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ABSTRACT 

 

 

 

DEFINING INTERACTIONS BETWEEN MYCOBACTERIUM LEPRAE AND 

LANGERHANS CELLS 

 

 Leprosy is a chronic infection that affects the skin and peripheral nerves.  Written 

accounts of the disease date back to at least 600 BC.  Mycobacterium leprae, the causative agent 

of leprosy was first discovered by Dr. Gerhard Armauer Hansen in 1873.  Leprosy remains a 

major health problem in several low- and middle-income countries including Brazil, India, and 

Indonesia.  There are numerous clinical presentations of the disease which presents many 

challenges for controlling the disease including diagnosis, treatment regimen and duration, and 

occasional instances of drug resistant cases.  Further challenges exist in studying the disease, 

knowledge of the intricate interactions with innate immune cells has made advances in some cell 

subsets but is limited in others leaving an incomplete picture of the disease.  These gaps limit 

advances in disease management. 

  M. leprae is an obligate, intracellular pathogen that grows preferentially between 33-35 

C and selectively invades peripheral nerves and skin-resident innate immune cells including 

macrophages.  Numerous host cells including macrophages and Schwann cells have been studied 

to understand their interaction with M. leprae, but other skin-resident immune cells like dendritic 

cells, specifically Langerhans cells, have not been studied as extensively.  The findings that M. 

leprae antigens can be presented via CD1a on Langerhans cells has spurred interest in 

understanding how Langerhans cells interact and uptake M. leprae leading to downstream effects 

on T cell activation and overall immune responses.  The hypothesis of this study is that M. leprae 
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interacts with Langerhans cells via various cell surface receptors that influence a Th1 or Th2 

immune response. 

 This study interrogates the complex interactions between Mycobacterium leprae and 

Langerhans cells via multiple cell surface receptors.  In Chapter 2, an ex vivo optical tissue 

clearing method was modified for fragile skin samples to analyze innate cell recruitment to the 

site of infection.  Colocalization between Langerhans cells and a closely related mycobacterial 

spp. to M. leprae, M. haemophilum, was observed in a 3D optically cleared tissue.  These 

observations indicate that wholistic insight of bacteria/innate immune cell interactions can be 

gleaned using experimentally infected tissues or human skin biopsies.  Chapter 3 presents the 

contributions from multiple cell surface receptors present on Langerhans cells in recognizing and 

binding M. leprae.  Langerin was found to play a role in binding M. leprae, however, was not the 

only cell surface receptor involved in recognition of M. leprae.  CD5+ Langerhans cells can be 

separated into CD5high and CD5low LCs that have differences in binding capacity for M. leprae.   

 This study builds the foundation to explore the wholistic contributions of Langerhans 

cells interactions and uptake of M. leprae.  Further work should be conducted to identify M. 

leprae ligand(s) for CD5 and downstream effects on cytokine secretion and T cell activation. 
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CHAPTER 1: LITERATURE REVIEW 

 

 

 

1.1 LEPROSY 

 

Leprosy, also known as Hansen’s disease, was named after Gerhard-Henrik Armauer 

Hansen who discovered Mycobacterium Leprae, the causative agent, in 1873.  Prior to his 

discovery, the disease was thought to be hereditary.  Leprosy is a chronic infection that affects 

the peripheral nerves and skin (1).  Typically, skin lesions are the first symptom that is 

recognized, appearing as nodules, discolored patches, thick or stiff skin, or painless ulcers. The 

damage to peripheral nerves caused by M. leprae results in numbness in affected areas, muscle 

weakness, or enlarged nerves.  If the disease is left untreated, permanent and severe impairment 

and disability can result.  Patients with untreated leprosy show signs of paralysis in hands and 

feet, shortening of toes and fingers due to reabsorption, non-healing ulcers, blindness, and/or 

nose disfigurement (4, 10, 36).   

Leprosy has historically been associated with severe stigmas and accounts of individuals 

being ostracized due to the debilitating symptoms.  Even though the causative agent has been 

known since 1873, progress in understanding the disease and developing treatments has been 

slow.  Numerous countries still have endemic leprosy.  In 2019, over 200,000 cases of leprosy 

were detected in 118 countries.  Almost 80% of new cases reported come from Brazil, India, and 

Indonesia.  An accurate incidence of leprosy is challenging to calculate.  Typically, the number 

of new cases is used as a substitute for incidence, even though those numbers tend to be lower.  

Because it potentially takes years to cure patients using multidrug therapy, the overall number of 

cases is likely higher (3). 
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The World Health Organization (WHO) has put forth a new strategy to achieve 

interruption of transmission and zero new cases by 2030.  There has been a long line of strategies 

and goals through the years set forth by the WHO to reduce new cases and minimize or eliminate 

ostracization due to the disease.  The key to successful strategies has been the willingness of 

countries to implement recommendations put forth by the WHO.  The current strategy has 4 

pillars which include combatting stigma, managing leprosy complications and preventing new 

disability, increasing prevention and active case detection, and implementing zero-leprosy road 

maps in all endemic countries.  This strategy and previous strategies put forth by the WHO have 

led to dramatic decrease in the incidence of leprosy.  There has been a current leveling off to the 

current number of new cases (~200,000) per year which included approximately 5% of cases 

with visible deformities.  This equated to 40% reduction from the 2014 report (5).   
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1.1.1 THE PATHOGEN AND IMPORTANT PATHOGENICITY FACTORS 

Figure 1: Mycobacterial cell envelope structure  (Drawn based on Brennan,1995 (37) and 

Rotcheewaphan, 2016 (94)) 

 

M. leprae is an acid-fast, obligate intracellular pathogen and cannot be cultured in a 

laboratory.  It has a doubling time of 14 days with an optimal growth temperature of 33 C which 

corresponds to the temperature in the peripheral nerves of the skin, hands, feet, and face.  Since 

M. leprae cannot be cultured in a laboratory, the only source to obtain live bacilli is from the 

footpads of athymic nu/nu mice.  A typical yield is up to 1010 bacilli per footpad.  Armadillos are 

a source for large quantities of M. leprae, but typically the bacteria are dead and less useful for 

laboratory experiments.  Other knockout mouse models are available, but typically have 

limitations only representing one or two presentations of the disease (33, 34, 66).  

Aerosol transmission is thought to be the most likely mode of transmission with aerosol 

droplets taken up through nasal airway mucosa, but other modes of transmission like exposure to 

environmental sources including soil, nine-banded armadillos, and red squirrels are also possible 
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(2, 72-76).  The incubation period ranges from months to years and several risk factors have been 

established for contracting the disease including genetic relatedness and close contact with 

lepromatous patients (i.e. those individuals with high bacterial loads).  Other risk factors can 

include low education level, food insecurity, water exposure, armadillo exposure, lack of BCG 

vaccination, and soil exposure (47).  Low education levels may be correlated to decreased health 

knowledge and behaviors.  Low socioeconomic status may increase risk for contracting leprosy 

due to poor or crowded living conditions.  Person-to-person contact inside households is one of 

the highest sources for leprosy transmission and may be exacerbated in crowded households (24, 

65).     

Multiple cell envelope components of M. leprae including PGL-1, LAM, and SodC 

(structural location depicted in figure 1) have been studied and are shown to be associated with 

various modes of entry into specific cells of the immune and nervous systems.  The 

mycobacterial cell envelope is made up of the plasma membrane, a typical phospholipid bilayer.  

Exterior to the cell membrane is the cell wall composed of peptidoglycan that is covalently 

attached to arabinogalactan with mycolic acids esterified to the terminal arabinose units.  A 

mycobacterial outer membrane (the mycomembrane) is associated with the mycolic acid layer.  

This mycomembrane is populated with glycolipids and highly hydrophobic aliphatic lipids (37).  

Phosphatidylinositol mannosides (PIMs), lipomannans (LM), and lipoarabinomannans (LAM) 

are the most abundant and highly conserved components in all Mycobacterium spp. and have 

been the subject of numerous studies to elucidate their role during infection (37, 38-45, 48-51, 

78-79).  Lipoarabinomannan, LAM, has been shown to induce complement activation which 

results in myelin loss and axonal damage (8, 77).  Additionally, phenolic glycolipids are 

associated with the mycomembrane.  Phenolic glycolipid 1, PGL-1, was discovered in the early 
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1980s as being unique to M. leprae (53).  It is a highly antigenic lipid and evokes a high titer of 

IgM antibodies in lepromatous leprosy patients.  PGL-1 has been implicated in the tropism of M. 

leprae for Schwann cells.  It has also been shown to increase recruitment of macrophage subsets 

more permissible for infection by increasing expression of CCL2 on macrophages (7).  It also 

modulates macrophage functions resulting in nerve demyelination.  PGL-1 in cultured 

macrophages altered inflammatory mediator expression when used as a prestimulus, 

demonstrating inhibitory effects on cytokine induction in response to a second stimulus (8, 85).  

The structure of PGL-1 is based on the aliphatic lipid phthiocerol mycocerosic acid, an abundant 

cell mycomembrane component.  However, the glycosylation observed in PGL-1 is essential for 

the biological activities of this molecule (8).  Trehalose glycolipids that are based on the 

glycosylation of free mycolic acid are also present in the mycomembrane of M. leprae (86), 

however, their role in leprosy pathogenesis is not well defined. 

 

1.1.2 SPECTRUM OF DISEASE 

 Classification of various forms of Leprosy utilizes the Ridley-Jopling scale (1, 67-71).  

Leprosy’s clinical manifestations fall on a spectrum between two poles, tuberculoid (TT) and 

lepromatous (LL).  There are several intermediate forms including indeterminate, borderline 

tuberculoid (BT), borderline borderline (BB), and borderline lepromatous (BL).  Patients with 

lepromatous leprosy have a high burden of bacilli in skin lesions which leads to the classification 

as multibacillary (MB).  These patients typically have multiple skin lesions, thickened peripheral 

nerves, loss of eyebrow hair, and thickened skin.  The immune response for lepromatous leprosy 

is dominated by a humoral response.  Patients with tuberculoid leprosy have a low burden of 

bacilli which leads to the classification of paucibacillary (PB) and few skin lesions.  The immune 
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response for tuberculoid leprosy is dominated by a cell-mediated response.  A small number of 

cases present as pure neural leprosy without skin symptoms.  This creates a challenging clinical 

diagnosis due to the lack of skin lesions and negative skin smear.  Often more advanced 

techniques are required to diagnose these individuals and they are misdiagnosed due to the lack 

of advanced techniques in clinics (23). 

The World Health Organization (WHO) has classified leprosy into two groups, 

multibacillary and paucibacillary disease, for practical purposes and ease of diagnosis.  

Individuals with more than five skin lesions, more than one nerve involvement, or a positive skin 

smear are classified as having multibacillary disease.  Paucibacillary disease is determined by 

fewer skin lesions, no nerve involvement, or a negative skin smear.  These classifications 

become extremely important during treatment (5). 

In addition to multiple classifications of the disease, there are multiple reaction episodes 

that can occur (1).  Type 1 reactions, also known as reversal reaction, occurs from an increased 

cellular immune response leading to inflammation in the skin and nerves in BT, BB, and BL 

forms of leprosy.  Type 1 reactions are diagnosed when erythematous patches appear over pre-

existing lesions.  These reactions can occur prior to treatment, during treatment or after the 

completion of successful treatment. Type 2 reactions, erythema nodosum leprosum (ENL), occur 

in lepromatous and borderline patients.  This is characterized by painful erythematous nodules 

accompanied with fever, malaise, and arthritis.  ENL can affect up to 50% of leprosy patients.  

Type 2 reactions are triggered by the release of mycobacterial antigens which trigger formation 

of immune complexes.  These immune complexes deposit in tissues and activate the complement 

cascade leading to migration of neutrophils and activation of T-cells and macrophages (68). 
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1.1.3 TREATMENT 

Leprosy is curable.  If treatment is provided in the early stages of infection, it also aids in 

averting disability.  Multidrug therapy which includes two to three antibiotics concurrently has 

been adopted by the WHO as the accepted treatment for leprosy.  In accordance with the WHO’s 

new strategy, treatment is free of charge through at least 2025.  Tuberculoid leprosy (low bacilli) 

is treated with a daily dose of dapsone and a monthly dose of rifampicin.  Lepromatous leprosy 

(high bacilli) is treated with a daily dose of clofazimine in addition to dapsone and rifampicin 

(1).  Treatment for tuberculoid leprosy can take at least six months and lepromatous leprosy can 

take at least 12 months, but can last for up to two years, if necessary.  Often, patients do not 

come forward for treatment due to continued discrimination and social stigma.  The longer 

patients wait to be treated, the higher their chance of long-term disabilities (6, 23).   

