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Abstract

Leprosy provides a model to investigate mechanisms of immune regulation in humans, given that 

the disease forms a clinical-immunological spectrum. Here, we identified 13 miRNAs that were 

differentially expressed in the lesions of subjects with progressive lepromatous (L-lep) vs. the self-

limited tuberculoid (T-lep) disease. Bioinformatic analysis revealed a significant enrichment of L-

lep-specific miRNAs that preferentially target key immune genes downregulated in L-lep vs. T-lep 

lesions. The most differentially expressed miRNA in L-lep lesions, hsa-mir-21, was upregulated in 

M. leprae-infected monocytes. Hsa-mir-21, by downregulating toll-like receptor 2/1 (TLR2/1)-

induced CYP27B1 and IL1B as well as upregulating IL-10, inhibited gene expression of the 

vitamin D-dependent antimicrobial peptides, CAMP and DEFB4A. Conversely, knockdown of 

hsa-mir-21 in M. leprae-infected monocytes enhanced expression of CAMP and DEFB4A and 

restored TLR2/1-mediated antimicrobial activity against M. leprae. Therefore, the ability of M. 

leprae to upregulate hsa-mir-21 targets multiple genes associated with the immunologically 

localized disease form, providing an effective mechanism to escape from the vitamin D-dependent 

antimicrobial pathway.
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Interactions between the host immune response and the invading pathogen at the site of 

disease are critical to the outcome of the infection. Leprosy, caused by the intracellular 

bacterium Mycobacterium leprae, provides an extraordinary model for studying host-

pathogen interactions in humans. The disease presents as a spectrum where the clinical 

manifestations correlates with the level of immune response to the pathogen 1, which 

contributes to host defense vs. persistence and pathogenesis. At one end of the spectrum, the 

tuberculoid form (T-lep), the infection is self-limited, where skin lesions are typified by an 

adaptive immune response characterized by Th1 cytokines 2, 3 and an innate immune 

response characterized by macrophages programmed to express the vitamin D-mediated 

antimicrobial pathway 4. At the other end of the spectrum, the lepromatous form (L-lep), the 

infection is disseminated with lesions typified by an adaptive immune response 

characterized by Th2 cytokines 2, 3 and an innate immune response characterized by 

macrophages programmed to express a phagocytic activity 4. In order to gain insight into the 

mechanism(s) that regulate host defense vs. persistence in human infectious disease, we 

investigated miRNA expression in leprosy skin lesions.

Results

Gene and miRNA prolife in leprosy

The mRNA and miRNA expression profiles in skin lesions were determined in biopsy 

specimens from six T-lep and five L-lep patients collected at the time of diagnosis and 

classified according to the clinical and histopathological criteria of Ridley (Supplemental 

Fig. 1) 1. Unsupervised hierarchal clustering analysis of the mRNA profiles revealed two 

major groups in which the L-lep and T-lep samples were segregated (Supplemental Fig. 2). 

In contrast, hierarchal clustering analysis of the miRNA profiles performed on the same 

samples indicated two major miRNA patterns, with each group containing a mixture of both 

L-lep and T-lep samples (Supplemental Fig. 2). These results indicate that the principal 

component of the measured miRNA expression patterns in leprosy did not differentiate the 

lesions types.

In order to identify lesion-specific differences we used a supervised approach. Differentially 

expressed miRNAs between the two clinical groups were identified by ranking miRNAs 

probes according to statistically significance (t-test) and limited to sequences present in the 

miRBase database (version 14). There was a five-fold greater number of differentially 

expressed miRNAs in the L-lep samples (16 probes representing 13 annotated miRNA 

species) vs. the T-lep samples (three probes representing two unique miRNA species) (Fig. 

1a). In order to compare the magnitude of differential expression between these miRNA 

species, the un-normalized intensity values of the probes were compared. The difference in 

intensity of the hsa-mir-21 probe was the greatest of the miRNA species differentially 

upregulated in L-lep vs. T-lep lesions (Fig. 1b).

Targeting of immune genes by leprosy specific miRNAs

Because the differentially expressed miRNA species were predominantly enriched in L-lep 

lesions, we hypothesized that regulation of miRNA expression at the site of the progressive 

disease inhibits expression of genes involved in host defense against the pathogen. This 
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hypothesis was tested by integrating a prediction algorithm for miRNA binding sites in the 

three prime untranslated regions (3′UTR) of messenger RNA species with curated sets of 

host immune response signature genes known to be differentially expressed in leprosy 

lesions, including Th1 vs. Th2 related genes as well as the genes of the vitamin D pathway 

(Supplemental Text). All miRNA species represented on the microarray platform were 

ranked by their ‘targeting preference score’, calculated as the difference in frequency for 

targeting of the T-lep compared to L-lep signature genes (Supplemental Fig. 3 and Text). 

