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ABSTRACT
Leprosy is a disease caused by Mycobacterium leprae

that presents on a spectrum of both clinical manifesta-

tions and T cell response. On one end of this spectrum,

tuberculoid leprosy is a well-controlled disease, charac-

terized by a cell-mediated immunity and immunosurveil-

lance. On the opposite end of the spectrum, lepromatous

leprosy is characterized by M. leprae proliferation and

T cell anergy. Similar to progressive tumor cells, M.

leprae escapes immunosurveillance in more severe

forms of leprosy. The mechanisms by which M. leprae is

able to evade the host immune response involve many,

including the alterations of lipid droplets, microRNA, and

Schwann cells, and involve the regulation of immune

regulators, such as the negative checkpoint regulators

CTLA-4, programmed death 1, and V-domain Ig sup-

pressor of T cell activation—important targets in today’s

cancer immunotherapies. The means by which tumor

cells become able to escape immunosurveillance

through negative checkpoint regulators are evidenced

by the successes of treatments, such as nivolumab and

ipilimumab. Many parallels can be drawn between the

immune responses seen in leprosy and cancer. There-

fore, the understanding of how M. leprae encourages

immune escape during proliferative disease states has

potential to add to our understanding of cancer immu-

notherapy. J. Leukoc. Biol. 100: 47–54; 2016.

Introduction
The latest progress in cancer therapies has been attributed to
immunotherapy. In fact, immunotherapy was recognized as the
“the breakthrough of the year for 2013” by the editors of Science
[1]. The idea to use the host’s own immune defenses against
malignancies is not new, but only recently have technology and
advanced understanding allowed for progress in the field of
immunotherapy.

The most recent advances are based on the concept that NCRs
are in place to restrict T cell response. Release of this restriction
using targeting antibodies is at the core of immunotherapy, with
treatments focusing on blocking NCRs, such as PD-1 and CTLA-
4. Recently, VISTA was added to this group of NCRs. Preclinical
studies have shown it to be a promising target for T cell-mediated
cancer immunotherapy [2, 3]. These molecules are members of
the B7 family of membrane proteins and control whether antigen
stimulation of TCRs and the corresponding costimulation will
lead to T cell activation or anergy. The best-studied example of a
costimulatory molecule required for T cell activation is CD28,
which is activated upon binding to the ligand CD80 or CD86 [4].
Whereas significant progress has been made in the field of

cancer immunotherapy, this mode of therapeutics is still far from
ideal. Greater understanding of cancer immunotherapy may
require going back in history. Leprosy, a disease of ancient times,
caused by M. leprae, was the first disease to be classified according
to the adaptive T cell response. Leprosy as a model has provided
a great deal of insight into the nature of T cells and can be used
to understand how disease processes, such as cancer, modulate
the host immune system. The understanding of how M. leprae
encourages immune escape during proliferative disease states has
potential to add to our understanding of cancer immunotherapy.

LEPROSY AS A MODEL

Whereas the course of disease and etiology is different between
infections and cancers, infectious diseases have been at the basis
of our understanding of immune response and provide excellent
models to understand both the effectiveness and shortcomings of
the host immune response to tumors [5].
Leprosy is caused by the intracellular pathogen M. leprae. This

ancient disease is often forgotten by the layperson in the developing
world. Nonetheless, the disease is still prevalent in the developing
world and poses a significant health and economic burden on these
societies [6]. Whereas drugs are available for the treatment of
leprosy, it often leaves cured patients with permanent neurologic
deficits and significant tissue damage. Even though the disease is
not one that receives much attention from the clinics of
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nonendemic countries, because of the variable presentation of the
disease, it provides valuable insights into understanding immune
reactions in diseases not limited to infectious diseases (7–9).
The disease presents on a spectrum of clinical manifestations that

can be likened to the severity of malignancy and potential for
invasion seen with cancer. At the ends of the spectrum are TL and
LL. Patients with TLare able to resist the growth ofM. leprae, thereby
limiting the number of lesions in tissue, while nerve damage may still
be present. On the other end of the spectrum, patients with LL
present with widespread, uncontrolled infection with multiple skin
lesions. Whereas this article will focus on these 2 extremes on the
leprosy spectrum, the severity of disease can be broken down further
into 5 categories: tuberculoid (paucibacillary), BT, midborderline,
borderline lepromatous, and lepromatous (multibacillary) [10].
The anergy, or the inactivation of effector T cell response,

toward tumor cells can be compared with the anergy seen in
multibacillary LL, in which M. leprae is able to evade a cell-
mediated response. Normally, an effective immune response to
M. leprae requires cell-mediated activation of T cells, first through
signaling TCR and antigen-induced MHC on APCs and a second,
signal through costimulation between the T cell and the APC.
Perhaps the most important category of professional APCs in
leprosy includes dendritic cells, which digest M. leprae by
phagocytosis or receptor-mediated endocytosis before displaying
antigens bound to MHC class II molecules on the cell surface.
The ligands CD80 and CD86 are important molecules expressed
on APCs that have a crucial role in this costimulatory signal.
These molecules have a high affinity for binding with costimu-
latory molecule CD28 on the T cell. CD80 also has high affinity
for binding with the immune checkpoint CTLA-4 on T cells that
plays an important role in T cell anergy (discussed later) [11].
The TL and LL divergence can also be characterized by a

