THE IMMUNOLOGY OF THE HOST-PARASITE
RELATIONSHIP IN Taenia solium CYSTICERCOSIS:
IMPLICATIONS FOR PREVENTION AND THERAPY
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INTRODUCTION

Cysticercosis is a parasitic disease that results from ingestion of the micro-
scopic eggs of the Taenia solium tapeworm. These eggs contaminate the envi-
ronment in endemic areas and pigs which ingest them become intermediate
hosts for the parasite by developing pea sized T. solium larvae in their tissues, a
condition called porcine cysticercosis. Pigs usually remain healthy despite this
parasitosis, but their meat is greatly reduced in value. In the Andean region of
Peru, up to 50% of pigs have cysticercosis, contributing to economic hardship
and malnutrition.! When humans eat infected pork, the 7. solium larvae hatch
out in the bowel where they develop into adult tapeworms which can grow up
to 8 m in length. These intestinal tapeworms produce eggs which are released
into the environment in the feces, completing the parasite life-cycle. Humans
are, therefore, the natural definitive host to the adult tapeworm.

Infection of pig tissues with 7. solium larvae and of the human bowel
with adult tapeworms constitute the natural life-cycle which is essential for
the continuing existence of the parasite in communities. This propagation de-
pends upon evasion or modulation of host immunity because the larval and
adult parasites must survive without killing their hosts and without being de-
stroyed by host immune responses. The evolution of the parasite would be
expected to select parasites which most efficiently parasitize pig tissues and
human intestines and which cause minimal disease in these hosts.

The principal significance of the T. solium parasite is, however, its ability
to infect human tissues as an ‘accidental’ intermediate host; when humans in-
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gest microscopic 7. solium eggs, they develop cysticercosis. Human cysticer-
cosis is, therefore, caught from humans with tapeworms and not from pigs.
The presence of 7. solium larvae in human tissues is an important cause of
neurological disability and mortality in many developing countries, including
0.5 to 4% of people in Peru® and Mexico.® This human cysticercosis is a “dead
end’ for the parasite and there has, therefore, been no evolutionary pressure
for the 7. solium larvae to evade immune recognition in human tissues. The
human host does not have persistent tolerance for the larval stage of the para-
site and the resultant immune recognition and inflammation may contribute
greatly to the pathogenesis of human cysticercosis.

THE IMMUNOLOGY OF ASYMPTOMATIC CYSTICERCOSIS

The pig is the natural intermediate host for 7. solium larvae and multiple
cysticerci may survive within pig tissues. In some endemic regions, examina-
tion of pigs tongues for palpable living larvae before purchase has been rou-
tine practice since biblical times because this reliably diagnoses cysticercosis.!
The usual absence of apparent illness in infected pigs is remarkable consider-
ing that thousands of cysticerci are often found at autopsy, scattered through-
out neurological and other tissues.

In humans, autopsies of victims of warfare and road traffic accidents
have revealed that a large proportion (typically 80%) of neurocysticercosis
infections are asymptomatic, discovered incidentally at necropsy (reviewed by
Gemmell et al, 1988%). Living cysticerci may occasionally cause disease
through local pressure effects or by obstructing the flow of cerebrospinal
fluid, despite the absence of a host inflammatory response. In contrast, symp-
tomatic cysticercosis is usually associated with inflammation around one or
more degenerating cysticerci.

The immune response to cysticerci has been studied mainly because of
the need for a diagnostic blood test. Although the literature is confused by
numerous serologic tests evaluated in different ways, it is clear that virtually
all cases of symptomatic cysticercosis are associated with a detectable hu-
moral immune response, the exception being a minority of single-cyst infec-
tions. Imaging studies with radio-labeled antibodies have also demonstrated
that these circulating anticysticercus antibodies have access to the surface of
cysticerci.” Furthermore, sero-epidemiological studies in endemic regions
have revealed a similar rate of antibody positivity in healthy people to the
prevalence of asymptomatic cysticercosis suggested by autopsy series.’
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TI. solium larvae therefore usually survive within pig and human tissues
without causing symptomatic inflammation, despite the presence of circulat-
ing antibodies. Our understanding of the complex mechanisms employed by
helminths to prevent immune-mediated destruction is increasing rapidly (re-
viewed by Maizels et al, 1993°) and several of the mechanisms employed by
cysticerci have been elucidated and are discussed below.

