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Summary

Considerable advances have been made in recent years in understanding the generation and 

function of memory T cells. In this review, we consider new developments in the field and focus 

on how emerging differences between memory cells with respect to their trafficking, metabolism, 

epigenetic regulation and longevity may fail to fit into small groups of “memory subsets”, but 

rather that the properties of individual memory cells fall on a continuum within each of these (and 

other) parameters. How that influences the way we assess the efficacy of vaccination and 

suitability (or not) of a memory population for protective immunity is also discussed.

eTOC

Memory T cells are typically parsed into discreet subsets based on phenotypic definitions that 

connote distinct roles in immunity. This review argues that the conventional subset nomenclature 

fails to accurately encompass the distribution of functional traits within this diverse population.

What is T cell memory?

This deceptively simple question is hard to answer. At a functional level, immunological 

memory typically refers to an enhanced immune response upon reencounter with an antigen 

relative to the first encounter. This definition would encompass “classic” immune memory 

induced by acute infections or vaccination, but fails to include cells that have important 

memory traits: Are CD8 T cells responsive to antigens from persistent infections (where 

there may be no sustained gap between initial and subsequent antigen encounters) not 

memory cells? There is evidence in mouse models that prolonged maintenance of antigen-

primed CD4 T cells following an infection – and sustained protective immunity against 

reinfection – depends on low-grade persistence of the pathogen (Belkaid et al., 2002; Nelson 

et al., 2013; Tubo and Jenkins, 2014; Zaph et al., 2004), and CD8+ T cells responding to 

persistent viruses, despite some features of functional “exhaustion”, are critical for 
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prolonged pathogen control (Paley et al., 2012; Virgin et al., 2009) and maintain numerous 

properties of memory cells (Utzschneider et al., 2013). Hence it would be misleading to say 

that these are not functionally “memory” populations. And what about cells that acquire 

memory-like properties following self-antigen recognition (during normal homeostasis, 

rather than an autoimmune reaction) such as “virtual” and “innate” memory T cells 

(Jameson et al., 2015; Sprent and Surh, 2011; White et al., 2017), or the memory cells 

responding in situations of heterologous immunity (where the priming antigen/pathogen 

may be quite distinct from the antigens/pathogens that evoke a recall response) (Welsh and 

Selin, 2002)? Last, our brief definition of memory doesn’t define whether an “enhanced 

immune response” is appropriate for the host – if a recall response fails to control an 

infection or results in lethal immunopathology, it would still be classified as immunological 

memory, but would hardly serve the overall goal of the immune system in protecting the host 

from harm.

One could continue to refine an all-encompassing definition, but perhaps the overall 

message of these examples is that T cell memory is heterogeneous and not easily placed in a 

box – although that is often what immunologists try to do, since the ability to define 

functionally distinct subsets of memory cells has considerable appeal as a way to 

quantitatively and qualitatively characterize an immune response. If identification of 

functionally relevant subsets can be used to predict the likely efficacy of a recall response, 

this is of great interest for vaccine development or understanding how protective immunity 

may or may not be sustained following a natural infection or treatment. To do this, the field 

has long relied on cell surface phenotypic markers, intended to segregate memory cells 

based on their functional properties. Unfortunately, this can confound characterization of a 

particular memory cell population, either through not recognizing that functionally distinct 

groups of cells may share key phenotypic traits, or that there may be overlapping functions 

in populations with distinct phenotypes. As we had discussed in a previous review (Jameson 

and Masopust, 2009), this has led to a plethora of proposed “subsets” – a trend that has only 

increased as more markers are introduced (for example, through use of mass cytometry) 

(Newell and Cheng, 2016; Newell et al., 2012) and single cell transcriptional and epigenetic 

analysis becomes more routine.

Most important, assumptions about the properties of a memory cell based on rigid subsetting 

can be misleading: memory cell populations cover a range of properties within key 

functional traits – such as trafficking/localization, effector functions and durability – that do 

not necessarily coordinate with each other. Our developing understanding of T cell 

trafficking provides a good example of the dangers of conflating phenotypic characteristics 

with function: CD8+ T cells found in non-lymphoid tissues were found to share phenotypic 

features – notably, a lack of CD62L and/or CCR7 expression – with “effector memory” 

(TEM) cells in the blood and spleen, which led researchers to postulate that these cells were a 

single population at different stages of their trafficking cycle throughout the body. The 

realization that the vast majority of CD8+ T cells in non-lymphoid sites (and, at least in 

humans, perhaps a substantive fraction of memory-phenotype CD8+ T cells in secondary 

lymphoid sites (Sathaliyawala et al., 2013; Thome et al., 2014)) are non-recirculating tissue-

resident memory cells (TRM) rather than the quite rare population of tissue-recirculating 

TEM has profound implications for the way in which they participate in an immune response. 
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Trying to combine the characteristics of these populations into one “subset” becomes 

increasingly difficult – rather, at least with respect to the trait of recirculation in blood, TEM 

and central memory (Tcm) have much more in common with each other than either does with 

TRM.

With the advent of sophisticated methods for defining T cell populations based on detailed 

descriptions of their phenotypic, metabolic, transcriptional and epigenetic state (increasingly 

with single-cell resolution), it may be time to reassess the value of trying to shoe-horn 

memory T cell populations into rigid subsets with coherent functional properties. Rather, 

perhaps it will be more useful to consider that each memory T cell has a combination of 

functional properties and potentials that can distinguish it from many of its sisters. This is 

not to say that every individual memory T cell is its own subset – just to suggest that one 

phenotypic or functional feature does not automatically imply another. Instead, we propose 

that there are quintessential characteristics that accurately distinguish T cell populations 

(including naïve and memory T cell populations) but may not correspond one-to-one with 

simple phenotypic “subset” designations (Figure 1).

In the sections below, then, we consider traits of memory T cells that may unite or divide 

currently defined “subsets” and explore how this can help identify functional properties of 

memory cells that contribute to the success (or failure) of recall immune responses. These 

sections will address responses by recirculating versus resident memory T cells and the 

regulation of memory T cell effector functions and durability. We will continue to refer to 

the familiar memory T cell subset designations in these discussions to serve as a point of 

reference, though as we’ll see these designations tend to break down upon closer scrutiny. 

Reflecting the current state of the field, most of our discussion centers on CD8+ T cells, 

though we highlight similarities and differences in memory CD4+ T cells where known.

