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ABSTRACT OF THE DISSERTATION 

 

Antimicrobial mechanisms in response to Mycobacterium leprae infection  

 

by 

 

Angeline Tilly Dang 

 

Doctor of Philosophy in Microbiology, Immunology, & Molecular Genetics 

University of California, Los Angeles 

Professor Robert L. Modlin, Chair 

 

 The human body is constantly exposed to a myriad of bacterial organisms, and in 

most cases, colonization of the host by these commensal bacteria is harmless and may even 

be beneficial.  However, a subset of bacteria are pathogenic causing debilitating health that 

can lead to fatal diseases.  Many microbes deploy strategies to evade and impair the host 

response, further contributing to disease severity.  In response to infectious agents, the host 

can control and subvert infections by triggering both innate and adaptive immunity.  The 

microenvironment in which an infections occurs greatly dictates the strength, quality, and 

duration of immune responses.  Herein, we demonstrate mechanisms for triggering 

protective immune responses during Mycobacterium leprae infection.  Specifically, treatment 

of M. leprae-infected CD1a+ Langerhans cells, a dendritic cells subset localized in the skin 
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and mucosa, with IFN- induces autophagy, leading to increased antimicrobial activity and 

antigen presentation to T cells.  Furthermore, T cells secrete elevated amounts of IFN- 

following antigenic activation, providing an amplification loop to further augment effective 

host immunity.  As M. leprae predominantly infect and reside in macrophages, we also 

investigated mechanisms of macrophage activation.  Our data reveals that treatment of M. 

leprae-infected monocyte-derived-macrophages with IL-26, a T cell cytokine, results in 

reduced viability of intracellular bacteria.  IL-26 may have dual roles in antimycobacterial 

defense, one which involves binding to bacterial bacilli and directly reducing its viability; and 

the other involving activation of infected macrophages, increasing bacterial traffic to the 

lysosomes, where they are degraded. 
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CHAPTER 1 

Autophagy links antimicrobial activity to antigen presentation in Langerhans cells 
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ABSTRACT  

 Dendritic cells (DC), through uptake, processing, and presentation of antigen, are 

responsible for activating a T cell response to defend the host against infection.  Yet it is 

unknown how DC maintain this functional capacity when infected by an intracellular 

bacterium.  Here we studied how Langerhans cells (LC), a DC subset t uniquely reside in 

skin, contribute to host defense and activate the resident T cell population.  We found that in 

primary LC, isolated from human epidermis, treatment with interferon- (IFN-) induced 

autophagy, a cellular process that promotes vesicular trafficking that is involved in 

antimicrobial activity and antigen presentation.  IFN- further induced antimicrobial activity 

against the cutaneous bacterial pathogen, Mycobacterium leprae, which required the 

induction of the antimicrobial peptide cathelicidin and autophagy, as well as the fusion of 

phagosomes containing M. leprae with lysosomes.  In self-healing leprosy lesions, LC 

prominently expressed cathelicidin and formed autophagic vesicles, which were not detected 

in progressing lesions, thus correlating these processes with the effectiveness of host 

defense against the pathogen.  IFN- also induced an antimicrobial response against other 

cutaneous pathogens, including Staphylococcus aureus, Streptococcus pyogenes, and 

Candida albicans.  The ability of LC infected with M. leprae, but not pulsed with soluble 

extract, to present antigen to CD1a-restricted T cells, a resident population in skin, was also 

autophagy dependent.  These data indicate that autophagy links the ability of LC to kill 

invading bacteria with their role in presenting antigens derived from such bacteria to resident 

T cells to mount an effective immune response.  
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INTRODUCTION 

Leprosy 

Leprosy is caused by infection with Mycobacterium leprae, a slow growing acid-fast 

bacterium.  Although the case fatality rate is low, leprosy causes traumatic skin deformity and 

grievous neuropathy.  Also known as Hansen’s disease, the causative bacteria was 

discovered by Armauer Hansen in Norway in 1873 [1].  The earliest references to leprosy 

disease were documented in the Egyptian Ebers papyrus dated to 1550 B.C. [2].  

Intriguingly, the route of disease transmission is still poorly understood.  M. leprae bacilli are 

frequently reported to disseminate from the skin and nasal mucosa, thus these are most 

likely the routes of entry [3, 4].  According the World Health Organization, approximately 200 

thousand new cases occur each year. The regions of high endemicity are still Brazil, Central 

African Republic, and India. 

The disease of leprosy occurs on a broad clinical spectrum. At one pole of the 

spectrum is tuberculoid, or paucibacillary, leprosy, which is characterized by a Th1 immune 

response, with secretion of IFN-, IL-2, IL-12, IL-15, and TNF-.  In tuberculoid leprosy, there 

are few flat lesions, well-formed granulomas, high levels of cell-mediated immunity, and 

bacterial growth is limited. The predominant T cells that infiltrate tuberculoid leprosy skin 

lesions are CD4+ T cells [5, 6].  On the opposite pole of the spectrum is lepromatous, or 

multibacillary, leprosy, which is characterized by a Th2 immune response, with secretion of 

IL-4 and IL-10.  In lepromatous leprosy, there are numerous lesions, no granulomas, nerve 

damage along with disfigurement, high levels of antibody response, and bacterial growth is 

unrestricted [7-9].  CD8+ T cells appear to be predominant in lepromatous leprosy [6]. 

M. leprae preferentially infect Schwann cells, which are part of the peripheral nervous 

system, where the bacteria can avoid immune surveillance.  It is here that M. leprae induce 

demyelination, causing cell degeneration and nerve damage [10, 11].  Additionally, M. leprae 
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preferentially replicates within macrophages, where it modulates cellular lipid metabolism for 

survival and growth [12].  Because macrophages are extremely phagocytic, M. leprae 

infection of macrophages is often mediated by complement receptor-mediated phagocytosis 

[13, 14].  How macrophages respond to manage the infection is dependent on the cytokine 

profile of the microenvironment.  The presence of IFN- can induce autophagy and instruct 

macrophages to mount an antimicrobial response during mycobacteria infection [15].   

 

Autophagy and bacterial infection 

 Cell-mediated immune responses are crucial in the pathogenesis of leprosy disease. 

CD4+ T cells have a twofold contribution in mitigating the disease.  First, activated CD4+ T 

cells secret granulysin antimicrobial protein, which has been reported to reduce intracellular 

M. tuberculosis [16].  Second, these T cells also secrete IFN- that can induce autophagy in 

phagocytic cells [15, 17, 18].  Autophagy, Greek for self-eating, is an evolutionarily 

conserved process in which eukaryotic cells break down cytoplasmic contents by usage of 

the lysosomes during times of low nutrients or starvation [19-21].  In primitive eukaryotic 

organisms, such as yeast and amoeba, autophagy plays a key role in cell survival by 

managing the flow of nutrients and by clearing damaged organelles [22, 23].  Recently, it has 

become increasingly clear that more complex organisms have evolved additional ways to 

utilize autophagy, for example, as a host defense mechanism by bringing phagocytized 

pathogens to lysosomes where they are destroyed [24-26].   

Broadly, autophagy is an essential process for eukaryotic homeostasis and is 

classified into three types:  chaperone-mediated autophagy, microautophagy, and 

macroautophagy.  Chaperone-mediated autophagy (CMA) selectively directs a subset of 

cytosolic proteins to the lysosome for degradation.  The translocation of targeted substrates 
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across the lysosomal lumen is coordinated by several chaperone proteins located on both 

sides of the membrane.  Heat shock cognate protein 70 kDa (Hsc70), heat shock protein 40 

kDa (Hsp40), Hsp70-interacting protein (Hip), Hsp70-Hsp90 organizing protein (Hop), and 

Bcl2-associated athanogene 1 protein (BAG-1) have all been described to participate in the 

CMA process [27, 28].  Microautophagy is the nonselective internalization of cytosolic 

content into the lysosomes and is initiated by the invagination of the lysosomal membranes 

[29]. Microautophagy has been observed in yeast, but is not well characterized in higher 

eukaryotes.  Lastly, macroautophagy, hereafter referred to as autophagy because it is the 

most prevalent type, involves the formation of double membrane vesicles called 

autophagosomes.  The crucial role of the autophagosome is engulfment of cytoplasmic 

contents.  The enclosed autophagosomes are mobilized toward the lysosomes, at which 

point fusion occurs between the two compartments allowing degradation of the sequestered 

cargo [30].  This type of autophagy constitutively occurs at very low basal levels in cells [31].   

Categorized under macroautophagy, the pathway xenophagy describes the engulfment of 

intracellular pathogens by autophagosomes, leading to their degradation and removal [30]. 

At least 36 proteins are involved in autophagy, most of which have been 

characterized in yeast [32], but many homologs of autophagy related genes (Atg) have also 

been described in humans [30].  When copious amounts of amino acids are available to the 

cells, autophagy is regulated by the suppressor mammalian target of rapamycin (mTOR) 

kinase.  During periods of low nutrients or starvation, where levels of amino acid are low – 

rather common during infections, mTOR kinase complex 1 is inhibited and ULK kinases 

phosphorylate vps34 along with Atg6/beclin1 to initiate autophagosome formation [33].  The 

anchoring of Atg14 on an endoplasmic reticulum or mitochondrial membrane enables 

recruitment and lipid phosphorylation of vps34/Atg6 to produce a cup-shaped isolation 

membrane called a phagophore.  Atg18 and WD-repeat protein interacting with 
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phosphoinositides (WIPI) are recruited to the growing phagophore.  The Atg4 protease 

cleaves cytosolic Atg8/LC3, generating LC3-I, which is recruited to the phagophore and 

conjugated to phosphatidyl-ethanolamine (PE) by Atg7 and Atg3.  Simultaneously, Atg7 and 

Atg10 conjugate Atg12 to Atg5, enabling their interaction with Atg16.  Together Atg8/LC3-PE 

complex with Atg12-Atg5-Atg16, elongating the phagophore membrane, which will need to 

fully enclose its contents before the autophagosome is released freely in the cytosol.  LC3 

has been implicated in the closure process of the phagophore [34]. 

Autophagy is also classified into two types: nonselective and selective autophagy.  In 

the very early years of research, autophagy was thought to be a nonselective process, which 

involves bulk engulfment of the cytoplasm for degradation and recycling as a survival 

mechanism [35].  However, increasing amounts of evidence have suggested that of the two 

types, selective autophagy as the predominant process.  It functions as a mechanism of 

eliminating dysfunctional organelles [36], damaged or misfolded protein aggregates [37], 

excess lipid and iron complexes [38, 39], and invading pathogens [40, 41]. 

When a virus, bacterium, or fungus infects host cells, either by endocytosis or 

phagocytosis, xenophagy – a selective form of autophagy that combats intracellular 

pathogens, is activated to restrict their growth and limit the infection.  Intracellular pathogens 

can be detected by pattern recognition receptors (PRR) such as toll-like receptors (TLR), C-

type lectin receptors (CLR), NOD-like receptors (NLR), and RIG-I-like receptors (RLR).  PRR 

can engage with pathogen-associated molecular patterns (PAMP) on viruses, bacteria, and 

fungi.  PAMP-PRR engagement induces an intracellular inflammatory signaling cascade, 

which eventually leads to the initiation of autophagy/xenophagy [40-42].  Following 

engulfment by the autophagosome, the pathogens are mobilized to the lysosome for 

degradation [30].  Lysosomes contain a variety of hydrolytic enzymes, such as proteases, 
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lipases, and nucleases that work in conjunction with very acidic pH to degrade and kill the 

pathogens [43]. 

Bacteria have evolved numerous strategies to evade or inhibit autophagy, promoting 

their prolonged survival.  Gram-negative Salmonella typhimurium synthesizes a cysteine 

protease SseL, which deubiquitylates ubiquitin-tagged aggregates of autophagy proteins p62 

and LC3 resulting in decreased levels of autophagy [44].  Legionella  pneumophila interferes 

with autophagosome formation by producing RavZ to irreversibly cleave PE-LC3 conjugates 

[45].   Additionally, Gram-positive Staphyloccocus aureus inhibits autophagosome fusion with 

the lysosome, enabling bacterial escape into the cytosol for replication [46].  Some strains of 

Streptoccocus pyogenes produce SpeB, a streptococcal cysteine protease, which cleaves 

host autophagic proteins [41], thus evading the phagosome entirely.  Actively blocking 

autophagy as an immune evasion mechanism extends beyond Gram-negative and Gram-

positive bacteria.   Acid-fast M. tuberculosis produces glycolipids known as 

phosphatidylinositol mannose-capped lipoarabinomannan and phosphatidylinositol 

mannoside that arrest phagosome maturation [47, 48], thus preventing autophagosome 

fusion with the lysosome.  In doing so, M. tuberculosis can utilize the protective environment 

of the immature autophagosome during replication.  Both M. tuberculosis and M. leprae 

utilize genes in their RD1 locus to facilitate their translocation from the phagosomes to the 

cytosol [49], where nutrients are more abundant.  Collectively, bacteria have a variety of 

strategies which enable them to avoid degradation by autophagy, promoting their survival 

and replication. 
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Langerhans cells and immune response 

 Langerhans cells (LC) were discovered by Paul Langerhans in 1868 [50] and are 

members of the dendritic cell (DC) family of professional antigen presenting cells [51, 52].   

LC are distinguished by their residence in the skin epidermis, as well as in mucosal and 

genital epithelia.  They express some MHC class I, moderate MHC class II,  high CD1a [53] 

and high langerin (CD207).  CD1a is a member of the immunoglobulin superfamily with a 

type I membrane glycoprotein that forms non-covalent heterodimers with beta-2-

microglobulin. It has structural resemblance to MHC class I. However, unlike MHC class I, 

which presents 9-mer peptide antigens, the specialized function of CD1a is in presenting 

non-self lipid and glycolipid antigens to T cells [54].  CD207/langerin is a type II 

transmembrane, C-type lectin with mannose binding ability.  Langerin can induce formation 

of Birbeck granules, ‘tennis-racket’-shaped cytoplasmic organelles that can capture 

intracellular antigens [55].   As part of the host innate immune system at the interface with 

the external environment, LC are phagocytic [56, 57], antiviral [24, 58], and have a key role in 

antigen presentation to CD1a-restricted T cells [59].  Nevertheless, there is little evidence 

that LC contribute to antibacterial immunity, rather the opposite, with reports that LC 

contribute to progressive infection [57].  Following phagocytosis of bacteria, LC would be 

expected to mount an antimicrobial response to ensure their own survival, and also to 

release microbial antigens to facilitate presentation to T cells.  This suggests that LC would 

have evolved to link antimicrobial activity and antigen presentation. 

Leprosy, an infection of skin caused by the intracellular pathogen Mycobacterium 

leprae, provides a model to study LC immunobiology relevant to host defense.  The earliest 

lesions of leprosy are thought to arise in the epidermis [60, 61], and LC have been shown to 

contain M. leprae [62].  This disease presents as a clinical-immunological spectrum, with the 

frequency of LC in skin lesions correlating with the ability of the host to contain the pathogen.  
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There are increased numbers of LC in the epidermis of the self-limiting tuberculoid (T-lep) 

form vs. the progressive lepromatous (L-lep) form of leprosy [6, 63, 64].  Finally, LC can 

present M. leprae antigens to T cell clones derived from a leprosy patient in a CD1a-

restricted manner [54].  In the present study, we investigated the role of autophagy in LC 

immunobiology by studying the host response to M. leprae and probing the skin lesions of 

leprosy.   
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Material and Methods 

Reagents 

Recombinant human IFN- was purchased from R&D Systems, and used at a concentration 

of 10 ng/ml. 25(OH)D3 and 1,25D3 were both purchased from BioMol, dissolved in ethanol, 

and used at a concentration of 10-7M.  VDR antagonist ZK 159 222 (VAZ) was purchased 

from Bayer Schering Pharma AG, and used at 10-9M.  Wortmannin, used at 500 nM, 

rapamycin, used at 300 nM, poly-L-lysine, and saponin were purchased from Sigma-Aldrich.  

