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The common γ-chain cytokines, interleukin (IL)-2, IL-7, and IL-15, regulate critical aspects
of antiviral CD8 T-cell responses. During acute infections, IL-2 controls expansion and
differentiation of antiviral CD8 T cells, whereas IL-7 and IL-15 are key cytokines to
maintain memory CD8 T cells long term in an antigen-independent manner. On the
other hand, during chronic infections, in which T-cell exhaustion is established, precise
roles of these cytokines in regulation of antiviral CD8 T-cell responses are not well
defined. Nonetheless, administration of IL-2, IL-7, or IL-15 can increase function of ex-
hausted CD8 T cells, and thus can be an attractive therapeutic approach. A new subset of
stem-cell-like CD8 T cells, which provides a proliferative burst after programmed cell
death (PD)-1 therapy, has been recently described during chronic viral infection. Further
understanding of cytokine-mediated regulation of this CD8 T-cell subset will improve
cytokine therapies to treat chronic infections and cancer in combination with immune
checkpoint inhibitors.

CD8 T cells are critical components of adap-
tive immunity for controlling infections,

and diverse sets of cytokines regulate antiviral
CD8 T-cell responses (Rochman et al. 2009;
Cox et al. 2013). In this review, we focus on
the common γ-chain (γc) cytokines, interleu-
kin (IL)-2, IL-7, and IL-15, which are well
known to influence various key aspects of an-
tiviral CD8 T-cell responses during acute and
chronic infections. Potential therapeutic appli-
cations for modulating antiviral CD8 T-cell re-
sponses by targeting these cytokines are also
discussed.

CD8 T-CELL RESPONSES DURING ACUTE
VIRAL INFECTION

Upon infection, naïve CD8 T cells, whose T-cell
receptors (TCRs) are specific to a given antigen,
are stimulated by signals through TCRs (signal
1), costimulatory molecules (signal 2), and in-
flammatory cytokines (signal 3). Activated T
cells undergo massive clonal expansion and dif-
ferentiate into effector cells, which express cyto-
toxic molecules like perforin and granzyme B as
well as produce antiviral cytokines such as in-
terferon (IFN)-γ and tumor necrosis factor
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(TNF)-α. Effector CD8 T cells show altered ex-
pression for chemokine and homing receptors,
enabling their migration to peripheral tissues,
where they function to lyse infected cells via
cytotoxic molecules and inhibit viral replica-
tions by secreting effector cytokines, thereby
contributing to viral clearance (Williams and
Bevan 2007; Kaech and Cui 2012).

After eliminating the virus, most of the ef-
fector cells die by apoptosis, but some (5%–10%)
survive, and memory cells are formed. The pro-
cess from naïve to effector to memory CD8 T-
cell differentiation includes the emergence of
terminal effector (TE) and memory precursor
(MP) cells. Both are highly functional effector
cells, but MP cells preferentially survive during
the contraction phase and differentiate into
long-lived memory T cells. Once memory CD8
T cells are generated, they self-renew by homeo-
static proliferation via signals from specific cy-
tokines such as IL-7 and IL-15, and are main-
tained long term in the absence of antigen (>2
years in mice and >25 years in humans) (Lau
et al. 1994; Homann et al. 2001; Hammarlund

et al. 2003; Fuertes Marraco et al. 2015). These
memory CD8 T cells possess superior ability as
compared with naïve CD8 T cells to exert rapid
effector functions in response to previously en-
countered antigens (Barber et al. 2003; Byers
et al. 2003; Wherry et al. 2003b).

IL-2

IL-2 is a key cytokine that regulates clonal expan-
sion and effector/memory differentiation of an-
tiviralCD8Tcells during acute infections. IL-2 is
predominantly produced by CD4 T cells follow-
ing antigen stimulation and, to a lesser extent, by
other cell types such asCD8T cells, natural killer
(NK) cells, natural killer T (NKT) cells, activated
dendritic cells (DCs), and mast cells. Three IL-
2R subunits exist: IL-2Rα (CD25), IL-2Rβ
(CD122, also known as IL-15Rβ), and IL-2Rγ
(CD132, γc) (Fig. 1). Although CD25 is not ex-
pressed on resting CD8 T cells, its expression is
induced after stimulation via theTCRorwith IL-
2. CD122 is constitutively expressed on broader
cell types than CD25, including memory CD8 T
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Figure 1. Cytokines (interleukin [IL]-2, IL-7, and IL-15) and their receptors. Each cytokine-binding homology
region (CHR), composed of tandem fibronectin type III domains, contains three yellow lines that represent
conserved disulfides and a WSXWS motif. γc, Common γ-chain.
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cells, NK cells, and NKT cells. Its expression is
also induced on virtually all antigen-activated T
cells. CD132 is much less strictly regulated than
other IL-2R subunits and is constitutively ex-
pressed on virtually all hematopoietic cells and
is shared by the receptors for IL-4, IL-7, IL-9,
IL-15, and IL-21. IL-2 signals via two specific
receptors formed by combinations of three
IL-2R subunits: the intermediate-affinity
(Kd∼ 1 nM) heterodimeric receptor, consisted
of the IL-2Rβ and γc, and the high-affinity
(Kd∼ 10 pM) heterotrimeric receptor, composed
of the IL-2Rα, IL-2Rβ, and γc, and both of them
signal through interaction of the intracellular
domains of IL-2Rβ and γc with Janus kinase
(JAK)1 and JAK3, respectively. Intermediate-af-
finity IL-2 receptors are expressed on resting T
cells, and IL-2 binding to this receptor induces
cell growth, cytolytic activity, and IL-2Rα tran-
scription.As a result, high-affinity IL-2 receptors
are formed in activated T cells, which further
increase their responsiveness to IL-2 (Malek
2008; Boyman and Sprent 2012; Liao et al. 2013).

