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The untapped cell biology of neglected
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ABSTRACT The World Health Organization lists a constellation of 17 tropical diseases that
afflict approximately one in six individuals on the planet and, until recently, few resources
have been devoted to the treatment and eradication of those diseases. They are often re-
ferred to as the diseases of the “"bottom billion,” because they are most prevalent among the
poorest individuals in impoverished tropical nations. However, the few studies that have
been performed reveal an extraordinary world of molecular and cellular adaptations that fa-
cilitate the pathogens’ survival in hosts ranging from insects to humans. A compelling case
can be made that even a modest investment toward understanding the basic molecular and
cell biology of these neglected pathogens has a high probability of yielding exciting new
cellular mechanisms and insights into novel ways of combating these diseases.
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If you wake up to find a bat in your room, the Centers for Disease
Control recommends that you immediately receive postexposure
rabies vaccinations, because bats have small teeth, and the bite
marks may not be visible. Moreover, you are likely to have been bit-
ten on the neck, making it a short trip for the fatal walk of the rabies
virus to the brain. The tragedy of rabies is that once the initial flu-like
symptoms appear, little can be done, and death is virtually certain.
Advanced symptoms include hyperactivity, aggressive behavior, dif-
ficulty in swallowing, and, oddly, a fear of water and breezes. The
good news is that timely postexposure vaccination is highly effective
in preventing rabies.

My fascination with rabies originally derived from the fact that my
son was bitten by Roco, a spider monkey working the crowds in a
market in central Mexico. On return to the United States, my son
underwent an obligatory and painful series of anti-rabies vaccina-
tions. Until this point, the subject of rabies conjured images only of
snarling dogs and drool. However, this experience motivated me to
learn about the life history of this virus, and it quickly became evident
that it has a fascinating cellular existence. Rabies is transmitted via
the saliva from the bite of an infected animal, usually a dog or bat.
Once the skin is breached, the virus replicates in the neighboring
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muscle tissue. From there, it begins its journey to the brain by invad-
ing axons of the peripheral nervous system, where it becomes en-
capsulated in a host-derived vesicle and marches toward the nerve
cell body by specifically associating with the minus-end motor pro-
tein dynein (Raux et al., 2000; Klein, 2003). Vesicle encapsulation en-
ables it to cross synapses and eventual enter the CNS, where it as-
cends the spinal cord, homing directly in on the brain. Once in the
brain, the virus undergoes massive replication, causing encephalitis,
and spreads to the salivary glands and other organs. The rabies virus
specifically accumulates in the midbrain, impairing serotonin trans-
mission. This is the likely cause of the aggressive outbursts in infected
animals that promote transmission of the virus (Klein, 2003). Incredi-
bly, the virus accomplishes this with a diminutive 12-kb genome con-
taining only five genes (Ming et al., 2009).

While human cases of rabies are rare in the United States, with
only one or two fatalities reported annually, rabies still results in
55,000 annual deaths globally, with 95% occurring in poor rural re-
gions of Asia and Africa, primarily as the result of dog bites (Knobel
et al., 2005). A major reason for the dramatically different fatality
rates is that, unlike the United States, rural regions of Asia and Africa
do not have comprehensive rabies vaccination programs for dogs.
The cost of the very effective postexposure vaccination is between
US$45 and US$100, while the average income in these poorer coun-
tries is equivalent to only US$2 per day. In addition, access to the
transportation required to reach distant urban treatment centers is
often limited. Finally, many people in such rural areas are unaware of
the risks of a dog bite.

