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Summary

Nine-banded armadillos are well suited as hosts for in vivo propagation of M. leprae, and they
are used as laboratory and population models for leprosy. Other than humans, armadillos are the
only animals that become infected with M. leprae in nature, and many functional, physiological,
and structural aspects of leprosy in armadillos closely replicate those seen in human leprosy.
Armadillos are immunologically intact and can manifest the full spectrum of histopathological
responses to M. leprae that are seen in humans. Most importantly, armadillos are the only animal
that reliably develops extensive neurological involvement with M. leprae, thereby providing an
abundant source of rare research materials for studying the neuropathogenesis of leprosy.

BecAuse of their unique capability to establish infection with M. leprae, armadillos can be used
to aid the development of new assays for the early diagnosis and monitoring of leprosy. A prin-
cipal limitation in the development of armadillos as models for leprosy has been the paucity of
armadillo-specific immunological reagents and assays. However, with the recent completion of
the armadillo whole genomic sequence, a variety of armadillo proteins can now be expressed in
vitro and used for the production of monoclonal antibodies. A wide array of genetic markers or
gene expression profiling systems can also be explored to better understand the molecular basis
of the disease in the armadillo.
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Armadillos are the only proven non-human reservoir of M. leprae. They are found only in the
Americas, and there is no known equivalent animal reservoir in other regions of the world. How-
ever, free-ranging armadillos in the southern U.S. are known to sustain a high level of natural
infection with M. leprae and, along with laboratory cohort studies, these populations may be
useful for modeling the efficiency of new diagnostic techniques for the early detection of leprosy.

New evidence suggests that the zoonotic transmission of M. leprae from armadillos in the south-
ern U.S. contributes to a high percentage of the endemic human leprosy infections that present
in the region each year. The degree of involvement that armadillos in other parts of the Americas
may have with M. leprae has not been well documented, but merits additional investigation.
Understanding the role that these animals may play in helping to perpetuate leprosy in this hemi-
sphere could have a significant impact on our abilities to ultimately eliminate leprosy.

Introduction

In addition to humans, nine-banded armadillos (Dasypus novemcinctus) are the only other natu-
ral host of M. leprae. Free ranging armadillos in the southern U.S. are known to harbor high rates
of M. leprae infection, and zoonotic transmission of M. leprae from armadillos to humans has
been established (65, 86). Retrospective analysis has shown that armadillos harbored M. leprae
for decades before they were ever used in leprosy research, and that the infection in wild armadil-
los originated by natural means (74, 83).

M. leprae infection in the armadillo closely replicates many of the structural, physiological, and
functional aspects of leprosy seen in humans and, most importantly, armadillos are the only non-
human hosts that develop extensive neurological involvement with M. leprae. Because of the
heavy burdens of bacilli they harbor (up to 10*2 M. leprae per animal), nine-banded armadillos
have become the hosts of choice for propagating large quantities of M. leprae, and they are ad-
vancing now as important models for the pathogenesis of nerve injury in leprosy.

Although they are not typically used as laboratory animals, the recently completed whole genome
sequence for the nine-banded armadillo has enabled researchers to undertake more sophisti-
cated molecular studies and to develop an array of armadillo-specific reagents. The availability of
these reagents will aid in piloting new therapies and diagnostic regimens as well as provide new
insights into this infectious neurodegenerative disorder.
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Husbandry and Physiology of the
Armadillo

Armadillos are exotic looking mammals about the size of housecats (Figure 1). As members of the
super-order Xenarthra, order Cingulata, they are evolutionarily related to sloths and anteaters.
Armadillos lack full dentition and have short limbs with strong claws and a hard but flexible band-
ed carapace protecting their body. The term “armadillo” can be applied to 20 different species in
nine different genera (18). However, the armadillo of greatest importance in leprosy research is
Dasypus novemcinctus (i.e., the long-nosed southern or nine-banded armadillo), although Dasy-
pus septemcinctus (seven-banded armadillo) and Euphractus sexcinctus (six-banded armadillo)
may also be partially susceptible to M. leprae (10).

FIG 1 Nine banded armadillo
(Dasypus novemcinctus).

The armadillo’s long life span (12 years)
and cool body temperature (32°-35°C,
optimal for M. leprae) are the main
physiological traits that first attracted the
attention of leprosy researchers. The re-
productive cycle of the armadillo is char-
acterized by diapausic development and
polyembryony (70). Females typically
mate in the summer, but the embryos
do not implant in the uterine wall until
late fall, when they divide into identical
guadruplicates sharing the same hemo-
chorial placenta. The genetically identical
guadruplets show a heritable component
in the armadillo’s response to M. leprae that can be seen among litter-mates (69). Siblings experi-
mentally infected with M. leprae show similar susceptibility and manifest similar numbers of ba-
cilli at the time of harvest. High responder siblings of an individual litter routinely yield more than
10° M. leprae/gram of reticuloendothelial (RES) tissue; low responders exhibit non-productive
infections with low bacillary counts (<10° M. leprae/gram); and 15—-20% of the armadillos readily
resist the infection. Observations of genetically identical human twins with leprosy also suggest
an innate predisposition for the infection and mirror the similarity in responses seen among ar-
madillo siblings (4). Although armadillos are not reliably bred in captivity and must be obtained
from the wild for investigative purposes, gravid females taken from the wild will litter in captivity
and the genetically identical offspring can be ideal models to study the role of host genetics and
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genomic factors on disease susceptibility (50). Contrary to what is seen among humans, the vast
majority of armadillos appear to be susceptible to infection with M. leprae. However, a reliable
percentage (~15-20%) of the animals readily resists challenge (82). There is a clear genetic asso-
ciation for susceptibility to M. leprae among humans, and a number of gene sequence polymor-
phisms have been identified that appear to be associated with susceptibility to leprosy as well as
with the type of leprosy that an individual might manifest (1, 4, 13, 49). Studies also show that
some M. leprae-resistant armadillos have single nucleotide polymorphisms in toll-like receptors
(TLR) at locations similar to those that have been reportedly associated with resistance to leprosy
in some human studies (3).

Armadillos can be maintained by any laboratory capable of housing rabbits or other medium-
sized mammals. Modified rabbit cages with soft plastic flooring inserts are used to house arma-
dillos and the animals adapt to using cat litter pans. Individual units can be ganged together with
a tunnel to separate the sleeping and feeding areas from the litter pan side. A small plastic trash
can with shredded paper functions as a sham burrow and enriches their environment (Figure 2).
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FIG 2 Modified rabbit cages are used to house armadillos.
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Infection and Clinical
Manifestations of Disease

In humans, leprosy lesions manifest mainly in the cooler body regions, including the skin and
mucous membranes of the upper respiratory tract. Soon after Hansen discovered the leprosy
bacillus, investigators speculated about the predilection of M. leprae for cooler regions of the
human body, and began experimenting with animal hosts whose body temperatures were lower
than that of humans in order to propagate the organism. In most instances, the bacilli inoculated
in the animals were rapidly cleared, but in a few they seemed to sustain for some period (16). It
was not until the 1960s that Charles Shepard (66), adapting techniques previously applied with
M. ulcerans (24), inoculated the footpads of conventional mice and demonstrated quantifiable
growth of M. leprae outside of humans. Obviously, a cool body temperature alone is not sufficient
to facilitate the growth of M. leprae, but Shepard’s discovery prompted several additional investi-
gations of hypothermic and poikilothermic hosts (25), including the nine-banded armadillo.

