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Abstract
A fundamental property of the adaptive immune system is the ability to generate 
antigen specific memory, which protects against repeated infections with the same 
pathogens and determines the success of vaccination. Immune memory is built up 
alongside a response providing direct protection during the course of a primary immune 
response. For CD8 T-cells, this involves the generation of two distinct types of effector 
cells. Short lived effector cells (SLECs) confer immediate protection, but contribute little 
to the memory repertoire. Memory precursor effector cells (MPECs) have the ability to 
respond to survival signals and develop into memory cells. These two types of cells can 
be distinguished on the basis of surface markers and express distinct genetic programs. 
A single naive CD8 T-cell can give rise to both MPEC and SLEC daughter cells. This may 
involve an initial asymmetric division or depend on later instructive signals acting on 
equipotent daughter cells. Strong inflammatory signals favor the generation of SLECs, 
weaker inflammation favors the generation of MPECs. A distinguishing feature of MPECs 
is their ability to persist when most effector cells die. This survival depends on signals 
from the IL-7 receptor, which induce expression of anti-apoptotic factors. MPECs are 
therefore characterized by expression of the IL-7 receptor as well as the CCR7 chemokine 
receptor, which allows homing to areas in lymphoid organs where IL-7 is produced. Critical 
for persistence of MPECs is further their responsiveness to myeloid cell derived  IL-15, 
which instructs these cells to switch their metabolic programs from glycolysis associated 
with rapid proliferation to fatty acid oxydation required during a more resting state. 
As the mechanisms determining generation of immunological memory are unraveled, 
opportunities will emerge for the improvement of vaccination strategies.

Numbers
The	adaptive	immune	response	is	a	numbers	game	with	ups	and	downs.	Many	different	

pathogens	can	potentially	invade	our	tissues	necessitating	the	existence	of	a	large	number	
of	different	antigen	receptor	specificities.	As	the	frequency	of	individual	antigen	receptor	
specificities	 is	 inversely	proportional	 to	 the	 total	number	of	 specificities,	 the	number	of	
naive	cells	carrying	any	 individual	specificity	 is	 low.	Measurements	among	CD8	T-cells	 in	
mice	 have	 shown	 that	 the	 pre-immune	 frequency	 of	 individual	 antigen	 specificities	 lies	
between	1	in	7	x	104	and	1	in	3	x	105	cells	and	a	mouse	thus	contains	around	80	to	1200	
naive	CD8	T-cells	of	each	specificity1.	This	number	stands	in	sharp	contrast	to	the	millions	of	
cells	that	can	be	infected	during	a	viral	invasion.	As	killing	by	CD8	T-cells	requires	direct	cell-
cell	contact,	tremendous	expansion	of	the	naive	repertoire	of	CD8	T-cells	is	thus	necessary	
for	effective	removal	of	all	these	infected	cells.	Indeed,	at	the	peak	of	a	response,	up	to	10%	
of	the	CD8	T-cell	repertoire	may	consist	of	cells	with	a	single	antigen	specificity,	requiring	
around	104-fold	or	greater	expansion	of	the	naive	repertoire1.	Ten	such	responses	would	
theoretically	 result	 in	a	doubling	of	 the	 total	number	of	CD8	T-cells	 in	a	mouse.	Clearly,	
maintaining	all	these	excess	effector	CD8	T-cells	after	clearance	of	the	infections	would	be	a	
great	waste	of	resources	and	space	and	possibly	even	dangerous,	given	that	these	cytotoxic	
cells	 are	 armed	 to	 the	 teeth.	 After	 about	 a	 week	 into	 a	 primary	 CD8	 T-cell	 response,	
antigen	 specific	 repertoires	 therefore	 contract	 again,	 ultimately	 leaving	 only	 about	 5	 to	
10%	of	the	newly	generated	cells	to	generate	a	stable	pool	of	memory	cells2.	While	only	a	
minor	fraction	of	the	peak	population,	the	number	of	memory	CD8	T-cells	persisting	is	still	
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several	orders	of	magnitude	greater	 than	the	naive	repertoire,	giving	 them	a	head	start	
when	the	same	micro-organism	reinfects	the	host	and	the	repertoire	must	be	expanded	
again.		In	combination	with	qualitative	differences	between	memory	and	naive	CD8	T-cells,	
this	 greater	precursor	 frequency	 causes	memory	 responses	 to	be	both	 faster	 and	more	
vigorous	than	primary	responses,	and	thereby	limit	pathology	from	repeated	infections3.	
Different	types	of	memory	CD8	T-cells	exist,	which	differ	in	their	localization	and	functional	
abilities.	Central	memory	(Tcm)	cells	express	high	levels	of	the	lymph	node	homing	receptor	
CD62L	and	correspondingly	reside	in	lymph	nodes	and	spleen.	On	the	other	hand,	effector	
memory	(Tem)	CD8	T-cells	lack	expression	of	CD62L	and	are	preferentially	found	in	tissues.	
Tem	have	limited	ability	to	proliferate,	but	readily	unleash	their	effector	function,	whereas	
Tcm	proliferate	vigorously	and	require	a	differentiation	phase	to	acquire	effector	function3.	

As	memory	 responses	 determine	 the	 success	 of	 vaccination,	 there	 is	 great	 interest	 in	
understanding	the	mechanisms	controlling	the	generation	of	effective	memory.	The	early	
events	leading	to	the	establishment	of	CD8	T-cell	memory	are	the	subject	of	this	chapter.

