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Abstract

Viral infections cause an immunological disequilibrium that provokes CD8 T cell responses.
These cells play critical roles in purging acute infections, limiting persistent infections, and
conferring life-long protective immunity. At every stage of the response anti-viral CD8 T cells are
sensitive to signals from cytokines. Initially cytokines operate as immunological warning signs
that inform of the presence of an infection, and also influence the developmental choices of the
responding cells. Later during the course of the response other sets of cytokines support the
survival and maintenance of the differentiated anti-viral CD8 T cells. Although many cytokines
promote virus-specific CD8 T cells, other cytokines can suppress their activities and thus favor
viral persistence. In this review we discuss how select cytokines act to regulate anti-viral CD8 T
cells throughout the response and influence the outcome of viral infections.
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Introduction

A defining property of the immune system is its exquisite ability to discriminate between
self and foreign antigens. This power enables the host to sense and respond to viral
infections and usually results in rapid mobilization of immune defense mechanisms. The
elaboration of anti-viral CD8 T cell responses following infection is a cornerstone of the
adaptive immune response and they are vital for controlling acute infections, containing
persistent infections, and conferring long-lived protection to viral re-exposures.

The progression of the anti-viral CD8 T cell response can be divided into distinct
developmental stages defined by characteristic phenotypic and functional properties (Fig. 1)
(Cox and Zajac, 2010; Lanzavecchia and Sallusto, 2005; Zhang and Bevan, 2011).
Throughout the response the CD8 T cells receive instructions from the cytokine milieu,
which changes in composition in reaction to viral infections (Cox et al., 2011). The cytokine
network acts in conjunction with antigenic signals to amplify the clonal expansion of the
naive T cells that are triggered to respond, and cytokines also function as differentiation and
survival factors which influence the developmental choices of the anti-viral CD8 T cells.
This includes favoring the emergence of short-lived terminally differentiated effector cells,
which are highly functional, and migrate from secondary lymphoid organs to other sites that
may harbor the infection. Cytokine levels can also promote the emergence of memory
precursor cells, which are competent effector cells but preferentially mature into long-lived
memory T cells (Kaech and Wherry, 2007). Other cytokines act as party-poopers and
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suppress CD8 T cell responses, limiting their ability to cause immunopathology but possibly
favoring viral persistence. During later stages of the response cytokines are also crucial for
maintaining memory T cell populations, which form if the initial infection is cleared, and
also influence inferior, exhausted, T cell responses which arise if the virus is not well
controlled (Frebel et al., 2010; Wherry, 2011; Yi et al., 2010b). In addition, certain cytokines
can stimulate effector and memory CD8 T cells independently of antigenic activation and
thus allow these populations to mount some level of response to a broader range of
pathogens (Berg and Forman, 2006).

Defining the cytokines that control CD8 T cell activities, and how they imprint the
phenotypic and functional attributes of these cells, provides fundamental information about
how this component of antiviral immunity is regulated. Understanding the stage dependent
effects of specific cytokines on CD8 T cells, and how these signals integrate with other
factors to dictate the outcome of the response, provides rationale for tactically manipulating
cytokine levels to improve viral control and immunity. Cytokines are attractive therapeutic
candidates as administering these molecules, neutralizing their activities, blocking or
stimulating their receptors, or targeting their cellular sources, can alter their availability
which in turn can modulate their biological actions. In this article we discuss the impact of
select cytokines on the induction, differentiation, maintenance, and function of anti-viral
CD8 T cells, and how this potentially determines the outcome of viral infections.

Cytokines as immunological warning signs

The detection of presented antigen is not sufficient to fully activate naive CD8 T cells as
they sense the infection for the first time. Instead, the response is restrained until the cells
receive additional cell—cell contact dependent costimulatory signals, and inflammatory
warning signs which are delivered in the form of specific cytokines induced by the infection
(Cox et al., 2011; Curtsinger and Mescher, 2010). These activatory checkpoints prevent
illegitimate triggering of naive CD8 T cells, but also permit swift and overwhelming
responses to the immunological disequilibrium caused by infection.

Viral infections promote the production of various proinflammatory cytokines which can
augment CD8 T cells. This includes type I interferons (IFN), IL (interleukin)-12 family
members, IL-6 and related cytokines, as well as IL-1 family members including IL-18 and
IL-33. The relative abundance and kinetics of expression of these factors depend upon the
properties of the infecting pathogen, but they all impact the ensuing CD8 T cell response

(Fig. 2).

Type |l interferons and IL-12

Type | IFNs (IFNa and IFNB) form the first line of defense against viral infections. Their
production is initiated as the infected cell senses the presence of virally encoded “non-self”
nucleic acids via RIG-I-like, Toll-like, and NOD-like receptors (Aoshi et al., 2011). Type |
IFNs are rapidly but transiently produced and can be synthesized by all cell types. Certain
viruses, including influenza, hepatitis C virus (HCV), and West Nile virus, deploy immune
evasion mechanisms to avoid inducing type | IFNs (Diamond, 2009; Garcia-Sastre, 2011;
Lemon, 2010), and different viral infections induce distinct profiles of inflammatory
cytokines. For example, vaccinia virus (VV) and vesicular stomatitis virus (VSV) induce
less type | IFN than lymphocytic choriomeningitis virus (LCMV), however, they generate
significant amounts of the inflammatory cytokine 1L-12 (Keppler et al., 2012; Thompson et
al., 2006), which is primarily produced by dendritic cells (DCs) and macrophages.

The biological effects of type | IFNs and IL-12 on CD8 T cell differentiation are
overlapping as they both directly signal to the responding cells and act in conjunction with
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antigenic and costimulatory signals to promote the development and expansion of short-
lived effector cells (Fig. 2) (Cui et al., 2009; Curtsinger et al., 1999, 2005; Pearce and Shen,
2007; Schmidt and Mescher, 1999, 2002; Valenzuela et al., 2002; Welsh et al., 2012). IL-12
signaling induces expression of T-box expressed in T cells (T-bet), a transcription factor
which determines the differentiation state of the cell. High levels of T-bet galvanize the
terminal differentiation of short-lived effector T cells, while lower levels of T-bet are
associated with the development of memory precursor T cells which can go on to form the
long-lived memory pool (Joshi et al., 2007; Takemoto et al., 2006). CD8 T cells lacking the
IL-12 receptor (R), IFNAR, or both inflammatory cytokine receptors, are defective in the
formation of short-lived cells following infection with LCMV, VSV, or the intracellular
bacteria Listeria monocytogenes (LM) (Keppler et al., 2012; Thompson et al., 2006; Wiesel
et al., 2012). These receptor deficient CD8 T cells express lower levels of T-bet and higher
levels of the related T-box transcription factor Eomesodermin (Eomes) (Keppler et al., 2012;
Wiesel et al., 2012). Although these transcription factors possess some overlapping
functions, as both are sufficient to drive IFNvy (Intlekofer et al., 2008; Pearce et al., 2003),
the expression of Eomes is preferentially associated with the formation of memory CD8 T
cells (Banerjee et al., 2010; Intlekofer et al., 2005; Takemoto et al., 2006). Eomes may
operate to recruit cells into the memory pool by upregulating expression of CD122, the -
chain of the IL-2 receptor, which is also required for IL-15 signaling (Intlekofer et al., 2005;
Zhou et al., 2010). Increasing the ability of the T cells to receive IL-15 signals leads to
upregulation of anti-apoptotic molecules and potentiates their transition into and
maintenance within the memory pool. Thus, cooperation between cytokines shapes both
short-term and long-lived anti-viral CD8 T cell development.

