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There have been numerous studies in the mouse illustrating the dichotomy of T cell
responses, with the common classification orchestrated around Th1l vs. Th2 responses. This
classification is now widely applied to human disease as well and the generic conclusion is
that the Th1l responses are more likely to occur secondary to specific microbiologic insult but
also inflammatory responses. In contrast, the Th2 response is the prevalent response in sub-
jects with atopy and allergic disease but is also the mechanism for protection against helmin-
thic infections. Unfortunately, the paradigm of Th1 vs. Th2 is not as clear in the human as it is
in mouse models. Even so, the immunological mechanisms responsible for IgE production
that are protective in helminthic infections, i.e. Schistosoma, are similar to those for the pro-
duction of specific IgE against allergens. In fact, there also appear to be associations in the
memory T cell subpopulation CD4+CD45RO+ and the elicitation of IgE against both parasites
and allergens. In this review, we present the overall contemporary scheme on the role of para-
sites in genetic susceptibility to allergic IgE, helminthic infections with specific discussion of
its implications for the evolution of the human immune system.
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Relationship Between Th2 Responses
and Parasite Disease

The role of Th2-like responses in protection
against helminthic infection has been exten-
sively documented. Studies performed in
experimental models have established the
absolute requirement for interleukin(IL)-4 and
IL-4 receptor-dependent mechanisms in the
clearance of worms (1-3). Moreover, early
reports have provided a wealth of information
on the role of IgE resistance against these para-
sites, describing different immunological
mechanisms including IgE antibody-depen-
dent killing of Schistosoma mansoni larvae by
platelets and macrophages (4,5) and the role of
IgE-mediated local hypersensitivity in the
expulsion of gastrointestinal worms (6,7).

Studies Suggesting That IgE Protects
From Helminthic Disease

Epidemiological studies with Schistosoma
haematobium in the Gambian population pro-
vided the first convincing evidence that resis-
tance to reinfection is associated with high
levels of parasite-specific IgE (8). Dunne et al.
(9) demonstrated that IgE antibodies against
Schistosoma mansoni adult worm preparations
correlated negatively with reinfection. A 22.6-
kDa protein derived from Schistosoma mansoni
adult worms, recognized by human IgE, has
been associated with resistance to reinfection
(10).

Studies performed in children belonging to
low socioeconomic groups in Venezuela, and
living in a helminth-endemic area, have shown
striking differences in the specific IgE response
against adult worm antigens between children
susceptible or resistant to Ascaris lumbricoides
reinfection. After oxantel-pyrantel treatment
administered monthly to the population for 22
mo, reinfection rates were lower in those chil-
dren with high initial levels of specific anti-
Ascaris IgE. These levels increased significantly
and persisted during the course of the study.
In contrast, the reinfected children were unable
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to maintain a similar specific IgE response after
antihelminthic treatment (11).

Studies performed in Nigerian children
have indicated that specific IgE antibody
responses against the ABA-1 A. lumbricoides
antigen may be associated with natural immu-
nity against Ascaris infection (12).

Very low levels of specific anti-Ascaris IgE
have been observed in a high proportion of the
children studied in various rural areas in Ven-
ezuela (13-15). The most recent study per-
formed in a Warao Amerindian community
from the Orinoco Delta has shown that although
96% of a total of 260 children were parasitized
by helminths, only 20% were able to mount a
specific IgE response toward parasites (>0.7
PRU/mL). Different environmental and genetic
factors may influence the capacity to develop a
protective response against helminthic infec-
tion. Parasite polyclonal IgE stimulation may
inhibit specific IgE synthesis (13) and helmin-
thic infection induces the production of regu-
latory cytokines such as IL-10 (16,17) that may
inhibit antigen presentation (18). This immuno-
suppressor IL-10 cytokine has been shown to
stimulate IgG4 differentially (19) and might
thus induce the suppression of the protective
response mediated by IgE.

Other Factors Influencing Immune
Responses to Helminths

Other environmental factors such as mal-
nutrition, which is frequent in endemic areas,
may also modulate the immune response toward
helminths. A strong association between a low
proportion of the memory T cell subpopulation
CD4+CD45RO+ and low levels of specific anti-
Ascaris IgE have been found among malnour-
ished children (20).

Relationships Among Parasites, IgE,
and Atopy

An atopic predisposition is generally rec-
ognized to be associated with elevated IgE syn-
thesis. Atopic individuals with high levels of
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IgE against helminth parasites demonstrated a
significantly lower parasite burden than those
reported in a non-atopic population (21).

The possible role of helminths in the modu-
lation of allergic reactivity has been of grow-
ing interest. The burden of helminthic infection
is an important variable that may determine
whether helminths act as a risk or as a protec-
tive factor against allergic diseases.

