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The molecular basis of the persistence of experienced T lymphocytes, also known as
“memory T lymphocytes,” is still enigmatic. We are beginning to understand their consid-
erable heterogeneity and topographic compartmentalization into memory T cells circulat-
ing through the body and those residing in a particular tissue. In some tissues, like murine
spleen, subpopulations of memory T cells proliferating in the absence of antigen (homeo-
static proliferation) have been described. Other populations are maintained resting in
terms of transcription, mobility, and proliferation in dedicated survival niches organized
by stromal cells. The survival of these memory T cells is conditional on being in such a
niche, where they can persist for a lifetime. Circulating memory T lymphocytes of distinct
immune responses slowly decline in numbers over time. The rules governing their entry into
and exit from blood, as well as their lifestyle outside of the blood and their relation to
resident memory T cells are poorly understood. Homeostasis of circulating, proliferating,
and resting memory T cells is obviously controlled by different rheostats: tissue-exit and
tissue-entry signals for circulating and proliferation-inducing signals for proliferating
memory T cells. For tissue-resident, resting memory T cells, it is the availability of their
survival niche. Apparently, this mechanism (i.e., the link between memory T cell and
stromal cell) is so robust that it provides efficient T-cell memory over a lifetime in tissues
such as the bone marrow.
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COMPLEXITY AND
COMPARTMENTALIZATION OF T-CELL
MEMORY

More than 65 years ago, the pioneering work
of McGregor and Gowans (1963) demon-

strated that primary immune reactions are
dependent on circulating lymphocytes, while
secondary immune reactions are not. Yet, since
then, the experimental dilemma of accessibility
of circulating versus less accessible tissue-resi-
dent lymphocytes in humans and mice has con-
fused our understanding of how immunological
memory is organized and maintained. More-
over, antigenic experiences of mice and humans
are clearly not directly comparable (Japp et al.
2017; Masopust et al. 2017). Blood-borne hu-
man memory lymphocytes and splenic murine
memory lymphocytes have often been consid-
ered as representing the diversity and lifestyle of
all memory lymphocytes. Information on how
many lymphocytes are present in secondary
lymphoid organs (SLOs), lymph, and nonlym-
phoid tissue is scarce. An estimation of the over-
all number of lymphocytes in nonlymphoid
tissue of humans, including bone marrow, is
about 1011, while twice as many have been esti-
mated for secondary lymphoid tissues, blood,
and lymph, but this estimation did not discrim-
inate between different types of lymphocytes
(Trepel 1974). It has been claimed that most of
the T lymphocytes in the tissues are antigen-
experienced, but they have not been exactly enu-
merated so far (Farber et al. 2014). About 0.8 to
8 × 108 antigen-experienced, CD45RO+ T lym-
phocytes per liter of human blood are circulating
at any given time point (Bisset et al. 2004). Initial
evidence that antigen-experienced T lympho-
cytes of distinct immune responses may have
preferences to home to particular tissues, where
they are detectable for long time periods, was
generally interpreted as a topographic prefer-
ence of circulating memory cells (Picker et al.
1990; Mackay et al. 1992, 1996; Tarazona et al.
1996; Austrup et al. 1997; Hogan et al. 2001;
Marshall et al. 2001; Masopust et al. 2001; Rein-
hardt et al. 2001; Klonowski et al. 2004; Clark
et al. 2006). However, ∼10 years ago, the con-
cept of tissue-resident memory T lymphocytes

was developed, claiming that at least some of the
memory T lymphocytes present in a particular
tissue are not circulating but permanent resi-
dents of that tissue (Gebhardt et al. 2009; To-
koyoda et al. 2009; Clark et al. 2012). Since then,
the complex compartmentalization of immuno-
logical memory, its division of labor, and its re-
dundancy is becoming more evident (Purwar
et al. 2011; Teijaro et al. 2011; Clark et al. 2012;
Jiang et al. 2012; Mackay et al. 2012, 2016; Hof-
mann et al. 2013; Sathaliyawala et al. 2013;
Farber et al. 2014; Okhrimenko et al. 2014;
Thome et al. 2014; Sercan-Alp et al. 2015; Ku-
mar et al. 2017; Beura et al. 2018a, 2019; Barto-
lome-Casado et al. 2019; Siracusa et al. 2019).
The conventional classification of memory T
lymphocytes from the spleen and blood, based
on their homing propensities (i.e., chemokine
receptor expression into stem [Zhang et al.
2005; Gattinoni et al. 2011], central, and effector
memory cells [Sallusto et al. 1999]), or on their
functional imprinting (i.e., Th1, Th2, and Th17
cells [Löhning et al. 2002]) should be revised to
take this additional compartmental heterogene-
ity into account (Fig. 1). It may be in any case
soon obsolete, given our emerging ability to de-
termine global transcriptomes and epigenomes
of individual cells, and their antigen receptor
repertoires. Clusters of related memory T cells
and their trajectories will clearly define the het-
erogeneity of memory T cells on a global level
(Durek et al. 2016; Youngblood et al. 2017). It
will be a challenge to match such global molec-
ular cluster classifications with the classical T-
cell typology.

