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Vaccination against helminth
parasites — the ultimate challenge
for vaccinologists?

Summary: Helminths are multicellular pathogens which infect vast num-
bers of human and animal hosts, causing widspread chronic disease and
morbidity. Vaccination against these parasites requires more than identifi-
cation of effective target antigens, because without understanding the
immunology of the host—parasite relationship, ineffective immune mech-
anisms may be invoked, and there is a danger of amplifying immuno-
pathogenic responses. The fundamental features of the immune response
to helminths are therefore summarised in the context of vaccines to helm-
inth parasites. The contention between type-1 and type-2 responses is a
central issue in helminth infections, which bias the immune system
strongly to the type-2 pathway. Evidence from both human and experi-
mental animal infections indicates that both lineages contribute to immu-
nity in differing circumstances, and that a balanced response leads to the
most favourable outcome. A diversity of immune mechanisms can be
brought to bear on various helminth species, ranging from antibody-inde-
pendent macrophages, antibody-dependent granulocyte killing, and non-
lymphoid actions, particularly in the gut. This diversity is highlighted by
analysis of rodent infections, particularly in comparisons of cytokine-
depleted and gene-targeted animals. This knowledge of protective mecha-
nisms needs to be combined with a careful choice of parasite antigens for
vaccines. Many existing candidates have been selected with host antibod-
ies, rather than T-cell responses, and include a preponderance of highly
conserved proteins with similarities to mammalian or invertebrate anti-
gens. Advantage has yet to be taken of parasite genome projects, or of
directed searches for novel, parasite-specific antigens and targets expressed
only by infective stages and not mature forms which may generate immu-
nopathology. With advances under way in parasite genomics and new vac-
cine delivery systems offering more rapid assessment and development,
there are now excellent opportunities for new antihelminth vaccines.

Introduction

Helminths are multicellular pathogens which currently infect a
startlingly high proportion of the global human and domesti-
cated animal populations (Fig. I). Recent estimates for the prev-
alence of the gut-dwelling nematode Ascaris lumbricoides, for
example, are that over 1 billion people are infected with this
one species (1). While chemotherapy is available for major hel-
minth diseases, individuals remain highly susceptible to re-
infection. The high levels of infection betray the immune sys-

tem’s inability to eliminate helminths under natural conditions.
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All eukaryotic parasites have elaborate life cycles in com-
parison to prokaryotes and viruses (Fig. 2), providing corre-
spondingly more complex interactions with the host immune
system. There are often a succession of developmental stages
within the one host, which may bear stage-specific antigens
(permitting escape from immunity to earlier stages), or which
may allow early stages to predetermine the character of
responses o subsequent stages. The three taxonomic groups of
helminths (nematodes, cestodes and trematodes) diverged
many hundreds of millions of years ago (Fig. 3) and presumably
present the immune system with a highly diverse set of chal-
lenges.

Helminth parasites occupy a panoply of niches, intestinal
(gut nematodes), epithelial (lungworms), vascular (schisto-
somes), lymphatic and skin (filarial nematodes), and a range of
internal tissues (larval tapeworms). Each of these sites is a dis-
tinct immunoelogical compartment. Helminth immune evasion
mechanisms are likely to be finely tuned to each environment,
to each host species, and to the particular requirements for
transmission of each parasite.

Vaccination is the route of choice to eradicate helminth
infections, because although chemotherapy provides tempo-
rary respite for patients, reversion of individuals and commu-
nities to high levels of transmission usually occurs without con-
tinued treatment. Vaccination is far preferable to preventative
long-term chemotherapy. Control of vector species (mosqui-
toes for lymphatic filarial nematodes) or intermediate hosts
(snails for schistosomes) has proved extremely difficult, so that
eradication of these major tropical diseases requires new
approaches. Socio-economic improvements in housing and
water management have not materialised in large parts of the
afflicted countries, so that geohelminth infestation has not
abated. Vaccination therefore offers the prospect of a simple,
one-step procedure to interrupt transmission and prevent par-
asitic disease.

There are some substantial obstacles to vaccine develop-
ment to helminths, both logistical and scientific. There are few
good animal models for human helminths, and even where the
human-parasitic species (such as Schistosoma mansoni) infects
rodents, there are radical differences in dynamics of infection
between the laboratory and the field which obscure correla-
tions. More generally, there is a lack of understanding of the
basic events in helminth infection which permit parasites to
invade and endure in the face of a fully armed immune system.

The crucial scientific problems are those of: a) selecting
individual vaccine antigens without understanding the
host—parasite relationship (particularly using antibody reactiv-
ity as a criterion for a candidate antigen); b) understanding
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Fig. 1. Worldwide prevalence of the main helminth parasitic
infections. It is estimated that over 3.5 billion people are infected with
intestinal and tissue helminths, causing disease in approximately 450
million cases. Multiple infections are common. Helminth parasites cause
low mortality but high morbidity, and are a major cause of retarded
growth, blindness and iron deficiency anaemia. Although direct mortality
is low (60,000 per annum from ascariasis for example), the impact is
enormous on the number of years of life lost due to disability and early
mortality (disability-adjusted life years). More information is available at
http: //www.who.int/ctd (World Health Organization) and http:

/ /www.dpd.cdc.gov/dpdx/HTML/Para_Health.htm (Centers for
Disease Control and Prevention).

effective immune mechanisms which kill parasites; and ¢)
being able to preclude pathogenic responses and avoid exacer-
bation of disease. The complexity of helminths relative to
prokaryotes renders the empirical approach unlikely to suc-
ceed, whilst the diversity of helminth life styles and niches
requires us to appreciate the intricacies of each host—parasite
relationship and the individual strategies which have evolved
for immune evasion in each case. The first part of this review
therefore discusses the basic immunology of helminth infec-
tion, leading into the subsequent discussion of existing and
future vaccines against helminths.

The basic phenomena of infection with helminths are
remarkably similar: i) high levels of T-helper 2 (Th2)-type
responses are generated; ii) the major pathogens cause chronic
infections characterised by long-lived parasites and ineffective
immune responses; and iii) various forms of immune
downmodulation are observed. It is arguable whether these

characteristics are beneficial to the host or the parasite (2, 3).
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Fig. 2. Life cycles of three helminth parasites.
[We thank J. E. Allen for permission to reproduce the panel showing
microfilarial parasites of Brugia malayi. ]

Helminths drive Th2 responses

Infection with helminth parasites typically leads to a strong
type-2 immune response characterised by IgE antibodies, eosi-
nophilia and mast cell proliferation (4-8). Why should such a
striking polarisation occur? It seems unlikely that each parasite
species has evolved individual Th2-stimulating antigens, par-
ticularly those species for which a Th2 response protects the
host. More probable is that generic invertebrate products signal
through host receptors in a way that amplifies Th2 responses.
There may be a helminth equivalent of the lipopolysaccharide
(LPS) receptor, an early warning (‘danger’) signal from the
innate immune system. In any event, the powerful and selective
Th2 drive seen in helminth infections highlights a phenome-
non of significance to basic immunology, with impact on
allergy and clinical immunology in general.

The intensity of the type-2 response to helminth infections
provided clear evidence for the T-helper 1 (Th1)/Th2 dicho-

tomy in humans, which was confirmed by the isolation of
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human Th?2 cells specific for Toxocara canis antigens (9). The Th2
phenotype in human filariasis has been documented by a vari-
ety of approaches (10—13), with high frequencies of interleu-
kin (IL)-4, IL-5 and IL-13 expression by patients’ lymphocytes
in response either to parasite antigen or mitogen. The resulting
levels of type-2 cytokines in helminth infection are very strik-
ing: Fig. 4 compares IL-4 production in response to polyclonal
stimulation by lymphocytes from S. mansoni-infected and
Brugia malayi-infected with those from uninfected controls.
Polyclonal Th2 activation may account for the high levels of
total IgE in helminth-infected patients, which are comparable
to those seen in cases of allergic disease in non-endemic coun-
tries (Fig. 5).

