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Leprosy is a chronic infectious disease, caused by Mycobacterium leprae, that can lead

to severe life-long disabilities. The transmission of M. leprae is continuously ongoing as

witnessed by the stable new case detection rate. The majority of exposed individuals

does, however, not develop leprosy and is protected from infection by innate immune

mechanisms. In this study the relation between innate immune markers and M. leprae

infection as well as the occurrence of leprosy was studied in household contacts (HCs) of

leprosy patients with high bacillary loads. Serum proteins associated with innate immunity

(ApoA1, CCL4, CRP, IL-1Ra, IL-6, IP-10, and S100A12) were determined by lateral flow

assays (LFAs) in conjunction with the presence of M. leprae DNA in nasal swabs (NS)

and/or slit-skin smears (SSS). The HCs displayed ApoA1 and S100A12 levels similar

to paucibacillary patients and could be differentiated from endemic controls based on

the levels of these markers. In the 31 households included the number (percentage) of

HCs that were concomitantly diagnosed with leprosy, or tested positive for M. leprae

DNA in NS and SSS, was not equally divided. Specifically, households where M. leprae

infection and leprosy disease was not observed amongst members of the household

were characterized by higher S100A12 and lower CCL4 levels in whole blood assays

of HCs in response to M. leprae. Lateral flow assays provide a convenient diagnostic

tool to quantitatively measure markers of the innate immune response and thereby

detect individuals which are likely infected with M. leprae and at risk of developing

disease or transmitting bacteria. Low complexity diagnostic tests measuring innate

immunity markers can therefore be applied to help identify who should be targeted for

prophylactic treatment.
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INTRODUCTION

Leprosy is a debilitating disease that is one of the leading causes of long-term nerve damage
worldwide (1). Multidrug therapy (MDT) effectively kills Mycobacterium leprae, the causative
agent of leprosy, providing an effective cure when treatment is initiated timely (2, 3). To achieve
elimination of leprosy, however, it is vital to not only treat adequately and timely but also to prevent
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FIGURE 1 | Percentage of M. leprae DNA positive nasal swabs/slit-skin smears and occurrence of leprosy in contacts per household. (A) Table indicates the number

of household contacts per index case, the percentage of contacts that were diagnosed with leprosy during contact screening (%DevLep) and the percentage of

contacts with M. leprae DNA detected in nasal swabs (%NS+) and slit-skin smears (%SSS+). The characteristics of the index case of each household (HH) are also

indicated in this table. RLEP+ indicates whether M. leprae DNA was detected in the NS or SSS of the index case, the corresponding Ct values are indicative of the

amount of M. leprae bacilli in NS and SSS. A low Ct value corresponds to high amounts of bacteria. BI, bacteriological index; NA, Not applicable. (B) On the x-axis the

(Continued)
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FIGURE 1 | percentage range of household contacts (HCs) diagnosed with leprosy during contact screening (DevLep; dark red bars), that were M. leprae DNA

positive in nasal swabs (NS+; yellow bars) or slit-skin smears (SSS+; orange bars) is indicated. The y-axis depicts the number of households for the percentage range

indicated on the x-axis. The number of households within each percentage range was determined using the data table from (A).

levels significantly differed in both MB and PB patients. In HCs,
however, the levels of S100A12 were comparable to those in (MB
and PB) patients with similar AUCs (ranging from 0.85 to 0.91;
Figure 2B). Interestingly, the difference in ApoA1 levels between
EC was more profound for HC (AUC:0.81; p < 0.0001) than
for PB (AUC:0.76; p = 0.0039) or MB patients (AUC: 0.7; p
= 0.0126). As described for other cohorts previously (18), MB
patients can be discriminated from HCs based on αPGL-I IgM
(p < 0.0001) and CRP (p = 0.0024), but these markers cannot
differentiate PB patients from HCs with similar rates ofM. leprae
DNA presence in NS and SSS (25). These data thus indicate that
PB patients and HCs respond similarly toM. leprae.

S100A12 and CCL4 Response Is
Associated With the Occurrence of
Leprosy in Households
The relationship between disease and infection/colonization
status in households was examined into more detail by
determining the correlation between the immune markers
and the percentage of HCs with detectable M. leprae DNA
in NS (%NS) and SSS (%SSS) or diagnosed with leprosy
(%DevLep) (Figure 3A). A highly significant (p < 0.0001)
positive correlation was identified for the %DevLep with
CCL4WCS and a negative correlation for %SSS with S100A12Med

and S100A12WCS (Supplementary Table 1). For a subset of
individuals qPCR Ct values were available indicative of the
quantity of M. leprae DNA in NS (n = 105) or SSS (n =

71). These Ct values showed an inverse correlation with αPGL-
I IgM antibodies in this cohort, indicating a strong positive
correlation between the amount of M. leprae and the PGL-I
antibody titer (25). For IL-1RaMed/IL-1RaWCS and inversely for
CRP, a significant correlation was observed with the Ct values for
both NS and SSS as well (Supplementary Table 1).