RPMI cell culture media, IMDM cell culture media, Hyclone fetal calf serum, CD3/CD28 

Dynabeads, DAPI antifade with prolong Gold, Lipofectamine RNAiMAX, and TRIzol were 

purchased from Invitrogen Life Technologies. CD3/CD28 DynaBeads were used at bead-to-

cell ratio of 1:1.  The following monoclonal antibodies and corresponding isotype controls: 

anti-IFN- (IgG1), APC anti-human CD1a (IgG1), PE anti-human CD80 (IgG1), PE anti-

human CD86 (IgG2b), and PE anti-human HLA-DR (IgG2a) were purchased from BD 

Biosciences.  Purified anti-human CD1a (IgG2b), purified anti-human CD207/langerin 

(IgG2a), purified anti-CD107/LAMP1 (IgG1), and Alex647 anti-CD107/LAMP1 (IgG1) were 

purchased from Biolegend.  PE anti-CD207/langerin (IgG1) was purchased from Beckman 

Coulter.  Purified anti-human LC3 (IgG1) was purchased from MBL International.  Anti-

cathelicidin/OSX12 (IgG1) and anti-beta-defensin 2 (rabbit) were purchased from Abcam.  

CD1a magnetic beads were purchased from Miltenyi.  Recombinant IL-2, used at 1 nM, was 

purchased from Chiron Diagnostics.  Recombinant granulocyte macrophage colony-

stimulating factor (GM-CSF) was purchased from Genzyme Corporation, a Sanofi company. 
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Ethics statement 

This study was conducted according to the principles expressed in the Declaration of 

Helsinki.  The study was approved by the local Institutional Review Boards. All donors 

provided written informed consent for the collection of peripheral blood and subsequent 

analysis. 

 

Supernatant from T cells 

Mycobacterium leprae-reactive CD4+ T cell line (LCD4.G) was derived from a lesion biopsy 

of a tuberculoid leprosy patient, as previously described [65].  For supernatant production, 

106 T cells were cultured in 1 ml of media containing 10% FCS with or without the addition of 

CD3/CD28 Dynabeads, with bead-to-cell ratio of 1:1.  Supernatants were collected after 24 

hours stimulation and stored at -80C.  IFN- levels of T cell supernatants were measured by 

sandwich ELISA. 

 

Generation of LCDC 

CD34+ cells were cultured in the presence of SCF (25 ng/ml), GM-CSF (100 ng/ml), and 

TNF- (500 ng/ml).  At day 7-8, CD14+ cells were depleted from the culture.  The remaining 

CD14- cells were replated in the presence of GM-CSF (100 ng/ml) and TGF-1 (1ng/ml) to 

increase CD1a expression. LCDC were harvested at day 13–15 and enriched for CD1a by 

using Miltenyi anti-CD1a magnetic beads. Of the CD1a+ LCDC, 80-90% were found to also 

be CD207+ by surface staining.  LCDC were cultured in RPMI. 
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Preparation of primary human LC 

Epidermal cell suspensions were prepared from de-identified normal human skin taken from 

patients undergoing abdominal plastic surgery at UCLA Division of Plastic and 

Reconstructive Surgery with the approval of UCLA Tissue Procurement Core Laboratory, as 

previously described [66, 67].  The attached adipose and connective tissues were removed 

and the skin was cut into approximately 0.5 cm2 pieces, which were rinsed in GIBCO® 

Hank's Balanced Salt Solution (HBSS) without calcium, magnesium, or phenol red.  Skin 

pieces were then then incubated in 0.2% dispase HBSS overnight at 4 C. The epidermis 

was separated from the dermis, mechanically separated into a single cell suspension, and 

was filtered through 40 m cell strainers (BD Biosciences).  CD1a+ LC were isolated from the 

epidermal cell suspension by using anti-CD1a magnetic beads. Of the CD1a+ LC, 50% were 

found to also be CD207+ by surface staining.  Epidermal LC were cultured in IMDM. 

 

Human serum collection and 25-hydroxyvitamin D (25D) quantification 

Blood was collected from healthy donors in the absence of coagulants and allowed to clot for 

2 hours.  The serum layer was collected, passed through a 0.22 micron filter and frozen in 

small aliquots at -80ºC for future use. Circulating concentration of 25D was determined by 

radioimmunoassay as previously described [68, 69].  Serum was pooled from several 

donors.  The 25D level in the pooled serum was approximately 100 nM or 40 ng/ml, and 

denoted as vitamin D-sufficient serum.  Pooled human serum that had less than 35 nM or 14 

ng/ml of 25D was denoted as vitamin D-insufficient serum.  The 25D level in the fetal calf 

serum was less than 18 nM or 7 ng/ml. 

 



13 

LCDC and epidermal LC cultures for PCR 

Following CD1a selection, cells were cultured in 10% fetal calf serum or 10% human serum, 

with or without 10% final volume of T cell supernatants, as indicated.  IFN- induced gene 

expressions of CYP27B1, VDR, CYP24, cathelicidin (Cath.), and DEFB4 were detected after 

2 hours. 

 

RT-PCR 

mRNA was isolated from cells using TRIzol reagent according to the manufacturers 

recommended protocol.  cDNA was prepared and gene expression levels were measured by 

qPCR and calculated by the 2-(Ct) method.  Primer sequences for human cathelicidin, 

DEFB4, CYP27B1, VDR, CYP24A1, h36B4, CD64, and 16S rRNA and RLEP of M. leprae 

were previously reported [15, 68, 70]. 

mLep 16s RNA FWD – GCATGTCTTGTGGTGGAAAGC 

mLep 16s RNA REV – CACCCCACCAACAAGCTGAT 

mLep RLEP DNA FWD – GCAGCAGTATCGTGTTAGTGAA 

mLep RLEP DNA REV – CGCTAGAAGGTTGCCGTAT 

H36B4 FWD – CCACGCTGCTGAACATGCT 

H36B4 REV – TCGAACACCTGCTGGATGAC 

Cathelicidin FWD – GGACCCAGACACGCCAAA 

Cathelicidin REV – GCACACTGTCTCCTTCACTGTGA 

DEFB4 FWD – GGTGTTTTTGGTGGTATAGGCG 

DEFB4 REV – AGGGCAAAAGACTGGATGACA 
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CYP27B1 FWD – ACCCGACACGGAGACCTTC 

CYP27B1 REV – ATGGTCAACAGCGTGGACAC 

CYP24 FWD – CGCAGCGGCTGGAGAT 

CYP24 REV - CCGTAGCCTTCTTTGCGGTA 

VDR FWD – AAGGACAACCGACGCCACT 

VDR REV – ATCATGCCGATGTCCACACA 

CD64 FWD – TGGTTCTTGACAACTCTGCTC 

CD64 REV – AGATGGAGCACCTCACAATG 

 

siRNA transfection of LCDC 

siRNA was incubated with Lipofectamine RNAiMAX for 30 minutes to allow complexing.  

Then siRNA was added to the LCDC culture at 200 pM per transfection, 30 minutes prior to 

the addition IFN-. 

 

Infection of epidermal LC and LCDC and quantification of antimicrobial activity 

Epidermal LC and LCDC were pretreated with 10 ng/ml of IFN- or IL-4 in 10% human serum 

overnight.  The cells were washed prior to overnight infection with Mycobacterium leprae at a 

multiplicity of infection (MOI) of 10 in 10% FCS.  Extracellular bacteria were removed by 

vigorous washing.  The infected cells were then treated again with the same concentration of 

IFN- or IL-4 in 10% human serum and harvested after 4 days.  RNA and DNA were isolated 

from infected cells by TRIzol method.  cDNA was made from RNA. DNA was treated with 

RNase to removed residual RNA.  The viability of intracellular M. leprae was determined by 
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qPCR and quantified as previously described [70].  The efficiency of infection was 

determined by confocal microscopy and FACS.  Approximately 45-60% of cells were 

infected.  Cell viability following washes and infection was 81-87% of the total cells. 

 

Intracellular killing of Staphylococcus aureus by LCDC and epidermal LC 

S. aureus strain DU5938 (Hla− Hlb− Hlg−) [71], and S. pyogenes (ATCC 700294) [72] were 

grown to the mid-log phase at 37°C with shaking (150 rpm) in brain-heart infusion (BHI) 

medium, then collected by centrifugation for 10 minutes at 5,000 X g. For cellular infection, 

the bacterial suspension was diluted with sterile 1X PBS to concentration of 105 bacteria per 

l.  The number of viable bacteria was determined by serial dilution and plating onto BHI 

agar plates [73].  LCDC or epidermal LC were plated in 24-well plate at 5 x 106 in 1 ml 

volume and infected with S. aureus at an MOI of 3 for 3 hours in 10% FCS antibiotic-free 

media.  Next, 100 ug/ml of gentamycin was added to wells for 20 minutes to kill extracellular 

bacteria.  Cells were then washed to further remove any remaining extracellular bacteria.  

Infected cells were cultured overnight in 10% human serum with or without IFN-at 37°C in a 

4% CO2 incubator.  To determine intracellular killing of bacteria, cells were pelleted and lysed 

with 100 ul of 0.2% saponin in 1X PBS on ice for 20 minutes.  900 ul of 1X PBS was added 

to bring the cell lysate to 1 ml final volume, of which 1 ul was plated for CFU overnight.  

Colonies were counted the next morning. 

 

Antifungal activity 

C. albicans (ATCC 18804) was grown by agitation overnight at 28C in yeast mold (YM) 

media.  The cells were then washed twice with 1X PBS before use as live yeasts [74].  LCDC 
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were plated in 24-well plate at 5 x 106 in 1 ml volume and infected with C. albicans at an MOI 

of 3 for 3 hours in 10% FCS antibiotic-free media at 37C.  Amphotericin B was added at 1 

ug/ml to wells for 20 minutes to kill extracellular C. albicans.  Cells were then washed to 

further remove any remaining extracellular C. albicans [74].  Infected cells were cultured 

overnight in 10% human serum with or without IFN-at 37°C in a 4% CO2 incubator.  To 

determine antifungal activity, cells were pelleted and lysed with 100 ul of 0.2% saponin in 1X 

PBS on ice for 20 minutes.  900 ul of 1X PBS was added to bring the cell lysate to 1 ml final 

volume, of which 1 ul was plated for CFU at room temperature.  Colonies were counted after 

2 day. 

 

Patients and clinical specimens 

Patients with leprosy were classified according to the criteria of Ridley and Jopling [75].  The 

designation of tuberculoid leprosy (T-lep) included patients that were classified clinically as 

borderline tuberculoid, “BT”, and the designation of lepromatous leprosy (L-lep) only included 

patients classified as “LL”.  All T-lep and L-lep skin biopsy specimens were taken at the time 

of diagnosis, prior to initiating treatment. Specimens were embedded in OCT medium (Ames, 

Elkhart, IN), snap frozen in liquid nitrogen and stored at -80°C.  All leprosy patients were 

recruited with approval from the Institutional Review Board of University of Southern 

California School of Medicine and the Institutional Ethics Committee of Oswald Cruz 

Foundation, as well as the University of California, Los Angeles. 
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Tissue immunoperoxidase labeling 

Frozen tissue sections were blocked with normal horse serum before incubation with 

monoclonal antibodies (mAbs) for LC3, cathelicidin and IFN- for 2 hours, followed by 

incubation with biotinylated horse anti-mouse IgG for 90 minutes. Slides were counterstained 

with hematoxylin and mounted in crystal mounting medium (Biomeda, Foster City, CA) and 

were visualized using the ABC Elite system (Vector Laboratories, Burlingame, CA).  Skin 

sections were examined using a Leica microscope (Leica, Heidelberg, Germany). 

 

Cell culture immunofluorescence labeling  

Cells were treated with IFN-or left untreated in 10% human serum or 10% FCS overnight.  

Then cells were washed and infected with live mLEP overnight and further stimulated with 

IFN- in 10% human serum for 3 hours.  Following stimulation or infection, cells were 

adhered to poly-L-lysine coated slides for 1 hour.   Cells were then washed, and fixed for 30 

minutes with 4% PFA, and washed again.  Next, cells were permeabilized with 0.25% 

saponin for 20 minutes, block with serum for 30 minutes, and stained with primary antibodies 

for LC3, CD1a, CD207, cathelicidin, or DEFB4 for 2 hours. Following washing, cells were 

stained with secondary antibodies for 90 minutes, washed, and mounted with Prolong Gold 

with DAPI.  For the quantification of autophagy, the percentages of LC3 punctated cells were 

evaluated using florescence microscopy. Approximately 100 cells, over six different random 

fields of view, were scored for each condition of each experiment.  Rapamycin was used as a 

positive control for autophagy induction and wortmannin was used to inhibit autophagy.   

Immunofluorescence of cell cultures was examined using a Leica-TCS-SP MP inverted 

single confocal laser-scanning and a two-photon laser microscope (Leica, Heidelberg, 

Germany) at the Advanced Microscopy/Spectroscopy Laboratory Macro-Scale Imaging 
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Laboratory, California NanoSystems Institute, University of California at Los Angeles. 3D-

modeling of microscopy images were generated by Imaris software.  

 

Tissue immunofluorescence labeling 

Immunofluorescence was performed by serially incubating cryostat tissue sections with anti-

human mAbs of different isotypes for 2 hours, washed three times with 1X PBS, followed by 

incubation with isotype-specific, fluorochrome (A488, A568, A647)-labeled goat anti-mouse 

immunoglobulin antibodies (Molecular Probes, Carlsbad, CA) for 90 minutes.  Negative 

controls were stained with matching isotype antibodies.  Nuclei were stained with DAPI (4',6'-

diamidino-2-phenylindole).  Immunofluorescence of skin sections was examined using a 

Leica-TCS-SP MP inverted single confocal laser-scanning and a two-photon laser 

microscope (Leica, Heidelberg, Germany) at the Advanced Microscopy/Spectroscopy 

Laboratory Macro-Scale Imaging Laboratory, California NanoSystems Institute, University of 

California at Los Angeles. 

 

Transmission electron microscopy 

Human LCDC were fixed with 2% Paraformaldehyde and 2.5% Glutaraldehyde in 1X PBS, 

pH 7.35, for 1 hour at room temperature and stored at 4oC overnight. The cell pellets were 

washed with PBS, embedded in 4% low melt agarose, cut into small pieces and post-fixed 

with 1% OsO4 in ddH2O. Following washing with ddH20, the cells were stained en bloc with 

2% uranyl acetate, washed, dehydrated through a graded series of ethanol, treated with 

propylene oxide and embedded in Eponate 12 (Ted Pella). Silver to gold interference color 

sections were cut on a TMC ultramicrotome and picked up on formvar coated copper grids. 

The sections were stained with Reynolds lead citrate and examined on a JEOL 100CX 
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electron microscope at 60kV. Images were collected on type 4489 EM film and the negatives 

digitized at 1200dpi.  

 

Antigen presentation and proliferation assay 

CD4+ T cells were derived from a leprosy lesion and LCDC were differentiated from CD34+ 

cells, both mentioned above.  T cells were maintained by serial antigenic stimulation in 

medium supplemented with recombinant IL-2.   

