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Neurotrophins are a family of proteins that regulate different aspects of biological develop-
ment and neural function and are of great importance in neuroplasticity. This group of
proteins has multiple functions in neuronal cells, as well as in other cellular populations.
Nerve growth factor (NGF) is a neurotrophin that is endogenously produced during
development and maturation by multiple cell types, including neurons, Schwann cells,
oligodendrocytes, lymphocytes, mast cells, macrophages, keratinocytes, and fibroblasts.
These cells produce proNGF, which is transformed by proteolytic cleavage into the bio-
logically active NGF in the endoplasmic reticulum. The present review describes the role
of NGF in the pathogenesis of leprosy and its correlations with different clinical forms of
the disease and with the phenomena of regeneration and neural injury observed during
infection. We discuss the involvement of NGF in the induction of neural damage and
the pathophysiology of pain associated with peripheral neuropathy in leprosy. We also
discuss the roles of immune factors in the evolution of this pathological process. Finally,
we highlight avenues of investigation for future research to broaden our understanding
of the role of NGF in the pathogenesis of leprosy. Our analysis of the literature indicates
that NGF plays an important role in the evolution and outcome of Mycobacterium leprae
infection. The findings described here highlight an important area of investigation, as
leprosy is one of the main causes of infection in the peripheral nervous system.
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INTRODUCTION

The most extensively studied neurotrophin is nerve growth factor (NGF). This growth factor consists
of 118 amino acids and has a molecular weight of 130 kDa. NGF was discovered as a growth factor
that participates in the responses of sympathetic and sensory neurons regulating differentiation,
neuronal regeneration, and the perception of pain (Figure 1) (1-5). In sensory neurons, NGF specifi-
cally binds to the TrkA receptor with high affinity and to receptor p75 with low affinity. The binding
of NGF to receptor p75 seems to optimize the activity of TrkA (Figure 2) (6, 7). In skin and immune
cells, NGF is produced by the proteolytic cleavage of its precursor, proNGE. proNGF is translocated
to the lumen of the endoplasmic reticulum, transported through the exocytic pathway, and converted
to its active mature biological form, NGF (3). The roles of NGF in physiological and pathological
processes have been studied in several systems. Specifically, the significance of this molecule in
responses to infectious and inflammatory diseases has recently been investigated in experimental
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FIGURE 1 | General mechanism of action of nerve growth factor (NGF) in the systemic immune response, neuroinflammation, regeneration, and tissue repair.
NGF acts on lymphocytes, mast cells, and macrophages to induce inflammation. NGF acts on fibroblasts and keratinocytes to induce tissue repair. NGF acts
on oligodendrocytes, Schwann cells, and neurons to induce repair or apoptosis.
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FIGURE 2 | Nerve growth factor (NGF) signaling cascade. NGF is produced during development and into maturity by immune and nerve cells as well as peripheral
effector cells, such as keratinocytes, melanocytes, and fibroblasts. NGF exhibits high affinity to receptor TrkA and low affinity to receptor p75. The binding of NGF
through receptor TrkA induces autophosphorylation of TrkA receptor and activation of P13K/Akt pathway leading to neuronal differentiation, survival, and neurite.
NGF binding to receptor p75 activate c-Jun kinase (JNK) and NF-kB pathways resulting in neuronal apoptosis and survival respectively.
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models of Chagas disease, respiratory syncytial virus infection,
herpes simplex virus infection, myalgic encephalomyelitis, and
other diseases (8-15).

DEFINITION AND BIOLOGICAL ASPECTS

Nerve growth factor was first described by Rita Levi-Montalcini
(16), who showed its importance in the development, differentia-
tion, maturation, and preservation of the integrity of sympathetic
and sensory neurons (17). NGF is involved in modulating the
sensitivity of peripheral nerve fibers to heat and pain in physiologi-
cal and pathological events, such as genetic, metabolic (diabetes

mellitus), and infectious neuropathies (18). Further supporting a
relationship between NGF and leprosy, Scully and Otten and others
by previous studies reported the involvement of NGF in sympa-
thetic and sensory neuron apoptosis (Figures 1 and 2) (19-21).
Nerve growth factor is endogenously produced as proNGF
during development and into maturity by immune and nerve
cells, as well as peripheral effector cells, such as keratinocytes,
melanocytes, smooth muscle cells, fibroblasts, and Schwann
cells (5, 17, 18). It is also synthesized in other organs, such as the
gonads, thyroid, parathyroid, and exocrine glands (e.g., salivary
glands) (5, 21, 22). The expression and receptor binding affinity
of NGE, as well as the duration and intensity of cellular events
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triggered by proNGF activation, determine its specific activity in
effector cells or neurons (21, 23, 24).

Following its synthesis, NGF enters nerve endings by endocy-
tosis, a process that permits NGF transport to the nerve cell body
through contact with NGF receptors (NGF-R) located on the plasma
membrane (25, 26). Several studies have described the roles of NGF
in the central nervous system (CNS). In adults, NGF is involved
in plasticity. However, the promotion of neuronal survival by NGF
has only been observed in cholinergic neurons. NGF regulates the
size of the cell body, dendritic branching, and neuronal connectivity
(27,28).In the peripheral nervous system, NGF acts on sympathetic
and sensory neurons derived from the neural crest (29).

Nerve growth factor has been suggested to be involved in
apoptosis of sympathetic and sensory neurons (20, 21). The bind-
ing of NGF to glial cells (i.e., oligodendrocytes and Schwann cells)
through receptor p75 induces proapoptotic effects. However,
these effects depend on NGF binding intensity and Trk recep-
tor interactions (1, 30). Receptor p75 is a low-affinity accessory
receptor for the TrkA receptor family to which all neurotrophins
can bind. Receptor p75 seems to modulate the activity of TrkA
and its intracellular signaling cascade. These receptors are present
not only in nerve cells and CNS tumors, but also in immune cells
such as macrophages, lymphocytes, and mast cells. These cells
synthesize, store, and secrete proNGE, which suggests a possible
role for NGF in the regulation of immune responses during
inflammatory, infectious, and autoimmune processes (31, 32).

