberger, and S.C. Jameson, The generation of
protective memory-like CD8+ T cells during homeostatic proliferation requires CD4+ T
cells. Nat Immunol, 2006. 7:475-81.

Baccala, R. and A.N. Theofilopoulos, The new paradigm of T-cell homeostatic proliferation-
induced autoimmunity. Trends Immunol, 2005. 26:5-8.

Croxford, J.L., H.A. Anger, and S.D. Miller, Viral delivery of an epitope from Haemophilus
influenzae induces central nervous system autoimmune disease by molecular mimicry J
Immunol. 2005. 174:907-17.

Sospedra, M., Y. Zhao, H. zur Hausen, P.A. Muraro, C. Hamashin, E.M. de Villiers, C. Pinilla,
and R. Martin, Recognition of conserved amino acid motifs of common viruses and its role
in autoimmunity. PLoS Pathog, 2005. 1:e41.

Ndejembi, M.P., A.L. Tang, and D.L. Farber, Reshaping the past: Strategies for modulating
T-cell memory immune responses. Clin Immunol, 2007. 122:1-12.

Austin, LLM., M. Ozawa, T. Kikuchi, I.B. Walters, and J.G. Krueger, The majority of
epidermal T cells in Psoriasis vulgaris lesions can produce type 1 cytokines, interferon-
gamma, interleukin-2, and tumor necrosis factor-alpha, defining TC1 (cytotoxic T
lymphocyte) and TH1 effector populations: a type 1 differentiation bias is also measured in
circulating blood T cells in psoriatic patients. J Invest Dermatol, 1999. 113:752-9.

Friedrich, M., S. Krammig, M. Henze, W.D. Docke, W. Sterry, and K. Asadullah, Flow
cytometric characterization of lesional T cells in psoriasis: intracellular cytokine and
surface antigen expression indicates an activated, memory/effector type 1
immunophenotype. Arch Dermatol Res, 2000. 292:519-21.

Kohem, C.L., R.l. Brezinschek, H. Wisbey, C. Tortorella, P.E. Lipsky, and N. Oppenheimer-
Marks, Enrichment of differentiated CD45RBdim,CD27- memory T cells in the peripheral
blood, synovial fluid, and synovial tissue of patients with rheumatoid arthritis. Arthritis
Rheum, 1996. 39:844-54.

Wang, C.R. and M.F. Liu, Regulation of CCR5 expression and MIP-1alpha production in
CD4+ T cells from patients with rheumatoid arthritis. Clin Exp Immunol, 2003. 132:371-8.
Krakauer, M., P.S. Sorensen, and F. Sellebjerg, CD4(+) memory T cells with high CD26
surface expression are enriched for Thl markers and correlate with clinical severity of
multiple sclerosis. J Neuroimmunol, 2006. 181:157-64.

Wulff, H., P.A. Calabresi, R. Allie, S. Yun, M. Pennington, C. Beeton, and K.G. Chandy, The
voltage-gated Kv1.3 K(+) channel in effector memory T cells as new target for MS. J Clin
Invest, 2003. 111:1703-13.

Hu, L., M. Pennington, Q. Jiang, K.A. Whartenby, and P.A. Calabresi, Characterization of
the Functional Properties of the Voltage-Gated Potassium Channel Kv1.3 in Human CD4+ T
Lymphocytes. The Journal of Immunology, 2007. 179:4563-4570.

Sprent, J., X. Zhang, S. Sun, and D.l.L. Tough, T-cell turnover in vivo and the role of
cytokines 1999. 65:21-5.

Berg, R.E., E. Crossley, S. Murray, and J. Forman, Memory CD8+ T Cells Provide Innate
Immune Protection against Listeria monocytogenes in the Absence of Cognate Antigen.
The Journal of Experimental Medicine, 2003. 198:1583-1593.

Kambayashi, T., E. Assarsson, A.E. Lukacher, H.-G. Ljunggren, and P.E. Jensen, Memory
CD8+ T Cells Provide an Early Source of IFN-gamma. The Journal of Immunology, 2003.
170:2399-2408.

Zhang, X., S. Sun, I. Hwang, D.F. Tough, and J.l. Sprent, Potent and selective stimulation of
memory-phenotype CD8+ T cells in vivo by IL-15 1998. 8:591-9.

91



115.

116.

117.

118.

119.

120.

121.

122,
123.
124.

125.

126.

127.

128.

129.

130.

131.

132.

Eberl, G., P. Brawand, and H.R. MacDonald, Selective bystander proliferation of memory
CD4+ and CD8+ T cells upon NK T or T cell activation. J Immunol, 2000. 165:4305-11.
Boyman, O., Bystander activation of CD4+ T cells. Eur J Immunol, 2010. 40:936-9.

Ishida, Y., Y. Agata, K. Shibahara, and T. Honjo, Induced expression of PD-1, a novel
member of the immunoglobulin gene superfamily, upon programmed cell death. EMBO J,
1992. 11:3887-95.

Sharpe, A.H., E.J. Wherry, R. Ahmed, and G.J. Freeman, The function of programmed cell
death 1 and its ligands in regulating autoimmunity and infection. Nat Immunol, 2007.
8:239-45.

Brown, K.E., G.J. Freeman, E.J. Wherry, and A.H. Sharpe, Role of PD-1 in regulating acute
infections. Curr Opin Immunol, 2010. 22:397-401.

Keir, M.E., M.J. Butte, G.J. Freeman, and A.H. Sharpe, PD-1 and its ligands in tolerance and
immunity Ann Rev Immunol, 2008. 26:677-704.

Freeman, G.J., A.J. Long, Y. lwai, K. Bourque, T. Chernova, H. Nishimura, L.J. Fitz, N.
Malenkovich, T. Okazaki, M.C. Byrne, H.F. Horton, L. Fouser, L. Carter, V. Ling, M.R.
Bowman, B.M. Carreno, M. Collins, C.R. Wood, and T. Honjo, Engagement of the PD-1
immunoinhibitory receptor by a novel B7 family member leads to negative regulation of
lymphocyte activation. J Exp Med, 2000. 192:1027-34.

Okazaki, T. and T. Honjo, PD-1 and PD-1 ligands: from discovery to clinical application.
International Immunology, 2007. 19:813-824.

Riley, J.L., PD-1 signaling in primary T cells. Immunol Rev, 2009. 229:114-25.

Carter, L.L., L.A. Fouser, J. Jussif, L. Fitz, B. Deng, C.R. Wood, M. Collins, T. Honjo, G.J.
Freeman, and B.M. Carreno, PD-1:PD-L inhibitory pathway affects both CD4+ and CD8+ T
cells and is overcome by IL-2. European Journal of Immunology, 2002. 32:634-643.

Bennett, F., D. Luxenberg, V. Ling, I.-M. Wang, K. Marquette, D. Lowe, N. Khan, G.
Veldman, K.A. Jacobs, V.E. Valge-Archer, M. Collins, and B.M. Carreno, Program Death-1
Engagement Upon TCR Activation Has Distinct Effects on Costimulation and Cytokine-
Driven Proliferation: Attenuation of ICOS, IL-4, and IL-21, But Not CD28, IL-7, and IL-15
Responses. The Journal of Imnmunology, 2003. 170:711-718.

Stack, G., M.A. Stacey, and I.R. Humphreys, Herpesvirus exploitation of host immune
inhibitory pathways. Viruses, 2012. 4:1182-201.

Allie, S.R., W. Zhang, S. Fuse, and E.J. Usherwood, Programmed death 1 regulates
development of central memory CD8 T cells after acute viral infection. J Immunol, 2011.
186:6280-6.

lwai, Y., S. Terawaki, M. lkegawa, T. Okazaki, and T. Honjo, PD-1 Inhibits Antiviral
Immunity at the Effector Phase in the Liver. The Journal of Experimental Medicine, 2003.
198:39-50.

Isogawa, M., Y. Furuichi, and F.V. Chisari, Oscillating CD8+ T Cell Effector Functions after
Antigen Recognition in the Liver. Immunity, 2005. 23:53-63.

Velu, V., K. Titanji, B. Zhu, S. Husain, A. Pladevega, L. Lai, T.H. Vanderford, L. Chennareddi,
G. Silvestri, G.J. Freeman, R. Ahmed, and R.R. Amara, Enhancing SIV-specific immunity in
vivo by PD-1 blockade. Nature, 2009. 458:206-10.

Barber, D.L., E.J. Wherry, D. Masopust, B. Zhu, J.P. Allison, A.H. Sharpe, G.J. Freeman, and
R. Ahmed, Restoring function in exhausted CD8 T cells during chronic viral infection.
Nature, 2006. 439:682-7.

Day, C.L., D.E. Kaufmann, P. Kiepiela, J.A. Brown, E.S. Moodley, S. Reddy, E.W. Mackey,
J.D. Miller, A.J. Leslie, C. DePierres, Z. Mncube, J. Duraiswamy, B. Zhu, Q. Eichbaum, M.
Altfeld, E.J. Wherry, H.M. Coovadia, P.J. Goulder, P. Klenerman, R. Ahmed, G.J. Freeman,
and B.D. Walker, PD-1 expression on HIV-specific T cells is associated with T-cell
exhaustion and disease progression. Nature, 2006. 443:350-4.

92



133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

Francisco, L.M., V.H. Salinas, K.E. Brown, V.K. Vanguri, G.J. Freeman, V.K. Kuchroo, and
A.H. Sharpe, PD-L1 regulates the development, maintenance, and function of induced
regulatory T cells. The Journal of Experimental Medicine, 2009. 206:3015-3029.

Lages, C.S., I. Lewkowich, A. Sproles, M. Wills-Karp, and C. Chougnet, Partial restoration of
T-cell function in aged mice by in vitro blockade of the PD-1/ PD-L1 pathway. Aging Cell,
2010. 9:785-98.

Dai, H., N. Wan, S. Zhang, Y. Moore, F. Wan, and Z. Dai, Cutting edge: programmed death-1
defines CD8+CD122+ T cells as regulatory versus memory T cells. J Immunol, 2010.
185:803-7.

Lin, S.J., C.D. Peacock, K. Bahl, and R.M. Welsh, Programmed death-1 (PD-1) defines a
transient and dysfunctional oligoclonal T cell population in acute homeostatic
proliferation. J Exp Med, 2007. 204:2321-33.

Nishimura, H., M. Nose, H. Hiai, N. Minato, and T. Honjo, Development of lupus-like
autoimmune diseases by disruption of the PD-1 gene encoding an ITIM motif-carrying
immunoreceptor. Immunity, 1999. 11:141-51.

Okazaki, T., Y. Tanaka, R. Nishio, T. Mitsuiye, A. Mizoguchi, J. Wang, M. Ishida, H. Hiai, A.
Matsumori, N. Minato, and T. Honjo, Autoantibodies against cardiac troponin | are
responsible for dilated cardiomyopathy in PD-1-deficient mice. Nat Med, 2003. 9:1477-83.
Ansari, M.J.,, A.D. Salama, T. Chitnis, R.N. Smith, H. Yagita, H. Akiba, T. Yamazaki, M.
Azuma, H. lwai, S.J. Khoury, H. Auchincloss, Jr., and M.H. Sayegh, The programmed death-
1 (PD-1) pathway regulates autoimmune diabetes in nonobese diabetic (NOD) mice. J Exp
Med, 2003. 198:63-9.

Keir, M.E., S.C. Liang, I. Guleria, Y.E. Latchman, A. Qipo, L.A. Albacker, M. Koulmanda, G.J.
Freeman, M.H. Sayegh, and A.H. Sharpe, Tissue expression of PD-L1 mediates peripheral T
cell tolerance. J Exp Med, 2006. 203:883-95.

Wang, J., T. Yoshida, F. Nakaki, H. Hiai, T. Okazaki, and T. Honjo, Establishment of NOD-
Pdcd1-/- mice as an efficient animal model of type | diabetes. Proc Natl Acad Sci U S A,
2005. 102:11823-8.

Jin, H.-T., R. Ahmed, and T. Okazaki, Role of PD-1 in Regulating T-Cell Immunity, in
Negative Co-Receptors and Ligands, R. Ahmed and T. Honjo, Editors. 2011, Springer Berlin
Heidelberg. p. 17-37.

Hua, Z., D. Li, G. Xiang, F. Xu, G. lJie, Z. Fu, Z. Jie, and P. Da, PD-1 polymorphisms are
associated with sporadic breast cancer in Chinese Han population of Northeast China.
Breast Cancer Res Treat, 2011. 129:195-201.