For measurement of T cell proliferation, 104 T cells were cultured with 103 LCDC in 0.2 ml 

culture medium in the presence or absence of 1 μg/ml M. leprae bacterial sonicate.  

Alternatively, 104 T cells were cultured with 103 M. lepare-infected LCDC (MOI 10) in 10% 

human serum.  Following 4 days culture in 96-well plates in triplicate at 37°C in a 4% CO2 

incubator, cells were pulsed with 3H-thymidine (1 μCi/well; ICN Biomedicals Inc., Costa 

Mesa, California, USA) and harvested 4 hours later for liquid scintillation counting. To 

determine CD1-restriction of the T cell lines, neutralizing CD1 antibodies (20 μg/ml) were 

added 30 minutes before the addition of T cells. 

 

Statistical analysis 

Statistics reported are of the entire series of experiments and described as mean  the 

standard error mean.  GraphPad Prism 6 software was used for graphing and statistical 

analysis.  For comparison between three or more groups, we utilized RM one-way ANOVA, 

with the Greenhouse-Geisser correction, along with Tukey’s multiple comparisons test, with 

individual variances computed for each comparison.  The two-tailed student’s t-test was used 

for all other two-group analyses. 
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RESULTS 

IFN- induces autophagy and phagolysosomal fusion in M. leprae infected LC 

 To our knowledge, the induction of autophagy and its biological role has not been 

studied in LC.  Langerhans cell like dendritic cells (LCDC) were derived from CD34+ 

hematopoietic precursor cells, which have been used as surrogates for LC (Fig. 1A) [54, 58].  

[54, 58, 76].  Electron microscopy of LCDC confirmed the presence of CD207/langerin in the 

form of Birbeck granules (Fig. 1B).  In addition, epidermal CD1a+ LC were derived from 

healthy skin (Fig. 2A) [66, 67].  LCDC and epidermal LC were stimulated with IFN- and the 

induction of autophagy assessed by LC3 aggregation.  IFN- induced increased LC3 

aggregation in both LCDC and LC (Fig. 1C and 2B).  LCDC had 0.9  0.3 LC3 puncta per 

cell for media treatment vs. 18.6  2 puncta per cell for IFN- treatment, p<0.01 (Fig. 1D).  

Similarly, epidermal LC had 2.5  0.7 LC3 puncta per cell for media treatment vs. 22.0  1.9 

puncta per cell for IFN- treatment, p<0.01 (Fig. 2C).  The increase of IFN--induced 

autophagy was also evidenced by an increase in the percentage of cells with LC3-positive 

vesicles (Fig. 1D and 2C). We also utilized acridine orange, a lysosomotropic dye, to quantify 

the IFN--induced formation of acidic vesicular organelles (AVO) (Fig. 3A) [77, 78].  

Analogous to the number of LC3 puncta, IFN- induced more AVO puncta per cell than 

media treated LCDC, 19.0  0.9 vs. 5.2  1.0 AVO per cell, p<0.01 (Fig. 3B).  Electron 

micrographs revealed that IFN- stimulation of LCDC induced a significant increase in the 

number of electron-dense endolysosomes compared to media control, 22.1  1.2 vs. 7.7   

0.7 endolysosome per cell, p<0.01 (Fig. 3C and 3D).  

To establish whether M. leprae is able to infect LC, LCDC and epidermal LC were 

cultured with live M. leprae at increasing multiplicities of infection (MOI) of 5, 10, and 20 per 

cell.  An MOI of 10 yielded ~50% M. leprae-infected cells, with approximately three to five 
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bacilli per cell.  Both LCDC and LC maintained cell viability (Fig. 4A), as well as expression of 

the LC-specific marker CD207/langerin (Fig. 4B).  

We next investigated the effects of IFN--mediated phagosome maturation and 

phagolysosomal fusion during M. leprae infection.  LCDC were infected with M. leprae at 

MOI of 10 and cultured with or without IFN-, then stained with LC3 or LAMP1.  Overnight 

infection of LCDC by M. leprae was not sufficient to induce autophagy.  Whereas the addition 

of IFN- to infected cells not only induced autophagy, but also promoted colocalization of 

intracellular bacteria with autophagosomes, as identified by colocalization of LC3 aggregates 

with the labelled M. leprae bacilli, and further delineated by 3D modeling (Fig. 4C).  IFN- 

also resulted in colocalization of bacilli and LAMP1, a lysosome marker, indicating that the 

majority of M. leprae bacilli were localized to the lysosome compartment (Fig. 4D).  

Furthermore, IFN- stimulation of M. leprae-infected-LCDC triggered phagosome maturation 

and facilitated autophagolysosomal fusion, as evidenced by the colocalization of the bacilli 

with LC3 and LAMP1 (Fig. 1E).  By electron microscopy, we confirmed that in IFN- treated 

LCDC, M. leprae bacilli were contained within compartments surrounded by a double 

membrane, a defining characteristic of autophagosomes.  We also detected evidence of 

fusion between phagosomes containing bacilli with lysosomes.  In contrast, the majority of 

intracellular bacilli in LCDC in the media control were contained in phagosomes with a single 

membrane, indicating the absence of autophagy (Fig. 4F).  Additionally, the mycobacterial 

cell walls were mostly intact in the untreated media control LCDC, while in IFN- treated 

LCDC the cells walls were often degraded and the bacilli lysed. 

 

 

 

 



22 

IFN- induces antimicrobial activity in LCDC and epidermal LC 

Given that IFN- stimulation induced autophagy, autophagosome formation and 

autophagolysosomal fusion in LC, it was logical to determine whether this would result in 

increased antimicrobial activity.  Because M. leprae cannot be grown in culture, viability was 

measured according to the ratio of bacterial 16S rRNA to repetitive element DNA using a 

PCR-based method [70, 79, 80].  LCDC were infected with M. leprae, cultured with 10% 

human vitamin D-sufficient serum, and stimulated with either IFN- or media control.  

Compared to media control, IFN- treatment resulted in induction of significant antimicrobial 

activity vs. media control (83%  5%, p<0.001; Fig. 5A).  Similarly, IFN- treated CD1a+ 

epidermal LC demonstrated significant induction of antimicrobial activity against M. leprae 

(77%  4%, p<0.001; Fig. 5B).  Conversely, IFN--treatment of the CD1a-negative epidermal 

cells, which contained ≤10% LC, induced an approximately six fold lower antimicrobial 

response (12%  2%, p<0.03 of CD1a+ vs. CD1-negative LC; Fig. 5B).  The IFN--induced 

antimicrobial activity in epidermal CD1a+ LC was also effective against S. aureus, p<0.05 

(Fig. 5C).  Finally, treatment of M. leprae-infected LCDC with IL-4, a cytokine more highly 

expressed in L-lep lesions than T-Lep lesions, did not induce an antimicrobial response (Fig. 

5A).   

 

IFN- induces antimicrobial peptides in Langerhans cells 

One pathway by which intracellular mycobacteria are killed involves the vitamin D-

dependent induction of antimicrobial peptides.  The addition of IFN- was sufficient to induce 

gene expression of the 25-hydroxyvitamin D-1α-hydroxylase (CYP27b1), the vitamin D 

receptor (VDR), and the vitamin D-catabolizing enzyme 24-hydroxylase (CYP24A1), 

antimicrobial peptides CAMP and DEFB4 (encoding cathelicidin/LL-37 and human -
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defensin-2, respectively) in both LCDC (Fig. 6A and 6B) and epidermal CD1a+ LC (Fig. 6C 

and 6D).  IFN- was also sufficient to induce cathelicidin protein in LCDC as detected by 

confocal laser microscopy (Fig. 6E).  The percentage of cathelicidin positive cells was 

significantly greater in IFN- vs. media treated LCDC (74%  2% vs. 4.9%  2.7% in media 

control, p< 0.002, Fig. 6F).  In contrast, -defensin-2 protein expression in CD1a+ LCDC was 

unaffected by IFN- stimulation, suggesting that it is constitutively expressed (Fig. 6G and 

6H), consistent with a previous reporting of its constitutive expression in the skin [81]. 

IFN- induction of cathelicidin did not affect CD1a expression in LCDC (Fig. 7A), and 

IFN- stimulation of M. leprae-infected LCDC resulted in colocalization of the antimicrobial 

peptide with intracellular M. leprae.  In IFN- treated LCDC, cathelicidin was detected 

surrounding intracellular bacilli and localized to the lysosome (Fig. 7B).  In contrast, media 

treatment of LCDC did not result in detectable cathelicidin.  Therefore, to determine the role 

of cathelicidin in LC-mediated antimicrobial activity against M. leprae, we used transfection of 

siRNAs targeting cathelicidin mRNA.  We achieved approximately 50% specific knock down 

of cathelicidin mRNA, affecting cell viability by <10%.  Vitamin D receptor transcripts were 

unaffected by siRNA targeting cathelicidin (Fig. 7C).  In these experiments, the knock down 

of cathelicidin reduced IFN--induced antimicrobial activity against M. leprae from 77%  2% 

to 29%  5%, p<0.02, approximately 60% reduction compared to IFN- treated with si-control 

(Fig. 7D). During M. leprae infection, cathelicidin peptide was undetectable in media control 

treated LCDC, but was found to colocalize with M. leprae inside LAMP1+ vesicles when 

stimulated with IFN-.  Correspondingly, the transfection of siCath prior to IFN- stimulation of 

LCDC ablated cathelidicin detection (Fig. 7E).  These data indicate that IFN- induced 

antimicrobial activity in Langerhans cells is dependent on the induction of cathelicidin. 
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The role of vitamin D in Langerhans cell function 

IFN- induction of cathelicidin and DEFB4 mRNAs, as well as the VDR downstream 

gene CYP24A1, in vitamin D-sufficient human serum, was dependent on activation of VDR, 

because the induction was blocked by the VDR agonist ZK 159 222 (VAZ) [15, 68] in both 

LCDC (Fig. 8A) and primary epidermal LC (Fig. 8C).  However, VAZ did not inhibit IFN- 

induction of the vitamin D-independent gene CD64 (Fig. 8B and 8D).  In addition, IFN- did 

not induce cathelicidin, DEFB4, and CYP24A1 mRNAs in vitamin D-insufficient FCS (10% 

FCS, 25D = 18 nM) vs. vitamin D sufficient human serum (10% human serum, 25D = 100nm) 

(Fig. 8E and 8F), but the response in FCS was restored by the addition of 25D as well as the 

bioactive form of vitamin D, 1,25-dihydroxyvitamin D3 (1,25D3) (Fig. 8G).  Therefore, in the 

presence of vitamin D, IFN- was sufficient to trigger the vitamin D antimicrobial program in 

human LC. 

We next assessed the contribution of vitamin D to the antimicrobial activity of M. 

leprae in Langerhans cells.  Blocking IFN- activation of the vitamin D pathway with VAZ 

during M. leprae infection resulted in a slight decrease of antimicrobial activity, from 76%  

2% to 57%  3%, p<0.05 (Fig. 8H).  Similarly, IFN- stimulation of M. leprae-infected LCDC in 

vitamin D insufficient FCS resulted in a reduced antimicrobial activity of 29%  2%, p<0.01 

(Fig. 8I). 

In vitamin D-sufficient human serum, IFN- induced significantly more LC3 puncta per 

cell than in the vitamin D-insufficient FCS (18.6  2.3 vs 5.3  1.4 puncta per cell, p<0.01) 

(Fig. 9A and 9B).  Comparably, the percentages of LC3 positive cells were also higher in 

vitamin D-sufficient serum compared to FCS (86.4%  1.6% vs 27.7%  1.2%, p<0.05) (Fig. 

S17).  The addition of 1,25D3 to vitamin D insufficient FCS increased the number of LC3 

puncta induced by IFN- to comparable levels as in vitamin D sufficient human serum (Fig. 
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9A and 9B).  Treatment of infected LCDC with IFN- in vitamin D-insufficient human serum 

resulted in 28%  4%, p<0.02 antimicrobial activity against M. leprae, a 60% reduction of 

antimicrobial activity compared to 76%  4%, p<0.01 observed after IFN- treatment in 

vitamin D sufficient serum.  However, by supplementing the insufficient serum with 25D to 

the sufficient concentration, antimicrobial activity could be restored to 76%  6%, p<0.01 

(Fig. 9C). 

 

The role of autophagy in antimicrobial activity of LC 

To investigate the contribution of autophagy in the antimicrobial activity of LC, we 

used the phosphatidylinositol 3-kinase (PI3K) inhibitor wortmannin to block IFN--induced 

autophagy (Fig. 10A).  The addition of wortmannin to LCDC prior to IFN- stimulation 

significantly reduced the number of LC3 puncta per cell, from 19.3  2.9 puncta to 5.3  1.0 

puncta, p<0.01.  Similarly, the percentage of LC3-positive LCDC was also reduced when 

wortmannin was pretreated prior to IFN- stimulation of LCDC, from 52.6%  3.9% to 14.8% 

 1.0%, p<0.05 (Fig. 10B). 

The antimicrobial activity induced by IFN- in M. leprae infected LCDC was 

dramatically inhibited by ~75% following pretreatment with wortmannin (Fig. 10C).  Together, 

these data indicate that IFN--induced antimicrobial activity against M. leprae in LC is 

dependent upon sufficient levels of 25D, upregulation of cathelicidin, and autophagy.  In 

addition to being essential in limiting M. leprae viability, we found that the induction of 

autophagy by IFN- was also crucial in limiting the growth of S. aureus, S. pyogenes, and C. 

albicans, all of which can thrive as intracellular pathogens (Fig. 10D).  Blocking autophagy 

with wortmannin enhances bacterial survival, as measured by CFU.  Our data is consistent 

with previous reports that autophagy plays an important role in the antimicrobial activity of 
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macrophages and mouse embryonic fibroblasts against intracellular bacteria such as 

mycobacteria and S. pyogenes [68, 82]. 

 

Characterization of LC in leprosy lesions 

Given that IFN- induced autophagy and cathelicidin in Langerhans cells in vitro, it 

was logical to investigate whether IFN-, LC3 aggregates, and cathelicidin present in LC at 

the site of infection in leprosy. It was previously reported that IFN- mRNA was more highly 

expressed in T-lep vs. L-lep lesions [7, 80, 83].  Consistent with these findings, we detected 

higher levels of IFN- protein by immunofluorescence in the epidermis of T-lep versus L-lep 

lesions, colocalizing with CD1a+ LC (Fig. 11A and 11B).  In addition, LC3 puncta were 

detected in CD1a+ LC in T-lep but not L-lep lesions, indicating the disparity in induction of 

autophagy between the two states of disease (Fig. 12A and 12B).  Finally, cathelicidin 

protein was ubiquitously expressed in the epidermis of T-lep lesions, where it colocalized 

with CD1a+ LC.  In contrast, L-lep lesions displayed little expression of cathelicidin (Fig. 13A 

and 13B), and the cathelicidin detected did not colocalize with CD1a+ LC (Fig. S13).  The 

isotype controls matching all monoclonal antibodies used for labeling were consistently 

negative.  Even though our confocal results demonstrated colocalization of cathelicidin with 

CD1a+ LC, we cannot distinguish if the colocalization is due to cellular production or uptake 

from extracellular sources, given that cathelicidin is known to be secreted.  These data 

establish that skin resident CD1a+ LC are in proximity to IFN- and cathelicidin, and undergo 

autophagic responses, indicating the presence of key components of the vitamin D pathway 

in LC at the site of a restricted infection. 
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The role of resident memory T cells in leprosy lesions 

 To study the resident memory T (TRM) cell response against M. leprae, a CD1a-

restricted T cell line, LCD4.G, derived from a tuberculoid leprosy lesion, was studied.  

