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INTRODUCTION

To start with, the concept of cell injury
will be briefly discussed. The dominant con-

cept which regards disease processes as the

results of the reactions of cell to injury was
first introduced by Professor Rudolf Virchow
in 1858. This was only a few years after the
cell concept was introduced by Schleiden and
Schwann. The introduction of the cell con-
cept into the study of disease has proved to
be one of the most important developments
in modern medicine. Reviews of various
aspects of cell injury have been published by
several investigators (Cameron, 1951; De
Reuck and Knight, 1964; Farber and Magee,
1965; Trump and Ericsson, 1965; Trump and
Ginn, 1969; Trump ef al., 1969; Trump and
Arstila, 1971; Trump et al., 1971; 1973).

Concept of cell injury

Trump and Ginn in 1969 defined an in-
jury as any physical or chemical stimulus
that perturbs cellular homeostasis. It can
also be thought of as a process which change
the entropy level of the steady state. The
diagram in Fig. 1 is very useful in visualizing
the effects of injury on cell. In this simple
diagram, the time is plotted along the abscis-
sa and the level of homeostasis is plotted
along the ordinate. The cell is depicted in a
normal steady state at the normal level of
homeostatic ability. Some injuries are sub-
lethal even if prolonged, and the cell is able
to adjust to the presence of continued ab-
normal stimuli by reaching some altered
steady states. Thus, homeostasis can be
maintained at different level but enough to
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Fig. 1—Diagram showing a conceptualization of the
effects of injury on a cell; both lethal and
sublethal injuries are shown (From B.F.
Trump and F.L. Ginn, 1969).
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sustain life. Examples are hyperplasia, fatty
metamorphosis, hypertrophy and atrophy.
This adaptation of a cell is of great impor-
tance in understanding human diseases. An
acute lethal injury is the injury which is fol-
lowed by the death of the cell. Following a
lethal injury to the cell, two phases can im-
mediately by arrived at on the basis of logic.
These two phases are the phase prior to the
timecell has lost the ability to recover if the
injurious stimulus is removed and the phase
when it cannot recover even if the stimulus
is removed. The point separating the two is
often called the point of no return of the point
of cell death. This term was first used by
Majno in 1964. The changes prior to this
time are reversible. The irreversible phase
is sometimes referred to as necrosis and in-
volves a variety of processes, including mi-
tochondrial degeneration with calcium ac-
cumulation autolytic breakdown due to
lysosomal enzymes and other factors such as
low pH. Cell death may be defined as irrever-
sible loss of integrated cell activity resulting
in an inability to maintain homeostatic me-
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chanism. Necrosis refers to the subsequent
degeneration of a dead cell into component
molecules which gradually approach physico-
equilibrium cell death, therefore is to be dis-
tinguished from necrosis. Cell death may or
may not be followed by necrosis. For exam-
ple cells that die of ischemia in the body under-
go necrotic changes whereas cells killed by
immersion in formaldehyde do not, because
of the inactivation of enzymes and stabili-
zation of structural components.

Effects of injury on cells

Fig. 2 shows a general conceptualization
of the life of cells and the effects of injury on
them. Two principal types of cells: dividing
cells and nondividing cells are shown. Exam-
ples of dividing cells are primitive cells in the
bone marrow, primitive germ cells and pre-
cursor cells in the intestinal tract. Nondivid-
ing cells are cells that are not in the mitotic
cycle and are normally assumed to be in pro-
longed G, phase.

w0 ovie

150 DEATH @ﬂ
CvilE | [wocvae) NECROSIS] [NO NECROSIS 1
| ARREST| | ARREST !

NO TRANS
FORMATION
i

Fig. 2—Diagram showing the possible effects of in-
jury on dividing and nondividing cells (From
Trump and Mergner, 1974).
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Following injury a nondividing cell either
dies or does not die. If it dies, it may or may
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not undergo necrosis, depending on the type
of injury. Nondividing cells that do not die
may either reenter the cycle and become di-
viding cell or may not enter the cycle,

In the case of dividing cells, certain cells
leave the mitotic cycle, during normal deve-
lopment, and become nondividing cells,
whereupon they are subjected to the rules
applying to nondividing cells. Like a non-
dividing cell, following injury a dividing cell
either dies or does not die. If it does not die,
the mitotic cycle may become arrested, where-
upon the cells become subject to the rules of
nondividing cells or cycle arrest does not
occur. Several possibilities exist in the case
of no cycle arrest. These are malignant trans-
formation, mitotic death or continue division
without transformation.

Stages of cell injury

Observations made in our laboratory as
well as reviews of numerous publications
dealing with ultrastructural aspects of se-
veral disease including parasitic infections
reveal a variety of ultrastructural changes. In
spite of a huge and bewildering array of
ultrastructural changes, however, careful
examination showed a limited number of
patterns which are common to many types of
injury and many types of disease processes.
As a result, the hypothesis of a final common
pathway of progressive pathophysiologic and
ultrastructural changes from normal steady
state through sublethal or reversible states to
an irreversibly altered phase following injury
has been proposed (Trump and Ginn, 1969;
Croker et al., 1970). The phase extends from
initiation to the point of no return and cha-
racterized by a sequences of changes in the
cell which is designated as stages 1, 2, 3, 4 and
5. Characteristics of theses changes have
been previously defined (Trump and Merg-
ner, 1974) and will be briefly summarized
here. '
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Stage 1, is the normal condition of cell.
The cellular junctional complexes and the
cell membrane are intact, the latter shows
a typical trilaminar appearance at high mag-
nification. Endoplasmic reticulum and nu-
clear envelopes appear collapsed or slightly
enlarged with ribosomes attached to the mem-
branes. Mitochondria exhibit orthodox con-
figuration with intact inner and outer mem-
branes and a moderate dense matrical com-
partment containing granules. The cell sap
shows moderate density and contains clus-
ters of free ribosomes. Nuclear chromatin-
is regularly diffuse and lysosomes have intact
membranes.

