
Contents lists available at ScienceDirect

Molecular Immunology

journal homepage: www.elsevier.com/locate/molimm

Control of memory CD8+ T cell longevity and effector functions by IL-15
Jeffrey C. Nolza,b,c,*, Martin J. Richerd,e,*
a Department of Molecular Microbiology & Immunology, Oregon Health & Science University, Portland, OR 97239, United States
bDepartment of Cell, Developmental & Cancer Biology, Oregon Health & Science University, Portland, OR 97239, United States
c Department of Radiation Medicine, Oregon Health & Science University, 3181 SW Sam Jackson Park Road, Portland, OR 97239, United States
dDepartment of Microbiology & Immunology, McGill University, 712 McIntyre Medical Building, 3655 promenade Sir William Osler, Montreal, Quebec, Canada
e Rosalind & Morris Goodman Cancer Research Centre, McGill University, Montreal, Quebec, Canada

A B S T R A C T

IL-15 is a member of the common gamma chain family of cytokines and plays important roles in regulating several aspects of innate and adaptive immunity. Besides
its established role in controlling homeostatic proliferation and survival of memory CD8+ T cells and natural killer cells, recent findings demonstrate that in-
flammatory IL-15 can also stimulate a variety of effector functions, such as enhanced cytotoxicity, entry into the cell cycle, and trafficking into non-lymphoid tissues.
Here, we discuss how IL-15 is critical in regulating many functions of memory CD8+ T cells and how these processes act collectively to ensure optimal protective
cellular immunity against re-infections.

1. Introduction

Cytotoxic CD8+ T cells provide host defense and protective im-
munity by directly engaging and eliminating cells infected with viruses
and other intracellular pathogens. After their selection and maturation
in the thymus, antigen-naïve CD8+ T cells enter the periphery and
begin surveying secondary lymphoid organs for “non-self” peptides
presented by MHC-I that will activate their individual, uniquely ex-
pressed T cell receptor (TCR). Following activation, CD8+ T cells un-
dergo massive proliferative expansion and differentiate into effector
cells that are able to infiltrate non-lymphoid tissues and produce cy-
tokines including IFNγ and TNFα. This transient expansion phase is
followed by rapid contraction of the antigen-specific T cell population,
where the majority of the clonally expanded effector CD8+ T cells die
via apoptosis. Effector CD8+ T cells that survive contraction then
transition into long-lived memory cells that can provide enhanced
protective immunity against re-infection (Harty and Badovinac, 2008).

Besides the overall numerical increase of the antigen-specific T cell
population, several other functional properties of memory CD8+ T cells
distinguishes them from naïve T cells (Jameson and Masopust, 2018).
For instance, memory CD8+ T cells produce cytokines and execute
cytolysis immediately following antigen recognition. Memory CD8+ T
cells also undergo low levels of basal proliferation, survive in-
dependently of any additional TCR-stimulation, and are more broadly
distributed compared to naïve T cells; able to traffic into and also be-
come seeded within many non-lymphoid tissues. Thus, memory CD8+ T
cells possess a number of specialized properties that ensure both

extended longevity and the capacity to rapidly respond to re-invasion of
pathogens and nearly all of these specialized functions of memory
CD8+ T cells are/can be regulated by interleukin-15 (IL-15).

IL-15 belongs to a family of cytokines that utilize the IL-2 receptor
gamma chain (CD132; common gamma chain; γc) for signal transduc-
tion, which also includes IL-2, IL-4, IL-9, and IL-21 (Lin and Leonard,
2018). Despite sharing this critical signaling molecule, the downstream
transcriptional targets and subsequent biological consequences of each
of these cytokines varies considerably. One unique feature of IL-15 is
that it functions as both a homeostatic cytokine (active during steady-
state, non-inflammatory conditions), but also as an inflammatory cy-
tokine, as levels of IL-15 detected in the circulation increase sig-
nificantly following infections or various forms of inflammatory chal-
lenges. Although originally identified as a factor critical for controlling
the homeostatic proliferation and survival of memory CD8+ T cells and
natural killer (NK) cells (Kennedy et al., 2000), more recent findings
have highlighted major roles for IL-15 in regulating a variety of addi-
tional specialized effector functions of memory CD8+ T cells (Fig. 1).
Here, we discuss the mechanisms that control IL-15 signaling in vivo,
how IL-15 contributes to the homeostatic proliferation and survival of
memory CD8+ T cells, and finally, recent studies that have identified
IL-15 as a critical factor that controls a variety of effector functions that
collectively optimize the memory CD8+ T cell response against re-in-
fections.
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2. IL-15 and IL-15 receptor signaling

