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Abstract

Research is required to determine whether the coinfections by Fasciola spp. and other para-
site species result from poor rural hygiene or reflect underlying epidemiological patterns
and causes. Therefore, the role of fascioliasis is analyzed concerning coinfection complexity,
risk of multiparasitism, parasite associations, pathogenic implications and their multifacto-
rial causes. Helminth and protozoan coinfections are studied in 2575 previously untreated
individuals from four rural hyperendemic areas (Northern Bolivian Altiplano, Peruvian Al-
tiplano and Cajamarca valley, and the Egyptian Nile Delta). This cross-sectional study was
conducted from January 2011 to December 2023. Coinfections were coprologically assessed
by the merthiolate-iodine—formalin and formol-ether concentration techniques. Infection
intensity was measured as eggs/gram of feces (epg) with the Kato—Katz technique. Parasite
and coinfection prevalences were stratified by age, sex and geographical location. High
mixed infections, fascioliasis prevalences and very low non-coinfected Fasciola-infected
subjects were associated with the following regions: Bolivian Altiplano, 96.5%, 16.8% and
3.5%; Peruvian Altiplano, 100%, 24.6% and 0%; Cajamarca valley, 98.7%, 21.4% and 1.8%;
Nile Delta, 84.1%, 13.0% and 15.9%. Transmission routes and human infection sources
underlie fascioliasis associations with protozoan and other helminth infections. Prevalence
pattern of protozoan—helminth coinfections differed between Fasciola-infected individuals
and individuals not infected with Fasciola, presenting higher prevalences in individuals
with fascioliasis. Multiparasitism diagnosed in Fasciola-infected subjects included coinfec-
tions by up to nine parasite species, eight protozoan species, and five helminth species.
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The most prevalent pathogenic protozoan was Giardia intestinalis. The most prevalent
helminth species differ according to environmental conditions. Several parasites indicate
fecal environmental contamination. When the fascioliasis burden increases, the total num-
ber of parasite species also increases. The fascioliasis risk increases when the total helminth
species number/host increases. Fasciola-infected subjects may present a modification in the
clinical phenotypes of coinfecting parasitic diseases. Fascioliasis coinfection factors include
transmission ways and immunological, environmental and social aspects. Coinfections
must be considered when assessing the health impact of fascioliasis, including the analysis
of the fascioliasis effects on malnutrition and physical/intellectual child development.
Fascioliasis-control schemes should, therefore, integrate control measures mainly against
other helminthiases.

Keywords: fascioliasis; human hyperendemic areas; coinfections; other helminths; protists/
protozoans; multiparasitisms; parasite associations; pathogenic implications; transmission
routes and infection sources; immunological; environmental and social factors

1. Introduction

Fascioliasis is a pathogenic zoonotic disease of worldwide distribution caused by
the liver flukes Fasciola hepatica and F. gigantica [1]. Both species originated by speciation
derived from the hippopotamus-restricted species F. nyanzae [2] and show a relative low
host specificity, as illustrated by their capacity to infect the livers of a wide range of mammal
reservoirs [3-6], mainly livestock. The impact of this disease on animal husbandry is well
known [7]. Liver flukes have freshwater lymnaeid snails as vectors, mainly species of the
globally distributed Galba/Fossaria group transmitting F. hepatica, as well as species of the
Radix group, restricted to the Old World in the case of F. gigantica [1,2]. This snail vector
specificity underlies the global distribution of F. hepatica and explains why F. gigantica never
colonized the Americas [8].

Human fascioliasis was found to be a pronouncedly emerging disease in Latin Amer-
ica, northern Africa and near-eastern Asia during the 1990s and 2000s [9,10], and is at
present emerging in southern and southeastern Asia [11-16]. Currently, fascioliasis con-
tinues to infect humans and poses an emerging risk in high-income countries [17]. It is
therefore recognized as a serious public health problem in many parts of the world [18],
posing worrying implications given that it is the only human foodborne trematodiasis of
global distribution [1]. Several areas in Central and South America, Europe, Africa and
Asia are endemic for the human infection, ranging from hypoendemic to hyperendemic
situations [19].

In the 1990s and 2000s, given the progressive reporting of human endemic areas in dif-
ferent continents, with a growing number of human cases, the World Health Organization
(WHO) decided to include fascioliasis in the group of foodborne trematodiases, among
neglected tropical diseases (NTD) [20,21]. According to the WHO NTD Roadmap [21],
preventive chemotherapy is applied in endemic areas, where infections and re-infections
in-between yearly campaigns pose problems due to the absence of post-treatment immunity
in fascioliasis [22,23], i.e., absence of sterile immunity [24]. Therefore, multidisciplinary
“One Health” control initiatives have been shown to be the best complements of the
chemotherapy campaigns, in aiming to reduce the risk of infection and re-infection after
and in-between annual mass treatments [24].

This disease in humans evolves according to two main different phases: (i) the initial
3—-4-month long acute phase, corresponding to the parasite migration from the intestine up
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to the abdominal cavity and liver parenchyma; and (ii) the subsequent, up to 13.5-year-long
chronic phase, when the parasite has settled in the lumen of the biliary canals and gall-
bladder [10]. In humans infected in fascioliasis hyperendemic rural areas of low-income
countries, the liver fluke may continue to infect subjects for long periods of time, reach-
ing the advanced chronic stage of the disease. Both the chronic and advanced chronic
stages are evidenced mainly by the presence of eggs in feces. The advanced chronic stages
encompass an obstructive phase which may develop after months to years of infection,
including mild-moderate to severe pathogenicity, especially in cases of heavy parasitic
burdens [22,25]. Clinical studies have shown fascioliasis to be pronouncedly complex,
giving rise to progressive general deterioration of the patients, with sequelae even in
treated patients [26], sometimes leaving subjects handicapped and frail, and including
fatal cases [25,27-29]. The worrying impacts of neurological, meningeal, neuropsychic and
ophthalmological disorders in fascioliasis-infected subjects, hitherto neglected despite their
pathological effects and the very wide geographical distribution of affected patients [29],
should also be considered. Alterations of the physiological systems underlying the origin
of such disorders due to the liver fluke infection have recently been elucidated in both the
acute and the chronic phases [30,31].

In human hyperendemic areas, children and adult subjects are easily diagnosed by the
detection of fluke eggs in stools, as most of the infected subjects are in the chronic phase.
Moreover, protozoan/helminthic coinfections in liver fluke-infected subjects are frequent.
Summing up, chronicity and coinfection are the norm in human fascioliasis hyperendemic
areas. Although little is known about fascioliasis coinfections in humans, the phenomenon
has been suggested to be linked to a combined morbidity potential of concern and to high
pathogenicity and severe clinical pictures in patients in endemic areas. The importance of
multiparasitism and the impact of coinfections [32-34], as well as the problems they pose
regarding the appropriate way of accounting for the evaluation of the morbidities and true
costs of parasitic diseases [35], have already been highlighted.

Within the same host individual, parasite interactions can be: (i) synergistic, that
is, the presence of one parasite can facilitate subsequent infections by other parasites; or
(ii) antagonistic, that is, the presence of one parasite can inhibit posterior infections by
other parasites. In parasitic coinfections of protozoans and helminths, both agonistic and
antagonistic interactions have been reported [36-38]. Experimental studies in fascioliasis
animal models indicate that there are synergistic and antagonistic interactions with other
pathogens. Thus, Fasciola/paramphistomes coinfection in large ruminants suggests that
infection with one of these parasites increases the chance of infection by the other [39,40],
while F. hepatica/Echinococcus granulosus coinfection in cattle has a detrimental effect on
echinococcal cysts, decreasing the average intensity of the number of cysts per animal, the
fertility of the cysts [41,42] and even modifying the hydatid cyst location [43].

Like many other parasites, F. hepatica and F. gigantica produce immunoregulatory
changes in their hosts. Although fascioliasis affects the host’s capacity to react against the
development of other concomitant pathogen infections in animal models, this phenomenon
has so far not been corroborated in human studies. Extrapolation of the results obtained
in animals to human infection gives a new dimension to chronic fascioliasis, namely,
the possibility of individuals acquiring concomitant parasitic infections, which has been
observed to be common in human fascioliasis endemic areas.

In fascioliasis patients, many simultaneous infections by other infectious agents have
been reported. Among helminths, fascioliasis/hydatidosis coinfections in patients appear
to be the most numerous by far [44-54]. Other helminth species reported to be found coin-
fecting fascioliasis patients include the trematodes Clonorchis sinensis [55] and Opisthorchis
viverrini [56], and the cestode Taenia saginata [57]. Among nematodiases, the following
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coinfections have been reported: trichinellosis [58], strongyloidiasis [59] and toxocariasis;
the last is of pathogenic relevance [60], including even neuro-affection [61].

Coinfection of Fasciola with other helminth species has also been reported in studies
performed in endemic areas other than those focused on the present article. In children,
coinfecting helminths such as Ascaris lumbricoides and Ancylostoma duodenale in northern
Pakistan [13] and Hymenolepis nana, A. lumbricoides and Trichuris trichiura in central Mex-
ico [62] have been reported. It is worth mentioning that the latter study demonstrated
that coinfection by moderate burdens of A. lumbricoides was related to children needing a
second treatment course and thus suggested an interaction with the efficacy of the drug.

Several protozoan species, and the stramenopile Blastocystis sp. of the SAR group
(here included within Protozoa for simplification throughout), have also been reported to
coinfect patients infected by Fasciola flukes, as, for instance: Entamoeba coli and Endolimax
nana [57,63]; Entamoeba histolytica complex (including E. histolytica, E. dispar, E. moshkovskii
and E. bangladeshi) [60,62]; Trypanosoma cruzi [59]; Giardia intestinalis [59,62]; and Blastocystis
sp. [57,62].

The interactions between Toxoplasma gondii and fascioliasis have been immunologi-
cally analyzed within the same host individual [64]. In coinfections of fascioliasis, reports
have included bacterial infections such as brucellosis [65,66] and tuberculosis by Mycobac-
terium [67], and also viroses such as hepatitis [68].

It is evident that these coinfections with fascioliasis make further studies necessary to
assess whether they are simply due to hazards in rural areas lacking hygienic conditions,
or, on the contrary, they follow given patterns as the consequences of underlying causes. To
assess the potential role of fascioliasis in such coinfections, we transversally study data on
the epidemiology of human parasites (helminths and protozoans) and Fasciola infections
in a total of 2575 non-previously treated individuals from four human hyperendemic
areas in which most of the liver fluke-infected inhabitants prove to be mainly in the
advanced stage of chronicity: the northern Bolivian Altiplano, the Peruvian Altiplano, the
Cajamarca valley of Peru and the lowland areas of the Nile Delta in Egypt. This comparative
study concerning fascioliasis, as well as the associated coinfection complexity and possible
combinations, risk of multiparasitism, parasite associations and pathogenic implications
and their multifactorial causes, is made for the first time. Understanding the proportion of
patients with fascioliasis with protozoan/helminth coinfection is crucial in the responsible
use of antiparasitic drugs and design of prevention measures.

By performing a retrospective analysis by the WHO Reference Centre for Fascioliasis
and its Snail Vectors about data on fascioliasis over a 13-year period, we aimed to explore
the causal and epidemiological characteristics by sex, age and region, to better describe
community patterns of fascioliasis and their association with coinfections, which in turn
might help refine evidence-based strategies to reduce morbidity and mortality.

2. Materials and Methods
2.1. Ethics Statement

All investigations were made after permission was obtained from local authorities or
community chiefs in the rural villages, as well as from the director and teachers at each
school. All surveys were performed with the consent of the subjects or, in the case of young
children, their parents or guardians, and epidemiological analyses were made according to
agreements previously reached with the Ministries of Health of each one of the countries of
Bolivia, Peru and Egypt.

Collection, management and analysis of biological samples were carried out according
to the Ethical Protocol approved by the Comité Etico de Investigacion en Humanos de la
Universidad de Valencia, Valencia, Spain (Approval No. H1496156195013, 1 June 2017),
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and the Ethical Protocol by the Comisién de Etica en Investigacion Experimental de la
Universidad de Valencia (Approval No. A1263915389140, 22 July 2010). In addition, in
Bolivia, the study was approved by the Comision de Etica de la Investigacién of the Comité
Nacional de Bioética, La Paz (Certificate dated 10 September 2007), Comité de Etica y
Bioética de la Facultad de Medicina de la Universidad Mayor de San Andres, UMSA,
La Paz—COMETICA (Resolucion COMETICA No. 03/2019, dated 23 July 2019), and
Comité de Revision Etica (PAHOERC) of the Pan American Health Organization, PAHO,
Washington DC (Dictamen Ref. No. 2018-02-0007, dated 10 September 2019).