Enrichment analysis of leprosy disease-type specific miRNA species was next evaluated by 

the Kolmogorov-Smirnov-based permutation test. The L-lep-specific miRNA species were 

found to be significantly associated with the miRNAs most strongly predicted to 

preferentially target T-lep signature genes (P = 0.049; Fig. 1c). Thus, L-lep-specific 

miRNAs provide a candidate mechanism for the leprosy-induced downregulation of T-lep 

host immune response signature genes in L-lep lesions.

In relation to the local immune response, the L-lep specific set of miRNA species were 

predicted to have binding sites in the 3′UTR of Th1-related signature genes, known to be 

differentially expressed in T-lep vs. L-lep lesions, with an average targeting frequency of 

11.5%. In contrast, the L-lep specific set of miRNAs species demonstrated a significantly (P 

= 0.0003) lower frequency for Th2-related genes, known to be differentially expressed in L-

lep vs. T-lep lesions, with an average targeting frequency of 1.3% (Fig. 1d). Strikingly, 

multiple L-lep specific miRNA species targeted two key genes in the vitamin D-dependent 

antimicrobial pathway, cytochrome P450, family 27, subfamily B, polypeptide 1 (CYP27B1) 

and interleukin 1, beta (IL1B), but not the antimicrobial peptides that are induced by this 

pathway, cathelicidin (LL-37 encoded by CAMP) and defensin, beta 4A (DEFB4A) 5, 6 (Fig. 

1e). Taken together, these results indicate that the L-lep specific miRNAs target and 

potentially downregulate host defense genes in leprosy.

Regulation of hsa-mir-21 in leprosy

The tissue expression of the most differentially expressed miRNA, hsa-mir-21, in L-lep 

lesions was verified by real time PCR (qPCR) and fluorescent in situ hybridization (FISH) 

in additional leprosy tissue sections. By qPCR, hsa-mir-21 levels were significantly higher 

(3.5 fold, P = 0.01) in 10 L-lep vs. 11 T-lep lesions (Fig. 2a). An unrelated miRNA, hsa-

let-7c, that was not differentially expressed in disease lesions by microarray analysis, was 

expressed at similar levels between the L-lep and T-lep lesions (Fig. 2b). Although the skin 

biopsies are comprised predominately of granulomas in the dermis, we could not rule out 

that the differential expression of hsa-mir-21 was due to non-immune cells. Therefore, using 

FISH we determined that the frequency of hsa-mir-21 positive cells in the granulomatous 

regions was 25-fold greater in the L-lep lesions vs. the T-lep lesions (98% vs.4% of 

nucleated cells, P = 0.001) (Fig. 2c). In the L-lep lesions, the hsa-mir-21 positive cells were 

located within the granulomas, in the same microanatomic locations as M. leprae (Fig. 2d). 

It was not possible to determine the frequency of cells expressing hsa-mir-21 and containing 

M. leprae as these are found in distinct subcellular compartments: microRNAs are located in 

the cytoplasm and the pathogen resides within phagosomes. A scrambled probe was used as 

a negative control to demonstrate the absence of non-specific binding in either lesion type 

(Supplemental Fig. 4a), and the positive control probe for the U6 non-coding small nuclear 
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RNA, demonstrated equivalent RNA integrity (Supplemental Fig. 4b). Taken together, these 

three approaches, microarray, qPCR and FISH, provide convincing evidence for the 

differential expression of hsa-mir-21 in L-lep vs. T-lep lesions.

Given that M. leprae and hsa-mir-21 were both identified in the granulomas, we 

hypothesized that M. leprae induced hsa-mir-21 expression in monocytes/macrophages, the 

predominant cell type in a granuloma and the primary cell infected by the pathogen. Human 

peripheral blood monocytes were infected with live M. leprae at different multiplicities of 

infection (MOI) for 18 and 40 h, and hsa-mir-21 levels measured by qPCR. Infection of 

monocytes with M. leprae triggered an upregulation of hsa-mir-21 in a dose-dependent and 

time-responsive manner, with a 4.1-fold change (P = 0.005) at 18 h, and 7.6-fold change (P 

= 0.00003) at 40 h, both at a MOI of 10 (Fig. 3a). In contrast, M. leprae infection of 

monocytes did not result in detectable upregulation of hsa-let-7c, (Fig. 3b).

