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Abstract

Independent studies over the last decade have characterized the properties of non-circulating CD8+ 
‘resident’ memory T cells (TRM), which offer barrier protective immunity in non-lymphoid tissues 
and CD4+ follicular helper T cells (TFH), which mediate B-cell help in lymphoid sites. Despite their 
very different biological roles in the immune system, intriguing parallels have been noted between 
the trafficking properties and differentiation cues of these populations, parallels which have only 
sharpened with recent findings. In this review, we explore the features that underlie these similarities 
and discuss whether these indicate meaningful homologies in the development of CD8+ TRM and 
CD4+ TFH or reflect resemblances which are only ‘skin-deep’.
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Introduction

The differentiation of memory T cells has been a highly active 
area of research in immunology for decades. Diverse memory 
subsets are formed following a typical immune response and 
there is much interest in their properties and the cues that 
guide their differentiation. A major division between different 
memory T-cell subsets reflects their trafficking patterns: al-
though the best-studied memory T-cell populations are found 
in the circulation and are abundant in lymphoid tissues, a dis-
tinct subset called ‘resident’ memory T cells (TRM) are thought 
not to access the circulation during normal homeostasis but 
are maintained in non-lymphoid tissues (and constitute a 
small population of the cells in lymphoid tissues) (1–3).

Tissue localization equips TRM to mediate immediate re-
sponses when foreign antigens (such as those encoded by 
pathogens) access these sites, which include barrier tissues 
such as the skin, lung and gut, providing a first line of defense. 
Recirculating cells, on the other hand, would be more flexible 
and able to initiate responses once they encounter presented 
antigen that has reached lymphoid tissues. Studies in mice 
indicate that both CD4+ and CD8+ T cells form TRM popula-
tions (1, 2), and such cells appear to account for the majority 
of T cells in non-lymphoid tissues of humans (3–5).

A distinct population of T cells also plays a role that requires 
them to be retained in tissues for extended periods of time. 
CD4+ follicular helper T cells (TFH) found in active germinal 
centers (GC-TFH) are key for B-cell help in the generation of 

class-switched, high-affinity antibody responses (6). GC-TFH 
are believed to be a more differentiated and specialized form 
of TFH and their ability to efficiently sustain ongoing B-cell re-
sponses in antigen-draining lymph nodes requires that TFH be 
retained in these lymphoid tissues.

However, there was considerable debate about whether 
GC-TFH and TFH are present only during the period of antigen 
exposure (and hence are what might be considered as an 
‘effector’ cell population) or whether long-lived ‘memory’ TFH 
also exist [reviewed in refs (7, 8)]. This was apparently re-
solved by findings that cells with some TFH phenotypic char-
acteristics (including expression of CXCR5, PD-1 and Bcl-6, 
although at reduced levels compared with recently activated 
TFH and GC-TFH) could be found at memory time points and 
even in the circulation (7, 8). Still, uncertainty remained, since 
some studies suggested that these memory phase cells had 
a heightened predilection to produce TFH in a recall response 
(9), but others suggested that these populations were essen-
tially ‘central memory’ T cells (TCM) with the capacity to differ-
entiate into various populations upon re-stimulation (10).

This topic will need substantial re-evaluation based on 
very recent studies from King et al., showing that cells with 
phenotypic, transcriptional and functional characteristics 
of TFH persist long after antigen clearance but are typically 
lost during standard tissue-processing procedures, leading 
to an underestimate of ‘long-lived TFH’ (11). Importantly, the 
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long-lived TFH defined by King et  al. (11) were maintained 
in the absence of antigen, responded efficiently to antigen 
re-exposure and displayed plasticity in their differentiation fol-
lowing recall stimulation—all of which are key characteristics 
of memory T cells. However, these cells were distinct from 
previously described CD4+ ‘CXCR5+ TCM’ (10) or ‘memory TFH’ 
(9), highlighting potential ambiguity in identification of the 
‘true’ memory TFH population(s). This also colors the conclu-
sions of other studies, such as a careful analysis of mouse 
CD4+ TRM, which suggested that the transcriptional profile 
of that population was quite distinct from memory TFH (12)—
with the validity of that interpretation depending on how the 
‘memory TFH’ pool (9) analyzed in that report relates to the 
more recently defined ‘long-lived TFH’ (11). To be clear, in this 
review, we focus on long-lived TFH (as defined in (11)) as the 
basis for comparison to CD8+ TRM.

