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Summary

CD4 T cells contribute to protection against pathogens through numerous

mechanisms. Incorporating the goal of memory CD4 T-cell generation

into vaccine strategies therefore offers a powerful approach to improve

their efficacy, especially in situations where humoral responses alone can-

not confer long-term immunity. These threats include viruses such as

influenza that mutate coat proteins to avoid neutralizing antibodies, but

that are targeted by T cells that recognize more conserved protein epi-

topes shared by different strains. A major barrier in the design of such

vaccines is that the mechanisms controlling the efficiency with which

memory cells form remain incompletely understood. Here, we discuss

recent insights into fate decisions controlling memory generation. We

focus on the importance of three general cues: interleukin-2, antigen and

co-stimulatory interactions. It is increasingly clear that these signals have

a powerful influence on the capacity of CD4 T cells to form memory dur-

ing two distinct phases of the immune response. First, through ‘program-

ming’ that occurs during initial priming, and second, through

‘checkpoints’ that operate later during the effector stage. These findings

indicate that novel vaccine strategies must seek to optimize cognate inter-

actions, during which interleukin-2-, antigen- and co-stimulation-

dependent signals are tightly linked, well beyond initial antigen encounter

to induce robust memory CD4 T cells.
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Introduction

Vaccines that aim to generate high titres of protective

antibody can fail to provide long-lived protection against

threats with variable surface protein expression. Such

pathogens include RNA viruses like influenza A virus

(IAV) that can rapidly mutate coat proteins that are the

targets for neutralizing antibodies due to immune pres-

sure and error-prone viral replication machinery. In the

case of IAV, annual vaccination can provide protection

when the vaccine formulation contains targets that accu-

rately reflect the season’s major circulating strains. How-

ever, the estimated vaccine effectiveness over the past

decade has only peaked at 60% and dropped below 20%

during the 2014–2015 season, in which the H3N2 compo-

nent of the vaccine did not match the circulating virus.1

Furthermore, the neutralizing antibodies elicited by sea-

sonal vaccination are not protective against unexpected

pandemic strains that can arise from animal reservoirs.

Current vaccines, including those for IAV, do not

induce robust T-cell responses.2–4 Developing strategies to

induce strong T-cell memory could improve protection

against not only IAV, but also other global health threats

including human immunodeficiency virus,5 tuberculosis,6

malaria7 and leishmaniasis8 against which effective vacci-

nation is currently absent. In the case of IAV, this strat-

egy is supported by human studies correlating more

robust CD49 and CD810 T-cell responses with improved

Abbreviations: APC, antigen presenting cell; IAV, influenza A virus; ICOS, inducible T-cell co-stimulatory; IFN-c, interferon-c;
IL-2, interleukin-2; MHC-II, major histocompatibility complex class II; TCR, T-cell receptor; Th17, T helper type 17; TRAIL,
tumour necrosis factor-related apoptosis-inducing ligand; TRM, tissue-resident memory
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clinical outcomes, and decades of studies in animal mod-

els.11 Furthermore, T cells recognize epitopes of IAV pro-

teins that are remarkably conserved across strains.12 For

example, priming with seasonal IAV strains can generate

protective CD4 T cells against pandemic IAV isolates.13

Promoting T-cell memory could therefore provide a plat-

form for ‘universal’ protection that is less-dependent on

global IAV tracking, prediction of seasonal strains to be

targeted, and annual vaccine reformulation.