IL-2 mediates diverse pleiotropic functions,
and numerous studies have shown that IL-2 sig-
nals influence antiviral CD8 T-cell responses in
vivo. Initial studies using IL-2-deficient mice
showed that antiviral CD8 T-cell expansion
was slightly (about threefold) lower in IL-2-de-
ficient mice than in wild-type (WT) mice after
infection with lymphocytic choriomeningitis vi-
rus (LCMV), and the ability of antiviral CD8 T
cells to produce IFN-γ was impaired in the ab-
sence of IL-2. Correspondingly, IL-2-deficient
mice showed less efficient viral control than
WT mice (Kundig et al. 1993; Cousens et al.
1995; Su et al. 1998). In addition, IL-2Rβ-defi-
cient mice did not generate functional antiviral
CD8T-cell responses after LCMV infection (Su-
zuki et al. 1995). Overall, some caveats in these
earlier studies are that (1) the concomitant au-
toimmunity associated with mice defective in
IL-2 signaling may have bypassed normal phys-
iological mechanisms (Malek 2008), and (2)
competition between T cells for antigen and
growth factors is not present in mice lacking
IL-2 or its receptors (Bachmann et al. 2007).

To avoid these issues, several approaches
have been conducted to clarify the role of IL-2

on antiviral CD8 T-cell responses in vivo. Some
studies used the adoptive transfer system, in
which TCR-transgenic IL-2Rα-deficient and
WTCD8T cells were separately or cotransferred
into recipientmice, followed by infection. In this
setting, only IL-2Rα-deficient antigen-specific
CD8 T cells failed to receive optimal IL-2 signals
because of their inability to form heterotrimeric
high-affinity IL-2 receptors during infections
(D’Souza et al. 2002; D’Souza and Lefrancois
2003; Williams et al. 2006; Mitchell et al.
2010). These studies revealed that IL-2 signals
were dispensable for priming of antigen-specific
CD8 T cells, which was consistent with the idea
that TCR ligation and costimulation, together
with signals via inflammatory cytokines, induce
their cellular divisions and expansions. Never-
theless, IL-2 signaling through the heterotri-
meric IL-2 receptors is important for sustained
expansion of antiviral CD8T cells during LCMV
or vesicular stomatitis virus (VSV) infection.
Accordingly, IL-2Rα-deficient antiviral CD8 T
cells expanded less efficiently (about twofold)
than WT cells by the peak of the response after
LCMV infection (Williams et al. 2006; Mitchell
et al. 2010). Comparable results were derived
from studies using bone marrow chimeric mice
consisting of a mixture of cells fromWT and IL-
2Rα-deficient mice (Williams et al. 2006; Bach-
mann et al. 2007; Obar et al. 2010).

Other studies also examined the roles of IL-2
signals on antiviral CD8 T-cell responses by ad-
ministering exogenous IL-2 in various settings.
When IL-2 was given at optimal times during
the expansion phase, the magnitude of antigen-
specific CD8 T-cell responses were augmented
after VSV infection or peptide-pulsed DC im-
munization (D’Souza and Lefrancois 2003; Kim
et al. 2016). Likewise, when IL-2 was adminis-
tered only during the contraction phase, it was
beneficial most likely because of its promoting
the proliferation and survival of antigen-specific
CD8 T cells after viral and intracellular bacterial
(Listeria monocytogenes [LM]) infections (Blatt-
man et al. 2003; Rubinstein et al. 2008). IL-2
therapy also enhanced the proliferation of rest-
ing memory CD8 T cells in mice that had
cleared LCMV infection. In contrast, however,
giving IL-2 during the whole period of the ex-
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pansion phase deteriorated antiviral CD8 T-cell
responses during LCMV infection (Blattman
et al. 2003).

Besides their role in primary T-cell re-
sponses, IL-2 signals are vital for potent second-
ary CD8 T-cell responses. Memory CD8 T cells
deficient in IL-2Rα showed reduced ability to
expand on rechallenge with viral and intracellu-
lar bacterial infections compared with WT
counterparts (Williams et al. 2006; Bachmann
et al. 2007; Mitchell et al. 2010). This poor ex-
pansion of IL-2Rα-deficient CD8T cells was not
a result of impaired cell division after reinfec-
tion, but rather because of their defective sur-
vival and accumulation during recall responses.
Moreover, administration of IL-2/anti-IL-2 im-
munocomplexes during primary LCMV infec-
tion restored the recall responses of IL-2Rα-de-
ficient memory CD8 T cells to LM infection as
comparable to WT cells (Williams et al. 2006).
These findings together show that IL-2 signals
received during the primary responses are es-
sential for programming of proliferation-potent
memory CD8 T cells. Some rescue could also be
seen if the IL-2/anti-IL-2 immunocomplexes
were provided only during the secondary re-
sponses to LM infection (Williams et al. 2006).
However, conflicting results were also obtained
after LM infection in another study, in which IL-
2Rα-deficientmemory CD8 T cells generated by
vaccinia virus (VV) or LM infection were able
to mount a robust secondary response when re-
challenged with LM (Obar et al. 2010). The rea-
sons for these discrepancies among different
studies are not known, and further studies are
required.

IL-2 also functions as a critical differentia-
tion factor dictating the fate of antigen-specific
CD8 T cells. IL-2 signals during the expansion
phase are influential for the formation of CD8
TE cells after viral and intracellular bacterial in-
fections, which express effector molecules such
as perforin, granzyme B, and IFN-γ, but produce
low amounts of IL-2 (Williams et al. 2006; Bach-
mann et al. 2007; Kalia et al. 2010; Obar et al.
2010). IL-2Rα-deficient memory CD8 T cells
also showed defects in their effector differentia-
tion during secondary responses to VV or LM
infection (Mitchell et al. 2010; Obar et al. 2010).

