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Abstract

The attributes of specificity and memory enable CD8" T cells to provide long-lasting protection
against a variety of challenges. Although, the importance of CD8* T cells for protection against
intracellular infections and transformation is well-established, the functional type; effector
phenotypes (Tcl, Tc2, Tcl7 and/or Tcreg) and/or memory (effector or central), of CD8* T cells
most desirable for tumor immunity is not established. To determine the tumor efficacy of various
effector types and/or memory CD8 T cells, it is imperative to better understand intrinsic and
extrinsic factors that regulate CD8* T cell differentiation and use this information to generate and
test distinct functional cell types in tumor models. The focus of our laboratory investigations is to
identify the extrinsic factors such as antigen strength, co-stimulatory molecules, cytokines, and
small molecule modifiers that regulate intrinsic programs for various effector and/or memory cell
fate in antigen specific CD8 T cells. The use of this information to generate immunity in murine
tumor models has facilitated development of new adoptive cell transfer (ACT) as well as
immunization strategies for cancer treatment.
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Introduction

CD8* T cells are an essential part of the adaptive immune system that control infection by
intracellular pathogens and malignant transformation [1, 2]. Their inherent ability to
recognize peptides presented by MHC class-1 molecules expressed on most nucleated cells,
less stringency for requiring co-stimulation, and direct cytolysis of antigen expressing target
cells endows them with the unique ability to survey the host for intracellular perturbations
and restore homeostasis. Naive CD8 T cells upon stimulation with cognate antigen/MHC
class I molecule, co-stimulatory molecules like B7.1 and/or LFA-1 in the presence of variety
of cytokines like IL-12, type 1 interferon and/or gamma chain cytokine; IL-2, IL-21,
undergo full activation leading to proliferation and effector functions designed to eradicate
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the challenge posed [3, 4]. At the peak of the primary response, the clonal expansion
undergoes a precipitous contraction phase wherein majority of the induced effector CD8 T
cells die due to activation induced cell death (AICD) by apoptosis and a small fraction
survive as memory cells [5-7]. Apart from their ability to persist, memory CD8 T cells also
possess the ability to rapidly and vigorously respond to a secondary antigen challenge
whereby providing deterrence against recurrence of disease [8, 9].

Over the past decade, studies have demonstrated the ability of type | effector T cells (both
CD4* and CD8* that produce IFN-v) to be therapeutically beneficial against intracellular
infections caused by viruses and bacteria [10-12]. This understanding has been exploited for
immunization and/or adoptive cell therapy of cancer with encouraging results [13, 14], but
have fallen short of achieving eradication of solid tumors [15]. The inability of adoptively
transferred effector CD8* T cells to persist and promote durable antitumor immunity is
thought to be the major reason for their restricted efficacy [16, 17]. Therefore, it is
increasingly evident that along with generation of robust effectors cells, it may be essential
to generate memory T cells that have the capacity to persist and guard the host against tumor
challenge. A few recent reports and our data suggest that memory precursor CD8 T cells are
much more effective than robust effector CD8 T cells in mediating long-term tumor
immunity [18], (Rao et. al. manuscript under review). However, the mechanisms that
determine whether an antigen-stimulated CD8 T cell will undergo robust effector maturation
leading to terminal differentiation or will it transition into memory are poorly understood
and pose significant hurdles for generating durable immunity against tumors. In our
laboratory investigations, we use naive TCR transgenic CD8 T cells which are reacted with
latex beads with defined antigen, co-stimulation and cytokines and the intrinsic signaling
pathways, transcriptional factors and gene expression profiles are characterized and
evaluated for their ability to determine effector and/or memory cell fate. In this review, we
highlight recent insights generated into the mechanisms used by extracellular cues to
program effector and/or memory cell fate in naive CD8 T cells.

