Overview

Apoptosis: 2 gene-directed programme

of cell death

ABSTRACT?Apoptosis i = particular type °F pro-
grammed cell death which commonly occurs l'n the
developing embryo, in normal healthy adult tissues
and in many pathological settings. In contrast tov necro-
sis, apoptosis is not = pagsive phenomenon PUt *° gene-
directed, usually requiring ongoing protein synthesis.
The dying cell is characterised by having = raised level
of cytosolic Ca2+; this activates = non-lysosomal 22+~
and Mg2+- dependent endonuclease which digests the
chromatin into oligonucleosome length fragments.
The gying ¢!l may °* may 2ot fragment into a number
of apoptotic bodies, but in all cases the cell contents
are bounded Ly a membrane which prevents the
spillage ©of harmful substances such as DNA. Apoptotic
cells are eliminated through phagocytosis by neigh-
bouring cells and macrophages, and cell surface
changes == apoptotic cells aid their recognition 2nd
engulfment by the phagocytosing cells- Extrinsic sig-
nals can both stimulate and inhibit apoptosis, and even
direct damage t° t.he cell can activate the. process.
Apoptosis is widely involved in orgap formation inthe
embrYO, and its occurrence in response
stimuli such as cytotoxic drugs, irradiatilor'l and hyper-
thermia may Pe viewed as an altruistic suicide. Apopto-
sis provides = safe digposal Mechanism for neutrophils
at inflamed gjtes, and within the immune gystem it is
considered regponsible for eliminating.Self—reactlve T-
cell clones and for the affinity maturation of antibody
producing cells. A failure to undergo apoptosis ?as
been invoked in the pathogenesis of low-grade follicu-
lar 1ymphoma, and the triggering ©F apoptosis with
monoclonal antibodies specifically in tumour cells has

to noxious

been achieved in one or two cases.

Why do we bother to classify cell death?

Even in these times of yapid developments in eour
understanding of the molecular processes ©f disease
states, histopathology 204 its quintessentially observa-
tional nature still often leads to the recognition of new
phenomena. Thus, in 1980, Wyllie @nd his colleagues
! Edinburgh [1] were able formally t© propose 2 »=w
classification of cell death based on morphological cri-

teria which geparated the degenerative phenomena
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known as necrosis from a second pattern in which the
dying cell underwent a progressive contraction of cel-
lular volume, widespread chromatin condensation, but

preservation ©f cytoplasmic organelles. The affected
cells then fragmented into a number of membrane-

bound bodies which were rapidly phagocytosed by
neighbouring cells. This latter type ©f cell death was
termed gpoptosis (apo'-pto'-sis: Of- 'dropping off, as
leaves from trees) [2], since it was initially observed in
a variety of mormal physiplogical states where it
appeared t° complement mitosis in maintaining tissue
size. ApOptOtiC cell death is not new to surgical patho—

logical practice, but terms such as necrobiosis, shrink-

age necrosis or Councilman bodies (in the case of

liver) were used to describe the The term

process.
'programmed cell death' is often used synonymously
with gpoptosig, and while apoptosis ¥ programmed in
that it is genetically controlled and influenced by
extrinsic and intrinsic signals, there are instances

where programmed cell death is not apoptogig, For
example, the endometrial lining of the uterus is pro-
grammed t° undergo ischaemic necrosis at the end of
the menstrual cycle, while terminal differentiation in
renewing tissues is associated with imminent cell death
which also is not by apoptosis. However, cell death dur-

ing terminal differentiation can have elements of the

apoptotic programme Such as the enhanced gypres-
sion of trangglutaminase =e=» in maturing ker-
atinocytes.

Cell death is a common enough eccurrence in both
healthy and diseased tissues. In the embryo, genetical-
ly controlled cell death occurs at precise developmen-
tal grages in the process OFf organogenesis; in the adult,
cell death (or loss) must keep pace with cell produc-
tion in the great renewal gystems (bone marrow, gas-
trointestinal tract, Skil’l) if the tissues are not to
expand. Cell death is also a prominent feature of
lymph node germinal centres, and is pegponsible for
the collapse of the endometrium at the end of the
menstrual cycle. In tumours, cell death and cell loss
are major determinants of the rate at which tumours

grow while cell death is the end-result of the unwant-

ed toxicity °f many compounds such as paracetamol in
the liver, and pgny anti-cancer cytotoxic drugs which

target the proliferating cells in the continually remew-
ing cell populations. If the mechanism of cell death

was the same in all these cases and all dead cells
underwent the pyocegg of necrosis (defined as the sum
of the morphological Changes which occuxr after

death), == eggentially passive phenomenon, then = less
than enthusiastic approach te the tgopic would be read-
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ily understandable. However, apoptotic cell death is
clearly implicated i many ©f these instances and,
unlike gimple degeneration, death depends upon the
participation ©f cellular components Which gy, be
activated or suppressed by extrinsic and intrinsic sig—
nals. Thus there is the potential for therapeutic manip-
ulation in gpecifically triggering apoptosis iP camcer
cells, and over the next few years this will undoubtedly

be a major goal ©f investigators in this field.