 

1.1.4 IN VITRO MODELS (MACROPHAGES, SCHWANN CELLS) 

Numerous studies have demonstrated interactions between M. leprae and macrophages or 

Schwann cells.  Schwann cells and macrophages share a few similar cell surface receptors 

including CD206 (mannose receptor), and CD209 (DC-SIGN) (11).    

Schwann cells are the principal glial cell of the peripheral nervous system.  They provide 

support and nutrition to the axons of neurons and myelinate peripheral nerves.  One Schwann 

cell makes up one myelin sheath on a peripheral axon.  This means that multiple Schwann cells 

are needed to myelinate the length of an axon.  Schwann cells have extremely high lipid content 

with cholesterol being particularly important for assembling the myelin sheath (11, 62).  M. 

leprae has a high affinity for Schwann cells and leads to eventual demyelination events.  

Initially, colonization results in loss of sensation including loss of temperature sensation and 
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decreased touch sensation.  M. leprae binds to the globular domain of the 2 chain of laminin-2.  

Laminin-2, a laminin isotype, is a major component of the basal lamina that surrounds the 

Schwann cell/axon units (52).  Two components of M. leprae have been identified to bind to 

Schwann cells, PGL-1 and Hlp.  Hlp is the 21-kDa histone-like protein that is conserved among 

species of mycobacteria.  PGL-I provides the main interaction with Schwann cells and Hlp acts 

in a secondary role to increase avidity.  Furthermore, it has been shown that CD206 (a mannose 

receptor on macrophages and Schwann cells) is upregulated early time points after infection by 

M. leprae (12).   

Macrophages have been extensively studied during M. leprae infections (17, 22, 54, 64).  

Each clinical presentation of leprosy seems to associate with a different macrophage population, 

M1 or M2.  The proinflammatory M1 macrophages are present in paucibacillary or tuberculoid 

leprosy while M2 are found in lepromatous skin tissues (22).  The infection of macrophages or 

Schwann cells by M. leprae results in the accumulation of lipid droplets and the characteristic 

“foamy” appearance that is observed in biopsies from leprosy patients.  The accumulation of 

lipid droplets is also associated with increased cholesterol uptake and synthesis (91). M. leprae 

incorporates cholesterol and converts it to cholestenone (91). A process that is hypothesized to 

influence the pathology of leprosy.  (18,22).   
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1.2  SKIN BIOLOGY 

Skin is composed of two layers, epidermis and dermis, that contains innate immune cells, 

nerves, blood vessels, hair, and excretory glands.  Typical adult skin thickness is 1-2 mm but can 

vary with anatomical location.   

The epidermis is the outermost layer of the skin and provides a waterproof barrier and 

initial immune defense.  It contains a population of keratinocyte stem cells at the basement 

membrane; the cells move outwards to repopulate the outer layer which is shed continuously.  

Migrating keratinocytes do not further divide and terminally differentiate.  A few other cell types 

are also found in the epidermis including melanocytes, Merkel cells, and innate lymphoid cells.  

Melanocytes provide each individual with a unique skin color and represent a very small 

percentage of cells in the epidermis.  Oxidation of the amino acid tyrosine produces melanin 

which is packaged into organelles and donated to neighboring keratinocytes.  Merkel cells are 

neuro-sensory receptors that have synaptic connections to somatosensory afferent nerve axons.  

They enable perceptions of shape, sensation of light touch, and texture.  Innate lymphoid cells 

are derived from bone marrow and lack B-cell or T-cell surface markers.  They have key roles in 

maintaining homeostasis and inflammation.  The epidermis also contains a unique dendritic cell 

subset, Langerhans cells, that will be discussed later in this chapter (15).   

The dermis contains mesenchymal cells and numerous resident innate immune cells 

including many different subsets of dermal dendritic cells.  It also is predominately comprised of 

an extracellular matrix containing proteins, proteoglycans, lipoproteins, and glycolipids.  This 

matrix provides the mechanical stability to the skin and acts as a reservoir of blood, immune 

cells, metabolites, enzymes, growth factors, and cytokines.  Numerous resident innate immune 

cell subsets are present in the dermis including many dermal dendritic cell subsets and mast cells.  
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Dermal dendritic cells have mixed phenotypes and function.  Mast cells contribute to wound 

healing, angiogenesis, autoimmunity, and chronic inflammation (14). 

The epidermis has numerous types of lipids.  Sebaceous lipids are non-polar lipids such 

as triglycerides, wax esters and squalene.  Epidermal lipids are a mixture of ceramides, free fatty 

acids, and cholesterol (20).  Sphingolipids are also present and dysregulation of sphingolipid 

metabolism can lead to inflammatory skin diseases such as atopic dermatitis (21).   

As a first layer of defense, the skin is susceptible to wounds that can range in severity.  

Superficial wounds only affect the epidermis and heal rapidly with no scarring.  Partial-thickness 

wounds penetrate into the dermis and often heal with scarring and some loss of function.  Full-

thickness wounds penetrate beyond both the epidermis and dermis and typically have extensive 

scarring.  Chronic wounds do not progress to healing and can be caused for numerous reasons 

including leprosy (13). 

M. leprae has been demonstrated to interact with Langerhans cells (31).  It has a lower 

growing temperature (30 C) and tropism for cells within the skin, including peripheral nerve 

cells, macrophages, and dendritic cells (4).  Presentation of the disease is accompanied by the 

presence of skin lesions.  Based on the cells M. leprae infects, it resides in both the epidermis 

and dermis of the skin resulting in partial-thickness to full-thickness wounds if disease 

progression occurs.  Lesions are characterized by the presence (or absence) of M. leprae as well 

as infiltrating innate immune cells that will be discussed further in the following section. 
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1.3  INNATE IMMUNOLOGY 

The innate immune system is the initial, general response to a foreign (non-self) target.  It 

is made up of physical barriers such as the skin and general immune responses such as 

inflammation and complement.  The innate immune system targets non-self particles such as 

bacteria, viruses, parasites, and the pathogen associated molecular patterns (PAMPs) produced 

by the pathogens.  It can also target pollen and dust leading to allergies.  M. leprae interacts with 

numerous innate immune cells including neutrophils and antigen-presenting cells (18, 35, 80).  

The activation of these cells can occur after interaction of PAMPs with pattern recognition 

receptors (PRRs).  PRRs involved with M. leprae infections include C-type lectins, Nod-like 

receptors, RIG-1 receptors, and toll-like receptors.  The innate immune system also utilizes 

molecules called cytokines and chemokines.  Cytokines provide cell-to-cell communication and 

initiate an immune response and cell trafficking.  Chemokines are released by infected cells to 

initiate an immune response, warn neighboring cells of the pathogen, and act as chemoattracts 

for inflammatory cells.   

The complement system acts as a part of the innate immune system.  It is made up of a 

variety of proteins that can be activated, come together and initiate the complement cascade 

through multiple steps.  Opsonization is a process where foreign particles are marked for 

phagocytosis.  Chemotaxis attracts macrophages and neutrophils to a chemical signal at a site of 

infection.  Cell lysis destroys the membrane of a foreign cell and weakens their ability to 

proliferate and spread infection.  Finally, agglutination uses antibodies to cluster and bind 

pathogens together where immune cells can mount an attack.  These different steps complement 

the innate immune system and facilitate the “search” and removal of antigens.  Studies have 

shown that M. leprae can enter some innate immune cells via complement receptors (9, 19, 63-
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64).  The complement component, C3, binds to PGL1 on M. leprae to form a three-component 

complex with C3, PGL1, and complement receptors on innate immune cells which mediates 

phagocytosis of M. leprae (63). 

Another mechanism, autophagy, utilized by the innate immune system degrades and 

recycles organelles and proteins through the lysosomal system.  This promotes cellular and 

organismal homeostasis and is utilized during infections to help degrade intracellular microbes.  

Autophagy has been demonstrated to play a role in leprosy polarization.  In lepromatous 

macrophages, an inhibition of autophagy has been observed while in reversal reaction episodes, 

autophagy is restored (18).  Further, autophagy contributes to an antimicrobial response in 

Langerhans cells which allows other dendritic cell subsets to process and present antigens to T-

cells and subsequently instructing T-cells what type of response to exhibit (55). 

There are numerous cell types that are classified as innate immune cells and include 

macrophages, mast cells, neutrophils, eosinophils, basophils, natural killer cells, and dendritic 

cells.  Each cell type has a unique function and multiple phenotypes are observed within each 

cell type.  Mast cells are found in mucous membranes and connective tissues.  When activated, 

they release cytokines and granules that create an inflammatory cascade and recruit other 

immune cells like neutrophils and macrophages.  Neutrophils are phagocytic cells that contain 

granules that are released when they explode and generate neutrophil extracellular traps (NETs) 

which immobilize and kill invading pathogens.  Macrophages are also phagocytic cells that can 

release cytokines to signal and recruit other immune cells to a site of infection.  Natural killer 

cells destroy infected host immune cells to stop the spread of an infection.  Dendritic cells are 

antigen-presenting cells that are located in tissues such as the skin where they can identify 

pathogens and act as a messenger for the immune system via antigen presentation (18).   
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Several innate immune cells including macrophages, dendritic cells, and neutrophils have 

been recognized as key players in the pathogenesis of leprosy as well as other cells in the skin 

including keratinocytes and Schwann cells.  Macrophages present in both an inflammatory M1 

phenotype and anti-inflammatory M2 phenotype.  Each clinical presentation of the disease 

typically associates with different macrophage phenotypes, however; multiple phenotypes can be 

found in all classifications of the disease. M1 macrophages are observed in paucibacillary lesions 

while M2 macrophages are often observed in lepromatous skin tissues (18). Dendritic cells may 

be one of the first innate immune cells to interact and encounter M. leprae and can effectively 

present antigens to T-cells (92).  Dendritic cells can be found in both the epidermis (Langerhans 

cells) and dermis (dermal dendritic cells).  Langerhans dendritic cells express both langerin 

which is unique to Langerhans cells and CD1a which can also be found on other dendritic cell 

phenotypes.  CD1a+ dendritic cells were found predominately in tuberculoid leprosy.  Another 

dendritic cell marker, CD209, may function as a receptor for M. leprae where M. leprae can 

subsequently decrease the capacity of dendritic cells to induce T-cell responses (18).  Other cells 

in the skin are also involved including keratinocytes and Schwann cells.  Keratinocytes 

expressing ICAM-1 were found in tuberculoid leprosy, but not in lepromatous leprosy indicating 

local inflammatory responses.  Other inflammatory cytokines are also present in the epidermis 

including TNF, IL-6, and IL-12 in tuberculoid leprosy.  Further, involvement of infected 

Schwann cells can result in peripheral neuropathy and detrimental nerve damage (18).  

Subsequent sections in this chapter will dive further into dendritic cells and specifically, 

Langerhans cells. 
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1.3.1 DENDRITIC CELLS 

There are numerous subsets of dendritic cells in humans.  DCs were first discovered in 

1973 by Ralph Steinman (25).  DCs are professional antigen presenting cells that bridge that gap 

between the innate immunity and adaptive immunity by processing antigens for presentation to T 

cells.  They have the capacity to activate naïve T-cells and induce effector differentiation and are 

involved in immune tolerance under homeostatic conditions.  Human DCs have high expression 

of MHC-II and CD11c on their cell surface.  They also express numerous other cell surface 

receptors that allow them to be classified into subtypes (29). 

There are two functional states, mature and immature (16).  There are many features that 

distinguish these states, but the main characteristic of a mature DC is the ability to activate 

antigen-specific naïve T-cells.  The transition from an immature to mature DC is triggered by the 

recognition of pathogen associated molecular patterns (PAMP).  Once DCs mature, they lose 

adhesive structures and increase motility ensuring access to naïve T-cells which trigger antigen-

specific immune responses.  The differentiation of T-cells is influenced by their interaction with 

DCs and result in various T helper subsets including Th1, Th2, and Th17 cells.  Each subset of 

T-cells has different functions and secrete different cytokines.  Immature DCs are not passive 

bystanders in the immune system, but instead are efficient at antigen capture due to their high 

endocytic capacity.  They act as tissue scavengers to detect invading pathogens.  DCs are also 

capable of cross-presentation (28).  This allows DCs the ability to prime the other branch of T-

cells, CD8+ T-cells, via presentation of acquired exogenous antigens on MHC-I molecules. 

Under steady-state tissue conditions, DC progenitors derive from the bone marrow and 

give rise to tissue specific DCs that include DCs like Langerhans cells and dermal DCs.  Dermal 

DCs express CD14+ and CD1a+ cell surface receptors (27).  Along with Langerhans cells, 
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dermal DCs continuously survey for foreign antigens under steady-state conditions.  Under 

inflammatory conditions, DCs change their phenotype and upregulate cell-surface markers.  