To explore the mechanism by which M. leprae infection induces hsa-mir-21, the ability of 

several key cell wall biomolecules to trigger hsa-mir-21 was compared. Treatment of 

monocytes with phenolic glycolipid-I (PGL-I) induced a 2.9-fold change in hsa-mir-21 

expression, whereas the M. leprae lipoarabinomman (LAM) and lipomannan (LM), as well 

as a synthetic triacylated lipopeptide (a toll-like receptor 2/1 ligand, TLR2/1L) did not 

significantly induce hsa-mir-21 (Fig. 3c). Together, these data demonstrate i) hsa-mir-21 is 

present at the site of disease in leprosy, ii) is associated with the progressive and 

disseminated form (L-lep) of the disease, iii) is specifically induced in monocytes by M. 

leprae infection; and iv) is triggered by an M. leprae specific glycolipid, PGL-I. It is 

therefore likely that M. leprae infection of macrophages induces the upregulation of hsa-

mir-21 at the site of infection.

Regulation of the vitamin D pathway by hsa-mir-21

It was noteworthy that of all the L-lep specific miRNAs, only hsa-mir-21 had the potential 

to target both IL1B and CYP27B1 (Fig. 1e), both required for TLR-induced, vitamin D-

dependent expression of CAMP and DEFB4A, which encode antimicrobial peptides 5, 6. The 

ability of hsa-mir-21 to regulate the expression of these antimicrobial genes was investigated 

by transfecting primary human monocytes with either the mature hsa-mir-21 oligo or a non-

targeting control oligo, followed by activation using the TLR2/1L. As a control for targeting 

specificity, we determined that overexpression of hsa-mir-21 downregulated IFN-γ induced 

interleukin 12A (IL12A) mRNA, a direct target (Supplemental Fig. 5 and Ref 7). The 

presence of hsa-mir-21 during TLR2/1L activation of monocytes resulted in the 

downregulation of IL1B mRNA by 24% (P = 0.006, representative experiment Fig. 4a and 

averaged Fig. 4b). Despite the absence of predicted hsa-mir-21 target sites in the 3′UTR of 

interleukin 10 (IL10), transfection of hsa-mir-21 enhanced toll-like receptor 2/1 (TLR2/1)-

induced IL10 mRNA levels by 110% (P = 0.035, Figs. 4a and 4c), consistent with studies in 

murine cells 8. In contrast, IL6, another cytokine without hsa-mir-21 target sequences, was 

not affected (Figs. 4a and 4c). TLR2/1-induced IL-1β secretion was reduced by 45% (P = 

0.003), IL-10 release was enhanced by 85% (P = 0.001), and IL-6 levels did not change 

(representative experiment Supplemental Fig. 6 and averaged Fig. 4c). Therefore, the effect 

of hsa-mir-21 on TLR2/1-induced cytokine mRNAs and secreted proteins were consistent.
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Transfection of hsa-mir-21 also resulted in a 34% decrease in TLR-induced expression of 

CYP27B1 (P = 0.008, Figs. 4a and b). Given that hsa-mir-21 downregulated TLR2/1-

induced IL1B and CYP27B1, the effect of hsa-mir-21 on TLR2/1-induced antimicrobial 

peptide gene expression was examined. Strikingly, TLR2/1L induction of CAMP and 

DEFB4A mRNAs was significantly inhibited by transfection of hsa-mir-21, by 73% (P = 

0.005) and 60% (P = 0.006) respectively (Figs. 4a and 4b). Given that hsa-mir-21 

upregulated IL-10, the effect of rIL-10 on TLR-induced gene expression was investigated. 

The addition of rIL-10 inhibited TLR-induced CAMP by 26% and DEFB4A by 35%, 

whereas the inhibition of interleukin 12B (IL12B) was 76% (Supplemental Figs. 7a and 7b). 

Therefore, hsa-mir-21 enhancement of IL-10 induction may partially contribute to the 

inhibition of antimicrobial gene expression.

The direct binding of hsa-mir-21 to the TLR-induced, vitamin D dependent antimicrobial 

pathway genes was assessed using a 3′UTR reporter assay. Hsa-mir-21 was determined to 

directly bind the 3′UTR of both CYP27B1 and IL1B, but did not bind to the 3′UTR of either 

CAMP or DEFB4A (Fig. 4d, Supplemental Fig. 8 and Supplemental Text). These data 

indicate that hsa-mir-21 inhibits TLR2/1-mediated CAMP and DEFB4A expression by 

directly regulating key epigenetic targets including CYP27B1 and IL1B, as well as indirectly 

through induction of immune modulatory cytokine IL-10.

