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Menory and death in the i mMmune system

Apopt osi s

Apoptosis refers to a formof death in which a cel
initiates a suicide programresulting in characteristic
nmor phol ogi cal changes that acconpany death. These changes
i nclude chromatin condensati on, nucleolar disruption and
cytoplasm c contraction..
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Figure 1. An overview of pathways |eading to apoptosis. The “comon death
pat hway” is highlighted in the box. GRrefers to the glucocorticoid receptor.
PKC refers to protein kinase C. Sone atypical PKCs may prevent apoptosis
while others may contribute to it. Simlarly the JNK pathway may actually
protect |ynphocytes from apoptosis.

Apoptosis is often readily recognized by the cl eavage
of DNA into a “ladder” of oligonucleosone |ength fragnments.
This formof death is also referred to as “programred cel
death” or “physiological cell death”.

Apoptosis is of critical inportance in the devel opnent
of virtually every nulticellular organism This form of
death is initiated many times during |ynphoid ontogeny -
during the process of negative sel ection and whenever
| ynphocytes fail to be positively selected. The term nation
or down-regulation of inmune responses is also in part
achi eved by the induction of the apoptotic death of
activated T and B cells. Cytotoxic CD8+T, Natural killer
cells, as well as CD4+ T | ynphocytes express specific



nol ecul es that are designed to assist in the execution of
targets by apoptosis. The expression or activation of genes
whose products (such as the Fas |igand, Perforin, and
Granzynme B) are involved in the apoptotic elimnm nation of
other target cells is an inportant aspect of |ynphocyte
devel opment .

The induction of DNA danage, the activation of a stress
response, the withdrawal of growth factors, or the
triggering of specific signaling receptors - all of the
above may lead to the initiation of apoptosis. The cell type
or state of differentiation of a cell can influence whether
a particular receptor induces proliferation or apoptosis.
Apopt osis may be kept at bay in certain cell types by the
i nduction of anti-apoptotic signals. Death may occur by
default in other cell types or stages of differentiation
when proliferative signals are withdrawn, presunably because
in these cells protective pathways are not turned on.

Sone of the signals involved in the initiation of
apoptosis in |ymphocytes are outlined in Figure 1. The
death of large pre-B and double negative T cells that fai
to be selected by the pre-B and pre-T receptors may refl ect
the failure of these cells to receive cell survival or
growth pronoting signals. Signals from antigen receptors
i nduce apoptotic death primarily in i mature B and CD4+/ CD8+
T cells as part of negative selection. The death by default
of CD4+/CD8+ T cells may be nedi ated by endogenous
gl ucocorticoids and the glucocorticoid receptor (GR).
Apoptosis of activated T and B cells as well as of B cells
t hat have been activated as bystanders (and not by specific
anti gen) depends on triggering of the Fas receptor. The Fas
pat hway may al so be used by CD4+ T cells to kill infected
targets. Cytotoxic T |lynphocytes (CTLs) and Natural Killer
(NK) cells both secrete proteins such as perforin and
Granzynme B to induce apoptosis of their targets.

The common deat h pat hway

Over the past few years a nol ecul ar understanding of a
conmon apoptotic death pathway has energed from a range of
studies in a nunmber of organisns and cell types. This
pat hway is summarized in the box in Figurel6.

The induction of death is generally linked to the
activation of a set of cysteine proteases that cleave
proteins imedi ately after aspartic acid residues. The first
such enzynme to be identified was the manmmal i an honol og of
the C. elegans cell death gene, Ced-3. This protein was
identical to an enzynme previously described as the
I nt erl euki n-1b Converting Enzyne (1 CE) which was known to be



responsi ble for proteolytically converting pro-Interleukin-
1b to mature IL-1. It soon becane apparent that the ICE
protease was a nenber of a large famly of related proteases
most of which appear to be involved in cell death. These
enzynmes are now referred to as caspases. Apart from | CE
itself (caspase 1) a critical nmediator of cell death appears
to be caspase-3 (al so known as CPP32/ Yamm/ Apopai n).
Activation of the caspase cascade nmy depend on the

i nduction in the cell of a reducing state which would favor
the catalytic activation of these cysteine proteases (which
contain a QACRG notif in which the cysteine forns a part of
the active site).