The armadillo’s cool core temperature, large body size, long life span, and ability to yield quadru-
plicate offspring recommended them as experimental hosts for M. leprae. Intravenous infection
of the armadillo could result in a 10,000 fold increase in the number of bacilli, and armadillos were
shown to be susceptible to experimental infection by a variety of routes, including intravenous,
intradermal, percutaneus, and respiratory instillation (39, 68). As few as 1x10* M. leprae are suf-
ficient to establish infection in the armadillo (34), but incubation periods are shortest when high
doses of bacilli (0.1-4x10°) are delivered intravenously (56). Following the experimental infection
of the armadillo, M. leprae become localized in the peripheral nerves and cells of the reticuloen-
dothelial system. Intermittent low-level bacteremia then leads to a generalized dissemination of
bacilli without the significant impairment of most vital organ systems. No organ system is spared,
but cooler body regions such as ears, nose, tongue, footpads, bronchi, and lungs tend to exhibit
greater involvement; adrenal glands, bladder, heart, intestine, kidneys, ovaries, and testes (which
are internal in armadillos) are less commonly involved (30, 34). Most animals develop heavy in-
fections, with up to 10*? recoverable bacilli in the liver, spleen, and lymph nodes within 18-24
months of experimentally induced infection (29, 34, 78).

Armadillos exhibit few overt signs of clinical disease. A large portion of the armadillo’s body is
occluded from view by its carapace (73). Abrasions around the eyes, nose, and feet are the most
common signs evidencing an evolving insensitivity in the skin, but are also somewhat non-specif-
ic. In the laboratory, plantar ulceration is common in the later stages of infection and the involve-
ment of neural tissues is demonstrable at even the earliest stages of disease. Classical foot drop or
malformation is not commonly observed in armadillos, and the animals probably best represent
the early clinical stages of active leprosy uncomplicated by secondary injury or long-term therapy.

Although M. leprae has no toxins and is not life threatening in man, infected armadillos develop
a severe hypochromic microcytic anemia following the invasion of their bone marrow. Through
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extra-vascular hemolysis of red blood cells (RBC), along with compromised liver and renal func-
tions, they will eventually succumb to the secondary complications of persistent bacteremia if not
humanely sacrificed (81). Serum lactate dehydrogenase (LDH) concentrations >2000 IU are highly
correlated with finding >1x10° bacteria per gram of liver or spleen. Aspartate aminotransferase
(AST) and alanine aminotransferase (ALT) are similarly altered.

Immunological and
Histopathological Spectrum

In both humans and armadillos, leprosy exhibits a wide immunological and histopathological
spectrum, classifiable over a range from the polar extremes of tuberculoid (TT) to lepromatous
(LL), with the indistinct borderline forms in between. The majority of armadillos (70%) exhibit
a lepromatous-type of response to M. leprae, but the full spectrum of disease can be observed
among individuals within the overall population (33, 36, 41, 51). The type of leprosy that each
animal might manifest seems to have no relationship to their differing environmental exposures
or geographic origins; the response appears to be innate. Lepromatous-type armadillos can mani-
fest the largest numbers of leprosy bacilli in their reticuloendothelial tissues (>= 1x10° per gram).
Therefore, they are the ones more commonly selected for in vivo propagation of M. leprae and
have been the most studied.

The development of early diagnostic methods is a major priority in leprosy research. However,
efforts to generate new assays are complicated by the low frequency of susceptibility to lep-
rosy in most human populations, the extraordinarily long incubation period of leprosy, and the
inability to discern which individuals in a population may be incubating sub-clinical infections.
The compressed nature of the M. leprae infection in armadillos allows both cross-sectional and
prospective cohort studies, as well as a clear understanding about the actual susceptibility of the
individuals under study based on known challenge results.

Early serological studies using the M. leprae-specific PGL-1 antigen confirmed its high specific-
ity among armadillos and showed that experimentally infected armadillos produce a detectable
IgM response beginning only about six months post experimental infection. These antibodies
remain detectable over the course of disease and the titer generally correlates with the load of
M. leprae in the animal’s reticuloendothelial tissues (31, 32, 79, 80, 84, 85). The first detection is
generally associated with a 1+ Bl (Bacteriological Index, approximating 10* bacilli/gram) in some
RES tissues (31, 32). The levels of IgM antibodies to PGL-1 increase with increasing bacterial load
in the animal and persist over the course of the disease (80). More recent studies using the new
Leprosy IDRI Diagnostic (LID)-1 antigen have also confirmed excellent specificity in reaction and
found mainly an IgG-type response among armadillos, suggesting that a combination of the two
antigens might enhance the serological detection of M. leprae infections (23). Similarly, IFN-y re-
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lease assays have been piloted in experimentally infected armadillos. The M. leprae-specific pro-
teins MLO009, ML1601, ML2478, and ML2531 antigens induced significant IFN-y levels in PBMCs
from M. leprae-infected armadillos when compared to naive controls (55). These findings suggest
that, in addition to serological responses, even lepromatous hosts with significant exposure to
M. leprae may have discernible cell-mediated immune responses that can be exploited for diag-
nostic purposes. Experimentally infected armadillos are challenged with very high numbers of
bacilli for in-vivo propagation of M. leprae. These artificially high challenge doses may skew some
immunological responses, generating immune profiles that may not be entirely representative of
a natural infection. However, in addition to experimentally infected armadillos in the laboratory,
free-ranging armadillos in some regions are also known to harbor a natural infection with M. lep-
rae and they too may be exploited as population models for diagnostic development.

Antibodies against molecular markers are essential for in vivo and in vitro studies in order to help
delineate immunological responses to infection with M. leprae. A major hurdle in studying the
immune response of armadillos has been the limited availability of armadillo-specific reagents
and assays. However, the recent completion of the armadillo whole genomic sequence is aiding
the creation of new reagents through the expression of functional proteins in vitro and the de-
velopment of custom monoclonal antibodies. In addition, a variety of molecular probes can now
be constructed to facilitate gene expression profiling in armadillos (2, 64). The ability to better
dissect the immunological response of armadillos could benefit our understanding of leprosy
pathogenesis and aid the evolution of new diagnostic techniques.