T-CELL MEMORY IN TISSUE AND IN BLOOD

Determination of the persistence of T-cell mem-
ory is plagued by the basic problem of defin-
ing the memory phase of an immune response
(i.e., separating T-cell-receptor-dependent from
T-cell-receptor-independent maintenance of
memory T cells). Defining the end of an im-
mune reaction is difficult; it extends beyond
the formation of germinal centers (MacLennan
1994). The duration of the late contraction phase
of an immune response (i.e., when antigen is still
present and experienced T and B lymphocytes
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are already circulating in the blood) is difficult to
discriminate from the memory phase when no
antigen is present. Upon withdrawal of antigen,
CD8+ T cells have been shown to proliferate for
up to eight more rounds, their survival promot-
ed by cytokines like IL-2, -7, and -15 (Wong and
Pamer 2001). Antigen-specific T cells are obvi-
ously not stimulated by antigen-presenting cells
while circulating in the blood. Memory CD8+

T cells generated by vaccination against yellow
fever virus (YFV) have been shown to circulate
in the blood of human vaccinees for at least 2 yr
after vaccination, most but not all of them rest-
ing in terms of proliferation (Akondy et al.
2017). In mice, “half-lives” of circulating anti-
gen-experienced T lymphocytes (i.e., their nu-
merical decrement by 50% in the blood or

spleen) of <21 d have been reported for inten-
tional immunizations (Tokoyoda et al. 2009),
and 15–70 d for adoptively transferred experi-
enced splenic T lymphocytes (Harrington et al.
2008; Lohning et al. 2008). It should be noted
that in the original work of McGregor and
Gowans, thoracic duct drainage of rats immu-
nized against tetanus toxoid 3 wk before had no
effect on the secondary immune response to the
toxin, suggesting that most memory lympho-
cytes had been circulating for <3 wk, if at all.
For murine memory CD4+ T lymphocytes,
quantitative persistence in the spleen for
>100 d has been demonstrated, upon condi-
tional inactivation of the gene encoding the
T-cell antigen receptor cα chain (Polic et al.
2001). Likewise, CD4+ murine T lymphocytes

Blood

Tmcirc

Tmcirc

Tmcirc

Lymph node

Tmcirc

Trm

Spleen

Tmcirc

Trm

Trm

Trm
SC

Bone marrow

Brain SkinLungs Gut

Trm

Tpm

TpmTpm

Tpm

Tpm

Trm
Trm

Trm
Trm

Trm
TrmTrm

Trm

Trm

Trm

Trm

Trm

Epithelial Tm cells

?

Tmcirc TmcircTmcirc

Tmcirc

Trm

Tmcirc

Tpm

CD4+ or CD8+

CD4+ or CD8+

CD4+ or CD8+; CD69+ or CD69–?

Reproductive
tract

TrmTrm

Trm

TrmTmcirc

Lym
phatic

Ly
m

ph
at

ic

Lymphatic

Tmcirc

Trm

SC

SC

Figure 1. Topography of circulating, proliferating, and resident memory T lymphocytes in steady state. The
localization and migration of three memory T (Tm) lymphocyte cell subsets with different lifestyles (i.e.,
circulating [Tmcirc], proliferating [Tpm], and tissue-resident memory T [Trm] cells) and their presence in
epithelial tissues, blood, secondary lymphoid organs, and bone marrow. In the skin and reproductive tract,
motile Trm cells have been observed, while in bone marrow they are immobile. CD69 is a key marker that is
expressed by Trm cells; however, Trm cells lacking expression of CD69 have also been suggested. (SC) Stromal
cell.
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generated in vitro and adoptively transferred
intoMHC class II–deficient naive hosts (i.e., un-
able to present antigen toCD4+T cells) persisted
over 70 d in the spleen (Swain et al. 1999).Mem-
ory CD8+ T lymphocytes, upon genetic ablation
of the TCR cα chain encoding genes, slowly de-
clined in numbers over a time frame of 100 d.
This might reflect the dependency of a CD122−

subpopulation of splenic memory CD8+ T cells
on T-cell receptor stimulation, as it has been
shown that adoptively transferred CD122−

lymph node T cells require expression of MHC
class I by their hosts, while CD122+ memory T
cells do not (Boyman et al. 2006).

