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ABSTRACT The mammalian nervous system is invaded by a
number of intracellular bacterial pathogens which can establish
and progress infection in susceptible individuals. Subsequent
clinical manifestation is apparent with the impairment of the
functional units of the nervous system, i.e., the neurons and the
supporting glial cells that produce myelin sheaths around axons
and provide trophic support to axons and neurons. Most of these
neurotrophic bacteria display unique features, have coevolved
with the functional sophistication of the nervous system cells,
and have adapted remarkably tomanipulate neural cell functions
for their own advantage. Understanding how these bacterial
pathogens establish intracellular adaptation by hijacking
endogenous pathways in the nervous system, initiating myelin
damage and axonal degeneration, and interfering with myelin
maintenance provides new knowledge not only for developing
strategies to combat neurodegenerative conditions induced by
these pathogens but also for gaining novel insights into cellular
and molecular pathways that regulate nervous system functions.
Since the pathways hijacked by bacterial pathogens may also be
associated with other neurodegenerative diseases, it is
anticipated that detailing the mechanisms of bacterial
manipulation of neural systems may shed light on common
mechanisms, particularly of early disease events. This chapter
details a classic example of neurodegeneration, that caused by
Mycobacterium leprae, which primarily infects glial cells of the
peripheral nervous system (Schwann cells), and how it targets
and adapts intracellularly by reprogramming Schwann cells
to stem cells/progenitor cells. We also discuss implications
of this host cell reprogramming by leprosy bacilli as a model
in a wider context.

INTRODUCTION
Bacterial Infection of the Adult Nervous System
The nervous system comprises the central nervous sys-
tem (CNS) and the peripheral nervous system (PNS).
Although many bacterial pathogens are known to in-
vade the CNS and cause associated neuropathologies,
much less is known about their intracellular manipu-
lation of neural cells, particularly early events of bacte-
rial infections, and how such bacterium-induced neural
cell alterations could lead to bacterial survival, persis-
tence, and the progression of infection as well as path-
ogenesis. A majority of the studies with these bacterial
pathogens are immune-centric and focused on inflam-
matory aspects of nervous system diseases, and many
reviews are available elsewhere with more detail on in-
flammatory and immune mechanisms of this bacteria-
induced neurodegeneration (1–3).
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Bacterial Infections of the Adult PNS
Because the PNS connects CNS communication with the
organs and limbs in order to effectively coordinate the
body functions, the PNS is as important as the CNS
when it comes to motor, sensory, and autonomous
neuronal functions (Fig. 1). Thus, the bacterial patho-
gens that preferentially invade the PNS provide a model
to dissect how they naturally target nerves and initiate
and induce nerve degeneration by deregulating neural
cell functions, most of which are yet to be identified.

Virtually all tissues of the body are innervated by
peripheral nerves, supplied with a neuronal network
along with the supporting glial cells (i.e., Schwann cells),
which form myelin sheaths around larger axons and do
not formmyelin sheaths around smaller-diameter axons;

the nerves and glial cells collectively serve as the func-
tional units of the PNS (4, 5). Their peripheral location
and ubiquitous presence give rise to a potential suscep-
tibility of the peripheral nerves to invading pathogens;
nerve terminals are present close to external sites on the
body, including the skin and nasal cavity, and nerves
frequently run close to blood vessels carrying systemic
infectious agents. Considering this unprotected nature
and close proximity of the PNS to the exterior, periph-
eral nerves are expected to be vulnerable even to envi-
ronmental pathogens. Surprisingly, however, only a few
bacterial pathogens have the capacity to invade the PNS
and establish a productive infection. This level of defense
against pathogens may be due to the privileged nature
of the peripheral nerves, which are protected and

FIGURE 1 The adult nervous system comprises the PNS and CNS. The CNS is connected
to the organs and limbs by the PNS, which also includes a sympathetic and parasympa-
thetic nervous system. Infection of both the PNS and CNS by bacterial pathogens often
leads to neurodegenerative diseases. Understanding how such bacterial pathogens target
the nervous system and naturally cause disease not only provides insights into combating
infectious neurodegenerative diseases but also sheds light on common themes of how
neurodegenerative diseases are initiated. Some details of the adult PNS with innervation of
skin and muscles are shown; these nerves are usually affected during PNS infections,
leading to sensory loss and muscle atrophy, as in leprosy neuropathy.
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surrounded by a connective tissue-rich perineurium and
the blood-nerve barrier (BNB), akin to the blood-brain
barrier of the CNS (6, 7).

MYCOBACTERIUM LEPRAE AS A MODEL
FOR NEUROPATHOGENESIS
A classic example of an intracellular bacterial pathogen
that breaches the BNB and preferentially enters the glial
cells of the peripheral nerves (Schwann cells) is Myco-
bacterium leprae. Leprosy causes one of the most
common infectious neuropathies, leprosy neuropathy,
which is currently prevalent in low- and middle-income
countries on three continents (8, 9). With the number of
new cases detected exceeding 200,000 annually, leprosy
remains a major public health problem in countries
where it is endemic. Due to a lack of early diagnosis and
an extremely long incubation period, most newly diag-
nosed leprosy patients clinically present with some form
of neuropathy (8, 9). However, it remains unknown
how this pathogen causes neuropathy.

M. leprae, the causative organism of human leprosy,
preferentially invades the glial cells of the PNS (Schwann
cells). This unique capacity for Schwann cell invasion by
M. leprae and the subsequent neuropathy with sensory
and motor neuronal impairment in humans demonstrate
that M. leprae is an excellent model to dissect how
bacteria initiate neuropathic conditions by targeting
differentiated glial cells in the adult PNS. Such studies
will provide new insights which will be useful for de-
veloping early intervention not only for leprosy neu-
ropathy but also perhaps for other neuropathic diseases
with unknown etiologies but similar neuropathological
features whose early events are completely unknown.