A cross-sectional analysis was performed to compare
households in which HCs developed leprosy to households where
this was not observed. The same analysis was performed for
households where M. leprae DNA was present in NS or SSS
of HCs. In households where M. leprae DNA was detected in
NS significantly lower levels of S100A12Med (p < 0.0001) and
S100A12WCS (p = 0.0005) and higher levels of IL-1RaWCS were
observed (Figure 3B). S100A12 levels were also significantly
lower in households where M. leprae DNA was detected in
SSS (Figure 3C; p < 0.0001). CCL4 levels were higher in these
households, especially in response toM. lepraeWCS (p< 0.0001).
Higher levels of CCL4WCS were also observed in the households
where HCs of the primary index case were diagnosed with leprosy
upon first physical investigation at intake (p = 0.0002) as well as
increased levels of CRP (p= 0.025; Figure 3D).

The levels of CCL4 and S100A12 showed a significant result
in both the correlation and cross-sectional analysis, indicating

an association of these markers with leprosy and/or M. leprae
infection among HCs.

M. leprae Colonization in HCs Correlates
With Physical Distance to the Index Case
To examine the influence of the characteristics of the index
case (all MB patients with high bacillary loads) on the
development of leprosy and M. leprae colonization (NS) or
infection (SSS) in HCs, a correlation and cross-sectional analysis
was performed (Supplementary Figure 3). Cross-sectionally,
higher S100A12Med levels were observed in index cases without
detectable M. leprae DNA in NS of their HCs (p = 0.035). No
other significant differences were observed in index cases for the
other markers nor in the amount of bacteria in SSS or NS. Thus,
characteristics of the index case in this cohort have little influence
on the observed differences between the households (Figure 1).

The influence of genetic relationship and physical distance of
HCs to the index case was also examined. HCs were stratified
by genetic distance against the percentage of leprosy and M.
leprae DNA presence in NS and SSS in these groups (Figure 4).
Development of leprosy was most frequently observed in spouses
(37%), followed by siblings (23%) and siblings in law (17%)
(Figure 4A). Spouses also showed the highest frequency of M.
leprae presence in NS and/or SSS (58%), followed by children
(42%), and parents (41%) (Figure 4B). Spouses, children, and
parents live in the closest proximity of patients (Figure 4C;
living under the same roof or sharing a kitchen) and thus
have the highest level of exposure. Physical distance indeed
correlated significantly (p = 0.003; R2 = 0.8) with the %NSPos
(colonization), though this was not observed for the development
of leprosy in HCs (p= 0.07; R2 = 0.44).

The levels of the innate immune markers were also stratified
by genetic distance. Based on the median levels of the assessed
markers, the HC groups that were diagnosed with leprosy
clustered apart from the HC groups that did not show
symptoms of disease (Figure 5). Across the groups with different
genetic distance to the index case, similar innate immune
mechanisms seem to play a role in the development of leprosy
in HCs. Additionally, the index case group clustered apart
from all HC groups rendering the assessed markers useful for
leprosy diagnostics.

DISCUSSION

To examine the link between innate immunity and M. leprae
colonization/infection in HCs, immune markers were assessed
in 24 h M. leprae antigen-stimulated WBAs by UCP-LFAs. Even
though all HCs were exposed to comparable levels of M. leprae,
as all 31 index cases were MB patients with BI ≥2, there was
a difference in the percentage of M. leprae DNA presence in
NS/SSS and the occurrence of leprosy cases between households.
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FIGURE 2 | Differentiation of leprosy patients and household contacts (HC) from endemic controls (EC) by immune markers. Whole blood without stimulus (Med) or

stimulated with M. leprae whole cell sonicate (WCS) was frozen after 24 h. Levels of 8 proteins (αPGL-I IgM, S100A12, ApoA1, CCL4, IP-10, IL-6, IL-1Ra, and CRP)

were assessed by up-converting phosphor lateral flow assays (UCP-LFAs) in these whole blood assay supernatants for 31 households of index cases with

multibacillary (MB) leprosy (bacteriological index ≥2). (A) UCP-LFA ratio values were calculated by dividing the peak area of the test line (T) by the peak area of the flow

control line (FC; y-axis). As ratio values are marker dependent the y-axis scale differs per marker. The levels of MB (orange circles) and paucibacillary (PB; blue circles)

patients, household contacts (HC; green circles) and endemic controls (EC; gray circles) were compared using the Kruskal-Wallis test with Dunn’s correction for