With mild helminthiasis, allergic reactivity
may be elevated by the nonspecific potentia-
tion of IgE synthesis against environmental
allergens and, possibly, by direct reactivity
against the parasite. This increase in allergic
reactivity reaches a peak after which further
stimulation would result in suppressive effects
that are due to both mast-cell saturation and
inhibition of specific IgE synthesis. There would
be a point at which the stimulatory effects of
parasitic infection would be balanced by the
inhibitory influences, and thus the allergic
reactivity would be equivalent to that in
uninfected individuals. Beyond this point, with
a heavy parasite burden suppression would
predominate, causing an extremely low aller-
gic reactivity despite a high degree of sensiti-
zation to common allergens (22,23).

Indeed, active infection with any geo-
helminths and infection with Ascaris [umbricoides
or Ancylostome duodenale are associated with
significant protective effects against allergy
skin test reactivity. Children with the highest
levels of total IgE and with anti-Ascaris
lumbricoides 1gG4 antibodies were protected
against skin test reactivity (24).

As a confirmation of the modulatory effect
of helminthic infections on allergic reactivity,
patients with light infections had their condi-
tions alleviated after receiving antihelminthic
drugs (21), but untreated individuals enhanced
their allergic reactivity (15,21). The situation in
industrialized countries might be that as para-
sitic infections are light and sporadic they
would produce an enhancement of the allergic
phenotype. However, other sources of Th2-like
enhancers must be considered (25).
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Importantly, other infectious agents such as
gastrointestinal protozoa, bacteria, and viruses
may also contribute to the development of
allergic symptoms, although the association of
IgE-mediated mechanisms by which these
infections induce inflammation deserves fur-
ther elucidation (26-28).

Cross-Reactivity Between Helminths
and Other Allergens

We have presented data from the studies of
allergy and parasitic infections that may lead
to a better understanding of this relationship
and new perspectives related to the clinical
outcome of allergic symptoms in humans and
possibly the development of new therapies for
immune-mediated disorders.

These studies, however, did not consider
other factors that could contribute to a better
understanding of the association between hel-
minthic infections and allergic reactivity. The
possibility of cross-reactions between house
dust mites and antigen structures on helminths
may play a role in understanding this complex
relationship (29). Another factor to be consid-
ered is the presence of a strong anti-inflamma-
tory network, such as elevated IL-10, TGF-,
and the regulatory T cells (T3 and Tr) (30). This
mechanism occurs during long-term helmin-
thic infections and has been shown to be
inversely correlated with allergy (31) and directly
correlated with parasite infection as a specific
immunological phenomenon (32).

Role of the Immune System
in Defense From Parasitic Disease

To summarize aspects discussed thus far,
immunological and clinical studies are consis-
tent with the human immune system involv-
ing Th2 responses in defense against helminthic
parasites (33). This part of the immune system is
also involved in allergy and asthma, but the
interrelationships between resistance to para-
sitic infection, intensity of parasitic infection,
allergy, and asthma are complex and still poorly
understood.
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Consequences of Need for Protection
Against Helminthic Parasites

In circumstances where helminthic disease
is endemic and potentially a significant cause of
morbidity and mortality, a proportion of the
population could be expected to die prema-
turely from direct effects or complications of
the infection. Those with the least inherited
resistance to that particular infection are more
likely to die and, over many generations, the
alleles responsible for increased resistance would
gradually increase in prevalence in the com-
munity (34). Hence, through natural selection,
inherent resistance to helminthic infection
would become established in populations liv-
ing in endemic areas.

Initial Migration of Modern Man
Around the World

Since available evidence suggests that mod-
ern man evolved from ancestors who originally
resided in tropical areas (35,36), antihelminth-
driven natural selection could be expected to
have been present at the time of the commence-
ment of the diaspora of modern man through-
out the world (33). Most evidence points to the
Horn of Africa as the site where this exodus
commenced; the time is thought to be between
50,000 and 100,000 years ago (35-37). Migrat-
ing humans reached Europe soon after this and
spread east through Asia (37). The first humans
reached Australia nearly 50,000 years ago (38),
but the spread to the Pacific Islands and New
Zealand was much more recent and was not
completed until less than 1000 years ago (39).

The weight of evidence suggests that humans
crossed to the Americas via the Bering Strait
land bridge during the height of the last ice age,
which was around 10,000 to 12,000 years ago
(40). Those who crossed would have needed to
have previously developed technologies
strongly adapted to survival in an extremely
cold climate. To do this would have required
long-term residence in such regions; archeo-
logical data do support the North American
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ancestors as coming from the region of Siberia
where they had lived for approximately 35,000
years (40). However, after reaching North
America, migration down through Central
America and South America as far as Tierra del
Fuego was rapid and completed within about
2000 years (40). The eastern spread was not
completed until the Inuits reached Greenland
only 1000 years ago (41). Human groups within
the Americas, therefore, share common ancestors
who originated in the tropics, spent many tens
of millennia in a cold, northern, climate, and
then, around 10,000 years ago moved to occupy
an extraordinarily diverse range of climatic
and environmental locations.