2.2. Study Design

Previous analyses relating to human fascioliasis in hyperendemic areas were per-
formed under the leadership of the WHO Reference Centre for Fascioliasis and its Snail
Vectors in four regions in Bolivia, Peru and Egypt. The present cross-sectional study
involved data analysis and incorporated a total of 2575 individuals from four human
hyperendemic areas diagnosed by the aforementioned WHO Collaborating Center. The
studies were part of an epidemiological initiative focused on new hyperendemic areas
by means of classical coprological studies. The number of participants in this work was
reduced compared to participant numbers in the previously published studies due to the
lack of information on key covariates, such as sex and age, or a detailed composition
of coinfection.

To maintain the same terminology that we used in our previous articles, the term
“survey” is here used throughout to refer to a field study performed to detect the children
or subjects infected by Fasciola among the total number of children or subjects that could be
diagnosed in the cross-sectional study of a school or locality at a specific point in time.

Similarly, we here use throughout the term “prevalence” to refer to the percentage of
liver fluke-infected subjects among the total of subjects analyzed in the school (when only
schoolchildren) or rural village (when the survey focused on total population). In these
surveys, the numbers of subjects analyzed were always ensured to be of sufficient size as to
be representative of the respective school or village (see below for summaries of studies
performed in each endemic area).

2.3. Study Population

This study includes a total of 2575 subjects whose biological samples for diagnosis
were obtained in surveys of rural areas where fascioliasis is transmitted.

Diagnostic samples only concern fecal samples, which means that the coinfection
assessments only refer to parasitoses using stools for the shedding of the transmission
stages, including parasites whose microhabitat is part of the digestive system and related
glands as liver and pancreas, but also those affecting the lungs and pulmonary ducts
connected to the upper digestive tract.

Samplings were performed in human settlements and schools, the inhabitants or
children of which had not been previously treated, either at the individual level after
diagnosis of infection, or at community level following preventive chemotherapy; i.e., none
of the surveys was performed on populations composed of subjects included in previous
preventive chemotherapy campaigns, such as those with albendazole or triclabendazole,
which have been frequently applied in recent decades. To ensure that the sample would be
sufficient, a stool sample from each child of each rural school was obtained on the day of
the survey and, when analyzing total population in the small rural villages, all inhabited
houses were visited and stool samples collected the day after.

The diagnosis of infection by Fasciola flukes was made by the finding of the fasciolid
eggs in the stool samples, which means that the respective subjects were in the chronic
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phase of the disease. Schools and localities were targeted by considering their evident liver
fluke infection risk due to the nearness of disease transmission foci (freshwater collections
inhabited by lymnaeid snail vectors) and the close presence of livestock (domestic rumi-
nants known to be fascioliasis reservoirs). This does not mean, however, that other schools
and localities were also studied, in aiming to assess the traditionally patchy distribution
of this waterborne disease throughout subareas inside the endemic area. This explains
the wide range of prevalence values corresponding to the schools and localities in each
endemic area.

Subjects included in this coinfection study were only those who provided a sufficient
amount of stool to allow for the application of all the coprological diagnostic techniques to
the same sample and provided all the needed individual information (sometimes difficult
in very small children), which explains why the number of subjects in this study involved
fewer subjects than the total number of persons originally surveyed.

Subjects involved in the surveys were given a small container and requested to defecate
and directly deposit the stool sample obtained inside it that same morning, to avoid
receiving a stool sample not belonging to the subject in question but to another family
member when the containers were distributed the day before (a well-known problem in
several rural communities of Bolivia and Peru, mainly when dealing with girls and women
in cases of certain ethnicities and beliefs).

2.4. Sampling Strategy

In humans, (i) the only way to differentiate between the acute phase (3—4 months)
and the chronic phase of the disease (up to 13.5 years in humans) is by coprological
examination. A coprological sample allows for (ii) the detection of the infection by Fasciola
and by all other protozoa and helminths which use the anal route for their propagation.
(iif) Sampling of fecal samples is easily feasible in rural areas, and (iv) does not require a
laboratory provided with the expensive equipment needed for the serological testing in
close proximity, a situation which usually does not exist in such remote areas.

Serological tests are not appropriate for the differentiation of the acute and chronic
phases, because these tests become positive already from the second month, and they need
at least six months to negativize after deworming and are therefore useless for treatment
monitoring. Accurate field surveys for fascioliasis prevalence analyses should rely on
coprology, for both cross-sectional and longitudinal studies. This is why in our coinfection
analyses we always refer to subjects presenting with fascioliasis chronicity, i.e., shedding
eggs in stools. Moreover, serological tests are not quantitative and are therefore useless for
individual burden estimation, as verified in human endemic areas, and consequently they
cannot be used for establishing treatment course and dose to avoid potential colics.

In addition, it should be considered that in remote rural areas with specific religious
beliefs, as for instance with the Aymaras of the Bolivian Altiplano, the inhabitants do
not allow blood sampling and as such, serological tests cannot be used. This is why
coprological analyses are the only way of obtaining samples for diagnosis of liver fluke
infection allowing for comparisons between endemic areas from different countries.

Spurious infection in human fascioliasis is easily detected by an experienced micro-
scopist. Fasciolid eggs do not have a resistant external shell and become modified during
their transit through the stomach and whole intestine, finally leading to a visible egg-shell
degeneration. No case of spurious infection was found in the studied areas, which is
easily understandable because liver is not usual in the local diet, and such a possible
detection is time-wise very sporadic, because for the detection of such eggs in transit
the fecal sample should be obtained shortly after liver ingestion. All these studies were
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performed by specialists for whom spurious infection is a basic aspect of their knowledge
about fascioliasis.

Imaging techniques such as US, TAC or MNR, or any other, are far from being con-
sidered pathognomonic in fascioliasis, i.e., the images may easily be confused with other
causes, e.g., amebiasis, etc. They may help but are only suggestive and should be confirmed
by egg finding or a specific serotest.

2.5. Study Areas

The aforementioned four fascioliasis endemic areas are catalogued as human hyper-
endemic areas, according to the epidemiological classification of WHO [69]. In the three
Andean areas (Bolivian Altiplano, Peruvian Altiplano and Peruvian Cajamarca valley) only
F. hepatica is present, whereas in the area surveyed in Egypt (Nile Delta) both F. hepatica and
F. gigantica coexist (Figure 1).

f

JEnaie 3

i S
NORTHERN BOUVIAN

:.‘;_‘_' 2

CA =
o Iri ’

BEHERA A $

25@

|
NOOL'Q

Figure 1. Map showing the distribution of the study locations. (A) Northern Bolivian Altiplano:
(1) Aygachi, (2) Belén Yayes, (3) Caleria, (4) Causaya, (5) Cohana, (6) Corapata, (7) Huacullani,
(8) Iquiaca, (9) Kajchiri, (10) Quiripujo, (11) Tuni and (12) Yanarico. (B) Puno, Peruvian Altiplano:
(13) Jila, (14) Accopata and (15) Naupapampa. (C) Cajamarca Valley, Peru: (16) Huayrapongo
Grande, (17) La Colpa, (18) Llimbe, (19) localidad de Santa Rosa de Chaquil, (20) Shaullo Grande and
(21) Yanamango. (D) Behera, Nile Delta, Egypt: (22) El Aaly, (23) Bolin, (24) El Kaza and (25) Tiba.

The sample size of 2575 individuals is the result of restricting this analysis to subjects
from whom all the key information could be obtained, concerning both (i) coprological
techniques applied allowing for the detection of all potential protozoans and helminths
using transmission forms shed with stools, and (ii) all essential individual information
about key variables such as sex, age and place of origin.
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The subjects were inhabitants in rural human hyperendemic areas with pronouncedly
different epidemiological characteristics and different fascioliasis transmission patterns:

One Fasciola species or the two Fasciola species.
Only one lymnaeid snail vector species or more than one involved in the transmission.
Seasonal or year-long permanent transmission.

With or without involvement of pigs, buffaloes and goats as animal reservoirs, in
addition to sheep and cows.

Ranging from very high altitude to lowlands at sea level.

e Ranging from frequently to rarely occurring human infection source by natural
water drinking.

o  With different influences of behavioral, traditional, social and religious aspects linked

to the disease transmission and human infection sources.

The differences in the ethnographic characteristics of the inhabitants of these four
endemic areas do not allow for similar data collection and control strategies. As already
highlighted by WHO, field studies and control interventions on human fascioliasis should
adapt to the local circumstances and intervention feasibilities. It is for this reason that (i) in
Egypt we used active detection of infected subjects and subsequent individualized treat-
ments, which was feasible thanks to the existence of groups of officers of the Health Ministry
with long field expertise on schistosomiasis (another waterborne trematodiasis transmitted
in the same local foci), whereas (ii) in neither Bolivia nor Peru do such health officer groups
exist, and therefore the control is based on yearly mass drug treatments. Additionally,
(iii) for instance, in Vietnam we used passive detection of infected subjects in hospitals after
appropriate diffusion by radio broadcasting. These are unavoidable conditions to which
the sampling strategies should adapt to successfully attain the study’s goals.

The characteristics of the study populations in the four areas surveyed, including
the knowledge relevant to the transmission and epidemiology of the disease, are de-
scribed in Table 1 and detailed in Supplementary Materials File S1: Northern Bolivian
Altiplano (Bolivia) [3-6,19,24,70-82], Peruvian Altiplano (Peru) [9,19,83-88], Cajamarca val-
ley (Peru) [78,84,89-107] and Behera Governorate in the Nile Delta (Egypt) [84,99,108-116].

2.6. Laboratory Procedures

One stool sample was collected per subject and personal data (name, sex and age)
were recorded at the time of container delivery. Fecal samples were transported to the
laboratory within 1 to 3 h after collection. Once in the laboratory, consistency (formed, soft,
loose, or watery) of each stool sample was evaluated and noted. The following techniques
were used for the diagnostic analysis of each stool:

e Two aliquots of each stool sample were preserved, one in merthiolate-iodine-formalin
(MIF) fixative (1:3) and one in 10% formalin solution (1:3) [117].

e  Samples fixed in MIF were processed using the direct smear [118] and MIF concentra-
tion techniques [119].

e  Samples fixed in 10% formalin were processed by a formol-ether concentration tech-
nique [120] and, whenever possible, the sediment was stained using a modified
Ziehl-Neelsen technique to facilitate the detection of the very small Cryptosporidium
oocysts by coloration [121,122].

e Additionally, depending on the stool amount available, up to three Kato-Katz
slides [123,124] were made from each stool sample to compensate for the well-known
low sensitivity of this technique [125]. Kato-Katz slides were not only used to assess
prevalences, but also for the analysis of egg counts.
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Infection intensity was measured as eggs/gram of feces (epg) as an indicator of liver
fluke burden in infected subjects. Each stool sample was examined by at least two expert
microscopists with the aforementioned techniques.

Table 1. Characteristics of the samples studied and the endemic areas analyzed focusing on sex and
age of the subjects analyzed.

Bolivia Peru Egypt Total
Country (1 = 1195) (n = 701) (n = 679) (n = 2575)
.. Peruvian .
. NQrthern Bolivian Altiplano—Asillo Cajamarca Behera Governorate,
Geographical area Altiplano—between valley .
. zone, Puno Nile Delta
Lake Titicaca and La Paz n =362
n =339
Transmission Altiplanic Altiplanic Valle Eastern
pattern P P y Mediterranean
Altitude m a.s.L. 38204100 m 3910 m 2627-3061 m Lowlands at 4-20 m
Study population % Y% Y% % Y%
Male sex 56.1% 58.4% 51.4% 33.4% 49.7%
Age (years)
<7 9.5% 10.9% 14.4% 18.7% 12.8%
79 34.8% 50.1% 43.7% 7.2% 30.9%
10-12 37.1% 30.7% 30.2% 11.9% 28.6%
13-15 15.3% 8.3% 8.9% 9.8% 12.0%
16-18 3.1% 0% 1.1% 6.8% 3.4%
>18 0.2% 0% 1.7% 45.4% 12.3%
Age mean + IQR 100+ 4 9.0+4 9.0+ 4 16 +4 10.00 +5
(Range) (2-19) (5-15) (2-72) (1-80) (1-80)

n = total subjects analyzed. % = percentage corresponding exclusively to the subject sample studied and not to the
total population from which the sample was drawn. a.s.l. = above sea level. IQR = interquartile range.

2.7. Outcomes and Statistical Methods

The primary outcome was to evaluate the pattern of infection by Fasciola spp. and
coinfection by other parasite species among the individuals studied. The secondary ob-
jective was to evaluate the pattern of the fasciolid infection intensity (based on epg) and
coinfection among the individuals studied.

Laboratory data from all human samples were standardized to ensure consistency.
Analyses were conducted by the same group of scientists. Descriptive statistics included
absolute and relative frequencies (proportions) with 95% confidence interval (95% CI) for
categorical variables, and medians with interquartile range (IQR) for continuous variables.
Parasite species were analyzed based on geographically stratified data. Fasciolid infection
data were stratified according to geographical location, age and sex. In addition, the number
of coinfecting parasite species was evaluated. Comparisons of parasite species proportions
in monoinfection and coinfection were made by stratifying data into Fasciola-infected and
Fasciola-non-infected groups. Statistical tests such as chi-square or Fisher’s exact test were
used for inter-group comparisons.