(Continued)
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FIGURE 2 | multiple testing. The data of CCL4, IP-10, IL-6, and IL-1Ra were not shown as no significant differences were observed in the levels of these proteins

between groups. P-values: *p ≤ 0.05, **p ≤ 0.01, ****p ≤ 0.0001. (B) Receiver operating characteristic (ROC) curves were computed comparing the levels of αPGL-I

IgM, CRP, S100A12, ApoA1 in multibacillary (MB) /paucibacillary (PB) patients and HC to EC. These levels were determined by up-converting phosphor lateral flow

assays in supernatant of 24 h M. leprae antigen-stimulated whole blood assays (WBA; medium = Med, M. leprae whole cell sonicate = WCS). A summary of the

areas under the curve (AUC) for MB (orange), PB (blue) and HC (green) is depicted in the spider plot showing the markers in which significant differences were

observed (lower right panel).

FIGURE 3 | Correlation of leprosy disease and M. leprae infection/colonization status in households with innate immune markers. (A) Whole blood without stimulus

(Med) or stimulated with M. leprae whole cell sonicate (WCS) was frozen after 24 h. Levels of 8 proteins (αPGL-I IgM, S100A12, ApoA1, CCL4, IP-10, IL-6, IL-1Ra,

and CRP) were assessed by up-converting phosphor lateral flow assays (UCP-LFAs) in supernatants of WBA for 31 households of index cases with multibacillary (MB)

leprosy (bacterial index ≥2). The proportion of household contacts (HCs) diagnosed with leprosy upon first clinical examination (%DevLep) or with M. leprae DNA

presence in nasal swabs (%NS) or slit-skin smears (%SSS) was calculated per household. These percentages and the RLEP Ct values determined by qPCR in NS

and SSS were correlated with the levels of the assessed immune markers. The heatmap indicates the correlation coefficient (R), ranging from −1 (green) to 1 (orange)

as determined using GraphPad Prism. Significant correlations (p < 0.05) are indicated with an asterisk (*), highly significant (p < 0.0001) are indicated with a black

asterisk (*). (B) Significantly different (p < 0.05) levels of immune markers observed in HCs of M. leprae DNA positive (NSPos) and negative (NSNeg) households. Ratio

values (y-axis) represent the level of the assessed marker and were determined by dividing the signal of the test line (T) by the signal of the flow control (FC) line of the

up-converting phosphor lateral flow assays. (C) Significantly different (p < 0.05) levels of immune markers observed in HCs of M. leprae DNA positive (SSSPos) and

negative (SSSNeg) households. (D) Significantly different (p < 0.05) levels of immune markers between HCs living in households where leprosy was diagnosed among

contacts (DevLep) and in households where leprosy was not observed (NoLep).

Characteristics of the index case, such as the amount of M.
leprae bacilli in NS or the αPGL-I antibody titer, had little
influence on the development of leprosy nor on M. leprae
colonization/infection in other household members. Physical
distance of HCs to the index case was, however, significantly
correlated withM. leprae colonization, though not withM. leprae
infection or development of leprosy demonstrating the role of
innate immune responses to remove bacteria.

In this study, S100A12 was associated with a protective
response to M. leprae colonization/infection in HCs. As
previously demonstrated (19), S100A12 also remained a useful
marker to discriminate leprosy patients from EC. S100A12 has

a dual role inducing both proinflammatory and antimicrobial
effects by interacting with different receptors, such as RAGE
and TLR4 (28). RAGE expression is associated with disease
severity and levels of proinflammatory cytokines in active
tuberculosis (TB) (29). Contrary, RAGE is protective against the
development of pulmonary TB in mouse models (30) in line
with reduction of antimicrobial activity in human macrophages
upon TLR2/1 ligand activation by S100A12 knockdown (20).
S100A12 thus seems to protect exposed individuals from M.
leprae colonization and infection, but once infected, S100A12 can
contribute to maintain a detrimental, pro-inflammatory state in
leprosy patients.
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FIGURE 4 | Stratification of household contacts by genetic distance to the index case. Eight different groups were classified for genetic distance: spouse (M), child

(C), parent (P), sibling (B), other relative (O), brother/sister in law (BL), other relatives in law (OL), and not family related (N). (A) Percentage of individuals diagnosed with

leprosy upon first clinical examination (DevLep; orange) stratified by genetic distance and ranked by percentage. (B) Percentage of M. leprae DNA presence in nasal

swabs (NS; yellow), slit-skin smears (SSS; red) or both (NS + SSS; dark red) stratified by genetic distance. (C) Distribution of physical distance (Roof/kitchen = dark

blue, kitchen = blue, Neighbor = gray) to the index case stratified by genetic distance.
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FIGURE 5 | Contacts diagnosed with leprosy upon first clinical screening cluster together based on their immune response, irrespective of genetic distance. Whole

blood without stimulus (=Med) or stimulated with M. leprae whole cell sonicate (=WCS) was frozen after 24 h. Levels of 8 proteins (αPGL-I IgM, S100A12, ApoA1,