Topalian, S.L., C.G. Drake, and D.M. Pardoll, Targeting the PD-1/B7-H1(PD-L1) pathway to
activate anti-tumor immunity. Current Opinion in Immunology, 2012. 24:207-212.
Brahmer, J.R., C.G. Drake, I. Wollner, J.D. Powderly, J. Picus, W.H. Sharfman, E. Stankevich,
A. Pons, T.M. Salay, T.L. McMiller, M.M. Gilson, C. Wang, M. Selby, J.M. Taube, R. Anders,
L. Chen, A.J. Korman, D.M. Pardoll, I. Lowy, and S.L. Topalian, Phase | Study of Single-Agent
Anti-Programmed Death-1 (MDX-1106) in Refractory Solid Tumors: Safety, Clinical
Activity, Pharmacodynamics, and Immunologic Correlates. Journal of Clinical Oncology,
2010. 28:3167-3175.

Kamphorst, A.O. and R. Ahmed, Manipulating the PD-1 pathway to improve immunity.
Curr Opin Immunol, 2013. 25:381-8.

Porichis, F. and D.E. Kaufmann, Role of PD-1 in HIV pathogenesis and as target for therapy.
Curr HIV/AIDS Rep, 2012. 9:81-90.

Cheung, K.P., E. Yang, and A.W. Goldrath, Memory-Like CD8+ T Cells Generated during
Homeostatic Proliferation Defer to Antigen-Experienced Memory Cells. The Journal of
Immunology, 2009. 183:3364-3372.

93



149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

Dummer, W., A.G. Niethammer, R. Baccala, B.R. Lawson, N. Wagner, R.A. Reisfeld, and
A.N. Theofilopoulos, T cell homeostatic proliferation elicits effective antitumor
autoimmunity. J Clin Invest, 2002. 110:185-92.

Nishimura, H., N. Minato, T. Nakano, and T. Honjo, Immunological studies on PD-1
deficient mice: implication of PD-1 as a negative regulator for B cell responses. Int
Immunol, 1998. 10:1563-72.

de Boer, J., A. Williams, G. Skavdis, N. Harker, M. Coles, M. Tolaini, T. Norton, K. Williams,
K. Roderick, A.J. Potocnik, and D. Kioussis, Transgenic mice with hematopoietic and
lymphoid specific expression of Cre. Eur J Immunol, 2003. 33:314-25.

Veiga-Fernandes, H., M.C. Coles, K.E. Foster, A. Patel, A. Williams, D. Natarajan, A. Barlow,
V. Pachnis, and D. Kioussis, Tyrosine kinase receptor RET is a key regulator of Peyer's patch
organogenesis. Nature, 2007. 446:547-51.

Mamalaki, C., T. Norton, Y. Tanaka, A.R. Townsend, P. Chandler, E. Simpson, and D.
Kioussis, Thymic depletion and peripheral activation of class | major histocompatibility
complex-restricted T cells by soluble peptide in T-cell receptor transgenic mice. Proc Natl
Acad Sci US A, 1992. 89:11342-6.

Spanopoulou, E., C.A. Roman, L.M. Corcoran, M.S. Schlissel, D.P. Silver, D. Nemazee, M.C.
Nussenzweig, S.A. Shinton, R.R. Hardy, and D. Baltimore, Functional immunoglobulin
transgenes guide ordered B-cell differentiation in Rag-1-deficient mice. Genes Dev, 1994.
8:1030-42.

Chatzidakis, I., G. Fousteri, D. Tsoukatou, G. Kollias, and C. Mamalaki, An essential role for
TNF in modulating thresholds for survival, activation, and tolerance of CD8+ T cells. J
Immunol, 2007. 178:6735-45.

Marzo, A.L., K.D. Klonowski, A. Le Bon, P. Borrow, D.F. Tough, and L. Lefrancois, Initial T
cell frequency dictates memory CD8+ T cell lineage commitment. Nat Immunol, 2005.
6:793-9.

Mbitikon-Kobo, F.M., M. Vocanson, M.C. Michallet, M. Tomkowiak, A. Cottalorda, G.S.
Angelov, C.A. Coupet, S. Djebali, A. Marcais, B. Dubois, N. Bonnefoy-Berard, J.F. Nicolas, C.
Arpin, and J. Marvel, Characterization of a CD44/CD122int memory CD8 T cell subset
generated under sterile inflammatory conditions. J Immunol, 2009. 182:3846-54.

Jaakkola, 1., M. Merinen, S. Jalkanen, and A. Hanninen, Ly6C Induces Clustering of LFA-1
(CD11a/CD18) and Is Involved in Subtype-Specific Adhesion of CD8 T Cells. The Journal of
Immunology, 2003. 170:1283-1290.

Hanninen, A., M. Maksimow, C. Alam, D.). Morgan, and S. Jalkanen, Ly6C supports
preferential homing of central memory CD8+ T cells into lymph nodes. European Journal of
Immunology, 2011. 41:634-644.

Berard, M., K. Brandt, S. Bulfone-Paus, and D.F. Tough, IL-15 promotes the survival of
naive and memory phenotype CD8+ T cells. J Immunol, 2003. 170:5018-26.

Boyman, O., J.H. Cho, J.T. Tan, C.D. Surh, and J. Sprent, A major histocompatibility complex
class I-dependent subset of memory phenotype CD8+ cells. J Exp Med, 2006. 203:1817-25.
Venturi, G.M,, L. Tu, T. Kadono, A.l. Khan, Y. Fujimoto, P. Oshel, C.B. Bock, A.S. Miller, R.M.
Albrecht, P. Kubes, D.A. Steeber, and T.F. Tedder, Leukocyte Migration Is Regulated by L-
Selectin Endoproteolytic Release. Immunity, 2003. 19:713-724.

Zhang, X., H. Fujii, H. Kishimoto, E. LeRoy, C.D. Surh, and J.J.E.M. Sprent, Aging leads to
disturbed homeostasis of memory phenotype CD8(+) cells 2002. 195:283-93.

Rutishauser, R.L. and S.M. Kaech, Generating diversity: transcriptional regulation of
effector and memory CD8 T-cell differentiation. Immunol Rev, 2010. 235:219-33.

Willinger, T., T. Freeman, H. Hasegawa, A.J. McMichael, and M.F. Callan, Molecular
signatures distinguish human central memory from effector memory CD8 T cell subsets. J
Immunol, 2005. 175:5895-903.

94



166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

Funatake, C.J., K. Ao, T. Suzuki, H. Murai, M. Yamamoto, Y. Fujii-Kuriyama, N.I. Kerkvliet,
and K. Nohara, Expression of constitutively-active aryl hydrocarbon receptor in T-cells
enhances the down-regulation of CD62L, but does not alter expression of CD25 or suppress
the allogeneic CTL response. J Immunotoxicol, 2009. 6:194-203.

Lawrence, B.P. and B.A. Vorderstrasse, Activation of the aryl hydrocarbon receptor
diminishes the memory response to homotypic influenza virus infection but does not
impair host resistance. Toxicol Sci, 2004. 79:304-14.

Miyazaki, K., M. Miyazaki, Y. Guo, N. Yamasaki, M. Kanno, Z. Honda, H. Oda, H. Kawamoto,
and H. Honda, The role of the basic helix-loop-helix transcription factor Decl in the
regulatory T cells. J Immunol, 2010. 185:7330-9.

Agarwal, P., A. Raghavan, S.L. Nandiwada, J.M. Curtsinger, P.R. Bohjanen, D.L. Mueller,
and M.F. Mescher, Gene regulation and chromatin remodeling by IL-12 and type | IFN in
programming for CD8 T cell effector function and memory. J Immunol, 2009. 183:1695-704.
Kehren, J., C. Desvignes, M. Krasteva, M.T. Ducluzeau, O. Assossou, F. Horand, M. Hahne,
D. Kagi, D. Kaiserlian, and J.F. Nicolas, Cytotoxicity is mandatory for CD8(+) T cell-mediated
contact hypersensitivity. J Exp Med, 1999. 189:779-86.

Walzer, T., C. Arpin, L. Beloeil, and J. Marvel, Differential in vivo persistence of two subsets
of memory phenotype CD8 T cells defined by CD44 and CD122 expression levels. J
Immunol, 2002. 168:2704-11.

Laouar, A., M. Manocha, V. Haridas, and N. Manjunath, Concurrent generation of effector
and central memory CD8 T cells during vaccinia virus infection. PLoS One, 2008. 3:e4089.
Amanna, 1.J., M.K. Slifka, and S. Crotty, Immunity and immunological memory following
smallpox vaccination. Immunol Rev, 2006. 211:320-37.

Hansen, S.G., J.C. Ford, M.S. Lewis, A.B. Ventura, C.M. Hughes, L. Coyne-Johnson, N.
Whizin, K. Oswald, R. Shoemaker, T. Swanson, A.W. Legasse, M.J. Chiuchiolo, C.L. Parks,
M.K. Axthelm, J.A. Nelson, M.A. Jarvis, M. Piatak, Jr., J.D. Lifson, and L.J. Picker, Profound
early control of highly pathogenic SIV by an effector memory T-cell vaccine. Nature, 2011.
473:523-7.

Vezys, V., A. Yates, K.A. Casey, G. Lanier, R. Ahmed, R. Antia, and D. Masopust, Memory
CD8 T-cell compartment grows in size with immunological experience. Nature, 2009.
457:196-9.

Wirth, T.C., H.H. Xue, D. Rai, J.T. Sabel, T. Bair, J.T. Harty, and V.P. Badovinac, Repetitive
antigen stimulation induces stepwise transcriptome diversification but preserves a core
signature of memory CD8(+) T cell differentiation. Immunity, 2010. 33:128-40.

Masopust, D., S.J. Ha, V. Vezys, and R. Ahmed, Stimulation history dictates memory CD8 T
cell phenotype: implications for prime-boost vaccination. J Immunol, 2006. 177:831-9.
Wherry, E.J., S.J. Ha, S.M. Kaech, W.N. Haining, S. Sarkar, V. Kalia, S. Subramaniam, J.N.
Blattman, D.L. Barber, and R. Ahmed, Molecular signature of CD8+ T cell exhaustion during
chronic viral infection. Immunity, 2007. 27:670-84.

Pentcheva-Hoang, T., E. Corse, and J.P. Allison, Negative regulators of T-cell activation:
potential targets for therapeutic intervention in cancer, autoimmune disease, and
persistent infections. Immunol Rev, 2009. 229:67-87.

Goldberg, M.V., C.H. Maris, E.L. Hipkiss, A.S. Flies, L. Zhen, R.M. Tuder, J.F. Grosso, T.J.
Harris, D. Getnet, K.A. Whartenby, D.G. Brockstedt, T.W. Dubensky, L. Chen, D.M. Pardoll,
and C.G. Drake, Role of PD-1 and its ligand, B7-H1, in early fate decisions of CD8 T cells.
Blood, 2007. 110:186-192.

Hart, G.T., K.A. Hogquist, and S.C. Jameson, Kriippel-like Factors in Lymphocyte Biology.
The Journal of Immunology, 2012. 188:521-526.

Berstein, G. and R.T. Abraham, Moving out: mobilizing activated T cells from lymphoid
tissues. Nat Immunol, 2008. 9:455-7.

95



183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

Bai, A., H. Hu, M. Yeung, and J. Chen, Kriippel-Like Factor 2 Controls T Cell Trafficking by
Activating L-Selectin (CD62L) and Sphingosine-1-Phosphate Receptor 1 Transcription. The
Journal of Immunology, 2007. 178:7632-7639.

Sinclair, L.V., D. Finlay, C. Feijoo, G.H. Cornish, A. Gray, A. Ager, K. Okkenhaug, T.J.
Hagenbeek, H. Spits, and D.A. Cantrell, Phosphatidylinositol-3-OH kinase and nutrient-
sensing mTOR pathways control T lymphocyte trafficking. Nat Immunol, 2008. 9:513-21.
Hedrick, S.M., R. Hess Michelini, A.L. Doedens, A.W. Goldrath, and E.L. Stone, FOXO
transcription factors throughout T cell biology. Nat Rev Immunol, 2012. 12:649-61.
Tzelepis, F., ). Joseph, E.K. Haddad, S. MacLean, R. Dudani, F. Agenes, S.L. Peng, R.-P.
Sekaly, and S. Sad, Intrinsic Role of Fox0O3a in the Development of CD8+ T Cell Memory.
The Journal of Imnmunology, 2013. 190:1066-1075.

Yamada, T., C.S. Park, M. Mamonkin, and H.D. Lacorazza, Transcription factor ELF4
controls the proliferation and homing of CD8+ T cells via the Kruppel-like factors KLF4 and
KLF2. Nat Immunol, 2009. 10:618-26.