Localization and trafficking

A fundamental evolutionary benefit of immunological memory is the ability for the host to 

respond more quickly and effectively to reencounter with pathogens. The widespread tissue 

access of antibodies makes this relatively easy for humoral immunity, but T cells act locally, 

necessitating their localization to sites of infection in order to mediate pathogen control. 

There are at least three ways to achieve this surveillance (Figure 2): two of these 

mechanisms build on the efficient lymphocyte recirculation network, such that memory cells 

trafficking through lymphoid tissues (TCM) or recirculating though non-lymphoid tissues 

and the blood (TEM) survey the body for sites of infection. The alternative strategy is to 

embed memory T cells into tissues (including key barrier sites like the skin, lungs and gut) 

as TRM which are maintained long-term in situ without exchanging with the circulating pool. 

This latter mechanism sacrifices the ability to distribute memory cells throughout the body, 

but allows them to bias their surveillance to specific regions where they will be immediately 

on hand in case of a local pathogen breach. In the next two sections, we consider these 

alternative strategies and how they can each contribute to achieve robust recall responses. 

First, however, it is useful to consider how these trafficking patterns are established in T cell 

populations during an immune response.
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Should I stay or should I go?

Naïve T cells appear to follow a set routine of trafficking steps, in which the cells access 

secondary lymphoid organs (SLO) from the blood, percolate through the T cell zones of 

lymph nodes or the white pulp of the spleen and then reenter the circulation through 

lymphatic or blood vessels. The transition between each step is regulated by GPCRs 

recognizing chemokines or the lysosphingolipid S1P (lymph node entry also requiring 

integrins and, in many cases, selectins) working together in a well-coordinated ballet that 

results in efficient surveillance of diverse lymphoid sites for cognate antigen. Upon TCR 

recognition, however, an activated T cell faces a series of decisions about whether they will 

revert to the nomadic existence of naïve T cells, or whether they will become residents in 

tissues (which could be lymphoid or non-lymphoid). These decisions are unlikely to be 

absolute in early stages of the immune response – but altered gene expression characteristics 

suggest that memory cells may become effectively locked into circulatory versus resident 

trafficking choices (although antigen reencounter may reopen the opportunities for memory 

cells to revise their initial choice).

Following activation, the T cell’s first trafficking decision is whether to remain in the 

lymphoid tissue. This in turn depends on the nature and context of TCR stimulation. For 

example, CD8 T cells activated by low-affinity peptide/MHC ligands migrate into the blood 

earlier than cells encountering high-affinity ligands (Zehn et al., 2009), suggesting that 

stronger and/or longer TCR stimuli extends the time that a T cell receives programming in 

lymphoid sites. This should not be confused with findings that showed prolonged encounters 

with antigen-bearing DC are important for “full” T cell activation: truncated DC interactions 

appear not to compromise CD8+ T cell proliferation or effector differentiation, but do impair 

memory generation (Henrickson et al., 2013) – in contrast, CD8+ T cell encounter with a 

lower affinity ligand reduces overall T cell expansion but proportionally enhances Tcm 

generation (Zehn et al., 2009). Some activated T cells become “resident” in SLOs – one 

manifestation of this is follicular helper CD4+ T cells (Tfh), which, to be functionally 

relevant in promoting antigen specific B cell expansion and affinity must stay in the lymph 

node (though not necessarily a single GC) long-term (Crotty, 2014). In addition, SLO-

resident CD8+ T cells and non-Tfh CD4+ T cells have also been reported (Schenkel et al., 

2014b; Ugur et al., 2014). Many activated CD4+ and CD8+ T cells, in contrast, emigrate 

from the SLOs in which they were stimulated, prepared to deploy effector functions at other 

tissues sites. At this stage, the cells again face a decision as to whether they will adopt the 

non-lymphoid tissues as a long-term home or remain among the recirculating pool. CD8+ T 

cells with gene expression and chromatin accessibility characteristics of resident memory 

appear in non-lymphoid sites quite early during the immune response (Milner et al., 2017), 

at around the same time as the generation of recirculating memory cells, and both are 

thought to derive from “memory precursor” phenotype cells (Mackay et al., 2013; Sheridan 

et al., 2014), suggesting populations with these distinct trafficking characteristics may arise 

simultaneously.

The mechanisms that regulate all these patterns of migration are still being discovered, but a 

central element appears to be control of the egress factor S1PR1 (Schwab and Cyster, 2007). 

This GPCR recognizes S1P, which is found at high concentration in the blood and lymph, 
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essentially allowing lymphocytes to drain from tissue sites. Two distinct mechanisms are 

known to control S1PR1 expression: first, at the level of gene expression, as revealed by the 

regulation of S1pr1 transcription during T cell differentiation and trafficking (Carlson et al., 

2006; Skon et al., 2013); second, indirectly, through expression of CD69 which binds to the 

S1PR1 protein and prevents its cell surface expression (Bankovich et al., 2010; Shiow et al., 

2006). Either mechanism may suffice to prevent T cells in tissues from accessing the 

vasculature (perhaps analogous to turning off versus covering the lights leading to an exit), 

and both processes may operate sequentially in some sites (Mackay et al., 2015a). 

Expression and reactivity of S1pr1 is important for recirculation of naïve T cells and the 

ability of effector cells to leave lymphoid sites following activation, while reduced S1pr1 

expression appears obligatory for CD8+ T cells to become resident in most non-lymphoid 

sites (Mackay et al., 2016; Skon et al., 2013), and for CD4+ T cells to generate a mature Tfh 

population in the germinal center (Lee et al., 2015). At the same time, other receptor/ligand 

pairs can serve to maintain T cells in tissue sites: CD103 (αE integrin which pairs with β7 

integrin to bind E-cadherin) is a well-characterized example. CD103/β7 integrin is highly 

expressed by many – but not all – resident memory CD8 T cells, and a smaller fraction of 

CD4 TRM (Iijima and Iwasaki, 2015; Schenkel and Masopust, 2014). CD103 expression is 

vital for maintaining TRM in some sites (the small intestine IEL and skin epidermis being 

best defined) (Casey et al., 2012; Mackay et al., 2013), but it is likely that other factors (such 

as α1 integrin, part of VLA-1) (Ray et al., 2004) are also important, at least in certain 

tissues. The specialized phenotype and trafficking of TRM reflects altered gene expression 

profiles. Pioneering work has shown that TRM differ from their recirculating counterparts in 

expression of critical transcription factors: Blimp1, Hobit (a relative of Blimp1), Nur77 and 

Runx3 promote generation of TRM, while Eomes, T-bet and KLF2 are favored in the 

recirculating populations (Boddupalli et al., 2016; Laidlaw et al., 2014; Mackay et al., 2016; 

Mackay et al., 2015b; Milner et al., 2017; Skon et al., 2013). This is an active area of 

investigation and the ways in which these and other transcriptional regulators impact 

differentiation and function of recirculating versus resident cells is not fully clear. 