MPECs and SLECs: Cells with different potential
A	key	question	is	how	it	is	decided	which	effector	cells	should	die	at	the	end	of	a	primary	

response	and	which	ones	will	live	on	to	become	memory	cells?	Conceptually,	two	different	
models	are	possible:	First,	all	effector	cells	could	be	equipotent	and	chance	encounters	with	
survival	factors	at	and	after	the	peak	of	the	response	could	determine	which	cells	survive	
and	develop	into	memory	cells.	Alternatively,	a	decision	could	be	made	earlier,	such	that	
some	effector	cells	are	destined	to	die,	while	others	are	predisposed	to	seed	the	memory	
lineage.	The	available	evidence	clearly	favors	the	latter	possibility.	Cell	transfer	experiments	
have	shown	that	at	the	peak	of	the	response	two	types	of	effector	cells	exist:	short	lived	
effector	cells	(SLEC),	which	die	during	contraction	of	the	repertoire,	and	memory	precursor	
effector	cells	(MPEC)4.	These	cells	are	found	within	two	populations	with	distinct	expression	
of	the	killer	lectin-like	receptor	KLRG1	and	the	α-chain	of	the	IL-7	receptor,	CD127.	KLRG1+	

CD127-	 cells	 are	 mostly	 short	 lived	 effector	 cells	 (SLECs),	 whereas	 memory	 precursor	
effector	 cells	 are	 contained	within	 a	KLRG1-	CD127+	population4,5.	 Further	heterogeneity	
may	exist	within	the	MPEC	population.	A	proportion	of	KLRG1-	CD127+	was	recently	shown	
to	express	CD62L,	and	it	has	been	suggested	that	these	cells	may	be	the	precursors	of	Tcm6.	
The	relative	distribution	of	cells	in	these	populations	varies	between	responses	to	different	
infections.	For	instance,	over	60%	of	antigen	specific	cells	found	at	the	peak	of	the	response	
to	Listeria	monocytogenes	or	LCMV	is	KLRG1+	CD127-,	whereas	this	population	makes	up	
only	20%	of	the	response	to	Influenza	virus6,7.	A	third	population	of	KLRG1-	CD127-	cells	is	
found	at	the	peak	of	the	response	to	some	pathogens	such	as	Influenza	virus	or	vesicular	
stomatitis	virus	(VSV)6.	Cells	 in	this	population	have	the	capacity	to	give	rise	to	all	 three	
populations,	KLRG1-	CD127-,	KLRG1+	CD127-	and	KLRG1-	CD127+	6.	These	cells	thus	appear	to	
be	precursors	to	SLECs	and	MPECs	and	have	been	referred	to	as	early	effector	cells	(EEC)6.	
Commitment	to	the	MPEC	fate	seems	to	already	be	made	by	cells	in	this	population.	It	was	
shown	that	high	expression	of	 the	 transcriptional	 regulator	 Id3	among	EEC	marks	 those	
cells	destined	to	develop	into	memory	cells8.	

Both	SLECs	and	MPECs	are	genuine	effector	cells,	which	produce	effector	cytokines	such	
as	 IFNγ	as	well	as	cytolytic	effector	molecules	 like	granzyme	B	and	perforin	(RB	and	DA-
unpublished	results).	Nonetheless,	significant	differences	exist	between	the	two	types	of	
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effector	 cells,	 apart	 from	the	ability	 to	 survive.	 SLECs	produce	higher	 levels	of	 cytotoxic	
effector	molecules	than	MPECs.	This	is	true	especially	at	later	stages	in	the	response,	when	
MPECs	 gradually	 reduce	 production	 of	 these	 molecules	 9.	 In	 contrast,	 MPECs	 produce	
more	IL-2.	Differences	are	also	found	in	the	expression	pattern	of	chemokine	and	homing	
receptors,	with	for	instance	preferential	expression	of	the	lymph	node	homing	receptors	
CCR7	and	CD62L	on	MPECs	(see	below)6,9,10.	

As	would	be	expected	from	these	phenotypic	differences,	the	SLEC	and	MPEC	fates	are	
associated	with	distinct	 transcriptional	programs.	Dedicated	 transcription	 factors	govern	
these	gene	expression	programs.	Several	of	these	factors	are	preferentially	expressed	in	one	
cell	type	or	the	other.	For	instance,	the	T-box	transcription	factor	T-bet	and	the	Zinc	finger	
containing	 transcriptional	 repressor	Blimp1	are	both	expressed	at	higher	 levels	 in	SLECs	
than	 in	MPECs	and	are	necessary	 for	 the	development	of	KLRG1+	CD127-	 cells5,9,11.	 T-bet	
contributes	to	the	establishment/maintenance	of	SLEC	 identity	by	promoting	expression	
of	the	Ifng	gene	and	repression	of	the	gene	encoding	CD127.	T-bet	also	induces	expression	
of	CD122,	 the	β-chain	of	 the	receptor	 for	 	 IL-15,	which	helps	maintain	viability	of	SLECs	
at	 late	 stages	 in	 the	 response	 (see	 below)12.	 Blimp1	 is	 necessary	 for	 high	 expression	 of	
cytotoxic	molecules,	such	as	granzyme	B,	FasL	and	perforin9,11.	As	Blimp1	is	a	transcriptional	
repressor,	 it	seems	 likely	that	 intermediate	factors	are	 involved	 in	these	positive	effects.	
On	 the	 other	 hand,	 Blimp1	 inhibits	 expression	 of	 multiple	 MPEC	 specific	 factors,	 such	
as	CD127	and	 IL-2,	as	well	as	chemokine	receptors	and	receptors	 involved	 in	homing	to	
lymphoid	 organs,	 like	 CCR7	 and	 CD62L9,11.	 Blimp1	 furthermore	 directly	 antagonizes	 the	
MPEC	transcriptional	program	at	a	higher	level	by	repressing	expression	of	various	MPEC	
promoting	transcription	factors.	One	of	these	is	Bcl6,	a	factor	necessary	for	development	
of	stable	MPEC	cells,	which	itself	inhibits	expression	of	the	granzyme b	gene	as	well	as,	in	a	
mutually	antagonistic	fashion,	the	gene	encoding	Blimp113.	Another	MPEC	factor	inhibited	
by	Blimp1	is	Id39,	a	helix-loop-helix	factor	which	functions	as	dominant-negative	regulator	
of	DNA	binding	by	E-proteins	or	other	transcription	factors14.	Id3	is	expressed	at	elevated	
levels	 in	MPECs	and	 is	 essential	 for	 their	 long	 term	survival	 through	as	 yet	unidentified	
mechanisms8,15.	Finally,	the	Wnt	pathway	transcription	factor	Tcf1	is	preferentially	expressed	
in	MPECs	and	inhibited	by	Blimp19,16.	Like	Id3,	Tcf1	is	not	required	for	MPEC	differentiation	
per	se,	but	is	essential	for	persistence	of	MPECs	by	transactivating	the	gene	encoding	the	
T-box	factor	Eomesodermin16.	 In	 its	turn,	Eomesodermin	promotes	expression	of	CD122,	
allowing	MPECs	and	memory	cells	to	respond	to		IL-15,	which	is	necessary	for	initial	survival	
and	their	later	homeostasic	turn	over12.	Finally,	the	FoxO1	transcription	factor	promotes	the	
MPEC	fate	by	inducing	expression	of	CD127,	CD62L	and	Eomesodermin17.	At	the	same	time,	
FoxO1	inhibits	expression	of	the	SLEC	factor	T-bet17.	