Functional changes also occur including their ability to efficiently prime T cells and cross-

present (27).   

Human DCs arise from CD34+ stem cells that give rise to myeloid and lymphoid 

precursors of which myeloid precursors can differentiate into DCs (27).  Specific subsets like 

plasmacytoid DC (pDC) and conventional DC (cDC) are influenced by signals derived from the 

microenvironment.  cDCs can be further divided into two subpopulations, cDC1 and cDC2.  The 

cDC1 subpopulation efficiently primes CD8+ T-cells.  The cDC2 subpopulation induces Th1, 

Th2, and Th17 responses.  Typically, cDC2 have regulatory roles.  These two cDC subtypes 

differ in TLR expression which results in their different roles.  pDC secrete high levels of IFN-

/ and are extremely important in viral infections. 

DCs express various C-type lectin receptors that are crucial for tailoring immune 

responses to pathogens.  These receptors include, but are not limited to, DC-SIGN, mannose 

receptor, Dectin 1, Dectin 2, Mincle, and Langerin.  DC-SIGN is expressed on myeloid DCs and 

has a high affinity for mannose and fucose.  It has been associated with numerous pathogens 

including Mycobacterium tuberculosis, M. leprae, and HIV-1 along with numerous others (26).  

When pathogens bind via DC-SIGN, upregulation of TLR induced IL-10 occurs and induction of 

Th1, Th2, and Th17 T-cell differentiation.  Dectin 1 is expressed on myeloid DCs, monocytes, 

macrophages, and B-cells (26).  Binding via Dectin 1 induces Th1 and Th17 cell differentiation 

via IL-1, IL-6, IL-12, and IL-23 production.  It also influences induction of TNF and CXCL2 

production.  Dectin 2 is also expressed on myeloid DCs as well as pDCs.  It has a high affinity 

for mannose and induces TNF and IL-6 production.  The mannose receptor is expressed on 
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myeloid DCs and macrophages.  It facilitates phagocytosis and antigen presentation (26).  Dectin 

1 recognition of M. leprae causes secretion of IL-1 (88).  Mincle, a macrophage receptor, 

recognizes trehalose dimycolate (TDM) and trehalose dibehenate (TDB) associated with the 

mycolic acid layer of M. leprae (87).  Mincle interacts with the Fc receptor common -chain and 

triggers an inflammatory response through the SKY-CARD9 pathway (26).   

The cell surface receptor, CD5, is known for its role in B-cell-to-B-cell interactions, but 

is also present as a scavenger receptor on dendritic cells recognizing beta-glucan (93).  It is 

found on dendritic cell subsets including Langerhans cells and dermal DCs.  CD5 does not 

appear to be an activation marker but is instead part of different subsets (84).  Furthermore, 

dendritic cells can express varying levels of CD5 on their cell surface (high vs low) which has 

been shown to have differences in gene expression, cytokine production, antigen presentation, 

and T-cell polarization (83, 90).  

 

1.3.2 LANGERHANS CELLS 

Langerhans cells (LCs) are a subset of dendritic cells that are present in the epidermal 

layer of the skin (56).  While there are a broad range of interstitial dendritic cells that populate 

the dermal layer of the skin, LCs are the only subset of dendritic cells to populate the epidermal 

layer as well.  Along with their unique location within the skin, they have two additional unique 

characteristics, a type II C-type lectin cell surface marker, langerin, that has been shown to have 

a role in the uptake of several pathogens and tennis-racket shaped internal endosomal 

compartments called Birbeck granules that are not well characterized but thought to participate 

in antigen presentation.  
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LCs were named after Paul Langerhans who first discovered their presence in the 

epidermis and reported dendritic, non-pigmentary cells.  After well over a century, it was 

elucidated that they are leukocytes that are derived from the bone marrow and are a unique DC 

population found in the epidermis.  In human skin, LCs are the only population in the epidermal 

layer.  Cell surface expression allows for easy identification of LCs.  Markers in decreasing order 

of expression level include langerin, CD1a, MHC-II, CD45, CD11c, CD103, CD205 and 

EpCAM (56-58).  LCs also express another cell surface receptor CD5 (59-61). 

Langerin is a type II transmembrane protein classified as a C-type lectin receptor.  

Langerin recognizes and binds carbohydrates such as mannose and fucose as well as N-

acetylglucosamine, oligosaccharides mannan, and -glucan (59).  LCs are closely related to 

macrophages, but their function is similar to cDCs.  Langerin has a short intracellular domain.  

The extracellular domain has a neck-region consisting of alpha-helixes and a carbohydrate 

recognition domain that is similar to other C-type lectins.  Langerin only has one binding site for 

Ca2+ in contrast to other C-type lectins like CD209.  The other binding sites on langerin are not 

Ca2+ dependent which enables the binding of negatively charged carbohydrates as well.  

Langerin has been shown to bind to pathogens such as HIV-1 (59-60) and Mycobacterium leprae 

(31, 55).  Specifically, LAM and the glycoprotein, SodC, of M. leprae have been shown to bind 

to langerin.  Mannan has also been shown to bind to langerin and provides a positive control for 

binding in laboratory experiments (81). 

Multiple polymorphisms of LCs exist and have different capacities to bind various 

sugars.  Other C-type lectins, like the mannose-binding protein, have multiple well characterized 

polymorphisms as well.  These polymorphisms are associated with susceptibility to severity of 

various diseases.  Polymorphisms with langerin seem to instead reduce sugar binding activity 
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and not downstream effects for killing pathogens.  These polymorphisms may have implications 

for susceptibility to infections of individuals with different haplotypes (82, 89).  Further work 

needs to be conducted to understand how various polymorphisms may contribute to binding and 

uptake of pathogens known to associate with langerin. 

Previous work has demonstrated that langerin specifically interacts with various 

pathogens including HIV-1 (59-61) and Staphylococcus aureus (81).  HIV-1 can be internalized 

into Birbeck granules via langerin-mediated uptake which prevents HIV-1 infection of LCs and 

therefore blocks transmission to T-cells.  This functions as an effective barrier against HIV-1 

infection, but they also uniquely are able to cross-talk to other subsets of DCs via 

glycosaminoglycan (GAG) hyaluronic acid (HA) which facilitates LC-DC clustering.  Langerin 

binds to HA expressed on the surface of DCs allowing cross-talk to occur.  This leads to LC-DC 

cross-talk (59).  In Staphylococcus aureus infections, langerin binds to the -GlcNAc epitope.  

LCs induce a Th17 response that helps to contain the S. aureus infection (81).   

There have been a few studies that demonstrate a role for LCs during M. leprae infection 

(30 -32).  In TT patients’ lesions, high numbers of Langerhans cells are found and can present 

antigens to T-cells via CD1a.  CD1a+ cells are associated with reactional episode outcomes.  LCs 

are predominately present in tuberculoid leprosy whereas lepromatous leprosy patients have 

weak induction of CD1 proteins (18).  Langerin has been shown to have a high binding capacity 

for the M. leprae cell wall glycoprotein, SodC, in surface plasmon resonance assays suggesting a 

potential uptake route (32, 55).  M. leprae has also been shown to induce IL-10 production in 

lepromatous leprosy via CD209.  To add to the complex nature of M. leprae infection of DCs, 

PGL-1 mediated binding to CD209 may impair DC maturation and facilitate M. leprae survival 

(35).   
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Figure 2: Clinical manifestations of leprosy and immune responses.  Bacterial load is lower on 

the Tuberculoid pole and high on the Lepromatous pole.  Numerous Langerhans dendritic cells 

are found in Tuberculoid lesions.  A cell-mediated, Th1, immune response is associated with the 

Tuberculoid pole while a humoral, Th2, immune response is associated with the Lepromatous 

pole potentially correlating with the presence of CD5high vs CD5low dendritic cells, respectively.  

(Drawn based on Ridley, D.S. & Jopling, W.H. (1966) (69)) 
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1.4 RESEARCH RATIONALE AND SUMMARY OF AIMS 

 A more in-depth understanding of the interactions between M. leprae and dendritic cells, 

specifically Langerhans cells is needed to understand initial host-pathogen interactions that may 

affect disease outcome.  Figure 2 presents known disease classifications based on work by 

Ridley and Jopling.  Questions remain in understanding the role CD5+ dendritic cell subsets play 

in directing the T-cell response and subsequent disease manifestation.  Kim et al. discovered that 

langerin recognized a glycoprotein on the cell wall of M. leprae (32) while Hunger et al sought 

to understand CD1a presentation of nonpeptide antigens (31).  There are many cell surface 

receptors including CD207 and CD5 on Langerhans cells that can bind and facilitate uptake of 

M. leprae.  After uptake and processing of M. leprae via potentially different pathways, the 

Langerhans cell may promote polarization of the adaptive immune response.  Further, Yin et al. 

discussed dendritic cell subpopulations, CD5high and CD5low, can elicit different Th1 vs Th2 T-

cell responses (83).  Taken together, these studies provide evidence that Langerhans cells are 

interacting with M. leprae and may affect the adaptive immune response.  This led to the 

hypothesis that interactions between M. leprae and Langerhans cells via various cell surface 

receptors may influence a Th1 vs. Th2 immune response.   

 The following specific aims were developed to address this hypothesis and continue 

advancement of understanding initial interactions between M. leprae and the innate immune 

system. 

I. Develop methodologies to better evaluate M. leprae infections in an infection model 

(Chapter 3). 

II. Determine the interaction and uptake of M. leprae with Langerhans cells (Chapter 2 

and 4). 
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CHAPTER 2: OPTICAL TISSUE CLEARING FOR SKIN 

 

 

 

2.1  INTRODUCTION 

Classical methods of tissue imaging like immunohistochemistry (IHC) require tissue 

sectioning and can only be probed with one set of labels (3).  Special tissue handling may be 

required to prepare epitopes for antibody binding depending on the method of fixation.  While 

IHC is still an extremely important tool for immunology, pertinent information about cell 

interactions can be better resolved by visualizing interactions in intact tissue.  

Clear Lipid-exchanged Acrylamide-hybridized Rigid Imaging/Immunostaining/In-situ 

hybridization-compatible Tissue hYdrogel (CLARITY) is a technique used to transform 3D 

tissue sections into a 3D nanoporous hydrogel.  Using this technique, the 3D hydrogel infused 

tissue becomes optically transparent, is relatively stable, and is permeable to macromolecular 

probes such as fluorescent antibodies (1).  During the CLARITY process, lipids are removed to 

reduce light scatter that can occur with the imaging of intact tissue preparations (2).  However, 

non-lipophilic structures such as proteins remain in their original location due to fixation and the 

formation of a hydrogel.  This overall process allows for investigation of cellular relationships 

and protein complexes globally within the tissue.  CLARITY was originally developed in 2013 

to investigate whole brain tissue where sectioning could miss key relationships (1).  Although 

CLARITY was originally developed for brain tissue, it has been adapted for almost every tissue 

in the body (4).  However, this approach has not been thoroughly reported for use with skin 

tissue. 

A modification on the CLARITY protocol, passive clarity technique (PACT), uses 

refractive index matching solution (RIMS) as an imaging medium.  PACT was developed as a 
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milder, passive clearing process better suited for fragile tissues (8).  The PACT method removed 

bisacrylamide and increased detergent concentration for lipid removal.  The passive removal of 

lipids using 8% sodium dodecyl sulfate without electrophoresis reduced the risk of tissue damage 

or swelling.  In addition to decreasing the costs associated with CLARITY, the high sorbitol 

concentration (70%) in RIMS makes it an effective storage buffer by reducing any potential 

bacterial or fungal growth during storage. 

 M. leprae is an obligate, intracellular pathogen with few animal models available (11-12).  

Most studies are accomplished in vitro using cell lines and M. leprae purified from athymic 

nu/nu mouse footpads (16-17) or M. leprae components (13-15).  While these studies provide 

insight into M. leprae infection, they can be limited in their capacity to draw conclusions.  Other 

techniques utilize human skin biopsies and immunohistochemistry (18-21) to visualize immune 

cells present and interactions with M. leprae, but immunohistochemistry relies on thin slices of 

tissue and once stained, slices cannot be re-stained for other cells of interest.  This means 

important information can potentially be lost if cells are not uniformly present throughout the 

entire tissue biopsy and all slices.  CLARITY utilizes the intact 3D biopsy for staining and can 

be de-stained and re-stained with new antibodies of interest.  This becomes important to 

investigate paucibacillary skin biopsies where M. leprae may be sparse.  We adapted the 

CLARITY protocol to clear skin samples and probe with antibodies of interest. 
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2.2  MATERIALS AND METHODS 

2.2.1 Animal Model 

Female Balb/c mice 4-6 weeks of age were gifted from the Henao-Tamayo laboratory at 

Colorado State University.  All methods were carried out in accordance with relevant guidelines 

and regulations with respect to animal welfare.  Mice were housed at the Pathology building 

biosafety level 2 animal facility under pathogen-free conditions and were handled in accordance 

with experimental protocols that were approved by IDRIs Institutional Animal Care and Use 

Committee (IACUC).  Mice were infected by the intradermal route (i.d.) with 105 CFU of 

Mycobacterium haemophilum or Mycolicibacterium smegmatis.  Twenty-four hours post 

challenge, the skin at the inoculation site was harvested and placed in ice-cold 4% 

paraformaldehyde. 