CD4 T cells directly contribute to pathogen clearance

through many mechanisms.14 In the setting of IAV infec-

tion, CD4 T cells promote viral clearance through the

production of T helper type 17 (Th17) -associated cytoki-

nes,15,16 and through perforin-dependent killing of

infected cells.17 These effector mechanisms are in addition

to helper functions that improve B-cell antibody produc-

tion and cytolytic CD8 T-cell responses.18 Interestingly, a

protective role for the signature ‘Th1’ cytokine inter-

feron-c (IFN-c) by CD4 T cells during primary IAV

infection has been difficult to demonstrate. Indeed, pro-

tection mediated by the transfer of activated Th1-polar-

ized, but IFNc-deficient effector populations recognizing

IAV to unprimed mice causes reduced weight loss and

earlier recovery than is seen following transfer of an equal

number of wild-type cells.17,19 This suggests that CD4

T-cell-derived IFN-c can directly contribute to

immunopathology. Nevertheless, IFN-c produced by CD4

T cells is required for optimal clearance of many other

intracellular pathogens.14

Memory CD4 T cells can bring to bear additional pro-

tective functions compared with naive cells.11,18,20–23

These memory-specific mechanisms include faster and

more robust cytokine production compared with naive

cells,24 enhanced extrafollicular and follicular helper activ-

ity that accelerate antibody production,24,25 and the rapid

activation of dendritic cells at the site of infection lead-

ing to a ‘jumpstart’ of protective innate immune

responses.26,27 Surprisingly, we and others have also iden-

tified a protective role for IFN-c produced by memory

CD4 T cells during recall responses against IAV.20,28 The

reason for the emergent role for IFN-c during secondary

CD4 T-cell responses is unclear but might reflect the

more rapid production or greater magnitude of IFN-c
produced by memory versus naive CD4 T cells.24

A central impediment to the incorporation of T cells

into vaccine strategies is that key parameters regulating

how memory T cells form are not fully understood. Here,

we discuss the impact of three general signals received by

CD4 T cells during cognate interactions with antigen-

presenting cells (APC): (i) stimulation through the T-cell

receptor (TCR), (ii) interleukin-2 (IL-2), and (iii) co-sti-

mulation. Recent observations demonstrate that these

same signals regulate memory development at multiple

time-points during the T-cell response. Our discussion

will be centred on memory generated in response to acute

stimuli rather than during chronic antigen/pathogen

exposure in which the line between ‘memory’ and ‘effec-

tor’ is more difficult to define. We will also focus exclu-

sively on CD4 T cells. Although many signals regulating

memory impact CD4 and CD8 T cells similarly, impor-

tant differences also distinguish these pathways,29 and

excellent reviews have recently concentrated on CD8

T-cell memory.30–32

When is memory fate decided?

Perhaps the clearest evidence of uncertainty regarding

how memory CD4 T-cell formation operates are the

many models proposed. The model backed by a prepon-

derance of experimental evidence suggests that most

memory cells arise from activated effector cells,33,34 but

that the capacity to form memory diminishes as effectors

reach an increasingly differentiated, terminal state.35

Indeed, most CD4 T-cell effectors die through apoptosis

and other mechanisms during the resolution of an

immune response, leaving behind only a small population

that survives long-term. The transition from an activated

effector to a resting memory cell can be quite rapid:

acquisition of memory-associated phenotypic and func-

tional attributes requires only 3 days.36 This transition is

largely default in that it requires no discernible instruc-

tional signal to CD4 T cells beyond the removal of anti-

gen and inflammatory cytokines.36,37 However, it appears

not to be an entirely stochastic process. In certain set-

tings, effectors can be phenotypically categorized into

populations with a greater and lesser potential to survive

long term.38,39 The control over this divergence in fate is

not completely understood, but asymmetric division fol-

lowing activation of CD4 T cells has been observed to

correlate with distinct cell fates of daughter cells.40,41 This

indicates that, as has been documented for CD8 T

cells,42,43 critical events regulating memory potential may

occur within the first few cell divisions following CD4

T-cell activation.

Many factors control the extent of T-cell contraction

and the efficiency of memory generation, but their

impacts are often context dependent.44,45 In general, sig-

nals delivered to CD4 T cells at two distinct phases of the

immune response affect the quantity and the quality of

the memory cells formed. Early events during activation

can ‘programme’ the memory capacity of effector cells,

but signals that act on effector cells at defined ‘check-

points’ later during immune responses regulate the effi-

ciency with which memory is ultimately formed

(Figure 1). We will not exhaustively discuss the myriad of

variables found to affect this process. Instead, we will

review how IL-2, antigen and co-stimulation influence

memory CD4 T-cell fate. Interestingly, these same signals

can act both during programming and again at later

checkpoints to regulate memory potential. Their
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importance throughout the immune response indicates

the critical role that continuing cognate interactions play

in shaping CD4 T-cell memory, with important implica-

tions for vaccine design.