Role of hsa-mir-21 in the response to infection

Given the ability of hsa-mir-21 to downregulate key genes in the TLR-induced antimicrobial 

pathway, and the observation that M. leprae induced hsa-mir-21 in monocytes, we 

investigated whether hsa-mir-21 contributes to inhibition of the innate immune response 

during M. leprae infection. This was accomplished by transfecting monocytes with a hsa-

mir-21 specific antisense oligo (αmir-21). Transfected monocytes were infected with live M. 

leprae 9 for 18 h, and then mRNA expression was measured. Presence of αmir-21 vs. a 

control oligo (αmir-neg), followed by M. leprae infection resulted in a significant reduction 

of hsa-mir-21 levels by 70% (P = 0.00002, Supplemental Figs. 9a and 9c). Consistent with 

the hsa-mir-21 overexpression experiment, the αmir-21 enhanced IL12A mRNA expression 

in the M. leprae infected monocytes (P = 0.006, Supplemental Figs. 9b and 9c).

Relevant to the vitamin D-dependent innate immune pathway, αmir-21 increased IL1B 

mRNA expression in the M. leprae infected monocytes by 118% (P = 0.047, Figs. 5a and 

5b). In contrast, IL10 mRNA was downregulated by 34% (P = 0.045) and there was no 

significant change in IL6 mRNA levels (Figs. 5a and 5b). Importantly, knockdown of hsa-

mir-21 resulted in the significant increase of CYP27B1 (59%, P = 0.014), CAMP (100%, P = 

0.0006), and DEFB4A (227%, P = 0.014) (Figs. 5a and 5b). These results provide evidence 

that the monocyte/macrophage can detect M. leprae infection and trigger the vitamin D-

dependent antimicrobial pathway; however, this response is inhibited by the ability of the 

pathogen to upregulate hsa-mir-21.

Effects of hsa-mir-21 on innate antimicrobial activity

The role of hsa-mir-21 in regulating the TLR2/1-induced macrophage antimicrobial activity 

was investigated by overexpressing hsa-mir-21 expression during M. tuberculosis infection. 
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For these experiments the avirulent M. tuberculosis H37Ra strain was used since it does not 

contain a PGL-I homologue and failed to induce expression of hsa-mir-21 in monocytes 

upon infection (Supplemental Fig. 10a), despite induction of IL-6 mRNA in the same cells 

(Supplemental Fig. 10b). Monocytes were transfected with hsa-mir-21 or a control oligo, 

then infected with M. tuberculosis H37Ra overnight, subsequently treated with the TLR2/1 

ligand for 3 d and bacterial viability assessed by qPCR according to the ratio of 16S RNA to 

IS6110 DNA 10. TLR2/1L induced an antimicrobial activity against M. tuberculosis in 

monocytes transfected with a control oligo (Fig. 6a), at a level consistent with previous 

studies using the standard CFU assay 6. However, overexpression of hsa-mir-21 blocked the 

antimicrobial response and resulted in an increase of M. tuberculosis viability in TLR2/1L 

activated cells (Fig. 6a). Also, in unstimulated cells, hsa-mir-21 increased bacterial viability. 

Overall, M. tuberculosis viability in TLR2/1L-treated as compared to control monocytes was 

significantly higher in the presence of hsa-mir-21 (P = 0.01, Fig. 6b).

To address the role of M. leprae-induced hsa-mir-21 in regulation of TLR2/1-induced 

antimicrobial activity, monocytes were transfected with αmir-21 or αmir-neg, then infected 

with live M. leprae. The transfected and infected cells were treated with the TLR2/1L for 3 

d and antimicrobial activity assessed by qPCR by measuring the ratio of 16S RNA to RLEP 

DNA 10. In αmir-neg transfected cells, TLR2/1-activation increased bacterial viability, 

consistent with previous findings indicating enhanced M. tuberculosis growth in TLR2/1-

stimulated cells in the absence of CAMP and DEFB4A 6. Strikingly, in αmir-21 transfected 

monocytes, TLR2/1-activation resulted in decreased bacterial viability (Fig. 6c). The 

αmir-21 oligo had no effect on M. leprae viability in unstimulated monocytes (Fig. 6c). In 

five donors tested, M. leprae viability in TLR2/1-stimulated cells was significantly lower in 

the presence of αmir-21 (P = 0.02, Fig. 6d). Together, the data from these infection 

experiments demonstrate the biologic relevance of hsa-mir-21 in innate host defense: the 

expression of hsa-mir-21 is sufficient to block TLR2/1-induced antimicrobial responses and 

the silencing of hsa-mir-21 induction restores TLR2/1-mediated antimicrobial activity.