 

2.2.2 In vitro growth of bacterial cultures 

M. smegmatis was grown in 7H9 (VWR) medium supplemented with 5% glucose and OADC at 

37 C while shaking at 200 rpm for 3 days to an OD600 of 0.6. M. haemophilum was grown in 

7H9 (VWR, Radnor, PA) medium supplemented with 5% glucose, 60 M Hemin (Sigma-

Aldrich, St. Louis, MO), and OADC at 30 C protected from light while shaking for 7 days to an 

OD600 of 0.6. 

 

2.2.3 CLARITY 

After IACUC approved humane-euthanasia, skin to be harvested was shaved.  Shaved skin was 

harvested and placed in ice-cold 4% paraformaldehyde and incubated overnight at 4 C.  Skin 

was transferred to ice-cold 4% acrylamide (BioRad, Hercules, CA) in a 15 mL conical tube and 



 31 

incubated overnight at 4 C.  The initiator, VA-044 (Wako), was added to 4% acrylamide 

solution to a final concentration of 0.25% and the cap was tightened on liquid so no head space 

remained, and zero oxygen was present in the tube.  The tube was transferred immediately to 37 

C for 4 h or until acrylamide polymerized.  Skin was removed from polymerized acrylamide and 

washed five times with 1X phosphate-buffered saline (PBS).  Skin-acrylamide hydrogel was 

transferred to a 50 mL conical tube with 8% SDS (Thermo Fisher, Waltham, MA) and placed on 

a rocking plate at 37 C.  8% SDS was replenished every 24 h until the solution was no longer 

cloudy.  The deplipidated skin was washed five times with 1X PBS-tween 20 (Sigma Aldrich), 

and incubated for at least five days with appropriate antibodies for imaging (Table 2.1).    Skin 

was washed five times with 1X PBS and transferred to sRIMS solution for at least five days. 

 

Table 2.1: Fluorescent antibodies used to stain clarified mouse skin for confocal imaging. 

Marker Clone Fluorophore Manufacturer 

CD207 eBioRMUL.2 eFluor660 eBioscience 

MHC-II M5/114.15.2 eFluor450 eBioscience 

CD5 UCHT2 BV421 BioLegend 

CD1a O10 AF647 Novus 

CD11b Poly AF700 Novus 

 

2.2.4 Imaging 

Confocal imaging was performed using an inverted Olympus FV1000-IX81 confocal imaging 

system.  Images were analyzed using Volocity (Perkin Elmer, Waltham, PA). 
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2.3  RESULTS 

2.3.1 Modified CLARITY protocol for skin samples 

 Female Balb/c mice were intradermally injected with 105 CFU of Mycobacterium 

haemophilum or Mycolicibacterium smegmatis or mock injection of phosphate buffered saline.  

Post challenge (24 h), mice were humanely euthanized and the skin at the injection site was 

shaved to remove all fur.  The shaved skin at the inoculation site was harvested and placed in 

ice-cold 4% paraformaldehyde overnight at 4 C.  Balb/c mice have white skin and the color of 

the skin remained the same after overnight incubation in 4% paraformaldehyde.  Skin samples 

were transferred to ice-cold 4% acrylamide in a pre-chilled 15mL conical tube and incubated 

overnight at 4 C followed by an addition of an initiator, VA-044.  The conical tube was 

overfilled, the cap was tightened, and extra acrylamide was allowed to leak out so no oxygen 

remained in the tube.  The cold conical tube was immediately transferred to a 37 C incubator for 

three to four hours.  The temperature change activated the initiator which polymerized the 

acrylamide.  Once the acrylamide was visually polymerized (4% acrylamide does not look like a 

polymerized gel, but instead is extremely viscous),the skin was removed from the polymerized 

acrylamide and placed in a new 15mL conical tube containing PBS at room temperature on a 

rocker plate to wash.  The PBS was replenished five times, with each wash allowed to rock for at 

least 30 minutes.  Skin samples were then transferred to a new 50mL conical tube containing 8% 

sodium dodecyl sulfate (SDS) in PBS and placed in a 37 C incubator on a rocker plate.  8% 

SDS was replenished every 24 hours until the solution was clear after a 24 hours incubation and 

no more lipids were being removed from the tissue.  Skin samples were washed similar to before, 

five times in PBS containing 0.1% tween to remove any excess SDS from the tissue.  The skin 

samples were transferred to a PBS solution containing antibodies of interest and allowed to 
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incubate on a rocker plate at room temperature for five days.  Antibodies were replenished at 

least two times during the five days for efficient staining (Figure 2.1.1).  Skin samples remained 

relatively opaque during this entire protocol.  Finally, the samples were transferred to sRIMS 

solution which transformed the tissue from opaque to translucent (Figure 2.1.2).  Samples were 

placed in fresh sRIMS solution for imaging. 

 

 

Figure 2.1.1: Modified PACT protocol adapted for skin samples. 

 

 

 

 

 

 

 

Figure 2.1.2: Mouse skin tissue prior to PACT clearing process is opaque (A) and after multiple 

days in sRIMS solution, the mouse skin tissue becomes transparent (B). 
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2.3.2 M. haemophilum and M. smegmatis infected skin samples 

 Mice were intradermally injected with 105 recombinant M. haemophilum or recombinant 

M. smegmatis, expressing mCherry.  As a mock control, PBS was intradermally injected.  

Samples were harvested and stained for langerin (CD207), CD5, and CD1a.  All three markers 

were detected and colocalized on cells in the PBS skin samples (Figure 2.2.1).  In the M. 

smegmatis skin samples, CD5 and CD207 were detected and colocalized around M. smegmatis 

(Figure 2.2.3).  CD5 and mCherry were detected in the M. haemophilum infected skin, but 

CD207 was not detected (Figure 2.2.2).   
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Figure 2.2.1: Confocal images of CLARITY treated mouse skin tissues following mock injection 

with PBS.  CD5 (A), CD207 (B), and CD1a (C) were colocalized (D) on imaged cells in the skin 

sample indicating Langerhans cells were labeled.  E and F show enlarged areas. n=1 
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Figure 2.2.2: Confocal images of CLARITY treated mouse skin tissues following injection with 

M. haemophilum. M. haemophilum (red) colocalized with CD5 (blue) labeled cells indicating 

recruitment of dendritic cells to the site of infection. n=1 

 

 

 

M. haemophilum 
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Figure 2.2.3:  Confocal images of CLARITY treated mouse skin tissues following injection with 

M. smegmatis.  CD207 (B), CD5 (A), and mCherry (C) labeled M. smegmatis were colocalized 

(D) indicating recruitment of Langerhans cells to the site of infection.  3D images (E, F) further 

visualize recruitment of cells to the site of infection.  An enlarged section (F) visualizes 

colocalization from (D).  Bacilli determined to be at the interface between the epidermis and 

dermis based on the orientation of the tissue on the slide.  n=1 
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Figure 2.2.4: Confocal images of CLARITY treated mouse skin tissues following mock injection 

with PBS.  Tissue was de-stained and re-stained with new fluorescent antibodies.  MHC-II 

(bright green) and CD11b (red) were colocalized in the skin sample indicating macrophages 

were labeled.  Higher autofluorescence was observed in the tissue after re-staining. n=1  
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2.4  DISCUSSION 

 Numerous tissue clearing techniques have been developed through the years to obtain 

information about processes and interactions that occur within biological tissues (6).  There are 

many complicating factors that have made this effort difficult to achieve including penetration 

depth and light scattering.  Different protocols used various dehydration methods, however, these 

methods caused severe tissue shrinkage which complicated any findings due to movement of 

structures within the tissue sample.  In 2015 Schwarz et al. (7) proposed a method called 

FluoClearBABB to increase protein stability and reduce denaturation.  This procedure still relied 

on hazardous materials and required specific mounting approaches to get optimal images.  

Developed in 2013, CLARITY remains the optimal clearing technique.  Due to its ability to clear 

tissues efficiently, maintain relatively stable structures, and provide optimal images.  The key 

improvement was removal of lipids which allows macromolecules to penetrate deep into tissues 

and allows higher resolution imaging due to decreased light scattering.   One of the biggest 

modifications was utilizing laboratory prepped imaging solutions to lower expenses and provides 

preservation of endogenous fluorescence.  Laboratory prepped imaging solutions also provide 

compatibility with aqueous refractive index matching mediums which allows the use of different 

microscopes and does not require specialized mounting apparatuses (6).   

 We aimed to contribute to the active field of optical tissue clearing by modifying the 

PACT protocol for use in skin samples.  The skin differs from brain tissues in that there are more 

complex lipids that need to be removed and it is a thin, fragile tissue to put through the clearing 

process.  The final protocol is extremely straightforward, but developing this modified method 

proved complicated at times due to the fragility of the skin samples.  Samples were fixed in 4% 

paraformaldehyde as described in the original PACT method, but due to the thin and floppy 



 40 

nature of skin, the skin would shrivel and curl.  This was originally thought to pose issues in the 

final imaging, so we developed a plastic box to sew the skin samples into, so they would remain 

flat and not curl.  The skin samples proved to be too fragile for this process and often the skin 

would tear or rip which would not be beneficial for any experimentally infected samples or 

human patient skin biopsies.  We quickly abandoned this approach and continued without.  

While the skin still curled throughout much of the protocol, the final cleared tissue remained 

“relaxed” and uncurled.   

 Modifications in a few other steps of the protocol were also made specifically for skin 

samples.  For mouse skin samples, we are able to obtain large areas of skin to clear.  We 

modified the acrylamide polymerization step to avoid using N2 to remove oxygen prior to 

placing the samples at 37 C.  Instead, we overfilled the 15mL conical tubes prior to capping so 

no head space remained after the cap was tightened on the tube.  Too much oxygen entered the 

solution after using N2 before placing the samples at 37 C which caused suboptimal 

polymerization of the acrylamide and led to unstable tissues that had the potential to lose 

structures during delipidation with 8% SDS.  This problem was exacerbated when additional 

days of 8% SDS treatment were added washes due to the complex nature of lipids present within 

the skin.  By abandoning oxygen removal using N2 and limiting head space, we were able to 

obtain consistent acrylamide polymerization resulting in a robust and stable tissue-hydrogel 

complex.  The 8% SDS lipid removal step was repeated until the solution remained clear after 24 

hours and no lipids were actively being removed from the tissues.   

 We aimed to modify the PACT method for skin samples to develop a robust ex vivo 

model to investigate immune cell interactions with M. leprae in human skin biopsies.  We 

successfully tested experimentally infected skin samples for colocalization of innate immune 
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cells with various mycobacterial spp. including recombinant Mycobacterium haemophilum and 

Mycolicibacterium smegmatis that were both constitutively expressing mCherry.  Both the M. 

haemophilum and M. smegmatis infected skin samples retained fluorescent bacteria that could be 

visualized during imaging, however, it was difficult to locate the small injection site in the tissue.  

A smaller tissue biopsy would allow more precise visualization of the injection site and a faster 

imaging timeline.  While recombinant bacterial strains were used to validate this method, post-

clearing labeling of the M. leprae will be necessary to identify bacteria in human skin biopsies.  

Post-clearing labeling allows visualization of specific structures of interest on the bacteria, 

providing more in-depth information about which bacterial structures are interacting with innate 

immune cells.  These data provide evidence of effective clearing and fluorescent labeling of skin 

samples paving the way to investigate further interactions with other innate immune cells of 

interest in experimentally infected skin.  For leprosy human skin biopsies, not only can 

interactions between immune cells and Mycobacterium leprae be investigated, but a more in-

depth investigation into peripheral nerves (10) can be analyzed as well.   
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CHAPTER 3: ELUCIDATING BINDING INTERACTIONS BETWEEN MYCOBACTERIUM 

LEPRAE AND LANGERHANS CELLS THROUGH DIFFERENT CELL SURFACE 

RECEPTORS 

 

 

 

3.1  INTRODUCTION 

 Chapter 3 presented novel methodology for investigating wholistic interactions between 

innate immune cells and Mycobacterium leprae in intact experimentally infected skin samples.  