In fact, rabies is one of the 17 neglected tropical diseases listed
by the World Health Organization (WHO) (Table 1). This constella-
tion of diseases afflicts approximately one in six individuals on the
planet and, until recently, few resources have been devoted to their
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Vector/
intermediate

Disease Organism host Cell biology
Bacteria
Buruli ulcer Mycobacterium Aquatic insects/  Suppression of inflammatory cell infiltration via a secreted macrolide
ulcerans mosquitoes? (Hall and Simmonds, 2014); pain suppression via polyketide mycolac-
tone secretion (Marion et al., 2014)
Leprosy Mycobacterium Armadillo Reprograms adult Schwann cells into stem cells (Masaki et al., 2013);
leprae M. leprae antigens similar to human myelin basic protein induce
autoantibodies, possibly contributing to the nerve damage associated
with leprosy (Singh et al., 2015)
Trachoma Chlamydia Specifically disrupts cytokinesis to generate multinucleate host cells
trachomatis (Brown et al., 2012); exhibits an unusual FtsZ-independent cell division
and is sensitive to penicillin in spite of lacking its peptidoglycan target
(Jacquier et al., 2015)
Yaws Treponema pallidum ~ Unknown
ssp. pertenue
Protozoa
Chagas disease  Trypanosoma cruzi Triatomine bug ~ Generates forces required to swim through the crowded cellular
environment of the bloodstream (Heddergott et al., 2012)
African Trypanosoma brucei  Tsetse fly Possesses specialized mitochondrial derivative (kinetoplastid) containing
trypanosomiasis thousands of interlocked DNA rings producing transcripts that undergo
RNA editing (Liu et al., 2010; Read et al., 2016); developmental transi-
tion from vertebrate to insect host relies on an irreversible bistable
molecular switch (Domingo-Sananes, 2015)
Leishmaniases ~ Leishmania spp. Sandfly Unusual exocytosis in which secretion occurs primarily at the flagellar
pocket of these polarized cells (McConville et al., 2002)
Viruses
Dengue Dengue virus Aedes aegypti Apoptotic mimicry (Amara and Mercer, 2015)
Rabies Rabies virus Dogs, bats, Long-distance migration from peripheral nervous system to CNS relying
other mammals  on host microtubules and dynein (Raux et al., 2000)
Helminths

Cysticercosis

Dracunculiasis

Echinococcosis

Lymphatic
filariasis
(elephantiasis)
Onchocerciasis
(river blindness)

Schistosomiasis

Soil-transmitted
helminthiasis

Taenia solium
(tapeworm)

Dracunculus
medinensis
(guinea-worm)

Echinococcus
granulosus
(tapeworm)

Wuchereri bancrofti,
Brugia malayi, and

Brugia timori

Onchocerca volvulus

Schistosoma
mansoni and
Schistosoma
haematobium

Trichuris trichiura

(whipworm), Ascaris,

and hookworms

Pigs and humans

Cyclops water
flea

Farm animals

Mosquitoes

Blackfly

Snail

Immune suppression by targeting lymphocytes and macrophages (White
etal., 1997)

Rapid cellular evolution resulting in the guinea-worm’s rapid switch from
human to dog as the primary host (Cairncross, 2014).

Immunological link between echinococcosis and cancer (Turhan et al.,
2015)

Proper A-P axis formation in these nematodes requires Wolbachia, a
maternally inherited bacterial endosymbiont (Landmann et al., 2014)

Peak microfilarial concentration in the human skin exhibits daily periodic-
ity matching feeding period of its insect vector (Anderson et al., 1975)

Development and regeneration rely on neoblast-like adult stem cells
(Wang et al., 2013); S. haematobium classified as a group 1 biological
carcinogen (Brindley et al., 2015)

Regulation of gene expression via programmed chromatin elimination
(Mdller and Tobler, 2000); modulation of the host immune response,
including amelioration of autoimmune and allergic disorders (McSorley
and Loukas, 2010)