Instructing CD8 T cell for effector and memory development

The functional fate of CD8 T cells is influenced by the instructions provided during brief
period of antigen stimulation [19-21]. The nature and intensity of signals received by a
naive CD8 T cell during antigen stimulation regulates induction of gene programs that
determine various effector phenotypes and/or memory [22, 23]. Typically, to achieve
functional maturation a naive CD8 T cell must integrate signals received from the TCR, co-
stimulatory molecules and cytokine receptors for activation and proliferation [24-26]. The
cytokine milieu in which a naive CD8 T cell recognizes antigen influences the gene
programs induced for distinct functional effector outcomes and/or memory, e.g., IL-12
induced T-bet expression for type I, IL-4 induced GATA-3 for type |1, IL-23 induced RORyt
for type 17, IL-2 induced Foxp3 for Treg etc. [27]. The ability of inflammatory cytokine;
IL-12, to generate T-bet dependent robust type 1 effector maturation as well as enable CD8
T cells for long-term response is well established [28, 29]. However, the mechanisms by
which T-bet facilitates transition of type 1 effector CD8 T cells for memory is not well
understood. For this review, we will focus on factors regulating type | effector and memory
cell fate in CD8 T cells, since type | associated cytokines have been shown to be necessary
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for antitumor immunity. The following section will specifically focus on how instructions
received by a naive CD8 T cell regulate intrinsic gene programs to regulate fate of aCD8 T
cell.

Cell intrinsic regulators of CD8 T cell differentiation

Antigen recognition by a naive CD8 T cell leads to progressive changes in gene expression
and it is now well recognized that the cytokine milieu in which the T cell gets activated has a
significant impact on what kind of effector phenotype it will express and whether it will
survive to form memory. The differential ability of cytokines to induce various
transcriptional networks, commonly known as master regulators of cell fate is important to
induce gene programs that impart specific functions to that subset [30-32]. Recent studies
have identified a unique pattern of gene expression between the effector and memory subset
of CD8 T cells and some of these genes are conserved among effector and memory CD8 T
cell subsets [28]. These observations indicate that understanding the regulation of
transcriptional networks that program a naive CD8 T cell for effector and memory
differentiation is essential to shed light on mechanism of regulation of these subsets.
Moreover, identification of cell intrinsic factors that govern the interplay between
transcription factors to impart effector versus memory cell fate in CD8 T cells also remains
to be understood.

T-bet and Eomesodermin

T-bet, a member of the T-box family of proteins is the master regulator of type I
differentiation in both CD4 as well as CD8 T cells [30]. T-bet expression in CD8 T cells is
required for IFN-y gene expression and also in part for the expression of cytolytic genes
(Granzyme-B and Perforin) [33]. It has been previously shown that robust T-bet expression
marks CD8 T cells for short-lived effector differentiation, which is associated with the
KLRG1M and CD127'° phenotype [23]. Subsequently, Eomesodermin; a member of the T-
box family of transcriptional factors, has also been implicated in CD8 T cell differentiation
[34]. Unlike T-bet, the nature and intensity of stimulus that induces Eomesodermin
expression in CD8 T cell are not well understood, but there exists an inverse corelation of
expression between these two transcription factors; wherein, T-bet expression was observed
to be maximal during effector phase whereas Eomes expression increased from the effector
to memory phases of a CD8 T cell response [35]. Moreover, IL-12 induces sustained T-bet
expression and represses Eomes transcription, consistent with the notion that 1L-12
promotes robust, short-lived effector cells whereas Eomes is important for generation of
memory CD8 T cells [28]. However, both of these transcription factors play an important
role in memory CD8 T cell generation by regulation of CD122 expression; IL-15Rp which
renders CD8 T cells sensitive to IL-15 [35]. The differential expression and function of these
transcription factors during effector and memory stages indicate the important role they play
in inducing and sustaining gene programs that regulate effector and/or memory CD8 T cell
differentiation.
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mMTOR (mammalian target of rapamycin)