spectrum between cell-mediated immunity and humoral immunity.
Unlike TL, there is a greater antibody response in patients with
LL, which has led many to believe that a humoral response does
improve host defense against the pathogen [12]. On the other hand,
the CD4+ T cell predominates in TL, leading to a Th1 cytokine
profile, including IFN-g, IL-2, and lymphotoxin. CD8+ T cells
predominate in LL with a Th2 and IL-4-, IL-5-, and IL-10-dominated
cytokine profile [12]. This binary view that Th1 and Th2 are found
at opposite ends of the spectrum, however, is a relationship that may
oversimplify the pathophysiology of the disease, especially as some
studies have failed to demonstrate a clear Th1 and Th2 switch
between TL and LL [13, 14]. Instead, TL and LL can be
distinguished based on a spectrum of T cell inactivation, or anergy.
LL is often characterized as having a dysfunctional or impaired

T cell response with antigen-specific anergy, whereas the mounted
Th1 cell seen in TL is robust. In vitro experiments have shown that
PBMCs from patients with LL have a defective CD86 expression,
which may lead to the anergic phenotype seen with these patients
[15]. Furthermore, patients with LL show fewer positive

costimulatory CD28 and CD86 markers on T cells. In fact, 1 study
found that CD8+ LL clones were found to be CD282, while still
coexpressing CD80 and CD86 [16]. Patients with TL, on the other
hand, show an increase in CTLA-4 and PD-1 that is thought to
modulate an active immune response [15]. Studies looking at the
expression of CD86 and CD80 in non-T cell lines show corre-
sponding findings of the expression of costimulatory molecules
comparing patients with TL with patients with LL patients. CD14+

monocytes from patients with LL were found to have significantly
lower expression of CD86 compared with patients with TL. This
same group found that CD86, but not CD80, was differentially more
crucial in the activation of monocytes by leprosy antigens [15].

IMMUNOEDITING AND ESCAPE OF
IMMUNOSURVEILLANCE BY LEPROSY
AND CANCERS

Tumor cells and M. leprae may share a common mechanism of
immunoediting to allow for their survival by avoiding destruction
by the host with the end result of proliferation and invasion. The
concept of immunoediting is one that is applied to cancer
immunity and describes the changes in the immunogenicity of
pathogenic cells as a result of the anti-tumor response of the
immune system, resulting in the emergence of immune-resistant
variants. The “three Es” are used to describe different phases of
immunoediting: elimination, equilibrium, and escape [17]. We
will use this framework of immunoediting to describe the clinical
manifestations of leprosy: elimination to describe TL when
M. leprae proliferation is limited and immune escape to describe
LL when pathogen proliferation is rampant (Fig. 1).
During the “elimination” phase, or immunosurveillance, im-

mune effector cells, such as NK cells, with the help of dendritic
and CD4+ T cells, are able to recognize and eliminate tumor cells.
Therefore, malignant tumor cells are able to escape immunosur-
veillance. The elimination phase includes innate and adaptive
immune responses against tumor cells. For the innate immune
response, several effector cells, such as NK cells and T cells, are
activated by the inflammatory cytokines that are released by the
growing tumor cells, macrophages, and stromal cells surrounding
the tumor cells. The recruited NK cells and macrophages produce
IL-12 and IFN-g that kill tumor cells through cytotoxic mecha-
nisms, such as with perforin, TRAILs, and ROS.
During the “equilibrium” phase, tumor cells that have escaped

the elimination phase have a nonimmunogenic phenotype
selected for growth. It is the longest of the 3 processes in
immunoediting and may occur over a period of many years.
During this time of Darwinian selection, new tumor cell variants
emerge with various mutations that further increase overall
resistance to immune attack. During the preceding “escape”
phase, tumor cell variants selected for growth during the
equilibrium phase have escaped the host’s immune defenses with
various genetic and epigenetic changes, conferring further
resistance to immune detection and destruction [18, 19].
The tumor antigens and immune mechanisms that underlie

immunoediting are poorly understood. Two studies showed that
immunoediting can be triggered by strongly immunogenic
tumor antigens that involve the CD8+ T cell-mediated clearance
of antigenic tumor cells. Tumor-specific mutant proteins
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(neo-antigens) might be the key tumor rejection antigens,
examples of which include 2 mutant forms of cyclin-dependent
kinase 4, R24L and R24C, found in human melanoma [20].
Tumor escape mechanisms have focused mainly on mutations of
immune and apoptotic pathway genes. However, data suggest
that epigenetic and miRNA silencing in cancer may be as
frequent a cause of gene inactivation as mutations [23].