Pathology Caused by Leprosy Bacilli
Leprosy has been known to humankind since biblical
times, having been described since about 600 BCE in
texts originating from India, China, and Egypt (10). It is
perhaps the most feared archetype of stigmatizing dis-
ease, to the extent that the term “leper” has become a
generic term for a person shunned by others. The disease
was highly prevalent in Europe, and the Norwegian
physician Armauer Hansen was the first to identify the
causative agent,M. leprae, in 1873 (11). Leprosy was the
first human disease known to be caused by a micro-
organism (11). The first effective antibacterial therapies
for leprosy were introduced in the 1940s, and the current
standard therapy involves multidrug treatment reg-
imens with dapsone, clofazimine, and rifampin (12).
However, leprosy remains endemic in low- and middle-

income countries on three continents, with a stable an-
nual rate of new-case detection (13). If not diagnosed or
treated early, M. leprae infection in humans develops
into neuropathic conditions and stigmatizing skin
conditions as a result of uncontrolled bacterial propa-
gation in the skin and the peripheral nerves. The hall-
mark of leprosy is its effect on sensory and motor
neurons; loss of sensation is associated with complica-
tions in the extremities and subsequent formation of
ulcers, known as neuropathic ulcers, which can proceed
to destroy other structures underlying the skin, including
cartilage and bones, if untreated, causing severe dis-
ability. Indeed, at the time of diagnosis, most patients
manifest some form of disability due to neurological
injuries as a result of extremely long incubation. Facial
disfiguration and bone loss are common in the late stage
of the disease, and damage to the nerves controlling
blinking can lead to blindness. Interestingly, most of
these unusual pathologies occur in multibacillary leprosy
patients (i.e., those harboring high loads of bacteria in
the tissues), suggesting that direct host tissue responses
to M. leprae may be associated with pathogenesis.

M. leprae Infection in Animal Models
and Humans
Entirely dependent on host cells for bacterial survival,
M. leprae is a strictly obligately intracellular bacterium
(9, 14). This strictly intracellular lifestyle is directly
linked to the bacterial genome, which comprises more
pseudogenes and noncoding genes than protein-coding
genes, rendering M. leprae dependent on host cell
functions and metabolism for bacterial survival and
replication (15, 16). In addition to humans, two animal
hosts which are susceptible to naturally occurring sys-
temic infections are known so far; M. leprae causes
multibacillary leprosy-like disease in nine-banded ar-
madillos (17, 18) and red squirrels in the wild (19),
as well as in experimentally infected armadillos. The
majority of the human population generally does not
develop clinical leprosy following M. leprae infection
(20, 21). Human leprosy could also be acquired by
zoonotic transmission via nine-banded armadillos in-
fected in the wild in the southern United States (22). The
association of genetic factors with human leprosy was
exemplified by the findings that genes PARK2 and
PACRG are risk factors for leprosy (23–25). Interest-
ingly, mutation of the PARK2 gene, which encodes a
ubiquitin E3 ligase, has been shown to be the cause
of autosomal recessive early-onset Parkinson’s disease,
and this finding connects leprosy susceptibility to other
neurodegenerative diseases with unknown etiology (26).
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Interestingly, potential environmental factors like bac-
terial and viral infections have been implicated in trig-
gering Parkinson’s and other neurodegenerative diseases
(27, 28). Therefore, a better understanding of early
molecular events during M. leprae infection could pro-
vide new insights into how other neurodegenerative
diseases with unknown etiology might be triggered.

Temperature Sensitivity in Intracellular
Bacterial Growth
Apart from the strictly obligate intracellular lifestyle,
leprosy bacilli also require lower body temperature for
survival and replication, and thus, in humans, prefer-
ential bacterial growth can be seen in peripheral tissues
like peripheral nerves, skin, and testis, where peripheral
body temperature is relatively low (20, 29, 30). Experi-
mental evidence has shown that a temperature of 37°C is
unfavorable for intracellularM. leprae viability, while in
the footpads of immunocompromised nude mice, pro-
lific bacterial growth can be achieved locally without
disseminated infection due to the lower temperature in
the extremities (31). The latter provides a valuable re-
source for the provision of in vivo-grown bacteria for
basic leprosy research (31, 32). Interestingly, in nine-
banded armadillos, the core body temperature is 33 to
35°C, and M. leprae propagates in both peripheral
tissues and internal organs, such as the liver (33, 34).

M. leprae Infection in Humans
In humans, M. leprae infection of Schwann cells in the
PNS is primarily responsible for developing neuropathic
conditions. In multibacillary leprosy, a large number
of intracellular M. leprae organisms can be seen in
Schwann cells in peripheral nerves (20, 35). M. leprae
rarely infects the axons, although axonal degeneration
eventually contributes to neuropathic conditions which
cause not only disability but also stigmatized conditions,
including bone loss and muscle atrophy due to loss of
sensation and associated complications that affect
tissues underneath the skin. These conditions have
caused leprosy to be one of the most feared and stig-
matized diseases known to humankind. Humans show a
wide spectrum of clinical immunological and histologi-
cal presentations of leprosy, from tuberculoid leprosy,
which entails a strong immune response and minimal
detectable bacilli (paucibacillary leprosy), to leproma-
tous leprosy, with more widespread bacterial presence in
peripheral tissues like the PNS and skin (multibacillary
leprosy) and low or absent cell-mediated immune re-
sponses (9, 29, 36, 37), with intermediate classifications
between these polar groups. Regardless of the clinical

spectrum, nerve damage is widely seen in all groups of
leprosy patients.

Although nerve damage in tuberculoid leprosy is
expected to be caused by immune-mediated tissue de-
struction due to strong cell-mediated immune responses
(38, 39), it is unknown how multibacillary leprosy with
high numbers of bacteria in Schwann cells and minimal
or no cell-mediated immune response causes neurologi-
cal damage. In this context, previous research on the
biology of multibacillary leprosy was designed to address
several important questions. (i) How does M. leprae
target and manipulate the functions of Schwann cells in
the adult peripheral nerves? (ii) How does it hijack
Schwann cell properties once inside the cells? (iii) How
does it propagate and disseminate infection? (iv) How
does preferential M. leprae infection in Schwann cells
initiate and cause neurological injury?

SIGNIFICANCE OF MODELING M. LEPRAE
INTERACTION
During human infection,M. leprae preferentially resides
and replicates within adult Schwann cells for a long
period before immune cell recruitment and immune-
mediated attack, which over a long incubation period
eventually manifests clinically as sensory or sensorimo-
tor loss (29, 35, 40–42). We know nothing about what
occurs early in human infection, from initial infection of
Schwann cells to the first symptoms of nerve damage.
This is a critical initial phase for the propagation of M.
leprae within this privileged niche, including evasion of
immune surveillance and the establishment of produc-
tive infection within the PNS. Although host immune
responses to M. leprae play a decisive role in developing
the clinical state of leprosy, it is the leprosy bacillus itself
and its propagation in the preferred peripheral tissue
niches, such as the PNS and the skin, that establish the
productive infection that sets the stage for subsequent
infectious processes. However, how M. leprae estab-
lishes infection in the PNS and what strategies it uses to
achieve this are largely unknown. Also, tissue cell
responses directly to high bacterial load, independent of
or under the partial influence of immune responses,
could give rise to pathological conditions, especially
when bacilli reside in privileged niches like Schwann
cells, where immune cell trafficking is minimal. This is
the case in patients with multibacillary leprosy, who
harbor a high load of bacteria in the tissues which cause
the pathology independent of cell-mediated immune
responses. Thus, multibacillary leprosy provides an
excellent disease model to study how a neurotrophic
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bacterial pathogen directly causes nervous system
pathology. Therefore, mimicking multibacillary leprosy
in model systems and searching for detailed mechanisms
of how leprosy bacilli target the PNS are warranted.