Neurological Involvement and
Pathogenesis

Beyond sharing a unique susceptibility to M. leprae, the most important feature of leprosy com-
mon to both humans and armadillos is that they develop extensive neurological involvement with
M. leprae. Although the bacterium has been known as the causative agent of leprosy for more
than a century, little is known about the pathophysiology of the underlying nerve damage, which
likely involves a complicated interplay of both host inflammatory and bacterial-mediated events
(60, 90). A major impediment to our understanding is obtaining suitable tissues for study. Leprotic
lesions are highly focal and usually distributed asymmetrically over the body (52, 57). Ethical and
practical limitations make it almost impossible to biopsy affected human nerves. Furthermore,
human nerves derived from amputated limbs reflect only the end-stages of pathogenesis and
are generally not suitable for detailed molecular analysis or intervention studies (6). An effective
animal model would greatly facilitate progress in this area, but most common laboratory animals
(i.e., rat, rabbit, guinea pig, etc.) are naturally resistant to M. leprae. Although M. leprae does
replicate when inoculated into the foot pads of mice, the infection exhibits no nerve involvement.
Only the nine-banded armadillo reliably exhibits extensive neurological involvement upon infec-
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tion with M. leprae. Considering the practical and ethical restrictions regarding the sampling or
study of human nerves, armadillos are likely the most abundant source of leprotic neural fibers
for studying leprosy neuropathology. No other common laboratory animals such as guinea pigs,
mice, rabbits, or rats develop neurological involvement with M. leprae, and the pathology and
functional deficits seen in M. leprae-infected armadillo nerves closely replicate those seen in hu-
man leprosy.

M. leprae manifests in armadillos with structural and pathological changes similar to those ob-
served in the skin and nerves of human leprosy patients. There is marked inflammation, with
bacilli attached to the progressively demyelinating Schwann cells (SCs), and a functional neu-
ral deficit can be demonstrated in leprotic nerves using electrophysiology (6, 60). Armadillo pe-
ripheral nerves are infected early in the disease process. Histopathologocial examination reveals
characteristic interstitial neuritis, with the infiltration of inflammatory cells such as macrophages,
and bacilli in the perineurium, epineurium, and endoneurium (Figure 3). Given the unique sus-
ceptibility of armadillos to neurological involvement with M. leprae, the same granulomas that
form against M. leprae in skin or other tissues can also be found in their peripheral nerves. The
guantitative estimation of bacilli in infected nerves shows higher bacterial loads and increased in-
volvement distally. Estimates of more than 1x106 M. leprae/cm of some major nerves are not un-
common, and both sensory and motor neurons are involved (60, 61, 62, 63). Leprosy in humans
can only be diagnosed clinically, and all patients already exhibit some degree of nerve damage by
the time their disease is first discovered. A notable advantage of the armadillo is the opportunity
to examine the pathogenesis of the infection at pre-clinical stages that have never been observed
in humans and that are more likely to be effective targets for therapeutic intervention.

Following the experimental infection of armadillos, M. leprae populates the peripheral nerves
and reticuloendothelial tissues and slowly but systemically disseminates from these early foci.
The armadillo posterior tibial nerve runs for approximately 5 cm just beneath the skin surface
of the medial hind limb. This nerve has a high frequency of involvement in both armadillo and
human infections. It is easily accessible in the armadillo and a useful target for studies of arma-
dillos. Although the duration of an experimental infection in armadillos (4—24 months) is highly
compressed when compared to the many years involved in the human disease, bacillary loads of
>10° M. leprae/cm are common in armadillo post-tibial nerves even during this short time period.

Once M. leprae populates the nerve, the number of bacilli can escalate to high numbers and
spread to adjacent nerve trunks. Anti-leprosy drug therapies must have good neural penetra-
tion in order to kill bacilli sequestered in nerves. However, even when effectively killed by the
anti-microbial drugs, the bacilli in humans and armadillos only slowly clear the nerves and skin
lesions. In one study, we infected armadillos and allowed them to incubate their infections for 12
months before treating them with 10mg/kg rifampin once monthly for an additional 12 months,
then sacrificing them at 24 months post infection. Although the animals showed clinical improve-
ment in skin lesions and ulcers as a result of the anti-microbial therapy, an examination of their
posterior tibial nerves showed the continued presence of M. leprae. A molecular assessment of
the M. leprae viability suggested that the organisms had been effectively killed by the rifampin
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therapy. However, bacterial counts averaging 10°-10° bacilli per cm of posterior tibial nerve were
still observed, even after a full year of treatment. This heavy burden of (dead) bacilli provides a
rich substrate for continued immunological interaction with the host and suggests that there is
insidious chronic injury to nerves involved with M. leprae (64).

FIG 3 Inflammation, M. leprae infiltration, and demyelination in an infected armadillo PT
nerve.

Left panel: armadillo post-tibial nerve infiltrated with M. leprae. Right panel: (A) Longi-
tudinal section showing a large number of acid-fast bacilli (AFB; arrow) in endoneurium
(EN) of nerve. (B) Electron micrograph of a myelinated Schwann cell (SC) infected with M.
leprae (arrow). AX, axon; MY, myelin sheath. (C) Cross-section of an infected nerve show-
ing infiltration of M. leprae (arrow) in EN and perinurium (PN), as well as an infiltrate of
mononuclear cells at the site of infection. (D) M. leprae (arrow) infecting non-myelinated
Schwann cells in an infected armadillo nerve.

Although there are no comparable human studies, armadillo nerve segments can be used effec-
tively for gene expression profiling and analyzing cell signaling pathways. Gene expression profiles
have shown ongoing degeneration and regeneration processes among infected animals when
compared to naive controls, along with evidence of persistent inflammation with an enhanced
expression of both IFN-y and TNF-a (Figure 4). The gene expression profiles of nerve segments
from rifampin-treated animals more closely resembled those of the untreated animals over the
naive controls (Figure 4). The slow clearance of killed bacilli can be problematic for nerve injury.
The molecular markers for neurodegeneration and regeneration, the gene expression profile of
inflammatory genes, and the enumeration of the bacterial load of M. leprae in the nerve are
useful therapeutic endpoints for laboratory studies. These endpoints highlight the importance of
developing new therapies to enhance the clearance of bacilli from the host, in conjunction with
anti-bacterial treatment to limit the progress of insidious neuropathy.
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FIG 4 Relative expression of molecular markers for neurodegeneration, regeneration, and
inflammation, compared between uninfected-normal nerves (Naive), infected-untreated
(Infected), and treated with rifampin for one year (Treated) armadillo post-tibial nerves.
Results represent mean + SD from duplicate experiments on five animals.

Electrophysiological Studies

Defective nociceptive perception, especially hot and cold stimulation, is recognized as an early
indicator of neuropathy in leprosy. Although such techniques are not suitable for armadillos, the
morphological and quantitative study of nerves in a skin biopsy can offer an effective alternative
tool for assessing the thin nerve fiber structure related to the thermal sensitivity function (de-
scribed in Chapter 2.5; see also Chapter 9.2).