Descriptive statistics for fasciolid infection intensity included the mean and standard
deviation (SD) of egg counts (epg). Fascioliasis loads were compared across age groups
and coinfection scenarios using Student’s t-test, one-way ANOVA, and the Bonferroni post
hoc test.

A logistic regression model was used to examine variables related to fascioliasis
coinfection. The odds ratio (OR) was estimated using a multivariate logistic regression [in
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the context of risk factors, the resulting Exp(B) are estimates of OR]. The reference was a non-
fascioliasis group. The fascioliasis risk regarding population characteristics (geographical
location, sex and age) and the number of the different protozoan and helminth species in
each host individual were studied by multivariate logistic regression analysis.

Four models (Models 1-4) were used in the multivariate logistic regression analysis,
including presence/absence of fascioliasis as dependent variable (primary outcome). These
models aim to avoid potential biases:

e Model 1 included the number of the different protozoan and helminth (helminth
number) species in each host as independent variables.

e Model 2 included the population characteristics (geographical location, sex and age)
and number of protozoan and helminth (helminth number) species as independent
variables.

e Model 3 included the population (age) and number of cases of soil-transmitted
helminths (STH: infections caused by the three major species of nematodes, includ-
ing the roundworm Ascaris lumbricoides, the whipworm Trichuris trichiura and the
hookworms Ancylostoma duodenale and Necator americanus) as independent variables.

e  Model 4 included the population (age), number of cases of Entamoeba coli, number of
cases of Entamoeba hartmanni, number of cases of Endolimax nana, number of cases of
Todamoeba buetschlii, number of cases of Giardia intestinalis and number of cases of STH
as independent variables.

Confidence intervals (95% CI) were calculated using EpiData software (version 3.1).
Statistical analyses were performed with IBM SPSS statistics (version 28.0.1.1.). Results
were considered statistically significant when p < 0.05. Figures were produced using
GraphPad Prism (version 9.5.1). Heat maps were produced using R software (version
4.4.1.; R Foundation for Statistical Computing, Vienna, Austria, https:/ /cran.r-project.org/
accessed on 3 August 2025).

3. Results
3.1. Socio-Demographic Characteristics and Associated Factors

Table 1 shows the baseline characteristics of the study population according to ge-
ographic location. The sex characteristics and the stratified age are described. When
comparing the differences between the two areas in Peru (altiplano and valley), no sex
differences (58.4% males in the altiplanic area, 51.4% males in the valley area) and mean
age are observed. In terms of age groups, the highest proportion of the population studied
was found to be between 7-9 and 10-12 years of age. In these two areas, differences were
only detected in the group over 18 years of age (p = 0.048).

This Table 1 presents the characteristics of the other two populations, in which Bolivia
(56.1% males) presents the highest proportions of the study population between 7-9 and
10-12 years old, and Egypt (33.4% % males) presents the highest proportions of the study
population for the groups >18 years and <7 years. The distribution by age group and mean
age is also shown. The four zones are compared, displaying the statistically significant
differences in age and sex of the population studied.

3.2. Intestinal Parasite Species Among People Living in Fascioliasis Hyperendemic Areas

The first aspect to be highlighted is the pronounced similitude of the qualitative (type
and total number of protozoan/helminth species detected) compositions of the parasite
species infecting the inhabitants of the four fascioliasis hyperendemic areas (Table 2),
despite their different epidemiological scenarios and transmission patterns.
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Table 2. Infection prevalence (%) of each parasite species in the areas surveyed.

. Bolivia Peru Egypt Total
Geographical Area (n = 1195) (n = 701) (1 = 679) (n = 2575)
Puno Cajamarca
(n =339) (n =362)
Species % % % % %
Protozoans *
Blastocystis sp. 432 84.0 73.4 415 52.4
Entamoeba coli 86.7 91.1 75.3 34.0 71.9
Entamoeba
histolytica ® 19.9 39.6 33.0 7.1 21.0
Entamocba 13.3 91.1 412 15.5 28.1
hartmanni
Endolimax nana 54.1 47.0 52.5 10.6 41.5
Todamoeba buetschlii 12.6 54.7 37.6 5.9 19.9
Chilomastix mesnili 8.9 7.1 6.0 2.5 6.6
Giardia intestinalis 23.9 30.2 27.2 194 24.1
Enteromonas hominis 1.2 0.6 0.5 1.3 1.0
Dientamoeba fragilis 0.3 0 0 0.0 0.1
Cryptosporidium sp. 12.6 0 0 0 5.8
Balantidium coli 1.5 0.9 0.3 0.3 0.9
Total number of 12 10 10 10 12
protozoa * species
Helminths
Fasciola spp. 16.8 ** 201 24.3 78 21.4 83 13.0 88 17.5 450
Schistosoma mansoni 0.0 0 0 12.1 3.2
Hymenolepis nana 8.6 16.9 15.7 49 9.7
Taenia ssp. 4.7 0.3 0.8 0.0 2.3
Trichuris trichiura 8.8 18.3 7.1 1.9 8.0
Ascaris lumbricoides 10.8 8.0 14.3 4.0 9.1
Ancylostongatldae 0.2 0.6 0 01 02
spp- *
Strongyloides 0.0 0.3 0 0.0 0.1
stercolaris
Enterobius 85 15 1.8 2.8 6.0
vermicularis
STH 17.15 25.36 18.23 17.37 18.44
Total number of
helminth species 7 8 6 7 8
Total number of 19 18 16 17 20
parasite species
% population
infected with at 97.9 100 97.3 72.7
least one species
% individuals with
fascioliasis 96.5 100 98.7 84.1
and coinfections
% individuals with
fascioliasis
and without 3.5 0.0 1.3 15.9
coinfections

n = total subjects analyzed for each parasite. % percentage infected. * including Blastocystis sp. (SAR group).
** data from all endemic areas. 2 Entamoeba histolytica complex. ® A. duodenale and /or N. americanus. ¢ Prevalence
data for S. stercoralis and E. vermicularis may be considered underestimations, as the agar plate method (for
S. stercoralis) and anal swabs (for E. vermicularis), the most adequate techniques for the detection of these helminths,
could unfortunately not be used due to their methodological difficulties in the context of field work.

In addition to Fasciola species, the following parasite species are found in these
endemic areas:
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e  One stramenopile (SAR group): Blastocystis sp. (here included within Protozoa);
e Eleven protozoans: see species in Table 2;
e  Nine helminths: see species in Table 2.

Within each endemic area, the qualitative compositions are distributed as follows
(total parasite species and numbers of stramenopiles, protozoans and helminths): Bolivian
Altiplano: 19, 1, 11, 7; Puno Altiplano: 18, 1, 9, 8; Cajamarca valley: 16, 1, 9, 6; and the Nile
Delta: 17,1, 9, 7 (Table 2).

Among protozoans, D. fragilis and Cryptosporidium sp. were only found in the Bolivian
Altiplano. The nine remaining protozoan species appear to be the same in the four endemic
areas, similarly to Blastocystis sp.

Among helminths, the homogeneity of the species composition is also notable in the
four areas, including Fasciola spp., H. nana, T. trichiura, A. lumbricoides and E. vermicularis.
Differences worth mentioning include the presence of S. mansoni in the Nile Delta and
S. stercoralis in the Peruvian Altiplano. Furthermore, the absence of Ancylostomatidae spp.
in Cajamarca and Taenia spp. in Egypt should also be highlighted.

3.3. Analysis of Parasite Species Prevalences and Coinfections

Regarding the quantitative composition, Table 2 shows statistically significant differ-
ences in the prevalence of both protozoa and helminths detected among the four geograph-
ical areas analyzed. In the four endemic areas, most of the subjects surveyed harbored
parasite infections. Subjects infected with at least one parasite species (p < 0.01) are noted
in Table 2. Table 2 highlights how almost all parasitized individuals harbored coinfections.
(p <0.01).

Although the parasite species compositions are very similar in the four areas, small
quantitative differences can be observed. The prevalence of Blastocystis sp. turned out to be
very high in the four areas.

Among protozoans, E. coli proved to be the most prevalent species in the Bolivian
Altiplano, Cajamarca valley and the Nile Delta. In the Peruvian Altiplano, E. coli and
E. hartmanni were the most prevalent protozoan species, with similar infection rates. In the
Bolivian Altiplano, B. coli showed the highest prevalence. It should be highlighted that the
protozoan species G. intestinalis, of well-known pathogenicity, appears among the most
prevalent species in the four areas.

Among helminths, fascioliasis was the most prevalent in the four areas. Statistically
significant differences are detected in fascioliasis prevalence when comparing the four
areas. In these areas, (i) the overall prevalence of fascioliasis and (ii) the percentage of
Fasciola-infected individuals showing no coinfection with other parasite species, were as
follows: Bolivian Altiplano: 16.8 and 3.5%; Peruvian Altiplano: 24.6 and 0%; Cajamarca
valley: 21.4 and 1.8%; Nile Delta: 13.0 and 15.9%.

The very low percentage of Fasciola-infected subjects presenting no coinfection with
other parasites (0-15.9%, only 22 of a total of 450 Fasciola-infected subjects = 4.9%) is
impressive (Table 2).

The most abundant helminths coinfecting Fasciola-infected subjects were the follow-
ing: A. lumbricoides (10.8%) in the Bolivian Altiplano, T. trichiura (18.3%) in the Peruvian
Altiplano, H. nana (15.7%) in the Cajamarca valley and S. mansoni (12.1%) in the Nile Delta
(Figure 2).

3.4. Fascioliasis Analysis According to Sex and Age

Fascioliasis prevalence levels according to sex and age in the total population of the
four areas are shown in Table 3.
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Figure 2. Eggs of Schistoma mansoni (left) and Fasciola gigantica (right) found in the diagnostic smear of

the fecal sample of a child from the Behera Governorate, Nile Delta, Egypt. Original by S. Mas-Coma.

When analyzing sex differences, it turned out that the prevalence of Fasciola is higher in

females than in males (p < 0.001) in all age groups in the Egyptian population. However, in

Andean countries, higher prevalences in females are not always present in each age group.

Table 3. Prevalence of fasciolid infections (%) grouped by age and sex, and related differences among

the 2575 study participants in Bolivia, Peru (Cajamarca and Puno) and Egypt.

Total Females Males
Prevalence Prevalence Prevalence p-Value *
Age  PC (95% CI) PC (95% CI) PC (95% CI)
<7 23 9.5%(6.3,13.7) 12 106%(5.8,182) 11  85% (4.5, 15.1)
7-9 38 132%(9.6,175) 22 155%(10.2,22.7) 16  10.9% (6.6, 17.4)
Bolivia 10-12 97 21.9% (18.3, 25.9) 44 22.2% (16.8, 28.8) 53 21.7% (16.8, 27.5)
(n = 1195) 13-15 37  202%(149,265) 7  109%(49,21.8) 30  252%(17.9,34.1)
16-18 6 16.2 % (6.8, 30.7) 2 25.0% (4.4, 64.4) 4 13.8% (4.5, 32.6)
>18 - - - - - -
Total 201 16.8% (14.8, 19.0) 87 16.6% (13.5,20.1) 114 17.0% (14.3,20.1)
p-value * <0.001 <0.001
<7 26 25.2% (17.4, 34.9) 11 28.2% (15.8, 43.7) 15 23.4% (14.3, 34.9)
7-9 28 27.2% (19.1, 37.0) 13 25.5% (15.0, 38.7) 15 28.9% (17.8, 42.2)
Peru Puno  10-12 25  24.0%(164,336) 11  282%(158,437) 14  21.5% (12.8,32.7)
(n =701) n=339) 13-15 4 14.3% (4.7, 33.6) 1 8.3% (0.5, 34.7) 3 18.7% (5.0, 43.0)
16-18 - - - - - -
>18 - - - - - -
Total 83 24.5% (20.1, 29.6) 36 25.5% (18.8, 33.2) 47 23.9% (18.3, 30.2)
p-value * <0.001 <0.001
<7 21 208%(13.6,30.2) 10  222%(11.9,36.0) 11  20.7% (11.4,33.2)
7-9 21 19.1% (12.5, 27.9) 12 20.3% (11.5, 32.0) 9 17.3% (8.8, 29.4)
Cajamaca 10-12 26  23.8%(164,331) 13  265%(15.6,40.1) 13  21.7% (12.6, 33.4)
(n=362) 13-15 8  250%(12.1,437) 2  143%(25,39.7) 6  33.3% (14.8,56.9)
16-18 1 25.0% (1.3, 78.0) - - 1 50.0% (2.5, 97.5)
>18 1 16.7% (0.9, 66.5) 1 20.0% (1.0, 66.6) -
Total 78 21.5% (17.5, 26.2) 38 21.8% (16.2, 28.4) 40 21.3% (15.9, 27.6)
p-value * <0.05 <0.001
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Table 3. Cont.
Total Females Males
Prevalence Prevalence Prevalence p-Value *

FC (95% CI) PC (95% CI) pC (95% CI)
13 8.5% (4.8, 13.8) 10 10.4% (5.4, 17.8) 3 5.4% (1.4,13.9)
8 30.7% (15.4, 50.2) 6 35.3% (15.7, 59.5) 2 22.2% (3.9, 56.2)
Egypt 1012 12 14.8% (8.3,23.8) 8 17.8% (8.6, 31.0) 4 11.1% (3.6, 24.7)
(n=679) 13-15 11 16.7% (9.1, 27.1) 8 17.4% (8.4, 30.4) 3 15.0% (4.0, 35.6)

16-18 4 8.7% (2.8, 19.6) 4 11.8% (3.8, 26.0) - -
40 13.0%(9.5,17.4) 31 9.8% (6.3, 14.8) 9 9.6% (4.7, 17.8)
Total 88 13.0% (10.6, 15.7) 67 14.8% (11.7,18.5) 21 6.7% (6.2, 14.6)
p-value * <0.001 <0.001

PC, positive cases. CI, confidence interval. Age, sex and geographically stratified data from transversal studies of
Fasciola in the northern Bolivian Altiplano (Aymara), the Peruvian Altiplano (Quechua), the Cajamarca valley of
Peru (Quechua) and the lowland areas of the Nile Delta in Egypt. * p-value < 0.005 (based on chi-square test).