Interestingly, other tissue resident lymphocyte populations such as innate lymphoid cells 

(ILC, including NK cells) share a core transcriptional profile (including expression of 

HOBIT and/or BLIMP) suggesting that these factors may help imprint the trait of tissue 

residency (Mackay et al., 2016).

Recirculating memory T cells: Leveraging trafficking flexibility for deployment

Both naïve and central memory T cells are thought to encounter antigen exclusively in 

lymphoid sites, following antigen acquisition and presentation by professional APC – yet 

there are important differences in the way these populations enter these responses. At a 

purely quantitative level, the numbers of central memory T cells typically exceed the 

numbers of naïve T cells with the same specificity, and this can clearly enhance the 

likelihood of specific T cell-APC encounters and the magnitude of the response. But recent 

studies have also revealed important qualitative differences in the way in which naïve and 

memory CD8+ T cells encounter APC within lymphoid sites. Work from several groups 

showed that activated CD4+ T cells and memory CD8+ T cells utilize the CXCR3 

chemokine receptor to efficiently localize to sites of inflammation within lymph nodes, and 

leverage this to enhance encounter with antigen presenting cells and stimulatory cytokines 
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(Groom et al., 2012; Hu et al., 2011; Kastenmuller et al., 2013; Sung et al., 2012). In LNs 

following local viral infection, CXCR3 played a key role in the process by sequentially 

responding to CXCL10 (induced by IFN-I produced following the infection) and then 

CXCL9 (induced by IFN-γ produced by the activated CD8 T cells) to further recruit and 

cement co-localization of memory CD8+ T cells and potential APC. Naïve CD8 T cells also 

appear to use a chemokine system to enhance T cell-APC interactions, but interesting recent 

data show that this involves recruitment of DC toward the T cell (via CCL3, CCL4 and Xcl1 

induced by CD8 T cell activation) rather than the other way around (Brewitz et al., 2017). 

Hence, these systems may keep the activation of naïve and central memory CD8 T cells 

physically and chemotactically separate, and promote more rapid and effective responses by 

TCM, especially when antigen is delivered in an inflammatory context. Similar processes 

have been shown to drive localization of Th1 CD4+ T cells (Groom et al., 2012) though 

whether this extends to CXCR3-expressing memory CD4+ T cells is unclear, nor is it known 

whether other memory populations (e.g. Th2-polarized memory CD4+ T cells) employ 

parallel mechanisms involving distinct chemokine/chemokine receptor pairs to efficiently 

recruit memory cells.

The term “effector memory T cells” needs to be used cautiously, since it has become evident 

that several distinct populations could be assigned to this group based on the original 

phenotypic and functional criteria (low expression of CCR7 and/or CD62L and more rapid 

deployment of effector functions, in comparison with central memory cells). As discussed, 

TRM would classify as a TEM subset by these criteria, despite radical differences from the 

circulating TEM pool (Schenkel and Masopust, 2014). Even the circulating effector memory 

pool can be further subdivided: like Tcm, many cells in the TEM pool express CXCR3 and 

Eomes, but some express CX3CR1 (and not CXCR3), T-bet (but not Eomes), and retain 

several phenotypic features of effector cells (such as KLRG1 expression in mice) (Bottcher 

et al., 2015; Gerlach et al., 2016; Olson et al., 2013). CD8+ T cell populations with these 

“long-lived effector cell” (“TLLEC”) traits have been identified in both mice (Gerlach et al., 

2016; Olson et al., 2013; Ruiz et al., 2014) and humans (Bottcher et al., 2015), and show 

distinct functional properties from other memory populations, including superior control of 

systemic bacterial and viral infections (Olson et al., 2013; Ruiz et al., 2014). CX3CR1 is not 

required for the generation of these cells (Gerlach et al., 2016) but clearly may impact their 

response to chemokine cues. This pool is especially prominent in the blood and so may be 

disproportionately represented in the PBMC populations typically sampled in most clinical 

studies. Intermediate CX3CR1 expression (on a CXCR3+ population) defines yet another 

subpopulation of TEM – exquisite studies on the trafficking of this pool suggests that they 

(and not the more numerous CXCR3+CX3CR1− or CXCR3−CX3CR1+ subsets) embody 

the population that has the “classic TEM” property of being able to traffic from the 

circulation into non-lymphoid sites and back into the circulation (Gerlach et al., 2016). As a 

result, this population has been called “TPM”, reflecting their ability to recirculate through 

peripheral tissues. The fact that these cells express CCR7 may provide an explanation for 

their ability to successfully egress from non-lymphoid sites, and some TPM also express 

CD62L, hence this subset overlaps with both TCM and TEM populations (Gerlach et al., 

2016). The functional significance of peripheral-recirculating memory T cells is somewhat 

lessened by growing evidence that resident rather than recirculating memory T cells are 
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dominant numerically, and more pivotal in mediating protective immunity at many barrier 

tissues (Mueller and Mackay, 2016; Schenkel and Masopust, 2014). On the other hand, very 

recent reports suggest that the circulating TEM pool may be vital for sustaining the numbers 

of TRM-like CD8+ T cells in the lung following influenza infection, and preservation of 

protective heterosubtypic immunity (Slutter et al.), although this was not observed in all 

studies (Takamura et al., 2016). Hence cells in the circulating TEM pool may well play 

unique and vital roles in sustaining immune defense. Indeed, while in mouse studies 

involving single rounds of immunization/infection the circulating TEM pool fades over time 

(long term memory being embodied in TCM and TRM), repeated boosting leads to a far more 

sustained representation of TEM in the circulation (Fraser et al., 2013; Masopust et al., 

2006). Furthermore, in adult humans the CD8+ TCM pool is rare, and the majority of non-

naïve phenotype CD4+ and CD8+ T cells in the blood and lymphoid tissues are TEM or the 

“terminal, senescent” CD45RA+ TEM pool (TEMRA) (Sathaliyawala et al., 2013; Thome et 

al., 2014): since most of the people reading this review resist re-infections quite well, it 

would be reasonable to assume that these TEM–like recirculating populations are playing an 

important role.

