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Abstract

Stimulated largely by the availability of new technology, biomedical research at the molecular-
level and chemical-based control approaches arguably dominate the field of infectious diseases.
Along with this, the proximate view of disease etiology predominates to the exclusion of the
ultimate, evolutionary biology-based, causation perspective. Yet, historically and up to today,
research in evolutionary biology has provided much of the foundation for understanding the
mechanisms underlying disease transmission dynamics, virulence, and the design of effective
integrated control strategies.

Here we review the state of knowledge regarding the biology of Asian liver Fluke-host
relationship, parasitology, phylodynamics, drug-based interventions and liver Fluke-related cancer
etiology from an evolutionary biology perspective. We consider how evolutionary principles,
mechanisms and research methods could help refine our understanding of clinical disease
associated with infection by Liver Flukes as well as their transmission dynamics.

We identify a series of questions for an evolutionary biology research agenda for the liver Fluke
that should contribute to an increased understanding of liver Fluke-associated diseases.

Finally, we describe an integrative evolutionary medicine approach to liver Fluke prevention and
control highlighting the need to better contextualize interventions within a broader human health
and sustainable development framework.
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1. Introduction

Pointing out that specialization and reductionism in scientific research represents a major
challenge to infectious disease control, Restif (2009) argued that integrative approaches are
needed in which evolutionary biology has a central role. This involves the ‘evolutionary
epidemiology’ perspective first advocated by Ewald (1988) that integrates public health,
ecology and evolutionary biology. The perspectives offered by evolutionary biology and
evolutionary epidemiology have increasingly permeated microparasite research (Levin,
1996; Read et al., 1999; Galvani, 2003). For instance, significant insights have been gained
in our understanding of influenza antigenic reassortments and geographic strain distribution
(Grenfell, 2004; Koelle et al., 2006), bacterial resistance to antibiotics (Palumbi, 2001), and
vaccine strategies in relation to virulence evolution (Gandon et al., 2001). Aside from
applications to malaria (Michalakis and Renaud, 2009) and schistosomiasis (Webster et al.,
2008), the integration of evolutionary principles to parasitic diseases in general remains
relatively limited (but see Schmid-Hempel, 2011).

Liver Flukes are food borne trematode parasites with which, as with helminths in general,
humans are believed to share a deep co-evolutionary history (Brinkworth and Pechenkina,
2013). Food borne trematodes have been the subject of increasing attention as a result of
their association with persistent neglected tropical diseases whose public health impacts are
suggested to have been vastly underestimated (Keiser and Utzinger 2009). Prominent among
these are the Asian Liver Flukes that have been the focus of increasing research and disease
control efforts for several decades in Southeast Asia (Sripa et al., 2015). In spite of these
efforts a number of key aspects of their biology remain obscure and they reportedly continue
to contribute significantly to the disease burden in the region (Sripa et al., 2015).

The need to fill research gaps in host-Fluke biology and develop integrated interventions has
recently been described (Lustigman et al., 2012; Sripa et al., 2015). Related and perhaps
more fundamentally important is a need for evolutionary thinking in framing research
questions and interpretation of existing research results as well as public health interventions
(Nesse and Stearns, 2008). In this paper we review research and intervention campaigns
focused on the liver Flukes in Southeast Asia that have been largely uninformed by
evolutionary biology. We also identify new research questions and describe alternative
explanations based on evolutionary thinking to what is generally found in the biomedical
literature about the role of liver Fluke in disease. We also report how with an evolutionary
framework these explanations offer new insights with regard to research and public health
intervention priorities.

2. Medical and Public Health Significance

Chlornorchis sinensis (Cs), Opisthorchis viverini (OV) and Opisthorchis felineus (Of) are
important food—borne trematodes that have been argued as having a high impact on human
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health and a wide distribution, covering most of Eastern Europe and Eastern and Southeast
Asia (Keiser and Utzinger 2009; Petney et al. 2013; Sithithaworn et al. 2014).
Approximately 700 million people are thought to be at risk of infection by these liver Flukes
through the consumption of raw or partially cooked freshwater cyprinid fish (Keiser and
Utzinger, 2005; 2009). An estimated 35 million people are infected with Cs, while 600
million people may be at risk of infection (Lun et al., 2005). In China, where clonorchiasis is
considered to be one of the fastest growing food-borne parasitic infections, Cs infections
have been reported in 27 of the 34 provinces (Li et al., 2010). In the case of Of, an estimated
1.6 million people are infected while 12.5 million people are thought to be at risk in Russia,
Ukraine, Kazakstan and Siberia (Keiser and Utzinger, 2009; Petney et al., 2013). In
Southeast Asia, more than 90 million people are at risk of infection, and at least 10 million
people are estimated to be infected with Ov (Andrews et al., 2008; Sripa et al., 2010;
Sithithaworn et al., 2012a). In Lao PDR, high endemicity and prevalence rates to up to 90%
in certain communities have been observed (Rim et al., 2003; Sayasone et al., 2009; Ayé
Soukhathammavong et al., 2015). Reliable national data from Cambodia and southern
Vietnam are lacking but local prevalence estimates can be high in each of these countries
(Sithithaworn et al. 2012a). In Thailand, for which reasonably reliable data are available, in
spite of decades of campaigns targeting uncooked fish consumption, at least 8 million people
are estimated to be infected, most of whom live in the northern and northeastern regions of
the country (Sithithaworn et al., 2012a; Sripa et al., 2011; 2015; Table 1 and 2).

All three liver Fluke species exhibit two free living parasitic stages and require three host
species, a freshwater snail, a fish and a mammal (e.g. humans) to complete their life cycle
(Fig. 1). Considerable detailed knowledge describing Ovand Cs, and to a lesser extent Of;
pathology and infection prevalence in humans has been aquired over several decades of
investigation and reviewed (Sripa, 2003; Sripa et al., 2010; Sithithaworn et al., 2012a;
Petney et al., 2013). While the vast majority of liver Fluke infections are light and often
asymptomatic, it is reported that chronically infected individuals are more likely to develop
advanced hepatobiliary conditions (Haswell-Elkins et al. 1991; Sithithaworn et al. 1991;
Mairiang and Mairiang 2003; reviewed in Sithithaworn et al. 2014). Especially when the
worm burden is high, liver Fluke infection can induce serious hepatobiliary pathology such
as fibrosis, hepatomegaly, cholangitis and gallstone formation. In combination with other
risk factors (reviewed in Sithithaworn et al. 2014), opisthorchiasis can lead to
cholangiocarcinoma a malignant tumor of the biliary tract associated with a poor prognosis
upon diagnosis and high mortality rates (Smout et al. 2011; Sripa et al. 2012; Sithithaworn et
al. 2014). Cholangiocarcinoma incidence in Northeast Thailand is the world’s highest,
ranging from 93.8 to 317.6/100,000 (Sithithaworn et al. 2014). Although there is strong
evidence indicating that Ov infection is a primary cause of CCA carcinogenesis (IARC,
1994, 2011, Miwa et al. 2014, Sithithaworn et al. 2014) other factors, including dietary, life
style and genetic components (Miwa et al. 2014, Sithithaworn et al. 2014), are also likely to
play a role calling for more integrative investigations (Ziegler et al. 2016).

3. Host-Parasite Evolutionary Biology and its Clinical and Implications

In contrast with micro-parasites and characteristic of helminths in general, adult liver Flukes
do not multiply in their human host and are long-lived organisms, with individuals
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presumably surviving more than ten years in their host (Harinasuta and Harinasuta, 1984;
Kaewpitoon et al., 2008). Therefore, liver Fluke infections tend to be of a persistent nature.
This implies an evolutionary strategy which includes adult worms’ contribution to the
capacity of their host’s sustained provision of the resources needed by the worms. The
selection pressures associated with these long-lasting intimate interactions and dictated by
the complex nature of helminths’ life cycles and transmission mode, generate co-
evolutionary trajectories that are different from microparasite-hosts interactions. This has
important consequences for virulence evolution, thus disease manifestation, as well as
transmission dynamics. Their understanding, and especially the lack of appreciation of the
implications to disease control, has long been problematic in the case of helminthes in
general (Warren, 1981).

