





Demystified . . . Apoptosis

harmful intracellular contents into the sur-
rounding microenvironment, where it could
otherwise have harmful cytotoxic side effects
(fig 1).

STAGE 1: TRIGGERING APOPTOSIS—MECHANISMS
OF STIMULATION
It seems likely that all living cells have evolved
the genetic capability to undergo apoptosis
spontaneously. Although the mechanisms that
lead to the starting of the “biological clock” are
not understood, it seems likely that alterations
in the environmental conditions that the cell
experiences can start, accelerate, or slow down
the process."” >

To enter into the apoptotic cycle the cell first
encounters a signal to activate the relevant
genetic machinery. A good example of physi-
ologically important apoptosis in adult life is
the life cycle of the mature neutrophil. When it

Figure 1

Downloaded from mp.bmj.com on February 10, 2012 - Published by group.bmj.com

57

leaves the bone marrow and enters the periph-
eral circulation, it is terminally differentiated
and incapable of further division. Should it not
be recruited to an inflammatory lesion (where-
upon it would release its potent and highly
cytotoxic contents via degranulation), it se-
quester in the lung, where the senescent
neutrophils undergo apoptosis. Here, they are
normally phagocytosed by resident alveolar
macrophages.”’ ** This mechanism ensures the
safe disposal of these otherwise harmful cells.
When this system is stressed as a result of over-
whelming toxic injury or infection, massive
systemic damage results (septic shock syn-
drome).

In the lymph nodes, cells that are not
exposed to frequent antigenic stimulation
undergo clonal deletion via apoptosis. This is a
very good example of how withdrawal of
factors can lead to apoptotic cell death.* This

The stages of apoptosis. This diagram illustrates the four basic stages of the apoptotic pathway. Once the cell has

reached stage two and the caspase pathway has been activated it is believed that the process is irreversible and the cell
cannot be rescued. After stage three, if the cell is in close enough proximity to a phagocytic neighbour and is displaying the
right molecular signature it is engulfed and broken down within the phagocyte. If the apoptotic cell is not recognised it will
eventually assume necrotic morphology, so called “secondary necrosis”™.
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mechanism is of crucial importance in the rec-
ognition of self and non-self, and maintenance
of immunological tolerance.” Breakdown of
this regulatory pathway results in a range of
autoimmune and malignant conditions.”
There is now also good evidence that entry into
the proliferative cycle is a crucial step in sensi-
tising some, but not all, cells to apoptotic
signals.”

There are stimuli that originate from outside
the cell that can advance or delay apoptotic
death. This stage of the process can be
triggered by agents that can penetrate the cell
directly, and modulate the apoptotic cascade in
the absence of specific cell surface receptors.
Examples of such agents include heat shock/
stress factors,” free radicals,” ultraviolet
radiation,” numerous drugs and synthetic
peptides,” toxins,” and potent lymphocyte
enzymes (the granzymes).’' Other mechanisms
are dependant on expression of appropriate cell
surface receptors.

Receptor mediated apoptosis has been dem-
onstrated for numerous growth factors (for
example, transforming growth factor B** and
cytokines, including tumour necrosis factor
(TNF)).” Of these molecular families, the
TNF like molecules are a family of ligands that
exist as soluble or cell bound forms and which
are known to have a major role in the modula-
tion of cell survival/apoptosis in cells of many
lineages.” > The TNFs act via a large family of
receptors expressed on the surface of the target
cell, known as the TNF receptor superfamily.
The TNF receptor family comprises at least 19
members, which are grouped together based
on structural homology, but which in reality
have a wide array of biological effects that
sometimes extend beyond the regulation of
apoptosis.” ** At least four of them can trigger
apoptosis directly, and although not containing
an intracellular death domain themselves,
several others do have the potential to interact