In stage 2, the nuclear chromatin is clumped
and there is reduction in cell glycogen, the
mitochondrial granules disappear. The en-
doplasmic reticulum is dilated. Ribosomes
or polysomes may or may not be seen attached
to the surface of the endoplasmic reticulum
membrance. These changes correspond to
the changes of so-called hydropic degenera-
tion. The cell surface contours are distorted
with small blebs developing along the plasma
membrane and the cell sap may be swollen.

In stage 3, there are in addition to the above
changes, prominent contraction of inner
mitochondrial compartments. The mito-
chondrial matrices appear dense and the space
between the inner and the outer of the en-
velope and the cristae is enlarged.

In stage 4, in addition to the above changes,
some mitochondria show swelling of the in-
ner compartment while other show conden-
sation. In some cells such as renal proximal
tubular cells some mitochondria show both
types of changes. '

In stage 5, in addition to the above changes,
all mitochondria are swollen and the inner
compartments are expanded often with in-
terruption of the outer membranes. Tiny
flocculent densities as well as annular par-
ticulate bodies are seen within the swollen
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mitochondria. The lysosomes begin to dis-
appear. There are numerous interruptions
in the continuity of the plasma membrane
and of the nuclear envelope.

The rapidity of appearance and duration
of each of these stages are highly variable.
Stage 3 can be transient in some cell types
and stage 4 may or may not always be seen
in every cell type or at every temperature,
Stages 2 and 3 are reversible stages of cell
injury and seem to be compatible with con-
tinued survival. However, stage 5, though a
completely necrotic cell cannot initially be
differentiated by light microscopy using
hematoxylin and eosin stained sections of
tissue fixed in formaldehyde. A cell can be
in this necrotic stage for several hours, per-
haps eight or more, without showing any
discernable chage by light microscopy. Stu-
dies on morphological changes in the cell of
several parasitic infections both in our
laboratory as well as from the work of other
investigators, a sequence of changes at cel-
lular and subcellular levels can be recognized.
It is remarkable how similar these changes
are with various types of parasites in various
types of cell though the initial interaction
may vary.

One of the most common finding in several
parasitic infections is the stimulation of the
process of phagocytosis. It is thought by
several investigators (Trubowitz and Masek,
1968), that it is the most important factor in
removing parasites from the blood. This
process is known to link closely with the
lysosomal system. Diagram in Fig. 3 is mo-
dified from that of Trump and Mergner
(1974). It illustrates both the lysosomal
system and the process of phagocytosis which
further divides into heterophagocytosis and
autophagocytosis. First let us consider the
lysosomes. These are special group of cel-
lular organelle having single membrane bound
and contain several acid hydrolases inside,
Enzymes or acid hydrolases are synthesized
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DIAGRAM SHOWNG LYSOSOME SYSTEM AND PHAGOCYTOSIS
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Fig. 3—This is a diagram showing lysosomal system
in close relationship with phagocytosis. The
enzyme is indicated by E, and the substrate by
X. ER, endoplasmic reticulum; MVB, mul-
tivesicular body; PM, plasma membrane.

at rough endoplasmic reticulum and tran-
sported to the Golgi apparatus where they
become concentrated. Subsequently, vesicles
with single membrane bound containing acid
hydrolases pinch off. These newly formed
lysosomes are called primary lysosomes or
virgin lysosomes. The term GERL was used
by Novikoff (Novikoff et al., 1964) to des-
cribe the organelles involved in the formation
of the lysosomes.

Phagocytosis

Heterophagy is a mechanism by which
macromolecules or macromolecular com-
plexes are actively taken up by the cell and
transported to the lysosomes (Cohn, 1971).
Often the initial step of this mechanism is
known as phagocytosis, pinocytosis or col-
lectively termed as endocytosis. In the first
part of this process, cell extends small cellular
expansions or pseudopods which become
closely applied to the surface of the attached
particle or material. These processes meet
and fuse around the particles, thus forming
the so-called phagosome which is drawn into
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the cell. In the subsequent stages lysosome
hydrolases are transported into this vacuoles
from the Golgi apparatus by so-called pri-
mary lysosomes which fuse with the hetero-
phagosome and release the hydrolases into
the vacuoles (Novikoff ef al., 1964); deDuve
and Wattiaux, 1966).