In general, the Th2 bias is antigen specific, so that for
example the same individual’s peripheral T cells mount a Th1
response to mycobacterial purified protein derivative (PPD)
while producing Th2 cytokines in response to helminth anti-
gens (9, 10, 14). In experimental models (with maximal par-
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Fig. 3. Phylogenetic relationship of helminths. Based on recent analyses
of molecular phylogeny (205) and the fossil record (206) of metazoa.
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Fig. 4. Polyclonal IL-4 responses of T cells from helminth-infected
humans. IL-4 (in units/ml) was measured in supernatants of mitogen-
stimulated cultures of peripheral blood mononuclear cells. Each point
represents a different patient.

asite loads), the Th2? skew is potent enough to convert
responses to bystander antigens from ThO, or even Thl, to a
Th2 pathway (15). An important and unexplored issue is
whether vaccination against one pathogen is likely to interfere
with or pre-empt an appropriate response to another. The pro-
pensity of some helminth-derived products to amplify Th2
responses may permit the design of vaccines which selectively
induce Th2 differentiation, as discussed later in this article.
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The immune system regulates pathology in chronic infection

Helminth parasites largely take their toll on human health by
establishing long-term, chronic infections which often result
in pathological damage to the host. Typical helminthiases
present as spectral diseases, probably because of variation in
immune responses to infection, and a minority (1-15%) suffer
from the extremes such as elephantiasis or hepatosplenic schis-
tosomiasis. A larger number have subclinical lesions and/or
intermittent acute symptoms. Parasite lifespans can be surpris-
ingly long — 5 years is a low estimate for filarial worms — and
there will be a continuous challenge to the immune system of
high levels of foreign antigens from resident worms, from their
offspring, such as schistosome eggs, and from new waves of
infectious organisms entering the body. A critical question is
how the host deals with this unrelenting antigenic challenge,
and how the immune system selects the optimum profile of
responses to balance the cost of enduring parasitism with the
cost of immunopathology. Chronic infection therefore requires
immune regulation for host survival.

The best paradigm for chronic infection with helminths,
and particularly of the immune factors associated with the
development and resolution of pathology, is the granuloma
around schistosome eggs in the liver of infected hosts (16). In
mice experimentally infected with S. mansoni, hundreds of eggs
begin to be produced by mature females 5 or 6 weeks post-
infection, most of which remain entrapped in the liver or the
intestine. These eggs elicit a strong granulomatous response,
attracting eosinophils, macrophages, lymphocytes, neutro-
phils, mast cells and fibroblasts, leading to extensive liver fibro-

sis. The liver granulomas play a central role in the immunopa-
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Fig. 5. Serum IgE levels in helminth infections and other disease states.

thology of schistosomiasis, a chronic problem, as schistosomes
persist for years in untreated humans, and a single patient can
carry several hundred schistosomes. Surprisingly, then, the
granulomatous response may carry an immediate benefit to the
host, as indicated by infection of T-cell-deficient mice in which
the host’s inability to respond with a granuloma results in toxic
damage to hepatocytes (17, 18).

Granuloma formation requires CD4* cells, but is not solely
dependent on Th1 or Th2 responses. Rather, a key cytokine is
tumour necrosis factor (TNF)-o, as provision of exogenous
TNF-o rescues liver granuloma formation in severe combined
immunodeficient (SCID) mice (18). The essential findings
(reviewed in (16)) are that both type-1 and type-2 cytokines
amplify the response. Granulomas form both in anti-IL-4-
treated and in IL-4 knockout (KO) animals, but the Th2 contri-
bution is demonstrated by significantly decreased granuloma
size and collagen deposition in signal transducer and activator
of transcription (Stat)-6 KO mice (which are profoundly defi-
cient in Th2-cell function), and by the fact that recombinant IL-
12 treatment greatly counteracts granuloma growth. In an
adapted model in which lung granulomas are measured follow-
ing intravenous inoculation of schistosome eggs, it has recently
been shown that IL-13 is a major enhancing factor for granu-
loma size (19). The picture which emerges from all these stud-
ies is that granuloma formation in murine schistosomiasis
results from both type-1 (TNF-a) and type-2 (IL-13) cytokines
(16), and primarily involves mononuclear cells: anti-IL-5 inhi-
bition of eosinophils has little impact on the outcome.

In the chronic phase of murine schistosome infection (18
weeks onwards), granulomas reduce in size (20). Macrophages

from liver granulomas express lower levels of co-stimulator mol-
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Fig. 6. T-cell hyporesponsiveness in helminth infection. Infected (dark
shading) and uninfected or immune (light shading) individuals with
filariasis, schistosomiasis or echinococcosis were studied by measuring
peripheral blood PBMC stimulated in vitro with parasite antigen. Results
represent the mean levels from extensive studies, as published for B. malayi
filariasis (26), S. haematobium schistosomiasis (112) and Echinococcus
multilocularis hydatid disease (207).

ecules, as a result of IL- 10 production, and it is proposed that this
loss of co-stimulation drives T cells into an anergic state (21). A
more recent interpretation is that these macrophages are alterna-
tively activated into a directly suppressive phenotype (22).

A wider perspective is provided by Brunet et al. (16, 23),
who suggest that the interplay of type-1 and type-2 responses
affects both immunopathology and host protection. Although
type-2 cytokines increase the granulomatous response, thereby
causing fibrosis and other related damage, they are also
required to modulate the intensity of the Thl response. Thus,
IL-4-deficient C57BL/6 background mice die soon after the
onset of egg-laying from an exaggerated type-1 reaction with
an intestinal, rather than a hepatic, focus; the reaction can be
alleviated with anti-TNF-c. This work implies that vaccines
which stimulate untrammelled Thl responses against helm-
inths could in practice exacerbate pathology.

Helminth parasites induce T-cell hyporesponsiveness

In addition to downregulation of granulomatous reactions,
there is a far broader range of immunomodulatory effects gen-
erated by helminth infections (24). Among the most striking
are ablation of specific T proliferative responses in filariasis (25,
26) and schistosomiasis (27-29), as illustrated in Fig. 6. In
onchocerciasis, unresponsiveness extends beyond parasite-spe-
cific determinants to bystander antigens and even mitogens
(30). Moreover, interferon (IFN)-y production by peripheral
blood mononuclear cells (PBMC) in response to parasite antigen
is also depressed in these diseases, while IL-4 is generally intact
(31, 32). The loss of all proliferation is one sign that this is not
a simple manifestation of a Th1 to Th2 switch; further evidence
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is that TL-5 release is repressed in lymphatic filariasis (31), dis-
sociating this response from another type-2 cytokine, IL-4. A
key paradigm in filariasis is that patients with high parasite
numbers are hyporesponsive and generally suffer mild forms of
disease, while patients with few or no parasites and chronic
pathology mount vigorous immune responses to the parasite
(33, 34). The danger therefore is that vaccination may amplify
or accelerate pathogenic immune responses, unless the target
antigens of immunopathology are identified and excluded.

Hyporesponsiveness in helminth infections is not due to
deletion of parasite-reactive T cells, as parasite-specific IL-4 is
secreted by the same cell populations that fail to proliferate to
parasite antigens. Moreover, proliferative responses are restored
by chemotherapy (28, 35). One model postulates a state of
T-cell anergy in these infections (33). Alternatively, high levels
of IL-10 could account for the unresponsive phenotype (25,
29, 36), but a number of studies have failed to support these
conclusions (37-39).

An interesting question is whether the downmodulation is
directly induced by parasite molecules, which perhaps have
evolved for this purpose as discussed below, or whether there
is a self-limiting mechanism within the immune system to
minimise immunopathological costs. Because downregulation
is seen in a wide range of chronic infections from viruses to
helminths, the latter possibility has some appeal. For example,
in chronic lymphocytic choriomeningitis virus (LCMV) infec-
tion there is unresponsiveness not only in the CD8* population
(so permitting virus survival) but also in the CD4* subsets too,
apparently preventing the development of pathology (40). One
possible source of immune modulation that has yet to be exam-
ined in helminth infections is the variously named regulatory
T-cell subset(s) such as Th3 cells (41) and/or Trl cells (42).