ALTERATIONS OF LIPIDS AND
NERVE CELLS

One mechanism by which infection in LL is thought to evade
the host immune response involves lipid bodies. LL exhibits the
accumulation of foamy macrophages; however, the origin and
nature of these lipids in leprosy remain unclear. Macrophages in LL
dermal lesions are highly positive for adipose differentiation-related
protein, suggesting that their foamy aspect is, at least in part,
derived from lipid droplet accumulation [24]. It is speculated that
lipid storage in LL plays a role in leprosy pathogenesis by facilitating
bacterial persistence by at least 2 different ways. First, foamy
macrophages in LL lesions are probably catalytically active sites of
PGE2 synthesis, favoring the inhibition of macrophage bactericidal
activities and subversion of the immune response. Second, lipids
constitute an important nutritional source for mycobacterial
persistence in the host. Analysis of the leprosy proteome showed the
presence of the fatty acid b-oxidation and glyoxylate cycle enzymes,
reinforcing the idea that fatty acids, rather than carbohydrates, are
more likely to be the dominant carbon substrate used by M. leprae
during infection [25].
Alterations of lipid metabolism and lipid-related transcription

factors and enzymes are known mechanisms in tumor cell
survival and immune escape. PPARs are induced in response to
nutritional deficiencies and environmental insults. PPARa
specifically is important to lipid metabolism in the liver, yet its
overexpression is linked to the induction of some tumor cells,
such as hepatic tumors, leading to the generation of ROS

through the oxidation of fatty acid chains. PPARa can lead to
carcinogenetic phenotypes via the suppression of apoptosis and
the promotion of dysfunctional cell proliferation [26]. Similar
findings have also been demonstrated with peroxidases, such as
in the high expression of peroxiredoxins and thioredoxins found
in human breast carcinomas [27].
Whereas lipids can be used by tumor cells to defend themselves

against the host immune system, the reverse is also true: host lipids
can play an important role in immunosurveillance against tumor
cells. One example by which this occurs is in CD1-restricted T cells
that recognize self-lipid antigens presented on a subset of CD1
molecules, CD1c. The self-lipid antigen, methyl-lysophosphatidic
acids, accumulates in primary acute myeloid and B cell acute
leukemias. These endogenous lipids are displayed on CD1c+

leukemia cells promoting an autoreactive response from T cells
[28]. This mechanism of lipid-antigen presentation parallels what
is seen clinically in patients with patients, as skin from patients
with TL is associated with a strong induction of all 3 CD1 proteins
(a, b, and c), whereas patients with LL lack induction of CD1
proteins on CD83+ dendritic cells [29].
M. leprae also reprograms adult Schwann cells, its preferred host

niche, to a stage of pSLCs of mesenchymal traits by down-regulating
Schwann cell lineage- and differentiation-associated genes and
up-regulating genes of mesoderm development [30]. Reprogram-
ming, accompanied by epigenetic changes, renders infected cells
highly plastic, migratory, and immunomodulatory. pSLC promotes
bacterial spread by 2 distinct mechanisms: direct differentiation to
mesenchymal tissues, including skeletal and smooth muscles, and
by forming granuloma-like structures that subsequently release
bacteria-laden macrophages. Leprosy uses adult Schwann cells as
the primary nonimmune tissue cells for initial colonization and
converts infected cells to pSLCs with the capacity to produce
chemoattractant and trophic factors, which in turn, promote
macrophage recruitment, bacterial transfer, and survival of infected
macrophages [30]. Similar induction of nerve cells to express stem-
like cell properties has been shown, as in 1 demonstration of high

Figure 1. The anergy of leprosy as a paradigm for
cancer anergy and immunosurveillance. Leprosy
presents as a spectrum of manifestations that is
well characterized by the Ridley-Jopling classifi-
cation. On one end of the leprosy spectrum is
TL, which is an effective immune response and
controlled M. leprae population. TL is often
characterized as a cell-mediated response with
a Th1 cytokine profile. The other end of the
spectrum is LL, which is characterized by T cell
anergy, proliferation of M. leprae, and a Th2
cytokine profile [89]. Parallels can be drawn
from leprosy as a model to understand better
the spectrum of immunosurveillance and immu-
noediting of tumor cells, as characterized by the
“3 Es”: elimination, equilibrium, and escape
[18, 22, 90].
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podocalyxin-like protein expression associated with high-grade
glioblastoma multiforme and poor clinical outcomes [31].

miRNA

The understanding of howM. lepraemodulates host gene expression
involves discussion about miRNAs, which code for just 1% of the
genomic transcript in mammals yet are predicted to control the
activity of .60% of genes and, therefore, have a significant role in
the pathogenesis of diseases. Their ubiquity makes them potential
targets for treatment. Several miRNAs have been shown to alter the
activity of APCs, NK cells, T cell differentiation, and effector capacity
in mycobacterial infections [32, 33]. In a case-control study that
enrolled 1098 individuals, single nucleotide polymorphisms
located in predicted miR-146a was a unique gene associated with
increased risk of leprosy and modulation of TNF levels [34]. The
pathogenesis of tuberculosis, a disease caused by a species of
Mycobacterium, has been linked to several miRNAs, including
miR-29, -147, -21, -99b, -125b, -155, -144, -223, and -424.
As an example, miR-29 leads to the inhibition of macrophage

digestion. The same miRNA is also important in the regulation of
apoptosis via the binding of targets as Bcl-2 and myeloid cell
leukemia-1 [32]. miR-21 was shown to be specific to LL and
targeted key players in the innate immune response, including
the down-regulation of TLR2/1, the inhibition of vitamin
D-dependent antimicrobial peptides, and the up-regulation of
IL-10 [35]. This finding in leprosy has potential to enhance our
understanding of how miRNA, such as miR-21, responds in
cancers, such as those in the kidneys, colon, and breasts, for
which miR-21 is showing promise as both a biomarker and target
for disease [36]. miR-92a is another such example that has
potential to be used as a biomarker for colorectal cancer [37].