The Fas dependant apoptotic pathway
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Figure 2 Apoprotic cell death mediated by the Fas receptor pathway. Effector cells (for
example, activated T lymphocytes) present the Fas ligand (FasL) in a conformation that
permits crosslinking and aggregation of the Fas receptor on the target cell. The clustering of
Fas is the first step in activating the intracellular apoprotic cascade. Formation of a
complex, the Fas associated death domain (FADD), then results in binding and activation
of procaspase 8 and the caspase cascade.
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with and activate other apoptosis inducing
receptor-ligand pairs. In addition, it seems that
some family members, which are incapable of
signalling because they lack a cytoplasmic tail,
can function as “decoy receptors”. At present,
little is known about the true biological role of
many of these receptor family members,
beyond their sequence homology and distribu-
tion throughout tissues. Detailed discussion of
individual receptors is clearly beyond the scope
of this review, and the reader is referred to
other articles for further information.**>°
Expression of some of the TNF receptors
appears to be restricted to specific cell types
whereas others (for example, Fas (CD95/Apo
1)) are distributed across a wide range of cell
types, and are thought to have a central role in
the triggering of apoptosis.””* This prototypic
family member illustrates how many receptor
mediated apoptotic pathways can be activated.

STAGE 2: INTRACELLULAR SIGNALLING AFTER
RECEPTOR LIGAND BINDING
The TNF receptor superfamily members are
all typical type 1 membrane spanning glycopro-
teins, with the N-terminus on the outside of the
cell containing anywhere between one and six
ligand binding domains. Within the cell, the
C-terminus typically (for the death transducing
receptors see fig 2) contains a region of about
60-70 residues, which upon activation with a
trimeric ligand, forms a cluster and a complex
beneath the cell membrane with a number of
cytosolic proteins to form the active “death
domain” (for example, Fas forms the Fas asso-
ciated death domain (FADD)). This receptor—
ligand complex then becomes the recognition
molecule for a precursor enzyme, procaspase
8.40

The caspase family of enzymes contains
cysteine proteinases that mediate a whole range
of intracellular events, and a number of agents
act by modulating caspase expression and
activity  directly, bypassing the receptor
pathway” (table 1). There are presently 13
known caspase family members, which form an
intracellular proteolytic cascade that modulates
many cellular events in the apoptotic pathway,
including activation of transcription factors.*
Transcription factors are regulatory proteins
that bind to specific initiation sites on DNA,
and in turn modulate expression of genes that
regulate production of pro-apoptotic and
antiapoptotic factors. Such important apop-
totic genes include the bcl-2 family of mito-
chondrial proteins,” cytochrome c,** the
tumour suppressor genes p53 and p21(WAF
1), and many others.*” In a highly complex and
as yet poorly understood way, it is the balance
between these pro-apoptotic and antiapoptotic
factors that controls the fate of the cell (table
1).46

There is recent evidence suggesting that not
all apoptotic cell death requires caspase activa-
tion. However, little is currently known about
caspase independent death and its pathophysi-
ological relevance awaits clarification.'®

Much of what is currently known about the
molecular and genetic regulation of apoptosis
has been the result of work carried out on the
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Genelmolecule

Effects

Bcl-2 subfamily (Ced9 in Caenorhabditis elegans)
Bcl-2

Bel-xl

Bel-w

Bcl-xs

Bax family

Bax

Bak

Bok

BH3 subfamily

Bad

Bik

Bid

Blk

HRK

BimL

Egl (C elegans)

Caspases 1-13* (Ced3 in C elegans)

Apaf-1 (Ced4 in C elegans)

p53 family of tumour supressor genes

Nitric oxide

Cytochrome ¢

Promotes survival
Promotes survival
Promotes survival
Promotes death

Promotes death
Promotes death
Promotes death

Promotes death

Promotes death

Promotes death

Promotes death

Promotes death

Promotes death

Promotes death

These interleukin 1 converting enzyme (ICE) like cysteine
proteinases form a central part of the apoptotic cascade

These adaptor molecules link caspase (Ced3) activation and
Bcl-2 (Ced9) expression. Their functions in promoting death
or survival remain to be defined

p53 is necessary for apoptosis induced by agents that cause DNA
damage. Growth arrest occurs by activation of p21. p53 can
also affect the expression of bcl-2 and bax directly. p21/WAF1
inhibits cyclin dependent kinases and prevents progression
through the cell cycle

This molecule prevents apoptosis by altering bcl-2 expression
and by nitrosylation of caspases

This molecule induces apoptosis via caspase activation

This table summarises the major families of regulatory genes that are activated when a cell undergoes apoptosis. The list is by no

means exhaustive but gives representative family members.

The products of the bcl-2 gene subfamily are mitochondrial proteins that can exist as homodimers or heterodimers made up of dif-
ferent pairings. Their functions are still unclear but changes in the ratio of their expression has profound effects on cell survival.