There are three major implications for vaccination strate-
gies. First, induction of regulatory T cells may be highly desir-
able as an antipathology vaccine. Secondly, if vaccine-induced
immunity reverses hyporesponsiveness, there is a danger of
inducing pathology. Thirdly, we have no insight into how vac-
cination would work in patients who are already infected and

exhibit a downmodulated state.

Immune evasion

Successful helminth parasites, colonising largely extracellular
niches in the tissues and mucosal surfaces, would require a bat-
tery of immune evasion mechanisms (6). MacDonald et al. de-
scribe the paradox of children with hundreds of intestinal par-
asites (Trichuris trichiura) embedded in the mucosa with no sign
of any host inflammatory response (43). Potential immune
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evasion mechanisms are only now beginning to be revealed,
but a good indication can be gained by comparison to viral
(44) and bacterial (45) strategies, which are expressed by sim-
pler organisms with much smaller genomes. For example, the
bacterium Helicobacter pylori expresses a VacA protein able to di-
rectly interrupt processing of tetanus toxoid (45); we have
found a similar effect with the cystatin-2 product of B. malayi (B.
Manoury, C. Watts, W. E. Gregory, R. M. Maizels, unpublished
results). Parasites may also influence antigen-presenting cells to
modulate co-stimulation or alter the profile of cytokines secret-
ed. Helminths have been demonstrated to medulate B cells
(46) and/or digest immunoglobulins (47), and to counter-
mand many effector mechanisms, for example with peroxidas-
es and dismutases (48) against reactive oxidants, and protease
inhibitors against leukocyte enzymes (49). In addition, a num-
ber of more general immunomodulatory factors released by
helminths, which interfere with proliferation or chemotaxis,
have been described (reviewed in (6, 24)).

These concepts of host—parasite interactions in immune
modulation are encapsulated in a model system in which B.
malayi filarial nematodes are implanted into the mouse perito-
neal cavity (50). Within 7 days, the parasite induces a host pop-
ulation of macrophage/granulocyte type cells which exert a
powerful anti-proliferative effect on T cells, while leaving their
capacity to produce cytokines unabated (50, 51). Induction can
be reproduced with secretions from the filarial parasite and the
suppressive effect is not mediated by known downmodulatory
molecules such as IL-10, prostaglandins, nitric oxide or trans-
forming growth factor (TGF)-p (51). The exciting prospect is
that a novel regulatory mechanism is at play, expressed by host

cells but induced by parasitic infection.

Mechanisms of immunity: how are helminths killed?

Vaccination usually assumes the stimulation of protective anti-
bodies and/or T cells, together with activation of elements of
the innate immune system. One of the great issues in helminth
immunology is that the nature of these components, and even
whether they are necessary and sufficient, has not been
resolved. We are also relatively ignorant of where the tissue-
migrating parasites are killed: only painstaking biological stud-
ies have established that most larval schistosomes are killed in
the lung rather than at the cutaneous site of invasion, or in the
vascular niche of adult worms (52).

Our concepts of how the immune system kills helminth
parasites are based on a range of sources: in vitro culture and
assay systems, experimental rodent models, and statistical asso-

ciation in human studies. From these data, two general models



Table 1. Normal levels of resistance (0) or increased susceptibility (@)
to a primary infection in gene-deficient mice

Gene deficiency
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SCID WuMT FeeRl IL-3 IL-4 IL4Ro.  ILS 13 Staté

Brugia malayi ® (208) O (209) - O (80) - - s =
Heligmosomoides polygyrus @ (70) D (69) O (69) - ® (69)° ® (210) = 2

Nippostrongylus brasiliensis @ (70) - - O (89) O 211) ® (72) - ®(77) ®(72)
Schistosoma mansoni ® (18) *(212) O (66, 67) - * (23) = - - -

®(213) @A (64

Strongyloides ®(214) - ~ ® (89) - - ®(215) - -
Trichuris muris ® (216) - - - ® (73) - - ® (73) -

It is important to note that any one gene deletion may exhibit contrasting pheno-
types when combined with different backgrounds, particularly BALB vs B6 geno-
types.

2 F. D. Finkelman, ). F. Urban, unpublished observations.

(#) signifies that KO has normal levels of resistance to primary infection but
increased pathology.

(&) signifies that KO has normal levels of resistance to primary infection but
increased susceptibility to secondary infection compared to wild-type.

A - IgE gene deficient.

have emerged. Invitro, many different effector cells such as eosi-
nophils (53) or platelets (54), acting through antibody-depen-
dent receptors and aided by a variety of mediators kill helm-
inths. Alternatively, activated macrophages can kill helminths in
an antibody-independent manner, most usually through nitric
oxide attack (55). Often, the same parasite species has been
shown to be killed by a variety of cells and mediators in vitro,
and such experiments have not convincingly established which
cell types or modes of attack are most important in vivo. More
recent experiments have implanted parasites in vivo in chambers:
these arguably provide more authentic conditions in which to
assess parasite killing (56), but in one recent comparison with
the filarial nematode Acanthocheilonema viteae, vaccinated animals
which could kill 81-100% of a normal challenge killed only
13—48% of parasites transplanted within a chamber (57). In vivo
experiments with infected animals provide the strongest body
of data, although proposed mechanisms of parasite killing are
then based on inference rather than direct observation. Most
instructive in this regard have been the recent series of rodent
experiments with cytokine-deficient animals (Table 1). Evidence

from human studies is discussed later in this review.

Role of antibodies

Antibodies appear to play a secondary role in killing helminths,

and many infections show similar courses in wild-type and

B-cell-deficient animals, and in animals with FcR deletions
(Table 1). Passive transfer experiments demonstrate that serum
antibodies can mediate killing of helminths (58-60), although
consistent reports from murine models are rare. It is also clear
that IgE (61-63) and IgA (58) isotypes play particular roles.
Although IgE is not necessary for expulsion of a primary Tri-
chinella spiralis infection, it is involved in the rapid response to a
challenge infection with parasites (61), and IgE levels correlate
with clearance of adult filarial nematodes in the cat (62), and
of schistosomes in the baboon (63). However, IgE-deficient
mice are not greatly different from wild-types in susceptibility
to S. mansoni; three independent systems of depletion or gene
knockout produced small increases (64), decreases (65) or no
change (66) in parasite establishment. Similarly, FceRI deletion
does not result in enhanced susceptibility to this parasite (67)
(Table 1).

Type-2 cytokines promote immunity to intestinal nematodes

Experimental infection of mice with gastrointestinal nema-
todes provides a remarkably clear picture of the pathways of
immune expulsion (4, 68). Expulsion of intestinal nematodes
requires type-2 cytokines such as IL-4, although not necessarily
Th2 lymphocytes themselves (4, 68, 69). However, each para-
site species is differentially susceptible to various immune
components,

Immunological Reviews 17171999 1.3-1
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Nippostrongylus expulsion is stimulated by either IL-4 or
IL-13. In fact, administration of either cytokine induces expul-
sion in lymphocyte-cell deficient SCID or RAG-2 knockout
mice (70, 71). Signalling through the IL-4Ra chain (common
to IL-4R and IL-13R) is required as complete ablation of expul-
sion can be achieved by anti-IL-4Ra antibody treatment as well
as deletion of the IL-4Ra gene (71, 72). Receptor ligation by
either cytokine leads to phosphorylation and translocation of
the Stat-6 transcription factor. Thus, Stat-6 KO mice have been
tested, and found to be unable to expel N. brasiliensis (72).

A different situation pertains in T. spiralis and Trichuris muris
infections, as it appears that both IL-4 and IL-13 are necessary
for expulsion. Deletion of either IL-4 or IL-13 (73) prevents
expulsion of T. muris, as does administration of anti-IL-4Ra
antibody (74). T muris also provides a consistent system in
which the type-1 cytokines IFN-y and IL-12 block expulsion
(74, 75).