Thus, in addition to its primary functions in the nervous
system, NGF participates in inflammatory processes and
immune responses. NGF concentrations are increased during
tissue inflammatory processes. Increased NGF levels can produce
hyperalgesia through direct activation of nociceptors, which
leads to CNS activation and neurogenic inflammation. Moreover,
this process leads to local events comprising activation-induced
release of histamine and increased numbers of mast cells and
other immune system cells (7, 19).

Labouyrie et al. described the relationship between NGF and
cells in normal and pathologic human lymphoid tissues and
showed that NGF is involved in inflammatory or lymphoprolif-
erative disorders (33). Immunoreactivity to the NGF-R (TrkA)
has been observed in tissues, such as the thymic epithelium,
cryptic tonsillar epithelium, epithelioid cells, multinucleated
macrophages, and follicular dendritic cells. These findings dem-
onstrate a relationship between NGF and the immune system.
Owing to its production and activity in immune cells, NGF is
thought by some to be a cytokine that participates in immune
system events controlling the immune response in inflammatory
and infectious processes (32, 34).

Different inflammatory and autoimmune diseases lead to
altered expression of NGE Increased anti-NGF antibody levels
have been detected in patients with rheumatoid arthritis, sys-
temic lupus erythematosus, and thyroiditis and are thought
to contribute to the immune dysfunction and nerve damage
observed in these diseases (21, 35, 36). However, the relation-
ship between NGF autoantibodies and NGF expression remains
unclear. Further studies are needed to investigate the effects of
NGF autoantibodies on the expression of NGF and its receptors
in autoimmune disease.

Other studies have shown an association between NGF and
immune response mechanisms (37-42). For instance, Lambiase
et al. have investigated the expression of NGF and the TrkA
receptor in CD4+ T cells (38). Santambrogio et al. have shown
that B cells express and secrete NGF, which in turn regulates
the expression and secretion of calcitonin gene-related peptide
by these cells via the TrkA receptor. This process has previously
been described for sensory neurons (39). The immune response
components interferon-f and interleukin (IL)-1p increase
NGE-R expression and activate its signaling pathways in neurons
and participate in the control of apoptosis in these cells (40). T
and B lymphocytes, dendritic cells, and macrophages express
NGE TrkA, and the p75 neurotrophin receptor (Figure 2). In
the context of innate immunity, NGF is related to the activation
of IL-1p, nod-like receptor protein 1, NLRP3, and caspase-1 and
contributes to inflammasome activation. TNF-a can induce dif-
ferentiation and neuronal maturation through its interaction with
NGE which is in turn involved in the neuronal survival process
(41, 42). Nevertheless, further investigation is needed to better
elucidate the role of NGF in controlling the immune response in
other cell types (41-43).

NGF, IMMUNE RESPONSE, AND LEPROSY

Leprosy is a chronic disease caused by Mycobacterium leprae, an
intracellular bacillus that leads to loss of sensibility, innervation,
intra-epidermal damage, and lesions associated with the loss of
myelin in Schwann cells (44). Clinically, the different forms of
the disease are characterized in part by the immune response
patterns of the host (19, 44). According to the classification
by Ridley and Jopling, leprosy has five clinical forms based on
clinical, histopathological, immunological, and bacilloscopic cri-
teria: borderline-tuberculoid, borderline-lepromatous, borderline-
borderline, tuberculoid, and lepromatous (45). The initial stage of
infection is referred to as the indeterminate form. The World Health
Organization (WHO) classifies patients with leprosy as multibacil-
lary or paucibacillary for treatment purposes. These classifications
are made based on the identification of the bacilli and the number
of lesions. Bacilloscopy is not always possible. Therefore, according
to the WHO, the number of lesions can be used to classify patients
into three groups: paucibacillary single-lesion leprosy (one skin
lesion), paucibacillary leprosy (two to five skin lesions), and multi-
bacillary leprosy (more than five skin lesions) (46).

In the tuberculoid form of the disease, the lesions are granu-
lomatous and the individual displays an intense cell-mediated
immune response (Th1) that prevents the proliferation of the bacil-
lus. In the lepromatous form, the cell-mediated immune response
is characterized by an anti-inflammatory cytokine profile (Th2)
that contribute to multiplication of the bacillus in macrophage
phagosomes. In the borderline form, the patients exhibit immu-
nological and histopathological characteristics that vary between
those of the tuberculoid and lepromatous forms (47).

Nerve injury-associated tissue damage is arguably the most
important clinical consequence of leprosy (47). In the process of
leprosy-associated neuropathy, the presence of bacilli in nerve
endings and Schwann cells induces a response mediated by mac-
rophages and other cells that eventually leads to the appearance
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of immune-mediated lesions. In this process, cytokines, such
as TNF-a, IL-6, and IL-17, may contribute to the evolution of
neural lesions and deformities that are characteristic of some
forms of the disease. The immune response and inflammation
are not only defined by the presence of chemical mediators, such
as cytokines and chemokines. Rather, inflammatory edema is
also very important in the neuropathy associated with leprosy,
which can induce degeneration of neural fibers. There are strong
positive correlations among the levels of NGE, NGF-R, and TGF-f
in patients with leprosy. This indicates that the above factors
have synergistic actions that reduce tissue damage resulting
from nerve injury (48). Study by Antunes et al. (48) in patients
with the neuritic form of leprosy (pure neural form or primary
neural form), it was observed that the NGF-R immunoexpres-
sion was lower in nerve fibers and Schwann cells when compared
to normal controls. In this study, hypoesthesia was correlated
with decreased expression of NGF-R and protein gene product
(PGP) 9.5, and electroencephalographic changes were observed
in patients with altered immunolabeling for neurofilaments and
PGP 9.5. These data point to a key role of NGF in the pathogenesis
of neural lesions in leprosy.