M. leprae Targeting of the Peripheral Nerves
Molecular details of specific M. leprae-peripheral nerve
interaction require model systems that mimic the unique
PNS niche environment, since the anatomy of the PNS is
critical for studying the specific interaction of M. leprae
with cells in the PNS. This is because the way in which
M. leprae might interact with the structural PNS com-
ponents is distinct from the way in which it might interact
with the CNS, both the brain and spinal cord. M. leprae
interacts specifically with the mature glia of the human
PNS (Schwann cells) (43), and clinical presentations in-
volve peripheral nerves and tissues (9, 29, 42) and not
the glia of the CNS (oligodendrocytes or astrocytes).
Although some phenotypic similarities exist between
myelin-producing Schwann cells and oligodendrocytes,
these two cell types are distinct in terms of functional
and signaling properties, developmental origin, and their
interactions with axons (4, 44–48). Most importantly,
the anatomical differences between the PNS and CNS are
critical for the initial in vivo interaction ofM. leprae with
Schwann cells, which are the specific target of leprosy
bacilli in the nervous system of humans.

Differences between glia of the adult PNS
and CNS
The functional units that facilitate rapid nerve conduction
of the PNS and CNS comprise glia-axon units: Schwann
cell–axon units in the PNS and oligodendrocyte-axon
units in the CNS. In the adult PNS, there are two func-
tional units; some Schwann cells wrap around a single
larger-diameter axon to form myelinated Schwann cell–
axon units, and other Schwann cells make nonmyelina-
ting Schwann cells by enclosing multiple smaller-diameter
axons. Depending on the type of nerves, i.e., motor or
sensory neurons, the ratio of myelinated to nonmyelin-
ated axons varies (4, 5). In both cases, Schwann cell–axon
units in the PNS are completely surrounded by the basal
lamina (also called basement membrane when associated
with epithelial cells, e.g., skin and intestine), which is
composed of tissue-specific isoforms of matrix compo-
nents secreted by Schwann cells (Fig. 2). These extracel-
lular matrix (ECM) proteins on the outer surface of
Schwann cells are anchored to the cell membrane via
ECM receptors on the Schwann cell membrane (Fig. 2).

This characteristic feature of the basement mem-
brane around each glia-axon unit is not present in the

oligodendrocytes, astrocytes, or microglia in the CNS.
Oligodendrocytes form highly complex network-like
connections with multiple axons by extending oligo-
dendrocyte processes, enclosing multiple axons and
forming myelin sheaths with each encountered axon,
thus elaborating a highly complex myelinated nerve
network in the CNS (48, 49). On the other hand, in
non-neural tissues, cell types such as epithelia anchor to
the basal lamina and/or basement membrane only
through the basal side of the cells and are not surrounded
completely by basal lamina or basement membranes
(Fig. 2B). Also, macrophages in the PNS and both
microglia and macrophages in the CNS, which usually
engulf many bacterial and viral pathogens in the nervous
system, are not surrounded by basal lamina or basement
membranes. These facts indicate that the basal lamina
that completely surrounds Schwann cell–axon units is a
distinct anatomical feature in the PNS, and leprosy bacilli
must cross the structural components of the basal lamina
in order to invade Schwann cells. Perhaps the tropism of
this bacterium to the adult peripheral nerves lies within
this distinct bacterium–host component interaction, as
immune cells such as ubiquitous macrophages are un-
likely to exhibit such specific neural tropism.

DRG neuron and Schwann cell coculture
model system
A model of the initial interaction of M. leprae with the
native basal lamina components that surround both
myelinated and nonmyelinated nerve fibers has been
established using an ex vivo coculture system of purified
primary rodent Schwann cells with purified dorsal root
ganglion (DRG) neurons (50–54). In this model, as in
peripheral nerve development, Schwann cells naturally
wrap around DRG neuronal axons and establish a 1:1
relationship with larger-diameter axons and produce a
myelin sheath, whereas other Schwann cells form non-
myelinated Schwann cell–axon units on smaller-diameter
axons. As in adult peripheral nerves, both Schwann cell–
axon units in these cultures are surrounded by the basal
lamina comprising ECM components. The major com-
ponents of the basal lamina are laminin-2 isoform, col-
lagen IV, heparin sulfate proteoglycan, and nidogen (also
known as entactin) (55–57). Among them, the tissue re-
striction of ECM components lies within the laminin-2
isoform, which is formed by assembling three subunits of
laminin chains, the β1, γ1, and α2 chains (51).

Role of neural laminin α2 chain
Laminins are large glycoproteins composed of three
polypeptide chains, α, β, and γ, which are assembled in
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different combinations to form asymmetrical cruciform
structures to give rise to various laminin isoforms with
restricted tissue distribution (58–60). These laminin iso-
forms are major structural and functional components of
the basal lamina and/or basement membrane to which
cells from different tissue types anchor via various extra-
cellular ligands and cellular receptors (43, 61–64). Such
specific cell-ECM component interactions are critical for
cell differentiation and survival within specialized tissue
niches; for example in the gut, cells anchor to the basal
lamina that is secreted specifically by gut epithelial cells,
and in the Schwann cell–axon units, the basal lamina that
surrounds the units is secreted by Schwann cells (43, 65).