A nunber of substrates of caspase-3 have been
identified. These include Poly-ADP ribose pol ynerase (PARP),
huntingtin (the protein product encoded by the gene that is
nmutated in Huntington' s disease), lamn B, the stero
regul atory el enment binding proteins (SREBPs), D4-GDlI, and
the Ul associated 70 kD protein. The relevance of these
substrates to the initiation or progression of apoptotic
death is unclear. A particularly interesting substrate of
caspase-3 is the DNA Fragnmentation Factor or DFF. DFF is a
cytosolic heterodineric protein that consists of a 45kD
subunit and a 40 KD subunit. DFF is activated by caspase-3
nmedi at ed cl eavage of the 45 kd subunit at |east two cl eavage
sites. The activated DFF in turn, by an unknown process,
contributes to the activation of a Ca++/Mg++ dependent
endonucl ease which is responsible for the fragnmentation of
DNA that is characteristic of apoptosis.

Caspases are activated by proteolytic cleavage after
specific aspartate residues. C eavage of a given caspase nay
be medi ated by another nmenber of the famly or by
autoproteolysis. In the case of Fas signaling, a caspase
nol ecul e, caspase-8 is activated and targets caspase- 3.

Cytotoxic or NK cell nediated killing (al so discussed | ater
in the chapter) involves the introduction of a caspase-3
activating protease, Granzyne B, into the target cell’s

cytosol. A nore general nechani sm of caspas-3 activation
may i nvolve the induction of an increase in mtochondri al
perneabi lity during apoptosis and the rel ease of activators
of caspase-3 such as cytochrone ¢ and apoptosis inducing
factor (AIF) fromthe inter-menbrane spaces surroundi ng

m tochondria into the cytoplasm The m tochondri al
pernmeability transition involves the opening of |arge pores
in the inner mtochondrial nmenbrane which may contribute to
the rel ease of mtochondrial Ca++ stores into the cytosol
and possibly the generation of oxygen free radicals. An

i ncreased perneability of the outer m tochondrial nenbrane



be negatively or positively selected. In the B |lineage, for
i nstance, Bcl-2 levels are high in the earliest pro-B stages
but late in pro-B devel opnment Bcl-2 levels drop and stay | ow
t hrough the pre-B and i mmture B stages. This drop
presumably is perm ssive for the elimnation/selection of
| ynphocytes at |late pro-B, pre-B and imature B cell stages
Bcl-2 is expressed at relatively high levels in |ong-Ilived
lgMt/ 1 gD+ follicular B cells. In the germnal center, Bcl-2
| evel s drop once again in dark zone centrobl asts and basal
i ght zone centrocytes, presumably to permt selection
processes to occur in the imediate aftermath of somatic
mutation (Figure 2). Simlarly inthe T lineage Bcl-2 is
expressed at relatively high | evels in double negative (CM-
/CD8-) T cells, levels drop in the double positive stage
(CD4+/ CD8+) when positive and negative selection events
occur, and high levels of this protein are expressed in
peri pheral CD4+ and CD8+ st ages.

Figure 2. The levels of Bcl-2 are regulated during B cell
differentiation. High levels of Bcl-2 are expressed in pro-B cells, at
the Igvhi/lgbhi and IgMo/lgbhi follicular B cell stages and in the
apical light zone B cell blasts in germ nal centers.

Bcl-X, is structurally very simlar to Bcl-2 (Figure 3)
and is induced when B and T cells are activated. Bcl-X_ is
expressed in pre-B cells at a tinme when signals are
delivered via the pre-B receptor and it is probably induced
as part of the positive selection process. Qher nenbers of
the Bcl-2 famly which are antagoni sts of apoptosis include
Al and Ml -1.

A nunber of Bcl-2 famly menbers function as death
agoni sts. These include Bax, Bad, Bak, Bik and Bcl-XS. Bcl-
XS is an alternatively spliced version of Bcl-XL which | acks



al so occurs and this nay be regul ated by channels fornmed by
t he pro-apoptotic Bcl-2 famly nenber, Bax (see section
below). This latter event may be crucial for the activation
of caspase-3 by cytochrone ¢ and AlF.

An inportant activator of caspase activity, yet to be
exam ned in a |ynphoid context, is Ced-4. In C elegans the
Ced-4 gene is believed to play a role in the activation of
Ced-3 (the worm equi val ent of caspase-3). A nmamalian Ced-4
honol og remains to be identified. Ced-4 dependent activation
of Ced-3 is inhibited by nmenbers of the Bcl-2 famly and
thi s phenomenon will be di scussed bel ow.