While the induction of type I IFN or IL-12 following infection boosts the expansion of
highly cytolytic short-lived effector cells (Fig. 2), curtailing the inflammatory conditions
surrounding CD8 T cells still permits the formation of long-lived memory populations that
operate to confer protection against re-exposure to the infection (Badovinac et al., 2004;
Joshi et al., 2007). Nevertheless, modulating the inflammatory milieu can be disastrous for
viral control. Blockade of IFNa/p during the priming phase of LCMV Armstrong infection
results in failure to clear the virus (Sandberg et al., 1994) and, similarly, IFNAR-deficient
(/) mice poorly control the low virulence V'V strain Lancy or LCMV Armstrong or WE
(Muller et al., 1994; van den Broek et al., 1995; Zhou et al., 2012). Infection of IFNAR™/~
mice with more persistent strains of LCMV, such as LCMV Dacile or clone 13, results in a
high titer life-long infection and exacerbated T cell exhaustion (Ou et al., 2001), as opposed
to the slowly controlled persistent infection observed in wild type mice.

The amount of type | IFN induced by the virus also likely influences whether or not the
infection persists. For example, Wang et al. (2012), found that less IFNa is produced in the
early stages of infection with the chronic strain of LCMV, clone 13, than during infection
with the acute LCMV Armstrong strain. This may be because of the enhanced tropism of
LCMV clone 13 for plasmacytoid DCs and viral nucleoprotein inhibition of type | IFN
production in these cells. Administering IFNa early following LCMYV clone 13 infection
promoted continued expansion of CD8 T cells and the control of the virus (Wang et al.,
2012). Thus, virus-dependent differences in the induction of inflammatory warning signs
impact control of the infection and the sustainability of the anti-viral CD8 T cells.

IL-1, IL-18, and IL-33

Members of the IL-1 family of cytokines include IL-1, IL-18, and IL-33, and each of these
factors influence anti-viral CD8 T cells. Pro-1L-1 is cleaved by caspase 1 into active IL-1a
and IL-1p in activated macrophages as well as other cell types (Sims and Smith, 2010). IL-1
signaling drives the production of the inflammatory cytokine IL-6 in numerous cell types,
which can impact CD8 T cell differentiation, and IL-1 also augments the cytolytic capacity
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of effector CD8 T cells. Reductions in the overall numbers of CD8 T cells is observed in
IL-1R~~ animals. Following infection of IL-1R™~ mice with LCMV, the virus-specific CD8
T cells that do develop have poor expression of granzymes and display markedly reduced
cytotoxic effector functions. This loss of cytotoxic T lymphocyte (CTL) functions is
consequential as 1L-1R~/~ mice failed to control LCMV infection (Joeckel et al., 2012).

The production of 1L-18 is upregulated by activated macrophages and DCs. Classically,
IL-18 is described as an IFNy inducing factor (Okamura et al., 1995) and, as discussed later,
this property allows IL-18, especially in conjunction with other inflammatory cytokines such
as IL-12, to induce IFNvy production by effector and memory CD8 T cells without antigenic
activation (Beadling and Slifka, 2005; Berg et al., 2003; Ingram et al., 2011; Raue et al.,
2004). This cytokine, however, is not required for the generation of effector and memory
CD8 T cells but it can have some influence on their functional properties and survival
(Haring and Harty, 2009). Exposure to IL-18 can enhance the proliferation of CD8 T cells as
well as limit activation-induced cell death, which is consistent with the induction of 1L-18
associated genes during the contraction phase of the response (Haring and Harty, 2009; Iwai
et al., 2008; Li et al., 2007). The expression of IL-18R has also been reported to correlate
with the self-renewal potential of peripheral CD8 T cell populations, which is a key trait of
memory T cells (Turtle et al., 2009). Effector and memory CD8 T cells express the IL-18R,
which becomes downregulated if the responding cells succumb to exhaustion in chronically
infected hosts (Haining et al., 2008; Luckey et al., 2006; Wherry et al., 2007). During
chronic LCMV infection the expression of IL-18Ra. appears to help preserve anti-viral CD8
T cells during the initial contraction phase of the response, but this effect is lost as the levels
of the receptor decrease and exhaustion is established (Ingram et al., 2011).

As viruses begin to replicate the release of damage associate molecular patterns (DAMPS)
from injured target cells also serve as immunological warning signs and operate as potent
activators of cellular immune responses. Recent studies have highlighted the role of the IL-1
superfamily member IL-33 as an alarmin which launches anti-viral CD8 T cell responses.
IL-33 is expressed as a nuclear precursor (Moussion et al., 2008) but lysis of cells following
infection or necrotic cell death releases this factor (Cayrol and Girard, 2009; Haraldsen et
al., 2009; Zhao and Hu, 2010), signaling the presence of cellular damage.

The cellular receptor for IL-33 is formed by the heterodimerization of ST2 (IL1RL1) and the
IL-1 receptor accessory protein. ST2, the principle signaling chain of the receptor, is not
detectable on naive CD8 T cells but is upregulated in a T-bet dependent manner following
activation (Bonilla et al., 2012). In vitro priming studies have demonstrated that 1L-12 and
IL-33 enhance the viability and effector differentiation of CD8 T cells and enforce
expression of the transcription factors T-bet and B lymphocyte-induced maturation protein
(Blimp)-1 (Prdm1), while repressing Eomes, lymphoid enhancer-binding factor (LEF)1 and
T cell factor (TCF)-1 (Yang et al., 2011). This is consistent with the roles of these cytokines
in driving terminally differentiated effector T cell development.