IL-15 and IL-2 both signal through a shared receptor complex con-
sisting of the IL-2/15Rβ chain (CD122) and the γc. Upon activation,
most T cells will express IL-2Rα (CD25), resulting in a cell surface
heterotrimeric IL-2 receptor complex that exhibits high affinity for IL-2
(Fig. 2A, left). Similarly, IL-15 also signals through a heterotrimeric
receptor, consisting of the shared subunits (CD122 and the γc) and the
unique high affinity receptor, IL-15Rα (CD215). (Giri et al., 1995a, b;
Grabstein et al., 1994; Lin and Leonard, 2018). However, unlike IL-2,
IL-15 interacts with IL-15Rα intracellularly with very high affinity
(Anderson et al., 1995; Giri et al., 1995b) and forms a complex in the
endoplasmic reticulum that then traffics to the cell surface of IL-15
expressing cells. These IL-15/IL-15Rα complexes can then be delivered
to target cells (e.g. memory CD8+ T cell, NK cells) that express CD122
and the γc in a unique method of cytokine signaling referred to as trans-
presentation (Fig. 2A, middle), which represents the major mode of IL-
15 signaling at steady-state (Castillo and Schluns, 2012; Dubois et al.,
2002; Duitman et al., 2008; Lodolce et al., 2001). This method of sig-
naling is an important regulatory mechanism to precisely dictate the
availability and location of a cytokine which, as will be discussed
below, can have a profound impact on various immune cells including
memory CD8+ T cells. In addition, the generation of soluble IL-15/IL-
15Rα complexes have been reported under certain inflammatory con-
ditions. While the biological significance remains poorly understood, it
has been established that these soluble complexes can serve as potent
agonists of IL-15 signaling (Fig. 2A, right) (Anthony et al., 2015;
Bergamaschi et al., 2012; Mortier et al., 2008; Rubinstein et al., 2006;
Stoklasek et al., 2006). Furthermore, soluble IL-15 can signal directly
through the intermediate affinity receptor (CD122 and γc chain) in vitro
but this is unlikely to be a major contributor to IL-15 signaling in vivo,
as soluble IL-15 is rarely, if ever, detected in the absence of the IL-15Rα
subunit (Lodolce et al., 2001; Rubinstein et al., 2006).

While none of the IL-15 receptor subunits possess intrinsic signaling
capacity, CD122 and the γc chain can associate with Janus kinase (JAK)
1 and JAK3 respectively to initiate their signaling cascade (Fig. 2B).
Activation of JAK1 and JAK3 leads to the phosphorylation of docking
sites for signal transducers and activators of transduction (STAT) 5, and
potentially STAT1 and STAT3, albeit to a lesser extent. Recruitment of
STAT5 results in its activation via tyrosine phosphorylation leading to
the formation of STAT5 dimers that can translocate to the nucleus

where it can initiate the transcription of numerous target genes. In
addition, IL-15 signaling in immune cells has been reported to activate
the mitogen-activated protein kinase (MAPK) and phosphatidylinositol
3-kinase (PI3K)/Protein Kinase B (AKT)/mammalian target of Rapa-
mycin (mTOR) pathway (Ali et al., 2015; Fehniger and Caligiuri, 2001;
Lin et al., 1995; Miyazaki et al., 1994). Together, these pathways in-
duce a transcriptional program that favors the proliferation, activation,
and survival of a variety of lymphocyte populations, including memory
CD8+ T cells.