Prolonged IL-2 signaling during the expan-
sion phase favors the generation of antiviral CD8
TE cells and there is a decrease in the number of
CD8 MP cells during acute LCMV infection.
This results in a reduction in number of long-
lived memory CD8 T cells (Kalia et al. 2010).
Although IL-2 production in the spleen was rap-
idly induced, and peaked at day 1 after LCMV
infection, CD25 expression on antiviral CD8 T
cells was uniformly induced around day 1–2
postinfection. CD25 expression was further aug-
mented with increasing rounds of cell divisions,
consistent with the fact that CD25 expression
was rapidly up-regulated by TCR signals, and is
maintained by positive feedback via enhanced
IL-2 signals (Malek 2008). Of interest, heteroge-
neous populations of CD25lo and CD25hi cells
were found among antiviral CD8 T cells around
day 3–5 postinfection. Both cell populations
showed similar direct ex vivo killing activity, in-
dicating that they had differentiated into potent
effector cells. However, the CD25hi cell subset
showed more pronounced down-regulation of
CD62L, IL-7Rα (CD127), and CCR7 and also
expressed modestly higher levels of granzyme B
and perforin than the CD25lo cell subset. After
in vitro peptide stimulation, the CD25hi cell sub-
set produced substantially lower IL-2 than the
CD25lo cell subset. Moreover, when CD25lo

and CD25hi CD8 T-cell subsets were transferred
into infection-matched recipients, the CD25hi

cells proliferated rapidly, preferentially generat-
ed TE cells, and were more prone to die by apo-
ptosis as compared with the CD25lo cells. Con-
versely, CD25lo cells preferentially up-regulated
CD62LandCD127, anddifferentiated into long-
lived functional memory CD8 T cells, which
were capable of producing more IL-2 and show-
ing enhanced recall responses thanmemory cells
derived from the CD25hi cell subset (Kalia et al.
2010). Similar results were also reported by in
vitro studies, in which IL-2 signaling was essen-
tial for inducing the expression of cytotoxicmol-
ecules such as granzymeB and perforin. IL-2Rα-
deficient effector CD8 T cells expressed fewer of
those molecules, resulting in poor killing func-
tion (Pipkin et al. 2010).

Mechanistically, IL-2 signal-dependent reg-
ulation of TE versusMP fate during the primary
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response is partly mediated by several key tran-
scriptional factors such as B-lymphocyte-
induced maturation protein (Blimp)-1, which
promotes the TE fate and represses IL-2 tran-
scription in antiviral CD8 T cells. Blimp-1 is
not expressed by naïve CD8 T cells, but up-reg-
ulated following the delivery of antigen- and IL-
2-dependent signals (Gong and Malek 2007;
Malek 2008; Kallies et al. 2009; Rutishauser
et al. 2009; Kalia et al. 2010; Pipkin et al. 2010).
CD8 TE cells expressed more Blimp-1 than MP
cells during LCMV infection (Sarkar et al. 2008;
Rutishauser et al. 2009). Furthermore, the
CD25hi CD8 T-cell subset, which preferentially
differentiated into TE cells, expressed higher
amounts ofBlimp-1 than theCD25lo subset early
after LCMV infection. Blimp-1-deficient antivi-
ral CD8 T cells showed impaired differentiation
into TE cells, defective migration to inflamma-
torysites, andprofound reductionof granzymeB
expression, although they produced increased
amounts of IL-2 (Kallies et al. 2009; Rutishauser
et al. 2009; Kalia et al. 2010; Pipkin et al. 2010).

What is the critical source of IL-2 for anti-
viral CD8 T cells during acute infections? Al-
though CD4 T cells are thought to be the major
producers, activated antiviral CD8 T cells also
express IL-2 early after LCMV or VSV infection
(D’Souza and Lefrancois 2003, 2004; Sarkar et
al. 2008). As antiviral CD8 T cells differentiate
into effector cells, they lose the capacity to pro-
duce IL-2. However, during the memory phase,
they gradually regain the ability to secrete IL-2
(Wherry et al. 2003a,b).

Depending on the situation, differential
sources of IL-2 contribute to the formation of
protective memory CD8 T cells. Although auto-
crine IL-2 produced by antiviral CD8 T cells
themselves was not required for their initial
cell-cycle initiation, its absence appeared to
dampen their sustained proliferation and overall
magnitude of the responses after VSV infection
(D’Souza and Lefrancois 2003). In addition, au-
tocrine IL-2 production, but not paracrine IL-2
derived from CD4 T cells or DCs, has been
shown to be important for the generation of
memory T cells with robust recall potential dur-
ing VV infection (Feau et al. 2011). In contrast,
IL-2-deficient CD8 T cells did not show any

impairment for the generation of primary and
secondary responses after LCMV infection, sug-
gesting that paracrine IL-2 was sufficient for the
generation of potent memory CD8 T cells in this
setting (Williams et al. 2006).

IL-7

IL-7 is produced mainly by stromal cells in lym-
phoid tissues. Besides its central role on T-cell
development in the thymus and naïve T-cell
homeostasis in the periphery, IL-7 regulates
the formation of memory CD8 T cells primarily
via promoting T-cell survival during acute in-
fections (Link et al. 2007; Surh and Sprent 2008;
Turley et al. 2010). The cellular receptors for IL-
7 are formed by heterodimerization of IL-7Rα
(CD127) and γc (Fig. 1). Although CD127 is
highly expressed on naïve CD8 T cells, its ex-
pression is uniformly down-regulated after acti-
vation during the early phase of viral and intra-
cellular bacterial infections. However, the small
fraction (5%–10%) of effector CD8 T cells, re-
ferred to asMP cells, regainCD127 expression at
the peak of the responses and differentiate into
long-lived memory cells (Fig. 2) (Schluns et al.
2000; Kaech et al. 2003; Huster et al. 2004; Bach-
mann et al. 2005; Klonowski et al. 2006; Joshi
et al. 2007; Sarkar et al. 2008).