*Inhibitors of ICE have also been described recently.

nematode worm, Caenorhabditis elegans, where
the Ced (cell death abnormal) and Egl gene
family members have been cloned and se-
quenced, and to which an array of apoptotic
functions have been ascribed. Because many of
these genes are highly conserved, mammalian
homologues of the Ced genes have now been
found (table 1).*

STAGE 3: APOPTOSIS—THE MORPHOLOGICAL AND
BIOCHEMICAL CHANGES

Release of intracellular calcium and depletion
of ATP accompany the ongoing process.”” In
contrast to necrosis, there is no mitochondrial
swelling and the cell begins to shrink with the
plasma membrane remaining intact. Chroma-
tin begins to condense and marginate towards
the nuclear membrane periphery (fig 1). Mito-
chondrial activity increases with the synthesis
and release of apoptosis regulatory proteins
such as the bcl-2 family members, cytochrome
¢, and nitric oxide.* The activated caspase cas-
cade continues to initiate the induction of other
apoptotic genes, including death promoters
such as p53 or p21.

Mutations in one of these tumour suppressor
genes (p53), in particular, is thought account
for a large proportion of malignancies in
human disease,” and p53 is a major target for
transforming viral oncoproteins.*® Other im-
portant pro-apoptotic genes include those that
encode the endonuclease that degrades the
DNA into 50 kb fragments, the biochemical
hallmark of apoptosis in most, although not all,
cell types.* Genes are also activated that lead to
expression of other cell surface phagocyte rec-
ognition molecules, such as intercellular adhe-
sion molecule 3 (ICAM 3).” A crucial step
appears to be the loss of membrane asymmetry,

leading to the exposure of anionic phospholip-
ids and phosphatidylserine (PS). These are
thought to be the molecular signals recognised
by neighbouring phagocytic cells.” Eventually,
the plasma membrane of the cell begins to bud
off encapsulating and packaging lysosomes,
mitochondria, chromatin fragments (known
also as Councilman bodies), and other degen-
erate  organelles including the Golgi/
endoplasmic reticulum (figs 1 and 3).

STAGE 4: PHAGOCYTIC RECOGNITION OF
APOPTOTIC BODIES

The importance of this part of the process to
normal tissue homeostasis and during the
resolution of the inflammatory response is now
well recognised.”’ > Hypothetically, defects in

e 4

Figure 3 The morphology of apoptosis. This
photomicrograph shows a culture of promonocytic U937
cells, some of which show classic morphological features of
apoprosis (arrow A). The cell marked N shows the normal
morphology of a viable neighbour for comparison.
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phagocyte recognition of apoptotic cells may
lead to persistence of inflammatory disease,
which is exacerbated because apoptotic cells
eventually assume necrotic morphology (so
called secondary necrosis). This idea has
gained credence because it seems a particularly
attractive explanation for persistent inflamma-
tion and tissue damage. As yet, there is little
histopathological or clinical proof that such a
mechanism occurs in vivo, but this field of work
is continuing to advance.

The point at which apoptotic cells are recog-
nised by phagocytic cells is not really known,
although it is probably at quite an early stage,
because in tissues where cell turnover is high,
the frequency of mature apoptotic bodies can
be relatively low.”” Research into the mecha-
nisms involved in phagocytic recognition are
still at an early stage. Several molecules on the
surface of the phagocyte and the apoptotic cell
have been identified as important mediators of
the process (fig 4), most of which have turned
out to be cell surface molecules that have been
familiar to immunologists and biochemists for
quite a few years.”>® Research in this area is
currently focused on the professional macro-
phages of leucocytic origin, and much less is
known about phagocytosis of apoptotic cells in
other systems. Key molecules on the phagocyte
include the class A scavenger receptors macro-
sialin and ABC 1, the vitronectin receptor, and
the class B scavenger receptors CD36 and
CD14 (a glycophosphatidylinositol anchored
protein which is the lipopolysaccharide recep-
tor). These molecules interact with several
counter-receptors on the apoptotic cell includ-
ing anionic phospholipids, PS, and ICAM 3.
On the phagocytic cell, the vitronectin receptor
(avB3 integrin) and CD36 both have the ability
to bind a bridging molecule thrombospondin.
Although the partner for thrombospondin
bridging on the apoptotic cell has yet to be
defined, likely candidates are PS and ICAM 3,
although the latter has been shown recently to
partner CD14.° >
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Figure 4  Phagocytic recognition of an apoptotic cell. At present, little is known about the
interactions between apoprotic cells and phagocytes, but a series of molecules seem to be
important including phosphatidylserine (PS), anionic phospholipids, and intracellular
adhesion molecule 3 (ICAM 3). The hierarchical nature of these interactions is not yet
known but recent evidence suggests that ICAM 3 partners CD14 on the macrophage. An
important pairing also seems to be between PS and the vitronectin receptor or CD36. This
probably occurs via thrombospondin, which can avidly bind both molecules on the
phagocyte.
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The fact that the vitronectin receptor and
CD36 can signal via tyrosine kinase implies
that these molecules in particular might be of
crucial importance in the subsequent activa-
tion of the signalling pathway in the phagocytic
cell, about which virtually nothing is currently
known.