The mTOR kinase senses environmental cues, nutrient availability, internal energy stores,
and growth factor signaling for regulating cell growth, proliferation and differentiation [36,
37]. Due to its ability to integrate extracellular signals and regulate cell fate, we have been
particularly interested in understanding its role in regulating functional cell fate of CD8 T
cells. Previously, mTOR inhibition (rapamycin) was shown to induce tolerance in CD4 T
cells and some studies have suggested the induction of Foxp3* Tyeq phenotype in CD4 T
cells [38-41]. A recent report employing genetic approaches demonstrated the critical
requirement for mTOR in type | differentiation of CD4 T cells and demonstrated that mTOR
deficient CD4* T cells differentiate into T regulatory cells, at the cost of type | commitment
[42]. Moreover, blockade of mMTOR by rapamycin administration in vivo has been shown to
enhance memory CD8* T cell generation in a viral infection model [43]. Our studies have
demonstrated that instructions received by a naive CD8* T cell induces mTOR activity and it
plays an essential role in regulating T-bet versus Eomesodermin expression for establishing
effector and memory cell fate in CD8" T cells (Manuscript submitted). In these studies, we
have consistently noted that factors that impart type | effector cell fate in CD8* T cells,
enhance and sustain mTOR activity which is required for sustained T-bet expression and
type | effector differentiation in CD8* T cells. Decreased mTOR activity switches the
transcriptional program from T-bet to Eomes expression along with phenotype associated
with memory-precursor cells; wherein, these cells demonstrate enhanced persistence and
antigen recall responses after adoptive transfer. Remarkably, rapamycin treated CD8* T cells
with diminished type | effector functions and enhanced memory-like attributes, demonstrate
significantly enhanced ability to control tumor growth. These novel observations implicate
mTOR as a central integrator of instructions that regulate cell-fate decisions in CD8 T cells
and imply that its use may greatly benefit tumor therapy. Moreover, since mTOR is regulated
by the energy state of the cell via AMPK activity, we have initiated studies to better
understand the possible impact of host energy imbalance due to states of obesity, aging,
and/or starvation on immune surveillance and therapeutic interventions. However, more
studies to delineate the mechanisms of its action in vivo are warranted, as they are likely to
enable its use for augmenting durable tumor immunity with immunization.

Extrinsic regulators of CD8 T cell differentiation

The regulation of various gene programs that control survival, differentiation, and function is
all tightly regulated by the nature and intensity of cues received by a naive CD8* T cell [3,
27]. Cognate antigen recognition by the TCR is the primary and essential trigger that itself
can determine fate of a naive CD8" T cell [22]. How factors other than the antigen
recognition/strength influence the functional outcome of a CD8" T cell is being increasingly
studied and understood. In this section, we will discuss the impact of these signals in the
effector and/or memory development of CD8* T cells.

TCR signal strength

Strength of antigen signal induces activation and proliferation of naive T cells and by
regulating survival and cytokine responsiveness play a deterministic role in effector versus
memory generation of CD8" T cells. Previous studies have revealed the critical role played
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by the strength of signal 1 on the antigen-specific clonal T cell response, i.e., treating the
infection with antibiotics (duration) or decreasing the multiplicity of infection (dose), as
lower levels of antigen strength promoted memory-precursor formation, as indicated by high
levels of CD127 and CD62L expression [22, 44, 45]. In support, a recent study also
demonstrated that increasing strength of antigen stimulation by varying infectious insults in
vivo promotes high levels of T-bet expression and robust effector maturation, but as the cells
were short-lived, they failed to afford durable protection [23]. To better understand how
strength of antigen stimulation influences naive CD8" T cell response, we have
demonstrated that antigen strength regulates Ets-1 dependent IL-12Rp expression, which
sensitizes a naive CD8* T cell for 1L-12 responsiveness (Li et. al. Manuscript under review).
This further explains how increasing strength of antigen favors effector rather than memory
development in CD8" T cells. Collectively, these observations demonstrate that the dose and
duration of antigen is a critical factor that regulates the balance between effector and
memory development, but it is still unclear as to how a naive CD8* T cell senses the extent
of antigen stimulation to regulate gene programs for effector versus memory development of
CD8* T cells.

Co-stimulatory molecules

The co-stimulatory signals (signal 2) from receptors such as CD28, CD40, 4-1BB, CD27,
and OX40, are required for naive T cell activation that results in proliferation, effector
maturation, and survival [46-49]. Activation of T cells without co-stimulation may lead to T
cell anergy, T cell deletion, or the development of immune tolerance by ignorance [50]. It
remains unclear how those co-stimulatory signals instruct memory development; although a
recent study demonstrated that memory CD8 T cells require CD28 co-stimulation to
generate maximal secondary responses against pathogens. Moreover, the TNF-members;
including OX-40 [51-53], 4-1BB [54, 55], and CD40 [56, 57], can provide an essential
signal to antigen stimulated T cells for persistence and memory generation. In our studies,
we choose to maintain constant the co-stimulatory signal by providing a fixed amount of
B7.1 protein.