Before describing the mechanisms involved in apop-

totic cell death it is worth reviewing the perturbations
and intracellular events which lead to necrosis, since
both necrosis and apoptosis can occux simultaneously
in tissues, particularly tumeurs. Generally speaking,
necrosis follows from severe environmental trauma
which either directly damages the plasma membrane
(complement-induced cytolysis) ox interferes with the
generation ©f energy by blocking the synthesis of ATP
(anoxia, ischaemia). A8 = consequence, energy-depen-
dent jon-pumping mechanisms are jmpaired, causing
various ions to move down their concentration gradi-
ents across the plasma membrane: pnotably 2= entry of
sodium and calcium and a loss of potaggium. These ion
movements result in a loss of volume control by the
plasma membrane, Causing an influx of water into the
cell (cell and organelle oedema, formerly called
hydropic degeneration), manifest as acute cell swelling

or 'cell hallooning' (Fig. 1). Initially Such changes =re
reversible, but prevailing adverse conditions send the

cell on a downward spiral particularly with the sus-
tained increased levels of cytosolic calcium disrupting
the cytoskeleton and activating membrane-located

degradative phospholipases @nd proteases. Together
with a switch to anaerobic glycolysis, = decrease in

intracellular PH, and a reduction of macromolecular

synthesis, the affected cell dies, gccompanied by the
rupture °f organelles and the plasmg membrane, man-
ifest by light microscopy =° coagulative necrosis. In
contradistinction, apoptosis !¢ == energy-dependent
process, usually requiring macromolecular gynthesis
which results initially in cell shrinkage rather than cell

swelling.

Morphology °f apoptosis

Light microscopy. Apoptosis i¢ @ common process of cell
death in a wide variety of tissues where cell deletion

needs to occur while maintaining the broad tissue

architecture. At light microscope level, apoptotic cells
are easily recognisable; they e=cu=r individually o= in
very small groups surrounded by normal healthy tis-
sue. They have condensed, basophilic chromatin, =
small amount Of gpginophilic cytoplasm, aRd axe typi-
cally surrounded by a 'halo' (pig, 2); larger apoptotic
cells break yp, into fragments, apoptotic bodies, which
may °©F may Bt have nuclear components, but smaller
cells, such as gpoptotic thymocytes, 9° not usually frag-

ment . At these magnifications it is impossible to distin-
guish with any certainty whether the halo is a result of
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Fig. 1+ Aforerunner of necrosis; grogs cell °edema ina groyp
of hepatocytes.

Fig. 2- At light microscope level, apoptotic ®odies (arrows) in
the liver.

retraction of the apoptotic cell or body from its neigh—
bours or, as is more likely, a phagocytic vacuole whose

Cytoplasmic boundaries are too fine to be observed.
Apoptotic Podies are rapidly phagocytosed by
macrophages °* neighbouring epithelial cells (neu-
trophils play = part), and it seems that the vast major-

26 Journal of the Royal College of Physicians of bondonVol. 26 No. 1 January 1992



Fig. 3. Electron micrograph of == early apoptotic cell, illus-
trating condensation and margination of chromatin toform
dense masses that abut on the nuclear membrane; there is also
convolution f the nuclear outline.

ity are already within phagocytosing c¢lls When they
become apparent. Where discernible, the only clue to

previous phagocytosis ©f == apoptotic body may ©€ the
distortion of the nucleus of the ingesting cell.

Electron pjoppgeopy. When ultrastructural features are
examined, apoptotic cells are found to have a remark-
ably stereotyped morphology, =e matter in which tis-
sue they are formed or in response t° which stimulus.
Initially they lose plasma membrane features such as
junctions and microvilli and present = Smooth outline.
Whether free or within a phagocytic vacuole, the earli-
est intracellular changes 2*= condensation of the cytq-
plasm and pushing to the periphery of the nucleus
one or more dense crescents of chromatin which
obscure nuclear envelope pores. At this grage the
nuclear membrane frequently blebs (Fig. 3), the pre-
decessor of nuclear fragmentation; the nucleolus prq-

gressively disintegrates into osmiophilic granules. The
increased electron density of the cytoplasm is = result

f 1 1 -
cramming together ©f organelles and free ribo
somes (Fig. 4) owing to the reduction in water content

£ . .