3.1. Infection along a cost-benefit continuum

Asian liver Flukes have fully zoonotic cycles (with no human involvement) in addition to
that with humans as final hosts. This implies that any co-evolutionary patterns will
necessarily reflect adaptation to multiple host species, resulting in less host specificity (see
section 5 for more details). In the case of Oy, the situation is more complex as there is good
evidence that this is a species complex with limited gene flow between certain watersheds,
which is suspected to be associated with potential local adaptation and co-evolution,
particularly with its snail hosts (Andrews et al., 2008; Saijuntha et al., 2007; Sithithaworn et
al., 2012b) and possibly with its human host (Andrews et al. 2008). For instance, evolution
of « disease tolerance » by the host in the presence of these parasites as a consequence of the
close relationship between humans and helminths, over history is widely documented (Little
et al., 2010; Allen and Wynn, 2011; Medzhitov et al., 2012). The immuno-modulatory
capacity of the worms result in most infections being asymptomatic (McSorley and Maizels,
2012) and the tempering of responses to non-helminth antigens, like allergens and self-
antigens, leading to a reduced incidence of allergies and autoimmune diseases in chronically
infected individuals (Yazdanbakhsh et al., 2001). These observations have been argued to
warrant a refined interpretation of the nature of the interaction between Flukes and humans.
This may range from parasitic to mutualistic, the latter particularly in endemic areas where
people have been persistently exposed to helminths and other infectious agents. An
evolutionary perspective (i.e. dynamic view of host-parasite interactions cf. Renaud and de
Mee(s, 1991; Horwitz and Wilcox, 2005; Fellous and Salvaudon, 2009) and a precise
understanding of the immune regulatory mechanisms underlying helminth infection is key to
better identify the thresholds beyond which helminth infections are prejudiciable or
beneficial and better assess how the local context modulate these thresholds (Fig. 2). Host’s
helminth tolerance mechanisms limit disease severity by preventing tissue damage or
ameliorating tissue function without interfering with parasite load (Soares et al., 2014). A
key component of the immune system that has evolved to foster host tolerance and minimize
the virulence of helminths is a more pronounced “non-harmful” type 2 (or Th2) response
(Medzhitov et al., 2012; Mishra et al., 2014). The type 2 response likely evolved both to
provide resistance by limiting the number of helminths that can live in our intestinal tract
(Artis and Grencis, 2008; Maizels et al., 2012) and to repair the tissue damage that is caused
by the helminths that have colonized our tissues (Allen and Wynn, 2011), while inhibiting a
more inflammatory and tissue damaging Th1l pathway (Bashyam, 2007; Ludwig-Portugall
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and Layland, 2012). The Th2 response is characterized by the production of cytokines such
as interleukin-4 (IL-4), IL-5, IL-9, and IL-13 as well as the increased secretion of
Immunoglobulin E (IgE) and IL 10 by regulatory B cells (Hussaarts et al., 2011). Similarly,
Treg cells generally also expand during helminths infections which promote the survival of
the parasites, limit protective immunity upon reinfection (Maizels et al., 2012) as well as
inadvertantly limit autoimune diseases (Taylor et al., 2012) through, among other factors,
TGF-b-like and IL 10 increased product expression (Wilson and Maizels 2004; Ben-Ami
Shor et al. 2013 for a review). For instance, helminth infection and the Th2 based-
immunomodulation that it induces has been associated with improvement of inflammatory
bowel disease, multiple sclerosis, type 1 diabetes, and autoimmune liver disease (reviewed in
Ben-Ami Shor et al. 2013). Increasing evidence also suggests that the intensity of metabolic
syndrome (MetS), a disorder of energy utilization and storage leading to hypertension,
abdominal obesity and altered glucose metabolism (related to Type 2 diabetes and
cardiovascular diseases), is minimized in case of reduced inflammation /helminths infection
(Wiria et al., 2012; 2014).

In the case of Asian liver Flukes, information is limited on the timing and extent of their
immuno-modulatory capacity in human hosts. Most studies have focused on identifying
immune-markers in individuals with advanced clinical conditions and declared hyper-
inflammation resulting from immune environments skewed towards pro-inflammatory
pathways (e.g IL6; Sripa, 2003; Sripa et al., 2009). However, evidence of immuno-
suppression has been provided in animal models where chronic Ov infection was associated
with a predominance of Th2 responses and high level of TGF-8 and IL10 which was
believed to inhibit the immune functions and allowed the parasites to evade the host immune
response (Wongratanacheewin et al., 1987; Sripa and Kaewkes, 2000; Jittimanee et al.,
2012). The immuno-modulatory capacity of the liver Flukes and their potential to down
regulate overall inflammation is also indirectly supported by results from recent human
cohort studies. For instance, chronic Ofinfection in Siberia has been shown to be associated
with lower serum total cholesterol and significant attenuation of atherosclerosis (Magen et
al., 2005; 2013) a condition typically associated with Th1 polarized immune response
(Castrillo and Tontonoz, 2004). In the case of Ovin Southeast Asia data suggests increased
cholesterol levels and fatty livers in patients following deworming (from 10% to 15% of
fatty livers; Mairiang et al., 2012, Sripa unpublished data) which corroborate the observation
that liver Flukes cannot produce cholesterol by themselves and need to obtain it from their
host (Young et al., 2014). Similarly, preliminary observations of nation-wide cardiovascular
diseases (CVD) distribution in Thailand indicate a negative relationship with liver Fluke
infection, corroborating the observation of cholesterol protection afforded by liver Fluke
infection as hypercholesterolemia is known to be strongly associated with CVD (Magen et
al. 2013). Regarding Type 2 diabetes, while low levels of cholesterol and fatty livers usually
predicts low occurrence of type 2 diabetes (Sung and Kim, 2011), nation-wide diabetes
distribution mapping in Thailand intriguingly matches liver Fluke (and low CVD
prevalence) distribution and suggest a positive relationship that warrants further
investigations.
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3.2. Context-dependent outcomes

Several factors, including Fluke infection intensity, host genetic polymorphisms and diet
may influence the immuno-modulatory capacity of liver Flukes, its timing and the balance
between indirect benefits (i.e. reduced inflammation) and direct costs (i.e. hyper-
inflammation and pathology). For instance, serious hepatobiliary diseases associated with
liver Fluke infection have only been observed in cases of heavy infections, while the
intensity of the majority (>80%) of infections lies far below (Sithithaworn et al. 1991;
Mairiang and Mairiang 2003; Sripa et al. 2011; Sithithaworn et al. 2014). Asymptomatic
hepatobiliary abnormalities may be present in apparently healthy infected subjects with low
worm burden (Elkins et al., 1996) but the high proportion of asymptomatic carriers still
suggests that the immuno-modulatory mechanisms allowing persistent Fluke infestation and
low pathology are in place in most individuals with low infection intensity in endemic
communities (McSorley and Maizels, 2012). This observation indicates that Fluke intensity
of infection may be a key factor contributing to the cross-regulation of Thl vs Th2 pathways
in infected individuals and that in cases of low infection (more efficient immune-
modulation) the indirect benefits of being infected (i.e. reduced risk of MetS and allergic
diseases and an overall more balanced metabolism) may outweigh the costs of being
infected as long as the worm burden remains low (Fig. 2). When the worm burden increases
and a more inflammatory immune environment sets in, possible mechanisms influencing the
switch from a dominant Th2 response to a dominant Th1 response may include parasite
overcrowding and/or increased strain diversity, that lead to more sustained intra-host
competition (Frank, 1996; Read and Taylor, 2001). Intra-host competition is known to
involve induction of increased parasite feeding activity or more aggressive behaviors.
Although more damaging to the host this form of phenotypic plasticity has an obvious
fitness advantage when parasite density becomes hight enough (Antia et al., 1994; May and
Nowak, 1994; Davies et al., 2002). This is likely to be associated with a higher parasite
death rate and possibly increased detectability of parasite antigens (that were otherwise
hidden under the worm’s tegument). This would in turn elicit more inflammation through
Th1 pro-inflammatory networks and increased pathologies (Woolhouse and Hagan, 1999).

The infection intensity thresholds beyond which hyper-inflammatory rather than anti-
inflammatory environments are observed (Fig. 2) are known to be strongly affected by host’s
genetic background and involve polymorphic loci presumably maintained in part by
selection pressure on humans populations exerted by the Flukes in endemic areas (Fumagalli
et al., 2009). For instance, the 48892 A/C (Asp358Ala) of exon 9 of the interleukin 6
receptor (IL-6R) gene is polymorphic, with one of the two known alleles associated with
higher risk of hepathobiliary complication associated with Ov (Prayong et al., 2014). This
suggests the possibility of balanced polymorphisms much like sickle cell gene in regions
with endemic malaria. Similarly but more indirectly, genetic factors along with host diet
may dictate the microbial community structure in hosts which are increasingly recognized as
playing an important role in establishing a balanced immune response (Cho and Blaser,
2012).
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3.3. Research gaps and disease control implications

A view of human-Fluke interactions informed by evolutionary biology emphasizes the
dynamic and context-dependent nature of liver Fluke infection outcomes ranging along a
cost-benefit continuum. This is in stark contrast with the more common, simplistic view held
in tropical medicine that equates disease with infection. The reality, particularly in the case
of liver Flukes, is the relationship between infection and disease is highly complex. There is
a need to clarify the mechanisms underlying pro-inflammatory/anti-inflammatory cross-
regulation (Nair et al., 2011) and the potentially protective effects of liver Fluke infection
against MetS, allergic and auto-immune diseases in hosts living in areas where Flukes are
highly endemic and where co-evolution is suspected to have occurred. At the cross-roads of
this research, the mediating role of infection intensity needs particular attention and should
be used as an additional parameter to characterize at-risk populations. The consideration of
infection intensity rather than infection prevalence in epidemiological investigations and
disease risk mapping as well as in public health intervention appears to be the most critical
practical application emerging from the cost-benefit framework we described. This view
echoes Anderson and May and others (Anderson and May, 1982; 1991; Montresor et al.,
1998; Andrews et al., 2008) who demonstrate that targeting intensely infected individuals is
more effective from a transmission dynamics and disesase prevention standpoints.
Additionally, considering that liver Fluke infection may be beneficial depending on infection
intensity and an individual’s genetic background raises questions about the broader public
health implications of mass drug administration. This connection is particularly relevant in
the current context of the epidemiological transition these rural communities currently are
undergoing (Rigg, 2006) and the increasing incidence of MetS associated with livelihood
and diet shifts (Wiria et al., 2012). Defining risk groups based on infection intensity and
genetic polymorphism (i.e. proneness to inflammation) and adjusting drug administration
strategies accordingly could be part of evidence based, integrated intervention protocols that
are more likely to prove sustainable. Similarly revised intervention protocols with adjusted
drug administration may reduce the risk for drug resistance emergence (Read et al., 2011)
and may limit repeated use of praziquantel thought to be associated with elevated risk of
cancer after the first administration (see section 6).