Regul ati on of the death pathway by nenbers of the Bcl-2
famly

An inportant inhibitor of apoptotic death in
| ynphocytes was first identified in the course of the
nol ecul ar characterization of a chronosomal translocation
bet ween chrompsonmes 14 and 18 seen in patients with
follicular |Iynmphoma. This translocation brings the
i mmunogl obul i n heavy chain | ocus on chronosone 14 in
apposition with a gene on chronosone 18. The gene acti vated
at this breakpoint, and which is thus inappropriately
expressed, plays a role in the process of oncogenic
transformati on, and is known as Bcl-2. The Bcl-2 proteinis
a 26 kD nolecule that is found in the outer m tochondri al
menbrane as well as in the ER nenbrane. Bcl-2 inhibits
apoptosis in a nunber of cell types and this gene is the
mammal i an honol og of the C. el egans ced-9 gene (which
ant agoni zes death induced by ced-4 and ced-3). Genetic
anal yses in the worm have reveal ed that ced-4 is an upstream
activator of ced-3 (the worm caspase equival ent) and that
ced-9 is upstream of ced-4 and can inhibit the activity of
the latter.

In mammalian cells a large famly of Bcl-2 |ike
proteins has been identified. Some nenbers of the famly
are, like Bcl-2, antagonists of cell death while others may
i nduce apoptosis. In terns of |ynphocyte devel opnent Bcl -2
and Bcl-XL (the long formof Bcl-X) are particularly
i nportant anti-apoptotic nenbers of the Bcl-2 famly. Bcl-X
is a nmore readily induced nenber of this famly and can be
alternatively spliced to yield a long form (Bcl-XL) which is
anti-apoptotic and a short form (Bcl-XS) which is pro-
apoptotic. Bcl-2 nay be viewed as a “nai ntenance factor for
survival” while Bcl-XL is apparently induced by external
signals when cells need to be instructed to survive.
Accordingly the |l evels of Bcl-2 appear to be down regul at ed
during periods of |ynphocyte devel opnent when cells need to
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anphi pathic helices to open out in an unbrella |ike fashion
at the interface with the internmenbranous space. Wi | e Bax
channel s m ght contribute to apoptosis, Bcl-2 and Bcl - XL
m ght either form counter-channels that functionally
ant agoni ze pores fornmed by Bax, transporting cytochronme c
back into the mtochondrion for instance, or contribute to
occl udi ng Bax channel s when they heterodi nmerize (Figure 4).
Al l channel nodels assune that Bcl-2 and rel ated
proteins nmust be nenbrane anchored. Although nost nenbers of
this famly are type Il nmenbrane proteins, in sone
experi ments renoval of the transmenbrane anchor at the C
term nus did not significantly conmprom se Bcl-2 function.
One of the alternative nodels for Bcl-2 function suggests
t hat menbrane anchored Bcl -2 may sequester Ced-4 associated
wi th Caspase-3/Ced-3 and prevent Caspase nedi ated cl eavage
of death targets. When Bcl -2 associates with a death
i nduci ng partner such as Bax, it can no | onger hold back the
Ced-4 - Caspase conplex and death ensues. Although the
mammal i an honol og of Ced-4 renmains to be identified, worm
Ced-4 has been shown to interact with both Ced-9 and
mammal i an Bcl - XL and to form a physical bridge between Ced-
9 and Ced- 3.
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flexible | oop region between the first two a-helices,
presumably by protein kinase A, it preferentially associates
with 14-3-3 proteins in the cytososl and can no | onger
efficiently inhibit Bcl-2 or Bcl-XL.

The N-term nal BH4 domain of Bcl-2 and Bcl-XL is
essential for the association of these survival factors with
c-Raf as well as calcineurin. This BH4 structure is found in
anti-apoptotic menbers of the Bcl-2 famly and not in pro-
apoptotic relatives. It has therefore been argued that the
recruitment of c-Raf and cal cineurin may hel p Bcl-2 and Bcl -
XL nediate survival functions. c-Raf is a serine/threonine
ki nase and nay phosphorylate Bad thus inhibiting the ability
of the latter to induce apoptosis. How cal cineurin
recruitment to intracellular nmenbranes facilitates survival
is less clear. It has been suggested that cytosolic
cal cineurin, a Ca++ regul ated phosphatase, may pronote
apopt osi s by dephosphoryl ati ng Bad.