However, to obtain a more detailed characterization of the specific Langerhans cell surface 

receptors that are involved in binding with M. leprae as well as the specific M. leprae ligands 

involved, in vitro cell-based assays could prove useful. 

The causative agent of human leprosy is Mycobacterium leprae.  The disease is 

characterized by nerve damage, skin lesions, and permanent disability (15).  Numerous studies 

have investigated the interactions between M. leprae and nerve cells (21-25) or macrophages 

(16,26-29), however, information regarding the interactions between M. leprae and dendritic 

cells is lacking.  It is known that M. leprae is phagocytized by Langerhans dendritic cells (LCs) 

(7-8).   Mannosylated macromolecules on the cell envelope of M. leprae including mannose-

capped lipoarabinomannan (ManLAM), lipomannan (LM), phosphatidylinositol mannosides 

(PIM), and glycoproteins contribute to the interaction with LCs (9).  C-type lectins on the cell 

surface of LCs have been shown to directly bind specific mannosylated macromolecules of 

Mycobacterium spp (20) including M. leprae.  Studies to elucidate the contributions of various 

ligands with each C-type lectin in cell-based assays have not been performed. 

 C-type lectin receptors are important pattern recognition receptors on innate immune 

cells including dendritic cells.  Langerin, a C-type lectin receptor, is expressed on the cell surface 

of Langerhans cells.  Located in the epidermis of human skin, Langerhans cells are of interest for 
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M. leprae infections.  M. leprae grows preferentially between 33-35 C and selectively invades 

peripheral nerves and skin-resident innate immune cells including Langerhans cells.  Langerin 

recognizes and binds carbohydrates such as mannose and has been studied in other diseases such 

as HIV-1 (13-14).  Another C-type lectin receptor, DC-SIGN, is expressed on the cell surface of 

dendritic cells has been shown to bind ManLAM and PIM6 of M. leprae (9).  

 Another cell surface receptor found on dendritic cell subsets, including LCs, is CD5.  

CD5 is a scavenger receptor that is also expressed on B-cells and promotes cell-to-cell 

interactions.  CD5 on dendritic cells has been shown to mark a terminally differentiated 

inflammatory dendritic cell subsets (5).  Beta-glucan has been identified as a potential ligand for 

CD5 (31), but there is no confirmed ligand in M. leprae infections.  A study by Yin et al. from 

2017, presented evidence for CD5high and CD5low expressing DCs that differ significantly in 

cytokine production, antigen presentation, and T-cell polarization.  This is of interest for M. 

leprae infections where polarization of the immune response occurs resulting in distinct forms of 

disease.  Elucidating how LCs bind and process ligands through CD5 may provide insight into 

the mechanisms behind this polarization. 

Previous work demonstrated that LCs present cell wall antigens of M. leprae to CD1a-

restricted T-cells.  The T-cells proliferated and produced gamma interferon (IFN-). Further 

work determined that the M. leprae cell wall glycoprotein, SodC, bound to langerin more than 

other mannosylated macromolecules in a cell-free surface plasmon resonance (SPR) assay.  

However, this has not been confirmed in a more biologically relevant model. Due to M. leprae 

being an obligate intracellular pathogen, using an animal model to study the initial interactions 

during infection poses challenges. Thus, a cell-based in vitro method is required to elucidate the 

binding characteristics of LCs with M. leprae that may be occurring in the skin.  Utilizing lab 
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differentiated Langerhan-like DCs (LC-DCs) and a langerin expressing THP1 cell line, we 

evaluated the binding characteristics with mycobacterial lipoglycans and glycoproteins as well as 

live M. leprae.  

Here we present findings that additional LC cell surface receptors interact with M. leprae.  

Additionally, we confirm the interaction between langerin and glycosylated SodC in a cell-based 

assay.  We also present evidence that langerin directly interacts with whole M. leprae and 

binding can be inhibited with preincubation of blocking reagents. 

 

3.2  MATERIALS AND METHODS 

3.2.1 Expression and production of recombinant M. leprae SodC in Mycolicibacterium 

smegmatis and Escherichia coli 

Recombinant M. leprae SodC (ML1925) was expressed in M. smegmatis to obtain the 

glycosylated form of the protein.  It was purified as previously described (9) with slight 

modifications for higher protein yield.  Briefly, the recombinant plasmid, pMRLB101, was 

transformed into M. smegmatis mc2155 GroEL using electroporation and maintained with the 

addition of kanamycin.  Cultures were upscaled to 5L in 7H9 (VWR, Radnor, PA) medium 

supplemented with 5% glucose to obtain enough rSodC for downstream experiments. Cells were 

harvested by centrifugation and lysed via French press.  The rSodC with a C-terminal 6His tag 

was purified by immobilized metal affinity chromatography (IMAC) with nickel-nitrilotriacetic 

acid (Ni-NTA)-agarose resin (Qiagen, Hilden, Germany), also described previously (9).  Eluted 

rSodC was desalted and concentrated in an Amicon Ultra-15 10 K centrifugal filter unit 

(Millipore, Bedford, MA). Purity of rSodC was determined by silver stain.  Purified rSodC was 

stored in phosphate buffered saline at -20 C. 
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3.2.2 Preparation of mycobacterial fractions and ligands 

M. leprae ManLAM and PIM6 were generated at Colorado State University and supplied through 

the Biodefense and Emerging Infections (BEI) Research Resources Repository 

((http://www.beiresources.org/TBVTRMResearchMaterials/tabid/1431/Default.aspx)) 

 

3.2.3 Bacterial Cultures 

M. leprae purified from athymic nu/nu mouse footpads was kindly donated by the National 

Hansen’s Disease Program (Laboratory Research Branch, Louisiana State University, Baton 

Rouge, LA, USA).  

M. smegmatis mc2155 was grown in 7H9 medium supplemented with 5% glucose and OADC at 

37 C while shaking for 3 days until the culture reached an OD600 of 0.6.  M. haemophilum was 

grown in 7H9 medium supplemented with 5% glucose, 60 M Hemin (Sigma-Aldrich, St. Louis, 

MO), and OADC at 30 C protected from light while shaking for 7 days until the culture reached 

an OD600 of 0.6.   

 

3.2.4 Cell Culture 

Langerhans-like dendritic cells (LCDCs) were differentiated from CD34+ stem cells (Lonza, 

Basel, Switzerland) for 12 days.  Stem cells were quickly thawed in a 37 C water bath and 

placed in prewarmed RPMI medium (VWR) containing 10% FBS (Atlas Biologicals, Fort 

Collins, CO), 100 U/mL penicillin, and 100 g/mL streptomycin.  Cells were washed two times 

with supplemented RPMI medium.  After the final wash, cells were cultured in a T175 flask 

containing 30 mL supplemented RPMI medium with 100 ng/mL GM-CSF (BioLegend, San 
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Diego, CA), 2.5 ng/mL TNF- (BioLegend), and 25 ng/mL SCF (Fisher Scientific) at 37 C with 

5% CO2.  Cells were washed and split into two flasks with fresh supplemented RPMI containing 

GM-CSF, TNF-, and SCF on day 3.  On days 5, 7, and 9 cells were washed, split, and placed in 

fresh supplemented RPMI containing 100 ng/mL GM-CSF and 1 ng/mL TGF-1 (BioLegend).  

Cells were collected via centrifugation at 1,200 rpm for 10 min, counted using a hemocytometer, 

and frozen at -80 C on day 12 when langerin and CD1a expression were the highest as 

determined by flow cytometry.   

 

Transfected THP1 cells (THP-L) and empty vector THP1 (THP-EV) cells were kindly provided 

by Dr. Nina van Sorge and cultured as previously described (17).  Briefly, cells were cultured in 

RPMI supplemented with 5% FBS, 1% GlutaMAX (Life Technologies, Carlsbad, CA), 100 

U/mL penicillin, and 100 g/mL streptomycin at 37 C with 5% CO2 until they reached 80% 

confluence.  

 

Transfected HeLa cells (HeLa-Lang) and WT HeLa cells were kindly provided by Dr. Robert 

Modlin.  Cells were cultured in DMEM (Fisher Scientific, Waltham, MA) supplemented with 

10% FBS, and 1 g/mL geneticin (Thermo Fisher, Waltham, MA) at 37 C with 5% CO2 until 

they reached 80% confluence.  

 

3.2.5 Bead Coating 

Blue/green fluorescent polystyrene beads (Polysciences, Warrington, PA) (1 m diameter) were 

coated with 100 g of mannan, ManLAM, PIM6, unglycosylated rSodC (previously produced in 

the Belisle laboratory) (9), or glycosylated rSodC in sodium bicarbonate buffer (pH 9.6).  
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Conditions for coating beads with ManLAM, PIM6, or mannan were incubation for 3h at room 

temperature with rocking followed by an overnight incubation at 4C.  Unglycosylated rSodC 

and glycosylated rSodC coated beads were only incubated overnight at 4 C.  Following 

incubation, beads were washed three times with 1X PBS and then blocked with 2% human serum 

albumin (HSA) (Sigma Aldrich) in PBS overnight and at 4 C.  Coated beads were stored in PBS 

at 4 C (18). 

  

3.2.6 Bacterial binding assays 

M. leprae purified from athymic nu/nu mouse footpads was washed with 1X PBS and 

fluorescently labeled with 0.1 mg/mL FITC isomer 1 (Sigma Aldrich) as previously described 

(19).  LCDCs,THP1-L or THP1-EV (105 cells) were incubated with FITC-labeled M. leprae 

(MOI 10:1) in RPMI containing 2% Human Serum Albumin (HSA) for 10 min at 4 C followed 

by an additional 30 min at 33 C. Binding was blocked with preincubation for 15 min at 4 C 

with blocking reagents (2.5 mg/mL mannan (Sigma Aldrich), -CD207, -rLangerin, -CD5, -

MHC-II, or -DC-SIGN).  Cells were washed once with RPMI containing 2% HSA to remove 

unbound bacteria and resuspended in 2% paraformaldehyde in PBS and measured by flow 

cytometry.   
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Table 3.1: Blocking antibodies used to pre-block various receptors on LCDCs prior to binding 

experiments. 

Marker Clone Manufacturer Concentration/ 

Dilution 

CD207 10E2 BioLegend 20 ug/mL 

CD207 REA770 Miltenyi Biotec 1:50 

HLA-DR (MHC-II) Tu39 BD Biosciences 10 ug/mL 

DC-SIGN 120507 AbCam 10 ug/mL 

CD5 L17F12 BioLegend 10 ug/mL 

 

 

3.2.7 Coated beads binding assays 

LCDCs, HeLa-Lang or HeLa-WT (105 cells) were incubated with coated blue/green fluorescent 

polystyrene beads (as described above) in RPMI containing 2% HSA for 1 h at 37 C.  Binding 

was blocked with preincubation for 30 min at 37 C with blocking reagents (2.5 mg/mL mannan, 

or -CD207 (Miltyni Biotech, Auburn, CA).  Cells were washed once with RPMI containing 2% 

HSA to remove unbound beads and resuspended in 2% paraformaldehyde in PBS. HeLa cells 

were measured by confocal microscopy and LCDCs were measured by flow cytometry.   

 

3.2.8 Flow Cytometry  

Flow cytometry was performed on a FACSCantoII (BD Biosciences, Franklin Lakes, NJ).  Per 

sample, 10,000 events were collected.  Data were analyzed using FlowJo 10 (FlowJo, LLC, 

Ashland, OR). 
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Table 3.2: Fluorescent antibodies used to stain LCDCs, THP cells, and HeLa cells. 

Marker Clone Fluorophore Company 

CD207 DCGM4 PE Beckman 

Coulter 

CD1a O10 Alexa Fluor 647 Novus 

CD5 G043H7 BV421 BioLegend 

 

3.2.9 Imaging 

Confocal imaging was performed using an inverted Olympus FV1000-IX81 confocal imaging 

system.  Images were analyzed with Volocity (Perkin Elmer, Waltham, MA). 

 

3.2.10 Statistics 

Two tailed paired t-tests were used to evaluate differences between groups. 
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3.3  RESULTS 

3.3.1 Langerin expression on various cell lines  

 Langerin expression was determined via flow cytometry.  LCDCs were determined to 

have suitable expression for further experiments if the percentage of cells expressing langerin 

was above 80% on day 12 of differentiation.  Similarly, THP-L and HeLa-LANG cell lines were 

determined to have suitable expression if cells expressing langerin was above 80%.  HeLa-

LANG cells lost expression through culture over time, but the addition of geneticin maintained 

langerin expression. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1.1: LCDCs were gated on FSC vs SSC to eliminate cell debris from analysis.  84% of 

LCDCs were CD207+ on day 12 of differentiation.  