Likewise, combinations of laminin α, β, and γ chains
that are assembled to form different isoforms vary in
different tissues. It is believed the α chain determines this
restricted tissue distribution, because the same α chain is
rarely found in different tissues; for example, the α chain

of laminin-2 is expressed predominantly in the basal
lamina of Schwann cells and muscle cells, whereas the
laminin β1 and γ1 chains have a wider tissue distribution
(43, 61, 63, 64). Importantly, the tissue specificity of the
laminin α chain is relevant to its characteristic larger
globular (G) domain at the carboxyl terminus, and this
G domain is responsible for the binding through which
cells anchor to the basal lamina (43) (Fig. 3B and 4).
In the basal lamina of Schwann cell–axon units, the
tissue specificity lies within the laminin α2 chain and
not within the β1 and γ1 chains, which are shared with
other laminin isoforms, such as laminin-1, with a much
broader tissue distribution (43, 51, 61, 63, 64). In the
DRG Schwann cell–neuron coculture system, this tissue-
restricted laminin α2 chain is specifically secreted by
Schwann cells, particularly under the influence of axons,
and thus contributes to the basal lamina that surrounds
each nerve fiber, as in peripheral nerves in vivo.

FIGURE 2 (A) Functional units of the adult human peripheral nerves, i.e., myelinated and
nonmyelinated Schwann cell–axon units, depicting the distinct basal lamina that
surrounds each Schwann cell–axon unit in situ. Red arrows indicate the basal lamina (BL)
completely surrounding both myelinated (top inset) and nonmyelinated (bottom inset)
Schwann cell–axon units. The Schwann cell membrane (M) is shown by black arrows. SC,
Schwann cells; Ax, axons; MS, myelin sheath. (B) Sites of bacterial pathogens’ targets and
entry into epithelia and peripheral nerves. Pathogenic bacteria enter epithelia at the
apical side of the cells which anchor the basal lamina, whereas neurotrophic bacterial
pathogens (e.g.,M. leprae) must cross the basal lamina barrier, and thus attach to the basal
lamina matrix proteins deposited around Schwann cell–axon units. The micrograph
(adapted from reference 70) shows myelinated Schwann cell–axon units with the basal
lamina (BL), Schwann cell membrane (SCM), and the axons ensheathed by the myelin
sheath (MS).
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Role of globular (G) domain of laminin α2
in neural tropism
Molecular analysis of the laminin α2 chain in relation to
the tissue specificity of the basal lamina of Schwann cell–
axon units in the PNS provides evidence that the neural
tropism of M. leprae is determined by the G domain of
the laminin α2 chain (α2LG), which is also the cell
binding site of the laminin-2 isoform (43, 51). The α2LG
modules are integral components of the basal lamina
that surrounds the Schwann cell–axon units and in-
teracts with host cell receptors such as α-dystroglycan,
a laminin-2 receptor in both PNS and muscles (64, 66)
(Fig. 3 and 4). Several of these receptor binding sites
have been mapped to various α2LG modules (67). The
resolved crystal structures of α2LG modules reveal a
compact β-sandwich fold and a novel calcium-binding
site architecture (68, 69) (Fig. 3). The fact thatM. leprae
interacts specifically with α2LG modules but cannot

bind to the G domain of the α1 chain of the laminin-1
isoform, which in contrast shows wider tissue distribu-
tion, is consistent with the high sequence divergence
between the G domains of the α1 and α2 chains (43, 51)
(Fig. 3 and 4). In terms of tissue tropism, the limited
sequence identity of the G domains of different laminin α
chains (20 to 40%) appears to contribute to the re-
stricted tissue distribution of a given laminin isoform
(reference 51 and references therein). Based on the
findings that α2LG specifically mediates the M. leprae–
Schwann cell interaction and that in vivo, M. leprae
failed to adhere to peripheral nerves of laminin-α2-
deficient mice, which also lack α2LG, it was concluded
that the tissue-restricted α2LG of the laminin-2 isoform
is largely responsible for the peripheral-nerve tropism of
M. leprae (51, 70).

It should be noted that the neural tropism ofM. leprae
could be demonstrated only by using α2LGmodules and

FIGURE 3 Molecular basis of neural tropism ofM. leprae. Interaction ofM. leprae-specific
PGL-1 on the bacterial cell wall with the tissue-specific α2LG domain on the basal lamina.
(A) PGL-1 binding to the recombinant Gmodules of the α2LG domain. OD, optical density.
(B) Subunits of the laminin-2 isoform comprising α, β, and γ chains with the cell-binding
α2G domain and its modules α2LG1 to α2LG5. (C) Composition of M. leprae PGL-1. (D)
Crystal structure of PGL-1-binding α2LG5 and α2LG4-5 modules of the α2LG domain. (E)
M. leprae PGL-1 binding (green) to the native α2LG domain (red) on the basal lamina
surrounding a myelinated Schwann cell–axon unit (outer surface of nerve fiber is labeled
in red to demarcate the α2G domain) colocalized with PGL-1 (green) when cultures were
incubated with a PGL-1 suspension.
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laminin α2-deficient mice, not with total laminin-2,
simply because of the fact that total laminin-2 contains
both laminin β1 and γ1 chains with wider tissue distri-
bution (43, 51), and many bacterial pathogens, includ-
ing mycobacterial species, have been shown to bind to
these common laminin isoforms. Therefore, the use of
commercially available total laminin-2 or -4 alone con-
taining several common laminin chains does not confirm
the tissue specificity; previous studies using such total
laminin without molecular details showed binding of
mycobacterial species other than M. leprae (71). Con-
sidering these crucial factors determining general versus
specific binding, it is important to clarify these molecular
details for future studies of tissue-specific interaction of
M. leprae with the peripheral nerves.

CONTRIBUTION OF BACTERIAL FACTORS
TO NEURAL TROPISM
Although the peculiar affinity of leprosy bacilli for the
peripheral nerve has been known since the histopatho-
logical study of leprosy began after the discovery by
Armauer Hansen ofM. leprae as the causative organism
of leprosy (11), and early scientists were curious about
the basis for the neural affinity of this organism, it
remained unexplained until studies published in 1997
and 2000 which detailed a mechanism for neural tro-
pism of leprosy bacilli (50, 51). Once the host molecules
responsible for neural tropism in leprosy bacilli had been
identified, the next studies were launched to delineate the
M. leprae-specific molecules that determined such host-
pathogen interaction at the molecular level.