Infection of mice lacking IL-33 or ST2 with LCMV, murine gammaherpesvirus (MHV)-68,
or VV results in drastically reduced anti-viral CD8 T cell responses, whereas the responses
to replication-defective LCMV or attenuated V'V are not affected, illustrating the importance
of 1L-33 during productive infections which cause tissue damage (Bonilla et al., 2012). Co-
administration of IL-33 during vaccination robustly boosts expansion of CD8 T cells
responses. In addition to bolstering the size of the response, IL-33 acts directly on the
responding CD8 T cells to promote the acquisition of effector functions. ST2~/~ CD8 T cells
primed in wild-type animals lack the capacity to produce the effector cytokines TNFa and
IL-2, and only ~5% of these cells attain the capacity to produce IFN-y. Degranulation and
granzyme B expression are also severely compromised, and these cells also express reduced
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levels of the anti-apoptotic molecule Bcl-2, which likely contributes to the poor
accumulation of these cells in vitro and in vivo (Bonilla et al., 2012). Thus, the inability to
respond to IL-33 impedes effector CD8 T cell development following infection. ST27/~ CD8
T cells do however, express a surface phenotype more closely related to memory precursor
cells, characterized by expression of lower levels of KLRG-1 and higher levels of CD127.
This same pattern of compromised effector development but emergence of memory
precursors is observed in Blimp-1 deficient mice infected with LCMV or influenza virus.
Blimp-1 deficient memory cells also fail to develop into secondary effectors (Kallies et al.,
2009) but vaccinated ST2~~ mice efficiently control subsequent LCMV infection (Bonilla
et al., 2012), indicating that I1L-33 is critical for primary effector responses, but not for
memory T cell formation or the elaboration of recall responses by these cells.

Effector CD8 T cells are amplified by IL-33, as well as IFNa/p and IL-12 signals, but the
timing of these different signals is critical for optimally promoting these responses.
Signaling through TLR3 by administration of the synthetic dSRNA analog,
polyinosinic:polycytidylic acid (poly(I:C)), induces the expression of IFNa/B, particularly in
plasmacytoid DCs, and acts as an adjuvant during vaccination. Injection of poly(1:C) 3 days
before immunization, however, impeded CD8 expansion and differentiation, and reduced
their ability to respond to IL-33 (Ngoi et al., 2012). Thus, although these cytokines which
signify the presence of an infection can act synergistically, temporal coordination is required
to ensure the full amplification of the subsequent T cell response.

gp130 family members

The gp130 receptor is used by several cytokines including I1L-6 and IL-27, which both
impact CD8 T cell responses (Taga and Kishimoto, 1997). IL-6 is produced by monocytes
and endothelial cells as well as by lymphocytes, keratinocytes, and a variety of other cells
types. IL-6 affects multiple aspects of the immune response (Taga and Kishimoto, 1997),
and has both direct and indirect influences on CD8 T cell development. IL-6 plays a role in
control of several viral infections, including Herpes simplex virus (HSV)-1, ectromelia, VV,
Friend Leukemia Virus (FLV), and the chronic strain of LCMV, clone 13 (Harker et al.,
2011; Kopf et al., 1994; Murphy et al., 2008; O’Gorman et al., 2010; Strestik et al., 2001).
Mice deficient in IL-6 are severely impaired in their capacity to control HSV-1 (Murphy et
al., 2008) and the poxvirus ectromelia (O’Gorman et al., 2010), and infected animals rapidly
succumbed to infection. Infection with LCMV clone 13 induces two waves of I1L-6
production, one within the first few days of infection, and a second peak approximately 25
days post infection, which is primarily produced by follicular dendritic cells (Harker et al.,
2011). This second wave of I1L-6 is critical for control of viremia, as neutralization of 1L-6
during this period by antibody or receptor blockade abrogates viral control in wild type mice
(Harker et al., 2011).

IL-6 both directly and indirectly effects anti-viral CD8 T cell responses. IL-6 signaling to
CD4 T cells induces expression of 1L-21, which is critical for sustaining anti-viral CTL
responses during persistent infections. Moreover, induction of 1L-21 may divert CD4 T cells
into the T follicular helper (Tfh) lineage, which help B cell responses. Accordingly, IL-6
deficient mice demonstrate reduced levels of virus-neutralizing antibodies compared to
wild-type controls during VV, LCMV, or FLV infections (Harker et al., 2011; O’Gorman et
al., 2010; Strestik et al., 2001). In the case of chronic LCMYV infection, the resulting higher
viral loads likely further exacerbate the development of CD8 T cell exhaustion.

In addition to indirect effects on anti-viral CD8 T cells, IL-6 also directly signals to CD8 T
cells via a receptor comprised of the IL-6Ra chain and gp130. In naive CD8 T cells this
results in phosphorylation of signal transducer and activator of transcription (STAT)1 and
STATS3, and supports cell survival (Teague et al., 1997). Interestingly, IL-6 signaling alone
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is not sufficient to protect activated or effector memory phenotype cells from cell death in
vitro (Teague et al., 2000). Nevertheless, when IL-6 is combined with other cytokines, such
as the homeostatic cytokines IL-7 and IL-15, it elevates the expression of granzyme B and
increases cytolytic capacity (Gagnon et al., 2008). IL-6 also synergizes with IL-7 and 1L-15
to augment T cell proliferation (Gagnon et al., 2008). Thus, IL-6 can enhance the survival or
homeostatic expansion of memory cells when combined with other signals. In accordance
with this finding, Castellino and Germain (2007) have found that CD8 T cells expressing
both IL-6Ra and IL-7Ra., but not either receptor alone, preferentially survive and form the
memory pool after vaccination. This protective effect of IL-6 may be due to inhibition of
activation-induced cell death.

Like IL-6, the gp130 family member IL-27 can also steer CD8 T cell development. CD8 T
cells activated in vitro in the presence of IL-27 demonstrate enhanced proliferation,
increased T-bet and Eomes expression, greater IFN+y production, and more potent cytolytic
properties (Morishima et al., 2005; Schneider et al., 2011). In addition to promoting CD8 T
cell effector functions, 1L-27 may indirectly support CD8 T cell responses by driving the
differentiation of Th1 phenotype CD4 T cells (Hibbert et al., 2003; Owaki et al., 2005;
Pflanz et al., 2002) and facilitating the expression of IL-21 by CD4 T cells (Pot et al., 2009),
similar to IL-6. IL-27 signaling to CD4 T cells enhances expression of T-bet (Hibbert et al.,
2003; Owaki et al., 2005), potentiating the Th1 lineage, and also induces c-maf (Pot et al.,
2009), a transcription factor which activates IL-21 production to facilitate generation of Tth
CDAT cells. IL-27 signaling also enhances the expression of Blimp-1 (Sun et al., 2011), a
transcription factor that, similar to T-bet, acts in a rheostatic manner to progressively drive
effector functions and the terminal differentiation of anti-viral CD8 T cells (Kallies et al.,
2009; Rutishauser et al., 2009; Shin et al., 2009). During influenza infection, IL-27 signals
coordinate with CD4 T cell help to enhance Blimp-1 expression in the responding CD8 T
cells, promoting the production of the immunoregulatory cytokine 1L-10 (Sun et al., 2011).
This immunosuppressive cytokine dampens lung inflammation and prevents lethal
immunopathology, and neutralization of 1L-10 signaling results in more rapid mortality of
influenza virus infected mice (Sun et al., 2009).