 

84% 
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Figure 3.1.2: 91.4% of HeLa-Lang cells were CD207+ as determined by flow cytometry. 

 

 

 

 

 

 

 

 

 

 

Figure 3.1.3: 93% of THP-L cells were CD207+ as determined by flow cytometry. 

 

 

 

91.4% 

93% 
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3.3.2 Cell surface expression of LCDCs 

 Further elucidation of other cell surface receptors on day 12 differentiated LCDCs was 

conducted to understand what receptors may contribute to binding in downstream experiments.  

In table 3.2.1, cell surface receptors, clone, and isotype are outlined.  LCDCs were determined to 

also express CD1a and CD5 (Figure 3.2.2). 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.1: As determined by flow cytometry, 54.2% of LCDCs expressed CD207+ and CD1a+.  

Additional cells were CD1a+ and CD207-. 

54.2% 
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Figure 3.2.2:  As determined by flow cytometry, 62.3% of LCDCs expressed CD207+ and CD5+.  

Additional cells were CD5+ and CD207-. 
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3.3.3 Binding capacity of CD5 sorted LCDCs with M. leprae   

We first wanted to investigate if uptake of M. leprae by LCDCs was affected by CD5 cell 

surface expression level.  Day 12 differentiated LCDCs were cell sorted via CD5 expression 

levels (high and low).  In figure 3.3.1, 1.8% of LCDCs sorted were CD5 high and 66.8% were 

CD5 low.   

  

 

 

 

 

 

 

 

 

 

 

Figure 3.3.1 Multiple populations of CD5 LCs were detected via flow cytometry.  CD5high (blue), 

CD5low (orange), and CD5 negative (red).  Cells were subsequently sorted to obtain isolated 

populations of CD5high and CD5low for further studies. n=3 
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Sorted cells were placed in culture to recover and assessed in a binding assay with live M. 

leprae (MOI 10:1) on the following day.    ~10% of CD5high cells bound to M. leprae compared 

to 16.7% of CD5low cells.  However, the analysis of langerin contribution were inconclusive.  

Binding was not significantly inhibited by pre-blocking the langerin receptor with either mannan 

or a recombinant blocking antibody.   Blocking multiple cell surface receptors using blocking 

antibodies also did not inhibit binding (Figure 3.3.2). 

 

 

 

Figure 3.3.2: 10.7% of CD5high LCs bound to M. leprae.  Binding was not significantly 

inhibited with any blocking reagents (mannan, -rLangerin, or multiple receptors).  16.7% of 

CD5low LCs bound to M. leprae.  Binding was not significantly inhibited with any blocking 

reagents (mannan, -rLangerin, or multiple receptors).  n=3 
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Utilizing remaining unsorted LCDCs, various receptors were blocked to assess 

contribution of binding with M. leprae.  While the non-specific blocking reagent, mannan, 

inhibited binding, further inhibition was observed when combined with blocking antibodies 

specific for CD5; however, in contrast, CD209 did not appear to contribute to the binding of M. 

leprae to the LCDCs (Figure 3.3.3). 

 

 

Figure 3.3.3: 24.9% of LCDCs bound to M. leprae when langerin was not blocked.  Addition of 

mannan inhibited binding through langerin.  Pre-incubation with -CD209 or -CD5 inhibited 

binding with M. leprae as compared to the unblocked condition indicating each receptor binds to 

M. leprae.  Combinations of -CD209/mannan or -CD5/mannan inhibited binding further 

indicating both langerin and other receptors bind M. leprae. n=1 

 

 

 

 

 

 



 59 

3.3.4 Elucidation of the binding contribution of langerin with M. leprae  

 We further elucidated the role of langerin in binding of M. leprae.  LCDCs bind to M. 

leprae and binding can be partially inhibited when langerin is pre-blocked.  Pre-blocking with 

free mannan inhibited binding by 10%.  Similar inhibition was observed using a langerin 

blocking antibody, however, the inhibition was not consistent most likely due to potential 

glycosylation of the antibody which contributed to additional binding of M. leprae.  As expected, 

the negative control isotype antibody did not inhibit binding.  

Taken together, these data confirm that langerin binds to M. leprae, but is not the exclusive cell-

surface receptor involved in initial binding.  

 

 

Figure 3.4.1: 29.4% of LCDCs bound to M. leprae.  Blocking langerin with mannan, inhibited 

binding to 19.3%, and blocking with the blocking antibody, 10E2, inhibited binding to 17.2%.  

27.6% of LCDCs bound to M. leprae after preincubating LCDCs with the negative control 

isotype antibody.  No significance was determined (two tailed paired t-test).  n=3 
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While other receptors appear to be contributing to binding M. leprae in LCDCs, we 

sought to understand langerin exclusively.  Our collaborators at the University of California, Los 

Angeles (UCLA), provided us with transfected THP1 cells expressing langerin (THP-L) and the 

negative control cell line THP-empty vector (THP-EV).  18% of THP-L cells bound M. leprae 

without blocking reagents.  When langerin was blocked with mannan or a recombinant langerin 

blocking antibody, inhibitable binding was observed.  Specifically, binding was reduced to 9% 

when cells were preincubated with mannan and 10% when preincubated with the recombinant 

blocking antibody.  Another blocking antibody, 10E2, that had been used previously with 

LCDCs did not block binding with M. leprae.  We hypothesize there are glycosylated structures 

on the 10E2 antibody that non-specifically bind with M. leprae since it is produced in animals.  

As expected, the negative control isotype antibody did not inhibit binding.  The THP-EV cells 

had low level background binding but did not show a similar decrease in binding with blocking 

reagents, suggesting non-specific binding (Figure 3.4.2A).  Mannan-coated polystyrene beads 

were used as a positive control to confirm binding and inhibition was directly correlated with 

langerin binding (Figure 3.4.2B) 
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Figure 3.4.2: (A) 18.1% of THP-L cells bound to M. leprae when langerin was not blocked.  

Binding was inhibited to 9.2% with preincubation of mannan and 9.9% with -rLangerin.  

Binding was not inhibited using the blocking antibody, 10E2.  (B) Mannan-coated beads were 

used a control to ensure mannan-inhibitable binding could be observed with THP-L cells. n=3 

 

3.3.5 Binding contribution of various mycobacterial cell wall components with langerin 

 Previous work (9) determined that the glycosylated cell wall protein, SodC, 

predominately interacted with langerin as compared to other cell wall components such as LAM 

or PIMs in an SPR assay.  We utilized mycobacterial cell wall components bound to fluorescent 

polystyrene beads to elucidate if the findings were similar in a cell-based binding assay.  HeLa-

Lang and WT HeLa cells were used due to their adherent nature and binding was determined via 

confocal microscopy.  M. leprae recombinant glycosylated SodC, produced in M. smegmatis 

showed higher binding affinity to HeLa-LANG cells in comparison to other mycobacterial cell 

wall components or the unglycosylated form of SodC produced in E. coli.  Glycosylated SodC 

still bound to WT HeLa cells, most likely in a non-specific manner, but the interaction could not 

be inhibited with known blocking reagents (Figure 3.5.1). 

 

A B 
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Figure 3.5.1: HeLa-Lang (HeLa CD207) cells showed inhibitable binding with glycosylated 

SodC (A).  WT HeLa cells bound to glycosylated SodC similarly to HeLa-Lang but binding 

could not be inhibited with mannan (B) suggesting non-specific binding due to lack of langerin 

expression on WT HeLa cells.  n=1 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

A B Unglycosylate

d SodC 

 

Glycosylated 

SodC 

 

Unglycosylated 

SodC 

Glycosylated 

SodC 



 63 

Replicating the experiment from figure 3.5.1, proved that the system is more complicated 

than the cell-free SPR assay suggested.  Other cell wall components like LAM and PIMs bound 

as well or better than glycosylated SodC; however, the other components did not show 

inhibitable binding with blocking reagents.  These data suggested that glycosylated SodC 

specifically interacts with langerin and the other cell wall components are non-specifically 

interacting with the HeLa cells (Figure 3.5.2). 

 

 

Figure 3.5.2:  HeLa-Lang (HeLa CD207) cells showed inhibitable binding with glycosylated 

SodC (A).  LAM and PIM6 bound to HeLa-Lang cells similarly to glycosylated SodC, but 

binding could not be inhibited.  WT HeLa cells bound to coated beads (B) suggesting non-

specific binding due to lack of langerin expression on WT HeLa cells.  n=1 
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3.3.6 Determining binding with other mycobacterial species 

 Since M. leprae cannot be cultured in a laboratory and has shown to be highly variable in 

cell-based binding assays (Figure 3.4.1), we explored if other mycobacterial spp., specifically 

Mycobacterium haemophilum, could be utilized as a model in in vitro assays.  M. haemophilum 

is the most closely related mycobacterial spp. to M. leprae that can be cultured in a laboratory.  

Binding between M. haemophilum and LCDCs was observed, but inhibiting with mannan or the 

langerin blocking antibody did not show similar results to M. leprae (Figure 3.6.1).  More work 

is needed to understand whether M. haemophilum could serve as a model during in vitro binding 

assays and if the native SodC glycoprotein is expressed similarly. 

 

 

Figure 3.6.1: 10.2% of LCDCs bound to M. haemophilum when langerin was not blocked.  

Inhibition was slightly observed with the addition of mannan, but not significantly.  

Preincubation with the langerin blocking antibody, 10E2, did not significantly inhibit binding.  

No significance observed (Two-tailed paired t-test)  n=3  
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3.4  DISCUSSION 

 Previous work in our laboratory provided biochemical evidence that langerin directly 

interacts with the glycoprotein, SodC, of M. leprae and other dominant lipoglycans including 

ManLAM and PIM6.  In cell-free binding assays, they found that SodC reacted with langerin 

more than the other dominant lipoglycans.  In our current study using cell-based assays to 

elucidate binding characteristics, we found that while glycosylated SodC binds to langerin with 

stem cell derived LCDCs, the interactions of M. leprae with this cell type appears more complex 

than a simple langerin mediated interaction. 

 We investigated how various mannosylated macromolecules of M. leprae bound to 

langerin in cell-based assays.  Using beads coated with the various mannosylated 

macromolecules and a simplified cell system (HeLa-Lang), we found that while glycosylated 

SodC was the only ligand that could be inhibited from binding to langerin in binding assays, 

ManLAM and PIM6 still bound to langerin, sometimes as efficiently as glycosylated SodC.  We 

also tested binding with LCDCs and found that glycosylated SodC bound to a higher percentage 

of cells than ManLAM and PIM6, but not significantly. This indicates that all of these 

components contribute to binding at some level. 

 We confirmed that glycosylation is important for LCs to recognize and bind to M. leprae 

by globally disrupting glycosylation on the cell surface of M. leprae prior to binding 

experiments.  Binding was reduced when glycosylation was disrupted confirming previous 

results in cell-free assays (9). 

The previous results indicated that other LC receptors are involved in recognition and 

binding of M. leprae, thus we sought to understand how recognition of M. leprae was affected 

when langerin was blocked.  Langerin is an important piece of the puzzle and we demonstrated 
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that blocking langerin prior to adding M. leprae to the culture system inhibited binding by up to 

50%.  However, inhibitable binding was not always reproducible.  We regularly checked our cell 

lines for langerin expression via flow cytometry to ensure the cells had proper langerin available 

for binding, but M. leprae is a complicated bacterium that may not perform exactly the same in 

binding assays due to necessary growth conditions within a nu/nu mouse footpad. 

 Langerin is not the only cell surface receptor that may contribute to recognizing and 

internalizing M. leprae.  Our findings indicate that CD5, a scavenger receptor, also contributes 

towards recognition and binding.  Based on previous evidence of CD5high and CD5low dendritic 

cell sub-populations having distinct differences in cytokine profiles and antigen presentation (1, 

3-6), we investigated if these populations would have differences in binding capacity for M. 

leprae.  Our findings showed that fewer CD5high LCs bound M. leprae in comparison to CD5low 

LCs indicating that they do have distinct properties including binding characteristics.  Further 

work needs to be completed to determine if cytokine secretion after M. leprae binding is 

different between the two subpopulations.  CD5high cells have been shown to migrate more 

efficiently and induce IL-10-producing T cells.  CD5low cells have been shown to induce IFN- 

producing T cells (2).  This could have important implications for the polarization of disease 

seen in leprosy patients and how their immune system handles initial binding and uptake events.  

