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Preface

Neglected Tropical Diseases (NTDs) constitute a significant part of the total disease
burden in South Asia. A high burden of NTDs in South Asia has affected economic
progress of countries in this region. The content in this book has been decided to
give an overall view of the NTDs in South Asia. The NTDs of South Asia include
the soil-borne helminth infections, vector-borne viral infections, parasitic infections
and bacterial infections. The major NTDs are restricted to a particular area of the
developing or underdeveloped nations, and a few of them infect globally in certain
climatic conditions. The neglected viral infections like Kyasanur Forest Disease
(KFD) were earlier reported to be restricted to Karnataka in India, but this infection
has also been recently reported in Kerala and Maharashtra in India. This is the one
example suggesting the spread of NTDs. The table of content of the NTDs of South
Asia includes the most common neglected viral, bacterial and protozoan infections,
which results in the compromise of the health and well-being of any society. The
investors do not see a big market for the medicines related to the NTDs from a profit
point of view. Therefore, the NTDs rarely attract the attention of investors for NTD
drug development, compared to other infectious diseases. South Asian countries
must make efforts on developing the next generation of drugs, diagnostics and
vaccines for NTDs. There is a need for public—private partnerships to develop new
drugs and diagnostics for NTDs to serve the population. The proper management of
NTDs can reduce the mortality and disability-adjusted life year (DALY) of the
persons suffering from NTDs. There is a need to strengthen the public health
systems in the areas/communities suffering from NTDs by utilising the need
based on affordable and sustainable control measures.

NTDs contribute to social and economic burden due to the social stigma,
physical disabilities, discrimination and malnutrition associated with NTDs,
which lead to unemployment and poverty and affect the community’s social and
economic development adversely.
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There is need of incremental advance in efforts being made in controlling,
eliminating or eradicating NTDs. More efficient and proactive healthcare systems
with easy access to affordable medicines are required for proper management of
NTDs in South Asia.

Varanasi, India Sunit K. Singh
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Abbreviations

AVL Anthroponotic visceral leishmaniasis
CL Cutaneous leishmaniasis

DALY  Disability-adjusted life year

IRS Insecticide residue spread

MCL Mucocutaneous leishmaniasis

NTD Neglected tropical diseases
PKDL  Post-kala-azar dermal leishmaniasis

PV Parasite-containing vacuole

rK39 Recombinant kinesin 39 amino acid repeats
rKE16  Recombinant kinesin antigen from L. donovani
VL Visceral leishmaniasis

ZCL Zoonotic cutaneous leishmaniasis

1 Global Overview of Leishmaniasis

1.1 Disease Types

Leishmaniasis is a complex disease caused by Leishmania infection, producing
variable clinical symptoms, e.g., cutaneous, mucocutaneous, and visceral leishman-
iases [1-3]. Cutaneous leishmaniasis (CL) caused, for example, by Leishmania
major/L. tropica is marked by the appearance of skin lesion in various forms, which
are often innocuous and self-healing, while mucocutaneous leishmaniasis (MCL)
caused, for example, by L. braziliensis is a protracted disease, resulting sometimes
in facial disfigurement of the ear, mouth, and nose. Neither CL nor MCL is life-
threatening per se. Only in non-healing case has death of these patients been
reported due to secondary infections or other causes, e.g., suicide as a result of
unbearable psychological stress. Visceral leishmaniasis (VL) caused by
L. donovani/L. infantum is far more severe. It is often fatal, if untreated, resulting
from systemic and progressive infection of macrophages by Leishmania in the
reticuloendothelial systems or lymphoid organs, chiefly the spleen, liver, and
bone marrow. Disorders of hematological and hepatosplenic functions are thus
the clinical manifestations of VL, including hepatosplenomegaly, fever, anemia,
leucopenia, hypergammaglobulinemia, and cachexia. The development of all leish-
maniases follows a chronic course lasting for months and sometimes years.

1.2 Disease Incidence/Distribution

Leishmaniasis is very widespread, currently putting a world population of >350
million at risk with up to ~1.2 million cases at a death rate in the tens of thousands
per year [4]. Of the 16 categories of neglected tropical diseases (NTD) assessed for
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the period from 2005 to 2013, leishmaniasis ranks next only to malaria as the
second worst in the age-standardized DALYs (disability-adjusted life years) and
second only to dengue fever in the rate of DALY increase from 5.7 to 5.9 million
[5]. In 1985, historical, parasitological, clinical, epidemiological, and control pro-
gram information was compiled for the endemic areas in the Indian subcontinent,
the Middle East, Central Asia, North and East Africa, China, Europe, and Central
and South America [6]. Recent efforts published in 2012 have yielded bionomic
data of leishmaniasis with more details for each of the ~100 countries or territories
included [4]. There are still endemic areas, e.g., West Africa, where information is
not readily available in any detail, indicating that leishmaniasis is still more
pervasive and entrenched than is known.

Leishmaniasis is a disease of poverty and often flares up in areas of low
endemicity into epidemic proportion due to natural or man-made disasters, includ-
ing famine, drought, flood, earthquakes, and wars. This is currently most evident in
Sudan, Iraq, Syria, and Afghanistan where military conflicts further trigger refugee
migration in droves, thereby bringing the disease into neighboring countries and
beyond.

1.3 Transmission

Leishmaniasis is a vector-borne disease, which is transmitted by the blood-feeding
female sand fly of different species in various locations (Fig. 1, Lower). There are
hundreds of different sand fly species, of which dozens serve as the vector of
leishmaniasis in different endemic sites [7]. Sand flies are inconspicuous, fragile,
and hairy winged dipterans, similar to, but smaller than, mosquitoes in size. For
epidemiological surveys and other studies, these flies are captured in the field by
CDC-light trap, suction pump, and sticky paper at dawn and at dusk when they are
active. The distribution of the vector species coincides well globally with that of the
disease. The disease is largely a zoonosis and is considered as an anthroponosis in
few places where reservoir animals have not been found, e.g., Indian VL. The
animals, which are recognized as reservoirs, include rodents; domestic and wild
dogs or canids, such as fox; and other wild animals, like sloths in South America
and possibly hares in Eurasia (Fig. 1, Upper). Humans acquire infection when
stepping into the sylvatic cycle of ongoing transmission by vectors among the
reservoir animals. The most well-established and best-studied reservoir for
human VL is dog in the Mediterranean basin, Brazil, and many other places of
low endemicity where this animal suffers from canine leishmaniasis with clinical
manifestations akin to human CL and VL. Transmission of leishmaniasis has been
reported on rare occasions via blood transfusion, coitus and accidental inoculation
via contaminated needles, but not by oral or respiratory route. Risk factors for
natural transmission include exposure to infected sand flies in the endemic areas,
human genetic factors, malnutrition (Cf. Appendix—Box 1), immunosuppression
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Fig. 1 Diagrammatic depiction of Leishmania transmission cycle. Upper, Amastigote stage,
which lives intracellularly as non-motile entities in macrophages of infected mammalian hosts,
i.e., human/animal reservoirs. “?”, Hare as a potential reservoir. Lower, Promastigote stage, which
lives as motile flagellated forms each with an anterior flagellum in the gut lumen of female sand
fly. Modified from: Chang KP 2012 Leishmaniasis. Encyclopedia Life Science, John Wiley &
Sons, Ltd. www.els.net
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of individuals after organ transplantation or due to AIDS/other infectious diseases,
and needle sharing among drug addicts.

Life Cycle Stages The life stages of Leishmania in the transmission cycle are
depicted in Fig. 1. The mammalian stage is known as amastigotes—nonmotile round
to oval bodies, which live and replicate in the macrophages of infected mammalian
hosts (Fig. 1, Upper). Infected cells provide the source of amastigotes for infecting
additional host cells, accounting for metastasis of the infection. As the female vectors
take blood meals from infected hosts, they pick up infected cells. The amastigotes are
released from these cells and differentiate into the insect stage or motile promastigotes,
which replicate extracellularly in the alimentary canal of the vector, giving rise to
different morphological forms (Fig. 1, Lower). Some promastigotes differentiate into
infective or metacyclic forms, which migrate to the proboscis or mouth part and are
delivered into the skin of the mammalian host as the vector takes blood meal. During
this cyclic transmission, Leishmania undergo differentiation in the two different hosts,
thereby remaining parasitic throughout their life. In each cycle of transmission,
Leishmania remain much longer as intra-macrophage amastigotes in the mammalian
host than as extracellular promastigotes in the vector. This is made obvious by the
disparity between insects and mammals in their respective life span.

1.4 Diagnosis

Detailed accounts for this are available in a number of recent papers [8—11], which is
summarized very briefly as follows. Visualization of parasites in the clinical samples
from symptomatic patients constitutes the time-honored gold standard for definitive
diagnosis of leishmaniasis. The routine procedures for this include microscopic
examinations of fresh or Giemsa-stained smears of lesion aspirates for the presence
of amastigotes and/or cultivation of the samples in suitable media for their differen-
tiation into and/or replication as promastigotes. These century-old practices have
been gradually replaced by less cumbersome and more sensitive and specific
methods, i.e., serodiagnosis for the presence of Leishmania-specific antibodies or
circulating antigens and by PCR amplification of Leishmania-specific DNAs. The
pros and cons of these diagnostic methodologies have been thoroughly reviewed for
their relative merits with reference to the gold standard of parasite visualization.
Worthy of special mention is the chromatographic strip of amastigote-specific
recombinant antigens (rK39) that was developed first by SG Reed and his colleagues,
as it is highly sensitive and specific for the diagnosis of Eurasian VL [12]. The strips
have been successfully field deployed in dipstick format for reaction with a drop of
blood to facilitate on-the-spot diagnosis. Under development are more sensitive and
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specific serological and molecular diagnostics suitable for use with samples that are
readily available for collection by noninvasive means, e.g., saliva and urine [13].

Adequate methodology is thus available for definitive diagnosis of leishmania-
sis—a prerequisite not only for treatment decision but also for assessing incidence
of the disease relevant to designing control strategies. However, the current mea-
sures for both disease prevention and treatment are inadequate and require urgent
attention, as noted from the descriptions in the following sections.

1.5 Prevention

This is the most desirable measure for any disease control but has not been fully
exploited for deployment to control leishmaniasis. At least some of the preventive
approaches are amenable to or favorably disposed for implementation in principle.
Summarized below are the available approaches and the status of their application
to the prevention of leishmaniasis.

1.5.1 Vector Control

Vector control to disrupt the transmission cycle is routinely practiced for curbing all
vector-borne diseases. To control sand flies needs to target their adults, since the
breeding site for the larval stage remains obscure. This approach has been put into
practice in most control programs for leishmaniasis, including the use of insect
repellents, insect repellent-/insecticide-impregnated bed net, insecticide residue
spray (IRS) to kill domiciliary sand flies [14—16], and/or insecticide-impregnated
dog collars [17]. Applicability of these approaches varies widely with the condi-
tions in different endemic areas as much as the effectiveness of their execution.
Vector control has inherent limitations to prevent leishmaniasis. For example, such
approaches are impractical for controlling wild species of sand flies, which are too
widely distributed often in vast areas of open field to control. Toxicity of insecti-
cides in use and the development of insecticide resistance by the vectors present
additional obstacles. Better approaches are clearly needed to control sand flies
safely and effectively, for example, by developing biotechnology for genetically
modified vectors (GMO) [18], such as those under study for mosquito control, and
by exploring the relatively safe and resistance-averting photodynamic insecticides
[19]. These new approaches however await further studies to assess their feasibility
in conjunction with a better understanding of the vector biology.

1.5.2 Reservoir Control
Reservoir control is inherently difficult, especially in endemic areas where trans-

mission is zoonotic via wild animals. Control of reservoirs is impractical in many
places, e.g., Central and South America, where a diverse group of different wild
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animals with complex ecology appears to serve in that capacity [20]. In Central
Asian steppes, mechanical destruction of rodent burrows and the use of poisoned
baits were applied to control great gerbil as the known reservoir for simple CL
caused by L. major [21]. Similar measures were contemplated for the control of
hyrax as the reservoir of CL caused by L. tropica in East Africa. Implementation of
such measures is, however, impractical beyond the immediate surrounding of
human habitats, thereby leaving the sylvatic cycle of transmission unchecked in
the vast uninhabited area. In endemic areas where dog is the proven reservoir,
reduction or elimination of its population has been shown to reduce the incidence of
human VL [17, 22]. This approach also has the limitation of being unsustainable for
several reasons. One is the difficulty to permanently eliminate both stray and owned
dogs due to their mobility from one location to another. Another reason is the
difficulty of controlling wild canine species from serving as additional reservoirs.
Also, objection has been raised against dog culling based on humanitarian ground.
Nevertheless, control of dog population is accepted as a preventive measure of the
control programs in endemic sites where canine VL coexists with human VL. When
human is the only known reservoir in the case of anthroponotic leishmaniasis,
stringent observation of the operational stipulations to identify patients for treat-
ment is expected to break the transmission cycle effectively. Anthroponotic VL
(AVL) has been indeed eliminated from east and north China by this approach
[22]. In many endemic areas, infected, but nonclinical, cases exist, raising the
possibility that these healthy carriers may play a role as a potential reservoir in
addition to post-kala-azar dermal leishmaniasis (PKDL). This issue is significant in
Indian kala-azar where many asymptomatic cases have been reported [23-26].

1.5.3 Vaccination

Vaccination is the best preventive measure, but vaccines are not available to protect
human population against leishmaniasis. This approach has long been thought as
very feasible, considering that patients invariably acquire lasting or lifelong immu-
nity after natural or chemotherapeutic cure. The recent explosion of reviews written
on this topic is indicative of the intense interests in the development of vaccines
[27-33]. Readers are referred to these reviews for the history of past successes and
failures and for details of the current attempts. It suffices to mention here the earliest
form of vaccination and the latest development in the field. Inoculation of healthy
individuals with lesion-derived live parasites in a hidden place is the crudest form
of vaccination for simple CL. This is known as “leishmanization” that has been
practiced for millennia to protect individuals from the potentially facial disfiguring
CL in the Middle East and Central Asia. “Leishmanization” is effective but
unacceptable unless accomplished without a full-blown disease. Clearly, vaccines
need to be developed with optimization of not only their safety and ease of
production but also efficacy for both human and canine leishmaniasis. In a recent
US NIH-sponsored workshop, candidate vaccines for VL are listed, including
recombinant peptides and adjuvants, cDNA, and whole-parasite vaccines [30].
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Of particular interest is the target product profile (TPP) analysis by modeling various
relevant parameters available, for example, in the VL-endemic Bihar, India. The ideal
vaccine based on such analysis is expected to cost $5 or less per dose with 70%
efficacy, regardless of the duration of protection [30]. The current course to evaluate
the safety and efficacy of vaccine candidates in the pipelines is too arduous to expect
rapid progress. Adaptation of fast-track preclinical and clinical trials will ease the
constraints to expedite the development of an ideal vaccine.

1.6 Treatment

This subject also requires significant attention, especially for the potentially fatal
VL, as indicated in recent reviews [34—37]. The mainstay of treatment for leish-
maniasis is chemotherapy, but none of the drugs in use was specifically designed
and developed for treating this disease, i.e., antimonials (meglumine antimoniate or
Glucantime®, sodium stibogluconate or Pentostam®), miltefosine, pentamidine,
amphotericin B, ketoconazole, and paromomycin [38, 39]. The antimonials remain
to be the first-line drug of choice for VL treatment, even though they are decades
old, and the mode of action remains basically unknown. In addition, the develop-
ment of antimonial resistance necessitates their prolonged use at extremely high
dosages, resulting in significant side effects of death from kidney and/or heart
failures. The antimonial dosages for treating VL have increased from 20 mg/kg
daily for 1-2 weekly courses (still in use in the nondrug-resistance areas) to 30 mg/
kg daily for 30 days or longer continuously in places like Bihar, India. Although
antimonials have not been used for more than a decade in this hyperendemic area,
78% of the recent clinical isolates are still antimonial resistant to a variable extent
[40]. The other anti-leishmanials listed are mostly repurposed anticancer, antifun-
gal, or antibacterial drugs (e.g., [41]). Resistance of VL patients to the treatment
with these drugs is also emerging (e.g., [42, 43]). Amphotericin B-liposome
(AmBisome®) is reported as curative by a single dose administration, but it is
still too expensive for general use in endemic areas of poverty. The current strategy
to alleviate the problems of drug resistance and toxicity is a combination use of two
different drugs each at a lower dosage. Of particular relevance to mention is thus the
recent advance in identifying proteosomal protease of Leishmania and other pro-
tozoan parasites as a specific drug target by screening ~1 million small molecules
[44]. This would be the first specific anti-Leishmania drug, should it be successfully
developed into a product for clinical use.

Chemotherapy of simple CL faces the dilemma of its necessity, considering the
tendency of its spontaneous self-resolution. Treatment is given to hasten the
healing, thereby minimizing the scar formation and promoting herd immunity,
i.e., reducing the infected population as a potential source of parasites for spreading.
Treatment of protracted or non-healing CL/MCL also faces the problems of
patients’ unresponsiveness to the medication. Alternative approaches for treating
CL are available by using physical means, e.g., cryotherapy, thermotherapy by
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using radio wave-generated heat [45], and photodynamic therapy. These types of
physical therapy for CL are still under trial for efficacy evaluation.

1.7 Epidemiology Mathematical Modeling

Advances have been made to develop algorithms for analysis of clinico-
epidemiological data of leishmaniasis, including remote sensing and geographic
information system or GIS technologies, to estimate or predict risk factors, disease
burdens and spreading, and efficacies of various control measures [46-51]. Appli-
cations of mathematics to the analysis of available information are expected to
contribute significantly to the development of more effective control programs. It is
important to provide numerical measurements for all the variables of the disease as
guidelines to facilitate policy, budgetary, and management decision making. Effec-
tive collections of demographic, environmental, vector, reservoir, and clinical
information are essential to construct a robust database for such analysis to improve
the evaluative and predictive potentials of the available software programs.

1.8 Control Programs

Programs have often been developed under the aegis of WHO to control leishman-
iasis in endemic countries [52]. Expert committees are organized by the responsible
agencies to strategize detailed plans for operational managements and assignment
of responsibilities. Budgets are drawn for appropriation by the governments of
concern and sometimes supplemented by programs from not-for-profit domestic
and/or international organizations. Control programs usually include the following
components: (1) screening endemic populations for leishmaniasis to identify
patients (active case detection); (2) treatment of the identified patients; (3) vector
surveillance and control; (4) where applicable, dog control; and (5) annual surveil-
lance of patient, vector, and reservoir populations for program evaluation. The
success of the control programs has been shown by a reduction in the annual
incidences of leishmaniasis in some countries. Only in China has elimination of
VL been reported with some measure of success by the implementation of an
integrated program that was launched in ~1950 and ended in ~1960 [22]. Compo-
nents of the program include a combination of the aforementioned measures:
diagnosis of the endemic populations to identify patients for antimonial chemo-
therapy, vector control, and dog elimination. As a result, the anthroponotic VL was
eliminated in the east and north areas of high endemicity, but AVL and zoonotic VL.
of the mountain type (dog as the reservoir) and desert type (hare as the possible
reservoir) have persisted until today in the western regions. It is apparent from the
experiences of this control program that anthroponotic VL can be eliminated even
by using antiquated methodology, while zoonotic VL is difficult to control.
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2 Leishmaniasis in South Asia

2.1 Clinico-epidemiological Types

Figure 2 is a sketch map to delineate the general endemic areas of both CL and VL
reported in South Asia. Briefly summarized below are the epidemiological and
other specific information reported for seven different disease types (color coded):

1. Anthroponotic VL (red) caused by L. donovani and transmitted by
P. argentipes is the most severe, representing bulk of the incidence and mortality
in the world record estimated for this disease [4]. The endemic region covers a
large area, consisting of the northeastern part of India, including Bihar, Jhar-
khand, Uttar Pradesh, and West Bengal, the southern portion of Nepal and
Bhutan, and the western part of Bangladesh [10, 39, 53-56]. Indian AVL, also
known as kala-azar (black fever), has a long history going back to the British
colonial period [57]. The causative agent for AVL was first discovered in India
and named after the British military commanding officers: Lieutenant General
Sir William Boog Leishman and Major Charles Donovan [58]. The AVL in the
adjacent countries has not attracted much attention until recently.