LCD4.G are CD4+ T cells, expressing CD69 and CD45RO but not CD103 or CD45RA, 

consistent with the T-resident memory phenotype (Fig. 14A). Mycobacteria are known 

producers of variety of lipids, which can form stable complexes with CD1 molecules and 

stimulate T cells [84, 85].  To determine whether antigen presentation to LCD4.G T cells is 

through CD1a, we added CD1a-blocking antibody to LCDC prior to the coculture with T cells.  

We observed a decrease in T cell proliferative response of ~40% when blocking antibody to 

CD1a was added, but not with the addition of isotype control (Fig. 14B).   Supernatants 

LCD4.G activated with anti-CD3/CD28 DynaBeads, were found to contain high levels of IFN-

 (Fig. 14C).  When added to LCDC in 10% human vitamin D-sufficient serum, the LCD4.G 

supernatants induced cathelicidin and DEFB4 mRNAs.  Neutralization of IFN- by mAbs 

significantly blocked the induction of cathelicidin and DEFB4 mRNA levels as compared to 

the isotype control (Fig. 14D).  We also determined that the CD1a-restricted T cell clone 

LCD4.G triggered the IFN- dependent upregulation of CYP27b1, VDR and CYP24A1 in 

LCDC (Fig. 14E). Therefore, T-resident memory (TRM) cells can trigger the vitamin D 

antimicrobial pathway in LCDC via IFN-.  This led us to investigate the role of vitamin D in 

triggering an antimicrobial pathway in Langerhans cells. 

 To better understand how IFN- and vitamin D affect LC surface markers, which 

influence their ability to present antigen, we analyzed their phenotypic maturation markers. 

IFN- did not affect the percentage of CD1a-positive LCDC, but did induced small increases 

in CD1a mean fluorescent intensity (MFI) (Fig. 15A and 15B).  When LCDC were stimulated 

with IFN- or 1,25D in 10% FCS, there was no change in the percentages of cells expressing 

CD80 and CD86.  However, there was an observable increase in the cell surface expression 
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of CD80 but not CD86 per cell as measured by the change in MFI (Fig. 15C and 15E).   

Likewise, the percentages of CD80 and CD86-expressing cells remained the same when 

LCDC were stimulated with IFN- in 10% human vitamin D sufficient serum; however, the 

MFI of both CD80 and CD86 had discernable increases (Fig. 15D and 15F).  We also 

analyzed CD1a and HLA-DR expression during M. leprae infection.  Percentages of CD1a 

and HLA-DR-positive LCDC remained the same before and during infection.  However, 

compared to uninfected cells, there was a decrease in CD1a MFI following infection 

regardless whether human serum or FCS was used.  IFN- stimulation prior to infection in 

FCS enabled LCDC to retain slightly higher CD1a MFI (Fig. 15G).  HLA-DR MFI decreased 

when infection occurred in FCS but not human serum.  Likewise, IFN- stimulation in FCS 

prevented the decrease in HLA-DR MFI (Fig. 15H).  Collectively, these results indicate 

critical roles of IFN-, along with vitamin D in the maturation process of LCDC during a 

bacterial infection. 

 

The role of autophagy in antigen presentation 

Recent studies have shown that autophagy could enhance antigen presentation 

through MHC class I and II in human B cell lines and macrophages [40, 86].  These findings 

prompted us to investigate whether IFN--induced autophagy, which enhances antimicrobial 

activity, would augment antigen presentation by LC to CD1a-restricted CD4+ T cells derived 

from a T-lep lesion.  Primary epidermal LC and LCDC were infected with live M. leprae and 

cocultured with LCD4.G T cells.  IFN- stimulation augmented antigen presentation by 

epidermal LC and LCDC, resulting in over a threefold increase in T cell proliferation 

compared to antigen alone.  The inhibition of IFN--induced autophagy by wortmannin 

resulted in approximately an 80% decrease of the T cell response (Fig. 16A and 16B).  

Similarly, the ability of LC to effectively present M. leprae sonicate, a particular form of the 
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bacterium, was also dependent on autophagy, as well as acidification of autophagosomes 

(Fig. 16D and 16F).  In comparison, monocyte-derived macrophages (MDM), which do not 

express CD1a (Fig. 16G) and lack specific MHC class II allele matching (Fig. 17), did not 

present M. leprae, live or sonicated, to the CD1a-restricted LCD4.G T cells (Fig. 16C and 

16E).  In contrast to the findings with live and sonicated M. leprae, the ability of LC to present 

a soluble mycobacterial extract to the T cell clone was not autophagy dependent (Fig. 16H). 

These data indicate that autophagy is required for the ability of LC to efficiently present live 

and particulate antigen to T cells. These results suggest that in the skin, resident LC are 

essential in promoting a host protective immune response during bacterial infection. 

 It is well established that 1,25D3 inhibits proliferative response and IFN- secretion by 

allogenic T cells when cocultured with MoDC [87, 88].  However, it is unclear how vitamin D 

affect the process of antigen presentation.  To assess the effects of vitamin D, we pretreated 

LCDC with 1,25D3 prior to M. leprae infection and cocultured infected cells with LCD4.G T 

cells.  Consistent with previous reports, 1,25D3 reduced T cell response ~30% (Fig. 18A), 

and the pretreatment with VDR agonist ZK 159 222 (VAZ) restored back the T cell response.  

This suggests that 1,25D3, the bioactive form of vitamin D, and/or its metabolism by the cells 

may interfere with antigen processing by LCDC or antigen response by T cells.  We also 

pretreated LCDC with VAZ prior to IFN- stimulation and M. leprae infection.  M. leprae-

infected LCDC were cocultured with LCD4.G T cells.  At 1 nM of VAZ treatment there was a 

slight decrease in T cell proliferative response.  Interestingly, increasing the concentration of 

VAZ treatment did not further reduce T cell response (Fig. 18B), rather we observed the 

opposite effect.  This result suggests that VAZ, aside from interacting with the VDR, may 

have nonspecific involvement in other cellular pathway that require further investigation.
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Figure 1.  IFN- induces autophagy in CD1a+ LCDC.  (A) Human CD1a+ LCDC were 

positively selected following 2 weeks culture.  CD1a+CD207+ LCDC cell purity were 

determined by flow cytometry. Representative flow staining of eight independent experiments 

are shown.  (B) Human CD1a+ LCDC were positively selected following 2 weeks culture, 

fixed and processed for electron microscopy. Scale bar represents 1 m.  Yellow and white 

boxes indicate birbeck granules.  Representative images of three independent experiments 

are shown.  (C) Human LCDC were cultured with rIFN-, rapamycin, or medium overnight in 

10% vitamin D-sufficient human serum, fixed and immunolabeled with anti-LC3 antibody 

(green) and anti-CD207/langerin antibody (red).  Nuclei were stained with 4’,6-diamidino-2-

phenylindole (DAPI – blue).  Representative immunofluorescence images of four 

independent experiments are shown.  (D) The number of LC3 puncta per cell were 

quantified.  Data are represented as mean puncta per cell  SEM, n  30 cell.  LC3 punctated 

cells were quantified.  Data are represented as mean of percent positive cells  SEM, n = 3.  

*P < 0.05. **P < 0.01. 
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Figure 2.  IFN- induces autophagy in human primary CD1a+ LC.  (A) CD1a+ cells were 

positively selected from human skin epidermis.  CD1a+CD207+ LCDC cell purity were 

determined by flow cytometry. Representative flow staining of four independent experiments 

are shown. (B) Human primary CD1a+ LC, derived from skin, were cultured with rIFN-, 

rapamycin, or medium overnight in 10% vitamin D-sufficient human serum, fixed and 

immunolabeled with anti-LC3 antibody (green) and anti-CD207/langerin antibody (red).  

Nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI – blue).  Representative 

immunofluorescence images of three independent experiments are shown.  (C) The number 

of LC3 puncta per cell were quantified.  Data are represented as mean puncta per cell  

SEM, n  20 cell.  LC3 punctated cells were quantified.  Data are represented as mean of 

percent positive cells  SEM, n = 3.  *P < 0.05. **P < 0.01. 
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Figure 3.  IFN- induces vesicle acidification. (A) Human LCDC were cultured with rIFN-, 

rapamycin, or medium overnight in 10% vitamin D-sufficient human serum, stained with 1 

g/ml acridine orange for 15 minutes. Cells were fixed and examined by fluorescence 

microscopy. Representative images of cells from three independent experiments are shown. 

(B) The number of acidic vesicle (orange puncta) per cell were quantified.  Data are 

represented as mean puncta per cell  SEM, n  30 cells.  (C) Human LCDC were stimulated 

with rIFN-or medium overnight in 10% vitamin D-sufficient human serum, fixed, and 

processed for electron microscopy. M denotes mitochondria.  Yellow * denotes 

endolysosomal vesicle.  Scale bars equal 1 M. Representative images of three independent 

experiments are shown.  *P < 0.05. **P < 0.01.   
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Figure 4.  IFN- induces autophagolysosomal fusion.  (A) Human LCDC were infected 

with PKH26-M. leprae (red) at multiplicity of infection of 10:1 overnight, fixed, and stained 

with 4’,6-diamidino-2-phenylindole (DAPI – blue).  Representative images of three 

independent experiments are shown.  Human primary LC were infected with PKH26-M. 

leprae (red).  Representative images of three independent experiments are shown. (B) 

Human LCDC were infected with PKH26-M. leprae (red) at multiplicity of infection of 10:1 

overnight, fixed, and stained with anti-CD207 antibody (green) and DAPI (blue). 

Representative images of five independent experiments are shown.  (C) Human LCDC were 

stimulated with rIFN- for 4 hours, washed and infected with PKH26-M. leprae (red), at 

multiplicity of infection of 10:1 overnight, washed and stimulated with rIFN- for an additional 

4 hours.  Infected cells were fixed and immunolabeled with anti-LC3 antibody (green). 

Representative immunofluorescence images of four independent experiments are shown.  

(D) Human LCDC were stimulated with rIFN- and infected with PKH26-M. leprae (red) as in 

(C), infected cells were fixed and immunolabeled with anti-LAMP1 antibody (green). 

Representative immunofluorescence images of four independent experiments are shown.  

(E) Human LCDC were stimulated with rIFN- and infected with PKH26-M. leprae (red) as in 

(C), infected cells were fixed and immunolabeled with anti-LC3 antibody (green) and anti-

LAMP1 antibody (cyan). Representative immunofluorescence images of three independent 

experiments are shown. (F) Human LCDC were stimulated with rIFN- and infected with M. 

leprae as in (C).  Infected cells were fixed and processed for electron microscopy. 

Representative images of three independent experiments are shown.  White arrows indicate 

single membrane.  Yellow arrows indicate double membrane.  Blue arrows indicate degraded 

bacteria.  Yellow asterisk indicates fusion between autophagosome and lysosome.  Scale 

bar represents 1 m.  **P < 0.01. 
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Figure 5.  IFN- induces antimicrobial activity.  (A) Human LCDC were stimulated with 

rIFN- or IL-4 for 4 hours, washed and infected with M. leprae at multiplicity of infection of 

10:1 overnight, washed and stimulated with rIFN- for an additional 4 days. Viability of mLEP 

was calculated by the ratio of bacterial 16S RNA and DNA (RLEP) detected by qPCR, and 

percent increase or decrease relative to no treatment (media) was determined. Data are 

represented as mean  SEM, n = 4 – 9.  (B) Human primary CD1a+ LC or CD1a- epidermal 

cells, derived from skin, were stimulated with rIFN- for 4 hours, washed and infected with M. 

leprae as in (A).  Viability of M. leprae was calculated as described in (A). Data are 

represented as mean  SEM, n = 5.  (C) Human primary CD1a+ LC were stimulated with 

rIFN- for 4 hours, washed and infected with S. aureus at a multiplicity of infection of 3:1 for 3 

hours.  Extracellular bacteria were removed by the addition of gentamicin and washing.  

Infected cells were stimulated with rIFN- overnight.  Viable intracellular bacteria were 

quantified by CFU assay the next morning. Data are represented as mean  SEM, n = 4.  *P 

< 0.05. **P < 0.01.   
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Figure 6. IFN- induces the vitamin D antimicrobial pathway.  (A) Human LCDC were 

stimulated with rIFN- in 10% vitamin D-sufficient human serum.  CYP27B1, VDR, CYP24, 

cathelicidin and DEFB4 (B) gene expression was assessed by qPCR.  Data are represented 

as mean fold change  SEM, n = 8.  (C and D) Human primary CD1a+ LC were stimulated as 

in (A and B), gene expressions were assessed by qPCR.  Data are represented as mean fold 

change  SEM, n = 7.  (E) Human LCDC were stimulated with rIFN- overnight with golgi 

blocker, fixed, and immunolabeled with anti-cathelicidin antibody (green) and DAPI (blue).  

Representative immunofluorescence images of three independent experiments are shown.  

(F) The percentage of positive cells were quantified.  Data are represented as mean of 

percent positive cells  SEM, n = 4.  (G) Human LCDC were stimulated with rIFN- overnight, 

fixed, and immunolabeled with anti--defensin 2 antibody (green) and DAPI (blue).  

Representative immunofluorescence images of three independent experiments are shown.  

(H) The percentage of positive cells were quantified.  Data are represented as mean of 

percent positive cells  SEM, n = 3.  *P < 0.05. 
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Figure 7. Cathelicidin contributes to antimicrobial activity.  (A) Human LCDC were 

stimulated with rIFN-, fixed, and immunolabeled with anti-cathelicidin antibody (green) and 

anti-CD1a antibody (red).  Representative immunofluorescence images of four independent 

experiments are shown.  (B)  Human LCDC were treated with rIFN- in 10% human vitamin 

D-sufficient serum for 4 hours, washed and infected with M. leprae overnight, washed and 

stimulated with rIFN- again for an additional 4 hours. Cells were immunolabeled with anti-

cathelicidin antibody (green) and anti-LAMP1 antibody (cyan). Representative 

immunofluorescence images of three independent experiments are shown.  (C)Human 

LCDC were stimulated with siRNA oligos specific for cathelicidin (siCath) or nonspecific 

(siCtrl) and then treated with rIFN- in 10% human vitamin D-sufficient serum for 2 hours.  

Cathelicidin and vitamin D receptor (VDR) gene expression were assessed by qPCR.  Data 

are represented as mean fold change  SEM, n = 4.  *P < 0.05. (D) Human LCDC were 

stimulated with siRNA oligos specific for cathelicidin (siCath) or nonspecific (siCtrl) and then 

treated with rIFN- in 10% human vitamin D-sufficient serum for 4 hours, washed and 

infected with M. leprae overnight, washed and stimulated with siRNA oligos and rIFN- for an 

additional 4 days.  Viability of mLEP was calculated by the ratio of bacterial 16S RNA and 

DNA (RLEP) detected by qPCR, and percent increase or decrease relative to no treatment 

(media) was determined.  Data are represented as mean  SEM, n = 4. (E)  Human LCDC 

were stimulated and infected as described in (D).  Following overnight infection with PKH26-

M. leprae (red) overnight, LCDC were washed and stimulated with siRNA oligos and rIFN- 

for an additional 4 hours, and immunolabeled with anti-cathelicidin antibody (green) and anti-

LAMP1 antibody (cyan). Representative immunofluorescence images of three independent 

experiments are shown.  *P < 0.05. **P < 0.01. 
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Figure 8.  Vitamin D contributes to antimicrobial activity.  (A) Human LCDC were 

stimulated rIFN- in 10% vitamin D-sufficient human serum or 10% vitamin D-insufficient FCS 

for 2 hours. VDR, CYP24, cathelicidin, and DEFB4 gene expression was assessed by qPCR.  