Leprosy is the most common cause of non-traumatic neuropa-
thy and is a classic example of an infectious neurodegenerative
disease of the peripheral nervous system. It is estimated that
more than one-fourth of patients with leprosy have some degree
of disability and that about half of these patients have grade 2 dis-
ability corresponding to permanent neurological damage (44-59).

Studies have shown that different levels of NGF are associated
with lepromatous and tuberculoid leprosy such that higher levels
of NGF are associated with lepromatous forms and low levels of
NGF are associated with tuberculoid forms of the disease (60).
Specifically, Facer et al. have demonstrated the importance of
NGF in leprosy (44). In patients with leprosy with and without
lesions, TrkA receptors were shown to be present in subepidermal
fibers and TrkA receptor messenger RNA was produced in the
skin. The authors of the above study also evaluated the integrity
of nerve endings and found that the presence of NGF in keratino-
cytes was correlated with deficient thermal sensation. Anand et al.
detected low NGF levels in nerve and skin lesions of patients with
leprosy and demonstrated that these low NGF levels contributed
to the loss of NGF-dependent nociceptive fibers in damaged
skin (19). Another study by Anand demonstrated that the loss
of interaction between keratinocytes and nerves in affected skin
drastically reduced the flow of NGF (61). Schwann cells produce
NGF in response to axonal degeneration. However, while the
levels of NGF are sharply reduced in the affected nerve trunks
in patients with neuropathic lesions, there is a local increase
in NGF levels in patients with chronic cutaneous hyperalgesia
(61). The use of anti-NGF antibodies may be effective in treat-
ing hyperalgesia in patients with neuropathy and compromised
nerve endings. In addition, physiological combinations of NGF,
NT-3, and glial cell line-derived neurotrophic factor may assist in
the reestablishment of homeostasis, and may thus be used in the
treatment of neuropathic pain (61).

Other studies have suggested that NGF may restore pain
sensitivity. Thus, NGF could play an important role in the preven-
tion of ulcerations resulting from nociception loss, as observed

in leprosy and other peripheral neuropathies (50, 61). Some
reports indicate that anti-NGF treatment may promote analgesia
in patients with hyperalgesia, which suggests a modulatory role
for NGF in nociception (61).

Immunostaining of damaged tissues using anti-NGF and anti-
NGF-R antibodies revealed higher expression of NGF in patients
with lepromatous leprosy and lower expression of NGF in those
with the indeterminate form of the disease (49). In lepromatous
forms of leprosy, higher mean expression levels of NGF and its
receptor are associated with larger and more diffuse lesion pat-
terns and greater nerve involvement. The presence of NGF is
generally more apparent in patients with the highest probability
of nerve damage (i.e., those with lepromatous leprosy and young
patients) (Figure 3) (52, 53).

Several important findings have elucidated the role of NGF
as an immune response mediator (38). In addition to its well-
documented involvement in the differentiation and growth of
neurons, there is growing evidence that NGF exerts a broad spec-
trum of effects on immune cells. As a result, NGF is considered a
pleiotropic molecule involved in different functions (i.e., neuro-
peptide modulation and tissue healing) that influence neural
development, immune function, and injury responses (54).

Imbalance in the proNGF/NGF ratio, increased expression
levels of TNF-a and p75 neurotrophin receptor, and impaired
TrkA phosphorylation have been reported in microvascular
preparations from Cre-proNGF transgenic mice when compared
to normal control animals (43). TNF-a can induce differentia-
tion and neuronal maturation through its interaction with NGE,
which is in turn involved in the neuronal survival process (62).
Endogenous TNF-a expression induced by NGF leads to a
positive feedback loop comprising Akt activation through TNF
receptor 2. This pathway promotes the survival of normal neural
cells. Some studies suggest that TNF-a and IL-1p control the
activity of NGF in human synovial fibroblasts modulating the
physiopathology of osteoarthritis (41, 62).

The relationship between NGF and TGF-p in glial cells has
been described in a study on mice and rats with spinal injury
(37). Following injury, TGF-f1 levels increased, which in turn
led to NGF messenger RNA and protein expression in the glial
cells of these animals. In leprosy, the main target of M. leprae
is the Schwann cell, which is the predominant cell type in the
peripheral nervous system. Degradation of Schwann cells by
M. leprae favors the development of peripheral neuropathy,
which is the leading cause of morbidity in patients with lep-
rosy. NGF may act as a protective factor for Schwann cells,
and low levels of NGF may contribute to the development of
neuropathy (38, 39).

Studies of systemic diseases (i.e., diabetes mellitus and osteo-
arthritis) have revealed an interaction between NGF and TGF-f3
(62, 63). Neurotrophins play a crucial role in the differentiation
and survival of nerve cells. The characteristic positive correlations
among NGE NGF-R, and TGF-f in the clinical forms of leprosy
highlight the interdependence of these factors (49).

Studies of lesions of patients with borderline leprosy have
revealed strong correlations between TGF-f and NGF, and TGF-f
and NGF-R (r = 0.8722 and r = 0.7257, respectively), with highly
significant p-values for the two correlations (p < 0.0001 and
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p = 0.0015, respectively) (48, 49). The borderline form of leprosy
is immunologically dynamic and oscillates between the two polar
forms. In patients with borderline-tuberculoid, borderline, and
borderline-lepromatous leprosy, the progressive reduction in the
cell-mediated response from the borderline-tuberculoid to the
borderline-lepromatous form is accompanied by more extensive
skin lesions and nerve damage, as well as increased bacillary burden
and antibody levels (63, 64). In borderline forms of the disease,
neurological manifestations resulting from immunological instabi-
lity are characterized by nerve trunk impairment and frequent
reactional episodes, which lead to early and asymmetrical nerve
injuries and physical disability. This process is caused by increased
numbers of bacilli in nerve branches close to Schwann cells (49).
Cunha analyzed the relationships between the clinical forms of
leprosy and episodes of neuritis. They found that patients with the
borderline form of leprosy are 2.69 times more likely to progress to
neuritis than those with the lepromatous form of the disease (65, 66).
During healing, NGF activates processes involved in the resto-
ration of innervation (65, 67). In addition to inducing fibroblast
migration, NGF exerts proliferative and antiapoptotic effects on
keratinocytes and endothelial cells (68, 69). Moreover, NGF may
be important for potentiating injury-specific responses through
proinflammatory effects on neutrophils, eosinophils, mast cells,
and T lymphocytes (67). The interactions of NGF in the tissue
microenvironment are complex, and its relation to TNF-a, which
can induce apoptosis in Schwann cells by binding to specific death
receptors, may lead to antagonistic effects. This is because NGF
can activate survival signals in the target cell. In fact, the same
cytokine can have antagonistic effects depending on its interac-
tions with specific receptors and the intracellular cascade activated
after the activation of these receptors (Figure 3) (41-43, 62).
Cell-mediated immune responses may be beneficial against
bacterial infections; however, inflammation can lead to irreversible