2. Zoonotic VL (orange) caused by L. infantum with dog as the reservoir has long
been reported sporadically in the sub-Himalayan Kashmir, northern Pakistan
[59], and almost certainly also in the bordering northwestern India. The occur-
rence of canine leishmaniasis in this area is reminiscent of Mediterranean
infantile VL, although the vector has not been fully identified.

3. Anthroponotic CL (green) caused by L. donovani s.l. and also transmitted by
P. argentipes was discovered more recently to occur throughout the inhabited
area in Sri Lanka [60—63]. Lesion appears in various forms, as described for all
CL, and responds poorly to antimony therapy but heals eventually with the
expected Th2 to Thl switch [64]. Reservoir animals are unknown, although
rK39 seropositive dogs were reported. The CL previously reported in Kerala in
the southwest tip of India probably has an epidemiology [65] similar to that in
Sri Lanka. In both locations, VL has been reported in small numbers and was
thought to result from the infection by the same parasite that causes CL in Sri
Lanka [66]. Genomic sequence comparison between L. donovani s.1. and Indian
L. donovani revealed numerous single base substitutions but also a difference in
the copy number of A2 genes, being slightly higher in the latter [67], consistent
with previous findings for the involvement of these genes in viscerotropism [68].

4. Anthroponotic CL (pale yellow) caused by P. sergenti-transmitted L. tropica
has been reported in Rajasthan in northwestern India [69, 70]. The ACL extends
into the adjacent region of Pakistan [71] and has a similar epidemiology to that
straddling the border between Pakistan and Afghanistan [72].

5. Zoonotic CL (purple) caused by P. saheli-/P. papatasi-transmitted L. major has
long been reported as widespread in the central, west, and southwest of Pakistan
[73] extending in continuum with the endemic sites in eastern Iran and perhaps
southern Afghanistan. Few incidences of this ZCL have also been reported in
Rajasthan.
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Fig. 2 Distribution of different types of leishmaniasis in South Asia. A template of the map
(http://www.d-maps.com/carte.php?&num_car=32159&lang=en) is colored to approximate the
endemic areas of different leishmaniasis. Red, VL and PKDL due to L donovani in India,
Bangladesh, Nepal and Bhutan; Orange, sporadic infantile VL in northwest India, Kashmir and
Pakistan; Blue, CL due to L. infantum and/or L. tropica in the Satluj river valley; Light brown, CL
due to L. tropica in Rajasthan, India, adjacent Pakistan and at its border with Afghanistan; Purple,
CL due to L major in coastal Pakistan and neighboring Iran; Green, CL due to L donovani s.l. in Sri
Lanka and Kerala, India; Cherry, CL/VL due to L enriettii in Thailand and its border with adjacent
countries. Note: Colors mark the general areas of leishmaniasis

6. Zoonotic CL (blue) caused likely by L. infantum and/or L. tropica with dog as
the possible reservoir appears in the Satluj river valley of Himachal Pradesh,
India [74, 75]. The CL cases are quite numerous in the villages along the river.
Cultivation of Leishmania from the cutaneous samples of these subjects proved
difficult, yielding few promastigotes refractory to subculture. Analysis of PCR
products from such materials revealed sequences, indicative of L. infantum or
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L. tropica or a mixture of the two [76]. Dog serum samples are rK39 positive,
suggestive of its reservoir potential. Few cases of typical Indian AVL have been
reported among the migrant workers from Bihar in the area. From these VL
patients, L. donovani was readily grown in contrast to those from the CL cases.

7. CL (cherry) caused by members of the L. enriettii complex (L. siamensis
s.l. and L. martiniquensis s.l.) has occasionally been reported in Thailand
[77]. There is evidence of Leishmania-HIV coinfection [78]. The existence of
similar leishmaniasis is expected in the neighboring countries, judging from the
reports of its incidences along the border of Thailand with Myanmar [79],
Cambodia, and Malaysia. Investigation is ongoing to confirm the suspected
vectors and reservoir [80]. Imported cases of VL and CL have also been reported
from the region.

The brief introduction of leishmaniasis in South Asia serves to illustrate the
complexity of leishmaniasis in this region. There are clearly very different epide-
miological types, almost like a microcosm of this disease complex in the world,
although most of them have not received sufficient attention for detailed investi-
gation. Readers will find available information in the literature cited.

2.2 Indian Kala-azar or visceral leishmaniasis

Indian Kala-azar or AVL commands the greatest national and international atten-
tion because of its high incidence and mortality, as already mentioned, particularly
in Bihar as the epicenter at present. Indian subcontinent accounts for nearly 70% of
world’s AVL cases, amounting to several hundred thousand annual cases. India has
the world’s highest national incidence, Nepal and Bangladesh being the next.
Together, at risk of acquiring AVL is ~200 million of the population in these
three countries. In Bhutan, AVL is sporadic and widely dispersed.

During the long period from the discovery of AVL in the early twentieth century
until now [57, 58], an enormous amount of observations and experiences has been
garnered for all aspects of AVL in India. Information derived from this rich history
of investigation has thus provided the foundation knowledge invaluable for the
study of AVL worldwide. Readers are referred to the extensive reviews cited in this
article for different aspects of Indian kala-azar. Given below are very brief accounts
of some specific points of interest.

2.2.1 Clinical Features

Figure 3 illustrates the salient features of Indian kala-azar: palpable or marked
splenomegaly as the most noticeable symptom of life-threatening VL (Fig. 3a, b)
and perioral macules and papules as the rather innocuous manifestation of PKDL
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Fig. 3 Patients of kala azar with splenomegaly (a, b) and post-kala azar dermal leishmaniasis with
macular rash around the mouth (¢, d) in Bihar, India. Photos taken in 1995 during visits to kala azar
clinics courtesy of Sarman Singh (a) and supplied by Shyam Sundar (b-d)

(c, d). PKDL has been reported to occur in 5-10% of the Indian VL patients after
chemotherapeutic cure but also independently of VL. Whether PKDL is the carrier
or reservoir of L. donovani for AVL is a matter of some controversy [81]. Whether
VL and PKDL are caused by the same parasite strain has not been firmly
established, resulting mainly from the small sample size of PKDL examined. This
is due in part to the difficulty of growing promastigotes from PKDL samples. In
addition, the relative innocuity of PKDL provides little incentive for patients to visit
the clinics and, when they do, to grant consent for facial sample biopsies.
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2.2.2 Splenic Aspiration, Bone Marrow Puncture, and Serodiagnosis

Biopsied samples of infected tissues are used for direct visualization of amastigotes
by microscopy for diagnosis when other means are not available, fail, or require
confirmation. Infected tissues were collected from Indian patients by splenic aspi-
ration (Fig. 4a, b) or bone marrow puncture (c, d), both requiring skills acquired

Fig. 4 Diagnosis of kala azar. Splenic aspiration (a, b) and bone marrow puncture (c, d) samples
for cultivation in NNN medium and/or by microscopy of smears for the presence of amastigotes.
Photos taken in 1995 during visits to kala azar clinics courtesy of Shyam Sundar (a, b) and Sarman
Singh (¢, d). (e) Serodiagnosis of kala azar with rK39 dipsticks. A drop of blood was placed in the
absorbing pad at the bottom for upward migration. Positive diagnosis of kala azar is indicated by
the appearance of double reaction bands (single and double arrows) and negative by the appear-
ance of a single band (single arrow in sample four from the top). The developed bands can be read
more clearly by removing the bottom of the dipsticks along with the slow migrating hemoglobin,
which tends to obscure the reading (bottom four samples)
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through considerable clinical experience to minimize potential complications and
pains. Collection of these samples is indispensable for laboratory research. They are
needed for direct use in clinical pathology/immunology investigation and for
preserving the isolates in culture. For the latter purpose, infected tissues are
inoculated into susceptible animals and/or into culture media for Leishmania
replication. Successful passages of the isolates successively in vivo or in vitro
facilitate their preservation and amplification to provide the large sample size
often needed for many types of laboratory research.

Diagnosis of Indian kala-azar has been based on less invasive serology, such as
the use of rK39 dipsticks (Fig. 4e), which requires only a drop of blood. Diluted
blood is deposited on the bottom absorbing pad, whence serum immunoglobulins,
including anti-K39 antibodies, migrate upward to react with incorporated reagents,
producing the color products visible for reading in minutes. The emergence of two
bands is indicative of the presence of anti-K39 IgG, hence positive diagnosis for
kala-azar (upper three strips); the appearance of a single band validates the dipstick
used but shows no detectable anti-K39 IgG and thus kala-azar negative (fourth strip
from the top). The reaction bands remain readable after storage for >10 years when
the bottom portion of the developed dipsticks is cut off to prevent their obscuration
by the slower migrating hemoglobin (bottom four strips). The rK39 and similar
rKE16 dipsticks are the principal method in clinical use for diagnosis of kala-azar
with excellent specificity and sensitivity in India, as found elsewhere in Eurasian
continent. Recently cured VL patients and asymptomatic subjects are also seropos-
itive for rK39, precluding its use for prognosis of kala-azar in these cases.

2.2.3 Kala-azar Elimination Initiatives

Some of the measures described in Sect. 1.8 have been deployed in an attempt
to control AVL over the decades in India. Epidemic kala-azar has however persisted
with cyclic outbreaks at places in the Indian subcontinent, calling attention to an
urgent need to tackle this tenacious problem with renewed vigor. In 2005, AVL
elimination strategic plans were unveiled for implementation, as declared in the
memorandum of understanding that was jointly signed initially by India,
Bangladesh, and Nepal and later also by Bhutan and Thailand [52]. The declaration
pledged to implement the programs with a targeted goal of reducing the incidence to
<1 per 10,000 in 10 years. Financial, technical, and manpower resources were
mobilized by national and international agencies of both public and private sectors
in support of the efforts. As a result, the incidences have been substantially reduced,
especially in Nepal and Bangladesh. This initial success is highly significant,
providing the impetus to continue the efforts for completing the unmet goal.

The best-documented plan that followed is the “National Road Map for Kala-
azar Elimination” [82] that was published by the National Vector Borne Disease
Control Programme (NVBDCP), Minister of Health and Family Welfare, India, in
2014. The document (55 pages) was thoughtfully prepared with meticulous details
in collaboration with stakeholders, consisting of those in the endemic states of
India, e.g., ICMR- and CSIR-affiliated institutes (see below), and the regional
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health/public health offices and disease centers in Patna, Kolkata, and Lucknow as
well as international/foreign agencies, e.g., WHO [52], Drugs for Neglected Dis-
eases Initiative (DNDi) [83], Médecins sans Frontiéres (MSF) [84], and others.
Description of the plan is very thorough and in good order by covering every
imaginable action needed to take at the time, including HIV coinfection. Most
commendable is the inclusion of previous flaws for corrections, such as incomplete
or tardy execution of prescribed plans due to late arrival or reduction of the
budgeted funds. The vector control with DDT, long banned in many countries, is
a glaring surprise, but it also indicates that cost-effective insecticide is not available
as a suitable alternative. Replacement of DDT with pyrethroids has been indicated.
The “National Road Map” does not address the issue of coordination for concerted
actions with neighboring countries (but see [85]). Nor does it cover other types of
existing leishmaniasis summarized in Sect. 2.1. Overall, this is a comprehensive
strategic plan, which is expected to fulfill the stated missions toward its targeted goal,
if implemented in full. This assessment is consistent with the evaluation of disease
burdens, transmission dynamics, and other epidemiology/public health modeling by
internationally renowned experts [53-56, 86].

3 Experimental Leishmaniasis

Leishmania infection to cause leishmaniasis as described has not been examined in
a natural setting from parasite delivery by the sand fly bites to the subsequent
evolution of the disease at cellular and molecular levels. The difficulty of examin-
ing such events in human or animal leishmaniasis in the field is obvious, necessi-
tating laboratory investigation of such host-parasite interactions. Pioneer
investigators have used human volunteers, often themselves, to verify Leishmania
infection as the etiology of leishmaniasis, its transmission by sand fly as the vector,
and its zoonosis in animals, e.g., dog as the reservoir. Further investigation of
human leishmaniasis has been constrained by logistic difficulties and regulatory
compliance, limiting it to clinical observations of already diseased patients, labo-
ratory studies of their cell/tissue samples, and clinical trials of anti-leishmanial
drugs and vaccines. Attempts to fill the knowledge gaps have relied on laboratory
studies of cultured parasites and their interactions with the laboratory-reared vec-
tors and animal models. For decades, such experimental studies of Leishmania/
leishmaniasis have produced voluminous publications. Given below are a brief
summary of investigation on Leishmania and host-parasite interactions in in vitro
and in vivo experimental models.

3.1 Causative Agents

The ease of isolating Leishmania from field-collected samples in culture varies
widely, ranging from very difficult or rarely successful in some endemic sites to
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highly successful at a high rate (albeit rarely 100%) elsewhere. Information given
below is based on the work with cultured parasites.

3.1.1 Cell/Molecular Biology

Leishmania are microscopic single-cell eukaryotes or trypanosomatid protozoa,
each containing a full complement of the typical eukaryotic cell organelles:
nucleus, nucleolus, mitochondrion, Golgi, lysosomes, and endoplasmic reticulum.
Unusual cell organelles found in Leishmania include glycosomes [87] and
acidocalcisomes [88], responsible for partitioning of the glycolytic pathway and
calcium storage/mobilization, respectively. Unique to this group of protozoa are
also the subpellicular microtubules as cytoskeleton and the anterior flagellar pocket
equivalent to the food vacuole in other eukaryotic protists. A single flagellum
originates in the flagellar pocket from kinetosome or centriole, which is located
in the cytoplasm just above the kinetoplast that is packed with mitochondrial
circular DNAs concatenated in large copy number. Stainability of the DNA-rich
kinetoplast by polychromatic dye (Giemsa) facilitates the identification of
amastigotes in tissue samples for diagnosis by microscopy. As amastigotes differ-
entiate into promastigotes, the flagellum extends beyond the flagellar pocket as the
cell body increases in length and in width. The principle function of the flagellum is
to propel promastigotes forward, responsible for their mobility in the fly gut and for
interactions with mammalian host cells to facilitate infection. The flagellum may
also serve as a sensor for nutrients, such as glucose, considering the presence of
flagellum-specific glucose transporter [89]. The lining membrane of the flagellar
pocket is endowed with endocytic activities and transport mechanisms, responsible
for the uptake of nutrients and drugs [90]. Leishmania replicate as diploid cells by
mitosis and produce no morphologically distinct or identifiable sexual stages,
although genetic recombination has been shown experimentally to occur as a rare
event [91].

Leishmania are aerobic cells with many biochemical peculiarities. Most prom-
inent is their inability of de novo purine and heme biosynthesis, rendering them
dependent on the uptake of these or their precursor molecules as essential nutrients
apparently from exogenous sources in their natural habitats (Cf. Appendix—Box 2),
i.e., fly gut and the phagolysosomes of the mammalian macrophages. The metabolic
pathways unique to Leishmania include the biosynthesis of unusual glycans,
phosphoglycans, proteophosphoglycans, and lipophosphoglycans (LPG), which
together with glycoproteins (leishmanolysin, gp63 protease) form the cell surface
glycoconjugates. Bulk of these molecules is downregulated during promastigote-to-
amastigote differentiation, suggestive of their functional significance in the insect
stage and in its early interactions with host cells in the mammalian hosts. Leish-
mania-unique molecules or pathways are ideal targets to develop specific and
effective drugs against leishmaniasis, but such rationale approach has never been
seriously contemplated for lack of resources.

In general, the haploid genome of each Leishmania is ~30 megabase pairs in
size. There are ~35 paired chromosomes, variable in size from several hundred base
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pairs to ~2 megabase pairs each. The genome of L. major was first sequenced to
completion in 2005. It consists of ~33 million base pairs, including >8000 putative
protein-coding genes, of which ~3000 are clustered into >600 gene families, all in
tandem repeats. Syntenic conservation of these repetitive gene clusters is evident as
complete genome sequences became available subsequently from additional spe-
cies for comparison (see [92]). Leishmania and related trypanosomatid protozoa
regulate gene expression differently. The evolution of highly repetitive genomes in
existence suggests that gene dosage effects provide a mechanism to constitutively
regulate gene expression. Rapid changes of the genes in copy number via poly-
ploidy, episomal, and chromosomal amplification are also likely to regulate their
expression, judging from the presence of transposon elements scattered among the
>2000 repetitive sequences per genome. Operationally during Leishmania growth
cycle and differentiation, pre-mRNAs are Pol II transcribed polycistronically
followed by their spliccosome-mediated trans-splicing into 5'-capped
monocistronic polyadenylated mRNAs. In Leishmania, the splicing events together
with UTR-mediated mRNA stability regulate the expression of >8000 protein-
coding genes, while the transcription of tDNAs is Pol I mediated and promoter
driven. Genomic, transcriptomic, and proteomic analyses have been completed for
a number of cultured species [93—102]. Rapid advances in the next-generation
sequencing and related technology are expected to further strengthen the genetic
and protein databases to facilitate the identification of drug and vaccine targets.

3.1.2 Phylogenetic Taxonomy, Population Genetics, and Evolution

Leishmania is divided taxonomically into subgenus Leishmania and Viannia,
consisting of some 20 different named pathogenic species, including those already
mentioned in the foregoing sections. Members of the Leishmania subgenus exist in
all continents, while those of the Viannia subgenus are limited to Central and South
America. Some species can cause diseases as described or those of intermediate
clinical symptoms. Several species are nonhuman pathogens but are normally the
parasites of gerbils (L. turanica), guinea pig (L. enriettii), or lizards (L. tarentolae).

Phylogenetic analysis of Leishmania sequences or isoenzymes from cultured
isolates segregates them into separate clades often corresponding to different
named species, regardless of the markers or probes used [103, 104]. Specific
Leishmania species/strains so identified in different endemic sites, however, do
not always produce the same disease phenotypes, independent of subspecies
sequence heterogeneity. For example, Leishmania cultured from CL patients in
some places were identified as L. infantum/L. donovani, which are associated
largely with VL in most places. Similarly, Leishmania grown from VL patients
were typed as L. tropica/L. major—the normally CL-causing species. This is also
the case often for members of the Viannia subgenus, causing either CL or MCL. At
least for those in the Leishmania subgenus, this genotype-phenotype incongruence
has been noted repeatedly, excluding inadvertent sample mixed-ups or other friv-
olous causes. Whether the selection of cultivable variants during isolation is
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associated with this incongruence is unknown, pending further investigation (see
Leishmaniome, Concluding remarks).

Subpopulation heterogeneity of individual Leishmania species collected and
grown from given endemic areas has been characterized by microsatellite and
other DNA analyses, predictive of their abundance, mobility, dispersal bottlenecks,
and evolutionary interrelationships [105]. Similar predictions have been advanced
for isolates cultured from Indian subcontinent based on whole-genome phyloge-
netic analysis [106]. The predictions from such studies are of interest and valuable
but remain tentative, since the sample size examined is relatively small and derived
from cultured promastigotes isolated from limited geographic regions. When
Leishmania DNAs were PCR amplified directly from clinical specimens, their
RFLP and sequence analysis sometimes yielded unexpected outcome, suggestive
of the presence of multiple species [107] or even other nonpathogenic
trypanosomatid protozoa, such as Leptomonas [108]. These findings raise the
possibility that the sequence database from cultured isolates may not be fully
representative of the causative agents in the patients, calling attention for a need
to examine field-collected samples directly. Parasites grown in culture may repre-
sent cultivable geographic stocks or cultivable clones from a given clinical sample,
leaving those non-cultivable ones unavailable for laboratory investigation.

3.2 Host-Parasite Interactions

Many in vitro and in vivo experimental models have been established for detailed
examinations of host-parasite interactions. Here, attention will be focused on few
examples of relevance to the main theme of this chapter.