MECHANISMS OF IMMUNE MODULATION BY CYSTICERCI

Sequestration. After a brief period of migration, 7. solium larvae lodge
in host tissues and form cysticerci. The site at which they settle and the nature
of their relationship to the encapsulating host may contribute to sequestration
of the parasites from immune attack. The unequal distribution of cysticerci
throughout body tissues does not mirror regional blood flow but may result
from selective invasion by the parasite or differential survival and encystment
of larvae in different tissues.

In humans, cysticerci occur commonly within the brain, spinal cord and
eye, all of which may be considered to be ‘immunologically privileged sites’.
Distinct immunological characteristics of the central nervous system com-
pared with other tissues include: the presence of the blood brain barrier which
prevents conventional lymphocyte recirculation; the inducible rather than con-
stitutive expression of major histocompatibility class I and IT molecules; and
the presence of specialized cells that execute immunological effector func-
tions. These features may explain the unique interaction between the central
nervous and immune systems (reviewed by Fabry et al, 19947) and the resis-
tance of the brain parenchyma to leukocyte diapedesis.® Recent evidence also
suggests that inflammatory cell apoptosis is up-regulated in these sites.” Al-
though we are not aware of systematic studies of the number of cysticerci in
human brain compared with non-neurological tissues, in our experience pe-
ripheral, mainly muscular cysticerci are far more numerous than those in the
central nervous system. The apparent predilection of cysticerci for the brain
may, therefore, simply reflect the severe symptoms which result from lesions
in this organ.

The firm, fibrous encapsulation which surrounds some cysticerci, par-
ticularly in non-neurological tissues, is unlikely to form a physical barrier to
immunity since humoral factors do gain access to the internal fluids of cys-
ticerci'® and chemotherapeutic challenge or death of cysticerci is rapidly fol-
lowed by intense inflammatory cell infiltration."
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Antigenic shifts. Concomitant immunity describes protection against
newly invading larvae in hosts harboring an established worm infection. This
may result from changes or ‘shifts’ in the antigens expressed by parasites as
they develop through different stages of their life-cycle. Hence, adult larvae
may be able to counteract those immune effector mechanisms that kill imma-
ture forms. Concomitant immunity has not been demonstrated in 7. solium
cysticercosis. However, animals may harbor vaccine-derived 7. saginata and
T. hydatigena larvae despite having acquired resistance to further egg chal-
lenge. This mechanism may explain the lack of overwhelming cysticercosis in
hyperendemic regions since animals may only be able to acquire cysticercosis
for 1 or 2 weeks after primary exposure to the parasite. Thereafter, the animal
may be resistant to re-infection despite the survival of viable cysticerci result-
ing from the primary infection.*

Molecular mimicry. Parasites may evade immune recognition by syn-
thesizing host-like antigenic determinants. Willms er al'> detected immuno-
globulin G (IgG) on the surface of T. solium cysticerci by immuno-electron
microscopy, but after purification this IgG showed no specificity for antigens
on the cysticercus. The possibility that it was synthesized by the parasite was
tested in vitro by translation of parasite-derived messenger-RNA. One of the
protein products was precipitable with rabbit anti-pig IgG, providing evidence
that the cysticercus itself synthesized host-mimicking antigens. The occur-
rence of homologous genome sequences in host and parasite may explain the
selectivity of cestodes for particular hosts, for example 7. solium for pigs and
humans.

Masking of cysticercal antigens by host immunoglobulins. The pres-
ence of host antibodies in fresh cysticerci obtained from human surgery has
been compared with the antibodies present in patient’s serum and cerebrospi-
nal fluid (CSF). Although circulating human IgG was present with the same
frequency as IgG on the surface of the parasite, IgM, IgA and IgE were
present only on the surface of the parasite and could not be detected in the
serum or CSF. Furthermore, 7. solium cysticerci have recently been shown to
express an Fc receptor for IgG. These results, reviewed by Flisser,'* are con-
sistent with the hypothesis that cysticerci are masked by host immunoglobu-
lins, although the importance of this p0351ble mechanism of immune evasion
has not been established.

Modulation of host immunity. Some evidence suggests that T, solium
cysticerci may not only ‘hide from’ the host immune system, but they may also
actively suppress host immunity. A secretion product of living cysticerci, anti-
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gen B, has been shown to bind to and inhibit Clq, the first component of the
complement cascade." As yet unidentified secretory products of cysticerci
also have a suppressive effect on cultured human lymphocytes stimulated with
phytohaemagglutinin.'® Similarly, viable cysticerci implanted into the perito-
neal cavity of mice release factors which depress rather than enhance lympho-
cyte reactivity.'? Mice infected with 7. crassiceps larvae also had suppressed
cell-mediated immunity. Furthermore, there was evidence of up-regulated
Th2 and down-regulated Th1 type T-lymphocytes in the vicinity of infecting
larvae.'® Further elucidation of the mechanisms by which living larvae sup-
press local immune responses may allow more specific and effective anti-in-
flammatory therapy to be administered during cestocidal therapy.