tissue damage. Nerve injury occurs in approximately 10% of
patients with paucibacillary leprosy and 40% of patients with
multibacillary leprosy and is particularly acute in patients with
reverse reactions (69, 70).

TGE-p participates in the tissue repair process as an anti-
inflammatory agent during intense inflammation by inducing
nerve and tissue regeneration (67, 71). Higher TGF-f expression
in patients with the lepromatous form of the disease is associ-
ated with a higher frequency of apoptosis in lesions, especially
within Schwann cells (72). The positive correlation between
TGEF-p expression and NGF expression may be associated with
the protection and regeneration of nerve endings (60).

In lepromatous leprosy, neurological manifestations progress
slowly over many years and involve small nerve branches and
multiple nerve trunks within the skin (73, 74). Peripheral nerve
injury, or any pathological condition that causes an interruption
between the target organ and the nerve cell body, acts as a signal
that induces non-neural cell populations (e.g., fibroblasts) to
produce NGF. The induction of NGF synthesis in these cells is
also modulated by cytokines, which invade the site of nerve injury
where nerve regeneration is initiated (74).

The expression of p75 receptor in peripheral nerve cells is
induced by loss of contact between the target organ and the axon
(60). Some studies suggest that the p75 receptor is involved in
axonal NGF uptake, reflecting the importance of NGF in efficient
nerve regeneration. Patients with lepromatous leprosy have
nerve trunk lesions, as well as multiple mononeuropathies and
polyneuropathies (33, 71-76). The relationship between NGF
and TGF-p is a key determinant of the actions of NGF in patients
with the lepromatous form of the disease. Coordination between
NGF and TGF-p responses in inflammatory processes following
tissue damage is thus fundamentally important in remodeling
and tissue repair (Figure 3) (60).
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NEED FOR FUTURE RESEARCH

Prospective cohort studies and intervention studies evaluating
patients with different clinical forms of the disease and different
reactive states (erythema nodosum and reverse reaction types)
may help better elucidate the relationship between NGF and the
immune response and the factors contributing to the protection
and regeneration of nerves affected during infection. Further
analysis of the relationship among tissue levels of NGF and a large
panel of pro- and anti-inflammatory cytokines, blood levels of NGE,
and the immune response is important for a better understand-
ing of the involvement of NGF in the pathophysiology of chronic
granulomatous peripheral nerve infections, especially leprosy.

CONCLUSION

This review demonstrates that, within lesions associated with
leprosy, NGF and TGF-p respond to inflammatory processes and

REFERENCES

1. Khan N, Smith MT. Neurotrophins and neuropathic pain: role in pathobiol-
ogy. Molecules (2015) 2:10657-88. doi:10.3390/molecules200610657

2. Hallbook E Evolution of the vertebrate neurotrophin and Trk receptor
gene families. Curr Opin Neurobiol (1999) 9:616-21. doi:10.1016/S0959-
4388(99)00011-2

3. Ibanez CF. Emerging themes in structural biology of neurotrophic factors.
Trends Neurosci (1998) 21:438-44. d0i:10.1016/S0166-2236(98)01266-1

4. Terenghi G. Peripheral nerve regeneration and neurotrophic factors. ] Anat
(1999) 194:1-14. doi:10.1046/.1469-7580.1999.19410001.x

5. Sofroniew MV, Howe CL, Mobley WC. Nerve growth factor signaling,
neuroprotection, and neural repair. Annu Rev Neurosci (2001) 24:1217-81.
doi:10.1146/annurev.neuro.24.1.1217

6. Hetman M, Xia Z. Signaling pathways mediating anti-apoptotic action of
neurotrophins. Acta Neurobiol Exp (2000) 60:531-45.

7. Wang H, Wang R, Thrimawithana T, Little PJ, Xu ], Feng ZP, et al. The nerve
growth factor signaling and its potential as therapeutic target for glaucoma.
Biomed Res Int (2014) 2014:759473. doi:10.1155/2014/759473

8. Oliveira NK, Ferreira RN, Lopes SDN, Chiari E, Camargos ERDS,
Martinelli PM. Cardiac autonomic denervation and expression of neurotro-
phins (NGF and BDNF) and their receptors during experimental Chagas
disease. Growth Factors (2017) 35:161-70. doi:10.1080/08977194.2017.1395420

9. Aridgides D, Salvador R, PereiraPerrin M. Trypanosoma cruzi coaxes cardiac
fibroblasts into preventing cardiomyocyte death by activating nerve growth
factor receptor TrkA. PLoS One (2013) 8:e57450. doi:10.1371/journal.
pone.0057450

10. Martinelli PM, Camargos ER, Azevedo AA, Chiari E, Morel G, Machado CR.
Cardiac NGF and GDNF expression during Trypanosoma cruzi infection in
rats. Auton Neurosci (2006) 130:32-40. doi:10.1016/j.autneu.2006.05.004