For antigen-experienced human T lympho-
cytes, persistence in the absence of the original or
across-reactive antigen is difficult toprove.Mem-
ory T cells generated in humans by vaccination
against smallpox have been shown to disappear
from the blood with half-lives of 8–15 yr (Ham-
marlund et al. 2003). Interestingly, it has been
shown that CD4+ memory T cells reactive to
childhood pathogens like measles, mumps, and
rubella are rare if not absent in the blood of aged
individuals, who presumably had encountered
these antigens decades ago as children. These
persist in the same individuals in the bone mar-
row (Okhrimenko et al. 2014) at frequencies and
absolute numbers equal to CD4+memory T cells
specific for recurrent antigens like tetanus or per-
sistent antigens like cytomegalovirus memory T
cells, which also persist in the blood. The absence
ofmeasles-,mumps-, or rubella-specificmemory
T cells from the blood per se clearly argues that
the memory cells specific for these pathogens in
the bonemarrow are truly resident cells. Interest-
ingly, those memory T cells of the bone marrow
are “polyfunctional” (Betts et al. 2006; Seder et al.
2008; Okhrimenko et al. 2014) (i.e., able to ex-
press multiple effector cytokines efficiently when
restimulated by antigen-presenting cells of their
host). Thus, the disappearance of memory T cells
from the blood over time after their generation
does not necessarily reflect either their disappear-
ance from thehost or “immune aging” (i.e., loss of
functional memory) (Fig. 2).

The vast discrepancy in the persistence of
memory T lymphocytes in the circulation and
lymph between rodents and humans is obvious

and not clearly understood so far. Adding to this
confusion is the fact that there is only limited data
detailing the entry and exit rates of lymphocytes
into circulation, which have mainly been ob-
tained via the administration of the compound
FTY720 (fingolimod). FTY720 is an analog of
sphingosine-1-phosphate (S1P) and therefore
competes with it for the binding to sphingo-
sine-1-phosphate receptor (S1PR1) (Brinkmann
et al. 2002; Mandala et al. 2002; Matloubian et al.
2004), inhibiting the egress of lymphocytes from
SLOs into the blood (Matloubian et al. 2004). In
humans, treatment with the drug FTY720 result-
ed in a significant reduction in the number of
central memory T cells within 2 wk; incidentally,
this was the earliest time point analyzed. The
number of effector memory T cells was less af-
fected (Song et al. 2015), presumably because
they express less S1PR1, and instead rely more
on S1PR2 and 4 (Drouillard et al. 2018). Con-
versely, when fingolimod was withdrawn, the
number of central memory T cells recovered
within 2 wk (Claes et al. 2014; Ghadiri et al.
2017). For rodents, Gesner and Gowans (1962)
showed that after 4 d of thoracic duct drainage of
rats, the pool of circulating lymphocytes had been
depleted. Likewise, the inhibition of S1P-mediat-
ed entry of T lymphocytes into the blood by the
drug FTY720 in mice eliminated >90% of the
circulating CD8+ and CD4+ lymphocytes within
3–4 d. This suggests that (1) circulating T lym-
phocytes are a distinct population of finite size,
and (2) that they circulate in the blood for only a
short time, until returning to tissue where they
need another exit signal to eventually enter the
circulation oncemore (Siracusa et al. 2017, 2018).
Tissue-resident memory T lymphocytes have
been shown to down-regulate S1P receptors 1,
4, and 5 and the transcription factor KLF2, which
induces S1PR1, and this mechanism has been
postulated to be essential for their absence from
circulation (Skon et al. 2013; Farber et al. 2014;
Okhrimenko et al. 2014; Sercan-Alp et al. 2015;
Mackay et al. 2016; Kumar et al. 2017; Siracusa
et al. 2019).

Which tissues qualify as hubs for circulating
memory lymphocytes is a matter of debate. The
bone marrow, lymph nodes, and spleen have
been nominated and discussed, and, indeed,
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the same tissues may host resident and circu-
lating memory T lymphocytes (Alp and Rad-
bruch 2016; Di Rosa and Gebhardt 2016; Ser-
can-Alp andRadbruch 2016; Pascutti et al. 2019;
Siracusa et al. 2019). When adoptively trans-
ferred into antigen-free hosts, murine splenic
memory CD8+ T lymphocytes efficiently home
to various tissues, including the bone marrow,
spleen, liver, lung, lymph nodes, and peripheral
blood, with no apparent preference (Becker et al.
2005). On the contrary, memory CD4+ and
CD8+ T lymphocytes from the skin, gut, and
bone marrow, preferentially home back to these
same organs following adoptive transfer, and
this preference is dependent on homing recep-
tors such as CLA (Berg et al. 1991; Clark et al.
2006), α4β7 and CCR9 (Mora et al. 2003), and

CD49b and CD69 (Shinoda et al. 2012; Hana-
zawa et al. 2013).