Tough, D.F., Deciphering the relationship between central and effector memory CD8+ T
cells. Trends in immunology, 2003. 24:404-407.

Masopust, D., S.M. Kaech, E.J. Wherry, and R. Ahmed, The role of programming in memory
T-cell development. Current Opinion in Immunology, 2004. 16:217-225.

Chikuma, S., S. Terawaki, T. Hayashi, R. Nabeshima, T. Yoshida, S. Shibayama, T. Okazaki,
and T. Honjo, PD-1-Mediated Suppression of IL-2 Production Induces CD8+ T Cell Anergy In
Vivo. The Journal of Immunology, 2009. 182:6682-6689.

Lefrancois, L., Development, trafficking, and function of memory T-cell subsets.
Immunological Reviews, 2006. 211:93-103.

Woodland, D.L. and J.E. Kohlmeier, Migration, maintenance and recall of memory T cells in
peripheral tissues. Nat Rev Immunol, 2009. 9:153-61.

Marzo, A.L., H. Yagita, and L. Lefrancois, Cutting edge: migration to nonlymphoid tissues
results in functional conversion of central to effector memory CD8 T cells. J Immunol, 2007.
179:36-40.

Cui, W. and S.M. Kaech, Generation of effector CD8+ T cells and their conversion to
memory T cells. Immunol Rev, 2010. 236:151-66.

Wirth, T.C., V.P. Badovinac, L. Zhao, M.O. Dailey, and J.T. Harty, Differentiation of Central
Memory CD8 T Cells Is Independent of CD62L-Mediated Trafficking to Lymph Nodes. The
Journal of Immunology, 2009. 182:6195-6206.

Nolz, J.C.,, D. Rai, V.P. Badovinac, and J.T. Harty, Division-linked generation of death-
intermediates regulates the numerical stability of memory CD8 T cells. Proceedings of the
National Academy of Sciences, 2012. 109:6199-6204.

Chen, L., Co-inhibitory molecules of the B7-CD28 family in the control of T-cell immunity.
Nat Rev Immunol, 2004. 4:336-47.

Nishimura, H., T. Okazaki, Y. Tanaka, K. Nakatani, M. Hara, A. Matsumori, S. Sasayama, A.
Mizoguchi, H. Hiai, N. Minato, and T. Honjo, Autoimmune dilated cardiomyopathy in PD-1
receptor-deficient mice. Science, 2001. 291:319-22.

Waterhouse, P., J.M. Penninger, E. Timms, A. Wakeham, A. Shahinian, K.P. Lee, C.B.
Thompson, H. Griesser, and T.W. Mak, Lymphoproliferative disorders with early lethality
in mice deficient in Ctla-4. Science, 1995. 270:985-8.

Thangavelu, G., J.C. Parkman, C.L. Ewen, R.R. Uwiera, T.A. Baldwin, and C.C. Anderson,
Programmed death-1 is required for systemic self-tolerance in newly generated T cells
during the establishment of immune homeostasis. J Autoimmun, 2011. 36:301-12.
Tsushima, F., H. lwai, N. Otsuki, M. Abe, S. Hirose, T. Yamazaki, H. Akiba, H. Yagita, Y.
Takahashi, K. Omura, K. Okumura, and M. Azuma, Preferential contribution of B7-H1 to
programmed death-1-mediated regulation of hapten-specific allergic inflammatory
responses. Eur J Immunol, 2003. 33:2773-82.

96



202.

203.

204.

205.

206.

207.

208.

Gett, A.V., F. Sallusto, A. Lanzavecchia, and J. Geginat, T cell fitness determined by signal
strength. Nat Immunol, 2003. 4:355-60.

Sun, J.C. and M.J. Bevan, Cutting edge: long-lived CD8 memory and protective immunity in
the absence of CD40 expression on CD8 T cells. J Immunol, 2004. 172:3385-9.

Seder, R.A. and R. Ahmed, Similarities and differences in CD4+ and CD8+ effector and
memory T cell generation. Nat Immunol, 2003. 4:835-42.

Powrie, F., R. Correa-Oliveira, S. Mauze, and R.L. Coffman, Regulatory interactions
between CD45RBhigh and CD45RBlow CD4+ T cells are important for the balance between
protective and pathogenic cell-mediated immunity. J Exp Med, 1994. 179:589-600.

Eri, R., M.A. McGuckin, and R. Wadley, T cell transfer model of colitis: a great tool to assess
the contribution of T cells in chronic intestinal inflammation. Methods Mol Biol, 2012.
844:261-75.

Brahmer, J.R., C.G. Drake, I. Wollner, J.D. Powderly, J. Picus, W.H. Sharfman, E. Stankevich,
A. Pons, T.M. Salay, T.L. McMiller, M.M. Gilson, C. Wang, M. Selby, J.M. Taube, R. Anders,
L. Chen, A.J. Korman, D.M. Pardoll, I. Lowy, and S.L. Topalian, Phase | study of single-agent
anti-programmed death-1 (MDX-1106) in refractory solid tumors: safety, clinical activity,
pharmacodynamics, and immunologic correlates. J Clin Oncol, 2010. 28:3167-75.

Bot, A., Z. Qiu, R. Wong, M. Obrocea, and K.A. Smith, Programmed cell death-1 (PD-1) at
the heart of heterologous prime-boost vaccines and regulation of CD8+ T cell immunity. J
Transl Med, 2010. 8:132.

97



Conjugated Antibodies for ; I'a Ce].]. S1gna11ng

Flow cytometry TECHNOLOGY®

from Cell Signaling Technology A Vol WWW.ce"SIgnal.com
ANTIBODIES AND RELATED REAGENTS FOR SIGNAL TRANSDUCTION RESEARCH

m—:J URNAL o Programmed Death-1 Shapes Memory
[MMUNOLOGY Phenotype CD8 T Cell Subsetsin a
Céll-Intrinsic Manner

Thisinformationiscurrentas JoannaJ. Charlton, loannis Chatzidakis, Debbie Tsoukatou,
of June 10, 2013. Dimitrios T. Boumpas, George A. Garinisand Clio
Mamal aki

J Immunol 2013; 190:6104-6114; Prepublished online 17
May 2013,

doi: 10.4049/jimmunol.1201617
http://www.jimmunol.org/content/190/12/6104

Supplementary  http://www.jimmunol.or g/content/suppl/2013/05/17/jimmunol.120161
Material  7.DC1.html

References Thisarticle cites 60 articles, 28 of which you can access for free at:
http://www.jimmunol .org/content/190/12/6104.ful l#ref-list-1

Subscriptions  Information about subscribing to The Journal of Immunology is online at:
http://jimmunol.org/subscriptions

Permissions  Submit copyright permission requests at:
http://www.aai .org/ji/copyright.html

Email Alerts Receive free email-alerts when new articles cite this article. Sign up at:
http://jimmunol.org/cgi/alerts/etoc

The Journal of Immunology is published twice each month by
The American Association of Immunologists, Inc.,

9650 Rockville Pike, Bethesda, MD 20814-3994.

Copyright © 2013 by The American Association of
Immunologists, Inc. All rights reserved.

Print ISSN: 0022-1767 Online | SSN: 1550-6606.

€102 ‘0T aunc uo 1s8nb Aq /1o’ jounwuw i [-mmmy/:dny wouy papeojumod


http://www.jimmunol.org/cgi/adclick/?ad=37562&adclick=true&url=http%3A%2F%2Fwww.cellsignal.com%2Ftechnologies%2Fflow.html%3Futm_source%3DJournal%2Bof%2BImmunology%26utm_medium%3Dpdf%26utm_content%3DConjugated%2BAntibodies%2Bfor%2BFlow%2BCytometry%26utm_c
http://www.jimmunol.org/

The Journal of Immunology

Programmed Death-1 Shapes Memory Phenotype CD8 T Cell
Subsets in a Cell-Intrinsic Manner

Joanna J. Charlton,”"*’1 Ioannis Chatzidakis,*’i’1 Debbie Tsoukatou,*
Dimitrios T. Boumpas,*" George A. Garinis,** and Clio Mamalaki*

Memory phenotype T cells, found in unimmunized mice, display phenotypic and functional traits of memory cells and provide
essential protection against infections, playing a role in both innate and adaptive immune responses. Mechanisms governing ho-
meostasis of these memory phenotype T cells remain ill-defined. In this study, we reveal a crucial role of the negative costimulator
programmed death-1 (PD-1) in regulating developmental fates of memory phenotype cells. Thus, in lymphoid organs and tissues of
PD-1 knockout (KO) mice a marked accumulation of functional effector memory (Tgy;) phenotype CD8 T cells was observed. Tgy
phenotype cells from PD-1 KO mice exhibit decreased proliferation but increased survival potential. These cells could produce
effector molecules constitutively, in response to phorbol esters or through bystander activation by innate stimuli. Similarly, in
lymphopenia-induced proliferating CD8 T cells, whereby normally naive T cells acquire a memory phenotype, skewing toward
a Tgy phenotype was prominent in the absence of PD-1. Acquisition of the Tgy; phenotype was a CD8 T cell-intrinsic phenom-
enon as demonstrated by mixed bone marrow transfer experiments. Importantly, adoptively transferred PD-1 KO CD8 central
memory T (Tcy) cells converted into the Tgy; phenotype, indicating that PD-1 sets a major checkpoint in the Tcyy to Ty
phenotype differentiation process. This was reflected by distinct patterns of gene expression of PD-1 KO T¢y phenotype cells
revealed by global transcriptional analysis. Additionally, adoptively transferred PD-1 KO Tgy; phenotype cells converted to
a lesser degree to a Ty phenotype. Collectively, these data suggest that PD-1 shapes memory phenotype CD8 T cell sub-

sets. The Journal of Immunology, 2013, 190: 6104-6114.

emory phenotype (MP) T cells are found in normal,
M unimmunized mice and display phenotypic and func-

tional traits of memory cells; they account for 10-20%
of T cells in young mice, and their number increases with age. It
is thought that they are generated as a result of lifetime exposure
to various environmental Ags, self-Ags (1), or even simply by ho-
meostatic expansion mechanisms. Signaling by IL-7 and/or other
common <y-chain cytokines, such as IL-15, can induce naive T
cells to undergo homeostatic proliferation and convert into cells
with a memory phenotype (2). Apart from their role in secondary
adaptive immune responses, MP cells seem to display important
innate immune responses that provide early protection against
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pathogens during a primary response mostly by producing IFN-vy
(bystander activation) in response to IL-12, IL-18, and IFN-a/3
produced by macrophages and dendritic cells (3, 4). MP and Ag-
specific memory CDS8 T cells can be broadly divided into central
memory (Tcy) and effector memory (Tgyy) cells based on dif-
ferential expression of CCR7 and CD62L and different properties
regarding effector functions, migration to lymphoid organs or
tissues, as well as proliferation in response to Ag or cytokines (5).
Tewm cells are CD44MCD62LMCCR7™ and migrate preferentially
to lymph nodes, whereas Ty cells are CD44"CD62L'°CCR7"
and are mostly located in spleen, peripheral tissues, and bone
marrow. Tgy cells provide immediate effector functions at the site
of pathogen entry through production of lytic molecules such as
perforin and granzymes as well as IFN-y (5-8).

Several models have been proposed to explain the lineage
relationship of Tgy; and Ty Ag-specific memory subsets. The
question of memory subset interconversion has been addressed in
different experimental systems, and both conversion of Tgy; to
Tewm cells (9, 10) and Tey to Tey cells have been reported (11—
13). Importantly, recent studies have shown that a single naive
precursor cell is able to give rise to all different memory subsets
(14, 15). Although mechanisms governing subset differentiation
of memory T cells is the subject of intense investigation, homeo-
stasis of MP T cell subsets is less well studied.

Costimulation has been shown to be a critical parameter in de-
termining the developmental fate of memory T cells (16-22). Pro-
grammed death-1 (PD-1) is an immunoreceptor that belongs to
the CD28/CTLA-4 family and is expressed (among others) on
activated CD4 and CD8 T cells. PD-1 negatively regulates TCR
signaling upon engagement of one of its ligands PD-ligand 1 and
PD-ligand 2 (23, 24). Apart from the established role of PD-1 in
peripheral T cell tolerance, its role in immunity and infection is
also well described. PD-1 is highly expressed on virus-specific
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CD8 T cells in chronic infections and is correlated with an
“exhausted” T cell phenotype that is reversed upon PD-1 neu-
tralization (25, 26). The PD-1 pathway can compromise CD8
T cell responses during some acute infections and contributes
to the functional impairment of “helpless” CD8 T cells (27). The
role of PD-1 in generation, maintenance, and function of MP CD8
T cells is less clear. MP CD8 T cells express PD-1, especially in
aged mice, but to a lesser extent compared with MP CD4 T cells
(28), and most PD-1-expressing MP CD8 T cells belong to the
Tem phenotype. Interestingly, PD-1 expression on MP CD8*
CD122" T cells defines an IL-10-producing regulatory T cell
population (29). In settings of lymphopenia, a short-lived PD-1*
fraction has been identified among homeostatically proliferating
(lymphopenia-induced proliferating, LIP) CD8 T cells, charac-
terized by poor functional responses (30).