The efficacy of exogenous IL-4 or IL-13 in inducing expul-
sion in immunodeficient mice demonstrates that type-2 cyto-
kines must stimulate non-lymphoid cells. Two key changes in
the parasitized gut are expanded mucosal mast cell numbers
and expansion of epithelial goblet cells which secrete mucins,
and the latter population is strongly implicated in expulsion of
N. brasiliensis (76). Significantly, goblet cell hyperplasia and
increased mucin secretion are lost in IL-13 KO mice which
show delayed expulsion of this parasite (77). In general, the
mucus may trap parasites in the gut lumen and destabilise their
anchorage to the epithelium,; in addition, IL-4 and leukotrienes
can directly act to raise peristalsis, providing a mechanical aid
to expulsion of otherwise perfectly viable parasites (78). Thus,
in order to achieve elimination of intestinal helminths, one
would predict that both IL-4 and IL-13 need to be stimulated

in the human system.

Cytokines in immunity to tissue helminths

The intestinal nematodes cannot be used as a paradigm for all
helminth infections, however. Tissue infections with schisto-
somes (16) or filarial nematodes (79) obey quite different
rules. In particular, the contributions of type-1 and type-2
cytokines are not as clear-cut. With filariae for example, IL-4
KO mice are equally able to kill infective B. malayi as wild-type
mice (80), while mouse strains with high Th-2 responses are
the most susceptible to Litomosoides sigmodontis (81). Likewise,
IL-12 enhances the protective immunity of mice to schisto-
somes (82).

In murine schistosome infections, both type-1 and type-2
responses can exert some level of protection (83), and succes-
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sive vaccination with irradiated parasites (see below) results in
a switch from a protective Thl to a protective Th2 response
(84). The absence of Th2 cells altogether can result in fatal
immunopathology (23) so that both types contribute to a
healthy outcome (16). In cestode infections, a Th1 response is
protective: rIL-12 confers protection against Echinococcus multilo-
cularis in mice (85), while in Taenia infections, the early protec-
tive type-1 response is lost but type-2 responses remain as par-
asites progressively multiply (86). To conclude, a spectrum of
Th1 to Th2 responses are involved in resistance to and recovery
from helminth infections. It is likely that different combina-
tions of cell subsets and mediators operate in the varied locales
discussed here, and it may be that the protective Th1 and Th2
responses to schistosomes operate in different sites. In this case,
a vaccine which induces both pathways of immunity might
provide the vaccinated host with a redundancy of protection

which could prove optimally effective.

Mast cells mediate immunity to some intestinal nematodes

The mast cell occupies an interesting position in immunity to
parasites, because this cell is found at every stage from the ini-
tial reaction to infection (87) to the final stages of expulsion in
the gut (76). There is good evidence of mast cells playing a cru-
cial role in immunity to some parasites, but not others. Thus,
giving IL-3 to nude mice allows them to expel Strongyloides ratti
(88), and conversely S. venezuelensis expulsion is delayed in IL-3
KO mice (89). Overexpression of IL-9 amplifies mucosal mas-
tocytosis and confers on mice the ability to rapidly expel T. spi-
ralis (90), while Stat-6 KO mice which are susceptible to T. spi-
ralis fail to exhibit host protective intestinal mastocytosis and
mast cell degranulation (F. Finkelman, J. Urban, personal com-
munication). Mast cell dependence of immunity has been
observed only in infections with Strongyloides and Trichinella, par-
asites that survive the mucus-mediated reaction which expels
N. brasiliensis. Other experiments aimed at elucidating the impor-
tance of mucosal mast cells are more difficult to interpret. A
natural mutation (Wv) in the the c-kit/stem cell factor receptor
greatly reduces the mucosal mast cell population, but also
impacts on the maturation of other cell types in the gut, such
as intraepithelial lymphocytes, and interstitial cells of Cajal
which co-ordinate smooth muscle contraction (69).

Eosinophils intercept tissue-migrating larvae

Eosinophils have been seen to be associated with helminth
infection for over a century (91), and are heavily implicated in

immune attack on parasites (53). The dependence of eosino-



phils on IL-5 has permitted experimental studies of the role of
this cell, but results vary according to the parasite in question.
For example, in anti-IL-5 treated mice the survival of Angio-
strongylus cantonensis larvae in the brain is enhanced (92), as is that
of Onchocerca lienalis microfilariae in the skin (93). Moreover,
interception of S. venezuelensis en route to the gut is lost in anti-
IL-5 animals, but expulsion from the gut itself is not compro-
mised (94). Beyond these examples, however, IL-5 KO mice are
no more susceptible to other helminths, despite their defi-
ciency in eosinophils, as was originally shown by anti-IL-5
depletion experiments (95).

Studies using IL-5 transgenic mice (IL-5T), which have a
life-long eosinophilia, serve to further illustrate differing
modes of immunity depending on the parasite niche. IL-5T
mice and wild-type littermates infected with N. brasiliensis clear
infection with identical time frames (96), however, fecundity,
size and number of worms are reduced in IL-5T mice (97). By
contrast, recovery rates of Toxocara canis larvae were identical in

IL-5T and wild-type control mice (97).

Naturally acquired immunity to helminths in humans

Human studies have had two main objectives: to establish the
patterns of natural immunity to helminths, and to identify
immunological parameters associated with that immunity. The
most comprehensive studies on antihelminth immunity in
humans have been carried out in schistosomiasis. Infection typ-
ically peaks at 13—16 years of age, followed by a decline in
older subjects, from which it was concluded that immunity to
incoming cercariae develops gradually, making adults resistant
to infection (reviewed in (98)). Indeed chemotherapeutic
intervention studies have shown that while children are suscep-
tible, adults are immune to reinfection. Recent studies on
whole populations newly exposed to S. mansoni have found that
within a period of 18 months the age—intensity profile is typi-
cal of an established community (99, 100). This indicates that
immunity to schistosomes does not need a period of more than
ten years to develop and also points towards age-related resis-
tance factors, perhaps non-immunological in nature, in schis-
tosomiasis (101).

Naturally acquired immunity to other helminth parasites
has also been demonstrated, but in every case protection is
either partial or operates in a manner termed concomitant
immunity, in which established parasites are unharmed by a
response which blocks newly invading organisms (reviewed in
(6)). The outcome of extensive work over many years is that
natural immune protection can be mounted by the human

immune system, but that this immunity appears to limit rather
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than eliminate infection, and that immunity depends on a
major age-dependent component which has yet to be identi-
fied. The latter point makes it difficult to declare that any par-
ticular helminth vaccine will be effective in children, who are
the group most at risk from schistosomiasis and geohelminth
infestation (102).

Human immunity: are type-2 responses responsible?

Human schistosomiasis was the first disease for which con-
certed efforts were made to test whether eosinophils and/or
IgE-mediated resistance to infection, by comparing worm bur-
dens at periods after chemotherapeutic clearance of parasites.
Individuals classified as ‘resistant’ to reinfection carry approxi-
mately twice as many eosinophils as ‘susceptible’ cases (103).
In addition, a number of independent studies have associated
high levels of IgE with resistance to reinfection (104—108). For
example, Hagan et al. showed that the lowest quintile in terms
of serum IgE harboured on average 10 times more schisto-
somes than the highest quintile (104). IgE responses in hook-
worm infection correlate not with lower parasite numbers, but
with reduced size and weight of the adult worms residing in
the gut (109). In lymphatic filariasis, high IgE levels are found
in all cases except those with high numbers of circulating
microfilariae, but in this case the association is interpreted as
parasite downregulation of IgE rather than clearance mediated
by this isotype (11). The general question has been raised that
an immune pathway mediated by IgE may not be one which we
would wish to amplify by vaccination, for fear of stimulating
adverse hypersensitivity reactions in a subset of patients (102).

