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Abstract: Background: Mycobacterium leprae is an intracellular bacillus that causes leprosy, a neglected
disease that affects macrophages and Schwann cells. Leprosy reactions are acute inflammatory
responses to mycobacterial antigens, classified as typel (T1R), a predominant cellular immune
response, or type2 (T2R), a humoral phenomenon, leading to a high number of bacilli in infected
cells and nerve structures. Xenophagy is a type of selective autophagy that targets intracellular
bacteria for lysosomal degradation; however, its immune mechanisms during leprosy reactions are
still unclear. This review summarizes the relationship between the autophagic process and M. leprae
elimination during leprosy reactions. Methods: Three databases, PubMed /Medline (n = 91), Scopus
(n =73), and ScienceDirect (n = 124), were searched. After applying the eligibility criteria, articles
were selected for independent peer reviewers in August 2023. Results: From a total of 288 studies
retrieved, eight were included. In multibacillary (MB) patients who progressed to T1R, xenophagy
blockade and increased inflammasome activation were observed, with IL-1 secretion before the
reactional episode occurrence. On the other hand, recent data actually observed increased IL-15 levels
before the reaction began, as well as IFN-y production and xenophagy induction. Conclusion: Our
search results showed a dichotomy in the T1R development and their relationship with xenophagy.
No T2R studies were found.

Keywords: Mycobacterium leprae; leprosy reactions; autophagy; xenophagy

1. Introduction

Moycobacterium leprae is an intracellular acid-fast bacillus that causes leprosy, a disease
that affects the peripheral nerves, skin, eyes, and respiratory tract [1]. Despite medical
advancements, leprosy is still an important public health problem in Brazil and worldwide
due to its severe consequences [2]. Factors that contribute to this include the stigma
related to the disease, a lack of understanding and knowledge, failure in early detection,
a sub-notification of cases, and bacterial resistance to dapsone and rifampicin [3].

The Ridley—Jopling classification (1966) is one of the most widely used systems to
classify leprosy, which divides patients into five groups, according to their clinical and
immunological status [4]. Tuberculoid leprosy (TIT) is characterized by a robust cellular
immune response against M. leprae antigenic determinants, the presence of a single lesion,
well-developed granulomas, and negative or rare bacilli [5]. In contrast, lepromatous
leprosy (LL) is characterized by a strong humoral response that does not prevent bacterial
proliferation and tends to clinically manifest with skin lesions and high bacterial load [6].
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Most patients present borderline phenotypes, which are immunologically unstable: bor-
derline tuberculoid (BT), borderline borderline (BB), and borderline lepromatous (BL).
Indeterminate (II) cases are considered to represent the initial stage of the disease. These
cases eventually move toward one of the poles but progression can be halted with treat-
ment [7]. However, in 1998, the World Health Organization’s Leprosy Expert Committee
established a practical and easy classification for treatment: paucibacillary (PB) cases are
those in which the cutaneous lesions number does not exceed five, including TT forms,
while multibacillary (MB) cases present six or more skin lesions, including LL forms [7].

During the course of the disease, patients may experience exacerbated inflammatory
responses known as leprosy reactions, which can be classified into two distinct types [8].
Type 1 reactions (also called reversal reaction/RR) are characterized by an exacerbation
of the cellular immune response against M. leprae antigenic determinants, with CD4+ T
lymphocytes and CD163+ macrophage infiltration, and tend to occur more frequently in
patients presenting the PB clinical forms, but RR can also affect BB and BL patients. On the
other hand, type 2 reactions (erythema nodosum leprosum/ENL) are an exacerbation of
the humoral immune response with tissue deposition of immune complexes and neutrophil
infiltration, which are more commonly observed in patients presenting the BL and LL
forms [9,10]. These reactions are the primary cause of irreversible nerve damage and
anatomical deformities related to leprosy and may arise spontaneously in up to 50% of
patients before, during, and after treatment [8].

Autophagy (Greek: autos = self + phaguein = eating) is the process through which
cellular components are degraded or recycled within the lysosome [11]. Xenophagy (Greek:
xenos = strange + phaguein = eating) is a specific type of selective autophagy related to
the identification and removal of intracellular bacteria [12], aiding in the activation of the
host’s innate and adaptive immune system as a way to limit exacerbated inflammation and
control infection [13].

When bacteria infect host cells, they can be recognized among others by Pattern Recog-
nition Receptors (PRRs) and subsequently labeled by ubiquitin in the cytosol [14]. The
ubiquitinated pathogen is then recognized by a group of adaptors featuring a ubiquitin-
binding domain and a LC3-interacting region motif, such as p62/SQSTM1 (sequestosome
1), optineurin (OPTN), and NDP52 (nuclear domain 10 protein 52), which bind the ubig-
uitinated cargo to LC3 (microtubule-associated protein 1 light chain 3) on autophago-
somes [14,15]. Then, the maturation of the autophagosome occurs through the autophagy-
related protein complex (ATG): ATG12-ATG5-ATG16L1 and other components [16]. LC3 is
the main indicator of autophagic activity [17]. During the autophagy process, the cytosolic
form of LC3 (LC3-I) conjugates with phosphatidylethanolamine (PE) through the ATG3
to form the LC3- phosphatidylethanolamine conjugate (LC3-II), which is located in pre-
autophagosomes and autophagosomes, making this protein an autophagosome marker [17].
Furthermore, the adaptors can also target bacteria-residing vacuoles or damaged vacuolar
membranes in a ubiquitin-independent manner. In this scenario, the adaptors can respond
to a wide variety of protein-, lipid- or sugar-base signals, which encompass galectin, comple-
menting protein C3 and nucleotide-binding oligomerization domain (NOD) proteins [14].

Xenophagy has been shown to play an immunological role in M. leprae control [18].
Specifically, patients with the TT form of leprosy have been found to exhibit higher levels of
xenophagy compared to LL-form patients [19]. Inhibition of macrophage xenophagy and
a strong anti-inflammatory immune response could contribute to the bacillus persistence in
LL patients [5]. On the other hand, MB patients who developed type 1 reactions showed
a restoration of autophagic flux, leading to a limited form of this episode [19]. However,
studies on the role of xenophagy in M. leprae elimination remain limited. In this systematic
review, we will explore the relationship between the autophagic process and M. leprae
elimination during type 1 and type 2 leprosy reactions.
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2. Methods

The present systematic review followed the Preferred Reporting Items for Systematic
Reviews and Meta-Analysis (PRISMA) guidelines.