Finally, very recent studies proposed that CD8 T cells that have acquired expression of 

CXCR5 (enabling them to enter B cell follicles) may be important in control of infections 

such as HIV (which is thought to physically evade CXCR5− CD8 T cells, in part, by virtue 

of infected CD4 T cells being sequestered in germinal centers) (He et al., 2016). 

Intriguingly, CXCR5 expression was also one of the markers identified on a subpopulation 

of “exhausted” CD8 T cells (TEX: cells with degraded functional properties produced during 

responses to chronic infections and tumor) that respond optimally to checkpoint blockade 

(He et al., 2016; Im et al., 2016; Utzschneider et al., 2016). Whether the trafficking 

characteristics of these cells contributes to them being easier to reinvigorate by PD-1/PD-L1 

blockade is not yet clear.

Resident memory T cells: Immigrants that mediate border security

Because T cells are tactile, and must scan the surface of host cells for target recognition, co-

localization with infected cells is essential. Identification of memory T cells constitutively 

positioned within nonlymphoid tissues suggested a mechanism by which protective 

immunity could be accelerated against secondary infections at barrier sites (Schenkel and 

Masopust, 2014). Unlike TCM, which typically wait for infection-derived antigens to arrive 

in a draining LN before anamnestic recognition of an infection event, nonlymphoid memory 

T cells are anatomically poised for more immediate detection. And because nonlymphoid 

memory T cells were shown to constitutively maintain enhanced effector-like properties, it 

further suggested that this population could make rapid contributions to infection control 

(Masopust et al., 2001; Reinhardt et al., 2001). In support of this concept, numerous reports 

have demonstrated that CD8+ and CD4+ TRM accelerate protection from reinfection at 

barrier sites, hastening clearance of viral, bacterial, and parasitic infections in mucosal 

tissues, skin, and even solid organs (Gebhardt et al., 2009; Glennie et al., 2015; Iijima and 

Iwasaki, 2014; Jiang et al., 2012; Schenkel et al., 2014a; Schenkel et al., 2013; Shin and 

Iwasaki, 2012; Stary et al., 2015). TRM may also play important roles in tumor 

immunosurveillance (Malik et al., 2017; Milner et al., 2017) and the abundance of CD103+ 
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tumor infiltrating lymphocytes (putatively TRM) correlates with favorable prognosis in 

bladder, ovarian, breast and lung cancers (Djenidi et al., 2015; Wang et al., 2015; Wang et 

al., 2016; Webb et al., 2014).

The number of antigen-experienced memory T cells that can be successfully isolated from 

nonlymphoid organs pales in comparison to secondary lymphoid organs such as the lymph 

nodes or spleen. In light of the protection data, this raised questions of how TRM could 

physically scan the enormous nonlymphoid real estate in order to rapidly detect rare infected 

host cells, especially given that the motility rate of TRM in some locations, such as 

epidermis, is quite slow (Gebhardt et al., 2011) (Ariotti et al., 2012). However, recent reports 

suggest that isolation of TRM via mechanical and enzymatic approaches may grossly 

underrepresent their true numbers (Preza et al., 2015; Steinert et al., 2015). Visualization and 

enumeration of TRM using quantitative immunofluorescence microscopy indicated that TRM 

may outnumber their counterparts in lymphoid organs. Unfortunately, cell isolation of TRM 

from some compartments captured as few as 2% of the total cells, and did not faithfully 

reflect the proportions of unique subsets. Some research indicates that TRM may undergo 

anoikis or DAMP-driven cell death upon removal (Fernandez-Ruiz et al., 2016), which could 

explain the poor isolation efficiency and perhaps will inspire strategies to overcome this 

vexing technical hurdle.

While TRM are much more abundant than initially perceived, they also amplify local 

immune responses in a process that has been likened to a sensing and alarm function 

(Schenkel et al., 2013). When CD8 T cells positioned within the female reproductive tract or 

skin recognize cognate antigen, they broadcast information of a perceived reinfection event 

to local members of the innate immune system, including dendritic cells, NK cells, 

fibroblasts, epithelium, and endothelium (Ariotti et al., 2014; Schenkel et al., 2014a; 

Schenkel et al., 2013). These events can trigger an interferon response and transient 

induction of an antiviral state that protects host cells from infection. Moreover, TRM 

activation can induce a local chemokine storm and expression of VCAM-1 on vascular 

endothelium that achieves local recruitment of recirculating B and T cells. Similar sensing 

and alarm functions have been demonstrated for CD4+ TRM, resulting in accelerated control 

of Leishmania parasites (Glennie et al., 2017; Glennie et al., 2015). Nonlymphoid CD8+ 

TRM have also been shown to undergo in situ antigen-driven proliferation after local 

rechallenges that, at least in the models tested, contributed substantially more than 

recirculating populations (including TCM) to the amplification of local effector responses 

and long-lived boosted TRM (in press – references will be provided by proof stage). These 

data indicate that TRM are capable of autonomously and locally mediating their own 

expansion and maintenance without relying on reactivation of TCM within lymphoid organs. 

Self-regulating resident T cell responses may have relevance for iterative local reinfections, 

site-specific pathogen recrudescence, and in T cell driven autoimmune and allergic 

responses. While much of the emphasis and discovery has focused on the role of TRM in 

protective immunity against infection, resident T cell populations may also be major 

contributors to disease. Fixed drug eruption, in which an allergic response recurs at the same 

site each time a drug is taken, has suggested that TRM participate in allergy (Park and 

Kupper, 2015). Indeed, resident CD4 T cell populations are drivers of disease in a mouse 

model of allergic airway disease akin to asthma (Hondowicz et al., 2016). TRM are also 
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clearly involved in autoimmune diseases, particularly psoriasis and alopecia areata, and can 

drive contact hypersensitivity in the skin (Cheuk et al., 2017; Gaide et al., 2015; Park and 

Kupper, 2015). However, this may be the tip of the iceberg, and a role for Trm could be 

envisioned for a variety of allergic and autoimmune diseases. Given TRM effector functions, 

a role should also be considered in transplant rejection, including by passenger graft-

associated donor lymphocytes that may help trigger allogeneic responses. Of course, 

consideration of a role for TRM in disease may present novel therapeutic opportunities and 

provides rationale for uncovering the mechanisms of maintenance and the elucidation of 

strategies for site-specific elimination.