The prominence of IgE naturally raises the issue of the rela-
tive importance of Th1 or Th2 cytokines in resistance to reinfec-
tion. Some studies have found higher levels of IL-5 (110), or of
both IL-4 and IL-5 in response to schistosomes from individuals
who are relatively resistant (111). This finding is not uniform
even for schistosomiasis: one study in Gabon reported that indi-
viduals resistant to reinfection respond strongly with both IL-5
and IFN-y in response to parasite antigens (112). In examining
other helminth infections, such as lymphatic filariasis and
onchocerciasis, there is essentially no support for the concept
that archetypal Th2 responses mediate immunity in humans (3).
In heavily parasitised cases, both IL-5 and IFN-y are depressed
(31) while individuals who appear by all criteria to be infection
free have strong Th1 responses to parasites (12, 113).

The role of the immune response in pathogenesis is a
major feature of disease. Thus, hepatosplenomegaly in schisto-
somiasis is associated with higher type-1 cytokines (IFN-y and
TNF-0), and lower type-2 (IL-5), indicating a strong skewing
133
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towards proinflammatory cytokines (114). Likewise, chronic
lymphatic disease in filariasis is associated with expression of
type-1 cytokines (11). Immune function is also important in
transmission of schistosomes. For example, in human immuno-
deficiency virus (HIV)-seropositive individuals in Kenya, egg
output is 3-fold lower than in seronegative cases, and there is a
significant negative correlation between egg numbers and
CD4+ counts (115). As in animal studies, T-cell responses may
therefore be essential for egg excretion. Praziquantel treatment
to kill schistosomes was found to be effective in both HIV-pos-
itive and negative subjects with varying CD4 counts, arguing
against a role for CD4* T cells in drug-mediated clearance of
parasites (116). Measurement of reinfection in these praziqu-
antel-treated patient groups should illuminate the role of CD4
cells in resistance to reinfection.

A final and critical feature of human immunity is that
mechanisms operate against parasite reproduction indepen-
dently of any lethal action. Such antifecundity immunity is
manifest in S. jeponicum infections, in which egg counts but not
adult numbers decay rapidly with age (117), and in hookworm
infections where egg production is reduced in patients with
high IgE responses (109). Induction of antifecundity immunity
on its own may be sufficient to block transmission and be of
significant benefit to community health. In addition, preven-
tion of egg production by schistosomes would greatly limit the
pathology suffered by infected patients.

An ideal antihelminth vaccine for human use would there-
fore a) induce both Thl and Th2-type responses; b) be effec-
tive in children as well as adults; ¢) avoid any danger of induc-
ing immunopathology or enhancing transmission; and d)
attack the helminth's reproductive capacity as well as the viabil-

ity of the parasite itself.

Are there resistance genes in humans?

An important question for any vaccine is whether there are
polymorphic loci encoding resistance factors which may influ-
ence the outcome of infection. This issue has only been seri-
ously addressed in schistosomiasis, in which a resistance gene
termed SM1 (118), mapped to chromosome 5, showed signif-
icant association in two independent populations, in Brazil
(119) and Senegal (120). Moreover, the same locus now
appears to be associated with controlling parasitaemia in
malaria (121, 122), which raises the interesting proposition of
a common mechanism in immunity to these extremely differ-
ent parasites.

There is less clarity surrounding the influence of host
major histocompatibility complex (MHC) loci on immunity to
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helminths. An association of MHC class I alleles with resistance
to S.jeponicum has been reported in one study (123), but
requires confirmation in an unrelated group of subjects. Other
MHC class 1I alleles have been associated in independent studies
on O. volvulus infection with progression to pathology (124,
125), but no consistent linkage has been found in lymphatic
filariasis (126, 127). This is an area where future efforts will
need to be extended if helminth vaccination is to proceed in the

human population.

Identification of protective antigens

By identifying immune humans, it may be possible to identify
individual molecules which act as the target for immunity and
which therefore would be first choice antigens for a vaccine.
This approach need not assume that there is a qualitative differ-
ence in recognition, and indeed most studies have been con-
ducted by statistically correlating magnitude of responses to a
range of proteins with the disease status of the donors. So far,
however, the entire search for antigens involved in protective
immunity in humans has relied on antibody reactivity as the
discriminatory criterion. Products which selectively stimulate
T cells, or those which are normally immunologically silent
(128) have yet to be fully explored. The ease of recombinant
protein analysis and production has resulted in relatively little
attention being given to carbohydrate and other non-protein
determinants despite evidence that they can be important in
generation of protective immunity (129).

Comparing responsiveness of resistant and susceptible
individuals in Brazil (130) and Egypt (131), two independent
groups have reported that recognition of the S. mansoni 37 to 42-
kDa glyceraldehyde 3-phosphate dehydrogenase (G3PDH) is
associated with immunity. Monoclonal antibody to G3PDH, a
parasite surface antigen (130), confers marginal, but statisti-
cally significant, protection (38%) in mice against infection
with cercariae (132). Immunisation with a gel-purified frac-
tion containing G3PDH gave 40—61% protection in mice and
hamsters (131), comparable with other purified proteins used
in vaccination experiments (Table 2).

On an alternative track, proceeding from evidence that
human immunity to schistosomes may be IgE-mediated, two
22 kDa antigens have been shown to be major targets of the IgE
response in S. mansoni-infected subjects (133). IgE reactivities to
the larger (22.6 kDa) protein showed a negative correlation
with worm burden even after correction for age (134). Inter-
estingly, there is a family of related antigens in trematodes,
which are all these dynein-like tegumental proteins. Similar
antigens, of 21.7 (135) and 22.6 kDa (136), have been identi-



Table 2. Purified helminth antigens showing vaccine potential
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Species Antigen Host Protection Reference
Acanthocheilonema viteae Tropomyosin Jird  24-64% (168) o
Brugia malayi BmA-2, 120 kDa Jird 88% (217)
Paramyosin Mouse 42-61% (Mf)  (218)
Fasciola hepatica Fh-GST Sheep 57% (219)
Cathepsin L2 Cattle 72% (220)
+ Haemoglobin
Haemonchus contortus H-11 Sheep 83% (178)
GA1 gut protein Goat 60% (221
Schistesoma mansoni GST (28 kDa) Rat 72% (222)
Paramyosin Mouse 33% (223)
p42 (G3PDH) Mouse 40% (131)
Trichinella spiralis 43 kDa ("48/55kDa")  Mouse 59-81% (224)
Trichostrongylus colubriformis 18 KDA ES ag Guinea pig 84% (225)

Note that this table highlights a small proportion of the literature in which helminth
antigens have been isolated and tested for vaccine potential. Further antigens have
been designated as potential vaccine candidates on the basis that monoclonal anti-
bodies to those antigens confer passive protection in animal models, for example
S. mansoni triose phosphate isomerase (41-50% protection in mice (226))

fied in S. japonicum as targets of IgE, and there is a homologue in
Fasciola hepatica. In mice vaccinated against S. mansoni (discussed in
detail below), the 21.7 kDa antigen was clearly identified as the
target of antibody responses (137).

In lymphatic filariasis one interesting study identified a 43-
kDa chitinase as being selectively recognised by immune indi-
viduals (138). Curiously, the sequence is 46% identical to rick-
ettsial (Serratia marcescens) chitinase and only 23% to a previously
reported B. malayi chitinase, MF1 (139). It now seems likely that
the 43 kDa protein is encoded by an endosymbiotic rickettsial-
like organism, Wolbachia, present in tissues of B. malayi (140);
this does not detract from it being a possible immune target
during infection, but raises questions of how intact filarial par-
asites could be attacked by effector cells specific for chitinase

and other internal proteins.

Successful vaccines: somatic and secreted proteins

Helminths are multicellular organisms occupying extracellular
niches. The large majority of proteins they synthesise are des-
tined to remain within the body of the parasite, whether as
cytosolic, plasma membrane or internally secreted substances.
While these will inevitably encounter immune recognition,
only damaged or dead parasites are likely to release such anti-
gens, arguing that immune responses against somatic proteins
will be futile. This position receives some support from the fact

that in general protein extracts from helminths fail to generate

protective immunity (141), although schistosomes are an
important exception to this (55).