CDA4 T cell help

The CD4 T cell help for effector and memory development of CD8* T cell can essentially be
argued from two different views. First, for functional effector maturation, which for most
part requires the pro-inflammatory cytokine IL-12, can be derived from the CD40-CD40L
interaction between CD4" T cell and dendritic cell wherein the latter is stimulated to
produce 1L-12 [58]. This could also possibly explain the requirement of early CD4" T cell
help for CD8 T cell priming [59]. Second, the unavailability of CD4* T cell help leads to
generation of a population of CD8* T cells that largely resembles effector—-memory
population, responds poorly to re-challenge and are not long-lived [29, 60]. This might
probably be attributed to the contribution of I1L-2 and/or 1L-21 secreted by activated CD4* T
cells which has been shown to be required for durable immune responses [61, 62]. Overall,
CD4" T cells appear to have the capability to modulate effector and memory differentiation
of CD8™ T cells, possibly through mechanisms that include CD40:CD40L, cytokines like
IL-12, IL-21 and regulation of T-bet expression in CD8* T cells. The recent demonstration
that CD4*/Foxp3* Teq cells are required for eradication of viral infection by CD8* T cells
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[63], suggest new ways by which the CD4* T cells regulate CD8* T cell effector and
memory cell fate.

Common y-chain cytokines

IL-2—IL-2 has been recognized as a growth factor for T cells as IL-2 is produced mainly by
activated T cells and promotes proliferation of T cells. The role of this cytokine has been
difficult to implicate as IL-2-deficient mice develop autoimmune disorders due to a
deficiency in CD4" Foxp3™ Tyegs [64]. However, by using an adoptive transfer system with
IL-2 or IL-2R-deficient TCR transgenic CD8" T cells, D’Souza et al. [65, 66] showed that
activated CD8* T cells initially undergo IL-2-independent proliferation, but sustained
expansion required IL-2 production. More recently studies by Williams et al. [8] have
confirmed that IL-2 signaling though not required during the primary response of CD8* T
cells was required for CD8* T cell memory generation as in the absence of IL-2 signaling
their recall responses were considerably impaired.

IL-7 and IL-15—Although IL-7 and/or IL-15 have probably no instructive role in the
generation of short or long-lived memory cells [67, 68], both IL-7 and IL-15 are important
for homeostatic self-renewal of memory cells [69-71]. The lack of either of these two
cytokines leads to loss of CD8 memory generation [72, 73]. In this regard, it seems like IL-7
is required for the long-term survival of CD8 memory cells, whereas IL-15 supports basal
homeostatic proliferation and is required for survival of naive as well as memory CD8* T
cells [74-76], suggesting that they together support the survival and maintenance of the
memory CD8* T cell pool.

IL-21—IL-21 is produced by activated CD4* T cells [77]. IL-21 has the ability to sustain
long-term CD8* T cell responses as a result of increased survival and also enhances the
capacity of cells to mediate tumor regression upon adoptive transfer [61, 78]. Interestingly,
IL-21 promotes proliferation of antigen-specific CD8* T cells and synergizes with IL-15 in
promoting CD8* T cells expansion in vitro and their anti-tumor effects in vivo [79]. The use
of 1L-21 as single agent therapeutic for cancer has produced encouraging results and is
currently poised for phase three evaluation in melanoma and renal cell carcinoma [80].