T CELL EXHAUSTION

M. leprae and tumor cells modulate their surrounding physical
environment to favor survival, but a true testament to their ability
to proliferate and survive is their ability to render the host
adaptive immune response dysfunctional and ineffective. T cell
anergy is an important factor in tumor progression, especially in
the face of an imbalance between stimulatory factors and
inhibitory factors. T cells in the tumor microenvironment
present antigen with a suboptimal level of CD28 costimulation,
resulting in an anergic phenotype. One of the first abilities of
T cells to be lost is the ability of antigen-specific T cells to
proliferate and produce IL-2 [38, 39]. The chronic stimulation
on the immune system by an infection or tumor is known to
cause a phenomenon known as T cell exhaustion, associated with
a significant reduction in IL-2, IFN-g, and TNF-a and an overall
decrease in the ability to eliminate infection or tumor.
T cell exhaustion is an intrinsic defect in the effector activities

of T cells rather than a result of the effects of extrinsic inhibitory
signals, such as through inhibitory factors Tregs or IL-10 [39].
These intrinsic defects correlate with a down-regulation of type 1
cytokine secretions and an increase in the expression of NCRs,
such as PD-1, CTLA-4, T cell Ig and mucin domain-containing
molecule 3, lymphocyte activation gene 3, and CD244 [40–44].

Loss of costimulatory signals and the high expression of these
inhibitor factors have been shown in a number of cancers,
including melanoma and cancers of the lung, breast, head, and
neck [45–47]. Chronic inflammation linked to T cell exhaustion
is also associated with the presence of a Th2 cytokine profile in
the tumor microenvironment. These changes mirror the changes
seen in progressive LL disease with its Th2 cytokine profile that
includes IL-10 and IFN-b [48].
An emerging topic in this field is the role of IL-9 in the role of

T cell exhaustion in the tumor and infection environments. IL-9
is a cytokine produced by Th9 cells that has complex properties.
Whereas it has been shown to inhibit the progression of
melanoma and carcinomas of the lung, it also has antiapoptotic
properties linked to growth of other malignancies, such as T cell
lymphoma and Bcl in mice [49, 50]. In the melanoma mouse
model, Th9 and IL-9 production is linked to the promotion of a
robust CD8+ T cell-mediated antitumor response.
Although IL-9 is linked to an impaired Th1 immune response

in patients infected with M. tuberculosis, possibly contributing to
disease [51], IL-9 in M. Leprae-induced cytotoxic T cells, in-
ducible by IFN-g, was able to reverse the inhibitory action of IL-10
and IL-13. Furthermore, IL-9 improved the lytic activity
stimulated by IL-2 and IL-6 in patients with leprosy. Therefore,
the selective activation of IL-9 may play a unique role in
mitigating the effects of T cell exhaustion even in the context of a
Th2 cytokine profile [52].

Th17 AND Tregs

Th17 and Tregs are T cell subsets that share many of the same
differentiation pathways, despite having very different effects on
adaptive immunity. Whereas Tregs promote an anti-inflammatory
response, Th17 cells promote a proinflammatory response that
has been implicated in autoimmunity. The role of Th17 cells in
response to microbial infections is thought to clear pathogens
that are uncontrolled by Th1 and Th2. The importance of Th17
cells was first elucidated in infectious diseases, such as tubercu-
losis [53] and leishmaniasis [54], and more recently is
demonstrating a significant role in cancer pathogenesis [55].
Th17 cells uniquely secrete IL-17, and this T cell subset is
associated with the transcription factor RORc [56]. It is thought
that the imbalance between Foxp3+ Tregs and Th17 cells plays a
role in any immune-related disease. On 1 hand, Th17 is a CD4+

T cell subset that plays a role in protecting the host by secreting
proinflammatory cytokines. On the other hand, Foxp3+ Tregs play
a role in suppressing immune response. The roles of these T cell
subsets were made more interesting by the discovery T cells
expressing IL-17 and Foxp3. One thought is that Tregs can be
therapeutically targeted with a complex mixture of inflammatory
cytokines to promote the expression of IL-17 and hence,
diminish the immunosuppressive effects of Tregs [57].
IL-17 has been well characterized in the context of tuberculosis.