A	general	picture	that	emerges	is	that	dedicated	transcription	factors	act	both	positively	
to	promote	one	fate,	and	negatively	to	inhibit	the	other	(Fig. 1).	This	suggests	that	these	
two	cell	types	exist	in	bistable	states,	such	as	found	for	instance	also	between	T	helper	1	
and	T	helper	2	 cells,	 reinforcing	 the	notion	 that	MPEC	and	SLEC	 truly	 represent	distinct	
identities,	rather	than	a	continuum	of	phenotypes.	

One cell, multiple fates
How	then	is	this	heterogeneity	of	SLECs	and	MPECs	generated?	One	possibility	could	be	

that	different	naive	precursors	develop	 into	SLECs	and	MPECs.	 It	has	been	proposed	 for	
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instance	that	the	timing	of	recruitment	into	the	response	affects	the	ultimate	fate	chosen	
by	 the	CD8	naïve	precursor.	 Indeed,	not	all	antigen	responsive	cells	are	activated	at	 the	
same	time.	For	instance,	1	day	after	infection	with	VSV,	only	35%	of	the	naïve	VSV	specific	
CD8	T-cells	expressed	the	early	activation	marker	CD69,	whereas	after	2	days	nearly	all	VSV	
specific	CD8	T-cells	did1.	Furthermore,	when	naive	precursors	were	transferred	at	different	
times	into	a	mouse	already	making	a	response,	those	CD8	T-cells	transferred	at	a	relatively	
late	 stage	preferentially	developed	 into	MPEC	 18.	 It	 is	 therefore	possible	 that	 the	timing	
of	activation	does	influence	the	choice	between	SLEC	and	MPEC	differentiation.	However,	
others	have	shown	that	one	single	Ag-specific	CD8	T-cell	can	give	rise	to	a	diverse	population	
of	effector	and	memory	cells19,20.	When,	for	instance,	a	single	naive	antigen-specific	T-cell	
was	transferred	into	a	congenic	host,	it	was	found	that	its	progeny	consisted	of	both	effector	
and	memory	 cells19.	 In	 another	 experiment,	 naive	CD8	T-cells	were	engineered	 to	 carry	
unique	genetic	“barcodes”,	short	random	DNA	sequences,	which	allow	the	tracing	of	their	
progeny.	When	mice	with	these	CD8	T-cells	were	infected	with	different	model	pathogens,	
the	same	barcodes	were	found	back	in	both	effector	and	memory	cells20.	If	SLECs	and	MPECs	
were	derived	from	different	naive	precursors,	the	prediction	of	this	experiment	would	have	
been	 that	a	 specific	 subset	of	barcodes	 should	be	 found	exclusively	 in	 the	effector	cells	
and	not	 in	the	memory	population	(and	vice	versa).	That	such	a	population	of	barcodes	
was	not	found,	suggests	that	the	generation	of	SLEC	and	MPEC	progeny	from	a	single	naive	
precursor	is	the	rule	rather	than	the	exception.	

Commitment at first division or later
Two	models	have	been	proposed	to	explain	how	a	single	cell	gives	rise	to	both	of	SLEC	and	

MPEC	progeny	(Fig. 2)	and	each	of	these	models	has	been	supported	by	elegant	experimental	
evidence.	In	the	first	model,	the	decision	between	SLEC	and	MPEC	is	taken	already	during	a	
first	asymmetric	division	of	the	naive	CD8	T-cell,	in	which	one	of	the	daughter	cells	adopts	
the	SLEC	and	the	other	the	MPEC	fate21.	It	was	shown	that	cognate	interaction	with	peptide	
loaded	 antigen	 presenting	 cells	 (APC)	 results	 in	 a	 polarized	 organization	 of	 naive	 CD8	
T-cells	with	 several	molecules	moving	 towards	 the	 site	 of	 interaction	 and	others	 to	 the	
opposite	side21.	As	cytokinesis	occurs	while	the	CD8	T-cell	is	still	in	contact	with	the	APC,	

Differen a on

E MPEC

SLEC

A B
MPEC SLEC
Bcl-6
Id3
Tcf-1
Eomes
FoxO1

Blimp-1

Tbet

Fig. 1. (A)	Transcriptional	 regulators	dedicated	 to	 the	establishment	and	maintenance	of	either	MPEC	or	SLEC	
differentiation	form	cross-regulatory	networks,	which	 inhibit	one	another	at	multiple	 levels	 to	generate	stable	
identities.	(B) The	formation	of	MPECs	and	SLECs	from	single	precursor	cells	represented	as	bistable	differentiation	
states,	allowing	separation	of	SLECs	and	MPECs	as	distinct,	relatively	stable	cell	subsets.	Both	differentiated	states	
are	energetically	more	favorable	than	the	transition	state.	Only	after	crossing	a	threshold	do	the	cells	transition,	
but	intermediate	phenotypes	likely	do	not	exist	due	to	inherent	instability.	Because	SLECS	can	be	generated	from	
MPECs,	but	probably	not	the	other	way	around,	the	former	are	represented	at	a	lower	energetic	state.
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this	polarized	organization	of	the	original	naive	CD8	T-cells	results	in	unequal	distribution	
of	molecules	between	 the	 two	daughter	cells.	The	cell	 closest	 to	 the	APC	 (the	proximal	
daughter)	was	found	to	receive	greater	levels	of	molecules	associated	with	effector	fate,	
such	as	granzyme	B	and	Tbet21,22.	The	distal	daughter	cell	received	greater	levels	of	CD127,	
a	marker	associated	with	the	MPEC	fate.	Upon	transfer	into	recipient	mice,	distal	daughter	
cells	 conferred	 greater	 protection	 to	 delayed	 infection	 than	 proximal	 daughter	 cells,	
consistent	with	 the	possibility	 that	 the	distal	 cells	possess	greater	potential	 to	generate	
memory21.

