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ygiene represents one of the most successful health

intervention measures in the history of medicine and is
responsible for a significant improvement in human well-being
and life expectancy [1]. However, as suggested by several epi-
demiological studies, it might render humans at risk for the
development of autoimmune
and allergic diseases [2]. It has
been postulated that the modi-
fications that hygiene introduces
into the microbial ecosystems to

Eliminating the influence of pathogen/
vector-derived immunomodulatory
molecules on human tissues induces a
homeostatic imbalance of the immune

EXOGENOUS IMMUNOMODULATORY MOLECULES AND
HYGIENE-ASSOCIATED DISEASES

The immune system of vertebrates evolved under the selective
pressure of microorganisms that deploy immune deactivation
mechanisms to colonize and thrive in host tissues [3,12]. The
immunomodulatory molecules that these microorganisms pro-
duce mitigate the intensity of the immune response mounted
against them and facilitate their multiplication and dispersion.
From an evolutionary perspective, this strategy ensures the sur-
vival of both hosts and microorganisms while shaping the reactiv-
ity profile of the immune system and its activation threshold [13].
Since the biological effect of these immunomodulatory molecules
is non-specific in nature, a great deal of functional synergy and
redundancy can be expected. This implies that for residents of
low hygiene environments, where
multiple infections are the rule
rather than the exception, the
physiological response to tissue
injury is heavily influenced by

which humans are exposed on a system that is associated with an increased these immunomodulatory factors.

daily basis trigger a pathological
process that may lead to tissue
injury and disease [2,3]. The significance of this immuno-
pathological mechanism in human health is reflected in the
number of chronic non-communicable diseases associated
with hygiene, such as inflammatory bowel diseases [4], multiple
sclerosis [5], type I diabetes [2], asthma, and allergic diseases
[6]. Furthermore, this pathological process might play a role
in the etiopathogenesis of other NCDs associated with chronic
inflammation such as atherosclerosis, type 2 diabetes, cancer,
and neurodegenerative disorders [7]. In order to delineate the
health policies required to control infectious diseases without
increasing the risk of chronic NCDs, it is essential to determine
the boundaries between beneficial and deleterious hygiene and
to identify the molecular mechanisms that cause this dichotomy:.

This review examines the role of parasitic helminths and
hematophagous arthropods, two major sources of immuno-
modulatory molecules [8-11], in this hygiene-disease asso-
ciation and analyzes their potential role as tools to control the
epidemic of chronic NCDs that is spreading around the world.

NCD = non-communicable disease

risk of chronic non-communicable disease heimportance of the imbalance

generated by interventions that
reduce the influence of these molecules in the immune system lies
in its capacity to amplify tissue damage caused by etiopathogenic
factors of disease. The fact that hygiene has been associated with
several autoimmune, inflammatory and allergic diseases illustrates
the non-specific nature of this pathogenesis-amplifying effect.

HYGIENE, HELMINTHS AND DISEASE

The role that hygiene plays in the etiopathogenesis of human
disease is best characterized by Crohn’s disease and ulcerative
colitis — inflammatory pathologies of the intestinal tract that
are more prevalent in industrialized nations with high hygiene
standards [14,15]. A disruption in the intestine-associated
microbial ecosystem triggers an abnormal inflammatory
response to intestinal flora that is responsible for tissue injury
and disease [15]. A variety of pathogenic microorganisms
(virus, bacteria, fungi, protozoa) has been implicated as etio-
logic agents of these inflammatory bowel diseases, but there
is no consensus regarding their pathogenic role [15]. In con-
trast, parasitic intestinal helminths appear to play a protective
role [15]. This conclusion is supported by epidemiological
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evidence of an inverse correlation between the prevalence
rates of IBD and intestinal helminthiasis, and evidence show-
ing that experimental infection with helminths ameliorates
intestinal pathology in animals with chemically induced
IBD [16]. Furthermore, it has been shown that patients with
Crohn’s disease who do not respond to conventional therapy
with anti-inflammatory drugs enter clinical remission follow-
ing experimental therapy with parasitic helminths [17]. The
mediators of this therapeutic effect are the immunomodula-
tory molecules that parasitic helminths secrete in order to
deactivate the defense systems of the vertebrate host [8,9].
These molecules break the vicious cycle of tissue injury and
inflammation occurring inside active lesions and operate by
changing the proliferation and activation profile of regulatory
T lymphocytes, dendritic cells and macrophages [8,9]. The
double biological function of parasitic helminths as promot-
ers of anti-inflammatory Th2 immunes responses, and down-
regulators of pathogenic Th1/Th17 immune responses, has
transformed them into a potential new weapon for treating
chronic NCD [18].