Th17 differentiation is primarily driven by IL-23 and plays a role
in the early control of M. tuberculosis infection through granuloma
formation and proper neutrophil recruitment to the site of infection
[58, 59]. IL-17 also has a role in the early infection of leprosy. Healthy
household contacts with a long-term exposure to patients with
leprosy showed the highest expression of IL-17 compared with
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unexposed individuals, suggesting that IL-17 plays a role in the
prevention of disease. Patients with TL PBMC had higher IL-17,
IL-21, IL-22, IL-23, and the associated RORc transcription factor
expression compared with patients with LL [60].
Whereas STAT3 expression, an essential factor in the

differentiation of Th17 cells, remains similar between patients
with LL and TL, phosphorylated STAT3 is found at higher levels
in patients with TL compared with patients with LL [60].
Simply put, severe forms of leprosy are associated with defective
levels of IL-17 and an overproduction of the factors that lead
to the differentiation of Tregs [61]. The distinct role of IL-17
in cancer, however, seems less certain, as recent studies have
demonstrated the plasticity of this T cell subset with heteroge-
neous functions that may be tissue specific [62].
Treg-mediated immune response is 1 reason why anti-tumor

treatments have been cited to fail, promoting tumor cells to
evade immune surveillance. Tregs are a subset of T cells that are
involved in suppressing immune response, typically to inhibit
excessive immune reactions. They express CD4, CD25, and
Foxp3, which can be genetically defective in autoimmune and
inflammatory diseases [63]. The role of Foxp3 in tumor cells
remains controversial, but it is thought that its overexpression is
linked to metastatic spread in some cancers [64]. A subset of
Tregs, iTreg, is thought to mediate suppression on effector T cells,
notably through the secretion of TGF-b and PGE2, providing
tumor resistance to apoptosis or antitumor treatments [65]. The
Tregs that are derived from specific tumors are known to have
comparatively higher suppressive activity [66, 67].
Foxp3 expression in Tregs has also been link to the M. leprae

proliferation seen in patients with LL, who are found to have
higher frequencies of CD25+ Treg, TGF-b, and Foxp3 expression
linked with anti-inflammatory macrophages [68, 69]. Skin lesions
and antigen-stimulated PBMC showed increased gene expression
of TGF-b in LL compared with TL [69]. Foxp3+ iTregs may work
alongside TGF-b to down-regulate T cell responses, leading to
the antigen-specific anergy associated with LL. TGF-b produced
in tumor cells also aids in the conversion of the TL-predominant
CD4+ T cell to suppressive Tregs [70]. Patients with BT leprosy
and patients with LL have increased interaction of Foxp3 with
histone deacetylase 7/9 in the nuclei of CD4+CD25+ T cells,
leading to immune suppression and progression of disease. This
interaction appears to modulate CTLA-4 expression, as Foxp3
mRNA silencing in PBMCs from these patients down-regulated
CTLA-4 gene expression and as Foxp3 directly binds to the
promoter regions of CTLA-4 and histone acetyl transferase [71].

NEGATIVE CHECKPOINT INHIBITORS
AND ENL

Patients with leprosy commonly develop a reaction known as type
2 ENL after the initiation of multidrug therapy. Approximately 1
in 4 of these patients will present with a type 2 ENL that
masquerades as an autoimmune disease, such as rheumatoid
arthritis, lupus erythematosus, or antiphospholipid syndrome
[72]. The current standard of treatment for type 2 ENL is
thalidomide, an immunomodulatory agent that has a dual
property of being both anti-inflammatory whereas concomitantly
enhancing Th1 cell immunity.

The advent of ipilimumab and other checkpoint inhibitors has
changed the field of oncology and made immunotherapy of stage
IV cancer a consideration for first-line therapy. The side effects of
ipilimumab and other checkpoint inhibitors are similar to the
ENL type 2 reaction of leprosy and include a variety of
autoimmune syndromes, including inflammatory bowel disease,
pneumonitis, hypophysitis, and thyroiditis [73].
Thalidomide and other immunomodulatory drugs are ap-

proved by the FDA for multiple myeloma and are often used off
label for other cancers. Therefore, the combination of thalido-
mide and checkpoint inhibitors should be considered in cancer
immunotherapy, as the acute inflammatory reactions against
neoplastic cells are desirable for tumor destruction but require
control of the autoimmune side effects.

NCR: CTLA-4

CTLA-4 is a CD28 homolog that is transiently expressed on
activated T cells. CTLA-4 binds to B7-1 (CD80) and B7-2 (CD86)
to deliver a negative immunoregulatory signal that leads to T cell
anergy. Mice with a deficiency in the CTLA-4 gene develop a
rampant cell-mediated immune response, leading to a fatal
systemic lymphoproliferative disease with multiorgan lympho-
cytic infiltration and damage [74]. Typically, early T cell
activation following binding of CD28 leads to an up-regulation in
the expression of CTLA-4, limiting the extent of T cell activation
by competition with CD28. An excess of CTLA-4 signaling may be
a cause for the unresponsiveness of T cells seen with LL, with
clones that expressed CD8+CD282CTLA-4+ T cells [75].
Ipilimumab was developed as the first anti-CTLA-4 mAb that