11. Wu X, Zhou X, Hu Y, Liu C, Wang J. Neutralization of nerve growth factor
(NGF) inhibits the Th2 response and protects against the respiratory syn-
cytial virus (RSV) infection. Immunol Res (2017) 65:721-8. doi:10.1007/
§12026-017-8909-z

12. Yanez AA, Harrell T, Sriranganathan HJ, Ives AM, Bertke AS. Neurotrophic
factors NGE, GDNF and NTN selectively modulate HSV1 and HSV2 lytic
infection and reactivation in primary adult sensory and autonomic neurons.
Pathogens (2017) 6:E5. doi:10.3390/pathogens6010005

13. Chen ZW, Wang HP, Yuan FM, Zhang X, Dong XJ, Xie RS, et al. Releasing
of herpes simplex virus carrying NGF in subarachnoid space promotes the
functional repair in spinal cord injured rats. Curr Gene Ther (2016) 16:263-70.
doi:10.2174/1566523217666161121105717

14. Cabrera JR, Viejo-Borbolla A, Alcami A, Wandosell E. Secreted herpes
simplex virus-2 glycoprotein G alters thermal pain sensitivity by modifying
NGF effects on TRPV1. J Neuroinflammation (2016) 13:210. doi:10.1186/
$12974-016-0677-5

tissue damage while triggering tissue remodeling. Further studies
are needed to elucidate the broad role of NGF in the pathogenesis
of leprosy. Although our understanding of the effects of NGF on
nerve damage has increased, further insights into the functional
roles of NGF (and other neurotrophins) in normal skin and dur-
ing disease progression are needed.

AUTHOR CONTRIBUTIONS

TA, JS, AFE, LF, and JQ conceived and wrote the manuscript.

FUNDING

JQ is a Research Productivity Fellow and Senior Postdoctoral
Fellow at the Brazilian National Council for Scientific and
Technological Development—CNPq/Brazil (Grants number
302553/2015-0 and 116427/2016-7). Program of support for
qualified production—PAPQ/UFPA.

15. Montoya JG, Holmes TH, Anderson JN, Maecker HT, Rosenberg-Hasson Y,
Valencia IJ, et al. Cytokine signature associated with disease severity in chronic
fatigue syndrome patients. Proc Natl Acad Sci U S A (2017) 114:E7150-8.
doi:10.1073/pnas.1710519114

16. Levi-Montalcini R, Hamburger VA. A diffusible agent of mouse sarcoma,
producing hyperplasia of sympathetic ganglia and hyperneurotization of
viscera in the chick embryo. ] Exp Zoology (1953) 123:233-87. doi:10.1002/
jez.1401230203

17. Levi-Montalcini R, Stephen SD, Toso RD, Petrelli L, Leon A. Nerve growth
factor: from neurotrophin to neurokine. Trends Neurosci (1996) 19:514-20.
doi:10.1016/S0166-2236(96)10058-8

18. Lewin GR, Barde YA. Physiology of neurotrophins. Annu Rev Neurosci
(1996) 19:289-317. doi:10.1146/annurev.ne.19.030196.001445

19. Anand P, Pandya S, Ladiwala U, Singhal B, Sinicropi DV, Williams-Chestnut
RE. Depletion of nerve growth factor in leprosy. Lancet (1994) 344:129-30.
doi:10.1016/S0140-6736(94)91316-1

20. Scully JL, Otten U. NGE. Cell Biol Int (1995) 19:459-69. d0i:10.1006/cbir.1995.
1089

21. Ioannou MS, Fahnestock M. ProNGE but not NGEF, switches from neuro-
trophic to apoptotic activity in response to reductions in TrkA receptor levels.
Int ] Mol Sci (2017) 18:599. doi:10.3390/ijms18030599

22. Vega JA, Garcia-Sudrez O, Hannestad J, Pérez-Pérez M, Germana A.
Neurotrophins and the immune system. J Anat (2003) 203:1-19. doi:10.1046/j.
1469-7580.2003.00203.x

23. Patapoutian A, Reichardt LE. Trk receptors: mediators of neurotrophin
action. Curr Opin Neurobiol (2001) 11:272-80. doi:10.1016/S0959-4388(00)
00208-7

24. Aloe L, Rocco ML, Balzamino BO, Micera A. Nerve growth factor: a focus
on neuroscience and therapy. Curr Neuropharmacol (2015) 13:294-303.
doi:10.2174/1570159X13666150403231920

25. Harper GP, Thoenen H. Target cells, biological effects, and mechanism of
action of nerve growth factor and its antibodies. Annu Rev Pharmacol Toxicol
(1981) 21:205-29. doi:10.1146/annurev.pa.21.040181.001225

26. Wang W, Chen ], Guo X. The role of nerve growth factor and its receptors
in tumorigenesis and cancer pain. Biosci Trends (2014) 8:68-74. doi:10.5582/
bst.8.68

27. Rush RA, Chie E, Liu D, Tafreshi A, Zetler C, Zouh XE Neurotrophic factors
are required by mature sympathetic neurons for survival, transmission and
connectivity. Clin Exp Pharmacol Physiol (1997) 24:549-55. doi:10.1111/j.
1440-1681.1997.tb02089.x

28. Mendell LM, Munson JB, Arvanian VL. Neurotrophins and synaptic plasticity
in the mammalian spinal cord. ] Phisiol (2001) 533:91-7. doi:10.1111/j.
1469-7793.2001.0091b.x

29. Aloe L, Rocco ML, Balzamino BO, Micera A. Nerve grown factor, differenti-
ation and controlling cancer cell development. J Exp Clin Cancer Res (2016)
35:116. d0i:10.1186/513046-016-0395-y