4. Parasite life history adaptations and consequences on transmission

dynamics

Life history traits (longevity, replication mode, timing of reproduction, etc.) are particularly
critical components of fitness. Even in the absence of comprehensive data, partial
information on a species life history characteristics considered in light of the theory of life
history evolution (e.g. Strearns 1992; Roff 1993) can provide important insights. For
example, liver Fluke’s iteroparity along with extremely large number of eggs produced in an
individual worm’s lifetime indicates the enormous odds against an individual egg or
offspring in surviving to complete the reproductive cycle. This has clear implications to the
possibilities for interrupting the transmission cycle as part of a disease control strategy.

Understanding of the schedule of liver Fluke egg production and release in humans and
alternate hosts is one stage of the Ov life cycle that has particularly significant implications
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for transmission dynamics and thus disease control. In many complex life cycle parasites
that produce eggs in their definitive hosts, the timing of egg production is adjusted to match
the chances of encounter with the down-stream host (Poulin, 2011). Given the highly
seasonal environment in which liver Flukes are generally found it follows there is strong
selection pressure to allocate resources to egg production in periods corresponding to the
availability of Bithynia snails, the first intermediate host. Highest snail abundance is usually
observed during the rainy season from July to October in northeastern Thailand (Kim et al.
pers. comm.), although dams and associated irrigation systems undoubtedly have altered the
natural cycles of water availability.

The capacity of parasite eggs to remain viable in the environment for extended periods of
time is another adaptation for coping with the uncertainty of down-stream host availability
and therefore a strategy to maximize transmission success in variable environments (Poulin,
2011). While extensive data have been collected for Ascaris and other nematodes (Smith,
1999), relatively few studies have examined liver Fluke egg survival in the environment. A
series of field investigation from Russia from the 1980°s found Ofeggs are able to survive
several months in water and soils (Krivenko, 1979; Krivenko et al., 1981). Ongoing work by
the authors of the present article suggests similar survival trends for Ov, but infectiousness,
measured as a combination of egg hatching rate and infection success in snails, appear to be
limited to only two to three weeks in moderately warm conditions. This suggests that high
risk of transmission to snail hosts may be restricted to certain periods of the year mostly
dictated by seasonality (Echaubard et al. pers. comm.). Robust manipulative field studies in
different environmental settings are needed to confirm and generalize the trends observed in
the laboratory.

In digeneans, such as liver Flukes, the life cycle also includes the release of cercariae from
the mollusk host and the subsequent infection in cyprinid fish. Parasite genotypes that allow
a good match between the timing of cercarial release and the presence as well as
susceptibility of the target host should be favored. In the case of liver Fluke both the size of
the snails and environmental factors are known to influence cercarial emergence patterns
(Kaewkes et al., 2012; Kiatsopit et al., 2014). In a recent study, cercarial output was highest
during the hot-dry season and during day time suggesting that peak cercarial release may be
driven by temperature and light intensity (Kiatsopit et al., 2014). While the adaptive
significance of diurnal emergence, which may increase the cercariae chances to encounter
fish mostly active during the day, appears plausible, the adaptive significance of peak
cercariae release during the hot-dry season is more difficult to understand as fish abundance
may be reduced during this drought-prone period. Contrary to this possibility, fish may be
forced into greater concentrations in shallower depth as water bodies evaporate and shrink in
size. Several other mechanisms, adaptive or not, may thus contribute to the patterns
observed. For example, higher temperature and brighter conditions contribute to enhance
snail metabolism, which may provide more energy resources to the parasites (Kiatsopit et
al., 2014). In some digenean species cercarial production declines with the age of infection,
a strategy assumed to maintain the host alive longer which inadvertently prolongs the period
of cercarial production. This bet hedging strategy would optimize transmission success in
situations where the contact rate with the next host is variable (Karvonen et al., 2004).
Additionally, the occurrence of different Ov strains or cryptic species have been recently
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documented with discussions of potential local adaptations and concomitant virulence
differences among genotypes cross-infecting sympatric/allopatric hosts (see section 5)
possibly blurring the relationship between cercariae release and fish abundance.

Understanding the mechanisms responsible for liver Fluke egg production, survival in the
environment as well as cercariae release, among other factors using an evolutionary rationale
can help refine our comprehension of parasite transmission dynamics and identify critical
temporal windows of transmission risks in the parasite’s life cycle.

5. Genetic polymorphism geographic variation and phylodynamics

5.1. Review of current knowledge and research gaps

Recent population genetic studies using multilocus enzyme electrophoresis (MEE) on Oy,
and hosts Bithynia snails and cyprinid fish have demonstrated high genetic variability and
population structure associated with river basins and wetland zones (Andrews et al. 2008;
Sithithaworn et al. 2012b). More particularly, two major lineages of Ov; further subdivide
into 6 distinct genetic groups, correlated with 5 different wetland systems, including the Chi,
Mun, Songkram and Wang River wetlands in Thailand, and the Nam Ngum River wetland in
Lao PDR. Subsequent DNA-based studies confirmed the occurrence of genetically divergent
Ov lineages, although the association remains to be fully elucidated, especially in relation to
river basin and wetland water flow connectivity as well as intermediate host populations
genetics and demographic dynamics (Saijuntha et al., 2007; Laoprom et al., 2009; 2010;
Thaenkham et al., 2010). The level of genetic variability within and between species and
subspecies of freshwater Bithynia snails has also been examined by MEE analyses and has
provided preliminary evidence of genetic variation within B. s. goniomphalos in northeast
Thailand. Results suggest an association with river wetlands and possible co-evolution
between Ovand snail hosts (Saijuntha et al., 2007; Kiatsopit et al., 2013). This suggests
genotype by genotype-driven interaction outcomes between snhails and parasite may have
occured (Sithithaworn et al., 2012b).

In the case of cyprinid fish, the second intermediate host, allozyme genotyping failed to
detect genetic structure variation in Ovretrieved from four cyprinid fish host species in one
endemic area indicating a high rate of gene flow and relatively limited potential for local co-
adaptation on the scale of a single wetland (Saijuntha et al., 2009). However without a better
understanding of host fish demographic structure and wider spatial scale gene flow patterns,
little can be said about host fish and Ov co-evolution. Given the diversity of cyprinid fish
species in the region, differences in the intensity of infection and differences in the biology
and ecology of these intermediate hosts, definitive conclusions are limited at present. A
further complicating matter is the increasing use of cyprinid fish species in aquaculture
(Naylor et al., 2000), which provides opportunities for host species switching and
concomitant host and parasite genetic structure modification (reviewed in Sitithaworn et al.
2012b).

In the specific case of humans, evidence suggests that Asian liver Flukes are ancient human
parasites. C. sinensiseggs, for instance, have been detected in the fecal remains from the
Warring States Period (475-221 BC) in Hubei, China (Thaenkham et al., 2010). The
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invention of wet rice cultivation and its spread throughout East Asia 7,000 to 10,000 years
bp (MacNeish, 1992) would have provided an extraordinary ecological and evolutionary
opportunity for liver Flukes. The transmission cycle—which may have originally involved
only two hosts (snails and fish) with fish-eating mammals subsequently becoming the
definitive hosts (Petney et al. 2013)—evolved as human population density increased as a
result of wetlands rice cultivation. This would have imposed selective pressures on the
parasite to survive in this increasingly frequent human host (Parker et al., 2003; Poulin
2011). As a consequence, humans and Flukes have likely co-evolved for millennia and
developed traits and mechanisms that maximize each other’s fitness, including the immune
immuno-modulation mechanisms characteristic of helminthes infections described in section
3. Genetic polymorphism underlying immune response modulation processes and tolerance
has been documented in northeastern Thailand and specific alleles or gene expression
profiles providing advantages to infected humans are known (see section 3). Similarly,
records indicate that high incidences of hepathobiliary diseases, including
cholangiocarcinoma, are aggregated in certain communities within Khon Kaen Province in
northeastern Thailand, where locally specific allozyme and mitochondrial DNA (mtDNA)
haplotypes have been found (Vatanasapt et al., 1990; Sriamporn et al., 2004; Andrews et al.,
2008).