A more selective avenue has been to generate immune
responses to the small subset of products released as ‘excre-
tory/secretory’ antigens (141-143), either directly by collect-
ing supernatant from parasite cultures, or indirectly as perhaps
is occurring in the attenuated vaccines decribed below. As early
as 1955, it was shown that mice immunised with Trichinella ES
expelled parasites more rapidly (144). Subsequent testing in a
wide range of parasites has proven ES proteins to be successful
immunogens, but for most helminth parasites secreted proteins
are available in such small quantities that this approach has not
been widely adopted.

A combination of strategies has led investigators to purify
native helminth antigens for vaccine testing. For example,
schistosome somatic antigens, which can be protective when
injected in some contexts, contains several potential vaccine
candidates (Table 2). Likewise, purification of components in ES
materials, and isolation of native antigens recognised by anti-
bodies from immune donors, provides additional candidate
vaccine antigens which have been tested in animal models
(Table 2). Such candidates should be verified by testing with
recombinant versions of the proteins in question; in some cases
this has been achieved (Table 3), but a number of prominent
candidates have yet to show active vaccination in recombinant

form.
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Radiation-attenuated vaccines

The first convincing demonstration that antihelminth vaccines
are a realistic goal was the successful immunisation of animals
with radiation-attenuated larval parasites. Irradiation levels
which prevent developmental progress, but permit a degree of
tissue migration and short-term viability, are optimal. This
pathway has been successfully followed for most important hel-
minth parasites, and constitutes the central paradigm for helm-
inth immunology from which immune mechanisms and iden-
tification of vaccine antigens has followed.

Irradiated larval vaccines were developed commercially in
the 1960s for use against the veterinary nematodes Dictyocaulus
viviparus (145) and Ancylostoma caninum (146), and subsequently
for a number of other nematode parasites (reviewed in (141,
142, 147)). In general, these vaccines reduce parasite establish-
ment by 90% or more in a wide range of species from farm ani-
mals to rodents. In murine schistosomiasis, irradiated cercarial
vaccines achieve lower levels of protection (60-80%), but offer
a ready experimental system to analyse the basis for immunity
(148, 149). The issues of parasite attenuation, migration,
immune stimulation and mechanisms of immunity induced by
schistosome vaccination have been fully described in recent
reviews (148, 149). The most relevant questions for vaccina-
tion are the modes and targets of the protective immune
response.

Surprisingly, the irradiated schistosome vaccine can induce
both a protective Thl and protective Th2 response, according
to the time and number of immunisations. There is conclusive
evidence that the protective effect of a single vaccination with
irradiated schistosomula is dependent on type- 1 responses, and
that similar protection can be induced with somatic extracts
together with Th1-promoting adjuvants such as Bacillus Cal-
mette Guérin (BCG) (150) or IL-12 (151). In particular, IFN-
yR knockout mice have reduced levels of protection from the
vaccine (24% reduction compared to 53% in wild-type mice)
(152), while injection of IL-12 increases the efficacy of protec-
tion to 87% or more (82). When mice are multiply immunised
(three injections at 28-day intervals), immunity operates
through a Th2-associated pathway (84). However, even in the
latter case, the Th1 arm remains strong, as IL-4 knockout mice
are almost as immune as wild-types after 3 vaccinations (153).

There would appear to be a patent contradiction between
the evidence for type-2 immune protection against human
schistosomiasis, and a type-1 response mediating immunity in
mice. However, once sufficiently amplified, Th2 responses can
protect mice against schistosome challenge. Moreover, there is
much stronger evidence of human immunity to filariasis being
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dependent upon Th1 activation (12, 113). Thus, there is every
possibility that, as in mice, both type-1 and type-2 responses
can protect humans against helminths in the appropriate cir-
cumstances. It is important to remember that even if only
type-2 responses are naturally mobilised against schistosome
infection, that does not preclude vaccine-induced type-1
responses from being equally or more effective in promoting
immunity from infection.

While irradiated live parasites constitute effective vaccines
against most helminths, there are few which present a practical
proposition for veterinary use, and none would be acceptable
for humans. The focus therefore is increasingly to identify indi-
vidual parasite antigens which may be applied to subunit vac-
cines, most probably based on recombinant proteins although
the possibility of carbohydrate protective antigens should not
be ignored.

Vaccine antigens for schistosomiasis

Based on antibody responses in schistosome-vaccinated mice, a
set of six vaccine candidate antigens has been put forward for
phase I trials. These are paramyosin (Sm97) (154), glu-
tathione-S-transferase (GST) 28 kDa (155), rIrV5 (myosin-like
62 kDa fragment) (156); Sm23, integral membrane protein
(157); 28-kDa triose phosphate isomerase (TPI) (132); and
Sm14, fatty acid-binding protein (158). However, more exten-
sive comparisons for these six antigens have been disappointing
in laboratory immunisations of mice, with none reaching a
threshold of 40% protection (159).

The selection of these six antigens for schistosomiasis has
not been universally accepted (102, 160}, as five are intracel-
lular and only one a membrane protein. Moreover, all are clear
homologues of known proteins from higher organisms. An
important issue for vaccine antigens belonging to conserved
gene families (e.g. enzymes, muscle proteins) is the risk of
cross-reactions with host or environmental antigens. For exam-
ple, the recombinant rIrV-5 S. mansoni vaccine candidate is 51%
identical to human cardiac myosin heavy chain (156), while
the 22 kDa schistosome vaccine antigen identified by human
IgE recognition shares epitopes with seafood allergens (136).
So far, very few schistosome membrane/secreted proteins have
been identified by antibody screening, and if the optimal
immunogen is a schistosome-specific membrane protein, it
may very well have not yet been identified (102).

The case has been argued that alternative antigens, perhaps
defined by means other than serological reactivities, should be
considered (102, 160). Recently, a T-cell clone specific for
S. mansoni adult worm antigen was generated, and by screening



Table 3. Recombinant vaccines against helminths

Species Antigen Host Protection Reference

CESTODES

Echinococcus EG95 Sheep  96% 227

granulosus

Toenia crassiceps KET7¢ Mouse  30-73% 228

Taenia ovis 45W Sheep  B8% 201

Taenia saginata TSA-9,-18 Cow 88-99% 229

MNEMATODES

Acanthocheilonema Ov-Tropomyosin  Jird 46% 175

viteae

Ancylostoma caninum  ASP-1 Mouse  79% 230

Brugia malayi Bm-PMY Jird 43% 170
Chitinase Jird 80% (Mf) 174
SXP-1 Jird 57% (Mf) 174

Onchocereca volvulus Ov-Tropomyosin ~ Mouse  48-62% (Mf) 175

Trichinella spiralis 43 kDa aa 40-800 Mouse  64% 231

TREMATODES

Fasciola hepatica Sm-FABP Mice 100% 158

Schistosoma mansoni  Sm GST (28 kDa) Rat 67% 232
Sm14 (FABP) Mouse  37-89% 158
ArV5 Mouse  32-75% 156

1 Synthetic peptide corresponding to sequence deduced from cDNA

Note that there is an extensive literature on recombinant helminth antigen immuni-
sation, and this table provides highlighted examples of the major model systems
rather than a comprehensive account. All experiments measure immunity to infec-
tive stage parasites, except where immunity to transferred microfilariae is tested,
denoted by (Mf).

400 cDNA clones known to react with anti-5. mansoni antibod-
ies, the protein calpain was identified as the antigen (161).
Since the T-cell clone was isolated from mice vaccinated (with
adult worm antigen + BCG) and carried the Thl phenotype
associated with immunity in mice, calpain may be considered
to be a potential vaccine antigen. Dessein and colleagues (162)
have isolated T-cell clones from human patients, and identified
a dynein light chain-like 10 kDa protein as the cognate antigen
(163).