Other cytokines

IL-12—IL-12 is a well studied inflammatory cytokine produced by dendritic cells (DCs)
and macrophages in response to Toll-like receptor signaling. The role of this cytokine in
programming robust type | CD8* T cell effector differentiation has been well documented
[81]. Although, IL-12 provides an essential third signal for acquisition of full effector
functions [82], its role in generation of CD8 memory pool remains unclear. We and others
have shown that IL-12 signaling during the priming phase promotes long-term CD8* T cell
responses [81]. In another report, however, Pearce et al. [83] shown that greater numbers of
memory CD8* T cells formed in the IL-12/~ mice and they underwent more extensive
homeostatic proliferation than in wild type animals. Nevertheless, recent studies addressed
the mechanisms by which IL-12 regulates transition and turnover of memory CD8" T cells.
In these studies, IL-12 has emerged as a key factor of regulation, which determines the levels
of T-bet and Eomes expression and thereby controls effector versus memory cell formation.
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They demonstrated that IL-12 inversely regulates the expression of T-bet and Eomes during
a CD8* T-cell response, with 1L-12 promoting the expression of T-bet while suppressing the
expression of Eomes [28]. Moreover, Joshi et al. [23] provided further support for the role of
IL-12 and T-bet in CD8" T cell effector differentiation. Based on these studies, a model of
CDS8™ T cell effector/memory differentiation has been proposed, wherein antigen activated
CD8™ T cells proliferate and differentiate into effector cells. The amount of 1L-12
determines the balance between T-bet and Eomes expression and correspondingly makes cell
fate decisions [84]. In our lab, we found that IL-12 enhanced T-bet expression programs
CD8™ T cells for not only robust effector response but enables them for IL-15 mediated
transition to memory (Li et. al. manuscript under review). The ability of IL-12 conditioned
T-bet expression to “tune” effector CD8™ T cells for sensitivity for 1L-15 by increasing their
IL-15Ra and CD122 expression, promotes I1L-15 mediated survival and homeostatic
renewal.

IFN-a/B—Type | IFNs (IFN-a/f) is a common cytokine produced in response to infection.
Early studies shown that IFN-a/p signaling is critical for enhancing the activation,
proliferation, expansion, and memory generation of CD8* T cells [85-87]. Studies have also
suggested that IFN-a/p signaling could also provide the necessary third signal to support
CD8 clonal expansion and development of effector function via a STAT4-dependent
pathways to stimulate survival, development of cytolytic function, and production of IFN-y
[88]. Both IL-12 and IFN-a/p as the third signal initiate many in common as well as a
unique complex differentiation program for CD8* T cell memory generation [3].

Concluding remarks

A CD8* T cell response is programmed very early during the priming phase of an immune
response. Therefore, it is essential to have an understanding of various extrinsic and intrinsic
factors that regulate effector and memory differentiation of CD8* T cells. With the recent
identification of fate deterministic cytokines and transcription factors it is becoming
increasingly necessary to study the mechanism by which extrinsic factors integrate into a
cell and induce gene programs that specify cell fate of CD8* T cells. The role of mTOR in
integrating extracellular instructions and more importantly sensing the extent of
inflammation to direct effector versus memory cell fate is becoming evident and detailed
mechanistic studies are required to delineate how mTOR regulates transcriptional programs
depending upon the status of its phosphorylation (Fig. 1).

Despite all the progress made in recent years, we still lack a clear understanding of how
extrinsic factors regulate intrinsic molecular programs for CD8* T cell differentiation into
effector and/or memory functional fates. By revealing the molecular basis by which extrinsic
factors govern optimal effector and memory cell fates in CD8 T cells, we expect to develop
new treatment modalities for acute and chronic challenges such as infectious diseases and
cancer.
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Fig. 1.
Model for the role of mTOR in sensing extracellular signals and regulating gene programs

for effector and memory differentiation of CD8" T cells. Increasing dose of antigen along
with inflammatory cytokines promotes heightened mTOR activity leads to sustained T-bet
expression. Low dose antigen and/or IL-21, rapamycin induce low levels of mMTOR activity
leading to decreased mTOR phosphorylation and increased Eomes expression. CD8* T cells
expressing high levels of T-bet are dependent on IL-15 for their survival and become effector
memory like cells, whereas cells expressing Eomes are intrinsically programmed for central
memory-like cells which is IL-7 dependent.

Immunol Res. Author manuscript; available in PMC 2016 October 04.



	Abstract
	Introduction
	Instructing CD8 T cell for effector and memory development
	Cell intrinsic regulators of CD8 T cell differentiation
	T-bet and Eomesodermin
	mTOR (mammalian target of rapamycin)

	Extrinsic regulators of CD8 T cell differentiation
	TCR signal strength
	Co-stimulatory molecules
	CD4 T cell help
	Common γ-chain cytokines
	IL-2
	IL-7 and IL-15
	IL-21

	Other cytokines
	IL-12
	IFN-α/β

	Concluding remarks

	References
	Fig. 1