Frontiers in Immunology | www.frontiersin.org

May 2018 | Volume 9 | Article 939


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.3390/molecules200610657
https://doi.org/10.1016/S0959-
4388(99)00011-2
https://doi.org/10.1016/S0959-
4388(99)00011-2
https://doi.org/10.1016/S0166-2236(98)01266-1
https://doi.org/10.1046/j.1469-7580.1999.19410001.x
https://doi.org/10.1146/annurev.neuro.24.1.1217
https://doi.org/10.1155/2014/759473
https://doi.org/10.1080/08977194.2017.1395420
https://doi.org/10.1371/journal.pone.0057450
https://doi.org/10.1371/journal.pone.0057450
https://doi.org/10.1016/j.autneu.2006.05.004
https://doi.org/10.1007/s12026-017-8909-z
https://doi.org/10.1007/s12026-017-8909-z
https://doi.org/10.3390/pathogens6010005
https://doi.org/10.2174/1566523217666161121105717
https://doi.org/10.1186/s12974-016-0677-5
https://doi.org/10.1186/s12974-016-0677-5
https://doi.org/10.1073/pnas.1710519114
https://doi.org/10.1002/jez.1401230203
https://doi.org/10.1002/jez.1401230203
https://doi.org/10.1016/S0166-2236(96)10058-8
https://doi.org/10.1146/annurev.ne.19.030196.001445
https://doi.org/10.1016/S0140-6736(94)91316-1
https://doi.org/10.1006/cbir.1995.
1089
https://doi.org/10.1006/cbir.1995.
1089
https://doi.org/10.3390/ijms18030599
https://doi.org/10.1046/j.
1469-7580.2003.00203.x
https://doi.org/10.1046/j.
1469-7580.2003.00203.x
https://doi.org/10.1016/S0959-4388(00)
00208-7
https://doi.org/10.1016/S0959-4388(00)
00208-7
https://doi.org/10.2174/1570159X13666150403231920
https://doi.org/10.1146/annurev.pa.21.040181.001225
https://doi.org/10.5582/bst.8.68
https://doi.org/10.5582/bst.8.68
https://doi.org/10.1111/j.
1440-1681.1997.tb02089.x
https://doi.org/10.1111/j.
1440-1681.1997.tb02089.x
https://doi.org/10.1111/j.
1469-7793.2001.0091b.x
https://doi.org/10.1111/j.
1469-7793.2001.0091b.x
https://doi.org/10.1186/s13046-016-0395-y

Aarao et al.

NGF in Leprosy

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Berry A, Bindocci E, Alleva E. NGF, brain and behavioral plasticity. Neural
Plast (2012) 2012:784040. doi:10.1155/2012/784040

Bracci-Laudiero L, De Stefano ME. NGF in early embryogenesis, differenti-
ation, and pathology in the nervous and immune systems. Curr Top Behav
Neurosci (2016) 29:125-52. doi:10.1007/7854_2015_420

Niederhauser O, Mangold M, Schubenel R, Kusznir EA, Schmidt D, Hertel C.
NGF ligand alters NGF signaling via p75(NTR)and trkA. J Neurosci Res
(2000) 1:263-72. doi:10.1002/1097-4547(20000801)61:3<263::AID-JNR4>3.
0.CO;2-M

Labouyrie E, Parrens M, de Mascarel A, Bloch B, Merlio JP. Distribution
of NGF receptors in normal and pathologic human lymphoid tissues.
J Neuroimmunol (1997) 77:161-73. doi:10.1016/S0165-5728(97)00055-6
Rook G, Lightman SL, Heijnen CJ. Can nerve damage disrupt neuroendocrine
immune homeostasis? Leprosy as a case in point. Trends Immunol (2002)
23:18-22. doi:10.1016/S1471-4906(01)02090-7

Dicou E, Hurez D, Nerriere V. Natural antibodies against the nerve growth factor
in autoimmune diseases. | Neuroimmunol (1993) 47:159-68. doi:10.1016/
0165-5728(93)90026-U

Gartner A, Shostak Y, Hackel N, Ethell IM, Thoenen H. Ultrastrural iden-
tification of storage compartments and localization of activity-dependent
secretion of neurotrophin 6 in hippocampal neurons. Mol Cell Neurosci (2000)
15:215-34. doi:10.1006/mcne.1999.0825

Yu G, Fahnestock M. Differential expression of nerve growth factor tran-
scripts in glia and neurons and their regulation by transforming growth
factor-betal. Brain Res Mol Brain Res (2002) 30:115-25. d0i:10.1016/S0169-
328X(02)00399-6

Lambiase A, Bracci-Laudiero L, Bonini S, Bonini S, Starace G, D’Elios MM,
etal. Human CD4+ T cell clones produce and release nerve growth factor and
express high-affinity nerve growth factor receptors. J Allergy Clin Immunol
(1997) 100:408-14. doi:10.1016/S0091-6749(97)70256-2

Santambrogio L, Benedetti M, Chao MV, Muzaffar R, Kulig K, Gabellini N,
et al. Nerve growth factor production by lymphocytes. J Immunol (1994)
153:4488-92.

Dedoni S, Olianas MC, Ingianni A, Onali P. Type I interferons up-regulate the
expression and signalling of p75 NTR/TrkA receptor complex in differentiated
human SH-SY5Y neuroblastoma cells. Neuropharmacology (2014) 79:321-34.
doi:10.1016/j.neuropharm.2013.12.002

Choi S, Friedman WIJ. Interleukin-1f enhances neuronal vulnerability to
proNGF-mediated apoptosis by increasing surface expression of p75(NTR)
and sortillin. Neurosci (2014) 257:11-9. doi:10.1016/j.neuroscience.2013.
10.058

Datta-Mitra A, Kundu-Raychaudhuri S, Mitra A, Raychaudhuri SP. Cross
talk between neuroregulatory molecule and monocyte: nerve growth factor
activates the inflammasome. PLoS One (2015) 10:e0121626. doi:10.1371/
journal.pone.0121626

Mohamed R, Coucha M, Elshaer SL, Artham S, Lemtalsi T, EI-Remessy AB.
Inducible overexpression of endothelial proNGF as a mouse model to study
microvascular dysfunction. Biochim Biophys Acta (2017) 1864:746-57.
doi:10.1016/j.bbadis.2017.12.023