TABLE 1: The 17 neglected tropical diseases listed by the WHO.
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treatment and eradication. They are often referred to as the dis-
eases of the “bottom billion,” because they are most prevalent
among the poorest individuals in impoverished tropical nations
(Hotez et al., 2007; Hotez and Thompson, 2009). These diseases are
caused by a diverse group of pathogens, including viruses, bacteria,
protozoa, and helminths (Table 1). Unlike the rabies virus, most hel-
minths do not cause immediate death; more typically, they result in
chronic conditions that make it difficult to work, farm, or participate
in the daily life of a community. This is known as the disease burden
and is quantified in units known as DALYs (disability-adjusted life
years). A DALY is the sum of years of life lost due to premature mor-
tality, and years lived with disability (Murray, 1994). Basically, this is a
best estimate of the time lost from a life lived in an ideal healthy
state (set at 80 and 82 years for males and females, respectively).
For example, the recent estimate of the global disease burden of
soil-transmitted helminths is 5.2 million DALYs. Hookworm alone ac-
counts for 3.2 million DALYs, with more than 700 million infected.
For comparison, the global disease burden of prostate cancer is 3.8
million DALYs.

Although the immense impact of these tropical diseases on
global health is well documented, surprisingly, the biomedical re-
search community has largely ignored them. This is in large part due
to the fact that these are predominantly diseases of the poorest in-
dividuals on the planet, occurring in areas distant from the major
research centers in North America and Europe where, understand-
ably, the focus is on cancer, diabetes, heart disease, and other ail-
ments that are more common to the wealthier, developed countries.
Also, because these 17 diseases generally result in chronic disabili-
ties rather than death, they do not receive the attention of lethal
infections, such as severe acute respiratory syndrome and Ebola.
This lack of attention is known as the 10/90 gap: less than 10% of
biomedical research is devoted to diseases and health issues that
afflict 90% of the world's population (Kilama, 2009). For example,
PubMed searches for prostate cancer and hookworm retrieve
130,826 and 5480 publications, respectively. That is, for every one
paper published on hookworms, 24 are published on prostate can-
cer, even though they have similar disease burdens and the number
of individuals worldwide afflicted with hookworm is more than
10 times the number afflicted with prostate cancer. Additionally,
while prostate and breast cancer have 35 and 26 publications per
1000 DALYs, neglected diseases such as lymphatic filariasis and tre-
matodiasis have 1.2 and 0.02 publications per 1000 DALYs, respec-
tively. These disparities are even more dramatic if one considers
only the cell biology-related publications for each disease.

Although the tropical diseases of the bottom billion have been
largely ignored by the biomedical community, the studies that have
been performed reveal an extraordinary world of molecular and cel-
lular adaptations that facilitate the pathogens’ survival in hosts rang-
ing from insects to humans (Table 1). For example, the complex life
cycle of Trypanosoma brucei, a human blood parasitic protozoan
and the cause of African sleeping sickness, involves a number of
surprising cellular adaptations. In humans, the life cycle of this sin-
gle-celled parasite begins with the bite of an infected tsetse fly, en-
abling the parasite to enter the skin and migrate to the lymphatic
and circulatory systems (Tyler and Engman, 2001). Here it replicates
and spreads throughout the entire organism. Trypanosomes are also
infamous for their ability to avoid the immune system by means of
rapid cycles of programmed genetic changes in their surface pro-
teins (Field et al., 2009). Less well studied, but equally fascinating,
are the mechanisms that enable this parasite to replicate, move, and
thrive in both the tsetse fly and human—host species that are evo-
lutionarily separated by more than 800 million years. For example,
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little is known concerning the cellular adaptations that enable T. bru-
cei to weather the abrupt 15°C temperature shift as it is delivered
from the tsetse fly into its warm-blooded human host.

Equally intriguing is the aquatic prowess of this blood-borne pro-
tozoan. Mammalian blood is fast flowing and packed with cells,
making navigation difficult. The ability of a trypanosome to propel
through the mammalian circulatory system has been likened to a
salmon making good progress against a 100 mph current in a de-
bris-filled river. Unlike most organisms with flagellar-based propul-
sion, trypanosomes swim with their flagella leading (Vaughan and
Gull, 2003). Recent studies that take advantage of high-speed imag-
ing techniques demonstrate that trypanosomes move through the
blood by “pushing” against the densely packed red blood cells, in
a manner similar to the upstream migration of eels along pronged
ladders at dams (Heddergott et al., 2012). These studies open up
entirely new avenues of investigation regarding the biophysics of
microbe propulsion.