was FDA-approved for the treatment of metastatic melanoma
[76]. Although it is thought that the mechanism of action of
ipilimumab is through inactivating CTLA-4 and thereby liberat-
ing an anti-tumor T cell-mediated response, there are some who
believe that the drug works by inhibiting Tregs in the tumor
microenvironment [3].
CTLA-4 is present at much higher levels in cells from patients

with LL compared with patients with TL [75]. The addition of
anti-CTLA-4-blocking antibodies to PBMCs from patients with TL
had little effect on patients with TL but had a stimulatory or
inhibitory effect on the proliferation of PBMC from patients with
LL [75]. The effects of CTLA-4 in suppressing T cell activation
may be mediated by Foxp3, TGF-b, and Cbl-b [77]. Increased
interaction of Foxp3 in CD4+CD25+ T cells from patients with
BT and LL is thought to be responsible for the Foxp3-driven
immune suppression during LL-like conditions. In these patients,
the binding of Foxp3 to the promoter of CTLA-4 genes led to the
downstream effects of Foxp3 [71]. Another downstream event
from CTLA-4 that produces T cell anergy is thought to be Cbl-b.
TGF-b and CTLA-4 increase the prevalence of LL progression
through Cbl-b [14].
It is poorly understood how the interaction between CTLA-4 and

ligand CD86 produces lepromatous-like conditions through the
induction of Tregs. Patients with LL are deficient in CD86 and yet
still maintain an increase in Tregs, both in situ and in vitro [78], and
an increase in IL-10; this is the opposite of what it seen in TL [78].
An experiment done in cells from patients with TL shows that the

costimulatory CD86, but not CD80, plays a crucial role in the
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presentation of the leprosy antigen in monocytes, as demonstrated
through the use of neutralizing antibodies [15]. CD86 was also
found to be highly expressed in healthy individuals exposed to
M. leprae compared with patients with TL and is thought to be
protective against disease. These patients were also found to have
higher levels of CD28, the receptor for the CD86-driven costimu-
lation [75]. In contrast, patients with LL had a deficiency in CD86.
It is noteworthy that the activation of T cell clones from tuberculoid
lesions was not blocked by anti-CD28 or anti-CTLA-4 antibodies but
was blocked by anti-B7-1 antibodies, suggesting that B7-1 may use
another costimulatory pathway. In contrast, LL lesions were strongly
regulated by CD28 during T cell activation [75].

NCR: PD-1

PD-1 is another essential NCR that reduces cell-mediated
immunity. Currently, an anti-PD-1 mAb, nivolumab, is being used
to prolong the survival rate of patients with metastatic melanoma,
often in combination with immunosensitizing agents [79].
Normally, PD-1 is up-regulated by T and B cells within 24 h
following their activation [80]. Following the formation of PD-1,
PD-1 forms negative costimulatory microclusters associated with
TCRs and Src homology 2 domain-containing tyrosine phos-
phatase 2, leading to T cell inhibition [81].
The ligand PD-L1 can be stimulated by IFN on T cells,

macrophages, and tumors and is important in the prevention of
autoimmunity but is also thought to inhibit antitumor T cell activity.
High expression of PD-L1 appears associated with poorer outcomes
[82]. There is evidence in the context of leprosy that the expression
of PD-1 and IFN-g leads to more favorable clinical outcomes. In
a study looking at T cells from patients with TL, there was an
increased display of PD-1, which is thought to modulate an
overactive immune response to the pathogen [15]. Furthermore,
the secretion of IFN-g in the context of leprosy leads to better
clinical outcomes in M. leprae infection, as IFN-g activates
downstream pathways for antimicrobial gene expression [48]. IFN-g
is preferentially expressed in TL. In contrast, type 2 IFN, IFN-b, and
its downstream genes, including IL-10, were induced in monocytes
by M. leprae in vitro and preferentially expressed in LL [48].

NCR: VISTA

VISTA (also known as PD-1 homolog) was recently discovered as an
NCR that suppresses T cell activation. Structurally, VISTA is most
similar to PD-1. There are functional differences in VISTA and
PD-1; however, whereas knockout-mice for both NCR led to chronic
inflammation and spontaneous activation of T cells in mice, the
double knockout led to significantly worse phenotypes [83].
VISTA is expressed more on hematopoietic cells with a weaker

expression on T cells. Yet, T cells still express and respond to
VISTA and lead to the suppression of T cell activation, pro-
liferation, and cytokine production [84, 85]. A loss-of-function
mutation in VISTA lowers the threshold for T cell activation—an
important discovery in understanding autoimmune disease and
a potential strategy for future cancer immunotherapies. VISTA
antibodies have been suggested as adjuvant therapy in combina-
tion with other negative checkpoint inhibitors, as it appears to
have unique, nonredundant, downstream effects [83].