Although the hard carapace and thick skin of armadillos limit the number of nerves that can be
examined, techniques have been adapted to permit the assessment of conduction in both hind
limbs along the posterior tibial nerve. This nerve lies just beneath the skin surface between the
ankle and knee and innervates the small lumbrical and flexor muscles of each foot. Nerve con-

10 Part Il Basic Sciences



Armadillo Model

duction studies are noninvasive and are ideal for repeated or prospective assessments of the
onset and progress of peripheral neuropathy over time in the same subject. Therefore, this type
of study has been adapted for use with armadillos (28, 64) (Figure 5). Infection with M. leprae
induces the demyelination of axons that results in decreased nerve conduction velocity (NCV),
measured in m/sec. The loss of axons and muscular atrophy leads to a decrease in the Com-
pound Motor Action Potential (CMAP), measured in mV (26). Conduction deficit is observed in
the posterior tibial nerves of 75% of all experimentally infected armadillos, with onset occurring
as early as 90 days post infection and progressing over time. Naive (non-infected) armadillos ex-
hibit conduction profiles similar to humans (mean NCV 62.09 + 10.72 m/sec, mean CMAP 1.55 +
0.33 mV). Also similar to humans, depressed CMAP amplitude (<0.9mV, mean + 2 SD) is the most
common presentation, but abnormal nerve conduction velocity (NCV <40m/s, mean +2SD) can
also be observed (Figure 5). Most armadillos progress from normal conduction to a total conduc-
tion block in the later stages of their experimentally induced infections with M. leprae. Nearly
all of the animals that develop conduction deficit also eventually exhibit other clinical signs of
neuropathy (64). The onset of a conduction abnormality generally coincides with the evolution
of a detectable immune response to M. leprae (e.g., detectable PGL1 IgM antibodies) and is a
significant predictor of other non-specific symptoms of neuropathy, such as foot ulcers and nail
avulsion or hypertrophy (64). Of more than 175 different armadillos, nearly all of the animals that
developed a conduction deficit also eventually exhibited signs of clinical neuropathy in their foot
pads. An increased PGL1 antibody level and decreased CMAP were also highly correlated with the
clinical appearance of wounds under heavy calluses, hypertrophic nails (p<0.03), and nail avul-
sion (p<0.008, r=0.2—-0.26).
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FIG 5 Armadillo post-tibial nerve conduction impairment in early and late leprosy stages.
Motor nerve conduction velocity (MNCV) and compound muscle action potential (CMAP)
in naive and infected armadillos were measured by percutaneous stimulation of the pos-
terior tibial nerve, distally at the ankle and proximally at the knee. A: naive armadillo that
shows both right and left normal MNCV, B: infected armadillo showing abnormal CMAP
on left nerve, and C: infected armadillo showing both right and left nerves impaired.
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Impairment of Muscle Architecture
and Function in Infected Armadillos

A common pathological hallmark of human leprosy and M. leprae-infected armadillos is the in-
volvement of the extremities. In the foot, the lumbrical muscles are innervated by the medial and
lateral plantar nerves, nerves that are similarly involved in some leprosy patients. Muscle paraly-
sis can result from injury to these nerves, and the pathological status of lumbrical muscles from
the armadillo hind limb has been examined. The organization of intact muscle architecture can be
evaluated by labeling muscle tissues with antibodies to adult myosin, a family of ATP-dependent,
actin-binding, and highly conserved muscle motor protein. The labeling of transverse sections of
control armadillo muscles has shown a highly organized architecture of muscle fibers with a clear
endomysium and perimysium, similar to the skeletal muscle of humans and rodents (75). In con-
trast, the lumbrical muscles from infected armadillos can display a markedly disorganized pattern
of muscle fibers with a disorganized endomysium and perimysium. The analysis of the transverse
sections of the lumbrical muscles with antibodies specific for basal lamina components, laminin
and collagen, also may show markedly disrupted and abnormal extracellular matrix expression
in infected muscles as compared to control animals. Nuclear labeling has revealed an increased
accumulation of cells in the muscle, most likely mononuclear inflammatory cells or macrophages,
and the distribution of M. leprae within the lumbrical muscles in infected animals can be seen
using the antibody to M. leprae, PGL-1, that specifically detects whole M. leprae (47). These data
revealed that M. leprae are predominantly localized to cells in the interstitial tissues in the peri-
mysium, most likely within the infiltrated cells.

Similarly, Brand (11) showed that the PCSA (cross sectional area/mass) of muscles in the hands
of leprosy patients could be used as a surrogate measure of grip strength and index muscle atro-
phy. Examining the PCSA of the small (intrinsic) lumbrical and flexor muscles of an armadillo also
shows a qualitative reduction of muscle mass and atrophy among infected armadillos, with PGL1
IgM positive animals having an average of 20% less muscle mass than naive normal animals (75).

Detailed histopathological studies have shown that long-term infection in the armadillo also has
a discernible effect on the morphological and molecular composition of skeletal muscle fibers.
These features in the skeletal muscles of infected armadillos resemble the muscle pathology and
function impairment documented in patients with LL leprosy (89) and suggest the potential of
using the armadillo model not only for the neuropathies but also for the myopathies associated
with human leprosy.
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Zoonotic Leprosy

In 1975, Walsh et al. (88) discovered that free-ranging armadillos in Louisiana harbored a natural
infection with M. leprae, and subsequent investigations confirmed that the disease is widespread
among North American armadillos (72, 83, 87). Leprosy was not present in the New World during
pre-Colombian times, but the disease was already well established among settlers in the vicinity
of New Orleans by 1750, as well as in other countries around the Gulf Coast of Mexico (8). Arma-
dillos must have acquired M. leprae from humans sometime in the last 300 years, and if they did
so in North America, then it seems possible that armadillos also could have repeated the event
at many times and in many locations over the years. The specific origins of M. leprae infections
among wild armadillos, the geographic range of those infections, and the risks that infection in
these animals might present to humans have remained topics of interest.

Armadillos are found only in the Americas, ranging from northern Argentina to the central U.S.
They can adapt to many diverse habitats but are most abundant in low-lying and coastal areas.
Their population has undergone extensive geographic expansion in recent years (71); however,
they do not hibernate and a poor tolerance of cold temperatures is the main factor limiting their
ultimate range.

Numerous surveys have now confirmed that armadillos are a large, natural reservoir of M. lep-
rae. Though originally thought to be localized to western Gulf of Mexico areas, the infection is
now recognized to occur among armadillos throughout the extended northern range. The high-
est prevalence rates in the U.S. are usually reported among animals inhabiting low-lying, poorly
drained areas, especially those in the southern Mississippi River valley and other bottomlands
(74). These areas have high carrying capacities for insects, which might be a vector for the trans-
mission of leprosy among armadillos. In contrast, disease prevalence rates tend to be lower in
better-drained locales or areas with lower animal densities.

Leprosy appears to be an emerging infection among armadillos in North America. The detectable
prevalence of the disease is associated with increasing population densities of the newly arrived
animal species. Early reports hypothesizing that geographic trends in point prevalence rates of
M. leprae infections between different armadillo groups might indicate a particular nidus for the
infection were probably confused by the different population structures of the groups examined
(5, 67, 87). As leprosy is a slow chronic infection, variations in its point prevalence rates prob-
ably reflect the differential crowding rates of armadillos in diverse habitats and other population-
based factors that can influence the intensity of disease transmission or detection in different
locales (72).