Early in LCMV infection, when CD127 is
uniformly down-regulated on antiviral CD8 T
cells, a striking heterogeneity exists in terms of
the expression of killer cell lectin-like receptor
G1 (KLRG1). Although KLRG1hi and KLRG1int

CD127lo effector cells possess similar gene ex-
pression profiles and potent effector functions,
they have distinct memory lineage fates.
CD127loKLRG1hi CD8 T cells are TE cells and
the majority of them die by apoptosis after viral
clearance, whereas MP cells are generated from
some fractions amongCD127loKLRG1int CD8T
cells, which subsequently reexpress CD127, and
preferentially differentiate into long-lived mem-
ory CD8 T cells (Joshi et al. 2007; Sarkar et al.
2008). However, these phenotypic discrimina-
tions are not exclusive criteria for the formation
of MP cells, and not all CD127hi effector CD8 T
cells survive during the contraction phase. The
generation ofMP cells and their maturation into
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long-lived memory CD8 T cells are also affected
by the experimental models used, including the
types of pathogen (tropism, dose, route, and in-
flammatory milieu) and precursor frequencies
of antigen-specific CD8 T cells (Marzo et al.
2005; Obar et al. 2008; Kaech and Cui 2012).

CD127 is necessary but not sufficient for the
formation of memory CD8 T cells. It has been
speculated that CD8 MP cells have a survival
advantage over CD8TE cells during the contrac-

tion phase because of the increased IL-7 signal-
ing. However, overexpression of CD127 on ef-
fector CD8 T cells did not prevent normal
contraction of the response (Hand et al. 2007;
Haring et al. 2008). Moreover, memory CD8 T
cells can be generated in IL-7-deficient mice and
CD127 expression was not regulated by IL-7
itself during VSV infection (Klonowski et al.
2006). In another study, a chimeric granulocyte
macrophage colony-stimulating factor (GM-
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CSF)/IL-7R complementary DNA (cDNA) was
constructed by fusing the extracellular domain
of GM-CSFRβ with the transmembrane and in-
tracellular domains of IL-7Rα (Sun et al. 2006).
When this was expressed on T cells by using
retrovirus, GM-CSF triggered IL-7R signaling
on T cells. Although IL-7 gene expression in
the spleen was relatively constant, a burst of
GM-CSF gene up-regulation was induced peak-
ing around day 3 after LCMV infection. By using
this model system, IL-7R signaling was en-
hanced on antiviral CD8 T cells during the ex-
pansion phase of LCMV infection, which al-
lowed determining whether increased IL-7R
signaling affected the formation of memory T
cells. Unexpectedly, increased numbers of effec-
tor cells were generated; however, this did not
lead to increased numbers of memory CD8 T
cells (Sun et al. 2006). One possibility is that it
might be the result of some redundant function
of thymic stromal lymphopoietin (TSLP), a
closely related cytokine that delivers signals
through a receptor that includes CD127 and
the TSLP receptor (Rochman et al. 2009). Al-
though the role of TSLP in memory CD8 T-cell
generation is largely unknown, TSLP can com-
pensate for IL-7 deficiency in lymphopoiesis
and enhance the survival and homeostatic pro-
liferation of CD8 T cells (Chappaz et al. 2007).

Once memory CD8 T cells are formed, the
expression of CD127 is necessary for theirmain-
tenance and survival (Fig. 2) (Schluns et al.
2000; Goldrath et al. 2002; Kaech et al. 2003;
Huster et al. 2004; Bachmann et al. 2005,
2006). In a mouse model in which WT IL-7Rα
was replaced with the Y449F mutant IL-7Rα
(IL-7Rα449F), which cannot transmit signals to
activate signal transducers and activators of
transcription 5 (STAT5), IL-7Rα449F mutant
naïve CD8 T cells showed equivalent expansions
to WT counterparts after LM infection. They
were able to differentiate into memory CD8 T
cells and underwent a normal basal homeostatic
proliferation in response to IL-15. However,
these cells gradually disappeared, possibly be-
cause of insufficient survival signals from IL-7
(Osborne et al. 2007). Although prosurvival ef-
fects of IL-7 on lymphocytes have been well
documented by inducing antiapoptotic mole-

cules such as B-cell leukemia/lymphoma (Bcl)-
2 and myeloid cell leukemia (Mcl)-1 (Akashi
et al. 1997; von Freeden-Jeffry et al. 1997; Opfer-
man et al. 2003), defective maintenance of
memory CD8 T cells found in IL-7Rα449F mu-
tant mice was independent of Bcl-2 (Osborne
et al. 2007). These findings suggest that other
IL-7-dependent mechanisms exist for the main-
tenance and survival of memory CD8 T cells.