CCL4, IP-10, IL-6, IL-1Ra, and CRP) were assessed by up-converting phosphor lateral flow assays in supernatants of whole blood assays (WBA) for 31 households

of index cases with multibacillary (MB) leprosy (bacteriological index ≥2). The heatmap shows clustering based on average linkage performed by heatmapper (27) of

the median level of eight serum protein markers in contacts diagnosed with leprosy upon first clinical screening of the HCs (DevLep) and without leprosy (NoLep)

stratified by genetic distance; spouse (M), child (C); parent (P); sibling (B); other relative (O); brother/sister in law (BL); other relatives in law (OL) and not family related

(N). The z-score indicates the deviation from the average level of the marker across groups, higher Z-scores are indicated in yellow and lower Z-scores in blue. Red =

index case, yellow = contacts diagnosed with leprosy; green = household contacts without leprosy.

ApoA1 levels in HCs were similar to those in PB patients,
suggesting that ApoA1 plays a role in limiting bacterial growth.
This is in line with the finding that PB patients showed a similar
low rate of M. leprae DNA presence in NS and SSS as HCs
(25). Increased levels of ApoA1 have been observed in cells
exposed to activated complement, where ApoA1 inhibits the
formation of the membrane attack complex thereby contributing
to complement clearance (31). Decreased levels are associated
with destructive chronic inflammation, as ApoA1 exerts anti-
inflammatory effects (32). The effects of ApoA1 do, however,
not only rely on the protein level but also on the functionality,
oxidative modification can for instance transform ApoA1 to an
inflammatory agent (33). The role and functionality of ApoA1 in
leprosy thus remains to be further elucidated. The influence of
ApoA1 on lipid metabolism is of interest as dysfunctional high-
density lipoprotein (involved in cholesterol transport to the liver
of which the main protein is ApoA1) related to altered ApoA1

levels has been observed in MB patients (34). Moreover, it was
suggested thatM. leprae can directly affect ApoA1 biosynthesis.

Other markers in this study were associated with M. leprae
colonization (IL-1Ra), whereas CCL4 was associated with
infection and disease. These responses were most profound
upon stimulation with M. leprae WCS, reflecting the innate
immune response of these individuals to mycobacterial antigens.
Interestingly, in whole blood of BCG-vaccinated infants the
production of IL-1Ra and CCL4 was decreased upon stimulation
of several TLRs (35). This observed response can be a result of
BCG-induced trained innate immunity, which is immunological
memory of the innate immune response that leads to an
enhanced response to a subsequent trigger (36). Moreover,
in Systemic Lupus Erythematosus (SLE) a pathogenic three-
marker signature, including high levels of IL-1Ra and CCL4, was
identified in monocytes (37). The signature was associated with
the immune dysregulation in this autoimmune disease, in which
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flares occur similar to leprosy reactions (38). High levels of IL-
1Ra andCCL4 thus seem indicative of pathogenic innate immune
responses, corroborating earlier results on the identification of
IL-1Ra and CCL4 as biomarkers associated with a pathogenic
immune response toM. leprae (18, 19, 39).

One of the challenges of application of host immune markers
for diagnostics is the influence of co-morbidities or co-infections
on biomarker levels. Helminth infections dampen the Th1
response and increase the risk for MB leprosy (40, 41). A
biomarker study to examine the influence of helminth co-
infection in leprosy patients is currently ongoing. Moreover,
the influence on biomarker levels of co-morbidities, such as
diabetes mellitus which is known to increase the risk of active
TB (42), on the disease outcome should be further studied.
Another issue impeding straightforward implementation of
biomarkers is that inflammatory markers are not disease-specific.
For example, S100A12 has been described as biomarker for
rheumatoid arthritis (43), TB (44) as well as inflammatory bowel
disease (45). As the UCP-LFA allows quantitative measurement
of biomarkers it would be interesting to compare disease-
specific S100A12 levels for these conditions. Taking into account
the multiple factors that influence host immune responses,
a biomarker signature that combines several innate immune
markers is required to identify individuals at risk of developing
leprosy. This signature should also be evaluated in other
inflammatory conditions.