Metabolic regulation of memory T cell differentiation and function

The significance of metabolism in the immune system has become increasingly clear in 

recent years. While it is easy to understand why the transition from quiescent naïve T cells 

to proliferating effector T cells comes with a series of altered metabolic demands, it was less 

clear that the differentiation of memory cells from the activated T cell pool requires a 

carefully orchestrated transition to reverse the cell’s focus on vigorous expansion and to 

equip nascent memory cells for both sustained maintenance and the enhanced metabolic 

capability needed to mount a rapid recall response.

Effector differentiation entails dramatic reprogramming of metabolic functions, whereby the 

demands for increased biosynthesis and energy utilization are met most prominently by 

induction of aerobic glycolysis (oxidative phosphorylation – characteristic of the catabolic 

state of naïve cells – is also maintained but plays a proportionately lesser role). To come out 

of this rapidly expanding state and enter the memory pool, the cells need to reprogram 

metabolism again (Pearce et al., 2013). This was first demonstrated by pioneering studies 

showing that inhibition of the mTOR pathway and enhancement of fatty acid oxidation 

(FAO) induced an increase in the differentiation of memory CD8+ T cells (Araki et al., 

2009; Pearce et al., 2009; Rao et al., 2010). But, importantly, the metabolic state of memory 

cells is not the same as that of naïve cells – changes in mitochondrial mass and FAO 

capabilities (among other alterations) result in memory cells that are much more capable of 

undergoing metabolic reprogramming again. For example, compared to naïve cells, memory 

CD8+ T cells show increased mitochondrial mass and spare respiratory capacity (van der 

Windt et al., 2012; van der Windt et al., 2013), which can be thought of as the potential of 

the cells to respond quickly to increased metabolic demands, and memory cells selectively 

express the glycerol transporter Aquaporin-9 which plays a role in fatty acid storage (Cui et 

al., 2015). Failure to achieve this state correlates with impaired central memory maintenance 

and/or reactivity (Cui et al., 2015; van der Windt et al., 2012). Production of metabolically 

“fit” memory cells appears to be promoted by mitochondrial remodeling (including 

networks of fused mitochondria)(Buck et al., 2016), and recent findings show that CD28 

costimulation drives that process (Klein Geltink et al., 2017). There is much more to learn 

about how metabolic pathways regulate T cell survival, differentiation, and function – for 

example the requirement for FAO in CD8+ Tcm is satisfied in a way that is difficult to 

understand: Tcm require import of glucose and glycerol to synthesize and then metabolize 

triacylglycerides in what appears to be a futile metabolic cycle (i.e. one that expends as 

much energy as it produces) (O’Sullivan et al., 2014). Presumably the temporal gap between 
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synthesis/storage (in times of plenty) and lipolysis (in times of need) provides survival 

continuity for TCM, but why this is preferred to direct uptake of free fatty acids (FFA) is 

unclear. CD4+ memory T cells also have a requirement for glucose uptake for their 

sustained maintenance, in a pathway regulated by signaling through Notch (Maekawa et al., 

2015), though it is not yet clear how similar the metabolic requirements are for maintenance 

of CD4 and CD8 Tcm. The transcriptional activation of HIF-1a by hypoxia (or other cues) is 

associated with promoting effector at the expense of memory differentiation (Doedens et al., 

2013; Palazon et al., 2014), but may also mediate epigenetic regulation (Tyrakis et al., 2016) 

– likewise, regulation of aerobic glycolysis can impact transcription and epigenetic control 

of gene expression (Chang et al., 2013; Peng et al., 2016).

Interestingly, recent data suggest there are alternative metabolic strategies available to 

memory T cell populations. Studies in which CD8+ T cells were prevented from reverting 

from aerobic glycolysis to oxidative phosphorylation during the immune response (through 

sustained activation of HIF) showed an unexpectedly robust generation of memory cells in 

lymphoid sites – especially TEM phenotype cells – suggesting that reliance on glycolysis is 

sufficient to meet the metabolic needs for at least some recirculating memory CD8+ T cells 

(Phan et al., 2016). TRM appear to employ yet another mechanism to solve their metabolic 

dilemmas. As mentioned above, Tcm make their own fatty acids in order to drive FAO: skin 

TRM, in contrast, evidently use the more direct pathway of free fatty acid uptake (involving 

the fatty acid binding proteins Fabp4 and Fabp5) to satisfy their FAO needs – as indicated by 

the finding that Fabp4/Fabp5 deficiency selectively affected skin TRM but not recirculating 

memory CD8+ T cell generation (Pan et al., 2017). Whether this metabolic pathway is also 

used by TRM in other tissue sites will be important to determine. These findings illustrate the 

point that there are evidently multiple ways to solve the metabolic requirements for 

sustained maintenance of memory cells – whether these different solutions will correlate 

conveniently with current subset designations is unclear.

Epigenetic control of T cell memory differentiation and function—The field has 

long sought to identify differences in gene expression that distinguish activated T cell sub-

populations and predict their fate, as well as the key transcription factors (TFs) that drive 

those transcriptional profiles. This has met with considerable success, for example, showing 

that small groups of TFs drive differentiation toward short-lived effector (T-bet, Blimp1, Id2 

and Zeb2), versus long-lived memory fates (Eomes, Foxo1 Bcl6, Id3 and Tcf1), sometimes 

through mutual antagonism of each other’s expression or activity (Chang et al., 2014; 

Hamilton and Jameson, 2015; Kaech and Cui, 2012; Palazon et al., 2014). But there are 

important intrinsic limitations to this type of analysis due to epigenetic regulation 

mechanisms. Analysis of TF expression may be uninformative or misleading if we don’t 

also define the accessibility of the genetic loci at which these factors can act. Recent work 

exemplifies the power of pairing transcriptomic and epigenetic analyses in the context of 

memory CD8+ T cells. For example, Goldrath and colleagues found that expression levels of 

the T-bet TF are similar in effector and memory CD8+ T cells, yet these populations differ in 

expression of T-bet regulated genes (Yu et al., 2017). Likewise, Runx3 is expressed to 

similar levels in resident and recirculating memory CD8+ T cells, yet it’s expression is 

required for generation of TRM (Milner et al., 2017). This may partly relate to the action of 
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partner TFs (e.g. Zeb2 in the case of T-bet), but also evidently reflects the level of chromatin 

accessibility for specific T-bet target genes in these cell populations.