3.2.1 Animal Models

All reservoir animals of zoonotic leishmaniasis, except domestic dog, are wild
species, which are difficult to breed in the laboratory. Animal models used for
experimental leishmaniasis thus have been limited to few laboratory animals:
largely various strains of mice, sometimes hamsters and dogs, and occasionally
primates [109]. The best animal model for VL or kala-azar caused by L. donovani is
the Syrian golden hamster. This parasite can be successively passaged as
amastigotes in these animals every month or two via i.v. inoculation, producing
heavy splenic parasite loads and clinical signs and symptoms closely mimicking
human VL (Fig. 5). However, PKDL does not develop in this or any other animal
model. Human CL also can be duplicated by needle inoculation of the footpad, ear
dermis, or tail base of various mouse strains, e.g., BALB/c with cultured
promastigotes of some strains/species, e.g., L. major, L. tropica, L. braziliensis,
L. mexicana, and L. amazonensis. The lesions produced can be self-healing or
non-healing and become protractedly necrotic.
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Fig. 5 Syrian Golden hamster in vivo model for experimental visceral leishmaniasis. Upper,
Control (non-infected) and hamster infected with Leishmania donovani (infected). The infection in
this model mimics the clinical signs and symptoms of chronic human kala-azar, e.g., anemia,
lethargy, cachexia, weight loss and death. Bottom, Splenic impression smear from a hamster
infected for >1 month, showing a macrophage replete with numerous amastigotes. Giemsa stain.
Upper panel photos courtesy of Dr. Anuradha Dube, CDRI, Lucknow, India

Mice are often used as a preferred model for studying mammalian
immunobiology in infectious and noninfectious diseases, including leishmaniasis
(e.g., [110]). This is chiefly due to the ready availability of immunological reagents
needed for qualitative and quantitative analysis of their immune mediators and cell
molecules. Equally important is the availability of knockout and knock-in mutants
of immunity-related genes that have been made easy and precise in mice, especially
with the recently developed CRYSPR/Cas9 technology. Experimental leishmania-
sis has been thus extensively studied in mice, contributing significantly to our
general understanding of the immune regulatory mechanisms. Examples include
the original discovery of Thl and Th2 dichotomy and the immune mediators and
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cells, responsible for mouse resistance and susceptibility to L. major. This line of
investigation has now been expanded to multiple paradigms involving additional
T-cell subsets. The outcome of such investigation is expected to further advance our
understanding on the regulatory mechanisms of both innate and adaptive immunity
[111], irrespective of their immediate relevance to human leishmaniasis.

Animal models for experimental leishmaniasis are needed for screening poten-
tial anti-leishmanial drugs and vaccines. These models, including mice, will be of
value also for the laboratory maintenance of Leishmania infection and amastigote
procurement.

3.2.2 Vector Models

A number of vector species, e.g., Phlebotomus papatasi, P. dubosqi, P. sergenti,
and Lutzomyia longipalpis, have been successfully reared in the laboratory, pro-
viding sand fly colonies for the study of vector biology, vector-parasite interactions,
and experimental transmission of leishmaniasis [7, 112]. Of considerable interest
are the immunological activities of the sand fly saliva proteins as vaccines/adju-
vants in experimental leishmaniasis [113—115]. Vaccination of animal models with
saliva antigens protects them from challenges with Leishmania delivered by the
bites of infected vectors [29, 116]. Such observations of fly saliva are novel, but
unique to experimental leishmaniasis, since there have been little or no similar
findings with other vector-borne diseases, €.g., mosquito-transmitted malaria.

3.2.3 Leishmania-Macrophage In Vitro Models

It has long been known that Leishmania parasitized patients by taking residence
exclusively in their macrophages—mononuclear phagocytes that normally ingest
and digest invading pathogens. Leishmania infection of primary cultures or cell
lines of human and animal macrophages thus has been extensively studied in vitro.
Figure 6 presents some essential elements and events of the infection in such
in vitro models, i.e., in vitro cultured promastigotes (a) and their transfectants
with green fluorescent protein (b), the attachment of promastigotes to macrophages
(c), and intracellular entry of promastigotes and their differentiation into
amastigotes in a parasitophorous vacuole (PV) (d, ). The intracellular amastigotes
of some species are amenable to isolation from heavily infected macrophages of the
J774 cell lines (Fig. 6f).

Leishmania infection of macrophages with different species shows common
features but also differences among different host-parasite combinations used.
Receptor-mediated endocytosis is generally accepted as the mechanism for the
entry of promastigotes into macrophages, involving the binding of promastigote
surface molecules, e.g., LPG and gp63, as the ligands with multiple receptors of the
macrophages examined [117-119]. Leishmania surface protease gp63 has been
proposed to suppress the induction of noncoding Alu RNA and 7SL
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Fig. 6 Leishmania-macrophage in vitro model for studying host-parasite cellular interactions.
(a, b) In vitro cultured promastigotes and their GFP (green fluorescence protein) transfectants,
respectively; (¢) Attachment of promastigotes to a hamster macrophage; (d, e) Differentiation of
endocytosed promastigotes into amastigotes and replication of the latter in a communal
parasitophorous vacuole of a macrophage; (f) Amastogotes isolated from infected culture of
J774 macrophage line. (a, d): Phase contrast; (b, e, f): GFP fluorescence; (c¢) Giemsa-stained
methanol-fixed sample

RNA-mediated inflammatory and cytotoxic activities of macrophages, thus favor-
ing the establishment of Leishmania infection in these otherwise hostile immune
cells [120, 121]. The endocytosed promastigotes end up in the endosome-lysosome
vacuolar system [122-124] (Cf. Appendix—Box 3 and Commentary) where they
differentiate into amastigotes and replicate in this acidic hydrolytic environments.
Indeed, under the conditions of lysosomal acidic pHs and mammalian body tem-
peratures, some Leishmania spp. do differentiate from promastigotes into
amastigotes and replicate continuously as axenic amastigotes in the absence of
macrophages. Recent evidence indicates that ferrous reductase/iron transporter
plays a role in Leishmania differentiation for successful intracellular parasitism
[125] and that a unique glycan with terminal N-acetylgalactosamine of L. donovani
plays arole in its infectivity to macrophages and antimonial resistance [126]. Leish-
mania infection suppresses the functions of macrophages, as indicated by the
unresponsiveness of infected cells to signals for immunity-eliciting events, i.e.,
respiratory burst, I[FN-y production, inflammasome activation, and antigen presen-
tation due to sequestration of MHC molecules to the parasitophorous vacuolar
membrane. Comparative analysis of the transcriptome profiles between infected
and noninfected macrophages has revealed these and other differences.
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The parasitophorous vacuoles (PVs) where Leishmania take residence for
replication are unique. They are not an exclusive or secluded intracellular site but
in continuum with the extracellular milieu of the infected macrophages via their
endocytic pathway. There are different types of PVs (Fig. 7): (1) fluid-filled large
PVs, each containing amastigotes in variable numbers (a); (2) small PVs, each
containing one to several amastigotes (b); and (3) tight-fitting PVs, each with a
single amastigote without visible vacuolar space (not shown). Fluorescent macro-
molecules, e.g., FITC-dextran endocytosed by infected macrophages, emerge in the
PVs, regardless of whether they are the large ones produced by L. amazonensis
(Fig. 7a—c) or the small ones by L. tropica (Fig. 7d, e). Similarly, infected macro-
phages may endocytose other substances, like hemoglobin or erythrocytes, and
shuttle them into the PV, thereby providing heme and other essential nutrients to the
Leishmania therein (Cf. Appendix—Box 2). Intra-PV amastigotes are thus nutri-
tionally less host cell dependent than obligate intracellular pathogens. This is
supported by the successful cultivation of some Leishmania species as axenic
amastigotes under host cell-free conditions.

Phase FITC Merged

Fig. 7 Accessibility of the endosome/lysosome-dwelling amastigotes to the extracellular milieu
of Leishmania-infected macrophages. (a and d) Large and small parasitophorous vacuoles
(PV) produced by Leishmaia infection of J774 macrophages, respectively. Addition of FITC-
dextran (MW = ~185,000) to the infected culture resulted in fluorescent PVs (b, ¢ and e, f). Such
intra-phagolysosomal parasitism is rare and has significance in nutritional requirements of intra-
cellular Leishmania, chemotherapy of leishmaniasis and host immunity
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Leishmania metastasis is typically depicted to result from the infection of
previously noninfected macrophages by amastigotes that are set free after the
disintegration of heavily parasitized cells (Fig. 1, Upper). An additional or alterna-
tive mode of metastasis has been proposed. Heavily parasitized, albeit still intact
macrophages may be recognized as degenerating or damaged cells by the immune
system and thus marked for clearance by “scavenging phagocytosis.” Metastasis of
amastigotes in this way has the potential advantages of allowing them to avoid
leishmanolytic factors present in the extracellular milieu and to infect multiple host
cells simultaneously.

3.2.4 Future In Vitro and In Vivo Models

The in vitro studies of host-parasite cellular and molecular interactions have made
considerable head way with the advent of new molecular, immunological, and
imaging tools. Together with the in vivo animal models, the use of these tools has
created a rich source of imaginative ideas in conjunction with the advances in
immunobiology. The early host-parasite interactions are clearly a critical phase in
natural infection to set the stage for the development of leishmaniasis. Exactly how
the parasite, vector, and host molecules interact for Leishmania to achieve a
successful parasitism still remains enigmatic (Cf. Appendix—Box 3 and Commen-
tary). Attention has been devoted to many different areas of investigation, espe-
cially the signal pathways of toll-like/nod-like receptors in innate immunity. The
intricacy of such pattern/danger recognition systems in relation to the adaptive
immunity to Leishmania has been under intensive investigation [127]. Two addi-
tional areas of relevance are worthy of mention. One is the intervention of other
nonimmune and immune cells in the initial host-parasite interactions, including the
early responding neutrophils [128]. Another is the discovery of exosomes, which
were reported to originate from Leishmania and/or Leishmania-infected cells for
delivery of mediators to regulate the activities of distant immune cells [129]. These
interesting laboratory observations await further investigation for extrapolation to
natural infection. Laboratory findings like these have the potential to provide
explanations for and may lead to clinically relevant applications. One example is
the therapeutic effectiveness of amphotericin B that is dramatically enhanced when
encapsulated in liposomes. This is due in large part to their increased endocytic
uptake by infected macrophages, thereby targeting the drug specifically to the
amastigotes in their PV, like FITC-dextran as shown in Fig. 7.

Extrapolation of most laboratory findings to the real world of clinical leishman-
iasis still requires our additional efforts to develop effective tools, for example,
in vitro 3D human tissue/organ models, realistic or virtual systems, and humanized
animals. Infection of a hematopoietically humanized mouse model with L. major
produced encouraging outcome, showing its potential utility for assessing human
immune responses and for drug screening [130]. Further improvement of this and
other models is expected to facilitate the verification of laboratory findings more
readily for their clinical relevance.
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3.3 Leishmania Model for Microbial Virulence [131, 132]

Figure 8 presents a hypothetical scenario to explain how Leishmania causes leish-
maniasis and its resolution. The progression of leishmaniasis can be divided into
three phases: (1) incubation period, the early stage of infection by vector-delivered
promastigotes before any noticeable disease signs or symptoms; (2) disease phase,
subsequent development of the amastigote-induced clinical symptoms and signs;
and (3) resolution, spontaneous or chemotherapeutic cure followed by lasting
immunity (Fig. 8, steps I-III). The manifestation of these three phases presumably
results from the host immune response (or the lack of it) to the three different sets of
Leishmania molecular determinants.

The first set consists of Leishmania invasive/evasive determinants, which allow
promastigotes to overcome the innate immunity of the host for successful parasit-
ism of its macrophages. This set includes mainly the promastigote surface and
secretory products, frequently referred to as “virulence factors” in the literature.
Their functional significance in the sequential order of infection is listed as follows:
(1) resistance to antimicrobial cellular and soluble factors in the host body fluids, as
first encountered by promastigotes after entry, (2) promotion of their phagocytosis
by macrophages for residence in the phagosome-lysosome vacuolar compartment
of these phagocytes, (3) neutralization of the antimicrobial factors in this compart-
ment for the survival of promastigotes and their differentiation into amastigotes,
and (4) modifications of the infected cells to avoid immune surveillance and
facilitate amastigote replication (Cf. Appendix—Box 3 Commentary). The

Pathogen Host
Determinant  Determinant

— _
I =}+ — INFECTION
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Adaptive e
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Fig. 8 Diagrammatic depiction of host-parasite interactions in leishmaniasis. The progression of
leishmaniasis is depicted to follow sequential events (infection, disease and cure), resulting from
the interactions of multiple sets of pathogen molecule and host immune determinants. Invasive/
evasive determinants and innate immunity, Leishmania molecules responsible for invasion of
host/host cells and evasion of host innate immunity; Pathoantigens and disease, Putative parasite
molecules responsible for immunopathology manifestation of the disease; Vaccines and cure,
Leishmania antigens responsible for activation of adaptive immunity to effect a cure with lasting
immunity that occurs spontaneously or after chemotherapy. Independent regulation of these
determinants is proposed to account for different clinical outcomes observed (see text)
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invasive/evasive determinants are often downregulated as promastigotes differen-
tiate into amastigotes and are not known to cause pathology in the host. However,
intra-macrophage parasitism due to the activities of these determinants is a prereq-
uisite for the subsequent manifestation of virulence in leishmaniasis.

The second set of determinants is of amastigote origin and referred to as the
disease-causing ‘“pathoantigens.” Their interaction with the immune system is
envisioned to result in immunopathology, responsible for the main clinical mani-
festations in leishmaniasis. The best evidence for this is the
hyperimmunoglobulinemia that is a well-known clinical sign of VL, marked by a
reversal of the normal albumin: IgG ratio in patients’ sera. The excessive IgGs
produced include anti-Leishmania antibodies, which are specific largely to
amastigote intracellular antigens and are thus non-protective. Instead, these and
other antibodies form aggregates and immune complexes, producing kidney, hema-
tological, and other disorders. The B-cell epitopes for some of these Leishmania
molecules are known, as they have been categorized and identified for use as the
antigens for serodiagnosis, e.g., the 39 aa repeats of kinesin (rK39) [12]. Other
clinical symptoms of leishmaniasis may be associated with the same or different
Leishmania “pathoantigens,” which may be identified as pathological T-cell epi-
topes. Inference of their existence finds examples in the immunopathology models
for microbial, viral, and autoimmune diseases.

The third set of Leishmania determinants is the naturally occurring immunity-
inducing vaccines. Their existence is indicated by the clearance of the disease
followed by the development of lasting immunity in patients after spontaneous or
therapeutic cure of leishmaniasis. Leishmanization is the crudest form of effective
immunization that makes use of the full complement of all-natural vaccines present
in live Leishmania, as does the suicidal mutants genetically or chemically modified
in vitro. The natural vaccines may include the peptides, which have been shown to
confer prophylactic activity in vaccination trials. Ongoing efforts to produce more
effective vaccines are expected to identify additional molecules of these Leish-
mania determinants.

The proposed model makes it possible to explain the spectrum of Leishmania
virulence (as defined by the severity of the clinical outcomes) solely on the basis of
up- and downregulations of specific parasite determinants. For example, asymp-
tomatic infection and non-healing disease may result from downregulation of
pathoantigens and vaccine molecules, respectively. The proposed model is appli-
cable to the general population, consisting of mostly immune-competent individ-
uals. The roles of the parasite determinants in regulating Leishmania virulence
become more complicated and less predictable for the immunocompromised sub-
populations. Immunosuppression is known to result from human genetic defects,
malnutrition (Cf. Appendix—Box 1), HIV coinfection, or other causes. These
immunocompromised subpopulations suffer from systemic immune dysfunction
and paralysis, rendering them generally more susceptible to many different infec-
tious diseases. Immunopathology produced under the circumstances is less predict-
able based on the model presented.
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4 Basic and Applied Kala-azar Research in India

A vibrant and active biomedical research community has long existed in India,
under the aegis of both national and international organizations, for basic, clinical,
and other researches of kala-azar. There are internationally sought-after kala-azar
clinics in the well-established endemic sites, drug/vaccine production facilities, and
many kala-azar research laboratories. Nowhere else in the world can one find
another country, except perhaps Brazil, to match India in the scale of dedication,
devotion, and contribution to kala-azar research. Given below are examples of
some Indian institutions and recent kala-azar research to illustrate the points.

4.1 Indian Institutions with Kala-azar Research Components

Some Indian government agencies, which provide administrative and financial
support:

CSIR: Council of Scientific and Industrial Research http://www.csir.res.in/
DBT: Department of Biotechnology http://www.dbtindia.nic.in/

ICMR: Indian Council of Medical Research http://www.icmr.nic.in/

DST: Department of Science and Technology http://www.dst/gov.in

Some institutions with active kala-azar research laboratories:

All India Institute of Medical Science (AIIMS), New Delhi, http://www.aiims.edu/
en/component/search

Banaras Hindu University Institute of Medical Sciences (BHU-IMS), Varanasi,
http://www.bhu.ac.in/ims/

Central Drug Research Institute (CSIR-CDRI), Lucknow, http://www.cdriindia.
org/home.asp

Indian Institute of Chemical Biology (CSIR-IICB), Kolkata, http://www.iicb.res.in/

Jawaharlal Nehru University (JNU), New Delhi, http://www.jnu.ac.in/

Kala-Azar Medical Research Center (KAMRC), Muzaffarpur, http://www.tuugo.
in/Companies/kala-azar-medical-research-center/0150003454869#!

National Institute of Immunology (DBT-NII), New Delhi, http://www.nii.res.in/

National Institute of Pathology (ICMR-NIP), New Delhi, http://instpath.gov.in/

National Center for Cell Science (DBT-NCCR), Pune, http://www.nccs.res.in/

Rajendra Memorial Research Institute of Medical Sciences (ICMR-RMRI), Patna,
http://www.rmrims.org.in/

Jamia Hamdard (University), New Delhi, http://www.jamiahamdard.edu

Not listed are also many other additional public and private laboratories and clinics
in India.
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4.2 Indian Kala-azar Research

The work that originated from Indian institutions covers a full range of disciplinary
areas. This can be illustrated by a brief summary of randomly selected examples
after scanning recent publications by PubMed search. Epidemiology studies have
long been undertaken for both CL [69, 75] and VL [55, 56, 133] with the contin-
uation by the local health stations expected in all endemic areas. There are publi-
cations pertinent to the origin, epidemiological significance, and treatment of
Indian PKDL [81, 134]. Of epidemiological interest are the work, which questions
the IRS efficacy of DDT for vector control [135], and the preliminary observation
of promastigote growth from goat, implying its reservoir potential (S. Singh,
Personal communication [136]). Confirmation of both will figure significantly in
kala-azar elimination initiatives. Asymptomatic human infection has been well
documented clinically by multiple groups with the recognition of its significant
implication in epidemiology, posing challenges to the control programs [23—
26]. For serodiagnosis, a variant version (rKE16) of rK39 was developed commer-
cially, showing excellent specificity and sensitivity in rapid test formats for Indian
kala-azar [11] and for Leishmania-HIV coinfected cases [137]. Most exciting is the
recent report of dipsticks using urine for noninvasive diagnosis of AVL and PKDL
[138]. In clinical immunology, T-cell regulatory cytokines were analyzed [139-
141] that have relevance to immunotherapy of VL patients [142]. In experimental
immunology, anti-Leishmania immune response was reviewed with a focus on
TLR-CD40 cross talk [143]. Of relevance are two laboratory findings: Leishmania
tyrosyl tRNA-synthase mimicry of host chemokine [144] and the therapeutic
implication of cholesterol-mediated MHC conformational changes in relation to
CTL activities [145]. Further translational research of such findings will be of
interest. Of significance are the experimental studies on the apoptosis of Leish-
mania (Cf. Appendix—Box 4) and autophagy of infected macrophages
(Cf. Appendix—Box 1), both having biological and immunological implications
in regulating host-parasite interactions. Clinical trials for the efficacy of anti-
leishmanials, e.g., AmBisome and paromomycin [38, 39], have been completed
and alternative treatment options developed [35]. Chemotherapy of kala-azar was
comprehensively reviewed [34-36] and studied by screening compounds such as
enzyme inhibitors, e.g., pyrimidine analogues [146], and for identification of drug
targets, e.g., pteridine reductase [147], lipid antigen delivery [148], Aurora kinase
[149], nucleoside diphosphate kinase [150], and screening natural and other prod-
ucts and development of delivery strategies [151, 152] for anti-leishmanial activ-
ities. Vaccine development has received perhaps the greatest attention, as indicated
by the publication of many reviews on this subject (e.g., [30-33]) and half a dozen
potential vaccine candidates under investigation, e.g., centrin gene knockouts
[153, 154], KMP-11 [155], kinesin motor domain [156], ORF-F DNA [157],
hemoglobin receptor [158, 159], and NAD-dependent SIR-2 protein [160]. A
multivalent vaccine, consisting of all these candidates, may be of interest to
develop. Application of -omic biotechnology has been accomplished by different
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laboratories for genotype and phenotype analysis of L. donovani [94—101] and
vector [161]. A surprise finding is Leptomonas grown from VL patients based on
the genomic analysis [108].