In conclusion: Frequent exposure of HCs to M. leprae results
in a continuously active innate immune response. This allows
differentiation of HCs from EC by user-friendly diagnostic tests
measuring specific serum protein levels. If the innate immune
response is sufficient, pathogens, and pathogen-infected cells
are being successfully removed. However, prolonged (intense)
activation can lead to an immune response directed against
the host (46). The resemblance of the innate immune response
of PB patients and HCs observed in this and previous studies
(19, 39) indicates that PB leprosy can be a result of an imbalance
in innate immunity. HCs that do not develop disease seem
to effectively clear the bacteria without overactivation of the
innate immune response. Elucidation of this delicate balance
in innate immune responses by quantitation of appropriate
biomarker signatures (47) can contribute to the identification
of individuals at risk of developing leprosy upon M. leprae
exposure. To gain more insight in this balance longitudinal
analysis is required, which is currently ongoing. Diagnostic
user-friendly rapid tests, as applied in this study, that allow
quantitative measurement of combinations of innate immune

markers represent useful tools to identify individuals that could
benefit from prophylactic treatment.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by the local ethical board in Bangladesh
(BMRC/NREC/2010-2013/1534). Written informed consent to
participate in this study was provided by the participants’ legal
guardian/next of kin.

AUTHOR CONTRIBUTIONS

AG, AH, and JR: designed research. AS, KA, and MK: enrolled
patients, performed, and registered clinical diagnosis. AH,MT-C,
EV, DJ, ET, and MK: performed experiments. PC and KA:
resources. AH, MT-C, and AG: analyzed the data. AH and AG:
wrote the paper. All authors: critically reviewed and agreed with
the manuscript.

FUNDING

This study was supported by an R2STOP Research grant
from Effect hope/The Leprosy Mission Canada, the Order
of Malta-Grants-for-Leprosy-Research (MALTALEP), the Q.M.
Gastmann-Wichers Foundation (to AG), and the Leprosy
Research Initiative (LRI) together with the Turing Foundation
(ILEP#: 703.15.07). The funders had no role in study design, data
collection and analysis, decision to publish, or preparation of
the manuscript.

ACKNOWLEDGMENTS

We thank all patients and control individuals for their
voluntary participation.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2020.01811/full#supplementary-material

REFERENCES

1. BreenDP, Deeb J, Vaidya S, LockwoodDN, Radunovic A. Leprosy: a ‘common’
and curable cause of peripheral neuropathy with skin lesions. J R Coll

Physicians Edinb. (2015) 45:38–42. doi: 10.4997/JRCPE.2015.109
2. World Health Organization. Global leprosy situation, 2010. Wkly Epidemiol

Rec. (2010) 85:337–48.
3. Lazo-Porras M, Prutsky GJ, Barrionuevo P, Tapia JC, Ugarte-Gil C, Ponce OJ,

et al. World Health Organization (WHO) antibiotic regimen against other

regimens for the treatment of leprosy: a systematic review and meta-analysis.
BMC Infect Dis. (2020) 20:62. doi: 10.1186/s12879-019-4665-0

4. Smith CS, Aerts A, Kita E, Virmond M. Time to define leprosy
elimination as zero leprosy transmission? Lancet Infect Dis. (2016) 16:398–9.
doi: 10.1016/S1473-3099(16)00087-6

5. World Health Organisation. Global leprosy update, 2018: moving towards a
leprosy-free world.Wkly Epidemiol Rec. (2019) 94(35/36):389–412.

6. Eichelmann K, Gonzalez Gonzalez SE, Salas-Alanis JC, Ocampo-
Candiani J. Leprosy. an update: definition, pathogenesis, classification,

Frontiers in Immunology | www.frontiersin.org 10 August 2020 | Volume 11 | Article 1811

https://www.frontiersin.org/articles/10.3389/fimmu.2020.01811/full#supplementary-material
https://doi.org/10.4997/JRCPE.2015.109
https://doi.org/10.1186/s12879-019-4665-0
https://doi.org/10.1016/S1473-3099(16)00087-6
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


van Hooij et al. Host Innate Immunity & M. leprae Presence

diagnosis, and treatment. Actas Dermosifiliogr. (2013) 104:554–63.
doi: 10.1016/j.adengl.2012.03.028

7. Roset Bahmanyar E, Smith WC, Brennan P, Cummings R, Duthie M,
Richardus JH, et al. Leprosy diagnostic test development as a prerequisite
towards elimination: requirements from the user’s perspective. PLoS Negl Trop
Dis. (2016) 10:e0004331. doi: 10.1371/journal.pntd.0004331

8. Smith WC, van Brakel W, Gillis T, Saunderson P, Richardus JH. The missing
millions: a threat to the elimination of leprosy. PLoS Negl Trop Dis. (2015)
9:e0003658. doi: 10.1371/journal.pntd.0003658

9. Bakker MI, Hatta M, Kwenang A, Van Mosseveld P, Faber WR, Klatser PR,
et al. Risk factors for developing leprosy–a population-based cohort study in
Indonesia. Lepr Rev. (2006) 77:48–61.