Bcl-2 itself can be inactivated by serine
phosphoryl ati on of residues in the |oop region. How exactly
this event is regulated by extracellular signals remains to
be established.

Bcl -2 was originally discovered as an oncogene, as a
survival protein which was constitutively expressed in the B
| i neage because its expression was driven by the
i mmunogl obul i n heavy chain enhancer. It is of interest to
note that during evolution a nunber of viruses have co-opted
Bcl-2 like proteins and these proteins pernmt the
transformati on of mammalian cells by these viruses. Notable
exanpl es of Bcl-2 |like proteins include the adenovirus E1B
19K protein, the Epstein-Barr virus BHRF-1 protein. Both of
t hese proteins functionally mmnmc Bcl-2. The African sw ne
fever virus also has a Bcl-2 honol og, LMW6-HL , which has
not been extensively studi ed.

Anti gen receptor nedi ated apoptosis during negative
sel ection

Both in the T |ineage as well as in the B Iineage self-
reactive |ynphocytes may be elim nated when they are
stinmul ated very strongly during a suceptible period of
developnent. In B cells this period is presunmed to be the
immature B stage in the bone marrow. There is increasing
evidence that immture B cells that receive strong
crosslinking, potentially life-threatening, signals nost
of ten evade death by the process of receptor editing.

The process of negative selection was once believed not
to require the Fas-FasL pathway. This view has been
challenged and it is likely that negative selection involves



signal transduction via the antigen receptor as well as
triggering of the Fas nol ecul e.

Qur current understanding of negative selection is as
follows. Early in B and T cell devel opnment before the
CD4/ CD8 doubl e positive T cell stage and the | gM+/ 1 gD-
immature B cell stages the levels of Bcl-2 in these cells
drop quite dramatically, as a preparatory step to permt
positive and negative selection to operate. At these
equi val ent stages of devel opnent in the B and T |ineages
death ensues if |ynphocytes are triggered by “strong”
stimuli - high affinity self -peptide bound to MAC nol ecul es
in the case of T cells and nultival ent menbrane bound
antigens for B cells. One critical feature is that these
cells have | ow basal Bcl-2 levels and can be easily
triggered to die. These cells also express relatively high
| evel s of Fas. Activation of these cells via the antigen
i nduces the Fas ligand (FasL) and this |leads to the
triggering of the Fas pathway as well. The nol ecul ar
mechani sms i nvolved in Fas nedi ated death are beginning to
be understood. The induction of FasL in in T cells depends
on the actiavtion of NFATp (inhibited by cyclosporinA) and
al so probably involves a transcription factor known as
Nur77. Nur 77 is an orphan steroid hornone receptor which is
i nduced by TCR crosslinking and may be involved in
regul ati ng FasL expression.

O her events (apart fromthe induction of FasL) may be
i nvol ved in antigen receptor nedi ated apoptosis. Studies in
B cell lines susceptible to antigen receptor nedi ated
apoptosi s have suggested that the ceram de pat hway nmay be
i nduced and nmay contribute to apoptosis. It is possible that
atypical PKC famly nmenbers such as PKCd may al so be
activated and lead to the induction of apoptotic death.

G ucocorticoids and thynocyte apoptosis

It has | ong been observed that immture double positive
t hynocytes are exquisitely suceptible to the induction of
apoptosis by high does of exogenous gluccorticoids. At tines
of system c stress, high |levels of endogenous steroids may
i nduce thym c atrophy. However |ower |evels of steroid
mayserve an anti-apoptotic function. Endogenously produced
steroids in the thynus, may at their physiological | ow
| evel s, antagonize TCR signaling in double positive
t hynocytes i nduced by noderate to low avidity |igands and
thus facilitate positive selection. TCR signaling induced by
high avidity |igands may be too strong to be abrogated by
gl ucocorticoids, and it has been suggested that endogenous
gl ucocorticoids may thus help set thresholds for TCR



signaling to nediate del etion versus positive selection. It
has been suggested that “death by neglect” in the thynus of
T cells that cannot recognize self MHC with any affinity,
m ght depend on T cells being triggered by endogenous

st eroi ds.