FIGURE 4 Schwann cell receptors α/β-dystroglycan and receptor tyrosine kinase ErbB2
serve as receptors forM. leprae on the Schwann cell membrane (SCM) in an α2LG domain-
dependent and -independent manner. (A) Basal lamina (BL) and cell membrane of mye-
linated Schwann cells in vivo. Their molecular assembly is shown in the schematic (C).
(B) M. leprae infection in an ex vivo Schwann cell–neuron coculture system, where M.
leprae (blue) associates with α2LG in the basal lamina (red) and ErbB2 on the Schwann cell
membrane (green). (C) Schematic showing the molecular basis of M. leprae interaction
with α2LG, α/β-dystroglycan, and ErbB2 of Schwann cell–axon units in the peripheral
nerves and potential activation of kinase domain of ErbB2, which initiate signaling
cascades like phosphorylation of the Erk1/2 mitogen-activated protein kinase pathway.
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Role of PGL-1 and Proteins in the M. leprae
Cell Wall
The overall tissue tropism of a bacterial pathogen is
determined by both host and bacterial components. In
the case of pathogenic mycobacteria, it has long been
proposed that the bacterial cell wall contains most of the
elements that are associated with pathogenesis (72).
These elements may include the specific cell wall com-
ponents that direct these pathogens to their favored
niches. The cell wall of M. leprae contains an extensive
electron-transparent outer layer that is largely composed
of phthiocerol dimycocerosic acid and related glyco-
lipids, which mainly comprise M. leprae-specific phe-
nolic glycolipid-1 (PGL-1) (73–76). These complex cell
wall lipid structures, including PGL-1, are commonly
thought of in the context of resistance to intracellular
killing by macrophages (77), serological analysis (78),
and complement fixation (79). Detailed analysis related
to the role of bacterial cell wall components showed
evidence that PGL-1 is involved in determining the
unique affinity of M. leprae for peripheral nerves (50).
PGL-1 is specific for M. leprae because it contains an
antigenically distinct trisaccharide, which consists of 3,6-
di-O-methylglucose linked α1→4 to 2,3-di-O-methyl-
rhamnose, linked β1→2 to 3-O-methylrhamnose, that
has not been found in any other bacterium (73, 74).
Purified PGL-1 specifically binds to the laminin α2
chain in the basal lamina of Schwann cell–axon units in
ex vivo tissue cultures, and this binding is mediated by the
M. leprae-specific trisaccharide portion of PGL-1 (50).

Contribution of M. leprae PGL-1
to Neural Tropism
The finding that PGL-1 binding to the basal lamina of
Schwann cell–axon units is mediated by the naturally
cleaved fragments of the peripheral nerve laminin α2
chain encouraged the concept of neural tropism, as this
is a rare bacterium-specific and host tissue-restricted
interaction (43, 50, 80). In peripheral nerves, the pro-
teolytic cleavage of the α2 chain occurs at the carboxy-
terminal G domain, resulting in an 80-kDa fragment and
a large (∼300-kDa) amino-terminal fragment (81–83).
PGL-1 binds to both peripheral-nerve-derived 80-kDa
and 300-kDa fragments (50). Characterization of this
binding using individual recombinant α2LG modules
demonstrated that the activity to the 80-kDa fragment is
associated with PGL-1 binding to the tissue-restricted
α2LG4 and α2LG5 modules (50) (Fig. 3A and E). On the
other hand, the lack of binding of lipoarabinomannan,
another carbohydrate-containing cell wall component
in M. leprae and Mycobacterium tuberculosis, to α2LG

modules underscores the specific interaction ofM. leprae
PGL-1 trisaccharides with α2LG modules (50). The spe-
cificity of this interaction may be explained by the limited
sequence identity of the LG modules of the laminin α2
and α1 chains. Sequence identities of the LG1, LG4, and
LG5modules of the laminin α2 and α1 chains are 45.7%,
36.1%, and 49.7%, respectively (84, 85). Thus, PGL-1
binding to α2LG modules corresponding to a highly di-
vergent region of the α2 chain (α2LG1, α2LG4, and
α2LG5) was found be the key to the neural affinity of
M. leprae and thus establishes that these host and bac-
terial factors are responsible for neural tropism (50, 61,
86, 87) (Fig. 3).

SCHWANN CELL SIGNALING PATHWAYS
ACTIVATED BY M. LEPRAE
α-Dystroglycan as a Receptor for M. leprae
In Schwann cell–axon units, the basal lamina anchors
to the Schwann cell membrane via ECM receptors (61,
63, 64). One such receptor is dystroglycan, a highly
glycosylated component of the dystrophin-glycoprotein
complex (DGC) which is involved in the pathogenesis
of muscular dystrophies (70, 88). The DGC is encoded
by a single gene and serves as a receptor for Schwann
cell–laminin-2 interaction and signaling (89). The en-
coded gene product is cleaved into two proteins, peri-
pheral membrane α-dystroglycan and transmembrane
β-dystroglycan, by posttranslational processing (90).
Yamada et al. (91) have shown that the laminin α2 chain
in the Schwann cell basal lamina binds peripheral
membrane α-dystroglycan and that laminin α2 links to
the Schwann cell cytoskeleton via the DGC (92).
M. leprae binds to native α-dystroglycan purified from
peripheral nerves only in the presence of α2LG (89),
suggesting that α2LG has two binding sites, one for M.
leprae and the other for α-dystroglycan; i.e., α2LG forms
a bridge between M. leprae and the α-dystroglycan (89)
(Fig. 3 and 4).

ErbB2 in Activation of Erk1/2 Mitogen-
Activated Protein Kinase Signaling
Schwann cells, both during development and after ac-
quisition of terminal differentiation, interact with neu-
ronal (axonal) ligands for communication, as they are
interdependent for maintaining their survival and func-
tional properties (49, 93). This is mediated mainly by
neuregulins, the axonal ligands, by binding to the re-
ceptor tyrosine kinase complex, ErbB2/ErbB3, on the
Schwann cell membrane, which leads to the initiation of
intracellular signaling pathways to drive proliferation
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and differentiation of Schwann cells, particularly the
myelination of axons (94, 95). The ErbB family receptor
ErbB2 is one of the major receptor tyrosine kinases
expressed on Schwann cells and plays an important role
in glial cell functions (95–98). Among the members of
the ErbB family, ErbB2 is considered a “ligandless” re-
ceptor that transduces strong signals by avid dimeriza-
tion with other ErbB members (99, 100). In Schwann
cells, ErbB2 is known to process the signaling by di-
merization with ErbB3 after neuregulin binds to ErbB3,
which lacks a kinase domain (97). Strikingly, M. leprae

directly binds to and activates ErbB2 without ErbB3
heterodimerization (53). This binding is sufficient to in-
duce early demyelination, following activation of ErbB2
by a novel route that bypasses the classical signaling
ErbB2-ErbB3 heterodimerization induced by growth
factors including neuregulin, and subsequently induces a
downstream MEK-dependent Erk1/2 signaling path-
way, leading to myelin breakdown (53, 97) (Fig. 4 and
5). It is likely that M. leprae takes advantage of the
existing Erk1/2 signaling that is involved in both nerve
degeneration and regeneration (101).