Infection by Fasciola flukes is present in all age groups, both in the different growth
periods (childhood, adolescence) and in adults. Nevertheless, a higher percentage of cases
was detected in children, i.e., in the 10-12-year age range in the Bolivian Altiplano, 7-9-year-
olds in the Peruvian Altiplano, 13-15-year-olds in the Cajamarca valley, and 7-9-year-olds
in the Nile Delta. However, these results must be interpreted by considering that the age
ranges are not the same in the populations analyzed in the four areas, mainly regarding the
adult subjects in the Nile Delta.

3.5. Fascioliasis and the Number of Coinfecting Parasites

Interesting results are obtained in the analysis of the number of coinfecting para-
site species when comparing coinfections in Fasciola-infected subjects and coinfections
in subjects not infected by Fasciola, in the total of subjects surveyed in the four endemic
areas (Table 4). Multiparasitism diagnosed in the same subject included mixed infections
comprising up to (i) nine coinfecting parasite species, (ii) eight simultaneous protozoan
species and (iii) five coinfecting helminth species, including Fasciola infection.

The comparison between the prevalence of coinfections in Fasciola-infected subjects
and in subjects not infected by Fasciola, by stratifying according to the number of coin-
fecting parasite species, did not show statistical differences (Figure 3A). However, when
distinguishing coinfections by protozoans on the one hand and coinfections by helminths
on the other hand, the significance of the results proved to differ pronouncedly (Table 4).

When restricting the analysis to the number of coinfecting protozoans, the most
frequent mode was of three species harbored per person. The comparison between the
proportions of coinfections in Fasciola-infected subjects and in subjects not infected by
Fasciola did not show statistical differences, except for the coinfection with five protozoan
species (Figure 3B). In this case, a higher number of coinfection cases was detected in
individuals with fascioliasis (12.67%) than in individuals without fascioliasis (9.28%) (see
Table 4).

When restricting the analysis to the number of coinfecting helminths, the most frequent
mode was of one coinfecting helminth species (Table 4). The comparison between the
proportions of coinfections by other helminth species in Fasciola-infected subjects and in
subjects not infected by Fasciola showed high statistical differences in coinfections with one,
two and three helminth species, and also even four helminth species, the last case lacking
significance due to the reduced number of subjects presenting such an extreme mode of
multiparasitism (Figure 3C).
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Figure 3. Prevalence of human fascioliasis (%), grouped by number of coinfecting parasite species

(A), protozoan species (B) and helminth species (C) in Bolivia, Peru (Cajamarca and Puno) and Egypt.
* p-value < 0.05. ** p-value < 0.001. Red %NP (F—): individuals without fascioliasis; blue %NP (F+):
individuals with fascioliasis.

Table 4. Comparison of coinfections in Fasciola-infected subjects and in subjects not infected by

Fasciola, in the total of subjects studied, combining the endemic areas of the Northern Bolivian

Altiplano, Peruvian Altiplano, Cajamarca valley and the Nile Delta. Analysis stratified according to

the number of coinfecting parasite species.

Fasciola-Infected Subjects Subjects Not Infected by Fasciola p-Value ®
N Prevalence (95% CI) " Prevalence (95% CI)
(%) (%)
Parasite species (protozoans * and helminths)
0 22 4.89 (3.25,7.29) 220 10.36 (9.13,11.72) 0.0002
1 45 10.00 (7.56,13.12) 266 12.53 (11.18,13.99) 0.1517
2 84 18.67 (15.34, 22.53) 364 17.15 (15.59, 18.79) 0.4517
3 85 18.89 (15.54,22.76 443 20.87 (19.17, 22.63) 0.3686
4 87 19.33 (15.95,23.24 358 16.86 (15.32,18.50) 0.2168
5 57 12.67 (9.91, 16.06) 244 11.49 (10.20, 12.91) 0.4684
6 44 9.78 (7.37,12.87) 152 7.16 (6.14, 8.33) 0.0629
7 22 4.89 (3.25,7.28) 65 3.06 (2.41,3.88) 0.061
8 4 0.89 (0.35,2.26) 11 0.52 (0.29, 0.93) 0.3151
9 0 0.00 (0.00, 0.85) 2 0.09 (0.02,0.34) -
Total 450 2125
Protozoan * species
0 29 6.44 (4.53,9.11) 273 12.86 (11.49,13.34) <0.0001
1 59 13.11 (10.30, 16.54) 286 13.47 (12.07,14.98) 0.8791
2 101 2244 (18.83, 26.52) 433 20.40 (18.72,22.14) 0.3373
3 95 21.11 (17.59, 25.12) 483 22.75 (20.99, 24.56) 0.494
4 70 15.56 (12.50,19.19) 325 15.31 (13.83,16.89) 0.8857
5 57 12.67 (9.90, 16.06) 197 9.28 (8.11, 10.58) 0.0364
6 32 711 (5.08,9.87) 104 4.90 (4.06, 5.90) 0.0632
7 7 1.56 (0.76,3.18) 23 1.08 (0.72,1.62) 0.4652
8 0 0.00 (0.00, 0.85) 1 0.05 (0.00, 0.27) -
Total 450 2125
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Table 4. Cont.
Fasciola-Infected Subjects Subjects Not Infected by Fasciola p-Value ®
N Prevglence (95% CI) . Prevslence (95% CI)
(%) (%)
Helminth species 2
0 0 0.00 (0.00, 0.845) 1492 70.28 (68.23,72.12) <0.0001
1 284 63.11 (58.56, 67.44) 511 24.07 (22.28,25.91) <0.0001
2 135 30.00 (29.95, 34.40) 108 5.09 (4.23, 6.10) <0.0001
3 29 6.44 (4.52,9.10) 14 0.66 (0.39, 1.10) <0.0001
4 2 0.44 (0.08, 1.61) 0 0.00 (0.00, 0.18) -
Total 450 2125
2 The presence of Fasciola spp. is not included in the number of helminths. b p-value < 0.05 (based on Pearson test).
CI confidence interval. * Including Blastocystis sp.
3.6. Analysis of Fasciola Infection Intensity, Age and Coinfection
Significant negative correlations were detected between the age (in years) of the host
and the number of parasite (p < 0.001), protozoan (p < 0.001) and helminth (p = 0.003) species
present, i.e., when the age of the subject individual increases, the number of parasite species
detected in situations of coinfection (including protozoan and helminth species) decreases.
In the analysis of the Fasciola infection intensity, a difference appears when comparing
the age group of childhood and adolescents with older subjects: higher mean epg val-
ues were detected in the 1-18-year-old group than in the group made up of individuals
>18 years of age (p = 0.003) (Figure 4).
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Figure 4. Age-associated intensity profiles of fascioliasis in Bolivia, Peru (Cajamarca and Puno) and
Egypt: intensity of human fascioliasis expressed by average and standard deviation (SD) of the
number of eggs per gram of feces (epg) according to: (A) each year of age; (B) 1-18 and >18 years age
groups. ** p-value < 0.001. The bars denote SD.

A further analysis concerned Fasciola infection intensity in relation to the presence or
absence of coinfection. The comparison of epg levels stratified according to the numbers of
coinfecting protozoan and helminth species is shown in Figure 5:

e  The pairwise comparison between Fasciola epg with and without protozoan species
coinfection showed significant differences, indicating high levels of Fasciola epg in
situations of coinfections with two, three, four and five protozoan species vs. situations
with no protozoan coinfection (Figure 5). Summing up, Fasciola epg values increase
when the number of protozoan species present in the coinfection increases.

e  The pairwise comparison between Fasciola epg with and without helminth species
coinfection did not show significant differences, except for the comparison of the
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Fasciola-only group and the three coinfecting helminth species (including Fasciola)
group, indicating lower values of Fasciola epg in situations of coinfections by three
helminth species vs. situations with no helminth coinfection (Figure 5B).
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Figure 5. Intensity of human fascioliasis expressed by average and standard deviation (SD) of
the number of eggs per gram of feces (epg), in Bolivia, Peru (Cajamarca and Puno) and Egypt:
(A) grouped by number of protozoa species coinfection (including Blastocystis sp.); (B) grouped by
number of helminth species coinfection. ** p-value < 0.001. The bars denote SD.

3.7. Parasite Species Associations

Associations (analyzed with 2 x 2 tables, Fisher’s exact test) between infection by Fasci-
ola flukes and infection by other parasite species simultaneously present in the same subject
are shown in Table 5. Associations appear between Fasciola spp. and E. coli, E. hartmanni,
E. nana, 1. buetschlii and G. intestinalis, respectively. Interestingly, the above-mentioned
parasite species present a prevalence above 25% in the fascioliasis-infected subjects.

3.8. Comparison of the Positive Rate of Coinfecting Parasites in Fasciola-Infected Individuals and
Individuals Not Infected with Fasciola

Although the proportion of Fasciola-infected individuals presents a higher positive rate
of coinfecting parasites than that found in individuals not infected with Fasciola, statistically
significant differences were not detected in all parasite species when considering all cases.
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Table 5. Associations between Fasciola infection and infection by the protozoan and helminth species
found simultaneously coexisting in the same subject in the endemic areas of the Northern Bolivian
Altiplano, Peruvian Altiplano, Cajamarca valley and the Nile Delta (2011-2023), among the entire
population, the population 18 years old or younger, and the population above 18 years old.

I;:’r:csilet: Fasciola-Infected Subjects Subjects Not Infected by Fasciola All Cases <18 Years >18 Years
p- p- p-
All Cases <18 Years >18 Years All Cases <18 Years >18 Years Value & Value P Value i
n % n % n % n % n % n %
Protozoa *
Blastocystis sp. 238 5289 219 5355 19 4750 1110 5224 999 5400 112 4043  0.835 0.870 0.397
Entamoebacoli 356 7911 340 83.13 16 4000 1492 7021 1408 7611 86  31.05  0.0001 0.002 0.279
;”t”m".‘fb‘ﬁl 94 2089 87 2127 7 1750 446 2099 426 2303 20 722  >0.999 0473 0.061
istolytica
Z‘:ﬂ;}fi‘j 147 3267 138 3374 9 2250 575 27.06 539 2914 37 1336  0.017 0.074 0.148
Endolimax nana 208 4622 203 4963 5 1250 861 4052 833 4503 29 1047  0.027 0.090 0.784
[odamoeba 117 2600 114 2787 3 750 395 1859 386 20.86 10 361  0.0006 0.002 0217
buetschlii
Chﬁgﬁ‘zzﬁx 29 644 27 660 2 500 140 659 137 741 3 108  >0.999 0.674 0.121
 Giardia 128 2844 125 3056 3 750 491 2311 461 2492 30 1083  0.017 0.021 0.781
intestinalis
Enteromonas 7 15 0 000 1 250 23 108 8 043 4 144 0.465 0.383 0.493
hominis
Dientamocba 2 09 2 100 O 000 1 010 1 010 0 000  0.081 0.075
fragilis
Cryptz;”ﬂ,’ld’“m 26 1294 26 1294 0 000 124 58 124 1250 0 000  0.387 0.908
Balantidiumcoli 3 067 3 073 0 000 21 098 20 108 1 036 0.786 0.785 0.260
Helminths
SZZZOOS;I’Z” 18 2045 14 2917 4 1026 64 1082 39 1207 25 933 0043 0.004 0.774
HW;‘;Z‘Z‘?F”S 51 1133 50 1222 1 250 199 936 196 1059 3 108 0219 0335 0.419
Tuenia ssp 11 244 11 269 0 000 49 231 49 265 0 000 0.863 >0.999
Trichuris 43 956 42 1027 1 250 163 767 163 881 0 0.0 0.181 0.343 0.126
trichiura
Ascaris
ar 47 1044 45 1100 1 250 188 885 18 1005 2 072 0.280 0.588 0.334
lumbricoides
Ancyi;?";“a“dae 2 054 2 049 0 000 3 016 3 016 0 000 0212 0.169
Strongyloides 0 000 O 000 O 000 1 039 1 039 0 108  >099 0.552
stercolaris ©
Enterobius 27 600 26 636 1 250 102 480 99 535 3 0.0 0.285 0.445 0.419
vermicularis
STH f 350 7778 93 2274 6 1500 375 17.65 348 1881 27 975  <0.0001 0.073 0.280

* Including Blastocystis sp. @ Entamoeba histolytica complex. ® Only present in Bolivia. ¢ Only present in Egypt.
4 Ancylostoma duodenale and/or Necator americanus. © Only present in Puno (Peru). f STH soil-transmitted
nematode species (including Ascaris lumbricoides, Trichuris trichiura and Ancylostoma duodenale and /or Necator
americanus). n = number of cases. p-value based on Fisher’s exact test/ Yates continuity corrected chi-square test
(comparison between entire population 8, population 18 years old or younger " and population above 18 years 1).