The functions of CD4+ TFH and CD8+ TRM are, of course, quite 
distinct—but studies on CD4+ TFH and on CD8+ TRM suggest 
that these populations share some key features related to their 

migration, differentiation and maintenance (Fig. 1), as will be 
discussed here. It is unclear, however, whether these parallels 
are purely superficial or whether they suggest parallel mechan-
isms of induction and/or homeostasis of these T-cell subsets. 
The goal of this short review is to scrutinize characteristics of TFH 
and TRM, in order to evaluate whether their similarities are merely 
‘skin-deep’ or reflect a more meaningful relationship.

T-cell trafficking

The quintessential defining feature of TRM is their long-term 
residence in tissues (1–3). In contrast to the well-studied re-
circulating pools [which include TCM and ‘effector’ memory 
T cells (TEM)], TRM are usually rare in lymphoid tissues and 
typically absent in the lymph or blood. Established TRM are 
certainly capable of migrating to draining lymph nodes 
when activated (13), and reports indicate that some CD4+ 
TRM-phenotype cells may access the circulation in some cir-
cumstances (14), but numerous studies indicate that, during 

Fig. 1.  Parallels in the development of CD4+ TFH and CD8+ TRM. (A). When naive CD4+ T cells get activated, those receiving TFH-inducing signals 
up-regulate Bcl-6 to become pre-TFH. Bcl-6+ pre-TFH expressing CXCR5 and ICOS migrate to the T–B border of the follicle and contact B cells. 
CD4+ T cells receiving ICOS co-stimulation from interactions with B cells down-regulate KLF2 in a PI3K-dependent manner. ICOS engagement 
and additional signals drive the maturation of TFH cells. With the formation of the germinal center, TFH cells further differentiate into GC-TFH and 
assist in the production of high-affinity antibodies. After the germinal center has resolved, long-lived TFH can persist in the absence of antigen. 
(B) Activated CD8+ T cells can develop into either short-lived effector cells (SLECs) or memory precursor effector cells (MPECs) in a Blimp-1/
Bcl-6-dependent manner. Both SLECs and MPECs re-express KLF2 and rejoin the circulation. Some MPECs mature into circulating memory 
cells including TCM and TEM, which continuously traffic around the body. Others enter non-lymphoid tissues and receive additional signals, 
including ICOS stimulation, within the local environment which drive establishment of the residency programming (including down-regulation of 
KLF2 and S1PR1), generating the TRM population.
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normal homeostasis, maintenance of the TRM pool is inde-
pendent of circulating memory cells (1–3).

Numerous mechanisms are thought to enforce TRM resi-
dency in tissues. One of these relates to lower expression 
of the ‘egress’ factor sphingosine-1-phosphate receptor 
1 (S1pr1) by TRM compared with recirculating T cells (1–3). 
S1pr1, through recognition of S1P in the blood and lymph, is 
long recognized as being essential for recirculation of naive 
T cells through the lymphoid sites and the vasculature (15). 
The most trusted hallmark feature of TRM is their expression of 
CD69; while typically considered an activation marker, CD69 
is expressed at lower levels even in resting T cells, but protein 
expression at the cell surface is limited by mutual competition 
with S1pr1 (16, 17). Transcription of the S1pr1 gene in T cells 
is driven by Kruppel-like factor 2 (Klf2) (18) and studies indi-
cate that TRM express markedly lower levels of both Klf2 and 
S1pr1 compared with their recirculating counterparts in mice 
(19) and humans (20).

In this way, the expression of the canonical TRM marker 
CD69 can be seen as corresponding to low expression of 
S1pr1—mediated through either heightened expression of 
CD69 preventing S1pr1 protein expression, or as a passive 
marker reflecting low expression of Klf2 and S1pr1 mRNA 
that permits basal levels of CD69 to reach the cell surface. 
Some studies suggest both mechanisms operate, sequen-
tially (21), although other reports suggest modest functional 
significance of CD69 expression in dictating the generation 
of TRM (22). The lack of S1pr1 expression was found to be 
mechanistically important, since enforced S1pr1 (or Klf2) ex-
pression impaired induction of CD8+ TRM (19). Other charac-
teristics of at least some TRM include expression of CD103, the 
αE integrin chain (which pairs with β7 integrin to permit adhe-
sion to E-cadherin) (1, 3). This can be seen as an ‘anchor’ to 
limit migration, whereas reduced S1pr1 expression could be 
viewed as lack of an ‘engine’ for tissue exit.