The extraordinarily rapid and widespread
migration of modern humans from Africa to all
corners of the globe is unique among mamma-
lian species. It also provides an experiment of
nature that allows patterns of immunological
evolutionary development to be observed.

Relevance of Migration of Modern Man

The relevance of this anthropological infor-
mation is that populations that were originally
adapted to an environment strongly selecting
toward an antihelminth defense system rap-
idly moved to a wide variety of regions. In
these climatically diverse regions, one could
expect that the balance of helminth infection
and host defenses would have changed. We
have speculated that these changes would be
predictable and follow the same general pat-
tern in different groups moving to different
regions (34). We have reasoned that in some
areas, the antihelminth defense system would
have continued to be of importance, particu-
larly in those moving to the tropical areas of
the Asian subcontinent, Southeast Asia, Indo-
nesia, and northern Australia. In those moving
to temperate areas, helminthic disease would
have been less of a problem, as helminths
thrive best where the environment is both hot
and humid (42). In these locations, the strong
Th2 responses would have been more likely to
cause problems in the form of allergies and
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asthma than to have been important for defense
from aggressive worm infections (34,43). These
allergic conditions would have resulted in an
attributable increase in morbidity, but more
importantly, in an increase in mortality.
Although such an increase would have been
small, over many generations, it could be suffi-
cient to cause those with the strongest Th2
responses to gradually be selected out and
become less prevalent. Thus, the specific
population environmental selection could have
changed from favoring individuals with strong
Th2 responses to reducing their frequency.
This process would logically have been even
more rapid in those living in climates that were
much colder, as helminth infection would have
been much less aggressive in such places.

Speed at Which Evolutionary Changes
Could Occur

How rapidly evolutionary changes that
reduce Th2 responses would take place is
unclear and would be difficult to calculate (43).
Historic evidence does show that genetic sus-
ceptibility to infectious disease can change
extremely rapidly in particular circumstances.
For example, within a few years of the arrival
of Europeans in the South Pacific, many indig-
enous populations experienced very high
mortality rates, presumably from European-
derived viral diseases. In these circumstances,
the pattern of allele distribution for key genes
controlling resistance to such infections could
be expected to have changed dramatically
within one generation. In the case of excessive
Th2 responses, an evolutionary-driven decline in
the intensity of these responses would have had
up to 50,000 years or more to become evident
in populations living in temperate or cold
regions.

The Example of the Americas

The spread of humans through the Ameri-
cas allows an interesting experiment of nature
to be observed in the opposite direction. In this
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situation, the speed at which increases in allele
frequencies for key polymorphisms controlling
the intensity of Th2 responses could be observed.
This is because the move to the Americas most
likely occurred in a well-defined period 10,000
to 12,000 years ago, when the Bering land bridge
was open. At that time, those who crossed would
have come from a population that had been
adapted to the cold climate of Siberia for per-
haps 30,000 years or more (40) and therefore
with an expected low prevalence of alleles that
augment Th2 responses. Examination of differ-
ent indigenous populations in diverse climates
in the Americas should therefore allow the
effect of approx 10,000 years of a change in cli-
mate to be observed. In the circumstance of
groups settling in tropical locations in South
America, a return to a higher frequency of
these alleles could be expected; these groups
could be compared with groups of indigenous
Americans who had remained in high north-
ern latitudes—the Inuits in particular. One
could also speculate that changes in allele fre-
quency would occur most rapidly in the genes
that are most important in controlling Th2
responses. A further prediction of interest is
that one could determine whether a particular
gene was important to survival in tropical
areas by examining allele frequencies of poly-
morphisms of functional significance within
that gene.

Genotypic Evidence that Climate Has
Resulted in Significant Differences
Between Populations With Respect
to Genetic Susceptibility to Th2 or
Associated Pro-Inflammatory
Responses