©f the apoptotic body. Integrity ©f organelles, however,
** largely maintained and there is no initial swelling of
the cisternae of endoplasmic reticulum. Mitochondria
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Fig. 4 Electron micrograph illustrating t apoptotic bodies
(arrows) phagocytosed by adjacent intestimal crynt epithelial
cells. Note the higher electron dengity of the gpoptotic bodies,
the well preserved organelles (endoplasmic reticulum, mito-
chondria) within them, and how they can distort the nucleus

of the ingesting cell.

have none of the distension that is characteristic of
necrotic cells and thus remain functional well into late

stages ©f the apoptotic process. It is not unusual for
the larger organelles to Pe gsequestered into one o
moxe areas of the cytoplasm so. WRED fragmentation
takes place, organelles are mot equally distributed
between apoptotic bodies; rather, some are ‘organelle
heavy' while others contain no more than closely
packed ribosomes. The final stages of apoptotic disin-
tegration within phagosomes =re similar to geqrada-
tion of any cellular material within secondary lyso-
somes with enclosed elements of endoplasmic
reticulum finally becoming distended; apoptotic =em-

nants may only indisputably P® recognised by the pres-
ence of chromatin (Fig. 5). Even atc late stages mito-

chondria tend to retain their membrane integrity The

major morphological changes associated with apopto-
sis are summarised in Fig. 6.

The piochemistry ©f apoptosis with particular
reference to endonuclease activation: a final common

pathway

Irrespective Of whether anontogis is precipitated by the
removal of = normally trophic stimulus, such as the
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Fig. 5- Electron pjcrograph of = large apoptotic body within a
crypt epithelial cell; three chromatim fyagmentg are still clearly

discernible and there are the beginnings of organelle break-
down.

absence of testosterone from the prostate gland, or by
the addition of a stimulus such as glucocorticoid hor-

mones for immature thymocytes, or even by simply dis-
rupting cell growth with anticancer CytOtOXiC drugs’
the net result is that DNA is always cleaved in a very
specific mannex which sppears responsible for the
characteristic nuclear morphological changes. In in
vivo situations, apoptotic cells are yidely dispersed
amongst viable cells, making biochemical analysis diffi-
cult. However, immature thymocytes from the rat thy_
mus expoged in vitro to glucocorticoids Pave provided
a perfect model system for the harvest of 1arge num-—
bers of apoptotic cells. Such cells can easily be separat-

ed from 'contaminating' healthy cells since they lose
up to one-third of their volume during the process and

are therefore much denser. Using such systems it has
become clear that the final common pathway ]_eading
to the characteristic condensation of the chromatin

and to cell death is the cleavage of double-stranded

DNA, so resulting in the production ©f oligonucleo-

some length fragments of DNA [1, 3, 4],
In eykaryotic cells the DNA double helix in each

chromosome is folded in a highly ordered fasghion; the
fundamental packing unit is the nucleosome, a his-
tone octamer consisting of two copies of each of four
histones?small proteins with a high proportion of
positively charged amino acids [5], The nucleosome
forms a protein core around which the double strand-
ed DNA helix is wrapped twice, and it appears that in

apoptotic cells @» enzyme, = non-lysosomal endoge-
nous endonuclease, is activated which digests the DNA

(linker DNA) between the nucleosome peads; the rest
of the DNA is protected from digestion and remains as
double stranded DNA fragments associated with one

or more nucleosomes. This apparently ubiquitous pat-
tern of DNA cleavage in apoptotic cells has been eluci-

dated by chromatography ©f the partially degraded
chromatin. If separated by velocity sedimentation on
sucrose gradients, the sedimentation pattern indicates
particles with stepwise increments in DNA and pro-
tein; there is no SlOle sedimenting material indicative
of deproteinised DNA. Alternatively, chromatin from
apoptotic cells can be deproteinised @nd subjected to
agarose gel (a polysaccharide isolated from gseaweed)

electrophoresis which separates double stranded DNA
molecules of different sizes. The negatively charged

molecules migrate towards the positive electrode, the
smallest molecules migrating furthest; DNA from

apoptotic cells always separates With stepwise incre-

ments in DNA conforming t° integer multiples °f =
subunit which corresponds t° the number of base pairs

associated with each nucleosome?hence the so-called

ladder pattern ©f PNA cleavage products (Fig. 7).
Quite recently [6] it has been demonstrated not

only that DNA is cleaved gpecifically 2t internucleoso-

mal sites in apoptotic thymocytes but that the endonu-
clease preferentially digests transcriptionally active
DNA to small fragments (short oligonucleosomes and
mononucleosomesg) . Inactive heterochromatin is left
as relatively long oligonucleosomes, presumably
because this chromatin is further packaged as =
solenoid containing six nucleosomes pey turn which is
relatively inaccessible to the endonuclease.