Data are represented as mean fold change  SEM, n = 4.  (B) Human LCDC were stimulated 

as in (A).  CD64 gene expression was assessed by qPCR.  Data are represented as mean 

fold change  SEM, n = 4.  (C) Human primary CD1a+ LC were cultured in 10% vitamin D-

sufficient serum, pretreated with the VDR agonist VAZ (ZK159222) for 30 minutes, and then 

stimulated with rIFN-.  Cathelicidin, DEFB4, and CYP24 gene expression was assessed by 

qPCR.  Data are represented as mean fold change  SEM, n = 4.  (D) Human primary CD1a+ 

LC were cultured as in (C), CD64 gene expression was assessed by qPCR.  Data are 

represented as mean fold change  SEM, n = 6. (E) Human LCDC were stimulated rIFN- in 

10% vitamin D-sufficient human serum or 10% vitamin D-insufficient FCS for 2 hours. VDR, 

CYP24, cathelicidin, and DEFB4 gene expression was assessed by qPCR.  Data are 

represented as mean fold change  SEM, n = 4.  (F) Human LCDC were stimulated as in (E).  

CD64 gene expression was assessed by qPCR.  Data are represented as mean fold change 

 SEM, n = 4.  (G)  Human LCDC were stimulated with 25D or 1,25D in 10% vitamin D-

insufficient FCS for 2 hours.  Cathelicidin, DEFB4, and CYP24 gene expression was 

assessed by qPCR.  Data are represented as mean fold change  SEM, n = 6. (H) Human 

LCDC were pretreated with the VDR agonist VAZ (ZK159222) for 30 minutes, and then 

stimulated with rIFN- for 4 hours in 10% vitamin D-sufficient serum, washed and infected 

with M. leprae at multiplicity of infection of 10:1 overnight.  Infected cells were washed and 

pretreated with the VDR agonist VAZ (ZK159222) for 30 minutes, then stimulated with rIFN- 

in 10% vitamin D-sufficient serum again for an additional 4 days. Viability of mLEP was 

calculated by the ratio of bacterial 16S RNA and DNA (RLEP) detected by qPCR, and 
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percent increase or decrease relative to no treatment (media) was determined. Data are 

represented as mean  SEM, n = 5.  (I) Human LCDC were stimulated with rIFN- for 4 hours 

in 10% vitamin D-sufficient human serum or 10% vitamin D-insufficient FCS, washed and 

infected with M. leprae at multiplicity of infection of 10:1 overnight.  Infected cells were 

washed and stimulated with rIFN- for 4 hours in 10% vitamin D-sufficient human serum or 

10% vitamin D-insufficient FCS again for an additional 4 days. Viability of mLEP was 

calculated as in (H). Data are represented as mean  SEM, n = 4. *P < 0.05. **P < 0.01. 
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Figure 9. Vitamin D augment induction of autophagy.  (A) Human LCDC were cultured 

with rIFN-, or medium overnight in 10% vitamin D-sufficient human serum (25D=100 

nmol/L); or rIFN-, 1,25D3, or rapamycin (RAPA) in 10% vitamin D-insufficient FCS (25D=20 

nmol/L), fixed and immunolabeled with anti-LC3 antibody (green).  Nuclei were stained with 

4’,6-diamidino-2-phenylindole (DAPI – blue).  Representative immunofluorescence images of 

three independent experiments are shown.  (B) The number of LC3 puncta per cell were 

quantified.  Data are represented as mean puncta per cell  SEM, n  25 cells.  Cells with >5 

puncta were quantified.  Data are represented as mean of percent positive cells  SEM, n = 

3.  (C) Human LCDC were stimulated with rIFN- for 4 hours in 10% vitamin D-sufficient 

serum or vitamin D-insufficient serum, with or without the addition of 25D3 to reach sufficient 

concentration; washed and infected with M. leprae at multiplicity of infection of 10:1 

overnight.  Infected cells were washed and stimulated with rIFN- in 10% vitamin D-sufficient 

serum or vitamin D-insufficient serum, with or without the addition of 25D3 to reach sufficient 

concentration for an additional 4 days. Viability of mLEP was calculated by the ratio of 

bacterial 16S RNA and DNA (RLEP) detected by qPCR, and percent increase or decrease 

relative to no treatment (media) was determined. Data are represented as mean  SEM, n = 

4.  *P < 0.05. **P < 0.01. 
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Figure 10.  Autophagy, induced by IFN-, is necessary for antimicrobial activity.  (A) 

Human LCDC were cultured with rIFN-, with or without pretreatment of the autophagy 

inhibitor wortmannin, or medium overnight in 10% vitamin D-sufficient human serum, fixed 

and immunolabeled with anti-LC3 antibody (green).  Nuclei were stained with 4’,6-diamidino-

2-phenylindole (DAPI – blue).  Representative immunofluorescence images of four 

independent experiments are shown.  (B)  The number of LC3 puncta per cell were 

quantified.  Data are represented as mean puncta per cell  SEM, n  30 cells.  LC3 

punctated cells were quantified.  Data are represented as mean of percent positive cells  

SEM, n = 4.  (C) Human LCDC were stimulated with rIFN-, with or without pretreatment of 

wortmannin, for 4 hours, washed and infected with M. leprae at multiplicity of infection of 10:1 

overnight, washed and stimulated with rIFN-, with or without pretreatment of wortmannin for 

an additional 4 days. Viability of mLEP was calculated by the ratio of bacterial 16S RNA and 

DNA (RLEP) detected by qPCR, and percent increase or decrease relative to no treatment 

(media) was determined. Data are represented as mean  SEM, n = 5.  (D) Human LCDC 

were stimulated with rIFN-, with or without pretreatment of wortmannin for 4 hours, washed 

and infected with S. aureus, S. pyogenes, or C. albicans at a multiplicity of infection of 3:1 for 

3 hours.  Extracellular bacteria were removed by the addition of gentamicin and washing.  

Extracellular C. albicans were removed by washing.  Infected cells were stimulated with rIFN-

, with or without pretreatment of wortmannin overnight.  Viable bacteria or fungus were 

quantified by CFU assay the next morning. Data are represented as mean  SEM, n = 5.  *P 

< 0.05. **P < 0.01. 
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Figure 11.  IFN- and LC in leprosy lesions.  (A) IFN- expression and isotype control in 

leprosy lesions (T-lep and L-lep); one representative labeled section is shown out of at four 

individuals; scale bars equals 30 m.  (B) Immunofluorescent of IFN- (green) and CD1a 

(red), or isotype controls, in T-lep and L-lep lesions. Data are representative of at least three 

individual samples. 
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Figure 12.  LC3 and LC in leprosy lesions.  (A) LC3 expression and isotype control in 

leprosy lesions (T-lep and L-lep); one representative labeled section is shown out of at three 

individuals; scale bars equals 30 m.  (B) Immunofluorescent of LC3 (green) and CD1a 

(red), or isotype controls, in T-lep and L-lep lesions. Data are representative of at least three 

individual samples. 
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Figure 13.  Cathelicidin and LC in leprosy lesions.  (A) Cathelicidin expression and 

isotype control in leprosy lesions (T-lep and L-lep); one representative labeled section is 

shown out of at three individuals; scale bars equals 30 m  (B) Immunofluorescent of 

Cathelicidin (green) and CD1a (red), or isotype controls, in T-lep and L-lep lesions. Data are 

representative of at least three individual samples. 
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Figure 14.  CD4+ TRM cells secret IFN- activating antimicrobial activity.  (A) Human 

CD4+ T cells were isolated from a T-lep leprosy lesion.  Expression of CD4, CD45RA, 

CD45RO, CD69, CD103, and CCR7 were analyzed by flow cytometry.  Representative flow 

staining of three independent experiments are shown.  (B) Human LCDC were infected with 

M. leprae at multiplicity of infection of 10:1 overnight, washed and cultured with LCD4.G T 

cells with or without blocking anti-CD1a.  T cells were pulsed with 3H-thymidine after 4 days 

of culture. Cells were harvested, and 3H incorporation was measured by a scintillation 

counter. Data are represented as mean  SEM of triplicate cultures, n = 5.  Human LCDC 

were pretreated with blocking mAB to IFN- or isotype control antibody for 30 minute then T 

cell supernatants were added to LCDC in 10% human vitamin D-sufficient serum.  CYP27B1, 

CYP24, VDR, and DEFB4 gene expression was assessed by qPCR.  Data are represented 

as mean fold change  SEM, n = 3.  (C) CD4+ TRM cells secreted IFN- upon activation.  

LCD4.G T cell line were isolated from a T-lep lesion, stimulated overnight by CD3/CD28 

DynaBeads or just medium, supernatants were collected, and IFN- was measured by 

sandwich ELISA.  Human LCDC were pretreated with blocking mAB to IFN- or isotype 

control antibody for 30 minute then T cell supernatants were added to LCDC in 10% human 

vitamin D-sufficient serum.  (D) Cathelicidin, DEFB4, (E) CYP27B1, VDR, and CYP24 gene 

expressions were assessed by qPCR.  Data are represented as mean fold change  SEM, n 

= 3.  *P < 0.05. 
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Figure 15.  IFN- and vitamin D affect LC phenotype.  (A) Human LCDC were stimulated 

with rIFN- or 1,25D3 in 10% vitamin D-insufficient FCS overnight.  Cells were fixed and 

expression of CD1a was analyzed by flow cytometry.  (B) Human LCDC were stimulated with 

rIFN- or medium in 10% vitamin D-sufficient human serum overnight.  Cells were fixed and 

expression of CD1a was analyzed by flow cytometry.  (C) Human LCDC were stimulated with 

rIFN- or 1,25D3 in 10% vitamin D-insufficient FCS overnight.  Cells were fixed and 

expression of CD80 was analyzed by flow cytometry.  (D) Human LCDC were stimulated with 

rIFN- or medium in 10% vitamin D-sufficient human serum overnight.  Cells were fixed and 

expression of CD80 was analyzed by flow cytometry. (E) Human LCDC were stimulated with 

rIFN- or 1,25D3 in 10% vitamin D-insufficient FCS overnight.  Cells were fixed and 

expression of CD86 was analyzed by flow cytometry.  (F) Human LCDC were stimulated with 

rIFN- or medium in 10% vitamin D-sufficient human serum overnight.  Cells were fixed and 

expression of CD86 was analyzed by flow cytometry.  (G) Human LCDC were stimulated 

with rIFN- or medium in 10% vitamin D-sufficient human serum or 10% vitamin D-insufficient 

FCS for 4 hours, washed, and infected with PKH26-M. leprae at a multiplicity of infection of 

10:1 overnight.  Infected cells were washed and stimulated with rIFN- or medium in 10% 

vitamin D-sufficient human serum or 10% vitamin D-insufficient FCS for 4 hours.  Cells were 

then fixed and CD1a was analyzed by flow cytometry.  (H) Human LCDC were stimulated 

and infected as in (G).  Infected cells were fixed and HLA-DR was analyzed by flow 

cytometry.  Data are represented as mean percentage or MFI  SEM, n = 3.  *P < 0.05. 
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Figure 16.  Autophagy, induced by IFN-, is required for antigen presentation.  (A) 

Human primary CD1a+ LC were stimulated with rIFN-, with or without pretreatment of 

wortmannin for 4 hours, washed and infected with M. leprae at multiplicity of infection of 10:1 

overnight, washed and stimulated with rIFN-, with or without wortmannin, and cultured with 

LCDC4.G.  T cells were pulsed with 3H-thymidine after 4 days of culture. Cells were 

harvested, and 3H incorporation was measured by a scintillation counter. Data are 

represented as mean  SEM of triplicate cultures, n = 4.  (B) Human LCDC were stimulated, 

infected, and cultured with LCD4.G T cells as in (A), n = 10.  (C) Human monocyte-derived-

macrophages (MDM) were stimulated with rIFN-, washed and infected with M. leprae at 

multiplicity of infection of 10:1 overnight, washed and stimulated with rIFN-, and cultured 

with LCDC4.G.  T cells were pulsed with 3H-thymidine after 4 days of culture. LCD4.G cells 

were cultured with rIL-2 as positive control.  Cells were harvested, and 3H incorporation was 

measured by a scintillation counter. Data are represented as mean  SEM of triplicate 

cultures, n = 4.  (D) Human LCDC were stimulated with rIFN-, with or without pretreatment 

of Wortmannin for 4 hours, washed and pulsed with 1 g/ml M. leprae sonicate for 2 hours, 

stimulated with rIFN-, with or without wortmannin, and cultured with LCDC4.G.  T cell 

proliferation was measured as in (A).  Data are represented as mean  SEM of triplicate 

cultures, n = 3. (E) Human MDM were stimulated with rIFN-, washed and pulsed with 1 

g/ml M. leprae sonicate for 2 hours, stimulated with rIFN-, and cultured with LCDC4.G as in 

(A).  Data are represented as mean  SEM of triplicate cultures, n = 4.  (F) Human LCDC 

were stimulated with IFN- or media, with or without pretreatment of 10 uM chloroquine for 30 

minutes, washed and pulsed with 1 g/ml M. leprae sonicate for 2 hours, stimulated with IFN-

 or media, with or without pretreatment of 10 uM chloroquine for 30 minutes again, and 

cultured with LCDC4.G as in (A).  (G) Human monocyte-derived-macrophages (MDM) were 
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stimulated with rIFN- overnight, fixed, and immunolabeled with anti-CD58 antibody (green) 

and anti-CD1a antibody (red).  Nuclei were stained with DAPI (blue).  Representative 

immunofluorescence images of four independent experiments are shown.  (H) Human LCDC 

were stimulated with rIFN-, with or without pretreatment of Wortmannin for 4 hours, washed 

and pulsed with 50 ng/ml Triton X-114 extract of M. tuberculosis whole cell lysate for 2 hours, 

stimulated with rIFN-, with or without Wortmannin, and cultured with LCDC4.G.  T cell 

proliferation were measured as in (A).  Data are represented as mean  SEM of triplicate 

cultures, n = 4.  Data are represented as mean  SEM of triplicate cultures, n = 3. *P < 0.05. 