Signal s that abrogate default apoptosis

There are a nunber of pathways that are believed to be
anti-apoptotic. Many of these pathways culmnate in the
activation of an anti-apototic nenber of the Bcl-2 famly or
the inactivation of a pro-apoptotic nenber of the sane
famly. Early in T cell devel opnent activation of the IL-7
receptor provide survival signals possibly by influencing
the levels of Bcl-2. Antigen and pre-antigen receptor
signals can presumably contribute to the up-regul ation of
Bcl-X.. As noted in the section above, NFkB activation has
been linked to the prevention of apoptosis. It is possible
t hat NFkB contributes to the induction of anti-apoptotic
Bcl-2 fam|ly nenbers but this remains to be formally
establi shed. NFkB could hel p abrogate apoptosis via the
i nduction of c-myc as discussed above, a phenonmenon that has
so far only been shown to be relevant in a B cell line. It
has been suggested that in some cells NF-kB activated
downstream of TNFRI m ght inhibit apoptosis by the
transcriptional activation of c-1APl and c-1AP2. A few
growth factor receptors including the IL-3 receptor, have
been shown to prevent the induction of apoptosis by
negatively regulating the function of pro-apoptotic proteins
such as Bad and Caspase-9 via a Pl 3K dependent survival
pat hway, which may also contribute to the activation of NFkB
and forkhead transcription factors as outlined in Figure 6.
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Figure 6. Abrogating default death by interfering with dueling dinmers
and ot her apoptotic nechanisns. Gowh factor receptors may activate PI-
3 kinase. PIP3 generation nmay be opposed by SH P and by PTEN..
Activation of Akt may contribute to the abrogati on of death signals in a
nunber of ways. Potential consequences of Akt activation include the

i nactivation of Bad, the activation of NFkB, the inactivation of
procaspase 9, the reduced syntheis of FasL (as a consequence of forkhead
phopshoryl ati on), and the activation of eNOS or endothelial NO synthase.

Growth factors such as IL-3 activate the PI-3 kinase
pat hway. Activation of PI-3 kinase may occur by a nunber of
means i ncluding recruitnment of the regulatory p85 subunit to
phosphot yrosi nyl ated proteins or via Ras activation. These
events have been discussed in Chapter Four. A target of PI-3
ki nase is the serine-threonine kinase known as Akt (al so
known as protein kinase B or RACa). Akt can phosphorylate a
pr o- apoptotic Bcl-2 famly nmenber known as BAD on a critical
serine residue. BAD | acks a transmenbrane domain and can
interfere with the function of Bcl-2 or Bcl-XL. Wen BAD is
phosphoryl ated on serine 112 or serine-136 by Akt or by
ot her serine-kinases it is inactivated. Inactivation
i nvol ves the sequestering of BAD by a protein known as 14-3-



3 which prevents BAD from associating with and inhibiting
the function of Bcl-2.

Anot her way in which Akt contributes to cell survival
is by the induction of pro-caspase-9 phosphoryl ati on.
Phosphoryl ation of a critical serine residue (serine-196),
on pro-caspase-9, prevents the activation of this pro-
caspase in a cytochrone c dependent manner. Akt may al so
contribute to the induction of anti-apoptotic
transcriptional regulators, particularly nenbers of the
wi nged- hel i x/ forkhead fam |ly. Phosphoryl ated forkhead
proteins may be retained in the cytososl and thus the
transcription of specific pro-apoptotic genes including the
gene encoding the Fas ligand may be transcriptionally
i nactivated. Akt can al so phosphorylate and activate | KKa

thus contributing to the activation of NFkB. A |less well
under st ood nechani sm of protecting cells from apoptosis may
depend on the Atk dependent activation of endothelial nitric
oxi de synthase, and the increased production of endotheli al
NO.

Ending T cell responses and Activation Induced Cell Death

By using artificially generated reagents such as
| abel ed MHC class |-peptide tetraners, it has been possible
to follow the fate of antigen specific CD8'T cells in
infected mce and in human patients. It is now recogni zed
t hat during an active i nmune response a very |arge nunber of
the T cells in the host represent the clonal outgrowh of a
few antigen specific CD4"or CD8" T cells. Exam nation of
t hese clones has revealed that a |arge proportion of
activated T cells are in the process of undergoing
apoptosis. Wiile large nunmbers of T cells do get activated
by antigen nost of these cells probably die because the
amount of antigen is limting and these cells no |onger
receive survival signals. Another major way in which
activated T cells may be rendered quiescent is by the
i nduction of inhibitory signaling via CTLA-4. Sone cells
which are restinmulated by antigen also receive signals to
di e.