Discussion

Interactions between the pathogen and the host determine the outcome of the immune 

response to microbial infection. The present data provides evidence that the human 

pathogen, M. leprae, regulates the microRNA profile at the site of infection in subjects with 

leprosy and interferes with the host antimicrobial response. We employed a novel 

bioinformatic strategy, combining an enrichment analysis of leprosy disease-type specific 

miRNA species ranked by 3′UTR mRNA targeting preference and evaluated by the 

Kolmogorov-Smirnov-based permutation test. Together, this led to the identification of hsa-

mir-21 as being differentially expressed in the progressive L-lep form of leprosy with the 

potential to target genes in the vitamin D antimicrobial pathway. Infection of human 

monocytes with live M. leprae, or treatment with the mycobacterial virulence factor PGL-I, 

induced expression of hsa-mir-21. Next. hsa-mir-21 was demonstrated to functionally 

downregulate the TLR2/1-induced vitamin D antimicrobial pathway, by directly targeting 

CYP27B1 and IL-1β, as well as the indirect induction of IL-10, all leading to the inhibition 

of antimicrobial peptides CAMP and DEFB4A. Silencing of hsa-mir-21 during M. leprae 

infection led to the enhanced expression of vitamin D pathway genes. Finally, introduction 
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of hsa-mir-21 into monocytes was sufficient to block TLR2/1-induced antimicrobial activity 

against M. tuberculosis, and the silencing of hsa-mir-21 induction restored TLR2/1-

mediated antimicrobial activity against M. leprae. Therefore, these data identify an evasion 

strategy, in which a microbial pathogen regulates the host microRNA profile at the site of 

infection to inhibit the antimicrobial response.

Although M. leprae was the first human pathogen discovered 11, it still cannot be grown in 

the laboratory, providing a major obstacle to investigation of the immunology of leprosy. To 

our knowledge, it has not been possible to demonstrate immune-mediated antimicrobial 

activity against M. leprae in primary human cells 12. Comparison of antimicrobial responses 

in mouse and human macrophages demonstrated that the combination of lipopolysaccharide 

and interferon-γ reduced the viability of intracellular M. leprae in mouse but not human 

macrophages 12. Here, we successfully demonstrate that immune activation of M. leprae-

infected human monocytes decreases bacterial viability, finding that TLR2/1 activation 

induces a four-fold reduction in M. leprae viability only when hsa-mir-21 was silenced. In 

addition, overexpression of hsa-mir-21 blocked the TLR2/1-induced antimicrobial activity 

against M. tuberculosis resulting in a five-fold increase in bacterial viability. Taken together, 

these data indicate the biological relevance of hsa-mir-21 in the host antimicrobial response.

Insight into the mechanism by which M. leprae induces a specific miRNA immune 

regulatory profile at the site of infection was revealed by identifying that hsa-mir-21 was 

induced in monocytes following M. leprae infection or by treatment with M. leprae-derived 

PGL-I. Previously, PGL-I has been shown to inhibit monocyte responses 13, 14, as well as 

associate with mycobacterial virulence 15. Further studies are needed to elucidate the 

mechanism of induction and functional role of those microRNAs differentially expressed in 

L-lep lesions. Given that the degree of genetic diversity in M. leprae clinical isolates is not 

as broad as compared with other human pathogens 16, it is not likely that species subtypes 

differentially induce single miRNAs as has been shown for Francisella tularensis 17. 

Complementing the study of miRNA profiles in disease lesions as shown here, additional 

insight can be obtained by profiling the miRNAs induced by a pathogen in an isolated cell 

type 18. It should be possible to learn whether the ability of a pathogen to induce a single or 

set of miRNA species that targets and inhibits host immune responses provides a potential 

virulence mechanism that contributes to the pathogenesis of infectious disease 19.

Our data demonstrate that a single miRNA species, by both directly and indirectly regulating 

immune modulatory genes, can affect the downstream effectors of an innate immune 

triggered antimicrobial pathway. Specifically, hsa-mir-21 inhibited TLR-induced CYP27B1 

and IL1B gene expression, as well as enhanced IL-10 expression, thereby preventing 

upregulation of the CAMP and DEFB4 mRNAs which encode antimicrobial peptides. These 

factors are all key to the outcome of the vitamin D antimicrobial pathway: i) CYP27b1 

converts inactive to active vitamin D leading to antimicrobial activity, ii) IL-1β is required 

for DEFB4 induction, and iii) IL-10 is known to inhibit TLR-induced responses 20. 