Guidance and support by common-y chain cytokines

IL-2

As a viral infection begins to take hold certain members of the common--y chain family of
cytokines guide the continuation of the anti-viral CD8 T cell response and influence the
magnitude, differentiation state, and longevity of the participating T cells. These cytokine
instructions are delivered at critical times, as encouraging an overwhelming immune
response at early stages limits the release of progeny virus, restricts dissemination, and
facilitates the eradication of the infection. Although these are desirable outcomes, a fine
balance exists between eliminating infected cells and causing tissue damage which can
further compromise the health of the infected individual. By contrast, a temporally slower or
unsustainable response can in essence be outcompeted by the pathogen, delaying the
possible clearance of the infection, permitting spread to immunoprivileged sites, and
encouraging establishment of viral persistence. In addition, the failure to clear the infection
can result in prolonged antigenic stimulation, causing varying degrees of T cell exhaustion
and corrupting bona fide memory T cell formation. At later stages other sets of common-y
chain family members regulate the survival of memory anti-viral CD8 T cells, and thus
impact long-term immunity to infections.

A key cytokine which regulates T cell fate decisions and functions is IL-2. This cytokine has
been reported to be expressed by DCs (Granucci et al., 2001), mast cells (Hershko et al.,
2011), and natural killer T (NKT) cells (Jiang et al., 2005), although activated T cells are the
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main source of this cytokine. The production of IL-2 can have profound effects on T cell
differentiation, but the role of this cytokine in immunity to infection extends beyond T cells
and include supporting the activation and effector properties of NK cells (Gismondi et al.,
2004), which can aid with infection control, regulating the proliferation of activated B cells
(Mingari et al., 1984; Nakanishi et al., 1992), restricting Tfh development (Ballesteros-Tato
et al., 2012), and augmenting regulatory CD4 T cell (Treg) levels (Setoguchi et al., 2005).

IL-2 signals through a receptor comprised of three independent subunits, which are
differentially expressed and inducible (Bachmann and Oxenius, 2007; Malek, 2008). CD25
(IL-2Ra) serves as the high affinity receptor chain and is upregulated on several cell types,
including T cells, upon activation. CD122 (IL-2Rp) is a signaling chain shared by both the
IL-2 and IL-15 receptors. The third chain of the IL-2 receptor is CD132, which is also
incorporated into the receptors for several other “common-y chain” cytokine family
members including IL-4, IL-7, IL-9, IL-15, and IL-21. Upon heterodimerization the
cytoplasmic domains of CD122 and CD132 contribute to signal transduction, resulting in
activation of the JAK-STAT pathway via phosphorylation of STAT5, as well as activation
of the phosphoinositiol 3-kinase and mitogen-activated protein kinase pathways (Liao et al.,
2011).

As naive CD8 T cells are initially activated a wave of IL-2 production occurs, but
expression is short-lived (D’Souza and Lefrancois, 2004; Deeths et al., 1999); however,
subsets of effector and memory T cells regain the ability to secrete this cytokine as the
response ensues (Tham and Mescher, 2002; Tham et al., 2002). During the initial activation
phase this transient release of IL-2 by both CD4 and CD8 T cells, as well as exposure to
antigen and other proinflammatory cytokines, including IL-12, stimulates upregulation of
CD25, which enhances the affinity of the IL-2 receptor by 100-fold (Bachmann and
Oxenius, 2007; Cox et al., 2011; Malek, 2008), thereby increasing the sensitivity of the
responding T cells to this cytokine. Although anti-viral CD8 T cells can expand
independently of IL-2, this cytokine plays a potential role in fine-tuning overall magnitude
of the response (Bachmann et al., 2007; Williams et al., 2006), and may be more critical for
supporting responses in non-lymphoid tissues (D’Souza and Lefrancois, 2003; D’Souza et
al., 2002). Nevertheless, IL-2 does function as a pivotal differentiation factor dictating
qualitative aspects of CD8 T cell response.

The levels and kinetics of CD25 expression on responding CD8 T cells, as well as their
exposure to IL-2, is not uniform. T cell populations which express higher levels of CD25, or
that are exposed to higher levels of IL-2, preferentially attain a more terminally
differentiated, short lived effector phenotype, signified by the expression of the transcription
factors Blimp-1 and T-bet, and the effector molecules perforin, granzyme B, and IFN-y
(Kalia et al., 2010; Pipkin et al., 2010). By contrast, CD8 T cells that express lower levels
CD25 or encounter lower amounts of IL-2 express increased levels of the transcription
factor Bcl-6, the central memory T cell marker CD62L, and IL-2, but lower levels of
Blimp-1 and perforin (Kalia et al., 2010; Pipkin et al., 2010). These T cells have an
increased ability to survive over time and give rise to the long-lived memory compartment.
Furthermore, manipulation of CD8 T cell responses to reduce CD25 expression, either by
genetic ablation or removal of CD4 T cells, results in reductions in the generation of the
effector CD8 T cell pool (Obar et al., 2010; Williams et al., 2006).

In addition to the influence of 1L-2 on the effector and memory fate decisions of CD8 T
cells, it is also apparent that early exposure to IL-2 does not necessarily compromise
memory T cell formation. Instead, IL-2 may be essential for programming the ability of
these T cells to mount pronounced secondary immune responses. Analyses of experimental
mice containing a mixture of CD25~/~ and wild-type T cells, in combination with I1L-2
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treatments and adoptive transfer studies, have demonstrated that exposure to IL-2 during the
priming phase allows memory T cell populations to form which are imprinted with the
ability to proliferate vigorously to subsequent challenges (Bachmann et al., 2007; Williams
et al., 2006). Strong IL-2 signals during priming are not always a prerequisite for the
development of highly proliferative memory cells, however, as CD25~/~ CD8 T cells primed
with LM are still capable of mounting normal secondary responses (Obar et al., 2010),
highlighting the importance of the pathogen-induced milieu in programming effector and
memory CD8 T cell functions. Notably, CD8 T cells can express IL-2, and both cell intrinsic
(autocrine) and extrinsic (paracrine) production of this cytokine has been shown to be
sufficient for the generation of memory T cells with robust recall potential (Feau et al.,
2011; Williams et al., 2006). Thus, the abundance, timing, and source of IL-2, as well as
integration with other system-specific cellular and soluble factors, together with viral loads,
all dictate precisely how IL-2 regulates CD8 T cell responses.