How can apoptosis be studied?

MOLECULAR GENETICS

Today’s apoptotic research is becoming domi-
nated be the power of modern molecular biol-
ogy; in particular, the use of transgenic animal
models to test the function of particular genes.
There are well known caveats to these models,
the most important of which is that, as the
number of interactive gene products in any
particular system increases, so does the likeli-
hood of redundancy. In other words, when a
gene is deleted and no biological effect is
observed it is possible that other pathways have
compensated for the defect. That being said,
transgenics do continue to be a powerful
analytical approach to the analysis of gene
function. In relation to apoptotic cell death,
transgenic animals where death receptor genes,
including Fas and CD40 or their cognate
ligand encoding genes, have been deleted have
given important clues as to the importance of
these molecules for the regulation of apoptosis
in several cell types.”””® The Fas ligand
“knockout animals” suffer from lymphoprolif-
erative disease and liver hyperplasia. CD40—
ligand knockout animals are also severely
immunocompromised. Interestingly, CD40-
ligand knockout animals are also susceptible to
the development of cholangiocarcinoma, have
liver hyperplasia, and fail to clear virally
infected cells effectively.” ® All these observa-
tions underpin the systemic importance of an
effective functional apoptotic pathway .

In addition, the ability to modify individual
cell types, either by gene deletion or inducing
or inserting pro-apoptotic and antiapoptotic
genes, has contributed greatly to our under-
standing of the role of individual molecules in
apoptosis. For example, manipulating hepato-
cytes to overexpress the survival factor gene
bcl-2 makes the cells resistant to Fas mediated
apoptosis.”’ Molecular analysis of apoptotic
gene mutations has also provided some tanta-
lising clues about how malignant transforma-
tion can occur. Aggressive tumour growth has
been associated with mutations or the aberrant
expression of several apoptotic genes, including
bcl-2 family members, p53, Fas,”” and CD40.%
An understanding of how these genes function
offers great potential for therapeutic interven-
tion.

CELL AND MOLECULAR BIOLOGY
A great deal of information can also be gained
from cell biology, molecular biology, and
biochemical approaches to the study of cells in
tissue culture, or ex vivo in tissue sections.
These approaches fall into categories that
relate to either the morphological or biochemi-
cal assessment of apoptosis. There are no single
specific markers of this process, and it is widely
accepted that several different techniques
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should be carried out. As stand alone tech-
niques go, the gold standard method for
morphological assessment is electron micros-
copy, where the ultrastructural changes that
typify apoptosis can be seen in individual
cells.”

Quantification of apoptosis requires other
approaches. Electrophoretic analysis of DNA,
the so called “DNA laddering technique”,
allows confirmation of the presence of de-
graded DNA, but in most cases does not
permit quantitative assessment of the degree of
apoptosis (fig 5). This method is only really
appropriate for isolated pure populations of
cells. Assessing cell and nuclear morphology
microscopically in combination with an
immunohistochemical technique for detection
of DNA strand breaks (which occur at high
frequency in apoptotic cells) is a widely used
and generally accepted approach.