The summary provided above is not an exhaustive literature review but exem-
plifies the depth and breadth of kala-azar research in India.

5 Concluding Remarks

5.1 “Leishmaniome” and Diversity of Leishmaniasis

The study of leishmaniasis in South Asia has identified two issues, which are of
importance to consider for their relevance to the control of this disease complex at
large.

One issue is related to the findings that Leishmania are taxonomically more
divergent than expected in some endemic sites. Phylogenetic analysis of sequence
data [104] showed such divergence in the CL samples from the Satluj river valley
(Fig. 2, blue), suggesting that L. infantum and L. tropica are present in different CL
patients and even coexist in a single patient lesion [76]. Lending credence to this
unexpected finding is a similar conclusion that is also based on sequence analysis of
the CL samples, albeit from a different endemic site, i.e., the hilly southeast Turkey
[107]. Notable in both studies is the use of limited materials from the original
lesions instead of promastigotes grown from the amastigotes therein, since they are
difficult to culture in vitro. These inadvertent observations raise the question of
whether promastigotes grown from infected tissues are indeed, as often assumed,
representatives of all Leishmania in given endemic sites. The same issue was also
raised by the findings that Leptomonas instead of L. donovani emerged in culture
from the splenic aspirates of kala-azar patients [108] and in association with PKDL
isolates [162] based on genomic sequencing. While further confirmation of this
Leishmania-Leptomonas coexistence is desirable, the cross-taxon sequence hetero-
geneity seen in infected tissues is suggestive of “leishmaniome,” akin to
“microbiome.” While leishmaniome is not expected to be as divergent as
microbiome of our gut flora, its prevalence in other endemic sites warrants inves-
tigation by examining amastigotes directly in infected tissues in addition to cultured
promastigotes. This is doable by laser microdissection microscopy of infected
tissues for isolating individual amastigotes followed by single-cell whole genomic
sequencing. Leishmaniome, if verified to exist in many endemic sites, would have
significant implications in considering all aspects of leishmaniasis, including the
identification of the true culprits of the disease as the right target for investigation.

Another important issue is the necessity of studying the different epidemiolog-
ical types of leishmaniasis in India and its neighboring countries (Fig. 2). The
current efforts focus only on kala-azar and PKDL. This inattention to the remaining
disease types will increase the risk of their persistence and spread. In all endemic
areas with different disease types, VL patients have been reported and often
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considered as imported from the AVL/PKDL endemic areas. Investigation of these
cases is needed to rule out the possibility that they may be in fact transmitted locally
by indigenous vector and Leishmania species. Importation of leishmaniasis from
one endemic area to another is expected to increase with increasing population
mobility, and clinical manifestations of the patients are unreliable to distinguish
different epidemiological types, e.g., ACL/ZCL versus PKDL and AVL versus
ZVL. A full-fledged, long-term investment is needed to investigate all epidemio-
logical types in different endemic sites—an indispensable element in the road map
toward the success of the kala-azar elimination programs.

5.2 Issues Emerged from South Asia Kala-azar Elimination
Initiatives

Section “Kala-azar Elimination Initiatives” briefly summarizes the current road
map to kala-azar elimination in South Asia. Unforeseen roadblocks are expected to
emerge, requiring timely attention during the appropriate phases of program
implementation.

Policy and management issues are more amenable to rectification as they
emerge, such as the need:

1. To develop consensus parameters for assessing progress and endpoint of kala-
azar elimination jointly by the pledged countries.

2. To expand vector studies and unify the control measures, i.e., the use of DDT in
India versus pyrethroids in Bangladesh and Nepal. It is understood that India has
phased out DDT and is now using pyrethroids.

3. To formulate a uniform policy for developing vaccines by Indian companies,
i.e., Zydus and Gennova.

4. To consolidate the strategies for effective chemotherapy. These include the use
of DNDi miltefosine and paromomycin combination, the availability of clinics
needed for delivering one-shot-to-cure AmBisome, and mitigation of patients’
cross-resistance to both miltefosine and pentamidine.

Recognition of these emerging issues by the authority offers the opportunity for
policy adjustments, thereby making these problems more manageable. Long-term
investment will be needed for in-depth laboratory studies and field work of sand fly
vectors and drug-resistance mechanisms.

Development of “biomarkers” is crucial for successful implementation of kala-
azar elimination programs, such as differentiation of cured from relapse cases and
diagnosis of drug-resistant, PKDL, and asymptomatic cases. Asymptomatics
account for as much as 4% of the “Musahars” subpopulation in Bihar, but this
needs to be ascertained. “Reliable” biomarkers to specifically determine all these
different clinical and subclinical cases are inherently difficult to develop.
“Leishmaniome” approach may offer some hope for finding unique Leishmania
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sequences for evaluation. Methodology is available to detect such sequences in the
infected tissues directly by PCR or patients’ antibodies to their products. Identifi-
cation of phenotype-specific antigens will facilitate assays of the host response to
them by DTH and cytokine release.

5.3 Indian Leadership in One-Health Approach to Research
Collaboration

Sections 4.1 and 4.2 briefly introduced the extent of Indian administrative, clinical,
and research institutions, research laboratories, and diversity. The depth and
breadth of this enterprise are substantial, putting India, with or without outside
input [163], as a de facto leader in kala-azar research. Provision of additional
incentives will further strengthen the already ongoing interlaboratory,
interinstitutional, and international collaborative research activities as well as to
foster One-Medicine, One-Health [164], and One-World [19] approach for closer
integration of different disciplinary areas (Cf. Appendix—Box 5). “Leishmania
without border” is evident from the existence of different clinico-epidemiological
types of leishmaniasis that spread in different countries with contiguous areas of
similar geographic landscape and topology in South Asia (Fig. 2). Cross-border
collaboration to elucidate the relationship of various leishmaniasis types is desir-
able to hasten the goal toward kala-azar elimination.
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Appendix

Box 1: Malnutrition, Autophagy, and Susceptibility to Kala-azar

Contributed by: Syamal Roy
National Institute of Pharmaceutical Education & Research
Jadavpur, Kolkata, India

There is an interesting relationship between nutritional deficiency and aggra-
vation of kala-azar. Kala-azar patients in Bihar are malnourished. Starvation
induces autophagy. When autophagy is triggered in macrophages in vitro
either by pharmacological mediators or by starvation, infection of these cells
with SAG-resistant Leishmania donovani (LD) results in its exuberant intra-
cellular replication (1). Interestingly, this was not seen when these macro-
phages were infected with SAG-sensitive parasites (1). The autophagic cells
after infection undergo apoptosis, which then may favor parasites to egress
and accelerate cell-to-cell transmission and dissemination (1), as shown in the
cases of a wide variety of bacteria and apicomplexan parasites (2). In our
earlier work, GP63 was shown to cleave dicer that inhibits maturation of miR
122, which constitutes ~80% of the hepatic microRNAs and is important for
lipid metabolism (3). This is known to cause hypocholesterolemia, as gener-
ally noted to be severe among kala-azar patients (4). The cholesterol level in
some patients is lowered to one-tenth of the normal level. It is well known
that cholesterol is important in maintaining the conformation of membrane
proteins like acetylcholine receptor and serotonin receptor (5), MHC-II

(continued)
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Box 1 (continued)

protein (6, 7), and also for the lateral mobility of membrane protein (8).
Leishmania infection of antigen-presenting cells, like macrophages and den-
dritic cells, has been shown to significantly alter the kinetic parameters of
peptide-MHC-II stability (K,, and K kinetics), resulting in immune dys-
function (9). This is perceived as part of the mechanisms (10), coupled with
decrease in membrane cholesterol (11, 12) by which intracellular LD manip-
ulates host metabolic pathways and contributes to the aggravated pathogen-
esis. Thus, autophagy pathway may contribute to aggressive infection in the
mammalian host by the antimony resistant LD as compared to the sensitive
ones. Metabolic dysfunction induced by the LD infection may contribute to
the establishment of the infection in the mammalian host.
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Box 2: Leishmania Acquires Heme from Host Hemoglobin

Contributed by: Amitabha Mukhopadhyay
National Institute of Immunology, New Delhi, India

A rational approach to search for a novel drug/vaccine target against intra-
cellular pathogens is the exploitation of biochemical differences between the
parasite and its mammalian host. Leishmania is auxotroph for heme, as the
parasites lack complete heme biosynthetic pathway (1). Heme is a critical
prosthetic group required by the parasites for several metabolic pathways.
Thus, heme acquisition process in Leishmania could be a potential target (2).
However, how parasites acquire heme is not well depicted. Interestingly, it
has been shown that Leishmania expresses a high-affinity receptor for hemo-
globin (Hb) in the flagellar pocket of the parasites (3). Hemoglobin first binds
to this high-affinity receptor (HbR) and endocytosed via a clathrin-mediated
process (4). Subsequently, Hb is internalized into early endosomal compart-
ment in the parasite via Rab5-regulated process (5, 6). Finally, internalized
Hb is targeted to the parasite lysosomes by Rab7-dependent process where it
is degraded to generate intracellular heme, which parasites use for their
survival (7). Interestingly, it has been shown that HbR is a surface-localized
hexokinase, a glycolytic protein (8). Thus, HbR regulates two major functions
in parasite: (a) it acts as Hb receptor on cell surface to acquire heme and (b) it
also regulates glycolysis. Moreover, it has been shown that blocking the Hb
uptake by anti-receptor antibody or inhibiting the targeting of internalized Hb
to the lysosomes is detrimental for the parasites, rendering them unable to
acquire heme from Hb degradation. In addition, it has been shown that newly
synthesized HbR exit the endoplasmic reticulum (ER) via COPII-regulated
process and targeted to the cell surface by Rabl-independent unconventional
secretory pathway (9, 10). Interestingly, knocking down of these regulatory
proteins by specific siRNA inhibits parasites’ growth. These results unequiv-
ocally prove that parasites acquire heme from Hb.

As HbR is found to regulate two major functions in parasite, therefore
HbR could be a potential new target. Consequently, HbR is evaluated as
potential vaccine candidate against visceral leishmaniasis. It has been shown
that vaccination of mice and hamsters with HbR-DNA constructs inhibits
more than 99% splenic and hepatic parasite burden in comparison to infected
and vector control animals. It has been shown that impaired T-cell response
and inhibition of IL-2 production are associated with VL. Interestingly, it has
been shown that HbR vaccination can reverse the impaired T-cell response
with higher production of IL-2 and induce Thl protective response (11).
These results demonstrate that HbR-DNA immunization offers major advan-
tages over other vaccine candidates against VL because it is functionally
important in the parasite life cycle, conserved across various Leishmania
species, and naturally immunogenic in VL patients.
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Box 3: Leishmania Survive in Phagolysosomes (Misnomer)

Contributed by: Amitabha Mukhopadhyay
National Institute of Immunology, New Delhi, India

Ref: Verma JK, Rastogi A, Mukhopadhyay A. Leishmania donovani
resides in modified early endosomes by upregulating Rab5a expression via
the downregulation of miR-494. Plos Pathog. 2017;13:e1006459.

Several intracellular pathogens block the phagosome maturation to lyso-
somes in the host cells for their survival. Rab GTPases are the central
regulators of membrane trafficking pathways; therefore, most of the intracel-
lular pathogens modulate the function of host endocytic Rab GTPase spe-
cially the Rab5 to inhibit their lysosomal targeting. In contrast, Leishmania
are thought to reside in phagolysosomal compartment in mouse macrophages
as the Leishmania-containing parasitophorous vacuole (PV) recruits lyso-
somal markers such as Lampl, Lamp2, and cathepsin D. However, how
parasites survive in such a detrimental compartment in a cell is not well
demonstrated. Recently, we have shown that Leishmania donovani specifi-
cally upregulates the expression of Rab5a by inhibiting the synthesis of
miR-494 in human macrophages which negatively regulates the expression
of Rab5. Leishmania downregulates the expression of miR-494 by degrading
c-Jun via their metalloprotease gp63. Subsequently, L. donovani recruits and
retains these overexpressed Rab5a along with early endosome-associated
antigen (EEA1) on PV to reside in early endosomes. Recruitment of Rab5a
on Leishmania-containing PV promotes fusion with early endosomes to
inhibit transport to the lysosomes. Finally, we have found that the parasite
also modulates the early endosome by recruiting Lampl and inactive
pro-cathepsin D on PV via the overexpression of Rab5a in human macro-
phages. Thus, Leishmania resides in early endosomes not in phagolysosomes
as thought earlier. But PV also recruits lysosomal enzymes in immature and
inactive form in human macrophages which help the parasites to survive in
human macrophages.

Interestingly, overexpression of Rab5 by downregulating the synthesis of
miR-494 happens only in human and hamster macrophages, but not in mouse
macrophages as miR-494 target site is absent in the 3’-UTR of mouse Rab5a.
Thus, our results unequivocally prove that Leishmania resides in modified
early endosomes in human macrophages but also resolve the controversy why
it was thought that Leishmania resides in phagolysosomal compartment using
mainly mouse macrophages. Thus, these results also indicate why among the
two animal models of leishmaniasis, hamster model mimics human infection,
whereas Leishmania infection is self-healing in mouse.

(continued)
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Commentary on “Leishmania Survive in Phagolysosomes: Misnomer”’ by
KP Chang

Since the 1970s, Leishmania have been recognized as a phagolysosomal
parasite of the macrophages—its exclusive host cells in susceptible animals.
This conclusion was drawn by a number of early investigators from their
work on Leishmania infection of macrophages in vitro and in vivo in animal
models. In infected macrophages, Leishmania-containing vacuoles (PVs) and
phagolysosomes are congruent in their physical and chemical properties, as
shown by multiple experimental approaches, i.e., (a) particulate or fluorescent
tags of the secondary lysosomes emerge in the endosomes, which contain
Leishmania, e.g., L. donovani, in human peripheral blood monocyte-derived
macrophages (1); (b) acidity of the PVs, as measured under living conditions
of L. donovani-infected macrophages based on pH-dependent changes in the
fluorescence intensity of FITC-dextran (2); (c) cytochemical localization of
lysosomal enzyme activities in the PV, e.g., alkaline phosphatase and
myeloperoxidase reaction products deposited in the PV of L. donovani-
infected human primary phagocytes-monocytes, neutrophils, and eosinophils
(3); and (d) co-localization of L. donovani with phagolysosomes in the liver
from infected animals after subcellular fractionation (Andre Trouet; 4).
Together, all these lines of evidence indicate that L. donovani does reside
in phagolysosomes shortly after in vitro infection of macrophages from
human and other mammalian hosts and after in vivo infection of animals to
a steady state.

Inconsistent with the previous conclusion are more recent work based
chiefly on the “Rab cascade model” to explain the regulation of directional
and orderly trafficking of vacuoles/vesicles for the transport of their cargoes
along the mammalian endocytic and secretory pathways. There are dozens of
Rabs or GTPase isoforms and other membrane proteins, which tether to the
cytoplasmic side of the vacuoles. Some RabGTPases are thought to be the
master regulators, which order the events of membrane trafficking and reg-
ulate the localization of the subsequent Rabs, thereby determining indirectly
the identity of vacuoles/endosomes and their functional status. These and
other membrane-associated proteins are regulated by a network of signal
pathways and indirectly by microRNAs. The readout of these and related
vacuolar membrane molecules is based invariably on immunofluorescent
microscopy of fixed cell samples and Western blot analysis in conjunction
with the use of inhibitors and cutting edge, albeit globally affecting genetic
approaches: specific gene knockdown/knock-in, transcriptome/miRNA anal-
ysis, etc. This powerful combination of cellular and molecular tools allows
one to scrutinize the PV membrane proteins and, more importantly, to

(continued)
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manipulate them for predicting the intracellular location and fate of intracel-
lular pathogens. The burgeoning literature in this field includes excellent
work on the PV-associated membrane molecules after endocytosis of Leish-
mania by macrophages. Interested readers are referred to the publications in
this area of investigation for details. It suffices to briefly mention a couple of
examples: Albert Descoteaux and his colleagues have long reported inhibi-
tion/modulation of  phagosome maturation by Leishmania
lipophosphoglycans (LPG) and Zn-metalloprotease (gp63) in macrophages
after infection in vitro with metacyclic promastigotes of L. major (5, 6); Peter
Kima and his colleagues described the association of ER markers with
Leishmania-containing endosomes, thereby considering them as chimeric
(7, 8). The most recent paper described above by Amitaba Mukhopadhyay
and his colleagues presents an excellent piece of work to further advance our
understanding on the molecular events of the PV membrane proteins during
the early infection of human macrophages in vitro by L. donovani. Key points
of relevance are recapitulated very briefly as follows: the parasite-secreted
gp63 apparently downregulates c-Jun in the pathway necessary for the
expression of miR494, which regulates Rab5a negatively. The resulting
upregulation of Rab5a promotes its sequestration to the PV, thereby keeping
them as early endosomes and preventing its replacement with Rab7 necessary
for their maturation into late endosomes and phagolysosomes. Extensive data
of excellent quality are presented in support of the interpretations based on
the “Rab cascade model” and the novel discovery of miR494 with regulatory
role specific to THP-1- and HPBM-derived human macrophages.

The foregoing paragraph provides a glimpse of the current conceptual
basis and technical approaches to dissect early Leishmania-macrophage
membrane interactions in vitro. New discoveries as described warrant further
investigation in greater details to bridge the gap of their discordance with the
previous findings and to advance the field. Some recommendations are given
below for consideration:

Foremost is perhaps to examine the PV in the infected macrophages
ex vivo derived from lesion aspirates of patients’ spleen, bone marrow, or
skin and, if known, reservoir animals. Examination of such samples for the
vacuolar membrane marker proteins and the vacuolar contents will shed light
on the properties of well-established PV in clinical infection with direct
relevance to the diseases. Clinical correlation of laboratory discoveries has
become increasingly mandatory for acceptance by examining archived dis-
ease tissues for verification. Such clinical materials are readily available from
kala-azar patients for investigation in the endemic countries, such as India. It
would be highly desirable to directly examine, in the natural setting, the very

(continued)
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early infection of human macrophages by sand fly-delivered promastigotes.
This is difficult, if not impossible, to accomplish. The closest simulation of
such natural infection is to develop an in vitro organ system, which mimics
human skin, e.g., 3D printed skin with draining vasculatures for examining
macrophages and other phagocytes in vitro for endocytosis of Leishmania
delivered by infected vectors. Given that such an experimental model is not
available, the next best to consider is perhaps to obtain in vivo infected
macrophages for ex vivo study of their PV, e.g., inoculate mammalian
peritoneal cavity or artificially produced skin blister/pouch with infective
promastigotes plus sand fly saliva. In vivo infected macrophages are then
withdrawn from these sites periodically for ex vivo examinations of their PV
in a time course. While still artificial, this experimental approach is perhaps
closer to reality than the methodology in use, i.e., exposure of glass- or
plastic-adhered macrophages to in vitro grown promastigotes alone in culture
medium. The merit of this in vitro system is its simplicity for use to study
endocytosis of inert particles, from which “Rab cascade model” is derived as
a plausible explanation for phagosome maturation and its regulation as
discussed. In that sense, by using the similar in vitro system, the work
under discussion contributes significantly to this model by the discovery of
miR494 for its novel role in regulating Rab5a. Intervention of this and other
regulatory molecules by gp63 and LPG is a very acceptable scenario, con-
sidering that both are released, as they are downregulated during
promastigote-to-amastigote differentiation after Leishmania infection of
macrophages. Leishmania differentiation, akin to cellular development, is
expected to follow an orderly program of molecular reorganization. There are
known changes of the surface architectures and secretory molecules, in
addition to gp63 and LPG, released by Leishmania from early to late stages
of this differentiation. All these programed events are expected to work in
tandem, contributing to the remodeling the PV for its maturation, i.e., creation
of a microenvironment conducive to the replication of amastigotes. At least in
one in vitro model, intracellular Leishmania differentiation appears to take a
week or longer to complete based on the switch in tubulin biosynthesis as the
molecular marker (9). Thus, a large gap appears to emerge in the experimen-
tal approaches to assess the molecular events and in the time frame of the
observations between previous and more current studies, i.e., the week-long
maturation of the PV for parasite replication versus a couple of days or less
for phagosome maturation. In addition, information collected after short-term
infection, e.g., 48 h does not foretell events beyond this time frame, including
phagosome-lysosome fusion, as reported previously. Further investigation to
bridge the gaps entails the consideration of all experimental approaches using

(continued)
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in vitro models, which enable Leishmania not only to complete their differ-
entiation but also to replicate as amastigotes, i.e., long-term infection of
human macrophages (1) and macrophage cell lines (10, Fig. 4), and those
from experimentally well-infected animals for PV in a steady-state infection.