2.1. Study Selection and Eligibility Criteria

Eligibility criteria were previously used to minimize the risk of bias. The inclu-
sion and exclusion criteria followed the PICOS (Population/Intervention/Control/ Out-
comes/Study) (Table 1). There were no restrictions on language or publication date. Articles
that did not meet the following eligibility criteria were excluded: (a) studies that use only
mice and rats from different species; (b) studies that do not have a control group or com-
parator; (c) studies in animal models and/or other organisms; as well as reviews, letters for
editors, duplicates, and the presence of data used in different studies.

Table 1. Eligibility criteria based on the PICOS strategy.

Inclusion Criteria Exclusion Criteria
Population Humans Animals and other organisms
Intervention/Exposure Leprosy No leprosy
Control No leprosy patients -
Outcomes Autophagy parameters No autophagy parameters
Study Design Clinical studies Reviews; case reports; letters to editors; comments; etc.

2.2. Information Sources and Literature Search Strategies

The search strategy was carried out during the period from March to April 2023. The
databases used were PubMed (Medline), Scopus, and Embase. The search strategies used
were: PubMed (Medline): ((((Mycobacterium leprae) OR (Leprosy)) OR (Hansen'’s Disease))
OR (Hansen Disease)) AND ((((Autophagy) OR (Autophagy, Cellular)) OR (Cellular Au-
tophagy)) OR (Xenophagy)). In the Scopus and Science Direct databases, the following
search equation was used: ((((“Mycobacterium leprae”) OR (“Leprosy”)) OR (“Hansen’s
Disease”)) OR (“Hansen Disease”)) AND ((((“Autophagy”) OR (“Autophagy, Cellular”))
OR (“Cellular Autophagy”)) OR (“Xenophagy”)).

2.3. Selection and Data Collection

The screening of studies was performed through reading the titles, abstracts, and full
texts. The selection of studies was performed by two independent researchers (D.D.N.C.
and M.S5.d.S.F). Discrepancies were resolved by a third rater (P.d.A.S.) (Figure 1).

2.4. Data Items

Within the included articles, information related to authors, year of publication, study
design, group, number of participants (n), sex, average age, average bacillary index (BI),
and logarithmic bacillary index of skin lesion (LBI) was extracted. Furthermore, infor-
mation about patients with leprosy and their treatment status was also extracted. Fi-
nally, information was obtained about the cell types used and the outcomes linked to
autophagy/xenophagy in in vitro studies and in humans with leprosy.

2.5. Risk of Bias Assessment

The recommendations of the Cochrane risk of bias assessment tool were used [20].
Each study was categorized according to the percentage of positive responses to the
questions corresponding to the assessment instrument (Figures 2 and 3). Risk of bias was
analyzed using RevMan 5.3.0 software developed for Systematic Reviews, available for
free download (https:/ /training.cochrane.org/online-learning /core-softwareCochrane%
20reviews/revman/revman-5-t0%20g0%20down, accessed on 24 July 2023). This program
was used to detect intervening factors based on the 7 judgment criteria provided by
the program, which are: (1) random sequence generation, (2) allocation concealment,


https://training.cochrane.org/online-learning/core-softwareCochrane%20reviews/revman/revman-5-to%20go%20down
https://training.cochrane.org/online-learning/core-softwareCochrane%20reviews/revman/revman-5-to%20go%20down
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(3) subject and staff blinding, (4) blinding evaluation procedures, (5) incomplete results
data, (6) selective reporting, and (7) other biases.

Identification of studies via databases and registers
Studies removed before
c Studies identified from: screening:
© :
b= Duplicate records removed
o PubMed/Medline (91), Scopus | (n=61)
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Figure 1. PRISMA 2020 flow diagram for new systematic reviews, which included searches of
databases and registers only. We considered, if feasible, reporting the number of records identified
from each database or register searched (rather than the total number across all databases/registers).
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Random sequence generation (selection bias)
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Incomplete outcome data (attrition bias)

Selective reporting (reporting bias)

Other bias |
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Figure 2. Risk of bias graph: a review of authors’ judgments about each risk of bias item presented as
percentages across all included studies.
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Random sequence generation (selection bias)

Allocation concealment (selection bias)

Blinding of participants and personnel (performance bias)

Blinding of outcome assessment (detection bias)

Incomplete outcome data (attrition bias)

Selective reporting (reporting bias)

Other bias

Figure 3. Risk of bias summary: a review of authors’ judgments about each risk of bias item for each
included study [5,19-25].
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3. Results
3.1. Search Results

A total of 288 studies were identified between searches in the databases PubMed/
Medline (n = 91), Scopus (n = 73), and ScienceDirect (n = 124). After the removal of dupli-
cates (n = 61), 227 articles were screened for the inclusion process. Then, 217 publications
were excluded after observing the title/abstract, and the remaining 10 studies were selected
for reading the full text. Finally, eight studies were included in the present systematic
review. The process of search, selection, and inclusion of studies was summarized in the
flow diagram of the PRISMA statement (Figure 1).

3.2. Study Characteristics
3.2.1. Characteristics of the Studies Included in Humans

As detailed in Table 2, we observed that the included studies were published between
2014 and 2022. Six studies were carried out in humans, of which, four studies were car-
ried out in Brazil [5,21-23] and two in China [24,25]. Four studies utilized cross-sectional
methods [5,22,24,25], one study had both cross-sectional and cohort designs [22], and one
study used cohort design only [21]. The total number of participants ranged from 22 to
844 subjects, divided according to the different clinical forms of leprosy. In the studies
included, there was a heterogeneity of clinical forms of leprosy, including without reaction
(WR), type 1 reaction (T1R), indeterminate leprosy (II), tuberculoid leprosy (TT), borderline
tuberculoid (BT), borderline lepromatous (BL), lepromatous leprosy (LL), paucibacillary lep-
rosy (PB), and multibacillary leprosy (MB) [5,20-24]. The LL form was the most prevalent,
being found in five included studies [5,20-22,24]. Five studies used both sexes [5,21,23-25];
however, in one included study, sex was not reported [22]. The average age of leprosy
patients ranged from 42.9 to 56.8 years old. Three included studies evaluated the bacillary
index (BI) and logarithmic bacillary index of skin lesion (LBI). Average BI values ranged
from 0 to 4.33. Furthermore, mean LBI values were 0-5.23 among leprosy patients [5,21,23].
Finally, among the six studies, only two presented the treatment status of leprosy patients.
One study presented patients only in pretreatment and one study presented patients in
pretreatment and on treatment [5,21].