In	 the	 second	 model,	 naive	 CD8	 T-cells	 generate	 equipotent	 daughter	 cells	 that	 all	
develop	effector	function.	Some	of	these	daughters	will	subsequently	develop	into	SLECs	
and	others	into	MPECs,	depending	on	signals	encountered	during	the	response.	In	support	
of	this,	it	has	been	shown	that	memory	T-cells	indeed	derive	from	cells	with	effector	cell	
characteristics.	 This	 conclusion	 was	 drawn	 from	 experiments	 in	 which	 transgenic	 mice	
expressed	 a	 tamoxifen	 controllable	 version	 of	 the	 Cre	 enzyme	 (ER-Cre)	 driven	 by	 the	
regulatory	 elements	 of	 the	 granzyme	 B	 gene23.	 These	 mice	 additionally	 contained	 an	
expression	 construct	 encoding	 the	 yellow	 fluorescent	 protein	 (YFP)	 marker,	 which	 was	
inserted	 in	 the	 ubiquitously	 expressed	Rosa	 locus,	 but	 was	 inactive	 until	 Cre	mediated	
excision	 of	 a	 5’	 Stop	 sequence.	 This	 configuration	 allowed	 indelible	marking	 of	 cells,	 in	
which	Cre	had	been	expressed	at	some	point,	as	well	as	their	progeny.	It	was	found	that	
addition	of	tamoxifen	(to	allow	ER-Cre	function)	at	early	stages	after	primary	infection	led	
to	 the	development	of	YFP+	memory	cells23.	Therefore,	ancestors	of	 these	memory	cells	
had	expressed	 the	gene	encoding	 the	effector	cell	molecule	granzyme	B	at	 some	stage.	
This	experiment	excludes	an	all	or	none	model	in	which	an	early	asymmetric	division	yields	
one	daughter	lineage	with	effector	function	and	another	daughter	lineage	without	effector	
function,	 destined	 to	 develop	 into	 memory	 cells.	 The	 experiment	 does	 not,	 however,	
exclude	a	hybrid	model,	 in	which	cells	already	committed	to	the	MPEC	fate	still	develop	
some	effector	function.	Consistent	with	this	possibility,	KLRG1-	CD127+	MPEC	have	indeed	
been	shown	 to	produce	granzyme	B,	especially	early	after	 infection9.	At	 the	 same	time,	

Fig. 2. Two models for the generation of both MPECs and SLECs from a single precursor.	 (A) CD8+	 T-cell	
heterogeneity	 can	be	 imparted	during	 the	first	 cell	 division	 after	Ag	encounter	by	 asymmetric	 division	of	 the	
naïve	CD8+	T-cell.	Asymmetrical	 segregation	of	cell	 fate	determinants	 leads	 to	 the	 formation	of	phenotypically	
and	functionally	different	daughter	cells.	Daughter	cells	do	still	require	input	from	environmental	signals	to	fully	
differentiate	and/or	to	expand.	(B) Equipotent	daughter	cells	are	formed,	some	of	which	will	develop	into	SLEC	
and	others	into	MPEC	cells	depending	on	signals	they	encounter.	Commitment	to	SLEC	or	MPEC	fates	may	occur	
after	the	first	division	as	shown,	or	may	happen	after	two	or	more	divisions.

A B

CD70
4-1BBL
OX40L

IL10
IL21

Type I IFN
IL2

IL12
IL27

Type I IFN
IL2
IL12
IL27

Naïve T cell

MPEC SLEC

Type I IFN
IL2
IL12
IL27

Naïve T cell

MPEC SLEC

CD70
4-1BBL
OX40L

IL10
IL21

Type I IFN
IL2

IL12
IL27



87

Decisions on the Road to Memory

5

it	 should	be	noted	 that	 the	evidence	 supporting	a	decisive	 role	 for	 asymmetric	division	
in	 determining	 SLEC	 versus	 MPEC	 fate	 currently	 rests	 on	 a	 single	 type	 of	 experiment:	
adoptive	 transfer	 of	 cells,	 identified	as	 distal	 or	 proximal	 daughter	 cells	 on	 the	basis	 of	
small	differences	in	expression	of	surface	markers21.	Although	this	approach	was	not	wrong	
per	se,	independent	confirmation	of	the	importance	of	asymmetric	division	by	additional	
experimental	strategies	still	seems	warranted.	

Factors promoting MPEC or SLEC differentiation
Regardless	of	the	point	at	which	commitment	to	SLEC	or	MPEC	is	made,	it	 is	clear	that	

external	signals	strongly	affect	the	development	of	these	cell	types	(Fig. 2).	A	general	rule	
seems	to	be	that	signals	associated	with	strong	inflammation	favor	development	of	SLECs.	
Treatment	of	mice	with	antibiotics	during	infection	with	the	intracellular	bacterium	Listeria	
monocytogenes	 results	 in	 diminished	 expansion	 of	 antigen	 specific	 CD8	 T-cells24.	 This	 is	
due	 for	 the	most	 part	 to	 an	 almost	 complete	 absence	 of	 SLEC	 generation.	Numbers	 of	
MPECs	generated	under	 these	conditions	are	close	 to	 those	 found	 in	 infections	without	
antibiotics	and	these	MPECs	give	rise	to	functional	memory24.	As	treatment	with	antibiotics	
also	reduced	serum	levels	of	inflammatory	cytokines24,	a	possible	interpretation	could	be	
that	 such	 cytokines	 are	 required	 for	 SLEC	 formation.	 Likewise,	 SLEC	 differentiation	was	
almost	abrogated	in	CCR5	and	CXCR3	double	deficient	mice	infected	with	Influenza	virus.	
These	chemokine	receptors	are	necessary	for	migration	into	the	infected	tissue	and	their	
absence	presumably	causes	lower	exposure	of	the	activated	CD8	T-cells	to	inflammatory	
mediators25.	Indeed,	CD8	T-cells	lacking	expression	of	functional	receptors	for	IL-12	or	type	
IFN	generate	fewer	SLECs	and	proportionally	more	MPEC	with	the	relative	contribution	of	
each	cytokine	varying	depending	on	the	infectious	model	studied7,26.	SLEC	differentiation	
is	 not	 completely	 abrogated	 by	 the	 combined	 absence	 of	 both	 receptors,	 possibly	 due	
to	 a	 contribution	 of	 yet	 other	 inflammatory	 cytokines,	 such	 as	 IL-277.	 The	 finding	 that	
the	numbers	 of	 KLRG1-	CD127+	 cells	 are	 relatively	 unchanged	when	 these	 inflammatory	
cytokines	are	absent	might	seem	to	suggest	that	memory	cell	formation	occurs	by	avoiding	
exposure	to	inflammatory	cytokines.	However,	this	idea	is	only	partially	correct.	Whereas	
cells	with	the	phenotypic	characteristics	of	MPECs	do	indeed	develop	in	normal	numbers,	
combined	 deficiency	 for	 both	 IL-12	 and	 type	 I	 IFN	 receptors	 results	 in	 poor	 memory	
development	due	to	precipitous	death	of	the	MPECs	at	later	stages	in	the	response26.	One	
possible	explanation	for	the	dual	functions	of	inflammatory	signals	could	be	that	strong	or	
repeated	exposure	to	inflammatory	cytokines	induces	early	effector	cells	to	develop	into	
SLECs,	whereas	weaker	or	shorter	exposure	induces	critical	aspects	of	a	survival	program	
in	the	developing	MPECs.