In relation to protozoan species (Figure 6A, Table 5), E. coli had the highest rate of
positivity in Fasciola-infected individuals vs. individuals not infected with Fasciola, followed
by E. nana, E. hartmanni, G. intestinalis and I. buetchlii. For helminths (Figure 6B, Table 5),
STH presented the highest positivity rate in Fasciola-infected individuals vs. individuals not
infected with Fasciola, followed by S. mansoni. The ranking of the most prevalent parasites
was similar in protozoan species when the younger group (<18-years) was considered
independently (Figure 6C,D and Table 5): E. coli had the highest rate of positivity in Fasciola-
infected individuals vs. individuals not infected with Fasciola, followed by G. intestinalis
and 1. buetchlii.



Trop. Med. Infect. Dis. 2025, 10, 224 19 of 45

All cases &
- +
& A B
v 01  Group " 7
% ¢ @O B
@ Eho- F o
‘% 6 ‘ Non-F + a
c Cm- 2 A
S B * € -
N En+ + en
S ena : + E 15
2 e : 9
Ec+ : + HEn
Bsp+ ! Sm= +
| | I I ! I I 1 | | 1 T T T T T T T T T T T
Age < 18 years
C STH- ; D
B¢ ! o
ol : 8s
3] E:f' ! _5 i
‘S Eho [% =
2 G+ + g
0 Cm= 2 A
S P £ + ] -
S e ; g
S Era %Tee'
O Enq T Hne i
o Ec +
Bsp= C Sm=y I +
— 1 T T T T T T T T 1 N E R
Age > 18 years -
Ec E STH F
B S
ﬁ g; S a
(¥} [0}
@ E%Iq & s
p £ 4 A
g o £
n
O eha < Tee
S Eh T ke
a Ec
Bsp [ I Sm+]
1 I I 1 I I I 1 I I 1 | ] I I I I 1 1 | I |
10 & €0 40 2 0 20 40 €0 8 100 0 & [ ] 2 0 20 4 60 80 100
Positive rate (%) Positive rate (%)

Figure 6. Comparison of the positive rates of 12 protozoan (including Blastocystis sp.) and 8 helminth
species in Fasciola-infected individuals and individuals non-infected with Fasciola, in the four areas
analyzed (Bolivian Altiplano, Peruvian Altiplano, and Cajamarca valley with only F. hepatica; Nile
Delta with both F. hepatica and F. gigantica). The positive rate for each protozoan among 450 individuals
with fascioliasis (tested for all protozoan, Cryptosporidium and Dientamoeba fragilis only detected in the
Bolivian population) and among 2125 individuals non-infected with Fasciola (tested for all protozoans;
Cryptosporidium and D. fragilis only detected in the Bolivian population) was compared in all cases
(A) and for different age groups, comprising the population aged 1-18 years (C) and the population
aged >18 years (E). The positive rates of Cryptosporidium and D. fragilis among 201 individuals with
fascioliasis and among 994 non-fascioliasis individuals was compared in all cases and for different age
groups (population aged 1-18 years, n = 201; and population aged >18 years, n = 0). The positive rate
of each helminth among 450 individuals with fascioliasis (tested for all helminth species, Schistosoma
mansoni only present in Egypt) and among 2125 non-fascioliasis individuals (tested for all helminth
species, S. mansoni only detected in Egypt) was compared in all cases (B) and for different age groups,
comprising the population aged 1-18 years (D) and the population aged >18 years (F). The positive
rate of Schistosoma mansoni among 88 individuals with fascioliasis and among 491 non-fascioliasis
individuals was compared in all cases and for different age groups (population aged 1-18 years,
n =371, and population aged >18 years, n = 308). The length of the red bar indicates the positive rate
for individuals with fascioliasis and the length of the blue bar indicates the positive rate for individuals
without Fasciola infection. The positive rate of each protozoan and helminth was compared for
different age groups. The positive rate in the fascioliasis group was calculated by taking the positive
number of each parasite as the numerator and the number of fascioliasis cases as the denominator.
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The positive rate in the non-fascioliasis group was calculated by taking the positive number of
each parasite as the numerator and the number of non-fascioliasis cases as denominator. The
significant differences in the positive rate (chi-square test or Fisher’s exact test) are indicated (t).
Bsp = Blastocystis sp. Ec = Entamoeba coli. Ehi = Entamoeba histolytica complex. Eha = Entamoeba hart-
manni. En = Endolimax nana. Ib = lodamoeba buetschlii. Cm = Chilomastix mesnili. Gi = Giardia intestinalis.
Eho = Enteromonas hominis. Df = Dientamoeba fragilis *. Cr = Cryptosporidium sp. *. Bc = Balantidium coli.
STH = soil-transmitted helminths. Sm = Schistosoma mansoni **. Hn = Hymenolepis nana. Tae = Taenia
sp. Tt = Trichuris trichiura. Al = Ascaris lumbricoides. An = Ancylostoma duodenale and/or Necator
americanus. Ss = Strongyloides stercolaris. Ev = Enterobius vermicularis. * Only present in Bolivian
Altiplano. ** Only present in Nile Delta, Egypt. 1 p-value < 0.05.

Among helminths, S. mansoni had the highest rate of positivity in Fasciola-infected
individuals in the case of Egypt vs. individuals not infected with Fasciola and STH.

The ranking of the most prevalent parasite species was similar, although no signifi-
cant differences were detected between Fasciola-infected individuals and individuals not
infected with Fasciola when the older group (>18-years) was considered independently
(Figure 6E,F): Blastocystis sp. presents the highest positivity rate in Fasciola-infected individ-
uals vs. individuals not infected with Fasciola, followed by E. coli, E. hartmanni, E. nana and
G. intestinalis. Furthermore, the younger group presents higher positive rates in each one
of the parasite species studied when compared to the adult group.

The cases of monoinfection and coinfection with protozoans/helminths in Fasciola-
infected individuals and individuals not infected with Fasciola are represented in Figure 7
and Table 6. A similar pattern was detected in the Fasciola-infected and Fasciola-non-infected
groups, i.e., higher rates were observed in the older group compared to the younger group
only in monoinfections caused by protist/protozoan parasites, monoinfections caused by
helminth parasites, and negative cases. In all cases of coinfection, the higher rate was
present in the younger group compared to the older group. Concretely, considering fascio-
liasis cases, 8.66% had monoinfection by protozoan parasites, 1.33% had monoinfection by
helminth parasites, 35.33% had coinfection by protozoan-helminth parasites, 49.55% were
coinfected by protozoan—protozoan, 0.22% had a helminth-helminth coinfection and 4.88%
were negative. Considering individuals not infected with Fasciola, 10.20% had a protozoan
monoinfection, 2.4% had a helminth monoinfection, 27.3% had a protozoan-helminth
coinfection, 49.7% had a protozoan—protozoan coinfection, 0.1% had a helminth-helminth
coinfection, and 10.4% were negative.

Significantly higher positive rates in coinfection with protozoan-helminth parasites
(p = 0.0009) were in the fascioliasis group vs. the non-fascioliasis group. Significantly
higher positive rates of negative cases were in non-fascioliasis vs. the fascioliasis group
(p = 0.0002).

Considering the Fasciola-infected individuals, the most common protozoan—protozoan
coinfections were Blastocystis sp.-E. coli (42.66%), E. coli-E. nana (42.00%) and E. coli-
E. hartmanni (28.88%) (Figure 8). Considering the individuals not infected with Fasciola,
the most common protozoan—protozoan coinfections were Blastocystis sp.-E. coli (39.95%),
E. coli-E. nana (35.85%) and Blastocystis sp.-E. nana (23.62%). The rates were significantly
higher among individuals with fascioliasis than among those without fascioliasis in E. coli-
E. nana (p = 0.015) and E. coli-E. hartmanni (p = 0.015). Considering the four regions inde-
pendently, top-ranking coinfections were Blastocystis sp.-E. coli in Puno, Cajamarca and the
Nile Delta and E. coli-E. nana in the Bolivian Altiplano. Among cases with fascioliasis, the
most common protozoan-helminth coinfections (Figure 8) were E. coli-H. nana (10.22%),
E. coli-A. lumbricoides (8.66%) and E. coli-T. trichiura (7.77%). Among cases without fasciolia-
sis, coinfections included E. coli-A. lumbricoides (7.62%), E. coli-H. nana (7.48%), and E. coli-
T. trichiura (6.40%). No significant differences were detected between these coinfection rates
between individuals with and without fascioliasis.
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Figure 7. Prevalence of parasites in monoinfection and coinfection in patients with fascioliasis
(F) and without Fasciola infection (non-F) in the four areas analyzed together (Bolivian Altiplano,
Peruvian Altiplano, and Peruvian Cajamarca valley with only F. hepatica; Nile Delta, Egypt, with both
F. hepatica and F. gigantica) (2011-2023). Positive proportion of protozoan (including Blastocystis sp.)
monoinfection, helminth monoinfection, protozoan-helminth coinfections, protozoan—protozoan
coinfections, helminth-helminth coinfections, and negative cases in all cases and in different age
groups (population aged 1-18 years and population aged >18 years).

Table 6. Prevalence of parasites in monoinfection and coinfection in individuals with fascioliasis and
non-fascioliasis in the four areas analyzed together (Northern Bolivian Altiplano, Peruvian Altiplano,
Cajamarca valley and the Nile Delta) (2011-2023) from the entire population, the population 18 years
old or younger and the population above 18 years.

<
Parasite Species Fasciola-Infected Subjects Subjects Not Infected by Fasciola C:;ls Y;:fs Y:;fs
All <18 Year >18 Year AllC <18 Year: >18 Year ) ) )
Cases - ears ears ases - ears ears Value ? Value P Value ©
n % n % n % n % n % n %
Monoinfection by
protozoan * 39 867 28 685 11 2683 216 102 167 9.03 50 1805  0.385 0173 0.203
parasites
Monoinfection by
helminth 6 133 3 073 3 732 50 24 35 18 15 542 0.214 0.134 0.714
parasites
Coinfection by
protozoan 159 3533 154 3765 5 1220 580 273 562 3038 18 650  0.001* 0.005 * 0.19
*~helminth
parasites
Coinfection by
 protozoan 223 4956 207 50.61 16  39.02 1056 49.7 964 5211 93 3357 0959 0585 0.496
—protozoan
parasites
Coinfection by
helminth- 1 02 1 024 0 000 3 01 3 016 0 000 053 0.556 -
helminth
parasites
Negative 22 489 16 391 6 1463 220 104 119 643 101 3646  0.0001* 0.051 * 0.005 *

n = number of cases = absolute frequency. % relative frequency. * including Blastocystis sp. p-value based on
Fisher’s exact test/ Yates continuity corrected chi-square test (comparison between entire population ?, population
18 years old or younger ? and the population above 18 years ©).

Considering the four regions analyzed (see figure in Supplementary Materials File 52), the
top-ranking coinfections in individuals with fascioliasis were similar to the non-fascioliasis
group in the Bolivian Altiplano (E. coli-A. lumbricoides), Cajamarca (E. coli-H. nana) and
the Nile Delta (E. coli-S. mansoni). In Puno, the highest coinfection was E. coli-T. trichiura
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in the Fasciola-infected group and E. hartmanni-H. nana in the Fasciola-non-infected group.
Furthermore, Blastocystis sp.-S. mansoni appeared with a rate similar to E. coli-S. mansoni
in the non-fascioliasis group in the Nile Delta. The rates were significantly higher among
individuals with fascioliasis than among those without fascioliasis in E. coli-S. mansoni
(p = 0.0004).
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Figure 8. Prevalence of parasites in coinfection in Fasciola-infected individuals (F) and individuals
not infected with Fasciola (non-F) in the four areas analyzed together (Bolivian Altiplano, Peruvian
Altiplano, and Cajamarca valley with only F. hepatica; Nile Delta presenting both F. hepatica and
F. gigantica. Heatmap of the coinfection rate of intestinal parasites. Grid color represents the coinfection
rate of intestinal parasites among F. Dot color represents the coinfection rate of intestinal parasites
among non-F. The bigger size and darker color of the circles indicate higher coinfection rates between
the pair of parasite species. Bsp = Blastocystis sp. Ec = Entamoeba coli. Ehi = Entamoeba histolytica
complex. Eha = Entamoeba hartmanni. En = Endolimax nana. Ib = Iodamoeba buetschlii. Cm = Chilomastix
mesnili. Gi = Giardia intestinalis. Eh = Enteromonas hominis. Bc = Balantidium coli. Hn = Hymenolepis
nana. Tae = Taenia sp. Tt = Trichuris trichiura. Al = Ascaris lumbricoides. An = Ancylostoma duodenale
and/or Necator americanus. Ev = Enterobius vermicularis. Only species present in the four areas
are analyzed.