In this study we demonstrate a crucial role of PD-1 in differ-
entiation of MP CD8 T cells. Our data reveal that PD-1 impedes
accumulation of Tgy phenotype CD8 T cells through promoting
their apoptotic death and by inhibiting conversion of Tcy to Ty
phenotype.

Materials and Methods
Mice

PD-1 knockout (KO) (31), GFP-transgenic (32), and DsRed-transgenic
mice (33) have been previously described. All mice were backcrossed to
the C57BL/10 background for 10 generations. C5S7BL/10 (referred to as
wild-type, WT) and C57BL/10.PD-1-deficient mice (PD-1 KO) were used
in the current study. Mice were maintained in the Institute of Molecular
Biology and Biotechnology colony. All experiments were approved by the
General Directorate of Veterinary Services, Region Crete.

Flow cytometry

Cells from spleen, thymus, lymph nodes, and blood were prepared for flow
cytometry as previously described (34). The following Abs, as well as
annexin V-FITC and propidium iodide, were purchased from BD Pharmigen:
anti—-CD8a-allophycocyanin, anti-CD8b-allophycocyanin, anti-CD69-
PE, anti-CD62L-PE, anti—-CD62L-PE-Cy7, anti-CD62L-FITC, anti-CD44-
PerCP-Cy5, anti-CD44-PE, anti-CD25-PE, anti-CD122-PE, anti-CD4-PerCP,
anti—IFN-y-PE, and anti—IL-2-PE. Anti-CD127-PE, anti-Ki-67-PE, and anti—
BrdU-allophycocyanin were from eBioscience; anti—granzyme B (GzmB)-
PE (clone GB12) was from Invitrogen. For CCR7 staining, a fusion of the
CCL19 chemokine and the Fc fragment, plus PE-labeled anti-human IgG
Fcy fragment, was used (eBioscience). Acquisition was carried out on a
FACSCalibur and data were analyzed with WinMDI or FlowJo software.
The significance of all data was evaluated by a Student ¢ test and, where
significant, p values are shown.

BrdU incorporation and Ki-67 analysis

Seven-month-old PD-1 KO and WT mice were fed daily with 0.8 mg/ml
BrdU (Sigma-Aldrich) for 1 wk. On day 7 the mice were sacrificed and
splenocytes were stained as described above. For BrdU analysis, cells were
treated as previously described (35). Briefly, cells were treated with BD
FACS lysing solution (BD Biosciences), followed by overnight fixation in
1% paraformaldehyde containing solution. Cellular DNA was then dena-
tured with 50 Kunitz units of DNase I (Sigma-Aldrich) before being
stained with anti-BrdU (BD Biosciences). For Ki-67 analysis, 7-mo-old
mice were sacrificed and splenocytes were stained as above. Cells were
then treated for 15 min with BD FACS lysing solution, followed by fixation
at 4°C in 1% paraformaldehyde and 0.05% Nonidet P-40 for 30 min. Cells
were then blocked with mouse FcyR (CD16/CD32; BD Biosciences) for
15 min and then immediately stained with Ki-67 for 30 min at 4°C. Cells
were then analyzed by flow cytometry.

Isolation of lymphocytes from liver and lung

Mice were sacrificed and perfused via the left ventricle with 20 ml ice-cold
PBS. Tissues were then teased over a filter. For lungs, Lympholyte-M
(Cedarlane Laboratories, catalog no. CL5031) was used according to the
manufacturer’s instructions. Cell suspensions from livers were spun at
550 X g. The cell pellet was resuspended in RPMI 1640 and overlaid onto
33% (v/v) Percoll solution (Sigma-Aldrich) followed by centrifugation at
800 X g for 30 min. Remaining cells after aspiration were washed twice
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with RPMI 1640 by centrifugation at 800 X g for 5 min at 4°C. Subsequent
removal of RBCs was performed by water lysis.

In vivo or in vitro stimulation and intracellular cytokine
staining

For cytokine production, splenocytes were incubated for 4 h in the presence
of GolgiPlug (BD Biosciences) and 50 ng/ml PMA and 500 ng/ml ion-
omycin (both from Sigma-Aldrich) or untreated. For all experiments culture
medium was RPMI 1640 (Biosera) supplemented with 10% FBS, 10 mM
HEPES, 100 U/ml penicillin-streptomycin, 2 mM L-glutamine, and 50 uM
2-ME. In some experiments 3-mo-old WT and PD-1 KO mice were
challenged with 50 pwg LPS (Escherichia coli 0111:B4) (Sigma-Aldrich)
or PBS for 4 h and were then sacrificed and splenocyte suspensions were
incubated with GolgiPlug. Cells were washed and stained for surface
markers, as previously described. Cells were then fixed and rendered
permeable by using a Cytofix/Cytoperm kit (BD Biosciences), according to
the manufacturer’s instructions, and subsequently stained for intracellular
cytokines and analyzed by flow cytometry.

Transfer of sorted CD8" T cell subsets

CD8"* T cells were purified from spleen with the negative selection MACS
magnetic beads separation system (Miltenyi Biotec) according to the man-
ufacturer’s instructions. Purified CD8"GFP"* T cells were stained with anti—
CD44-PerCP-CyS5, anti-CD8-allophycocyanin, and anti-CD62L-PE for the
purification of Tgy (CD8TCD44"CD62L"), Ty (CD8*CD44™CD62LM),
or naive cells (CD8*CD44'"°) and sorted with a Dako MoFlo T high-per-
formance cell sorter. Cells (1.5 X 10°) were then adoptively transferred into
WT and PD-1 KO mice. Cell fate was analyzed after 42 d on the basis of
CD62L and CD44 expression on donor-derived GFP*CD8* cells. In the case
of naive cells, recipients were sublethally irradiated (450 rads).

For SNARF-1 (seminaphtorhodafluor-1-carboxylic acid acetate succi-
nimidyl ester; Molecular Probes) labeling, purified cells (10-20 X 10%/ml)
were labeled with 25 WM SNARF-1 in PBS, for 30 min at 37°C, as de-
scribed (34).

Microarray hybridizations and analysis

Spleen cells from 7-mo-old WT and PD-1 KO mice were sorted for CD8
Tem cells as described above. RNA was then extracted by standard pro-
cedures according to manufacturer’s instructions (Qiagen). For genome-
wide expression analysis of these cell populations, synthesis of double-
stranded cDNA and biotin-labeled cRNA was performed according to the
instructions of the manufacturer (Affymetrix). Fragmented cRNA prepa-
rations were hybridized to full mouse genome oligonucleotide arrays
(GeneChip mouse genome 430 2.0 array; Affymetrix). Initial data ex-
traction and normalization within each array were performed by means of
GeneChip operating software (Affymetrix). Microarrays complied with the
Minimum Information About a Microarray Experiment and are available at
ArrayExpress (http://www.ebi.ac.uk/arrayexpress, accession number E-
MTAB-1569). Expression intensities from the PD-1 KO Ty phenotype
CD8 T cells and corresponding controls were log transformed and nor-
malized within and between arrays with the quantile normalization method
using the R open statistical package (http://www.r-project.org/). Two-
tailed, pairwise analysis or a two-way ANOVA was used to extract the
statistically significant data from each group of mice by means of the
Spotfire Decision Site software package 7.2 version 10.0 (TIBCO Spotfire,
Somerville, MA). The criteria for significance were set at p =< 0.05 and a =
1.5-fold or more change in gene expression. The Affymetrix 430 2.0 ar-
rays include several internal controls to ensure accurate and reproducible
measurement of gene expression changes. For each probe set, signals were
considered to be valid when they were marked as “present” (for more in-
formation, see http://www.affymetrix.com) and exhibited a signal >40 in
at least one microarray hybridization. All probe sets with a signal <40
were set to be equal to 40. When there were discrepancies in the direction
of expression between multiple probe sets, the gene was not included.
Significant overrepresentation of fifth-level gene ontology terms describing
“biological process” annotation (GOTERM_BP_5) was identified with the
National Institute of Allergy and Infectious Diseases Database for Anno-
tation, Visualization and Integrated Discovery Web site (http://www.david.
abcc.nciferf.gov)

Generation of mixed bone marrow chimeras

Bone marrow was obtained from femurs of GFP-transgenic and PD-1 KO
mice. Mature T cells were first depleted by the use of anti-CD90.2 (BD
Biosciences) plus complement (Cedarlane Laboratories), according to manu-
facturers’ instructions. Contamination of bone marrow cells with mature
T cells was <0.1%. A mixture of 10’ WT and PD-1 KO bone marrow cells
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at a 1:1 ratio was injected i.v. into DsRed mice lethally irradiated with 950
rads. Cells from these chimeras were analyzed after 8 wk.

Results
Increased numbers of Tgy phenotype CDS8 T cells in lymphoid
organs and tissues of PD-1 KO mice

We analyzed splenocytes from young (2- to 4-mo-old) and middle-
aged (7- to 14-mo-old) C57BL/10 (WT) and C57BL/10.PD-1 KO
(PD-1 KO) mice for the presence of CD8*CD44" (MP CD8) cells.
As expected (1), middle-aged WT mice had accumulated more
CD8*CD44" T cells than did young WT ones (9.6 versus 3.8 X
10°% Fig. 1A). Splenocytes from either young or middle-aged PD-
1 KO mice contained slightly, but significantly, higher numbers of
MP CDS8 T cells compared with WT mice of respective age (Fig.
1A). When we further categorized these cells to Tcy phenotype
(CD44"CD62L) or Ty phenotype (CD44"CD62L'°) we found
that young and middle-aged PD-1 KO mice contained ~3- and
~5.5-fold, respectively, more Tgy phenotype CDS cells in spleen
than did their WT counterparts (Fig. 1B, 1C). As expected, Tgy
phenotype cells expressed low levels of CCR7, as shown by co-
regulation of CD62L and CCR7 expression on WT and PD-1 KO
CD8 T cells (Fig. 1D). Naive and Tcy phenotype CD8 T cell
numbers were not significantly different between WT and PD-1
KO mice in any age group (Fig. 1C).

Because Tgy cells migrate preferentially to tissues, we ana-
lyzed CD8* T cells isolated from liver, lung, peritoneal cavity, and
bone marrow. In all tissues the percentage of Tgy; phenotype cells
among CD8" T cells was significantly higher in PD-1 KO mice.
Similar results were obtained in blood (Fig. 2A). When we con-
sider that recovered CD8" T cells were more numerous in all PD-1
KO tissues examined, Tgy phenotype cells were from ~5-fold (in
bone marrow) to ~9-fold (in lung) more abundant when compared
with tissues from WT animals (Fig. 2B). It is possible that the
observed differences were due to increased preference of PD-1
KO Tgm phenotype CDS cells to migrate from lymph nodes to
tissues. However, when lymph nodes from WT and PD-1 KO mice
were examined, the same trend was observed; that is, Tgy phe-
notype CD8 T cells were significantly more numerous in lymph
nodes from PD-1 KO mice (Fig. 2).

Phenotypic and functional analysis of PD-1 KO Tgy, phenotype
CD8 T cells

CD44"CD62L'°CCR7" Teym phenotype cells have been reported
to express CD127 (IL-7Ra) and CD122 (IL-2RB-chain), whereas
they lack CD25 (IL-2Ra). We investigated expression of several
activation/memory markers on the surface of accumulated PD-1
KO Tgym phenotype CD8 T cells (Fig. 3A); we found that Tgy
phenotype cells from both PD-1 KO and WT mice were CD25 ",
consistent with a memory and not a recently activated effector
phenotype. CD122 was found to be expressed on a larger fraction
of PD-1 KO Tgym phenotype cells compared with WT (93 versus
65%), suggesting a possible role of IL-15 in the homeostasis of
the accumulated cells (1). Although CD127 was expressed on a
slightly lower percentage of Tgy cells from PD-1 KO mice, the
absolute number of CD127 Tgy phenotype CD8* cells was found
to be 3-fold higher compared with WT spleens as a consequence
of increased numbers of Tgy cells in spleen of PD-1 KO mice
(Fig. 3B). Interestingly, there was a percentage of PD-1 KO and
WT Tgy phenotype CD8* cells that expressed the early activation
marker CD69, and this was increased in the PD-1 KO cells (Fig.
3A). However, these cells could not be typical effectors because
they were uniformly CD25 .