On a more general level, transcriptional analysis tells us only about the current status of gene 

expression, but it is equally (and often more) important to determine which genes can 

rapidly be induced in these populations, for example following TCR stimulation – 

understanding whether certain gene loci are poised for expression or are inaccessible could 

be revealing as to the derivation of these cells as well as their functional potential. Studies 

measuring chromatin accessibility and DNA methylation have revealed relationships that are 

difficult if not impossible to determine by phenotypic or transcriptomic analysis. So, while 

mouse and human memory CD8+ T cells have many gene expression characteristics in 

common with naïve T cells, recent studies reveal that the epigenetic landscape in memory 

CD8+ T cells shares many features with effector cells (Akondy et al., 2017; Philip et al., 

2017; Youngblood et al., 2017). These studies suggest that differentiation of memory and 

effector T cells go through similar steps of epigenetic remodeling which is relevant for 

addressing models of when effector- and memory-destined precursors diverge (discussed 

later), but also highlight the risks of relying on phenotypic and transcriptional profiles to 

categorize cells. This latter point is perhaps most strikingly demonstrated in studies on 

human memory CD8+ T cells, analyzed years after administration of the Yellow Fever 

vaccine (YFV): these memory cells could be easily identified using peptide/MHC tetramers, 

yet the standard phenotypic markers used by most investigators (CD45RA+, CD45RO−, 

HLA-DRlo) would lump this population in with naïve CD8+ T cells, and RNA-seq analysis 

was only slightly more useful for resolving memory from naïve cells (Akondy et al., 2017). 

Similarly, human “memory T cells with a naïve phenotype” (TMNP) were observed, 

especially in aged individuals (Pulko et al., 2016). On the other hand, chromatin 

accessibility analysis unambiguously demonstrated numerous differences between naïve and 

memory CD8+ T cells, and some of these were shown to predict the functional potential of 

the pools (e.g. accessibility of the IFN-γ locus in memory but not naïve CD8+ T cells 

reflecting the ability of the former to rapidly produce this cytokine upon activation) (Akondy 

et al., 2017; Pulko et al., 2016). This is not to say that all hope is lost in using cell surface 

phenotype to distinguish memory cells from effector or naïve T cells: careful review of the 

scarce gene expression differences between naïve and long-lived memory CD8+ T cells led 

to identification of a few novel markers that may help distinguish these populations in the 

future (Akondy et al., 2017). These markers include several features of “memory stem-cells” 

(TSCM), another antigen-primed population displaying numerous phenotypic features of 

naïve CD8+ T cells (yet distinguishable from TN by a characteristic CD95hi, CD31lo 

phenotype) (De Rosa et al., 2001; Gattinoni et al., 2012; Gattinoni et al., 2011). However, 

while TSCM were proposed to differentiate directly from naïve cells without passing through 

an effector phase (Restifo and Gattinoni, 2013), this appears not to be the case for the long-

term memory cells produced by YFV vaccination. Together, such findings raise substantial 

concerns about interpretation of previous studies on the characteristics of naïve and memory 

CD8+ T cells – have long-term memory cells been a contaminant in assays on the function 

of human “naïve” CD8+ T cells? Have we missed key characteristics of long-lived human 

memory CD8+ T cells because these were phenotypically excluded along with the naïve 

pool in previous studies? Before mouse immunologists feel too comfortable about their 
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studies, it’s important to mention that TSCM CD8+ T cells were first described in mice 

(Zhang et al., 2005). Further work will be needed to flesh out these issues, as well as the 

broader topic of how epigenetic characteristics distinguish distinct memory subpopulations 

(TEM, TCM, TRM, TSCM etc.).

Epigenetic “memory” (for lack of a better word), is also reflected in studies on dysfunctional 

tumor-specific CD8+ T cells: Schietinger’s group found evidence for phases of dysfunction, 

in which tumor-responsive T cells could initially be “rescued” (e.g. by cytokine induced 

proliferation) and regain functionality, while prolonged exposure to the tumor environment 

led to an irreversible tolerant state (Schietinger et al., 2012; Schietinger et al., 2016). 

Chromatin accessibility analysis showed dramatic remodeling of the epigenetic landscape, 

suggestive of losses of binding sites that could be occupied by key TFs (Philip et al., 2017). 

Like the studies on functional memory cells, these findings helped leverage identification of 

a few novel phenotypic markers that could be valuable for identifying reversibly- versus 

irreversibly-tolerant tumor specific CD8 T cells. It is unclear whether this and other 

approaches for “reinvigorating” dysfunctional CD8+ T cells results in establishment of a 

true memory population (Philip et al., 2017). Elegant work from Wherry and colleagues 

showed that PD-1/PD-L1 checkpoint blockade had minimal sustained impact on the 

transcriptional and epigenetic characteristics of exhausted CD8 T cells arising during 

chronic LCMV infection: although these reinvigorated cells showed re-induction of effector 

programs that improved viral control, these cells reverted to showing a transcriptional and 

epigenetic profile distinct from typical effector or memory cells (Pauken et al., 2016). With 

recognition of distinct subpopulations of exhausted CD8+ T cells which evidently differ in 

sensitivity to checkpoint blockade, it is will be interesting to revisit this issue. Whether 

improved therapeutic approaches will be able to drive exhausted/tolerant T cells into an 

effector- or memory-like epigenetic state may be the most accurate way of estimating 

whether their salvation is complete.

Unequal opportunities: Asymmetric division and memory T cell generation—
The pathways that determine whether an activated T cell will become a long-lived memory 

cell or die during the effector phase have been intensively studied, and yet the stage during 

an immune response when this “fate decision” is made is still very controversial. Some 

unlikely possibilities – such as the idea that short-lived effector and long-lived memory cells 

derive from different naïve T cell clones – have been experimentally disproven by single cell 

adoptive transfer or barcoding approaches (Gerlach et al., 2013; Stemberger et al., 2007; 

Tubo et al., 2013), and the field has largely settled on two models: In one, the fate decision is 

made very early in the immune response, accompanying the first asymmetric cell division 

which is proposed to leave one daughter committed to the memory fate, the other to become 

a short-lived effector cell (Chang et al., 2014). The opposing model is that activated T cells 

go through many days of proliferation as a somewhat homogenous population before the 

decision is made (by or for the T cell) about whether it will die as an effector cell or persist 

as a memory cell. These two models have been proven remarkably resilient, with groups 

reporting compelling evidence that supports one or the other: accordingly, there is no 

conclusive resolution of which model better reflects reality (or whether the true biology 
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includes elements of both mechanisms). We will briefly describe recent advances in this 

area.