THE IMMUNOPATHOLOGY OF SYMPTOMATIC
CYSTICERCOSIS

T. solium larvae commonly live within humans as accidental intermediate
hosts for many years without causing symptoms or significant inflammation.
However, the principal importance of the parasite is the symptomatic disease
which results from failure of this immune tolerance when one or more cys-
ticerci degenerate within the brain. The association between cysticercal de-
generation and the onset of symptoms is suggested by the contrasting radio-
imaging studies of asymptomatic and symptomatic intracerebral lesions, find-
ings at excision biopsy and autopsy. However, more compelling evidence is
provided by the time-course of human infections and the transient adverse ef-
fects of cestocidal therapy, both of which are discussed below.

THE TIME COURSE OF HUMAN CYSTICERCOSIS

A study of 450 British soldiers who acquired cysticercosis whilst sta-
tioned in India'” provided information concerning the time course of disease.
Few soldiers returned from India with epilepsy, the majority developed sei-
zures 2-8 years after infection. The longest interval between infection with
cysticercosis and appearance of symptoms was 30 years. This is remarkable
because studies in pigs and humans have shown that cysticerci take only 60-70
days to reach maturity after infection." Symptoms therefore developed years
after the infecting larvae had reached full size. To explain this, it was proposed
that a biologic objective of cysticerci while in the tissues of the intermediate
host is to remain quiescent and that the death of the parasite liberates toxins,
causing cerebral irritation.'” Alternatively, the death of cysticerci may end ac-
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tive immune evasion by the parasite, allowing immunologically mediated in-
flammation to develop and cause symptoms. The absence of seizures or other
neurological signs in cysticercotic pigs, in contrast to humans with cysticerco-
sis, may be explained by the fact that pigs are usually slaughtered in their first
year of life, before cysticerci degenerate and cause inflammation. Alterna-
tively, T_ solium larvae may be better able to evade immune recognition in the
pig compared with human tissues because of the evolutionary pressures dis-
cussed in the introduction.

THE IMMUNE RESPONSE TO TREATMENT OF CYSTICERCOSIS

Studies of the experimental treatment of ‘asymptomatic’ cysticercotic
pigs showed that while parasites had little macroscopic or histopathological
evidence of damage prior to treatment, cestocidal therapy with praziquantel
led to accumulation of eosinophils around cysticerci, followed by lymphocytes
and macrophages which appeared to phagocytose cysticercal material and cell
debris. The macroscopic disappearance of killed cysticerci took 2 months."
We have observed similar macroscopic and radio-imaging disappearance of
cysticerci following cestocidal therapy. This rarely precipitated the death of
heavily infected pigs.

A single low dose of the cestocidal drug praziquantel given to humans to
treat intestinal parasitosis may cause sufficient damage to latent asymptomatic
cysticerci that inflammation and epilepsy result, providing evidence for active
immune evasion or suppression by living cysticerci.® Full dose cestocidal
therapy administered for the empirical therapy of human neurocysticercosis
has rarely precipitated overwhelming, fatal cerebral inflammation when the
human brain has contained many cysticerci (e.g. Wadia, 1988*'). An immuno-
logical study of neurocysticercosis patients treated with praziquantel (without
major adverse effects) reported elevated soluble interleukin-2 (IL-2) in the
CSF suggesting a Thl-type immune response to therapy.”” This contrasts with
the Th2-type immune response found in an animal model of viable cysticerci.'®
These findings are consistent with the hypothesis that living cysticerci facili-
tate immune evasion by inducing a Th2-type immune response until the death
of the larval parasite allows Th1-mediated inflammation to develop.