Recent work, including the latest paper under discussion, has significant
bearing on our quest for understanding the Leishmania mechanisms of intra-
cellular parasitism. Our renewed attention in that direction is necessitated by
the state-of-the-art approach, as it represents progresses in the science of cell
biology research. Whether or not the discussion provided is viewed as
pertinent, it brings up a significant issue. That is, a close and proactive
collaboration among leishmaniacs in different fields will be necessary for
advances toward the resolution of the issue at hand in the context of
leishmaniasis.
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Box 4: Programmed Cell Death in the Leishmania Parasite

Contributed by: Chandrima Shaha

Professor of Eminence and Former Director, National Institute of Immunology
and Vice President (Foreign Affairs) Indian National Science Academy,
New Delhi 110067

Programmed cell death (PCD), commonly manifested as apoptosis, plays
crucial roles in a multitude of physiological processes starting from embryo-
genesis to maintenance of the immune system. Initially believed to be the
prerogative of multicellular organisms to use PCD for maintaining cellular
homeostasis, it was later found to be prevalent in unicellular organisms as
well (1). The term PCD and apoptosis have been used interchangeably and
describe cell death with typical features of apoptosis. PCD was described in
Trypanosoma cruzi and Leishmania amazonensis during the 1990s (2, 3).

Subsequently, with the demonstration of cell death in different Leishmania
species, showing a phenotype similar to apoptosis generated a great interest in
the field of Leishmania biology. The digenetic life cycle of this parasite
provides possibilities of PCD at several points during their life cycle for
maintenance of fitness of the colony. The fittest promastigotes residing in the
midgut of the female sand fly have to pass onto the pharynx of the fly by
removing unfit cells, likely discarded through PCD as necrotic removal would
endanger the health of the sand fly. Although the type of death in the gut of
the sand fly has not been examined, free-swimming forms of the parasite in
culture were shown to undergo PCD under various stress conditions (4-6).
Within the vertebrate host cells, the mammalian macrophages, the parasites
are removed through the process of PCD to maintain the optimum number,
thus creating a niche for favorable growth of the remaining amastigotes, the
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nonmotile intracellular forms (7). Several features of mammalian apoptosis
like chromatin condensation, DNA fragmentation, loss of mitochondrial
membrane  potential, cell  shrinkage, caspase-like  activities,
phosphatidylserine exposure, and cytochrome c release were demonstrated
in the Leishmania parasite in vitro (4, 7). Cell lysates from Leishmania
undergoing apoptosis were shown to cleave substrates for caspase-3, although
no caspase has been identified in the Leishmania except for a metacaspase
(6-8). Interestingly, pretreatment of cells with specific caspase inhibitors
reduced the number of cells showing apoptosis-like features, e.g., DNA
breakage and cleavage of a PARP-like protein, suggesting existence of pro-
teins with caspase-like activity (4-6).

It was not only during developmental stages of the life cycle that PCD
features were shown, exposure to agents that the parasites are normally
exposed to, like the reactive oxygen species or drugs, also induced PCD
features. Anti-leishmanial drugs like antimony, miltefosine, and
amphotericin B were reported to precipitate PCD (9—-11). Exposure to reac-
tive oxygen species, heat shock, and staurosporine treatment also precipitates
apoptosis of the parasites (4, 5, 12, 13). Like the higher eukaryotic system, the
single mitochondrion of Leishmania spp. plays a pivotal role in PCD where
imbalances in mitochondrial membrane potential like a fall or increase lead to
cell death by apoptosis (5). Calcium appears to be heavily involved in
Leishmania PCD. It is increased by exposure to several PCD-inducing agents.
Reducing cytosolic calcium by chelating extracellular or intracellular cal-
cium during oxidative stress prevents apoptosis that is preceded by abroga-
tion of a loss of mitochondrial membrane potential (5, 7, 9, 14). Inhibitors of
respiratory chain complexes I, II, and III provoke PCD in Leishmania
donovani promastigotes. Mitochondrial hyperpolarization resulting from
Complex I inhibition is preceded by increased superoxide production.
Thenoyltrifluoroacetone and antimycin A, inhibitors of complexes II and
III, respectively, dissipate the membrane potential causing PCD (15). There-
fore, respiratory chain inhibition is an interesting prospect for drug targeting
(16). Exposure of these protozoa to a mixture of reactive oxygen and nitrogen
species can cause PCD that is reversible by antioxidants, like glutathione and
calcium channel blockers (17). Leishmania spp. react to two related metal-
loids, arsenic and antimony, leading to cell death accompanied by typical
apoptotic features that is preceded by an increase in reactive oxygen species.
Mitochondrial dysfunction and a drop in ATP level are observed with a loss
of membrane potential. During arsenic treatment, prevention of calcium
influx reduces cell death, whereas supplementation of glutathione during
antimony treatment saved cell loss (9). Therefore, multiple agents with
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different mechanisms of action could precipitate apoptosis-like death.
Recently, apoptotic death in the Leishmania has been shown after exposure
to amphotericin B, and zinc flux causes mitochondrial disruption, resulting
from the accumulation of reactive oxygen species (18). Caspase-like activity
was detected in Leishmania raising the possibility for the existence of this
enzyme, although genome sequence did not reveal any ORF homologous to
typical caspases. Caspase-independent death was described in the
trypanosomatid parasites where endonuclease G, a mitochondrial enzyme,
appears to be responsible for DNA fragmentation during apoptosis (19).

Interestingly, PCD may function beyond the provision of unwanted cell
elimination to maintain fitness of the colony; it can be used to drive other
functions like the ability to infect. These parasites have been shown to mimic
an apoptotic cell phenotype by phosphatidylserine exposure. As a result, a
given infective inoculum may consist of both live and apoptotic cells to
facilitate a successful infection (20). In the case of Leishmania spp. infection
in mice, such apoptotic mimicry in amastigotes has been described (21).
Leishmania expresses a variety of defense mechanisms against exogenous
stress, preventing them from undergoing apoptosis. For example, ergosterol
upsurge during antimony treatment prevents cell death (22). Upregulation of
defensive enzymes like tryparedoxin peroxidases of both the mitochondrial
and cytosolic origin also prevents cell death induced by reactive oxygen
species (17). Therefore, it is evident that PCD of Leishmania parasites may
play a significant role in infection (23).

Although many aspects of the PCD have come to light, the molecular
mechanism remains to be defined. Elucidation of the molecular events linked
to apoptotic death of Leishmania spp. is of great importance because this
information has the potential to help define a more comprehensive view of the
cell death machinery in terms of evolutionary origin and identify new target
molecules for chemotherapeutic drug development and therapeutic
intervention.
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One of the major necessities, for more effective Leishmania elimination
program in South Asia and for even the rest of the world, can be an integrative
approach to introduce One Health programs and education with welfare as
well as development programs. Hence a comprehensive policy framework is
required for incorporation of One Health program for control and elimination
of leishmaniasis. One Health programs are an amalgamation of
multidisciplinary-integrated approach that brings about multiple benefits.
One Health encompasses unification of animal, human, and environmental
health into an interdisciplinary field of health sciences. The synergy between
interdisciplinary fields helps in achieving the goals of biomedical research,
education, and more effective public health programs as well as environmen-
tal protection. The One Health programs are all encompassing, which further
aids toward better effective implementation of welfare programs for achiev-
ing sustainable development goals and the overall well-being of the
community.

One Health program ensures a creation of a platform for information
gathering, training of health workers, and educating the masses of an inte-
grated approach for disease control and elimination both in human and
animals (1). By utilization of modern information and communication tech-
nologies, along with an effective training of health workers, a robust surveil-
lance system can be designed for areas that are endemic for anthroponotic VL
(AVL) or zoonotic VL.

Comprehensive One Health approach explores and strengthens the
existing programs using a multidimensional road map of all possible scien-
tific streams. First parameter to analyze the effectiveness of control program
should be to ascertain the mode of transmission of disease-causing VL
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parasite. The best method to prevent or curb VL disease is vector control
especially in the endemic regions for AVL. Xenomonitoring of vector infec-
tion through a real-time dynamic surveillance design is needed to monitor the
transmission of the Leishmania parasite vector species in endemic areas. The
best example is the infection caused by L. donovani parasite through vector
Phlebotomus argentipes in South Asia, predominantly in India, Nepal, and
Bangladesh. The information of percentage of vector infected will be essen-
tial to ascertain the degree of spread of Leishmania parasite in the VL
endemic regions.

Also in the context for vector control program, now there is a definite shift
toward using synthetic pyrethroids that are pesticides derived from naturally
occurring pyrethrins. The use of dichlorodiphenyltrichloroethane (DDT) is
gradually being discontinued in many VL endemic regions of the world
including South Asia due to environmental concerns. There has been intro-
duction of pressure pumps for insecticide spraying; effectiveness of the same
has to be also ascertained. Here a policy is also needed for proper use of
pesticide as well as continuous monitoring for identifying the development of
resistance against the pesticides among the vector population. Another impor-
tant parameter is the reporting for occurrence of any adverse reaction to
human population and the environment. The vector, i.e., the sand fly’s
ecological role, cannot be ignored and have to be researched thoroughly.
The vector control envisages stopping the overpopulation of the vector and
preventing transmission of VL infection but definitely not the total eradica-
tion of the vector population.

Further the second step is to monitor human reservoirs of VL parasite. In
the AVL areas, the asymptomatic human populations, which harbor Leish-
mania parasites, including the cases of Post-kala-azar dermal leishmaniasis,
assume significance. Even an active surveillance at short regular intervals
will be helpful in evaluation of the load of parasite circulating in the envi-
ronment at any given time. The use of dynamic surveillance becomes more
important in the areas of zoonotic VL. In addition to the vector and the
patients, the animal reservoirs have to be monitored for circulating parasites.

Third important step toward Leishmania control is to monitor the zoonotic
reservoirs for VL, including the environmental changes it affects. The envi-
ronmental changes are a continuous process and it affects inevitably the life
cycle of the organisms that occupy its habitat. Thus it is important that
monitoring of the leishmanial parasitic spread if any, also among the domes-
ticated cattle, be undertaken (2). Domestication of cattle is a major source of
livelihood among the farmers and the rural community in the VL endemic
regions like the Indian subcontinent. The cattle shelters in most of the times
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harbor conducive habitats for several insects like mosquitoes and sand fly that
are health hazard. In the Indian subcontinent, the VL disease is found to be
anthroponotic in nature till date with L. donovani as the main causative agent
of the VL infection and sand fly as vector, but constant monitoring of the VL
parasite among the animal population is important still.

In other zoonotic VL endemic areas, for example, L. infantum, animal
reservoirs are found in the canid population along with human population.
These are mainly found in the Mediterranean regions, the Middle East,
Central Asia, China, and the Americas. A thorough surveillance of the disease
in both canine and human populations will help prevent disease outbreaks.

In several studies (3—5) to control zoonotic VL, researchers have empha-
sized One Health programs as required for effective management of trans-
mission of disease. This can be achieved through a combined approach on one
hand by obtaining information regularly from human, vectors, and animal
reservoirs for the parasite in the endemic area and on the other hand as an
integrated approach, by analysis of environmental factors necessary for
disease spread. The environmental factors as we know lead to random genetic
mutations; this can increase or decrease parasite infectivity and can also give
rise to phenotypic changes in the parasite which also needs to be monitored
periodically. The advent of the omics technology has opened new tools to
monitor genetic and epigenetic changes among the organisms. It is imperative
that the genomic and protein profiling of the parasite circulating in the
environment have to be carried out periodically. Another important aspect
is reporting of adverse reactions for the chemotherapeutic treatment agents.
The policy thus would design mandatory protocols for health systems in
reporting adverse events in a full proof and robust manner as part of surveil-
lance system. Another addition to the surveillance policy is to have a com-
prehensive monitoring for the development of resistance against the
chemotherapeutic agents. The grassroots public health clinics have involved
in the policy framework.

The important step now is how to implement the concept with the given
resources. The surveillance system requires adequate tools for diagnosis that
has to be rapid, sensitive, easy to conduct, and cost-effective. The diagnosis
with rK39 rapid diagnostic dip test is a sensitive proposition in detecting the
presence of anti-Leishmania antibodies in the serum of the patients at a field
level. Also now new variant of novel rapid rKE16 antigen-based test is being
evaluated to be introduced in the VL elimination programs (6). The rapid dip
test for VL mentioned here is routinely carried out in blood samples in place
of serum due to lack of resources. In rKE39 test carried out with whole blood,
the sensitivity is lesser in cases where the antibody produced is below the

(continued)



K.P. Chang and B.K. Kolli

Box 5 (continued)

normal range, mostly among immunocompromised patients (7). The policy in
such cases is such that patients will be screened and identified for suspected
VL based on symptoms, even if rK39 test or another dip test comes out
negative. Patients with symptoms can be referred to public health clinics
(PHC). The PHC have to be equipped to carry out definitive test and provide
treatment. India and other South Asian countries are slowly progressing
toward equipping their PHC in VL endemic areas to be self-sufficient to
provide treatment. VL as we know is the disease prevalent among the
impoverished and immunocompromised. Thus the other problem is that of
coinfection with diseases like pneumonia and TB that can occur in VL
patients and that have to be properly diagnosed. PHC can also screen for
HIV which is found to be prevalent in VL-endemic areas too. The PHC
should be nodal points of training centers for ground-level health workers,
so that they can identify symptoms in patients in the community, carry out
surveillance and diagnosis in the field, and learn data gathering. The use of
mobile net and telephony application tools can be a viable and speedy option
for data collation and distribution to the block-, district-, state-, and national-
level program managers as required. The One Health program also envisages
as stated before that the environment is protected and its degradation is
minimized and the community gets access to both proper sanitation and
nutrition in a sustainable manner. As a holistic approach in addition to
welfare programs, sustainable development goals have to be achieved. The
PHC through health workers will also ascertain whether benefits of the other
welfare program reach the target community. Further the One Health program
will ensure educating the community about VL and other infections and about
how to protect and prevent the infection. Policy should envisage that primary
school teachers at rural level along with health workers have to be given
proper training and incentives to hire them over a long period of time to
educate and generate awareness among the masses about VL and other
diseases along the need for environmental protection and conservation.

Thus the One Health approach when adopted in full measure will ensure
that data are gathered properly, stored securely, and analyzed, which will aid
to ascertain the NTD elimination program gaps and drawbacks. This will
ensure proper course correction carried out to keep the elimination program
for VL on track.
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1 Introduction

Several members of the genus Entamoeba infect humans including E. histolytica,
E. moshkovskii, and E. dispar. Among these, only E. histolytica is considered
pathogenic and is the causal agent of amebiasis. Amebiasis is the second most
common cause of death from a parasite worldwide after malaria with considerable
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morbidity and mortality [1, 2]. Based on the site of infection, the clinical features of
amebiasis range from asymptomatic colonization to amebic colitis (dysentery or
diarrhea) and invasive extraintestinal amebiasis, which appears most commonly in
the form of liver abscesses [2]. According to the World Health Organization,
amebiasis occurs worldwide, with approximately 50 million people infected annu-
ally, causing close to 100,000 deaths per year. Therefore, it is important to under-
stand the epidemiology, infection, and control of the disease. The aim of this
chapter is to provide a current understanding of human amebiasis, which illustrates
the parasite biology, mechanism of pathogenesis, diagnosis, and prevention.

Amebiasis is more common in areas of poor sanitation and nutrition particularly
in the tropical and developing countries [3]. In the United States and Europe,
amebiasis is found primarily in immigrants mostly from endemic areas. People
who live in the United States that border Mexico have the most cases of amebic
infection [4]. The dominance of human amebiasis varies geographically. For
instance, birth cohort studies in Bangladesh indicate that approximately 50% of
infants showed amebic diarrhea every year, with repeated infections that further led
to malnourishment and stunting [4-6]. Comparative studies in Egypt and
South Africa found that Egypt was dominated with amebic colitis, whereas amebic
liver abscess was common in South Africa [7]. The prevalence of invasive infection
was also reported in Nigeria and other areas in Central and South America, Asia,
and Africa [8, 9].

The main mode of transmission of amebiasis occurs via ingestion of food and/or
water that is contaminated with feces and E. histolytica cysts [10, 11], but in some
cases amebic infection has been also reported in urban areas in the United States
among men who had sex with men [12]. Following ingestion, the parasites remain
nonpathogen in 90% of infected individuals (asymptomatic amebiasis), while in
10% of the cases, trophozoites can invade the intestinal mucosa, cause dysentery,
and probably via portal circulation migrate to the liver where they produce
abscesses (extraintestinal amebiasis) [13, 14]. In extreme cases, trophozoites can
also invade other parts of the body like the brain and the lungs [15]. The conditions
which trigger symptomatic infection are still unknown; however, this might be
partly due to differences in the pathogenicity of the infecting strains [16] and/or the
parasitic genotype [17] or variation in the host immune response against the
infection [18].

2 Entamoeba histolytica Biology

E. histolytica is distributed globally and is a substantial health risk mostly in
tropical and developing countries, which have poor sanitary and hygienic practices.
The parasite’s primary hosts are humans [4]. E. histolytica is a dimorphic organism
whose life cycle consists of two stages: trophozoites, a cell-invasive form which
can be found in the human intestine, and cysts, an infective form which is found in
the external environment. The conversion between the two stages is usually
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reversible [19]. The parasite enters the body through the ingestion of food or water
contaminated with human feces [4]. Following ingestion, cysts survive the acidic
pH of the stomach and proceed toward the intestine. In the small intestine,
excystation occurs and trophozoites migrate to the colon. Generally, in the colon,
trophozoites start multiplying via binary fission, remain as a nonpathogen, and
fulfill their energy requirements by ingesting gut microbiota and nutrients from
mucus and starch secretions of intestinal epithelial cells (IECs) of the host. In the
colon, trophozoites produce quadrinucleate cysts, and both trophozoites and cysts
are excreted along with feces that can infect new hosts [20]. Cysts can survive for
prolonged periods outside the host, while the trophozoites survive only for a few
hours. E. histolytica cysts are the parasite dormant infective form which is often
found in the external environment. This form is a quadrinucleate round shaped with
a size range of 10—15 pm. Covered with chitin-containing cell wall, cysts are highly
stable to stomach acids, allowing their efficient infectivity [4]. Unlike inert cyst,
trophozoites have a pleomorphic shape that ranges in size between 10 and 50 pm
and are highly motile. Since the parasite lack features of aerobic eukaryotic meta-
bolism including the tricarboxylic acid (TCA) cycle and oxidative phosphorylation,
energy for the motility comes from anaerobic metabolism of glucose and pyruvate
to ethanol [21]. This unicellular parasite is a type I amitochondriate protist, lacking
both mitochondria and hydrogenosomes. Instead, parasite poses a mitochondrial
relic termed mitosome, which is involved in the assembly of Fe-S clusters, an
ancient metabolic pathway present in all mitochondria [22]. Generally, the more
close the relationship between parasites and hosts, the stronger the parasite depends
on its host’s physiology for survival and reproduction [23]. Indeed, residing in the
human colon, E. histolytica has access to many bacterial and host-metabolites [24].