3.2.2. In Vitro Studies

Table 3 shows seven included studies that were performed in vitro [5,19,21,23-26]. The
presented studies were published between 2014 and 2021. Different cell lines were used in
the included studies. All seven included studies used isolated PBMC cells [5,19,21,23-26],
two studies used the THP-1 monocytes cells [5,23], one study used isolated CD4" T lympho-
cyte cells [25], and five studies used isolated M. leprae strains [19,21,24-26]. We observed
a diversity in cell donors in the included studies, although the cell lines were collected from
healthy donors in all seven studies [5,19,21,23-26]. Two studies also included human cells
obtained from the American Type Culture Collection [5,23]. And, finally, in three studies,
the cells were also donated by patients with different clinical forms of leprosy [5,21,23].

3.3. Xenophagy Parameters in Leprosy Patients
3.3.1. Skin Lesion from Leprosy Patients

Table 4 shows a summary of data related to autophagy/xenophagy and leprosy reac-
tions. In studies [5,21-23], which analyzed skin lesion samples, tuberculoid patients (TT
or T-lep) present an increased expression of autophagy-related proteins Beclin-1, GPSM3,
ATG14, APOL1, and TPR, in addition to high LC3-II levels. While in lepromatous pa-
tients (LL or L-lep), there is a greater expression of FasL, Caspase-1, 3, and 8, RIP1, and
RIP3, MLKL, and BAX, but low levels of LC3-II and high BCL2 expression. In patients
who develop a type 1 reaction, the study [21] shows a decrease in LC3 mRNA and sev-
eral autophagic genes, associated with an increase in TLR2, MLST8, NRLP3, CASP1 and
IL1B mRNA, and serum IL-13. Studies [5,23] indicate an increase in IFN-y and restored
xenophagy and an increase in I1-15 and 13 common autophagic genes, respectively.
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Table 2. Basic characteristics of participants included in the human studies.

Author, Year Count Studv Desien Grou n Clinical Form Sex Age, Mean BI, Mean LBI, Mean Leprosy Treatment
[Ref.] y y & P of Leprosy (Male/Female) (Range) (Range) (Range) Status
WR 10 2BL/SLL 5/5 429 (25-65)  419(1.75-5.85) 484 (35585 | retreatment (24-month
Barbosa et al., Brazil Cohort follow-up)
2018 [21] TIR 12 6BL/6LL 8/4 44.8 (28-66) 3.67 (1-5.50) 468 (35-5095) | retreatment (24-month
follow-up)
11 10 1011 - - - - -
1

e 2S(C));2Z ?26;] * Brazil Cross-sectional TT 10 10TT - - - B B
LL 10 10LL - - - - -

T-le 26 26 BT 14/12 51 (20-69) 0 0 26 Pretreatment

P (0-0) (0-0)
51213?;;;]1., Brazil  Cross-sectional L-lep 28 3BL/25LL 22/6 4571 (21-73) 433(0.50-5.85)  5.23 (2.70-5.90) 28 Pretreatment
) TIR 11 11BL 7/4 53 (26-70) 145 (0-3.75) 2.35 (0-3.80) 2 Pretreatment/
9 on treatment
PB 14 14 BT 6/8 54.5 (8-92) 0 0 -
’ (0-0) (0-0)
Silva et al., . Cross-sectional MB _ - _
2021 [23] Brazil and cohort No Progression 8 4BL/4LL 7/1 53.37 (34-65) 2.15 (1.50-5.50) 4.38 (2.85-5.95)

MB Progression 7 4BL/3LL 5/2 45.14 (32-69) 2.98 (0.50-4.67) 4.6 (2.7-5.95) -
TIR 12 9BL/3LL 9/3 49.16 (17-66) 2.66 (0.75-5.85) 2.06 (0-3.8) -
Yang et al., Chi C ional Healthy Control 432 - 302/163 57.1+£72 - - -
2014a [24] na ross-sectiona Leprosy Cases 412 79 PB/333 MB 291/141 56.8 + 6.8 - - -
Yang et al Healthy Control 46 - 30/16 - - - -
2014b [25] China Cross- sectional Leprosy Cases 78 9 Tl;f IZ/ZEGBI:F L/ 28 52/26 ) ) ) )

BI, bacillary index; LB, logarithmic bacillary index of skin lesion; WR, without reaction; T1R, type 1 reaction; BL, borderline lepromatous; LL, lepromatous leprosy; II, indeterminate
leprosy; TT, tuberculoid leprosy; T-lep, tuberculoid leprosy; L-lep, lepromatous leprosy; BT, borderline tuberculoid; PB, paucibacillary; MB, multibacillary; MB No Progression, MB
patients; MB Progression, MB patients diagnosed with T1R during the clinical follow-up.
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Table 3. Basic characteristics of samples included in in vitro studies.

Author, Year [Ref.] Sample Characteristics

Skin Lesion Macrophages
Isolated PBMCs and Monocyte Cultures

Isolated PBMCs and Monocyte Cultures
Isolated PBMCs and Monocyte Cultures

MB patients

Barbosa et al., 2018 [21] Healthy donors (+ armadillo g-irradiated M. leprae)

Ma et al., 2017 [19]
Ma et al., 2018 [26]

Healthy donors (6 males) + live or killed Thai53- strain M. leprae

Healthy donor (1 female) + live or killed M. leprae strain from 2 T-lep and 6 L-lep patients

Skin Lesion Macrophages
Differentiated Macrophages

T-lep, L-lep, and T1R patients

Silva et al., 2017 [5] Human monocytic cell line THP-1 obtained from the American Type Culture Collection

Isolated PBMCs and Monocyte Cultures

Healthy donors

Silva et al., 2021 [23]

Skin Biopsies
Differentiated Macrophages

PB, MB, and T1R patients
Human monocytic cell line THP-1 obtained from the American Type Culture Collection

Isolated PBMCs and Monocyte Cultures

Healthy donors

Yang et al., 2014a [24]

Isolated PBMCs

Healthy donors + heat-killed T-58-strain M. leprae

Yang et al., 2014b [25]

Isolated PBMCs and CD4+ T Cells, Monocytes and
Macrophages Cultures

Healthy donors + heat-killed T-58-strain M. leprae

MB, multibacillary leprosy; PBMCs, peripheral blood mononuclear cells; T-lep, tuberculoid leprosy; L-lep, lepromatous leprosy; T1R, type 1 reaction; PB, paucibacillary leprosy.