Facer P, Mann D, Mathur R, Pandya S, Ladiwala U, Singhal B, et al. Do nerve
growth factor-related mechanisms contribute to loss of cutaneous nociception
in leprosy? Pain (2000) 85:231-8. doi:10.1016/50304-3959(99)00273-0
Ridley DS, Jopling WH. Classification of leprosy according to immunity.
A five-group system. Int ] Lepr Other Mycobact Dis (1966) 34:255-73.
Pardillo FE, Fajardo TT, Abalos RM, Scollard D, Gelber RH. Methods for
the classification of leprosy for treatment purposes. Clin Infect Dis (2007)
44:1096-9. doi:10.1086/512809

de Sousa JR, Sotto MN, Simdes Quaresma JA. Leprosy as a complex infection:
breakdown of the Thl and Th2 immune paradigm in the immunopatho-
genesis of the disease. Front Immunol (2017) 8:1635. doi:10.3389/fimmu.2017.
01635

Antunes SL, Chimelli LM, Rabello ET, Valentim VC, Corte-Real S,
Sarno EN, et al. An immunohistochemical, clinical and electroneuro-
myographic correlative study of the neural markers in the neuritic form
of leprosy. Braz ] Med Biol Res (2006) 39:1071-81. doi:10.1590/S0100-
879X2006000800010

Aardo TL, Esteves NR, Esteves N, Soares LP, Pinto Dda S, Fuzii HT,
et al. Relationship between growth factors and its implication in the

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

pathogenesis ofleprosy. Microb Pathog(2014) 77:66-72.d0i:10.1016/j.micpath.
2014.10.005

Chang DS, Hsu E, Hottinger DG, Cohen SP. Anti-nerve growth factor in pain
management: current evidence. J Pain Res (2016) 9:373-83. doi:10.2147/JPR.
589061

Aloe L, Rocco ML, Bianchi P, Manni L. Nerve growth factor: from the
early discoveries to the potential clinical use. J Transl Med (2012) 10:239.
doi:10.1186/1479-5876-10-239

Schreuder PA. The occurrence of reactions and impairments in leprosy:
experience in the leprosy control program of three provinces in northeastern
Thailand, 1987-1995 [correction of 1978-1995]. II. Reactions. Int ] Lepr Other
Mycobact Dis (1998) 66:159-69.

Saunderson P. The epidemiology of reactions and nerve damage. Leprosy Rev
(2000) 71:106-10. doi:10.5935/0305-7518.20000079

Richardus JH, Nicholls PG, Croft RP, Withington SG, Smith WC. Incidence
of acute nerve function impairment and reactions in leprosy: a prospective
cohort analysis after 5 years of follow-up. Int | Epidemiol (2004) 33:337-43.
doi:10.1093/ije/dyg225

Nico B, Mangieri D, Benagiano V, Crivellato E, Ribatti D. Nerve growth
factor as an angiogenic factor. Microvasc Res (2008) 75:135-41. d0i:10.1016/j.
mvr.2007.07.004

Job CK. Nerve damage in leprosy. Int ] Lepr Other Mycobact Dis (1989)
57:532-9.

Bryceson A, Pfaltzgraff RE. Complications due to nerve damage. In: Hastings
RC, editor. Medicine in the Tropics: Leprosy. 3rd ed. Edinburgh: Churchill
Livingstone (1990). p. 133-51.

Chimelli L, Freitas M, Nascimento O. Value of nerve biopsy in the diagnosis
and follow-up of leprosy: the role of vascular lesions and usefulness of nerve
studies in the detection of persistent bacilli. J Neurol (1997) 244:318-23.
doi:10.1007/s004150050094

Rose P, Water ME. Reversal reactions in leprosy and their management.
Leprosy Rev (1991) 62:113-21. doi:10.5935/0305-7518.19910013

Ooi WW, Srinivasan J. Leprosy and peripheral nervous system: basic
and clinical aspects. Muscle Nerve (2004) 30:393-409. doi:10.1002/mus.
20113

Anand P. Neurotrophic factors and their receptors in human sensory
neuropathies. Prog Brain Res (2004) 146:477-92. doi:10.1016/S0079-6123(03)
46030-5

Takei Y, Laskey R. Intracellular and intercellular cross talk between NGF
and TNE Adv Exp Med Biol (2011) 691:559-65. doi:10.1007/978-1-4419-
6612-4_58

Verge VM, Andreassen CS, Arnason TG, Andersen H. Mechanisms of dis-
ease: role of neurotrophins in diabetes and diabetic neuropathy. Handb Clin
Neurol (2014) 126:443-60. doi:10.1016/B978-0-444-53480-4.00032-1

Takano S, Uchida K, Inoue G, Miyagi M, Aikawa J, Iwase D, et al. Nerve
growth factor regulation and production by macrophages in osteoar-
thritic synovium. Clin Exp Immunol (2017) 190:235-43. doi:10.1111/cei.
13007

Cunha AZS. Leprosy: evolution aspects of its diagnosis, treatment and control.
Cien Saude Colet (2002) 2:235-42. doi:10.1590/S1413-81232002000200004
Britton WJ, Lockwood DNJ. Leprosy. Lancet (2004) 363:1209-19. doi:10.1016/
S0140-6736(04)15952-7

Harsum S, Clarke JD, Martin P. A reciprocal relationship between cutaneous
nerves and repairing skin wounds in the developing chick embryo. Dev Biol
(2001) 238:27-39. d0i:10.1006/dbio.2001.0395

Ching Y, Sutton TL, Pierpont YN, Robson MC, Payne WG. The use of growth
factors and other humoral agents to accelerate and enhance burn wound
healing. Eplasty (2011) 11:e41.

Pincelli C. Nerve growth factor and keratinocytes: a role in psoriasis. Eur
J Dermatol (2000) 10:85-90.