Autophagy is the phenomenon in which
the lysosome system digests the cell’s own
materials (deDuve and Wattiaux, 1966;
Ericsson, 1969). The phenomenon of auto-
phagocytosis is similar to heterophago-
cytosis. In this instance the vacuole appears
to form by exotropy into the cisternae of
endoplasmic reticulum or other portion of
the cytocavitary network (Ericsson and
Trump, 1964; Arstila and Trump, 1968).
This results in the enclosure of a portion of
cytoplasm, such as mitochondrion in a dou-
ble walled sac. Enzyme is added by fusion
of this autophagosome with primary or
secondary lysosomes. Both autophagy and
heterophagy are apparently energy requiring
processes which utilize ATP or other high
energy intermediates, but the force involved
in these membrane movements are not fully
understood. For the fate of the materials
inside the lysosomes, if the materials can be
digested by lysosomal enzymes, little remains
inside the lysosome, since the smaller hy-
drolyzed products will diffuse to the cell sap
and used for other purposes. However, in
chronic injury including some parasitic in-
fections this is not always the case. The
ingested material may be indigestible and
may remain for a long time before it is com-
pletely digested. Also the uptake of foreign
material may be so extensive that the reser-
voir for the acid hydrolases cannot digest all
incoming materials, which will therefore
accumulate inside the lysosomes. Further-
more, the cell production of acid hydrolases
or their transportation into the phagosome
may be injured, thus also leading to the ac-
cumulation of materials inside the lysosomal
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system. In some cells, the debris-laden va-
cuole will move back to the plasma membrane
and in the process reversing that by which the
phagosomes are formed merge with it and
gject its contents into extracellular space. It
is not known whether all cells do this, Those
of kidney tubules and liver certainly do eject-
ing the contents of their lysosomes into the
lumens of the tubules and bile canaliculi re-
spectively. Other cells such as neurons and
cardiac muscle cells may lack this capability,
it is believed that the aging pigment or lipo-
fuscin that accumulates with time in these
cells may derive from such debris.

Malarial infection as a model for cell injury

Figs. 4 & 5 depict normal erythrocytes and
several pathologic erythrocytes observed in
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Fig, 4—Diagram pathological

showing various
changesof erythrocytes following malarial in-
fection. Note also the erythrophagocytosis
by macrophage at the bottom of the diagram.
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Fig. 5—Diagram illustrating 3 possible mechanisms causing lysis of erythrocytes by malarial parasites. These
are autoimmune mechanism (1), the release of cytotoxic factor causing damage to erythrocyte membrane
(I and direct penetration of the parasite into the cell (III).
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malarial infection. At a steady state, ery-
throcyte shape is biconcave. Several consi-
derations are believed to involve in the con-
trel of this steady state: these are high ratio
of surface area over volume (Tosteson, 1964),
intraceliular cations concentrations (Weed
et al., 1969), the presence of spectrin complex
which is an acto-myosin like proteins and is
responsible for controlling the red cell shape
and motility by forming some kind of poly-
merization or network formation induced
by adenosine triphosphate, the R value which
is expressed as the ratio of the surface area of
the inner leaflet of the membrane over the
surface area of the outer leaflet of the mem-
brane {Sheetz and Singer, 1977; Birchemeier
and Singer, 1977). RBC change in malaria
occurs primarily in the parasitized cells, later
on in the course of infection changes also
occur in the non-parasitized cells. Changes
in the surface of the erythrocyte membrane
induced by malarial infection into any of
these 4 types enhance the process of ery-
throphagocytosis by the macrophages in the
spleen and in the bone marrow (Conrad,
1966).

It is well known that individual species of
malarial parasites are highly host specific
(Garnham, 1966) but the mechanism deter-
mine susceptibility or innate resistant are
poorly understood. Complete invasion pro-
cess of erythrocyte by parasite requires 2
receptors (Miller et al, 1975) one for the
attachment of the parasite to the membrane
and the other for interiorization of the para-
site into the cell. The exact nature of these
receptors is not clear at the present time.
However, they are known to be sensitive to the
treatment with trypsin, chymotrypsin pronase
and in some case with neuraminidase (Miller
et al., 1973). Thus, it is highly suggestive that
they are at least composed of proteins if not
completely in part.

Erythrophagocytosis  first described by
Kolliker in 1849, is the mechanism by which
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aged and atypical erythrocytes are removed
from the circulation by cell of the reticuloen-
dothelial systems, particularly the macro-
phages in the spleen and the bone marrow.
Erythrophagocytosis is also one of the pro-
cess by which the erythrocytes are removed
after haemorrhage. In both instances the
erythrocytes are broken down by lysosomal
enzymes. In the former case, most of the
iron released forms ferritin and is reutilized,
while in the latter case much of the iron
is converted to hemosiderin and stored for
indefinite periods of time in residual bodies
called siderosomes. The cellular events in ery-
throphagocytosis are the same as previously
described in phagocytosis.

In the late stages of malarial infection a
humoral cytotoxic substance not fully yet
categorized by with the molecular weight of
less than 1000 has been demonstrated in the
blood in P. knowlesi and P. berghei infections
{Maegraith, 1968). This factor inhibits re-
spiration and oxidative phosphorylation of
mitochondria of the hepatocyte as well as the
isolated liver mitochondria, Mitochondria in
the cell of the liver in the late stages of in-
fection showed structural damage. This factor
is diffusible and arises from somewhere in the
parasite erythrocyte complex. Maegraith
(1968) found that it may act synergisti-
cally with anoxia and ultimately produce cell
death.