Filarial nematodes are associated with two other devastating ne-
glected diseases—onchocerciasis (river blindness) and lymphatic
filariasis (elephantiasis), which afflict more than 150 million people,
primarily in tropical regions. Large adult female worms located in
the eye, skin, or lymph nodes induce the disease, causing debilitat-
ing inflammation and producing thousands of microfilaria. Microfi-
laria are transmitted from one person to another via the bite of an
insect (the blackfly and mosquito are the vectors for onchocerciasis
and lymphatic filariasis, respectively). Like trypanosomes, the few
cell and developmental studies that have been performed on filarial
nematodes have revealed exciting, yet largely unexplored, aspects
of their cell and developmental biology. Filarial nematodes share a
strikingly similar lineage to their more famous cousin, Caenorhabdi-
tis elegans (Landmann et al., 2014). However, filarial nematodes are
giants compared with C. elegans, ranging from 5 to 12 inches in
length. Also, unlike C. elegans, which has a life span measured in
days, filarial nematodes live and are fertile for more than 6 years in
their human hosts (Gems, 2000). The molecular and cellular factors
regulating the large size and long life of filarial nematodes are en-
tirely unknown.

A particularly fascinating aspect of filarial nematode cell biology
is that they harbor the bacterial endosymbiont Wolbachia, in both
somatic and germ line lineages. The discovery that Wolbachia is
essential for the survival of adult filarial nematodes has opened the
possibility of killing the long-lived adults through an antibiotic ap-
proach (Stolk et al., 2005). While current drugs targeting disease-
causing filarial nematodes efficiently kill the larvae, they are ineffec-
tive against the long-lived filarial adults. In contrast, identifying
potent antibiotics that target Wolbachia should provide, for the first
time, a means of treating individuals harboring adult nematodes.
The discovery of Wolbachia's essential role in filarial nematode sur-
vival has also led to an investigation of the molecular basis of this
symbiosis. Genomic studies have revealed that, while filarial nema-
todes possess genes that encode the entire 20 amino acid set, Wol-
bachia lacks the genes coding for a number of essential amino acids
(Foster et al., 2005). Thus Wolbachia likely relies on its nematode
host to supply key amino acids. Conversely, the genome of the fi-
larial nematode Brugia malayi lacks genes essential for heme pro-
duction, while Wolbachia maintains the ability to produce heme
(Ghedin et al., 2007). This suggests that Wolbachia may provide
heme to its nematode host. However, subsequent analysis of the
genome of Loa loa, a species of filarial nematodes that does not
contain Wolbachia, has revealed that it also lacks the ability to pro-
duce heme (Tallon et al., 2014). Taken together, these results sug-
gest nematodes obtain necessary heme from their human hosts
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rather than Wolbachia, leaving the latter’s role in the symbiotic rela-
tionship still unexplained.

In an alternative cellular approach toward exploring the basis
of this symbiosis, the consequences of antibiotic-based removal
of Wolbachia from its nematode host has been examined. Em-
bryos derived from nematodes lacking Wolbachia exhibit distinct
anterior—posterior (A-P) polarity defects, virtually identical to the
A-P polarity phenotype of C. elegans lacking the par-1 polarity
gene product (Landmann et al., 2014). This result indicates that
Wolbachia has coevolved with its nematode host such that it has
become an essential component of axis determination during the
initial stages of nematode development. How this evolved, as
well as the specific role of Wolbachia in axis determination, re-
mains unknown. A second distinct consequence of Wolbachia
removal from the adult nematode is an organism-wide induction
of apoptosis, even in cells that are not infected with Wolbachia
(Landmann et al., 2011). This suggests that Wolbachia is essential
for globally suppressing apoptosis in the adult nematode. Again,
the basis of this suppression remains unknown. It should be
pointed out that this phenotype is reminiscent of the bystander
effect in X-irradiated tissues: not only do the X-irradiated cells
undergo apoptosis, but neighboring cells that were never ex-
posed to X-irradiation undergo apoptosis as well (Mothersill
et al., 20006).