Some data supporting an early decision model come from studies exploring the single-cell 

gene expression characteristics of CD8 T cells that have just gone through the first division, 

compared with cells that had matured into effector or memory subpopulations (Arsenio et 

al., 2014; Kakaradov et al., 2017). Interestingly, differences in gene expression were 

detected among cells that had undergone a single cell division, and these transcriptional 

characteristics had hallmarks that distinguish effector and memory cells. Using 

computational models to analyze these (and other intermediate time points), the authors 

concluded that cells with “pre-effector” or “pre-memory” gene expression traits were present 

at the first cell division, and that cells sorted from the first division based on some 

differentially expressed molecules (CD25 and CD62L) showed predicted differences in 

generation of central memory cells after adoptive transfer. Interestingly, some studies on the 

consequences of CD8+ T cell asymmetric division suggest that “pre-effector” daughters of 

the first cell division are not doomed to a short life: instead these cells fairly efficiently gave 

rise to cells that are retained to memory phase but bear characteristics of “long-lived effector 

cells” (a population that shares features of TEM and short-lived effector cells), while “pre-

memory” cells, on the other hand, appeared better suited to produce TCM and “classic” TEM 

(Arsenio et al., 2014; Metz et al., 2015). Hence, the fate of the daughters arising from the 

initial asymmetric division may be more relevant to the types of memory sub-populations 

that are generated late in the response, rather than dictating a digital decision about whether 

a daughter cell persists to memory phase or not.

Asymmetric cell division entails an unequal distribution of cellular proteins and structures, 

which may influence both gene expression (e.g. through control of T-bet protein abundance 

by asymmetric inheritance of the proteasome (Chang et al., 2011)) but also other functions 

including metabolism. Recent reports suggest that key elements in metabolic regulation are 

differentially represented in daughter T cells after the first cell division (Pollizzi et al., 2016; 

Verbist et al., 2016). These include protein expression levels of key amino acid transporters 

and of c-Myc, and sustained mTORC1 activity, all of which are thought to be increased in 

daughter cells that are destined to become effector cells. Interestingly, these changes can 

potentially be self-sustaining – for example increased amino acid uptake helping sustain 

mTORC1 activity, promoting c-Myc translation and sustained expression of the amino acid 

transporters – which is important in determining how the outcome of asymmetric division 

could potentially be passed on during further cell divisions.

On the other hand, the idea that cells destined to join the memory pool are marked very early 

in the immune response is not supported by some other findings. The discovery that memory 

CD8+ T cells go through steps that are characteristic of effector cells, such as transcriptional 

expression of Granzyme B, was used to suggest a common initial differentiation program for 

both effector and memory cells (Bannard et al., 2009). Very recent work reexamined such 

questions at the epigenetic level, showing that DNA methylation patterns in memory 

precursors and effector cells was very similar, including inhibitory methylation patterns at 

loci that are then re-expressed in mature memory cells (including, for example, Sell the gene 

encoding CD62L) (Youngblood et al., 2017). Such findings indicate that memory-precursors 
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initially undergo “effector-like” epigenetic remodeling, some of which is reversed as they 

complete maturation into long-lived memory cells (Youngblood et al., 2017).

Hence, while we await a resolution to the question of whether asymmetric cell division plays 

a dominant role in driving subsequent memory T cell differentiation, the field greatly 

benefits from the knowledge coming out of increasingly sophisticated approaches used to 

explore this issue.

Memory maintenance—Durability is an important characteristic of T cell memory. 

CD8+ Tcm are often proposed to be examples of an ideal population, since studies on 

primary immune responses in mice indicate these cells persist in the circulation estimated 

half-lives that well exceed the lifespan of a mouse – long after other populations (such as 

short-lived effector cells, long-lived effector cells and TEM) have died and/or converted into 

TCM (Kaech and Wherry, 2007) (Gerlach et al., 2016). Yet, some data appear to contradict 

this model. Boosting an immune response (still a relatively rare thing in experimental 

immunology, but perhaps more likely to happen in real life when pathogens are 

reencountered) yields memory populations that include progressively lower percentages of 

TCM, yet these secondary and tertiary memory cells are long-lived and potent at pathogen 

control (Masopust et al., 2006; Vezys et al., 2009) (Jabbari and Harty, 2006; Olson et al., 

2013). At least in part, this enhanced survival and functionality reflects changes in gene 

expression and metabolism of the boosted TEM pool (Fraser et al., 2013) – yet another 

example of where lumping all “TEM phenotype” cells together may be misleading since cells 

produced in a primary versus, say, a quaternary response may “look” similar but have quite 

different properties, including long-term maintenance.

The modes of CD4 and CD8 memory maintenance appear to differ in important ways – but 

this may, again, reflect the focus on specific T cell subsets in reaching these conclusions. 

Considerable evidence suggests that maintenance of CD8+ T cell memory does not rely on 

antigen encounter (or perhaps even TCR expression) but is supported by the cytokines IL-7 

(which also promotes naïve T cell survival) and IL-15 (Surh and Sprent, 2008). Following 

acute infection, memory CD8+ T cells in the circulation persist in the absence of TCR 

ligands but progressively decline in the absence of IL-15. But this doesn’t seem to be a 

universal mechanism of memory CD8+ T cell maintenance: CD8+ TRM pools may or may 

not rely on IL-15 depending on the tissues in which they are found (Mackay et al., 2015b; 

Schenkel et al., 2016; Schenkel et al., 2014b; Verbist et al., 2011) and with repeated 

boosting, “TEM” CD8+ T cells in the circulation gain independence from IL-15, even as they 

acquire some phenotypic characteristics of long-lived effector cells (which are especially 

IL-15 dependent in primary responses) (Schenkel et al., 2016). The typical model for IL-15 

function in memory CD8+ T cell maintenance is that it sustains the basal proliferation of the 

population, and that this balances an underlying death rate (various), while IL-7 may be 

more important to sustain survival. Intriguingly, however, recent work found that, in a few 

TRM populations, dependence on IL-15 didn’t appear to correlate with turnover as a 

mechanism of memory persistence, and that some TRM populations were maintained long-

term in the absence of prominent proliferation at all (Schenkel et al., 2016).