THE IMMUNE RESPONSE IN SYMPTOMATIC CYSTICERCOSIS

The reason that untreated cysticerci eventually degenerate in human tis-
sues is not known but it has been proposed that death of the parasite may
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simply occur at the end of its natural life-expectancy. Alternative possibilities
include cumulative damage from chronic host inflammation, or alterations in
host tolerance for encysted parasites following re-infection or the ingestion of
parasite antigens.” The human tissue response to a degenerating cysticercus
is granulomatous, consisting of plasma cells, lymphocytes, eosinophils and
macrophages enclosed in a network of connective tissue. In later stages, host
cells penetrate the remnants of the parasite. After 1-2 months, a glial or con-
nective tissue scar remains, which may then calcify.*

This relatively benign natural history is often reported from Southern In-
dia where, in some hospitals, patients with epilepsy resulting from degenera-
tion of a solitary parenchymal cysticercus are treated symptomatically. Inflam-
mation and the resultant symptoms may resolve despite the lack of active in-
tervention.”** In contrast, one or more degenerating cysticerci may cause
chronic, progressive granulomatous inflammation which may prove fatal de-
spite steroid and or surgical therapy; a clinical syndrome which appears to be
more common in South America. There have been reports of
neurocysticercosis dependant upon chronic steroid therapy to suppress in-
flammation. At autopsy, these have revealed only the remnants of degenerated
cysticerci surrounded by granulomatous inflammation. It is not clear whether
variations in the parasite or the host response explain these variable clinical
syndromes.

Our ongoing research suggests that patients with symptomatic human
cysticercosis, compared with controls, have elevated concentrations of eosi-
nophil-selective mediators but not T-cell and neutrophil chemokines. It is not
yet known whether these cytokines mediate principally helpful immune re-
sponses or inflammatory injury. The presence of eosinophil chemo-attractants
is consistent with the role of eosinophils in immunity to helminths. In one se-
ries of neurocysticercosis patients, eosinophils were found in over 57% of in-
flammatory CSF samples.” It is noteworthy that ablation of the eosinophil
chemokine IL-5 was associated with more severe intracranial disease in a mu-
rine model of Angiostrongylus cantonensis infection, consistent with a protec-
tive effect of eosinophils in this parasitic infection of the brain.”

IMPLICATIONS FOR CYSTICERCOSIS THERAPY

If it is not simply the presence of living T. solium larvae, but rather their
death, that causes inflammation and symptoms in the majority of cases of hu-
man neurocysticercosis, then what is the role of cestocidal treatment?
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Praziquantel and albendazole both kill 7. solium larvae and have become
widely used for treating human neurocysticercosis. Although they may accel-
erate radiological resolution of cerebral cysticerci, this is associated with
some morbidity and rarely mortality. Since epidemiological research has
shown that the natural history of asymptomatic neurocysticercosis is most
commonly benign and hospital based studies suggest that symptomatic inflam-
mation often signifies the start of cysticercal degeneration, cestocidal therapy
may be expected to have limited therapeutic value in human
neurocysticercosis.

The management of human neurocysticercosis is considered in detail
elsewhere in this volume but our understanding of the immunopathogenesis of
neurocysticercosis makes it unsurprising that recent randomized, placebo con-
trolled trials have shown no clinical benefit of cestocidal therapy over steroid
therapy alone”?® and have focused attention on the methodology of earlier
studies.”

IMMUNE PROCESSES IN CYSTICERCOSIS PREVENTION
AND CONTROL

Cysticercosis is a disease of poverty and social under-development. Hu-
man cysticercosis may be prevented by provision of sanitation and treatment
of tapeworm carriers. The parasite life-cycle may also be broken by enforcing
meat inspection, adequately freezing/cooking pork or by large scale commer-
cial pig rearing which denies pigs access to human feces. Such improvements
in public health and animal husbandry have led to the virtual eradication of
human and porcine cysticercosis in wealthy countries but these measures are
not currently practicable in many developing regions.?

VACCINATION TO PREVENT CYSTICERCOSIS

Human vaccination to prevent cysticercosis has not been widely consid-
ered as an appropriate intervention in endemic regions because little is known
about the immunology of human cysticercosis and symptomatic cysticercosis
is greatly under-diagnosed.? It has been suggested that cysticercosis occurs
with greater than expected frequency in immunologically deficient children®
but this uncontrolled observation may reflect a chance association or diagnos-
tic bias rather than an effect of immunodeficiency on susceptibility. Cysticer-
cosis has not been noted to be common in immunosuppressed or immunodefi-
cient adults.*
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In common with most other human cestodes, protective immunity
against the adult tapeworm has not been demonstrated and adult tapeworm
carriage does not appear to protect against cysticercosis. However, there is
evidence in experimental animal models that the immune response in the de-
finitive host can reject tapeworms or cause them to destrobilate.*