Here | have highlighted the intriguing and underexplored as-
pects of the cell biology of rabies, trypanosomes, and filarial
nematodes. However, these are only a few of the many organ-
isms causing neglected diseases. For example, trachoma, the
leading form of blindness in developing countries, is caused by
Chlamydia trachomatis. These intracellular bacteria specifically
inhibit cytokinesis, producing a large multinucleate host cell for
their habitation. C. trachomatis produces a protease that results
in premature host chromosome segregation and lagging chro-
mosomes that block the final stage of cytokinesis furrow ingres-
sion (Brown et al., 2012). Another intracellular pathogen, Myco-
bacterium leprae, the causative agent of leprosy, targets Schwann
cells, which encompass peripheral neurons. This bacterium
spreads by dedifferentiating the Schwann cells into stem-like
cells that are proliferative and can differentiate, migrate, and in-
tegrate into muscle tissue (Masaki et al., 2013). Schistosomiasis,
a neglected disease afflicting more than 200 million, is caused by
parasitic flatworms, called schistosomes. The development and
regeneration of the helminth schistosomes relies on a population
of neoblast-like stem cells (Wang et al., 2013). Following up
on any of these findings is almost certain to yield new and un-
suspected cellular mechanisms guiding these host-pathogen
interactions.

A compelling case can be made that even a modest investment
toward understanding the basic molecular and cell biology of these
neglected pathogens has a high probability of providing insights
into novel ways of combating these diseases—and perhaps others
as well. For example, electron microscopic analysis of filarial nema-
todes in the 1970s led to the discovery that they maintain a bacterial
endosymbiont, later identified as Wolbachia (MclLaren et al., 1975;
Kozek and Marroquin, 1977). This observation provided the founda-
tion for successful anti-Wolbachia—based treatments of the filarial
nematode-caused diseases described above. Another example is
yaws. Yaws is among the truly neglected diseases, and even the
most basic analysis of its interactions with host tissue has yet to be
performed. My bet is that given a bottle of formaldehyde, a handful
of fluorescent probes, and a microscope, these organisms would
quickly yield exciting results.
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Cell biologists troubled by the fact that their current areas of
investigation are crowded and highly competitive should consider
applying their skills toward investigating the cell biology of parasites
and neglected tropical diseases. Given that the ratio of cancer to
neglected-disease publications is ~100:1, there is a tremendous po-
tential to make high-impact discoveries. In addition, because the
number of investigators in these fields is still relatively small, new
investigators are welcomed, especially those entering with fresh
perspectives and new approaches. While it is true that funding for
neglected-disease research has been difficult, the increasing interest
in neglected diseases and launch of a number of new graduate pro-
grams focused on global health will likely greatly improve funding
opportunities in the near future. Particularly exciting is the recent
announcement of the 2015 Nobel Prize in Physiology or Medicine to
William C. Campbell, Satoshi Omura, and Youyou Tu for their discov-
ery of drugs to combat elephantiasis, river blindness, and malaria.
This is a promising sign that tropical diseases are unlikely to remain
neglected for long.

ACKNOWLEDGMENTS

This work was supported by a National Institutes of Health grant
(83512-443638) to W.S. | thank Catherina Lindley and the reviewers
for helpful comments and editing.

REFERENCES

Amara A, Mercer J (2015). Viral apoptotic mimicry. Nat Rev Microbiol 13,
461-469.

Anderson RI, Fazen LE, Buck AA (1975). Onchocerciasis in Guatemala. Ill. Day-
time periodicity of microfilariae in skin. Am J Trop Med Hyg 24, 62-65.

Brindley PJ, da Costa JM, Sripa B (2015). Why does infection with some
helminths cause cancer? Trends Cancer 1, 174-182.

Brown H, Knowlton A, Grieshaber S (2012). Chlamydial infection induces
host cytokinesis failure at abscission. Cell Microbiol 14, 1554-1567.