Fig. 6 shows working hypothesis of the
sequence of events in hepatocyte following
malarial infection. Oxidative phosphory-
lation of mitochondria of the hepatocyte is
inhibited by the so-called cytotoxic factor
resulting in a drop of ATP level. The drop
in cellular ATP stimulates the activity of
phosphofructokinase, and this results in an
increased rate of anaerobic glycolysis. Accele-
rated glycolysis leads to the accumulation of
lactate, which together with the increased
inorganic phosphate, reduces the intracellu-
lar pH. The change in intracellular pH is
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Fig. 6——Working hypothesis of the sequence of events
in the hepatocyte following malarial infection
and the release of cytotoxic factor. ATP,
adenosine triphosphate; oxid. phos., oxida-
tive phosphorylation; PFK, phosphofruc-
tokinase.

knownto be associate with clumpingof nuclear
chromatin and denaturation of mitochon-
drial matrical enzymes. Other effects of red-
uced ATP concentration are interference with
sodium, potassium and calcium pumps at the
cell membrane and impairment of protein
synthesis. Jon shifts occurs, sodium leaking
into the cells, followed by calcium, potassium
leaking out.

The increased sodium content soon leads
to swelling of various cellular compartments
such as cell sap and the endoplasmic reti-
culum. This is because of the water influx
that accompanied the sodium and also total
cation flux because of the Donnan effect.
Bile statis is thus believed to be the result of
the swelling of bile canaliculi causing ob-
struction. Clumping of nuclear chromatin,
dilated endoplasmic reticulum and dilated
cell sap as mentioned earlier are reversible
changes that can be repaired following re-
moval of the initiating event. Extrusion of
sodium and increase potassium are followed
by return to a normal cell. Increase in cal-
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cium in cell stimulates the process of auto-
phagocytosis (Trump et al., 1971) which
follows by increase in lysosomal activity and
increase in number of residual bodies. Mi-
tochondrial release of calcium can alsc be
mediated following cyclic AMP action from
hormone such as glucagon (Shelburne et al.,
1973 a, b). Another consequence of calcium
dispersion in cytosol is the activation of
phospholipases (Boime et al., 1968). These
attack the mitochondrial inner membranes
resulting in release of fatty acids and changes
in membrane integrity. Fatty acids are known
to be uncoupler and mitochondrial swelling
agents. In early phase, the effects can be
repaired, altered mitochondria showed only
marked inner compartment swelling. In
later phase, however, the changes are irrever-
sible with development of flocculent densities
within mitochondrial matrix and rupture of
mitochondrial outer membrane.

The conceptualization of hepatitis in ma-
larial infection, thus, includes the sequence
of events initiated by cytotoxic substance-
mitochondria interactions leading to invol-
vement of many organelles. JIons and water
movements within the cytoplasm play the
key role in the pathogenesis of cell death as
described above.
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The fact that clinical evidence for acquired
immunity in parasitic infections is often ab-
sent or equivocal at best has prompted the
belief that parasites, unlike bacteria and vi-
ruses, are poorly immunogenic, and are not
effective in inducing the immune response in
affected hosts. However, it has been shown
that both humoral and cellular immune com-
ponents are stimulated during the course of
infection by most parasitic agents that have
been thoroughly investigated (Ogilvie, 1970;
Soulsby, 1972; Porter and Knight, 1974;
Mauel and Behin, 1974; Cohen and Sadun,
1976). Both types of responses however corre-
late poorly with protection, suggesting that
neither antibodies nor sensitized cells could
damage the parasites. Such a conclusion is
largely supported by the data showing that
passive serum or cell transfer often fails to
induce immunity in recipients (Ogilvie, 1970;
Mauel and Behin, 1974; Porter and Knight,
1974; WHO, 1975). However, because both
parasiticidal antibodies and sensitized cells
can also be demonstrated in vitro in those
infections which induce poor immunity to
reinfections, it appears that parasites are also
able to evade the host immune mechanism
that they themselves induce, thus allowing
them to survive for long periods in the immune
hosts (Soulsby, 1972; Porter and Knight,
1974; Cohen and Sadun; 1976; Ogilvie and
Wilson, 1976).

Following an active infection, 3 different
categories of immune response can be dis-
tinguished.

Sterilizing immunity: This type of immu-
nity is associated with a complete elimination

of the parasite and with a life-long specific
immunity to reinfection (Porter and Knight,
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1974). This situation occurs in certain forms
of human cutaneous leishmaniasis, trypano-
somiasis in rats and cattle, and rodent mala-
ria. However, the pattern of acquired immu-
nity is not constant for a given parasite but
often exhibits wide variation in different hosts.
Plasmodium berghei, for example, produce
sterilizing immunity in rats, but a rapidly
fatal infection in mice (Porter and Knight,
1974). The extent to which acquired immu-
nity determines these different responses to
the same pathogen has not been adequately
investigated.

Nonsterilizing immunity: This is associated
with persistence of the parasite in the host at
relatively low density (Porter and Knight,
1974). In this type of immunity, established
parasites are resistant to the immune me-
chanisms which are capable of eliminating
establishing parasites. There are many sug-
gestions as to how the parasites could survive
in the immune host. Among these suggestions
are antigenic variations of the parasites, ac-
quisition of host or host-like antigens on their
surfaces, or production of factors that coun-
teract the action of the immune components
of the hosts (Ogilvie and Wilson, 1976). This
situation is consistently observed in a majo-
rity of helminthic infections and also occasio-
nally in protozoal infections, e.g., human and
simian malarias, trichomoniasis in cattle and
coceidiosis in birds.