Vaccination of pigs to prevent porcine cysticercosis has been proposed
as a strategy to improve animal health, meat yield and to break the parasite
life-cycle, potentially preventing human disease. Molinari*? showed that vac-
cination of healthy pigs with cysticercal antigens caused partial protection
against the subsequent development of porcine cysticercosis. Likewise, immu-
nization of pigs with excretory-secretory products of 7. solium oncospheres
caused a decrease in the number of cysticerci which developed from subse-
quent challenge infection.” Similar protective vaccination has been devel-
oped for other Taenia species.™* Oral vaccination against 7. solium has not
been attempted. Prophylactic vaccination may not be practicable in areas
where cysticercosis is common because in these regions pigs typically roam
freely and are reared by individual families on a subsistence basis.*

IMMUNOTHERAPY FOR PORCINE CYSTICERCOSIS

In contrast to preventive measures which are difficult to apply in endemic
regions, an inexpensive treatment for porcine cysticercosis may be of practical
value in the poorer areas where the disease is most common. Such a treatment
may be sought after and used by owners of infected pigs if it improved animal
health, meat yield and especially if it caused the degeneration of cysticerci that
are easily visible in infected ‘measly’ pork, halving its value.' Immunotherapy
for porcine cysticercosis may, therefore, be a cost-effective way of breaking
the life cycle of the parasite, preventing human as well as animal disease and it
may have the advantage of protecting against re-infection. Our group is inves-
tigating treatments for porcine cysticercosis with drug therapy™ and immuno-
therapy.”

Cysticerci may be destroyed by immunological processes. Herbert and
Oberg* infected nine pigs with cysticercosis at the age of two months and re-
infected four of these pigs two months later. Paradoxically, autopsy revealed
significantly fewer cysticerci in the pigs that had been infected twice, suggest-
ing that re-infection accelerated cysticercus degeneration and absorption.
Similarly, re-infection of cows infected with T. saginata and of sheep infected
with 7. hydatigena caused degeneration of established cysticerci.’’*
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Molinari, Meza and Tato* reported that immunotherapy caused the resolu-
tion of cysticercosis in two pigs and this immunotherapy was then evaluated in
a field trial.* The prevalence of cysticercosis fell significantly in two villages
where pigs were vaccinated repeatedly. However, there was no control group
and cysticercosis was diagnosed by tongue palpation only. Seven cysticercotic
pigs given immunotherapy were studied in more detail and 73% of cysts ex-
cised from them failed to evaginate compared with 5% in seven untreated
cysticercotic pigs.

These encouraging results led us to further investigate the effect of im-
munotherapy on porcine cysticercosis in a prospective, randomized, con-
trolled and blinded study.* This study confirmed that when pigs naturally in-
fected with 7. solium cysticercosis were inoculated with cysticercal antigen,
the viability of cysticerci was significantly reduced. The percentage of cys-
ticerci that showed no evidence of viability was more than doubled in the
group of pigs given crude antigen and most of these animals developed new
electro-immuno transfer blot bands suggesting an antibody response to the
immunotherapy. However, all of the pigs remained macroscopically heavily
infected and most of the cysticerci in the majority of the treated animals ap-
peared viable for causing human disease.

The statistically significant effect of immunotherapy on parasite viability
illustrates the active nature of the host-parasite interaction and the potential
for manipulating this relationship in the prevention and treatment of this infec-
tion.

CONCLUSIONS

T. solium has evolved to survive within pig tissues and the human bowel
without causing morbidity sufficient to impair host reproduction, but there has
been no such evolutionary pressure to limit pathology when the larval stage of
the parasite accidentally infects human tissues. Little is known about the im-
munology of adult tapeworm infections in the human bowel but some of the
mechanisms by which tapeworm larvae survive within human tissues have
been established. Manipulation of this host-parasite relationship may provide
an opportunity for controlling the parasite.

Symptomatic human neurocysticercosis most commonly results from
break-down of host tolerance associated with death of the infecting larval
parasite. The resultant inflammation may be asymptomatic, transiently symp-
tomatic, chronic or fatal. Neurocysticercosis may be treated with
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anticonvulsants and anti-inflammatory drugs. The addition of cestocidal
therapy is unlikely to affect the course of the disease once cysticerci are de-
generating or destroyed. Research is in progress to clarify the value and safety
of using cestocidal drugs to kill cysticerci in patients with epilepsy or those
with asymptomatic cysticercosis. This is likely to depend upon the number
and location of cysticerci. Increased understanding of the
immunopathogenesis of symptomatic neurocysticercosis may allow improved
and more specific anti-inflammatory therapy in this common neurological dis-
ease.
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Cysticerci extracted Jrom pig muscle (Photo Dr. H. Escalante).