Cairncross S (2014). Mother Nature’s surprises. Am J Trop Med Hyg 90, 3-4.

Domingo-Sananes M, Sz68r B, Ferguson M, Urbaniak M, Matthews K
(2015). Molecular control of irreversible bistability during trypanosome
developmental commitment. J Cell Biol 211, 455-468.

Field M, Lumb J, Adung'a V, Jones N, Engstler M (2009). Macromolecular
trafficking and immune evasion in African trypanosomes. Int Rev Cell
Mol Biol 278, 1-67.

Foster J, Ganatra M, Kamal |, Ware J, Makarova K, Ivanova N, Bhattacharyya
A, Kapatral V, Kumar S, Posfai J, et al. (2005). The Wolbachia genome
of Brugia malayi: endosymbiont evolution within a human pathogenic
nematode. PLoS Biol 3, 599-614.

Gems D (2000). Longevity and ageing in parasitic and free-living nema-
todes. Biogerontology 1, 289-307.

Ghedin E, Wang S, Spiro D, Caler E, Zhao Q, Crabtree J, Allen J, Delcher
A, Guiliano D, Miranda-Saavedra D, et al. (2007). Draft genome of the
filarial nematode parasite Brugia malayi. Science 317, 1756-1760.

Hall B, Simmonds R (2014). Pleiotropic molecular effects of the Mycobac-
terium ulcerans virulence factor mycolactone underlying the cell death
and immunosuppression seen in Buruli ulcer. Biochem Soc Trans 42,
177-183.

Heddergott N, Kruger T, Babu S, Wei A, Stellamanns E, Uppaluri S, Pfoh! T,
Stark H, Engstler M (2012). Trypanosome motion represents an adapta-
tion to the crowded environment of the vertebrate bloodstream. PLoS
Pathog 8, e1003023.

Hotez P, Molyneux D, Fenwick A, Kumaresan J, Sachs S, Sachs J, Savioli
L (2007). Control of neglected tropical diseases. N Engl J Med 357,
1018-1027.

Hotez P, Thompson T (2009). Waging peace through neglected tropical
disease control: a US foreign policy for the bottom billion. PLoS Negl|
Trop Dis 3, e346.

Jacquier N, Viollier PH, Greub G (2015). The role of peptidoglycan in chla-
mydial cell division: towards resolving the chlamydial anomaly. FEMS
Microbiol Rev 39, 262-275.

Kilama W (2009). The 10/90 gap in sub-Saharan Africa: resolving inequities
in health research. Acta Trop 112, S8-S15.

Klein S (2003). Parasite manipulation of the proximate mechanisms that
mediate social behavior in vertebrates. Physiol Behavior 79, 441-449.

Molecular Biology of the Cell



Knobel D, Cleaveland L, Coleman P, Fevre E, Meltzer M, Miranda M, Shaw
A, Zinsstag J, Meslin F (2005). Re-evaluating the burden of rabies in
Africa and Asia. Bull World Health Organ 83, 360-368.

Kozek W, Marroquin H (1977). Intracytoplasmic bacteria in Onchocerca
volvulus. Am J Trop Med Hyg 26, 663-678.

Landmann F, Foster J, Michalski M, Slatko B, Sullivan W (2014). Co-evo-
lution between an endosymbiont and its nematode host: Wolbachia
asymmetric posterior localization and AP polarity establishment. PLoS
Negl Trop Dis 8, e3096.

Landmann F, Voronin D, Sullivan W, Taylor M (2011). Anti-filarial activity of
antibiotic therapy is due to extensive apoptosis after Wolbachia deple-
tion from filarial nematodes. PLoS Pathog 7, €1002351.

Liu B, Yildirir G, Wang J, Tolun G, Griffith JD, Englund PT (2010). TbPIF1, a
Trypanosoma brucei mitochondrial DNA helicase, is essential for kineto-
plast minicircle replication. J Biol Chem 285, 7056-7066.