Consequently, hsa-mir-21 inhibits the innate immune response by its distinct gene 

regulatory activities: the indirect upregulation of an immunosuppressive cytokine and direct 

targeting of epigenetic components required for the TLR-induced, vitamin D dependent 

antimicrobial pathway 5, 6. Consistent with this model, the genes directly targeted by hsa-
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mir-21, CYP27B1 and IL1B are downregulated in L-lep vs. T-lep lesions 2, 4. Although the 

expression of microRNAs and gene targets in disease lesions is correlative, the 

demonstration that hsa-mir-21 is induced in human primary monocytes 18 h after M. leprae 

infection and its effect on the TLR-induced antimicrobial response suggests a role in disease 

pathogenesis. The investigation of the effect of a single miRNA in leprosy provides a 

framework for analyzing the set of miRNAs that are differentially expressed at the site of 

disease to determine their cumulative role in regulating the host immune response, including 

autophagy and antimicrobial pathways.

The ability of αmir-21 to enhance the vitamin D-dependent antimicrobial pathway provides 

a potential therapeutic strategy to intervene in human infectious disease. In leprosy, the 

vitamin D antimicrobial pathway may contribute to disease outcome based upon: i) the 

preferential expression of antimicrobial pathway genes in the T-lep vs. L-lep form 4, ii) the 

correlation of VDR single nucleotide polymorphism in L-lep subjects 21; and, iii) the 

reported successful use of vitamin D as a therapeutic adjuvant in the treatment of leprosy 22. 

Potentially, the combination of vitamin D supplementation with miRNA targeted therapy 

could provide an optimal treatment approach to leprosy and other chronic infectious diseases 

in which the cellular immune response is dysregulated. This type of approach may be 

particularly worth exploring in the clinical setting of drug resistant pathogens including 

MDR, XDR and TDR (totally drug resistant) tuberculosis, in which antimicrobial therapy is 

becoming increasingly problematic. Finally, our findings may be relevant to other diseases 

including infectious 23, 24, autoimmune 25 and neoplastic 26, 27, in which vitamin D 

sufficiency has been shown to be required for optimal host immunity.

METHODS

Statistical analysis

Percent change due to miRNA or antagomir were analyzed against no change using an 

unpaired Student’s t-test. Gene or miRNA induction studies were analyzed using an 

unpaired Student’s t-test against the medium control of each experiment. L-lep specific 

miRNA targeting of Th1- and Th2- related genes was analyzed using an unpaired Student’s 

t-test. The miRNA targeting preference was determined using the Kolmogorov-Smirnov 

(KS)-based permutation analysis as noted in the Supplemental Text. Error bars represent the 

standard error between individual donor values.

Leprosy biopsy specimens

The acquisition of all specimens was approved by the committees on investigations 

involving human subjects of the University of California, Los Angeles, more details can be 

found in the Supplemental Methods. Scalpel or punch skin biopsy specimens were obtained 

after informed consent from patients with tuberculoid leprosy and patients with lepromatous 

leprosy at the time of diagnosis; therefore, all samples are representative of untreated 

disease.
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Microarray analysis

For gene and miRNA expression profiling, the RNA from skin biopsy specimens were 

processed and analyzed by the UCLA Clinical Microarray Core Facility using the 

Affymetrix U133 Genechip and Asuragen using the Discovarray platform, respectively. 

Additional details pertaining hierarchical clustering, cluster dendrograms, and heatmaps are 

included in the Supplemental Methods.

In situ hybridization

Leprosy skin biopsy specimens were snap frozen and sectioned to a thickness of 10 μm, and 

then mounted onto a glass slide. The protocol has been previously described 28 and adapted 

for current use. Briefly, biotinylated hsa-mir-21 specific, U6 and non-specific control probes 

were purchased (Exiqon) and were hybridized to the tissue at 0.1 pg μl−1 for 1–4 h followed 

by incubation with streptavidin-horseradish peroxidase (SA-HRP). Then, the sections were 

incubated with the TSA™ Plus Fluorescein System (Perkin Elmer) according to the 

manufacturer’s instructions. A coverslip was sealed to the slides with ProLong® Gold with 

DAPI (Invitrogen), left to dry at 4°C in the dark overnight, and imaged using a Leica FLIM 

confocal microscope (Leica).