Amore recent study identified that IL-7 pro-
moted memory CD8 T-cell survival by tailoring
its metabolism via glycerol import through
aquaporin 9 (AQP9) and triglyceride (TAG)
synthesis and storage. IL-7 induced glycerol
channel AQP9 expression in memory CD8 T
cells, but not in naïve cells. AQP9 was preferen-
tially expressed in memory, but not in naïve or
effector CD8 T cells, and this selective induction
of AQP9 and TAG synthesis in memory CD8 T
cells might be another advantage for memory
CD8 T cells to use glycerol and lipids more ef-
fectively over naïve cells. Importantly, AQP9,
which imports glycerol, promotes TAG synthe-
sis, and sustains ATP levels, was required for
memory CD8 T-cell survival and self-renewal.
AQP9 deficiency impaired glycerol import into
memory CD8 T cells for esterification of fatty
acid and synthesis and storage of TAG. These
defects could be rescued by ectopic expression of
TAG synthases, which restored lipid stores and
memory T-cell survival (Cui et al. 2015). This
study showed one IL-7-mediated mechanistic
basis of how and where memory CD8 T cells
obtained lipids to sustain fatty acid oxidation
(FAO), which was known to be important for
the maintenance of memory CD8 T cells (van
der Windt et al. 2012; O’Sullivan et al. 2014).

In addition to IL-7-mediated survival of
memory CD8 T cells, IL-7 can induce the pro-
liferation of these cells when it is present in el-
evated levels, such as during lymphopenia or
when exogenous IL-7 is administered (Schluns
et al. 2000; Bradley et al. 2005; Nanjappa et al.
2008). During infections, the effects of exoge-
nous IL-7 on antiviral CD8 T-cell responses de-
pend on the timing of the therapy. IL-7 treat-
ment during the expansion phase did not alter
the numbers of effector and memory CD8 T
cells after LCMV infection (Nanjappa et al.
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2008). In contrast, IL-7 therapy restricted to the
contraction phase resulted in an enhanced num-
ber of memory CD8 T cells after viral infection
(LCMV or VV), DNAvaccination, and peptide-
pulsed DC immunization (Nanjappa et al. 2008;
Pellegrini et al. 2009). This enhanced generation
of memory CD8 T cells was primarily associated
with increased cellular proliferation, but not
with the suppression of apoptosis (Nanjappa
et al. 2008). Of importance, memory CD8T cells
generated by IL-7 therapy showed superior re-
call responses and improved viral or tumor con-
trol (Nanjappa et al. 2008; Pellegrini et al. 2009).
Beneficial effects of IL-7 therapy at the contrac-
tion phase on enhanced memory CD8 T-cell
formation was also found during secondary re-
sponses to LM infection (Nanjappa et al. 2008).
Moreover, IL-7 therapy during the memory
phase after LCMV infection induced increased
numbers of antiviral CD8 T cells, but this effect
was transient and not maintained long term
(Nanjappa et al. 2008).

IL-15

IL-15messenger RNA (mRNA) is expressed in a
wide range of cell types: however, its protein
expression is limited and mainly detected on
monocytes/macrophages and DCs. IL-15 can
bind to the IL-15Rα (CD215) with high affinity
(Kd > 10

−11
M), which is not required for signal-

ing. Rather, CD215 retains IL-15 on the cell sur-
face, substantially increases the affinity of this
cytokine for IL-2Rβ compared with its free
form, and trans-presents it to neighboring cells
that express IL-2Rβ and γc such asmemory CD8
T cells (Fig. 1) (Waldmann 2006; Ring et al.
2012; Steel et al. 2012).

IL-15 seems to play minor roles for antiviral
CD8 T cells during the expansion phase, and the
magnitude of antiviral CD8 T-cell responses
were only slightly reduced in IL-15- or IL-
15Rα-deficient mice after infection (Becker
et al. 2002; Schluns et al. 2002). However, ΙL-
15 was critical for the survival of CD127lo effec-
tor CD8 T-cell subsets after viral and intracellu-
lar bacterial infections (Yajima et al. 2006; Joshi
et al. 2007; Rubinstein et al. 2008; Mitchell et al.
2010). The absence of IL-15 during the contrac-

tion phase (day 8–42), or throughout the course
of infection (day 0–42), but not during the ex-
pansion phase only (day 0–8), diminished the
persistence of KLRG1hiCD127lo effector CD8 T
cells after LCMV infection (Mitchell et al. 2010).
Accordingly, exogenous administration of IL-15
during the contraction phase promoted their
survival after VSV or LM infection (Rubinstein
et al. 2008).

Memory CD8T cells formed in IL-15- or IL-
15Rα-deficient mice after infection were pheno-
typically and functionally similar to those gener-
ated in IL-15-sufficientmice (Becker et al. 2002).
However, IL-15was critical for homeostatic pro-
liferation of memory CD8 T cells generated after
infection (Becker et al. 2002; Schluns et al. 2002).
Asaconsequence,memoryCD8Tcellsgradually
declined in number in the absence of IL-15 sig-
nals (Fig. 2) (Becker et al. 2002; Schluns et al.
2002; Tan et al. 2002). In contrast, administra-
tion of IL-15–IL-15Rα complexes could induce
vigorous proliferation of memory CD8 T cells
in vivo (Rubinstein et al. 2006; Stoklasek et al.
2006). Of note, although IL-15 is crucial for
maintaining basal turnover of memory CD8 T
cells, they can be maintained by IL-7 even in
the absence of IL-15 under particular conditions
such as lymphopenia, in which increased
amounts of IL-7 are available in vivo because of
the lack of competition with naïve T cells (Gold-
rathet al. 2002;Kieperet al. 2002;Tanet al. 2002).