Another	 factor	 promoting	 the	 generation	 of	 SLECs	 is	 IL-2.	 High	 concentrations	 of	 IL-2	
promote	acquisition	of	effector	functions	in	tissue	culture27.	In vivo,	expression	of	CD25,	the	
α-chain	of	the	high	affinity	IL-2	receptor,	is	uniformly	high	at	early	stages	after	infection,	but	
at	later	stages	CD25high	and	CD25low	populations	develop28.	Of	these,	the	CD25high	population	
contains	more	proliferative	cells,	which	eventually	develop	into	SLECs.	CD25low	cells	develop	
the	phenotypic	characteristics	of	MPECs	and	preferentially	 survive	at	 later	 stages	of	 the	
response.	Expression	of	CD25	is	elevated	or	maintained	at	high	levels	by	IL-2	receptor	and	
antigen	receptor	signaling	as	well	as	by	costimulatory	signals28.	Help	from	CD4	T-cells	also	
promotes	expression	of	CD25,	possibly	by	providing	a	source	of	 IL-2	 29.	CD25	expression	
is	 not	 an	 absolute	 requirement	 for	 the	 generation	 of	 SLECs.	 CD25	 deficient	 CD8	 T-cells	
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still	 generate	 such	 cells,	 but	 at	 reduced	numbers	 29.	On	 the	other	hand,	 the	 generation	
of	MPECs	by	CD25	deficient	CD8	T-cells	seems	relatively	normal,	such	that	proportionally	
their	 frequency	 is	 increased	 29.	 Nonetheless,	 as	 is	 the	 case	 for	 inflammatory	 cytokines,	
IL-2	may	not	be	dispensable	for	the	generation	of	functional	CD8	T-cell	memory:	Although	
CD25	deficient	CD8	T-cells	generate	a	memory	population	of	normal	size,	such	cells	did	not	
mount	functional	memory	responses	upon	reinfection,	although	this	was	not	found	in	all	
studies29,30.	It	is	not	clear,	however,	whether	IL-2	programs	the	development	of	functional	
memory	cells	or	whether	already	differentiated	memory	cells	require	IL-2	receptor	signals	
to	mount	an	effective	memory	response31.

A	number	of	 signals	 thus	promotes	development	of	SLECs.	Does	 this	mean	 that	MPEC	
differentiation	is	a	default	fate	or	does	induction	of	this	fate	require	specific	instructive	signals	
as	well?	Although	no	conclusive	evidence	exists	for	this	yet,	several	signals	have	shown	to	
be	necessary	for	CD8	memory	T-cell	development.	Two	cytokines	required	for	this	are	IL-10	
and	IL-2113.	 IL-21	 is	produced	predominantly	by	CD4	T-cells	and	may	be	a	component	of	
CD4	T-cell	help	to	CD8	T-cells32.	IL-10	can	be	made	by	a	variety	of	cells,	including	CD4	T-cells	
and	myeloid	cells.	Memory	CD8	T-cell	responses	are	weak	in	mice	lacking	Stat3,	a	common	
effector	of	 the	 IL-10	and	 IL-21	 receptors13.	However,	 this	phenotype	may	not	be	caused	
by	defective	development	of	MPECs,	but	may	rather	be	a	consequence	of	an	inability	to	
maintain	MPECs	at	later	stages.	MPEC	cells	gradually	disappear	in	these	mice	and	the	same	
is	true	when	both	IL-10	and	IL-21	are	absent.	As	MPEC	numbers	dwindle,	there	is	a	gradual	
increase	in	a	population	of	KLRG1+CD127-	cells	under	these	conditions,	suggesting	that	the	
loss	of	MPECs	results	from	conversion	into	SLECs13.	IL-10	and	IL-21	were	shown	to	induce	
expression	of	SOCS3,	which	in	turn	was	shown	to	inhibit	signaling	via	the	IL-12	receptor13.	It	
is	possible,	therefore,	that	IL-10	and	IL-21	prevent	differentiation	of	already	formed	MPECs	
into	SLECs	by	insulating	these	cells	from	the	influence	of	cytokines	such	as	IL-12.

The	TNF	receptor	family	members	CD27,	4-1BB	and	OX40	have	all	been	implicated	in	the	
generation	of	CD8	T-cell	memory33.	Of	these	receptors,	CD27	is	found	already	on	naive	CD8	
T-cells,	whereas	the	other	two	receptors	are	expressed	sequentially	after	activation	of	CD8	
T-cells.	 Ligands	 for	 these	 receptors	 are	 expressed,	 among	others,	 by	 activated	dendritic	
cells	and	lymphocytes33.	It	was	shown	that	CD27	signaling	results	in	elevated	expression	of	
CD127	and	thus	augments	the	size	of	the	MPEC	pool34.	In	addition,	CD27	inhibits	expression	
of	 critical	 components	of	 the	 IL-2	 and	 IL-12	 receptors34	 and	may	 thereby,	 like	 IL-10	and	
IL-21,	insulate	developing	MPECs	from	signals	promoting	differentiation	into	SLEC-like	cells.	
OX40	and	4-1BB	contribute	to	the	generation	of	CD8	T-cell	memory	in	part	by	promoting	
viability	of	the	effector	CD8	T-cell	pool33,35.	Interestingly,	CD8	memory	T-cells	generated	in	
mice	lacking	expression	of	the	ligands	for	OX40	or	4-1BB	generated	weaker	recall	responses	
even	when	 transferred	 into	wild	 type	mice35.	 This	 suggests	 that	 signaling	 through	 these	
receptors	during	primary	responses	induces	a	heritable	program	bestowing	these	cells	with	
properties	critical	to	memory	cell	expansion.