10. Goulart IM, Bernardes Souza DO, Marques CR, Pimenta VL, Goncalves MA,
Goulart LR. Risk and protective factors for leprosy development determined
by epidemiological surveillance of household contacts. Clin Vaccine Immunol.

(2008) 15:101–5. doi: 10.1128/CVI.00372-07
11. Sales AM, Ponce de Leon A, Duppre NC, Hacker MA, Nery JA,

Sarno EN, et al. Leprosy among patient contacts: a multilevel
study of risk factors. PLoS Negl Trop Dis. (2011) 5:e1013.
doi: 10.1371/annotation/fc90a4dd-99a7-4c48-9dee-0494a0180038

12. Joyce MP. Historic aspects of human susceptibility to leprosy and the risk of
conjugal transmission. Mem Inst Oswaldo Cruz. (2012) 107(Suppl. 1):17–21.
doi: 10.1590/S0074-02762012000900004

13. Sansonetti P, Lagrange PH. The immunology of leprosy: speculations on the
leprosy spectrum. Rev Infect Dis. (1981) 3:422–69. doi: 10.1093/clinids/3.3.422

14. Saini C, Ramesh V, Nath I. CD4+ Th17 cells discriminate clinical types and
constitute a third subset of non Th1, Non Th2T cells in human leprosy. PLoS
Negl Trop Dis. (2013) 7:e2338. doi: 10.1371/journal.pntd.0002338

15. Modlin RL. The innate immune response in leprosy. Curr Opin Immunol.

(2010) 22:48–54. doi: 10.1016/j.coi.2009.12.001
16. Montoya D, Modlin RL. Learning from leprosy: insight into the

human innate immune response. Adv Immunol. (2010) 105:1–24.
doi: 10.1016/S0065-2776(10)05001-7

17. Mattos KA, Oliveira VC, Berrêdo-Pinho M, Amaral JJ, Antunes LC, Melo
RC, et al. Mycobacterium leprae intracellular survival relies on cholesterol
accumulation in infected macrophages: a potential target for new drugs for
leprosy treatment. Cell Microbiol. (2014) 16:797–815. doi: 10.1111/cmi.12279

18. van Hooij A, Tjon Kon Fat EM, Batista da Silva M, Carvalho Bouth R,
Cunha Messias AC, Gobbo AR, et al. Evaluation of immunodiagnostic
tests for leprosy in Brazil, China and Ethiopia. Sci Rep. (2018) 8:17920.
doi: 10.1038/s41598-018-36323-1

19. vanHooij A, van den Eeden S, Richardus R, Tjon Kon Fat E,Wilson L, Franken
K, et al. Application of new host biomarker profiles in quantitative point-
of-care tests facilitates leprosy diagnosis in the field. EBioMedicine. (2019)
47:301–8. doi: 10.1016/j.ebiom.2019.08.009

20. Realegeno S, Kelly-Scumpia KM, Dang AT, Lu J, Teles R, Liu PT, et al.
S100A12 is part of the antimicrobial network against mycobacterium
leprae in human macrophages. PLoS Pathog. (2016) 12:e1005705.
doi: 10.1371/journal.ppat.1005705

21. Arango Duque G, Descoteaux A. Macrophage cytokines: involvement
in immunity and infectious diseases. Front Immunol. (2014) 5:491.
doi: 10.3389/fimmu.2014.00491

22. Iqbal AJ, Barrett TJ, Taylor L, McNeill E, Manmadhan A, Recio C, et
al. Acute exposure to apolipoprotein A1 inhibits macrophage chemotaxis
in vitro and monocyte recruitment in vivo. Elife. (2016) 5:e15190.
doi: 10.7554/eLife.15190.020

23. Peisajovich A, Marnell L, Mold C, Du Clos TW. C-reactive protein at
the interface between innate immunity and inflammation. Expert Rev Clin

Immunol. (2008) 4:379–90. doi: 10.1586/1744666X.4.3.379
24. Espinosa OA, Benevides Ferreira SM, Longhi Palacio FG, Cortela D,

Ignotti E. Accuracy of Enzyme-Linked Immunosorbent Assays (ELISAs) in
detecting antibodies against mycobacterium leprae in leprosy patients: a
systematic review and meta-analysis. Can J Infect Dis Med Microbiol. (2018)
2018:9828023. doi: 10.1155/2018/9828023

25. Tio-Coma M, Avanzi C, Verhard EM, Pierneef L, van Hooij A, Benjak A, et
al. Detection of newMycobacterium leprae subtype in Bangladesh by genomic
characterization to explore transmission patterns.medRxiv [Preprint]. (2020).
doi: 10.1101/2020.03.05.20031450