Absence of effective immune response: Many
parasitic infections in human fall into this
category and this includes African trypanoso-
miasis, amoebiasis and many nematode in-
fections (Jarrett and Urquhart, 1971; Cohen
and Sadun, 1976). )
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Regardless of the type of the immune re-
sponse developed, acquired immunity to
parasites is, in general, species- and strain-
specific. Furthermore, with some parasites,
malaria for instance, it is also stage-specific
(WHO, 1975; Cohen and Sadun, 1976).

There are a few distinctive features that
characterize the humoral immune response
in parasitic infections that should be men-
tioned before discussing the biological effect
of antibodies on the parasites. These include:

Hyperglobulinemia: The circulating level
of the various classes of immunoglobulins in
many parasitic infections is often elevated
and this is mainly the result of enhanced im-
munoglobulin synthesis rather than decreased
catabolism (Ogilvie, 1970; Soulsby, 1972;
Porter and Knight, 1974; Cohen and Sadun,
1976). It is possible that this is due to a chro-
nic nature of the infection itself or to an ex-
tensive tissue migration by some parasites,
thereby allowing continuous antigenic stimu-
lation on the part of the host. However, only
a small proportion of the elevated immuno-
globulins in the circulation has any activity
specific for the parasite involved (Porter and
Knight, 1974).

Class specificity of the newly synthesized
immunoglobulins: In addition to a diffuse
hyperglobulinemia which results in an in-
crease of many immunoglobulin classes, some
parasites are known to induce elevation of
only a certain class of immunoglobulin (Ogil-
vie, 1970; Porter and Knight, 1974). For
example, elevated IgM has been observed in
African trypanosomiasis, chronic schistoso-
miasis and malaria. Such an elevation is ra-
ther non-specific as only a small proportion
of the IgM produced has antibody to the
parasite involved (Ogilvie, 1970). The me-
chanism responsible for the preferential
stimulation of a particular class of immuno-
globulin over another is not known. One
possibility is that some parasites have ex-
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tensive antigenic variation and IgM antibody
has to be made continuously against new
antigens that emerge. It is also possible that
these parasites may elaborate factor(s) that
interferes with the regulation of the host
immune response, e.g., mechanism for the
switching over from IgM to IgG production.

Association of enhanced IgE production and
eosinophilia with helminthic infections. Some
parasites, particularly the intestinal and tissue
helminths, induce a marked elevation of IgE
(Table 1) that is most frequently associated

Table 1

Examples of helminthic infections with
increased IgE level.

Ascariasis

Capillariasis
Schistosomiasis
Strongyloidiasis
Toxocariasis
Nippostrongylus infection
Hookworm infection

with eosinophilia. The following observa-
tions regarding the relationship between IgE
and parasites have been made:

(1) There is a demonstrable increase of
total IgE level in parasitized subjects and this
returns to normal when parasites are elemi-
nated (Ito et al., 1972; Grove et al., 1974,
Ishizaka et al., 1976 a, b).

(2) Only a small fraction of the increased
IgE has demonstrable activity to parasites
(Ishizaka et al., 1976 a, b).

(3) IgE antibody to parasite appears after
the circulating IgE has reached the peak (Ishi-
zaka et al., 1976 a, b; Jarrett et al., 1976);

(4) Appropriately timed infection by some
parasites potentiates the production of IgE
antibody to unrelated antigens (Bloch, 1973;
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Ishizaka et al., 1976 a, b; Jarrett et al., 1976).
Such a potentiation is almost always observed
in active infection as artificial immunization
with the parasite extract has no effect (Souls-
by, 1972; Cohen and Sadun, 1976). Excep-
tions to this statement are Ascaris and Tri-
chinella extracts (Cohen and Sadun, 1976).

Depending on the species of the animals
involved, the potentiation effect is observed
only when infection occurs after animals have
been sensitized and begun to make IgE. The
degree of potentiation usually parallels pre-
existing IgE level (Cohen and Sadun, 1976).

Although a close association between en-
hanced IgE production and parasitic infec-
tions has been observed in both natural and
experimental infections, neither the mecha-
nism of induction nor the action of IgE anti-
parasite are well understood. From the se-
veral hypotheses that have been proposed,
the adjuvant-like effect of parasitic antigens
is most credible and is consistent with the
limited evidence that are currently available
(Cohen and Sadun, 1976, Ishizaka et al., 1976
a, b). These parasitic components can act
directly on IgE-B eclls, and not on IgG-B
cells. On the other hand, they may act on
specific T cells thus resulting in a release of
soluble factor that stimulates only IgE-B cells.
Infection of rats with Nippostrongylus brasi-
liensis is known to induce differentiation and
proliferation of IgE-bearing cells in the me-

senteric lymph nodes (Ishizaka ez al., 1976 a).
Nevertheless, it is also possible that these
substances may act indirectly on the suppres-
sor T cells which regulate IgE production.
These substances however have never been
characterized but, in the case of intestinal
parasites, it is most likely associated with the
metabolic products elaborated by the in-
testinal phase of the parasites (Jarrett and
Steward, 1973). The adjuvant-like effect of
these subtances on IgE-B cells is also con-
sistent with the currently available data on
the potentiation of the IgE antibody response
to unrelated antigens during the course of
parasitic infections.