While the strength of IL-2 signaling plays a significant role in the modulation of the immune
response, examining the consequences of IL-2 treatment during the expansion, contraction,
and memory response have also revealed variances in the temporal requirement of IL-2
signaling. Early IL-2 treatment may be disadvantageous, causing decreased survival and
function of the expanding cells (Blattman et al., 2003; Hamilton et al., 2010), consistent with
the role of IL-2 in promoting short-lived, terminally differentiated, effector T cell
development. Nevertheless, during certain chronic viral infections IL-2 signals are
stringently required, as under these conditions CD257/~ T cells initially expand but
subsequently decay (Bachmann et al., 2007). In addition, I1L-2 therapy can bolster CD8 T
cell responses during chronic infections, including LCMV and MHV-68 (Blattman et al.,
2003; Hamilton et al., 2010; Molloy et al., 2009). Notably, the ability of virus-specific CD8
T cells to produce IL-2 is rapidly lost as they succumb to exhaustion (Fig. 3) (Fuller et al.,
2004; Fuller and Zajac, 2003; Wherry et al., 2003) and therefore, extrinsic sources of 1L-2,
likely from CD4 T cells, may be most critical under these conditions.

Whereas IL-2 pushes effector CD8 T cell differentiation, the related common-+y chain
family member, IL-21, helps sustain CD8 T cell responses and promotes memory T cell
populations. This cytokine is primarily produced by CD4 T cells but has also been shown to
be expressed by NKT cells. IL-21 regulates many aspects of the immune response that can
indirectly impact CD8 T cell responses during the course of viral infections including NK
cell effector activities, antibody responses, and the differentiation of CD4 T cell subsets—
spanning promoting the development of Th17 cells, sustaining Tfh responses, and
suppressing Tregs (Yi et al., 2010a). Additionally, as discussed below, IL-21 acts directly on
CD8 T cells and can impact these responses during both acute and chronic viral infections.

During acute viral infections the effect of IL-21 on anti-viral CD8 T cells differs depending
upon the pathogen. The responses to acute LCMYV infection are relatively unperturbed by
either 1L-21 or IL-21R deficiency, although the ability of the virus-specific CD8 T cells to
produce IL-2 may be lower, and their recall potential reduced, especially under competitive
conditions (Elsaesser et al., 2009; Frohlich et al., 2009; Yi et al., 2010c). The magnitude of
primary CD8 T cell responses and the size of the memory pool elicited by replication
defective recombinant adenovirus (Ad) is lower in IL-21R~/~ mice (Barker et al., 2010). A
comparable, although less penetrant, trend has also been observed following recombinant
VV infections (Barker et al., 2010; Novy et al., 2011). Following both rAd and rvVV
infections the secondary recall responses of IL-21R~~ CD8 T cells are curtailed. This has
been in part attributed to overexpression of the apoptosis inducing molecule, TRAIL, caused
by the absence of IL-21 signaling (Barker et al., 2010). Notably, certain populations of
“helpless” CD8 T cells, which develop without CD4 T cell help show similar inability to
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mount vigorous recall responses which is also associated with increased TRAIL expression
(Janssen et al., 2005).

IL-21 plays an especially significant role in sustaining anti-viral CD8 T cell responses
during chronic infections (Elsaesser et al., 2009; Frohlich et al., 2009; Yi et al., 2009).
During HIV infection 1L-21 has been shown to be produced by both CD4 and CD8 T cells
(Chevalier et al., 2011; lannello et al., 2010; Williams et al., 2011; Yue et al., 2010). The
levels of IL-21 producing CD4 T cells are greater in individuals with controlled infections
than in subjects with progressive infections, and the fraction of IL-21* CD4 T cells predicts
the functional quality of the HIVV-specific CD8 T cell responses. Exposure of HIV-specific
CD8 T cells to IL-21 enhances their cytolytic and viral control abilities (Chevalier et al.,
2011; Parmigiani et al., 2011; White et al., 2007). Moreover, therapeutic studies of simian
immunodeficiency virus (SIV) infected rhesus (rh) macaques support the observation that
IL-21 enhances CD8 T cell killing functions, although the regimen used did not impact
overall T cell counts or viral levels (Pallikkuth et al., 2011).

The importance of 1L-21 during chronic viral infections is also well-described following
LCMV infections (Elsaesser et al., 2009; Frohlich et al., 2009; Yi et al., 2009). Mice
deficient in IL-21 or IL-21R mount an initial CD8 T cell response to strains of LCMV which
usually establish chronic infections, but the response subsequently collapses as the
functional capacity of the anti-viral CD8 T cells deteriorates and these cells succumb to
deletion. This is consequential as without IL-21 signaling viral titers remain high and the
infection is never resolved. This contrasts with the pattern of LCMV clone 13 resolution in
immunocompetent mice, which slowly bring the infection under control in many organs.
Adoptive transfer and mixed bone marrow chimera studies have shown that the anti-viral
CD8 T cells respond directly to 1L-21 and that the loss of IL-21R on CD8 T cells results in
severe T cell exhaustion (Elsaesser et al., 2009; Frohlich et al., 2009; Yi et al., 2009).
Moreover, CD8 T cell responses can be rescued in CD4~/~ mice by the administration of
IL-21 early following LCMV clone 13 infection (Yi et al., 2009).

The role of IL-21 in regulating CD8 T cell responses may reflect the ability of this cytokine
to restrict differentiation and promote the longevity of CD8 T cells. The overexpression of
IL-21 results in massive accumulation of memory CD8 T cells (Allard et al., 2007), which
have self-renewal properties and are less terminally differentiated than their effector
counterparts. In addition, IL-21 in conjunction with IL-10 has been implicated in memory T
cell formation through promoting STAT3 phosphorylation (Cui et al., 2012). Moreover,
IL-21 induces the transcription factors TCF-1 and LEF1 (Hinrichs et al., 2008), both of
which participate in the Wnt/B-catenin pathway and imprint memory T cell properties
(Jeannet et al., 2010; Zhou et al., 2010). Perplexingly, IL-21 signaling also drives expression
of Blimp-1 (Kwon et al., 2009), a transcriptional repressor which drives terminal
differentiation of CD8 T cells, and is required for the development of exhaustion during
viral persistence (Shin et al., 2009). In B cells and CD4 T cells, IL-21 signaling also
promotes the expression of Bcl-6, a transcriptional repressor which is mutually antagonistic
to Blimp-1. So IL-21 signaling in CD8 T cells may induce both transcription factors and
their relative abundance, in conjunction with other factors, may determine the ultimate fate
of the response.