It is noteworthy that both naı̈ve and antigen-experienced
T cells are suppressed by the presence of VISTA, suggesting that
the receptor for VISTA is constitutively expressed, even in
inactivated T cells [84]. Because of this, it is thought that VISTA
prevents the overactivation of T cells in response to self-antigens.
Mice lacking VISTA expression have greater levels of spontane-
ous T cell activation and a phenotype with greater inflammatory
cytokine and chemokine expression [86]. VISTA knockout mice
showed higher frequency of activated peripheral T cells, with
increased populations of CD44 high CD62 ligand low T cells, as
well as the production of IFN-g, TNF-a, and IL-17A. These data
show a Th1-polarizing response in VISTA knockout mice
compared with controls [85]. One study showed that VISTA was
highly expressed in myeloid cells and Foxp3+CD4+ Tregs but not
in the tumor microenvironment. Nonetheless, a VISTA blockage
still altered the immune inhibition seen in the tumor microen-
vironment by increasing the presence of activated dendritic cells
and reducing tumor-specific Tregs. A VISTA mAb was successfully
used to suppress the growth of melanoma in mouse models [87].
There is potential for knowledge to be furthered by studying

VISTA in the context of infectious diseases. VISTA is modulated
by some TLRs, most notably up-regulated by TLR3 and TLR5 and
down-regulated by TLR8/9. The TLR associated with an innate
immune response to leprosy, TLR2/1, was found to have no
effect on the expression of VISTA [88]. Research in HIV has
shown that the overexpression of VISTA has led to spontaneous
secretions of an array of cytokines but also the depletion of CD4+

T cells, possibly associated with the pathogenesis of the disease
or the modulatory roles of VISTA. Despite TLR2/1 likely not
being involved in VISTA expression, the leprosy spectrum still
provides a model for understanding the role of VISTA in T cell
regulation. The deletion or blockage of NCR as VISTA leads to
a Th1 polarization that resembles a TL patient profile. In the
context of TL, Th1 responses activate macrophages and inhibit
the growth of pathogens, resulting in a self-curing disease [75].
VISTA is a new NCR that has only come to the scene within the
past half-decade. Future research into the properties of this NCR,
using the leprosy model, can provide greater insight into the
future potential of this target, as well as its role in cancer and
autoimmunity.

CONCLUSION

The development of negative checkpoint inhibitors, such as
ipilimumab and nivolumab, has brought immunotherapy of stage
IV advanced-staged cancers to potential first-line therapy. In
short, these treatment options allow for a more-effective immune
response against tumors that have previously managed to escape
a T cell immune response. The mechanism by which these
effective medications work, however, remains elusive. As leprosy
is a disease that presents as a spectrum, not only of clinical
manifestations but also of T cell response, this disease is an ideal
model to understand further the mechanisms that underlie
cancer immunotherapy and generally, immunosurveillance.
Similar to a progressive and proliferating tumor,M. leprae escapes
immunosurveillance in more-severe forms of leprosy—lepromatous
and borderline LL. The mechanisms by which M. leprae is
able to evade the host immune response involve alterations in
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lipid bodies, miRNAs, and differentiation of Schwann cells and
may also involve the modulation of immune regulators, such as
CTLA-4, PD-1, and VISTA. The understanding of how this
pathogen regulates T cell plasticity between anergy and
immunosurveillance will provide valuable insight into future
knowledge and development of cancer immunotherapy.

AUTHORSHIP

A.J.P. wrote the manuscript and prepared the figure. T.R., F.M.,
and W.R.L. edited and contributed to the content of the
manuscript. We thank Dr. Randolph J. Noelle (Geisel School of
Medicine at Dartmouth) and Dr. K. Mark Ansel (University of
California, San Francisco) for their contributions to the
discussion of VISTA and miRNA regulation of T cell subsets. This
work was supported by the U.S. Public Health Service and the
National Hansen’s Disease Program.

DISCLOSURES

The authors declare no conflict of interest.

REFERENCES

1. Couzin-Frankel, J. (2013) Breakthrough of the year 2013. Cancer
immunotherapy. Science 342, 1432–1433.

2. Burnet, F. M. (1970) The concept of immunological surveillance. Prog.
Exp. Tumor Res. 13, 1–27.

3. Lines, J. L., Sempere, L. F., Broughton, T., Wang, L., Noelle, R. (2014)
VISTA is a novel broad-spectrum negative checkpoint regulator for
cancer immunotherapy. Cancer Immunol. Res. 2, 510–517.

4. June, C. H., Ledbetter, J. A., Gillespie, M. M., Lindsten, T., Thompson, C. B.
(1987) T-Cell proliferation involving the CD28 pathway is associated with
cyclosporine-resistant interleukin 2 gene expression.Mol. Cell. Biol. 7, 4472–4481.

5. Trinchieri, G. (2015) Cancer immunity: lessons from infectious diseases.
J. Infect. Dis. 212 (Suppl 1), S67–S73.

6. Chandler, D. J., Hansen, K. S., Mahato, B., Darlong, J., John, A.,
Lockwood, D. N. (2015) Household costs of leprosy reactions (ENL) in
rural India. PLoS Negl. Trop. Dis. 9, e0003431.

7. Bloom, B. R. (1986) Learning from leprosy: a perspective on
immunology and the Third World. J. Immunol. 137, i–x.

8. Modlin, R. L., Melancon-Kaplan, J., Young, S. M., Pirmez, C., Kino, H.,
Convit, J., Rea, T. H., Bloom, B. R. (1988) Learning from lesions: patterns
of tissue inflammation in leprosy. Proc. Natl. Acad. Sci. USA 85, 1213–1217.