Recent studies confirm that leprosy is a zoonosis in the southern U.S. and that armadillos can
be involved in transmitting M. leprae to humans. Using a combination of single nucleotide poly-
morphism analysis and variable number tandem repeat genotyping, a single unique M. leprae
genotypic-strain (31-2-v1) has been found to occur among 88% of the wild armadillos sampled in
a 400,000 square mile area in the southern U.S. Analysis of the 3I-2-v1 genotype showed that it
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is highly unique, having less than a 1:10,000 predicted probability of random occurrence. Most of
the animals are infected with a single predominant M. leprae strain-type (31-2-v1), which already
has been associated with probable zoonotic transmission of leprosy to humans (86). In addition,
presentation with the 3I-2-v1 strain has been significantly associated with patients’ histories of
residence in areas where M. leprae-infected armadillos are found, and several patients have re-
ported using armadillos for food or having other direct contact with the animals (86).

Multiple M. leprae genotypic-strains have been identified to be circulating among human patients
in U.S., an observation consistent with the hypothesis that leprosy has been introduced from a va-
riety of regions. However, the homogeneity of the M. leprae strain-types seen among armadillos
in the U.S. suggests that interspecies transfer of M. leprae from humans to armadillos has been
relatively infrequent. The armadillo-associated 3I-2-v1 M. leprae genotype has not been reported
in other countries (77); however, in the U.S., the armadillos have markedly amplified the 31-2-v1
strain and helped spread it over a large geographic area. A second zoonotic strain (31-2-v15) of M.
leprae has been identified among armadillos in southern Florida and is shared by several autoch-
thonous patients from the area (65). This new armadillo-associated genotype strain has multiple
allele changes at three variable number of tandem repeats (VNTR) loci, differentiating it from the
31-2-v1 strain, and whole genome sequencing of 3I-2-v15 has identified nine additional single
nucleotide polymorphisms (SNPs) unique to this second zoonotic strain. Animals from this area
were free from the infection in earlier surveys, and this strain has never been reported elsewhere.

FIG 6 Natural habitat range of armadillos
Leprosy in wild Armadillos indicating the areas where biomarkers of
natural infection are presented. Range of
armadillos is presented by shaded area
in the map and areas with higher densi-
ty (>50 animals/km?) are presented with
darker shade.

There have been relatively few studies con-
cerning leprosy in South American armadillos.
The techniques used to detect the infection
have not been comparable, and the findings
with regards to the detection of the infec-
tion or risks associated with armadillos have
been inconsistent (38, 54, 59, 74). However,
biomarkers of M. leprae have been reported
among armadillos in Argentina (46, 91), Brazil
(20, 21, 22, 27), Colombia (12), and Mexico (5)
(Figure 6). In addition, epidemiological studies
in Brazil have implicated environmental sourc-
es for some cases of human infection (37), and

A No leprosy inwild armadillos

* Wild armadillos are infected
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another Brazilian study found contact with armadillos to be a significant risk factor for leprosy
(19). Where enzootic infection can be confirmed, education about armadillos as a potential risk
factor for leprosy could have a tremendous impact on the health of many individuals.

The ecology of armadillos and the infections they carry may differ in North and South America.
Armadillos only began expanding their range from Mexico to the U.S. in the 1880s. They continue
to colonize new areas and are expected to eventually roam over more than 50% of the entire geo-
graphic area of the U.S. The specific factors that promoted this dramatic expansion of armadillos
are not certain, but the expansion probably benefited from the active removal of predators by
agricultural interests in the northern range and the high carrying capacity and low competition
of the animals found in the northern bottom-lands (71). Armadillos in parts of Texas have been
reported to reach densities of up to 50/Km?, but much lower densities have been reported for
South American armadillos (17, 42, 43, 45, 48, 72) (Figure 6). Pioneering armadillo populations
show less genetic diversity than their counterparts elsewhere in Central and South America (7,
44); however, genetic diversity is thought to benefit a population’s ability to resist disease. Thus,
South American armadillos may not exhibit the high prevalence rates of M. leprae as seen in the
U.S., with many showing advanced stages of the disease, owing to their lower population densi-
ties and greater genetic diversity. On the other hand, Brazilian armadillos show similar reactivity
to heat-killed M. leprae as their North American counterparts (3, 58). In addition, armadillos in
Brazil (53, 58) and Venezuela (14, 15) have been shown to be susceptible to experimental infec-
tion with M. leprae. Furthermore, other species of South American armadillos that are not pres-
ent in North America also appear to be susceptible to experimental infection with M. leprae (9,
14). Large-scale systematic surveys are needed to better understand the role that armadillos may
play in the ecology of leprosy throughout the Americas (76).

Many leprosy patients are often confused about how they may have acquired leprosy and un-
able to relate ever having come in contact with someone who had the disease. They frequently
suffer profound anxiety following the diagnosis, so understanding that armadillos are a plausible
biological source of their infection may provide relief. In addition, leprosy is a rare disease, the
diagnosis of which is often delayed for months or years while other possibilities are exhausted.
Physicians treating patients who may have had exposure to armadillos should retain leprosy in
their differential diagnosis, especially when dealing with skin lesions that do not easily resolve
with normal therapies (86).

The Use of Armadillos as Vaccine
Models

Since armadillos so closely replicate leprosy in humans, there has been interest in using them
to test specific interventions, especially anti-leprosy vaccines. The earliest vaccination studies in
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armadillos used increased lymphoblast transformation to assess effective vaccine sensitization
and then monitored animal survival as endpoints. In those studies, heat killed preparations of M.
leprae alone, or M. leprae potentiated with BCG, increased the survival of challenged animals.
However, more than three years were required for the studies to culminate (40). Later, Job et al.
(35) vaccinated armadillos with BCG and examined the animal’s histopathological response to
lepromin as an early indicator of effective vaccination. He found that 20-40% of the animals had
an intensified lepromin reaction in their skin following vaccination, but his results also showed
poor correlation with long-term survival rates.

Since leprosy is an infectious neurological disorder in humans—not a life-threatening disease—
a more appropriate endpoint for clinical interventions is the onset and progress of neuropathy
rather than the survival rate of animals. M. leprae can be found localized in peripheral armadillo
nerves within days of experimental inoculation, and motor nerve injury can be demonstrated
with electrophysiology within just a few months. In a recent study using the BCG vaccine and
a standard high-dose M. leprae challenge, we saw that both vaccinated and sham-vaccinated
control armadillos showed nerve involvement as early as 6—8 months post-challenge. In addition,
about 70% of the armadillos in both groups had detectable PGL-1 IgM antibodies levels by seven
months after the challenge. In this study, BCG was seen as partially protective in armadillos with
regards to survival, but ineffective at preventing or delaying the nerve injury caused by an M.
leprae infection. Importantly, nerve injury, which might better reflect the most salient features
of leprosy, can be used as an effective early endpoint in vaccine and other intervention studies.