Table 4. Xenophagy parameters in leprosy patients.

Author, Year [Ref.]

Leprosy Patients Cell Type

Autophagy Outcomes

Barbosa et al., 2018 [21]

Multibacillary with reversal reaction

(24-month follow-up) Skin lesion cells and PBMCs

1 LC3 mRNA and several autophagic process-related genes associated with 1+ TLR2 and
MLSTS.
1 NLRP3, CASP1, and IL1B mRNA levels, and 1 IL-1 serum concentration.

de Sousa et al., 2022 [22]

Indeterminate (II), tuberculoid (TT), and

lepromatous (LL) Skin lesion samples

1 FasL, caspase-8, RIP1 and RIP3, MLKL, BAX, caspase-3, and caspase-1 in the LL form.
J Beclin-1 in the LL and II forms, 1 in the TT form.

Ma et al., 2017 [19]

In vitro
. . Monocytes and T lymphocytes
Cell cultures + iltxlzri z{ikﬂled M. leprae from PBMCS

Killed M. leprae infection induced production of proinflammatory IL-1$, IL-6, IL-12 and
TNF-«, which 1 xenophagy.

Live M. leprae infection also 1 xenophagy, primed anti-inflammatory T cell responses by
1 IL-10 which | xenophagy.
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Table 4. Cont.

Author, Year [Ref.]

Leprosy Patients

Cell Type

Autophagy Outcomes

Ma et al., 2018 [26]

In vitro
Cell cultures + live or killed M. leprae
strains from Tuberculoid (T-lep) and
Lepromatous (L-lep) leprosy patients

Monocytes and T lymphocytes
from PBMCs

1 IRGM and IL-12 expression in macrophages treated by killed M. leprae strains, which
1 xenophagy.
J IRGM, MHC-II expression, and caspase-3 and caspase-9 activity in macrophages
treated with both live M. leprae strains, which | xenophagy and apoptosis.

Silva et al., 2017 [5]

Tuberculoid (T-lep) and lepromatous
(L-lep) leprosy patients and type 1
reaction (T1R) patients

Skin lesion cells, human
monocytic cell line THP-1, and
PBMCs

1 LC3-1I levels via immunofluorescence and BECN1, GPSM3, ATG14, APOL1 e TPR gene
expression in T-lep patients.
1 LC3-1levels in L-lep patients by immunofluorescence, and 1 BCL2 expression which
J xenophagy.
1 IFN-y and restored xenophagy levels in L-lep patients who developed the
reversal reaction.

Silva et al., 2021 [23]

Paucibacillary (PB), multibacillary (MB)
and type 1 reaction (T1R) patients
(24-month follow-up)

Skin biopsies, human
monocytic cell line THP-1, and
PBMCs

1 autophagic process-related genes: RPTOR, ULK2, ATG16L2, ATG10, ATG7, FKBP15,
GPSM1, GPSM2, SEC23B, SQSTM1, and LAMP2 in M. leprae-stimulated THP-1 cells in
the presence of IFN-y, and 1 IL-15 secretion.

1 IL15 mRNA levels in T1R lesions compared to PB and MB groups.

Presence of 13 common autophagic genes (FRS3, GFI1B, GNAI3, GPSM1, GPSM2,
LETM2, RASD1, RPTOR, SEC23B, SEC24A, TPR, UVRAG, and BECN2) between T1R skin
biopsies and stimulated THP-1cells with M. leprae and IFN-y.

Yang et al., 2014a [24]

Paucibacillary and multibacillary

PBMCs

IRGM polymorphism (rs13361189TC and CC genotypes) is associated with 1
susceptibility to leprosy, and rs13361189CC genotype 1 leprosy complications.
1 IFN-y and IL-4 in M. leprae-infected PBMC with rs13361189CC genotype.
No differences in the distribution of rs13361189 SNP between paucibacillary and
multibacillary forms.

Yang et al., 2014b [25]

Lepromatous lepromatous (LL),
borderline lepromatous (BL), borderline
tuberculoid (BT), and tuberculoid (TT)

CD4+ T cells, monocytes, and
monocyte-derived
macrophages from PBMCs

1 IRGM protein and mRNA levels in monocytes and macrophages upon stimulation
with M. leprae.
1 IRGM in monocytes from TT type, then BT type, BL type, and followed by LL type,
showing inverse correlation with the severity of the disease.

PBMCs, peripheral blood mononuclear cells; LC3, microtubule-associated protein 1 light chain 3; TLR2, Toll-like receptor 2; MLST8, MTOR-associated protein LST8 homolog; NLRP3,
NLR family pyrin domain containing 3; CASP1, caspase 1; IL-, interleukin; FasL, factor-related apoptosis ligand; RIP1 and RIP3, receptor-interacting protein; MLKL, mixed lineage
kinase domain-like pseudokinase; BAX, Bcl-2-associated X-protein; TNF-a, tumor necrosis factor alpha; IRGM, immunity-related GTPaseM; MHC-II, major histocompatibility complex
class II; BECN1, beclin-1; GPSM, G-protein-signaling modulator; ATG, autophagy-related genes; APOL1, apolipoprotein L1; TPR, translocated promoter region; BCL2, B-cell lymphoma
2; IFN-y, interferon-gamma; RPTOR, regulatory-associated protein of MTOR complex 1; ULK2, unc-51-like autophagy-activating kinase 2; FKBP15, FKBP prolyl isomerase family
member 15; SEC23B, SEC23 homolog B; SQSTM1, sequestosome 1; LAMP2, lysosome-associated membrane protein; FRS3, fibroblast growth factor receptor substrate 3; GFI1B, growth

factor independence 1B; GNAI3, G protein subunit alpha I3; LETM2, leucine zipper and EF-hand containing transmembrane protein 2; RASD1, ras-related dexamethasone-induced 1;
UVRAG, UV radiation resistance-associated; BECN2, beclin-2; SNP, single-nucleotide polymorphism.
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3.3.2. M. leprae-Stimulated Human Monocytic Cell Line THP-1

Studies [5,23] also analyzed in vitro differentiated macrophages from human mono-
cytic cell line THP-1 (Table 4). While study [5] demonstrated that dead but not viable
M. leprae induced xenophagy in THP-1 cells, but not in a multiplicity of infection (MOI)-
dependent manner, in study [23], high autophagic process-related gene expression (RPTOR,
ULK2, ATG16L2, ATG10, ATG7, FKBP15, GPSM1, GPSM2, SEC23B, SQSTM1 and LAMP2)
was observed in the presence of IFN-y, as well as high IL-15 secretion.