**P < 0.01. 
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Figure 17.  Antigen presentation through CD1a does not require MHC class II 

matching.  Human LCDC, MDM, and LCD4.G T cells were genotyped for MHC class II 

alleles. 
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Figure 18. The effects of vitamin D on antigen presentation.  (A) Human LCDC were 

stimulated with 1,25D3 10-7 M for 30 minutes, with or without pretreatment of 1 nM, 10 nM, or 

100 nM of VDR antagonist ZK 159 222 (VAZ) for 30 minutes, washed and infected with M. 

leprae at multiplicity of infection of 10:1 overnight, stimulated with 1,25D3 at 10-7 M for 30 

minutes, with or without pretreatment of 1 nM, 10 nM, or 100 nM of VAZ again, and cultured 

with LCDC4.G T cells were pulsed with 3H-thymidine after 4 days of culture. Cells were 

harvested, and 3H incorporation was measured by a scintillation counter. Data are 

represented as mean  SEM of triplicate cultures, n = 4.  (B) Human LCDC were stimulated 

with rIFN-, with or without pretreatment of 1 nM, 10 nM, or 100 nM of VAZ for 30 minutes, 

washed and infected with M. leprae at multiplicity of infection of 10:1 overnight, stimulated 

with rIFN-, with or without VAZ again, and cultured with LCDC4.G as in (A).  Data are 

represented as mean  SEM of triplicate cultures, n = 4.  *P < 0.05. **P < 0.01. 
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DISCUSSION 

The key finding of the present study is that IFN--triggered autophagy in LC was 

critical for antimicrobial activity against M. leprae as well as antigen presentation to M. leprae 

reactive T cells.  In primitive eukaryotic organisms such as yeast and amoeba, autophagy 

has a key role in cell survival by managing the flow of nutrients and by clearing damaged 

organelles [22, 23].  On the other hand, it is becoming increasingly clear that more complex 

organisms have evolved additional ways to utilize autophagy, for example, as a host defense 

mechanism by which phagocytized pathogens are brought to lysosomes where they are 

destroyed.  Several studies have demonstrated the importance of LC in viral infection as they 

are localized to the site of entry.  Notably, Langerin have been demonstrated to function as a 

neutralizing receptor for HIV.  When HIV-1 virions were captured by Langerin, they were 

internalized by Birbeck granules, leading to their degradation and augmenting viral clearance 

[24].  In contrast, few have reported on the antibacterial activity of LC against intracellular 

bacteria.  Here, we provide evidence that in LC, a subset of DC at the interface of the skin 

with the outside environment, autophagy delivers bacterial pathogens to lysosomes, where 

they are killed and subsequently processed into cognate antigens, facilitating T cell 

recognition.  Importantly, in situ investigation of skin lesions showed that LC present in T-lep 

but not L-lep lesions are in contact with IFN-, and those LC exhibited higher levels of LC3 

puncta and cathelicidin protein, which suggests our findings are relevant to human host 

defense against intracellular infection.  Taken together, our study indicates that autophagy is 

a critical mechanism that allows LC to bridge the innate and adaptive immune responses by 

linking the antimicrobial response with efficient antigen presentation to T cells.   

A major function of DC is to link innate and adaptive immunity through the efficient 

presentation of antigen to activate T cell responses.  There is experimental evidence in 

murine models that indicates induction of autophagy in DC facilitates MHC class II-restricted 
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antigen presentation to CD4 positive T cells, in the context of infection by HSV-1 [25, 89], 

influenza [26], and mycobacteria [90, 91].  Induction of autophagy in human DC, albeit 

derived from monocytes differentiated with GM-CSF and IL-4, enhanced MHC class II 

presentation of HIV-1 [92], and the C-fragment of tetanus toxoid expressed by salmonella 

[93].  Surprisingly, little is known about autophagy in LC, a subset of DC mainly located in the 

skin and mucosal epithelia, where they are one of the first immune cells to encounter 

microbial pathogens.  A key finding of our study was that IFN-, by inducing autophagy in M. 

leprae infected LC, enhanced CD1a-restricted antigen presentation of both live and 

sonicated M. leprae to a CD4 positive T cell line (LCD4.G) derived from the TRM population of 

a leprosy patient skin biopsy.   

In contrast to antigen presentation of live and sonicated M. leprae by LC, IFN- did 

not enhance presentation of a soluble mycobacterial lipid extract, nor was autophagy 

required for optimal antigen presentation of the extract.  Similarly, MHC class II-restricted 

presentation of soluble OVA by murine DC was autophagy independent [94], whereas 

presentation of soluble BCG Ag85 to T cells by murine bone-marrow derived macrophages 

was enhanced by induction of autophagy [91].  Together, these data suggests that in DC, 

soluble antigen is taken up by macropinocytosis and can be directly trafficked to lysosomes 

in an autophagy independent manner for processing and subsequent presentation [95-97].  It 

is known that lipid antigens freely traffic between different intracellular compartments [98].  In 

contrast, mycobacteria are known to inhibit phagolysosomal fusion [47-49, 99-101], which is 

overcome by autophagy [15, 17, 102-106]. 

The induction of autophagy in mycobacteria-infected macrophages, facilitates 

phagolysosomal fusion and results in the delivery of bacteria to lysosomes containing 

antimicrobial molecules.  IFN- induction of autophagy in human macrophages and 

subsequent phagolysosomal fusion results in a vitamin D dependent anti-mycobacterial 
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response including the induction of the antimicrobial peptide cathelicidin [15].  We provide 

evidence that in LC, IFN- induced both autophagy and cathelicidin in a vitamin D dependent 

manner, resulting in the colocalization of M. leprae with cathelicidin in lysosomes.  

Furthermore, the induction of both autophagy and cathelicidin was required for optimal 

antimicrobial activity.  It is logical to presume that the ability of DC to present a non-secreted 

antigen from a live intracellular pathogen requires liberation of the antigen through an 

antimicrobial response and/or degradation of the complex structure into soluble molecules.  

The ability of DC to mount an antimicrobial response not only contributes to enhanced 

antigen presentation but also represents a cell survival mechanism [90, 93, 107-110].  

Therefore, the induction of autophagy in LC links antimicrobial activity to antigen processing 

and presentation.    

It is likely that evolution has linked autophagy to both antimicrobial activity and 

antigen presentation, as a common process which involves trafficking of antimicrobial 

effector molecules and pathogens residing in phagosomes for optimal killing and processing 

for efficient antigen presentation.  We speculate that the ability of DC, such as LC, to mount 

this antimicrobial response not only contributes to enhanced antigen presentation but also 

represents a cell survival mechanism.  Our study defines mechanisms by which infected-DC 

are able to mount a direct antimicrobial response leading to increased killing of intracellular 

bacteria and enhanced antigen presentation to T cells, including TRM.  We found that IFN- 

induced an autophagy-dependent antimicrobial activity in infected-LC against several other 

cutaneous pathogens, including S. aureus, S. pyogenes and C. albicans.  Although these are 

extracellular pathogens, they are eventually taken up phagocytes where autophagy 

contributes to their destruction [41, 46].  Therefore, the induction of autophagy in LC provides 

a general mechanism for degradation of a wide range of cutaneous pathogens and the 

subsequent presentation of the microbial antigens to T cells. 
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CHAPTER 2 

T cells promote mycobacteria killing via IL-26 
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Abstract 

Host defense against bacterial and viral infection depends on the coordinated actions 

of the immune system.  T cells are required for protective immunity because they secrete 

cytokines to activate other immune cells, as well as antimicrobial peptides that reduce the 

viability of invading pathogens.  Immunofluorescence microscopy revealed that the 

expression of Interleukin-26, a T cell cytokine, is elevated in tuberculoid leprosy lesions and 

colocalizes with CD4 and CD68 markers. Here we demontrate IL-26 directly binds to M. 

leprae in axenic culture and reduces bacteria viability.  Furthermore, treatment of human 

MDM with IL-26 induces autophagy and increases trafficking of bacterial bacilli to the 

lysosomes.  Finally, during M. leprae infection of MDM, IL-26 stimulation reduces intracellular 

bacteria viability.  Altogether, our data provides insights into the potential of IL-26 as an 

immunotherapeutic for bacterial infection.  
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Introduction 

 T cells employ diverse indirect and direct mechanisms to combat and eliminate 

infections.  One of these indirect mechanisms involves secretion of cytokines to recruit and 

activate other immune cells to the site of infection [111, 112].  Cytokines secreted by both 

CD4+ and CD8+ T cells, such as CCL5, have been reported to recruit both monocytes and 

macrophages [112-115].  T cells also secrete IFN-, which is a potent activator of monocytes, 

macrophages, and dendritic cells during infections, as described in the previous chapter and 

in the literature [15, 116, 117].  There is also a wealth of experimental data indicating that T 

cells secrete several antimicrobial peptides (AMPs) that have direct effects against the 

invading pathogens [16, 118, 119].  Granulysin is one such antimicrobial peptide that has 

been shown to have direct cytotoxicity against bacteria, parasites, and fungi [16, 118].  More 

recently, interleukin-26 (IL-26) has emerged as a T cell cytokine with a novel role in T cell-

mediated direct antimicrobial activity [119]. 

 

Interleukin-26 

IL-26 was discovered over a decade ago in Herpesvirus saimiri-transformed human T 

cells and was designated as transcript ak155.  AK155/IL-26 was described to have ~25% 

sequence homology and ~47% amino acid similarity to IL-10 [120].  Based on sequence and 

structural homologies, as well as shared receptor subunits, this 19.8 kDa protein is 

considered a member of the IL-10 cytokine family, which includes IL-10, IL-19, IL-20, IL-22 

and IL-24 [121]. The heterodimer receptor of IL-26 is composed of two subunit proteins: IL-

20R1 and IL-10R2 [122, 123].  Subunit IL-20R1 functions as the ligand-binding site for IL-26, 

while subunit IL-10R2 serves as a secondary chain in forming the binding groove [122].  

Once the IL-26 ligand-receptor complex is completely assembled, activation of Jak1 and 
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Tyk2 enable the phosphorylation of STAT1 and, more predominantly, STAT3 [122, 123].  IL-

26 receptor subunits are present on both nonhematopoietic cell types as well as immune 

cells, providing a broad range of potential targets for IL-26 [124]. 

The UCSC Genome Browser shows that IL26 gene is located on chromosome 12q15 

right in between IFN and IL22 genes, at a distance of 40 kb and 20 kb, respectively.  All 

three of these genes appear to be conserved across multiple vertebrate species but IL-26 is 

absent in mouse and rat [125, 126].  Paralogs of IFN-, IL-26, and IL-22 have also been 

reported in non-mammalian species, including fish, frogs, and birds [127, 128].  Recent 

studies have elucidated that IFN-, IL-26, and IL-22, being closely located to each other, fit in 

a shared regulation paradigm, as they share a common distal enhancer element [129].  The 

IL-26 DNA coding region is ~34 kb long (Accession: AY509906.1), producing a pre-mRNA 

containing five exons that are separated by four introns.  The five exons together generate a 

171 amino acid protein that has six highly cationic helices and four conserved cysteine 

residues [120].  Although IL-26 mRNA has been reported to be detectable in natural killer 

(NK) cells [130], IL-26 protein is mainly produced by T cells and is often co-expressed with 

IFN- and IL-22 proteins [131].  In TH17 T cells, IL-26 is also detected with IL-17 [131, 132].  

One study has suggested that human monocytes can also secrete IL-26, but the origin of IL-

26 in this study is inconclusive [133]. 

 

The role of IL-26 in inflammation and defense against invading pathogens 

Despite sharing a receptor subunit with IL-10, an anti-inflammatory cytokine, there is 

a growing amount of evidence proposing that IL-26 is not only initiates inflammation but also 

propels it [134, 135].  One mechanism explaining how IL-26 can drive inflammation is by 

acting as a potent chemoattractant for neutrophils [136], which are known to release 
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numerous inflammatory cytokines, proteases, and antimicrobial peptides [137].  High levels 

of IL-26 gene expression have been reported in Crohn’s disease [138], rheumatoid arthritis 

[139, 140], psoriasis [141], multiple sclerosis [138], and asthma [142].  Interestingly, there are 

conflicting reports on the role of IL-26 during viral infections.  Pre-incubation of IL-26 and 

vesicular stomatitis virus lead to an increase of virion adsorption to the target colon 

carcinoma cells.  However, the same study also reported that infection of human fibroblasts 

by human cytomegalovirus was significantly reduced with pretreatment of fibroblasts with IL-

26, at moderately high concentrations of 5 or 25 g/ml [143].  Furthermore, sera from 

patients with chronic hepatitis C (HCV) infection had elevated levels of IL-26, which was 

demonstrated to activate NK cells, enabling them to kill HCV-replicating cells [135]. 

Similarly, the role of IL-26 during bacterial infection is also ambiguous.  In one study, 

uninfected CD14+ monocytes secreted higher levels of IL-26 than M. tuberculosis-infected 

monocytes.  Furthermore, monocytes from healthy controls secreted more IL-26 than 

monocytes from tuberculosis patients when infected with M. tuberculosis.  Interestingly, 

during M. tuberculosis infection of whole blood the addition of recombinant IL-26, at a low 

concentration of 25 ng/ml resulted in increased growth of M. tuberculosis [133].  Conversely, 

culturing Pseudomonas aeruginosa, Escherichia coli, Klebsiella pneumoniae, and 

Staphylococcus aureus with recombinant IL-26 at moderately high concentrations of 5 to 10 

M (90 to 180 g/ml) significantly inhibited bacterial growth.  The reported mechanism of 

bacterial killing by IL-26 was pore formation and membrane disruption when the protein had 

direct access and contact with the bacterial cell wall [119].  In the present study, we aimed to 

characterize IL-26 expression in leprosy lesion, as well as elucidate the role of IL-26 during 

M. leprae infection of human monocyte-derived macrophages (MDM). 
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Material and Methods 

Reagents 

Recombinant human M-CSF (carrier-free), used at a concentration of 50 ng/ml, and 

recombinant IL-26 monomer (carrier-free) were purchased from R&D Systems, used as 

indicated concentrations.  Poly-L-lysine, and saponin were purchased from Sigma-Aldrich.  

RPMI cell culture media, Hyclone fetal calf serum, DAPI antifade with prolong Gold, and 

TRIzol were purchased from Invitrogen Life Technologies.  Alexa Fluor ® 488 Microscale 

Protein Labeling Kit was purchased from Molecular Probes, Invitrogen.  Omega fetal calf 

serum was purchased from Omega Scientific, Inc.  The following monoclonal antibodies and 

corresponding isotype controls were purchased from Biolegend: purified anti-human CD4 

(IgG2b), purified anti-human CD68 (IgG2b), purified anti-human CD8a (IgG1), purified anti-

CD107/LAMP1 (IgG1), and Alex647 anti-CD107/LAMP1 (IgG1).  Anti-human CD3 (IgG1) 

and Middlebrook 7H9 medium were purchased from BD Biosciences.  Anti-human CD68 

(IgG1) was purchased from DAKO.  Purified anti-human LC3 (IgG1) was purchased from 

MBL International.  Anti-IL-26 (IgG2a), rifampicin, and Roche In Situ Cell Death Detection 

Kit, Fluorescein were purchased from Sigma-Aldrich.  CD1a and CD14 magnetic beads were 

purchased from Miltenyi.  Middlebrook 7H10 agar plates were purchased from Teknova. 

 

Ethics statement 

This study was conducted according to the principles expressed in the Declaration of 

Helsinki.  The study was approved by the local Institutional Review Boards. All donors 

provided written informed consent for the collection of peripheral blood and subsequent 

analysis. 
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T cell line 

Mycobacterium leprae-reactive CD4+ T cell line (LCD4.G) was derived from a lesion biopsy 

of a tuberculoid leprosy patient, as previously described [65].   

 

Generation of LCDC 

CD34+ cells were cultured in the presence of SCF (25 ng/ml), GM-CSF (100 ng/ml), and 

TNF- (500 ng/ml).  At day 7-8, CD14+ cells were depleted from the culture.  The remaining 

CD14- cells were replated in the presence of GM-CSF (100 ng/ml) and TGF-1 (1 ng/ml) to 

increase CD1a expression. LCDC were harvested at day 13–15 and enriched for CD1a by 

using Miltenyi anti-CD1a magnetic beads. Of the CD1a+ LCDC, 80-90% were found to also 

be CD207+ by surface labelling and flow cytometry.  LCDC were cultured in RPMI in 10% 

Hyclone FCS. 