GzmB is one of the most important effector molecules produced
by armed cytotoxic CD8 T cells. GzmB expression was assayed ex

-

CD8*CD44N T cells(x10)
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O
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FIGURE 1. Increased numbers of Tgy; phenotype CD8* cells in spleen
of PD-1 KO mice. Young (2- to 4-mo-old) or middle-aged (7- to 14-mo-
old) mice were sacrificed and spleen cell suspensions were analyzed by
flow cytometry. (A) Total CD8*CD44" spleen cell numbers of WT and PD-
1 KO mice. Bars indicate mean values with error bars showing SD (n = 13/
group). (B) CD8" splenocytes cells were further categorized phenotypi-
cally into naive (CD44'°CD62L™), Ty (CD44™CD62L"), and Tgy; phe-
notype cells (CD44" CD62L') in spleen of middle-aged mice. Represen-
tative dot plots from middle-aged mice are shown with percentages of
cell subsets in each region. (C) Total numbers of naive, Tgy, and Tem
phenotype CD8" cells with error bars indicating the SD. Results are rep-
resentative of three individual experiments with three mice per group. (D)
Splenocytes from 9-mo-old mice were analyzed for coexpression of CCR7
and CD62L gated on CD8* T cells. Representative dot plots are shown
with percentages of cells per region.

vivo in WT and PD-1 KO CDS8 T cells from middle-aged mice. In
Tgm phenotype CD8 T cells there was a discrete GzmB" pop-
ulation that was significantly larger when cells came from PD-1
KO mice (5 versus 23%) (Fig. 3C).

One of the cardinal features of memory CD8 T cells is the fast
recall responses, for example, production of effector molecules
after brief stimulation with phorbol esters. In such an assay, IFN-y
is accumulated only in CD44™ MP cells and not in naive CD8
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FIGURE 2. Increased numbers of Tgy
phenotype CD8" cells in lymphoid and non-
lymphoid tissues of middle-aged PD-1 KO
mice. Nine-month-old WT and PD-1 KO Peritoneal

mice were sacrificed and cell suspensions cavity
from various lymphoid and nonlymphoid

tissues were categorized phenotypically by

flow cytometry into naive (CD44'°CD62L"™),

Tem (CD44MCD62LM), and Try (CD44M
CD62L'°) CD8" cells. (A) Representative

dot plots are shown with percentages of

cells per region. (B) Total numbers of Tcy Bone
and Tgy phenotype cells per 10° isolated Marrow
cells are shown with error bars indicating

SD. The results are representative of three
individual experiments with at least two

mice per group.
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T cells. Because it was not possible to assess IFN-y production by
Tem and Ty subsets owing to rapid shedding of CD62L after
TCR stimulation (36), we performed this assay on isolated CD8"
CD44™CD62L"° Ty, phenotype cells. As shown in Fig. 3D and
3E, a higher proportion of Tgy; phenotype CD8 T cells from PD-1
KO spleens produced IFN-y. Additionally, a smaller percentage of
PD-1 KO Tgy cells produced IL-2 compared with PD-1 KO Tcy
cells (Fig. 3F), in agreement with previously described subset phe-
notypes (8, 10).

To investigate whether accumulation of PD-1 KO Tgy pheno-
type CD8" cells is due to increased proliferation, we analyzed cell
cycle by Ki-67 expression and BrdU incorporation assays. Both
of these experiments showed that PD-1 KO Tgy phenotype cells
cycle slower than do their WT counterparts, thus strongly sug-
gesting that their accumulation is not due to enhanced rate of
proliferation (Fig. 3G, 3H). Next, we wanted to examine whether
cell survival is involved in accumulation of PD-1 KO Tgy; phe-
notype cells. Ex vivo annexin V binding assays showed that a
higher percentage of WT Tgy phenotype cells was annexin V*

(Fig. 31), indicating a contribution of survival in the accumulation
of PD-1 KO Tgy phenotype cells.

In conclusion, Tgy phenotype CD8 T cells are substantially
accumulated in lymphoid organs and tissues of PD-1 KO mice
where they display significantly enhanced characteristics of Tgy
cells, and decreased potential to apoptosis may contribute to their
accumulation.

PD-1 pathway prevents differentiation of LIP memory CD8
T cells to Tgy phenotype

Naive T cells undergoing lymphopenia-induced homeostatic pro-
liferation acquire a MP similar to central memory cells without
passing through an effector phase (37, 38), and they become ca-
pable of mediating protective immunity against pathogens (39). To
examine whether PD-1 mutation perturbs normal development of
LIP memory T cells we transferred purified naive (CD44'°) GFP.
WT or GFP.PD-1 KO CD8* T cells to sublethally irradiated WT
hosts. CD8 T cell subset analysis showed that by day 20, a sig-
nificant population of Tgy; phenotype PD-1 KO cells arose and
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FIGURE 3. Phenotypic and functional characterization of accumulated Tgy phenotype cells in PD-1 KO mice. Spleenocytes from 9-mo-old PD-1 KO
and WT mice were analyzed by flow cytometry. (A) Representative dot plots show expression of various surface markers gated on Tgy (CD8*CD44™
CD62L'°) phenotype cells. Numbers indicate percentages in each region. (B) Absolute numbers as indicated with error bars depicting SD. Data represent
two to three individual experiments with three mice per group. (C) Intracellular GzmB staining on freshly isolated Tgy; phenotype CD8* cells. Shaded
histogram denotes staining with isotype control. Data are representative of three individual experiments with two mice per group. (D) Representative dot
plots of IFN-y production by purified Tgy phenotype CD8™ cells after brief ex vivo stimulation. (E) Mean percentages as in (D) with error bars indicating
SD. Data represent three individual experiments with eight pooled spleens per group. (F) IL-2 production by purified PD-1 KO Tcym and Tgym phenotype
CD8" cells as in (E). (G) PD-1 KO and WT mice were fed with BrdU and then mice were sacrificed on day 7 and splenocytes were analyzed by flow
cytometry. Bars show mean percentages of BrdU" cells among Tgy phenotype CD8 cells with error bars indicating SD. Data represent three individual
experiments with four mice per group. (H) Mean percentages of Ki-67" cells among Ty phenotype CD8 cells. Data represent two individual experiments
with four mice per group. (I) Mean percentages of annexin V* cells among Tgy; phenotype CDS cells gated on live cells as confirmed by propidium iodide
staining. Data represent three individual experiments with three mice per group.

differentiation toward a functional Tgy; phenotype, most probably
from a Tcym phenotype intermediate.

became by far the predominant one in host spleens (Fig. 4A).
Higher numbers of PD-1 KO Tgy phenotype cells were recovered
when compared with WT, with a parallel decrease in the number
of PD-1 KO Tcy phenotype cells (Fig. 4B). These results might
suggest that in the absence of PD-1, Tgy cells accumulate at the

Accumulation of Ty phenotype CDS T cells depends on
cell-intrinsic mechanisms

expense of the other CD8 subsets. Importantly, a much larger
fraction of PD-1 KO-derived Tgy cells were GzmB" when
assayed directly ex vivo (Fig. 4C). Additionally, analysis of
transferred cells at earlier time points in the host’s blood (day 5)
revealed that initially both WT and PD-1 KO naive donor cells
gave rise mostly to Tcyy phenotype cells (Fig. 4D); at later time
points Tgy phenotype cells progressively emerged and formed the
largest subpopulation by day 20, when PD-1 KO cells were trans-
ferred. This suggests that PD-1 regulates Ty to Tgyy subset differ-
entiation in lymphopenic conditions. The fact that we transferred
purified naive WT or PD-1 KO CD8" T cells and hosts were always
WT is suggestive of a CD8 cell-intrinsic mechanism.

In conclusion, our results show that PD-1 signaling in CD8
T cells can modulate the homeostasis of the MP pool by impeding

To examine further whether the effect of PD-1 was indeed intrinsic
to the CD8 T cells, we performed mixed bone marrow chimera
experiments transferring mixtures consisting of equal numbers of
PD-1 KO and GFP.WT bone marrow cells to lethally irradiated
DsRed.WT hosts. In these settings, PD-1 KO and WT CDS8 T cells
mature and respond to the same environmental cues, and any ob-
served differences should be attributed to intrinsic factors. Eight
weeks after transfer we analyzed thymi, spleens, and lymph nodes
from hosts and the ratios of donor-derived WT and PD-1 KO T
cells were evaluated. Analysis of thymi showed equal contribu-
tion of WT- and PD-1 KO-derived cells in thymocytes and similar
percentages of CDS single-positive (SP) cells (Fig. 5A). The mean
PD-1 KO/WT ratio for these chimeric mice was 1.0 for CD8*
SP thymocytes (Fig. SA, right), suggesting that PD-1 KO bone
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FIGURE 4. Fate of naive WT and PD-1 KO CD8" cells transferred to
sublethally irradiated WT hosts. GFP*CD8"CD44" cells from spleens of
2- to 4-mo-old PD-1 KO and WT mice were isolated by FACS sorting.
Purified cells were then adoptively transferred into sublethally irradiated
WT mice. On day 20, mice were sacrificed and spleens were analyzed. (A)
Spleenocytes were analyzed for CD8, CD44, and CD62L expression.
Numbers indicate percentages in each region. Plots are representative of
three individual experiments (WT, n = 7; PD-1 KO, n = 9). (B) Total
numbers of GFP™ MP CD8 T cell subsets found in spleen. Error bars in-
dicate SD. (C) Ex vivo GzmB expression on day 20, gated on Tgy; phe-
notype CDS cells (shaded region, isotype control; thin line, GFP.WT; thick
line, GFP.PD-1 KO). (D) GFP*CD8" cells in hosts’ blood were examined,
as in (A), on days 5, 10, and 20. Numbers indicate percentages in each
region. Data are representative of one experiment with three mice per

group.

marrow cells had no general thymic developmental advantage
over WT counterparts. In contrast, the majority of donor-derived
CDS8* cells in spleens were of PD-1 KO origin (Fig. 5B), sug-
gesting that postthymic events are the cause of increased PD-1
KO-derived peripheral CD8 T cells. Further subtype analysis in
spleens and mesenteric lymph nodes showed that there was
a significantly higher proportion of Tgy; phenotype cells in CD8
T cell populations of PD-1 KO origin (Fig. 5C, 5D). The same
results in spleen were obtained when we transferred mixtures of
GFPPD-1 KO and WT bone marrow cells to DsRed.WT hosts
(Fig. 5E, 5F), indicating that the GFP transgene in donor-derived
cells had no effect in the observed phenotype. These results
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demonstrate that the absence of PD-1 results in accumulation of
CD8 Tgm phenotype cells in a cell-intrinsic manner.

PD-1 regulates interconversion of Tcy and Tgyy phenotype
CDS8 T cells

To investigate whether aberrant conversion between MP subsets
contributes to accumulation of Tgy; phenotype CD8 T cells in PD-1
KO mice, we purified both Tgy and Ty phenotype CDS T cells
from GFPWT or GFPPD-1 KO spleens and transferred them
separately to WT or PD-1 KO mice, respectively. Fig. 6A (upper
panel) shows the purity of Tcy phenotype CDS8 T cells. When
analyzing host mice that received Tcy phenotype cells, little con-
version of Ty to Tgy cells was found in WT mice after 42 d (Fig.
6A, lower panel, left). In PD-1 KO mice, however, a striking con-
version of Tcyy to Tgy phenotype was observed (Fig. 6A, lower
panel, right) (~80% of donor-derived cells from PD-1 KO hosts
that received Ty CD8 T cells were of a Tgy phenotype). This was
accompanied by a substantially higher recovery of PD-1 KO Tgpy
phenotype donor-derived cells (Fig. 6B). This was also true but to
a lesser degree for PD-1 KO Tcy phenotype donor-derived cells.
Similar degrees of abnormal conversion and high recoveries were
also obtained when PD-1 KO Ty cells were transferred to WT
hosts but not when WT Ty cells were transferred to PD-1 KO
mice (Supplemental Fig. 1), indicating that the above-described
phenomenon was a result of the lack of PD-1 in donor Ty cells.