Marion E, Song OR, Christophe T, Babonneau J, Fenistein D, Eyer J, Letournel
F, Henrion D, Clere N, Paille V, et al. (2014). Mycobacterial toxin induces
analgesia in buruli ulcer by targeting the angiotensin pathways. Cell 57,
1565-1576.

Masaki T, Qu J, Cholewa-Waclaw J, Burr K, Raaum R, Rambukkana A (2013).
Reprogramming adult Schwann cells to stem cell-like cells by leprosy
bacilli promotes dissemination of infection. Cell 152, 51-67.

McConville MJ, Mullin KA, ligoutz SC, Teasdale RD (2002). Secretory path-
way of trypanosomatid parasites. Microbiol Mol Biol Rev 66, 122-154.

McLaren D, Worms M, Laurence B, Simpson M (1975). Micro-organisms in
filarial larvae (Nematoda). Trans R Soc Trop Med Hyg 69, 509-514.

McSorley HJ, Loukas A (2010). The immunology of human hookworm infec-
tions. Parasite Immunol 32, 549-559.

Ming P, Du J, Tang Q, Yan J, Nadin-Davis S, Li H, Tao X, Huang Y, Hu R,
Liang G (2009). Molecular characterization of the complete genome of a
street rabies virus isolated in China. Virus Res 143, 6-14.

Mothersill C, Seymour R, Seymour C (2006). Increased radiosensitivity in
cells of two human cell lines treated with bystander medium from irradi-
ated repair-deficient cells. Radiat Res 165, 26-34.

Volume 27 March 1, 2016

Miiller F, Tobler H (2000). Chromatin diminution in the parasitic nematodes
Ascaris suum and Parascaris univalens. Int J Parasitol 10, 391-399.

Murray C (1994). Quantifying the burden of disease: the technical basis for
disability-adjusted life years. Bull World Health Organ 72, 429-445.

Raux H, Flamand A, Blondel D (2000). Interaction of the rabies virus P pro-
tein with the LC8 dynein light chain. J Virol 74, 10212-10216.

Read LK, Luke$ J, Hashimi H (2016). Trypanosome RNA editing: the
complexity of getting U in and taking U out. Wiley Interdiscip Rev RNA
7,33-51.

Singh |, Yadav AR, Mohanty KK, Katoch K, Sharma P, Mishra B, Bisht D, Gupta
UD, Sengupta U (2015). Molecular mimicry between Mycobacterium
leprae proteins (50S ribosomal protein L2 and Lysyl-tRNA synthetase) and
myelin basic protein: a possible mechanism of nerve damage in leprosy.
Microbes Infect 17, 247-257.

Stolk W, de Vlas SJ, Habbema JD (2005). Anti-Wolbachia treatment for
lymphatic filariasis. Lancet 365, 2067-2068.

Tallon L, Liu X, Bennuru S, Chibucos M, Godinez A, Ott S, Zhao X,
Sadzewicz L, Fraser C, Nutman T, Dunning Hotopp J (2014). Single
molecule sequencing and genome assembly of a clinical specimen of
Loa loa, the causative agent of loiasis. BMC Genomics 15, 788.

Turhan N, Esendagli G, Ozkayar O, Tunali G, Sokmensuer C, Abbasoglu O
(2015). Co-existence of Echinococcus granulosus infection and cancer
metastasis in the liver correlates with reduced Th1 immune responses.
Parasite Immunol 37, 16-22.

Tyler K, Engman D (2001). The life cycle of Trypanosoma cruzi revisited.

Int J Parasitol 31, 472-481.

Vaughan S, Gull K (2003). The trypanosome flagellum. J Cell Sci 116,
757-759.

Wang B, Collins J, Newmark P (2013). Functional genomic characteriza-
tion of neoblast-like stem cells in larval Schistosoma mansoni. Elife 2,
e00768.

White A, Robinson P, Kuhn R (1997). Taenia solium cysticercosis: host-
parasite interactions and the immune response. Chem Immunol 66,
209-230.

Cell biology of neglected diseases | 743