Conclusions

Effective animal models can help provide pivotal new understandings about the mechanisms in-
volved in complex disease processes such as those manifested in leprosy. The armadillo provides
large numbers of highly viable M. leprae for experimental use from a controlled and known infec-
tion status. With armadillos, comparative pathological studies have shown that many of the phys-
iological and structural aspects of human leprosy are closely replicated in a highly compressed
disease duration that exhibits equivalent functional defects in the animals. Other than humans,
the nine-banded armadillo is the only animal that develops extensive neurological involvement
with M. leprae, and they are an abundant source of leprotic neurological fibers for basic science
investigations. Rare neurological events in both normal and leprotic tissues, from time periods
and in material quantities that cannot be obtained from human subjects, can only be studied with
these animals. Developing techniques to effectively detect and monitor the onset and progress
of leprosy neuropathy could provide significant benefits to leprosy patients. The use of the arma-
dillo to study leprosy can provide new insights for developing effective intervention strategies and
ameliorating the human suffering caused by leprosy.

16 Part Il Basic Sciences



Armadillo Model

References

10.

11.

12.

Abel L, Sanchez FO, Oberti J, Thuc NV, Hoa LV, Lap VD, Skamene E, Lagrange PH, Sch-
urr E. 1998. Susceptibility to leprosy is linked to the human NRAMP1 gene. J Infect Dis
177:133-145.

Adams JE, Pena MT, Gillis TP, Williams DL, Adams LB, Truman RW. 2005. Expression
of nine-banded armadillo (Dasypus novemcinctus) interleukin-2 in E coli. Cytokine
32:219-225.

Adams LB, Pena MT, Sharma R, Hagge DA, Schurr E, Truman RW. 2012. Insights from
animal models on the immunogenetics of leprosy: a review. Mem Inst Oswaldo Cruz
107(Suppl 1):197-208.

Alter A, Grant A, Abel L, Alcais A, Schurr E. 2011. Leprosy as a genetic disease.
Mamm Genome 22:19-31.

Amezcua ME, Escobar-Gutierrez A, Storrs EE, Dhople AM, Burchfield HP. 1984. Wild
Mexican armadillo with leprosy-like infection [letter]. Int J Lepr Other Mycobact Dis
52:254-255.

Antunes SLG, Chimelli LM, Rabello ET, Valentim VC, Corte-Real S, Sarno EN, Jardim
MR. 2006. An immunohistochemical, clinical and electroneuromyographic correla-
tive study of the neural markers in the neuritic form of leprosy. Braz ] Med Biol Res
39:1071-1081.

Arteaga MC, Pinero D, Eguiarte LE, Gasca J, Medellin R. 2012. Genetic structure and
diversity of the nine-banded armadillo in Mexico. ] Mammal 93:547-559.

Badger LF. 1955. Leprosy in the United States. Public Health Rep 70:525-535.

Balina LM, Valdez RP, De-Herrera M, Cordova HC, Bellocq J, Garcia N. 1985. Experi-
mental reproduction of leprosy in seven-banded armadillos dasypus-hybridus. Int J
Lepr Other Mycobact Dis. 53:595-599.

Balina LM, Valdez RP, De-Herrera M, Cordova HC, Bellocq J, Garcia N. 1985. Experi-
mental reproduction of leprosy in dasypus-hybridus. Rev Argent Dermatol 66:7-12.

Brand PW, Beach RB, Thompson DE. 1981. Relative tension and potential excursion
of muscles in the forearm and hand. J Hand Surg Am 6:209-219.

Cardona-Castro N, Beltran JC, Ortiz-Bernal A, Vissa V. 2009. Detection of Mycobacte-
rium leprae DNA in nine-banded armadillos (Dasypus novemcinctus) from the Andean
region of Colombia. Lepr Rev 80:424-431.

Section 10 Experimental Animal Models 17



The International Textbook of Leprosy

18

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Cardoso CC, Pereira AC, de Sales Marques C, Moraes MO. 2011. Leprosy susceptibil-
ity: genetic variations regulate innate and adaptive immunity, and disease outcome.
Future Microbiol 6:533—-549.

Convit J. 1977. The armadillo as experimental model in leprosy research. Pan Am
Health Organ Sci Publ 342:53-55.

Convit J, Pinardi ME. 1974. Leprosy: confirmation in the armadillo. Science 184:1191—
1192.

Couret M. 1911. The behavior of bacillus leprae in cold-blooded animals. J Exp Med
13:576-589.

Cullen L, Bodmer ER, Valladares-Padua C. 2001. Ecological consequences of hunting
in Atlantic forest patches, Sdo Paulo, Brazil. Oryx 35:137-144.

Delsuc F, Stanhope MJ, Douzery EJ. 2003. Molecular systematics of armadillos (Xen-
arthra, Dasypodidae): contribution of maximum likelihood and Bayesian analyses of
mitochondrial and nuclear genes. Mol Phylogenet Evol 28:261-275.

Deps PD, Alves BL, Gripp CG, Aragao RL, Guedes B, Filho JB, Andreatta MK, Marcari
RS, Prates I, Rodrigues LC. 2008. Contact with armadillos increases the risk of leprosy
in Brazil: a case control study. Indian J Dermatol Venereol Leprol 74:338—-342.

Deps PD, Antunes JM, Faria C, Buhrer-Sekula S, Camargo ZP, Opromola DV, Tomimo-
ri J. 2008. Research regarding anti-PGL-I antibodies by ELISA in wild armadillos from
Brazil. Rev Soc Bras Med Trop 41(Suppl 2):73-76.

Deps PD, Antunes JM, Tomimori-Yamashit J. 2007. Detection of Mycobacterium lep-
rae infection in wild nine-banded armadillos (Dasypus novemcinctus) using the rapid
ML Flow test. Rev Soc Bras Med Trop 40:86—-87.

Deps PD, Santos AR, Yamashita-Tomimori J. 2002. Detection of Mycobacterium lep-
rae DNA by PCR in blood sample from nine-banded armadillo: preliminary results. Int
J Lepr Other Mycobact Dis 70:34-35.

Duthie MS, Truman RW, Goto W, O’Donnell J, Hay MN, Spencer JS, Carter D, Reed
SG. 2011. Insight toward early diagnosis of leprosy through analysis of the developing
antibody responses of Mycobacterium leprae-infected armadillos. Clin Vaccine Immu-
nol 18:254-259.

Fenner F. 1956. The pathogenic behavior of Mycobacterium ulcerans and Mycobacte-

rium balnei in the mouse and the developing chick embryo. Am Rev Tuberc 73:650—
673.

Part Il Basic Sciences



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Armadillo Model

Fite GL, Wrinkle CK, Sanchez R. 1964. Inoculations of M Leprae in reptiles. Int J Lepr
32:272-278.

Franssen H. 2008. Electrophysiology in demyelinating polyneuropathies. Expert Rev
Neurother 8:417-431.

Frota CC, Lima LN, Rocha Ada S, Suffys PN, Rolim BN, Rodrigues LC, Barreto ML,
Kendall C, Kerr LR. 2012. Mycobacterium leprae in six-banded (Euphractus sexcinctus)
and nine-banded armadillos (Dasypus novemcinctus) in Northeast Brazil. Mem Inst
Oswaldo Cruz 107(Suppl 1):209-213.