Of particular interest in this context is CD69,
a surface molecule expressed by activated T lym-
phocytes (Testi et al. 1989), and by significant
proportions of memory T lymphocytes in tissues
like skin (Clark et al. 2006), gut (Zhang andBevan
2013; Stelma et al. 2017), lung (Purwar et al. 2011;
Teijaro et al. 2011; Steinert et al. 2015), the female
reproductive tract (Beura et al. 2018a), and bone
marrow (Tokoyoda et al. 2009; Shinoda et al.
2012; Tokoyoda and Radbruch 2012; Hanazawa
et al. 2013; Okhrimenko et al. 2014; Hayashizaki
et al. 2016). CD69 has been reported to antago-
nize the expression of the S1P1 receptor on the
surface of T lymphocytes by internalization, thus
blocking egress of activated T lymphocytes into
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the blood (Shiow et al. 2006). CD69-expressing
memoryT lymphocytes of various tissues, includ-
ing the bone marrow, down-regulate expression
of S1PR1 as well as the transcription factor KLF2,
which induces it, corroborating the notion that
these cells are not circulating through the blood
(Tokoyoda et al. 2009; Shinoda et al. 2012; Sira-
cusa et al. 2019). Moreover, CD69 seems to be
essential for memory T lymphocytes or their pre-
cursors to enter certain tissues, as has been shown
for the bone marrow by genetic ablation and se-
rological inhibition (Shinoda et al. 2012). This
novel function of CD69 is apparently indepen-
dent of its interaction with S1PR1, but rather
may depend on CD69 as an adhesion receptor
and its ligands myosin light chains 9 and 12,
which are expressed around blood vessels of or-
gans like the lungs and bone marrow (Hayashi-
zaki et al. 2016). CD69+memoryCD4+ andCD8+

lymphocytes residing in tissues like lungandbone
marrowhave been shown to express characteristic
gene expression signatures, defining themas bona
fide tissue-residentmemory cells both inmanand
mouse (Mackay et al. 2016; Kumar et al. 2017;
Siracusa et al. 2019). These signatures include ex-
pression of the key transcription factor Hobit,
while other essential transcription factors of
memory T-cell development, like T-bet, Gata3,
and Rorγt, are not preferentially expressed
(Mackay et al. 2016). Interestingly, preliminary
evidence suggests that while both CD69+ and
CD69− memory CD4+ T lymphocytes from hu-
man bonemarrow show an extent of global DNA
demethylation reminiscent of circulating CCR7+

centralmemoryT cells, the pattern of CD69+ cells
is clearly distinct from that of CD69− or circulat-
ing memory T cells (Durek et al. 2016). Whether
or not CD69− memory CD4+ and CD8+ T lym-
phocytes of those tissues are tissue-resident or
circulating (Steinert et al. 2015; Walsh et al.
2019) remains to be shown (e.g., by comparing
their antigen-receptor repertoire).

PERSISTENCE OF MEMORY T CELLS—
DORMANCY AND HOMEOSTATIC
PROLIFERATION

The durability of T-cell memory for a particular
antigen is clearly dependent on the persistence

of the memory T cells conferring this memory.
In a strict sense, when experienced T lympho-
cytes are maintained in the presence of persist-
ing antigen (e.g., in chronic viral infections,
autoimmunity, and cancer), this is not necessar-
ily “memory” (the maintenance of information
in the absence of the original instruction). Nev-
ertheless, the molecular mechanisms may be
similar, in particular, if the experienced T cells
do not perceive or process the antigenic infor-
mation, because they are either anergic, topo-
graphically separated, or blocked by checkpoint
inhibition. It has been a rewarding exercise to
unravel the molecular adaptations of experi-
enced T lymphocytes to the chronic presence
of antigen, identifying points of selective inter-
ference to unleash or ablate such cells in murine
models of chronic inflammation and infection
(Wherry et al. 2007; Albrecht et al. 2008; Niesner
et al. 2008; Maschmeyer et al. 2018).

Memory T lymphocytes can persist inde-
pendently of antigen (Swain et al. 1999; Polic
et al. 2001), either by homeostatic proliferation
or as resting cells. The maintenance of antigen-
experienced T lymphocytes by antigen-inde-
pendent (Murali-Krishna et al. 1999; Swain et
al. 1999) “homeostatic” proliferation was origi-
nally demonstrated for splenic CD8+CD44high