The most common helminth-helminth coinfections (Figure 8), considering the cases
with fascioliasis, were A. lumbricoides-T. trichiura (2.00%), T. trichiura-H. nana (1.33%), and
A. lumbricoides-H. nana (1.11%), whereas in individuals without fascioliasis coinfections
included A. lumbricoides-T. trichiura (1.88%), T. trichiura-H. nana (1.51%), and A. lumbricoides-
H. nana (0.89%). No significant differences were detected among these coinfection rates
between individuals with fascioliasis and individuals without fascioliasis.

Considering all parasite species, the most common protozoan species was E. coli
regardless of the number of protozoan species present in coinfection (1, 2, 3, 4, 5, 6 and
7 different protozoan species) in both groups (with and without fascioliasis) (Figure 9).
The rates were significantly higher among individuals with fascioliasis than among those
without fascioliasis in E. coli, Blastocystis sp. and G. intestinalis in the presence of five
protozoan species and E. hartmanni and I. buetchlii in the presence of six protozoan species.
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The rate was significantly higher among individuals without fascioliasis than among those
with fascioliasis in E. histolytica complex in the presence of three protozoan species. The
most common helminth species vary according to the number of protozoan species present
in the coinfections (1, 2, 3, 4, 5, 6 and 7 different protozoan species) in both groups (with
and without fascioliasis) (Figure 9). The rates were significantly higher among individuals
with fascioliasis than among those without fascioliasis in S. mansoni in the presence of one
protozoan species, S. mansoni and E. vermicularis in the presence of three protozoan species,
in S. mansoni in the presence of four protozoan species and in H. nana, Taenia sp. and
T. trichiura in the presence of five protozoan species (Figure 9).
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Figure 9. Prevalence of parasites in coinfection in Fasciola-infected individuals (F) and individuals
not infected with Fasciola (non-F) in the four areas analyzed together (Bolivian Altiplano, Peruvian
Altiplano, and Cajamarca valley with only F. hepatica; Nile Delta presenting both F. hepatica and
F. gigantica). Heatmap of the coinfection rate of intestinal parasites: (A) vs. protozoan * number
(including Blastocystis sp.); (B) vs. helminth number. Grid color represents the coinfection rate of
intestinal parasites among F. Dot color represents the coinfection rate of intestinal parasites among
non-F. The bigger size and darker color of the circles indicate higher coinfection rates between the
pair of parasite species. Bsp = Blastocystis sp. Ec = Entamoeba coli. Ehi = Entamoeba histolytica complex.
Eha = Entamoeba hartmanni. En = Endolimax nana. Ib = Iodamoeba buetschlii. Cm = Chilomastix mesnili.
Gi = Giardia intestinalis. Eho = Enteromonas hominis. Df = Dientamoeba fragilis. Cr = Cryptosporidium
sp. Bc = Balantidium coli. Sm = Schistosoma mansoni. Hn = Hymenolepis nana. Tae = Taenia sp.
Tt = Trichuris trichiura. Al = Ascaris lumbricoides. An = Ancylostoma duodenale and / or Necator americanus.
Ev = Enterobius vermicularis. * Including Blastocystis sp.
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Considering all parasite species, the most common protozoan species was E. coli in the
cases of one, two, three and four different helminth species present in the coinfection, in
both groups (with and without fascioliasis) (Figure 9). The rates were significantly higher
among individuals with fascioliasis than among those without fascioliasis in all species
of the protozoan group, except for low-prevalence species (Figure 9). The most common
helminth species vary according to the cases of one, two, three and four different helminth
species present in coinfections, in both groups (with and without fascioliasis). The rates
were significantly higher among individuals with fascioliasis than among those without
fascioliasis in all species of the helminth group, except for low-prevalence species (Figure 9).

3.9. Multivariate Logistic Regression Analysis

The results of the multivariate logistic regression analysis are shown in Table 7 and in
the figure in Supplementary Materials File S3:

Table 7. Results of multivariate logistic regression analysis, using four models including pres-
ence/absence of fascioliasis as dependent variable. For the characteristics of Models 1 to 4 see
Methods. Results were considered statistically significant when p < 0.05.

Model 1 Model 2 Model 3 Model 4

OR  (95% CI) p-Value OR  (95% CI) p-Value OR  (95% CI) p-Value OR  (95% CI) p-Value
fe"g.raphlcal 1.02  (0.87,1.16) 0.98
ocation
Sex 092 (0.71,1.18) 0.51
Age 181 (1.17,280) 0007 069 (0.48,0.97) 003 091 (0.63,1.32) 0.63
Protozoans*  1.03 (0.96,1.11) 0.37 1.07  (0.99, 1.16) 0.10
Helminths 751 (6.25,9.03) <0.001 7.78  (6.50,9.46) <0.001
E. coli 137 (1.04,1.80) 0.02
E. hartmanni 1.09 (0.86,1.39) 043
E. nana 1.08 (0.86,1.34) 0.48
I. buetschlii 1.32  (1.02,1.72) 0.03

G. intestinalis
STH

126  (1.00,1.59) 0.04
131 (1.01,1.67) 003 128 (1.00,1.65) 0.04

* including Blastocystis sp. OR = odds ratio. CI = confidence interval.

e  Model 1 included the numbers of the different protozoan and helminth species in each
host individual as independent variables (Table 7). In this model, the risk of fascioliasis
increased when the total number of helminth species per host increased [OR: 7.51
(95%CI 6.25, 9.03), p < 0.001]. Nevertheless, the fascioliasis risk did not increase when
the total number of protozoan species was considered [OR: 1.03 (0.96, 1.11), p = 0.37].

e Model 2 included the population characteristics (geographical location, sex and age)
and number of protozoan and helminth species as independent variables (Table 7). In
this model, the risk of fascioliasis associated with the helminth number increased [OR:
7.78 (6.50-9.46), p < 0.001].

e  Model 3 included the population age and number of cases of STH as independent
variables (Table 7). In this model, the risk of fascioliasis is associated with STH cases
[OR: 1.31 (1.01, 1.67), p = 0.03].

e Model 4 included the population age, in addition to the number of cases of E. coli, of
E. hartmanni, of E. nana, of I. buetschlii, of G. intestinalis (in which association with
Fasciola was detected, Table 5), and of STH as independent variables (Table 7). In this
model, the risk of fascioliasis is associated with the number of cases of E. coli [OR: 1.37
(1.04, 1.80), p < 0.02], of I. buetschlii [OR: 1.32 (1.02, 1.72), p < 0.03], of G. intestinalis [OR:
1.26 (1.00, 1.59), p < 0.04] and of STH [OR: 1.28 (1.00, 1.65), p < 0.04], indicating that
these parasitic species also partly explain this process.

Summing up, a high risk of coinfection with helminths may be expected in human
subjects inhabiting fascioliasis hyperendemic areas. The results of the logistic regression
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analysis support that coinfection is influenced by host age, the number of helminths present
and the types of helminth and protozoan species participating in coinfection.

4. Discussion
4.1. Species Compositions, Environmental and Social Factors and Infection Sources

Fascioliasis transmission is mainly based on ingestion of metacercariae attached to
aquatic vegetables [84] but also through drinking water contaminated with floating metac-
ercariae [84,126]. Aspects linked to human infection risk have already been quantified in
the Bolivian Altiplano [85], including water, food, housing, behavioral traditions, social
aspects and livestock management.

The maximum multiparasitisms within each endemic area were as follows:

e In the Bolivian Altiplano [72,73]: one case with F. hepatica + two protozoans (E. his-
tolytica complex and G. intestinalis) + two helminths (H. nana and T. trichiura); another
case with F. hepatica + three protozoans (E. histolytica complex, G. intestinalis and
Cryptosporidium sp.) + one helminth (E. vermicularis).

e In the Peruvian Altiplano [83]: 61% of the F. hepatica-infected cases co-infected with
pathogenic species such as two protozoans (E. histolytica complex and G. intestinalis)
and five-six helminths (H. nana, Taenia spp., T. trichiura, A. lumbricoides and A. duode-
nale/N. americanus).

e In the Peruvian Cajamarca valley [89]: one case with F. hepatica + six protozoans
(E. coli, E. histolytica complex, E. hartmanni, E. nana, Ch. mesnili and Blastocystis sp.)
+ three helminths (T. trichiura, A. lumbricoides and E. vermicularis).

e In the Egyptian Nile Delta [111]: one case with Fasciola spp. + six protozoans (E. coli,
E. histolytica complex, E. nana, G. intestinalis, Ch. mesnili and Blastocystis sp.) + two
helminths (S. mansoni, and H. nana).

4.2. The Sex Factor

In each endemic area, the population risk profile for fascioliasis differs by sex, probably
depending on the social roles and activities of women in all age groups or sex differences
in childhood in Andean populations. However, not only cultural differences in behavior
associated with sex, but also sex-associated hormones may modulate immune responses
and parasitic infection, as is presently known at least in protozoan infections [127].

In Egypt, fascioliasis prevalence in women proved to be higher than in men in all age
groups (Table 3), which agrees with previous assessments [111,128]. The role of women
in Egypt is associated with cultural, hygienic and behavioral factors [115,128]. In Egypt,
women are the ones who mostly carry out activities that favor fascioliasis transmission,
e.g., contact with contaminated freshwater, with the presence of vector snails and floating
metacercariae, when washing clothes and kitchen utensils; in large canals, performing
agricultural tasks related to irrigation such as working in rice fields; as well as with the
preparation of meals and the handling of plants contaminated with metacercariae [111].

However, in the three endemic areas analyzed in Bolivia and Peru, a higher prevalence
of fascioliasis in females is only detected in girls under seven years of age (Table 3). Interest-
ingly, this is contrary to what is globally found in children under 4 years of age [129], which
indicates a behavior/activity change when entering school age in rural areas (specifically,
increased exposure to risky vegetables in the kitchen according to Andean ethnic traditions
in rural communities, as well as to environments contaminated with Fasciola when walking
from home to the school and back [85]).

No significant differences according to sex were found in previous surveys in the
Northern Bolivian Altiplano [74], the Peruvian Altiplano [83] or the Cajamarca valley [89].
Interestingly, however, intensities (epg) showed an opposite picture: in the Bolivian Alti-
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plano, significantly higher F. hepatica egg counts were found in girls [74], in the Peruvian
Altiplano the highest overall egg counts were detected in girls [83], and in the Cajamarca
valley females included a greater number of subjects shedding more epg [89].

In the Nile Delta, fascioliasis intensities higher than 400 epg (between 408 and
2304 epg) recently found in individuals have proved to be the highest hitherto recorded in
Egypt and also throughout the Old World, and the highest epg were also found in females
(60.4%) [113].

4.3. Endemic Area Characteristics and Infection Sources

Fascioliasis prevalence differs according to geographical location. The statistically
significant differences in prevalence in the four areas analyzed are probably due to factors
such as hygiene, climate and altitude, as well as cultural or religious features.

No basic qualitative differences were found in the species spectra of protozoans and
helminths in the four hyperendemic areas (Table 2). The species Blastocystis sp. and E. coli,
E. histolytica complex, E. hartmanni, E. nana, 1. buetschlii, Ch. mesnili, G. intestinalis, E. hominis,
D. fragilis, Cryptosporidium sp. and B. coli are known to follow a monoxenous life cycle with
fecal-oral transmission, including contaminated water/food as sources of infection. These
protozoan species can be considered as indicators of the high levels of fecal environmental
contamination, both of animal and human origin. The presence of Cryptosporidium sp. only
in the Bolivian Altiplano and the higher prevalence of B. coli, also in the Bolivian Altiplano,
suggest close relationships with infected cattle and pigs, respectively [72,73].

Concerning helminths, the homogeneity of the worm species spectrum is also notable.
The nematode species T. trichiura and A. lumbricoides also follow a monoxenous cycle. The
infection is caused by the ingestion of the helminth eggs present in contaminated water or
food or from soil-contaminated hands. Consequently, these helminths are also indicators of
the high levels of fecal contamination in the environment.