Signals that impact memory delivered during
initial priming

We will first review findings that either focus on variables

impacting initial CD4 T-cell priming on memory forma-

tion, or in which an impact on the priming phase is lar-

gely presumed to be responsible for the outcome. It is

important to note that some of the experimental models

used in studies that will be discussed cannot preclude the

possibility that molecules of interest could affect the

responding cells not only during priming, but throughout

the response (i.e. at the later memory checkpoint). This is

especially relevant for models employing animals knocked

out for specific molecules or animals treated throughout

the period of an immune response to inhibit signalling by

specific factors.

Interleukin-2

Using peptide and APC to active naive CD4 T cells

in vitro, IL-2 was shown to play a decisive role in pro-

moting the capacity of the cells to survive long term.

When IL-2-deficient (Il2�/�) effectors were generated

with and without exogenous IL-2, the cells not exposed

to IL-2 rapidly died when transferred to adoptive hosts

whereas those activated in the presence of IL-2 formed

durable memory.46 Survival of cells primed with or with-

out IL-2 was, however, equal when transferred to lym-

phopenic hosts. Interleukin-2 is therefore not essential for

memory development per se, but instead programmes the

fitness of cells to compete for entry into and subsequent

survival within a tightly regulated memory pool.46

Interleukin-2 signals during priming up-regulate

expression of CD127, the a-chain of the IL-7 receptor, on

effector cells.47 As IL-7 is required for long-term memory

CD4 T-cell survival,48,49 effectors with increased CD127

are better equipped to compete for limiting levels of IL-7

in T-cell replete mice.47 This explains why Il2�/� cells

survive well in lymphopenic hosts, where competition for

IL-7 imposed by other T cells is absent. It is interesting

that while IL-2 programmes memory potential through

this mechanism, it is also well known to prime CD4 and

CD8 T cells for apoptotic death in certain situations.50 It

is likely that the level of IL-2 and the exact state of T-cell

activation together dictate whether IL-2 delivers a pro-

survival, or pro-death signal.51 The complex interplay of

these two variables presents a challenge for incorporating

IL-2-based signalling into vaccines with the aim of pro-

moting memory.

Although IL-7 signals are necessary for long-term

memory CD4 T-cell survival, we stress that improved

access to IL-7 by effectors during contraction does not

appear to impact the size of the memory population

formed. In experiments using cells constitutively express-

ing higher or normal amounts of CD127, the degree of

contraction and the number of pathogen-specific memory

CD4 T cells generated after infection was equivalent.52

+ Ag

‘Fit’ memory
precursor effectors

‘Unfit’ terminal
effectors

Memory checkpoint

Effector
CD4+ T cells

Initial programming

Activation

Polarization

Day 0–3 Day 4–7 
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+ CoS

Naive
CD4+ T cell 

Survival signals

CD127 up-regulation
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Figure 1. Many key fate decisions are made within the first 2 days or so following CD4 T-cell priming including T helper type 1 (Th1)/Th2

polarization and the degree to which the cells can form memory. Such early decisions (programming) are especially key in experimental models

and immunization protocols using non-replicating antigen in the absence of adjuvants that facilitate prolonged presentation, which often restrict

cognate interactions to within the ‘initial programming’ window. Antigen (Ag), Co-stimulation (Cos) and interleukin-2 (IL-2) are critical signals

in programming memory potential. In contrast, replicating pathogens present CD4 T cells with the chance to reencounter antigen during the

effector phase of the immune response. Ag-, IL-2-, and Cos-dependent signals delivered to effector cells during a defined ‘memory checkpoint’ in

these situations can modulate the realization of memory fate programmed during initial priming. In the absence of proper signalling during pro-

gramming or during the memory checkpoint, effector cells form terminal populations with limited capacity to give rise to memory.
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Similarly, neutralizing IL-7 in vivo during the contraction

phase following priming with vaccinia virus,53 and block-

ing IL-7 receptor during the contraction phase following

priming with IAV39 had no impact on memory cells

recovered. Furthermore, in studies defining a crucial role

for the anti-apoptotic molecule Bcl-6 in CD4 T-cell mem-

ory generation, no differences in IL-7 receptor were

detected between wild-type and Bcl6�/� effectors follow-

ing peptide immunization, but virtually no memory cells

formed from the latter.54 Hence, the relative expression

level of IL-7 receptor on effector CD4 T cells alone is not

a definitive marker of memory fate.