IL-7 and IL-15

In addition to the roles of common-vy chain cytokines in determining the effector and
memory preferences of anti-viral CD8 T cells during the initial stage of the response,
another set of these cytokines operate to sustain the memory T cells which do form. CD127,
the alpha chain of the IL-7 receptor, is expressed on naive CD8 T cells but becomes
downregulated upon activation (Fig. 1) (Bachmann et al., 2005; Huster et al., 2004; Kaech et
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al., 2003; Klonowski et al., 2006; Schluns et al., 2000). Although many of these activated
CD127'° CD8 T cells become terminally differentiated and succumb to apoptosis, a subset
re-express this receptor. These CD127M cells, often referred to as memory precursor effector
CD8 T cells, emerge early following infection and are preferentially recruited to the memory
pool (Bachmann et al., 2005; Huster et al., 2004; Kaech et al., 2003). It has been
hypothesized that these cells are better able to endure the contraction phase due to increased
survival signals from IL-7. Nevertheless, this concept has been questioned as the forced
overexpression of CD127 on effector cells does not prevent normal contraction of the
response (Hand et al., 2007; Haring et al., 2008), and it is plausible that some CD127'°
effector CD8 T cells later upregulate this receptor and mature into memory T cells.

The expression of CD127 is necessary to maintain memory CD8 T cells following the
clearance of an infection (Bachmann et al., 2005; Huster et al., 2004; Kaech et al., 2003;
Schluns et al., 2000) but, curiously, these cells survive in IL-7 deficient mice (Klonowski et
al., 2006). This may reflect a role for thymic stromal lymphopoietin (TSLP), a closely
related cytokine that also signals through CD127 and the TSLP receptor. TSLP can
compensate for IL-7 deficiency in lymphopoiesis, as well as augment the survival and
homeostatic proliferation of CD8 T cells (Chappaz et al., 2007). The contribution of TSLP
to memory CD8 T cell formation is not fully understood and warrants further study.

In addition to IL-7 signals, memory CD8 T cells are dependent upon IL-15 signaling for
their continued maintenance (Tan et al., 2002). In the absence of IL-15 memory T cell
populations are severely reduced (Becker et al., 2002; Wu et al., 2002), although CD127!°
effector T cell populations are also especially sensitive to IL-15 withdrawal (Mitchell et al.,
2010; Sandau et al., 2010). Interestingly secondary memory CD8 T cells, which arise
following rechallenge of immunized hosts, are also highly dependent on IL-15, as transfer of
these cells into IL-15~/~ mice results in their rapid decay which is associated with decreased
expression of the anti-apoptotic protein Bcl-2 (Sandau et al., 2010). IL-15 can bind to the
IL-15Ra chain, which is not necessary for signaling, but increases the half-life and
bioavailability of this cytokine, and allows it to be presented in trans to cells expressing
CD122 (IL-2Rp) and the common-y chain CD132. This transpresentation may maintain and
bolster effector cell numbers in tissues. IL-15 presented in trans by pulmonary DCs is
required to maintain effector cells in the lung following influenza infection, and either
depletion of the DCs or blockade of IL-15 in the lung results in a dramatic increase in
apoptosis of the antigen-specific CD8 T cells (McGill et al., 2010). Additionally,
administration of IL-15-1L-15Ra complexes in tumor bearing mice revitalized the anti-
tumor CTL responses, enhancing proliferation and cytotoxicity of the CTLs and reducing
tumor burden (Epardaud et al., 2008; Stoklasek et al., 2006), further suggesting a role for
IL-15 in sustaining specific CD8 T cell subsets in the tissues.

A recently described distinct population of memory cells are sessile and reside in specific
tissues, particularly barrier tissues such as the skin and intestinal mucosa (Casey et al., 2012;
Jiang et al., 2012; Mackay et al., 2012; Wakim et al., 2010). These tissue resident memory
cells (Trm) provide superior site specific protection from certain infections, including
herpesvirus (Jiang et al., 2012; Mackay et al., 2012) and SIV. CD8 T cells undergo antigen-
independent, inflammation driven, recruitment to these sites, and are able to persist in the
absence of antigenic recognition. Trp cells do not express detectable amounts of either
CD127 or CD122 (Jiang et al., 2012), so should not be sensitive to IL-7 or IL-15, and thus
the factors which maintain these local sentinels still need to be deciphered.

During persistent infections exhausted CD8 T cells downregulate both CD127 and CD122
(Fuller et al., 2005; Lang et al., 2005; Shin et al., 2007), and are therefore maintained
independently of IL-7 and IL-15 (Fig. 3). Instead, these cells become antigen-addicted and
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require the presence of persistent viral antigen for their continued survival (Shin et al., 2007,
Wherry et al., 2004). Paradoxically, the sustained antigenic activation, which occurs as a
consequence of the failure to clear the infection, drives the functional exhaustion of anti-
viral T cells that are maintained (Blattman et al., 2009; Mueller and Ahmed, 2009; Richter et
al., 2012; Wherry et al., 2004). This antigen-addiction has been well described following
LCMV clone 13 infection of mice, which is characterized by persistently high viral loads.
Moreover, CD8 T cells responding to latent -y-herpesvirus infection (Obar et al., 2004) or
cerebral mouse hepatitis virus (Zuo et al., 2009) can also persist in the absence of IL-15
signals.

Although exhausted CD8 T cells have unique maintenance requirements, and downregulate
the IL-7 and IL-15 receptors, treatment with IL-7 during chronic LCMV infection can
bolster anti-viral immunity (Nanjappa et al., 2011; Pellegrini et al., 2011). Administration of
IL-7 to LCMV clone 13 infected mice increased the total numbers of CD4, CD8, and B
cells, and expanded the virus-specific CD8 T cell population. This is surprising given that
CD127 expression is low during the course of persistent LCMV infection, but may reflect
expansion of a small pool of less exhausted cells, or may indicate that high levels of IL-7
can signal to cells with suboptimal expression of the cognate receptor. The IL-7 driven
expansion of anti-viral CD8 T cells results in accelerated viral clearance, enhanced
functionality of the CD8 T cells, and a reduction in the expression of inhibitory and
activation markers, which are hallmarks of the exhausted state (Nanjappa et al., 2011;
Pellegrini et al., 2011). The timing and duration of IL-7 administration is crucial as
treatment of LCMV clone 13 infected mice during the early contraction phase (day 8 to day
15) is far less effective than treatment later (day 15 to day 25), potentially indicating some
time dependent re-expression of CD127 on a subset of virus-specific CD8 T cells (Nanjappa
et al., 2011). The most effective IL-7 treatment regimen is between days 8 and 30 following
infection which causes durable expansion of anti-viral CD8 T cells. The CD8 T cells in IL-7
treated animals attained a resting phenotype and regained expression of CD127, likely
perpetuating the responsiveness of the cells to therapy.