3.3.3. Monocyte-Derived Macrophages from Healthy Donors upon Stimulation with
M. leprae

In Table 4, studies [19,24-26] analyzed in vitro cells from healthy donors stimulated
with live or heat-killed M. leprae. Using M. leprae Thai-53 or T-58 strains, as well as strains
from T-lep or L-lep patients, it was observed that regardless of the patients’ clinical form,
killed M. leprae induces xenophagy with the production of proinflammatory IL-1f, IL-
6, IL-12, and TNF-«, in addition to high immunity-related GTPaseM (IRGM) and IL-12
expression. On the other hand, live M. leprae initially induces xenophagy, primed anti-
inflammatory T cell responses via high IL-10 production, in addition to decreasing IRGM,
MHC-II, and caspases 3 and 9 expression, which blocked xenophagy and apoptosis.

4. Discussion

Leprosy reactions are the most common source of persistent neuropathy, deformity
and disability induced by M. leprae infection. They are characterized by an inflammatory
immune response to degraded components of the bacillus that mostly appear with treat-
ment [27]. Therefore, the identification of biomarkers that can predict the T1IR or T2R
development in individuals with leprosy is extremely important, contributing to better de-
cisions on treatment strategies and control of irreversible complications [28]. As xenophagy
is widely related to the immune response and intracellular pathogen elimination, under-
standing its relationship with type 1 and type 2 leprosy reactions presents advances in the
search for markers for a better prognosis and sequelae prevention.

When multibacillary (MB) patients were followed up for 24 months and classified ac-
cording to the occurrence or not of reversal reaction (T1R), it was observed that MB patients
who developed reversal reactional episodes in the future presented xenophagy blockade
and increased inflammasome activation. The xenophagy impairment in the T1R group
was associated with an increased expression of the NLR family pyrin domain containing
3 (NLRP3), caspase-1 (p10), and IL-13 production, with IL-1 secretion already being ob-
served at a diagnosis time point, 2-20 months before the reactional episode occurrence [20].
The same results previously observed with another mycobacteria, Mycobacterium tubercu-
losis (MTB), showed that blocking xenophagy inhibited tumor necrosis factor-« (TNF-o)
while enhancing IL-1f production in peripheral blood mononuclear cells stimulated with
MTB [29].

The investigation into the processes involved in autophagy/xenophagy and cell death
mechanisms, including apoptosis, necroptosis, and pyroptosis, in the cutaneous lesions
of patients with leprosy, and the possible relationship of these mechanisms with leprosy
and its clinical progression showed that M. leprae can adapt and modulate immune evasion
strategies, facilitating its proliferation and reducing immunological surveillance [22]. The
results indicated that apoptotic and necrotic marker (FasL, Casp8, RIP1, RIP3, MLKL, BAX,
and Casp3) expressions were higher in the lepromatous (LL) than in the tuberculoid (TT)
and indeterminate (II) forms. On the other hand, when the xenophagy marker Beclin-1 was
analyzed, protein expression was found to be increased in the TT but decreased in the LL
form [30]. Suggesting that in severe forms of the disease, the action of cytokines that strongly
inhibit macrophage activity, such as IL-10, inhibit the formation of autophagolysosomes,
corroborating the results obtained in T1R patients in which impaired xenophagy is directly
related to inflammasome activation.
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When analyzing the treatment of macrophages with live or killed M. leprae stimuli,
a difference in xenophagy induction was observed. While killed M. leprae preferentially
induced proinflammatory cytokines, live M. leprae resulted in anti-inflammatory T cell
responses, characterized by high IL-10 production, which suppressed xenophagy in a nega-
tive feedback loop and allowed the persistence of M. leprae [19]. In a second study using
live or killed M. leprae strains isolated from tuberculoid leprosy (T-lep) and lepromatous
leprosy (L-lep) patients, the authors found that live M. leprae (regardless of the patient’s
clinical form) promotes M2 macrophage differentiation. This skewing was associated
with a downregulated IRGM expression, an organizer of the core xenophagy machinery,
and reduced autophagosome formation, with lower caspase 3 and caspase 9 activity [26].
Studies showed that IRGM polymorphism was associated with the increased susceptibility
to leprosy by affecting inflammatory cytokines, with T-lep patients showing the highest
expression, whereas L-lep had the lowest expression of IRGM [24,25]. Moreover, live
M. leprae-infected macrophages prevented efficient phagocytosis, suppressed inflammation,
and inhibited xenophagy and apoptosis [26].

Although live M. leprae isolated from T-lep or L-lep patients are able to downregulate
the autophagic machinery, when analyzing the autophagic mechanisms in these two groups
(T-lep and L-lep), large differences are observed that must be much more related to the
cytokines produced and M1-M2 macrophage polarization. For example, levels of IFN-y
are significantly raised in paucibacillary T-lep when compared with multibacillary L-lep pa-
tients. IFN-y primes macrophages for inflammatory activation and induces the xenophagy
antimicrobial mechanism. LC3-positive autophagosomes and autophagic gene expression
were predominantly observed in T-lep when compared with L-lep lesions and skin-derived
macrophages. In L-lep skin lesion cells, high expression of BCL2 (a hindrance to autophagy)
was observed together with an inhibition of the autophagic flux. Furthermore, an upregu-
lation of autophagic genes (TPR, GFI1B and GNAI3) as well as LC3 levels was observed
in cells of L-lep patients that developed RT1 episodes, an acute inflammatory condition
associated with increased IFN-y levels [5]. This supports previous studies which found
that the xenophagy inhibiting IL-10 cytokine is predominant in multibacillary leprosy (MB)
compared to high levels of IL-26, IFN-y, and TNF-« (xenophagy-inducing cytokines) found
during paucibacillary tuberculoid leprosy (PB) [31,32].