Garbino JA, Virmond M, Almeida JA. 1996. Nerve conduction study technique in the
armadillo. Hansen Int 21:10-13.

Job CK. 2000. Developments in experimental leprosy. Indian J Lepr 72:143-154.

Job CK, Drain V, Truman R, Deming AT, Sanchez RM, Hastings RC. 1992. The patho-
genesis of leprosy in the nine-banded armadillo and the significance of IgM antibod-
ies to PGL-1. Indian J Lepr 64:137-151.

Job CK, Drain V, Truman RW, Sanchez RM, Hastings RC. 1990. Early infection with M
leprae and antibodies to phenolic glycolipid-I in the nine-banded armadillo. Indian J
Lepr 62:193-201.

Job CK, Drain V, Williams DL, Gillis TP, Truman RW, Sanchez RM, Deming AT, Hast-
ings RC. 1991. Comparison of polymerase chain reaction technique with other meth-
ods for detection of Mycobacterium leprae in tissues of wild nine-banded armadillos.
Lepr Rev 62:362—-373.

Job CK, Kirchheimer WF, Sanchez RM. 1983. Variable lepromin response to Mycobac-
terium leprae in resistant armadillos. Int J Lepr Other Mycobact Dis 51:347-353.

Job CK, Sanchez RM, Hastings RC. 1985. Manifestations of experimental leprosy in
the armadillo. Am J Trop Med Hyg 34:151-161.

Job CK, Sanchez RM, Hunt R, Truman RW, Hastings RC. 1993. Armadillos (Dasypus
novemcinctus) as a model to test antileprosy vaccines; a preliminary report. Int J Lepr
Other Mycobact Dis 61:394-397.

Job CK, Truman RW. 2000. Comparative study of Mitsuda reaction to nude mouse
and armadillo lepromin preparations using nine-banded armadillos. Int J Lepr Other
Mycobact Dis 68:18-22.

Section 10 Experimental Animal Models 19



The International Textbook of Leprosy

20

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Kerr-Pontes LR, Barreto ML, Evangelista CM, Rodrigues LC, Heukelbach J, Feldmeier
H. 2006. Socioeconomic, environmental, and behavioural risk factors for leprosy in
north-east Brazil: results of a case-control study. Int J Epidemiol 35:994-1000.

Kirchheimer WF. 1977. Occurrence of Mycobacterium leprae in nature. Lepr India
49:44-47.

Kirchheimer WF, Sanchez RM. 1976. Quantitative aspects of leprosy in armadillos. Int
J Lepr Other Mycobact Dis 44:84—87.

Kirchheimer WF, Sanchez RM, Shannon EJ. 1978. Effect of specific vaccine on cell-
mediated immunity of armadillos against M leprae. Int J Lepr Other Mycobact Dis
46:353-357.

Krotoski WA, Mroczkowski TF, Rea TH, AlImodovar PI, Clements BC, Neimes RE, Kah-
konen MK, Job CK, Hastings RC. 1993. Lepromin skin testing in the classification of
Hansen’s disease in the United States. Am J Med Sci 305:18-24.

Naughton-Treves L, Mena JL, Treves A, Alvarez N, Radeloff VC. 2003. Wildlife survival
beyond park boundaries: the impact of slash-and-burn agriculture and hunting on
mammals in Tambopata, Peru. Conserv Biol 17:1106-1117.

Loughry WJ, Dwyer GM, McDonough CM. 1998. Behavioral interactions between ju-
venile nine-banded armadillos (Dasypus novemcinctus) in staged encounters. Ameri-
can Midland Naturalist 139:125-132.

Loughry WJ, McDonough M. 2008. Population biology. In VH Hutchison (ed.), The
nine-banded armadillo: a natural history. University of Oklahoma Press, Oklahoma.

MacDonald DW. 1985. The encyclopedia of mammals vol. Volume 2. Oxford Univer-
sity Press, Oxford, New York.

Martinez AR, Resoagli EH, de Millan SG, Resoagli JP, Rameriez MM, Cicuta ME, Rott
M, Sandoval A. 1984. Lepra salvje en dasypus novemcinctus (linneo 1758). Arch Ar-
gent Dermat 34:21-30.

Masaki T, Qu J, Cholewa-Waclaw J, Burr K, Raaum R, Rambukkana A. 2013. Repro-
gramming adult Schwann cells to stem cell-like cells by leprosy bacilli promotes dis-
semination of infection. Cell 152:51-67.

McDonough CM. 2000. Social organization of nine-banded armadillos (Dasypus
novemcinctus) in a riparian habitat. American Midland Naturalist 144:139-151.

Mira MT, Alcais A, Nguyen VT, Moraes MO, Di Flumeri C, Vu HT, Mai CP, Nguyen TH,
Nguyen NB, Pham XK, Sarno EN, Alter A, Montpetit A, Moraes ME, Moraes JR, Doré

Part Il Basic Sciences



50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Armadillo Model

C, Gallant CJ, Lepage P, Verner A, Van De Vosse E, Hudson TJ, Abel L, Schurr E. 2004.
Susceptibility to leprosy is associated with PARK2 and PACRG. Nature 427:636—640.

Misch EA, Berrington WR, Vary Jr. JC, Hawn TR. 2010. Leprosy and the human ge-
nome. Microbiol Mol Biol Rev 74:589-620.

Mitsuda K. 1949. On the value of skin reaction with emulsion of leproma. Japanese
Journal of Dermatology and Urology 19:697-708.

Nations SP, Barohn RJ. 2002. Peripheral neuropathy due to leprosy. Curr Treat Op-
tions Neurol 4:189-196.

Opromolla DV, de Arruda OS, Fleury RN. 1980. [Maintenance of armadillos in captiv-
ity and results of the inoculation of Mycobacterium leprae]. Hansenol Int 5:28-36.

Pedrini SC, Rosa PS, Medri IM, Mourao G, Bagagli E, Lopes CA. 2010. Search for My-
cobacterium leprae in wild mammals. Braz J Infect Dis 14:47-53.

Pena M, Geluk A, Van Der Ploeg-Van Schip JJ, Franken KL, Sharma R, Truman R.
2011. Cytokine responses to Mycobacterium leprae unique proteins differentiate
between Mycobacterium leprae infected and naive armadillos. Lepr Rev 82:422—-431.

Prabhakaran K, Kirchheimer WF, Sanchez R, Harris EB. 1984. An alternative route for
infecting armadillos with Mycobacterium leprae. Microbios 39:83-86.

Rodrigues LC, Lockwood DN. 2011. Leprosy now: epidemiology, progress, challenges,
and research gaps. Lancet Infect Dis 11:464-470.

Rosa PS, Belone AF, Silva EA. 2005. Mitsuda reaction in armadillos Dasypus novem-
cinctus using human and armadillo derived antigens. Hansenologia Internationalis
30:180-184.