AICD is probably as inportant for the elimnation of
activated CD8" cells as it is for the elimnation of CD4"
cells. However it has been examned mainly in the context of
CD4" cells. Evidence fromlpr and gld mice, from human
| ynphoproliferative syndronmes involving Fas nutations, and
fromIL-2 and IL-2Ra chain knockout mce has all cone
toget her to suggest the follow ng scenario. Wen both Signal
One and Signal Two conmbine to generate maximal T cell
activation, transcriptional induction of both the IL-2 gene



and of the IL-2R is achieved. This form of conplete
activation |l eads to signal transduction via the |IL-2R and
t he maxi mal induction of both CD40L and FasL. During the
course of these events the T cell nmkes cytokines, and nay
activate specific B cells and professional APCs via CD40L-
CD40 interactions as well as by triggering specific cytokine
receptors.

The majority of properly activated T cells commt
sui cide. They do so because the FasL induced on individual T
cells triggers Fas receptors expressed by the sanme cell and
t hus i nduces death. We have consi dered the FasL-Fas pat hway
in Chapter Five. A potentially inportant aspect of this
pathway is the destruction by caspases of Bcl-2 and ot her
Bcl-2 famly survival factors. Signaling via the IL-2 Ris
critical for the induction of Al CD, probably because signals
delivered via this cytokine receptor are required for the
maxi mal 1 nduction of FasL. In addition IL-2 signaling may
contribute to an inhibition of the celular levels of FLIP
FLIP is a protein that is structurally simlar to Caspase-8
but which | acks proteolytic activity. It can prevent the
recrui tment of Caspase-8 to FADD and thus protect a cell
from Fas i nduced apoptosis. The reduction of FLIP |evels by
I L-2 may be key in allowi ng the suicide process to go
t hrough successful ly.

In CD8'T cells AICD might require signals to be
delivered both by IL-2 as well as by TNF-a. G ven that
“proper” activation of a T cell leads to death, it is
pertinent to ask how menory T cells are ever generated.

Maki ng the choice between activation and nmenory: nenmory T
cells

The existence of “true” menory |ynmphocytes has often
been questioned and while their existence renains
controversial, there is a grow ng acceptance of the view
t hat such cells do exist. The persistence of antigen, either
preserved by a |l owgrade viral infection or as part of |ong-
lived i mmune conpl exes sequestered by follicular dendritic
cells, could potentially contribute to the identification of
recently restinulated cells as “nmenory” cells. The best
evi dence for the existence of “true” nenory cells has cone
fromstudies on the transfer of CD8" cells in the apparent
absence of antigen which can result in the transfer of
i mmune responsi veness for extended tinme periods. Although
many of the central issues regarding nmenory remain
controversial, there is some evidence to suggest that nenory
CD8" cells can be mmintained by being “tickled” via their
TCRs even by non-specific, MHC class |-peptide conpl exes.



Antigen, even if it is only required in a cross-reactive
non-specific form may well be required for the maintenance
of what may well be “true” nmenory T cells. These cells may
be best described as long-lived antigen specific T cells
that energe after activation by specific antigen but which
do not require specific antigen for their extended in vivo
survi val

The followi ng general features characterize nmenory T
| ynphocytes (whether or not they pass the litnus test of
anti gen-i ndependent survival):

1. Menory cells apparently survive for a long tinme in
vivo in the apparent absence of specific antigen. They may
survive as long as the lifespan of some small vertebrates.

2. Menory |ynphocytes generally present with an
activated phenotype, but can be distinguished from effector
cells on the basis of size and function. They are small er
than effector cells. Effector CD4" cells may secrete |arge
amounts of cytokines whereas nmenory CD4" cells may need to
be triggered in order to do so. Effector CD8" cells may be
able to kill ex vivo targets directly while nenory cells
need to be triggered in order to be able to kill

3. Menory cellsdo not require antigen for surviva

4. Menory T cells can be activated by signals which may
be bel ow the threshold for the activation of naive T cells.
This may in part be due to the high |l evels of adhesion
nol ecul es expressed on nenory T cells.