The ability of activated human macrophages to eliminate intracellular mycobacteria
involves the induction of both vitamin D-dependent and -independent antimicrobial re-
sponses [33]. Activation of the vitamin D pathway leads to the induction of xenophagy
and antimicrobial peptides such as cathelicidin and 3-defensin 2, culminating in the bac-
teria elimination [34]. T-lep lesions are characterized by the expression of antimicrobial
genes and the presence of cells undergoing xenophagy [34]. In contrast, in L-lep lesions
M. leprae induces type I interferons and subsequently IL-10, which results in IFN-y and
vitamin D-dependent antimicrobial responses in macrophage inhibition, contributing to
bacterial persistence [34]. This corroborates the findings of previous studies that IFN-y
plays a central role in activating the autophagic pathway, especially in tuberculoid leprosy,
leading to a more self-limited form.

Despite the fact that a previous study shows that multibacillary (MB) patients who
develop T1R during treatment exhibit an xenophagy blockade in skin cells, which results in
increased inflammasome activation [21], more recent results from the same research group
show that MB patients who progress to T1R had increased levels of IL-15 even before the
beginning of the reaction, leading them to hypothesize that IL-15 binds to the IL-15R on
CD4+ T cells and contributes to IFN-y production. Once established, IL-15 production is
reduced and IFN-y acts on host cells by inducing xenophagy [23].

Regarding the type 2 reaction (T2R), we were unable to find publications in our search
relating to xenophagy and erythema nodosum leprosum (ENL). Study using qPCR to
screen a panel of 90 genes related to the immune response in leprosy in RNA-derived
peripheral leukocytes of patients with (n = 94) and without leprosy reactions (n = 57)
observed that there is a marked signature for type 1 (reversal reactions) in the blood,
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comprising genes mostly related to the innate immune responses, including type I IFN
components, autophagy /xenophagy, and Parkin and Toll like receptors. On the other hand,
only Parkin was differentially expressed in the T2R (ENL) group [35].

In order to enhance its persistence within the host and evade the immune response, M.
leprae promotes the polarization of macrophages toward an M2 phenotype, leading to the
inhibition of xenophagy [8]. This phenomenon is particularly characteristic of patients with
multibacillary (MB) forms of leprosy, where there is a reduced control over bacillary repli-
cation. However, for patients who develop T1R, the data remain uncertain and appear to
be more closely associated with the cytokine profile, macrophage polarization, and CD4+ T
cell responses than with bacillary death. These findings suggest that xenophagy plays a role
in the development of the less severe forms of leprosy and leprosy reactions. Nonetheless,
further studies are required to establish a clearer understanding of the relationship between
the autophagic process and type 1 leprosy reactions. As for the occurrence of T2R (ENL),
our search did not yield any data regarding its association with the autophagic process.

5. Conclusions and Future Perspectives

Our search results showed a dichotomy in the development of type 1 leprosy reactions
and their relationship with xenophagy, with some data showing that MB patients who
developed reversal reactional episodes in the future presented xenophagy blockade and
increased inflammasome activation, with IL-1§ secretion 2-20 months before the reactional
episode occurrence. More recent data, noteworthy from the same research group, show
that MB patients who progress to T1R had increased levels of IL-15 even before the reaction
began, suggesting that IL-15 binds to the IL-15R on CD4+ T cells and contributes to IFN-y
production and induces xenophagy. As the other data presented suggest a better prognosis
in patients where the xenophagy system is activated, would patients with stronger IL-15
production have a better outcome from T1R than those who previously produce IL-13?

Our study demonstrated that although there are good publications on the type 1 reac-
tion, they remain few and diverse. New studies on the relationship between xenophagy and
leprosy reactions are necessary, especially when considering the type 2 reaction (erythema
nodosum leprosum).

Author Contributions: Conceived the study idea and design: Pd.A.S., FO.S., M.S.d.S.F. and D.D.N.C.
Performed the search in database: M.S.d.S.F. and D.D.N.C. Conducted data extraction: P.d.A.S.,
M.S.dSE, DD.N.C, ALS.P, AE.C.d.C. and TJ.d.S. Methodological quality analysis: M.S.d.S.F.
Wrote the manuscript with review, editing, and final approval from all authors: P.d.A.S., FO.S.,
M.S.d.S.F. and D.D.N.C. Performed the graphical abstract: A.L.S.P,, A.E.C.d.C. and T.J.d.S. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding for its realization.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All data from the articles used in this systematic review are available in
the references.

Acknowledgments: We thank all authors for their fundamental contribution to the preparation of
this study. We appreciate the support of FACEPE and CNPq.

Conflicts of Interest: The authors declare no conflict of interest.

1. Mungroo, M.R; Khan, N.A; Siddiqui, R. Mycobacterium leprae: Pathogenesis, diagnosis, and treatment options. Microb. Pathog.
2020, 149, 104475. [CrossRef] [PubMed]

2. Mi, Z; Liu, H,; Zhang, F. Advances in the Inmunology and Genetics of Leprosy. Front. Immunol. 2020, 11, 567. [CrossRef]

3. Abebe, G.; Bonsa, W.K.Z. Treatment Outcomes and Associated Factors in Tuberculosis Patients at Jimma University Medical
Center: A 5-Year Retrospective Study Gemeda. Int. J. Mycobacteriology 2017, 6, 239-245. [CrossRef]


https://doi.org/10.1016/j.micpath.2020.104475
https://www.ncbi.nlm.nih.gov/pubmed/32931893
https://doi.org/10.3389/fimmu.2020.00567
https://doi.org/10.4103/ijmy.ijmy_177_18

Pathogens 2023, 12, 1455 13 of 14

10.
11.

12.

13.
14.