In accordance with the observations made in mouse models, IL-7 treatment in SIV infected
macaques (Beq et al., 2006; Fry et al., 2003; Moniuszko et al., 2004; Nugeyre et al., 2003;
Vassena et al., 2012) or HIV infected patients (Levy et al., 2009; Sereti et al., 2009)
similarly bolsters T cell numbers, predominantly increasing naive and central memory cells
within the CD4 T cell compartment. This is in contrast to IL-15 therapy, which
predominantly expands effector-phenotype cells (Mueller et al., 2005), and appears to be
detrimental during SIV infection (Lugli et al., 2011; Mueller et al., 2008). Therefore, in the
instance of SIV and potentially HIV infection, IL-7 and not IL-15 therapy may facilitate
expansion of appropriate populations for viral control and rejuvenation of the immune
system.

IL-7 treatment may act to resurrect T cell responses by down-regulating suppressor of
cytokine signaling 3 (SOCS3). Mice genetically deficient in SOCS3 exhibit robust T cell
responses to LCMV clone 13 and accelerated control of the infection, implicating this
signaling inhibitor in the establishment of T cell exhaustion and persistent infection
(Pellegrini et al., 2011). IL-7 treatment in vitro also renders CD4 and CD8 T cells refractory
to Treg mediated suppression and decreases expression of transforming growth factor
(TGF)-BRII, as well as reduces phosphorylation of the downstream signaling adaptors
Smad2 and Smad3, indicating these IL-7 treated cells are also resistant to TGF-p mediated
suppression (Pellegrini et al., 2009). Thus, the mechanism of immune rejuvenation by IL-7
treatment likely varies depending on the type of infection, however theses studies indicate
an exciting new approach for restoring immune responses by cytokine therapy.
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Cytokine-driven antigen-independent activation of CD8 T cells

Antigen-specificity is a cardinal trait of adaptive immunity and allows the CD8 T cells to
exquisitely target virus-infected cells while avoiding the possible mis-firing of potentially
potent cytotoxic and cytokine-mediated anti-viral defense mechanisms. Nevertheless,
effector and memory anti-viral CD8 T cells also express assortments of cytokine receptors
which enable them to respond to shifts in the cytokine milieu and can circumvent some of
their requirements for antigen-dependent activation (Berg and Forman, 2006). This
cytokine-driven, but antigen-independent activation, allows anti-viral CD8 T cells to react to
a broader range of pathogens, including bacterial pathogens, and mount some level of
bystander response (Fig. 4).

These innate-like features of effector and memory CD8 T cells are most well characterized
following exposure to IL-18 in combination with IL-12 or type | IFNs (Beadling and Slifka,
2005; Berg and Forman, 2006; Cousens et al., 1999; Ingram et al., 2011; Kambayashi et al.,
2003; Pien et al., 2002; Sareneva et al., 1998). They have also been shown to occur
following infections including LM and Burkholderia pseudomallei which provoke the
production of inflammatory cytokines (Berg et al., 2003; Lertmemongkolchai et al., 2001).
Recently the sensitivity of anti-viral effector and memory CD8 T cells to an expansive range
of cytokine combinations has been profiled (Freeman et al., 2012). Notably, it has also been
shown that IL-21 together with IL-18, and IL-12 in combination with IL-33, have
synergistic effects on CD8 T cell activation, but many other cytokine pairings can also elicit
responses.

Most commonly, the cytokine-driven activation of effector and memory CD8 T cells causes
their upregulation of CD25 and the early activation marker CD69, induces the production of
IFNy, and stimulates proliferation. The induction of these innate-like responses likely
allows existing memory CD8 T cell populations to confer some level of protection against
other pathogens which may be encountered over time, providing an additional
immunological safety net (Fig. 4) (Berg and Forman, 2006). In addition, this ability to sense
shifts in the inflammatory milieu possibly pre-triggers the T cells in readiness to mount
strong responses if they also re-encounter their cognate antigen.

Exhausted CD8 T cells which develop during chronic infections, including LCMYV infection
of mice and HIV infection of humans, are distinct from their effector and memory
counterparts as their potential to elaborate effector functions is curtailed (Fig. 3) (Frebel et
al., 2010; Wherry, 2011, Yi et al., 2010b). Moreover, unlike effector and memory CD8 T
cells which express IL-18Ra, this receptor is downregulated on exhausted CD8 T cells
(Haining et al., 2008; Ingram et al., 2011; Wherry et al., 2007). This loss of IL-18Ra
expression, and the dampening of effector potential, correlates with an inability to produce
IFNy and upregulate CD25 in response to stimulation with cytokines, including IL-12,
IL-18, and IL-21, which usually cause innate-like activation of anti-viral CD8 T cells
(Ingram et al., 2011). This loss of sensitivity to antigen-independent cytokine activation
mirrors the failure of exhausted CD8 T cells to deploy effector activities in response to
antigenic-activation in the chronically infected host. The consequences of this global
corruption not only include compromised viral control by the anti-viral CD8 T cells but also
an inability to respond to bystander bacterial infections (Ingram et al., 2011). During HIV
infection the integrity of the gut mucosal is reduced, permitting the translocation of
intestinal bacteria which stimulate inflammatory cytokine production, including IL-12 and
IL-18 (Brenchley et al., 2006; Jiang et al., 2009). Thus, the development of the exhausted
state recalibrates the anti-viral CD8 T cells to the chronically infected environment, and it is
plausible that they also adjust their responsiveness to the unique inflammatory conditions
that evolve.
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Cytokine suppression of CD8 T cells

IL-10

TGF-B

Cytokine networks not only promote CD8 T cell responses following infection but can also
function to limit their magnitude and quality. Since over exuberant responses can cause
immunopathology, curbing this damage can be beneficial, although the suppression of the
immune response can result in viral persistence. In this section we discuss how two
cytokines, IL-10 and TGF-B, modulate virus-specific CD8 T cell responses.