The research initiatives and results described above have set the basis for an improved
understanding of co-evolutionary and phylodynamic relationships between the Flukes and
their hosts, but certain limitations remain. In particular, the taxonomy and phylodynamics of
the Flukes needs to be refined including acknowledging the potential cryptic species and
related possible virulence phenotypes that this could foster. For instance Opisthorchis
lobatus was recently described as a distinct member of the Opisthorchis genus (Thaenkham
et al., 2011) and this recent discovery confirm the suspiscion and substantial evidence that
liver Flukes are not one homogeneous genetic clade (Sithithaworn et al. 2012). Additionally,
although recent investigations suggest that cats and dogs may serve as alternate hosts
(Aunpromma et al., 2012), very little is known about the role of wildlife as reservoir (but see
Wenz-Miicke et al., 2013 for a case study on crab-eating macaques in Khon Kaen province)
and possibly source of genetic differentiation.

Finally, a refined understanding of gene flow patterns across the host spectrum as well as of
host-parasite demographic processes in a metapopulation context is needed (Thrall and
Burdon, 2002; Gandon and Nuismer, 2009; Laine et al., 2014). Greater understanding of
gene flow in association with landscape connectivity assessment at different spatial scales
can help (1) better characterizing host-parasite local adaptations and geographic co-
evolutionary trends, ultimately improving our understanding of virulence, and disease hot
spots and (2) infer past and present host and parasite population demographics, including
host population expansions and bottlenecks in relation to major landscape/environmental
changes, which could in turn help identify which human activities are most likely to foster
host population spread or constriction.

Infect Genet Evol. Author manuscript; available in PMC 2017 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Echaubard et al.

Page 11

5.2. Local adaptations and gene flow across scales: a framework to guide future research

Recent theoretical developments can be used to guide and reinforce current research
initiatives in their ability to assess gene flow and its implications. For instance the recent
review by Auld and Tinsley (2014) provide a framework to understand how the complex life
cycles of parasites (i.e. up to three taxonomically different hosts with markedly different
ecologies and metapopulation dynamics) influence local adaptation patterns across spatial
scales and through the host taxonomic range. The host taxonomic diversity generally
characteristic of complex life-cycle parasites (CLPs) implies that the parasites have evolved
different mechanisms and gene expression profiles to infect each host type effectively (Auld
and Tinsley 2014). It also suggests non-trivial consequences in terms of gene flow, and local
adaptations to hosts (Fig. 3). For instance, a recent meta-analysis of trematode species
showed that parasites bound to complete their life cycle within water (i.e. with aquatic
intermediate and definitive hosts) had significantly more pronounced genetic structuring
than those leaving water through a bird or mammal host (Blasco-Costa and Poulin, 2013).

This suggests that genetic differentiation of parasites reflects the mobility of their hosts and
that parasite dispersal depends on host traits (Blasco-Costa and Poulin, 2013). In the case of
liver Flukes, while freshwater snails, the first intermediate host, demonstrate relatively
small-scale migration patterns, the second intermediate host, cyprinid fish, may exhibit
larger movement and migration potential in particular in relation to breeding activities which
entail extended migration up and downstream or laterally from rivers or lakes to floodplains
(Rainboth, 1991). The definitive host, humans, at least in the case of Ov; has the potential to
carry and transmit parasites over very large distances. Consequently, parasite gene flow
spatial extent and significance are likely to differ from host to host, creating a situation
where the parasite has a limited ability to adapt to one specific host species because patterns
of allelic movement at different scales may disrupt specific directional selection at the host
level (Slatkin, 1987; Lenormand, 2002; Prugnolle et al., 2005, Fig. 3). However, this
prediction is only an approximation of what is actually seen in nature and there are many
examples of accurate host specialization among CLPs, suggesting that genotypic specificity
and local adaptation between host types and parasites and thus patterns of selection depend
on a combination of mechanisms, including genetic drift and demographic events in relation
to spatial scales (Lenormand, 2002; Prugnolle et al., 2005).

Beyond the emerging evidence of possible Ovand snail host local co-adaptations described
earlier, host-parasite genetic specificity has been found in Schistosoma mansoni (Mitta et al.,
2012; Webster and Woolhouse, 1998) and trematodes of the genus Microphallus (Dybdahl et
al., 2008; Lively and Dybdahl, 2000), as well as in Plasmodium falciparum (Lambrechts et
al., 2005). Following this line of thought, it appears that CLPs can show local adaptation
(LA) to at least one host species (that is, achieve greater infection success in sympatric hosts
than allopatric hosts), provided parasite migration rate exceeds host migration rate in the
metapopulation (Gandon et al., 1996; Gandon and Michalakis, 2002). Auld and Tinsley
(2014) suggested the following predictions in this regard: (1) more mobile hosts promote
CLP dispersal, and thus increase the supply of novel genotypes for infection of less mobile
hosts and (2) CLPs have higher likelihood of exhibiting LA to their least mobile host
species. Designing research projects to test these predictions and to assess how landscape
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structure and its modification can impact host and Fluke movements as well as subsequent
gene flow (i.e. landscape genetics; Manel et al., 2003; Manel and Holderegger, 2013)
appears critically important, particularly in the current context of the extensive landscape
modification in Southeast Asia, which lead to natural metapopulation dynamics disruption,
livelihood changes and labor migrations.

Furthermore, complementary laboratory or mesocosm experiments that specifically address
host genotype by parasite genotype interactions in variable environmental contexts (i.e.
water quality, temperature, density, etc.; Wolinska and King, 2009; Echaubard et al., 2014)
are needed to refine our understanding of the biological significance of the genotypic
structuring documented in landscape genetics studies (i.e. are hosts better able to tolerate
infection by sympatric parasites? What are the consequences for transmission?) and help
better understand the geographic mosaic of host-Fluke co-adaptations (Thompson, 2005).

6. Evolutionary concepts in predicting and assessing the impact of

chemical controls on liver Flukes and their hosts

There is currently no vaccine against liver Fluke infection and while the molluscicide
Bayluscide has been proven efficient in the laboratory against B.s. goniomphalos (Tesana et
al., 2012), its field effectiveness remains limited due to the behavior of the snail, which can
live in deep layers of the muddy shore during the dry season. Consequently molluscicide has
not been used for the snail first intermediate host control (Petney et al., 2012).
Chemotherapy to treat human infections remains the principal tool for reducing transmission
and disease. As such Praziquantel (PZQ) has been the drug of choice in the treatment of
most of the food-borne trematode infections in SEA, including Ov infections (Montresor et
al., 2008). Community-based treatment after active screening, through indiscriminate mass
treatment, or in specific target groups is now the major control tool in Thailand and LaoPDR
for Ovinfections (Montresor et al., 2008; Sripa et al., 2015).

Despite the relative success of chemotherapy-based interventions in reduction of infection
prevalence (Sithithaworn et al., 2012a; Sripa et al., 2015), reduction in parasite transmission
may be limited and quite local. Drug-administration campaigns are voluntary and the
targeted population may not be responsible for most of transmission in a community.
Moreover, reinfection of those treated may not be uncommon due to the deeply entrenched
habit of eating uncooked fish dishes (Grundy-Warr et al., 2012). Some individuals reportedly
even take PZQ repeatedly (Saengsawang et al., 2013) as a preventive measure despite
possible long-term increased risk of developing hepathobiliary conditions through increased
inflammation (Pinlaor et al., 2004; 2008). Finally, legitimate concerns are growing regarding
the possibility for drug resistance emergence (Webster et al., 2008; Read et al., 2011) and
Fluke virulence evolution (Ewald, 1983; Paterson and Barber, 2007; Webster et al., 2008) in
response to mass liver Fluke chemotherapy is a possibility.

6.1. Chemotherapy influence on human hosts inflammation

Besides the potential for increased risk of metabolic disorders, autoimmune and allergic
diseases indirectly associated with deworming that we described in section 3, repeated
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administration of PZQ may indirectly foster a more persistent inflammatory state through an
increased risk of reinfection. In spite of helminths’ immuno-modulatory capacity, the onset
of infection is often accompanied by a period of acute inflammation (Th1 response
dominance) potentially damaging to the host (Mishra et al., 2014). After a period of time
ranging from few weeks to months, a chronic down-regulated immune environment (Th2
dominated) sets in (Mishra et al., 2014). It is noteworthy that subsequent infections are
associated with faster and stronger immune response and consequently higher temporary
inflammation. Repeated reinfection may thus create a hyper-inflammatory immune
environment prone to pathologies. For instance, lab experiments using hamsters show that
more frequent Ovinfection can induce the expression of nitric oxyde both in inflammatory
cells and in the epithelium of bile ducts and subsequently cause nitrosative and oxidative
damage to nucleic acids, which may participate in the initiation and/or promotion steps of
cholangiocarcinoma development (Pinlaor et al., 2004, 2008). The cost associated with
chemotherapy-induced inflammation may be balanced if chemotherapy would provide
protection against reinfection and therefore reduce infection events. This argument is
currently under intense scrutiny in the community studying PZQ chemotherapy and
schistosomiasis. Recent evidence suggests that repeated treatments with PZQ do not procure
effective protection against possible reinfection by schistosomes as high levels of parasite-
specific IL-10 were found to be a risk factor for reinfection while high levels of IL-5 were
associated with hematuria development (van den Biggelaar et al., 2002 but see Bourke et al.,
2013). While the risk of increasing inflammation-driven pathologies following PZQ
treatment remain to be fully elucidated in humans (Kamsa-Ard et al., 2013), preliminary
evidence in animal models indicates that repeated PZQ treatment may favor hyper-
inflammatory environments most likely indirectly through increased reinfection risk. Further
research is needed to clarify the relationship between increased PZQ administration, Ov
reinfection and the cross-regulation of anti vs pro-inflammatory immune responses.