IL-15 mRNA can be detected in a variety of hematopoietic and non-
hematopoietic cells, however, expression of IL-15 protein at steady-
state is much more restricted (Fehniger and Caligiuri, 2001). This is due
to several post-transcriptional mechanisms, including numerous start
sites for translation, negative elements in the c-terminus of the protein
and splice variants that are poorly secreted, which severely restrict the
production of IL-15 protein (Bamford et al., 1996; Bamford et al., 1998;
Gaggero et al., 1999; Tagaya et al., 1997). Removal of these three major
restraints for IL-15 translation resulted in a 250-fold increase in IL-15
expression demonstrating the importance of these three mechanisms in
regulating the availability of IL-15 (Bamford et al., 1998). Among he-
matopoietic cells, IL-15 is mostly expressed by monocytes and dendritic
cells (DC) and is rarely expressed by T cells themselves. Using reporter
mouse models, the Kedl and Lefrançois groups highlighted specializa-
tion for IL-15 production amongst DC subsets, with CD8+ DCs re-
presenting the major producers of IL-15, while plasmacytoid DCs were
found to express negligible levels (Colpitts et al., 2013; Sosinowski
et al., 2013). These reporter mouse models have identified other im-
mune cell types, including eosinophils and granulocytes, that can ex-
press high levels of IL-15, although the biological role of IL-15 ex-
pression by these cell types remains poorly described (Colpitts et al.,
2013). In addition to its expression at steady-state, IL-15 can be further
induced during inflammatory conditions. IL-15 expression has been
observed following toll-like receptor signaling stimulation by bacterial
lipopolysaccharide (LPS) or the double-stranded RNA mimic Poly I:C
and downstream of type I interferon signaling over the course of viral
infections (Castillo and Schluns, 2012; Colpitts et al., 2012; Mattei
et al., 2001; Tough et al., 1996; Zhang et al., 1998). While these stimuli
induced IL-15 mRNA transcription in all DC subsets, reporter mice es-
tablished that only CD8α+ DCs upregulated IL-15 protein expression
under these inflammatory conditions, further highlighting specializa-
tion amongst DC subsets for the production of IL-15 (Colpitts et al.,
2012; Mattei et al., 2001). However, additional cell types including
inflammatory monocytes, macrophages and, potentially, tumor asso-
ciated neutrophils have also been reported to upregulate IL-15 ex-
pression within a variety of other inflammatory environments (Anthony
et al., 2016; Santana Carrero et al., 2019; Santana Carrero et al., 2019;
Soudja et al., 2012). As we discuss in further details later, it is becoming
increasingly clear that this inflammatory or induced IL-15 plays a cri-
tical role in regulating CD8+ T cell mediated immune responses.

3. IL-15 regulates homeostatic proliferation and survival of
memory CD8+ T cells

One classic feature of memory CD8+ T cells is their low level of
basal proliferation that occurs in vivo independent of any new antigen
encounter, a process often referred to as homeostatic proliferation. IL-
15 is the primary driver of memory CD8+ T cell homeostatic pro-
liferation and extended BrdU incorporation analyses in mice suggest a
“doubling-rate” of approximately nine weeks (Parretta et al., 2008),
which is estimated to result in the complete renewal of the memory
CD8+ T cell population every two to three months, but may be slower
in humans (Akondy et al., 2017; Choo et al., 2010; Parretta et al.,
2008). The majority of IL-15-mediated homeostatic proliferation occurs
within the bone marrow (Becker et al., 2005), although this still re-
mains controversial, with a recent study arguing that homeostatic
proliferation occurs primarily within the spleen (Siracusa et al., 2017).

Fig. 1. IL-15 regulates many functional characteristics of memory CD8+ T
cells. During both steady-state homeostasis and episodes of infection/in-
flammation, IL-15 signaling to memory CD8+ T cells can regulate a variety of
cellular processes including proliferation, survival, cytotoxicity, and trafficking
into non-lymphoid tissues.
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Despite this low rate of proliferation, individual memory CD8+ T cell
populations do not inflate. Rather, homeostatic proliferation is coupled
with an equal rate of programmed cell death (Nolz et al., 2012), thereby
maintaining a constant number of memory T cells (Fig. 3A).