A	 final	 signal	 implicated	 in	 CD8	memory	 T-cell	 differentiation	 is	 IL-15.	 This	 cytokine	 is	
produced	both	by	dendritic	cells	and	macrophages	and	binds	to	a	receptor	very	similar	to	the	
one	used	by	IL-2.	Both	receptors	consist	of	the	same	β-chain	(CD122)	and	γ-chain	(CD132).	
Unique	α-chains	are	used	to	create	high	affinity	receptors.	CD25	is	the	α-chain	for	the	IL-2	
receptor	and	CD215	is	the	α-chain	for	the	IL-15	receptor36.	This	latter	chain	functions	in	an	
unusual	manner,	as	it	is	not	expressed	on	the	same	cell	as	the	other	two	components	of	the	
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receptor.	Instead,	it	is	found	on	the	surface	of	macrophages	and	dendritic	cells	and	functions	
by	transpresenting	IL-15.	This	transpresentation	is	essential	for	IL-15	function	as	evidenced	
by	the	identical	phenotypes	of	mice	lacking	IL-15Rα	or	IL-15	itself37,38.	Despite	the	similarity	
between	the	receptors	for	IL-2	and	IL-15,	these	cytokines	induce	quite	different	responses	
in	CD8	T-cells.	As	described	above,	IL-2	promotes	terminal	effector	cell	differentiation27.	In	
contrast,	addition	of	IL-15	to	in vitro	CD8	T-cell	cultures	promotes	the	differentiation	of	cells	
expressing	low	levels	of	cytotoxic	molecules,	which	behave	as	memory	cells	upon	transfer	
into	mice39.	Although	these	findings	suggest	that	IL-15	might	serve	as	an	inductive	signal	for	
MPEC	differentiation,	MPEC	development	is	apparently	normal	in	mice	lacking	IL-15	or	its	
receptor,	although	the	persistence	of	memory	populations	requires	IL-15	for	homeostatic	
self	renewal	of	already	established	memory	cells40,41.	

Both	 SLEC	 and	MPEC	 generation	 are	 thus	 promoted	by	 signals	 from	 the	 environment.	
Whether	these	signals	instruct	differentiation	into	either	lineage,	bolster	programs	already	
initiated	or	merely	expand	committed	cells	is	not	currently	clear.	It	is	not	unlikely	that	all	
three	occur.	Thus,	IL-2	presumably	promotes	rapid	cycling	of	CD25high	SLECs28,29.	However,	
IL-2	 also	 contributes	 to	 the	 development	 of	 SLEC	 identity	 by	 inducing	 expression	 of	
Blimp	and	perforin9,27.	Similarly,	 IL-12	 induces	expression	of	T-bet	and	thereby	promotes	
acquisition	of	SLEC	characteristics5.	As	for	MPEC	differentiation,	limiting,	but	not	altogether	
avoiding	 exposure	 to	 inflammatory	 mediators	 seems	 key.	 The	 discrete	 differences	 in	
chemokine	 receptor	expression	between	SLECs	and	MPECs	 likely	play	an	 important	 role	
in	this,	such	that	MPECs	preferentially	home	to	and	remain	in	secondary	lymphoid	tissue,	
whereas	SLECs	go	out	to	the	inflamed	tissues9,10.	Nonetheless,	signals	do	seem	to	exist	that	
positively	affect	MPEC	differentiation	as	well.	These	may	be	especially	 important	for	the	
differentiation	of	memory	 cells	with	 full	 proliferative	and	effector	 functions.	 	Help	 from	
CD4	T-cells	is	apparently	essential	for	this	and	may	depend	on	factors	directly	secreted	by	
CD4	T-cells,	 such	as	 IL-2,	 and	 IL-21,	or	may	 indirectly	depend	on	 stimulating	production	
of	signals	by	antigen	presenting	cells,	such	as	IL-12,	IL-15	and	ligands	for	CD27,	OX40	and	
4-1BB30,32,35,42.

Later stages: surviving contraction
A	 critical	 property	 for	 MPECs	 is	 the	 ability	 to	 survive	 long	 term.	 After	 reaching	 peak	

numbers	by	about	7	to	12	days	after	infection,	most	of	the	CD8	effector	T-cells	generated	
die,	 resulting	 in	contraction	of	 the	antigen	specific	repertoire.	This	contraction	generally	
correlates	with	 clearance	 of	 the	 pathogen,	 which	would	 seem	 to	 suggest	 that	 the	 loss	
of	 effector	 cell	 viability	 is	 caused	 by	 disappearance	 of	 antigen.	 Somewhat	 surprisingly,	
however,	it	has	turned	out	that	onset	of	the	contraction	phase	can	be	separated	from	the	
clearance	of	the	infection.	For	example,	antibiotic	treatment	two	days	after	infection	with	
L.monocytogenes	truncates	the	infection	but	has	little	impact	on	the	onset	or	rate	of	CD8	
T-cell	contraction3,43.	Moreover,	the	onset	and	initial	kinetics	of	antigen	specific	CD8	T-cell	
contraction	are	similar	after	acute	and	chronic	or	persistent	virus	infection43–45.