6.2. Drug resistance emergence

The state of our understanding of drug resistance is much less advanced in the case of
helminths than for other macroparasites (e.g., Plasmodium spp.) and microparasites despite
an increasing recognition of the problem by biomedical researchers (Read et al. 2011). The
general opinion has been that helminths are less likely to develop resistance, or that doing so
would occur relatively slowly compared to microparasites because of their longer generation
time (Cerami and Warren, 1994). Moreover, treatment failures would often go unnoticed
since most helminths infections are asymptomatic. Thus, the problem of drug resistance is
not well acknowledged and the understanding of the mechanisms underpinning resistance
emergence has been slow to grow in the research communities studying helminths infections
(Waller, 1985). More particularly, the understanding of resistance from an evolutionary
perspective where resistance emerges and establishes when the selective advantage of the
drug resistant phenotype exceeds that of the wild type at the population level is not well
appreciated despite its clear epidemiological significance (Antonovics et al., 2007; Webster
et al., 2008).

While no studies to our knowledge have formally investigated resistance to PZQ, or reported
evidence for its occurrence in the case of Ov (but see Ayé Soukhathammavong et al. 2015),
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resistance to PZQ in schistosomes infection treatment has been relatively thoroughly
investigated. To date, there is no evidence to suggest that schistosomes have already
developed and/or established resistance to PZQ under field conditions, even within China
where praziquantel-based chemotherapy has reached more than 50 million people since
1992 (Doenhoff et al., 2002; Liang et al., 2011; Seto et al., 2011; Wang et al., 2010; 2012).
However, clinical investigations carried out, primarily in Egypt and Senegal on S. mansoni
(Ismail et al., 1999; Gryseels et al., 2001), report occasionally individual failures of PZQ in
treatment of travellers with schistosomiasis (Alonso et al., 2006). Furthermore, the results
from a range of laboratory studies and successful artificial selection of PZQ resistance lines
as well as previous evidence of the ability of the schistosome parasites to evolve resistance
to oxaminiquine which was in use prior the development of PZQ (Bonesso-Sabadini and de
Souza Dias, 2002), continue to raise concerns about the existence or development of
potential PZQ resistance in schistosomes in the future (Webster et al., 2008). Considering
the relative epidemiological similarity between schistosomes and Ov as well as the
convergent intervention mindset targeting them with high frequency and coverage of
indiscriminate MDA campaigns, it follows that resistance to PZQ could become an issue in
Ovendemic areas. Further research and improved monitoring of PZQ administration is
needed to detect subtle changes in drug efficacy and to assess the promises of dual therapies
combining praziquantel and Tribendimidine (Keiser et al., 2013) as a mean to reduce the
risks for drug resistance emergence.

6.3. Evolution of parasite life histories in response to chemotherapy

Like all living organisms, parasites acquire resources from their environment, which
happens to be in their case the bodies of other living organisms (i.e. their hosts), then
allocate them to different functions, including development, survival and reproduction
(Stearns 1992; Roff 1993; Michalakis 2009). Given that resources are most often limited, the
resource allocation patterns observed in organisms (i.e. amount and timing of energy
differentially allocated to the above functions) involve trade-offs (i.e. resources allocated to
growth and survival will not be available for reproduction) that are constrained by
physiological, involving phenotypic plasticity, or genetic (micro-evolutionary) adaptations.
While a discussion of the mechanisms underlying these trade-off goes beyond the scope of
this article, it is important to highlight the potential for strong selective agents, such as PZQ,
to affect significantly the patterns of resource allocation underlying parasite biological
functioning and consequently to influence the parasite’s survivorship, reproductive schedule
and virulence (Paterson and Barber, 2007; Webster et al., 2008). To our knowledge these
evolutionary considerations have not been applied to liver Flukes. Yet a strong case can be
made as follows for research to assess the Flukes’ life history plasticity and their underlying
trade-offs to better understand their epidemiology and virulence.

Chemotherapeutic agents against human helminthes which reduce adult worms’ life
expectancy have been suggested to select for parasites that mature earlier (Medley, 1994;
Poulin, 1998) allowing parasites to produce eggs before the host is given anthelminthics.
However, reproducing earlier means that the worms will be smaller and overall less fecund
as a result of a resource allocation trade-off between development and reproduction
schedule. Conversely, other authors argue that parasitic nematodes with larvae in host tissues
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(poorly susceptible to treatments) and adults in the gastrointestinal tract (highly susceptible
to treatment) should postpone maturity, become larger and more fecund (Skorping and Read,
1998). Support for this hypothesis has been found in 7eladorsagia cicumcinta worms
infecting sheep, where adult worms became larger when subjected to massive chemotherapy
(Skorping and Read 1998). Similarly, differences in schistosome susceptibility to PZQ
possibly associated with delayed reproduction have been documented (Fallon et al., 1997).

Perhaps more importantly, massive use of chemotherapeutic agents can affect parasite
virulence through the modification of the trade-offs between traits and optimum virulence
levels that maximize parasite fitness (Bull, 1994; Ewald, 1994; Dieckmann et al., 2002). For
example, Porco et al. (2005) considered that treatment exerts selective pressure by reducing
the duration of an infection and hence opportunities for continued reproduction, thereby
reducing the value of duration-increasing strategies to the pathogen (i.e. immuno-
modulation) and favoring the parasite’s strategies that maximize the rate of transmission
(egg production), which inadvertently may harm the host. In other scenarios, such as if there
is a trade-off between virulence and host activity levels (as in the case of liver Flukes which
require their host to be present and active in the wetlands), which may determine
opportunities for contacts with intermediate hosts, they concluded that treatment decreases
the virulence. Theoretical studies based on parasite adaptive evolution have also proposed
multiple or mixed genotype infections as a further mechanism to promote the maintenance
and evolution of virulence in parasite populations, as intra-host competition can favor high
virulence parasite strains of lower potential fitness than less virulent strains wherever they
have a local growth or transmission advantage (Antia et al., 1994; May and Nowak, 1994;
Frank, 1996; Read and Taylor, 2001). This is because competition between strains may
select for genotypes that exploit host resources sooner, regardless of whether they would
produce fewer new infections in the single genotype situation (reviewed in Webster et al.,
2008) and may be directly observed as an increase in the virulence.

6.4. Significance

The projected intensification of interventions, including mass and indiscriminate use of
PZQ, in endemic communities in northeastern Thailand (Sripa et al. unpublished) underline
the timeliness and importance of addressing the questions highlighted above. The risk for
drug resistance is real and the overlooked consequences of chemotherapy on both hosts and
parasite together with the potential increased risk of metabolic disorders indirectly
associated with deworming (see section 3), strongly argues for the need to consider Ov
interventions based on a more moderate or refined drug strategy.

7. Liver Fluke, cancer and evolutionary thinking

While cholangiocarcinoma (CCA\) etiology in particular and cancer biology in general have
been mainly the purview of the clinical biomedical sciences, a new understanding of cancer
is emerging from a broader research community informed by evolutionary biology (Aktipis
and Nesse, 2013). Recent progress in genetics and cell biology has revealed details about
cancer that question conceptual frames historically prevalent in biomedicine lacking an
evolutionary biology perspective. The findings suggest cancer can be better understood,
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prevented and treated when considered within a larger framework of the six types of
evolutionary explanations for traits that leave organisms vulnerable to disease. These are (1)
mismatches with novel environments, (2) co-evolution with fast-evolving pathogens, (3)
constraints on what selection can do, (4) trade-offs, (5) reproductive success (RS) at the
expense of health, and (6) defenses with costs as well as benefits (Aktipis and Nesse, 2013;
Nesse and Stearns, 2008). Importantly, these evolutionary explanations not only can improve
our understanding of cell proliferation patterns and cancer progression but also help to
anticipate cancer initiation and promotion (Lochhead et al., 2015), which may be
particularly valuable in the context of CCA to clarify the extent to which Ovinfection
promotes cancer and to subsequently adjust OWVCCA-focused interventions.

The “mismatch with novel environments” in terms of “exposure to aspects of modern
environments for which our bodies are ill prepared” (Aktipis and Nesse, 2013) may be
particularly applicable to Ovand CCA. Rural communities in SEA are experiencing
fundamental changes in their social, physical and biological environments largely associated
with “deagrarianization’ and associated patterns of wealth and poverty (Rigg, 2006). This
transition including increased economic disparity generally is known to affect
environmental, physiological and psychosocial health with mutually reinforcing influences
(Bircher and Kuruvilla, 2014). Chronic psychosocial stress in particular is known to initiate
a cascade of information processing in both the peripheral nervous system and the central
nervous system (Sapolsky, 2004) which induces the mis-regulation of neuroendocrine
hormones, particularly catecholamines and cortisol (Seeman and McEwen, 1996). In other
words, under both chronic and acute stress conditions, the body remains in a constant state
of ‘overdrive’, with deleterious downstream effects on regulation of stress response systems,
as well as many organ systems which may increase the risk for cancer initiation as well as
the progression of existing malignancies (Seeman and McEwen, 1996; IOM, 2001; Reiche
et al., 2004; Glaser and Kiecolt-Glaser, 2005; Moreno-Smith et al., 2010). Chronic
psychosocial stress also is associated with behavorial changes that predispose to cancer such
as increasing alcohol consumption (Harling et al., 2009; José et al., 2000) which has
reportedly grown several fold in Thailand since the 1960’s (WHO, 2014), with the northeast
having the highest rates of consumption and abuse (Moolasart and Chirawatkul, 2012).