ARTHROPOD SALIVA AND HYGIENE
An additional source of immunomodulatory molecules to
which humans can be exposed on a regular basis is the saliva
that hematophagous arthropods deliver at the blood site while
feeding [10,11]. The immunomod-
ulatory activity of arthropod saliva

Exposure to arthropod saliva is,

nomodulatory cloud that affects the way they respond to self
and foreign antigens alike. An additional consequence of this
functional redundancy is that the pathological consequences
of hygiene-promoting measures are most apparent when both
parasitic helminths and hematophagous arthropods are elimi-
nated from human dwellings.

EXPOSURE TO ARTHROPOD SALIVA AS A RISK FACTOR OF DISEASE

Exposure to the immunomodulatory factors present in arthro-
pod saliva plays a dual role in the immunobiology of arthropod-
borne diseases: a) it facilitates pathogen multiplication, disper-
sion and transmission, and b) it protects infected individual
from the immunopathological events triggered by arthropod-
borne pathogens. The fact that asymptomatic individuals with
very high parasitemias can be found in malaria hyper-endemic
areas [22] is an indication of the role that this duality plays in the
transmission dynamics of arthropod-borne pathogens. Due to
the non-specificity of the saliva-induced immunomodulation,
chronic exposure to arthropod saliva can modulate the immune
response to a wide variety of microbial pathogens, including
some that are not transmitted by hematophagous arthropods.
This might be of significance for individuals with diseases like
leprosy or tuberculosis who benefit from therapeutic interven-
tions designed to reduce exposure to parasite-derived immu-
nomodulators [23]. The combined effect of helminth- and
arthropod-derived immunomodu-
latory molecules, to which residents

is similar to that described for para- ~ simultaneously, an environmental risk  of endemic areas are exposed con-
sitic helminths and involves promo-  factor for arth ropod-borne diseases and stantly, is a critical component of

tion of Th2-type immune responses
and down-regulation of pathogenic
Th1/Th17-type responses [10,11,19]. A prominent histopatho-
logic feature of the inflammatory and immune response that
vertebrates mount against arthropod saliva, eosinophilia [20],
is also characteristic of the response to parasitic helminths [21].
The overall similarity of the tissue response to helminths and
arthropods is an example of convergent evolution and indicates
that these parasites have been exploiting a fundamental vulner-
ability of the defense systems of vertebrates in order to thrive in
a parasitic relationship. The structural similarity in immuno-
modulatory glycans of hematophagous sand flies and parasitic
trematodes illustrates the convergent nature of this evolution-
ary process [20]. The functional redundancy that characterizes
these parasite-derived molecules can have significant effects
on human health because the immunomodulation caused by
helminth-derived molecules can be amplified by those present
in arthropod saliva, and vice versa. This is of particular sig-
nificance for residents of poor and neglected areas of the world
that are frequently exposed to both groups of parasites, their
immune response being modulated by a parasite-derived immu-

IBD = inflammatory bowel disease

a protective factor for chronic NCDs

the complex pathological process
that compromises their ability to
respond adequately to microbial pathogens and vaccines. This
parasite-driven immunomodulation can be further amplified
by undernourishment, concomitant diseases, and other fac-
tors prevalent in endemic areas. While the immune response
phenotype conditioned by these factors places individuals at
a higher risk of infectious diseases, it may also protect them
from unregulated inflammatory and autoimmune responses.
The fact that some of the geo-epidemiological characteristics of
autoimmune disease [24] can be explained by this environmen-
tally conditioned phenotype is an indicator of the possible role
of helminth/arthropod-free habitats in the etiopathogenesis of
autoimmune diseases.

EXPOSURE TO ARTHROPOD SALIVA AS A DISEASE-

PROTECTION FACTOR

Arthropod saliva is a complex cocktail of anticoagulants, neuro-
peptides and vasodilatory and immunomodulatory molecules
with powerful effects on the defense mechanisms that verte-
brates deploy to prevent blood loss and parasitism [25,26]. It
is surprising, given the myriad of biological effects mediated
by arthropod saliva, that it has not been considered before as
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a major environmental variable in epidemiological studies of
chronic NCDs. Although the association of hygiene, helmin-
thiasis and chronic NCDs has been extensively documented
[2-7], it is not clear whether exposure to arthropod saliva plays
a protective role in the pathological process that causes these
diseases. Evaluating this possibility is complicated by the fact
that residents of endemic areas for arthropod-borne diseases are
frequently co-infected with parasitic helminths. Since evidence
indicates that parasitic helminths and hematophagous arthro-
pods use similar mechanisms to deactivate the immune system
of vertebrates [8-11,20], dissecting out the precise contribution
of either one to the postulated disease-protection effect may
not be possible. As a result, epidemiological evidence indicat-
ing that parasitic infections confer protection from inflamma-
tory and autoimmune diseases [2-7] may be partly attributed
to the arthropod salivary immunomodulators to which these
individuals are exposed on a daily
basis. Accordingly, the low inci-