Inflammatory	cues	during	the	infection	determine	the	degree	of	contraction.	This	seems	
causally	related	to	the	promotion	of	SLEC	differentiation	and	expansion	by	inflammatory	
signals	(as	discussed	above).	Hardly	any	SLECs	are	generated	in	L.monocytogenes	infected	
mice	 treated	with	antibiotics	and	correspondingly,	 contraction	 is	minimal	 in	 these	mice.	
Similarly,	reduced	contraction	is	observed	in	responses	against	Influenza	virus	when	CD8	
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T-cells	lack	CCR5	and	CXCR3,	necessary	for	migration	into	the	inflamed	tissues	in	the	lungs.	
CD8	effector	T-cells	 lacking	expression	of	these	receptors	do	not	develop	 into	SLECs	and	
generate	an	expanded	memory	pool25.	

Both	SLECs	and	MPECs	are	kept	alive	by	IL-15.	In	the	absence	of	IL-15	receptor	signaling,	
both	cell	types	are	lost	precipitously	after	the	peak	of	the	response.	On	the	other	hand,	
repeated	injection	of	recombinant	IL-15	into	mice	maintains	prevents	contraction	of	either	
cell	 type.	Clearly,	the	ability	of	 IL-15	to	maintain	effector	cell	viability	 is	restricted	under	
normal	conditions	as	most	cells	die	eventually.	One	possible	explanation	for	this	could	be	
that	 the	effector	cells	must	 interact	with	activated	myeloid	cells	 in	 the	 inflamed	tissues,	
which	transpresent	IL-15	via	IL-15Ra	on	their	surface38,46.	Numbers	of	such	transpresenting	
cells	 may	 dwindle	 at	 later	 stages	 in	 the	 response	 and	 effector	 cell	 migration	 to	 these	
myeloid	 cells	might	diminish	as	 inflammation	subsides.	As	a	 consequence,	effector	 cells	
would	be	decreasingly	exposed	to	IL-15	resulting	in	loss	of	viability.	Nonetheless,	at	later	
stages,	the	cells	persisting	as	memory	cells	must	still	“see”	IL-15,	as	this	is	required	for	their	
homeostatic	turn	over40,41.	Different	APC	may	serve	as	a	source	of	this	IL-1538.

The	superior	ability	of	MPECs	over	SLECs	to	survive	contraction	depends	to	a	large	degree	
on	 their	 selective	 responsiveness	 to	 IL-7	 due	 to	 expression	of	 CD127.	 IL-7	 is	 capable	 of	
maintaining	 the	viability	of	memory	cells	 for	extended	periods.	Nonetheless,	expression	
of	CD127	is	not	sufficient	for	effector	cell	survival.	Transgenic	expression	of	CD127	could	
not	rescue	SLECs	and	not	all	KLRG1-	CD127+	cells	survive	contraction47.	It	seems	likely	that	
responsiveness	to	IL-7	not	only	requires	expression	of	CD127,	but	also	the	ability	to	home	
to	locations	where	this	cytokine	is	produced.	Fibroblastic	reticular	cells	in	the	T-cell	zones	
of	 secondary	 lymphoid	 organs	 are	 an	 important	 source	of	 IL-7.	 These	 cells	 also	 secrete	
the	CCL19	and	CCL21	chemokines.	Expression	of	the	receptor	for	these	chemokines,	CCR7,	
is	 found	on	MPECs,	but	not	on	SLECs10.	Correspondingly,	MPECs	are	preferentially	 found	
in	T-cell	zones	 in	spleen,	whereas	SLECs	 localize	to	the	red	pulp10.	An	attractive	model	 is	
therefore	that	only	CCR7+	MPECs	survive	contraction	due	to	their	ability	to	both	home	to	
the	source	of	IL-7	and	respond	to	it.

Mechanisms of life and death 
Cell	death	during	contraction	of	 the	antigen	 responsive	 repertoire	 is	believed	 to	occur	

through	apoptosis.	Two	major	apoptosis	pathways	exist:	a	cell-intrinsic	pathway	and	a	cell-
extrinsic	pathway	(Fig. 3)48,49.	The	 intrinsic pathway	 integrates	death	signals	 from	within	
a	cell,	 like	DNA	damage,	oxidative	stress	or	 starvation.	 It	 is	 characterized	by	 the	 release	
of	 apoptogenic	 factors,	 such	 as	 Cytochrome	 c,	 from	 the	mitochondrial	 intermembrane	
space	into	the	cytosol.	In	the	cytosol,	Cytochrome	c	binds	to	a	protein	called	Apaf-1,	which	
ultimately	 results	 in	 activation	 of	 caspase	 949.	 This	 caspase	 then	 activates	 downstream	
effector	caspases,	resulting	in	the	demise	of	the	cell.	Permeabilization	of	the	mitochondrial	
outer	membrane	is	a	critical	step	in	the	intrinsic	apoptosis	pathway,	therefore.	It	is	caused	
by	the	formation	of	membrane	pores	by	pro-apoptotic	Bcl-2	family	members	Bak	and	Bax.	
Anti-apoptotic	Bcl-2	family	members,	 like	Bcl-2	and	Bcl-XL,	bind	to	Bax	and	Bak	proteins	
and	thereby	prevent	the	assembly	of	the	membrane	pores49.	An	additional	layer	of	control	
is	formed	by	the	pro-apoptotic	BH3-only	proteins	Bim,	Bid,	Noxa	and	Puma.	These	proteins	
bind	to	anti-apoptotic	Bcl-2	family	members	and	prevent	them	from	inhibiting	Bax	and	Bak	
multimerization49.	
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The	extrinsic apoptosis pathway	is	activated	by	engagement	of	death	receptors	such	as	

Fas	(CD95)	and	TNFR48.	Ligand	binding	by	these	receptors	results	in	activation	of	caspase	
8,	which	 in	 turn	activates	 the	effector	 caspases	3	and	7.	These	effector	 caspases	 cleave	
multiple	substrates	in	the	cell,	leading	to	the	death	of	the	cell.	Additionally,	the	extrinsic	
pathway	can	feed	into	the	intrinsic	pathway	by	caspase	8	mediated	cleavage	of	Bid.	After	
truncation,	(t)Bid	translocates	to	mitochondria	where	it	acts	in	concert	with	pro-apoptotic	
Bcl-2	family	members	Bak	and	Bax	to	induce	cell	death48.