In general, the antigen-driven proliferative expansion of antigen-
specific CD8+ T cells during most acute viral or bacterial infections
does not require IL-15, although one notable exception is that IL-15 is
critical for optimal CD8+ T cell expansion following subunit vaccina-
tion combined with adjuvant (Klarquist et al., 2018). However, in both
IL-15−/− and IL-15Rα−/− mice, homeostatic proliferation of memory
CD8+ T cells is significantly reduced and the overall number gradually
diminishes over time (Becker et al., 2002; Goldrath et al., 2002; Schluns
et al., 2002; Tan et al., 2002), suggesting that IL-15-mediated homeo-
static renewal is critical for maintaining the long-term survival of
memory CD8+ T cells. IL-15Rα−/− memory CD8+ T cells transferred
into WT recipients proliferate and survive, demonstrating that in con-
trast to IL-2 receptor signaling, memory CD8+ T cells do not require
cell-intrinsic expression of IL-15Rα to mediate high-affinity IL-15 sig-
naling. Importantly, additional experimental evidence using mixed

bone marrow chimeras have shown that hematopoietic cells must ex-
press both IL-15 and IL-15Rα for the biological activity of this cytokine
to occur in vivo (Burkett et al., 2004), further supporting the model that
memory CD8+ T cells receive IL-15 complexed with IL-15Rα directly
from other immune cells. In addition to homeostatic proliferation, IL-15
has also been shown to promote the survival of memory CD8+ T cells
by inducing the expression of the costimulatory molecule 4-1BB which
can subsequently increase expression of anti-apoptotic molecules, by
directly inducing the expression of the anti-apoptotic molecules Bcl-2
and Bcl-XL, and by modifying metabolic programming (Berard et al.,
2003; Kurtulus et al., 2011; O’Sullivan et al., 2014; Pulle et al., 2006;
Tripathi et al., 2010). Although the requirement for IL-15 for promoting
memory CD8+ T cells survival is not as critical as IL-7 (Schluns et al.,
2000), these studies demonstrate that IL-15 regulates the proliferative
renewal and long-term maintenance of memory CD8+ T cells.

Another prominent feature of memory CD8+ T cells is the extent of
heterogeneity that exists within an antigen-specific population.
Memory CD8+ T cells are often most broadly defined based on the
expression of receptors that allow for adhesion and the direct

Fig. 2. Comparison of IL-2 and IL-15 sig-
naling to memory CD8+ T cells. (A) IL-2
signals through a heterotrimeric receptor
composed of the IL-2Rγ common chain, the IL-
2/IL15Rβ chain and the IL-2Rα chain which
increases the affinity of IL-2 for the receptor
(left panel). IL-15 signals through a similar
heterotrimeric receptor composed the IL-2Rγ
common chain and the IL-2/IL15Rβ chain and
the unique IL-15Rα IL-15 is usually found
complexed with IL-15Rα at the surface of other
cells where it can be trans-presented to
memory CD8+ T cells (middle panel) or in
soluble complexes that can also engage sig-
naling pathways in memory CD8+ T cells
(right panel). B) IL-15 induces JAK-STAT sig-
naling along with the PI3K-AKT-mTOR and
MAPK pathways to induce the transcription of
several genes that regulate the function of
memory CD8+ T cells.
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infiltration of lymph nodes by crossing high endothelial venules.
Central memory (TCM) CD8+ T cells express L-selectin (CD62L) and the
chemokine receptor CCR7, whereas effector memory (TEM) CD8+ T
cells do not, and accordingly, TCM can be found surveying lymph nodes,
but TEM are essentially excluded (Wherry et al., 2003). However, there
are several other functional properties that are unique to these two
broadly defined subsets. TEM CD8+ T cells express more granzymes and
exhibit stronger cytotoxicity than TCM (Wolint et al., 2004), whereas
TCM CD8+ T cells express higher levels of CD122 and undergo more
homeostatic proliferation (Fig. 3A). Lineage tracing experiments by
adoptive transfer have found that at least some TEM CD8+ T cells (ty-
pically KLRG1Lo/CD27Hi/CX3CR1Lo/Int) become TCM over time and this
may be linked to IL-15-mediated proliferation in vivo (Gerlach et al.,
2016). Another unique subset of memory CD8+ T cells, tissue-resident
memory (TRM), become seeded within non-lymphoid tissues such as the
skin and do not re-enter the circulation. It has been reported that TRM

CD8+ T cells require IL-15 for survival in some cases (Mackay et al.,
2015), but not in others (Schenkel et al., 2016), suggesting there may
be microenvironment-specific requirements for TRM longevity with a
variable dependence on IL-15. Finally, IL-15 is sufficient to convert
naïve CD8+ T cells into “virtual” memory cells and this unique subset

of memory CD8+ T cells is absent in IL-15−/− mice (White et al.,
2016). Thus, IL-15 plays a critical role in the maintenance of diverse
subsets of memory CD8+ T cells by promoting their capacity to self-
renew through homeostatic proliferation and/or by enhancing their
survival.