15.
16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Ridley, D.S.; Jopling, W.H. Classification of leprosy according to immunity. A five-group system. Int. J. Lepr. Other Mycobact. Dis.
1966, 34, 255-273. [PubMed]

Silva, B.J.d.A.; Barbosa, M.G.d.M.; Andrade, P.R,; Ferreira, H.; Nery, ].A.d.C.; Corte-Real, S.; da Silva, G.M.S.; Rosa, P.S.; Fabri, M.;
Sarno, E.N.; et al. Autophagy Is an Innate Mechanism Associated with Leprosy Polarization. PLoS Pathog. 2017, 13, 1006103.
[CrossRef] [PubMed]

Pinheiro, R.O.; de Souza Salles, ].; Sarno, E.N.; Sampaio, E.P. Mycobacterium leprae—Host-cell interactions and genetic determinants
in leprosy: An overview. Future Microbiol. 2011, 6, 217-230. [CrossRef] [PubMed]

Eichelmann, K.; Gonzalez, S.E.G.; Salas-Alanis, ].C.; Ocampo-Candiani, J. Leprosy. An Update: Definition, Pathogenesis,
Classification, Diagnosis, and Treatment. Actas Dermo-Sifiliogrdficas (Engl. Ed.) 2013, 104, 554-563. [CrossRef]

Hooij, A.; Geluk, A. In search of biomarkers for leprosy by unraveling the host immune response to Mycobacterium leprae. Immunol.
Rev. 2021, 301, 175-192. [CrossRef]

White, C.; Franco-Paredes, C. Leprosy in the 21st Century. Clin. Microbiol. Rev. 2015, 28, 80-94. [CrossRef]

Froes, L.A.R; Trindade, M.A.B.; Sotto, M.N. Immunology of leprosy. Int. Rev. Immunol. 2022, 41, 72-83. [CrossRef]

Deretic, V.; Saitoh, T.; Akira, S. Autophagy in infection, inflammation and immunity. Nat. Rev. Immunol. 2013, 13, 722-737.
[CrossRef] [PubMed]

Yuk, J.M.; Yoshimori, T.; Jo, EXK. Autophagy and bacterial infectious diseases. Exp. Mol. Med. 2012, 44, 99-108. [CrossRef]
[PubMed]

Mizushima, N.; Levine, B. Autophagy in Human Diseases. N. Engl. |. Med. 2020, 383, 1564-1576. [CrossRef] [PubMed]

Zheng, L.; Wei, F; Li, G. The crosstalk between bacteria and host autophagy: Host defense or bacteria offense. J. Microbiol. 2022,
60, 451-460. [CrossRef] [PubMed]

Guo, HJ.; Rahimi, N.; Tadi, P. Biochemistry, Ubiquitination; StatPearls: Treasure Island, FL, USA, 2023.

Hu, W.; Chan, H,; Lu, L.; Wong, K.T.; Wong, S.H.; Li, M.X,; Xiao, Z.G.; Cho, C.H.; Gin, T.; Chan, M.T.V,; et al. Autophagy in
intracellular bacterial infection. Semin. Cell Dev. Biol. 2020, 101, 41-50. [CrossRef] [PubMed]

Tanida, I.; Ueno, T.; Kominami, E. LC3 and Autophagy. Methods Mol. Biol. 2008, 445, 77-88. [CrossRef] [PubMed]

Pinheiro, R.O.; Schmitz, V,; Silva, B.J.d.A.; Dias, A.A.; de Souza, B.].; Barbosa, M.G.d.M.; Esquenazi, D.d.A.; Pessolani, M.C.V,;
Sarno, E.N. Innate Immune Responses in Leprosy. Front. Immunol. 2018, 9, 518. [CrossRef]

Ma, Y.; Zhang, L.; Lu, ].; Shui, T.; Chen, J.; Yang, J.; Yuan, J.; Liu, Y.; Yang, D.; Chen, D.; et al. A negative feedback loop between
autophagy and immune responses in Mycobacterium leprae infection. DNA Cell Biol. 2017, 36, 1-9. [CrossRef]

Higgins, ].P.T.; Green, S. (Eds.) Cochrane Handbook for Systematic Reviews of Interventions; Wiley: Hoboken, NJ, USA, 2008; p. S38.
[CrossRef]

Barbosa, M.G.d.M.; Silva, B.J.d.A.; Assis, T.Q.; Prata, R.B.d.S.; Ferreira, H.; Andrade, P.R.; Oliveira, ].A.d.P.d.; da Silva, G.M.S.;
Nery, ].A.d.C.; Sarno, E.N.; et al. Autophagy Impairment Is Associated With Increased Inflammasome Activation and Reversal
Reaction Development in Multibacillary Leprosy. Front. Immunol. 2018, 9, 1223. [CrossRef]

de Sousa, ].R.; Falcao, L.EM.; Virgolino, G.L.; Cruz, M.ES,; Teixeira, V.E; Aarao, T.L.d.S.; Furlaneto, I.P; Carneiro, ER.O.; Amin,
G.; Fuzii, H.T,; et al. Different cell death mechanisms are involved in leprosy pathogenesis. Microb. Pathog. 2022, 166, 105511.
[CrossRef]

Silva, B.J.d.A.; Bittencourt, T.L.; Leal-Calvo, T.; Mendes, M.A.; Prata, R.B.d.S.; Barbosa, M.G.d.M.; Andrade, P.R.; Corte-Real, S.;
da Silva, G.M.S.; Moraes, M.O; et al. Autophagy-associated IL-15 production is involved in the pathogenesis of leprosy type 1
reaction. Cells 2021, 10, 2215. [CrossRef] [PubMed]

Yang, D.; Chen, ].; Shi, C,; Jing, Z.; Song, N. Autophagy Gene Polymorphism is Associated with Susceptibility to Leprosy by
Affecting Inflammatory Cytokines. Inflammation 2014, 37, 593-598. [CrossRef] [PubMed]

Yang, D.; Chen, J.; Zhang, L.; Cha, Z.; Han, S.; Shi, W.; Ding, R.; Ma, L.; Xiao, H.; Shi, C.; et al. Mycobacterium leprae Upregulates
IRGM Expression in Monocytes and Monocyte-Derived Macrophages. Inflammation 2014, 37, 1028-1034. [CrossRef]

Ma, Y,; Pei, Q.; Zhang, L.; Lu, J.; Shui, T.; Chen, J.; Shi, C.; Yang, J.; Smith, M.; Liu, Y.; et al. Live Mycobacterium leprae inhibits
autophagy and apoptosis of infected macrophages and prevents engulfment of host cell by phagocytes. Am. |. Transl. Res. 2018,
10, 2929-2939. [PubMed]