FIGURE 5 In vivo induction of demyelination by direct M. leprae injection into sciatic
nerves of adult Rag-1 knockout mice, suggesting that early demyelination can be caused
by the activation of signaling pathways in the absence of immune responses. (A) Sche-
matic showing the activation of Erk1/2 MAPK signaling pathways by extracellular (a) and
intracellular (b) M. leprae via two different pathways and their role in proliferation and
demyelination. M. leprae binds to the ErbB2 receptor to induce Schwann cell demyelin-
ation and proliferation. (a) The binding of M. leprae (ML) to ErbB2 on the surface of
myelinated Schwann cells triggers demyelination through the Ras-Raf-MEK-ERK pathway.
ErbB2 inhibitors such as herceptin, PKI166, and U0126 block activation of this pathway in
response to M. leprae. (b) Intracellular M. leprae induces proliferation of nonmyelinated
Schwann cells through a different route to ERK that involves PKCε and Lck and that is
independent of signaling through the Ras-Raf-MEK pathway. (B and C) Direct injection of
M. leprae into sciatic nerves of Rag–/– knockout mice induces demyelination (C), in
contrast to injection of phosphate-buffered saline alone, which shows almost intact
myelinated Schwann cell–axon units (B).
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M. LEPRAE-INDUCED DEMYELINATION
OF SCHWANN CELLS
Myelin damage is known to be caused by immune-
mediated inflammatory responses, as in many neuro-
degenerative diseases (102). However, whether such
demyelination events also occur in the earliest stage of
neurodegenerative diseases where inflammation is min-
imal or absent is unknown. M. leprae is known to ini-
tiate neurodegenerative conditions in humans and in
susceptible animal models like nine-banded armadillos
(9, 29, 33). Therefore, underlying mechanisms by which
M. leprae initiates neurodegenerative conditions provide
valuable insights into early events of neurodegeneration.

The initial interaction of M. leprae with the basal
lamina of Schwann cell–axon units appears to deregu-
late the delicate Schwann cell–axon communication
system, leading to the breakdown of the myelin sheath
(80, 101). Although such early demyelination in vivo
may not initially lead to clinical manifestation, as pe-
ripheral nerves possess a remarkable capacity to regen-
erate following injury, it may lead to activation of
additional signaling from Schwann cells similar to nerve
injury (101). Functional consequences like demyelin-
ation provide a survival advantage for M. leprae, as it
induces dedifferentiation and proliferation and gener-
ates myelin-free Schwann cells with high plasticity,
which naturally promote remyelination and nerve re-
generation and are also highly susceptible to M. leprae
invasion (103). This suggests that initial interactions
with and activation of Schwann cells are crucial, as these
events set the stage for subsequent intracellular survival
and replication within the peripheral nerves.

From Signaling-Mediated Demyelination
to Nerve Damage
Although nerve degeneration in the early phase of
M. leprae infection in both in vitro and in vivo mouse
models does not involve immune cells or macrophages,
such nerve injury is likely to cause the destabilization of
the neural microenvironment. This might subsequently
lead to a cascade of cellular responses that eventually
recruit immune cells. Evidence from studies with Rag-1–/–

knockout mice, which lack mature B and T cells and are
thus unable to mount an adaptive immune response,
showed the induction of significant demyelination in
sciatic nerves 3 days after intraneural administration
of M. leprae and its cell wall fraction (52) (Fig. 5). It is
likely that the sequential recruitment and propagation
of immune cell populations, preceded by non-immune-
mediated demyelination and axonal damage at the site
of infection, could eventually cause further aggravation

of neurological injury to the peripheral nerves during
M. leprae infection.

Zebrafish Spinal Cord Model
Recent studies have attempted to recapitulate myelin
damage in response to M. leprae in zebrafish larvae us-
ing spinal cord injection of M. leprae as a CNS model
(104). Since the study of spinal cord injection of M.
leprae examines the initial events in CNS cells, it is un-
likely that a zebrafish CNS model exhibits the specific
peripheral nerve pathology which is so distinctive of M.
leprae infection in humans (9, 29, 42) due to the nervous
systems’ fundamental and functional differences as de-
scribed above (Fig. 2). The underlying pathology of
PNS diseases is distinct from that of CNS diseases, and
as such, no studies to our knowledge use CNS models
for insights into PNS damage.

M. leprae infects Schwann cell–axon units in the
PNS, but not the oligodendrocyte-axon units in the
spinal cord. Schwann cell–axon units are completely
surrounded by the basal lamina (43, 51, 55, 65) (Fig. 2
and 4), providing barriers to M. leprae (Fig. 2). In con-
trast, the axon-oligodendrocyte and astrocyte units of
the CNS are not surrounded by such a basal lamina, so it
is not surprising that M. leprae could bind directly and
cause subsequent demyelination when it is injected di-
rectly into the zebrafish larvae with immature myelin
sheaths (93). Thus, the bacterial tropism for the PNS is
difficult to evaluate with such a CNS model. Further-
more, without the PNS barriers, macrophages may have
more straightforward access to oligodendrocytes in the
zebrafish CNS model, causing the defects seen in the
immature larval myelin sheath (104). Such findings in-
dicating that an innate macrophage reaction to bacterial
PGL-1 causes early nerve damage and neural tropism
should be interpreted with caution, as the macrophage-
mediated innate immune responses are ubiquitous and
are unlikely to determine neural tropism.

Hijacking of Nerve Injury Responses
by Leprosy Bacilli
Unlike CNS neurons, the neurons in the PNS can re-
generate effectively when damaged; this differential re-
sponse to injury is due largely to the proliferative and
regenerative properties of adult Schwann cells (105,
106). Following demyelination and nerve injury, termi-
nally differentiated Schwann cells undergo proliferation,
and one of the key regulators of the cell cycle, cyclin D1,
plays a role in this re-entry into the cell division cycle
(107, 108). These nerve injury responses lead to the
generation of new dedifferentiated Schwann cells, which

ASMscience.org/MicrobiolSpectrum 11

Intracellular Adaptation of Mycobacterium leprae

http://www.ASMscience.org/MicrobiolSpectrum


serve as repair cells to facilitate the remyelination and
regeneration of the damaged axons by initiating a
Schwann cell redifferentiation program (106, 108, 109).
M. leprae appears to mimic the events following nerve
injury, since intracellular M. leprae induces the accu-
mulation of cyclin D1 in infected human Schwann
cells and subsequently increases the cell division (107).
When newly generated Schwann cells or similar de-
differentiated Schwann cells are infected by M. leprae,
they turn off myelination-associated genes (110) and
myelin protein expression, the integral components of
the compact myelin sheath. These findings suggest that
intracellular M. leprae turns off the Schwann cell dif-
ferentiation program and maintains the infected cells in
an undifferentiated stage.