9. Fink, M. P. (2010) Editorial: Lepromatous leprosy, lipids, and lessons in
immunology: what we can learn by using modern methods to study an
ancient disease. J. Leukoc. Biol. 87, 361–363.

10. Ridley, D. S. (1974) Histological classification and the immunological
spectrum of leprosy. Bull. World Health Organ. 51, 451–465.

11. Collins, A. V., Brodie, D. W., Gilbert, R. J., Iaboni, A., Manso-Sancho, R., Walse,
B., Stuart, D. I., van der Merwe, P. A., Davis, S. J. (2002) The interaction
properties of costimulatory molecules revisited. Immunity 17, 201–210.

12. Modlin, R. L. (2010) The innate immune response in leprosy. Curr. Opin.
Immunol. 22, 48–54.

13. Abbas, A. K. (2011) A network of regulatory pathways in lepromatous
leprosy. Clin. Immunol. 141, 127.

14. Kumar, S., Naqvi, R. A., Khanna, N., Pathak, P., Rao, D. N. (2011) Th3
immune responses in the progression of leprosy via molecular cross-talks
of TGF-b, CTLA-4 and Cbl-b. Clin. Immunol. 141, 133–142.

15. Palermo, Mde. L., Trindade, M. A., Duarte, A. J., Cacere, C. R., Benard,
G. (2012) Differential expression of the costimulatory molecules CD86,
CD28, CD152 and PD-1 correlates with the host-parasite outcome in
leprosy. Mem. Inst. Oswaldo Cruz 107 (Suppl 1), 167–173.

16. Modlin, R. L. (2002) Learning from leprosy: insights into contemporary
immunology from an ancient disease. Skin Pharmacol. Appl. Skin Physiol. 15, 1–6.

17. Mittal, D., Gubin, M. M., Schreiber, R. D., Smyth, M. J. (2014) New insights
into cancer immunoediting and its three component phases—elimination,
equilibrium and escape. Curr. Opin. Immunol. 27, 16–25.

18. Dunn, G. P., Old, L. J., Schreiber, R. D. (2004) The three Es of cancer
immunoediting. Annu. Rev. Immunol. 22, 329–360.

19. Kim, R., Emi, M., Tanabe, K. (2007) Cancer immunoediting from
immune surveillance to immune escape. Immunology 121, 1–14.

20. Leisegang, M., Kammertoens, T., Uckert, W., Blankenstein, T. (2016)
Targeting human melanoma neoantigens by T cell receptor gene
therapy. J. Clin. Invest. 126, 854–858.

21. Burgess, D. J. (2012) Tumour immunogenicity: editorial selection
demystified. Nat. Rev. Cancer 12, 227.

22. Matsushita, H., Vesely, M. D., Koboldt, D. C., Rickert, C. G., Uppaluri, R.,
Magrini, V. J., Arthur, C. D., White, J. M., Chen, Y. S., Shea, L. K., Hundal, J.,
Wendl, M. C., Demeter, R., Wylie, T., Allison, J. P., Smyth, M. J., Old, L. J.,
Mardis, E. R., Schreiber, R. D. (2012) Cancer exome analysis reveals a
T-cell-dependent mechanism of cancer immunoediting. Nature 482, 400–404.

23. Tomasi, T. B., Magner, W. J., Khan, A. N. (2006) Epigenetic regulation of
immune escape genes in cancer. Cancer Immunol. Immunother. 55, 1159–1184.

24. Mattos, K. A., D’Avila, H., Rodrigues, L. S., Oliveira, V. G., Sarno, E. N.,
Atella, G. C., Pereira, G. M., Bozza, P. T., Pessolani, M. C. (2010) Lipid
droplet formation in leprosy: Toll-like receptor-regulated organelles
involved in eicosanoid formation and Mycobacterium leprae pathogenesis.
J. Leukoc. Biol. 87, 371–384.

25. Marques, M. A., Neves-Ferreira, A. G., da Silveira, E. K., Valente, R. H.,
Chapeaurouge, A., Perales, J., da Silva Bernardes, R., Dobos, K. M., Spencer,
J. S., Brennan, P. J., Pessolani, M. C. (2008) Deciphering the proteomic
profile of Mycobacterium leprae cell envelope. Proteomics 8, 2477–2491.

26. Schrader, M., Fahimi, H. D. (2006) Peroxisomes and oxidative stress.
Biochim. Biophys. Acta 1763, 1755–1766.

27. Cha, M. K., Suh, K. H., Kim, I. H. (2009) Overexpression of peroxiredoxin I
and thioredoxin1 in human breast carcinoma. J. Exp. Clin. Cancer Res. 28, 93.

28. Lepore, M., de Lalla, C., Gundimeda, S. R., Gsellinger, H., Consonni, M.,
Garavaglia, C., Sansano, S., Piccolo, F., Scelfo, A., Häussinger, D.,
Montagna, D., Locatelli, F., Bonini, C., Bondanza, A., Forcina, A., Li, Z.,
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