It was possible that accumulating PD-1 KO Tgy; phenotype cells
might have arisen from overt proliferation of residual Tgy, cells in
the purified Ty cell “preparation.” To exclude this, we analyzed
Ki-67 expression in GFP* PD-1 KO T¢y; and Tgys phenotype cells
on days 21 and 42 after transfer of GFP" Ty phenotype cells. Ki-
67 expression was lower in the Tgy; phenotype subset compared
with Tcy phenotype when analyzed in the same host (Fig. 6C), thus
showing that GFP* Ty phenotype cells in PD-1 KO hosts were not
outnumbered by vast proliferation of contaminant Tgy; phenotype
cells. For the same purpose we transferred purified SNARF-1-la-
beled GPEPD-1 KO Tc¢y phenotype cells to PD-1 KO hosts and
compared dye intensity dilution in GFP™ Ty and Tgy phenotype
cells. No consistent difference was observed when profiles for these
subsets were overlaid (Fig. 6D). These data indicate that accumu-
lated Tgy phenotype cells, after PD-1 KO Tcy cell transfers, do not
originate from overt expansion of residual cotransferred Tgy, cells.

Additionally, we purified Tgy phenotype CD8 T cells from GFP.
WT or GFP.PD-1 KO spleens and transferred them separately to
WT or PD-1 KO mice, respectively. Fig. 6E (upper panel) shows
the purity of transferred cells. When analyzing mice that received
Tgm phenotype cells, Tgy to Tey conversion was moderate for
WT donor cells, whereas a smaller proportion of recovered PD-1
KO donor cells bore the Tcy phenotype, consistent with less Tgy
to Tey conversion (Fig. 6E, lower panel). A significantly higher
recovery of Tgy phenotype PD-1 KO donor-derived cells was
observed (Fig. 6F), which may be partly attributed to their en-
hanced survival.

In conclusion, these results provide strong evidence that PD-1
regulates differentiation of Tcy to Tgy phenotype CD8 cells in
nonimmunized, naive mice both by inhibiting Tcyy to Ty con-
version and by promoting Tgy to Tey conversion.

Absence of PD-1 exerts genome-wide gene expression changes
in Ty phenotype CDS cells

We have shown that transferred Tcy phenotype CDS cells from
PD-1 KO mice, but not WT, can give rise predominantly to a Tgy
phenotype population (Fig. 6A, 6B). Analysis of Tcy phenotype
CD8 cells for CD69, Ly6C, CD25, CD127, and CD122 surface
expression revealed indistinguishable patterns between PD-1 KO
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FIGURE 5. T cell-intrinsic increase in PD-1 KO CD8"* Tgy; phenotype cells. Donor-derived WT (GFP*DsRed ™) and PD-1 KO (GFP DsRed ) CD8*
T cells from thymi, spleens, and lymph nodes were analyzed by flow cytometry 8 wk after bone marrow reconstitution in irradiated DsRed hosts. (A)
Representative dot plots with donor-derived WT (GFP*DsRed ") and PD-1 KO (GFP™ DsRed ) thymocytes. The expression of CD4 and CD8 was analyzed
in gated populations. Numbers indicate percentages in each region (upper left, CD8 SP; lower right, CD4 SP; upper right, double-positive; lower left,
double-negative). Column represents the average value of PD-1 KO/WT CD8 SP thymocyte ratios with error bar indicating SD. Data are representative of
two individual experiments (n = 6). (B) Total numbers of CD8* WT and PD-1 KO cells in spleens with error bars indicating SD. (€) Donor-derived WT
(GFP*DsRed ") and PD-1 KO (GFP DsRed ™) CD8" T cells from spleens and mesenteric lymph nodes (LN) were further analyzed for expression of CD44
and CD62L. Numbers indicate percentages in each region. Data are representative of three individual experiments with three to four mice per group. (D)
Total numbers of WT and PD-1 KO CD8" cell subsets in spleens with error bars indicating SD. (E) Similar analysis of donor-derived WT (GFP DsRed ")
and PD-1 KO (GFP*DsRed ™) CD8" T cells from spleens after bone marrow reconstitution in irradiated DsRed host as in (C). Data are representative of one
individual experiment with three mice per group. (F) Total numbers of CD8" WT and PD-1 KO cells in spleens with error bars indicating SD, as in (E).

and WT cells (Supplemental Fig. 2). To examine whether Tcy
phenotype CDS cells from PD-1 KO mice had already adopted
a different transcriptional profile at the time of transfer, we per-
formed transcriptome analysis on Tcy phenotype CDS cell sub-
populations derived from PD-1 KO and WT spleens. First, all
significantly differentially expressed genes from the PD-1 KO and
WT Tcm phenotype CD8 cells were classified as having increased
or decreased expression. Two-tailed, pairwise ANOVA of Affy-
metrix complete mouse genome arrays revealed 237 annotated
genes with significantly changed expression patterns between WT
and PD-1 KO T¢y CDS cells (p = 0.05, 1.5-fold change up- or
downregulated) (Supplemental Table I), a number that signifi-
cantly exceeds the number of genes that are expected to occur by
chance under these selection criteria. Using this dataset, we then
identified those biological processes with a significantly dispro-
portionate number of responsive genes in the Ty phenotype CDS
cell subset relative to those contained in the Affymetrix arrays as
shown in Fig. 7A. Selected genes and the magnitude of over- or
underexpression are graphically depicted in Fig. 7B. Among these,
there are genes involved in T cell costimulation (CD24, Icos,
ICAM1, Tnfsfrib [TNFR2]), apoptosis/survival (Bcl2al, Bcl3,
TNF, Xiap), signal transduction (Jakl, Map3k8 [Tpl-2], Gadd45b,
Socs3), as well as T cell migration/adhesion/inflammation (Ccl3,
Cxcl9, Nrpl, [neuropilin-1], Lgals3 [galectin-3]). Differentially ex-
pressed transcription factors included Rel, STAT1, Irf4, Icrf8, and
the less characterized Atf3, Ahr, and Bhlhe40 (Decl). Ahr is able
to modulate CD62L expression in primary responses (40) and
under certain conditions it diminishes memory CD8 pool but not
CD8 cell responses (41). Bhlhe40 transcription factor, which has
recently been shown to be important in generation of regulatory
T cells (42), is one of the most upregulated genes in PD-1 KO Ty

CD8 cells (3.8-fold). Interestingly, upregulation of ILI2Rb1 was
accompanied by increased expression of genes previously char-
acterized as positively regulated by IL-12 and/or IFN-o/B, such as
Gadd45b, Bcl3, TNF, Lgals3, Ccl3, Bhlhe40, Cdknla, and Atf3
and ILI12Rb1 itself (43—45). Importantly, when these cytokines are
used as signal 3 on CD8 T cells they downregulate CD62L and
CCR7 more efficiently than signal 1 and 2 alone (43).

Because many of the annotated genes functions were related
to cell death, we compared ex vivo annexin V binding between
WT and PD-1 KO Ty phenotype CD8 T cells. A higher percentage
of PD-1 KO Tcy; phenotype cells were annexin V¥, indicating
an increased propensity to apoptosis (Fig. 7C). When gating on
CD62L", CD62L™, and CD62L'° MP PD-1 KO CD8 T cells, we
observed a correlation of CD62L downregulation with increased
annexin V binding (Fig. 7D). This may suggest that the increased
annexin V binding of PD-1 KO Ty phenotype cells reflects their
predisposition to become (CD62L'°) Tgp cells.

Overall, our results show that PD-1 KO T¢y phenotype CD8
cells bear a distinct gene expression profile, and ablation of the
PD-1 pathway had exerted an impact before the acquisition of the
Tgm phenotype. This may indicate that in transfer experiments
PD-1 KO Tewm phenotype cells are already preprogrammed, at
least at the transcriptional level, to differentiate to Tgy phenotype
cells where further reprogramming takes place. Moreover, their
profile indicates that Tcy phenotype CD8 T cells may respond
differently to IL-12 and IFN-o/@ cytokines.

Superior bystander production of IFN-y by Tcy phenotype
PD-1 KO CDS cells after innate stimulus

MP CD8 T cells have been shown to produce IFN-y driven by IL-
12, as well as IFN-a/p produced by macrophage/dendritic cells, in
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as in (B) (WT, n = 6; PD-1 KO, n = 10).

response to infection or a defined innate stimulus (3, 4). Given our
microarray results that imply an increased response of PD-1 KO
Tcwm phenotype CD8 cells to these cytokines, we injected WT and
PD-1 KO mice with LPS and analyzed CD8 T cells for IFN-y
production shortly after injection. A higher fraction of PD-1 KO
CD8 T cells was IFN-y producers (Fig. 8, upper panel). When we
analyzed Tgy and Ty subsets we found that a larger percentage
of PD-1 KO Ty phenotype cells produced IFN-vy ex vivo (Fig. 8,
middle panel). No difference in IFN-y production was observed
between Tgy phenotype cells from WT and PD-1 KO mice (Fig.
8, lower panel). These results show increased indirect response of
PD-1 KO T¢pm phenotype CD8 cells to LPS, probably through IL-
12 and/or IFN-o/, and they imply a greater bystander innate
response of PD-1 KO MP CDS8 T cells to various pathogens.
However, incubation of PD-1 KO splenocytes with various con-
centrations of IL-12 or type I IFN together with IL-18 did not
result in superior production of IFN-y by PD-1 KO MP CD8
subsets in vitro (not shown). Nevertheless, this does not exclude
a role of these cytokines in the increased production of IFN-vy by
PD-1 KO Tcpm CD8 cells in vivo in the context of an inflammatory
milieu induced by LPS.

Discussion

In this study we describe a previously unrecognized role of PD-1
in MP CD8 T cell formation and particularly in shaping MP subset
development. We have identified a substantial increase in CD44™
CD62L'°CCR7" CD8 T cells, categorized as Try phenotype (5),
in spleen and tissues and even lymph nodes of PD-1 KO mice
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(Figs. 1, 2). This phenomenon was more prominent with ad-
vancing age (Fig. 1C). Despite some quantitative differences in
expression of memory markers on Tgy; cells from PD-1 KO and
WT mice, the number of CD127" and CD122" Tgy, phenotype
CD8 T cells is considerably higher in PD-1 KO spleens (Fig. 3B),
consistent with an MP (46, 47). Although a proportion of PD-1
KO Tgm phenotype cells express CD69 (Fig. 3A), most should not
be recently activated cells because no CD25" subpopulation was
identified (Fig. 3A). Moreover, recently activated, typical effector
cells would decay fast in a 42-d period, something not observed in
our experiments (Fig. 6F). These accumulated Tgy cells, in the
absence of PD-1, seem to have enhanced effector memory char-
acteristics, as shown by higher expression of GzmB directly ex
vivo (Fig. 3C) and IFN-vy after short activation with phorbol esters
(Fig. 3D, 3E). The differences in expression of cytokine receptors
found (Fig. 3A) could reflect an altered responsiveness to ho-
meostatic cytokines in the PD-1 KO mice. Further studies will
determine the contribution of these cytokines in the altered ho-
meostasis of MP cells found in the PD-1 KO mice.
Costimulatory and coinhibitory molecules have been shown
to regulate memory CD8 T cell development, with a consensus
that costimulation promotes formation of Ag-specific or MP cells
whereas coinhibition impedes it. However, to date, variable data
exist on correlation between TCR signal strength modulated by
positive and negative costimulators and developmental fate toward
Tgwm and Ty subsets. For example, whereas enhancement of TCR
signals by OX-40 (21) and ICOS (16) promote accumulation of
Tgm cells, stronger TCR signals in the absence of BTLA lead to
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accumulation of Tcy cells (19). Our results, which show that
ablation of the PD-1 pathway drives MP CD8 T cells preferen-
tially to a Tgy phenotype, are in agreement with the notion that
increased signal strength (5) and duration (9) favor skewing to-
ward a Tgy cell subset. Homeostatic proliferation of adoptively
transferred naive PD-1 KO CD8 T cells gave rise to large numbers

WT PD-1KO
cD8
8 19
Tem @
6 6

CD4a4

FIGURE 8. IFN-y production ex vivo by MP CD8" subsets. Spleens
from 3-mo-old PD-1 KO and WT mice were analyzed after LPS injection
by flow cytometry. Representative dot plots of IFN-y production by total
CD8" and MP subsets. Data are representative of two individual experi-
ments with four mice per group. Numbers show the percentages of cells in
each quadrant.

of Tgm phenotype cells (Fig. 4A, 4B, 4D), as MP CDS8 T cells
closely resemble memory cells generated under lymphopenic
conditions (LIP memory cells) (1). Interestingly, Tcym cells appear
first (day 5, Fig. 4D), followed by substantial accumulation of Tgy,
cells in blood of PD-1 KO (day 20, Fig. 4D) and in spleen (day 20,
Fig. 4A), which does not take place in WT donor cells to the same
extent. This implies that increased duration of signal, in the ab-
sence of PD-1, favors Tgy differentiation through a Ty inter-
mediate. This observation correlates well with the massive Ty, to
Tgm conversion of transferred purified PD-1 KO Ty, phenotype
CD8 T cells in lymphosufficient mice (Fig. 6A, 6B) where we
provided “extra time” to the transferred cells, inside the host, to
differentiate to Tgy; cells.