The cestode species H. nana, in spite of its typical two-host life cycle, transmitted
by an insect harboring the infective larval stage of cysticercoid (usually a stored-flour-
contaminating beetle) [130], should also be included as such a fecal indicator, because of its
capacity to evolve monoxenously after ingestion of eggs dispersed throughout the external
environment. Indeed, H. nana eggs are able to release their hexacanth embryo in the human
intestine, subsequently penetrate the villi to evolve until the cysticercoid stage and finally
return to the intestinal lumen to develop the adult stage.

Taenia species follow a life cycle, with oral infection by ingestion of raw infected pork
or beef [130]. Taeniasis in Andean countries and its absence in Egypt appears to be related
to cultural, dietary and religious habits (absence of pork in the Muslim diet).

The prevalences of trichuriasis and ascariasis in Andean countries do not differ be-
tween the two Altiplanos and the Cajamarca valley despite the lower altitudes of the latter,
although prevalences of geo- and pseudogeohelminths are known to normally decrease
with increasing altitudes [131]. Interestingly, moreover, trichuriasis and ascariasis also
show lower rates in the Nile Delta human fascioliasis endemic area.

The hookworms A. duodenale and N. americanus and the rhabditid S. stercoralis follow
a one-host life cycle with transcutaneous infection by an infective larval stage, although
oral infection of humans by S. stercoralis is also known to occur [132]. Human infection by
hookworms and S. stercoralis are primarily acquired by walking barefoot on contaminated
soil and are, therefore, indicators of the high human fecal contamination of the surrounding
land. Hookworm infection has been detected in the Bolivian and Peruvian Altiplanos and
in the Nile Delta, but not in the Cajamarca valley. The presence of S. stercoralis was only
found in the Peruvian Altiplano (Table 2). Soil-transmitted helminth (STH) infections are
among the most common infections worldwide and affect the poorest and most deprived
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communities [130]. Risk factors for transmission of STH infections are poor sanitary
conditions, inadequate water supply, overcrowding, low socioeconomic status, living in
proximity to animals and rural areas as opposed to urban areas [133].

The two-host life cycle of S. mansoni should be highlighted, being an exception due
to its transcutaneous infection by infective furcocercariae shed by freshwater planorbid
snails. Thus, the transmission is not linked to oral infection, but to agricultural, domestic,
occupational and recreational activities which expose the naked skin of humans to infested
water [130], although ingestion of cercariae when drinking natural water cannot be disre-
garded. The freshwater milieu and the usual coexistence of fascioliasis lymnaeid vectors
and schistosomiasis planorbid vectors in the same freshwater bodies appear as the common
epidemiological factors underlying such human coinfections in the Nile Delta.

Summing up, the four rural fascioliasis endemic areas in question show similar quali-
tative compositions of parasites, suggesting similar hygienic—sanitary and socio-economic
conditions, i.e., poverty, poor hygiene, a lack of clean water and adequate sanitation, as
well as difficulties in the access to preventive measures and efficacious treatment [134].
However, the prevalence rate of the most frequent parasite species in each area analyzed
is different, depending on whether they are protozoans or helminths. Blastocystis sp. is
present with a prevalence above 40% in the four areas. The non-pathogenic E. coli is the
most common species in the four areas. However, the most abundant helminth species
after Fasciola spp. proves to be different in the four areas, evidencing the influence of envi-
ronmental conditions: A. lumbricoides in the Bolivian Altiplano, T. trichiura in the Peruvian
Altiplano, H. nana in the Cajamarca valley and S. mansoni in the Nile Delta.

4.4. Parasite Associations and Infection Sources

The parasite transmission routes and human infection sources underlie the associations
of fascioliasis with infections by protozoans and helminths. Our analysis has detected asso-
ciations between fascioliasis and E. coli, E. hartmanni, E. nana, 1. buetschlii and G. intestinalis,
as well as with S. mansoni, H. nana, Taenia spp. and STH (when A. lumbricoides and
T. trichiura are considered together) (Table 6).

A few previous studies have already reported some of the fascioliasis associations
highlighted in our coinfection analysis, as, for instance, between Fasciola and G. intestinalis in
the Bolivian Altiplano [72,73] and in the Peruvian Altiplano [83], and between fascioliasis
and E. coli, Ch. mesnili and E. hartmanni in the Cajamarca valley [89]. In the Atlixco
area, Puebla State, Mexico (catalogued as a mesoendemic human fascioliasis area, with
hyperendemic local situations), fascioliasis proved to be associated with the presence of
E. histolytica complex, G. intestinalis and Blastocystis sp. [62].

The coinfection of Fasciola/G. intestinalis, highlighted in the three Andean endemic
areas, also agrees with the high infection rates of G. intestinalis found in the area of the Nile
Delta [111]. These results (Table 2) support the use of this protozoan species as a biomarker
indicating a high risk of fasciolid infection by freshwater drinking.

Interestingly, in the Peruvian Altiplano, the typical aquatic vegetation is absent in
the lymnaeid-snail-inhabited small drainage channels linked to the local irrigation system
where children play, whereas aquatic plants are present in the main irrigation canals
which conduct water permanently. The small lateral canals are only flooded when needed,
which is insufficient to enable the aquatic plants to grow. Quechua inhabitants of this
irrigation zone mentioned that aquatic plants are not included in their diet, contrary
to Bolivian Aymaras of the Northern Bolivian Altiplano. The few vegetables produced
and consumed by the inhabitants of the Altiplano are tubers, legumes or cereals, the
edible parts of which are not contaminated by irrigation water [84,85]. The fact that
the diets of these Andean communities do not include aquatic vegetables has already
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been emphasized [135], with the rare exceptions concerning traditional dishes (llaytha or
cochayuyo) and beverages made of local plants (e.g., jugo de alfalfa) [84,85]. Because of
the absence of piped drinking water in their dwellings, local inhabitants of these rural
communities obtain water from irrigation canals and drainage channels for drinking,
cooking, personal hygiene, cleaning and washing. This suggests floating metacercariae in
natural water as infection source [84,126].

Among associations of Fasciola spp. with infection by other helminth species,
A. lumbricoides and H. nana should be highlighted (Tables 2 and 6). The association be-
tween Fasciola and A. lumbricoides was already detected in the Cajamarca valley [90]. In the
Atlixco area, Puebla State, Mexico, the association between Fasciola and H. nana added to
that with A. lumbricoides [62]. Curiously, no association of Fasciola infection with infection
by T. trichiura infection was found.

The association between Fasciola and S. mansoni in the Nile Delta was already high-
lighted [111]. This particular association has been justified because of the similar transmis-
sion routes involving common freshwater bodies and freshwater snails of similar ecology,
despite the different infection pathways (oral/transcutaneous) of the two diseases.

The absence of associations between Fasciola infection and infection by other parasite
species that also share the same infection route, as is the case of T. trichiura (when considered
individually instead of within STH) or other monoxenous protozoan species, as well as the
association of fascioliasis with Taenia spp., pose questions about the potential complexity
of the underlying processes, including differences according to the endemic areas, e.g.,
the absence of porcine meat ingestion in the Nile Delta according to religious traditions,
whereas extensive pig populations can be found in the rural endemic areas of Bolivia and
Peru [5]. In the case of STH, although all these nematodes enter the body through the mouth,
their transmission by soil and dust and the involvement of dirty hands pronouncedly differs
from fascioliasis transmission.

4.5. Fascioliasis Immune Response

Increasing evidence suggests that exposure to fascioliasis compromises the host indi-
vidual’s ability to resist other infectious diseases [69,136].

The various mammal-infecting stages of the liver fluke contribute to the heterogeneity
in immune responses. Juvenile migrating flukes, adult flukes in the bile duct and eggs each
elicit stage-specific immune responses [137,138], which change over time. Along the initial
phases of infection (tissue or bile duct habitat), the liver fluke induces a potent systemic
Th2/Treg polarized immune response simultaneously with a suppression of Th1/Th17
cytokines [136-150]. During the initial and the chronic phase of the infection, F. hepatica
is associated with the expansion or recruitment of Foxp3 (the forkhead box transcription
factor, a type of Treg cells) and the induction of adaptive Ag-specific Treg cells [22,143].

In human fascioliasis, in the acute phase, a predominant Th2 response takes over, with
production of IL-4, IL-5, as well as mastocytosis, hypereosinophilia and IgE production
and the absence of IFN-gamma and IL-2. Increases in IL-5 and IL-17 during human
acute fascioliasis have been demonstrated when compared to the levels of these cytokines
in controls and humans with chronic infections [151]. Furthermore, the chronic phase is
characterized by a modulation of the immune response, so that eosinophilia largely resolves
and cytokine levels are suppressed [151].

Many parasites stimulate a polarized immune response that involves the development
of T helper cells with characteristic Th1/Th17 or Th2/Treg cytokine profiles, the direction
of polarization often depending on the type of infection [152]. In coinfections, the immune
response is variable, and the direction of polarization depends on the combination of
infections and their different interactions with the host’s immune system [34].
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Several studies have recognized potential functions for the interaction between
helminths and the host’s microbiome in the pathophysiology of helminthic diseases and in
the suppression of the host’s inflammation mediated by parasites [153].

However, the outcome of infections in multiparasitism depends on the means and po-
tency by which each pathogen controls the immune response. The intracellular protozoan
Toxoplasma gondii suppresses the recruitment and alternative activation of macrophages,
which are normally associated with helminth infection, and, consequently, the Th2 re-
sponses produced in a pre-established infection by F. hepatica. The production of T. gondii-
specific Th1 cytokines is not suppressed by F. hepatica infection, but the T. gondii infection
inhibits the ability of splenocytes from Fasciola-infected mice to produce Th2 cytokines [64].

4.6. Fascioliasis Risk Increases as the Number of Helminth Species Increases

Immunomodulation in helminth infections shows two common modes of action [154]:
(i) certain groups of proteins play key roles in bringing about changes in the host immune
response; and (ii) T regulatory (Treg) cells and the induction of IL-10 play central roles in
helminth-induced host immune modulation, by means of classical Foxp3+ CD4 cells or
IL-10-secreting populations of CD4+ or CD8+ cells.

Helminth infections, including fascioliasis, are associated with a battery of im-
munomodulatory mechanisms that affect all facets of the host immune response to ensure
their persistence within the host, enabling the host to benefit from suppression of collateral
damage during infections. However, helminth infections can also have detrimental effects
which increase the susceptibility to coinfection [154,155]. These two common modes of
immunomodulation in helminths could explain the reason why the risk of fascioliasis
increases when the total number of helminth species per host increases, as helminths can
suppress immune responses to unrelated pathogens [155]. Treg cells would induce a sup-
pression non-specific to discrete helminths, spreading suppression to immune responses to
other helminths [143,156-160].

Our studies reveal higher Fasciola epg in the 1-18-year-old group than in the group
made up of individuals above 18 years of age. Prior investigations in the Bolivian and
Peruvian endemic areas already underscored high F. hepatica epg values in children and the
associations between these elevated epg levels and the symptoms and pathology observed
in infected children [72,73,83]. The decrease in Fasciola epg when the number of helminths
increases, as detected in our study, agrees with the decreasing burden obtained by other
authors in several experimental definitive host models; these studies examined Fasciola
infections followed by a Schistosoma spp. infection and encountered lower worm burdens
(up to 92%) for the subsequent infection [161], particularly when followed by a patent
Fasciola infection [161,162].

The correlation of protection/disease progression in fascioliasis coinfection, along with
its propensity to induce strongly skewed immune responses and bystander immune regula-
tion, is still not completely elucidated. Concretely, F. hepatica suppresses host innate immune
responses, ensuring that host protective responses are quickly incapacitated [22,163,164].
Immune hyporesponsiveness, exhibited as a reduced ability of host lymphocytes to prolif-
erate, has been demonstrated in the acute and advanced chronic phases, whether primo-
infected or reinfected during the advanced chronic phase [22,164].

4.7. Association Between Fasciola spp. and E. coli, E. hartmanni, E. nana, 1. buetschlii and
G. intestinalis

In fascioliasis, the suppression of Th1/Th17 responses to concurrent viral, bacterial, or
protozoal infection starts on the first day of infection [64,137,146,164-166].

The results of the logistic regression analysis in our study show that coinfection
is influenced by the type of protozoan species participating in coinfection. The results
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obtained in our Model 4 support that E. coli, E. nana, I. buetschlii and G. intestinalis also
partly explain this process.

The positive association detected between Fasciola spp. and E. coli, E. hartmanni,
E. nana, 1. buetschlii and G. intestinalis can be explained by the immunomodulation and
immunosuppression of fasciolid infection. Furthermore, in the four hyperendemic areas
analyzed, Blastocystis sp. is very frequent, although no association with fascioliasis has
been detected. Blastocystis sp. appears to modulate the host enteric immune response
by inducing the production of specific Th1/Thl7 cytokines [167]. On the other hand,
G. intestinalis is the most prevalent pathogenic protozoan. In the small intestine, especially
the duodenum, trophozoites adhere to the microvilli of the epithelium, disrupting mucosal
homeostasis. The early immune response is primarily Thl, including gamma interferon
(IFN-gamma), TNF-alpha and IL-17, and is followed by a Th2 response [168]. In both
cases, Blastocystis sp. and G. intestinalis coinfection, the polarization to Th2/Treg and
immunosuppression of fasciolid infection makes host responses difficult.