M. leprae appears to hijackmultiple pathways of injury
repair processes during infection. At the signaling level,
mitogen-activated protein kinase pathway Erk1/2 signal-
ing is strongly activated in Schwann cells undergoing de-
differentiation during nerve injury in vivo (111). Similarly,
once inside the cells, M. leprae also activates Erk1/2 sig-
naling in dedifferentiated human Schwann cells (107).
However, M. leprae activates Erk1/2 intracellularly, not
via the Ras-MEK-dependent canonical pathway, but by
a novel signaling pathway using a noncanonical MEK-
independent and protein kinase Cε- and lymphocyte
kinase (Lck)-dependent pathway (107). Therefore, it is
possible that sustained activation of noncanonical Erk1/2
signaling in infected Schwann cells maintains cells in a
dedifferentiated state and thus prevents remyelination.

M. LEPRAE REPROGRAMMING
OF SCHWANN CELLS
The extremely long incubation period ofM. lepraewithin
Schwann cells during human infection providesM. leprae
with ample time to alter host cell behavior for its strictly
obligate intracellular lifestyle. This is likely to occur in
peripheral nerves in multibacillary leprosy, where a high
load of bacteria resides in Schwann cells for a long period
(9, 29). What the fate of these bacteria-laden Schwann
cells is and whether these cells retain or change Schwann
cell identity were unknown until recently. It was also
unknown how these bacteria disseminate from this
privileged niche to other tissues. Intriguingly, in a study
by Masaki et al. (110), it was discovered that leprosy
bacteria hijack the notable plasticity and regenerative
properties of adult Schwann cells for the establishment of
infection within the PNS (52, 53, 101).

Masaki et al. (110) demonstrated that M. leprae can
transcriptionally reprogram Schwann cells to a progen-

itor stem-like cell (pSLC) state by changing epigenetic
modification of key genes (110). By reprogramming
adult Schwann cells to stem cell-like cells with migratory
properties,M. leprae facilitates its spread to other tissues
(110) (Fig. 6). This strategy is highly favorable for
spread of a strictly obligately intracellular pathogen like
M. leprae via cell-to-cell transfer, as it was shown that
bacteria-laden reprogrammed cells effectively redif-
ferentiate to other tissues like muscles and directly
transfer infection to muscle fibers, another host niche
for leprosy bacilli in humans (110, 112, 113). More-
over, reprogrammed cells also have the capacity to
transfer infection more effectively to fibroblasts than
nonreprogrammed Schwann cells (114), permitting dis-
semination of infection to multiple tissues through in-
termediate cells like fibroblasts, which are abundant in
most of the tissue milieu.

Bacterial Usage of Transcription Factors
for Reprogramming
By recapitulating an injury-like response whereM. leprae
dedifferentiates adult Schwann cells following demyelin-
ation of infected nerves at the early stage of infection,
Masaki et al. (110) purified dedifferentiated Schwann
cells from wild-type adult mouse peripheral nerves and
then infected themwithM. leprae at a high bacterial load,
mimicking the conditions in multibacillary leprosy. Over
time, it was found that the transcriptional and proteomic
profile underwent radical alterations, including loss of
Schwann cell-specific lineage markers such as Sox10 and
ErbB3 and myelin genes including that encoding myelin
basic protein, suggesting turning off of the differentiation-
myelination program (95, 115–118). Concordantly, in-
fection upregulated a range of early developmental and
embryonic markers, particularly mesenchymal and neural
crest stem cell transcripts (110). A key early event appears
to be the loss of the Sox10 transcription factor from the
nuclei of Schwann cells after infection (110). As a master
regulator of Schwann cell identity and lineage specificity,
Sox10 is present throughout Schwann development and
the adult stage (4, 115, 116, 119), and thus the bacterial
removal of Sox10 clears the way for loss of Schwann cell
lineage identity and the ability of these reprogrammed
cells to convert to other cell types. Change in Sox10 gene
expression appears to be regulated epigenetically, as
M. leprae causes DNA methylation at the Sox10 locus
(110), which is associated with gene silencing.

On the other hand, the transcription factor Sox2,
which is activated in dedifferentiated Schwann cells
during injury but not in intact adult peripheral nerves
and is known to be a repressor of myelination (120–122),
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FIGURE 6 Proposed model of how adult Schwann cell reprogramming to stem cell-like
cells by intracellular M. leprae promotes dissemination of infection. (A) Infected Schwann
cells in the adult peripheral nerves undergo a reprogramming process whereby Schwann
cell differentiation and myelination program-associated genes are turned off and
embryonic genes of mesenchymal and neural crest development are turned on. The
resulting pSLC acquire migratory properties and immunomodulatory characteristics and
thus release immune factors, chemokines, cytokines, and growth and remodeling factors,
which not only increase the permeability of the BNB but also recruit macrophages.
(B) Acquired migratory properties promote M. leprae-laden pSLC to exit by breaching the
BNB and disseminate to other preferred tissue niches, such as smooth muscles and
skeletal muscles, where they are exposed to respective tissue microenvironments and
undergo direct differentiation and thus transfer bacteria passively to these tissues. (C) By
recruiting macrophages, pSLC can transfer M. leprae and form typical granuloma-like
structures, which then release bacterium-laden macrophages, a mechanism by which
reprogrammed cells may channel bacterial dissemination via systemic routes. DAPI, 4′,6-
diamidino-2-phenylindole; GFP, green fluorescent protein-tagged pSLC; AF, acid-fast
labeling of M. leprae.
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is retained after reprogramming byM. leprae. Sox2 is an
embryonic stem cell marker known to function in regu-
lating gene networks and phenotype in embryonic stem
and neural progenitor cells (123–140). Indeed, a trans-
genic mouse model in which overexpression of Sox2 was
sustained in adult nerves was shown to inhibit myelina-
tion and cause subsequent neuropathic conditions (122).
Taken together, these observations indicate that it is
possible that the bacteria use this stem cell factor in the
switch between a Schwann cell program and a progenitor
cell program, aided by the loss of Sox10. However, such
mechanistic possibilities need further investigation.