Antigen

The strength of the antigen stimulus during priming can

be a major determinant of whether T cells, both CD4+55

and CD8+,56 form memory precursor cells versus terminal

effectors. This may at least in part relate to increased IL-2

production by T cells stimulated with higher affinity or

more antigen,36 through the mechanism discussed above.

Indeed, using a Listeria infection model, effector cells that

failed to form memory due to lower functional avidity

for priming antigen produced reduced IL-2 versus effec-

tors with higher avidity that formed memory.57 Experi-

ments in which the duration of antigen presentation

could be controlled found memory induction to require

greater than 24 hr of antigen stimulation whereas less

time was nevertheless sufficient to induce robust activa-

tion.58 This supports a model in which the stability of

cognate interactions during priming, influenced by the

amount and duration of antigen, has a profound impact

in programming memory potential.59 A similar conclu-

sion was made tracking TCR transgenic cells responding

against pathogens that provided more (efficient memory)

or less (virtually no memory) antigen.57 However, other

studies find that the duration of antigen presentation

beyond 24 hr does not play a role in determining CD4

T-cell fate.60 In addition, too much stimulation during

priming can be detrimental in priming CD4 T cells61

and in promoting memory generation62 and function.63

Somewhat at odds to results stressing the importance of

relatively fine differences in TCR-dependent signals, a

recent study reported that most CD4 T-cell clones able to

enter the response upon Listeria infection form memory

to at least some degree.64 The exact nature of antigen-

dependent signalling required to promote optimal mem-

ory programming during priming are therefore yet to be

fully defined.

A related variable found to impact memory formation

is the number of CD4 T cells able to respond. In a model

employing adoptive transfer of TCR transgenic CD4 T

cells and challenge with a virus recognized by the TCR,

increasing donor cells beyond a critical threshold virtually

abolished memory formation.65 Higher precursor

frequencies probably do not affect the ability of cells to

access peptide-bearing APC, but instead appear to impair

the longer-term interactions needed to programme mem-

ory development.66

These studies also stress the importance of designing

experiments using TCR transgenic cells to mirror as

much as possible the response of endogenous CD4 T-cell

populations. In addition to the number of responding

cells impacting response potential, larger populations of

monoclonal CD4 T cells have been shown to display

altered response kinetics compared with smaller popula-

tions of polyclonal cells.67 The timing of critical signals

involved in priming and, as will be discussed, during the

memory checkpoint, may therefore be substantially

impacted by precursor frequency.

Co-stimulation

Co-stimulatory signals delivered by APC are critical for

activation and maximal expansion of CD4 T cells. As

such, co-stimulation on one level can be viewed to simply

maximize the effector population, some of which will be

precursors for memory. But certain co-stimulatory signals

seem to programme CD4 T cells with an enhanced capac-

ity to survive long term. Both CD28- and CD40-depen-

dent signals during priming can promote optimal

efficiency with which effectors form memory following

peptide stimulation.68 Inducible T-cell co-stimulatory

(ICOS; CD278) -dependent signalling has also been found

to improve memory primed by bacterial challenge, even

though ICOS-ligand-deficient and ICOS-ligand-sufficient

T cells generate effector populations of similar magni-

tude.69 The requirement for co-stimulation may be

related to maximizing IL-2 production. Indeed, using

protein immunization, OX-40-dependent interactions

were found to promote optimal memory, correlating with

enhanced IL-2 production by the CD4 T cells.70 CD27-

dependent signals during priming may be especially

important for memory formed by CD4 T cells expressing

lower affinity TCRs.71 Whether or not different co-stimu-

latory molecule interactions direct or favour the genera-

tion of distinct kinds of memory cells is not clear.