Because it was originally reported that IL-15 controlled both the
homeostatic proliferation and longevity of memory CD8+ T cells, it was
therefore assumed that proliferative renewal mediated by IL-15 must be
required for long-term survival. However, there are several pieces of
evidence that contradict this assumption. As mentioned previously, TCM

undergo more homeostatic proliferation than TEM, but a number of
studies have reported that TEM (and not TCM) is the memory CD8+ T
cell subset most dependent on IL-15 for survival (Fig. 3B). In a study
comparing the requirement for IL-2 and IL-15 signaling in regulating
the formation and survival of memory CD8+ T cells, it was found that
IL-15 was necessary to maintain KLRG1Hi effector memory T cells after
the clearance of an acute viral infection (Mitchell et al., 2010). Fur-
thermore, using models of prime-boost vaccination, “secondary”
memory CD8+ T cells become predominantly KLRG1Hi TEM and their
survival becomes largely dependent on IL-15 (Sandau et al., 2010).
Similarly, transient neutralization of IL-15 in rhesus macaques results in

Fig. 3. IL-15 controls homeostatic proliferation and survival of memory CD8+ T cells. (A) IL-15 promotes the homeostatic proliferation of central memory
(TCM) CD8+ T cells, where cell division is balanced by an equal rate of programmed cells death. (B) Most effector memory (TEM) CD8+ T cells require IL-15 for
survival and undergo cell death in IL-15−/− mice or when IL-15 is neutralized in vivo.
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the rapid depletion of TEM CD8+ T cells from the circulation, whereas
the numbers of naïve and TCM CD8+ T cells remain unaffected
(DeGottardi et al., 2016). Finally, the inflationary effector memory
CD8+ T cells that persist during the latent stage of MCMV infection also
require IL-15 for their survival (Baumann et al., 2018). Thus, while it is
clear that the survival of non-dividing TEM that initially form following
infection or vaccination requires IL-15, whether homeostatic pro-
liferation is also necessary for the “renewal” and/or long-term survival
of TCM CD8+ T cells remains less clear.

4. Regulation of memory CD8+ T cell effector functions by IL-15

While the role of IL-15 in regulating memory CD8+ T cell longevity
during homeostasis has long been appreciated, several recent studies
have begun to highlight an important role for IL-15 that is induced
during inflammatory conditions. In fact, IL-15 can impact several fea-
tures of memory CD8+ T cells that confer them a functional advantage
compared to naïve CD8+ T cells, including the exhibition of effector
functions, priming proliferation and promoting trafficking into non-
lymphoid tissues. Here, we will discuss how IL-15 is critical in reg-
ulating or even dictating several of the functional characteristics of
memory CD8+ T cells and how this plays a central role in enhancing
host protection against re-infection.

4.1. Regulation of cytotoxicity and cytokine production

One important functional characteristic of memory CD8+ T cells is
the capacity to rapidly secrete effector cytokines and express cytolytic
molecules such as perforin and granzymes. Recent studies have begun
to establish that this property of memory CD8+ T cells can be regulated
by a number of cytokines, including IL-15, in the absence of cognate
antigen recognition (Beadling and Slifka, 2005; Freeman et al., 2012;
Kohlmeier et al., 2010; Soudja et al., 2012). In fact, IL-15 is sufficient to
cause human memory CD8+ T cells to become highly cytolytic and
increase expression of perforin, granzyme B, as well as IFNγ (Fig. 4A)
(Cheuk et al., 2017; Liu et al., 2002). Using various infection models,
Soudja and colleagues demonstrated that IL-15 expression by in-
flammatory monocytes (in complex with IL-15Rα) was sufficient to
induce expression of granzyme B by memory CD8+ T cells regardless of
their antigenic specificity (Soudja et al., 2012). In addition, IL-15 also
contributed, albeit to a lesser extent, to the production of effector cy-
tokines such as IFNγ from memory T cells in the absence of antigen
recognition and was sufficient to provide partial protection against the
intracellular bacterial pathogen Listeria monocytogenes (Soudja et al.,
2012). This form of “bystander” protection has also been described for
virtual memory CD8+ T cells, which also occurs in an IL-15-dependent
manner (White et al., 2016). Thus, antigen-independent induction of
granzyme B and IFNγ (and perhaps activating receptors such as
NKG2D) by memory CD8+ T cells may represent a first line of defense
that contributes to host protection against pathogens for which they
remain immunologically naïve. Nevertheless, the relative contribution
of these IL-15 stimulated effector functions of memory CD8+ T cells
over the course of a secondary infection with a previously encountered
pathogen remains poorly understood and should be the subject of future
investigations.