Specific antibody production that is not re-
lated to protection: Parasites are antigenically
much more complex than other infective
agents, not only because they are larger as
some are multicellular, but many of them
exist in different developmental stages within
the same host.  Although some of the an-
tigens that exist in different developmental
stages may be similar to one another, stage-
specific antigens do exist (Cohen and Sadun,
1976). Under appropriate conditions, all of
these antigens should be antigenic and induce
antibody response that is heterogeneous with
regards to its specificity. The serological tests
(Table 2) in parasitic infections have not been
as useful as in bacterial or viral infections as
the former is rather non-specific for the rea-
son just mentioned.

Table 2

Common serological tests used in diagnosis of parasitic infections.

Test

Disease

Complement fixation, agglutination,
immunofluorescence

Amoebiasis, Malaria, Leishmaniasis, Trypanosomiasis,
Toxoplasmosis, Trichinosis, Schistosomiasis,

Filariasis
Immunodiffusion, immunoelectrophoresis Amoebiasis, Malaria, Trypanosomiasis, Trichinosis

Circumoval precipitation

Trichinosis, Schistosomiasis
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The following discussion will be focussed
on protective antibodies as they are imme-
diately more relevant to the host-parasite re-
lationship. Knowledge of the immune me-
chanisms and antigens involved in protective
immunity should provide the mostsatisfactory
solutions for the control of some parasitic
infections. However, protective antigens have
never been completely defined and characte-
rized for any parasites and this make it diffi-
cult to understand the mechanisms involved
in acquired immunity and almost impossible
therefore to design effective immunoprophy-
laxis against these agents. Due to the fact
that only acitve infection, and not artificial
immunization with killed parasites, induces
resistance to reinfection (Porter and Knight,
1974; Cohen and Sadun, 1976), it appears
therefore that the antigens involved are as-
sociated with the metabolic activities of living
parasites. Instead of using somatic antigens,
excretory and secretory products (ES an-
tigens) have been recently used to immunize
animals in attempt to induce protective immu-
nity but the results were variable (Richard
and Bell, 1971 ; Kowalski and Thorson, 1972;
Richard and Outteridge, 1974; Kwa and
Liew, 1977). Improved techniques for the in
vitro cultivation of parasites will definitely
contribute to a progress in designing a safe
and effective vaccine for some of these para-
sitic diseases.

Although information on the nature of the
protective antigens is limited, protective an-
tibodies have been frequently demonstrated
in the serum of subjects who recovered from
active infection (Ogilvie, 1970; Porter and
Knight, 1974 ; Cohen and Sadun, 1976; WHO,
1975). The presence of such an antibody has
been demonstrated most often by a classical
method of passive serum transfer. Although
it is difficult to generalize the finding obtained
from the limited results that are currently
available, it appears that successful serum
transfer (Table 3) is mediated primarily by
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Table 3

Immunity conferred by passive serum transfer.

Ascariasis
Malaria
Schistosomiasis
Trichinosis
Toxoplasmosis
Trypanosomiasis
Coccidiosis

IgG class of antibody and is observed more
often in cases which are associated with steri-
lizing immunity. Even in this situation, very
often a large quantity of serum is required to
give a complete protection, particularly in the
case of helminthic infections (Soulsby, 1972;
Armour and Dargie, 1974 ; Porter and Knight,
1974). Nonetheless, it has been reported that
if appropriate serum is available, only a small
quantity of antibody is required to give com-
plete protection as, for example, in the case
of malarial infection in rodents (WHO, 1975).
Frequently the quantity of serum required
for protection can be reduced if both serum
and sensitized cells are used in the transfer,
suggesting that both humoral and cellular
components are required for protective
immunity (Dineen et al., 1973; Maddison
et al., 1976; Wakelin and Lloyd, 1976).

What are some of the possible ways that
antibodies can damage, interfere with meta-
bolic activitiesorkill the parasites ? It is known
that the immune defence could reduce infect-
ivity, motility, reproductive potential, enzyme
activity and oxygen consumption of the para-
sites (Table 4), thereby resulting in retardation
of development, reduction of worm burden
or complete protection against reinfection
(Porter and Knight, 1974). How does the
antibody do this? Does it act directly on the
parasite or indirectly by creating conditions
unfavorable for parasite survival? Does the
antibody act alone or require cooperation
with other humoral and cellular components ?
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Table 4

Direct effect of antibodies on parasites.

Biological Effects

Neutralization (reduction of infectivity)

Activation (induction of antigenic variation)
Enzyme inactivation

Immobilization

Reduction of reproductive potential
Interference with migration

Inhibition and retardation of larval development
Interference with growth regulatory mechanism
(stunting)

Decreased oxygen consumption

Damaging the gut cells
Change in permeability

Parasites

Trypanosoma sp., Hookworms, Plasmodium sp.,
Nippostrongylus braziliensis, Trichinella spiralis
Plasmodium sp., Trypanosoma sp.

Trypanosoma sp.

Entamoeba coli

N. braziliensis, Schistosoma sp.

Schistosoma sp.

Trichostrongylus sp., Ascaris sp.