The process ©f DNA fragmentation % extremely
rapid; in the cytolysis Of target ells by cytotoxic T lym-
phocytes (CTL), cleavage ©f DPNA pegins within 10
minutes of contact [7], Another common though not
universal characteristic of apoptotic cells is that de novo
protein synthesis is involved in the process. Using
inhibitors of RNA and protein synthesis such as actino-
mycin D, cycloheximide and emetine, it has been
found that some immature thymocytes exposed to g]_u_
cocorticoids require macromolecular synthesig if DNA
fragmentation is to occux [3, 4]. Om the other hand,
CTL-mediated cell kllllng does not appear to require
protein synthesis [7]. & moxe general feature of 5pqp-
totic cells is that the DNA fragmentation and cell
killing are dependent upon 2 sustained increase in
cytosolic Ca2+ concentration; for example, calcium
ionophore A23187 induces thymocyte apoptosis in

vitro [3]. Gimply incubating freshly isolated thymocytes
with Ca2+ and M92+ causes most of the DNA to be frag-

mented within 90 minutes [4], while blockers of calci-

um influx into the cell gyhstantially delay apoptosis in

the rat prostate gland following androgen deprivation
[8]. Such studies all point te the fact that Ca2+ and Mg2+

are involved in activation of the endonuclease, and
Cohen and Duke [4] suggested that the requirement
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for protein synthesis i® thymocytes undergoing apop-
tosis is paye of = cytoplasm-to-nucleyg calcium crans-
port system. An increase in CytOSOliCI Ca2+ induced by
A23187 with a concomitant block in endonuclease
activity successfully prevents thymocyte P™N# degrada-
tion [9]; in the same model of ionophore-induced
apoptosis, inhibitors of RNA and protein synthesis will
block endonuclease activity [10]. These data suggested
that a protein with rapid turnover, possibly the
endonuclease itself, was required £°F calcium-depen-
dent DNA fragmentation. The inhibitory effect of
compounds like actinomycin P @nd cycloheximide °»
DNA fragmentation could be reduced if the thymo—

Chromatin fragments after Remove protein
endonuclease digestion

I eoints of enzyme attack in linker DNA

Apoptosis: @ gene-directed programme of cell death

Fig. ®- Summary diagram of the morphological
events in apoptosis in an acinus of = glandular
tissue. The earliest stage is characterised by =

condensation of the cell, margination of chro-
matin and convolution gf nuclear and cellular
outlines. The apoptotic cell soon fragments into a
number §f apoptotic bodies which are rapidly
phagocytosed by neighbouring cells, and diges-
tion is accomplished within heterophagolyso-

somes .

cytes were pretreated with a combination of proteases

that blocked proteolytic breakdown. Since ca2+ alone

will gypport extensive DNA degradation, it was con-
cluded that the endogenous endonuclease was consti-

tutive in immature thymocytes 2nd yndergoes rapid
turnover, and that agents which block mRNA or pro-
tein gynthegis inhibit the gynthesig ©f new endonucle-
ase. Protein gynthesig ¢ 2180 important £or mediating
the influx of calcium, and it is assumed, for example in
the case of thymocytes, that the interaction of gluco-
corticoid with its plasma membrane receptor rapidly
induces the synthesis of a protein which acts as a calci-

um pore [11].

Fig. 7- Simplified Scheme for the electrophoretic
analysis of PNA from apoptotic cells; for clarity
the ]argest fragment Das only four nucleosomes.

Electrophoresis in agarose

gel, DNA visualised by
staining with ethidlum

bromide which fluoresces

under ultraviolet light

when bound to DNA.
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Transglutaminases are another gyoyn of Ca2+-depen-
dent enzymes which appear t© be activated during pro-
grammed cell death. This family of enzymes 1S involved
in crosslinking proteins to £orm large protein poly-
mers; £OT example, keratinocyte transglutaminase is
intimately involved in the production of the cornified
envelopes during the terminal differentiation of epi-
dermal cells?a type of programmed cell death. Simi-
lar increases in tissue transglutaminase have now been

found in gpoptotic hepatocytes following = period ©f
hyperplasia [12], and it is ]ike]y that the opyyme func-
tions to provide = highly crosslinked protein scaffold
in apoptotic ©ells joining cytoplasmic and membrane
proteins which maintain cellular integrity during the
formation of apoptotic bodies.

In summary, apoptotic cell death yltimately appears
to be a gtereotyped cellular yesponse involving synthet-
ic activity, which has the effect of activating a

Ca2+/Mg2+-dependent non-lysosomal endonuclease. It
is quite clear that there is not an indiscriminate prope-
olytic digestion of chromatin accompanying this activa-
tion, but rather nuclear DNA undergoes widespread
cleavage at internucleosomal gites; similar enzymes are

responsible for cleaving DNA in terminglly differenti-
ating lens cells and normoblasts.