We hypothesize that if binding of M. leprae occurs via CD5high LCs, a Th2 primed immune 

response could occur and shift towards the lepromatous pole.  On the other hand, there is a much 

higher percentage of CD5low LCs within the skin and if binding of M. leprae occurs via CD5low 

LCs, a Th1, cell-mediated response would be activated. 

 These studies had shortcomings due to the challenging nature of Langerhans cells and M. 

leprae.  Binding assays were performed with fewer cells per condition than ideal due to limited 



 67 

proliferation and differentiation of LCDCs.  A 24-hour time window of optimal langerin 

expression on LCDCs meant that cells needed to be frozen or used fresh on that day.  Due to the 

limitations surrounding obtaining live M. leprae, often LCDCs would be frozen on day 12 of 

differentiation and used in subsequent experiments when shipments of M. leprae would arrive.  

Cells were rested overnight after thawing and utilized in a binding assay the following day.  

Other complicating factors included identifying optimal blocking antibodies and reagents to 

observe meaningful inhibition of binding between M. leprae and LCDCs.  Mycobacterium leprae 

is difficult to work with in vitro due to its limited viability outside of a host and combined with 

the finicky nature of LCDCs as well as the need for high quality blocking reagents meant that 

slotting all of the intricate pieces of the puzzle together was complicated and required precise 

timing and patience. 

 Future studies to elucidate all the pieces of the puzzle should include developing a 

transfected cell line expressing CD5 to investigate M. leprae specific ligands.  Our data present 

strong evidence that CD5 contributes to recognition and binding of M. leprae.  Uptake via CD5 

may alter which cytokines are released and modify the microenvironment leading to differences 

in T cell activation.  More work also needs to be conducted to develop M. haemophilum as a 

model for M. leprae in cell-based binding assays to reduce bacterial variability and develop 

robust conclusions about the effects of inhibiting, binding and uptake via langerin. 
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CHAPTER 4: OPTIMIZATION OF CELL GROWTH, EXPERIMENTATION CONDITIONS 

AND SodC PURIFICATION  

 

4.1 INTRODUCTION 

Optimization of experiments is critically important, but explanations of trials and 

tribulations are often lacking in scientific literature.  The final method used to collect the 

presented data is recorded in the “materials and methods” section of a manuscript and 

modifications from previously published work may be briefly mentioned. However, detailed 

information about methods that did not work are often excluded to keep the story concise and 

relevant only to the presented data.  This lack of troubleshooting information makes it 

challenging to reproduce the results or move forward with additional research questions and 

projects.  It does not mean that the methods described are incomplete, but instead that nuances 

and subtle tricks or tips that could help others are missing or assumed to be common knowledge.  

The projects described in this dissertation had many techniques that required substantial 

optimization and this chapter serves to address many of the technical challenges that were 

overcome and to provide a roadmap of how we were able to generate the data. 

We hypothesized that interactions between Mycobacterium leprae and Langerhans cells 

via various cell surface receptors would influence a Th1 vs. Th2 immune response.  To design 

experiments that would address this hypothesis, we needed a reliable source of functional 

Langerhans dendritic cells and a large yield of the protein of interest from M. leprae, as well as, 

a reproducible experimental binding assay design that catered to dendritic cells’ semi-adherent 

properties. 

Functional Langerhans dendritic cells can be generated from CD34+ stem cells.  A 

protocol to generate Langerhans-like dendritic cells (LCDCs) was kindly provided by 
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collaborators at the University of California at Los Angeles and was performed as published (1).  

Generating LCDCs in vitro resulted in a narrow time window for optimal cell surface expression 

when utilized in functional assays.  Further, midway through the differentiation process, cells 

exhibit adherent qualities similar to other antigen-presenting cells like macrophages, however; on 

the final day of differentiation, the cells behave more similarly to DCs and become semi-

adherent and can be easily disturbed as is characteristic for dendritic cells.  Adapting protocols to 

accommodate the short window of opportunity and difficulty of handling these cells, required 

patience and creativity.   

Our laboratory has previously (2) purified cell wall components from M. leprae including 

SodC, a glycoprotein.  Adaptations to various aspects of the protocol were required to achieve 

quantities of recombinant protein needed for cell-based assays.  Purifying recombinant protein 

required knowledge of nuances in many different techniques to ensure successful isolation for 

downstream experimentation. 

Much of the background information pertinent to this chapter was discussed in chapter 3, 

but presentation and discussion of the optimization process required its own chapter.  The 

difficulty of generating and working with LCDCs, as well as producing protein in the quantity 

required to address our research questions was a significant challenge that required several 

iterations of protocols and seemingly endless optimization.  This chapter will address the 

optimization that was done to answer our research questions to inform the research community 

about what did not work.  Hopefully, the work presented here will be a resource to others who 

attempt similar protocols and enable faster production of meaningful results. 
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4.2 OPTIMIZED MATERIALS AND METHODS 

4.2.1 Expression and production of recombinant M. leprae SodC in Mycolicibacterium 

smegmatis and Escherichia coli 

Recombinant M. leprae SodC (ML1925) was expressed in M. smegmatis to obtain the 

glycosylated form of the protein.  It was purified as previously described (2) with slight 

modifications for higher protein yield.  Briefly, the recombinant plasmid, pMRLB101, was 

transformed into M. smegmatis mc2155 GroEL using electroporation and maintained with the 

addition of kanamycin.  Cultures were upscaled to 5L in 7H9 medium supplemented with 5% 

glucose to obtain enough rSodC for downstream experiments. Cells were harvested by 

centrifugation and lysed via French press.  The rSodC with a C-terminal 6His tag was purified 

by immobilized metal affinity chromatography (IMAC) with nickel-nitrilotriacetic acid (Ni-

NTA)-agarose resin (Qiagen, Hilden, Germany), also described previously (9).  Eluted rSodC 

was desalted and concentrated in an Amicon Ultra-15 10 K centrifugal filter unit (Millipore, 

Bedford, MA). Purity of rSodC was determined by silver stain.  Purified rSodC was stored in 

phosphate buffered saline at -20 C. 

 

4.2.2 Cell Culture 

Langerhans-like dendritic cells (LCDCs) were differentiated from CD34+ stem cells (Lonza, 

Basel, Switzerland) for 12 days.  Stem cells were quickly thawed in a 37 C water bath and 

placed in prewarmed RPMI medium (VWR, Radnor, PA) containing 10% FBS (Atlas 

Biologicals, Fort Collins, CO), 100 U/mL penicillin, and 100 g/mL streptomycin.  Cells were 

washed two times with supplemented RPMI medium.  After the final wash, cells were cultured 

in a T175 flask containing 30 mL supplemented RPMI medium with 100 ng/mL GM-CSF 
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(BioLegend, San Diego, CA), 2.5 ng/mL TNF- (BioLegend), and 25 ng/mL SCF (Fisher 

Scientific, Waltham, MA) at 37 C with 5% CO2.  Cells were washed and split into two flasks 

with fresh supplemented RPMI containing GM-CSF (100 ng/mL), TNF- (500 ng/mL), and SCF 

(25 ng/mL) on day 3.  On days 5, 7, and 9 cells were washed, split, and placed in fresh 

supplemented RPMI containing 100 ng/mL GM-CSF and 1 ng/mL TGF-1 (BioLegend).  On 

day 12, cells were collected via centrifugation at 1,200 rpm for 10 min, counted using a 

hemocytometer, and frozen at -80 C.  Day 12 was chosen because langerin and CD1a 

expression was the highest as determined by flow cytometry (data not shown).   

 

4.3 RESULTS 

4.3.1 Optimization of LCDC Growth and Experimental Conditions 

 To determine the importance of the interaction of the LCDC cell-surface protein, 

langerin, and M. leprae, we hoped to block langerin.  Because DCs are semi-adherent, numerous 

culture conditions were tested to be able to answer our research question, including: 

I. Dendritic cells were cultured in 12-well plates and allowed to adhere overnight.  Cells 

were washed three times with 1X PBS to remove serum-containing RPMI.  Serum-

free RPMI was added to each well containing cells.  Fluorescently labeled M. leprae 

was added to the wells and incubated for a minimum of 30 minutes at 33 C.  Cells 

were washed three times with 1X PBS to remove unbound bacteria.  Visual 

observation of cells using a light microscope indicated most cells had been washed 

away and too few cells remained for analysis via flow cytometry. 

II. Dendritic cells were harvested from culture flasks, counted using a hemocytometer, 

and aliquoted into microcentrifuge tubes.  Cells were washed three times with 1X 
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PBS to remove serum-containing RPMI.  Cells lysed during the washing process and 

clumped together.  Further binding with M. leprae was not possible. 

III. Dendritic cells were harvested from culture flasks, counted using a hemocytometer, 

and aliquoted into 15mL conical tubes.  Serum-free RPMI was added to each well 

containing cells.  Fluorescently labeled M. leprae was added to the wells and 

incubated for a minimum of 30 minutes at 33 C.  Cells were washed three times with 

1X PBS to remove unbound bacteria.  Binding was assessed via flow cytometry.  

Binding was not observed indicating bound and unbound bacteria had been washed 

away from the cells. 

IV. Dendritic cells were harvested from culture flasks, counted using a hemocytometer, 

and aliquoted into 15mL conical tubes.  Serum-free RPMI was added to each well 

containing cells.  Fluorescently labeled M. leprae was added to the wells and 

incubated for a minimum of 30 minutes at 33 C.  Cells were washed one time with 

RPMI containing 2% Human Serum Albumin to remove unbound bacteria and 

resuspended in 2% paraformaldehyde in PBS.  Successful binding was assessed via 

flow cytometry. 

 

4.3.2 SodC Purification 

 Purified recombinant SodC was needed to advance our knowledge of binding with 

Langerhans dendritic cells in a cell-culture based assay and further the work completed by Kim 

et al. (2).  Initial purification attempts resulted in low protein yield and multiple steps in the 

process required optimization (Figure 4.2.1) to achieve a higher protein yield for subsequent 

experiments.  Bacterial cultures were upscaled to a minimum of 5L and the breaking buffer was 
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modified to destabilize the bacterial membrane further which allowed more efficient breaking of 

the cells and subsequently more recombinant protein available for purification in the lysate.   

 

 

Figure 4.2.1:  Graphical protocol for generation of sufficient SodC to be used in subsequent 

experiments. 

 

Initially, M. smegmatis mc2155 was used as an expression vector, however; in addition to 

purifying SodC, a second cell-wall protein from the expression vector co-purified with SodC and 

contaminated our preparations.  The protein was identified as GroEL, which has multiple 

histidine residues that bind to the nickel column and elute similarly to SodC making it difficult to 

separate our protein of interest.  We subsequently switched to a new expression vector that had 

previously been developed in our laboratory that lacked GroEL, M. smegmatis mc2155 GroEL, 

and allowed us to efficiently purify our protein of interest, SodC (Figure 4.2.2). 
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Figure 4.2.2: A) Anti-histidine western blot visualizing GroEL co-purified with SodC 

purification from M. smegmatis mc2155.  B) Anti-histidine western blot visualizing purified 

SodC from M. smegmatis mc2155 GroEL.  C) Silver stain visualizing purified SodC from M. 

smegmatis mc2155 GroEL. 
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 Further, it was later determined that we had been utilizing the incorrect expression vector.  

A member of the laboratory, Linda, Fischbacher, sequenced our M. smegmatis mc2155 and 

compared the sequence to the Mycobrowser sequence to determine that our strain differed in 

numerous points from the published sequence (Figures 4.2.3 and 4.2.4).  Utilizing a strain that 

had numerous mutations resulted in lower recombinant protein yield and large bacterial culture 

volumes.  Due to time constraints, a new expression vector was not utilized; however future 

work in the laboratory will proceed with the correct expression vector. 
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Figure 4.2.3: Sequencing of mWT msmeg1604 in pGEM-T Easy aligned to the Mycobrowser 

sequence of MSMEG1604 in M. smegmatis mc2155 using Snapgene.  Red section: sequence 

align; Break in the red section: sequences do not align. 

  

 

 

 

 

 

 

 

 
Figure 4.2.4: Sequencing of PCR amplified msmeg1604 from mWT working stock plate, mWT 

glycerol stock and aWT aligned to the Mycobrowser sequence of MSMEG1604 in M. smegmatis 

mc2155 using Snapgene.  Red section: sequence align; Break in the red section: sequences do not 

align.   
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4.4 DISCUSSION 

 

Experiments often are packaged and presented in neatly prepared nuggets of data that 

make a well-crafted story, but rarely do scientists describe the weeks, months, or even years of 

optimization that are necessary to obtain meaningful data.  While all projects have aspects that 

need optimized, this project had numerous angles that needed optimized before meaningful 

experiments could be conducted.   