A summary of the major achievements with recombinant
vaccines against the major helminths, including schistosomes,
is presented in Table 3. It is important to note that any realistic
vaccine is likely to combine a number of effective immuno-
gens, although there are few examples of synergistic or additive
protective effects when multiple immunisations are given
against helminths.

Vaccine antigens for filariasis

Vaccine research in filariasis has been hampered by the lack of a
convenient rodent model (79, 164), and antigens have been
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tested in a range of contexts: the susceptible jird (or gerbil, Meri-
ones unguiculatus) or the resistant mouse, which quickly kills larvae
under normal conditions. Meriones will accept several species
which are more or less well-adapted to this host. Mice will har-
bour transplants of maturing stages or an intravenously trans-
ferred microfilaraemia. Thus, there has been no single experi-
mental model of immunity on which to base the search for anti-
gens. Perhaps the most coherent model is that of Acanthocheilonema
viteae, which is a natural parasite of the jird and for which both
irradiated larvae and secreted antigens generate high levels of
immunity (165); immunity acts on the maturing larvae in vivo
(166). Using this system, the major antigens recognised sero-
logically are chitinase (167) and tropomyosin (168).

The major human filarial parasites are B. malayi and Wachere-
ria bancrofti. Only the former will successfully infect laboratory
rodents, and although irradiated filarial larvae vaccinate jirds,
the only antigen identified with antibodies from vaccinees is
paramyosin (169). Thus, B. malayi paramyosin generated 43%
reduction in worm load in one experiment, but the homolo-
gous protein from Dirofilaria immitis (98% amino acid identity)
showed no protection whatsoever (170). The weakness of the
animal model has encouraged other approaches of identifying
surface proteins or larval-specific products without selecting
according to antibody activity. We have identified a number of
larval antigens from B. malayi by the criteria of abundance of
mRNA in the mosquito-borne infective larva, including the
abundant larval transcript family (ALT) (171).

Because pathology in filariasis is strongly linked to
immune responsiveness to antigens associated with the adult
stages (33, 34), there is a powerful argument for restricting
filarial vaccine candidates to antigens expressed only in the
mosquito-borne infective larvae and in early post-infective
stages. The ALT family described above (171) may therefore be
a good target antigen, and indeed preliminary data suggest
these proteins can act as protective immunogens against
B. malayi (W. F. Gregory, R. M. Maizels, unpublished data) and
O. volvulus (172) infective larvae.

There is also potential in immunising against the microfi-
larial stage, which would act to block transmission rather than
to prevent infection altogether. Several microfilariae-specific
antigens have been considered. A 75-kDa surface-associated
chitinase (173) is the target of protective monoclonal antibod-
ies, and vaccination reduces microfilaraemia without affecting
adult worm counts (174). Immunity to the microfilariae of
Onchocerca can be generated in mice with tropomyosin (175), an
antigen identified by reactivity of vaccinated cattle; in humans,
levels of antitropomyosin antibody inversely correlate with
microfilarial load (176).
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Hidden antigens in vaccines against gastrointestinal
nematodes

Substantial efforts have been made to generate new vaccines to
nematodes of farm animals, in part because of the existing
economic cost of these parasites, and in part because of the
ability to test vaccines directly in the intended host species.
This area has recently been reviewed (177). The present dis-
cussion will focus on the concept of ‘cryptic antigens’, those
which are never normally exposed to the immune system and
may therefore not have evolved evasive characteristics such as
antigenic variation. A lead in this concept has come from stud-
ies on transmission blocking immunity in malaria, where anti-
bodies to stages only developing in the mosquito blood meal
can prevent onward transmission. A further extension has
been in vaccines against ectoparasites, such as ticks and fleas,
in which the target can be arthropod gut proteins. By analogy,
therefore, we can vaccinate against blood-sucking nematode
parasites by using components of the worm'’s gut brush border
membrane. Studies in Haemonchus contortus have been pioneered
by Munn and colleagues, first with contortin, a polymeric pro-
tein from the parasite’s intestinal lumen, and more extensively
with H11, an integral membrane protein on intestinal
microvilli (177). Immunisation causes dramatic drops in egg
counts (up to 99%) and 83% in adult worm numbers (177,
178).

New vaccine candidates from helminth genomics

In the past few years, the sequencing of a number of microbial
pathogen genomes with sizes of 1-5 million base pairs has
been completed and an entire field of functional genomics has
developed around the use of these sequence data for decipher-
ing pathogenesis and developing new pharmaceutical targets
(179). At present two helminth parasite genome projects are
well advanced: B. malayi (180) and S. mansoni (181). Because of
the relatively large size of helminth genomes (100 million base
pairs or more), these projects have concentrated on expression
sequencing, providing single-pass sequence data on large num-
bers of ¢DNA clones from libraries representing different stages
of the parasites. Some 16,000 expressed sequence tags (ESTs)
are now available for B. malayi; and smaller numbers for S. japoni-
cum (182), Necator americanus, Onchocerca volvulus and Toxocara canis.
Although these projects do not describe the genomic environ-
ment, they are likely to have identified all major antigens from
these parasites. We believe the opportunity has come to start
exploiting this information to develop helminth parasite vac-
cines, in a manner now being pursued for malaria (183), and
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to conduct EST projects for further helminth species for which
new vaccines would be desirable.

For pathogens with small genomes, a feasible approach is
expression library immunisation, in which a genomic library
in plasmids is tested directly in animal models (184). This
approach is problematic for eukaryotic parasites with large
gene complements and intronic genes. An alternative
approach, which we consider more practical, is to identify
highly expressed stage-specific genes by analysis of EST infor-
mation, and to assess these candidates in a murine model. Pre-
liminary evidence in our own laboratory indicates that this
track is promising, as we can induce strong immune
responses with proteins encoded by dominant mRNAs
expressed by B. malayi infective larval (171) and microfilarial
(49) stages corresponding to >1% of ESTs and specific to each
stage. Over the coming few years, we anticipate a closer inte-
gration of genomic information and immunological assays for

vaccines.

New bacterial, viral and DNA vaccine vectors

The development of multivalent vaccines for human and vet-
erinary use based on the expression of heterologous antigens
in live attenuated bacteria such as Salmonella spp. has received
considerable attention in the last decade. Attenuated bacteria
carrying precise deletions in their genome for reducing viru-
lence and immunogenicity and gene insertions which code for
protective antigens from other pathogens can be delivered
orally to re-establish a self-limiting infection persisting in the
tissues for a few weeks before being cleared. During that time,
they can evoke a broad spectrum of immune responses against
their own antigens as well as recombinant heterologous anti-
gens. A few helminth parasite antigens, from S. mansoni (185),
E. granulosus (186) and B. malayi (187), have been tested by
expression in attenuated bacteria (Salmonella or Bordetella pertussis)
in animal models (see Table 4). These induce strong immune
responses and, it is hoped, longer-lasting mucosal immunity
appropriate for vaccines against intestinal helminths. Intrana-
sal delivery of bacterial vaccines offers a further alternative:
mice given a single attenuated (toxin-deleted) Bordetella pertussis
carrying the S. mansoni GST (Sm28GST) gene, had significant
reductions of worm burden (56%) and liver egg counts (60%)
after parasite challenge compared with non-immunised mice
(185).

Perhaps the most exciting development in vaccine technol-
ogy in recent years, however, has been the development of
naked DNA gene transfection techniques (DNA vaccines). DNA

vaccines are attractive for several reasons: their simplicity, cir-



Table 4. Bacterial and DNA vaccines

Species Antigen Protection
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Reference

Attenuated bacteria immunisation/vaccine

Brugia malayi Gp29 glutathione peroxidase NT
Echinococcus granulosus Fatty acid-binding protein NT
Schistosoma mansoni Glutathione S-transferase 56%

Recombinant viral (adenovirus) vector

Taenia ovis 45wW 65%
DNA immunisation/vaccine

Schistosoma japonicum Paramyosin NT
Schistosoma japonicum Sj22 NT
Schistosorna mansoni Glutathione S-transferase NT
Taenia crassiceps KETc7 59-100%
Taenia ovis 45w 99%

187
186
185

233

234
235
236
190
233

NT = Protection not tested
NB: where multiple constructs or vectors of the same parasite antigen have been
tested (e.g. S. mansoni GST) only the most recent publication is cited.

cumventing issues of recombinant protein expression and
purity; their synthesis of antigens with mammalian post-trans-
lational modification and conditions favourable for protein
folding; and the fact that DNA itself has adjuvant properties,
evidently biasing towards the Th1 pathway (188).