5. Most nenory cells probably live for a long tine
because they have been progranmed by antigen exposure to
express high levels of survival factors which include but
may not be restricted to menbers of the Bcl-2 famly.

I n humans, nmenory T cells nay be categorized, into
"central” menmory cells which express CCR7 and traffic |ike
naive T cells to |ynmph nodes, and into "effector” nenory
cells which do not express CCR7 and return to tissue sites.
Menmory cells as defined in the nouse may be generally
considered to be of the "central"” variety" whereas cells
generally referred to as effector T cells in the nouse may
be synonynmous with human "effector” menory cells.

The vast majority of effector T cells that are
generated during an i nmune response are elimnated by Al CD
A nunber of nobdels have been proposed to expl ain how nenory
cells are generated. The nost likely scenario is as follows:
Following T cell activation a very |arge nunber of effector
T cells are generated. As antigen is cleared, npst of the
vigorously activated T cells either die because they are no



| onger being stinmulated or undergo AICD. A small nunber of
these cells, perhaps those that were not activated as well
because they arrived |late on the scene, or those which were
activated by distinct APCs in a slightly | ess vehenent
manner, fail to induce the suicide pathway and nay go on to
beconme nenory cells. For CD8+ cells it has been established
that effector cells go on to becone nenory cells. It is also
possi ble that certain effectors are induced to “rest” and
becone nenory cells, or that distinct activated cells give
rise to effector cells and nmenory cells (Figure 7).

“ -
/ AICD

Figure 7 Models for nmenory T cell generation
Menory cells share many features of effector
cells. However effector cells tend to be |arger
than menory cells. In a |linear nodel for menory
cell generation (which has experinmental support
in CD8+ cells) nost effectors are lost due to

Al CD but a few are”chosen” to survive or comne
to’rest” as nenory cells. In an alternative
nodel , separate activated cells may either becone
effectors or menory cells.

AICD

The exact nol ecul ar pat hways that are responsible for
menory cell generation remain to be identified. It is very
i kely that anti-apoptotic Bcl-2 famly nenbers such as Bcl -
2 and Bcl - XL are induced by antigen receptor and



costinmulatory signals. Costimnulation through CD28 nmay be
required for the induction of Bcl-XL. The induction of
cytosolic kinases such as Akt m ght contribute to the
phosphoryl ati on and inactivation of pro-apoptotic Bcl-2
fam ly menbers such as Bad.

In Figure 8 a totally specul ative scenario is presented
in an attenpt to explain how an activated T cell may receive
di stinct sets of signals that m ght favor nmenory versus
death or vice versa. If one assunes that nenory cells nay be
presented the same antigen by different APCs, one set of
whi ch express high levels of costinulatory |igands and
anot her which do not, it could be predicted that excessive
activation mght lead to AICD while nore circunscribed
activation either later in an infection or in a distinct
site could potentially Iead to the generation of nenory,
There is absolutely no evidence for any such nodel but it is
presented as one of many potential and distinct nodels that
coul d be conceived of to explain how activated T cells m ght
make these deci sions.

SCENARIO ONE
APC
High levels of B7-1 and B7-2 RESTIMULATED BY CELLS
EXPRESSING LOW LEVELS OF B7

1. High levels of CTLA-4
but few B7 ligands

MHC 1l

CD4 2. Preferential negative signaling by CTL

TCR because CTLA-4 has higher affinity
3. FasL levels drop

4. FLIP levels do not drop

CD28 ? MEMORY

> &

T cell d K
Signal One Signal Two SCENARIO TWO
RESTIMULATION BY CELLS
EXPRESSING HIGH LEVELS OF B7

CTLA-4

CTLA-4 levels increased

Enhanced IL-2 transcription

Enhanced CD40L transcription

Enhanced FasL transcription (enhanced by IL-2)
Decreased levels of FLIP (reduced by IL-2)

1. High levels of CTLA-4 and high
levels of B7

2. Both CTLA-4 and CD28 can signal
3. Fas L levels remain above threshold
4. Flip levels decrease

?ACTIVATION INDUCED CELL DEATH

Figure 8. Atotally speculative nodel for howa T cell m ght
be |l ed to choose between nmenory and AICD. Spatially or
tenmporally determ ned differences in costinulatory |igand
levels may lead to two different fates. In this nodel,
repeated signaling with potent costinulation mght lead to
the induction of AICD, while a second triggering with little
costinulation mght contribute to nmenory T cell generation.