IL-10 signaling to T cells reduces their proliferation and effector activity, including the
production of effector cytokines such as IFNy. IL-10 can also indirectly inhibit T cell
responses by decreasing the antigen presenting capacity of macrophages and DCs and
reducing their expression of proinflammatory cytokines which amplify effector responses
(Pestka et al., 2004; Wilson and Brooks, 2010). IL-10 deficient mice acutely infected with
LCMV have greater numbers of virus-specific CD4 and CD8 T cells at the peak of the
response (Brooks et al., 2010), highlighting the role of this cytokine in restricting immune
responses. Elevated levels of IL-10 are detected during several chronic human viral
infections including HIV, Epstein—Barr virus (EBV), hepatitis B virus (HBV), and HCV
(Brockman et al., 2009; Clerici et al., 1994; Hyodo et al., 2004; Kaplan et al., 2008; Ohga et
al., 2004). Abundant amounts of IL-10 also suppress cell-mediated immune responses
during chronic LCMV infections (Brooks et al., 2006; Ejrnaes et al., 2006; Maris et al.,
2007). Strikingly, IL-10 deficient mice can rapidly control chronic LCMV infection and
blockade of IL-10R in immunocompetent mice facilitates viral clearance and improves
cellular immune responses (Brooks et al., 2006; Ejrnaes et al., 2006; Maris et al., 2007).
IL-10R blockade has also been shown to augment the responses to therapeutic DNA
vaccination (Brooks et al., 2008), further demonstrating the inhibition of this suppressive
cytokine as a possible therapeutic option for the treatment of established persistent
infections. It has also been reported that IL-10~"~ mice initially mount a superior response to
LCMV clone 13 but that the infection subsequently breaks through and the CD8 T cells
ultimately succumb to exhaustion (Maris et al., 2007). These different outcomes may reflect
variables such as differences in microbial flora or in the virulence of the exact viral isolate
used for the studies, and likely illustrate that the overall cellular immune response and full
control of the infection is shaped by multiple factors.

The importance of 1L-10 during persistent infections is also illustrated by human beta- and
gamma-herpesviruses such as human cytomegalovirus (CMV) and EBV which encode
IL-10 homologs (Moore et al., 1990; Nachtwey and Spencer, 2008; Slobedman et al., 2009).
These virally encoded immune evasion molecules possess structural and function
similarities to human IL-10, indicating that elevating the availability of this suppressive
cytokine favors the infection. This is further supported by studies in rh macaques infected
with wild type rhCMV or a virus in which the virally encoded IL-10 homolog is mutated.
Animals infected with the mutant virus develop robust innate and adaptive responses to
rhCMYV, and sustain far greater numbers of virus-specific CD4 and CD8 T cells following
immunization (Chang and Barry, 2010). Other viruses, such as HIV, do not encode a viral
IL-10 homolog, but do induce high levels of cellular IL-10. HIV gp41 and gp120 can both
drive production of IL-10 by the monocyte/macrophage population (Barcova et al., 1998).

TGF-p signaling is critical for down-modulating immune responses and preventing
immunopathology. By comparison with acute LCMV infection, there is heightened TGF-p
signaling during the early stages of chronic LCMV clone 13 infection, as measured by
phosphorylation of the downstream signaling molecule Smad2 (Tinoco et al., 2009).
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Strikingly, infection of mice expressing a dominant negative receptor for TGF-p
(dnTGFBRII) with LCMV clone 13 results in rapid clearance of this usually slowly
contained infection and mitigates the development of CD8 T cell exhaustion, suggesting
TGF-p plays an active role in suppressing the anti-viral T cell response and enhancing viral
persistence (Garidou et al., 2012; Tinoco et al., 2009). CD8 T cells expressing dnTGFBRI|I
expand more robustly than wild type cells, implicating direct TGF-p signaling regulating the
response. Lack of TGF-p signaling does, however, alter the activation status of CD8 T cells
even without infection (Garidou et al., 2012; Tinoco et al., 2009). Therefore, pre-activation
of dnTGFBRII CD8 T cells in the murine model may account for their enhanced
responsiveness. Accordingly, neutralization of TGF- during persistent LCMV infection is
not sufficient to induce viral control (Garidou et al., 2012), suggesting the intrinsic
differences in dnTGFBRII cells may account for their ability to rapidly contain a usually
chronic infection.

Similar to hijacking IL-10 signaling, some viruses also utilize the TGF-p
immunosuppressive pathway to downregulate the immune response and promote their own
persistence. The HBV encoded oncoprotein pX amplifies TGF- signaling by stabilizing
complexes containing the downstream transcription factor Smad4 and enhancing its nuclear
translocation (Lee et al., 2001). The potential for viruses to harness these
immunomodulatory pathways to facilitate their own persistence highlights the importance of
studying the roles of cytokines in health and disease, as a pathway to devise better strategies
to control infections and limit their pathology.
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Fig. 1.

The development of phenotypically and functionally distinct subsets of anti-viral CD8 T
cells over time during acute viral infections. As the infection becomes established the small
number of available naive virus-specific CD8 T cells are activated and modify their
expression of adhesion molecules, cytokine receptors, and transcription factors. These
activated CD8 T cells undergo clonal expansion and differentiate into expanded populations
of fully-fledged but short-lived effector T cells and this often overwhelming response
operates to purge the virus infection. Distinct populations of effector CD8 T cells also
develop which attain a memory precursor phenotype. As the infection is cleared the overall
T cell response contracts and the short-lived effector cells are disposed by apoptosis,
whereas the memory precursor cells are preferentially maintained and mature into the long-
lived anti-viral memory T cell pool. Further phenotypic and functional diversity is observed
within the memory T cell population and shifts in these attributes can occur over time.
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Cytokines influence the developmental choices of anti-viral CD8 T cells. Although CD8 T
cell responses are triggered by the detection of viral antigens, other factors amplify and
guide their development. The presence of several cytokines including type I interferons,
IL-12, IL-33, and high levels of IL-2 have been shown to drive the differentiation of short-
lived terminally differentiated effector CD8 T cells during the initial stages of the response.
The magnitude of the effector response may be lower if these cytokine signals are ablated,
but memory T cell development can still occur.
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The differentiation of anti-viral CD8 T cells is corrupted during chronic viral infections.

Various factors including high viral loads, the composition of the cytokine milieu, and

ineffective CD4 T cell help contribute to the induction of ineffective anti-viral CD8 T cell
responses. Under these conditions the responding T cells usually attain a highly activated
phenotype and express ensembles of inhibitory receptors as they progressively lose their
ability to elaborate key anti-viral effector activities. Unlike their memory counterparts, these

exhausted T cells usually require the continued presence of viral antigen for their

maintenance and may succumb to deletion over time.
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Fig. 4.

Antigen-dependent and independent activation of effector and memory virus-specific CD8 T
cells. Effector and memory CD8 T cells that develop in response to viral-infections are
endowed with the ability to become rapidly activated and deploy effector functions if they
re-encounter their cognate viral antigen. This allows virus-specific T cells to swiftly target
virus-infected cells, and limit and control the infection. Effector and memory CD8 T cells
can also become activated and produce effector cytokines, including IFNvy, if they are
exposed to certain cytokine combinations, most notably IL-12 and IL-18. This sensitivity to
cytokine activation enables the CD8 T cells to mount bystander responses, which may
operate to help control the new infection and mobilize the host immune response.

Virology. Author manuscript; available in PMC 2014 January 05.