Pesticide use and exposure have also increased dramatically in rural Thailand in recent
decades (Panuwet et al., 2012) with 73% of the agrochemical imports into Thailand
classified as extremely hazardous by the WHO. Indeed, severe health complications are
increasingly reported in central and northeastern regions (Tawatsin, 2015). In fact, cancer
risk of greater than one in a million was estimated in fishermen throwing and/or placing a
fish net in the water in central Thailand because of the presence of and exposure to dieldrin,
DDT, B-HCH, heptachlor, and heptachlor epoxide in the canals (Panuwet et al., 2012).
Similarly drinking water or eating food contaminated with nitrates (from fertilizers) has a
potential role in developing cancers of the digestive tract, and has also been associated with
other types of cancer (Townsend et al., 2003; Ward et al., 2005).

This growing literature provides evidence that the current de-agrarianization of rural
northeastern Thailand and the “mismatch with novel environment” that it creates—including
diet shifts, social reorganization of rural communities, agriculture intensification and new
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economic pressure for productivity as well as the inherent psychosocial stress associated
with these changes—represents an important combination of determinants possibly affecting
CCA etiology. An evolutionary perspective helps contextualize current OV/CCA research
within a broader socio-ecological framework, identify distal influences and generate
interventions more considerate of global health and governance issues as well as more
aligned with sustainable development goals.

8. Evolutionary medicine and liver Fluke disease prevention and control

In the now classic “Plagues and Peoples” (McNeill, 1976), McNeill identified “the
ecological impact of medical science as the most recent (at the time of the book’s
publication) of seven major historical eras of infectious disease social-ecology prior to the
present era of globalization-driven disease emergence. The emergence of modern medicine
beginning in the 16" and 17" centuries, including Koch’s and Pasteur’s discoveries in the
19t century and the formulation of the ‘germ theory’, led to interventions such as hygiene
and quarantine, pesticides, anti-microbial drugs and vaccines which together with
improvements in living conditions led to the control of major diseases in many parts the
developed world.

By the 1960’s and 70’s the belief that infectious diseases would soon be conquered led to
complacency and overconfidence—soon to be shattered by the appearance of HIV and
looming anti-biotic resistant drugs (IOM, 2006). A litany of new and re-emerging microbial
threats followed, leading the new phenomena of ‘emerging and re-emerging infectious
diseases. A founding father of microbial genetics and the prime mover in the scientific
campaign drawing attention to this new phenomenon, Joshua Lederberg (Lederberg, 2000)
emphasized that our misplaced optimism stemmed (and still does) in large part from a lack
of evolutionary thinking. Specifically, a failure to recognize the microbial evolutionary
consequences of our medical interventions as well as other human-microbe “ecological
imbalances” being anthropogenically created. He went on to stress the irrevocable
interdependence of humans and microbes or co-evolution and the need to shift away from
the simplistic notion: “We good, they evil.”

Evolutionary medicine represents a complementary alternative to this narrow view—
nonetheless appropriate for treatement of infected individuals in the clinical setting—by
offering sustainable, population-level solutions: If we cannot eradicate infections by frontal
assault, we may be able to keep them at bay durably provided we can understand the
fundamental nature of host-parasite relationships (Nesse and Stearns, 2008). Evolutionary
medicine also helps foster a mindset where health is seen as a functional and context-
dependent state, with adaptability and resilience as key attributes. The evolutionary
perspective asks ultimate questions, which are about why mechanisms or features are the
way they are (i.e. How does this mechanism give a selective advantage? What is the
phylogeny of this mechanism?). Most medical research and perspectives focus on proximal
questions, those about the mechanisms themselves (i.e. How does the mechanism work and
what is the ontogeny of the mechanisms?). The distinction between proximate or
mechanistic and ultimate or evolutionary explanations was emphasized by Tinbergen (1963)
and Mayr (1982) but remain unfamiliar to the medical sciences despite its epistemological
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importance. Indeed, the medical literature systematically avoids use of the term evolution
even in instances where it is apparently understood (Antonovics et al 2007). Both proximate
and ultimate types of explanations are necessary, neither substitutes for the other, and they
inform each other (Nesse and Stearns, 2008; Nesse, 2013). The biomedical model, the most
reductionisty of health models (Tamm, 1993), has dominated liver Fluke research until now.

Evolutionary thinking complements the biomedical proximate perspective with ultimate/
evolutionary causation toward improving our understanding of liver Flukes transmission
dynamics, infection patterns and disease manifestation. Evolutionary biology can help
identify new, relevant questions such as: what are the direct cost and indirect benefits of liver
Fluke infections? What is the reproductive schedule of liver Fluke adult worms and how
does it affect transmission dynamics? How does migration of hosts influence gene flow,
local adaptations and ultimately disease manifestation? How do drug administration
strategies select for drug resistance? How do psychosocial stress, diet shifts and pesticide
use, associated with transitioning rural landscapes, influence CCA etiology and how this
helps to clarify the CCA-Ovrelationship and refine intervention (Table 3)?

Moreover, evolutionary biology cultivates a holistic mindset sensitive to context-dependency
including the role of environmental and socio-cultural factors. Hence, it contributes to an
understanding of host-parasite dynamics as emedded in, and disease as an emergent property
of, complex social-ecological systems (Horwitz and Wilcox, 2005; Wilcox and Colwell,
2005). Evolutionary principles help us understand the trade-offs that individuals face within
this environment; embedded within these dynamics, hierarchical systems across temporal
and spatial scales. This invokes an appreciation of the role of the interaction of social,
cultural and biophysical environmental factors in disease transmission.
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Highlights

. Liver flukes in Southeast Asia remain an important public health
concern

. Liver fluke research prevention and control is uninformed by
evolutionary biology

. We review host-liver fluke biology, epidemiology, parasitology and
phylodynamics

. We identify a series of questions for an evolutionary biology research
agenda

. We describe an integrative evolutionary medicine approach to liver

fluke control
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Fig. 1. O. viverrini transmission cycle
Human infection occurs when cyprinidfish bearing metacercariae in their tissues and organs

are consumed raw or partially cooked (including smoked, pickled and salted ; Grundy-Warr
et al., 2012). Metacercariae in the fish excyst in the duodenum and enter the bile ducts,
where they mature sexually. The adult worms produce eggs which are passed out in faeces to
the environment. When freshwater Bithynia snails ingest the eggs, miracidium hatch and
develop into sporocysts which undergo asexual multiplication, and develop into rediae and
cercariae. Upon release in the environment, free-swimming cercariae actively search for a
fish host, most often from the cyprinidae family, to penetrate the tissues and skin and
develop into metacercariae infective to humans and other fish-eating mammals (Kaewkes,
2003; Wykoff et al., 1965).

Infect Genet Evol. Author manuscript; available in PMC 2017 September 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Echaubard et al.

Page 31

INFECTION INTENSITY

CLINICAL RISK INTERVENTION

Reduces:
Worm burden and pathologies
Risk for CCA

CHEMOTHERAPY REQUIRED

I

HEALTH ASSESSMENT
GENETIC BACKGROUND

X Gy LIFESTYLE

CO-INFECTIONS
MICROBIOME DIV.

|

CHEMOTHERAPY OPTIONAL

Reduces:

1
High risk Group

Risk of resistance emergence |
ex u L dS A 10T I
PZQ exposures & associated inflammation
> Virulence evolution

Low risk Group «— —

| |
BENEFITS <« » COSTS

Th2 Thi
immuno-modulation pro-inflammation.