The fate of apoptotic cells

Having undergone fragmentation into a number of
membrane-bounded apoptotic bodies, the dead cell is
disposed ©f neatly and efficiently by seemingly specific
recognition @nd phagocytosis by neighbouring cells.
Most cells seem capable °f phagocytosing apoptotic
bodies; in glandular organs the parenchymal cells
(Fig. 8) and tissue macrophages =e=m equally capable,
in lymph node germinal cemtres the itingible body'
macrophages === testimony t© the ingestion °f apop-
totic B cell progeny,
cells themselves are efficient phagocytosers ©f apoptot-
ic tumour cells. Once inside the ingesting cell, the

and in tumours even the tumour

apoptotic body, safely packaged i» it heterophagic
vacuole, undergoes fusion with Jygogomes and is rapid-
ly degraded by a process akin to necrosis. Thus, in the
case of cell-damaging agents inducing apoptosis, the
whole process appears geared t© minimising the possi-
bility that damaged °= mutated DNA could be trans-
ferred from injured cells to healthy cells, so exposing

them to harmful genes. Initially the DNA is degraded
to non-functional gybunits, and then the constituents

of the cell are packaged into membrane-bounded frag-
ments to be further concealed by the enveloping
membrane of the heterophagic vacuole and het-
erophagolysosome during their gojourn in the ingest-
ing cell.

If the safe djgposal ©f damaged DNA is one reason
for the hody invoking apoptosis, then there are proba-
bly many Others. One such biologically beneficial

example appears te Pe in the removal of peytrophils
from inflamed sites [13], If acute inflammatory lesions

Fig. 8- Electron yicrograph illustrating mumereus gpoptotic
bodies (arrowg) within intestinal crypt cells.

are to be resolved and not progress t° chronicity, then

neutrophils must be effectively disposed ©f by =2 man-
nex which prevents the disgorgement ©f granule con-
tents which would otherwise lead to further tissue
injury @nd = perpetuation ©f the inflammatory
response. Macrophage engulfment ©f apoptotic neu-
trophils is the mechanism which provides this safe dis-

posal route, and even peytrophils With a full compo-
nent of |ytic enzymes <an suffer such a fate since they
appear *° undergo time-dependent senescent changes
which aid their pecognition by macrophages. The
recognition ©f aged neutrophils by macrophages
involves the vitronectin receptor (an extracellular
matrix receptor ©°f the integrin superfamily) o= the
surface of the macrophage [14]. In the in vitro gluco_
corticoid-induced model of thymocyte apoptosis,
macrophages Pind apoptotic thymocytes by = carbohy-
drate dependent mechanism [15, 16]. Incubating
macrophages with monosaccharides such as iV-acetyl
glucosamine prior to the addition of thymocytes
blocks macrophage recognition ©f the steroid-treated
cells, suggesting =» interaction between a lectin-like

macrophage surface receptor @0d = thymocyte carbo-
hydrate moiety. An overall or local increase ip, for

example iV-acetyl glucosamine could be achieved hy a
loss of the terminal residues (guch as JV-acetyl meu-

raminic z0id) from the cell surface glycans of the

apoptotic cells, thus expoging the sugars.

The incidence of apoptosis and the signals for its
induction

Large numbers of cells can be deleted from living tis-

sues by apoptosis without significant disturbance of the
overall tissue architecture. The process is frequently
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found in situations where cell death is physiological,
for example in developmental growth, in mormal cell
turnover and in maintaining homeostasis within the
immune gygrem, However, apoptosis .is I‘—"lso sneoun-
tered in many pathological states, be it ?.I’l cell Ikllllng
by effector cells of the immune gystem, " the involu-
tion of endocrine target tissues or in tumours. It also

to injurious Stimuli such e= hyper-

occurs in
response
4 the

thermia and anticancer cytotoxic drugs_ Clearly,
stimuli g]iciting the same end-result in such a variety ?f
there could be intrinsic
2 host of extrin-
d in other

settings will not be the same;
cellular ,rogrammes, PUt ™ore likely

sic gignals dependent ©» the target cell, an

cases cell ipjury itself, may Pe the precipitating Vet

Developmental growth

Substantial cell death is part and parcel of normall
it even occurs extensively in