It is possible that nuch of the nenory phenotype nay be
expl ained by two critical sets of biochem cal changes:

1. Menory cells can be nmuch nore easily triggered
t hrough the TCR This m ght be because nenory cells express
hi gher | evel s of adhesi on nol ecul es than naive cells or
because of alterations in intracellular signaling pathways.
This may explain their ability to continually receive
survival signals when tickled even by “non-specific” MHC
pepti de conpl exes. Genes downsteam of TCR signaling my be
in an “open chromatin” configuration in nenory cells thus
allowing lowintensity signals to trigger these cells, or to
dramatically shorten the Gl period in cell cycle progression
following a mtogenic stinulus.

2. Possibly as a result of being constantly “tickled”,
menory T cells express higher |evels of anti-apoptotic
proteins, or appropriately inactivate pro-apoptotic
pr ot ei ns.

Summary:

B Onamolecular leve, two mgor pathways for gpoptosis are known. Both
pathways include caspases, which are cytosolic proteins activated by proteolytic
cleavage after specific aspartate resdues. Thefird involves signaing at the
surface with death receptors (Fas being a key example) that induces activation of
caspase-8 viaamulti-step process. Caspase-8 then activates caspase-3, which
executes gpoptosis via an unclear mechanism.

B The second molecular pathway ma be induced by many noxious agents or by
growth factor withdrawa etc. and involves mitochondrid leskiness, which may
be regulated by the Bcl-2 family of proteins. During apoptosis, mitochondria
permesbility increases resulting in the release of cytochrome ¢ and gpoptosis
inducing factor (AIF) into the cytoplasm. Cytochrome ¢ bindsto APAF-1 and
activates caspase-9 which then activates downstream caspases .

B TheBd-2 family contains both anti-apoptotic (Bcl-2, Bcl-XL) and pro-apoptotic
(Bax, Bad, Bak) factors that form homodimers and heterodimers. These proteins
are principaly anchored in the mitochondrid membrane. Bdl-2 is known to be
down regulated during stages of lymphocyte development in which sdection
occurs, presumably to adlow for the dimination of cells. Two modds exist for



Bcl-2 family function: (1) the channd modd suggests that the Bd-2 homodimer
actsasasurvival channe whereas the Bax homodimer is a degth channd, both of
which regulate mitochondria permegbility. The Bax channd may help form
pores for cytochrome ¢/AlF release whereas the Bcl-2 channd may inhibit these
pores or may act as counter channels. (2) The cytosolic sequestration model
suggests that Bal-2 sequesters caspases and prevent the death pathway. When
Bax bindsto Bcl-2, sequestered caspase is released and desth ensues.
Apoptossin theimmune system occurs viathree possible overarching
mechanisms: (1) Direct activation of degth (i.e., by granzymesreleased by CTLs
and NK cdlsor viaFas signding). (2) Indirect activation due to geneinduction
(i.e, ionizing redigtion, DNA damage). (3) Removd of surviva sgnds (i.e, lack
of growth factors or of MHC binding).

CTLsand NK cdlsrdease granzyme B into the cytosol of target cells
(presumably via perforin channds). Granzyme B is a serine protease that
activates the cagpase cascade of cell degth.

Growth factors can work to inhibit the gpoptotic pathways. For example, some
growth factors activate PI3 kinase, which activates Akt. The activated protein
Akt inactivates procaspase-9, inhibits FasL synthesis, and inhibits Bad.

In an immune response, activated T cells express both CD40L and FasL. on the
cell surface. For B cdlsmaking 1g's specific for antigen, BCR sgnding aswell
as the CD40/CD40L interaction provides the stimulus for activation. Fas/FasL
interactions are negated by BCR signaling. However, bystander B cells do not
have BCR sgnading and the activated T cell will induce death of these B cdlsvia
the Fas/FasL interaction (despite the CD40/CD40L interaction). In thisway, only
B cdls specific for antigen will proliferate and become activated.

Memoary cdls behave like immortaized cells, with no requirement for antigen
ggnding to survive. These cells can respond more rapidly to antigen. These
characteristics of memory cdls are potentidly due to an atered chromatin Sate of
cytokine genes, a higher expression of adhesion factors which helpsto lower the
threshold needed for Sgnaing, and a higher expression leve of anti-apoptotic
factors such as Bcl-2.
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