Fig. 2. A dynamic view of O. viverrini infection and associated clinical risks
A) Liver fuke infection may vary from beneficial to costly depending on the infection

intensity which for sake of simplicity in the figure we categorize as Low (L), Moderate (M)
or High (H). The infection intensity will influence the relative dominance of anti-
inflammatory and beneficial TH2 responses vs pro-infammatory harmful/costly TH1
responses. In case of chronic immuno-modulation by the Fluke and associated reduction of
inflammation, the benefits can be a reduced risk of autoimmune and allergic diseases as well
as metabolic disorders including obesity, cardiovascular and type 2 diabetes (in the figure
lowest panel (L) the benefits (+) outweight the costs (-)). In case of chronic inflammation
when Th1 response dominates and impart costs to the host (i.e. in the upper panel of the
figure, costs (=) are higher than benefits (+)). Costs of infection range from anemia,
hepathobiliary abnormalities to more severe pathologies such as fibrosis, cholangitis,
hepatoegaly and in combination with other risk factors such as alcohol,
Cholangiocarcinoma. The thresholds (the line represented in the middle of the figure) -
beyond which infection intensity triggered hyper-inflammation and where the costs
outwheight the benefits - are dynamic and change in relation to the host genetic background,
diet and lifestyle as well as microbiome. B) Health assessments incoprorating knowledge
about infection intensity, genetic predisposition to inflammation as well as lifestyle is
necessary to refine interventions and avoid disrupting possible beneficial settings. When
costs of infection are found to outwheight potential benefits, intervention, likely drug
administration (chemotherapy) is warranted. When the benefits are thought to outwheight
the costs (in case of low intensity infection) intervention and drug administration may be
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nuanced as possibly administrering drug in this case can lead to unwanted clinical conditions
that are more detrimental than having a low worm burden. This « trade-off » rationale should
help design epidemiological investigation where risk groups (risk of developping severe
hepathobiliary conditions) are defined based on infection intensity and if possible other
biological and socio-economic attributes as advocated by the WHO (Montresor et al. 1998).
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Fig. 3. The evolutionary consequences of hosts migrations for Complex Life Cycle parasites
(CLP) local adaptations

Migration rates often vary among the different hosts of a CLP. The migration rate of a CLP
is expected to be most similar to that of its most mobile host—in this case the definitive
host. Immigration of mobile hosts into a population can supply novel parasite genotypes,
promoting parasite LA to the less-mobile host (which experience movement restriction at
smaller scales. In snail populations, finer grain movement restriction may foster tighter
genetic local adaptations as one snail subpopulation is likely to be exposed to a unique Ov
local strain (in the figure, eggs from one particular color only encounter snails from one
particular color). Fish are likely to be exposed to several Ovstrains as they can navigate
entire wetlands or watersheds (fish from one colour can encounter a limited number of
cercariae of different colors). Human hosts are sharing fish and parasite from different
wetlands, watersheds and even regions which contributes to parasite genotype mixing and
fosters exposure to a greater diversity of parasite lineages hence minimizing tight local co-
adaptations. *AH = Alternate Hosts.
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Historical O. viverrini prevalence in the four geographical regions of Thailand. The reported prevalences are

based on Sithitaworn et al. 2012a and Jongsuksuntigul and Imsomboon, 2003 reviews of Thai National

Surveys.

Region Prevalence (%)

1981 1991 2001 2009
North 5.6 229 297 10
North East 346 241 157 213
Central 6.3 7.3 3.8 13
South 0.11 0.3 0.1 0.1
Overall 116 136 123 82
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Table 2

Page 35

Provincial O. viverrini prevalence in the Northeastern region of Thailand. The reported prevalences are from
the 2009 Thai national survey reviewed in Sithitaworn et al. 2012a.

Province Prevalence (%)
AmnatCharoen 326
Buriram 20
Chayaphum 17.6
Kalasin 274
Khon Kaen 14.2
Loei 52
Mahasarakam 11.6
Mukdahan 295
Nakhon Phanom 60.8
Nakhon Ratchasima 4.6
Nongbua Lampoo 24.7
NongKhai 8.8
Roiet 16.8
SakolNakhon 20
Sisaket 38.6
Surin 16.1
Ubon Ratchathani 20.2
Udon Thani 13.8
Yasothorn 225
Overall 213

Infect Genet Evol. Author manuscript; available in PMC 2017 September 01.



Page 36

Echaubard et al.

'sjodsioy uornelsajiuew
aseasip pue Aseuoinjons-09 Jo Bulpueisispun
Ino aulay ‘Abojoiwapid3 Areuonnjong

[euonouny/uoneiuawbely adeaspue)
Buissasse salpnis so11auab adeaspue]
‘uonesBiw uoirejndod juasaid

pue 1sed Buissasse pue Ajo1uyld

10} Bunnunoaae sa1pnls saRauUdb
uone|ndod uewny pue saipnis
JeaiBojoyisededolaed ‘saipnis 11040D

dn-axew 2118uab 10 sexn|4 JaAl| 03 aInsodxa
Jenuasayip sdnoib a1uyle uewny Buipsebal
a|ge[leAe SI UOIBLIOJUI 811317 "SALINUAD 1Se|
ay1 Buninp suonesBiw uewny o Aljigeases
pUe 89U3PIAS apIACId INg 0} SS80I. 03 JNJIYIP
ale WeUISIA pue elpoque) ‘soeT ‘puejiey |
UI3)SeaYLION UO S1X8) [eaL0ISIH "YBIH/MoT

pue suolyeidepe

1e20] ‘MoO|4 auah
8JUuaNjjuI UoIEIIPOW
adeospue|

pue sisoy Jo uonelbiw
s80p MOH ‘90

SOINVNAQ
NOILVINdOdV13IN

/ SOILINTO IdVISANV1

salwreuAp uoissiwsued] /ABojoiwapidg

salweuAp uoissiwsued | /ABojorwspidg

“Jeak
3y Jo awn Jejnaied Burinp paisnipe aq ued
suBreduwred uoneaNpa Yieay Jo [eAowsal [reus
‘USI§ Ul UOIIIB4UI JO XSLI JO ‘SPUB|IOM [0 Ul

sbBa Jo aouasaid [euosess ay} Jo Buipuelsiapun
paulal e YlIm ‘ajdwexa 104 "UoIUaAIBIUI

10} 3INP8YIS PUE SHSII UOISSIWISUEL] JO SMOPUIM
Jedodwal Aynuapi djaH ‘sa1WeuAp uoissiwsues}
10 Buipueisiapun Ino auiay ‘ABojoiwapid3

'pasodxa-ss049 suresis o1ydelboah
AQ PpUe S|1euS YlIM Sjuawliadxa
uo1193)ul ge| [e11019e) Yum

pajdnoa suJalred aouepunge ysij pue
asea|al [ellealad |reus [eao| Buissasse
saipnis [eaiBojoiwspida plai4

"SJUBLLISSASSE SSaUSNOI)UI
pue [eAIAINS JejnBal yym

Spue|1aM [B20] Ul pade|d pue siaulejuod
snoJod ui panguisip ate 66a AQ

aJam syuswiIadxa pial anne|ndiuey

"Seale J1WapUa JUaIaKIp Ul suewny
U1 SJUN0J 93 [eUOSEaS pue aduepunge
Jeuosess |Ieus uo uoljewloul
Buresodiodur saipnis 140402

pue subisap ABojoiwapids-003

'sadAjouab A0 01 uolje|al Ul UOIRLIBA 3Sed|al
[eliea1a2 BuipJefas uoiyew.ogul ON “sdueBpUNge
US4 pue aseajal |eledlad usamiag diysuonelal

3} JO 1UBLLSSASSE [eWio) ON "Spualy
[euoSeas ases|al BLIBIISIAQ 10} d|ge[lene
s eyep plaly Areuiwijaid "ybiH/aredapoN

"SpUaJ} SNOIII3JUI PUB [BAIAINS
663 uo AljIgeLIeA [BIUBWIUOIIAUS JO 8dUaN|jul
3y ssasse 031 syuawiLiadxa ane|ndiuew piaiy
dojanap 0} paau e I aJayL ¥O 10y a|qe|rene
S1e1ep pIaly 3|IYMAQ 104 |qe|lene si ejep
[ejuawiiadxa Aseuiwijaid "ybiH/arelapo

"aw Jo porsad Buoj e JaA0 [enpiAlpul

ales ay) 10} a|gejleAe Ajfensn ale exep

1uno2 BBs oN ‘dn mojjoy Buinp Ajpusnbasgns
pue Buiwlomap Joud pajas||od Ajjensn ale erep
(9d3) sa99e} Jo weubh sad sbBa A0 "ybiH/MOT

¢ 9ses|al
[eea1ad BulAjiapun
siseq onauab e asay)

S| ¢481UN0JUS Ysly
azjwixew o} paisnipe
asea|al [eLedalad s| ‘GO

¢IUBLLIUOIIAUR 3} Ul
38Ul urewsal sbba
AQ op Buo| moH O

¢SWIOM
HNnpe n|4 JaA1| J0
8|Npayas aAnonpoidal
aup st leym €O

SNOILVLdVvaV 31ISvdvd

AJsuaiul uonosyul Uo

paseq UORUBAISIUI 8UIJaI 0} Paau ay) aziseydwa
pue UOIIEISaJILURW 8SeaSIP Ul IX8IU0D 8y}

30 douenIodwi 3y} UIlJapUN Hd pUe [edlulD

‘Buiwiomap

217eWsISAS INoge uonned sisabbns dew yieay
19pB0IQ B UIYHM SBAIRIIUL [0JIUOD pUR YdIeassl
N[ J8AI] 8Z1[ENIX8)U0I PUB SUOIUBAIBIUL
auyal diay :(Hd) YyiesH a1gnd pue [eatul|o

SISIP pue SspooylaAl|

Bunsenuod pue swsiydiowAjod
2138UaB UMOU>] ‘UapINng WIOM
a|qeLIeA BUIA|OAUL SBIPNIS 110Y0D

punoibxoeq

2118uab/A1121ULI8 10J Pa][0JIU0D pue
10049 anseJed ‘saseasip sunwiwione
‘SI9IN 10} pauaalos sdnoub [011u0d
pUE PaWLIOMSP YJIM ‘S3IpNIs 140YoD