Schistosoma sp., Angiostrongylus cantonensis

N. braziliensis, Trypanosoma sp., A. cantonensis
N. braziliensis
Trypanosoma lewisi

Antibody alone is known to exert a diverse ~~

effect on the parasite (Table 4), although its
action may be potentiated by activation of
complement (Porter and Knight, 1974).
Theoretically all classes of antibodies must
be able to react with and damage the para-
sites directly one way or another, similarly to
antitoxic effect in bacterial infections or
neutralization of infectivity of viruses. Anti-
body of different immunoglobulin classes
except IgE and IgD have been found on the
surface of parasites removed from an immune
host (Kemp et al., 1976; Seesee et al., 1976;
Befus, 1977). IgE antibody to parasites has
never been shown to exert any direct damage
to the parasites but accumulating evidence
suggest that it may affect the parasites in-
directly by creating environments unfavora-
ble for them to live and survive (Jarrett and
Urquhart, 1971; Ogilvie and Parrott, 1974;
Cohen and Sadun, 1976). Secretory antibody
of the IgA class is known to protect mucosa
against surface infections by bacteria and
viruses (Hereman, 1974). Its action on para-
sites has never been demonstrated directly
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* although it has been shown that the intestinal
secretion of immune host has anti-parasite
activity, but whether or not this plays a role
in protection is uncertain. Anti-parasite-
activity has been demonstrated in the intestinal
secretions of N. brasiliensis-infected rats or
Coccidia-infected birds (Cohen and Sadun,
1976; Poulain et al., 1976 a,b.), and in the
vaginal secretion of human infected with
Trichomonas vaginalis (Ackers et al., 1975).
It is not unreasonable to expect that SIgA
antibody could react with the secreted and
excreted products of the parasites and thereby
interfering with their food intake and waste
elimination. Anchorage of the parasites to
the intestinal wall may also be affected by
SIgA class of antibody. Only limited infor-
mation is currently available on IgD and its
biological activity and nothing is known about
IgD antibody and parasite.

In addition to these direct actions, antibo-
dies can also collaborate with other humoral
and cellular components to accentuate the
damage induced by the direct mechanism
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Table 5

Specific and nonspecific immune effector mechanisms in some parasitic diseases.

Effector Immuno-

. Effector Cell Complement Biological Effect Parasite or Disease
globulin
All classes — - Neutralization Malaria
IgG, IgM - + Cytolysis Trypanosomiasis
Schistosomiasis
Malaria
IgG, IgM Macrophage + Immune adherence  Trypanosomiasis
Malaria
IgG K cell, Eosinophil - Antibody-dependent  Schistosomiasis
cell-mediated Malaria ?
cytolysis
IgE Mast cell - Immediate hypen-
sensitivity Worm expulsion
— T cell — Cell-mediated Leishmaniasis,
cytolysis Worm expulsion ?
— T cell and - Non-specific
macrophage cytotoxicity Malaria

Toxoplasmosis

(Table 5; Soulsby, 1972; Porter and Knight,
1974; Cohen and Sadun, 1976). Expulsion of
N. brasiliensis from the intestine of rats is a
good example of a collaboration between anti-
body and cells. It is generally accepted that the
expulsion in this model is a 2-step immuno-
logical process involving the sequential action
of antibodies which damage the worms and
sensitized lymphocytes which cause the actual
expulsion of the damaged worms (Jarrett
and Urquhart, 1971; Dineen et al., 1973;
Ogilvie and Parrott, 1974). It is not known
however why antibody-damaged worms are
more easily expelled than undamaged worms
or how the cells expell these damaged worms.
Nevertheless, recent data suggest that animals
seemingly lacking potential to produce anti-
body can still expell the worms from the in-
testine. The presence in trace quantity of
antibody in these animals has never been
ruled out.
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There are many possibilities as to how IgE
antibody might play a role in acquired immu-
nity in parasitic infections (Ogilvie and Par-
rott, 1974). Some of these include:

(1) Direct action: This is by reacting di-
rectly with the ES antigens and thereby in-
terfering with their metabolic functions. The
IgE antibody may also interfere with the
attachment and penetration of the parasites.

(2) Indirect action: This may occur as a
result of different mechanisms which include
the following:

(a) Recruitment of eosinophils: Eosinophils
are attracted to the site of infection when
eosinophil chemotactic factor of anaphylaxis
(ECFA) is released from IgE sensitized mast
cells or through activation of the complement
system via an alternate pathway (Despommier
et al., 1974; Zucker-Franklin, 1974; Kay,
1976). Why eosinophilia occurs or why ac-
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cumulation of eosinophils in the tissue is more
prevalent in parasitic infections than in bac-
terial or viral infections are not clearly under-
stood.

Esoinophils may participate in an antibody-
dependent cell mediated cytolysis reaction
(Butterworth et al., 1976; James and Colley,
1976; Kay, 1976, Jacobson et al., 1977). The
action of IgE antibody is to provide environ-
ment that would be more favorable for the
parasite destruction by IgG antibody and
eosinophils. This reaction is more intense
when eosinophil-rich leukocyte preparation
is used and is nullified in the presence of an-
tiserum to eosinophils (Butterworth et al.,
1976; Butterworth et al., 1977). It is possible
that eosinophils are attracted to antibody-
coated parasites by the receptors on the sur-
face. At least in the schistosome infection in
mice, this reaction may play an important
role in acquired immunity because elimination
of eosinophils from immune rat abrogates its
resistance to reinfection (Mahmoud et al.,
1975).