4.2. Primed proliferation of memory CD8+ T cells

Another key functional advantage of memory CD8+ T cells is the
capacity to divide more rapidly than their naïve counterparts. However,
under non-inflammatory conditions, memory CD8+ T cells were shown
to have a higher threshold for cell cycle entry compared to naïve T cells
(Mehlhop-Williams and Bevan, 2014). This suggested that cell extrinsic
factors may regulate the increased proliferative capacity of memory
CD8+ T cells. Early studies had demonstrated that TLR stimulation
could induce production of IL-15 in a type I interferon-dependent

manner leading to the proliferation of memory phenotype CD8+ T cells
(Tough et al., 1996; Zhang et al., 1998). However, these experiments
could not differentiate whether this is a characteristic of “bona-fide”
antigen-specific memory CD8+ T cells and was simply a bystander ef-
fect or whether it played an important biological role during the course
of infection.

Using TCR transgenic T cells or MHC-class I tetramers to study an-
tigen-specific memory CD8+ T cells, we observed that an unrelated
viral infection induced a transcriptional program that was dominated
by the induction of cell cycle related genes (Richer et al., 2015). In-
terestingly, this was associated with the cell cycle entry and a few cycles
of division for most memory CD8+ T cells in the lymph node and the
spleen independently of antigen encounter. Cell cycle entry was de-
pendent on the induction of IL-15 in a type I interferon-dependent
manner (Fig. 4A). IL-15 induction of cell-cycle entry was linked to the
activation of the mTOR pathway as cell-cycle entry could be inhibited
by rapamycin treatment (Ali et al., 2015; Marcais et al., 2014; Richer
et al., 2015). As opposed to the cell division induced by secondary in-
fection with a pathogen expressing cognate antigen, the proliferation
induced by inflammatory IL-15 did not result in any cellular accumu-
lation despite increased cell division compared to basal homeostatic
proliferation (Fig. 4B). This suggests that increased IL-15 induced fol-
lowing infection simply enhances homeostatic division, which likely
remains balanced by an equal induction of cell death and is not suffi-
cient to engage the cellular pathway necessary to lead to accumulation.
More importantly, “primed” proliferation of memory CD8+ T cells re-
presented more than a bystander effect but rather played an important
biological role which is linked to the increased protection afforded by
memory CD8+ T cells (Fig. 4B). Antigen-specific memory CD8+ T cells
lost their proliferative advantage over naïve T cells when secondary
infection occurred in an IL-15 deficient host, resulting in diminished
protective immunity (Richer et al., 2015). Together, these data de-
monstrated that “primed” proliferation induced by IL-15 allows all
memory CD8+ T cells to prepare for rapid division and accumulation if
cognate antigen is encountered to provide enhanced protection against
re-infection.

4.3. Regulation of memory CD8+ T cell trafficking and migration

Unlike naïve CD8+ T cells which are primarily confined to the
circulation, spleen, and lymph nodes, memory CD8+ T cells acquire the
capacity to directly infiltrate non-lymphoid tissues from the circulation
without needing to be (re)-activated by antigen-presenting cells. One of
the mechanisms that allows memory CD8+ T cells to extravasate across
activated vascular endothelium and into non-lymphoid tissues is their
capacity to generate ligands for the adhesion molecules P- and E-se-
lectin in an antigen-independent manner. Enzymatic synthesis of core 2
O-glycans is critical for generating functional ligands for all leukocytes
to bind to the vascular adhesion molecules P- and E-selectin and ex-
travasate into non-lymphoid tissues (Hobbs and Nolz, 2017). Naïve
CD8+ T cells are unable to synthesize core 2 O-glycans, thereby pre-
venting these cells from infiltrating most non-lymphoid tissues. How-
ever, following T cell activation, core 2 O-glycans can be found dec-
orating a variety of surface proteins (e.g. PSGL-1, CD43, etc.) that now
function as P- and E-selectin ligands, which allows effector and memory
CD8+ T cells to traffic out of the circulation and into non-lymphoid
tissues to combat infections (Nolz et al., 2011).