Enhanced survival of PD-1 KO Tgy; phenotype cells compared
with WT may play an additional role in their accumulation (Fig.
31). However, the fact that upon transfer of 1.5 X 10° purified Tcm
or purified Tgym phenotype PD-1 KO cells we recovered similar
numbers (~1 X 10°) of PD-1 KO Ty phenotype cells (Fig. 6B,
second column versus Fig. 6E, second column) strongly implicates
increased rates of Tcy to Tgy conversion as the major determi-
nant of PD-1 KO Tgy phenotype cell accumulation, rather than
enhanced survival alone.

Our results from mixed bone marrow transplantation experi-
ments (Fig. 5), adoptive transfer of Tcy CD8 T cells (Fig. 6A, 6B,
Supplemental Fig.1), and transfers of naive cells to lymphopenic
hosts (Fig. 4) strongly indicate that the accumulation of PD-1 KO
Tem phenotype cells is, at least partly, a CD8 T cell-intrinsic
effect. Further experiments would address the issue of whether the
fate of PD-1 KO donor T¢y cells was already predetermined at the
time of transfer or whether posttransfer intervention on WT Ty
cells would be sufficient to promote Ty, to Ty differentiation.
However, our microarray results, showing a discrete expression
profile on PD-1 KO Tcy, cells (Fig. 7A, 7B), argue in favor of the
first scenario.
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A recent study showed that vaccinia virus—specific PD-1 KO
CD8 T cells are skewed toward Tcy after acute infection (48).
This does not conflict with our data because it has been shown that
the type of pathogen affects memory differentiation pathways,
with vaccinia virus (but not lymphocytic choriomeningitis virus)
typically leading to fast emergence of Tcy CD8 T cells (49).
Moreover, in most acute infections, CD8 T cells rapidly stop
encountering Ag (for vaccinia virus, infection is fully resolved
within 2 wk) (50), and without any circumstantial or deliberate
restimulation, typically most Ag-specific memory cells belong to
the Tcym subset. On the contrary, repetitive/continuous stimulation,
either by infection or vaccination (51-53), promotes generation of
cells belonging to the effector memory subset; repetitive antigenic
stimulation has been shown to induce progressive decrease of
CD62L surface expression (53). Importantly, in the settings of
acute infection, PD-1 is shown to be expressed only transiently on
CDS8* T cells, whereas on chronically stimulated cells, sustained
expression is observed (25, 54, 55). Therefore, with a different
mode of PD-1 signaling (i.e., transient versus sustained) transition
to different memory developmental pathways may take place.
Thus, it is probable that settings of acute infection (48), on the one
hand, and response to a plethora of Ags, with many of them re-
petitively encountered, on the other hand, could have a different
impact on memory fate of PD-1 KO CDS8 T cells. Further ex-
periments are needed to determine whether PD-1 has the same
effect on differentiation of MP phenotype cells and Ag-specific
memory cells following multiple re-exposure to Ag.

Note that compared with respective MP CD8 T cells a much
larger fraction of PD-1 KO LIP Tgy, phenotype cells produces high
levels of GzmB ex vivo (Fig. 4C). Given that most of these cells
recognize self-ligands, although with low affinity (56), it is rea-
sonable to think that they could have an autoreactive potential. In
line with this hypothesis, Thangavelu et al. (57), although not
examining GzmB expression on T cells, have shown in a recent
report that PD-1 KO recent thymic emigrants cause a lethal
autoimmune-like disease in chronically lymphopenic hosts.

Overall, the emerging view is that naive WT or PD-1 KO CD8
T cells encounter Ags (commensal, environmental, or self-Ags) (2,
58) in the periphery of an unimmunized mouse and undergo
conventional priming or homeostatic proliferation; many of these
initially acquire a Tcy phenotype, which in PD-1 KO cells is
aberrantly transient and a large proportion of them develops stable
characteristics of Tgy cells. Additionally, resulting PD-1 KO Tgy
phenotype cells have a moderate survival advantage over the WT
ones (Fig. 3I), thus further intensifying the effect of enhanced
conversion.

In conclusion, our results show that PD-1 signaling in CD8 T cells
can modulate the homeostasis of the MP pool through inhibiting
differentiation toward a functional Tgy; phenotype, most probably
through a Tcy phenotype intermediate. These accumulated Tgy
phenotype cells harbor potent functional properties (Fig. 3C-E)
and this could result in altered host responses against pathogens,
environmental Ags, or self-Ags in the absence of an intact PD-1
pathway. Additionally, PD-1 KO MP CDS cells may elicit superior
bystander protective responses against pathogens as suggested by
LPS-driven IFN-y production, especially by Tcym phenotype cells
(Fig. 8). These findings can be clinically important, especially in
the settings of currently developing treatments with antagonistic
anti-PD-1 or anti-PD-ligand 1 Abs in cases of certain malignan-
cies or chronic infections (26, 59). Equally important, manipula-
tion of PD-1 pathway could enhance efficacy of certain vaccination
regimens where production of Tgy, cells is critical (51, 60). Further
studies may include a more precise analysis of accumulated Ag
specificities as well as the exact time frame where PD-1 signaling
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on CD8 T cells is sufficient to impose a break toward Tgy phe-
notype differentiation in naive or immunized mice.
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S1. Ty Tew conversion is host independent. GFPWT and GFP.PD-1 KO T,,-phenotype
CD8+ cells were adoptively transferred into PD-1 KO and WT mice respectively and
analyzed on day 42 as in 6A and 6B. Data represent an individual experiment with 3 mice
per group.
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S2. Expression of surface markers on T, phenotype CD8 cells. Spleens from 9 mo old PD-1 KO and WT
mice were analyzed by flow cytometry. Representative histograms show expression of various surface
markers gated on CD8*CD44NCD62L" (T,,,) memory-phenotype cells.
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Table S1. Genes differentially expressed between PD-1 KO and WT CD8 T¢y-phenotype cells