(b) Induction of local anaphylactic reac-
tion: This reaction induces non-specific inflam-
matory response that provide environmental
condition not suitable for parasite survival.
This “‘leak-lesion” effect allows protective
antibodies to accumulate at the site of in-
fection. The following evidence are consis-
tent with the contention that the local anaphy-
lactic response mediated by IgE class of anti-
body may have some protective value (Souls-
by, 1972; Cohen and Sadun, 1976).

(1) Correlation between the onset of in-
flammation and worm expulsion.

(2) Inflammation appears quicker, and it
is more intense and more prolonged in
immune host.

(3) Reduction of the intensity of inflam-
matory response by cortisone, anti-
histamine or irradiation prolongs worm
retention.
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(4) Worm expulsion occurs when intesti-
nal anaphylaxis is induced by unrelated
antigen-antibody reaction.

(5) Immediately before and during worm
expulsion, there is an accumulation of
vasoactive amines and mast cells at the
site of worm expulsion.

On the other hand, there are some evidence
that are inconsistent with this contention and
these include worm expulsion in the absence
of IgE antibody and in animals lacking anti-
body production potential (Jacobson et al.,
1977).

These evidence, though still somewhat
controversial, favor the idea that IgE antibody
somehow plays a role in acquired immunity
in some parasitic infections. The inability to
induce IgE antibody and acquired immunity
with artificial immunization and the ability to
induce IgE antibody and acquired immunity
following active infection add more weight
to the protective role of IgE antibody. Regard-
less of its role in protection, enhanced IgE
antibody production is valuable in immuno-
diagnosis as the immediate type of skin reac-
tion is useful in providing a presumptive diag-
nosis for many parasitic infections in human
(Table 6).

Table 6

Immediate skin reaction used as presumptive
diagnosis of parasitic infections in human.

Ascariasis

Filariasis

Trichinosis
Echinococcosis
Schistosomiasis
Clonorchiasis
Strongyloidiasis
Diphyllobothriasis
Hookworm Infection

These various mechanisms mainly demon-
strated by in vitro techniques, indicate that
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the host immune components can damage the
parasites or interfere with their development
and survival. Whether or not these mecha-
nisms are effective in vivo is not certain because
there are many factors that can interfere with
these mechanisms. For instance, blocking
antibody, soluble antigens, or soluble immune
complexes can interfere with the expression
of the cell-mediated response to parasites
(Ogilvie and Wilson, 1976). Certain parasites
may also decrease the phagocytic and killing
action of the macrophages or release anti-
complementary factor that nullifies the action
of complement (Ogilvie and Wilson, 1976).

In summary, there are several possible
mechanisms that the antibody, either by itself
or in collaboration with other humoral or
cellular components, might participate in
acquired immunity in parasitic infections.
However, it should be stressed that there are
many other factors that will influence the
outcome of these interactions. Furthermore,
many parasites have the ability to evade im-
mune mechanisms, thus allowing them to
survive for a long period in the immune host.
With these points in mind, it may seem a long
way yet before a safe and effective immuno-
prophylaxis for parasitic infections will be
available for human use. Attenuated vac-
cines using irradiated larvae or chemically
treated larvae have been used in some animals
and proved to be rather safe and effective
(Silverman, 1970; Soulsby, 1972; Cohen and
Sadun, 1976; Poulain et al.,, 1976 b). The
ideal preparation for human use is to have
purified protective antigen, either of meta-
bolic or somatic origin, available for use as
vaccine but this is not yet possible. It has
been shown recently however that a purified
antigen obtained from somatic extract or
metabolic products from Taenia taeniaefor-
mis is effective in inducing acquired resistance
to infection by this parasite (Kwa and Liew,
1977). It has been shown that malate dehy-
drogenase and aminopeptidase enzymes from
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Ascaris suum have some protective value when
immunized into guinea pig (Rhodes et al.,
1965, 1966). Metabolic antigens from N.
brasiliensis (Poulain et al., 1976 b) Trichinella
spiralis, Ancylostoma caninum, Dictyocaulus
viviparus, Trichostrongylus colubriformis and
Strongyloides papillosus (Thorson, 1970) could
induce a certain degree of protective immunity
in experimental animals, but the nature of
these antigens is not known as they have never
been fully characterized and investigated. Our
group has been interested in using Angio-
strongylus cantonensis as a model system to
study acquired immunity to infection by tis-
sue nematode. The limited data that are cur-
rently available show that artificial immuni-
zation of rats with the in vitro culture fluid
from adult females is effective in protecting
rats from a lethal challenge infection by in-
fective third-stage larvae (Uahkowithchai
etal., 1977).

It is hoped that advance in this area of in-
vestigation will be forthcoming in the near
future as techniques for the in vitro cultiva-
tion of parasites are improving and investi-
gators with diverse background and exper-
ience, e.g., biochemists, immunologists, and
parasitologists, collaborate in their effort to
solve the same common problem. When this
task is accomplished, it will be a great con-
tribution to the well-being of our society,
especially for people living in this part of the
world where parasitic infections are still pre-
valent.
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