During steady-state, non-inflammatory conditions, core 2 O-glycan
synthesis activity is inactive in most memory CD8+ T cells, but can be
strongly induced by IL-15 both in vitro and in vivo (Nolz and Harty,
2014). Memory CD8+ T cells increase expression of a number of gly-
cosyltransferases downstream of IL-15 signaling that collectively act to
facilitate the synthesis of core 2 O-glycans required for P- and E-selectin
ligand formation and trafficking into non-lymphoid tissues (Fig. 5)
(Osborn et al., 2017). Inhibition of the transcription factor STAT5 an-
tagonizes the development of core 2 O-glycans, but whether there is
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Fig. 4. IL-15 primes effector functions and rapid proliferation of memory CD8+ T cells during infection. (A) In addition to its important homeostatic role, IL-
15 can be induced in various inflammatory settings leading to the priming of memory CD8+ T cell effector functions. (B) During infection, “inflammatory” IL-15
induces cell cycle entry of all memory CD8+ T cells without leading to cellular accumulation. Importantly, this “primed” proliferation is responsible for the enhanced
proliferative capacity of memory CD8+ T cells upon antigenic encounter and is directly linked to their protective capacity.
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direct transcriptional regulation of this set of glycosyltransferases by
STAT5 is currently unknown. Thus, inflammatory IL-15 can function as
a systemic “warning signal” to circulating memory CD8+ T cells, fa-
cilitating core 2 O-glycan synthesis that allows them to rapidly infiltrate
inflamed, non-lymphoid tissues during infections.

One assumption of the TCM/TEM classification discussed previously
is that because TCM CD8+ T cells express the receptors required to
survey lymph nodes, then TEM must be the memory CD8+ T cells that
that traffic into and survey peripheral tissues. However, there have
been several recent reports suggesting that TEM (especially the most
terminally differentiated CD62LLo/KLRG1HiCX3CR1Hi subset) are un-
able to infiltrate most non-lymphoid tissues, but rather are confined
within the circulation (Gerlach et al., 2016; Osborn et al., 2017; Smith
et al., 2014). As mentioned earlier, TCM CD8+ T cells express higher
levels of CD122 compared to TEM CD8+ T cells and thus, we have found
that IL-15-mediated core 2 O-glycan synthesis is a primarily a feature of
the TCM CD8+ T cell subset (Osborn et al., 2019, 2017). In agreement
with this, TCM CD8+ T cells traffic to the skin during viral infection
better than TEM; whereas all T cell trafficking into the skin is inhibited
when P- and E-selectin are blocked. Studies of memory CD8+ T cell-
mediated protective immunity agree with these findings as TEM are
more protective against pathogens that infect the spleen (e.g.Listeria
monocytogenes delivered intravenously) (Jabbari and Harty, 2006; Nolz
and Harty, 2011), but TCM are more protective against viral skin in-
fection (e.g. Vaccinia virus delivered by skin scarification). Overall,
these studies suggest that defined lineages of memory CD8+ T cells
form to provide optimal host defense against re-infection and that IL-15
(and potentially other activators of STAT5) plays a critical role in
controlling the trafficking of the TCM subset.