‘o d )
embryonic development; d

early human blastocysts in Poth trophectoderm
the inner cell mass. Apoptosis is deemed responsible
for the moulding of many tissues in the embryo, for
the coring out of the lumina Of many tubes, and for
the death of ,p, to 80% of neurones in catering for the
needs of the innervated periphery [17]. Cell .death in
the embryo is certainly 'programmed' ™ that it eceurs
at precise developmental stages and is under gepetic
control, but this should not be taken to imply that all
cell death is through the mechanism Of gpoptosis. I#
one of the most W1dely studied systems, that of the
developing chick limb bud, extensive cell death ?cc‘frs
in the mesenchymal areas o separate the'chondrlfylng
digits; this is ygually referred to as necrosis [.18] . With-
in the embryo there are clearly concentraltlonlgradi_
ents of morphogens (growth factors, red@lc acid et.c)
which proyide the cues to specify fate in embryonic
fields, and the relative absence or presence of such
factors is ]ikely to be instrumental in causing cell
death. There seems little evidence to gypport the idea
that gp, cell has an intrinsic and thus autonomous
control over its own destiny’ though the term lpro_

grammed' was originally coined with the apparent
connotation of cell suicide. QOnly in Caenorhabditis ele-

gans, = nematode worm with less than 1,000 cells, does

cell death ,pneqy to be intrinsically programmed i»
something over 10% of cells, and mutations of cell
death (ced) genes appear °° promote
cells that would normally die [19].

Cell death by apoptosis is crucial for nornflal mam-
t, and failure of this process

the survival of

malian palate developmen
Is one cause of a cleft pa]ate [20]. At = precise develop-
mental stage the bilateral palatal shelves elevate to a
horizontal position above the dorsum of the tongue,
the opposing shelves make contact with each other,
and the medial edge epithelia adhere to each other to
form the midline epithelial seam- It is the failure of
this epithelium to undergo apoptosis which can pre-
vent mesenchyme continuity ac=ess the palate result-
Jng in a cleft palate. As in other examples of vertebrate

Apoptosis: @ gene-directed programme of cell death

development Where gpoptosis occurs, there does not
appear to be wholesale intrinsically controlled epithe—
lial suicide but rather the epithelial cells receive Sig-
nals (extracellular matrix components, growth factors)
from the ynderlying mesenchyme. Elegant recombina-
tion experiments involving epithelium and mes-
enchyme from different gpecieg have clearly highlight-
ed the instructive powers of the mesenchyme ;
combining meuse palatal epithelium with alligator
mesenchyme causes the epithelium to migrate rather
than die, the normal behaviour of alligator palatal

epithelium. Thus, though palatal medial edge epithe-
lial cell death has been likened to 'murder' by the
mesenchyme, it is nevertheless programmed by extrin-
sic gignals resulting ™ apoptosis.

Normal cell turnover

Careful examination of gpy histological section will

probably identify the occasional apoptotic cell. In the
gastrointestinal tract such cells often occur within the
proliferative compartment °f the crypt, though in all
similarly rapidly renewing populationg terminal differ-
entiation heralds the death or at least the loss of a cell
in the not too distant future by a programmed process
which is not apoptosis. One suspects that the elimina-
tion of isolated cells by apoptosis in normal adult tis-
sues may be an altruistic suicide process to rid the
body of potentially harmful cells, eg those with a chro-
mosomal imbalance. In classical endocrine target tis-
sue such as the breast, apoptosis of acinar cells at the
end of the menstrual cycle would gppear to counter-
balance the little cell proliferation that occcurs during
the first half of the cycle [21].

Within the haemopoietic system, ®¢ suppression °f
apoptotic cell death in precursor ©€118 requires the
continued presence of colony stimulating factors such
as interleukin-3 [22]. As in other systems, this cell
death can be reduced by inhibiting protein synthesis
with cycloheximide. The introduction and expression

of the proto-oncogene Bcl-2 (B-cell lymphoma) will in
fact prolong the survival of these cells after IL-3 with-

drawal, and the location of the gene product o= the
inner surface of the mitochondrial membrane sug-
gests that oxidative phosphorylation and/or electron
and metabolite transport =re involved in the survival
mechanism [23]. Derequlation of Bcl-2 gene expres-
sion has been implicated im the pathogenesis of follic-
ular 1ymphoma (see below) .

The immune system

The immune gygtem acquires the ability to discrimi-
nate between self and non-self so that destructive

autoimmunity is avoided. This self-tolerance may be
achieved through the deletion of autoreactive T-cell

clones during thymic maturation. This negative selec-
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tion process is thought te involve interactions between

antigen-specific thymocyte receptors 2n9 gelf-antigen
presented by the MHC proteins <= accessory cells,
thus resulting in the activation of apoptosis in 'forbid-
den' T-cell clones [24]. This can be demonstrated
experimentally through the killing of immature thy.
mocytes by stimulation via the CD3 /T cell receptor
complex using antibodies, and emce again =an early =u=-
tained rise in cytosolic Ca2+ is a prominent feature
[25], The factors that regulate proliferation and death
in the thymus are not fully understood, but it seems
quite clear that increases in cytosolic Ca2+ and an acti-
a8 enzyme that adds
phosphate groups t° serine and threonine amino
acids) have important roles in the earliest phases of
signal transduction. In thymocytes, = rise in cytosolic