Live M. leprae

Live and viable M. leprae bacteria were generously donated by Dr. James L. Krahenbuhl of 

US National Hansen’s Disease Programs, Health Resources Service Administration, Baton 

Rouge, LA. Additional information is included in the Supplemental Methods.

Quantitative PCR

For miRNA analysis, qPCR was performed using the TaqMan® MicroRNA Cells-to-CT kit 

in conjunction with the TaqMan® MicroRNA Assay for hsa-mir-21 (Applied Biosystems) 

or the NCODE miRNA cDNA Synthesis and qPCR Kit (Invitrogen) according to the 

manufacturers’ recommended conditions. For mRNA studies, total RNA was isolated from 

monocytes by TRIzol® (Invitrogen), and cDNA libraries were made using the iScript cDNA 

synthesis kit (BioRAD). qPCR reactions were carried out using the iQ SYBR Green qPCR 

Master Mix (BioRAD) according to the manufacturers recommended conditions. The primer 

sequences for h36B4, CAMP, DEFB4, and CYP27B1 were previously published 5, 6, other 

primer sequences and calculations are included in the Supplemental Methods.

Transfection of monocytes

Monocytes were enriched from PBMCs using a Percoll (GE Healthcare) gradient as 

previously described 6, and then transfected with either the mature miRNA the antagomir 

oligos using the Amaxa Nucleofector system with the Human Monocyte Nucleofector 

transfection kit (Lonza) according to the manufacturer’s recommended protocol. Additional 

details are included in the Supplemental Methods.

miRNA Direct Targeting Analysis

MiRNA targeting plasmids were prepared with endotoxin free conditions using the Qiagen 

Endofree Maxi Kit (Qiagen) according to the manufacturer’s recommended protocols. The 
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constructs were co-transfected into HEK-293 cells with either hsa-mir-21 mature oligo or a 

non-targeting control oligo using the Amaxa Nucleofector Transfection Cell Line V kit 

(Lonza) according to the manufacturer’s optimized protocol. Following transfection the cells 

are rested for 2 h and then washed to replace the medium. The transfected cells are then 

incubated 37°C for 16 h and then luciferase activity was measured using the Dual Glo-

Luciferase Assay System (Promega) according to the manufacturer’s recommended 

protocols. The miRNA effect is calculated as a ratio of the fire fly to renilla luciferase 

activities.

Antimicrobial assays

In order to assess M. leprae and M. tuberculosis H37Ra viability from infected 

macrophages, we adapted the previously described real time PCR based method for the 

assessment of bacterial viability, which compares 16S RNA levels to a genomic DNA levels 

as a predictor of bacterial viability (Supplemental Text) 10. Experimental details are 

included in the Supplemental Methods. The 16S and bacterial DNA values were calculated 

using the ΔΔCT analysis, with the bacterial DNA value serving as the housekeeping gene. 

The M. leprae 16S and M. leprae repetitive genomic element (RLEP) primers used were as 

previously described 10, other primer sequences are included in Supplementary Methods.

Other methods

Other methods, including reagent information, can be found in the Supplemental Methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
MiRNA expression and targeting profile in leprosy. MiRNA probes that are differentially 

expressed between T-lep and L-lep lesions displayed as (a) normalized data and (b) raw 

expression values. (c) All miRNA species represented on the microarray platform ranged by 

targeting preference score. ◂ = L-lep specific miRNA species. (d) Targeting preference of 

the L-lep or T-lep specific miRNA species for Th2- or Th1-related genes. Red box 

represents a predicted target site within the 3′UTR of the indicated gene. (e) L-lep specific 

miRNA species and predicted targeting of genes in the TLR-induced vitamin D-dependent 

antimicrobial pathway.
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Figure 2. 
Expression of hsa-mir-21 in leprosy. Expression levels of (a) hsa-mir-21 and (b) hsa-let-7c 

comparing L-lep vs. T-lep lesions by qPCR. The levels of hsa-mir-21 and hsa-let-7c are 

normalized to 36B4 levels in the same tissue and displayed as values from individual lesions 