T lymphocytes adoptively transferred into anti-
gen-free hosts (Becker et al. 2005). Proliferating
cells were detected according to incorporation of
bromodeoxyuridine (BrdU) into their DNA, or
by labeling them with carboxyfluorescein
(CFSE) prior to transfer, with detection of pro-
liferating cells assessed by their dilution of the
label by flow cytometry. The transferred splenic
cells homed to a variety of organs, including the
lungs, liver, blood, and bonemarrow, andwithin
25 d, 30%–60% of them had proliferated at least
once in the organs analyzed (Becker et al. 2005).
Furthermore, 3 d following adoptive transfer of
CFSE-labeled splenic CD8 T cells, the group of
Di Rosa observed that 30% of the transferred
cells in the bone marrow had proliferated, as
had 15% of the cells in the spleen (Parretta
et al. 2008). These coherent results, indepen-
dently obtained by several research groups, led
to the concept that the number of memory
T cells is maintained by a balance of cell death,
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with a half-life of memory T cells of <2 wk, and
proliferation of memory T cells, with 50% of the
cells dividing at least once within 2 wk. This pro-
liferation was shown to be dependent on the cy-
tokines IL-7 and IL-15 (Kondrack et al. 2003;
Li et al. 2003; Seddon et al. 2003), addressing
common-γ chain cytokine receptors and activat-
ing signal transducer of activated T cells (STATs),
in particular STAT3and STAT5 (Surh andSprent
2008). Whereas IL-7 has been postulated to be
essential for memory CD4+ cells (Kondrack
et al. 2003; Li et al. 2003), adoptively transferred
splenicmemoryCD8+T cells rather dependedon
IL-15 (Becker et al. 2002; Goldrath et al. 2002;
Judge et al. 2002).

Understanding the maintenance of T-cell
memory by homeostatic proliferation provides
several conceptual challenges. It assumes that
T-cell memory is restless, in that memory T cells
are proliferative andmigratory, and constantly in
quest of cells presenting them their antigen and/
or vital cytokines. Furthermore, it remains un-
clear how the balance between life and death of
an individual memory cell is determined at the
molecular level (i.e., how migration, in particular
entry into and exit from blood and lymph, is
regulated in relation to the need to “fuel up”).
How can such a fragile, mobility-based system
maintain stable numbers of memory T cells
over extended periods of time, decades in the
case of human immune responses to measles or
smallpox?The true nature of this circulating, rest-
less T-cell memory remains to be unraveled.

The analysis of proliferation of memory
T cells residing in organs other than the spleen
has provided evidence conflicting with the con-
cept of homeostatic proliferation. The initial de-
scription of bone marrow–resident CD4+ mem-
ory T cells showed that <8% of these cells
incorporated BrdU within 2 d, and <0.4% were
in the S/G2/M phases of cell cycle according to
staining of their DNA with propidium iodide
(PI) (Tokoyoda et al. 2009). This was later con-
firmed for memory CD8+ T cells (Sercan-Alp
et al. 2015) and for human memory CD4+ and
CD8+ T lymphocytes of bone marrow (Okhri-
menko et al. 2014), spleen, and lungs (Kumar
et al. 2017), using the proliferation marker Ki-
67. This protein is expressed exclusively by pro-

liferating cells and is not expressed by cells rest-
ing in the G0 phase of the cell cycle (Gerdes et al.
1984; Scholzen and Gerdes 2000). Less than 1%
of CD69+ and 2% of CD69− memory T cells in
the bone marrow expressed Ki-67 (Okhrimenko
et al. 2014). Proliferative rest was confirmed by
PI staining, showing that <0.5% of the cells were
in the S, G2, or M phases of the cell cycle (Ser-
can-Alp et al. 2015). Remarkably, feeding mice
with BrdU resulted in a marked increase in fre-
quency of Ki-67+CD8+ bone marrow memory
T cells to up to 70% within 2 wk, indicating that
BrdU can activate resting, resident bonemarrow
memory CD8+ T cells to proliferate by an as yet
unclear mechanism (Sercan-Alp et al. 2015),
questioning previous claims on memory T-cell
proliferation based on BrdU incorporation (Par-
retta et al. 2005, 2008).

Additional evidence for the dichotomy be-
tween restless, proliferating, and resting resident
memory T lymphocytes has been provided by
ablating proliferating T lymphocytes with the
drug cyclophosphamide (Siracusa et al. 2017).
Using a 14-d treatment regimen, 50% of the
CD44highmemoryCD8+T lymphocyteswere ab-
lated from the spleen, while numbers of memory
CD8+T lymphocytes from thebonemarrowwere
not affected. This was the case for memory CD8+

T lymphocytes generated in an intentional im-
mune response initiated 3 mo before onset of cy-
clophosphamide treatment and for the entire
populations of memory CD8+ T lymphocytes of
spleen and bone marrow (i.e., cells generated in
unintentional immune reactions). Thus, the en-
dogenous populations of bone marrow resident
memoryCD8+T lymphocytes are not cyclophos-
phamide-sensitive (i.e., not proliferating). It
should be noted that those cells efficiently had
taken up cyclophosphamide; when reactivated
ex vivo to proliferate, they died immediately.