However, signalling through OX-40 (CD134) expressed

by T cells may be especially important in generating ‘ef-

fector’ versus ‘central’ memory cells.72 This suggests the

possibility that novel vaccines could shape distinct subsets

to optimize protection in a pathogen-specific manner by

modulating the expression of single or multiple

co-stimulatory markers on APC.

Control of CD4 T-cell memory during the effector
phase of immune responses

It is increasingly clear that signals received by CD4 T-cell

effectors well after their activation can have a profound
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impact on memory fate. The relative emphasis on the

contribution of early versus later-acting signals in control-

ling memory can be influenced by the experimental sys-

tem employed. For example, non-replicating antigens

given without adjuvants that provide sustained presenta-

tion, and many in vitro models, focus analysis on vari-

ables that act during the first couple of days following

priming. This is because functional antigen presentation

in such experiments beyond the first few days is absent or

extremely limited.73 As mentioned earlier, it is also diffi-

cult to ascribe relative importance to ‘programming’ ver-

sus later ‘checkpoints’ in models where opportunities for

continuing antigen encounter exist without careful differ-

entiation of these stages. Below, we will discuss the grow-

ing body of evidence supporting the argument that the

same signals that influence memory potential during

priming again act to regulate memory fate at the effector

phase of CD4 T-cell responses.

Interleukin-2

We identified a critical need for autocrine IL-2 signals

well past priming to generate virtually all CD4 T-cell

memory following an IAV challenge.39 Although we con-

firmed the need for naive CD4 T cells to receive IL-2

during activation to be primed for memory fate (pro-

gramming), without a second IL-2 signal several days

later, the IL-2-primed cells did not survive contraction.39

The second IL-2 signal is required during a restricted

window between 5 and 7 days after infection at which

time the CD4 T cells are highly activated effectors. A sim-

ilar requirement for IL-2 signals after priming to promote

maximal CD4 T-cell memory is seen following lympho-

cytic choriomeningitis virus challenge,74 indicating that

late-acting memory checkpoints have key roles in settings

other than IAV infection.

Interleukin-2 rescues memory generation during the

memory checkpoint by at least two distinct mechanisms

(Figure 2). First, IL-2 up-regulates sustained CD127

expression on effector cells. This action of IL-2 presum-

ably operates through the same mechanisms as described

earlier by which IL-2 during priming increases CD127.

Increasing amounts of exogenous IL-2 given to mice from

days 4 to 6 post-infection in the form of IL-2: anti-IL-2

antibody complexes (that enhance the longevity and

potency of IL-2 in vivo75) directly correlate with the

degree of CD127 up-regulation, and with the number of

memory cells recovered. This indicates that the limiting

factor restricting memory is often the availability of IL-2

and not the number of effector cells inherently able to

form memory (i.e. properly ‘programmed’ and not termi-

nally differentiated). Furthermore, as the major pathway

of IL-2 signalling in T cells is autocrine following TCR

triggering, this suggests that another crucial bottleneck on

memory generation under physiological conditions is the

ability of effector cells to engage in cognate interactions

that result in autocrine IL-2 signals.

The second, unique mechanism by which IL-2 acts at

the memory checkpoint is through preventing acute

effector cell apoptosis (Figure 2). Interleukin-2 signalling

from days 4 to 6 post-infection up-regulates the expres-

sion of the anti-apoptotic protein Bcl-2 and down-regu-

lates the pro-apoptotic molecule Bim throughout the

contraction phase following IAV infection.39 Late IL-2

administration also increases Bcl-2 in effector T cells

responding to lymphocytic choriomeningitis virus.74

Other molecules regulated by IL-2 probably also con-

tribute to preventing acute apoptosis. For example, we

observed that IL-2 signals during the memory checkpoint

reduced tumour necrosis factor-related apoptosis-indu-

cing ligand (TRAIL; CD253) expression on effectors,39

and TRAIL-dependent apoptosis of Th1-polarized cells

during pathogen responses has been demonstrated.76,77 A

recent study in a malaria model also identified a critical

role for IL-2 during the effector phase of the CD4 T-cell

response in preventing terminal differentiation.78 It is

likely that other cytokines acting on effector cells also

impact memory formation. For example, transforming

growth factor-b can synergize with IL-2 to promote the

survival of activated CD4 T cells, at least in vitro.79 Simi-

larly, IL-15 can support effector cell survival in culture,80

although whether IL-15 can synergize with IL-2 in this

regard is not clear.