Although there have as yet been no system-
atic studies comparing allele frequencies for
polymorphisms in inflammatory genes
between populations deriving ancestrally from
diverse climatic origins, the available data are
consistent with these differences being both
substantial and important. Several examples of
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such differences exist. The —159C allele of the
CD14 C-159T polymorphism has been associ-
ated with increased IgE responses in children
(44) and had a frequency of 82.3% in Aborigi-
nal Australians and 50.8% in European-Austra-
lians (45). The 237G allele of the high-affinity
IgE receptor -chain E237G polymorphism has
been associated with asthma, and was present
in 20% of blacks in South Africa, but in only
8.5% of European-Africans (46). The IL 4 -589T
allele has been associated with increased total
IgE levels and asthma, and was present in
52.2% of African-Americans and 18.3% of
European-Americans (47). The IL-4 receptor
I1e50 allele that has been associated with atopic
asthma and increased specific IgE (48) was
more common in African-Americans than
European-Americans (49). The -1903G allele of
the mast cell chymase A-1903G polymorphism
has been associated with increased IgE
responses (50) and was present in 96.6% of
Aboriginal Australians compared with 37.5%
of European-Australians (45). The 1188C allele
of the IL-12B A1188C polymorphism has not
been shown to be associated with clinical phe-
notypes to date, but the allele frequency in two
studies was higher in the population with a
tropical ancestry compared with the popula-
tion with a temperate ancestry: 37.5% in an
African population and 16.4% in a UK pop-
ulation (51), and 67.0% in an Aboriginal
Australian population and 21.3% in a European-
Australian population (52).

Interestingly, a similar pattern of an increased
frequency of the pro-inflammatory allele is
found for tropical versus nontropical popula-
tions for other genes that do not have direct
Th2-related actions. The —401A allele of the
RANTES G-401A polymorphism has been
associated with atopic skin disease and was
present in 43% in African-Americans and 15%
in European-Americans (53). The -308G allele
of the TNFo G-308A polymorphism has been
associated with asthma in Australian children
(54) and had an allele frequency of 88% in Afri-
can-Americans and 80% in European-Ameri-

Clinical Reviews in Allergy & Immunology

cans (55). The M1(ala213) haplotype of the o 1-
antitrypsin gene was more common in Euro-
pean-African asthmatics and was also more
common in blacks in South Africa (controls
55%, asthmatics 53%) than in European-
Africans (controls 19%, asthmatics 36%) (56).
The 38A allele of the Clara cell 16-Kda protein
(CC16) A38G polymorphism has been associ-
ated with asthma in Australian children (57,58)
and increased airway responsiveness in Ger-
man asthmatic children (59) and had an allele
frequency of 79% in Aboriginal Australians
and 33% in European-Australians (34).

Thus, there are several examples of genes
involved in inflammation for which the allele
that has been associated with inflammatory
disease has been found to be more common in
populations that have long-term ancestry in
tropical regions. Not all of these genes are
directly involved in Th1/Th2 responses, and as
yet in most cases evidence linking them to
resistance to parasite infection has not been
established. However, the available data sup-
port the likelihood that adaptation to a tropical
environment that includes pathogenic helm-
inth infections results in a profile of genetic
responses that is markedly more pro-inflam-
matory than other populations.

Prevalence of Atopic Disease
in Populations Adapted to
Tropical Climates

As there are major differences between
“developed” and “developing” societies with
respect to the prevalence of atopic disease,
there are clearly potent environmental factors
in developed or “Westernized” societies that
make a substantial contribution to the preva-
lence of atopic disease. Therefore, comparisons
between different racial groups should be made
in different groups that live in the same soci-
ety. There are many examples of studies in
which allergy, atopy, and asthma were more
common in African-American compared with
European-American populations (34). In these
studies, odds ratios for asthma in African-
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American children suggest that they are
approximately twice as likely to develop asthma
in a given Westernized society compared with
children of a European origin (60-63). More
recently, in the large Collaborative Study on
the Genetics of Asthma that was undertaken in
314 families with 2584 subjects in the United
States, higher cockroach skin reactivity and
increases in asthma among relatives were noted
for African-American compared with European-
American and other US ethnic groups (64). Thus,
the evidence supports a greatly increased sus-
ceptibility to allergy and asthma among popu-
lations with tropical ancestry.

Future Predictions

At least 2 billion people live in the tropics
and in these regions, Westernization is pro-
ceeding rapidly and asthma appears to be
increasing at a very fast rate (65). Although
there are still too few data on the many diverse
populations in this region, the available evi-
dence does suggest that these populations are
at risk of major increases in allergy and asthma
over the next few years. Studies are urgently
needed to investigate this possibility and to
develop strategies to cope with this problem
should a generalized strong susceptibility to
atopic disease be found in all tropical popula-
tions.

One explanation for population-specific
differences in allele frequencies in dispersed
populations is founder effect and random genetic
drift. However, the consistency of the findings
across multiple Th2-response-related genes in
many populations in diverse regions argues for
a causal relationship rather than a chance
occurrence.

The rapidity with which changes in asthma
prevalence occur in migrating populations has
suggested a predominant environmental rather
than genetic cause. However, a population
with long-term residence in a region naturally
selecting for a strong Th2 response might not
manifest an allergic phenotype in their region
of origin due to the mobilization of the system
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to fight parasite disease. This latent allergic
diathesis would cause allergic disease imme-
diately on exposure to the altered environmen-
tal stimulus.
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