Together with the earlier data from the
groups of Ahmed and Di Rosa (Di Rosa and
Santoni 2002; Becker et al. 2005; Parretta et al.
2005, 2008), demonstrating that 50% of splenic
CD8 memory T lymphocytes may proliferate ac-
cording to incorporation of BrdU or loss of the
CFSE label, these data suggest that the murine
spleen apparently hosts two types of memory
CD8+ T lymphocytes at about equal share—pro-
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liferating and nonproliferating ones—and that
this dichotomy is established as early as 3 mo
after an immune response. This raises the ques-
tion: which memory cells are circulating and
which ones maintain long-term memory?

Evidence (McCune et al. 2000; Hellerstein
et al. 2003; Westera et al. 2013; Ahmed et al.
2016) that circulating CD8+ T-cell memory is
maintained by nonproliferating cells has been
provided by labeling proliferating memory
CD8+ T cells with deuterium (D2O) in humans
vaccinated with YFV in a nonendemic area
(Akondy et al. 2017). In this case, rapid prolif-
eration of blood-borne CD8+ T lymphocytes
was observed for the first 28 d after immuniza-
tion, but from then on, and for the next 2 yr,
proliferation rates dropped to 0.17% ± 0.9%
per day. Deuterium labeling for 56 d in the
memory phase of the immune response to
YFV, starting 4–9 mo after vaccination, revealed
8.2% ± 2.6% of cells proliferating in these 2 mo.
When labeled during the first 14 d of the im-
mune reaction, the majority of circulating YFV-
specific memory CD8+ T lymphocytes retained
the deuterium label even after 2 yr, suggesting
that themajority of circulatingmemory ismain-
tained by nonproliferating cells. Interestingly,
when bulk populations of circulating memory-
phenotype cells were analyzed, higher rates of
proliferation were observed (Westera et al.
2013), suggesting heterogeneity among circulat-
ing memory CD8+ (and CD4+) T cells, with
significant proportions of newly generated and
still proliferating memory cells. In line with this,
YFV-specific memory CD8+ T cells disappeared
from the blood of vaccinated persons at rates
considerably higher than the proliferation rates
over the time period of 2 yr (0.57% ± 0.25% per
day) (Akondy et al. 2017). It remains unclear
whether these cells had died or had left the blood
to take residency in tissue (e.g., in the bone
marrow) and then persisted there. In summary,
human memory CD8 T cells circulating in the
blood—mostly CD69− cells—contain a signifi-
cant proportion of memory cells resting in
terms of proliferation and persisting for more
than 2 yr in the blood. In the spleen of mice,
however, 50% of the CD69−CD44hi memory T
lymphocytes continue to proliferate even 3 mo

after they had been generated, while 50% do not
proliferate at all, like their cousins resting in the
bonemarrow. Circulating and proliferating sub-
populations of memory CD8+ T cells are not the
same, and understanding the rules governing
their homeostasis remains a challenge.

CONDITIONAL SURVIVAL IN MEMORY
NICHES VERSUS INTRINSIC “HALF-LIFE” OF
MEMORY T CELLS

When considering memory T lymphocytes as a
more or less uniform population constantly cir-
culating through the body, the calculation of
“half-lives” describes the time period when
50% of the cells would have disappeared from
circulation. For instance, the “half-life” of small-
pox-specific memory CD8+ T cells from human
blood has been calculated to be 8–15 yr (Ham-
marlund et al. 2003). The half-life of adoptively
transferred or endogenous memory T cells spe-
cific for lymphocytic choriomeningitis virus
(LCMV) on the other hand is only 15–70 d for
murine spleen (Hammarlund et al. 2003; Lohn-
ing et al. 2008; Tokoyoda et al. 2009). The reason
for this discrepancy is not clear, nor is the mo-
lecular mechanism maintaining the cells. In
view of the apparent heterogeneity of memory
T cells with respect to proliferation and mainte-
nance, even in the same organ (e.g., the murine
spleen, as discussed above), “half-lives” would
have to be calculated separately for all subpopu-
lations differing in their propensity to be main-
tained. Given our ignorance of the true hetero-
geneity of memory T cells in this respect, this
seems an impossible task today. The term “half-
life” is also a bit ambiguous, as it does not dis-
tinguish among (1) disappearance by death, (2)
changing identity by proliferation and/or differ-
entiation of cells, and (3) the emigration out of
the area of observation. A relevant example for
escape by emigration is the transition ofmemory
T cells from SLOs and blood into their tissue of
residency (e.g., the bone marrow) (Tokoyoda
et al. 2009; Chang et al. 2018), a scenario by
now mostly accepted in our understanding of
the organization of immunological memory.