Schmitt JV, Dechandt IT, Dopke G, Ribas ML, Cerci FB, Viesi JM, Marchioro HZ,
Zunino MM, Miot HA. 2010. Armadillo meat intake was not associated with leprosy
in a case control study, Curitiba (Brazil). Mem Inst Oswaldo Cruz 105:857—-862.

Scollard DM. 2008. The biology of nerve injury in leprosy. Lepr Rev 79:242-253.

Scollard DM, Lathrop GW, Truman RW. 1996. Early nerve invasion in armadillos, an
animal model for lepromatous neuropathy, p. 146-152, vol. 64.

Scollard DM, Lathrop GW, Truman RW. 1996. Infection of distal peripheral nerves
by M leprae in infected armadillos; an experimental model of nerve involvement in
leprosy [see comments], p. 146—151, vol. 64.

Section 10 Experimental Animal Models 21



The International Textbook of Leprosy

22

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Scollard DM, Truman RW. 1999. The armadillo leprosy model with particular refer-
ence to lepromatous neuritis, p 331-335. Handbook of animal models of infection.
Academic Press, New York.

Sharma R, Lahiri R, Scollard DM, Pena M, Williams DL, Adams LB, Figarola J, Truman
RW. 2013. The armadillo: a model for the neuropathy of leprosy and potentially other
neurodegenerative diseases. Dis Mod Mech 6:19-24.

Sharma R, Singh P, Loughry WJ, Lockhart JM, Inman WB, Duthie MS, Pena MT, Mar-
cos LA, Scollard DM, Cole ST, Truman RW. 2015. Zoonotic Leprosy in the southeastern
United States. Emerg Infect Dis 21:2127-2134.

Shepard CC. 1960. The experimental disease that follows the injection of human lep-
rosy bacilli into footpads of mice. J Exp Med 112:445-454,

Smith JH, Folse DS, Long EG, Christie JD, Crouse DT, Tewes ME, Gatson AM, Ehrhardt
RL, File SK, Kelly MT. 1983. Leprosy in wild armadillos dasypus novemcinctus of the
Texas gulf coast: epidemiology and mycobacteriology. J Reticuloendothel Soc 34:75—
88.

Storrs EE, Walsh GP, Burchfield HP. 1974. Leprosy in the armadillo: new model for
biomedical research. Science 183(4127):851-852.

Storrs EE, Williams RJ. 1968. A study of monozygous quadruplet armadillos in relation
to mammalian inheritance. Proc Natl Acad Sci U S A 60:910-914.

Talmage RV, Buchanen CD. 1954. The armadillo (Dasypus novemcinctus). A review
of its natural history, ecology, anatomy, and reproductive physiology, p. 1-135. In TR
Institute (ed.), Monograph in Biology, vol. 2. The Rice Institute, Houston.

Taulman JF, Robbins LW. 1996. Recent range expansion and distributional limits of
the nine-banded armadillo (Dasypus novemcinctus) in the United States. J Biogeogr
23:635-648.

Timock J, Vaughan C. 2002. A census of mammal populations in Punta Leona Private
Wildlife Refuge, Costa Rica. Rev Biol Trop 50:1169-1180.

Truman R. 2008. Armadillos as a source of infection for leprosy. South Med J
101:581-582.

Truman R. 2005. Leprosy in wild armadillos. Lepr Rev 76:198-208.

Truman R, Ebenezer G, Pena M, Sharma R, Balamayooran G, Gillingwater TH, Scol-
lard D, McArthur J, Rambukkana A. 2013. The armadillo as a model for peripheral
neuropathy in leprosy. Institute for Laboratory Animal Research: in press.

Part Il Basic Sciences



76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Armadillo Model

Truman R, Fine PE. 2010. ‘Environmental’ sources of Mycobacterium leprae: issues
and evidence. Lepr Rev 81:89-95.

Truman RW. 2002. Personal Communication.

Truman RW, Andrews PK, Robbins NY, Adams LB, Krahenbuhl JL, Gillis TP. 2008. Enu-
meration of Mycobacterium leprae using real-time PCR. PLoS Negl Trop Dis 2:e328.

Truman RW, Franzblau SG, Job CK. 1986. The nine-banded armadillo dasypus-novem-
cinctus as an animal model to study the transmission of leprosy. ([Vol 86 IS —:123 EP]).

Truman RW, Morales MJ, Shannon EJ, Hastings RC. 1986. Evaluation of monitoring
antibodies to PGL-l in armadillos experimentally infected with M leprae. Int J Lepr
Other Mycobact Dis 54:556—559.

Truman RW, Sanchez RM. 1993. Armadillos: Models for leprosy. Lab Animal 22:28—
32.

Truman RW, Sanchez RM. 1993. Armadillos: Models for leprosy. Lab Animal 22:28—-
32.

Truman RW, Shannon EJ, Hagstad HV, Hugh-Jones ME, Wolff A, Hastings RC. 1986.
Evaluation of the origin of Mycobacterium leprae infections in the wild armadillo,
Dasypus novemcinctus. Am J Trop Med Hyg 35:588-593.

Truman RW, Shannon EJ, Hastings RC. 1986. Antibodies to the phenolic glycolipid-1
antigen of M leprae in Hansen’s Disease patients, staff, and Pima Indians. Int J Lepr
Other Mycobact Dis 54:165-166.

Truman RW, Shannon EJ, Hastings RC. 1985. Host responses to the phenolic glyco-
lipid-1 antigen of M leprae, p. 710 EP — KW — N711 —, vol. 53.

Truman RW, Singh P, Sharma R, Busso P, Rougemont J, Paniz-Mondolfi A, Kapopou-
lou A, Brisse S, Scollard DM, Gillis TP, Cole ST. 2011. Probable zoonotic leprosy in the
southern United States. N Engl J Med 364:1626-1633.

Walsh GP, Meyers WM, Binford CH. 1986. Naturally acquired leprosy in the nine-
banded armadillo: a decade of experience 1975-1985. J Leukoc Biol 40:645-656.

Walsh GP, Storrs EE, Burchfield HP, Cotrell EH, Vidrine MF, Binford CH. 1975. Lepro-
sy-like disease occurring naturally in armadillos. J Reticuloendothel Soc 18:347-351.

Werneck LC, Teive HA, Scola RH. 1999. Muscle involvement in leprosy. Study of the
anterior tibial muscle in 40 patients. Arq Neuropsiquiatr 57:723-734.

Section 10 Experimental Animal Models 23



24

90.

91.

The International Textbook of Leprosy

Wilder-Smith EP, Van Brakel WH. 2008. Nerve damage in leprosy and its manage-
ment. Nature clinical practice. Neurology 4:656—663.

Zumarraga MJ, Resoagli EH, Cicuta ME, Martinez AR, Oritiz de Rott MlI, de Millan
SG, Caimi K, Gioffre A, Alito A, Bigi F, Cataldi AA, Romano MI. 2001. PCR-restriction
fragment length polymorphism analysis (PRA) of Mycobacterium leprae from human
lepromas and from a natural case of an armadillo of Corrientes, Argentina. Int J Lepr
Other Mycobact Dis 69:21-25.

Part Il Basic Sciences