Antigen

By blocking major histocompatibility complex class II

(MHC-II) -dependent interactions in mice responding to

IAV only during the memory checkpoint phase of the

IAV response we observed a sharp reduction in the mag-

nitude of CD4 memory formed.39 One explanation for

reduced memory development in mice where MHC-II-

dependent interactions are blocked during the effector

phase of the CD4 T-cell response is that autocrine IL-2

signalling is much reduced. However, TCR stimulation

also impacts several aspects of the memory programme

that are independent of IL-2 signalling.81 Importantly,

these experiments used a small number of TCR transgenic

donor cells that closely mirrored the response kinetics,

and patterns of antigen encounter of endogenous CD4 T

cells responding against IAV detected by tetramer analy-

sis.81 This suggests that polyclonal CD4 T cells bearing

TCRs with different affinities share a similar need for

antigen recognition to form optimal memory during the

effector phase. However, given that response kinetics of

individual clones can vary based on their relative

frequency, it is possible that the precise timing of anti-

gen-dependent interactions that define the memory

checkpoint are asynchronous within endogenous effector

populations.
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The cognate interactions engaged in by effector cells

during the memory checkpoint also appear to induce

optimal functional potential of the memory cells gener-

ated. In these experiments, IAV-specific CD4 T effectors

were isolated from infected mice and cultured briefly with

dendritic cells in the presence or absence of cognate pep-

tide. Equal numbers of effectors were then transferred to

new hosts and analysed 1 week later. The effectors cul-

tured with peptide gave rise to memory cells with

enhanced capacity for IFN-c production and were able to

produce multiple cytokines compared with effectors cul-

tured without cognate antigen.81 The ability of Th1 cells

to co-produce multiple cytokines is a commonly used

indicator of their improved protective potential.82 Late

antigen encounter therefore impacts both quantitative

and qualitative aspects of memory formation.

A requirement for antigen beyond priming to generate

optimal CD4 T-cell memory has also been seen after Sal-

monella infection. Using an antibiotic to rapidly clear

bacteria from primed mice, researchers found that treat-

ment initiated before the second week of infection

severely limited the generation of protective IFN-c-secret-
ing memory cells whereas bacterial clearance after this

time-point had no effect on memory induction.83 Initia-

tion of antibiotic treatment before the second week

post-infection did not, however, impact the expansion of

CD4 T cells.83 A similar decrease in CD4 T-cell memory

and protective immunity has been reported in a murine

model of Chlamydia infection using antibiotics to cut

short the natural course of infection.84

Although antibiotic treatment in these studies probably

does not result in the immediate elimination of antigen

presentation, it may reduce antigen levels below a critical

threshold and/or severely shorten its duration compared

with natural infection.85 Additionally, antibiotic treatment

may alter the context of antigen presentation by reducing

infection-associated inflammation and co-stimulatory

molecule expression on APC that may be needed to pro-

mote memory (see next section). Further studies are

required to investigate the precise relationship between

antibacterial and antiviral drug treatment on memory

CD4 T-cell generation, and the mechanisms impacted.

Together, these findings lead to a teleological model in

which the continuing presence of antigen into the effector

phase of the CD4 T-cell response is central in determin-

ing the extent of memory formation. It makes sense that

little or no memory should be formed against antigens

that are present for only a few days and then rapidly

cleared. Such antigens do not pose a strong need for

recall as their removal by elements of the innate immune

response occurs before the generation of strong T-cell

responses. On the other hand, antigens that persist, and
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Figure 2. The efficiency of memory generation is impacted by two major mechanisms. First, the degree of acute contraction following the peak

of effector CD4 T-cell responses determines the number of effector cells able to serve as precursors for long-lived memory cells. Interleukin-2

(IL-2) signals during the memory checkpoint increase Bcl-2 and reduce Bim and tumour necrosis factor-related apoptosis-inducing ligand