26. Moet FJ, Pahan D, Schuring RP, Oskam L, Richardus JH. Physical distance,
genetic relationship, age, and leprosy classification are independent risk
factors for leprosy in contacts of patients with leprosy. J Infect Dis. (2006)
193:346–53. doi: 10.1086/499278

27. Babicki S, Arndt D, Marcu A, Liang Y, Grant JR, Maciejewski A, et al.
Heatmapper: web-enabled heat mapping for all. Nucleic Acids Res. (2016)
44:W147–53. doi: 10.1093/nar/gkw419

28. Bagheri V. S100A12: friend or foe in pulmonary tuberculosis?Cytokine. (2017)
92:80–2. doi: 10.1016/j.cyto.2017.01.009

29. Lui G, Wong CK, Ip M, Chu YJ, Yung IM, Cheung CS, et al. HMGB1/RAGE
signaling and pro-inflammatory cytokine responses in non-HIV adults
with active pulmonary tuberculosis. PLoS ONE. (2016) 11:e0159132.
doi: 10.1371/journal.pone.0159132

30. van Zoelen MA, Wieland CW, van der Windt GJ, Florquin S, Nawroth
PP, Bierhaus A, et al. Receptor for advanced glycation end products is
protective during murine tuberculosis. Mol Immunol. (2012) 52:183–9.
doi: 10.1016/j.molimm.2012.05.014

31. Hamilton KK, Zhao J, Sims PJ. Interaction between apolipoproteins
A-I and A-II and the membrane attack complex of complement.
affinity of the apoproteins for polymeric C9. J Biol Chem. (1993)
268:3632–8.

32. Georgila K, Vyrla D, Drakos E. Apolipoprotein A-I (ApoA-I),
immunity, inflammation and cancer. Cancers. (2019) 11:1097.
doi: 10.3390/cancers11081097

33. Huang Y, DiDonato JA, Levison BS, Schmitt D, Li L, Wu Y, et al. An
abundant dysfunctional apolipoprotein A1 in human atheroma. Nat Med.

(2014) 20:193–203. doi: 10.1038/nm.3459
34. Lemes RMR, Silva C, Marques MÂM, Atella GC, Nery J, Nogueira

MRS, et al. Altered composition and functional profile of high-density
lipoprotein in leprosy patients. PLoS Negl Trop Dis. (2020) 14:e0008138.
doi: 10.1371/journal.pntd.0008138

35. Freyne B, Donath S, Germano S, Gardiner K, Casalaz D, Robins-Browne RM,
et al. Neonatal BCG vaccination influences cytokine responses to toll-like
receptor ligands and heterologous antigens. J Infect Dis. (2018) 217:1798–808.
doi: 10.1093/infdis/jiy069

36. Smith SG, Kleinnijenhuis J, Netea MG, Dockrell HM. Whole blood profiling
of bacillus calmette-guerin-induced trained innate immunity in infants
identifies epidermal growth factor, IL-6, platelet-derived growth factor-
AB/BB, and natural killer cell activation. Front Immunol. (2017) 8:644.
doi: 10.3389/fimmu.2017.00644

37. O’Gorman WE, Kong DS, Balboni IM, Rudra P, Bolen CR, Ghosh D, et
al. Mass cytometry identifies a distinct monocyte cytokine signature shared
by clinically heterogeneous pediatric SLE patients. J Autoimmun. (2017).
doi: 10.1016/j.jaut.2017.03.010. [Epub ahead of print].

38. Ribeiro FM, Gomez VE, Albuquerque EM, Klumb EM, Shoenfeld Y.
Lupus and leprosy: beyond the coincidence. Immunol Res. (2015) 61:160–3.
doi: 10.1007/s12026-014-8596-y

39. van Hooij A, Tjon Kon Fat EM, Richardus R, van den Eeden SJ, Wilson
L, de Dood CJ, et al. Quantitative lateral flow strip assays as user-friendly
tools to detect biomarker profiles for leprosy. Sci Rep. (2016) 6:34260.
doi: 10.1038/srep34260

40. Diniz LM, Magalhães EF, Pereira FE, Dietze R, Ribeiro-Rodrigues R.
Presence of intestinal helminths decreases T helper type 1 responses in
tuberculoid leprosy patients and may increase the risk for multi-bacillary
leprosy. Clin Exp Immunol. (2010) 161:142–50. doi: 10.1111/j.1365-2249.201
0.04164.x

41. Hagge DA, Parajuli P, Kunwar CB, Rana D, Thapa R, Neupane KD, et al.
Opening a can of worms: leprosy reactions and complicit soil-transmitted
helminths. EBioMedicine. (2017) 23:119–24. doi: 10.1016/j.ebiom.2017.0
8.026

42. Ugarte-Gil C, Alisjahbana B, Ronacher K, Riza AL, Koesoemadinata RC,
Malherbe ST, et al. Diabetes mellitus among pulmonary tuberculosis patients
from 4 tuberculosis-endemic countries: the TANDEM study. Clin Infect Dis.