Ca2+ through antigenic or lectin challenge can lead to
proliferation rather than death, and in such circum-

vation of protein kinase C (PKC,

stances it would appear that the status of PKC activity

is crucial?PKC activation cells from Ca2+ acti-

protects
vated endonuclease activation. McConkey et al [26]

have introduced the concept of 'unbalanced sig-

nalling', whereby the =same gntigen may Pe stimulatory

(proliferation) o= inhibitory (death) depending upon
the presence ©or absence of at least one other indepen_
dent signal, eg interleukin-1 stimulation of PKC. Quite
recently twe MRNA gpecies unique *° dying thymo-
cytes have been identified [27]. One gene product was
a membrane protein, while the other protein con-
tained a zinc finger suggesting it might function as a
DNA-binding protein regulating transcription. It
remains to be seen how ubiquitous such death genes
are in other models of apoptosis.

Apoptosis would also gppear to be involved in the

selection, by immunising antigen, ©f the B cell proge-
ny (centrocytes) producing antibodies of the hjghest
affinities, with apoptosis of those cells not receiving =
sufficiently positive signal £¥om the antigen, ie the cells
producing antibody ©f lowest affinity [28]. This 'affini-
ty maturation' is thought to operate when B cells are
activated hy antigen t° generate memory cells, which
with time generates antibodies of increasing affinity
against == immunising antigen. This is achieved py the
very rapid accumulation of mutations (gomatic hy—per_
mutation) in the antibody V-region coding sequences
after gntigenic challenge, and the cells which either
fail to modify o= actually decrease the affinity of anti-
body are the ones to be eliminated by apoptosis.
Defects in this selection process have been suggest-
ed as being important in the pathogenesis ©f low
grade follicular 1ymphoma [23]. Such lymphomas
have a (14;18) translocation involving apposition of
the Bcl-2 gene @nd the jpmunoglobulin heavy-chain
locus, thus placing Bcl-2 next to a highly transcribed

gene. Deregulated Bcl-2 resulting in elevated levels of
Bcl-2 mRNA and protein could thus override the apop-
totic tendency of germinal centre cells since the Bcl-2
gene product protects against apoptosis.

Enhanced B-cell gurvival, ie protection from apopto-

sis, has also been suggested @=s the mechanism by
which Epstein-Barr virus (EBV)

remain Jong-lived [29]. Using EBV-positive Burkitt's
lymphoma cells, it was found that the activation of all

infected B cells

eight EBV latent gepeg was required t© protect the
cells from yndergoing experimentally induced gpopeo-
sls. In fact the apoptotic death of tumour cells is a
recognised feature of Burkitt's ]ymphoma, conceivably
a phenotypic vestige of the tumour's origin from the
germinal centres Of lymphoid follicles. Indeed, fewer
apoptoses have been found in the neoplastic follicles
of follicular lymphomas than in germinal centres.

Cell death is an important component of most
immunological reactions; unlike the necrosis caused
by complement, the effector cells [cytotoxic T
lymphocytes (CTLs), natural killer (NK) o=r killer (x)
cells] all cause gpoptosig of their taygets [16]. ALl such
cell-mediated cytotoxicity probably involves the cell
binding t° the target, = Ca2+-dependent phase involv-

g g b
ing secretion of lymphocyte vesicle contents which
programmes the cell for death, and yltimately apopto-
sis. CTLs are involved in many examples of cell killing,
including graft rejection, graft versus host disease
(GVHD) and all typeg of viral hepatitis (where apop-
totic hepatocytes are often called Councilman bodies

or gcidophil bodies); NK cells are particularly implicat-
ed in the killing of tumour cells and virus infected

cells, while K cells are involved in antibody dependent
cell-mediated cytotoxicity.

Resolution of inflammation

The efficient removal of neutrophils from inflamed
sites once their hiplogical purpose (killing °f invading
pathogens, breakdown of dead tiggue) is complete is a
highly desirable ghjective. Neutrophils === undergo
apoptosis, and associated cell surface changes aid their
phagocytosis by macrophages [13]. This process prob-
ably operates wherever a need to curtail suppurative
exudation exists, be it in the resolution of pneumonia
(Fig. 9) or the mopping-up ©f =n abscess cayity
(Fig.10).

Reversal of hyperplasia

Many glandular epithelia undergo transient hyperplas-
tic reactions in response £°© overstimulation by = troph-

ic hormone, or the mitogen may be a substrate of

cytochrome P450 dependent enzymes, 2s in the case of
the liver. Once the stimulus is removed the target tis-

sue returns to its normal size phyt, rather than allowing
'wear and tear' cell loss in the absence of renewal to
cause tissue reduction, most tissues return rapidly to
normality through the apoptotic death of the excess
cells [30,31]. Interestingly, the production °f apoptot-
ic cells can be abruptly halted by re-introduction of

the mitogen.
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Fig. 9- (a) Electron micrograph of = human apoptotic meu-
trophil isolated y bronchial Jayage, With characteristic eres-

cents of compacted chromatin in all three lobes, (b) Electron
micrograph of = pleural macrophage that has engulfed ==
apoptotic neutrophil which is eagily recognisable by it high
content of cytoplasmic granules.