Sugawara-Mikami, M.; Tanigawa, K.; Kawashima, A.; Kiriya, M.; Nakamura, Y.; Fujiwara, Y.; Suzuki, K. Pathogenicity and
virulence of Mycobacterium leprae. Virulence 2022, 13, 1985-2011. [CrossRef]

Luo, Y;; Kiriya, M.; Tanigawa, K.; Kawashima, A.; Nakamura, Y.; Ishii, N.; Suzuki, K. Host-Related Laboratory Parameters for
Leprosy Reactions. Front. Med. 2021, 8, 694376. [CrossRef]

Kleinnijenhuis, J.; Oosting, M.; Plantinga, T.S.; van der Meer, ].W.; Joosten, L.A.; Crevel, R.V,; Netea, M.G. Autophagy modulates
the Mycobacterium tuberculosis-induced cytokine response. Immunology 2011, 134, 341-348. [CrossRef]

de Sousa, J.R;; Neto, ED.L.; Sotto, M.N.; Quaresma, J.A.S. Immunohistochemical characterization of the M4 macrophage
population in leprosy skin lesions. BMC Infect. Dis. 2018, 18, 576. [CrossRef]

Strong, E.J.; Lee, S. Targeting Autophagy as a Strategy for Developing New Vaccines and Host-Directed Therapeutics Against
Mycobacteria. Front. Microbiol. 2021, 11, 614313. [CrossRef]

Dang, A.T.; Teles, RM.; Weiss, D.I.; Parvatiyar, K.; Sarno, E.N.; Ochoa, M.T.; Cheng, G.; Gilliet, M.; Bloom, B.R.; Modlin, R.L. IL-26
contributes to host defense against intracellular bacteria. J. Clin. Investig. 2019, 129, 1926-1939. [CrossRef]


https://www.ncbi.nlm.nih.gov/pubmed/5950347
https://doi.org/10.1371/journal.ppat.1006103
https://www.ncbi.nlm.nih.gov/pubmed/28056107
https://doi.org/10.2217/fmb.10.173
https://www.ncbi.nlm.nih.gov/pubmed/21366421
https://doi.org/10.1016/j.adengl.2012.03.028
https://doi.org/10.1111/imr.12966
https://doi.org/10.1128/CMR.00079-13
https://doi.org/10.1080/08830185.2020.1851370
https://doi.org/10.1038/nri3532
https://www.ncbi.nlm.nih.gov/pubmed/24064518
https://doi.org/10.3858/emm.2012.44.2.032
https://www.ncbi.nlm.nih.gov/pubmed/22257885
https://doi.org/10.1056/NEJMra2022774
https://www.ncbi.nlm.nih.gov/pubmed/33053285
https://doi.org/10.1007/s12275-022-2009-z
https://www.ncbi.nlm.nih.gov/pubmed/35486304
https://doi.org/10.1016/j.semcdb.2019.07.014
https://www.ncbi.nlm.nih.gov/pubmed/31408699
https://doi.org/10.1007/978-1-59745-157-4_4
https://www.ncbi.nlm.nih.gov/pubmed/18425443
https://doi.org/10.3389/fimmu.2018.00518
https://doi.org/10.1089/dna.2016.3446
https://doi.org/10.1002/9781119536604
https://doi.org/10.3389/fimmu.2018.01223
https://doi.org/10.1016/j.micpath.2022.105511
https://doi.org/10.3390/cells10092215
https://www.ncbi.nlm.nih.gov/pubmed/34571865
https://doi.org/10.1007/s10753-013-9773-1
https://www.ncbi.nlm.nih.gov/pubmed/24264476
https://doi.org/10.1007/s10753-014-9825-1
https://www.ncbi.nlm.nih.gov/pubmed/30323879
https://doi.org/10.1080/21505594.2022.2141987
https://doi.org/10.3389/fmed.2021.694376
https://doi.org/10.1111/j.1365-2567.2011.03494.x
https://doi.org/10.1186/s12879-018-3478-x
https://doi.org/10.3389/fmicb.2020.614313
https://doi.org/10.1172/JCI99550

Pathogens 2023, 12, 1455 14 of 14

33. Andrade, PR;; Mehta, M,; Lu, J.; Teles, RM.B.; Montoya, D.; Scumpia, P.O.; Sarno, E.N.; Ochoa, M.T.; Ma, E; Pellegrini, M.; et al.
The cell fate regulator NUPR1 is induced by Mycobacterium leprae via type I interferon in human leprosy. PLoS Negl. Trop. Dis.
2019, 13, e0007589. [CrossRef] [PubMed]

34. Montoya, D.; Cruz, D,; Teles, RM.; Lee, D.J.; Ochoa, M.T.; Krutzik, S.R.; Chun, R.; Schenk, M.; Zhang, X.; Ferguson, B.G.; et al.
Divergence of Macrophage Phagocytic and Antimicrobial Programs in Leprosy. Cell Host Microbe 2009, 6, 343-353. [CrossRef]
[PubMed]

35. Régo, J.L.; Santana, N.d.L.; Machado, PR.L.; Ribeiro-Alves, M.; de Toledo-Pinto, T.G.; Castellucci, L.C.; Moraes, M.O. Whole
blood profiling of leprosy type 1(reversal) reactions highlights prominence of innate immune response genes. BMC Infect. Dis.
2018, 18, 422. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1371/journal.pntd.0007589
https://www.ncbi.nlm.nih.gov/pubmed/31344041
https://doi.org/10.1016/j.chom.2009.09.002
https://www.ncbi.nlm.nih.gov/pubmed/19837374
https://doi.org/10.1186/s12879-018-3348-6
https://www.ncbi.nlm.nih.gov/pubmed/30143000

	Introduction 
	Methods 
	Study Selection and Eligibility Criteria 
	Information Sources and Literature Search Strategies 
	Selection and Data Collection 
	Data Items 
	Risk of Bias Assessment 

	Results 
	Search Results 
	Study Characteristics 
	Characteristics of the Studies Included in Humans 
	In Vitro Studies 

	Xenophagy Parameters in Leprosy Patients 
	Skin Lesion from Leprosy Patients 
	M. leprae-Stimulated Human Monocytic Cell Line THP-1 
	Monocyte-Derived Macrophages from Healthy Donors upon Stimulation with M. leprae 


	Discussion 
	Conclusions and Future Perspectives 
	References