Fold
Gene Title Gene Symbol Represgntative Difference
Public ID (PD-1 KO /
WT)
Immunoglobulin heavy chain 6 (heavy chain of IgM) Igh-6 BC018365 5.48
chemokine (C-X-C motif) ligand 9 Cxcl9 NM_008599 4.93
neuropilin 1 Nrp1 AK011144 4.69
RAB17, member RAS oncogene family Rab17 NM_008998 4.52
similar to anti-glycoprotein-B of human Cytomegalovirus immunoglobulin VI {LOC100047222 |M35669 4.16
lectin, galactose binding, soluble 3 Lgals3 X16834 4.09
basic helix-loop-helix family, member e40 Bhlhe40 NM 011498 3.87
chemokine (C-C motif) ligand 3 Ccl3 NM_ 011337 3.69
interferon regulatory factor 4 Irf4 U34307 3.62
Immunoglobulin kappa chain variable 14-111 Igkv14-111 U62386 3.43
sclerostin domain containing 1 Sostdc1 BC021458 3.35
receptor (calcitonin) activity modifying protein 1 Ramp1 NM_ 016894 3.34
Immunoglobulin heavy chain (gamma polypeptide) Ighg BC025447 3.17
transmembrane protein 2 Tmem?2 BC019745 3.00
granzyme A Gzma NM_010370 2.98
Eph receptor A3 Epha3 M68513 2.95
sphingomyelin phosphodiesterase, acid-like 3B SmpdI3b NM_133888 2.81
immunoglobulin heavy chain 3 (serum IgG2b) /// Immunoglobulin heavy chaiflgh-3 /// Ighg S$69212 2.79
carbonic anhydrase 2 Car2 NM_009801 2.72
similar to immunoglobulin kappa-chain /// similar to Ig kappa chain V-V regiof LOC100047162 /|U55641 2.63
cell adhesion molecule 1 Cadm1 NM_018770 2.62
UDP glucuronosyltransferase 1 family, polypeptides Ugt1a1 /// Ugt1a1D87867 2.61
lymphocyte antigen 6 complex, locus A Ly6a BC002070 2.53
histocompatibility 2, class Il antigen A, beta 1 H2-Ab1 M15848 2.51
growth arrest and DNA-damage-inducible 45 beta Gadd45b Al323528 2.50
interferon inducible GTPase 1 ligp1 BM239828 2.48
macrophage expressed gene 1 Mpeg1 L20315 2.46
deoxyribonuclease 1-like 3 Dnase113 BC012671 2.44
histocompatibility 2, class Il antigen A, alpha H2-Aa BE688749 2.41
similar to RIKEN cDNA 1100001H23 gene /// phospholipase B domain contg LOC100045163 //NM_ 025806 2.39
histocompatibility 2, class Il antigen E beta H2-Eb1 NM_010382 2.36
family with sequence similarity 84, member A Fam84a BC002154 2.34
B-cell leukemia/lymphoma 2 related protein A1a, A1b, A1d related protein A1Bcl2a1a /// Bcl2a|L16462 2.26
myeloid leukemia factor 1 MIf1 AF100171 2.23
nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, ZNfkbiz AB026551 2.21
CD74 antigen (invariant polypeptide of major histocompatibility complex, claqCd74 BC003476 2.20
activating transcription factor 3 Atf3 BC019946 217
chemokine (C-X-C motif) receptor 4 Cxcrd D87747 2.16
aryl-hydrocarbon receptor Ahr BE989096 2.16
cytochrome P450, family 17, subfamily a, polypeptide 1 Cyp17a1 NM 007809 2.15
tetraspanin 3 Tspan3 NM_019793 2.13
predicted gene 10883 Gm10883 BG966217 212
myristoylated alanine rich protein kinase C substrate Marcks AW546141 2.1
CD83 antigen Cd83 NM_009856 2.08
RIKEN cDNA 5430435G22 gene 5430435G22Rik [AV293314 2.08
LPS-induced TN factor Litaf AV360881 2.04
desmoglein 2 Dsg2 BG092030 2.03
high mobility group nucleosomal binding domain 3 Hmgn3 AV018952 2.01
protein kinase inhibitor beta, cCAMP dependent, testis specific Pkib AV047342 1.99
a disintegrin and metallopeptidase domain 8 Adam8 NM 007403 1.98
CD24a antigen Cd24a NM_009846 1.97
reticuloendotheliosis oncogene Rel NM_009044 1.97
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mitogen-activated protein kinase kinase kinase 8 Map3k8 NM 007746 1.95
immunoglobulin kappa chain variable 32 (V32) Igk-V32 U25103 1.93
N-acylethanolamine acid amidase Naaa B1106821 1.93
nuclear receptor subfamily 4, group A, member 2 Nrda2 NM_ 013613 1.93
fascin homolog 1, actin bundling protein (Strongylocentrotus purpuratus) Fscn1 NM_007984 1.93
nuclear receptor subfamily 4, group A, member 1 Nrda1 NM_010444 1.91
B-cell leukemia/lymphoma 3 Bcl3 NM 033601 1.90
proteoglycan 2, bone marrow Prg2 NM_008920 1.89
NEDD4 binding protein 1 N4bp1 NM_030563 1.89
predicted gene 7202 Gm7202 /// Igk-C|BF301241 1.88
early growth response 1 Egr1 NM_007913 1.87
chloride intracellular channel 4 (mitochondrial) Clic4 BB814844 1.86
proviral integration site 1 Pim1 NM 008842 1.85
immunoglobulin joining chain Igj BC006026 1.85
plasma glutamate carboxypeptidase Pgcp BB468025 1.83
nuclear receptor subfamily 4, group A, member 3 Nr4a3 BE980583 1.83
arrestin domain containing 4 Arrdc4 BC017528 1.82
RIKEN cDNA 2010002N04 gene 2010002N04Rik [BI963682 1.82
FERM domain containing 4B Frmd4b BG067753 1.80
phosphodiesterase 4B, cAMP specific Pde4b BM246564 1.80
CD81 antigen Cd81 NM_ 133655 1.79
SKil-like Skil U36203 1.79
intercellular adhesion molecule 1 Icam1 BC008626 1.79
secretory leukocyte peptidase inhibitor Slpi NM 011414 1.79
ornithine decarboxylase, structural 1 Odc1 S64539 1.78
Kv channel interacting protein 3, calsenilin Kcnip3 AF300870 1.77
tumor necrosis factor Tnf NM_013693 1.77
cyclin-dependent kinase inhibitor 1A (P21) Cdkn1a NM_ 007669 1.76
protease, serine, 2 Prss2 B1348548 1.76
hemochromatosis Hfe AJ306425 1.75
Kruppel-like factor 10 KIf10 NM_013692 1.74
septin 4 Sept4 AW208509 1.74
carbohydrate sulfotransferase 2 Chst2 NM_018763 1.74
Notch-regulated ankyrin repeat protein Nrarp B1696369 1.73
suppressor of cytokine signaling 3 Socs3 NM_007707 1.73
TGFB-induced factor homeobox 1 Tgif1 NM 009372 1.73
--- --—- BC027249 1.73
CD38 antigen Cd38 BB256012 1.72
ring finger protein 198 Rnf19b AK015966 1.70
similar to sprouty 1 /// sprouty homolog 1 (Drosophila) LOC100046643 /NM 011896 1.70
predicted gene 1409 Gm1409 U48716 1.70
RAR-related orphan receptor alpha Rora B1660199 1.69
secreted phosphoprotein 1 Spp1 NM_009263 1.69
allograft inflammatory factor 1 Aif1 NM_ 019467 1.69
serine (or cysteine) peptidase inhibitor, clade A, member 3G Serpina3g BC002065 1.69
interferon regulatory factor 8 Irf8 BG069095 1.68
oocyte secreted protein 1 Oosp1 NM_133353 1.67
SAM domain, SH3 domain and nuclear localization signals, 1 Samsn1 NM_ 023380 1.66
hypothetical protein LOC100047091 /// transmembrane protein 163 LOC100047091 |AK011522 1.65
ets variant gene 6 (TEL oncogene) Etve BB068442 1.65
signal transducer and activator of transcription 1 Stat1 AW214029 1.64
carbohydrate (keratan sulfate Gal-6) sulfotransferase 1 Chst1 NM_023850 1.64
dual specificity phosphatase 16 Dusp16 NM_ 130447 1.64
inducible T-cell co-stimulator Icos AB023132 1.63
TSC22 domain family, member 1 Tsc22d1 BB357514 1.63
histocompatibility 2, class Il, locus Mb1 /// histocompatibility 2, class Il, locus [H2-DMb1 /// H2-0LNM_010387 1.63
family with sequence similarity 110, member A Fam110a AK005776 1.63
arachidonate 5-lipoxygenase activating protein Alox5ap BC026209 1.61
syndecan 1 Sdc1 B1788645 1.60
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basic leucine zipper transcription factor, ATF-like Batf NM 016767 1.59
cystatin C Cst3 AF483486 1.59
--- - AFFX-18SRNAM{1.58
ectonucleotide pyrophosphatase/phosphodiesterase 2 Enpp2 BC003264 1.58
v-myc myelocytomatosis viral oncogene homolog 1, lung carcinoma derived [Mycl1 BG064871 1.58
lactate dehydrogenase B Ldhb AV219418 1.58
SLIT-ROBO Rho GTPase activating protein 2 Srgap2 AK005172 1.58
asparagine synthetase Asns BC005552 1.58
GTP cyclohydrolase 1 Gch1 NM_008102 1.57
acyl-CoA synthetase long-chain family member 4 Acsl4 AB033886 1.57
component of Sp100-rs /// predicted gene 7582 Csprs /// Gm7584BB148221 1.57
tumor necrosis factor receptor superfamily, member 1b Tnfrsf1b M60469 1.57
purinergic receptor P2Y, G-protein coupled, 14 P2ry14 AF177211 1.56
histone cluster 1, H3a , b ,c, d, e, f, g, h, i/// H3b /// histone cluster 2, H3c1 //|Hist1h3a /// Hist1[NM_019469 1.56
chemokine (C-C motif) receptor-like 2° v Ccrl2 AJ318863 1.56
dual specificity phosphatase 8 Dusp8 NM_ 008748 1.56
glycoprotein 49 A /// leukocyte immunoglobulin-like receptor, subfamily B, mgGp49a /// Lilrb4 [U05264 1.55
metallothionein 2 Mt2 AA796766 1.55
interferon regulatory factor 1 Irf1 NM_008390 1.55
homeodomain interacting protein kinase 2 Hipk2 AK016742 1.55
MARCKS-like 1 Marcks|1 NM_010807 1.55
myomesin 2 Myom?2 BB474208 1.54
prion protein Prnp BE630020 1.53
CD22 antigen Cd22 AF102134 1.53
prostate transmembrane protein, androgen induced 1 Pmepa1 AV370981 1.53
family with sequence similarity 129, member A Fam129a NM_ 022018 1.53
interleukin 12 receptor, beta 1 1112rb1 NM_008353 1.53
guanylate binding protein 3 Gbp3 NM 018734 1.53
cell division cycle associated 5 Cdcab NM_026410 1.52
TBC1 domain family, member 8 Thc1d8 BC005421 1.52
neutrophil cytosolic factor 4 Ncf4 NM_008677 1.52
cysteinyl leukotriene receptor 2 Cysltr2 NM_ 133720 1.52
RASD family, member 2 Rasd2 BC026377 1.52
creatine kinase, brain Ckb BG967663 1.52
CDKS5 regulatory subunit associated protein 1 Cdk5rap1 NM_025876 1.51
chymotrypsin-like elastase family, member 1 Cela1 BC011218 1.51
EH-domain containing 1 Ehd1 NM_010119 1.51
LPS-induced TN factor Litaf AV360881 1.51
CDC28 protein kinase 1b Cks1b NM_016904 1.51
proviral integration site 2 Pim2 NM_ 138606 1.51
dual specificity phosphatase 2 Dusp2 L11330 1.50
carbohydrate sulfotransferase 11 Chst11 NM 021439 1.50
predicted gene 11275 Gm11275 NM_013550 1.50
tissue inhibitor of metalloproteinase 2 Timp2 M93954 1.50
sperm associated antigen 5 Spagb BM208112 1.50
WW domain-containing oxidoreductase Wwox NM_ 019573 1.50
lysosomal trafficking regulator Lyst NM_010748 -1.50
hypothetical LOC100270747 LOC100270747 |BB200448 -1.50
BRCA1/BRCA2-containing complex, subunit 3 Brcc3 Al462244 -1.51
zinc finger protein 790 Zfp790 BG068796 -1.51
Janus kinase 1 Jak1 BQ032637 -1.51
annexin A6 Anxab AK013026 -1.51
mitogen-activated protein kinase kinase 7 Map2k7 AW541674 -1.52
serine/threonine kinase 25 (yeast) Stk25 NM_021537 -1.52
acylphosphatase 1, erythrocyte (common) type Acyp1 NM_ 025421 -1.53
O-linked N-acetylglucosamine (GIcNAc) transferase Ogt BF681886 -1.53
casein kinase 2, alpha 1 polypeptide Csnk2a1 AK011501 -1.53
ATP-binding cassette, sub-family C (CFTR/MRP), member 5 Abcch AV150520 -1.54
PRP39 pre-mRNA processing factor 39 homolog (yeast) Prpf39 BB460975 -1.54
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zinc finger protein 82 Zfp82 BM230481 -1.54
translin-associated factor X Tsnax BM119928 -1.54
intraflagellar transport 80 homolog (Chlamydomonas) Ift80 BC013814 -1.55
zinc finger protein 260 Zfp260 36316 -1.55
CD93 antigen Cd93 BB039247 -1.55
high mobility group 20A Hmg20a Al987819 -1.56
DNA segment, Chr 4, Wayne State University 53, expressed D4Wsu53e BE652553 -1.56
DEAD (Asp-Glu-Ala-Asp) box polypeptide 10 Ddx10 AK019495 -1.56
zinc finger protein 709 Zfp709 BC021921 -1.56
poliovirus receptor Pvr BB049138 -1.57
carbohydrate (N-acetylgalactosamine 4-sulfate 6-O) sulfotransferase 15 Chst15 AK019474 -1.57
minichromosome maintenance deficient 6 (MIS5 homolog, S. pombe) (S. cefMcm6 BB099487 -1.57
ring finger protein, transmembrane 1 Rnft1 AK002624 -1.57
T-cell receptor gamma, variable 4 Tcrg-V4 NM_ 011558 -1.57
myeloid/lymphoid or mixed-lineage leukemia (trithorax homolog, Drosophila)]MIIt6 AY050217 -1.57
pigeon homolog (Drosophila) Pion BB637972 -1.57
S-adenosylhomocysteine hydrolase-like 1 Ahcyl1 BB831090 -1.58
RNA binding motif protein 6 Rbm6 BB706030 -1.60
zinc finger protein 623 Zfp623 BB333454 -1.60
protein-L-isoaspartate (D-aspartate) O-methyltransferase domain containing|Pcmtd2 BM117243 -1.60
X-linked inhibitor of apoptosis Xiap BF134200 -1.61
SH3-domain kinase binding protein 1 Sh3kbp1 AK018032 -1.61
guanylate cyclase activator 1B Gucalb BC018480 -1.61
killer cell lectin-like receptor subfamily B member 1C Klirb1c NM_008527 -1.61
ATPase, Na+/K+ transporting, beta 1 polypeptide Atp1b1 NM_009721 -1.62
RIKEN cDNA 2610030H06 gene 2610030H06Rik |BB410125 -1.63
similar to splicing factor, arginine/serine-rich 1/// splicing factor, arginine/serifLOC100048559 /| X66091 -1.63
predicted gene 14430 /// predicted gene 14434 /// predicted gene, OTTMUS{Gm14430 /// Gm{1C77009 -1.63
putative homeodomain transcription factor 2 Phtf2 BM228625 -1.64
prajal, RING-H2 motif containing Pja1 BM199789 -1.64
neuronal PAS domain protein 2 Npas2 BG070037 -1.65
Fas BG976607 -1.65
dopa decarboxylase Ddc AF071068 -1.67
SET domain containing 4 Setd4 BF020504 -1.67
zinc finger protein 329 Zfp329 AK014562 -1.68
glutamine repeat protein 1 Glrp1 NM_ 008132 -1.68
bromodomain PHD finger transcription factor Bptf BB380312 -1.68
chemokine (C-C motif) receptor 10 Ccr10 AF215982 -1.68
ring finger protein 157 Rnf157 BB246182 -1.69
tetraspanin 32 Tspan32 AF175771 -1.70
eukaryotic translation initiation factor 4, gamma 1 Eif4g1 BF227830 -1.71
RIKEN cDNA 1110057K04 gene 1110057K04Rik |BB534387 -1.72
centrosomal protein 350 Cep350 BC019716 -1.73
B-cell translocation gene 2, anti-proliferative Btg2 NM_ 007570 -1.73
ArfGAP with FG repeats 2 Agfg2 BC003330 -1.73
far upstream element (FUSE) binding protein 1 Fubp1 BB488001 -1.73
bromodomain adjacent to zinc finger domain, 1B Baz1b BB253608 -1.74
chemokine (C-X-C motif) receptor 6 Cxcr6 NM_030712 -1.74
expressed sequence C78339 C78339 BG075168 -1.75
RIKEN cDNA 4933411K20 gene 4933411K20Rik |[NM_025747 -1.76
splicing factor, arginine/serine-rich 7 Sfrs7 BC014857 -1.77
pleckstrin homology domain containing, family A member 5 Plekha5 BG067450 -1.77
tetratricopeptide repeat domain 14 Ttc14 BC021448 -1.78
cyclic nucleotide gated channel alpha 1 Cnga’ U19717 -1.79
neural precursor cell expressed, developmentally down-regulated 4 Nedd4 NM_010890 -1.79
liver glycogen phosphorylase Pygl NM_133198 -1.82
alpha thalassemia/mental retardation syndrome X-linked homolog (human) |Atrx BB825830 -1.83
myeloblastosis oncogene Myb BC011513 -1.85
tubulin tyrosine ligase-like family, member 3 THI3 NM_ 133923 -1.85
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CXXC finger 5 Cxxch AK015150 -1.86
RUN and FYVE domain-containing 2 Rufy2 Al852705 -1.91
GRIP and coiled-coil domain containing 2 Gcee2 BC027339 -1.96
baculoviral IAP repeat-containing 6 Birc6 BC026990 -2.00
BC021831 -2.04
utrophin Utrn Al788797 -2.09
pinin Pnn AV135835 -2.44
killer cell lectin-like receptor, subfamily A, member 7 Klra7 U10095 -3.10
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