Memory CD8 T cells induced after a prima-
ry acute infection expressed higher levels of sur-
face protein and mRNA for IL-2Rβ than naïve
cells. However, mRNA expression for IL-2Rβ
was gradually decreased as memory CD8 T cells
were boosted repeatedly by serial adoptive trans-
fers of antigen-specific CD8 T cells into naïve
mice and subsequent challenges (Wherry et al.
2003b; Wirth et al. 2010). Secondary memory
CD8 T cells also showed decreased responsive-
ness to IL-15 in vitro compared with primary
memory cells. Basal homeostatic proliferation
was also progressively reduced with repetitive
antigen challenges (Jabbari and Harty 2006;
Sandau et al. 2010; Wirth et al. 2010). Myc, a
downstream target of IL-15 signaling, was
most strikingly down-regulated on memory
CD8 T cells generated by multiple times of im-
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munizations (Wirth et al. 2010). Accordingly,
repeatedly stimulated memory CD8 T cells
were thought to be less dependent on IL-15 sig-
naling than primarymemory cells. Nonetheless,
secondary memory cells still depended on IL-15
for their survival and maintenance and their
basal proliferation was impaired in IL-15-defi-
cient mice (Sandau et al. 2010). In addition,
transfer of secondary memory CD8 T cells into
IL-15-deficient mice resulted in defective main-
tenance of these cells, which was linked to de-
creased expression of the antiapoptotic protein
Bcl-2 (Sandau et al. 2010).

Although it remains to be fully resolved how
IL-15 maintains memory CD8 T cells, recent
studies highlighted the effect of IL-15 onmetab-
olism of antigen-specific CD8 T cells (van der
Windt et al. 2012; O’Sullivan et al. 2014). After
LM infection, memory CD8 T cells had substan-
tially more mitochondrial spare respiratory ca-
pacity (SRC) than naïve or effector CD8 T cells.
SRC is an extra mitochondrial capacity available
in cells to produce energy during an increase in
energy demand, and thus thought to be associ-
ated with cellular survival and function. IL-15
enhanced SRC on memory CD8 T cells in vitro,
which depends on mitochondrial FAO, by in-
ducing expression of carnitine palmitoyl trans-
ferase 1a (CPT1a). CPT1a is ametabolic enzyme
that controls the rate-limiting step to FAO, and
SRC ofmemory CD8 T cells generated by cocul-
ture with IL-15 in vitro is impaired if CPT1a is
suppressed by adding its inhibitor etomoxir.
Consequently, survival of antigen-specific CD8
T cells during the contraction phase was im-
proved when CPT1a was overexpressed by ret-
roviral transduction of antigen-specific CD8 T
cells during LM infection in vivo (van derWindt
et al. 2012). A subsequent study showed that
memory CD8 T cells used extracellular glucose,
rather than extracellular fatty acids (FAs), to
support FAO and oxidative phospholylation.
To generate lipids, which were necessary for
FAO, memory CD8 T cells relied on cell-intrin-
sic expression of the lysosomal acid lipase to
mobilize FA for FAO (O’Sullivan et al. 2014).
These results show that IL-15 signals promote
CPT1a expression and FAO to support mainte-
nance of antigen-specific memory CD8 T cells.

IL-15 also regulates recall responses of
memory CD8 cells independent of antigen in
several ways. First, by sensing inflammatory
monocyte-derived bioactive IL-15, memory
CD8T cells generated after LM infection quickly
exert effector functions by expressing IFN-γ and
granzyme B when challenged with irrelevant
pathogens such as murine cytomegalovirus
(MCMV) or with LM lacking cognate antigen
(Soudja et al. 2012). Second, the inflammatory
milieu generated by infection with LCMV or
pichinde virus (PV) drives memory CD8 T cells
to enter the cell cycle. More specifically, IL-15
induced by type I IFN promotesmemory CD8 T
cell-cycle entry via activation of the mammalian
target of rapamycin (mTOR) pathway, which
prepares memory CD8 T cells for rapid division
on subsequent antigen encounter (Richer et al.
2015). Third, IL-15 enhances memory T-cell
trafficking to inflamed tissues by inducing core
2 O-glycans (ligands to P- and E-selectin) (Nolz
and Harty 2014), which are expressed on acti-
vated endothelium and are important for leuko-
cytes to extravasate into inflammatory sites (Ley
et al. 2007). Naïve CD8 T cells did not express
core 2 O-glycans, which are up-regulated on ef-
fector CD8 T cells after LCMV infection. How-
ever, their expression is transient and lost on the
majority of memory cells. Following unrelated
infectious or inflammatory challenges, however,
memory CD8 T cells recruited by bystander in-
flammation synthesize core 2O-glycans. Impor-
tantly, blocking the interaction of P- and E-se-
lectin and those ligands by antibodies abrogates
the nonspecific recruitment of memory CD8 T
cells to inflamed sites. Stimulation with IL-15
increases the synthesis of those ligands onmem-
ory, but not on naïve CD8 T cells in vitro. Fur-
thermore, IL-15-deficient mice expresses signif-
icantly lower levels of core 2O-glycans thanWT
mice, and memory CD8 T cells in IL-15-defi-
cient mice does not efficiently traffic to inflam-
matory tissues (Nolz and Harty 2014).

Recently, a new T-cell lineage, tissue resi-
dent memory T cells (TRM), has been identified.
In contrast to conventional memory T cells,
which recirculate between blood and tissues,
TRM reside within tissues and may provide a
frontline defense against infections reencoun-
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tered (Schenkel and Masopust 2014). Besides its
critical roles in regulating many aspects of cir-
culating memory CD8 T cells, IL-15 is required
to support the maintenance of CD8 TRM after
skin infection with herpes simplex virus type I
(HSV-1) (Mackay et al. 2013). Conversely,
memory CD8 T cells that express CD69, a ca-
nonical marker for TRM in secondary lymphoid
organs, are less dependent on IL-15 for their
maintenance than circulatingmemory cells after
LCMV infection (Schenkel et al. 2014). These
results suggest that the regulation of TRM may
differ, depending on the context such as the an-
atomical location and the pathogen used.