 

Microarray data analysis 

Gene expression profiles of mRNAs derived from skin biopsy specimens of 13 leprosy 

patients (T-lep, n = 7; L-lep, n = 6) were determined using Affymetrix Human U133 Plus 2.0 

microarrays and analyzed as previously described [144]. 

 

Generation of monocyte-derived macrophages 

Whole blood from healthy donors was obtained with informed consent at UCLA. PBMC were 

isolated using Ficoll (GE Healthcare, Piscataway, NJ) gradient centrifugation. CD14+ cells 

were positively selected from PBMC using CD14 magnetic beads from Miltenyi, cultured in 

the presence of M-SCF (50 ng/ml), and used at day 5-6. 
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Induction of IL-26 in LCD4.G 

To induce IL-26 protein in LCD4.G, 106 CD1a+ LCDC were cultured in media control or 

pulsed with 1 g/ml of M. leprae sonicate for 2 hours and cocultured with 106 LCD4.G CD4+ 

T cells for 48 hours.  Cells were then washed and adhered onto glass slides for 

immunolabeling. 

 

Alexa-488 labeling of recombinant IL-26 monomers  

To label recombinant IL-26, we utilized Alexa Fluor ® 488 Microscale Protein Labeling Kit 

according to manufacturer’s protocol.  Briefly, IL-26 were incubated with Alexa Fluor® 488 

TFP ester dye for 15 minutes.  Unreacted dye were removed with the Bio-Gel P-6 fine resin 

through a spin column.  Concentrations of labeled protein were determine by NanoDrop 

1000. 

 

RT-PCR  

mRNA was isolated from cells using TRIzol reagent according to the manufacturers 

recommended protocol.  cDNA was prepared and gene expression levels were measured by 

qPCR and calculated by the 2-(Ct) method.  Primer sequences used for human h36B4, 16S 

rRNA and RLEP of M. leprae were previously reported [70, 80]. 

mLep 16s RNA FWD – GCATGTCTTGTGGTGGAAAGC 

mLep 16s RNA REV – CACCCCACCAACAAGCTGAT 

mLep RLEP DNA FWD – GCAGCAGTATCGTGTTAGTGAA 
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mLep RLEP DNA REV – CGCTAGAAGGTTGCCGTAT 

H36B4 FWD – CCACGCTGCTGAACATGCT 

H36B4 REV – TCGAACACCTGCTGGATGAC 

 

Infection of MDM, treatment with IL-26, and quantification of antimicrobial activity 

MDM, 1 x 106 cells/ml, were pretreated with IL-26 in 10% Omega FCS for 30 minutes and 

infected with Mycobacterium leprae at a multiplicity of infection (MOI) of 5. The infected cells 

were harvested after 4 days.  RNA and DNA were isolated from infected cells by TRIzol 

method.  cDNA was made from RNA. DNA was treated with RNase to removed residual 

RNA.  The viability of intracellular M. leprae was determined by qPCR and quantified as 

previously described [70, 80].  The efficiency of infection was determined by confocal 

microscopy.  Approximately 50-70% of cells were infected.  Cell viability following washes 

and infection was >95% of the total cells. 

 

Mycobacterium tuberculosis axenic cultures 

Recombinant IL-26 monomers were diluted in 10 mM sodium phosphate, pH 7.2.  Aliquots of 

2.5 x 105 M. tuberculosis (H37Ra) bacteria were added to 100 ul of Middlebrook 7H9 medium 

containing recombinant IL-26 monomers or 20 g/ml (final concentration) rifampicin.  

Cultures were incubated at 37 C for 72 hours, at which time 900 l of 10 mM sodium 

phosphate, pH 7.2 was added to bring to 1 ml volume.  From the 1 ml suspension, 10 l was 

plated for 3 weeks and CFU were enumerated. 
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Patients and clinical specimens 

Patients with leprosy were classified according to the criteria of Ridley and Jopling [75].  The 

designation of tuberculoid leprosy (T-lep) included patients that were classified clinically as 

borderline tuberculoid, “BT”, and the designation of lepromatous leprosy (L-lep) only included 

patients classified as “LL”.  All T-lep and L-lep skin biopsy specimens were taken at the time 

of diagnosis, prior to initiating treatment. Specimens were embedded in OCT medium (Ames, 

Elkhart, IN), snap frozen in liquid nitrogen and stored at -80°C.  All leprosy patients were 

recruited with approval from the Institutional Review Board of University of Southern 

California School of Medicine and the Institutional Ethics Committee of Oswald Cruz 

Foundation, as well as the University of California, Los Angeles. 

 

Tissue immunoperoxidase labeling 

Frozen tissue sections were blocked with normal horse serum before incubation with 

monoclonal antibodies (mAbs) for IL-26 or CD3 for 2 hours, followed by incubation with 

biotinylated horse anti-mouse IgG for 90 minutes. To test antibody specificity, IL-26 antibody 

was incubated with IL-26 monomer for 15 minutes prior to incubation on tissue sections.  

Slides were counterstained with hematoxylin, mounted in crystal mounting medium 

(Biomeda, Foster City, CA), and visualized using the ABC Elite system (Vector Laboratories, 

Burlingame, CA).  Skin sections were examined using a Leica microscope (Leica, 

Heidelberg, Germany).  Ratios were calculated by ImmunoRatio© online software, (Jorma 

Isola & Vilppu Tuominen – Institute of Biomedical Technology, University of Tampere). 
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Cell culture immunofluorescence labeling  

Cells were treated with recombinant Alexa-488-IL-26 monomers or dye media in 10% FCS 

for 30 minutes and infected with live mLEP overnight.  Following infection, cells were 

adhered to poly-L-lysine coated slides for 1 hour.   Cells were then washed, and fixed for 30 

minutes with 4% PFA, and washed again.  Next, cells were permeabilized with 0.25% 

saponin for 20 minutes, blocked with serum for 30 minutes, and stained with primary 

antibodies for CD68 and LAMP1 for 2 hours. Following washing, cells were stained with 

secondary antibodies for 90 minutes, washed, and mounted with Prolong Gold with DAPI.  

For the quantification of autophagy, the percentages of LC3 punctated cells were evaluated 

using florescence microscopy. Approximately 100 cells, over six different random fields of 

view, were scored for each condition of each experiment.  Rapamycin was used as a positive 

control for autophagy induction at 300 nM.  Immunofluorescence of cell cultures was 

examined using a Leica-TCS-SP MP inverted single confocal laser-scanning and a two-

photon laser microscope (Leica, Heidelberg, Germany) at the Advanced 

Microscopy/Spectroscopy Laboratory Macro-Scale Imaging Laboratory, California 

NanoSystems Institute, University of California at Los Angeles.  Colocalization quantifications 

were performed using ImageJ software. 

 

Tissue immunofluorescence labeling 

Immunofluorescence was performed by serially incubating cryostat tissue sections with anti-

human mAbs of different isotypes for 2 hours, washed three times with 1X PBS, followed by 

incubation with isotype-specific fluorochrome (A488, A568, A647)-labeled goat anti-mouse 

immunoglobulin antibodies (Molecular Probes, Invitrogen) for 90 minutes.  Negative controls 

were stained with matching isotype antibodies.  Nuclei were stained with DAPI (4',6'-
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diamidino-2-phenylindole).  Immunofluorescence of skin sections was examined using a 

Leica-TCS-SP MP inverted single confocal laser-scanning and a two-photon laser 

microscope (Leica, Heidelberg, Germany) at the Advanced Microscopy/Spectroscopy 

Laboratory Macro-Scale Imaging Laboratory, California NanoSystems Institute, University of 

California at Los Angeles.  Colocalization quantifications were performed using ImageJ 

software. 

 

TUNEL assay  

To evaluate cell death by apoptosis, we utilized Roche In Situ Cell Death Detection Kit, 

Fluorescein according to manufacturer’s protocol. Briefly, human MDM were differentiated on 

glass slides and treated with IL-26 or overnight.  Cells were then washed, fixed, and labeled 

TUNEL reaction mixture.  Nuclei were stained with DAPI (4',6'-diamidino-2-phenylindole).  

Immunofluorescence was examined using a Leica-TCS-SP MP inverted single confocal 

laser-scanning and a two-photon laser microscope (Leica, Heidelberg, Germany) at the 

Advanced Microscopy/Spectroscopy Laboratory Macro-Scale Imaging Laboratory, California 

NanoSystems Institute, University of California at Los Angeles. 

 

Statistical analysis 

Statistics reported are of the entire series of experiments and described as mean  the 

standard error mean.  GraphPad Prism 6 software was used for graphing and statistical 

analysis.  For comparison between three or more groups, we utilized RM one-way ANOVA, 

with the Greenhouse-Geisser correction, along with Tukey’s multiple comparisons test, with 

individual variances computed for each comparison.  The two-tailed student’s t-test was used 

for all other two-group analyses. 
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Results 

IL-26 expression in leprosy disease 

In the previous chapter we reported that LCD4.G cell line, derived from a tuberculoid 

leprosy lesion, produced and released elevated levels of IFN- upon activation.  Naturally, we 

wanted to determine whether LCD4.G also produce IL-26, since the IL26 gene location is 

upstream of the IFN gene (Fig. 1A) and they both share the same enhancer element [129].  

LCD4.G were cocultured with CD1a+ LCDC pulsed with sonicated M. leprae antigens or 

media control for 2 days.  Following antigenic activation, we performed immunofluorescent 

labeling and found that LCD4.G produced IL-26 in response to M. leprae antigens (Fig. 1B).  

This data suggests that tuberculoid leprosy, the mild form of leprosy disease, retains T cells 

that produce IFN- and IL-26. 

We performed a whole-genome microarray analysis comparing tuberculoid leprosy 

(T-lep) lesions against lepromatous leprosy (L-lep) lesions and detected a significant 

increase in IL-26 mRNA in the former group (Fig. 2A), with probe intensities of 564  129 in 

T-Lep lesions vs. 33  11 in L-Lep lesions, p<0.01.  The levels of IL-26 protein expression in 

the two types of lesions corroborated our microarray data.  IL-26-expressing cells were 

numerous in T-lep lesions, whereas only a few IL-26+ cells were found in L-lep lesions (Fig. 

2B).  Because IL-26 expression in T-lep lesions was fairly ubiquitous, we also assessed the 

specificity of the commercial antibody by adding recombinant monomers of IL-26 protein to 

the antibody prior to tissue staining.  Saturation of by recombinant IL-26 reduced the signal 

intensity in both T-lep and L-lep lesions, demonstrating specificity of the antibody to the 

protein.  All isotype controls were consistently negative (Fig. 2C).  Quantification using the 

online software ImmunoRatio revealed that IL-26 to nuclear staining ratios were ninefold 

higher in T-lep lesions compared to L-lep lesions, 56  8.5 vs. 5.2  3, p<0.005 (Fig. 2D).  
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We next used confocal laser microscopy to determine the relative localization of IL-26 

in relation to T cells and macrophages within leprosy lesions.  We detected IL-26 in proximity 

to CD4+ T cells in both T-lep and L-lep lesions (Fig. 3A), albeit more colocalization was 

detected in T-lep at 26.7%  3.7% compared to 3.2%  0.7% in L-lep lesions, p<0.005 (Fig. 

3B).  Double immunolabeling also showed lower levels of IL-26 colocalizing with CD8+ T 

cells (Fig. 4A), with T-lep lesions containing 17.5%  1.2%, while L-lep lesion had 7.2%  

1.3% colocalization, p<0.01 (Fig. 4B).  This data only displays the relative locations of the 

CD8 marker to IL-26 protein and cannot distinguish whether the CD8+ T cells actually 

produced the IL-26 or had taken it up from the microenvironment. Ultimately, when we 

compared the levels of colocalization of IL-26 with CD4 marker vs. CD8 marker from several 

different T-lep lesions, we found that IL-26 colocalized significantly more with CD4 than CD8, 

p<0.05 (Fig. 4C).  Additionally, we analyzed the relative location of IL-26 in relation to CD68+ 

macrophages in leprosy lesions, and found IL-26+CD68+ cells in both types of lesions (Fig. 

5A).  However, the levels of colocalization between IL-26 and CD68 marker were also higher 

in T-lep lesions than L-lep lesions, 16.8%  2.1% vs. 8.3%  1.1% respectively, p<0.01 (Fig. 

5B).  One rational explanation for the decreased expression of IL-26 in L-lep lesions, despite 

comparable expression of CD4 and CD68 in T-lep and L-lep lesions (Fig. 5C), could be due 

to the differential release of immunosuppressive cytokines.  For example, expressions of IL-4 

and IL-10 have been reported to be higher in L-lep compared T-lep lesions, and these 

cytokines are known inhibitors of antimycobacterial responses [109, 145, 146].  Collectively, 

these data indicate that IL-26 producing cells are more ubiquitously present in T-lep versus 

L-lep lesions. 
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IL-26 directly kills extracellular mycobacteria 

Many antimicrobial peptides (AMPs) share certain common hallmarks: often they are 

small in size, ranging from 10 to 70 amino acids, and are positive charged [147].  They also 

have amphipathic properties, containing both hydrophilic and hydrophobic domains, enabling 

them to target cholesterol-free, negatively charged membranes on Gram-positive and Gram-

negative bacteria, mycobacteria, fungi, and viruses [16, 148].  The structure of IL-26 

possesses all of the above characteristics and was reported to have antimicrobial activity 

against Gram-positive and Gram-negative bacteria, so we wanted to determine whether IL-

26 has antimycobaterial activity.  Using axenic culture of Middlebrook 7H9 media, we found 

that recombinant human IL-26 monomers affixed to the cell wall of M. leprae (Fig. 6A) and 

exhibited antimicrobial activity against the extracellular bacteria in a dose-dependent manner 

(Fig. 6B).  The observed antimicrobial activity was most effective only when the monomers 

maintained its native conformation, as the same concentration of denatured IL-26 increased 

the viability of M. leprae (Fig. 6C).  Similarly, IL-26 inhibited the growth M. tuberculosis 

H37Ra in axenic culture, as quantified by colony forming unit assay (Fig. 6D).  These 

findings reveal that the amphipathic nature of IL-26, similar to other AMPs, permits its binding 

to mycobacterial cell walls and leads to a reduction of bacteria viability. 

 

MDM transport exogenous IL-26 into the cell leading to autophagy induction 

It was reported that IL-26, up to 10 M, did not affect the viability of human primary 

human immune cells [119].  Accordingly, we assessed cytotoxic effects of IL-26 on human 

MDM.  When we treated MDM with increasing concentrations of IL-26, we observed dramatic 

cellular apoptosis at 5 M (Fig. 7).  Therefore, we stimulated MDM with 2 M or less in all 

remaining experiments to ensure optimal cell viability.  During M. leprae infection, bacilli can 
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be found in a variety of tissues, and cell types, but are predominantly in macrophages [60, 

149], which can be triggered to mount an antimicrobial response through the process of 

autophagy [15, 150, 151].  Preliminary immunofluorescence data indicates an increase in the 

number of autophagosomes in MDM following treatment with IL-26 compared to media 

control, as determined by quantification of LC3 puncta (Fig. 8A).  In media alone there were 

5.4  1.4 puncta per cell compared to 51.7  6.5 puncta per cell in IL-26 treatment (Fig. 8B).  

However, more donors are required in order to determine statistical significance.  This data is 

especially interesting since autophagy is known to regulate programmed cell death [152]; 

thus the induction of autophagy by IL-26 may explain the mechanism by which the high 

concentrations of IL-26 triggered dramatic apoptosis.  

Because M. leprae is an obligate intracellular organism, IL-26 must gain access to 

intracellular compartments, where the bacteria reside, to exert direct antimicrobial activity.  