The concept of tissue residency of T-cell
memory has fundamentally challenged the con-
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cept of “half-lives” of memory cells. It is obvious-
ly hard for a lymphocyte to avoid contact to other
cells in tissue, and it is intriguing to speculate that
interactions of memory lymphocytes with neigh-
boring cells of the tissue impact on the organiza-
tion and maintenance of the memory lympho-
cytes (Fig. 3). In murine bone marrow, numbers
of memory CD4+ and CD8+ T cells generated in
intentional immune responses remain constant
over extended observation periods of up to 4 mo,
as resident cells resting in terms of proliferation

(Tokoyoda et al. 2009; Sercan-Alp et al. 2015;
Siracusa et al. 2017). Given such longevity,
“half-lives” are not appropriate to calculate as
they would by far exceed the life span of a mouse.
In essence, T-cell memory is quantitativelymain-
tained for a lifetime in mice. For human bone
marrow, analogous data on the maintenance of
specific memory T cells over time are not avail-
able to our knowledge. So far, it has been shown
that memory CD4+ T cells specific for childhood
diseases, like measles, mumps, and rubella, are
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readily detectable in the bone marrow of aged
humans (40–70 yr), at significant frequencies,
while they are no longer detectable in their blood
(Okhrimenko et al. 2014). These cells are resi-
dent, because they are not circulating in the
blood, and resting, as they do not express Ki-67.
Furthermore, they are clearly maintained for a
lifetime. What is it that maintains tissue-resident
memory T lymphocytes over such extensive time
periods?

This central question cannot be definitely an-
swered today; however, it is likely that the envi-
ronment of the memory lymphocytes delivers
decisive survival signals. Survival of memory T
cells would be conditional on being in the “right”
environment, as we have discussed earlier for
memory plasma cells (Manz and Radbruch
2002). In the bone marrow, individual memory
CD4+ andCD8+T lymphocytes are evenly spread
out throughout theparenchyma, at frequencies of
0.1%–1% (Tokoyoda et al. 2009; Sercan-Alp et al.
2015; Siracusa et al. 2017).Most, if not all of them,
are contactingmesenchymal stromal cells, a pop-
ulation of up to 5% of the bone marrow cells,
which are quite diverse on the level of single-
cell transcriptomes, with distinct subpopulations
expressing either IL-7 or IL-15 (Tokoyoda et al.
2009; Sercan-Alp et al. 2015; Addo et al. 2019).
Both memory CD4+ and CD8+ T lymphocytes
are neighbors of IL-7-expressing stromal cells in
the bone marrow (Tokoyoda et al. 2009; Sercan-
Alp et al. 2015).Apparently, IL-7-expressing stro-
mal cells of the bone marrow provide a “niche”
for memory T lymphocytes, permitting them to
individually persist over time. The restriction of
one memory T cell per stromal cell implies that
(1) the population size of the tissue-resident
memory isdeterminedby thenumberof available
IL-7+ stromal cells, which in turn is determined
by the volume of bonemarrowand strictly related
to the size of the individual, and (2) that once all
niches are hosting a memory T cell, newly gener-
atedmemory cells or their precursors will have to
compete with preexisting ones for habitation of a
niche. Moreover, because in the bone marrow of
mice memory CD4+ and CD8+ T lymphocytes
are apparently competing for the same niches,
competition between memory CD4+ and CD8+

T cells is to be expected. For other tissues, addi-

tional cytokines have been discussed to provide
survival signals for memory T cells. For example,
for skin-resident memory T lymphocytes, acti-
vated TGF-β provided by keratinocytes has
been invoked (Hirai et al. 2019). The cytokines
IL-7, IL-15, type I interferons, and TGF-β have
also been implied in the differentiation and/or
maintenanceof skin, gut, and lung tissue-resident
memory T cells (Casey et al. 2012; Mackay et al.
2013; Adachi et al. 2015; Wakim et al. 2015).