Apoptosis: @ gene-directed programme ©f cell death

Fig. 1°- Apoptotic neutrophils from == abscess cayity, many
of which have been phagocytosed by macrophages (arroius).

Endocrine target tissue involution

The most widely studied model of such a process is the

castration-induced involution of the rat prostate gland.
Prostatic acinar cells are dependent upon testicular
androgen for their normal function, and castration
sets in train a series of regressive changes including

atrophy °f some cells and apoptosis in others. Exoge-
nously administered testosterone can inhibit castra-

tion-induced apoptosis, and it gppears that cell death
is intimately linked to the expregsion of the TRPM-2

gene (testosterone-repressed prostate message-2
gene), whose function is yet o be elucidated [32].

Anticancer cytotoxic drugs @19 hyperthermia

Although apoptosis !¢ perceived by seme as exclusively
= type OF 'physiological' cell death, this is ¢learly incor-
rect and apoptosis occurs in response t° a wide Variety
of noxious stimuli [33], From a teleological point of
view it seems much more reasonable to eliminate
injured cells by apoptosis than te allow the potentially
harmful process of necrosis to occcur. It is generally
believed that mild forms of injury induce apoptosis
while more severe forms of insult result in necrosis.
Thus a threshold of injury may exist beyond which
necrosis occurs in a given cell, and indeed there is
some experimental evidence to Support this notion
[34]. To date we are Jargely ignorant == to how a high-
ly conserved process (apoptosis) can be initiated by =
widely disparate group °f agents (eg antimetabolites,
alkylating agents, antitumour antibiotics, cisplatin),

but interruption ©f the carefylly integrated series of
cell cycle events leading to unbalanced growth could
be the stimulus.
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Fig. - In tumours, large areas of cell death (necrosis N)
occur in areas most distant fygp the blood vessels (By), In
contrast, c°lls yndergoing PNA gynthesis (labelled here with
bromodemsuitdine and visualised with a peroxidase-conju-
gated monoclonal aptipody and se appearing bruim) are
found in the most oxic regions.

Neoplasia

It s yidely appreciated that in most experimental and
human tumours there is a gross disparity between the

observed rate of growth of the tumour population and
the rate of growth we would expect from a considera-
tion of the rate of cell production in that population
[35,36]. The difference is due to cell loss from the
tumour, most of which is accounted for by the familiar
'lakes' of necrosis in areas most disadvantaged with
respect t° the afferent blood supply (Fig. 11), and in
most, if not gl], solid tumours an inCreaSing rate of cell
loss rather than a diminished rate of cell production is

largely responsible for the curtailment of growth mani-
fest by the typical sigmoid growth eurve [37]. However,

apoptosis also occurs yidely in tumours, the frequency
of which is not related to the proximity of the vascula-

ture, and it is not uncommon to find apoptotic
tumour cells next to leldlng cells (Flg 12). Why
tumour cells undergo apOptOSiS is not clear, but there
are several possibilities: a chromosomal imbalance, =
lack of growth factors or the activities of CTLs, NK- or
K-cells could be responsible. Tumouxr necrosis factor
(TNF) secreted by macrophages can also stimulate
apoptosis [38], and there is also the intriguing possi-
bility that apoptosis represents = residual gttempt at

autoregulation Which yltimately fails, since in some
tumours apoptOSiS is more common when they are

small [39].

As glready mentioned, overexpression Of the Bcl-2
gene has been implicated i® the pathogenesis of follic-
ular B cell Jymphomas by protecting cells £rom gpopto-
sis. A most attractive idea therefore is to stimulate
apoptosig in tumour cells, and seme progress I being
made in this area. In human T—lymphotropic virus type
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Fig. 12. In tumours, apoptotic cells (arrows) =re usually

found singularly amongst Viable tumour cells, often close to
blood vessels and neaxr mitotic cells (M),

1 (HTLV-1) associated malignant disorders there is a
cell surface gntigen (APO-1), = 52 kd protein, to which
a monoclonal antibody (anti-APO-1) <an bind and
cause gpoptosis [40] . Another surface antigen is

known as Fag, a plasma membrane spanning polypep—
tide related to the TNF receptor family, and anti-Fas

monoclonal antibodies will precipitate apoptosis in

human cells expressing the antigen [41]. Clearly the
triggering ©f apoptosis specifically in tumour cells
could be a= jmportant to the camcer therapist as=
inhibiting proliferation == limiting spread.
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