3 Pathogenesis of E. histolytica

Recent advances in the development of in vitro, in vivo, and ex vivo models of
disease, new genetic approaches, the identification of key E. histolytica virulence
factors, and the recognition of crucial elements of the host response to infection
have led to significant insights into the pathogenesis of amebic infection (Fig. 1).
These important steps are responsible for amebic dysentery/amebiasis and are the
result of a tightly regulated and coordinated action of diverse factors during
invasion and damage of target cells. Some important molecules have been studied
for their role in tissue invasion: adherence, cytotoxicity, cell killing, and phago-
cytosis as well as the onset of host immune responses [25]. A few factors will be
discussed here.



68

Ingestion of infectious cysts, excystation and migration of trophozoites to colon

P. Shahi and K. Chadee

90% of cases
Asymptomatic
/Formation of cysts Non-invasive
) cyst shredders i
Trophoqute amebiasis
— colonization B
Nondysentric Other
iarrh rointestinal
10% diarrhea gastro tgst a
or abdominal
cases
symptoms

Invasion of colonic mucosa

Trophozoites in

Colitis == portal circulation
Invasive Acute
amebiasis inflammatory
response
| Extraintestinal
spread

Diarrhea /Bloody mucus dysentery

/ | \ Liver, lung,

Extraintestinal
disease

Disease resolved Disease brain, skin
progression Trophozoites
(chronic /cyst passers
disease)

S Non-healing
Intestinal lesions

Fig. 1 Schematic representation on pathogenesis and disease manifestation of amebiasis. Infec-
tion of E. histolytica is acquired through ingestion of contaminated food or water. In 90% of cases,
amebic infections are asymptomatic, while in 10% of cases, trophozoites start invading the
mucosal barrier and penetrate the underlying tissues, which lead to diarrhea or dysentery. After
invading the tissue, trophozoite may enter the portal circulation and spread to the liver, lung, and
other soft organs to establish extraintestinal disease. Of the intestinal forms, mostly dysentery is
resolved by host immune system. However, if dysentery/diarrhea is not cleared by host immune
system, disease progression occurs, and this leads to nonhealing intestinal lesions
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3.1 E. histolytica Colonization and Exposure to Intestinal
Environment

In the large intestine, E. histolytica excysts into trophozoite and enters the host by
invasion of the intestinal mucosal epithelium. During the course of infection,
trophozoites colonize the mucus layer by binding of the parasite’s Gal-lectin to
galactose and GalNAc residues on colonic MUC2, a major structural component of
mucus that covers the intestinal tract. For successful colonization and survival, the
trophozoites must respond to environmental elements in the large intestine to start
the invasion process [26]. Among the various environmental challenges encoun-
tered by the parasite are the surrounding biome, biofilm substrate, various assaults
of host’s immune system including oxidative stress, complement activation and
phagocytosis, and drastic change in pH and glucose concentration [19, 27-30]. In
the gut, the parasites are constantly interacting with intestinal microbiota, and it is
one of the signals that start the infection process. The interaction between
E. histolytica and microbiota was the subject of many studies which concluded
that intestinal gut microbiota has an important role in the virulence of the ameba
and it protects the parasite against oxidative stress [30-33].

3.2 E. histolytica Invasion
3.2.1 Gal/GalNAc Lectin

Host cells destruction begins with the binding of trophozoites to target cells. An
important molecule involved in this process is the galactose/N-acetylgalactosamine
(Gal/GalNAc)-inhibitable lectin [34]. This lectin is a multifunctional heterodimeric
protein composed of a disulfide-linked heavy (170 kDa, HgL) and light (35/31 kDa,
LgL) subunit, which is non-covalently associated with an intermediate subunit of
150 kDa. This protein plays a vital role in interaction with the brush border
intestinal epithelial cells [35]. All of these subunits are encoded by multigene
families [34]. Interestingly, apart from adhesion to cells, lectin was also found to
participate in E. histolytica resistance to human complement system attacks
[36]. HgL subunit of Gal/GalNAc contains a cysteine-rich domain (CRD) that
participates in evasion from the complement system via a remarkable similarity
to human inhibitor CD59, complement attack complex. The CRD of HgL subunit
also activates macrophages to produce TNF-a and NO, and this leads to amebicidal
activity [37]. A study showed the contribution of Gal/GalNAc to the recruitment of
inflammatory cells and cytokine production through the analysis of HgL.-dependent
signaling pathways [34] that further leads to apoptosis- and ameba-induced cell
death [38—40]. Thus, the Gal/GalNAc lectin is one of the essential factors in the
pathogenesis of E. histolytica.
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3.3 Cysteine Proteases

The function of E. histolytica cysteine proteases (EnCPs) in pathogenesis is marked
by the relative absence of these CPs in the morphologically identical but noninva-
sive sp. E. dispar [41]. The contact of the parasite to target cells via Gal/GalNAc is
followed by invasion of host tissue. In this regard, E. histolytica cysteine pro-
teinases play essential role in degradation of the mucus layer that ultimately leads to
invasion [42]. The genome of E. histolytica comprises 80 genes encoding proteases,
including 50 CPs of the papain superfamily [43, 44]. Among the E. histolytica CPs
participating in the pathogenic process, CP-AS5 is the prime candidate. This CP-AS5
is unique to E. histolytica, localizes at the amebic surface [45], and is involved in
human colon invasion through their ability to degrade extracellular matrix (ECM)
as well as MUC?2, the major component of colon mucus [46, 47]. A study showed
the direct involvement of CPs in immune evasion by degrading host antibodies and
complement in the fluid phase [44]. In vivo studies in SCID mice and hamster
demonstrated that inhibition of cysteine proteinase activity significantly decreases
liver abscess formation [48, 49]. Generally, the mechanism of immune evasion
mediated by EhCPs is involved in cleavage of IgA and IgG, processing of comple-
ment C3, inactivation of complement C3a and C5a, generation of mature IL-1p
from pro-IL-1p, and inactivation of pro-IL-18, all of which reduce host defenses
[50]. Taken together, these data suggest very important roles for EhCPs for causing
intestinal inflammation, tissue damage in colitis, and extraintestinal infections.

3.4 Amebapores

Parasite invasion in the host is followed by the release of amebapore that results in
the swelling, surface blebbing, and lysis of target cells. Amebapores are proteins of
77 amino acids, stored in vesicles, and are responsible for cytolytic activity of
ameba. Three types of amebapores were characterized so far, A—C, when type C
was reported to be the most active [51]. In the gut, amebapore seems to have a role
in damaging the surface membrane of gram-positive bacteria; however, high
concentration of amebapore or removal of the wall with lysozyme was required
to kill outer membrane-shielded gram-negative bacteria [51]. Incubation of eukary-
otic target cells with sublytic concentrations of amebapores showed that these
peptides were also able to induce cell necrosis in addition to their known function
in cell lysis [52]. Antisense inhibition of amebapore led to a decrease of tropho-
zoites’ cytolytic and bactericidal activity and also to impaired ability to create
amebic liver abscesses [53, 54]. Taken together, these studies indicate that
amebapore has potential cytolytic and antibacterial activities [51, 55]. In addition
to the abovementioned amebic virulence factors, other amebic factors such as
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proteins enriched in lysine and glutamic acid (KERP1), lipophosphoglycan
(LPPG), peroxiredoxin, and arginase are also implicated in pathogenicity [25, 56].

3.5 Phagocytosis

Stool samples from patients with invasive parasite have shown the presence of
trophozoites that contain ingested erythrocytes and have higher rate of phagocytosis
than healthy human carrier [57]. Several studies have also shown that phagocytosis
constitutes one of the key virulence determinants of E. histolytica [58—61]. Phago-
cytic-deficient mutant of E. histolytica exhibited low virulence as compared to wild
type in hamster liver model [58, 59]; thus, phagocytosis-mediated host apoptotic
cell killing could enable the parasite to evade host immune responses [62].

4 Host Immune Responses

Following host invasion, trophozoites induce host immune responses (cell-
mediated and humoral immunity), and host tissue destruction leads to disease. In
order to survive against the various assaults of the host immune system, tropho-
zoites must have the ability to repress the host immune system and to control the
parasitism’s environment [63].

4.1 Innate Immune Responses

Prior to the development of adaptive immunity, parasite initial host resistance is
based on innate immunity. Ameba confronts natural barriers in the intestine and in
extraintestinal sites following tissue invasion. Therefore, the mucus barrier of the
intestine serves as a primary physical barrier against pathogens in the gut that
prevent trophozoites attachment to the underlying mucosal epithelial cells
[63, 64]. MUC2 mucin secreted by goblet cells binds to E. histolytica Gal-lectin,
responsible for colonization in the gut, and acts as a physical barrier to impair the
adherence of parasite to the underlying epithelium [63-65]. Another innate resis-
tance mechanism that may reduce trophozoite infection is activation of complement
pathways by the parasitic [66]. During the initial stage of invasion, parasites bind to
pathogen recognition receptors (PRRs) on intestinal epithelial cells (IECs) via the
amebic Gal/GalNAc, and these IECs are considered to be the first line of defense
against the parasitic infections [67]. E. histolytica in contact with IECs activates the
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NF-xB signaling pathway to induce the secretion of pro-inflammatory mediators
including IL-1p, IL-6, IL-8, IL-12, IFN-y, and TNF-a, which later recruit immune
cells including neutrophils and macrophage to the site of infection [46, 68, 69]. The
main amebicidal activity of neutrophils activated by IFN-y, TNF-a, or lipopoly-
saccharides is carried out by the release of reactive oxygen species [70]. A study in
mice found that amebic lesion was predominated by neutrophils where macro-
phages were rarely seen, suggesting an essential role for neutrophils in clearance of
ameba [15]. In amebic liver abscesses (ALA) in mice, macrophages were found to
be responsible for tissue damage and abscesses formation [71]. Amebicidal activity
of activated macrophages is mediated by the production of nitric oxide from L-
arginine [70]. Several parasitic antigens are known to activate macrophages
through pattern recognition receptors. Macrophages exposed to Gal/GalNAc have
higher expression of Toll-like receptors, which triggers pro-inflammatory cytokine
production via the NF-xB pathway [63, 72]. Macrophages deficient in TLR2 and
TLR4 show a weakened immune response to parasitic antigens suggesting an
important role for pattern recognition to the immune response [73]. A study in
Bangladesh found an association between higher TNF-a production from stimu-
lated peripheral blood mononuclear cells and E. histolytica diarrhea. In this study,
the authors demonstrated that high potential destructive response from TNF-o may
lead to increased inflammation and therefore disease [74].

4.1.1 Inflammasome

Inflammasomes are cytosolic multiprotein complexes considered as pathogenicity
sensor consists of NOD-like receptor, caspase-1, and the adaptor protein ASC
[75]. This intracellular multiprotein complex has been identified as activated path-
ways on contact with live E. histolytica that link specific pro-inflammatory stimuli
to the activation of caspase-1. Active caspase-1 initiates highly potent inflammatory
response by inducing secretion and release of pro-inflammatory cytokines IL-1p,
IL-18, IL-1a, and IP-10 into the tissues [75]. Activation of inflammasomes seems to
be an advantage for E. histolytica to limit immune clearance in the host.

4.2 Adaptive Immunity (Humoral and Cell-Mediated
Response)

Several studies indicate that 81-100% of invasive amebiasis patients developed
circulatory antibodies against the trophozoites [76, 77]. Mucosal IgA against the
Gal/GalNAc heavy chain was shown to be one of the most abundant Ig in the human
intestine that could reduce trophozoite colonization in the gut [62, 65, 78-80]. A
study of school children in Bangladesh showed that mucosal secretory antibody IgA
provided protection against reinfection against E. histolytica [81-83]. Apart from
mucosal IgA, IgG was also found to be dominant against E. histolytica infection
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and provided protection from parasite reinfection as well [83]. A study showed
higher level of IgG in patients with intestinal amebiasis and ALA [77]. These
findings suggest that humoral immunity plays an important role against amebic
infection.

Cell-mediated immune responses are the essential factors for host defense
against the parasite. T-cell involvement has been reported in protection against
E. histolytica mediated by IFN-y and IL-17 [84]. IFN-y produced by peripheral
mononuclear cells were responsible for parasite clearance and protection against
repeated infection [85, 86]. These findings are in agreement with murine vaccina-
tion studies, where vaccine-induced protection against trophozoite infection could
be passively transferred to naive animals mediated by interferon-gamma-producing
T cells [84]. Collectively, these studies indicate that both innate and adaptive
immunities are directly involved in protection against amebiasis.

5 Pathology and Clinical Signs of Amebiasis

Pathology of human amebiasis is characterized by different and destructive forms
of lesions in the intestinal or extraintestinal sites [87]. Different forms of intestinal
or extraintestinal amebiasis are characterized by unique features such as (a) amebic
dysentery or amebic colitis, (b) fulminating amebic colitis, (c) amebic appendicitis,
(d) ameboma or amebic granulomas, () amebic liver abscess, (f) extensive necro-
sis, and (g) liquefaction of all affected tissues [87, 88]. Abdominal pain and
frequent stool containing both blood and mucus followed by intestinal inflamma-
tion is a characteristic feature of amebic dysentery, and symptoms range from mild
diarrhea to classic dysentery [15, 89]. Other features of intestinal lesions are severe
and need immediate medical care. A necrotic ulcerous lesion may lead to peritonitis
which is a feature of fulminating amebic colitis, while amebomas are white nodular
mass that extend in the lumen and are related to inflammation, edema, and necrosis
of both mucosa and submucosa [90]. Trophozoites may later spread to extra-
intestinal sites such as the liver, lungs, brain, skin, and rarely urogenital structures
where abscesses are formed consisting of circumscribed regions of dead and lique-
fied cells, cellular debris with few inflammatory cells, and trophozoites
[88, 89]. Infection at these extraintestinal targets can develop months to years
following colon infection and often rise as symptomatic infection. Patients develop
symptoms over 2—4 week period and consist of low pain in the upper right quadrant,
the lower right chest, and the right shoulder tip [4, 91].
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6 Diagnosis

Diagnosis of amebiasis is usually based on microscopic, serological, antigen detec-
tion, and PCR-based method. Since the last decade, molecular biology-based
diagnosis is becoming more important to detect various diseases including amebi-
asis. Accurate diagnosis of E. histolytica is very important to prevent furthered
transmission of the parasite [92].

6.1 Microscopic Examinations

In the past, E. histolytica has been diagnosed based on microscopic examination of
the parasite morphology. Microscopic examination is mostly based on the presence
or absence of hematophagous trophozoites in the stool samples. The disadvantage
of this method is the lack of sensitivity and specificity and inability to differentiate
E. histolytica from morphologically similar but noninvasive sp. E. dispar [93, 94].

6.2 Biochemical Method

A biochemical method used for the diagnosis of the disease involves the culture of
stool samples followed by isoenzyme analysis which can consistently distinguish
Entamoeba sp. [95]. However, due to several limitations including difficulty in
performing isoenzyme analysis, cultivation of E. histolytica from stool or liver
abscess and time-consuming procedures make this method unsuitable for use in
developing countries [96-98].

6.3 Serological Test
6.3.1 Antibody Detection

Patients with symptomatic E. histolytica infection develop detectable anti-amebic
antibodies, and also persons recovering from amebiasis have detectable serum anti-
bodies; therefore, serological test can be helpful. E. dispar-infected patients do not
develop serum anti-amebic antibody titers [81, 99]. Since levels of anti-amebic
antibodies remain elevated in the serum for years, serodiagnosis in endemic regions
is of limited use [99, 100].
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6.3.2 Antigen Detection Method

Antigen detection methods in stool sample has several advantages over previously
described methods including better sensitivity, specificity, and large-scale screen-
ing tool. Gal/GalNAc lectin is one of the most studied species-specific antigens
which is replacing other techniques for both clinical and research purposes
[101, 102]. Limitation of this technique is the requirement for fresh, unfixed stool
specimens and incapability of the test to differentiate E. histolytica and E. dispar.

6.4 Molecular Diagnosis

Several PCR-based methods have been developed that are highly sensitive and
helpful that can detect and identify E. histolytica DNA in stool samples [103—107]
in the diagnosis of amebiasis [108—112]. However, in developing countries, this
method may not be well suited because it requires specialized skills, equipment,
and cost [109]. Recently, a new method was developed for the diagnosis of
E. histolytica known as loop-mediated isothermal amplification (LAMP). This
diagnosis method is cost-effective and easy to perform and could be a valuable
and useful diagnostic tool particularly in the developing world where amebiasis is
endemic [113].

7 Treatment and Control

Treatment for E. histolytica varies depending on whether it is symptomatic or
asymptomatic infection. For invasive infection, nitroimidazole derivative (metro-
nidazole, tinidazole, ornidazole) is the drug of choice particularly metronidazole
[4]. Approximately, 90% of patients with amebic dysentery have positive response
to metronidazole. In the case of amebic colitis or fulminating amebic colitis with
perforation, patients can be treated with metronidazole followed by a luminal agent
such as iodoquinol with the addition of antibiotic to deal with intestinal bacteria
[114-117]. Several studies have reported the importance of metronidazole treat-
ment with the addition of a luminal agent to remove parasites that are colonized and
for the treatment of amebic liver abscess except in some extreme severe cases,
which may require surgery [118-120]. Treatment with luminal agents such as iodo-
quinol or diloxanide furoate should be given for asymptomatic infections to remove
the infection and to inhibit the potential for invasive disease and reduce the risk to
the public considering that individuals will also shed cysts [114, 115].
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8 Prevention

In order to inhibit E. histolytica infection, contamination of food and water with
human feces must be prevented [121]. Therefore, water filtrations or boiling water
and the use of appropriate water and sewage system are effective methods to
prevent contamination. To promote better understanding on the negative effect of
amebic infection, public awareness programs should be encouraged that will help in
reducing the infection rate of the parasite. Despite the fact that provision of
adequate sanitation worldwide could help to limit the number of patients that get
amebiasis, this situation is doubtful in the future. Effective vaccine development
that prevents amebiasis will be an important task to completely eradicate the
disease considering the fact that antigen-based vaccine has been developed that
protects animals against intestinal amebiasis and amebic liver abscesses [4, 122].

9 Conclusions

E. histolytica is a tissue-lysing protozoan parasite that causes amebiasis worldwide,
particularly in endemic areas of developing countries. This parasite is an interesting
biological system that lacks most eukaryotic organelles and has the ability to
colonize the large intestine. For unknown reasons, the parasite becomes aggressive
and invades the intestinal mucosa, which can cause severe disease. In recent years,
our understanding on the molecular mechanisms involved in pathogenesis has
greatly advanced. However, it is not clear how or what factors change the parasite
pathophysiology, as it changes its role from a nonpathogen to an agonist pathogen.
Therefore, a deeper understanding on the pathogenesis of amebiasis would require
insights into parasite cell biology, genetics, and comparative genomics of strains
compared to nonpathogenic strains. Ultimately, better characterization of protein
receptor/ligand interaction involved in pathogenesis will provide candidates for
future vaccine development. Additionally, as discussed before, various diagnosis
methods for the detection of disease in patients with amebic dysentery and abscess,
these methods appear encouraging, but most of them are still just research tools.
Finally, much work needs to be done for the development of sensitive, rapid, and
appropriate techniques for the detection of amebiasis in developing countries.
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1 Introduction

Ascaris lumbricoides, a member of the soil-transmitted helminths, infects a stag-
gering 800 million people yearly [1, 2]. It is hard to fully comprehend the world-
wide impact of this nematode, but Dr. Peter Hotez, an acknowledged expert on
neglected tropical diseases (NTDs), described it best as “the most important disease
you have never heard of” [3]. Despite these high numbers, it is still classified as a
neglected tropical disease [1, 2]. Neglected tropical diseases affect poor communi-
ties disproportionately but are often forgotten when it comes to resources and
research funding [4]. Many research questions therefore remain unanswered, such
as, why are children disproportionately infected? What is the role of host genetics in
predisposition? What is the true degree of cognitive impairment suffered by
children because of A. lumbricoides? What is the immune response against Ascaris?