The lifestyle of memory CD4+ T cells and
especially their behavior in antigen recall re-
sponsesmay differ substantially among different
organs (Fig. 3). In SLOs (Fig. 3A), memory
CD4+ T cells reside in the interfollicular regions
and subcapsular sinus where they constantly
move to scan macrophages for their cognate an-
tigen (Suan et al. 2015). Upon antigen reencoun-
ter, memory T cells rapidly regain a T follicular
helper (Tfh) phenotype and drive the differen-
tiation of memory B cells and the generation of
plasmablasts (Weber et al. 2012; Moran et al.
2018). In contrast, memory CD4+ T cells in the
bone marrow (Fig. 3B) are resting in terms of
transcription, proliferation, and mobility (Sira-
cusa et al. 2018).Upon cognate reactivation, they
leave their niches and form “immune clusters,”
together with MHC class II–expressing cells.
However, they do not gain any follicular helper
qualities. They proliferate vigorously for several
days, then return to their niches and rest again
(Siracusa et al. 2018). In the lungs (Fig. 3C),
resident memory CD4+ T cells (Teijaro et al.
2011) also do not show evidence of activation
(Kumar et al. 2017). They are in close contact
with resident memory B cells (Allie et al. 2019)
in spatially defined clusters (Vu Van et al. 2016),
suggesting that they are also not migrating with-
in the tissue. Both, antigen-specific T and B cells
in the lung are rapidly reactivated in secondary
immune responses and confer local protection
(Teijaro et al. 2011; Onodera et al. 2012; Snyder
and Farber 2019). Whether B-cell reactivation
depends on help from lung-resident T cells is
currently not known. Notably in the skin and
in the female reproductive tract (Fig. 3D),
steady-state resident memory CD8+ T cells
were found to be motile and to patrol the tissue
microenvironment (Beura et al. 2018a; Park
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et al. 2018). Following reinfection with cognate
antigen, these Trm cells undergo rapid prolifer-
ation in situ to provide local protection (Beura
et al. 2018a; Park et al. 2018). While circulating
memory T cells in secondary lymphoid organs
could scan for cells presenting them with cog-
nate antigen, and then mount conventional sec-
ondary immune reactions, resident and resting
memory T cells, at least memory CD4 T cells,
since they do not contact MHC class II-express-
ing cells (Tokoyoda et al. 2009), have to be
scanned by antigen-presenting cells in the tissue,
resulting in unconventional secondary immune
reactions, but probably also mobilizing them to
participate in secondary immune reactions in
secondary lymphoid organs (Behr et al. 2020).
The relative contributions of circulating and tis-
sue-resident memory T cells to efficient local and
systemic protection must still be determined.

The situationmay be complicated by hetero-
geneity of memory CD4+ and CD8+ T cells
within the same tissue (Farber et al. 2014).
Whereas memory CD4+ T cells in the lung are
strictly tissue resident (Teijaro et al. 2011), some
memory CD8+ T cells can migrate from lung to
other tissues (Klonowski et al. 2004). Similarly,
it has recently been shown for memory CD8+ T
cells from the skin that some of them are not
only highly motile within the tissue (Beura et al.
2018a) but that they can also migrate to the
lymph nodes (Beura et al. 2018b).

At present, the molecular signals maintain-
ing memory T lymphocytes in the bone marrow
are not clear. Formemory CD4+ T lymphocytes,
it can be excluded that antigen plays a role, as
they do not colocalize to MHC class II–express-
ing cells in the memory phase of the immune
response (Tokoyoda et al. 2009). MHC class I–
expressing cells are in the environment of mem-
ory CD8+ T cells, but they too are resting in
terms of transcription and proliferation (Ser-
can-Alp et al. 2015), suggesting that antigen
also does not play a role in their maintenance.
The role of IL-7 and IL-15 remains enigmatic in
themaintenance phase, while it is clear that IL-7
and IL-15 are essential for the establishment of
T-cell memory inmice (Becker et al. 2002; Gold-
rath et al. 2002; Kondrack et al. 2003; Li et al.
2003; Seddon et al. 2003) and both memory

CD4+ and CD8+ T cells colocalize with IL-7-
expressing stromal cells (Addo et al. 2019). It
has been suggested that other cells provide IL-
15 to memory CD8+ T cells in the bone marrow
(Herndler-Brandstetter et al. 2011). Whether it
is IL-7 and IL-15, and/or other signals yet to be
identified, stromal cells apparently organize res-
ident T-cell memory and provide essential sig-
nals for conditional survival of the memory
T cells as resting cells and thus the maintenance
and persistence of T-cell memory over a lifetime.

CONCLUDING REMARKS

Memory T lymphocytes display an increasingly
recognized diversity of lifestyles, and, conse-
quently, homeostasis of different subpopula-
tions is controlled by different rheostats (Fig.
4). For circulatingmemory T cells, it is obviously
the tissue-entry and tissue-exit signals giving
them access to survival signals; for proliferating
memory T cells, it is the access to proliferation-
inducing signals other than antigen. For tissue-
resident and restingmemoryT cells, the rheostat

Entry/exit

Proliferation

Memory 
niche

Trm
SC

Tmcirc

Blood
Tmcirc

Tmcirc

Tmcirc

Tpm
Tpm

Tissue

Circulation

Figure 4. Rheostats controlling the homeostasis of
Tmcirc, Tpm, and Trm cells. According to their dif-
ferent lifestyles, different biological rheostats control
the homeostasis of Tmcirc, Tpm, and Trm cells. Tis-
sue entry and tissue exit regulates the homeostasis of
Tmcirc cells, while for Tpm cells it is the availability of
local proliferation-inducing signals. For Trm cells, it
is obviously the continued availability of a survival
niche as organized by a stromal cell (SC).
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apparently is the continued availability of the
survival niche provided by distinct stromal cells.
This mechanism is apparently a very robust one,
maintaining functional memory T lymphocytes
over a lifetime of the individual in tissues such as
the bone marrow.
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