(2020) 70:780–8. doi: 10.1093/cid/ciz284
43. Liao H, Wu J, Kuhn E, Chin W, Chang B, Jones MD, et al. Use of mass

spectrometry to identify protein biomarkers of disease severity in the synovial
fluid and serum of patients with rheumatoid arthritis. Arthritis Rheum. (2004)
50:3792–803. doi: 10.1002/art.20720

Frontiers in Immunology | www.frontiersin.org 11 August 2020 | Volume 11 | Article 1811

https://doi.org/10.1016/j.adengl.2012.03.028
https://doi.org/10.1371/journal.pntd.0004331
https://doi.org/10.1371/journal.pntd.0003658
https://doi.org/10.1128/CVI.00372-07
https://doi.org/10.1371/annotation/fc90a4dd-99a7-4c48-9dee-0494a0180038
https://doi.org/10.1590/S0074-02762012000900004
https://doi.org/10.1093/clinids/3.3.422
https://doi.org/10.1371/journal.pntd.0002338
https://doi.org/10.1016/j.coi.2009.12.001
https://doi.org/10.1016/S0065-2776(10)05001-7
https://doi.org/10.1111/cmi.12279
https://doi.org/10.1038/s41598-018-36323-1
https://doi.org/10.1016/j.ebiom.2019.08.009
https://doi.org/10.1371/journal.ppat.1005705
https://doi.org/10.3389/fimmu.2014.00491
https://doi.org/10.7554/eLife.15190.020
https://doi.org/10.1586/1744666X.4.3.379
https://doi.org/10.1155/2018/9828023
https://doi.org/10.1101/2020.03.05.20031450
https://doi.org/10.1086/499278
https://doi.org/10.1093/nar/gkw419
https://doi.org/10.1016/j.cyto.2017.01.009
https://doi.org/10.1371/journal.pone.0159132
https://doi.org/10.1016/j.molimm.2012.05.014
https://doi.org/10.3390/cancers11081097
https://doi.org/10.1038/nm.3459
https://doi.org/10.1371/journal.pntd.0008138
https://doi.org/10.1093/infdis/jiy069
https://doi.org/10.3389/fimmu.2017.00644
https://doi.org/10.1016/j.jaut.2017.03.010
https://doi.org/10.1007/s12026-014-8596-y
https://doi.org/10.1038/srep34260
https://doi.org/10.1111/j.1365-2249.2010.04164.x
https://doi.org/10.1016/j.ebiom.2017.08.026
https://doi.org/10.1093/cid/ciz284
https://doi.org/10.1002/art.20720
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


van Hooij et al. Host Innate Immunity & M. leprae Presence

44. Berrocal-Almanza LC, Goyal S, Hussain A, Klassert TE, Driesch D,
Grozdanovic Z, et al. S100A12 is up-regulated in pulmonary tuberculosis
and predicts the extent of alveolar infiltration on chest radiography:
an observational study. Sci Rep. (2016) 6:31798. doi: 10.1038/srep
31798

45. Manolakis AC, Kapsoritakis AN, Tiaka EK, Potamianos SP. Calprotectin,
calgranulin C, and other members of the s100 protein family in inflammatory
bowel disease.DigDis Sci. (2011) 56:1601–11. doi: 10.1007/s10620-010-1494-9

46. Blach-Olszewska Z, Leszek J. Mechanisms of over-activated innate immune
system regulation in autoimmune and neurodegenerative disorders.
Neuropsychiatr Dis Treat. (2007) 3:365–72.

47. Khadge S, Banu S, Bobosha K, van der Ploeg-van Schip JJ, Goulart IM,
Thapa P, et al. Longitudinal immune profiles in type 1 leprosy reactions
in Bangladesh, Brazil, Ethiopia and Nepal. BMC Infect Dis. (2015) 15:477.
doi: 10.1186/s12879-015-1128-0

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

The reviewer RP declared a past co-authorship with the authors MT-C and
AG to the handling Editor.

Copyright © 2020 van Hooij, Tió-Coma, Verhard, Khatun, Alam, Tjon Kon Fat, de

Jong, Sufian Chowdhury, Corstjens, Richardus and Geluk. 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(s) 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 12 August 2020 | Volume 11 | Article 1811

https://doi.org/10.1038/srep31798
https://doi.org/10.1007/s10620-010-1494-9
https://doi.org/10.1186/s12879-015-1128-0
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