Exposure to helminth-derived and

been minimized by the use of parasites, such as the porcine
whipworm, that produce a short-term and self-limited coloni-
zation of the human intestine [17]. By comparison, exposure to
the bite of hematophagous arthropods would be a safer alter-
native since their interaction with human tissues is relatively
brief and they can be reared in laboratories under pathogen-
free conditions. The availability of two different mechanisms
to deliver therapeutic immunomodulation would be useful
in medical practice because their therapeutic range is quite
different: parasitic helminths being ideal delivery vehicles of
therapeutic immunomodulation to the intestinal tract, while
hematophagous arthropods are better vehicles for dermal and
systemic delivery of immunomodulators. Therapeutic exposure
to the bite of hematophagous arthropods, for example, would
be a better alternative for patients with diseases such as multiple
sclerosis, psoriasis, asthma or preeclampsia that are associated

with pathogenic Th1/Th17-type

immune responses [33-36] and

dence of autoimmune diseases arthropod-derived immunomodulatory who are not eligible for helminth

in malaria-endemic areas, which
has been attributed to repeated
exposure to Plasmodium parasites
[27], might be explained instead by
repeated exposure to the immunomodulatory molecules present
in the saliva of the mosquito vectors that transmit them. This
environmental factor may also help explain why the incidence of
systemic lupus erythematosus is lower in black people residing
in sub-Saharan Africa than in people of African descent residing
in the United States and Europe [24]. Finally, repeated expo-
sure to arthropod saliva could prove to be a protective factor
for breast cancer, a disease more frequent in African-American
women than in their counterparts residing in Africa [28]. This
cancer protection effect could be due to repeated exposure to
salivary molecules that counter the cancer-promoting proper-
ties of chronic inflammation [29] or to protective immunity
developed overtime towards two cancer-associated antigens, T
and Th, that are expressed by cancer cells [30] and arthropod
glycoproteins [31].

PARASITIC HELMINTHS AND ARTHROPOD SALIVA AS
THERAPEUTIC TOOLS

Whereas treatment with living helminths is an emerging field in
medical therapeutics [18], it has yet to be determined whether
exposure to arthropod saliva has a similar therapeutic potential.
Both of these sources of immunomodulatory molecules down-
regulate the pathogenic Th1 and Th17-type immune responses
that play a prominent role in the immunopathogenesis of
autoimmune diseases [32] and generate the anti-inflammatory
phenotype that is required for wound healing [8-11]. The
main risk of using living helminths in human therapeutics is
the erratic tissue migration that these parasites can display,
especially in immunocompromised individuals. This risk has

molecules offers a promising
alternative in the treatment and
prevention of chronic NCDs

therapy. Finally, a major advantage
of hematophagous arthropods as
therapeutic tools is that they can be
reared easily, at low cost and with-
out the need of refrigeration. These features could prove useful
for the implementation of therapeutic programs in developing
countries with limited resources that face a growing epidemic
of chronic NCDs [38].

ARTHROPOD SALIVA AS A DISEASE-PREVENTION TOOL

In addition to its promising role in medical therapeutics,
periodic exposure to the saliva of non-infected arthropods
has another potential application of great significance in pub-
lic health: the prevention of chronic NCDs. Unfortunately,
the vector-control programs implemented worldwide to
protect against malaria, leishmaniasis, dengue fever and
other arthropod-borne diseases do not discriminate between
infected and non-infected arthropods. As a result, residents
of endemic areas are deprived of any potential benefit from
exposure to the saliva of healthy arthropods. In the absence
of any practical mechanism to selectively eliminate infected
arthropods from human dwellings, a reasonable alternative
would be to provide access to arthropod saliva in a clinical
setting under conditions that prevent the inadvertent trans-
mission of arthropod-borne pathogens.

While it remains to be determined whether repeated expo-
sure to the bite of non-infected arthropods can modify the
immunopathological processes associated with chronic NCDs,
several factors need to be determined before it is considered a
viable alternative in preventive medicine: a) do the anti-saliva
antibodies generated after repeated exposure to saliva interfere
with the desired disease-preventive effect, b) how does the aller-
genicity of some salivary glycoproteins restrict its potential use
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in allergic and atopic individuals [11], and c) what is the mini-
mal age at which this disease-prevention approach can be safely
initiated to provide the best protection possible. The latter is a
critical consideration because, with mounting evidence indicat-
ing the prominent role of fetal programming in the etiopatho-
genesis of chronic NCDs [37], it is theoretically possible that the
best disease-preventing effect from exposure to arthropod saliva
occurs during fetal development. Experimental models could be
used to clarify whether exposure of pregnant animals to the bite
of hematophagous arthropods causes changes in the vascular
and immune phenotype of the placenta or in the development
of fetal organs.