“uonezirejod gy1/TyL

Burouanpjui ui 181p 40 8duaNjyul 8y} Buiprehas
a|qe|leA. S| UOIBWIOJUI PaYIWI| ING UMOUY

ale swsiydiowAjod ansuss "Alisusiul uondsuIl
MO] JO 859 Ul 3|ge[IeAR SI UOIJRWIO}UI

paywi] Inq sau{olAo Alorewwelyui-oid

10 UoISSaldxa pasealoul YlM Pareldosse aqg 01
umou si Alisuajul uondau| ‘ybiH/arelapo

‘uonsanb pasodoud ayy

Buissaippe Jo souensjal ay (3ou J0) BurwLiuod
SpuaJ} 19819p 0} pazA[eue pue INo palIos

aq Aew suonsanb [eaibojoiwapida Jo [eaiul)d
Jayro Buissalppe Jo asodind ayy 1o} pards)|0d
elep ay ‘Ajjealsoads suonsanb asay 1e paxoo|
10U aABY S3IPNIS B]IYM "Yb1H/a1ea8poIN

¢uonosyur axni4

J9AI| JO SBWI02INO
A13S09 SA [e10148Uaq

10 SpJoysaly} axe|npow
0} JoRJ8)UI 18IP

pue swsiydiowAjod
2118uab ‘Aususiul
uonaajul op MoH 20O

¢uonosyul

M N[4 Janl| JO S10a9
annoajold Ajjenusiod
3y} pue uone|nbal
-$50.10 Aloyewwejul
-nueyjoud BuiApspun
swisiueyosw

aup ase yeum ‘10

SNOILOVHTLNI
d-H 40 A90710I149

aouedliubIS

paysabbns ubisap yoseasay

Ayanou/Auigerene ereq

suonsand

Author Manuscript

Author Manuscript

"RISY UJ3]1SLaYINOS Ul SayN|4 J9Al] 10} epuabe yoseasal Areuonn|oAs ue Jo Arewwns

€ 9lqeL

Author Manuscript

Author Manuscript

available in PMC 2017 September 01.

Infect Genet Evol. Author manuscript



Page 37

Echaubard et al.

'sanijod uellelbe se [|am
se Juawiabeuew adeospue] [eao] anbasgns pue
SUOISIJAP JIWOU0IA JO S3auaNbasuod yifeay ayy
10} Bununoae sanuond Juawiulanob JapIsuodal

0} Paau ay} a1eNWINS ‘sayn|4 JoAl| 10y e
119M se QD Joy subredwred uonusasid auysl
djaH sourUIaN0D/RIIUID/ABOl0IWAPIdT

‘uonIBYUIND

10} Bununoaae ‘Juswdojansp 1a2ued Jo)
Ayisuadoud pue snyeis [ealulfd ‘ssans
Je100soyaAsd Buissasse (Uegun ‘uegin
-11ad ‘[euonipeJy) swaisAs [ea160j029
-[e190s snotseA 0} Buibuojaq pue
SUOINPUOD JIWOUOIB-01I0S JUBIBHIP

30 sdnoub Bunelodiooui saipnis
140409 [edibojoiwapida-|e100s

"pJefal 1yl ul DD pue axn|H JaAl| JO 1X8JU0D
3y} Ul a|qe|teAe si uorewlogul a1 ‘Buiuosiod
poojq o ares ybiy BuiAdwi apronsad Jo asn
Aneay ayy Buniinbas seniAnoe Bunew-uyold
0JUI PaWLIoSuUe.} aJe saonoeld |einnoLbe
90URISISNS [eUOLIPERI} ‘UOIIISURI} POOYI[BAI|
ay1 BuiAuedwoaay "ssauls eaibojoisAyd pue
Jeuonowa pasealoul ybnoay Jaoues ajowold
0] [enualod 8y} sey Jey) Jueuiwalap Buons e
se paziufodai Jou S UonISURL) Iy} ‘aAndadsiad
|ea1paw e woli4 "yireay [eaibojoisAyd

pue [e100soydAsd Buipnjoul yijeay

JO suoIsusWIp e uo suofedljdwi asuswwi sey
W3S [enJ Ut uonisuel} pooyt|ani ‘ybiH/mo

¢sSuonuaAIRul

aulyal pue
diysuone|110-v20
ayy Ayrrero oy sdjay siyy
moy pue ABojons w22
aouanjjul adeaspue)
leans Buiuonisues
YHM pajeldosse

asn apronsad

pue syiys 181p

‘ssauls [e100so0yaAsd
op MOH TT'O

NOILNINTHd 43ONVD

‘ABayen)s Juswieal]
|[e49n0 pue subredwed uoneasiuIWLPY
Bniq sse\ auias djaH “feaiur/Abojoiwapid3

‘oA U Ozd
01 pasodxa swiom Jo saul] Buiajoaul
subisap [er1010e) [euswiiadxg

"uolyeulwexa
R ETR N SITETRIITERUEITETY
10} PaUSaIIS dwI} Jo poriad palos|es
B JAAO $3S0p |auenbizesd sjdnjnw 1o
auo ‘auou pantadal Buiaey syualied Jo
sdnouf Buneiodioour seipnls 110YyoD

OZd UM pareail-uou SA pareal)
juaired pa1dsyul Jo dnsoubelpountuwi
Buinjonul s81pN3S 140409 8ARd8ds0.Id

‘a|qe|leAe elep oN ‘ybiH/mo]

‘30usblawa

90UB)SISAU J0J XSII PaleqIadeXa JO 8IUBPING
ap1no.d jou op |siuenbizeid 03 aoueISISaI
SAWIOSO1SIYIS WOIY SHNSAY "Sayn|4 JaAl|

10 1X8JU09 Y} Ul JUdISIXaul aJe [ayuenbizesd

03 (souafiawa-uou 10) aousbiawa aduelsISal
Bunuawnoop elep pue umouun ase aouabiawa
90UEISISal JO SwiSIueyIsN "UBIH/MOT

"ainsodxa

pateadal Ja)je uoeWIWEUI JO XSI 1sabbins
90UaPINS 10311pUl ybBnoyy paywi| St uonenbias
$S010 Aloyewwrejul-1ue/oid uo adusnjyul
0Ozd Buipuelsiapun "ybiH/area8poN

£9INpayas aAnanposdal
pue 8oua|nJIA alisesed
s10ay4e Adelaylowsayd
saop MoH "0TO

£SaNy JanI|

u1 aoue)sisal bnup Joy
10918s Adesaylowayd
S90p MOH 60

uolrezirejod
CUL/TH.L 8dusnjyul
0Zd sa0p MmoH 80O

AdVH3IH1OWIHO

ABojoiwapidg

‘suoljeldepe [ed0] 4oy [enusiod

a1 pue uoN9a|as Juapuadap-Aouanbaiy
Buissasse sjuawiiiadxs gej [elio1oe)
adAjouab ayiseaed x adAloush 1so0H

'89U8.14n920-03 J1ydelhioab sadAjoush
alsesed pue 1s0y pue UoNeININAS
pue AjisIanip onaush uo A1AndaUU0d

‘Buyoe| ate
SjuawiIadxa UOIIBUI SSOID INQ PaLJIIUSP! U]
aney sadAjouab o1ydesboas) a1e18pOIN /MO

‘Bupjoe)

SI Moj4 auab uo aanjonuis adeaspue| Jo

9104 8Y3 JO SUOIRBIISAAUI ING YSI JUBIXS 1assa)
® 0] pUB S|1eusS J0} d|qe[IeA. SI UOIjeWIoLUI
IO "JUBISIXAUI S 1X33U09 SIy} ul suoneindod
uewny ui moyy auab Buipsebas uoiyewou]
"3|ge|teAe si uonewJojul o1ydelBowap pauwi]
W3S [edns Ul BulIN220 uonIsues) Pooyt|aAl|
3y} JO syusWa|3 Juelodwi aJe suolrelBiw Joge)
JuauewLIad-1Was pue [euoseas ‘A|3uadal 10N
'saxN|4 JaA1] Yim adod 03 paiojiel Ajjeary1oads

¢91qnedwod aiow
sadAjouab ayisesed
pue 150y aJay) a1y “LO

Juonelssjiuew
aseasIp Ajarewnin

aouedliubIS

paysabbns ubisap yoseasay

AanouyAaiigerene ereq

suonsand

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2017 September 01.

Infect Genet Evol. Author manuscript



	Abstract
	1. Introduction
	2. Medical and Public Health Significance
	3. Host-Parasite Evolutionary Biology and its Clinical and Implications
	3.1. Infection along a cost-benefit continuum
	3.2. Context-dependent outcomes
	3.3. Research gaps and disease control implications

	4. Parasite life history adaptations and consequences on transmission dynamics
	5. Genetic polymorphism geographic variation and phylodynamics
	5.1. Review of current knowledge and research gaps
	5.2. Local adaptations and gene flow across scales: a framework to guide future research

	6. Evolutionary concepts in predicting and assessing the impact of chemical controls on liver Flukes and their hosts
	6.1. Chemotherapy influence on human hosts inflammation
	6.2. Drug resistance emergence
	6.3. Evolution of parasite life histories in response to chemotherapy
	6.4. Significance

	7. Liver Fluke, cancer and evolutionary thinking
	8. Evolutionary medicine and liver Fluke disease prevention and control
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Table 1
	Table 2
	Table 3