We evaluated whether MDM would take up exogenous IL-26 and traffic it to the lysosome.  

Overnight treatment of MDM with Alexa-488-labeled IL-26 resulted in IL-26 colocalization 

with LAMP1 compartments (Fig. 9A).  Although MDM also trafficked low amounts of Alexa-

488 dye to LAMP1 compartments, 488-IL-26 colocalization with LAMP1 was significantly 

more pronounced, increasing from 2.3%  0.4% colocalization in dye media to 19.6%  3.3% 

in 1 M  and 23%  2.3% in 2 M of IL-26, p<0.01 (Fig. 9B).  Furthermore, 488-IL-26 

treatment of M. leprae-infected MDM revealed colocalization of intracellular bacilli with IL-26 

(Fig. 10A).  However, the amounts of IL-26 colocalization with M. leprae between 1 M and 2 

M of IL-26 treatment were not significantly different, displaying 11.9%  1.5% and 11%  

0.6%, respectively (Fig. 10B). 

Having demonstrated that IL-26 induces autophagy and colocalizes with M. leprae 

bacilli during infection, we hypothesized that bacteria would be trafficked to the lysosomes 
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following IL-26 stimulation.  As expected, we observed a significant increase in colocalization 

of M. leprae with the lysosomal marker LAMP1 (Fig. 10C).  We observed 1.3%  0.2% M. 

leprae and LAMP colocalization in media control vs. 3.3%  0.4% and 6.4%  0.8% 

colocalization in 1 M  and 2 M-treated MDM, p<0.001 (Fig. 10D).  Interestingly, even 

though the higher concentration of IL-26 treatment induced more M. leprae colocalization 

with LAMP1, IL-26 colocalization with LAMP1 remained comparable between 1 M and 2 M 

(Fig. 10E), consistent with our previous results.  This suggests that the mechanism driving 

the increased traffic of M. leprae to the lysosomes is potentially through IL-26 induction of 

autophagy in MDM. 

 

IL-26 induces antimicrobial activity against M. leprae in human MDM 

Ultimately, we wanted to determine whether IL-26 treatment during infection would 

result in antimicrobial activity against M. leprae.  Indeed, IL-26 treatment during M. leprae 

infection significantly reduced the viability of intracellular bacteria compared to media control.  

To our surprise, only 2 M of IL-26 was required to reduce intracellular bacterial viability by 

approximately 40% in MDM, much less than the 10 M amount need to have similar effects 

in axenic cultures (Fig. 11A).  Further, in MDM, antimicrobial activity was dependent on the 

native structure of IL-26 because denatured proteins did not induce the same results (Fig. 

11B).  The notion that the native protein structure is required for antimicrobial activity 

suggests that IL-26 may function not only through direct killing of bacteria, but also through 

activation of cellular responses, e.g. autophagy.  The right structural conformation may be 

required for IL-26 binding to its receptor and through this signaling autophagy is induced 

leading to trafficking of bacteria to the lysosomes for degradation.  In summary, these data 
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demonstrate that IL-26 activates MDM during infection, enhances traffic of bacteria to the 

lysosomes, and reduces intracellular bacteria viability. 
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Figure 1. Antigenic activation of CD4+ T cells induces IL-26 expression.  (A) Human 

gene cluster of IFN-, IL-26, and IL-22.  (B) Human CD1a+ LCDC were pulsed with M. leprae 

sonicate and cultured with LCD4.G for 2 days.  Cells were washed, fixed, and 

immunolabeled with anti-IL-26 antibody (green) and anti-CD4 antibody (red).  Nuclei were 

stained with 4’,6-diamidino-2-phenylindole (DAPI-blue).  Representative immunofluorescence 

images of three independent experiments are shown. 
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Figure 2.  IL-26 in leprosy lesions.  (A) IL-26 mRNA probe intensity of skin leprosy lesions 

quantified by microarray gene expression.  (B) IL-26 expression in leprosy lesions (T-lep and 

L-lep); one representative labeled section is shown out of at least four individuals.  (C) IL-26 

and CD3 expression in leprosy lesions (T-lep and L-lep) following saturation of IL-26 

antibody with recombinant IL-26, demonstrating antibody specificity; one representative 

labeled section is shown out of three individuals.  (D) Ratio of IL-26 and nuclear staining 

quantified by ImmunoRatio.  Data are represented as mean  SEM, n = 4.  *P < 0.05. 
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Figure 3.  IL-26 colocalization with CD4.  (A) Immunofluorescence of IL-26 (green), CD4 

(red), and nucleus (DAPI-blue) in T-lep and L-lep lesions.  Data are representative of at least 

four individual samples.  (B) Colocalization of IL-26 (green) and CD4 (red) in T-lep and L-lep 

lesions using ImageJ software.  Data are represented as mean  SEM, n = 4 – 5.  **P < 0.01. 
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Figure 4.  IL-26 colocalization with CD8.  (A) Immunofluorescence of IL-26 (green), CD8 

(red), and nucleus (DAPI-blue) in T-lep and L-lep lesions.  Data are representative of at least 

four individual samples.  (B) Colocalization of IL-26 (green) and CD8 (red) in T-lep and L-lep 

lesions using ImageJ software.  Data are represented as mean  SEM, n = 4.  *P < 0.05.  (C) 

Comparatively analysis of IL-26 and CD4 colocalization and IL-26 and CD8 colocalization in 

T-lep lesions.  Data are represented as mean  SEM, n = 4.  *P < 0.05. 
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Figure 5.  IL-26 colocalization with CD68.  (A) Immunofluorescence of IL-26 (green), CD68 

(red), and nucleus (DAPI-blue) in T-lep and L-lep lesions.  Data are representative of at least 

four individual samples.  (B) Colocalization of IL-26 (green) and CD68 (red) in T-lep and L-

lep lesions using ImageJ software.  Data are represented as mean  SEM, n = 4.  *P < 0.05.  

(C) Immunofluorescence of IL-26 (green), CD68 (red), CD4 (cyan), and nucleus (DAPI-blue) 

in T-lep and L-lep lesions.  Data shown are representative of three individual samples. 

 

 



94 

Figure 6.  IL-26 has direct antimicrobial activity against mycobacteria.  (A) Confocal 

microscopy images of Alexa-488-IL-26 (green) cultured with M. leprae (red) for 6 hours.  

Data shown are representative of three independent experiments.  (B) M. leprae was 

cultured with increasing concentrations of IL-26 for 4 days.  Rifampicin was used as positive 

control.  Viability of M. leprae was calculated by the ratio of bacterial 16S rRNA and RLEP 

DNA detected by qPCR.  Relative viability was determined by comparing treatment ratio to 

media ratio.  Data are represented as mean  SEM, n = 5.  (C) M. leprae was cultured with 

10 M of native IL-26 or denatured IL-26 for 4 days.  Rifampicin was used as positive control.  

Viability of M. leprae was calculated by the ratio of bacterial 16S rRNA and RLEP DNA 

detected by qPCR.  Relative viability was determined by comparing treatment ratio to media 

ratio.  Data are represented as mean  SEM, n = 5.  (D) M. tuberculosis H37Ra was cultured 

with increasing concentrations of IL-26 for 4 days.  Rifampicin was used as positive control.  

Colony forming unit assay was performed and quantified after 3 weeks. Data are represented 

as mean  SEM, n = 5.  *P < 0.05.  **P < 0.01. 
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Figure 7.  High concentration of IL-26 is cytotoxic.  Human MDM were treated with IL-26 

overnight.  Cells were washed, fixed, and apoptosis was determined using TUNEL (green) 

assay.  At 2 M IL-26 treatment, some MDM detachment was detected.  At 5 M IL-26 

treatment, the majority of cells were detached and the cells that remained displayed 

condensed nuclei.  Nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI-blue).  Data 

shown are representative of five individual donors. 
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Figure 8.  IL-26 induces autophagy in human MDM.  (A) Human MDM were cultured with 

IL-26 or media.  Cells were washed, fixed, and immunolabeled with anti-LC3 antibody 

(green).  Nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI-blue).  (B) The 

number of LC3 puncta per cell were quantified.  Data are representative as mean puncta per 

cell  SEM, n  40 cells from 2 donors. 
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Figure 9.  Human MDM uptake extracellular IL-26. (A) Human MDM were treated with 

Alexa-488-IL-26 (green) overnight.  Cells were washed, fixed, and immunolabeled with anti-

LAMP1 antibody (red).  Nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI-blue).  

Data shown are representative of five individual donors.  (B) Colocalization of IL-26 (green) 

and LAMP1 (red) were quantified with ImageJ.  Data are representative as mean percentage 

colocalization  SEM, n  30 cells from 3 donors.  **P < 0.01. 
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Figure 10.  IL-26 enhances bacterial traffic to the lysosomes.  (A) Human MDM were 

treated with Alexa-488-IL-26 (green) for 30 minutes and infected with M. leprae (red) 

overnight.  Cells were washed and fixed.  Nuclei were stained with 4’,6-diamidino-2-

phenylindole (DAPI-blue).  Data shown are representative of four individual donors.  (B) 

Colocalization of IL-26 (green) and M. leprae (red) were quantified by ImageJ.  Data are 

representative as mean percentage colocalization  SEM, n  40 cells from 4 donors.  (C) 

Human MDM were treated with Alexa-488-IL-26 (green) for 30 minutes and infected with M. 

leprae (red) overnight.  Cells were washed, fixed, and immunolabeled with anti-LAMP1 

antibody (cyan).  Nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI-blue).  Data 

shown are representative of four individual donors.  (D) Human MDM were processed as in 

(C). Colocalization of M. leprae (red) and LAMP1 (cyan) were quantified by ImageJ.  Data 

are representative as mean percentage colocalization  SEM, n  40 cells from 4 donors.  (E) 

Human MDM were processed as in (C). Colocalization of IL-26 (green) and LAMP1 (cyan) 

were quantified by ImageJ.  Data are representative as mean percentage colocalization  

SEM, n  40 cells from 4 donors.  *P < 0.05.  **P < 0.01. 
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Figure 11.  Exogenous IL-26 exhibits antimicrobial activity against intracellular M. 

leprae.  (A)  Human MDM were treated with IL-26 for 30 minutes and infected with M. leprae 

overnight with increasing concentrations of IL-26 for 4 days.  Rifampicin was used as positive 

control.  Viability of M. leprae was calculated by the ratio of bacterial 16S rRNA and RLEP 

DNA detected by qPCR.  Relative viability was determined by comparing treatment ratio to 

media ratio.  Data are represented as mean  SEM, n = 6.  (B) M. leprae was cultured with 2 

M of native IL-26 or denatured IL-26 for 4 days.  Rifampicin was used as positive control.  

Viability of M. leprae was calculated by the ratio of bacterial 16S rRNA and RLEP DNA 

detected by qPCR.  Relative viability was determined by comparing treatment ratio to media 

ratio.  Data are represented as mean  SEM, n = 4. *P < 0.05.  **P < 0.01. 
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Discussion 

 Antimicrobial peptides and proteins (AMPs) have important roles in innate immunity 

and host defense against invading pathogens in both vertebrates and invertebrates.  Several 

vertebrate AMPs have been reported to enhance adaptive immune responses, thus having 

dual role in microbial killing and immune modulation [147, 153, 154].  IL-26 is cytokine 

secreted by CD4+ T cells, particularly TH17, and some activated monocytes and 

macrophages [133, 136].  The literature on IL-26 and its role during bacterial infection is 

limited and conflicting.  One study reported that during M. tuberculosis infection of whole 

blood the addition of recombinant IL-26, at a low concentration of 25 ng/ml resulted in 

increased growth of M. tuberculosis [133].  In contrast, culturing Pseudomonas aeruginosa, 

Escherichia coli, Klebsiella pneumoniae, and Staphylococcus aureus with recombinant IL-26 

at moderately high concentrations of 5 to 10 M (90 to 180 g/ml) significantly inhibited 

bacterial growth [119].  In the present study, we wanted to investigate the source of IL-26 as 

well as its effects on M. tuberculosis and M. leprae. 

Although the regulation of IL-26 is still unknown, IL26 and IFN genes may share a 

common enhancer [129]. Because our data from the previous chapter demonstrated that the 

LCD4.G CD4+ TRM cell line secretes high levels of IFN- upon activation, we decided to 

investigate whether LCD4.G would also produce IL-26.  When we cultured LCDC, pulsed 

with M. leprae sonicate, with LCD4.G, we found induced expression of IL-26 in the T cells.  

This data implies that CD4+ TRM can produce IL-26 in response to antigenic stimulation.  Our 

immunofluorescence microscopy data corroborate that IL-26, ubiquitously expressed in T-lep 

lesions and less in L-lep lesions, colocalizes more with CD4 marker than CD8 marker.  

Interestingly, monocytes and macrophages have also been reported to produce IL-26 [133, 

136], but perhaps the mechanisms of IL-26 induction are different between T cells and 
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monocytes.  It was reported that uninfected CD14+ monocytes secreted higher levels of IL-

26 than M. tuberculosis-infected monocytes [133].  It may be possible that sensitization of 

monocytes by M. tuberculosis suppresses the secretion of IL-26, or that infection by live 

bacteria stimulates different cellular responses than processed antigens.  In parallel with 

these explanations, we observed more colocalization between IL-26 and CD4 than IL-26 and 

CD68, a macrophage marker.  Even though T-lep than L-lep lesions contain comparable 

numbers of MDM, T-lep lesions had significantly more colocalization between IL-26 and 

CD68 than L-lep lesions.  Since L-lep lesions contain much higher mycobacterial load than 

T-lep lesions [3, 5], it may be possible that live mycobacteria infection can suppress 

production and secretion of IL-26. 

Because moderately high concentrations, between 5 M to 10 M, of IL-26 have 

been reported to inhibit the growth of gram-negative and gram-positive bacteria [119], we 

next examined whether IL-26 would reduce the viability of mycobacteria.  Our experiments 

revealed that IL-26 treatment lead to binding of IL-26 to bacterial bacilli and reduced the 

viability of mycobacteria in both axenic and cellular cultures.  Additionally, the native 

structural conformation of IL-26 is critical for antimicrobial activity because denatured IL-26 

had very little effect on the viability of bacteria.  Finally, similar to many other AMPs where 

high concentrations can be cytotoxic, IL-26 at concentrations higher than 2 M induced 

dramatic apoptosis in human MDM. 

In the previous chapter we elucidated that autophagy is a powerful mechanism for 

bacterial clearance.  We also found here that autophagy can be induced in human MDM with 

IL-26 treatment.  Despite the need of more donors to allow statistical analysis of our 

autophagy data, we were able to confirm that during M. leprae infection of MDM, IL-26 

induced significantly more trafficking of bacteria bacilli to the lysosomes than media control.  
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Since M. leprae are known to inhibit phagolysosomal fusion [155],  IL-26 treatment may 

stimulate/activate infected cells to overcome this inhibition leading to more bacteria 

mobilization to the lysosomes, where they are degraded and processed into antigens for 

presentation to T cells.  In conclusion, our data demonstrates that CD4+ T cells contribute to 

host defense during bacterial infection by secretion of IL-26.  Furthermore, IL-26 may have 

dual roles during bacterial infection.  First, we observed that IL-26 directly binds to bacteria 

and reduces their viability.  Second, IL-26 induces autophagy in MDM increasing traffic of 

intracellular bacteria to the lysosomes, where they are degraded.  Together, these two 

mechanisms provide evidence for the potential use of IL-26 in controlling the bacterial 

infection. 
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