  Dendritic cells in an in vitro cell-culture system are semi-adherent meaning they will 

adhere loosely to the culture vessel but can be easily disturbed and float in suspension.  Due to 

the semi-adherent nature of LCDCs, developing a binding assay with M. leprae proved more 

complicated than other systems that utilize adherent cells, such as macrophages or Schwann cells 

(4).  Adherent cells attach to the culture vessel, can be repeatedly washed, and can be analyzed 

via microscopy or flow cytometry.  To mimic adherent properties with dendritic cells, a few 

attachment solutions were tested (including poly-lysine and collagen); however, M. leprae also 

bound to the coated plates, making it difficult to remove bacteria that was not bound to dendritic 

cells and made downstream analyses extremely challenging.  Binding analyzed via confocal 

microscopy did not provide meaningful data due to difficulties deciphering bacteria bound to 

dendritic cells versus bacteria bound to the slide (data not shown).  Similar difficulties existed 

when binding was analyzed via flow cytometry.  Cells lifted from the coated culture vessel using 

trypsin disrupted binding with M. leprae and scraping cells led to significant cell death and lysis.  

Adapting the binding assay to a microcentrifuge tube proved too harsh for dendritic cell survival 

and led to significant cell lysis and death during wash steps.  Final optimization of the binding 

experiment led to an experimental setup where dendritic cells remained in suspension after being 

harvested from their culture flasks which removed the issue of their semi-adherent properties.  
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All reagents and bacteria were added to the cells while in suspension and cells with bound 

bacteria were fixed in 2% formaldehyde so dendritic cells did not uptake and process bound 

bacteria prior to analysis by flow cytometry.  Binding was enhanced when dendritic cells were 

pre-activated with IFN which allowed the dendritic cells to exhibit a mature phenotype.  

Achieving an experimental design where meaningful data could be collected and analyzed relied 

on adapting to the unique properties of both dendritic cells and M. leprae.   

Designing a binding experiment adapted to dendritic cells and M. leprae was not the only 

hurdle.  Purified cell wall components of M. leprae were also evaluated for binding efficiency 

with Langerhans dendritic cells in an in vitro system, however; purifying the M. leprae cell wall 

glycoprotein, SodC, was not simple.  We modified multiple aspects of the purification protocol 

to achieve a protein yield that was large enough and contained only our protein of interest for 

cell culture assays including bacterial culture volume, breaking buffer, and expression vector.  

An additional confounding factor was inadvertently using the incorrect expression vector.  

Further work conducted by Linda Fischbacher allowed us to identify our strain of M. smegmatis 

mc2155 was not correct and had been an inefficient expression vector leading to low protein 

expression and subsequent protein purification.  Due to unknowingly using the incorrect 

expression vector initially, we increased our bacterial culture volume to over 5L to lyse and 

purify our protein of interest.  We also modified our breaking buffer to extract as much protein of 

interest as possible.  Increasing our concentration of Tris-HCl destabilized the bacterial 

membrane further releasing more protein into the lysate for purification.  The NaCl concentration 

was decreased.  NaCl weakens non-specific binding in the purification column, but too much 

potentially inhibited our protein of interest from binding as well leading to low protein yield and 

insufficient purification.   
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Adapting widely used protocols to our system presented significant hurdles that were 

more challenging to overcome than initially anticipated.  Not only are DCs, LCDCs especially, 

difficult to generate and culture, isolating SodC also proved to be extremely difficult.  Through 

numerous protocol changes, meaningful data was collected, but plenty of negative data was 

generated in the process.  While none of the data discussed here is particularly exciting, the work 

and optimization that went in to generating these protocols and collecting the data presented in 

chapter 3 was not trivial.  Although somewhat unconventional, the scientific process was shown 

and discussed in this chapter to share the (negative) results we did collect to help similar 

protocols move forward more effectively for others.  Showing this process and negative data is a 

great first step towards a more transparent and effective scientific discourse that will facilitate M. 

leprae research. 
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CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS 

 

 

 

5.1  FINAL DISCUSSION 

 Leprosy is a disease that has been around since at least 600 BC from early written 

records, but anecdotal history describes disease similar to leprosy around 350 BC.  If left 

untreated, severe deformities and disfigurement can occur which often led to stigma and 

ostracization.  Social stigma and alienation still occur today.  In 1873, Dr. Gerhard Armauer 

Hansen identified rod-shaped bacilli under a microscope.  In the 1940s, sulfone therapy was used 

to treat the disease and marked the first successful treatment.  By the late 1940s, dapsone was 

used as a monotherapy until drug resistance was noted in the 1970s.  The 1960s marked the time 

when Dr. William Jopling, Dr. Dennis Ridley, and Dr. Olaf Skinsnes classified the clinical 

presentation into the current disease spectrum.  They also classified the immunological response 

in different presentations of the disease.  Research into new treatments and therapies advanced in 

1960 when Dr. Charles Shepard discovered that M. leprae could be cultivated in the footpads of 

mice and by 1968, Drs. Eleanor Storrs and Dr. Waldemar Kirchheimer discovered that large 

quantities of M. leprae could be harvested from nine-banded armadillos.  In 1982, the World 

Health Organization recommended multidrug therapy protocols that are still in place today (1).  

Since then, many other major advances have including the discovery of PGL-1 which has 

become an important tool in serological diagnosis as well as discoveries of its tropism for 

Schwann cells, downregulation of inflammatory immune responses, and inhibition of dendritic 

cell maturation.   

 Previous work with collaborators identified that M. leprae antigens could be presented 

via a cell surface marker, CD1a, on Langerhans dendritic cells to CD1a-restricted T cells.  
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Subsequently, the T-cells proliferated and produced IFN- (2).  This opened an avenue to 

understand the role Langerhans cells during M. leprae infections.  Further work previously 

performed in our lab, identified the M. leprae ligand for langerin (3).  Langerhans cells reside in 

the epidermis of human skin and are capable of migrating from the epidermis, through the 

dermis, and into draining lymph nodes to present antigens.  Biologically relevant models were 

needed to further elucidate the interactions between M. leprae and Langerhans cells.  The studies 

presented here identified additional Langerhans cell surface receptors involved in binding M. 

leprae and modified an ex vivo imaging system to observe binding events. 

 Chapter 3 presented a modified CLARITY protocol developed for skin samples to 

investigate interactions between innate immune cells and mycobacteria spp.  Modifications were 

made to properly allow acrylamide polymerization to occur, so the tissue-hydrogel matrix was 

stable.  Additional time was added to the passive 8% SDS lipid removal step to ensure all 

complex lipids were removed from the skin which required the tissue-hydrogel complex to be 

robust so additional structures were not lost.  Final images show colocalization of M. 

haemophilum with Langerhans cells at the site of infection.  This indicates that the method was 

modified successfully for the skin.  It also demonstrates that recruitment of innate immune cells 

can be visualized in an acute infection model.  The colocalization observed between Langerhans 

cells and M. haemophilum indicate a potential for M. haemophilum to be investigated further as a 

model for M. leprae using this method to understand which innate immune cells and potentially 

nerve cells are associated with acute infection. 

 Chapter 4 elucidates the role of langerin interactions with M. leprae.  Data indicated that 

in a cell-based assay using both LCDCs and a more simplified cell line system, THP-L, that 

langerin bound M. leprae and could be inhibited with the addition of blocking reagents, both 
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specific for langerin and general for C-type lectins.  Further investigation of the affinity of 

langerin for glycosylated SodC, provided a more complicated story.  Glycosylated SodC was 

found to bind langerin and binding could be inhibited with the addition of blocking reagents, 

however, unlike in the cell-free SPR assay, other mannosylated macromolecules including 

ManLAM and PIM6 bound to langerin almost as efficiently as glycosylated SodC.  This 

indicated that the straightforward hypothesis we had set forth was complicated by additional cell 

surface receptors on Langerhans cells indicating complex interactions during M. leprae 

infections in patients.   

 Further probing into other cell surface markers on Langerhans cells provided evidence for 

the interaction of CD5 with M. leprae.  Fewer CD5high LCs bound M. leprae in comparison to 

CD5low LCs.  CD5+ DCs had previously (6) been found to have distinct differences in cytokine 

profiles and antigen presentation.  Our findings confirm that the two subpopulations indeed have 

distinct characteristics including binding characteristics.  Taken together with the langerin 

binding experiments, a complex picture appears.  Multiple LC cell surface receptors are 

responsible for recognizing and binding to M. leprae.  The specific receptor that interacts with 

M. leprae may influence antigen presentation and downstream T cell activation.  While 

glycosylated SodC interacts with langerin, other mannosylated macromolecules present on M. 

leprae also interact with langerin and LCs in general.   

 

5.2  FUTURE DIRECTIONS 

 The work presented here provides preliminary evidence that Langerhans cells play an 

important, but complex role during M. leprae infection.  Leprosy presents with various forms of 
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disease.  While there are numerous factors that contribute to the outcome of disease, Langerhans 

cells may play a pivotal role. 

 The evidence provided that CD5+ LCs interact with M. leprae require further 

investigation to understand how the different subpopulations of LCs may secrete cytokines and 

eventually influence their microenvironment.  To evaluate the interaction between M. leprae and 

CD5 further, SPR assays would provide information about specific M. leprae ligands recognized 

by CD5.  Like in this study, further investigation utilizing biologically relevant in vitro models 

would be necessary to understand the more complex interactions between M. leprae and CD5 

including any newly discovered ligands.  A transfected cell line expressing CD5 would be 

necessary to isolate interactions with CD5.  LCDCs or Langerhans cells isolated from human 

skin samples should be utilized to understand the more complex story including uptake, 

trafficking, and antigen presentation. 

 Human skin biopsies from leprosy patients could be analyzed utilizing the modified 

CLARITY protocol to investigate immune cell interactions with M. leprae.  Multiple rounds of 

staining on the same tissue sample would alleviate the need for a constant supply of biopsy 

tissues.  CLARITY has been adapted to investigate nerves (7,8) opening an avenue to investigate 

M. leprae interactions with peripheral nerves in an ex vivo system.  Biopsies are invasive in 

nature and reduction of the number of tissues needed for laboratory investigation is ideal.  

Further, the modified CLARITY method could be utilized in mouse models (4,5) to investigate 

initial innate immune cells recruited to the site of infection and which cells interact with M. 

leprae.  Additionally, M. leprae interactions with peripheral nerve cells like Schwann cells could 

provide additional information. 
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 As intriguing as the details of a project and the intricate data can be, it is important to 

remember how these findings can affect patients.  While we have an effective treatment, it is a 

long and arduous regiment that requires patients have access to clinics regularly and stay 

committed to finishing the full course of treatment which can seem overwhelming.  

Understanding the complicated nature of the innate immune response may provide information 

for how disease may progress in certain individuals.  This would require more advanced 

techniques and integrated medical information; however, the benefits may include starting 

individuals on treatment earlier in the onset of disease. 
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LIST OF ABBREVIATIONS 

 

 

Acronym Term 

BB borderline borderline 

BL borderline lepromatous 

BT borderline tuberculoid 

cDC conventional dendritic cell 

CLARITY 

Clear Lipid-exchanged Acrylamide-hybridized Rigid Imaging/ 

Immunostaining/In-situ hybridization-compatible Tissue hYdrogel  

DC dendritic cell 

DC-SIGN dendritic cell-specific intercellular adhesion molecule-grabbing nonintegran 

ENL erythema nodosum leprosum 

GAG glicosaminoglycan 

GM-CSF granulocyte-macrophage colony-stimulating factor  

HA hyaluronic acid 

IFN-γ gamma interferon 

IL interleukin  

IMAC immobilized metal affinity chromatography 

LAM lipoarabinomannan 

LCDCs Langerhan-like dendritic cells 

LCs Langerhans dendritic cells 

LL lepromatous 

LM lipomannan 

ManLAM mannose-capped lipoarabinomannan 

MB multibacillary 

MOI multiplicity of infection 

NETs neutrophil extracellular traps 

Ni-NTA nickel-nitrilotriacetic acid 

PACT passive clarity technique 

PAMP pathogen associated molecular patterns 

PRR 

PBS phosphate buffered saline 

PB paucibacillary 

pDC plasmacytoid dendritic cell 

PGL-1 phenolic glycolipid - 1 

PIM phosphatidylinositol mannosides 

RIMS refractive index matching solution 

SCF stem cell factor 

SodC M. leprae glycoprotein 

SPR surface plasmon resonance assay 

sRIMS sorbitol refractive index matching solution 

TGF transforming growth factor 

pathogen recognition receptor 
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TNF tumor necrosis factor  

TT tuberculoid 

 