(TRAIL) expression which protects effector cells from apoptotic death leading to a larger (solid line versus dotted line) population of effectors

with potential to form memory. Cognate interactions also up-regulate IL-7 receptor on effector cells. Although not impacting the degree of acute

apoptosis, CD4 T cells able to outcompete other T cells for IL-7 signals following contraction gain a fitness advantage to survive long-term. The

resulting number of long-lived memory cells formed following an immune response therefore depends both on how well effector cells survive

contraction and on their relative fitness to compete for IL-7. Both of these processes are impacted by Antigen (Ag), Co-stimulation (Cos) and

IL-2-dependent signals during the memory checkpoint.
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especially those that increase over the course of several

days, probably reflect an encounter with a replicating

microorganism that is not efficiently contained by innate

immunity alone. In such cases, recall responses by T cells

would be highly beneficial to reduce the severity of infec-

tion should the pathogen be encountered again.

Co-stimulation

We found CD70-dependent signalling through CD27

expressed on effector CD4 T cells to maximize IAV-

primed memory. CD27 stimulation enhanced IL-2 pro-

duction from effectors, suggesting that this is a major

mechanism by which this pathway acts to promote effec-

tor survival.39 This was confirmed by restoration of mem-

ory in mice treated with blocking antibodies against

CD70 together with administration of IL-2 complexes

from days 4 to 6 post-infection, circumventing the need

for autocrine IL-2 production induced by CD27-

dependent signalling during the memory checkpoint.

Interestingly, CD70+ APC detected in mice peak during

the 5- to 7-day period following IAV priming that coin-

cides with the memory checkpoint phase of the

response.39 The number of CD70+ APC present during

this timeframe may impose a critical limitation on the

number of memory cells generated. An appealing strategy

to improve vaccine-induced CD4 T-cell memory is to tar-

get the amplification of those APC able to deliver pro-

memory signals to antigen-specific effector cells, or to

directly modulate co-stimulatory molecule expression by

APC to alleviate bottlenecks constricting memory forma-

tion. Further research is needed to determine whether

other co-stimulatory pathways found to impact memory

during priming (see above) also have roles during the

effector phase to maximize memory fate.

It is highly likely that other pathways beyond those

summarized here that act during the effector phase of

immune responses also impact the efficiency of memory

generation. Studies assessing the ability of effector CD4 T

cells isolated 6–8 days after peptide priming to form

memory in adoptive hosts found a strong pro-memory

impact of Toll-like receptor ligand administration at the

time of transfer.86 A direct impact of the adjuvant on the

T cells was observed, resulting in enhanced ability to pro-

duce IL-2. This indicates that pathogen-associated molec-

ular patterns sensed by effector CD4 T cells can

contribute during the memory checkpoint to promote

short-term effector survival, and ultimately improved

memory formation.

Distinct regulation of tissue-resident memory
establishment?

Specialized subsets of CD4+ and CD8+ memory T

cells persist at sites of infection without systemic

recirculation.87 In many cases tissue-resident memory

(TRM) CD4 T cells have been found to make critical con-

tributions to pathogen clearance. Examples include in

mice challenged with IAV after intranasal vaccination, in

animals primed and re-challenged with Bordetella pertussis

or with oral Listeria challenge, and after vaccination and

rechallenge with Francisella tularensis.88–92 Their distinct

impact is due in large part to location, allowing TRM cells

to respond before conventional memory cells in lymphoid

tissues are stimulated and traffic in large numbers to

inflamed sites, a process than can take up to 1 week.24

It is not well understood when during the immune

response TRM cell differentiation occurs. It is reasonable

to assume that decisions governing TRM cell fate take

place only after effector CD4 T cells traffic to sites of

infection to engage in responses against pathogens. It is

also plausible that unique factors regulate this pathway

versus the signals critical for the formation of conven-

tional CD4 T-cell memory. In support of this hypothesis,

we found memory cells in the lung were reduced in the

absence of IL-2 only by about twofold compared with the

almost complete ablation of memory cells in lymphoid

organs.93 We furthermore found that all of the IL-2-inde-

pendent memory cells fit TRM cell criteria and were indis-

tinguishable from TRM cells formed in mice where IL-2

signalling was not blocked.93 We found a similar number

of lung memory cells in mice in which we blocked MHC-

II-dependent antigen-presentation from days 4 to 6 post-

infection,39 suggesting that TRM cells can develop in the

absence of interactions with APC during the memory

checkpoint that are required to form most other memory

cells.