Although acute symptomatology includes intestinal obstruction and morbidity, it
is the chronic aspect of the disease such as growth retardation and cognitive
impairment that produces the most impact at the population level [5-7]. Children
in particular are most adversely affected by Ascaris infection and can consequently
experience chronic symptoms [6, 7]. As the severity of symptoms correlates to
worm burden, it is essential to investigate why some people are more heavily
infected than others [8, 9]. As eradication of the parasite itself might prove to be
very difficult without a vaccine, prevention is the best way to reduce the effects of
acute and chronic symptoms on the population [10]. Prevention of Ascaris is often
through mass drug administration [10]. The frequency of chemotherapy distribution
depends on the local prevalence of the parasite, with frequencies ranging from
twice a year to a case-to-case basis [10]. School-aged children especially are
targeted in these campaigns, as this cohort is disproportionally infected with
Ascaris and may excrete a disproportionate amount of eggs [11].

Few epidemiological studies are being conducted on Ascaris in the South Asian
region. This apparent gap in knowledge is worrying, because Ascaris has a region-
specific prevalence, abundance and egg production [12-14]. Without accurate
epidemiological data per region, it will be hard to establish effective preventative
measures, such as the above-mentioned mass drug administration programmes, but
also sanitary improvements to reduce acute and chronic morbidity.

1.1 Epidemiology

In 2010, Ascaris lumbricoides infected 819 million people worldwide, of which
297.8 million cases occurred in the South Asian region [15]. Ascariasis additionally
is responsible for 499,599 years lived with disability in South Asia and 1,110,600
globally [15]. Despite these high numbers, ascariasis is still considered a neglected
tropical disease [1, 2]. The World Health Organization estimated that in the year
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2010, around 2224 deaths could be attributed to the parasite [16], making Ascaris
one of the most common foodborne parasitic infections [16].

A. lumbricoides is transmitted through the faecal-oral route, making it most
prevalent in poverty-stricken settings with insufficient sanitary conditions [17-
19]. A study performed in government-owned tea plantations in Sri Lanka found
that Ascaris infection in children between 3 and 12 years was linked to poor sanitary
settings; however, this difference was only found in some parts of the country
[20]. Traub et al. [21] further identified a range of risk factors linked to Ascaris
infection in an Indian population: Hindu religion, lower education level
(or maternal education in the case of children), higher density of people in one
household, owning pigs and lack of anthelminthic treatment. The authors also
found that, although gender was not a risk factor for Ascaris infection, females
between the ages of 16 and 20 did show an “overproportional” parasite intensity.
This observed sex variation was attributed to a difference in work environments,
with men mostly working in factories or other indoor environments and the women
mainly being outdoor tea-pickers [21]. Gunawardena et al. [22] found similar risk
factors for Ascaris infection in Sri Lankan children: lower altitude of below
500 meters, maternal education, household sanitation and gender. The influence
of household conditions on Ascaris infection was confirmed through the identifi-
cation of a positive correlation in an Indian fishing village near Madras between
average worm burden and increasing number of family members [23]. Additionally,
in low-income households in Bangladesh, it was identified that finished flooring
was associated with a 44% decrease in Ascaris infection [24]. The authors con-
cluded that a combination of deworming, increased hygienic sanitation and flooring
may have resulted in a stronger reduction of Ascaris prevalence than deworming on
its own [24].

In short, factors such as gender-related behaviour, environment and the socio-
economic situation including housing conditions, cultural practices, defecation habits
and available infrastructure all have an influence on Ascaris infection [20-26].

1.2 Predisposition

Ascaris affects certain demographics disproportionally, with children between
5 and 15 years most heavily infected and children over the age of 15, together
with adults, having lower infection intensities [27]. Regardless of these age-related
differences, it is clear that certain people are more heavily infected than others
[9, 28-30]. This means that most of the worms in an endemic area can be found in a
small set of people [27]. These people, carrying the majority of the worm burden,
are often described as “wormy people” [9], with heavily infected individuals often
clustering in one family [31]. Subsequent to anthelminthic treatment, patients
reacquire a similar worm burden to what they possessed before treatment, a
phenomenon known as predisposition [32]. The overdispersed frequency distribu-
tion was first described for parasites in general by Crofton [33] and for Ascaris
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specifically by Croll and Ghadirian [9]. Predisposition has subsequently been
demonstrated for a variety of geographical locations in humans, ranging from
India to Nigeria [28, 29, 32, 34, 35], and in naturally and experimentally infected
pigs [36]. The mechanisms that determine predisposition are not yet fully eluci-
dated and are likely to be multifactorial [8]. Using probability theory, McCallum
[37] found that both long- (i.e. host genetics and socio-economic status) and short-
term (i.e. host-acquired immune system) variables were involved.

It is this population, of heavily infected individuals, that is most at risk of having
severe symptoms, morbidity and mortality due to heavy worm burdens [8]. Addi-
tionally, because of their high parasite burden, such individuals can potentially
excrete more eggs and thus enhance the parasite spread [8]. Understanding the
underlying mechanisms for this diversity in parasite load is therefore important
with respect to enhancing parasite control and diminishing morbidity and mortality.

One of the unanswered questions regarding heterogeneity is at which point in the
life cycle of Ascaris does predisposition occur? Taking an experimental approach,
Lewis et al. [38] used a mouse model to assess a range of inbred strains of mice for
resistance and susceptibility to Ascaris infection. The authors identified two mouse
strains as model organisms for heterogeneity in Ascaris infection with one strain
susceptible (C57BL/6J) and one relatively resistant (CBA/Ca) to A. suum [38].

Two main factors have been identified as contributors to the observed predispo-
sition at the individual level of infection [39]: host genetics and host immunity. As
for the role of the immune system, studies showed that putatively immune children
demonstrated higher levels of Ascaris-specific anti-ABA IgE antibodies and
pro-inflammatory proteins [28]. Deslyper et al. [40] also used C57BL/6J and
CBA/Ca mice and identified an intrinsic difference in susceptibility between the
two strains. These authors investigated the protein abundances in the liver of the
mice at day 4 postinfection and found that the relatively resistant mouse strain,
CBA/Ca, had an intrinsically higher abundance of oxidative phosphorylation cycle
(OXPHOS) proteins. These proteins are part of the cellular respiration process and
produce reactive oxygen species (ROS) as a by-product [41, 42]. Under infection,
both mouse strains had an increased relative abundance of OXPHOS proteins but
with the resistant strain still having a higher relative abundance than the susceptible
strain [40]. These results indicate a potential role of ROS in early elimination of
Ascaris. Additionally, CBA/Ca mice had an intrinsically higher relative abundance
of ribosomal proteins than C57BL/6J mice. This difference became more pro-
nounced under infection [40].

At the genetic level, the MHC genes were among the first to be implicated to
play a role in predisposition. Holland et al. [43] found that the presence of the
A30-31 antigen was more prevalent in consistently infected children. Subse-
quently, Williams-Blangero et al. [44] identified, in the Jirel population of East
Nepal, that 30-50% of difference in worm burden between individuals could be
attributed to host genetics. Using variance component linkage analysis, the authors
measured the covariance between infection and genotype, which resulted in the
identification of three loci on chromosomes 8, 11 and 13 as having an influence on
susceptibility [45, 46]. An additional three suggestive loci were recognized in a
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later study, using a bigger sample size and thus enhancing the power. This analysis
indicated a total of four chromosomes of interest: 13, 11, 8 and 1 [45, 46]. The
authors propose the TNFSF13B gene as a candidate for further investigation. Other
studies confirmed these findings, suggesting TNFSF13B, together with LIG4, as
important factors that might explain heterogeneity in Ascaris infection [47], with a
possible role of these two genes in the modulation of an IgE and IgG response
against the parasite in favour of a protection against Ascaris infection. Additionally,
Peisong et al. [48] identified a STAT6 gene variant in a Chinese population that was
linked with lower Ascaris burden.

In order to understand the role of the household level, the influence of exposure
on predisposition was examined by Walker et al. [49], using data obtained from
Hall et al. [50] who investigated a population in Bangladesh, using new Bayesian
statistical model methods. Walker et al. [49] identified that predisposition is
strongly linked within households. Additionally, an increased risk was observed
for households with earth floors, without latrines and who use a common tap for
their water necessities. The authors further identified a sex difference, with a higher
prevalence of infection observed in adult women than adult men [49]. This sex
difference was not observed in children and is likely to be ascribed to the socio-
logical aspects of the society, where women tend to stay at home (exactly the area
that has been identified as the place where most infections occur by the authors) and
teenage boys and men tend to go to work during the day. As for the age-related
differences in worm burden, the authors [49] point to a rapid behavioural change, as
they start exploring their environment, in early childhood as likely cause for the
observed decrease in baseline mean worm burden with increased age. This effect
seems to be particularly strong in the first 3 life years. In sum, the authors found that
individual differences play a minimal role in predisposition, whereas the household
was found to be the main risk factor.

1.3 Animal Models

Although pigs are a natural host for A. suum infection, which in itself is closely
related to the human A. lumbricoides, their use as model system is challenging
because of cost, husbandry, size of the pigs and the lack of inbred strains [S1]. A
large range of animal models has been explored for Ascaris infection: mice, guinea
pigs, rabbits, labs, goats, gerbils, rats and cows [51]. Because only pigs are natural
hosts, all other model organisms have incomplete life cycles, with only the early
stages of infection occurring [51], making them abnormal hosts. Additionally,
Holland et al. [51] found “that in the vast majority of these models, susceptibility
and resistance to Ascaris infection in either the liver or the lungs has not been
clearly established”.

Experiments on rats were conducted by Davaine as early as 1863 [52]. Stewart
continued Davaine’s experiments, using rats and mice [53], where he identified the
presence of Ascaris larvae in the gut, the liver and the lungs. Slotved et al. [54]



88 G. Deslyper and C.V. Holland

subsequently recognized that the migratory path of A. suum in both pig and mouse
was the same, making mice an ideal model organism. Furthermore, the migratory
path of the A. suum larvae in mice is similar to A. lumbricoides in humans
[54, 55]. Mice also have a higher larval recovery rate than other animals such as
rats, guinea pigs and rabbits [56] and even pigs [57]. This is due to their relative host
size and parasite size [38].

Lewis et al. [38] built on the early mouse work of Mitchell et al. [58] by testing a
range of different mouse strains in order to mimic the susceptibility and resistance
to Ascaris found in humans [38]. A range of different mouse strains were tested to
mimic the susceptibility and resistance found in humans [38]. C57BL/6J and
CBA/Ca mice were identified as a susceptible and resistant, respectively, against
Ascaris infection [38], with C57BL/6J mice demonstrating a peak in larval numbers
at 7 days postinfection and CBA/Ca mice remaining relatively resistant [51]. A
change in dose of infective eggs did not modify the relative susceptibility, indicat-
ing an intrinsic difference in host factors between the two strains [38].

2 Pathogen

2.1 Types

There are two species of Ascaris, Ascaris lumbricoides Linnaeus, 1758, and
A. suum Goeze, 1782, with the former infecting humans and the latter infecting
pigs [59]. However, there has been considerable debate in the literature about
whether these ascarids are truly separate species [60, 61]. Both species are mor-
phologically very similar, with only small difference in denticle and lip morphol-
ogy observed [59, 62, 63]. The use of molecular techniques was therefore an
essential development, with mitochondrial DNA (mtDNA) and the first internal
transcribed spacer (ITS-1) being the most frequently used molecular markers.
mtDNA is often used for identifying cryptic species, with a 2% sequence variation
between individuals of the same species and 10-20% between closely related
species being observed [64—66]. ITS-1, conversely, has <1% sequence variation
between individuals of the same species and between closely related nematode
species [67, 68]. mtDNA has a higher mutation rate as I'TS-1, making it preferable
when analysing small sample sizes [65]. As for Ascaris, a difference was observed
between the two in both ITS-1 and mtDNA [69, 70], with a 1.3% difference in the
ITS-1 [69] and 3-4% for the mtDNA [70], which the authors interpret as evidence
for two separate species. Liu et al., conversely, compared whole mtDNA extracted
from A. lumbricoides and A. suum from both human and porcine sources, respec-
tively, and found a 1.9% sequence difference, indicating a single species [71].
Another area of debate has been the possibility of cross transmission. In
nonendemic areas, pig-to-human infections have been demonstrated; however, in
endemic regions such cross infections are harder to verify [72—75]. Evidence for
cross transmission in endemic settings was established through the identification of
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Ascaris hybrids, as hybrids can only occur when the two different species were at
one time present together in the same gut [72, 74, 76, 77]. The question as to
whether Ascaris can cross infect is an important one for the development of
appropriate control measures as it determines if Ascaris infection should be con-
sidered as a zoonosis [76]. Although rare, cross infections could have important
implications regarding drug-resistant gene transfer, formation of hybrid genes,
potentially increasing parasite virulence or host immune evasion [78, 79]. The
presence of hybrids does not immediately imply a single species. It is possible
that after mating the eggs die off straight away or that the offspring of the hybrids
could be sterile or have lower fitness, all of which would be supporting the two
species theory [80]. In the case of Ascaris, however, it is thought that the hybrids are
fertile [76, 77, 80].

If the two species theory prevails, questions about the last common ancestor will
arise. Anderson et al. first found that 17% of genetic variation between Ascaris
obtained from pig samples was explained by differences in geographical location
[81]. Criscione et al. [76] confirmed these results through the investigation of
Ascaris, isolated from both human and porcine origins and which were gathered
from different parts of the world. The authors found that Ascaris tends to cluster
together depending on the region rather than based on their host organism,
i.e. A. suum and A. lumbricoides cluster together per region. The authors thus
concluded that Ascaris diverged into infecting humans and pigs separately in
different locations and that this evolutionary event therefore must have happened
several times. In contrast, Betson et al. [72] found evidence for a single host switch
and subsequent geographical differentiation; however, they further suggest that an
alternative model of multiple host switches is also a possibility [72, 76]. The above,
taken together with evidence for restricted gene flow between the species, suggests
the possibility of the presence of multiple species of Ascaris in humans and
pigs [82].

Solving these species problems will prove to be essential for transmission and
control purposes [82].

2.2 Life Cycle

The life cycle of A. lumbricoides in humans is very similar to the life cycle of
A. suum in pigs [83]. The infective eggs, which contain L3 larvae covered with the
L2 cuticle [84], are ingested and hatch in the small intestine. These larvae migrate
to the caecum where they penetrate the mucosal barrier [55] and migrate to the liver
via the portal blood. In the liver, the L2 cuticle is shed after which the larvae
migrate to lungs on day 6-8 postinfection [57]. Here the larvae continue to
penetrate the alveolar spaces and migrate to the pharynx. Subsequently they are
swallowed and return to the small intestine at day 8—10 p.i. [57]. On day 10 p.i., L3
stage larvae moult into the L4 stage, after which they reach sexual maturity.
Another moult occurs on day 24 p.i. resulting in L5 stage larvae [85], which are
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expelled from the gut at week 23 [86]. Adult female worms measure between
20 and 35 cm, in contrast to smaller males that range from 15 to 20 cm
[83]. Adult worms can survive for 1-2 years in the gut [29, 87].

Female worms produce 200,000 eggs per day; however, egg production is
variable with changes in egg production occurring on a daily basis [88]. Optimal
conditions for survival of infective eggs in the environment were found to be wet
and dark, whereas a dry, sunny environment kills the eggs after a few weeks
[89]. The eggs are sticky and can therefore get stuck to various objects such as
utensils, furniture, money, fingers and door handles and food such as fruit and
vegetables [90]. In the soil, the larvae within the eggs undergo two moults [84],
developing into L1 larvae, which takes around 10 days at optimal conditions
(28-32 °C) [91]. This delay means that it is not fresh faeces, but rather old faeces,
that contain infectious material. The traces of old faeces could therefore already
have disappeared, while the infectious material can still be present [92].

In endemic areas, eggs are ingested frequently. Wong et al. [93] monitored
children of two households that received treatment at the start of the trial and
subsequent confirmation, using Kato-Katz thick smear, that the children were
parasite-free. The authors then determined the amount of soil the children con-
sumed by measuring quantity of non-dietary silica present in the stool. After
determining the density and distribution of the eggs in the play area of the children,
the authors were able to estimate that the children on average ingest 9-20 Ascaris
eggs per year. Three months later the children received another round of
mebendazole, allowing for the measurement of their new worm burden. The
authors were then able to compare estimated infection rate with the observed
infection rate; the results then indicated that between 12 and 90% of ingested
eggs developed into adult worms. Although ingestion is the most common way of
infection, inhalation and swallowing of eggs from the air are also possible routes of
entry in hyperendemic regions [94-96].

The exact reason why the parasite goes through such complex cycle, i.e. larval
migration, is not fully known [51]. One theory [97] suggests it is an evolutionary
remnant from when the parasite used to penetrate the skin. Other theories suggest
that the complex life cycle provides fitness benefits to the parasite due to a reduced
risk of immune-mediated damage and death occurring in the different tissues
[98, 99]. Evidence for this theory was found through introducing infective larvae
in the blood stream in the pigs, which resulted in a lack of larval migration and
slower larval development [100].

3 Clinical Features

Most individuals infected with A. lumbricoides will only harbour a few worms
[30, 32] and will not experience significant symptoms [101, 102]. Moderate infec-
tions can cause acute illness with symptoms such as nausea, diarrhoea and abdom-
inal pain, which usually disappear shortly after onset [103]. Heavily infected
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individuals, however, can have a wide range of symptoms which are divided into
chronic and acute symptoms [104]. Chronic symptoms of Ascaris infection have a
major public health impact [5]. Acute symptoms, conversely, are rare but more
serious [104] with an increased risk of mortality. de Silva et al. [105] estimated that
per 12 million acute cases, 1000 deaths occur.

The most prevalent symptoms of chronic disease are growth impairment and
malnutrition [5, 92]. Malabsorption of nutrients such as fats, vitamin A and
[-carotene is caused by the parasite damaging the intestinal villi and is, in combi-
nation with anorexia, the main cause of malnutrition [106]. Anorexia, together with
damaged intestinal villi, can result in lactose intolerance [106]. Additionally, mal-
nutrition in children can cause impairment of growth and physical ability, together
with reduced work capacity and cognition [5, 107]. Awasthi and Pande [108]
studied a paediatric population (ages between 6 and 12 months) in North India
for a period of 18 months. The authors found, at the end of the study after
administration of albendazole and vitamin A, a significant increase in weight for
these children. Hall et al. [92] described problems involved when assessing the
nutritional status of patients infected with geohelminths. The authors highlight the
necessity of having an untreated control group to fully establish the extent of
growth impairment in children with a gastrointestinal parasite, as
non-malnourished children will experience growth and weight gain naturally.

Using four different cognitive tests, Ezeamama et al. [109] investigated the
influence of soil-transmitted helminths on cognitive function in Filipino children.
With respect to Ascaris, the investigators found an increase in test scores for the
learning subscale of the Wide Range Assessment of Memory and Learning test,
with decreased worm burden. The authors attributed these cognitive impairments to
nutritional deficits, iron in particular, inflammatory symptoms and abdominal pain
which can be distracting [6, 7]. Cognitive development is difficult to measure, as
cognition is often influence by multiple causes [110]. Careful reporting of addi-
tional environmental risk factors is therefore essential for correct interpretation of
these studies [110]. Furthermore, because a wide range of different functions could
be impaired, a range of different cognitive tests needs to be conducted in order to
map all of those affected functions [110]. The improvement of the cognitive
impairment is often hard to measure after treatment, as both remedial education
and psychosocial stimulation are considered contributing factors [110].

The effect geohelminths have on cognitive function has been debated, with some
papers arguing there is no evidence [111] and others that there is a strong link
[27, 112]. The human brain requires a high percentage of the body’s metabolic
energy, ranging from 87% in newborns to 27% in an adult female [113]. Parasites
inhabiting the intestinal tract interfere with the body’s metabolic energy balance
through interference with the nutrient absorption [114]. The Cochrane Review by
Taylor-Robinson et al. [111] could not find any link between deworming and
cognitive development. However, Medley et al. [115] point out that “Critics of
these reviews have argued that many of the included trials suffer from a number of
methodological shortcomings that may bias the results, and that better-designed
studies are required in this area”. The authors, however, did identify three main
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pitfalls for cognitive studies [4]: the lack of consensus on which cognitive domain
needs to be investigated, the lack of standardization and the absence of test
validation in developing countries.

The increased energetic need due to infection has been described in pigs only,
where a net increase of 50-100% of wet weight of the small intestine was observed
[116]. This was ascribed to a hypertrophy, mainly of the tunica muscularis in the
bowel, in order to push food past the worms. The increased energy expenditure
could result in energy loss in other parts of the body.