In a distinct way, TFH—especially GC-TFH—could be con-
sidered as resident cells in lymphoid tissues and possess 
some of the same features as TRM in this regard. We and others 
found that TFH had markedly reduced expression of Klf2 and 
S1pr1 compared with non-TFH populations [including T helper 
1 cells (Th1) and developing TCM] and expressed CD69 (23, 
24). Since TCR activation can also drive the loss of Klf2 and 
S1pr1, and promote CD69 expression, it was difficult to dis-
entangle the potential role for persistent TCR stimulation (as 
would be expected for TFH interacting with antigen-specific 
GC B cells). However, analysis of long-lived TFH revealed 
that their survival is not dependent on continued antigen ex-
posure and this population displays sustained cell surface 
CD69 and low S1pr1 and Klf2 gene expression (11) (Carolyn 
King, personal communication). Similar to the effect on CD8+ 
TRM, enforced expression of either S1pr1 or Klf2 was sufficient 
to limit the generation of TFH (23).

At the same time, some skepticism about the parallels 
between the trafficking patterns of TFH and TRM is in order 
since cells with phenotypic characteristics of TFH have been 
identified in the blood of both mice and humans (6). Some 
studies suggest these are distinct populations—TFH-like 
cells in the antigen-draining lymph node being of higher 
TCR affinity and functionally distinct compared with their cir-
culating counterparts, suggesting that they may represent 

phenotypically similar but distinct subsets (25); however, it 
is currently unclear whether any populations of long-lived TFH 
have the stringent residency characteristics of CD8+ TRM de-
fined in non-lymphoid tissues. Careful parabiosis studies may 
be needed to shed light on this.

Although residing in lymphoid organs, long-lived CD4+ TFH 
cells do not express the well-defined lymph node homing 
chemokine receptor CCR7 (11), a feature they share with TRM. 
However, the expression of other chemokine receptors does 
not closely align between CD8+ TRM and CD4+ TFH, perhaps 
reflective of their distinct localization within tissues—CD8+ TRM 
typically express CXCR3 and may require CXCR6 to establish 
residency in some sites (20, 26, 27), whereas CXCR5 expres-
sion is a key functional characteristics of TFH (6). Further char-
acterization of long-lived TFH may be needed to define their 
core trafficking characteristics and the presence of these 
cells in blood is unclear. These findings do not deny the po-
tential significance of shared regulation of S1pr1 by TRM and 
TFH but highlight that distinct trafficking cues may be involved 
in establishing or retaining these cells in tissues.

Roles of ICOS and Bcl-6

Potentially related to similarities in their expression of mol-
ecules regulating egress, TFH and CD8+ TRM share a few other 
gene expression similarities (11), which might indicate par-
allels in the differentiation program. Indeed, it has previously 
been reported that both human and mouse CD8+ TRM express 
the inducible co-stimulatory molecule ‘ICOS’ (20, 28). ICOS 
has a well-defined and indispensable role in TFH generation 
and GC maintenance, arising from ICOS–ICOS ligand inter-
actions between activated CD4+ T cells and both cognate 
and non-cognate B cells (6). ICOS does not affect the early 
commitment of TFH, particularly Bcl-6 expression, but is es-
sential for the maintenance of the TFH phenotype (24). The 
study from King et al. also reported that ICOS engagement is 
required for long-lived TFH identity, maintenance and optimal 
humoral immunity (11).

ICOS signals through multiple pathways (29), but its induc-
tion of phosphoinositide 3-kinase (PI3K) is thought to play a 
key role in inducing down-regulation of KLF2 and FOXO-1 
(which, among many targets, drives KLF2 expression) (24, 
30). The induced loss of KLF2 in CD8+ TRM is also thought to 
entail PI3K activity (19) and previous studies indicated that 
various tissue cytokines can cooperate to suppress the ex-
pression of KLF2 in a PI3K-dependent manner (19). However, 
whether ICOS plays some role in regulation of CD8+ TRM has 
not been reported.

Tantalizing clues come from the work of Liu et al., which 
showed that ICOS overexpression leads activated CD8+ T 
cells to preferentially accumulate in non-lymphoid tissues 
(31). Furthermore, in our own unpublished studies, we found 
that ICOS deficiency does not compromise CD8+ T-cell ac-
tivation or the generation of circulating memory cells but 
leads to a substantial defect in establishment of TRM (C. Peng 
et al., manuscript in preparation). At early stages of the im-
mune response, ICOS-deficient CD8+ T cells are present in 
non-lymphoid sites, but these cells show impaired down-
regulation of KLF2 (C. Peng et al., manuscript in preparation), 
suggesting that ICOS-mediated down-regulation of KLF2 
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may be a component in generation of CD8+ TRM, paralleling 
the proposed pathway that occurs in developing TFH (24).