Besides promoting core 2 O-glycan synthesis, IL-15 has been re-
ported to control the migration and/or trafficking of memory CD8+ T
cell through additional mechanisms. IL-15 promotes CD8+ T cell traf-
ficking to the lung during a primary viral infection (Verbist et al., 2011)

and treatment of immune mice with IL-15-IL-15Rα complexes also
causes memory CD8+ T cells to infiltrate the lung (Sowell et al., 2017),
but whether this form of mucosal trafficking is dependent on core 2 O-
glycan activity is currently unknown. Besides trafficking into non-
lymphoid tissues such as the skin and lung, IL-15 complexes have also
been shown to cause memory CD8+ T cells to migrate into B cell fol-
licles within the spleen (Webb et al., 2018), which could imply that IL-
15 may also influence chemokine receptor expression and/or signaling
to promote or inhibit migration within lymphoid organs. Interestingly,
in vitro experiments have also found that IL-15 suppresses expression of
CCR7 and the sphingosine-1-phosphate receptor (S1PR1; S1P1)
(Gattinoni et al., 2011; Osborn et al., 2017; Setoguchi, 2016). Because
both of these receptors contribute to T cell egress from non-lymphoid
tissues and into draining lymph nodes, one intriguing notion is that IL-
15 signaling to memory CD8+ T cells causes a transient state of memory
CD8+ T cell accumulation within inflamed non-lymphoid tissues, by
both increasing the rate of extravasation through core 2 O-glycan
synthesis, while also limiting the rate of egress through reduced ex-
pression of CCR7 and S1PR1.

5. Concluding remarks and perspectives

Here, we discussed a variety of mechanisms by which IL-15 controls
multiple fundamental features of memory CD8+ T cell biology, but
many open questions still remain. As described, trans-presentation
seems to be the primary mechanism that delivers IL-15 to memory
CD8+ T cells during steady state conditions to promote homeostatic
proliferation, but how IL-15 signals to memory CD8+ T cells during
infection and a complete characterization of transcriptional targets re-
mains relatively ill-defined. One potential mechanism would be that IL-
15/IL-15Rα complexes are formed and shed into the circulation during
infection (Tamzalit et al., 2014), which could cause distal biological
effects without requiring cell – cell contact. In fact, it has been proposed

Fig. 5. IL-15 promotes core 2 O-glycan
synthesis of P- and E-selectin ligands on
memory CD8+ T cells. IL-15 signaling to
memory CD8+ T cells increases expression of
several glycosyltransferases including core 2 β1,6
N-acetylglucosaminyltransferase-I (Gcnt1), β1,4-
galactosyltransferase-V (B4Galt5), α1,3-fucosyl-
transferase-VII (Fut7) and ST3 β-galactoside α2,3-
sialyltransferase IV (ST3Gal4). Expression of these
glycosyltransferases promotes the synthesis of
core 2 O-glycans on surface proteins such as
PSGL-1 that now function as P- and/or E-selectin
ligands to facilitate extravasation into non-lym-
phoid tissues such as the skin and lung. Inhibition
of STAT5 blocks IL-15-mediated core 2 O-glycan
synthesis, but whether there is direct transcrip-
tional regulation of these glycosyltransferases by
STAT5 is currently unknown.
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that all of the IL-15 found in the serum following an inflammatory
challenge is complexed with IL-15Rα (Bergamaschi et al., 2012).
Whether IL-15 or IL-15/IL-15Rα soluble complexes play a major in IL-
15 signaling in vivo remains to be thoroughly defined, but both have
been the subject of intense investigation for their potential role in
manipulating immune responses to various infectious diseases and
cancer (Waldmann, 2018). In fact, IL-15 complexes can be detected
within the tumor microenvironment and promote the accumulation of
CD8+ T cells (Santana Carrero et al., 2019). On the other hand, in-
hibiting IL-15-mediated signaling could reduce the cytotoxicity and
trafficking of memory CD8+ T cells into non-lymphoid tissues such as
the skin during inflammatory diseases such as contact dermatitis or
psoriasis. This is supported by recent data demonstrating that blocking
IL-15 signaling with anti-CD122 antibodies was sufficient to revert vi-
tiligo and reduced the production of IFNγ by TRM CD8+ T cells
(Richmond et al., 2018). Similarly, it has been found that targeting
CD122 could be an effective strategy in preventing transplant rejections
(Mathews et al., 2018). Overall, in addition to its critical homeostatic
role, inflammatory IL-15 has profound impacts on the protective
function of memory CD8+ T cells. In fact, accumulating data suggest
that many, if not all, of the functional advantages that memory CD8+ T
cells possess over naïve T cells are, at least in part, dictated by IL-15.
Thus, any vaccination or immunotherapy approaches aimed at manip-
ulating the function of memory CD8+ T cells will need to consider the
capacity of these cells to respond to this critical cytokine.
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