Epithelial-Mesenchymal Transition during
Schwann Cell Reprogramming
Schwann cell reprogramming by M. leprae also involves
the epithelial-mesenchymal transition (EMT) program, a
key developmental program which also occurs during
neural crest cell specification and epithelial and endo-
thelial cell transition to mesenchymal phenotypes as well
as in metastatic epithelial cancers (110, 141). EMT genes
upregulated after infection, including Twist, Snail1/2,
and Msx2, may enforce such inherent phenotypic plas-
ticity to change Schwann cell fate, as dedifferentiated
Schwann cells appear to behave as mesenchymal-type
cells. Upregulation of these EMT genes is also regulated
by epigenetic mechanisms, as further analysis of Schwann
cell reprogramming revealed that there are widespread
changes in DNA methylation status arising from bac-
terial influence (110). More research will undoubtedly
yield further knowledge of how this pathogen uses
sophisticated approaches to alter the host cell transcrip-
tional and epigenetic networks.

Schwann Cell Reprogramming
and Neuropathy
Reprogramming of functional adult Schwann cells
means that these cells reactivate their developmental
program to convert to an immature-like state that lacks
mature-cell properties necessary to maintain functional
nerves. Certainly, such reprogramming would contrib-
ute to the pathology observed in patients, since disrup-
tion of the well-structured Schwann cell–axon unit
would undoubtedly lead to Schwann cell dedifferentia-
tion. These events lead to reduced conduction of action
potentials and exposition of the axon to damage and
degeneration over time during extremely long-term in-
fection in multibacillary leprosy patients, consistent with
sensory and motor loss of leprosy neuropathy. Although
ultimately detrimental to the host, reprogramming
of Schwann cells appears to bring a range of survival

advantages to the bacteria, as it might provide a favor-
able microenvironment for bacterial propagation within
the PNS.

Schwann Cell Reprogramming and Bacterial
Dissemination
The reprogrammed Schwann cells have expression
patterns resembling a neural crest/stem cell-like pheno-
type and display multipotency to differentiate not only
to muscles but also to bone and adipose tissues (110).
This, alongside acquired migratory and immunomodu-
latory properties as in mesenchymal stem cells (142),
may enable the bacteria to exit peripheral nerves, po-
tentially breaching the BNB by immunomodulatory
agents that reprogrammed cells can release and that can
thus enter the bloodstream, recruit macrophages, or di-
rectly transdifferentiate into desired tissue cell types once
reaching other preferred target cells like muscles, bone,
and adipose tissues (Fig. 6) (103, 110). An additional
bacterial advantage is that reprogrammed Schwann
cells, but not normal Schwann cells, show more efficient
cell-cell transfer of the bacteria to fibroblasts from both
skin and peripheral nerve origins (114). As such, bac-
terial retention in Schwann cells during early infection
may permit a period of survival and growth of the ex-
tremely slowly dividing bacteria prior to onward inva-
sion of surrounding nerve tissue and beyond.

Granuloma formation
As another route of bacterial spread, reprogrammed
cells, which release chemokines/cytokines, also contrib-
ute to granuloma formation by recruiting macrophages,
which in turn contribute to bacterial propagation and
dissemination. Indeed, granulomas are a commonly
observed pathological feature in leprosy and other my-
cobacterial diseases (110, 143–145). Such granuloma
formation is facilitated by many innate immune che-
mokines and cytokines produced by reprogrammed
Schwann cells that can recruit macrophages to produce
granulomatous formations (Fig. 6) (110, 142, 146, 147).
So, by invading the Schwann cells and subsequent
reprogramming, M. leprae has acquired a number of
advantages to promote its survival, persistence, and
dissemination. The combination of these strategies is
quite distinct from the strategies of many other bacterial
pathogens that have shorter life cycles and cause more
acute damage to host cells and tissues. It is possible that
the long evolutionary history ofM. lepraewithin human
and animal hosts, the complete reliance on host cells for
replication, and the extremely long bacterial replication
time have contributed to the special coexistence of this

14 ASMscience.org/MicrobiolSpectrum

Hess and Rambukkana

http://www.ASMscience.org/MicrobiolSpectrum


intracellular bacterium with long-lived host cells, par-
ticularly the nervous system cells.

CONCLUDING REMARKS
Pathogen interactions with nervous system cells are
crucial in the establishment and pathogenesis of infec-
tious diseases affecting the nervous system. We describe,
using leprosy bacilli as an example, how intracellular
bacterial pathogens can make use of or subvert host cell
molecules and pathways and their functions for bac-
terial invasion with selective tropisms with underlying
mechanisms, and how they can hijack the unique prop-
erties of cell plasticity once they are inside the nervous
system cells for survival, establishment of infection, and
dissemination. The sustained abilities of the bacterial
pathogens to coexist with nervous system cells and de-
velop subsequent innate and inflammatory responses can
lead to neuropathologies causing neurodegeneration.
Thus, neurotrophic pathogen interactions with nerve
cells can be used as models to gain insights into how
neurodegeneration is initiated following infectious
triggers and to translate such knowledge to the under-
standing of potential common themes of early events
in neurodegenerative diseases whose causes or triggers
are unknown. Despite limited available information for
many of these changes due to the short period of studies
of neurotrophic bacteria, the long life of M. leprae
demonstrates how bacteria can have a long-term influ-
ence on their host cells and manipulate cellular plasticity
to reprogram cells in a way that is beneficial for their
persistence and that helps achieve the most difficult task
of dissemination despite their strictly obligately intra-
cellular lifestyle. This unexpected link between host cell
reprogramming and natural bacterial infection presents
a previously unseen degree of sophistication in cell
manipulation by the hijacking of the genomic plasticity
of host cells by a human bacterial pathogen and thus
opens up a new premise in host-pathogen interactions as
well as a novel theme of intersection of infection biology
with stem cell and regeneration biology. Understanding
detailed mechanisms regarding these bacterial processes
will help us to develop new tools for cellular reprog-
ramming in stem cell biology and regenerative medicine
and provide us with new targets not only for combating
bacterial pathogens but also for developing treatments
and cures for neurodegenerative diseases. In particular,
this understanding can help us learn how neurotrophic
pathogens naturally manipulate the nervous system cells
by hijacking endogenous pathways and thus understand
better how the nervous system works normally.
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