CD8T-CELLRESPONSESDURINGCHRONIC
VIRAL INFECTION

When host immune responses fail to control the
virus and antigen persists, antiviral CD8 T cells
differentiate into a state of “T-cell exhaustion,”
which is characterized by suboptimal effector
functions and reduced proliferative potential.
Exhausted CD8 T cells are distinct from naïve,
effector, or memory CD8 T cells in terms of
molecular and epigenetic signatures, including
overexpression of several inhibitory receptors,
altered cytokine signaling pathways, and dys-
regulated metabolism (Wherry et al. 2007;
Wherry and Kurachi 2015; Pauken et al. 2016;
Sen et al. 2016).

T-cell exhaustion is primarily a result of the
persistence of high levels of antigens (Mueller
and Ahmed 2009). Therefore, T-cell exhaustion
occurs in various settings of antigen persistence,
including human chronic infections and cancer,
which is thought to be associated with unfavor-
able outcomes (Schietinger andGreenberg 2014;
WherryandKurachi 2015).Accordingly, there is
much interest in understanding the basic mech-
anisms of T-cell exhaustion and developing
strategies for restoring function in exhausted T
cells (Barber et al. 2006). Importantly, such at-
tempts have already shown great promise in the
clinic, as exemplified by programmed cell death
(PD)-1-directed immunotherapy (Brahmeret al.
2012; Topalian et al. 2012). In addition to block-
ing the signals via inhibitory receptors, such as
PD-1, targeting the actions of cytokines are at-

tractive approaches for improving antiviral im-
munity by modulating T-cell exhaustion (Blatt-
man et al. 2003; Nanjappa et al. 2011; Pellegrini
et al. 2011; West et al. 2013).

We have recently shown that exhausted CD8
T cells are comprised of two distinct PD-1-ex-
pressing T-cell subsets during chronic LCMV
infection: stem-cell-like and terminally differen-
tiated (exhausted) CD8 T-cell subsets (Fig. 3A)
(Im et al. 2016). The stem-cell-like CD8 T cells,
which are predominantly found in T-cell zones
in lymphoid tissues, maintain their population
by slow self-renewal, and differentiate into ter-
minally differentiated CD8 T cells by antigen-
driven proliferation. Terminally differentiated
CD8 T cells, which have suboptimal prolifera-
tive capacity but express effector molecules such
as granzyme B and perforin, migrate into the
periphery, and are located at the major sites of
infection in lymphoid and nonlymphoid tissues
for controlling pathogens (Fig. 3A). These two
CD8 T-cell subsets are also different from each
other in terms of molecular signatures, includ-
ing the expressions of cytokine receptors (e.g.,
CD127), costimulatory/inhibitory molecules,
and transcription factors (Fig. 3A). Nonetheless,
both T-cell subsets express PD-1, a major regu-
lator of T-cell exhaustion, although the PD-1
expression level is lower on stem-cell-like CD8
T cells (PD-1+) than terminally differentiated
ones (PD-1++). Importantly, the proliferative
burst of exhausted CD8 T cells after PD-1 ther-
apy is exclusively provided by stem-cell-like
CD8 T cells (Fig. 3A) (Im et al. 2016). Similar
observations have been made by others in
chronic viral infections of mice, nonhuman pri-
mates, and humans (He et al. 2016; Leong et al.
2016; Utzschneider et al. 2016; Wu et al. 2016;
Mylvaganam et al. 2017). Because these two
CD8 T subsets in T-cell exhaustion have just
been defined, it remains totally unknown how
each cytokine regulates the biological attributes
of these two distinct CD8 T-cell subsets, and
future studies are of great importance (Fig. 3B).

IL-2

Similar to the setting of acute infections, IL-2
plays an important role in regulating antiviral
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Figure 3. Composition of antiviral CD8 T cells during chronic infections and potential regulation by cytokines.
(A) Two programmed cell death (PD)-1-expressing CD8 T-cell subsets in T-cell exhaustion and their biological
characteristics/functions. Two (stem-cell-like and terminally differentiated) CD8 T-cell subsets are distinct from
each other in terms of generation/maintenance, proliferative capacity, molecular signature, and location. (B)
Potential regulation of antiviral CD8 T cells by cytokines during chronic infections. Cytokines may regulate two
(stem-cell-like and terminally differentiated) CD8 T-cell subsets at four levels: (1) self-renewal of stem-cell-like
CD8 T cells, (2) proliferation/differentiation of stem-cell-like CD8 T cells, (3) migration of terminally differen-
tiated CD8 T cells into major sites of infection, and (4) effector function of terminally differentiated CD8 T cells.
ICOS, Inducible T-cell costimulator; TCF-1, T-cell factor 1; Id3, inhibitor of DNA binding 3; Bcl-6, B-cell
leukemia/lymphoma 6; Tim-3, T-cell immunoglobulin and mucin-domain containing-3; Blimp-1, B-lympho-
cyte-inducedmaturation protein; Id2, inhibitor of DNAbinding 2;MP,memory precursor; TE, terminal effector;
Tfh, T follicular helper; Th1, T helper type I.
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CD8 T-cell responses during chronic infections.
IL-2Rα-deficient antiviral CD8 T cells initially
expanded but subsequently declined after
LCMV or MCMV infection (Bachmann et al.
2007). From a therapeutic view, an initial study
showed that IL-2 administration enhanced an-
tiviral CD8 T-cell responses and accelerated vi-
ral clearance during LCMV infection (Blattman
et al. 2003). IL-2 treatment is also beneficial for
CD8 T-cell-mediated viral control during mu-
rine γ-herpesvirus 68 (MHV-68) infection
(Molloy et al. 2009). Conversely, IL-2 therapy
during human immunodeficiency virus (HIV)
infection in humans increased CD4 T-cell
counts of patients, but it did not lead to the
reduction of the viral load (Kovacs et al. 1996).
Similarly, IL-2 therapy combined with anti-
retroviral therapy (ART) increased CD4 T-cell
counts ofHIV-infected patients, yet had no clin-
ical benefits compared with ART alone in two
large randomized clinical trials (INSIGHT-
ESPRIT Study Group et al. 2009). These studies
together indicate that IL-2 has a potential to
modulate immune responses to treat chronic
infections; however, further improvements are
required.