Both intestinal obstruction and biliary complications are the most common acute
symptom of Ascaris infection [107]. Intestinal obstruction accounts for 57% of all
complications; it is most often found in young children (5-10 years) because of
their smaller intestinal lumen [104]. Ascaris can lead to partial blockages
[117, 118], resulting in intussusception, volvulus and eventually complete obstruc-
tion [118]. All the aforementioned symptoms can cause bowel infarction and
intestinal perforation with potential peritonitis. After intestinal perforation, the
dead worms can induce granulomatous peritonitis [27]. Intestinal obstruction
occurs mostly in children, whereas hepatobiliary and pancreatic ascariasis are
more common in adults, because the larger biliary tree in adults can house an
adult worm [27]. Blockage not only occurs in the intestines; the adult worms can
move around the body causing blockages in different locations resulting in biliary
colic, cholecystitis, cholangitis, pancreatitis and hepatic abscesses [118]. Adult
worms can sometimes enter the appendix and induce symptoms very much like
appendicitis [27]. Children with a high fever may suffer from moving Ascaris
worms, which causes the worms to emerge from the nasopharynx or anus [27].

Migrating larvae can induce a range of symptoms, including asthma, coughing,
skin rashes, fever, eosinophilia and substernal pain, with dying larvae causing more
harm than the living ones [119-121]. While the larvae are migrating through the
lung as part of their life cycle, they cause a range of symptoms including blood
eosinophilia, respiratory symptoms and pulmonary infiltrates termed “Loeffler’s
syndrome” [122, 123]. Dead worms can release their eggs and cause a granuloma-
tous reaction, which can induce liver abscesses [17]. Additionally, McSharry et al.
[124] found that acute phase proteins, produced in the liver, were increased in
putatively immune children from Nigeria. This may indicate the presence of an
immune mechanism which targets the hepatic stage of the parasite [124].

4 Molecular and Biological Aspects

4.1 Excretome/Secretome

The excretome/secretome (ES) from a parasite consists of both proteins that are
actively secreted and passively released. ES proteins are known to have immuno-
modulatory functions in several parasites; one such parasite is Fasciola hepatica,
which is known to secrete thioredoxin peroxidase [125] in addition to a range of
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antioxidant enzymes [126]. Additionally, Spolski et al. [127] showed that the ES
from Taenia crassiceps supressed a Thl response.

The ES of A. suum has been studied sparsely and little is known about its
influence on the host. Chehayeb et al. [128] found that in vitro, A. suum secreted
a range of lipid-binding proteins. Among those lipid-binding proteins, which
parasites possibly use to obtain lipids from their host, the authors discovered the
presence of vitellogenins which are known to play a major role in oogenesis and
development of the larvae. Another one of these lipid-binding proteins, ABA-1, is
the most abundantly secreted protein and a major allergen; its function, however,
remains unclear [128, 129]. Additionally, Chehayeb et al. [128] found proteases and
protease inhibitors being excreted/secreted, both of which are thought to play a role
in immunomodulation, with proteases having an extra function in tissue migration.
Furthermore, Antunes et al. [130] found that PAS-1, an ES protein from both larval
and adult stages of Ascaris, had an immunomodulating effect through the suppres-
sion of leucocyte infiltration in addition to the production of the pro-inflammatory
cytokines IL-1p and IL-6.

As parasites excrete/secrete different proteins during their life cycle, Wang et al.
[131] investigated which proteins are found during the different stages of develop-
ment of Ascaris. The authors found that just two proteins were excreted/secreted
during each of the different larval stages: serpins and 14-3-3 protein. Serine
protease inhibitors are believed to have a dual function of, first, protecting the
larvae from being digested and, second, coating the larvae in these serpins, hereby
potentially masking them from the host’s immune system [131]. The 14-3-3 protein
was found to be excreted in other parasites such as S. mansoni. Its function remains
elusive to date, but the protein is believed to be involved in the host-parasite
relationship [131, 132].

Further identification and characterization of these proteins is not only necessary
for our understanding of the disease progression, but it may also offer novel vaccine
candidates and potential new therapies.

4.2 Genome

A draft genome of A. suum has been sequenced by Jex et al. [133]. The draft
genome predicted the presence of 775 excretory/secretory proteins, 301 immunogen
proteins and 26 immunomodulatory proteins including proteases which have been
identified as Th2 immunomodulating proteins [133, 134]. Additionally, several
immunomodulating homologues were predicted, including B-cell inhibitors, neu-
trophil inhibitors, etc. In addition, some immune evasion proteins were predicted
through the mimicking of host proteins [133].

A range of peptidases linked to feeding and migration were also identified,
together with homologues to olfactory chemosensory genes of volatile compounds
[133]. The latter are thought to play an important part in migration of the parasite
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[133]. Moreover, the authors identified sex-specific genes, for the males associated
with spermatogenesis and for the females associated with oogenesis and egg laying.
This draft genome can play a significant role in the search for new drug targets
[133]. These can be found by targeting either essential genes or by interfering with
essential enzymatic chokepoints, which are defined by the authors as “enzymatic
reactions that uniquely produce and/or consume a molecular compound” [133].

S Ascaris and the Immune System

5.1 Immune Response

Upon oral infection, Ascaris larvae migrate through the digestive tract to the
caecum, the site where the larvae penetrate the gut [55]. Gut-dwelling helminths
trigger the innate immune system through damaged epithelial cells, which will
secrete cytokines [135, 136]. These cytokines are called “alarmins”; they are IL-25
and IL-33 [135, 136]. These alarmins activate nuocytes, which are non-B non-T
cells [135-137]. Nuocytes then have the ability to secrete IL-4 and IL-13 and
alternatively activate macrophages [137]. Neill et al. [135] demonstrated the
importance of these nuocytes and their cytokine production in the expulsion of
Nippostrongylus brasiliensis.

Parallel to this, the alarmins, together with parasite-derived excretory/secretory
products, are able to activate antigen-presenting cells, which subsequently can
activate Th2 cells, thus inducing the Th2 response [137]. Parasite-derived excre-
tory/secretory products are detected by the host most likely through C-type lectin
receptors [138]. As for A. suum, Yoshida et al. [139] identified a novel C-type lectin
of A. suum called A. suum C-type lectin-1 (As-CTL-1) in the lung tissue of infected
rabbits. The authors found that As-CTL-1 has 38% similarity to a known C-type
lectin from Toxocara canis: Tc-CTL-4.

In the gut, IL-13 induces an increase in epithelial cell turnover and goblet cell
differentiation [137, 140]. Goblet cells in their turn produce mucins [137, 140,
141]. Mucins produced by goblet cells play an important role in the clearing of
Trichuris muris, where it was found that mice lacking mucin 5a have difficulty
expelling the parasite compared to mucin Sa—secreting mice [141]. Relmf is also
induced by IL-13 and disrupts the chemotactic sensors of parasites through direct
binding [142, 143].

Dendritic cells have been shown to be essential for a Th2 response activation
[144, 145]. An experimental approach by Pythian-Adams et al. [146] showed that
Schistosoma mansoni infections require the presence of dendritic cell to induce a
Th2 response.

Masure et al. [147] found that pigs continuously exposed to A. suum eggs for
14 weeks manage to develop immunity against subsequent infections, resulting in a
99.7% reduction in larvae. The authors linked this observed immunity to immuno-
logical changes in the caecum including eosinophilia, mastocytosis and a
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hyperplasia of goblet cells [147]. They additionally found an increase in the
recruitment of eosinophils to the caecum in immune animals upon reinfection.
This was paired with an increase in IL-5, IL-13, CCL11 and eosinophil peroxidase
transcripts. IL-5 is involved in the development of eosinophils and their recruitment
from the bone marrow into the blood [148], and eosinophil peroxidase is involved
in ROS production [149]. In vitro experiments showed that A. suum larvae induce
degranulation of eosinophils [147]. In all, their results seem to indicate an important
role for eosinophils and ROS in the development of immunity against Ascaris and
subsequent larval expulsion [147].

After ingestion, the larvae migrate to the liver. Little is known regarding an
immune response against Ascaris in the liver. The liver shows macroscopic signs of
an innate immune response, with the presence of white spots in the livers of pigs
infected with A. suum [150] and humans infected with A. lumbricoides [151]. There
are two types of these white spots: granulation tissue and lymphonodular [152]. The
former mainly contains eosinophils, neutrophils and macrophages; the latter mainly
contains lymphoid cells.

The liver is an immunomodulatory organ [153], which could explain why
Ascaris incorporated this organ as part of its life cycle. This is a route which is
also used by Plasmodium; Bertolino and Bowen [154] suggested that the malaria
parasite goes through a hepatic, pre-erythrocytic stage, potentially to evade the
immune system.

The surviving larvae subsequently move from the liver to the lungs [57]. During
the lung stage of the life cycle, an intense inflammatory response was observed in
the lungs of BALB/c mice, induced at first by an influx of neutrophils, followed by
eosinophils and mononuclear cells [155]. Lewis et al. [156] showed, using hydro-
cortisone to suppress inflammation, that this inflammatory response is not respon-
sible for the observed difference in heterogeneity of infection. In fact, the authors
identified the hepatic or post-hepatic stage as the most likely time for resistance to
manifest itself.

Using BALB/c mice infected with Ascaris, Gazzinelli-Guimaraes et al. [157]
found that the earliest change in cytokine profile in the lungs was an increase of
IL-5 concentration at day 4 postinfection, coinciding with the migration of the
larvae towards the lung. IL-5 has been shown to play a role in the eosinophilia
observed in helminth infections [157]. Because this stage is too early for this
cytokine to be produced in CD4+ cells, the authors postulated that the IL-5 is
secreted by either resident lung cells or nuocytes [136].

A profound increase in both eosinophils and neutrophils was confirmed in a
mouse model using A. suum infected BALB/c mice, with a peak at day
14 postinfection [158]. Recent work by Nogueira et al. [155] demonstrated that
this rise in eosinophils and mononuclear cells is more pronounced in reinfected
mice, when compared to single infections. The authors also observed that this
increase in eosinophils correlated with a decrease in parasite burden, suggesting a
potential role for eosinophils in the clearance of infection. However, the authors
note, this intense inflammatory response could be associated with tissue repair
rather than worm expulsion [156].
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5.2 Immunoglobulins

As for the adaptive immune response, an increase in IgE concentration is associated
with Ascaris infection. High levels of specific IgE antibodies against one Ascaris
protein in particular (anti-ABA-1) have been associated with natural immunity
against Ascaris infection [124, 159]. Paterson et al. [160], however, found that
ABAL is “not intrinsically allergenic”. The authors argued that the IgE response
observed in Ascaris infections is a combination of several factors, exposure route,
antigen dose and other Th2-promoting molecules, which together make ABA-1 a
bystander antigen [160]. IgE was found to bind the Fc epsilon RI (high-affinity IgE)
receptor on eosinophils and induce eosinophilic degranulation [161].

IgE has been found to play an important role in eosinophil-mediated cytotoxicity
in S. mansoni infection [161]. The role of IgE, however, is a source of debate, with
some evidence suggesting that high levels of Ascaris-specific IgE antibodies have a
protective effect [159], whereas a study performed in Bangladesh found that
heavily infected children have higher anti-Ascaris IgE than lightly infected
children [162].

Miguel et al. [163] found an increase in anti-Ascaris IgA antibody-secreting
cells (ASC) at day 10 p.i. in the lamina propria of the proximal and distal jejunum of
pigs, which the authors attribute to a delayed response to larval penetration after
infection. These ASCs started decreasing at day 21 p.i. The authors additionally
measured increased serum anti-Ascaris IgA, with IgA anti-ABF serum levels
remaining high throughout infection and IgA anti-L3-ES serum levels dropping
after day 21 p.i. Secreted anti-IgA antibodies play an important role in the gut as
they form a protective barrier for pathogens and toxins to enter the gut epithelium,
through trapping and eliminating potential pathogens [164].

5.3 Th2 Response

The presence of a strong Th2 response in Ascaris infection has been found to be
important for worm clearance, with an increased Th2 response playing a significant
role in age-dependent resistance to Ascaris infection [165]. A Th2 immune
response is associated with IL-4 and IL-5 production, two cytokines that induce
IgE production and eosinophilia [166], with IL-4 in particular mediating the class
switch to IgE B cells [167]. However, Nogueira et al. [155] in their model of
reinfected mice found evidence of a mixed Th2/Th17 response. Th17 cells produce
IL-17, which in turn produces CXCR2 ligands, which are chemoattractant for
neutrophils [168]. Additional evidence for their findings was found in C57BL/6
mice infected with S. japonicum, which were found to produce IL-17A [168]. Fur-
thermore, Nogueira et al. [155] found that in reinfected mice, during the first days of
the repeat infection, there was a significantly higher level of IL-4. The authors [155]
suggest the mixed Th2/Th17 response is part of tissue remodelling, with the larval
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migration and subsequent tissue damage causing an inflammatory response that
needs to be controlled.

5.4 Regulations of the Immune System

Regulation of the immune response is an important part of the immune system.
Several immune modulating cells were identified to play a role in helminth infec-
tions such as alternatively activated macrophages, Treg cells and regulatory B cells
[137]. Matera et al. [169] found a statistically significant increase of innate CD4+
CD25+ Treg cells in Ascaris-infected individuals compared to controls. The authors
suggest this regulation of the immune response could be beneficial for both the host
and the parasite. The parasite would be able to sustain prolonged infection
[169]. The host on the other hand, the authors point out, would benefit from a
dampened immune response, which would otherwise lead to pathology [169].
However, Matera et al. [169] found that in Ascaris-infected patients, despite an
increase in Treg cells, no expected rise in IL-10 was observed. Some evidence
[170], however, points towards these Treg cells modulating the immune response
using IL-10. Nascimento et al. [170] induced autoimmune hepatitis in BALB/c
mice, using a lectin called concanavalin A. In an attempt to reduce hepatic
inflammation and tissue damage, caused presumably by concanavalin A-induced
polyclonal B-cell and T-cell activation, the researchers administered A. suum
extract. The authors found that both prophylactic and therapeutic administration
of this extract showed statistically significant improvements in serum markers,
which the authors believe was the result of increased IL-10 concentrations. IL-10
would then inhibit the co-stimulatory molecules from antigen-presenting cells
[170]. This research highlights the potential of immune modulation of Ascaris
infections. Antunes et al. [130] identified the PAS-1 antigen from A. suum as an
anti-inflammatory protein which can inhibit LPS-induced inflammation in an
IL-10-mediated manner. IL-10 is an important regulator of inflammation; it is
produced by a wide range of cells and acts as an anti-inflammatory cytokine [171].

5.5 Other Proteins Involved

McSharry et al. [124] found that Nigerian children, putatively immune to Ascaris,
had a higher concentration of the inflammatory markers C-reactive protein, ferritin
and eosinophil cationic protein, when compared to a group predisposed to infection.
Eosinophil cationic protein was found to be upregulated in Ecuadorian children
chronically infected with Ascaris [172].
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5.6 Natural Immunity

Due to the immunomodulatory aspects of helminth infection, it is hard to develop
natural immunity against it [173]. The immunomodulatory properties of A. suum
work through the secretion of phosphorylcholine, which have pathogen-associated
molecular pattern properties [27]. These interfere with the immune system by
disturbing lymphocyte proliferation pathways. Additionally glycosphingolipids,
produced by Ascaris, have been shown to inhibit LPS-induced Thl cytokine
production (IFN-y). PAS-1, PAS-2 and PAS-3 all inhibit the antibody response of
BALB/c mice [174].

6 Diagnosis and Treatment

6.1 Diagnosis

A wide range of diagnostic tools have been developed for the identification of
helminths. Diagnostics can be divided up into two divisions: firstly, indirect diag-
nostics, which looks at the egg count and presumes a correlation between the
amount of eggs secreted and the amount of worms present in the gut. Secondly,
direct diagnostics, in which the worms themselves are counted as measure of worm
burden.

Each test has its own sensitivity, and the need for different sensitivities might
change [175]. At the start of control programmes, when there is a high prevalence of
the parasite in the population, a quick method with low sensitivity is required to
screen large parts of the population [175]. However, later on during the programme,
it will become necessary to detect light infections, and a higher sensitivity will be
required [175].

The easiest and most reliable method is microscopy, which only requires a
microscope with magnification 10X objective [39, 176]. Microscopy is cheap and
easy to use in a low socio-economic setting [27, 177, 178]. It is a quantitative
method that provides a measure of the eggs per gram of faeces (epg) [27, 177,
178]. The eggs are brown or yellow and measure approximately 55-75 pm by
35-55 pm [179]. This technique, however, cannot be used to distinguish between
A. suum and A. lumbricoides [60]. There are several ways of performing micros-
copy, the easiest being an examination of a thick smear of the sampled faeces
[39]. In the Kato-Katz method, glycerol is added to a set volume of filtered faeces,
in order to clear the faecal detritus, which takes about 30 min [39, 180]. This is then
applied to a template on a slide and the eggs are counted. The number of counted
eggs is subsequently multiplied by a factor, depending on the used template [181].

Based on epg, the World Health Organization divides people into three catego-
ries: light-intensity infections (14999 epg), moderate-intensity infections
(5000-49,999 epg) and heavy-intensity infection (>50,000 epg) [10]. It is assumed
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that egg counts are related to the number of sexually mature female parasites
present in the gut [182]. Microscopical examination, however, can still be
influenced by a number of potentially confounding factors: (1) Diagnosis can be
missed due to low-intensity infections or the presence of male worms only; both
scenarios would lead to a reduced or absent egg production [39]. (2) The females
have to be fertilized by males; if not, unfertilized eggs are produced [179]. These
are longer and thinner than fertilized eggs [179]. However, only few of these are
released and can therefore be hard to find [179]. (3) Eggs are sometimes clumped in
the faecal matter, mixing the sample before subsampling can help, preferably with
0.9% of saline and a surfactant solution to separate eggs further [39, 183]. (4) The
number of adult worms in the gut can determine the amount of eggs released by the
females, which is called density-dependent fecundity, meaning that with increased
worm burden, the females produce fewer eggs [13, 184—186]. (5) Geographical
differences in egg production have been observed [13]. Hall and Holland [13]
identified a difference in egg counts when comparing a study performed in Nigeria
[28] and another one in Bangladesh [14]. Children infected with Ascaris in Nigeria
had a 6 to 13 times greater egg count for similar worm burdens [13]. The authors
point out that when only egg counts are considered, none of the children from the
Bangladeshi cohort would have been categorized as heavily infected. However,
13% of this cohort would have been identified in this category if worm counts were
used. An earlier study, also based in Bangladesh, gave similar results [12-
14]. Given these geographical differences, Hall and Holland [13] suggest setting
local epg thresholds to identify heavily infected individuals, rather than using
global categories.

Quantification of infection is thus best achieved through infection intensity
(worm burden in particular) rather than prevalence [39]. Worm burden can be
determined through expulsion of the parasites using anthelmintic drugs [39]. How-
ever, this is a challenging process with human subjects.

Flotation and sedimentation techniques are also used for the detection and
diagnosis of Ascaris eggs [39]. For the sedimentation method, gravitation is used
to extract the eggs, with the potential of adding water, ethyl acetate and formol-
ether [187, 188]. The eggs can subsequently be found in the sediment which can be
microscopically examined [39]. The formol-ether technique has the benefit that it
can be used in settings where no microscope is available, as the samples are fixed
and can thus be examined at a later time [175]. As for the flotation technique, either
ZnSO, or sugar is added [187, 189], the eggs can subsequently be found in the top
layer, which can be aspirated and investigated using microscopy [39]. Two new
flotation-based techniques are available, FLOTAC and mini-FLOTAC
[190, 191]. Nikolay et al. [175] found that the FLOTAC method was more sensitive
than direct microscopy. However, FLOTAC requires a centrifuge [190] and is more
time-consuming than microscopy [192]. The mini-FLOTAC was developed to
overcome those obstacles, making it easier to use with the same high sensitivity
as the FLOTAC [193].
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Infections can also be diagnosed using imaging techniques such as X-ray
photographs [194], tomographic images [194], sonographic images [195] or
endoscopy [195].

Detecting the metabolites (2-methyl-butyramide and 2-methyl-valeramide) of
the worm in urine is another 