Jameson and Masopust Page 14

Immunity. Author manuscript; available in PMC 2019 February 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



With regard to antigen dependence, there is no doubt that CD8+ memory can persist in the 

absence of foreign antigen, but is this always the case? Antigen drives functionally 

competent “inflationary memory” in the response to persistent MCMV infection (Karrer et 

al., 2003; Snyder et al., 2008), and T cells responding to chronic LCMV infection become 

“addicted” to antigen, yet those “exhausted” cells are competent to provide viral control 

when tested (Utzschneider et al., 2013) implying that situations in which memory CD8+ T 

cell maintenance depends on sustained antigen encounter may still promote functionality. 

Something similar may occur for CD4+ T cell memory. Striking data from Oldstone’s group 

many years ago revealed that, following acute LCMV infection, antigen specific memory 

CD4+ T cells steadily declined in numbers while their CD8+ counterparts showed 

impressive durability (Homann et al., 2001). Initial studies suggested CD4+ memory 

maintenance was IL-15 independent – and while that is true for some memory-phenotype 

CD4+ T cells, antigen primed circulating memory CD4+ T cells seem to rely on IL-15 for 

their maintenance (Purton et al., 2007). Localized antigen persistence, however, seems to 

promote maintenance of CD4+ memory T cells, at least those with Th1 properties. Studies 

on Leishmania major infection in the skin show that a strong Th1 response may ensue and 

prevent secondary infections at distal sites, while the primary site of infection is never fully 

cleared of the pathogen. The basis for this effect (called concomitant immunity) is still 

somewhat unclear, but it was found that pathogen persistence at the primary site was 

necessary for robust maintenance of protective CD4+ “memory” (Belkaid et al., 2002; Zaph 

et al., 2004). Similarly, Salmonella infections that persist in the intestines correlate with 

prolonged Th1-polarized antigen-specific CD4+ T cell memory, while attenuated, non-

persistent Salmonella might prime a similar response but not induce long-term persistent 

memory (Nelson et al., 2013). Whether this is a general rule and how those findings translate 

to humans is harder to know: Studies on the human response to a single immunization with 

the smallpox vaccine showed slightly longer durability of antigen specific memory CD4+ T 

cells than CD8+ T cells (Hammarlund et al., 2003), questioning the concept that acute 

infections favor longer-term CD8+ memory. Both CD4+ and CD8+ measles-specific 

memory T cells are also relatively abundant ~20 years after recovery from childhood 

infection (Nanan et al., 2000). Antigen cross-reactivity is hard to rule out as a potential 

mechanism for memory CD4+ T cell maintenance, especially in humans where 

uncharacterized sequential infections may occur regularly – indeed, Davis’ group recently 

proposed that many human CD4+ T cells specific for novel foreign antigens are already of 

memory-phenotype, due to prior encounter with a cross-reactive antigen (Su et al., 2013) 

(although generation of memory-like cells by homeostatic mechanisms is hard to rule out). 

This may not be accurately modelled in typical mouse studies, where microbial exposure is 

tightly controlled – potentially such populations will be apparent in mice with a more 

physiological immunological experience (so-called “dirty mice”) (Beura et al., 2016; Reese 

et al., 2016).

In the CD4+ field, long-term preservation of memory populations appears to differ based on 

effector differentiation. So, while numerous studies find relatively sustained Th1 memory, 

Th17 differentiated cells appear to decline quite rapidly (Pepper and Jenkins, 2011; Pepper 

et al., 2010). This may not always reflect impaired survival of Th17 cells per se, since there 
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is mounting evidence that Th17 cells can convert into populations with different phenotypic 

and/or cytokine production characteristics (Gagliani et al., 2015; Hirota et al., 2013).

Conclusion

There is considerable debate about the ontogeny and inter-relatedness of memory T cell 

populations. Part of this lack of resolution may arise from a lack of precise definitions of 

memory cells and their functional or phenotypic characteristics (a problem that is further 

exacerbated by the loaded yet vague term “effector T cell”). Perhaps a focus on 

distinguishing T cell populations with more strictly defined characteristics, including those 

indicated in Figure 1, can provide an improved framework for identifying key phenotypic or 

gene expression patterns that unambiguously associate with those traits. This will not be 

easy – knowing whether a cell can cross an HEV, for example, requires direct functional 

assessment of this property – but will not be impossible. And the rewards may be well worth 

taking the associated effort.
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Fig. 1. Traits that distinguish naïve and major memory T cell populations
The bars on the left indicate various characteristics, which can be used to distinguish the T 

cell subsets listed on the right. The first 4 bars indicate trafficking capabilities and 

stimulation history of the cells, providing rigid distinctions that can be used to define T cell 

populations – but note that there is only limited concordance between these traits. The other 

bars indicate gene expression or phenotypic characteristics, focused on molecules associated 

with trafficking, tissue retention, and “memory markers” (in mice these would include 

elevated expression of CD44 and CD11a and reduced expression of CD45RB, while in 

humans this would include elevated expression of CD45RO and CD11a and reduced 

expression of CD45RA). Grey shading in these bars indicates where phenotypic/gene 

expression characteristics fail to clearly correlate with the red and green bars on the left. At 

the far right are T cell subsets typically associated with these combinations of traits and 

phenotypic/gene expression characteristics – note that the position of these identifiers is 

inherently vague, since the typical criteria for defining “subsets” use markers that may not 

faithfully correlate with the cells’ stimulation history or migration potential. Abbreviations 

for T cells: Naïve, TN; Central Memory, TCM; Effector Memory, TEM; Tissue-Resident 

Memory, TRM; Virtual Memory (also encompassing “Innate” memory), TVM; Stem Cell 

Memory, TSCM; Memory T cells with Naïve Phenotype, TMNP; Peripheral Memory, TPM; 

Long-Lived Effector Cells, TLLEC; CD45RA+ Effector Memory (defined in humans), 

TEMRA; Exhausted T cells, TEX; TFH Follicular Helpers). Color coding of the T cell subsets 

indicates whether they have been primarily described for CD8+ T cells (maroon), CD4+ T 

cells (gold) or both populations (black).
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Fig. 2. Trafficking characteristics is a key feature for resolving memory T cell subpopulations
The schematic indicates the trafficking patterns of several T cell populations. Naïve, and 

TCM cells recirculate through blood and SLOs, and enter LNs via HEVs. Some sub-

populations of TEM recirculate from blood to nonlymphoid tissues, and pass through 

lymphatics and LNs on the way to rejoining the blood supply (recirc TEM, also referred to as 

TPM), while others are confined to recirculating in blood (bloodborne TEM). TRM do not 

recirculate, and are parked within nonlymphoid tissues, SLOs, and local vascular 

compartments.
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