PERSPECTIVES ON HYGIENE, HEALTH AND DISEASE

Preventing contact with parasitic helminths and hematopha-
gous arthropods has been an essential element of health policies
designed to control infectious diseases, improve living stan-
dards, and increase longevity in human populations worldwide.
The potential role that these interventions might have played
in the current epidemic of chronic NCDs around the world
[38] must be analyzed in the context of the transformation of
human habitats following the adoption of westernized lifestyles,
modernity and globalization. Increased exposure to a variety
of environmental pollutants (heavy metals, toxins, antibiotics,
hormones), and unhealthy behaviors (stress, addictions, over-
eating, sedentarism) are among the many changes that this
habitat transformation imposes on its residents. Decreased
exposure to helminths and arthropods, on the other hand, plays
a pathogenic role because it deprives human tissues of the anti-
inflammatory and immunomodulatory molecules that these
parasites provide. Thus, the overall contribution of hygiene to
the epidemic of chronic NCDs can be attributed to its effect as
passive amplifier of tissue damage caused by other bona fide
etiopathogenic factors of disease. The relevance of this differen-
tiation is that in order to construct disease-free habitats, it will
be necessary to eliminate all etiopathogenic factors of disease
and restore the ecological and immunological balance that was
compromised by hygiene-promoting interventions.

CONCLUSIONS

The recognition that hygiene has both beneficial and deleteri-
ous effects on human health challenges the prevailing paradigm
on determinants of health and disease. A new perspective,
based on ecological harmony, is already providing valuable
information on how environmental perturbations that modify
the human microbiome become etiopathogenic factors of dis-
ease [39]. The complex microbial ecosystems that are associ-
ated with every exposed surface of the human body respond
to environmental changes in ways that can prevent or promote
disease [39,40]. With this perspective in mind, the removal
of parasitic helminths from the intestinal ecosystem, and of
hematophagous arthropods from the skin ecosystem, can be

seen as pathogenic imbalances of the human microbiome. In
this context, therapeutic and preventive measures that use hel-
minths and arthropods are likely to work because they tend to
restitute the original balance. Since it is not possible to consider
a reintroduction of helminths and arthropods into human com-
munities, and there is no mechanism available to replace their
function in microbial ecosystems, health authorities will need
to rely on helminth/arthropod-exposure programs as the best
way to treat and prevent chronic NCDs. The implementation of
these programs will pose an unprecedented challenge to health
authorities worldwide because of the degree of coordination
required to ensure that every human being on the planet has
access to immunomodulatory molecules derived from parasitic
helminths and hematophagous arthropods.
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Rare coding variants in the phospholipase D3 gene confer risk for Alzheimer’s disease

Genome-wide association studies (GWAS) have identified
several risk variants for late-onset Alzheimer’s disease (LOAD).
These common variants have replicable but small effects on
LOAD risk and generally do not have obvious functional effects.
Low frequency coding variants, not detected by GWAS, are
predicted to include functional variants with larger effects on
risk. To identify low frequency coding variants with large effects
on LOAD risk, Cruchaga and fellow authors carried out whole-
exome sequencing (WES) in 14 large LOAD families and follow-
up analyses of the candidate variants in several large LOAD
case-control data sets. A rare variant in PLD3 (phospholipase
D3; Val232Met) segregated with disease status in two
independent families and doubled risk for Alzheimer’s disease
in seven independent case-control series with a total of more
than 11,000 cases and controls of European descent. Gene-
based burden analyses in 4387 cases and controls of European
descent and 302 African American cases and controls, with
complete sequence data for PLD3, reveal that several variants

in this gene increase risk for Alzheimer’s disease in both
populations. PLD3 is highly expressed in brain regions that
are vulnerable to Alzheimer’s disease pathology, including
hippocampus and cortex, and is expressed at significantly
lower levels in neurons from Alzheimer’s disease brains
compared to control brains. Overexpression of PLD3 leads
to a significant decrease in intracellular amyloid-p precursor
protein (APP) and extracellular Ap42 and AB40 (the 42- and
40-residue isoforms of the amyloid-p peptide), and knockdown
of PLD3 leads to a significant increase in extracellular AB42 and
ApB40. Together, our genetic and functional data indicate that
carriers of PLD3 coding variants have a twofold increased risk
for LOAD and that PLD3 influences APP processing. This study
provides an example of how densely affected families may help
to identify rare variants with large effects on risk for disease or
other complex traits.
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“The luck of having talent is not enough; one must also have a talent for luck”

Hector Berlioz (1803-1869), French composer
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