These observations suggest that the formation of some

TRM cells may be directly guided by inflammatory signals

received by effector cells in infected tissues independently

of cognate interactions during which IL-2, antigen and

co-stimulatory signals are delivered (Figure 3). In support

of this hypothesis, we found that blocking IL-15 sig-

nalling from 1 to 7 days post-infection eliminated the

IL-2-independent TRM cell subset.93 Interleukin-15, which

is not produced by CD4 T cells, is only detected in the

lungs during IAV challenge and peaks during the same

4- to 7-day post-infection window in which late IL-2 acts

on effectors to facilitate memory formation.93 Inter-

leukin-15 signalling to CD4 T-cell effectors therefore

appears to constitute a tissue-derived signal, generated in

response to infection, that is restricted in promoting local

memory. Indeed, equal populations of memory CD4 T

cells are seen in secondary lymphoid organs of wild-type

and IL15�/� mice primed by IAV, indicating that circu-

lating memory cell formation is largely independent of

IL-15. Future work is needed to determine if IL-15, or

other factors, play similar roles in other tissues during

infection to direct CD4+ TRM cell formation. Fully eluci-

dating this pathway may be valuable for vaccine strategies
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as a means to specifically target TRM cell formation versus

the IL-2-dependent mechanism that can support the for-

mation of both circulating and local memory pools.

Summary and future directions

There has been tremendous progress towards understand-

ing the basic mechanisms governing T-cell memory gen-

eration. For example, studies revealing the importance of

the metabolic94 and transcriptional95 state of effectors in

facilitating memory development have provided novel

mechanistic clarity into how fate decisions are governed

as well as targets for intervention. One of the pressing

challenges facing the field though is to incorporate these

insights into improved vaccination strategies that are able

to harness the protective potential of T-cell memory. Per-

haps the most direct means towards this goal is for vacci-

nes to mimic as much as possible the signals and

environments induced by actual infection. Indeed, the

focus on developing novel adjuvant regimens to optimize

lymphocyte priming reflects this approach. However, in

most cases, and especially with non-replicating vaccine

platforms, the priming phase is the only aspect of the

T-cell response that is considered and targeted. This has

tended to place an emphasis on improving memory T-cell

generation through manipulating variables during the

initial ‘programming’ of T-cell responses.

On the other hand, a growing body of experimental

evidence indicates that to maximize their ability to prime

T-cell memory, vaccines must also aim to replicate key

Circulating memory
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SLO and Lung
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Figure 3. Tissue-resident memory primed by influenza A virus (IAV) is supported by two independent pathways acting at the memory ‘check-

point’. (a) Antigen (Ag), interleukin-2 (IL-2), and Co-stimulation (CoS) -dependent signals support the generation of circulating memory cells in

secondary lymphoid organs and in the lung (the site of infection). (b) These same signals can also support the generation of a cohort of tissue-

resident memory cells in the lung. An additional IL-2-independent, IL-15-dependent mechanism can also support robust tissue-resident memory

formation. IL-15 is an inflammatory cytokine induced by IAV infection that is restricted mainly to the lung. This pathway appears not to require

cognate interactions during the memory checkpoint (indicated by the red dashed line). In the absence of IL-15 and IL-2 signals, effector CD4 T

cells fail to survive the contraction phase, generating virtually no memory either in the lung or systemically.
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aspects of the environments and signals induced by infec-

tion in which activated T-cell effectors respond. It is at

this later phase of the immune response against replicat-

ing pathogens that the realization of memory fate, and in

at least some cases the maximal functional and protective

potential of memory cells, can be powerfully influenced

by antigen, IL-2 and co-stimulatory signals. Further char-

acterization of the cognate interactions that effector CD4

T cells engage in with APC, as well as the influence of

inflammatory signals at the site of infection, will continue

to provide novel insight into how CD4 T-cell memory

can be optimized through innovative vaccine approaches.
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