The beneficial or detrimental outcome of host-microbiome coexistence depends largely
on the balance between regulators and responder intestinal CD4+ T cells [169]. Data on
the correlation of immunocompromised individuals with intestinal parasitic infection
has been supplied by several authors. For example, a consistent association between
HIV infection and intestinal parasitosis has been reported in tropical regions [170] and
especially in patients with CD4+ T-cell counts below 200 cells/mm? [171]. Previous studies
demonstrated that the frequency rates of E. coli and Blastocystis sp. were high in patients
with a low lymphocyte percentage, i.e., CD3+ T cell and CD3+ CD4+ T cell levels in blood
samples [172]. Blastocystis sp., G. intestinalis and E. coli, among other species, were detected
in immunocompromised pediatric patients with diarrhea [173,174], and IgA and CD4(+)
T cells are fundamental to the process of Giardia clearance [175]. In this sense, Blastocystis
sp., E. coli and G. intestinalis, with their high prevalences detected in the four populations
analyzed, may be considered as biomarkers of the immunosuppression.

Several studies on the immunomodulatory fascioliasis-related effects of combinations
of pathogens have focused on animal models [136,139-141,176,177]. For example, studies
in cattle with Mycobacterium bovis and F. hepatica showed coinfection to be associated with
either no effect or a decreased response to skin and IFN-gamma tests, and control lesion
detection and mycobacteria cultured or recovered [136,139-141,146,177-179]. Human fasci-
oliasis associated with the human immunodeficiency virus and active tuberculosis has been
reported [180]. Furthermore, human fascioliasis and brucellosis in the same patient [65],
as well as coinfection of human fascioliasis with Klebsiella pneumoniae (bacteremia) have
been described [59]. Coinfection with F. hepatica may increase the risk of Escherichia coli
0157 shedding in British cattle [181], and an association of F. gigantica coinfection with
bovine tuberculosis has also been found [182]. Interestingly, the high risk of bacterobilia
associated with advanced chronic fasciolosis in an experimental rat model is explained by
the immunosuppressive stage induced by long-term fascioliasis [166].

4.8. Association Between Fasciola spp., STH and S. mansoni

There is a substantial literature on the epidemiological patterns of STH infections and
their control. However, the significance and the mechanisms acting in coinfections with
other diseases are still not well understood. As with fascioliasis, published reports show
that geohelminths can profoundly modulate immune responses of hosts, generally eliciting
a Th2-biased response [155,183,184]. This immune response is thought to be critical for
immunomodulation in a human host, as it can suppress the type 1 helper T-cell response
required to control other infections, thus increasing the likelihood of coinfection.
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Helminth antigens and secreted molecules exert modulatory effects on immune
cells. Gastrointestinal nematodes produce excretory—secretory products that modulate the
antigen-presenting function of dendritic cells and the function of bone marrow-derived
macrophages [185,186]. A study among children from an urban region of Brazil, on the
effects of chronic infections with A. lumbricoides and T. trichiura (measured twice over
a 5-year period) on cytokine and antibody responses, showed a Th2 immune response,
with the induction of immune hyporesponsiveness associated with greater frequencies
of spontaneous IL-10 production. This hyporesponsiveness occurred during current and
chronic infections and during coinfections [187].

In helminth infections, Treg cells are also involved in the weakened defenses against
other pathogens. In human subjects, in vitro T-cell proliferative responses to Bacille
Calmette-Guerin (BCG) vaccination and malaria are attenuated in geohelminth-infected
patients, but recover if Treg cells are removed from the test cultures [188]. On the other
hand, BCG vaccination of helminth-infected subjects elicits poor inflammatory cytokine
responses to purified protein derivative antigen, in contrast to significant TGF-beta produc-
tion. Anthelmintic treatment reverses this scenario, suggesting that the interference with
vaccine responses might be due to the presence of immunosuppressive cytokines [189]. A
study reported that tuberculosis-infected migrants who were coinfected with helminths
had higher Treg cell frequencies than those with tuberculosis alone, but that anthelmintic
treatment decreased Treg cell numbers while increasing Th1 effector populations [190].

The association between schistosomes and STH has also been previously described.
Empirical studies showed a high prevalence of mixed infections, as well as higher infection
intensities in coinfected patients. However, these positive interactions appear to depend on
the number of different helminth species present and on the intensity of infection in each
individual [191-196]. On the other hand, STH infections could increase the risk of infection
with concomitant malaria.

Several possible explanatory mechanisms have been evoked, mainly also based on an
altered immunological response to the infection in subjects who are already infected with
STH. Immunological models suggest that helminth infections are associated with chronic
immune activation affecting the acquisition of immunity to malaria. However, further
research is needed to elucidate the complex relationship between STH and other infections
in co-endemic settings [197]. Ascaris lumbricoides induces a predominant Th2 /Treg response
which may downregulate critical Th1 responses that are crucial for tuberculosis protection
in human populations [198].

Coinfection studies in schistosomiasis showed that, generally, a previous infection
with Schistosoma species, particularly an overt infection, often influences subsequent in-
fection with a protozoan, bacteria or other helminths [162]. Some studies other than ours
also described natural Fasciola/S. mansoni coinfections in human populations [199-202].
Although these studies focused on different aspects of the effects of this coinfection, their
findings generally indicated increased immunological and pathological responses in the
coinfected host.

One study found that coinfected hosts suffered stronger periportal fibrosis as well as
higher associated levels of procollagen III peptide markers than non-coinfected hosts, with
the highest levels occurring in 5-14-year-old children [200]. Similarly, other studies found
that coinfected patients had higher egg counts, which were accompanied by higher serum
gastrin levels [199] and higher levels of free radicals associated with the inflammatory
response [201]. Coinfected hosts with fascioliasis had higher IgM and lower IgG levels rela-
tive to such levels in patients only infected by Fasciola, and these levels were not correlated
with Fasciola egg counts [202]. Reports indicate that Schistosoma/Fasciola coinfections may
be common in cattle in certain parts of the world [203].
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4.9. Fasciola Infection Intensity, Age and Coinfection

Infection patterns according to age can provide information about who is most at risk.
For most helminth species, infection intensity rises dramatically with age. Nevertheless, the
age of maximum intensity varies for each helminth species. Our results showed the most
intense fasciolid infections in the 1-18-year-old age group, agreeing with prior analyses
carried out in STHs that showed that the most intense helminth infections occur in children
of school age [204,205].

Furthermore, previous studies carried out on other helminth species have shown
a positive association between intensity and concurrent infection by helminth species,
suggesting that individuals harboring multiple helminth species also suffer the most intense
infections [191,192,206-212]. Our results on fasciolid infection showed different patterns
depending on whether the coinfection by protozoan or helminth species was considered:

e In protozoan coinfection, a general influence was detected, showing that fascioliasis
coinfection with an elevated number of protozoan species presents higher epg levels
than in cases of fascioliasis monoinfection.

e In helminth coinfection, a general influence was detected in fascioliasis coinfection
with an elevated number of helminth species that presents lower epg levels than in
cases of fascioliasis monoinfection.

Therefore, polyparasitism may have a greater impact on morbidity than single species
infections, since morbidity is typically related to infection intensity for most parasite species.
Infections by multiple species may also increase susceptibility to other infections [213-215].
However, the health impacts of polyparasitism have not been studied sufficiently, despite
their public health significance.

4.10. Pathology and Coinfections

The identification of human fascioliasis endemic areas in many countries has reshaped
the understanding of human fascioliasis [10,29,69], showing a severe symptomatology and
pathology [27-30,69]. Studies have shown this disease to be pronouncedly complex, giving
rise to progressive general deterioration of the patients, with sequelae sometimes leaving
subjects handicapped and frail, and sometimes even leading to fatal cases [22,25,29].

Fascioliasis pathogenicity extends beyond the acute phase to include the biliary and
advanced chronic stages, especially in endemic areas [166,216,217]. Like other parasitic
diseases, certain pathological aspects of fascioliasis are associated with inflammation. For
instance, reinfection with F. hepatica during the chronic phase triggers a diverse immune
response involving Th1/Th2/Th17/Treg against the parasite. The systemic immune re-
sponse varies depending on the timing of infection/reinfection, with the expression levels
of Th1/Th2/Th17/Treg profiles correlating with the clinical manifestations of anemia [22].
The regulatory role of Treg also involves regulating colitis [218], dampening pulmonary
inflammation in Pneumocystis infections [219], controlling hepatic pathology in Schisto-
soma infections [220], and regulating immunopathological lesions in viral infections [221].
Furthermore, low-intensity polyparasitism can be as health-detrimental as high-intensity
infection with a single helminth species. The increasing odds of morbidity increase with
the severity of the polyparasitic infection profile, and the association between low-intensity
multiple infection and morbidity remains significant [222,223].

Our results show associations between Fasciola spp. and E. coli, E. hartmanni, E. nana,
L. buetschlii, G. intestinalis, STH and S. mansoni. Considering the significant immune mod-
ulations by fascioliasis and its concurrent geographical prevalence with other protozoan
and helminthic infections, all in all, the scenario indicates that fascioliasis could modify
the clinical phenotypes of coexisting parasitic diseases. This hypothesis gains relevance
in instances of coinfection with G. intestinalis, STH and S. mansoni, given their recognized
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impacts on both the physiological and neurocognitive development of affected individu-
als [130,133,224].

Consequently, coinfections are an important factor to be considered when assessing
the health impact of fascioliasis in human communities and should therefore be taken
into account when calculating the disability-adjusted life year (DALY) metric for this dis-
ease. Our results agree with conclusions concerning the need to consider polyparasitism
and respective co-morbidities for the DALYs calculation, as highlighted in other para-
sitic diseases [35]. The implementation and integration of large-scale fascioliasis-control
schemes, launched within the WHO Roadmap, should therefore be complemented by other
helminthiasis control schemes on the same scale.

Given that pathogens frequently involved in fascioliasis coinfection, such as G. in-
testinalis, STH and Schistosoma spp., all negatively impact the physical and intellectual
development of the host, the analysis of the fascioliasis-related effect on malnutrition and
child development becomes essential.

4.11. Limitations

The limitations of this study should be considered. Indeed, causal relationships
cannot be established based on the positive detection of parasites, making it challenging
to determine whether coinfection was a cause or consequence of Fasciola infection. The
differences in ethnographic characteristics of the inhabitants of the four endemic areas
in question do not allow for similar data collection and control strategies. As already
highlighted by WHO, field studies and control interventions on human fascioliasis should
adapt to the local circumstances and intervention feasibilities. When dealing with the great
heterogeneity of remote, rural endemic areas such as these, there is no other way but to
take into account the reality regarding the pragmatic feasibility of interventions. These are
unavoidable conditions to which the sampling strategies should adapt to successfully reach
the study goals. Relying solely on microscopy without molecular confirmation should
be an acknowledged method in such field studies, particularly regarding species of the
Entamoeba histolytica complex.

5. Conclusions

Our analysis reveals that multiple factors, including transmission ways and immuno-
logical, environmental and social aspects, influence coinfections in human fascioliasis.
Coinfection frequency by protozoan or other helminth species varies throughout hyper-
endemic areas, with E. coli and Blastocystis sp. being the most frequent, whereas helminth
coinfections depend on environmental conditions.

OR models demonstrate that: (i) fascioliasis risk increases when the total number of
helminth species per host individual increases; (ii) both protozoan and helminth species
involved in the coinfection influence the process; (iii) the pathogenic effect of fascioliasis is
not only direct, but also includes the immune-modulatory role of the liver fluke, giving
rise to a predisposition to harbor numerous helminth species; (iv) care should be taken
when assessing potential interactions of Fasciola infection with the coexisting intestinal
microbiota in inhabitants of human fascioliasis hyperendemic areas, because of the high
rarity of Fasciola-infected subjects presenting no coinfecting helminth and/or protozoan.

Our study highlights the complex biological interactions in chronic helminth coin-
fections. Further research is needed to understand the combined effects and underlying
mechanisms of these coinfections. Key objectives should include analyzing the impact
of coinfections in human fascioliasis on infection duration, transmission risks, clinical
symptoms, pathogenicity, treatment efficacy and control strategies. Factors such as the time
interval between the first infection by a parasite and the second infection by another para-
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site, the order of infection (which was the first infecting parasite and which one the second),
the coinfecting parasite species, the dose of the infectious agents, host age at the time of
infection and host age at the time of the diagnosis are relevant factors to be considered.

The patterns identified in this study, while descriptive, are of broad interest and may
aid in better identifying fascioliasis coinfections for optimal antiparasitic treatment and
control. These findings might also contribute to improving guidelines for drug prescription
in preventive chemotherapy for high-risk populations.
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