The key role of the transcription factor Bcl-6 in devel-
opment of CD4+ TFH cells was defined over a decade ago 
(32–34). Bcl-6 is mutually antagonistic with the transcrip-
tional repressor Blimp-1 (35) and, in CD4+ T cells, strong 
Blimp-1 expression is associated with the generation of ef-
fector Th populations, whereas Bcl-6 expression is neces-
sary and sufficient to drive TFH (6, 35). Bcl-6 and Blimp-1 
appear to play parallel roles in CD8+ T-cell differentiation, 
with Blimp-1 driving generation of effector cells (typically 
short-lived) and Bcl-6 promoting generation of memory 
[discussed in ref. (35)].

As has been discussed previously, the participation of Bcl-6 
and Blimp-1 should not be considered as digital choices, 
rather the relative contribution of each factor may fine-tune 
T-cell differentiation (35). At present, there is limited informa-
tion on whether, as for TFH, Bcl-6 plays a more critical role in 
differentiation or maintenance of CD8+ TRM than for other CD8+ 
memory populations. Enforced expression of BCL-6 in human 
CD4+ T cells activated in vitro strongly inhibits expression of 
KLF2 (36), potentially supporting that model. However, seem-
ingly in contrast to this hypothesis, Blimp-1 and the closely 
related factor Hobit are required for the generation of most 
CD8+ TRM populations (37).

Confusingly, in some situations, such as for skin CD8+ TRM 
generated following herpes simplex virus (HSV) infection, de-
ficiency of Blimp-1 alone leads to increased representation 
of TRM, whereas Hobit deficiency (and especially loss of both 
Hobit and Blimp-1) causes a reduction in skin TRM (37)—but 
in other models, such as for lung CD8+ TRM induced following 
influenza infection, Blimp-1 but not Hobit is critical (38). 
Interpretation of these findings is further complicated by the 
unclear relationship between Bcl-6 and Hobit and the overlap 
between genes regulated by Blimp-1 and Hobit [which have 
very similar DNA-binding domains (37)], and the role of Bcl-6 
in maintenance of TRM has not been explicitly tested [although 
there is published evidence that Bcl-6 is not essential for 
maintenance of established circulating memory CD8+ T cells 
(39)].

Role of P2RX7 and ARTC2

Another shared feature of mouse CD8+ (and CD4+) TRM and 
CD4+ TFH is their relatively high expression of the ATP sensor 
P2RX7 and the NAD+-dependent ADP ribosyltransferase 
ARTC2.2 (12, 40–42). Strong stimulation of P2RX7 by extra-
cellular ATP can promote cell death, and this function is also 
induced by ribosylation of P2RX7 by ARTC2.2 (43, 44). These 
pathways can inadvertently be induced during tissue isola-
tion, which can lead to a substantial underestimate of both 
TRM and long-lived TFH (11, 42, 45). Indeed, acute blockade 
of this pathway during tissue harvesting was critical to the 
‘rescue’ of long-lived TFH for experimental analysis (11) and 
there is evidence that the poor recovery of CD8+ TRM from non-
lymphoid tissues for flow cytometric analysis (46) reflects, at 
least in part, activation of the ARTC2.2–P2RX7 axis (45).

Interestingly, the physiological functions of P2RX7 on CD8+ 
TRM and CD4+ TFH appear to be polar opposites, with com-
pelling evidence that P2RX7 is required for the generation of 

CD8+ TRM (40, 45) but limits the maintenance of CD4+ TFH (11, 
41, 47), for reasons that are not yet clear. Similar functions 
of mouse and human P2RX7 have been reported, although 
there is not a human equivalent of ARTC2.2, arguing that 
this pathway may be more of an issue for studies in murine 
models (43, 48). The fact that typical tissue isolation methods 
and in vitro staining techniques can inadvertently stimulate 
these pathways presents a substantial hurdle to character-
ization of both TFH and TRM populations and may contribute to 
numerous discrepancies in the literature. Implementation of 
improved methods to isolate and characterize cells vulner-
able to these cell death pathways (11, 42, 44, 45, 49) may 
need to be standardized to improve consistency of analysis.

Conclusions

Although there are striking parallels between CD4+ TFH and 
CD8+ TRM in terms of their trafficking (including the import-
ance of KLF2 and S1PR1 down-regulation) and differenti-
ation (including the role of ICOS), it is premature to determine 
whether these constitute more than occasional points of simi-
larity between the populations. This uncertainty comes about 
in no small part from the realization that these populations 
are vulnerable to cell death during standard isolation proced-
ures because of another shared feature—strong expression 
of P2RX7 (and, in mice, ARTC2.2)—which, ironically, may ob-
scure a better characterization of their relatedness. Further 
investigation will, therefore, be needed to discern whether 
shared traits of CD4+ TFH and CD8+ TRM are merely superficial 
or reflect a more substantial kinship.
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