More recently, IL-2 administrationwith PD-
1 blockade during chronic LCMV infection has
been reported to induce striking synergistic ef-
fects for promoting expansion of antiviral CD8
T cells and reducing viral load (West et al. 2013).
Remarkably, IL-2 treatment modulated the phe-
notype of exhausted CD8 T cells, decreasing the
expression of inhibitory receptors, including
PD-1 and increasing the expression of CD127,
a critical molecule for T-cell survival. A whole
picture of how IL-2 alone or IL-2 and PD-1
blockademodulates antiviral CD8T cells during
chronic infections still remains unclear and
awaits further studies. Given that immune
checkpoint inhibitors have great promise for
treating various cancers, IL-2 therapy combined
with immune checkpoint inhibitors may be an
exciting approach to enhance T-cell immunity
under conditions of chronic antigenic stimula-
tions. As discussed above, a stem-cell-like CD8
T-cell subset has been defined among exhausted
CD8 T cells during chronic LCMV infection.
Given that a proliferative burst of exhausted

CD8 T cells after PD-1 therapy comes exclusive-
ly from the stem-cell-like CD8 T-cell subset (Im
et al. 2016; Utzschneider et al. 2016), it will be of
great interest to evaluate how IL-2 therapy with
or without immune checkpoint inhibitors acts
on this T-cell subset (Fig. 3B).

IL-7 AND IL-15

One feature of exhausted CD8 T cells is their
defective capacity to self-renew by homeostatic
cytokines, such as IL-7 and IL-15, partly because
they express lower levels of CD127 and CD122
than memory cells. Rather, maintenance and
survival of exhausted CD8 T cells are critically
dependent on their division in response to per-
sistent antigens (Wherry et al. 2004; Shin et al.
2007). However, it should be noted that two
(stem-cell-like and terminally differentiated)
CD8 T-cell subsets exist in T-cell exhaustion,
and future studies are necessary to reexamine
how IL-7 and IL-15 influence these two subsets
(Fig. 3B). Indeed, CD127 expression is higher in
stem-cell-like CD8 T cells than in terminally
differentiated ones, although it remains un-
known whether the differential expression levels
of CD127 between the two CD8 T-cell subsets
impact on biological function in these cells.

Administration of IL-7 during chronic
LCMV infection induced expansion of antiviral
CD8 T cells. It also increased numbers of CD4,
CD8, and B cells, and resulted in accelerated
viral clearance in multiple organs (Nanjappa
et al. 2011; Pellegrini et al. 2011). The outcome
of IL-7 treatment in chronic LCMV infection
depends on the treatment regimen. Adminis-
tration of IL-7 during early contraction phase
(day 8–15 postinfection) was less effective than
treatment during the late contraction phase
(day 16–25 postinfection) (Nanjappa et al.
2011). Extended duration of IL-7 treatment
(day 8–30 postinfection) further augmented
antiviral CD8 T-cell responses, which showed
enhanced functionality, expressed increased
levels of Bcl-2 and CD127, and reduced levels
of inhibitory markers (Nanjappa et al. 2011;
Pellegrini et al. 2011). Further studies are re-
quired to investigate how IL-7 therapy influ-
ences two (stem-cell-like and terminally differ-
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entiated) CD8 T-cell subsets in T-cell exhaus-
tion (Fig. 3B).

In conjunction with the observations made
in the chronic LCMV infection model, IL-7
treatment increased T-cell numbers during sim-
ian immunodeficiency virus (SIV) infection or
HIV infection. However, it remains to be deter-
mined whether the IL-7-mediated increase in T-
cell numbers leads to improved outcomes in hu-
man chronic infections (Fry et al. 2003; Nugeyre
et al. 2003; Beq et al. 2006; Levy et al. 2009, 2012;
Sereti et al. 2009; Vassena et al. 2012).

IL-15 treatment for 4 weeks during acute
SIV infection induced a two- to threefold in-
crease in numbers of SIV-specific CD8 T cells
at week 2 and NK cells at week 1 postinfection.
However, these effects did not contribute to im-
proved viral control, and IL-15-treated animals
had a 1-log and a 3-log higher viral load than
untreated ones at week 6 and at week 20 postin-
fection, respectively (Mueller et al. 2008). In ad-
dition, IL-15 treatment for 4 weeks started at
more than 9 months after SIV infection prefer-
entially increased CD8 T cells with an effector
memory phenotype; however, this did not result
in improved viral control (Mueller et al. 2005). A
more recent study showed that IL-15 treatment
during ART delayed viral suppression and failed
to enhance ART-induced immune reconstitu-
tion during chronic SIV infection (Lugli et al.
2011). Therefore, IL-15 treatment appears to be
detrimental during SIV infection, and it might
be possible that this is also the case in HIV in-
fection.

CONCLUDING REMARKS

Our knowledge of how IL-2, IL-7, or IL-15 in-
structs various aspects of antiviral CD8 T-cell
responses has shown great progress during the
past few decades. Future mechanistic studies are
needed to gainmore insight into the role of these
cytokines in antiviral immunity during acute
and chronic infections. In particular, T-cell ex-
haustion has now been redefined as consisting of
two distinct (stem-cell-like and terminally dif-
ferentiated) CD8 T-cell subsets. Better under-
standing of the actions of each cytokine on these
two CD8 T-cell subsets will contribute to the

development of novel cytokine-directed immu-
notherapies targeting chronic infections and
cancer.
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