There are many apoptosis detection kits now
commercially available that are based on DNA
fragmentation, most being variations on similar
themes. Two frequently used techniques are
the in situ DNA end labelling method (ISEL)*”
(fig 6) and the in situ terminal deoxynucleoti-

Figure 5 Electrophoretic analysis of DNA from apoptotic cells. DNA extracts can be
purified, run on an agarose gel, and stained with fluorescent ethidium bromide. DNA from
apoprotic cells (aged blood polymorphs in this case) forms a distinctive laddering pattern as
a result of endonuclease cleavage (lane 1). Lane 2, DNA isolated from necrotic cells; lanes
and 6, no sample; lanes 3 and 4, DNA immediately after isolation (before treatment); lane
7, standard DNA molecular weight markers. Band sizes are in kDa.
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dyl transferase d uridine triphosphate nick end
labelling (TUNEL) method.* Both techniques
exploit the endonuclease dependant cleavage
of DNA. The assumption is made that this
occurs with much higher frequency in apop-
totic cells than under any other circumstances.
Both techniques rely on the labelling of the
nicked DNA with a chromogen or fluorogen
conjugated complex.

Other techniques exploit the changes in
nuclear morphology and cell membrane bio-
chemistry, and in some circumstances allow for
the automated measurement of apoptosis via
flow cytometry. These methods rely on various
combinations of propidium iodide, which can
enter necrotic cells and stain the nucleus, and
labelling of the cell surface phosphatidyl serine
residues, which are expressed at early stages of
apoptosis, with an anticoagulant protein called
annexin V, conjugated to a reporter molecule,
such as fluorescein or biotin (fig 7).

The downstream intracellular events of
apoptosis can also be assessed using a variety of
cell and molecular biological approaches.
Again an abundance of commercially available
reagents are readily available. Gene expression
and the consequent protein synthesis can be
monitored using western immunoblotting (for
proteins) and reverse transcriptase PCR (for
mRNAs). A wide range of antibodies to recep-
tors, ligands, transcription factors, caspases,
and tumour supressor gene products permits
localisation of many molecules using immuno-
histochemistry. There are also several chro-
mogenic substrates, with varying degrees of
specificity for the caspase family members,
which allow for functional assessment of
enzyme activity.

The implications of apoptosis in disease

and potential for treatment

The consequences of manipulating apoptosis

are potentially beneficial and deleterious.

Although we still have much to learn, we

already know that the system is extremely

complex, and there are several areas where the
modulation of apoptotic death could be of
benefit in the treatment of disease in the future.

(1) Control of malignant disease: the induc-
tion of apoptosis in malignant cells would
be desirable.

(2) Delay of  premature senescence/
neurodegenerative disorders: the preven-
tion or delay of apoptosis in neural cells is
a desirable goal.

(3) Regulation of inflammatory disease: the
induction of apoptosis and phagocytosis
would be desirable for the suppression/and
resolution of the inflammatory response.

(4) Treatment of transplant rejection: the pre-
vention of apoptosis in parenchymal cells
and the induction of apoptosis for estab-
lishing immunological tolerance (cells of
the immune system) would both be desir-
able in this setting.

(5) Regulation of tissue regeneration/repair:
induction of apoptosis would be useful to
limit fibroblast activity and control scar
formation.
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Figure 6  Identification of apoprotic cells in tissue sections using in situ DNA end labelling
(ISEL). This figure shows a section of human liver tissue from a patient with end stage
primary biliary cirrhosis. Strongly staining ISEL positive cells (red) can be seen; in this
case, in the bile duct within the portal tract.
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Figure 7 Quantitative assessment of apoptosis using flow cytometry. This figure shows a
typical profile for activated peripheral blood lymphocytes that have been stained with
propidium iodide (PI) or annexin V and subjected to fluorescence activated cell sorting.
Each dot represents an individual cell. Viable cells stain with neither PI nor annexin V.
Apoptotic cells stain with annexin V only, whereas necrotic cells stain with both.

The potential for therapeutic intervention in
any of these scenarios is theoretically possible,
and there are already some studies in each of
these settings that suggest short term beneficial
effects. The predominant problems with treat-
ments aimed at such a widespread cellular
mechanism are the difficulties associated with
achieving the necessary degree of specific
targeting to the cells or genes of interest. At the
moment, strategies for the modulation of
apoptosis involving both gene therapy and
non-gene therapy approaches are being pur-
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sued vigorously worldwide. It remains to be
seen which, if any, approach will be sufficiently
successful to offer real hope for therapeutic use

in

the treatment of a disease where dysregula-

tion of cell death is implicated.
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