A	major	regulator	of	cell	death	during	contraction	of	the	CD8	effector	repertoire	is	Bim,	a	
mediator	in	the	intrinsic	pathway.	Deletion	of	Bim	severely	compromises	the	contraction	of	
superantigen-activated	T-cells	in vivo50	and	reduces	contraction	after	herpes	virus	or	LCMV	
infection51,52.	However,	although	the	degree	of	contraction	is	reduced	in	BIM-deficient	mice,	
some	contraction	does	still	take	place,	suggesting	that	additional	pathways	contribute	to	
death	of	CD8	effector	T-cells52–54.	Contraction	is	normal	when	CD8	T-cells	 lack	both	CD95	
(Fas)	and	TNF,	two	molecules	required	for	the	extrinsic	apoptosis	pathway55,56.	Nonetheless,	
the	extrinsic	apoptosis	does	contribute	to	contraction,	as	shown	by	the	synergistic	effect	
of	Bim-	and	CD95-deficiency	on	 contraction	of	 antiviral	 immune	 responses57.	 CD95	may	
be	especially	important	for	contraction	during	chronic	infections58.	Likewise,	the	BH3-only	
protein	Bid	seems	to	be	especially	important	for	contraction	during	chronic	infections.	Mice	
lacking	Bid	display	normal	contraction	of	antigen-specific	CD8	T-cells	after	acute	influenza	
virus	infection,	but	not	during	chronic	γ-herpesvirus	infections51.	Combined	loss	of	Bid	and	
Bim	synergistically	enhanced	the	persistence	of	CD8+	T-cells	during	γ-herpesvirus	infection51.	
Thus,	both	the	extrinsic	and	the	extrinsic	apoptosis	pathway	contribute	to	induction	of	cell	
death	during	contraction	of	the	antigen	specific	repertoire	of	CD8	T-cells.

How	 the	 survival	 cytokines	 IL-7	 and	 IL-15	 prevent	 induction	 of	 apoptosis	 is	 not	 fully	
clear.	However,	both	 cytokines	 induce	expression	of	Bcl-2	and	 thus	oppose	 the	 intrinsic	
apoptosis	pathway	(Fig. 3).	Other	survival	signals,	such	as	OX40L	and	4-1BBL	up-regulate	
expression	 of	 BCL-XL	 and	 down-regulate	 expression	 of	 Bim59.	 IL-15	 also	 prevents	 cell	
death	through	 its	effects	on	cellular	metabolism	(Fig. 3).	During	rapid	proliferation,	cells	

Fig. 3. Pathways controling CD8 
effector T-cell survival and death.	
Shown	 is	 the	 extrinsic	 apoptosis	
pathway	 involving	 death	 receptor	
induced	 cleavage	of	 Pro-caspase	 8	 to	
generate	 active	 caspase	 8	 followed	
by	 activation	 of	 effector	 caspases.	
Also	 shown	 is	 the	 intrinsic	 apoptosis	
pathway	 involving	 the	 generation	
of	 pores	 in	 the	 outer	 mitochondrial	
membrane	 by	 Bax/Bak	 and	 its	
inhibition	 by	 anti-apoptotic	 Bcl-2	
family	 members.	 Finally,	 metabolic	
pathways	 are	 shown,	 depending	 on	
mitochondrial	 breakdown	 of	 fatty	
acids	 and	 cytosolic	 glycolysis.	 The	
Apoptosome	consists	of	a	multimer	of	
Apaf-1,	Cytochrome	C	and	Caspase	9.	
Abbreviations:	 TCA-Tricarboxylic	 acid,	
ETC	=	Electron	transport	chain.	IL15Rα	
=	CD122,	IL-7Rα	=	CD127.
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depend	 on	 cytoplasmic	 degradation	 of	 glucose	 to	 generate	 ATP,	 known	 as	 glycolysis.	
This	process	requires	a	constant	 influx	of	glucose,	which	 is	mediated	by	transmembrane	
glucose	transporters.	Resting	cells	or	slowly	proliferating	cells,	such	as	memory	CD8	T-cells,	
depend	on	oxydative	phosphorylation	in	mitochondria	to	meet	their	energy	demands.	This	
process	involves	break	down	of	glucose,	amino	acids	and	fatty	acids	via	the	mitochondrial	
tricarboxylic	acid	cycle	(TCA)	and	is	much	more	efficient	than	glycolysis.	CD8	effector	T-cells	
deficient	in	activating	fatty	acid	metabolism	display	sharply	accelerated	contraction,	whereas	
drugs	that	stimulate	this	process	protect	cells	from	contraction60.	This	demonstrates	that	
the	metabolic	 conversion	 from	glycolysis	 to	oxydative	phosphorylation	 is	 critical	 for	 the	
survival	of	late	stage	effector	cells,	possibly	because	signals	inducing	expression	of	glucose	
transporters	become	limiting.	IL-15	may	have	an	important	role	in	regulating	this	transition,	
by	inducing	expression	of	CPT1a,	an	enzyme	responsible	for	the	rate-limiting	step	in	fatty	
acid	metabolism.	 Indeed,	ectopic	expression	of	CPT1a	 resulted	 in	greater	persistence	of	
antigen	specific	CD8	T-cells61.	

Concluding remarks
The	mechanisms	involved	in	the	generation	of	memory	cells	are	starting	to	become	clear.	

During	 the	 first	 two	weeks	 after	 infection	 a	 number	 of	 decisions	must	 be	made.	 These	
include	an	apparently	binary	choice	between	a	terminal	effector	cell	fate	with	short	lifespan	
or	a	long-lived	self	renewing	memory	cell	fate.	Multiple	signals	influence	this	decision.	For	
establishment	of	 effective	memory,	 cells	must	 acquire	 the	 ability	 to	 survive	 the	 cellular	
massacre	 of	 repertoire	 contraction.	 In	 addition,	 the	 cells	 must	 develop	 as	 yet	 poorly	
defined	 traits	 that	 allow	 proliferation	 and	 development	 full	 effector	 when	 called	 upon	
during	reinfection	with	previously	encountered	pathogens.	As	the	signals	controlling	these	
steps	are	identified,	novel	opportunities	will	likely	arise	to	improve	vaccination	strategies,	
allowing	expedited	memory	development	when	speed	is	required	(such	as	for	protection	
against	 bioterrorism)	 or	 even	development	 of	 protective	memory	 in vitro	when	patient	
health	does	not	permit	in vivo	vaccination.
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