(●) as well as the average (−) of 10 L-lep lesions and 11 T-lep lesions. (c) Skin biopsy 

sections from L-lep or T-lep subjects were probed with a hsa-mir-21 specific oligo using 

fluorescent in situ hybridization. Cellular nuclei were visualized using DAPI. Data shown is 

representative experiment for four individual L-lep samples and three individual T-lep 
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samples. (d) Skin biopsy section derived from L-lep subjects were probed for hsa-mir-21 

and M. leprae using fluorescent in situ hybridization in conjunction with a monoclonal 

antibody specific for M. leprae, detected by confocal microscopy. Data shown is 

representative experiment from three individual subjects.
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Figure 3. 
Regulation of hsa-mir-21 levels in primary human monocytes by M. leprae. Levels of (a) 

hsa-mir-21 and (b) hsa-let-7c in primary human monocytes infected with M. leprae at MOI 

of 0, 1, 5, and 10 for 18h and 40h. Data shown is mean of fold change compared to no 

infection control ± SEM, n = 3–5. Levels of hsa-mir-21 (c) in primary human monocytes 

after treatment with PGL-I, LAM (10μg ml−1), LM (10μg ml−1), and TLR2/1L for 18 h. 

Data shown is mean fold change compared to the vehicle control treated cells ± SEM, n = 3–

10.
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Figure 4. 
The ability of hsa-mir-21 to regulate the innate immune response in human monocytes. 

Primary human monocytes were transfected with the mature hsa-mir-21 (mir-21) oligo or a 

non-targeting control (mir-neg) then treated with TLR2/1L for 18 h and 24 h. Gene 

expression of (a) IL1B at 18 h, IL10 at 24 h, IL6 at 16 h, CYP27B1 at 16 h, CAMP at 24 h 

and DEBF4A at 24 h, were evaluated by qPCR. Data shown are representative experiments 

from greater than five individual donors. (b) Change in gene expression comparing mir-21 

to mir-neg transfected cells following TLR2/1L simulation. Data shown is average percent 

Liu et al. Page 18

Nat Med. Author manuscript; available in PMC 2012 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



change mir-21 vs mir-neg ± SEM, n = 3–11 (c) Change in cytokine protein levels in culture 

supernatants comparing mir-21 to mir-neg transfected cells following TLR2/1L stimulation. 

Data shown in average percent change mir-21 vs mir-neg ± SEM, n = 4–6. Representative 

experiment is shown in Supplemental Fig. 6. (d) Change in luciferase activity of cells co-

transfected with a 3′UTR luciferase reporter construct (IL1B, CYP27B1, CAMP, DEFB4A) 

and either mir-21 or mir-neg. Data shown is mean percent change of each individual 3′UTR 

construct comparing mir-21 vs mir-neg ± SEM, n = 4–6. Representative experiment is 

shown in Supplemental Fig. 8.
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Figure 5. 
Role of hsa-mir-21 expression during M. leprae infection. Primary human monocytes were 

transfected with the antagomir against hsa-mir-21 (αmir-21) oligo or a non-specific control 

(αmir-neg) then infected with live M. leprae at an MOI of 10 for 18 h. Gene expression of 

IL1B, IL10, IL6, CYP27B1, CAMP and DEFB4A were evaluated by qPCR. Data shown (a) 

are representative experiments from greater than four individual donors. (b) Change in gene 

expression comparing αmir-21 to αmir-neg transfected cells following M. leprae infection 

for 18 h. Data shown is average percent change αmir-21 vs. αmir-neg ± SEM, n = 4–8.

Liu et al. Page 20

Nat Med. Author manuscript; available in PMC 2012 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Role of hsa-mir-21 in TLR2/1-mediated antimicrobial activity. Primary human monocytes 

were transfected with the mature hsa-mir-21 (mir-21) oligo or a non-targeting control (mir-

neg) then infected with live M. tuberculosis H37Ra at an MOI of 0.5 for 18 h. The 

monocytes were then treated with the TLR2/1L (10μg ml−1) for 3 d. Levels of 16S rRNA 

and IS6110 DNA levels were assessed by qPCR. Data shown is the ratio of 16S rRNA to 

IS6110 DNA levels as (a) a representative experiment from three donors. (b) Fold change in 

M. tuberculosis viability comparing TLR2/1L vs. medium treated monocytes. Data shown is 

the mean fold change ± SEM, n = 3. Primary human monocytes were transfected with the 

antagomir against hsa-mir-21 (αmir-21) oligo or a non-specific control (αmir-neg) then 

infected with live M. leprae at an MOI of 10 for 18 h. The monocytes were then treated with 

the TLR2/1L (10μg ml−1) for 3 d. Levels of 16S rRNA and RLEP DNA levels were 

assessed by qPCR. Data shown is the ratio of 16S rRNA to RLEP DNA levels as (c) a 

representative experiment from five donors. (d) Fold change in M. leprae viability 

comparing TLR2/1L vs. medium treated monocytes. Data shown is the mean fold change ± 

SEM, n = 5.
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