DNA vaccines have been shown to be effective at generat-
ing protective immune responses against a wide variety of
infections (189), but with relatively little attention paid to mul-
ticellular parasites. Some antigen genes from Schistosoma and Tae-
nia species have been found to induce significant humoral
immune responses in mice and sheep by DNA immunisation
(Table 4). Most studies have simply demonstrated immunoge-
nicity and have not tested for protection, with the exception of
DNA vaccination with a proline-rich peptide gene from Taenia
crassiceps. This yielded 59% protection, similar to the level
induced by the protein itself, indicating that DNA vaccination
may be a feasible approach for helminth antigens (190).

Co-immunisation strategies

An important approach to immunisation is to potentiate the
host response by co-administration of cytokines in protein or
DNA form and/or to selectively drive particular subsets,
according to the choice of cytokine. For example, as immunity
to schistosores in the mouse model is Th1 dependent, Mount-
ford et al. used IL-12 to convert a non-protective larval extract
into an immunogen eliciting 15-50% protection, less than an

irradiated vaccine but relatively effective for a non-living schis-

tosome immunisation (191). Equally, the irradiated vaccine
itself is boosted from 56% to 87% protection if IL-12 is co-
adminstered with the vaccine (82). The incorporation of
cytokine genes as molecular adjuvants has been reported in a
number of experimental DNA vaccines (192). Because DNA
vaccination generally favours Thl-type responses, it may be
desirable to co-deliver DNA expression constructs encoding
antigen with the gene plasmids encoding the Th2-type cyto-
kines to provide a more appropriate and balanced response.
However, as discussed above, the most appropriate cytokines
for resistance to helminth infection have yet to be defined.

In many helminthiases, disease is partly or even mostly the
result of immunological reactions. There is therefore due con-
cern that injudicious amplification of responses may exacerbate
rather than alleviate disease, as has been recorded for certain
viral vaccines (193). This issue is reversed by recent thinking
on developing vaccines with an objective purely of blocking
parasite-induced pathology and not attacking the parasites
themselves. Although this would not lead to eradication, it
would greatly alleviate the health consequences of infection.
One example of an antipathology vaccine has been suggested in
schistosomiasis, in which co-administration of IL-12 with
S. mansoni eggs reduces the granulomatous liver reactions to
those eggs (194, 195). It is entirely possible that selected hel-
minth proteins themselves would be desirable components for
co-immunisation, particularly where a type-2 response is
desired. Secreted proteins from Nippostrongylus brasiliensis, if
injected subcutaneously, stimulate a generic rise in total IgE lev-
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Fig. 7. Nippostrongylus brasiliensis ES (NES) provokes Th2 cells and
polyclonal IgE production in mice. BALB/ ¢ mice were immunised with
NES or control protein (HEL) in complete Freund’s adjuvant at d0. At
d35, they were boosted with NES or HEL in incomplete Freund’s
adjuvant, and at d42, serum and popliteal lymph nodes were collected for
IgE assay and in vitro lymphocyte stimulation with the homologous
antigen. IL-4 and IFN-y release was quantified in culture supernatants by
enzyme-linked immunosorbent assay (ELISA) (M. J. Holland,

R. M. Maizels, manuscript in preparation).

els in mice (Fig. 7) (M. J. Holland, R. M. Maizels, manuscript in
preparation).

The striking induction of antigen-specific hyporesponsive-
ness in helminth-infected patients and animal models, bears
some similarity to tumour immune responses. One exciting
development in tumour vaccination recently has been that
tumour lysate- or peptide-pulsed dendritic cells (DC) induced
therapeutic antimelanoma immunity in humans in vivo (196).
The parallels between tumour and parasite evasion of immune
responses suggest that it would be well worth investigating the
potential for DC-based vaccines against helminths. In particular,
it is now known that DC can be equally potent stimulators of
Th2 responses (197, 198), even in the absence of IL-4 (199).
This would obviate a direct role of early IL-4 in establishing a
primary Th2 bias following infection, and provide a unifying
model for Th2 induction irrespective of mucosal, epithelial or
deep tissue sites of invasion. Direct experimental evidence of
DC polarisation by parasite products is now being sought, and
this approach may lead to definition of new pathways for driv-
ing Th2 responses. In parallel, vaccine constructs containing
determinants which target expressed proteins to DC or other
key antigen-presenting cell subsets may allow us to direct the

form of immune response elicited by vaccination (200).

Conclusions

There is an enormous need for antihelminth vaccines, as che-
motherapy provides only temporary respite from infection in
the vast majority of helminth diseases. There is also a consider-
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HEL

able number of helminth species, both human and animal par-
asites, for which vaccines would be widely applicable. Taken
together, it is perhaps surprising that only a few vaccines have
been brought into practical use, and that these are all for veter-
inary use. However, the immunological context of helminth
parasitism is relatively complex, and in most instances reviewed
here a simplistic approach to identifying prospective vaccine
components has yielded disappointing results. Only once has
the holy grail been attained — single, novel parasite protein
which, when purified and correctly presented, constitutes a
potent vaccine — in the case of Taenia ovis in which a recombinant
45W of unknown function behaves in exactly this fashion
(201).

So far, the most immunogenic antigens from the perspec-
tive of antibody reactivity have been identified, cloned and
tested as potential vaccine molecules. In this first phase, a small
number of protein classes dominated: paramyosin and tro-
pomyosin, GSTs, and metabolic enzymes such as TPI. These are
not necessarily the most suitable vaccine antigens, and some of
these dominant antigens may simply be major antibody targets
on account of their relative abundance in the parasite, if anti-
body levels are attuned to antigen concentrations. Rational anti-
gen selection demands an understanding of how the irradiated
vaccines work, and an appreciation of the contributions of
individual mechanisms rather than T-cell subsets as a whole to
protective immunity.

The expansion of parasite genome projects offers an excel-
lent opportunity to focus on ‘novel’ vaccine antigens with no

identifiable homology to previously characterised proteins,



which represent parasite-specific products. Interestingly, the
45W antigen of T. ovis falls into this category. Such antigens may
well be essential to the parasitic way of life and represent adap-
tations to the mammalian environment. If so, they are likely to
be excellent targets for immune attack, and of course carry
minimal risk of stimulating any autoimmune reactions.
Secondly, the window through which we look to select
vaccine antigens should be that of the T cell, not just the B cell.
The major T-cell antigens of helminth parasites are still unde-
fined, due to current difficulties identifying CD4* T-cell-stim-
ulating antigens (202). Even those T-cell antigens, such as
S. mansoni calpain, which have been found were first selected
through an antibody reactive filter. While the presence of
serum antibodies against parasite antigens is certainly proof

that the antigens are ‘seen’ by the host’s immune system during

Maizels et al - Vaccines against helminth parasites

natural infection, the complexity of the serum response is such
that it is quite likely that many predominantly T-cell antigens
have been missed by antibody screening. Therefore, some new
approaches are required to directly screen T-cell antigens, such
as those used to isolate Ldp23 from Leishmania donovani (203) and
Leishmania homologue of receptor for activated protein C kinase
(LACK) from Leishmania major (204).

Armed with a new generation of vaccine antigens, perhaps
isolated by their stimulation of T cells or equally derived from
a genome-inspired analysis of expression patterns, the substan-
tial advances in understanding the immunology of helminth
infections can be exploited to develop new, rational vaccines for
the wide range of these highly prevalent and debilitating dis-

eases of the world’s human and animal populations.
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