Raychaudhuri SK, Raychaudhuri SP, Weltman H, Farber EM. Effect of
nerve growth factor on endothelial cell biology: proliferation and adherence
molecule expression on human dermal microvascular endothelial cells. Arch
Dermatol Res (2001) 293:291-5. doi:10.1007/s004030100224

Spierings E, Boer T, Zulianello L, Ottenhoff TH. The role of Schwann cells,
T cells and Mycobacterium leprae in the immunopathogenesis of nerve
damage in leprosy. Leprosy Rev (2000) 71:121-9. doi:10.5935/0305-7518.
20000083

Frontiers in Immunology | www.frontiersin.org

May 2018 | Volume 9 | Article 939


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1155/2012/784040
https://doi.org/10.1007/7854_2015_420
https://doi.org/10.1002/1097-4547(20000801)61:3 < 263::AID-JNR4 > 3.
0.CO;2-M
https://doi.org/10.1002/1097-4547(20000801)61:3 < 263::AID-JNR4 > 3.
0.CO;2-M
https://doi.org/10.1016/S0165-5728(97)00055-6
https://doi.org/10.1016/S1471-4906(01)02090-7
https://doi.org/10.1016/
0165-5728(93)90026-U
https://doi.org/10.1016/
0165-5728(93)90026-U
https://doi.org/10.1006/mcne.1999.0825
https://doi.org/10.1016/S0169-
328X(02)00399-6
https://doi.org/10.1016/S0169-
328X(02)00399-6
https://doi.org/10.1016/S0091-6749(97)70256-2
https://doi.org/10.1016/j.neuropharm.2013.12.002
https://doi.org/10.1016/j.neuroscience.2013.
10.058
https://doi.org/10.1016/j.neuroscience.2013.
10.058
https://doi.org/10.1371/journal.pone.0121626
https://doi.org/10.1371/journal.pone.0121626
https://doi.org/10.1016/j.bbadis.2017.12.023
https://doi.org/10.1016/S0304-3959(99)00273-0
https://doi.org/10.1086/512809
https://doi.org/10.3389/fimmu.2017.
01635
https://doi.org/10.3389/fimmu.2017.
01635
https://doi.org/10.1590/S0100-879X2006000800010
https://doi.org/10.1590/S0100-879X2006000800010
https://doi.org/10.1016/j.micpath.
2014.10.005
https://doi.org/10.1016/j.micpath.
2014.10.005
https://doi.org/10.2147/JPR.S89061
https://doi.org/10.2147/JPR.S89061
https://doi.org/10.1186/1479-5876-10-239
https://doi.org/10.5935/0305-7518.20000079
https://doi.org/10.1093/ije/dyg225
https://doi.org/10.1016/j.mvr.2007.07.004
https://doi.org/10.1016/j.mvr.2007.07.004
https://doi.org/10.1007/s004150050094
https://doi.org/10.5935/0305-7518.19910013
https://doi.org/10.1002/mus.
20113
https://doi.org/10.1002/mus.
20113
https://doi.org/10.1016/S0079-6123(03)
46030-5
https://doi.org/10.1016/S0079-6123(03)
46030-5
https://doi.org/10.1007/978-1-4419-
6612-4_58
https://doi.org/10.1007/978-1-4419-
6612-4_58
https://doi.org/10.1016/B978-0-444-53480-4.00032-1
https://doi.org/10.1111/cei.13007
https://doi.org/10.1111/cei.13007
https://doi.org/10.1590/S1413-81232002000200004
https://doi.org/10.1016/S0140-6736(04)15952-7
https://doi.org/10.1016/S0140-6736(04)15952-7
https://doi.org/10.1006/dbio.2001.0395
https://doi.org/10.1007/s004030100224
https://doi.org/10.5935/0305-7518.
20000083
https://doi.org/10.5935/0305-7518.
20000083

Aarao et al.

NGF in Leprosy

72.

73.

74.

75.

76.

Oliveira RB, Sampaio EP, Aarestrup F, Teles RM, Silva TP, Oliveira AL,
et al. Cytokines and Mycobacterium leprae induce apoptosis in human
Schwann cells. J Neuropathol Exp Neurol (2005) 64:882-90. doi:10.1097/01.
jnen.0000182982.09978.66

Spierings E, De Boer T, Zulianello L, Ottenhoff TH. Novel mechanisms in
the immunopathogenesis of leprosy nerve damage: the role of Schwann
cells, T cells and Mycobacterium leprae. Immunol Cell Biol (2000) 78:349-55.
doi:10.1046/j.1440-1711.2000.00939.x

Bedi A, Maak T, Walsh C, Rodeo SA, Grande D, Dines DM, et al. Cytokines in
rotator cuff degeneration and repair. ] Shoulder Elbow Surg (2012) 21:218-27.
doi:10.1016/j.jse.2011.09.020

Araujo MG. Leprosy in Brazil. Rev Soc Bras Med Trop (2003) 36:373-82.
doi:10.1590/S0037-86822003000300010

Singh N, Birdi TJ, Antia NH. Nerve growth factor production and expression
of p75 by Schwann cells and neurofibroblasts in response to M. leprae infection

and macrophage secretory products. Neuropathol Appl Neurobiol (1997)
23:59-67. doi:10.1111/j.1365-2990.1997.tb01186.x

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2018 Aardo, de Sousa, Falcdo, Falcdo and Quaresma. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Immunology | www.frontiersin.org

May 2018 | Volume 9 | Article 939


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1097/01.jnen.0000182982.09978.66
https://doi.org/10.1097/01.jnen.0000182982.09978.66
https://doi.org/10.1046/j.1440-1711.2000.00939.x
https://doi.org/10.1016/j.jse.2011.09.020
https://doi.org/10.1590/S0037-86822003000300010
https://doi.org/10.1111/j.1365-2990.1997.tb01186.x
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Nerve Growth Factor and Pathogenesis of Leprosy: 
Review and Update
	Introduction
	Definition and Biological Aspects
	NGF, Immune Response, and Leprosy
	Need for Future Research
	Conclusion
	Author Contributions
	Funding
	References


